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ELECTROMAGNETIC RESISTIVITY MAPPING
OF CONTAMINANT PLUMES

J.D. McNEILL
Geonics Limited
Toronto, Ontario

FACTORS AFFECTING SOIL RESISTIVITY

The electrical resistivity of a soil is a measure of the relative dif-
ficulty encountered in causing an electrical current to flow in it; the
more resistive the soil, the smaller the current flow for a given
voltage. Surprisingly, most physical constituents of a soil are elec-
trical insulators of such high resistivity that no appreciable current
flows through them. What does allow significant current to flow is
the relatively conductive soil moisture; it is this parameter which
often controls the soil bulk resistivity.

An electrical model of soil where it is considered to_ consist of a
large number of insulating particles immersed in a conductive fluid
is shown in Fig. 1. The mixture resistivity should be affected both
by the resistivity of the coniductive soil moisture and also by the fact
that the insulating particles act to impede the current flow. Em-
pirically it has been established that Archie’s Law often gives the
correct behavior of soil resistivity:!-?

/sample = /# moisture x 1 8))

\] (soil porosity)*

and, as expected, there is a linear relationship between soil resistivi-
ty and the resistivity of the included water. Now the water resistivi-
ty is determined mainly by the ionic content since it is the move-
ment of ions that carries the electrical current. For a given voltage
more ions permit greater current flow, i.e. reduced resistivity; it is
on this principle that the use of resistivity surveys to outline con-
taminated areas is based.

However, other factors also affect the measured soil resistivity.
For example, it is evident from Eq. 1 that soil porosity has a
somewhat greater effect on soil resistivity than the soil moisture, so
that variations in soil type, which result in changes in porosity can
cause incorrect interpretation of resistivity surveys carried out to
map contaminants. Clay content (and the type of clay) can addi-
tionally affect soil resistivity because of a ‘‘surface conduction”’

Soil particles
(insulators)

Sol moisture
(conductive)

- Lines of current flow

Figure 1.
Electric model of soil sample

phenomenon which occurs in clay. Furthermore since resistivity
measurements are influenced by the vertical distribution of
resistivity, which is in turn influenced by the vertical distribution of
soil moisture, variations in the moisture profile (such as changes in
the level of the water table) will affect survey results.

Since geological and hydrogeological factors can affect soil
resistivity, surveys intended to delineate a contaminant area must
include a sufficient density of measurements both over the suspect
region and also beyond into the surrounding area so that the possi-
ble influence of any of the above factors can be determined. Fur-
thermore, the survey interpreter must always bear in mind the
various factors other than soil water resistivity that can influence
the survey results.

CONVENTIONAL RESISTIVITY SURVEY TECHNIQUES

Conventional resistivity surveys are carried out by inserting four
metal electrodes in the ground in one of a number of arrays. The
theory of such techniques is well covered in the literature.?

In general, a voltage applied across two of the electrodes causes a
current to flow in the soil, and the resulting voltage measured
across the two other electrodes is a measure of the soil resistivity.
The Wenner array, commonly used for geotechnical surveys, is
shown in Fig. 2. The depth to which resistivity is sensed is deter-
mined essentially by the inter-electrode spacing, and for the Wen-

@ (=)
Busissiiaunnaaumi hmnznigu o s s

il __ Possible resistivity

]
//v N v v ,/,'3\/ inhomogeneity near
’,: 7 N ‘/ g \l \?\ voltage electrode
48 - AN
// / ‘\ /I \ \\
/o \ / ‘| \
/ | \ // \
[\ - o
l \\ // Resistivity
\ \ —
\ N /=P (ohm meters)

Depth of investigation = a

Figure 2.
Conventional resistivity (Wenner array)
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ner array it is usually considered to be approximately a. The
resistivity of the ground for the Wenner array is given as:

p= 2ma¥ @
1
where p = resistivity (@m)
a = inter-electrode spacing (m)
I = current flowing through outer electrodes
(amps)
V = voltage across inner electrodes (volts)

Although widely used for resistivity surveys, there are several disad-
vantages related to the use of electrodes:

It may be difficult or impossible to drive electrodes into compact
earth. It is impossible to survey in the winter when the ground is
frozen.

sThe presence of resistive inhomogeneities (for example, rocks)
near the voltage electrodes can cause large measurement errors,
even though the physical size of the inhomogeneity is much
smaller than the anticipated depth of exploration. Reconnais-
sance surveys are usually carried out by making a series of
measurements along the survey line at constant inter-electrode
spacing to achieve essentially constant depth of exploration. The
survey data are plotted as a profile of measured resistivity along
the survey line. Such profiles can be quite ‘‘noisy’’ due to
electrical inhomogeneities with the result that the presence of
subtle changes in resistivity caused by a contaminant, might be
missed by the interpreter.

¢In order to make a measurement the four electrodes must be ac-
curately spaced (Fig. 2) and a total length of wire equal to 4a
must be connected between the electrodes and the instrumenta-
tion. Thus the process is laborious and progress is slow. Even for
the most organized surveys the survey costs on a line-mile basis
are high.

These high costs lead in turn to several important consequences:

*Within the presumed anomalous area, insufficient measure-
ments may be carried out to accurately characterize the plume.
®QOutside of the anomalous area, insufficient measurements may
be carried out to accurately characterize the background against
which the plume is to be contrasted or to determine the ex-
istence and nature of other anomalous regions which may exist

and which may or may not be caused by contaminants.
sIn areas of complex hydrogeology a time-consuming and ex-
pensive survey may be performed, to learn, at the conclusion,
that the data are inconclusive. The contaminant may simply not
be present in sufficient quantities to produce a marked and un-
ambiguous anomaly over the survey geological noise. Since such
cases do occur, the inclination to carry out further resistivity sur-
veys can be greatly tempered by a few such failures, which is un-
fortunate since resistivity measurement is often the single most
successful method in delineating contaminant plumes.

It was in recognition of the usefulness of resistivity and the high
cost of the conventional methods that inspired the research staff at
Geonics Limited to examine the application of electromagnetic
techniques for making resistivity measurements.

ELECTROMAGNETIC SURVEY TECHNIQUES

Let a small transmitter coil be situated on or close to the earth, as
indicated in Fig. 3. An alternating voltage, typically at an audio fre-
quency, is applied to the terminals of this coil, causing a current to
flow. This current generates an alternating magnetic field which,
through Faraday’s Law, causes electrical currents to be induced in
the earth (no such current is induced in the air, which is effectively
infinitely resistive).

The induced currents in the earth generate a secondary magnetic
field. Both the primary and the secondary fields are detected by a
receiver coil located near the transmitter coil, as shown in Fig. 3,
and, in principle, measurement of the ratio of the secondary to the

Primary magnetic field
Transmitter , /-\/

coia 'I .{ } S— \
7( A < T Receiver col
A\ | A

L L
”: Induced current kk

Secondary magnetic field

Ground of conductivity = O

Figure 3.
Inductive electromagnetic fields

primary magnetic field strength can be used to determine the elec-
trical resistivity of the earth. In general, however, this ratio is an ex-
tremely complicated function of the resistivity, the distance beween
the transmitter and receiver coils, and the frequency of the
transmitter current, so that interpretation of the results in terms of
the resistivity is quite involved.? Furthermore, the depth of in-
vestigation is also a complicated function of the same three
parameters.

Fortunately a substantial simplification in the response function
results when the energizing frequency is chosen to be sufficiently
low so that the condition known technically as ‘‘operation at low
values of induction number’’ is fulfilled.’ For the remainder of this
paper all reference to the use of inductive electromagnetic techni-
ques assumes that the condition of a low induction number has
been met.

For example, for low values of induction number the ratio of the
secondary to primary magnetic field at the receiver becomes simply:

_i = i2nfuos? 3)
H, 4

where f operating frequency (Hz)
s intercoil spacing (m)
¢ = ground conductivity which is the reciprocal of
resistivity (mho/m)
p = permeability of free space (a constant)

and the quantity i (=\_ — 1) indicates that the magnetic field aris-
ing from the induced currents in the ground is phase shifted by 90°
with respect to the primary magnetic field, greatly simplifying
measurement of the small ratio given by Eq. 3.

For the four-electrode resistivity measurement, Eq. 2 indicates
that the ratio of the voltage across the inner two electrodes, divided
by the current through the outer electrodes, is linearly proportional
to the terrain resistivity. For the electromagnetic measurement, Eq.
3 shows that the magnetic field ratio is linearly proportional to the
ground conductivity rather than resistivity, since, subject to the
constraint of operation at low induction number, the more conduc-
tive the ground the larger the current flow in the ground, and the
larger the resultant secondary field. Instruments based on this prin-
ciple are therefore called ground conductivity meters.

There are further advantages and some disadvantages to
measurement of terrain conductivity using the principles outlined.
The advantages fall into two main groups; ease of calculation of
system response to a layered earth and operational simplicity.

Calculation of Layered-Earth Response

In general, the resistivity or conductivity of the earth varies with
depth; for example in a typical vertical profile the conductivity will
initially increase with depth due to increasing soil moisture, becom-
ing essentially constant at the water table due to saturation. If the
underlying bedrock has very low porosity, the conductivity would
now decrease. Such a continuous conductivity profile, shown



schematically in Fig. 4, would be approximated by the engineer/
geologist as a three-layer geometry also indicated in Fig. 4.

Suppose further, that in a certain region the groundwater may be
sufficiently contaminated to double the groundwater conductivity,
that is, through Eq. 1 to double the conductivity of the in-
termediate layer of Fig. 4. The question arises: ‘‘With a conven-
tional resistivity array of fixed interelectrode spacing ‘a’ or an elec-
tromagnetic system with fixed intercoil spacing ‘s’ how is the in-
strumental response calculated over such ‘layered earths’ so that
the difference in response between the contaminated and uncon-
taminated areas can be determined?’’

If the earth resistivity was uniform with depth, Eq. 2 shows that
the Wenner array, for a given current I, would give an inner elec-
trode voltage V, related to the resistivity  by:

Vy= p1 @
27a

If now the earth is layered, as indicated in Fig. 4, a different value
of voltage Vg will be measured for the same current I and inter-
electrode spacing a, and an apparent resistivity can be defined by:

Pa=2m R )
I

For a layered earth the apparent resistivity so defined will reflect
the influence of the various resistivities at the different depths.

To return to the contaminant problem, the question can now be
rephrased as ‘“for a given fixed inter-electrode spacing how does
the apparent resistivity vary in going from the uncontaminated to
the contaminated region?’’ Unfortunately, for conventional
resistivity techniques, such a calculation requires a reasonably com-
plicated computer program (although it can now be performed on
the most advanced programmable pocket calculators). The calcula-
tion for an arbitrarily layered earth cannot be performed by hand.

For electromagnetic measurement of terrain conductivity at low
induction number, the concept of apparent conductivity is entirely
analogous. Equation (3) is inverted to yield:

03 = 4 Hg 6)
27 fus’ Hp
which, for the case of a uniform earth gives the correct terrain con-
ductivity, and for the case of a layered earth gives an apparent con-
ductivity which also depends on the layering.

A major difference between the conventional and the elec-
tromagnetic survey techniques is that for the latter it is a simple
matter to calculate the apparent conductivity (by hand) for any
type of layering. The reason for this difference is that for conven-
tional resistivity measurements, the current distribution at any
point in the layered earth is a complicated function of the
parameters of all of the layers. In the case of the electromagnetic
surveys, the local current flow is determined by the local conduc-
tivity—changed in any given layer do not affect (to the low
induction-number approximation) the current flow in other layers.

It is thus possible to generate the curve in Fig. 5 which shows, for
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Figure 4.
Typical ground conductivity profile
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Figure 6.
Cumulative sensitivity to ground at various depths

a uniform earth, the relative contribution to the meter reading from
a thin horizontal layer of thickness dz at any depth z, (where z is the
real depth normalized with respect to the intercoil spacing). The
figure shows that this relative response is very small near the sur-
face, that it increases with depth, becoming a maximum at 0.4 in-
tercoil spacings (i.e. at 4 m if the intercoil spacing is 10 m) and then
gradually decreases again. There is still appreciable response at 1.5
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intercoil spacings. To construct such a response curve for conven-
tional resistivity techniques is not possible due :o0 the interaction of
current flow at different depths.

Knowing the relative response to material at any given depth, it is
possible to generate from Fig. 5, the curve of Fig. 6 which gives the
cumulative contribution to the meter reading from all material
below any depth ‘‘z’ (again normalized with respect to the intercoil
spacing). This curve can be used to quickly calculate the apparent
conductivity from a layered earth as follows,® using the data from
Table 1.

Table 1.
Postulated Geoelectric Section (Fig. 4)

Uncontamingted Area Contaminated Area

p1 20000m g) = 5 mmho/m 21 = 2000m 01 = 5§ mmho/m
1= Sm 21 =5 m y = Sm z1] =5 m
P2 500m at 20 mmho/m P2 = 250m 02 = 40mmho/m
t2 = 10m 2 =15m t2 = 10m z2 =15m

p3 = 10008m a3 1 mmho/m A3 = 1000Qm 1 mmho/m

3
1

where ¢ (mmho/m) = 1000/ 2 (Om)
and 1j is the thickness of the ith layer
and zj is the distance from the surface to tie bottom of the ith layer.

Assuming the intercoil spacing is 10 m, all of the material below 0
meters produces 100% of the instrumental response, all the
material below 5 m produces 70% of the instrumental response and
all below 15 m produces 31% of the response. Therefore, the
material between 0 and 5 m produces 100-70 = 30% of the total
response and the material between 5 and 15 m produces 70-31 =
39% of the response. Since each layer produces its own contribu-
tion independently of that from the other layers, regardless of their
conductivity, to obtain the apparent conductivity one simply adds
the relative contribution from each layer, weighted according to its
own conductivity:

0 =01x0.30 + 92x0.39 + 0~ x0.31
or, more generally :
0a = a1 (1-R(z1)) + 02 (R(z1)-R(z2)) + 03 (R(z2)) )]
where R(z) is the function given in Fig. 6.
For the uncontaminated area:
0a = 5(1-0.70) + 20 (0.70-0.31) + 1 (0.31)
1.50 + 7.80 + 0.3]
9.61 mmho/m

whereas for the contaminated area:

5 (1-0.70) + 40 (0.70-0.31) + 1 (0.31)
1.50 + 15.60
= 17.41 mmho/m

Because of the contributions from the first and third layers, the ap-
parent conductivity has less than doubled.

The equation for R(z) is extremely simple (Fig. 6), so the calcula-
tion of the apparent conductivity for any number of layers can be
carried out with the simplest pocket calculator or, using the graph,
by hand. The contribution from each layer to the total is im-
mediately apparent, and it is simple to calculate the variation
caused by changes within any given layer.

In the example, a 2/1 change in the middle layer conductivity
produced a 1.8/1 change in the overall apparent conductivity. If,
however, the conductivity of the first layer increased from § to 25
mmho/m, fqr example, by encountering a region with high clay
content, the contribution from this layer would increase from 1.5
to 7.5 mmho/m which could be confused as an increase in the con-
taminant in the second layer. The provision for quick and simple

OJa

a

calculations of this type facilitates both the planning of surveys and
estimating the probability of their success.

Operational Advantages of Electromagnetic
Conductivity Measurement

eResistivity inhomogeneities of a size much less than the antici-

pated depth of exploration would, if they were located near the
voltage electrodes, produce an anomalous measurement which is
truly ““geological noise’’ since without further measurements it
is not possible to determine the resistivity contrast, the physical
location, or the size of the anomaly. In the case of the inductive
conductivity technique it can be shown* that the current concen-
tration in the ground is highest in the vicinity of the transmitter
coil and one might anticipate that this technique would be es-
pecially sensitive to inhomogeneities in this location. However,
these high amplitude current loops have a small radius and their
effect on the relatively distant receiver is negligible. The net re-
sult is that in the inductive technique, once the intercoil spacing
has been selected ta be approximately equal to the desired depth
of the exploration, the system is quite insensitive to small, local
variations in conductivity, and an accurate measurement of the
bulk conductivity is obtained. This is particularly important in
studies for groundwater contamination where the changes in the
apparent conductivity due to the presence of the contaminant
may be rather small. Fortunately variations in the apparent con-
ductivity of 20% are quickly and reliably measured.

*The presence of a highly resistive upper layer offers no barrier to
measurements with inductive electromagnetic systems and surveys
can be carried out when the upper layer is frozen, through
desert sand, and even through concrete (assuming that there are
no reinforcing bars).

sWith the electromagnetic measurements, the effective depth of
exploration is given approximately by one and a half times the
intercoil spacing, whereas for conventional resistivity measure-
ments the exploration depth is only one third the array length.
There is no necessity to lay out lengths of wire on the ground
which are much greater than the exploration depth and there is no
requirement for electrodes.

]t is a simple matter to incorporate circuitry which automatically
indicates the correct intercoil spacing, thus doing away with the
requirement of physically measuring the distance.

sThe equipment is lightweight and readily portable. A ‘‘two-
man’’ instrument achieves an exploration depth of up to 60 m.

Instrumental Disadvantages of Electromagnetic
Conductivity Measurement

The disadvantages of the inductive electomagnetic terrain con-
ductivity meters are instrumental in nature:

*At levels of conductivity below about 1 mmho/m, there simply
is not enough response from the small currents induced in the
ground to obtain an accurate measurement. At high levels of
conductivity, the ‘low induction number’’ approximation
breaks down and the instrument response becomes increasingly
non-linear with conductivity. This constraint also makes it diffi-
cult to design an instrument for large depths of exploration.
*The measured ratio of secondary to primary magnetic field is
typically 0.3% and often less (Eq. 3). To achieve precision at
these levels requires sophisticated electronic design, which re-
sults in instruments that are significantly more expensive to
manufacture than conventional resistivity equipment.

sldeally the instrument ‘‘zero’’ would be set by removing the in-
strument from the influence of all conductive material, includ-
ing the earth. Obviously this is not possible and it is difficult to
establish and maintain this zero to better than a few tenths of a
mmho/m over the wide ranges of temperature, humidity, and
mechanical shock to which geophysical equipment is routinely
exposed. This feature further limits the accuracy in highly re-
sistive ground.

*In principle conductivity sounding with depth can be carried out



in a manner completely analogous to that for conventional re-
sistivity equipment, i.e. measurement is made over a wide range
of intercoil spacings. Technical problems associated with the
dynamic range of the received signal make this difficult and ex-
pensive to do, and currently available instrumentation has a maxi-
mum of three switch-selectable intercoil spacings of 10, 20 and
40 m.

In summary, inductive electromagnetic techniques are most
suited to rapid reconnaissance-type surveys, where the relatively
high initial cost of the equipment can be offset by the speed and low
cost with which surveys can be carried out, and where the resolu-
tion in conductivity, whereby small variations can be accurately
mapped, is a prime consideration in the survey objectives.

For those situations where very high or very low conductivities
are to be mapped, or where an accurate profile of the vertical
distribution of resistivity is the objective, conventional resistivity
techniques will still be required.

SURVEY INSTRUMENTS

Instrument design conforming to the condition of operation at
low values of induction number, forms the basis of the patented
Geonics EM31, EM34-3 and EM38 terrain conductivity meters.
The EM31, a one-man portable instrument with a fixed intercoil
spacing of 3.7 m and a depth of exploration of about 6.0 m is
shown in Fig. 7. Basically designed as a rapid reconnaissance in-
strument the EM 31 can be effectively used with a chart recorder to
provide continuous profiles of ground conductivity. In addition
this instrument is very effective in detecting and mapping the loca-
tion of buried metallic drums.*® Finally, by laying the instrument on
the ground and making two measurements, one with the device in

Figure 7.
EM 31

Figure 8.
EM 34-3
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normal position and a second on its side (vertical and horizontal
dipole modes), it is possible to detect a two-layered earth and to as-
certain whether the more conductive material is near surface or at
depth.?

The EM34-3 (Fig. 8) is a two-man instrument with switch-
selectable intercoil spacings of 10, 20, or 40 m to permit maximum
depths of 15, 30 and 60 m. It too can be operated in either the ver-
tical or horizontal dipole mode to vary the instrumental sensitivity
with depth. The two coils are connected by a flexible cable: the
receiver console has two meters—one of which electronically in-
dicates the intercoil spacing.

To make a measurement the transmitter operator stops at the
survey mark: the receiver operator then moves his coil with respect
to the transmitter until this meter indicates that the correct intercoil
spacing has been achieved, whereupon he reads the terrain conduc-
tivity on the second meter. The whole procedure takes about 20 sec.

The EM 38 is a 1.0 m long instrument (depth about 1.5 m)
designed for soil salinity measurements.

SURVEY CASE HISTORY

A case history® will illustrate some of the features of surveys car-
ried out using inductive electromagnetic techniques.

The survey area, shown in Fig. 9, is described by Greenhouse and
Slaine® as follows:

‘A variety of waste chemicals from herbicide and pesticide
manufacturing were deposited in lined lagoons situated on
glacial overburden during the 1970s. One or more of the lagoon
liners has leaked into an unconfined aquifer, producing ground-
water conductivity anomalies proportional to total dissolved
solids (primarily chloride and sodium). The contamination
threatened a nearby creek but the pattern of movement was un-
known. Geophysical surveys were requested to assist in locat-
ing a drilling program.”’

This is a typical application for a geophysical survey.
During the planning stages of a conductivity survey, Greenhouse
and Slaine obtain all of the available hydrogeological data on the

o 200m
CONTOUR INTERVAL » S #t
772 BuriEp wasTE LAGOONS

100

Figure 9.
Survey case history area
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(Conductivities are in mmho/m)
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Figure 10.
Hydro-geological and geo-electric section

site. These data are used to construct a hydrogeological model such
as that shown in Fig. 10. Alongside each geological unit an estimate
is made (generally from previous survey experience) of the electrical
conductivity of that unit in order to make a geo-electric section.
Next those formations whose conductivity might change due to
contamination are identified. For example, in Fig. 10 “‘the uncon-
fined sand aquifer is apparently isolated from the lower regional
sand aquifer by a clay till. Groundwater flow in the upper sand was
expected to be horizontal and towards the creek.’’®

In order to determine which instrument, coil orientation, and in-
tercoil spacing is most suitable for the survey, calculations of the
type outlined above are performed to obtain the apparent conduc-
tivity measured by each instrument or spacing as the conductivity
of the postulated contaminated section is allowed to increase. From
such calculations the optimum instrument or spacing can be
selected, and, furthermore, estimates made of the survey success,
since as shown it is a simple matter to vary the conductivities in the
geo-electric section (to account for possible errors in their estimated
magnitude) and to determine whether these will mask the an-
ticipated anomaly. For this survey site, such calculations suggested
that for the EM31, any increase in conductivity of the silty sand
formation of more than a factor of about 1.8 would produce a
detectable anomaly over the usual background variations, and that
for the EM34-3 (used in the horizontal dipole mode) this factor
would be about 2.2, both of which would indicate a successful
survey since a higher change in conductivity could be anticipated
form the contaminant.

‘“Measurements were made on a basic 50 m grid covering a

500 x 500 m area centered on the southernmost lagoon...The

grid was refined to 25 m for much of the western half of the

survey, for a total of 150 stations per instrument. Establishing

the grid required 14 man hours; the...EM 31 and EM34 surveys

required 10 and 20 man hours respectively.’’*

Greenhouse and Slaine chose a logarithmic base for their data
presentation. More specifically, they plotted contours of decibels:
20log,, % (x» ) ®

oa (background average)

where 0a (x, y) = measured values of g, over the
survey area

oy (background average) = average background con-
ductivity (i.e. average value
measured off the anomaly).

Thus, the zero db contour outlines the background, and their con-
tour interval of 4 db portrays successive factors of about 1.6 over
the background. They suggest three advantages for this technique:

eLogarithmic contours do not cluster close to the course and thus
do a better job of defining the plume

eNon-dimensional contour units with a zero background put all
instruments on an equal basis

sThe procedure is easily automated once o, (background average)
is identified.

U77] WRiED wASTE LAGOONS

EM-3

Figure 11.
Survey data

The survey data, shown in Fig. 11, clearly indicate a well-defined
plume-like anomaly heading toward the creek from the two
southern lagoons. As anticipated by the calculations, the anomaly
is somewhat larger on the EM31 survey since it is situated more
closely at the depth of maximum response for this instrument. Ap-
parently the two northern lagoons were excavated and replaced
with clear fill several years ago, explaining the lack of a conductive
anomaly at their location. Unfortunately insufficient test well con-
trol is available to confirm that the conductivity plume is due to
contaminant, as however, seems probable.

CONCLUSIONS

The case history illustrates the important features of the induc-
tive electromagnetic technique viz.—the ease of estimating the
survey response, the speed with which surveys can be carried out,
and the ability to detect small changes in conductivity. Many con-
ventional resistivity surveys fail to produce convincing results since
the high cost usually results in too little data with inadequate
resolution and an anomalous region that is not convincingly con-
trasted against the background. Inductive electromagnetic techni-
ques, while also having disadvantages as discussed previously, do
offer features which are particularly well suited to the rapid and ac-
curate mapping of contaminant plume.
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FIELD INVESTIGATION OF AN ABANDONED
PESTICIDE FORMULATION PLANT

DEBORAH A. KOPSICK
Ecology & Environment, Inc.
Kansas City, Kansas

INTRODUCTION

Between 1974 and 1981, a pesticide formulating plant operated
within the floodplain of the Missouri River, 11.3 km south of
Council Bluffs, Iowa. A sequence of events, beginning with a fire
in 1976, led to the investigation of the site by the Region VII United
States Environmental Protection Agency (USEPA). In 1981,
Ecology & Environment, Inc. (E&E) was authorized by Region VII
to perform a field investigation to determine the extent of con-
tamination at the site.

In this paper, the author discusses the design, implementation
and the data obtained in the various phases of this investigation. At
the time of the investigation, this site was being considered for in-
clusion on the first Interim Priorities List.

BACKGROUND
Physical Setting

The plant site is located at the eastern edge of the Missouri River
floodplain, directly adjacent to the loess covered bluffs that border
the valley (Fig. 1). The site has a minimal slope of 0-5 percent and is
located 3.0-6.1 m above the normal level of the Missouri River,
located 5 km to the southwest. The surface drainage in this
agricultural section of the floodplain is controlled through artificial
drainage ditches.

The alluvial sediments underlying the surface soils consist of
sands, silts and clays, with coarse sand and gravel near the base of
the alluvial sequence. The highly dissected loess bluffs bordering
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Site Map

the Missouri River valley are composed of windblown silts of
glacial origin and rise 30.5-91.4 m above the floodplain.

The alluvial aquifer of the Missouri River provides the major
drinking and industrial water supply in the area. The drinking
water wells surveyed in the vicinity of the site range from 5.5-30.5
m in depth. Two wells located at the site average 27.4 m in depth.

Past History

Prior to 1974, this company operated a pesticide formulating
facility in Omaha, Nebraska. This facility was destroyed in a fire
and subsequently the operation was moved to its present site, south
of Council Bluffs, lowa. This new facility (Fig. 2), which encom-
passes 8 ha, was located in a rural area to minimize exposure to the
population should a similar incident occur (Fig. 3).

The company operated as both formulators and packagers of
various organochlorine, organophosphate and s-triazine pesticides
and herbicides. Two divisions of the company were also located at
the site and handled the dry and wet formulations. The two major
products were ethoprop, an organophosphate pesticide, and
atrazine, a triazine herbicide, along with small volume and pilot
project formulations.

In November of 1976, a fire destroved the atrazine formulation
plant at the Council Blufts facility. Following this fire, production
at the plant was greatly reduced and in 1980 the firm filed for
reorgamezation under Chapter 11 of the Federal Bankruptey Act. In
August 1981, a bankruptey sale was held at the site to liquidate the
assets of the company .

Contamination at the Site

Durning the process of extinguishing the 1976 fire that destroyed
the atrazine formulation plant, 1t was estimated that 110 m of

water were used. Chemical contamination of the sediments and

water in the plant’s drainage system was documented at this time by
Region VII, with prometon (60-357 mg/kg) and atrazine (13-840
mg/kg) being the major pesticides detected.

An investigation by Region VII in March 1980 showed concen-
trations of atrazine in the drainage sediments of 32 mg/kg. In
August of 1980, an investigation by the National Enforcerpe_nt lp-
vestigations Center (NEIC) of USEPA detected seven pesticides in
subsurface sediments with concentrations greater than 1 mg{kg:
atrazine, heptochlor, chlorodane, phorate, disulfoton, chlorpyrifos
and toxaphene. At the same time, a buried tank located no'rth .of
the former atrazine plant was sampled and found to contain lin-
dane, malathion, toxaphene, and methoxychlor in concentrations
of 20, 320, 1,200, and 3,200 mg/kg respectively. During each of the
sampling efforts described above, the two onsite wells were sampl-
ed and found not be contaminated with pesticides.

The final sampling effort occurred in August 1981, prior to the
E&E investigation and following the bankruptcy sale. During the
sale, a spill of ethoprop baghouse dust occurred. As a result of this
accident, two workers were admitted to the hospital with
organophosphate pesticide poisoning. At the same time, several
large metal atrazine storage tanks, sold as scrap, were drained into
a concrete basin at the site. Personnel from Region VII USEPA
coordinated the cleanup of this spill.

From the samples taken during these four investigations it
became clear that there were certain areas of concern that needed to
be addressed. The four investigations conducted at this site,
although limited in scope, documented contamination of the sur-
face soils, subsurface soils and drainage sediments. A buried tank
contained approximately 30 m® of wastes from numerous pesticide
manufacturing processes. An open pit contained atrazine process
wastes. During those investigations, greater than 1,500 drums,
many in deteriorated condition, were being stored outdoors at the
site. An additional 1,200 fiber drums of baghouse dust were being
stored indoors. There were also allegations by former plant
employees and nearby residents of drummed waste buried at the
site. The E&E investigation was initiated to determine the extent of
the contamination and assess the potential for migration of con-
tamination via the air, soil and groundwater pathways.

FIELD AND LABORATORY INVESTIGATIONS

In order to assess the extent of pesticide contamination on and
around the site, a multi-phase analytical study was undertaken. A
description of a field investigation procedure similar to the one
followed at this site is found in a prior conference paper by Hagger
and Clay in 198]."

Figure 3.
Acrial Photograph of Site

tsee Fig. 2 for identifying features)



Analyses of airborne particulates, surface soil, subsurface soil,
subsurface sediments and groundwater samples were used to
delineate the most highly contaminated areas of the site. A metal
detector survey was also performed to locate areas of suspected
waste disposal. The following sections will describe the rationale
behind the design of each of these monitoring schemes.

Due to the public access to the site, Region VII USEPA person-
nel had a security fence constructed, financed by Superfund Im-
mediate Removal funds.

Air

As a Superfund candidate, it was necessary to determine the air
pollution release potential. Due to the chemical odors originating
from the site, an initial organic vapor survey was performed prior
to any field sampling.

Pesticides are not generally volatile and would therefore not be
recorded by an organic vapor analyzer. However, solvents used
during the formulation of pesticides are volatile and will be
detected by the analyzer.

High-volume air sampling was also conducted to qualify the ex-
istence of airborne particulate pesticides on- and off-site. A quan-
tification of values was not possible, because pesticide may

volatilize while being pulled through the pressure differential
created in the high volume sampler.

Surface Soil

An extensive soil sampling study was conducted to produce data
on surface contamination resulting from spillage, leaking drums
and containers, and poor housekeeping practices at the plant. The
three grid sampling patterns chosen for the soil survey were design-
ed to cover all of the major areas of the plant used during its opera-
tion, as well as areas of waste disposal and alleged debris burial.
The major drainageways outside the site were sampled to document
any migration of contaminants offsite. Within the grid pattern, 89
samples were collected to’a maximum depth of 7.6 cm.

Because of the large number of samples to be analyzed, and time
and budgetary constraints, a method was used to identify those
samples which were most contaminated. This procedure of screen-
ing out non-contaminated samples consisted of analysis in a
capillary gas chromatograph with an electron capture (EC) detec-
tor, Total pesticide concentration estimates were calculated using a
standard mixture of several of the suspected organochlorine
pesticides. The concentrations measured may be substantially lower
than actual total concentrations of pesticides due to the greater
response of the EC to organochlorine compounds relative to or-
ganophosphate and s-triazine compounds. However, these concen-
trations are useful in comparing the concentrations of samples
from different locations and identifying those samples that were
significantly contaminated.

Based on the results of preliminary chemical analysis on the 89
samples, 20 samples were selected for further analysis. These
samples included uncontaminated background as well as onsite
contaminated samples. Thermionic specific detectors allowed
quantification of the organophosphorus and organonitrogen pesti-
cides. Gas chromatography/electron capture techniques were used
to quantify the organochlorine compounds. The pesticides which
were quantified are listed in Table 1.

Composite Soil Samples

Subsurface composite soil sampling was conducted to determine
the vertical extent of contamination in areas identified as having
surface contamination. Four composite samples were collected to a
depth of about 15.2-30.5 cm. These samples were analyzed using
the same techniques described for the surface samples.

Subsurface Sediments

During the drilling of the groundwater monitoring wells, subsur-
face sediment samples were collected at 1.5 m intervals with a split
spoon sampler. A total of 33 samples were collected to a depth of
10.7 m. The analysis of these samples, which was performed using

SITE INVESTIGATION 9

Table 1.
Pesticides Determined During Site Analysis

Priority Pollutants Pesticides: Additional Pesticides:

Aldrin Atrazine
Dieldrin Chlorpyrifos
Chlorodane Disulfoton
4,4 —DDT Ethoprop
4,4'—DDE Methoxychlor
4,4'—DDD Phorate
alpha-Endosulfan Prometone

beta-Endosulfan
Endosulfan sulfate
Endrin

Endrin aldehyde
Heptochlor
alpha-BHC

beta-BHC
gamma-BHC (Lindane)
delta-BHC

Toxaphene

the methods described above for surface soil samples, determined
the extent to which pesticides had migrated vertically into the sub-
surface.

Groundwater

A five-well groundwater monitoring system was installed to
monitor the shallow groundwater for pesticide contamination; in-
cluded were a background well and wells adjacent to areas of
buried wastes, the buried tank, and drum-storage areas. The wells
were installed in a blue-gray, silty, clay deposit overlying the
alluvial aquifer, with the purpose being to monitor the initial water-
bearing strata. They were constructed of 7.6 cm diameter PVC
threaded-joint pipe and designed to prevent any downward migra-
tion of surface contaminants. Each well was screened and gravel
packed for 6.1 m. A bentonite seal was placed above the gravel and
the remainder of the column was sealed with cement grout. Con-
crete pads at the surface and locking well covers completed the
wells. The groundwater samples were analyzed using electron cap-
ture and thermionic specific detection for the pesticides listed in
Table 1.

In conjunction with the onsite groundwater monitoring, 17 off-
site drinking wells in the vicinity of the site were sampled. Analyses
for the acid, base/neutral, pesticide, and volatile fractions of the
priority pollutant list were performed. Analyses for the seven addi-
tional pesticides were not determined.

PERSONNEL SAFETY AND DECONTAMINATION

The guidelines used to determine the appropriate levels of protec-
tion are outlined in the following manuals developed by E&E for
USEPA:

sPersonnel Protection & Safety Training Manual?
*Hazardous Waste Site Investigation Training Manual?

Due to the odors at the site, the amount of pesticide spillage, and
the chlorinesterase-inhibiting nature of the organophosphate
pesticides, it was important to protect the sampling and drilling
crews. All personnel were required to wear air-purifying respirators
with combination cartridges for organic vapors and particulates.
Disposable coveralls, neoprene boots and neoprene gloves were
also worn.

In order to avoid cross-contamination between samples, strict
decontamination procedures were followed. Whenever possible, as
in the surface soil samples, disposable equipment was used. When
this was not possible, as during the composite soil sampling and the
subsurface sediment sampling, a five-step soap and water wash and
solvent rinse procedure was followed. All drill equipment was
steam cleaned between holes.
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FIELD AND LABORATORY RESULTS
Alr

Only those readings taken in close proximity to drums which had
contained solvents had significantly higher concentrations of
organic vapors than background levels of 1 to 3 ppm. There were
odors present at the site, caused by mercaptan compounds used in
organophosphate formulations; however, mercaptans are detec-
table at concentrations less than 1 ppm, which is the lower limit of
the organic vapor analyzer in the survey mode.

Surface Soil

Based on the results of preliminary chemical screening of the 89
surface soil samples, 20 samples (Table 2) were further analyzed to
identify specific pesticides and develop background values for com-
parisons. The results of the analyses are presented in Table 3.

Table 2.
Locations of Surface Soil Samples

Sample No. Location

03 Ethoprop spill (east of building #1)
06 East of building #1

09 East of building #2

16 East of Atrazine building (#4)

29 Southeast Drum Storage Area

l6 Southeast Drum Storage Area

44 West of building #5

48 Loading dock at building #5

50 Northwest Drum Storage Area

53 Loading dock at building #5

59 North of Atrazine building #4

60 North of Plant (north of plant)
65 Along railroad tracks

79 West Drainage

Table 3.
Concentrations of Pesticides in
Surface Soil Samples (mg/kg)
Site Number

Pesticide 03 06 09 16 29 36 44 48 S0 S3 59 60 65 9
Prome-

1one) TR 40 180 30 2 180 190 400 200 120 140 1100
Alrazine 6 6

Phorate 17 100 5
Disulfoton 70

Chlorpy-

rifos 80

Heptachlor 13.5 3600

Endosulfan

Sulfate 670
alpha-En-

dosulfan 940

Dieldrin 1.1 0.6 550 1.0
Aldnin 0.5 3.2 011530 2.
gamma-

BHC

(Lindane} 2.25

One soil sample collected near a loading dock showed high con-
centrations ( > 500 mg/kg) of aldrin, dieldrin, alpha-endosulfan,
endosulfan sulfate and heptachlor. The two major products of the
formulating plant, ethoprop and atrazine, were not detected in this
sample. Similarly, no ethoprop was detected in the area of the
ethoprop spill. However, several other pesticides were identified at
the following concentrations: disulfoton (70 mg/kg), prometone
(40 mg/kg) and 4,4°’DDT (4.36 mg/kg). In the southeast drum
storage area, 100 mg/kg of phorate were detected near drums iden-
tified as containing phorate. These results agree with the data ob-
tained during the NEIC investigation.

Two piles of unidentified material dumped within the plant
grounds and thought to be pesticide products were found to be

primarily clay, with less than 1 mg/kg of pesticide. However, a red-
dish material dumped in the west drainage contained 110 mg/kg of
prometone. This was the only significant contamination detected in
the plant drainages.

Composite Soil Samples

Pesticides were found in all four composite soil samples taken at
a depth of 15.2-30.5 cm below the surface (Table 4.) Heptachlor
was found in all four areas tested, while atrazine, ethoprop, and
phorate were detected in all locations except the northwest drum
storage area. In the southeast drum storage area, the major con-
taminant found was heptachlor (47 mg/kg). In the area of the
ethoprop spill, the following concentrations were detected:
ethoprop (23.8 mg/kg), phorate (44.1 mg/kg) and atrazine (1,600
mg/kg). The organochlorine pesticides heptachlor, methoxychior,
and toxaphene were detected in the area north of the atrazine plant
and the northwest drum storage area.

Table 4.
Concentrations of Pesticides in
Subsurface Composite Samples (mg/kg)

Pesticide Ethoprop North of Northwest  Southeast
Spill Area Atraz. Pt. Drum-Stg  Drum-Stg

Atrazine 1600 1.60 0.49
Phorate 4.1 0.20 0,025
Ethoprop 23.8 0.524 0.40
Disulfoton 2.44 0.072
Toxaphene 320 35.0
Methoxychlor 1.29 18.7 16.7
Meptachlor 1.40 25.0 16.0 47.0
Dieldrin 0.055
Aldrin 0.43 5.0
alpha-BHC 4.0
beta-BHC 0.12
gamma-BHC

(Lindane) 0.76 1.60 1.55

Subsurface Sediments

Subsurface sediment samples were collected at 1.5 m intervals to
a depth of 10.7 m in four locations. The results are given in Table 5.
Atrazine, heptachlor, and gamma-BHC were detected at depths of
10.7 m near the former atrazine formulating building. In this same
area, methoxychlor was detected to depths of 3.5 m.

Table 5.
Concentrations of Pesticides at Various Depths
in Monitoring Wells (mg/kg)

Monitoring Well #2 Monitoring Well #4

Pesticide S 10 15 20 25 30 33 5 10 15 2 25 30

Atrazine 18 85 6.4 53 15.3 0.35 0.5 022 2.7 03

Disulfoton 9.0 5.9 0.52 1.1 0.13
Toxaphene 0.06
Methoxy-

chlor 0.3140.066 0.03
Heptachlor  1.32 0.46 0.023

Endosulfan

Sulfate 2.0 0.020.035

Aldrin 0.135

glpha-BHC 1.6 0.73 0.665
gamma-

BHC

(Lindane)  0.1500.1440.0630.150 0.06

The sursurface data correlate with the composite soil data for
this area. Seven pesticides, including disulfoton, heptachlor,
atrazine, beta-BHC, aldrin, toxaphene and methoxychlor were
detected in the sediments underlying the southeast drum storage



area. Neither ethoprop nor phorate were detected at depth. Except
for the concentrations of disulfoton in the southeast drum storage
area, there was no correlation between increasing depth and
pesticide concentrations.

Groundwater

Five wells were installed onsite: one well was up-gradient of the
plant operations and four wells were down-gradient. Atrazine was
detected in all down-gradient wells, with concentrations ranging
from 1.1 mg/1in well MW #2, located near the former atrazine for-
mulation building, to 0.005 mg/l in well MW #5, located furthest
down-gradient from the plant. No pesticide contamination was
detected in any of the offsite residential wells. Therefore, ground-
water contamination is not a major concern at this site at this time.
However, continued monitoring is recommended.

Buried Waste

During the metal detector survey, two areas of buried metal were
located, both of these being located near the area marked by dead
trees. Following this survey, interviews with former plant
employees indicated that wastes had been buried in the areas in-
dicated by the metal detector. These wastes consisted of 2%
ethoprop baghouse dust, buried from 1976 to 1978.

Allegations have been made that drums of parathion were also
buried along with the ethoprop. Above background readings in the
air of 300 ppm were recorded during a subsurface survey of this
area with a photonionizer. These data suggest that volatile solvents
are also present. To date, these drums have not been excavated and
tested.

SUMMARY AND CONCLUSIONS

The organic vapor survey did not indicate a significant level of
volatile organic compounds in the ambient air. The results of high
volume air sampling did not indicate the presence of pesticide par-
ticulates in the ambient air. The odors at the site are probably due
to residual mercaptan compounds. '

The analytical results from the different soil surveys revealed ex-
tensive soil contamination by numerous pesticides in several areas
of the plant. The areas which were identified as being most highly
contaminated were:

esNorthwest drum storage area, particularly west of building #5
*Railroad tracks between buildings and north of buildings
®Loading dock area north of former atrazine plant #4

eArea east of building #2

eArea between buildings #1 and #2

eArea east of ethoprop spill (near building #1)

#Southeast drum storage area

Organophosphate, organochlorine and s-triazine pesticides were
detected in the soils of the plant. The compounds of greatest and
immediate concern are the organophosphates, due to their high
mammalian toxicity. Because of the colinesterase-inhibiting nature
of the organophosphates, a human health haard will exist at the site
in the form of discarded waste products and contaminated soil until
removal activities are completed. The organochlorine pesticides,
while being less toxic, are more persistent in the environment, and
less subject to biodegradation.

The on-site groundwater sample analyses revealed atrazine con-
tamination in the four down-gradient wells, the concentrations
ranging from 0.005 to 1.1 mg/liter. Contamination at these levels
does not constitute a serious hazard at the present time, though the
groundwater should be monitored periodically. Off-site residential
wells are not contaminated at the present time.

Any waste buried on-site will need to be excavated, analyzed,
and disposed of properly. Two areas have been identified as having
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been areas of buried drummed waste. Since these drums are buried
below the high water table level, they may constitute a threat to
groundwater quality.

RECOMMENDATIONS

Based on the conclusions of this field investigation, it was recom-
mended that the following areas of contamination be addressed as
part of the first phase of cleanup activities:

eContainment of onsite drums

sRemoval of concrete basin contents

*Removal of buried tank contents and disposal of tank
eExcavation of areas of buried waste

eRemoval of contaminated soil

These activities are described below.

OContainment of drums—An estimated 500 drums are now
stored outdoors and may be in advanced stages of deterioration.
The cleanup tasks must include the characterization, segregation
and containment of these drums. The 1,200 drums stored indoors
must be either recycled or disposed of properly.

OConcrete basin—Two large metal tanks had been drained into
a concrete basin located in the former atrazine building. The main
components of this liquid are liquid atrazine and water. Removal of
the contents of this basin should be conducted in the first phase of
cleanup.

OBuried tank—In discussions with former employees of the
plant and review of Region VII USEPA records it was determined
that a buried tank filled with methoxychlor, malathion, lindane,
atrazine and toxaphene is located onsite. The exact dimensions are
unknown. However, its current capacity is estimated at 300m?>. The
cleanup activities shall include removal of the tank’s contents along
with removal and disposal of the tank.

(OTrenches—With the information obtained during interviews
of former plant employees and local residents it was indicated that
trenches containing drums of ethoprop wastes and possibly
parathion are present on the site. The cleanup will have to include
the uncovering, characterization, removal, and disposal of the con-
tents of these trenches.

[JSoil contamination—The extent of soil contamination was
determined from surface sampling and composite subsurface
sampling. The total volume being considered for removal is
estimated at 5400 m®. Removal of this soil will constitute removal
of the majority of the moderately to highly contaminated soil.
Reduced levels of contamination will still exist at the site. Back fill-
ing of these areas will reduce the pathway for contact with remain-
ing subsurface contamination. The backfill material should be cap-
ped with gravel to prevent erosion and allow the site to sustain traf-
fic.
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INTRODUCTION

There are estimated to be 30,000 to 50,000 existing dump sites
in the United States containing various amounts and types of
hazardous materials. Furthermore, many new sites are discovered
on a regular basis. One of the first pieces of information needed
in the cleanup process is the physical extent of the dump site and
the resulting polluted area. This is very difficult to do when haz-
ardous materials (often in metal and plastic containers) are buried
beneath the ground surface. Since traditional methods of core bor-
ings and excavation of test pits are dangerous, discontinuous,
and expensive, the use of non-destructive testing (NDT) methods
is often suggested. Many of these methods, including those of the
authors,"? have been described in the literature.

In an earlier study,*® we evaluated use of the various NDT meth-
ods to locate buried metal and plastic containers in a uniform dry
sandy soil. In that study, the metal and plastic containers were bur-
ied at known locations and depths in various patterns and seven
NDT methods used for detection. The results indicated that the
metal detector, very low frequency electromagnetic, magnetometer
and ground probing radar techniques are of definite value in delin-
eating the drums. Continuous wave microwave techniques were less
successful, and seismic refraction and electrical resistivity were un-
successful under those particular conditions.

Since the soil and the site of that study® represented nearly ideal
conditions, it was decided to repeat the entire project by burying
the metal and plastic containers in a saturated fine grained soil
which was eventually located in a construction contractor’s storage
yard.

Following this section is a description of the NDT techniques
used, details of the site and specific results obtained.

DESCRIPTION OF EXPERIMENTAL METHODS

Since the continuous wave microwave technique was only mar-
ginally successful and seismic refraction and electrical resistivity
techniques were unsuccessful on the previously described nearly
ideal site,’ they were not attempted for this more difficult situa-
tion. Commercially available metal detector (MD), very low fre-
quency electromagnetic (VLF-EM), magnetometer (MA) and
ground probing radar (GPR) were used.*"

The metal detector (sometimes called a pipe locator or eddy cur-
rent method) and very low frequency electromagnetic methods
operate on essentially the same principle. They will be discussed to-
gether. Both of the instruments used had two coils; many of the less
expensive metal detectors are single coil/inductance change in-
struments. A transmit coil generated an electromagnetic field and a
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receiving coil in the vicinity picks up the resulting field. Some of the
field arrives via the air and some via the subsurface material. The
field through the air is essentially constant for a given transmitter-
to-received distance, but the field arriving from the subsurface ma-
terials depends on the subsurface electrical conductivity and mag-
netic permeability. If a conducting body is present in the subsur-
face material between the two coils, the total detected field is al-
tered and the anomaly noted.

A magnetometer measures changes in the earth’s magnetic field.
Any magnetic object, e.g., an iron ore deposit or a buried steel ob-
ject, will alter the earth’s magnetic field locally and thus can poten-
tially be detected. The most commonly used magnetometer em-
ploys proton nuclear magnetic resonance. The nuclear spin of the
proton processes at a frequency which is linearly porportional to
the total magnetic field at the nucleus. If the total magnetic field
changes because of an anomaly, the precession frequency change
can be read accurately, and hence the magnetic field change can
be determined precisely.

In the ground probing radar technique, a few cycles of electro-
magnetic radiation (100 MHz to 900 MHz) are sent into the ground
from a highly damped antenna. A reflection occurs when a med-
ium of different dielectric constant is encountered. The time it
takes for the pulse to travel down and back given an indication of
the depth of the object. Lateral surveying gives an indication of the
spatial extent of the objects.

SITE DETAILS

The containers were buried in a heavy construction contractor’s
storage yard in North Wales, Pa. The 150 ft by 120 ft area was
bounded by trees and a drainage ditch to the north, a chain link
fence to the east and south and miscellaneous forms, tanks and
trailers to the west.

Disturbed and undisturbed samples indicated that the soil was a
dense sandy silty clay of 128 1b/ft® unit weight and 19% water con-
tent. This is equivalent to a 98% relative density (via standard
Proctor compaction test) and 100% saturation, Other physical
properties of the soil showed that the specific gravity was 2.54,
the liquid limit was 32%, the plastic limit was 23% and the shrink-
age limit was 11%. Regarding gradation characteristics, 21% was in
the silt size range and 4% was the clay size range. Thus, the soil
is classified as ML-CL by the Unified Soil Classification system,
Being near the high point of the local topography, the soil was only
about 4 ft to 6 ft thick above bedrock which was observed to be de-
composed red shale, fractured at 4 ft but rapidly became sound at
a depth of about 6 ft.



Figure 1.
Photographs of Containers After Placement and During Backfilling.
Upper is a 30 Gallon Steel Drum; Lower is a 40 Gallon Plastic Drum.

Eighteen (18) steel and plastic containers were placed in back-
hoe excavated holes that varied from 2 ft to 6 ft deep (see Fig. 1).
The soil cover over the containers varied from 1 ft to 4 ft. The con-
tainer burial patterns were as follows:

eFour 30 gal steel containers buried with 1 ft, 2 ft, 3 ft and 4 ft of
cover.

eThree steel containers (5 gal, 30 gal and 55 gal) buried at 3 ft of
cover. (The 30 gal drum was included in the previous pattern.)

sFour 40 gal plastic containers buried with 1 ft, 2 ft, 3 ft and 4 ft of
cover.

eFour 30 gal steel containers buried with 3 ft of cover. Three of
the containers were adjacent to one another and the fourth was
separated by 16 ft.

eFour 30 gal steel containers with 1 ft of cover were each oriented
at 90°, 60°, 30° and 0° with the horizontal.

In general, all containers were cylindrical, placed with their long
axis horizontal (except where noted), placed empty, placed approx-
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Figure 2.
Plan View of Site Boundaries and General Conditions, Buried
Container Deployment and Survey Scan Lines for
Various NDT Techniques.

imately 25 ft from each other (except where noted) and back-
filled with the same soil that was excavated at the particular loca-
tion involved. After hand backfilling and tamping soil around the
drums, the site was further backfilled and compacted by a heavy
dozer, graded off to a level condition and allowed to stabilize for
approximately four months. During this time period the contrac-
tor brought additional equipment onto the site which made the area
more representative of conditions at an actual site. Fig. 2 is a plan
of the site, the containers and other relevant items.

RESULTS

Each of the aforementioned NDT techniques were used at the
site by making a series of seven parallel scans about 10 ft apart (see
Fig. 2), with data being taken at 2 ft intervals along each scan. Fig.
3 contains photographs of two of the techniques during monitor-
ing. Results were transferred from profiles along each scan (re-
sults not shown due to paper size limitations), to generalized plan
views. These generalized results are presented in this paper.

The metal detector (commercially available from Fisher Com-
pany, Model M-Scope)* gave results shown in Fig. 4. The cross
hatched areas along scan lines show where the device gave a pos-
itive indicate that each metal container was accurately located, but
that none of the four plastic containers was located. Positive loca-
tion of a buried object by the device is given by pinning of the
dial. indicator and by an audible signal. Positive signals were ob-
served on scan lines where no containers were purposely buried.
This is understandable since the site had numerous metal objects
(old cans, reinforcing bars, fencing, springs, etc.) very near to the

*Mention of trademarks or commercial products does not constitute en-
dorsement or recommendation for use by the U.S. Environmental Pro-
tection Agency or Drexel University,
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Figure 3.
Photographs of Site Showing Metal Detector (upper) and Very Low
Frequency Electromagnetic (lower) Techniques for Detecting Buried
Containers. Crosses Mark Locations Where Containers are Buried.

ground surface before the containers were buried. In the vicinity of
the trailers and metal forms, the metal detector remained pinned
continuously.

The results of the very low frequency electromagnetic device
(commercially available from Geonics Ltd., Model No. EM-31) are
given in Fig. S. Similar to the previous results, the system accur-
ately located all metal containers, but no plastic ones (Fig. S). The
possible exception was the plastic container buried 1 ft deep along
scan line #4. Anomalous spots were also seen along scan lines
where no containers were buried but, as described before, quite
possibly for the same reason. At a few of these locations the MD
and VLF-EM readings were in agreement, e.g., along scan line #5
at 90 ft west of the base line.

The magnetometer results (commercially available from EG and
G Geo-Metrics, Model No. F-856) are shown in Fig. 6. The in-
dividual scan lines showing magnetic field data were interpreted
and plotted for this figure. Correlation with actual containers
locations was very poor for the steel drums (which was unexpected)
and for the plastic drums (which was expected). The westerly por-
tion of each scan line became swamped due to the heavy mag-
netic metal (i.e., steel) concentration of the tanks, forms and trail-
ers on the ground surface.

Results from the ground probing radar (commercially available
from Geophysical Survey Systems, Inc., Model No. SIR-7) scans
are not shown in the same format as the preceding techniques
because results were very negative. A typical GPR trace along scan
line #2 is shown in Fig. 7. The trace was made over the four 30 gal
steel drums buried at 1 ft, 4 ft, 2 ft and 3 ft, respectively, and then
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Figure 4.
Plan View of Site Showing Results of Metal Detector (MD) Survey.
See Fig. 2 for Actual Container Identification.

over the 55 gal drum at a 3 ft depth. No discernible return signal
was noted at the proper locations. This was typical of all GPR scans
over the site.

Four separate scan trips were made to the site, one before
drum placement and three afterwards. Perhaps a GPR system with
signal enhancement capabilities would have shown the expected
parabolic shapes indicating a curved object, but it was not ob-
vious in this situation.

CONCLUSIONS AND RECOMMENDATION

In contrast to the earlier study of container detection in a dry
sandy soil, most NDT techniques worked quite well; at this site
conditions were much more formidable. The major differences
between the sites were the:

*High clay content of the soil

eComplete saturation of the soil voice

*Closeness of the bedrock to the ground surface

*The fact that the bedrock surface was not abrupt but weathered
from highly decomposed to very hard within a 2 ft thickness

*Relatively confined area where background noise is present.

In spite of the above difficulties, this is typical of a real site hav-
ing buried containers.

For this situation, the metal detector and very low frequency
electromagnetic methods worked equally well in locating metal
containers. On the basis of equipment cost, the authors would
favor the metal detector (3600 versus $8,000). The VLF-EM has a
deeper penetration depth and lateral scan sensitivity as determined
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from the earlier study.* However, neither the MD nor the VLF-EM
will give the depth to the reflecting object.

The magnetometer was unsuccessful because of the abundance
of buried metal objects. This conclusion was expected and con-
firmed by this work.

Somewhat surprising was the failure of the ground probing radar
to detect even the shallow buried containers. Neither steel nor
plastic could be located—a marked departure from the earlier
study.’® Probably the saturated clay soil attenuated the signal before
any significant penetration occurred or the background conditions
submerged the signal in noise. GPR is the preferred technique
known to the authors to give a specific depth to a reflecting ob-
ject, but in this case was simply not successful.

Other NDT techniques that were marginally successful or un-
successful at the sandy soil site’ were not deployed at this satur-
ated clay soil site for the reasons stated earlier. )

On the basis of these two studies (reference 3 in dry sandy soil
and this one in saturated clay soils), the authors recommend that
a high quality metal detector be the first NDT method to be used
at a suspect site. Only metal objects, at relatively shallow bur-
ials, can be detected, but this is very often the actual situation.
The device is inexpensive (about $600), can be obtained from a
number of equipment manufacturers, is easy to use, gives both
meter and audible inductions of a buried object and is instantan-
eous. It obviously has drawbacks. Such limitations as only be-
ing able to locate metal objects and poor penetration depth are the
most pronounced, however, its use as the first method to be de-
ployed is highly recommended.
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INTRODUCTION

The National Contingency Plan gives the objectives of prelim-
inary site assessment as: (1) evaluating the magnitude of the haz-
ard, (2) identifying the source and nature of the release, and (3)
evaluating the factors necessary to make the determination of
whether immediate removal is necessary.' For this paper, these ob-
jectives can be restated in terms of the following goals for sub-
surface characterization: (1) determining the hydrogeologic char-
acteristics of the site, (2) locating and mapping leachate plumes,
and (3) locating and mapping buried wastes. '

Systematic Assessments

In the past, investigations of hazardous waste sites were usually
dependent on drilling to obtain information about the geological
setting, on monitoring wells for samples of groundwater, and on
laboratory analyses of groundwater, soil, and waste samples. This
costly approach may fail to adequately characterize the site set-
ting, location of buried wastes, and the extent of groundwater
contamination.

There are several reasons why a network of monitoring wells
may poorly define a contaminant plume or produce an incomplete
picture of site hydrogeology, but probably the chief cause is that
the subsurface is rarely homogeneous. Substantial variations in
permeability or hydraulic conductivity can be produced by a
change of only a few percent in the silt or clay content of a sandy
aquifer. Fig. 1?2 illustrates the effect of small-scale heterogeneities
on the migration of a contaminant in a sandy medium. Such het-
erogeneities complicate the siting of monitoring wells. Other
sources of error include well construction, sampling techniques,
and even improper logging of soil and rock samples. Ironically, the
groundwater samples collected from well networks can be analyzed
for trace contaminants in the part-per-million or part-per-billion
range with great accuracy. In many groundwater contamination
investigations, the accuracy of such analyses may be much better
than the interpretation of the subsurface afforded by the well net-
works.

During the past decade, extensive development in geophysical
survey equipment, field methods, analytical techniques, and asso-
ciated computerized data processing has greatly improved the char-
acterization of hazardous waste sites. Some geophysical techniques
can detect contaminant plumes and flow direction. Some are ap-
plicable to measurements of contaminants and direction of flow
within the vadose zone; others offer detailed information about
subsurface geology. The capability to characterize the subsurface
directly without disturbing the site offers benefits in terms of less
cost and less risk. It can also achieve a more complete understand-
ing of the subsurface by filling gaps in data in the areas between
exploratory sampling wells.

Cost-effective preliminary assessments of hazardous waste sites
involves an integrated, three-phased approach:

eReview of available data, including the use of aerial photography,
on-site inspections, and review of readily available literature and
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local information to characterize the site geology, hydrogeology,
and possible waste composition
*Geophysical surveys combined with exploratory drilling and
sampling
*Design and implementation of a monitoring program including
monitoring wells

This systematic approach defines the areas of contamination and
thus supports necessary planned removal of wastes or other remed-
ial action.
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Figure 1.
The Effect of Small Scale Heterogeneities on the Pattern of
Contaminant Migration
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Table 1.
Some Typical Sources of Data Useful in a Systematic Assessment
of Waste Disposal Sites (from Le Grand, 1980)

Type of Data Typical Sources
Property Survey County Records, Property Owner
Well Drillers Logs Well Driller, Property Owner, State

Records

Well Owners Observations, Well Drillers
Logs, Topographic Maps, Ground Water

Water Level Measurements

Maps (Reports)

Topographic Maps U.S. Geological Survey and Designed
State Sales Offices

Air Photos U.S. Dept. of Agriculture, U.S. Forest
Service, etc.

County Road Maps State Agencies

Ground Water Reports U.S. Geological Survey, State Agencies
U.S. Dept. of Agriculture
U.S. Geological and State Surveys

U.S. National Oceanographic and
Atmospheric Agency

Soil Surveys of Counties
Geologic Maps
Climatological Data

REVIEW OF AVAILABLE DATA

Much data are commonly available for sites in a variety of docu-
ments, reports, maps, etc. Some of the data sources are found in
Table 1.° This information should be used first to gain an overview
of the site’s relationship to the regional setting. This can be accom-
plished by a review of topographic maps, geologic maps, aerial
photographs and federal and state geohydrologic publications, Nel-



18 SITE INVESTIGATION

son, ef al.* described in detail a methodology for inventorying and
prioritizing possible uncontrolled waste disposal sites based on
available data. This methodology includes a systematic approach
to compiling, reviewing, and interpreting available data.

Aerial photography is a valuable tool for preliminary hazardous
waste site assessments; both current aerial photos and historical
imagery are useful. Historical (archival) photographs may date
back 40 years or more and can play a vital role in assessing spe-
cific sites. They can often trace the life of a waste disposal site
from its creation to the present. Locations of old landfills or dis-
posal ponds now covered by subsequent land use or vegetation
growth can be determined from historical photographs. The his-
tory of one disposal site is traced in Fig. 2 from 1945 through 1979
and shows the construction of residential neighborhoods over and
around the former site.*

Archival imagery can be obtained from the National Archives,
the data center of the U.S. Geological Survey, and other sources
such as city, county, or state agencies. Usually imagery taken at
three or more dates from the late 1930s to the present is examined.
If necessary, current photography is obtained from overflights as
part of the preliminary assessment. The history of the land use
around a site and drainage patterns should be carefully studied.
The potential exposures to nearby residences and direct and indi-
rect environmental pathways to them must be evaluated. Frequent-
ly, detailed imagery analysis is coupled with ground investigations
to provide a more complete picture of potential environmental
problems. The end product® of a detailed analysis is shown in
Fig. 3.

Waste Characterization

Waste characterization prior to beginning field work is highly de-
sirable. Valuable information about waste composition, assuming
legal considerations are not involved, can be obtained from the
property owner and/or those responsible for transporting or dis-
posing of the waste. Where a manufacturing or processing facility
was involved in the generation of the wastes of interest, the spe-

1966 1979

Figure 2.
Overhead Imagery Used to Trace the History of One Site

cifics of waste characteristics may sometimes be obtained from a
variety of corporate records, disposal logs, and conversations with
technical personnel. Wastes related to military bases can be char-
acterized as to their shape, size, construction and chemistry. The
military usually maintains this type of documentation.

SELECTING THE APPROPRIATE
GEOPHYSICAL TECHNIQUE

Contemporary geophysical techniques and their advantages and
limitations have been extensively described in many recent publica-
tions. A few of these key references are cited in the bibliography.
A brief description of the theory of operation and the applica-
tion of the primary geophysical techniques which have regularly
and successfully been applied for waste site assessments follows:

Ground Penetrating Radar (GPR) is designed to detect the pres-
ence and depth of subsurface features using radar waves trans-
mitted from a small antenna moved across the ground’s surface.
This analysis results in a continuous cross-sectional ‘‘picture’’ or
profile of shallow, subsurface conditions. The responses are caused
by radar wave reflections from interfaces of materials having
different electrical properties. The reflections are often associated
with natural hydrogeologic conditions such as bedding, cementa-
tion, moisture and clay content, voids, fractures, and intrusions
as well as man-made objects. GPR has been used at numerous haz-
ardous waste sites to evaluate natural soil and rock conditions and
to detect buried wastes.

The Electromagnetics (EM) method measures the electrical con-
ductivity of subsurface soil, rock and groundwater. Electrical con-
ductivity is a function of the type of soil and rock, its porosity,
and the conductivity of the fluids which fill the pore space. In most
cases, the conductivity (or specific conductance) of the pore fluids
will dominate the measurement. The EM method is applicable to
both the assessment of natural geohydrologic conditions and map-
ping of many types of contaminant plumes. Trench boundaries,
buried wastes and drums, as well as metallic utility lines can also be
located with EM techniques.
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Typical End Product of an Aerial Site Investigation



The Resistivity method measures the electrical resistivity of the
geohydrologic section which includes soil, rock and groundwater,
Interpretation of these measurements provides depth and thickness
of geologic strata as well as lateral changes in the subsurface.
Usually the presence, quantity and quality of groundwater are the
dominating factors influencing the resistivity value. The method
may be used to assess lateral and vertical changes in natural geo-
hydrologic settings as well as evaluate contaminant plumes at haz-
ardous waste sites. The method may also be used to locate buried
wastes.

Seismic Refraction techniques are used to measure the depth and
thickness of geologic strata using acoustic waves transmitted into
the ground. Seismic methods also provide measurements of rock
density and are often used to map depth to specific horizons such
as bedrock, clay layers and water table. Secondary applications of
the seismic method include location and definition of burial pits
and trenches at hazardous waste sites.

Metal Detectors (MD), commonly used by treasure hunters
searching for coins and by utility crews for locating buried pipes
and cables, are used to locate buried metallic objects. They can
detect metallic materials, including ferrous objects (iron and steel)
and non-ferrous metals such as aluminum and copper. In haz-
ardous waste site investigations, metal detectors are useful in de-
tecting buried drums and in delineating trench boundaries contain-
ing metallic containers at shallow depths.

A Magnetometer responds to distortion in the earth’s natural
magnetic field. These distortions can be caused by the presence of
buried ferrous metals (iron or steel); a magnetometer will not re-
spond to non-ferrous metals. It will respond to variations of iron-
oxide concentrations in soil and rock as well as nearby cultural
features made of iron or steel. Magnetometers are regularly used
in locating buried drums, estimating their numbers, and in deter-
mining the boundaries of trenches containing drums.

When selecting the appropriate geophysical technique to meet a
mijssion objective, it should be recognized that more than one tech-
nique can usually be applied. The complementary nature of data
obtained from combining geophysical techniques can reduce the
errors in interpretation that have been common in the past.

The typical objectives of preliminary waste site assessments and
the geophysical techniques which can be applied are summarized
in Table 2. The reader is referred to ‘“The Use of Selected Geo-
physical Remote Sensing Methods in Hazardous Waste Site Inves-
tigations’’¢ for a more thorough treatment of the use of geophysics.

Interpretation

While geophysical surveys can sometimes stand alone, field in-
vestigations will usually require additional quantitative data. In-

Table 2.
Potential Applications of Geophysical Methods
Electro- Metal Magneto-
Application Radar Magnetics Resistivity Seismic Detector Meter
Mapping of geology 1 1 1 1

and hydrogeologic
features

Mapping of con- 2 1 1
ductive leachates

and contaminant

plumes (e.g., land-

fills, acids, bases)

Location and bound- | 1 2 2

ary definition of bur-

ied waste trenches—

without metal target

Location and bound- 1 1 2 2 2 2

ary definition of bur-
ied trenches—with
metal targets

Location and def- 2 2 1 1
inition of buried

metallic objects (e.g.,

drums, ordinance)

1—Primary method—indicates the most effective method
2—Secondary method—indicates an alternate approach
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formation from drilling logs and groundwater samples, obtained
from existing data and/or supplemental newly-acquired data can
provide the additional information needed for interpretation. The
following examples highlight the use of ground truthing informa-
tion.

The radar ‘““picture’’ shown in Fig. 4 resulting from a field sur-
vey does not indicate the soil type—only that differences in soils
have been seen. A drilling log will provide the means to correlate
the radar data with actual soil type (Fig. 4).

Similarly, an EM record and the drilling logs which allowed
correlation of the EM data and permitted definition of the soils
in the area (Fig. 5).

The correlation of the direct sampling with the geophysical data
will allow the investigation to proceed with the design and subse-
quent installation of two monitoring wel] networks.
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GROUNDWATER MONITORING

The objective of groundwater monitoring in hazardous waste
site assessment is to provide long term information about the areal
extent of groundwater contamination and the concentrations of
contaminants, for the purposes of insuring the safety of water sup-
plies or measuring the effectiveness of corrective action. The de-
sign of a monitoring well network should consider many variables,
including direction and rate of groundwater flow, soil permeability,
and background water quality, all of which may interact in a com-
plex fashion.

Discussions of monitoring well placement are available in the
literature.” One set of guidelines states:

“‘In order to detect and evaluate potential or existing ground-
water contamination at a landfill, a minimally acceptable mon-
itoring well network should be implemented and consist of the
following:

sOne line of three wells downgradient from the landfill and situated
at an angle perpendicular to groundwater flow, penetrating the
entire saturated thickness of the aquifer

*One well immediately adjacent to the downgradient edge of the
filled area, screened so that it intercepts the water table

*A well completed in an area upgradient from the landfill so that
it will not be affected by potential leachate migration

The size of the landfill, hydrogeologic environment, and
budgetary restrictions are factors which will dictate the actual
number of wells used. However, every effort should be made to
have a minimum of five wells at each landfill and no less than one
downgradient well for every 250 ft of landfill frontage.”’

Additional consideration must be given to the effects of the
aquifer characteristics. The reference publication does on to say:

“When considering the design of the monitoring system,
aquifers can be subdivided on the basis of permeability and
porosity. Although the design previously described could gen-
erally be applied to all aquifers, aquifer parameters should dic-
tate the following:

emonitoring well density, depth, construction, and drilling
methods

eprobability of successful detection of the contaminant plume

ssampling methods

For the monitoring network to be effective, the basic network
design at a particular site will require modification according to
geologic conditions.”’

Ideally, the extent and location of the plume would be known
prior to construction of the well network. In practice, monitor-
ing well locations are generally chosen on the basis of limited
knowledge of the site geology and hydrogeology and the profes-
sional judgment of the investigator. The accuracy and effective-
ness of this approach is limited by the implicit assumption that sub-
surface conditions are uniform in the horizontal direction, which is
usually not true. This assumption can lead to poorly located wells,
with inaccurate interpretations of the subsurface conditions.

Geophysical surveys offer a means of obtaining beforehand es-
timates of the natural hydrogeologic conditions and/or the extent
of contaminant plumes. The vertical configuration of the plume to
be monitored and the subsurface geology defined in the previous
phases of the program should dictate well construction specifica-
tions. For example, clay lenses would not provide the optimum
location for well sampling screens. If present, permeable sand lay-
ers would be more suitable.

Limiting the vertical extent of well screening (zone of comple-
tion) to the zone of contamination would yield more accurate esti-
mates of actual contaminant concentrations in groundwater. As
geophysical techniques are capable to developing a comprehensive
picture of the hydrogeologic site conditions both laterally and ver-
tically, a well can be screened to the proper depth for sampling.

a

The location and completion depths of existing monitoring wells
can also be put into perspective.

This is a brief description of the systematic approach to haz-
ardous waste site assessments. Implementation of this appr0§ch
must typically be modified to suit the actual conditions of each site.
Economics, legal implications, local reaction, schedule, site access,
and lack of existing information are some of the considerations
which can and do constrain and modify a systematic approach.

The following case studies illustrate a systematic approach ap-
plied to a number of site assessments and further show the typical
areas of compromise in actual projects. Each example is based on a
project completed by the co-authors’ firm in the past two years,

EXAMPLE 1—BULK CONTAMINANTS

A large playground was suspected of containing buried haz-
ardous waste materials. The type of contaminant materials, their
exact location and quantity were all unknown. Six soil sampling
and monitoring well locations were in place. The size of the total
area of investigation was 25 acres, resulting in a sample density of
approximately four acres per hole. There were indications of con-
taminants in the soil, groundwater, and a nearby stream. Aerial
photos provided the overall setting picture and showed old buried
stream channels in the immediate area of the site. No indication
of dumping was noted. The objectives of the subsequent survey
were to locate the precise boundaries of the contaminants, estimate
their volume and nature, provide a design for a monitoring well
program and, if possible, estimate local groundwater flow direction
and speed.

When the size of the target and location are unknown, discrete
sampling via drilling is a very uneconomical approach to the target
location problem. Therefore, non-destructive geophysical methods
were selected (see reference 8 for a more complete treatment of
drilling and geophysics costs).

Shallow EM measurements were used to locate the bulk contam-
inants and define their exact perimeter. Further EM soundings at
the site provided the approximate thickness of contaminants and
their maximum depths. Ground penetrating radar was used to eval-
uate the soil cover over the contaminants and further confirm the
contaminant perimeter. A magnetic survey indicated that only a
few steel objects were present in this rather large site. This informa-
tion suggsted that the waste material was bulk-dumped rather than
containerized within steel drums.

The survey indicated that the ratio of the total site area to the
area of the contaminants was approximately 10:1. This ratio re-
quires that more than ten drilling locations or sample points are
needed to yield a detection probability of greater than 95%.
Not surprisingly, the six existing exploratory holes had all missed
the contaminated area (Fig. 6). Additional holes would be required
to define both the boundary and the vertical extent of the contam-
inants. Fifteen to twenty sample points would only approximate
the geophysical data net shown in Fig. 6.

3-D REPRESENTATION
OF CONDUCTIVITY DATA SHOWING
BURIED HAZARDOUS MATERIALS

@ = WELL LOCATION

Figure 6.
ells Located Prior to Electromagnetic Surv. i
Buried Waste Site Y Miss



This survey provided the location, boundaries, depths and esti-
mated volumes of the bulk contaminants. The contaminants were
1q§nnf1ed as highly electrically conductive and subsequently iden-
tified by drilling and sampling as a fly-ash material with a heavy
metal content.

_anductive_ plumes were detected in the immediate site area, in-
d}catmg minimum migration of conductive contaminants from the
site. Further, locations for the installation of monitoring wells were
suggested by the presence of a stream on one side and a buried
stream channel on the opposite side of the site. The most probable
migration paths were either into the adjoining stream channels or
downward into underlying strata.

) This information improved the reliability of the evaluation of the
site location, contents, and potential for contamination. It also
provide_d guidance for location of subsequent monitoring wells and
cost estimating and planning of remedial action.®

EXAMPLE 2—LANDFILL PLUME

A landfill approximately one square mile in area had been in use
for 29 years. An extensive network of near-field monitoring wells
was installed in and around a landfill to evaluate groundwater
contamination. The total depth of the aquifer in this location is
about 90 ft. The plume was sampled to a maximum depth of ap-
proximately 50 ft. The monitoring wells had characterized the
plume from the landfill along the vertical plane defined by the line
of monitoring wells, and detailed water chemistry was available
from groundwater samples. The initial 1974 data from the monitor-
ing wells are shown in Fig. 7.

The spatial extent of the plume, however, was unknown. There
was no information to the north or south or farther downgrad-
ient beyond ‘the monitoring wells. The objectives of an initial geo-
physical survey in 1977 were to define and map the spatial extent
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Isopleths of Specific Conductance (x mho/cm) from 1974 Well Data
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of the plume and to provide recommendations for additional mon-
itoring wells if required. The results of the 1977 resistivity survey
are shown in Fig. 8. :

A few years after the resistivity survey, a new auxiliary well field
was installed nearer the landfill—approximately 1.5 miles in an
approximate downgradient groundwater flow direction. This well
field had been pumping intermittently for approximately two years
(1979-1981) when a second geophysical survey was requested. The
landfill had been identified by USEPA as one of the major haz-
ardous waste sites in the country because of its proximity to the
local well field supplying drinking water to a large city.

The objectives of the subsequent 1981 survey were to evaluate
any changes in the plume and the influence of the new water well
field.

Monitoring well data were again reviewed. The contaminant
plume inferred from the 1981 well data alone is shown in Fig. 9.
Inspection of aerial photographs showed that during the four year
period between the first and second surveys, considerable develop-
ment had taken place in the area, and potential auxiliary sources
of contaminant were present. Available areas that could be readily
surveyed with geophysical techniques were identified at this time.

Resistivity was again selected as the survey method so that the
new survey measurements could be correlated with the earlier
measurements. The electromagnetic technique was used to provide
a more extensive and detailed data base and to improve the sta-
tistical validity of the survey. The new survey area was extended
beyond the earlier survey to cover more area down gradient. The
results of the new survey, plotted in Fig. 10, showed the plume after
a four-year period. There are important differences between the
plume inferred from the monitoring well data alone and the plume
inferred from the geophysical survey. The contamination observed
in the well to the south was found to originate from a source not re-
lated to the landfill.

A resistivity transect (line B-B’ in Fig. 10) runs through the
plume and the well which was indicating contamination can put the
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Resistivity Transect (Along cross-section B-B’ in Figure 10)

existing well data and the geophysical data in perspective. The data
obtained along the transect are shown in Fig. 11. The main con-
taminant plume clearly does not reach the well in question. This
well is contaminated from other sources which were identified.

The node bisecting the outer edge of the plume was created by a
low permeability zone in which leachate was not penetrating. Most
importantly, the plume was clearly responding to the pumping of
the new auxiliary well field to the northeast.

The plume, as shown in Fig. 10, is representative of the conserva-
tive parameters measured by the electrical methods. For landfill
contaminants, these boundaries will typically represent a worst-
case condition. Most contaminants of a hazardous nature will lie
within these boundaries and often will have migrated less distance
than these conservative parameters. The locations for additional
monitoring wells can be precisely determined after these plume con-
figurations are defined, In addition to accomplishing this objec-
tive, the survey identified a number of other point sources which
were contributing to the contamination of the aquifer (not shown
in the data).

Probably, the most significant result of this work was the
demonstrated ability to measure, through successive geophysical
surveys, the migration of the contaminants over the four-year study
period.'®

APPLYING THE SYSTEMATIC APPROACH

The case examples have illustrated the systematic approach in
practice. It is important to understand the organizational struc-
ture and tools needed to correctly implement the systematic ap-
proach (Fig. 12). None of the technical tools or skills taken by it-
self is a panacea.

Project success will be achieved through the proper selection,
combination and balance of all of these elements. When these ele-
ments are combined properly, a synergism results which can signif-
icantly improve understanding of site conditions.

CONCLUSIONS

Relative costs and benefits of an integrated approach have been
discussed by Benson, ef al.* The use of geophysics considerably
reduces the total cost of most hazardous waste site assessments.
As site complexity increases and/or sites get larger, particularly
relative to the area of interest, geophysical-assisted projects become
increasingly more cost effective. Further geophysics may be the
only reasonable alternative when there is risk of puncturing waste
containers during drilling.

Knowledge gained in initial literature and aerial photography
review will aid in focusing a cost-effective systematic site assess-
ment.
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Figure 12.
Technical Resources and Tools for Subsurface Investigations
of Hazardous Waste Sites

There is increasing recognition that hazardous waste site assess-
ments are complex. Shortcuts or elimination of essential elements
in a systematic approach will often result in failure to accurate-
ly or effectively characterize the site. Therefore, all available tech-
nical resources and tools should be considered in a subsurface in-
vestigation of a hazardous waste site.
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DETERMINATION OF RISK FOR UNCONTROLLED
HAZARDOUS WASTE SITES

ISABELL S. BERGER
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INTRODUCTION

The development of risk assessment at both controlled and un-
controlled hazardous waste sites is perhaps the fastest growing area
of environmental investigation. Various federal and state agencies
as well as private consulting firms have become involved in the de-
termination of risk through initiating legislation, developing rules
and regulations, conducting site searches and investigations, as well
as developing new and more sophisticated risk assessment models.
Risk is usually defined as a function of the probability of an event
occurring and the magnitude or severity of the event should it oc-
cur,’ while risk assessment has been defined as, ‘‘the identifica-
tion of hazards, the allocation of cause, the estimation of prob-
ability that harm will result, and the balancing of harm with bene-
fit.>”2

Frequently, the assessments also include the cost of risk reduc-
tion compared to the public benefit. Risks associated with haz-
ardous waste disposal include threats to public health and safety
due to environmental degradation of air, water and land resources,
fire and explosion, exposure to carcinogenic, mutagenic or terato-
genic chemicals, as well as socioeconomic and legal risks due to the
loss of property value and potential liability suits.

The type and extent of a risk determination should be based
upon a general series of assessment criteria as well as an under-
standing of the ultimate purpose of the investigation. The nature
of the program will vary depending upon whether the assessment
will be used to distinguish priorities among numerous uncontrolled
sites, to initiate emergency removal, to evaluate sites for insurance
purposes, or to recommend long-term remedial measures. The pur-
pose of this paper is to illustrate how general risk assessment meth-
odology can be used in conjunction with a detailed analytical and
mass balance program in order to develop appropriate remedial
action recommendations.

THE NATIONAL CONTINGENCY PLAN

Section 105 of the Comprehensive Environmental Response,
Compensation and Liability Act, P.L. 96-510 (known as CERCLA
or Superfund) requires that the National Contingency Plan (NCP)
be revised to include the removal of oil and hazardous substances
and ‘‘shall establish procedures and standards for responding to
releases of hazardous substances, pollutants, and contaminants.’”*
According to the Act the plan shall include:

eMethods for discovering and investigating facilities

eMethods for evaluating and remedying releases or potential re-
leases

eMethods and criteria for determining extent of removal or remedy

eMeans of assuring cost effective remedial action measures.

CERCLA goes on to say,

““Criteria and priorities under this paragraph shall be based upon
relative risk or danger to public health or weifare or the environ-
ment...taking into account, to the extent possible, the population
at risk, the hazard potential of the hazardous substances at such
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facilities, the potential for contamination of drinking water sup-
plies, the potential for direct human contact, the potential for
destruction of sensitive ecosystems...’”?

On July 16, 1982, the NCP Rules and Regulations were pub-
lished in the Federal Register.* In complaince with CERCLA, the
NCP provides direction on the criteria for conducting preliminary
assessment, undertaking immediate removal, evaluating planned
removal and undertaking remedial action including determination
of the appropriate extent of the response. Specific actions described
by the NCP for the preliminary assessments are: the evaluation
of the hazard magnitude, identification of the nature and source
of the release, determination of responsible parties, and evaluation
of background information.*

Once it has been determined that a site does not require immed-
iate remediation, the more detailed process of evaluation to deter-
mine appropriate response would begin. The general areas of con-
cern are: whether there is a population at risk, the amount and
form of hazardous substances, the hazardous properties of those
substances, the hydrogeologic factors affecting the site and the cli-
mate. Based upon the NCP, the appropriate response to such a
site upon discovering that a threat exists includes:

eCollecting and analyzing data

*Developing a limited number of alternatives

eScreening the alternatives based on cost, environmental, health,
and engineering criteria

sRefining the alternatives and performing detailed analysis (in-
cluding engineering implementation, constructibility, extent of
migration, detailed costs, and environmental impacts)

eSelecting the most cost-effective alternative that will mitigate the
danger and provide adequate protection

eBalancing the need for protection against the amount of money
available in the Superfund

Although the NCP was designed for uncontrolled sites where the
federal government has become involved, it can serve as an out-
line for appropriate response at numerous hazardous waste sites
which are not on the national priorities list. The assessment cri-
teria, however, should be considered minimum requirements. The
criterion of selecting the most cost-effective alternative which
‘“‘effectively minimizes and mitigates the danger and provides
adequate protection of public health, welfare and the environ-
ment”’ should be recognized as a general standard. Time and cost
constraints are usually the limiting factors for all types of remed-
ial action whether cleanup is being undertaken by industry or gov-
ernment agencies. Although the same type of balancing of protec-
tion against monies available in the fund would not apply, it should
be accepted that industries will apply the most cost-effective altern-
ative when designing and implementing remedial measures.

GENERAL RISK ASSESSMENT METHODOLOGY

The type and extent of risk determination undertaken will de-
pend upon the intended ultimate use of the assessment. The pur-
pose would shape the data requirements, the methodology, the
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rigor of the assessment, as well as the eventual value of the assess-
ment for secondary purposes. Potential objectives include estab-
lishing priorities among various uncontrolled waste sites, assess-
ing imminent health or environmental hazard, determining legal
and/or insurance liability, and evaluating remedial action require-
ments. Normally, the last of these objectives would require the
most extensive assessment,

General criteria have been developed which would apply to ali
types of preliminary investigations. These are usually based upon
an investigation of available information related to essentially four
characteristics: receptors, pathways, waste characteristics, and
waste management practices.’ The labels may differ depending
upon the particular risk assessment model, but the basic areas of
concern remain the same. In the Rating Methodology Model these
factors are defined as follows:

sReceptors—humans and other organisms that may be exposed to
hazards from the site

ePathways—the routes or media by which hazardous materials
may escape from the site

eWaste characteristics—the hazardous properties of the waste in-
cluding quantity, mobility, toxicity, ignitability and persistence

sWaste management practices—the design characteristics and pro-
cedures used in managing and containing wastes’

The relationship between pathways and receptors in a simple
schematic diagram (Fig. 1).¢ The general information requirements
for a risk assessment at either a controlled or uncontrolled haz-
ardous waste site are listed in Table 1, which has been designed to
correspond to the receptor—pathway—waste characteristics—
waste management practices mode. Standard matrix forms are util-
ized to evaluate the risk associated with specific sites based on
available data. Each evaluation parameter is rated on a numerical
scale, and multiplier factors are applied to obtain the site parameter
score. The final site rating is obtained by adding the products of
all the factors and normalizing the results on a percentage basis.*

In actual fact, most of the information listed in Table 1 is not
readily available during a preliminary assessment. Frequently, in-
vestigators are compelled to rely upon previously gathered data
and the available literature in combination with a preliminary site

Risk Assessment Information Requirements

1. Identification of Facility

IL

1L

1. Owner and Operator
2. Type/Function of Facility
3. Location

Receptors
1. Description of Region
a. surrounding facilities
b. surrounding population
2. Land and Water Use
a. regional characteristics
b. surrounding land uses
¢. drinking well data
3. Critical Habitats
a. endangered or threatened
species habitats
b. environmentally sensi-
tive areas (e.g., flood-
plains, earthquake
zones)
c. state or federal preserves
4. Off-Site Dose Assessment
a. dose exposure for sur-
rounding population
b. specific demographic and
agricultural data
¢. biota monitoring

Pathways
1. General Description
a. site location and surround-
ing geography
b. site description
¢. off-site discharges
d. potential natural and man-
made pathways
2. Meteorology
a. regional climatology
b. local climatology
¢. air monitoring data
3. Geology
a. regional geology
b. site geology
c. soil sampling data and bor-
ing logs

6. Monitoring and

~1

4. Hydrology
a. surface water hydrology
b. groundwater hydrology
c. drainage patterns
d. water quality monitoring
data

IV. Waste Characteristics

1. Site Characteristics
a. quantity of waste
b. condition of waste con-
tainment
c. facility characteristics
d. facility capacity
2. Waste Characteristics
. mobility
. toxicity
. ignitability
. reactivity
. corrosivity
. carcinogenicity
. volatility
. radioactivity
solubility
persistence

T Mo A0 o

. Waste Management Practices

1. General Description of
Facility

a. location and layout

b. facility description

c. closure procedures

2. Structural and Mechanical

Design

3. Description of Operations
4. Training and Safety Pro-

cedures

5. Pollution Control Method-

ology

Record-
keeping Procedures

. Quality Assurance

8. Government Relations

a. applicable regulations
. permit applications

DIRECT TRANSFER HAZARDOUS DIRECT TRANSFER
OPEN BURNING WASTE
DIRECT
DEPOSITION TRANSFER EVAPORATION
RUNOFF AND
DEPOSITION LEACHING
AIR SOIL WATER
AESUSPENSION FLOODING
UPTAKE
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BIOTA
ELIMINATION ELIMINATION
INGESTION
|
|
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Figure 1.

Major Physical, Biological Transport Pathways of Hazardous Waste
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b
¢. consent decrees
d. fines

visit to complete the risk assessment. This is particularly true if the
investigator does not have the cooperation and approval of the
facility operator and/or owner.

Standard risk evaluation is a valuable tool for determining prior-
ities among numerous sites, for determining emergency situations
or for evaluating sites for insurance purposes; however, in order
to develop cost-effective remedial action alternatives for long term
cleanup of a site, a detailed analytical program must be under-
taken. The data gathered during the preliminary assessment should
be directed toward determining the optimum location, parameters
and frequency of sampling.

The first stage of the analytical program would involve the util-
ization of preliminary screening procedures such as determination
of pH, conductivity, total organic carbon, heavy metals, methy-
lene blue active substances and phenol. In addition, such tech-
niques as halogenated organic scans, organic nitrogen/phosphorus
scans, volatile halogenated/non-halogenated scans and organic
scans have proven extremely valuable in formulating a general con-
ception of site contamination.’ In addition, where some informa-
tion is available as to previous disposal activities analytical
parameters would be selected based upon:

*Chemicals which may have been deposited at the site in very large
quantities

*Chemicals which may be present in small quantities, but are
known to be extremely toxic even in low doses

*Chemicals commonly found at waste sites which behave in a man-
ner characteristic of many other contaminants*

This analytical program, combined with such tools as mass bal-
ance calculations and general risk assessment, can then be mean-



ingfully applied to develop remedial action alternatives. Without
gnalytical results, the most a risk assessment can achieve is a qual-
itative ranking between sites and a general conception of the na-
ture of potential problems.

TECHNICAL APPROACH
Environmental Background

Selecting an effective remedial technique involves the balancing
of the need to contain contaminants within acceptable levels
against the costs associated with the cleanup measures. The ful-
crum of the balance is risk. The following example is intended to
illustrate the way in which remedial action alternatives can be de-
termined based upon a balancing of risk, environmental setting
and cost.

The particular site is an uncontrolled hazardous industrial land-
fill located in Niagara Falls, New York along the north shore of the
Niagara River.’ The site was utilized from mid-1948 until Sept.
1970 for the disposal of chemical waste by-products Almost the
entire landfill is covered by waste material ranging from 8 to 17 ft
and averaging 12 ft in thickness. Closure was originally accom-
plished by covering the waste with a final soil cover, establishing
vegetation, and constructing a retaining wall along the river.

A detailed preliminary examination of the geology, hydrology,
environmental setting, surrounding community, waste characteris-
tics and past industrial disposal practices was undertaken at this
site. Potential receptors of the contaminants included aquatic life
in the river and associated biota, recreational users and, to some ex-
tent, communities taking treated drinking water from the river.
General information concerning waste characteristics and past dis-
posal practices was supplied by the company involved in the remed-
iation.
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Using the Rating Methodology Model, the risks associated with
the site were considered to be high. This determination was based
upon the waste characteristics of the material disposed of at the
site, the previous waste management practices and the hydrogeo-
logic pathways by which contaminants were leaving the site. How-
ever, the overall risk from the site was deemed to be medium when
the dilution factor of the river was included in the assessment be-
cause dilution effectively reduced the hazardous constituents reach-
ing potential receptors.

In order to determine remedial action alternatives, a detailed
hydrogeologic investigation, an analytical sampling program and
mass balance calculations were used to supplement previously
gathered information. These were the key elements to development
of alternatives and eventually remedial recommendations.

Briefly, the hydrogeologic investigation identified three water
bearing zones. First, the groundwater table, or unconfined satur-
ated one was located within the waste itself. Second, a semi-
confined aquifer was located within sandy Recent alluvial deposit.
Third, a confined to semiconfined aquifer existed within the Lock-
port Dolomite.

The analytical program suggested that chemical constituents
attributable to the landfill existed in the former. two water bear-
ing zones and to a lesser extent in the Lockport Dolomite. Down-
ward migration of groundwater from the landfill was restricted
by a stratum of highly impermeable glacial lake deposits (perme-
ability 2.1 x 10="° cm/sec). However, the stratum was not con-
tinuous across the site, and varied in thickness from 26 ft to less
than 2 ft. The geology and groundwater flow patterns are repre-
sented in Fig. 2.

The objective of the water balance was to quantify, to the ex-
tent possible, each of the mechanisms of groundwater inflow and
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outflow from the landfill. Further, by incorporating the chemical
character of the leachate into the assessment it became possible to
quantify each of the principal avenues of contamination in terms of
contaminant migration from the landfill. The finished water bal-
ance/contaminant analysis was an invaluable tool in evaluating po-
tential remedial measures in terms of their need and cost effec-
tiveness. The components of the water balance for the Niagara
Falls site are shown in Fig. 3. Calculations were based upon local
climatological and sampling data. The inflow component was
8,871 gal/day based upon inputs of 7,800 gal/day from precip-
itation percolation into the landfill and 1,071 gal/day from lateral
groundwater inflow. The outflow component was calculated to be
9,504 gal/day, with 70% derived from the migration of leachate
into the Recent alluvium aquifer, predominantly in the form of lat-
eral groundwater movement beneath the retaining wall to the
Niagara River. Other pathway components were infiltration to a
storm sewer, and lateral outflow around and through the con-
tainment structure.
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Figure 3,
Schematic of Water Balance

Analysis of groundwater samples from piezometers was used in
conjunction with water balance information to calculate off-site
discharge loadings from the landfill. Samples were taken in the
saturated fill zone and the alluvial zone. Bedrock well data, sur-
face water data, and river sediment data were used for conceptual
confirmation of the calculated loadings. These data were then ap-
plied to the water volumes based upon the water balance predic-
tions. Loadings were estimated to be: 50 Ib/yr chlorinated organ-
ics, 6.0 Ib/yr volatile non-halogenated organics, 10 1b/yr phenol
and 14 Ib/yr toxic heavy metals.

The distribution pattern of halogenated organics suggested two
discharge mechanisms. First, groundwater was migrating beneath
the containment structure and entering the river near the top of the
sediments along the base of the retaining wall. Second, off-site
sources and/or ground water via infiltration from the site was also
being carried into the river by the sewer line. After reaching the
river, the constituents appeared to move outward and downstream
from the landfill.

Remedial Action Alternatives

In order to reduce loadings of chemical constituents to the
Niagara River a corresponding reduction in the inflow component
of the water balance was necessary. Initially four remedial action
alternatives were suggested:

eExcavation

*Total encapsulation with leachate collection and treatment
eThree-sided cutoff wall with an impermeable clay cap
eImpermeable clay cap

Based upon the mass balance calculation, the environmental set-
ting, the risk associated with the site and the cost, alternative
four was selected as the most appropriate remedial action. The cal-
culated water balance indicated approximately 85% of the inflow
component to be a function of precipitation percolation. An im-
permeable clay cap would reduce this component by at least 90%
and the resulting inflow component to 780 gal/day, combined
with other inflow constituents this equals a total of 1851 gal/day
or 20% of the present situation. Assuming the outflow com-
ponent would be proportionally reduced, the loading to the river
would then be: 10 1b/yr chlorinated organics, 1.2 Ib/yr volatile
non-halogenated organics, 2.0 Ib/yr phenol and 2.8 Ib/yr heavy
metals.

Examining the environmental setting of the area, it was deter-
mined that the diminished loadings would reduce the risk to low/
acceptable levels. The additional inputs from this landfill site were
considerably lower than that of existing industrial loadings to the
Niagara River. Secondly, current water quality standards would
not be contravened by these inputs. Finally, the risk associated with
the landfill to public health and the environment was considered
minimal. Therefore, the costs associated with excavation and total
encapsulation was deemed to be prohibitive based upon the poten-
tial environmental benefit. A three-sided cutoff wall would assist
in the reduction of the remaining inflow parameter to the water
balance; however, costs combined with potential adverse environ-
mental impacts when the landfill groundwater level reached equilib-
rium with the Niagara River eliminated this alternative from con-
sideration. Consequently, it was recommended that an imperme-
able clay cap be placed over the landfill.
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ASSESSMENT OF HAZARDOUS WASTE
MISMANAGEMENT CASES

WAYNE K. TUSA
BRIAN D. GILLEN
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New York, New York

INTRODUCTION

USEPA’s Office of Solid Waste (OSW) is responsible for
promulgating hazardous waste management facilities regulations
under the Resource Conservation and Recovery Act (RCRA). In
addition to developing the necessary data base to support these
regulations, OSW must also develop Regulatory Impact Analyses
(RIAs), as required by Executive Order 12291, issued Feb. 18, 1981.
In order to achieve these objectives, USEPA identified the need to
develop and compile a data base on damage case histories asso-
ciated with land and non-land based hazardous waste disposal
facilities. Fred C. Hart Associates, under contract to the USEPA,
subsequently completed the study and analysis upon which this
paper is based.

The information generated by this project will provide: (1) a
compilation of damage information on a large number of both ac-
tive and inactive disposal sites meeting certain criteria, (2) informa-
tion of the kinds of environmental damage associated with certain
contamination events, and (3) some measure of the overall extent
of contamination and damage resulting from the mismanagement
of hazardous wastes. The OSW intends to submit the compiled
information for incorporation into the Administrative Record prior
to finalization of the RIA process. The data, as well, will be use-
ful in preparing regulations tailored to specific facility types, eval-
uating alternative regulatory scenarios, and for use as background
information in resolving a variety of other technical issues.

WORK OUTLINE

Fred C. Hart Associates, Inc. completed a number of specific
tasks in accomplishment of the overall project objectives:

eIdentification, review and assessment of existing potential sources
of information on damage from hazardous waste disposal sites.
These sources include USEPA’s Site Tracking System (STS), the
Superfund Notification System (NOTIS), the Hazardous Waste
Data Management System (HWDMS), the Surface Impoundment
Assessment files (SIA), the Center for Disease Control files, the
Eckhardt Report, Regional USEPA files, and the Regional Field
Investigation Team (FIT) files
#Selection of the FIT and USEPA Regional Office files as having
the data most suitable and readily available for the intended pur-
pose
sDevelopment of site selection criteria to best meet the technical
information requirements of USEPA and to most efficiently util-
ize available contract dollars. These criteria, which were utilized
to select those active and inactive land disposal and non-land
disposal sites that were to be evaluated in this study, included:
-preferential selection of all sites scoring with the MITRE Super-
fund model (The interim list of 175 Mitre Scored sites, ‘‘re-
scored”’ under the direction of USEPA in September-October
1981), and
-preferential selection of any site associated with waste storage.
oSelection of a total of approximately 1,000 sites for preliminary
file review
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eDevelopment of a Damage Incident Summary Form (DISF) to
record the data to be collected from the individual site files

eDevelopment of review criteria to insure uniformity of DISF re-
sponses regarding the identification of contamination and damage
events, rating of damage severity, determination of the level of
file documentation required to support given responses, etc.

eReview of the selected damage incident cases at each of the FIT
and USEPA regional offices to complete the DISF survey form

eAnalysis of the data findings and preparation of the report en-
titled ‘“Assessment of Hazardous Waste Mismanagement Damage
Case Histories’’ (Sept. 1982) upon which this paper is based

EVALUATION PROCESS

Case Selection Criteria

The final six criteria developed to select damage case histories
contained in the FIT and regional USEPA files are summarized in
Table 1. Files or sites conforming with these criteria were identified
as the most suitable from the perspective of the project goals. Since
site selection was not a random process, the reader is cautioned
against making generalizations based upon the findings of this spe-
cific analysis.

Files associated with sites for which sampling and analytical data
were available are identified in criteria 1 and 4. These files general-
ly were those sites inspected, investigated and sampled by FIT
and/or USEPA survey teams. FIT files for which sampling data
were not available usually were not sufficiently detailed to support
damage case assessments.

Criteria 2 and 5 identified files associated with hazardous waste
storage, such as tank and container facilities. Criteria 5 was further
refined to include only those sites for which there was preliminary
evidence of damage in order to generate a data base consistent with
project goals and resources.

Criteria 3 and 6 targeted sites identified under the Superfund
program as the 175 highest MITRE scored sites. These sites were

Table 1.
Summary of Case Selection Criteria for Evaluated Sites
for FIT and S&A Files
USEPA Field Investigation Team (FIT) Files
Criteria Number 1 2 3
Criteria Description Files having Files associated Files associated
sampling with waste storage with MITRE scored
data sites (a)
USEPA Survey and Analysis (S&A) Files
Criteria Number 4 5 6
Criteria Description Files having Files associated Files associated
sampling with waste storage with MITRE scored
data for which there is sites (a)

evidence of damage

(a)The interim list of 175 Mitre Scored sites, ‘‘rescored”” on September/October 1982 under the
direction of USEPA.
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included in the survey based on the assumption that environmental
damage could potentially be most readily documented at these lo-
cations.

Evaluation Procedures

Files in each region were evaluated by a study team consisting of
a project director, team leader and four to five technical assistants.
Guidelines, definitions and criteria used by the study team in mak-
ing the interpretations and judgments needed to complete the
DISFs are discussed in detail in the project report.

In summary, the evaluation procedure consisted of a two-phase
effort. The first phase consisted of visiting regional FIT and Survey
and Analysis (S & A) offices, screening files according to the selec-
tion criteria, and transferring the appropriate information to the
DISFs. This effort was accomplished during a noncontinuous nine-
week period beginning in Nov. 1981 and ending Feb. 1982. The
second phase consisted of reviewing the completed DISFs for con-
sistency, format and editorial standards, tabulating the conformed
DISFs and summarizing the information in the report. This effort
was accomplished over a period of several weeks beginning in late
Mar. 1982 and ending with the submission of the report.

The DISF was used to assess damage case histories and asso-
ciated site characteristics. After the study team reviewed the file
information, appropriate responses were made on the DISF (Sec-
tions [ through XII) and the case was summarized in a brief nar-
rative (Section XIII), which was attached to the DISF form.

1. Site Identification VII. Epidemiological Studies
II. Site Description VIII. Event Causing Incident
111. Date of Incident/Discovery IX. Waste Characterization
IV. Status of Operations X. Status of Response
V. Exposed Media XI. Source of Information
V1. Affected Areas XII. Severity of Damage

XIII. General Comments

Evaluation Criteria

DISF responses for Sections I, II, I1I, IV, VII, X and XI were
prepared from information available in the files according to the
definitions and instructions accompanying the DISF. DISF re-
sponses for Sections V, VI, VIII, IX and XII required value judg-
ments based on evaluation criteria developed for each value judg-
ment question. For example, the study team was frequently re-
quired to assess whether contamination had occurred, what media
had been exposed, what event caused the incident, and what waste
resulted in contamination. Finally, the study team was required to
assess the severity of damage which had occurred to either human
health and/or the environment. In order to ensure that the study
team rated sites uniformly, specific evaluation criteria were devel-
oped for use as guidance in;

sidentifying contamination and damage events,

erating the severity of damage, and

edetermining the file documentation required to support a given
response (i.e., documented versus suspected).

For example, in this study, ‘‘contamination’’ is defined as the
presence of pollutants in groundwater, surface water, soil or air,
as identified by present standard sampling and analytical tech-
niques. ‘‘Pollutants’’ are defined as substances not naturally found
in the site-specific environment which may interfere with the best
use of, or cause environmental harm to, the affected resource.
‘‘Identified’’ is defined as positive contaminant verification at con-
centrations above the detection limits of the sampling and analytj-
cal techniques applied. Verifiable concentration levels varied, but
in most cases were in the ug/l range.

Contamination was considered to be ‘‘documented’’ if the event
was substantiated by a direct investigative action by a regulatory
office or other recognized agency. File information required to sup-
port documentation included:

sSampling data

eExcerpts from relevant documents (engineering reports, environ-
mental impact statements, NPDES, and RCRA permits, enforce-
ment actions, etc.

eProfessional evaluations, expert witness testimony, etc.

‘“Damage’’ was defined as the presence of pollutants at con-
centrations causing interference with, loss in quality of or harm to
human health, drinking water, the food chain, flora, fauna or
property. Damage was considered to be documented according to
the same evaluation criteria discussed previously, with certain addi-
tional criteria:

#DISF responses indicating documented damage to human health
were to be based on authoritative references in the file correlat-
ing sickness, injury or death to contamination events occurring
at the site. These references would typically include hospital re-
ports, OSHA citations, regulatory agency reports, facility oper-
ating reports and, in certain limited cases, epidemiological data.

sDISF responses indicating documented damage to drinking water
were to be based on authoritative references in the file correlat-
ing excessive contaminant concentration levels in the water supply
with contamination events occurring at the site. Excessive con-
taminant concentration levels were defined as constituent con-
centrations exceeding USEPA National Interim Primary or
Secondary Drinking Water Standards or USEPA Human Health
Criteria for Maximum Contaminant Levels (MCLs) in water
supplies.

eDISF responses indicating damage to food chain and flora were
to be based on authoritative references correlating visible vege-
tation stress with contamination events occurring at the site.
*DISF responses indicating documented damage to fauna were to
be based on authoritative references, usually bioassay studies,
correlating fish and wildlife damage with contamination events
occurring at the site.

*DISF responses indicating documented property damage were to
be based on authoritative references correlating property damage
with contamination events occurring at the site. These references
would typically include insurance claims, regulatory reports,
OSHA citations and enforcement actions restricting residential
property, drinking water well or other site/facility usages.

Damage was considered to be ‘‘suspected’’ if the responses to
Section VI were based only on citizen allegations, newspaper re-
ports or inconclusive scientific studies.

The study team also rated each site according to the severity of
human health and environmental damage. The broad guidelines
developed by the study team to rate site severity of damage are
given in Table 2. High human health damage ratings were assigned
to sites where incidents resulted in deaths, whereas low damage rat-
ings were associates with minor, short-term injuries. High environ-
mental damage ratings were typically associated with sites corre-
lated with substantial fish or animal kills, and/or groundwater
contamination incidents in which contaminant concentrations ex-
ceeded ten times the drinking water criteria discussed previously.
Low environmental damage ratings were usually associated with
sites where soil or vegetation contamination were limited to rela-
tively restricted areas.

NATIONAL SUMMARY

The study team evaluated and completed IDSFs for a total of 929
sites nationwide. Many of the sites contained multiple facilities.
A total of 1,722 individual facility types were used in describing
the 929 sites in the ten regions. Of the 1,722 facility types eval-
uated, 23% were landfills, 22% were containers, 16% were sur-
face impoundments and 11% were tanks. The remaining 28% of
the facilities were described by various other categories (Fig. 1).

Contamination, either documented or suspected, was identified
in 834 sites, or at 90% of the sites evaluated. At 555 of the sites, or
60%, contamination was documented. Most of the contamination,
(Fig. 2) occurred in groundwater 32%, with the remaining inci-
dents occurring to soil (31 %), surface water (29%) and air (8 %).



SITE DESCRIPTIONS BY FACILITY TYPE

TOTAL NUMBER OF FACILITY TYPES TABULATED
1722

CONTAINERS (386)
22% '

LANDFILLS (398)>
23%

OTHER (473)

SURFACE =~ 28%

IMPOUNDMENT (271)
16%

TANKS (197)
11%

'Sampled sites were not randomly selected. Site selection criteria and the implications of this cri-
teria are discussed in detail in the report.

Figure 1.
Hazardous Waste Sites DISF Summary of Evaluated Sites!

MEDIA CONTAMINATED

TOTAL NUMBER OF INCIDENTS TABULATED
2019

AIR (158)

SOIL (626)
31%

GROUND
WATER (848)
32%

X SURFACE
WATER (589)
29%

(826) ~INCIDENTS TABULATED
] -DOCUMENTED INCIDENTS

'Sampled sites were not randomly selected. Site selection criteria and the implications of this cri-
teria are discussed in detail in the report.

Figure 2. ‘
Hazardous Waste Sites DISF Summary of Evaluated Sites'
Media Contaminated

Of the 2,019 responses originally indicating contamination, only
856 (42%) could be documented using the evaluation criteria
previously developed.

Each site was also evaluated for damage occurring to life, prop-
erty and various natural resources. This evaluation focused on six
potentially affected areas, including drinking water, food chain,
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Table 2.

Summary of Guidelines Used in Rating Severity
of Damage at Evaluated Sites

Category Severity
High Medium Low
Human Health

Damage incident to at least one person resulting in...
...death ...severe injury ...minor injury.

Contamination of groundwater result-
ing in closure or restriction of drinking

waterina...

...community ...single private

water supply. well.
Environmental
groundwater, Contamination incident where sampling indicates the presence
surface water & air of pollutants in concentrations...

...at levels ...at levels ...at detectable

greater than 10 equal to applic- levels, but less than

times applicable able standards. applicable
standards. standards.

food chain, flora Contamination incident resulting in stress to vegetated or
food crop area...

...greater than ...greater than ...in limited areas

one acre. V4 acre. only.

fauna Damage incident confirmed by...

...massive kills ...limited kills ...bioassay studies
confirming tissue
contamination.

soil ! ! ...contamination
incident confirmed
by sampling data.

'Higher levels of damage were typically identified via use of evidence in the other categories.

TABULATION OF SITES
CONTAMINATED AND DAMAGED

SITES INDICATING DOCUMENTED OR SUSPE
CONTAMINATION TO AT LEAST ONE MEDIUM

SITES INDICATING DOCUMENTED OR SUSPECTED
g DAMAGE TO AT LEAST ONE AFFECTED AREA

8ITES FOR WHICH CONT,
siITES [ aTes Fa AMINATION OR DAMAGE
1000 —~
900 -1 929
834
800 7/
o /%
800 /
/ 544
600 ~
400
300 7
2001
100 -
L= 4 '
TOTAL NUMBER CONTAMINATED DAMAGED
OF SITES SITES SITES
EVALUATED

'Sampled sites were not randomly selected. Site selection criteria and the implications of this
criteria are discussed in detail in the report,

Figure 3.
Hazardous Waste Sites DISF Summary of Evaluated Sites!
Tabulation of Sites Contaminated and Damaged

flora, fauna, human health and property. Damage (either docu-
mented or suspected), was identified in at least 544 sites, or 59%
of the sites evaluated. The total number of evaluated sites is com-
pared to the total number of sites rated as ‘‘contaminated”’ and/or
‘‘damaged”’ in Fig. 3. (‘“‘Contaminated sites’’ means sites causing
contamination to at least one medium; “‘Damaged sites”’ are those
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AFFECTED AREAS DAMAGED
DOCUMENTED CASES

TOTAL NUMBER OF AFFECTED AREAS DAMAGED
375

FOOD CHANN (15)
4%

DRINKING
WATER (127)
34%

HUMAN
HEALTH (30)
8%

FAUNA (38)
10%

FLORA (60)
16%

PROPERTY (105)
28%

(128) INCIDENTS TABULATED

'Sampled sites were not randomly selected. Site selection criteria and the implications of this
criteria are discussed in detail in the report.

Figure 4.
Hazardous Waste Sites DISF Summary of Evaluated Sites'
Affected Areas Damaged Documented Cases

sites resulting in damages to one affected area.) The fraction of
contaminated sites and damaged sites associated with the files hav-
ing the appropriate documentation are also shown in Fig. 3. Of the
1,171 affected areas indicating damage, only 375 (32%) could be
documented using the evaluation criteria.

Approximately 34% of the documented damage incidents oc-
curred to drinking water (Fig. 4), with the remaining incidents
occurring to property (28%), flora (16%), fauna (10%), human
health (8%) and food-chain (4%). The subsequent figure (Fig. 5),
indicates that 72% of the incidents causing the damage or con-
tamination described above were due to leachate (32%), leaks
(22%), or spills (17%). These incidents involved contamination
caused by metals, volatile halogenated organics, volatile non-
halogenated organics, acid compounds or base neutral extractables
in 70% of the incidents tabulated.

The test of the report provides additional data along these lines
on a facility by facility type basis, as well as on an USEPA region
by region basis. Specific information is also provided on the
sources of the data, facility type profiles, the events causing con-
tamination, the types and ranges of concentrations of chemicals
recorded in the files, the status of remedial responses indicated in
the files, etc.

CONCLUSIONS

As a result of the data base review, the site history reviews, and
the subsequent data analysis, the study team reached the following
conclusions:

*The FIT and regional USEPA files contain the most readily acces-
sible data base on potential damages from hazardous waste dis-
posal facilities of the data bases examined in this study.

*For those sites that met the selection criteria, the facility types
most commonly identified with potential contamination or
damage included landfills, containers, tanks and open pumps.

*Of the 929 sites evaluated, 41% were identified as active facil-
ities, and 43% as inactive facilities. The remaining 16% could
not be identified using the information available in the files.

-

EVENTS CAUSING CONTAMINATION

TOTAL NUMBER OF EVENTS TABULATED
1671

OTHER (174)

LEACHATE (546) =,

LEAKS (361)7
22%

SPILLS (292)
17%

'Sampled sites were not randomly selected. Site selection criteria and the implications of this
criteria are discussed in detail in the report.

Figure 5.
Hazardous Waste Sites DISF Summary of Evaluated Sites’
Events Causing Contamination

eApproximately 90% of these sites had evidence of suspected or
documented contamination.

sApproximately 60% of the sites indicating the potential presence
of contamination had documented evidence of contamination.

sGroundwater, surface water and soil were the media that were
contaminated most often and at approximately the same number
of sites.

*The events most often associated with contamination included
leachate, leaks, spills, fire/explosion, toxic gas emissions and
erosion.

eThe most commonly identified contaminants included metals,
volatile halogenated organics and volatile non-halogenated
organics.

eDamage was suspected or documented at 59% of the sites eval-
uated, or at 63% of the sites involving contamination; in total
approximately 25% of the sites evaluated have documented evi-
dence of damage to human health or the environment.

sSuspected damage was most often reported to drinking water,
human health, fauna and flora; documented damage was most
often reported to drinking water and property.

sWhile remedial programs varied on a case by case basis, various
legal actions and/or remedial activities have been inijtiated at a
significant number of sites evaluated in this study. For example,
legal or enforcement activities havé occurred at 19% of the sites,
while 55% of the sites have had or are currently completing addi-
tional environmental investigations. At approximately 30% of the
sites, remedial activities of some type have been initiated.

oIt is particularly important for the reader, throughout this
analysis, to be cognizant of the fact that the 929 sites evaluated
were selected based on specific criteria. This criteria included pre-
selection of active and inactive hazardous waste disposal sites
associated with cases having sampling data, cases associated with
waste storage and MITRE scored sites. In view of this preselec-
tion process, it should be noted that these cases are not neces-
sarily representative of all damage cases on file at USEPA or in
actual existence. As a consequence, it difficult to apply the find-
ings of this analysis to other data bases on hazardous waste facil-
ities, abandoned sites, etc., or to develop more generalized con-
clusions based upon the efforts of this study.
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INTRODUCTION

An important aspect of hazardous waste treatment and disposal
in landfills or surface impoundments is the prevention of surface
and groundwater contamination by fluids containing hazardous
constituents. Relatively impervious flexible membrane liners have
been used to establish the facility boundaries and to prevent fluids
from migrating into the surrounding water resources.

Research and evaluation projects are underway to investigate the
effectiveness of waste containment liner materials, including the
long-term deterioration of liners exposed to various waste pro-
ducts. Early landfill liners consisted of clay hardpans, and wood or
metal barriers. Improved liners have been developed more recently
using flexible polymeric materials to provide lower liquid
permeability and longer waste containment lifetimes.

While these newer liner materials are demonstrating improved
resistance to prolonged waste exposure, no methods are presently
available to nondestructively test their physical integrity in service
environments. A tear or rupture in a liner system will allow fluid to
migrate form the facility and thus violate the original intent of the
liner. The work reported herein has been directed toward develop-
ing a nondestructive electrical system which can be used for detec-
ting and locating leaks in waste containment liners while the facility
remains in service.

Since the philosophy of impervious liners is to contain rather
than absorb or filter contaminants, the physical characteristics of
the liner materials will usually differ significantly from the underly-
ing soil and the contained hazardous waste. In particular, liners
made of impervious plastics and rubbers will exhibit very high elec-
trical resistance which will act as an electrical insulator between the
internal and external liner surfaces. If the liner is physically punc-
tured or separated so that fluid passes through the liner, the elec-
trical conductivity of the fluid and saturated underlying soil will
form a detectable electric current path through the liner by which
the leak may be revealed. Electrical methods are attractive because
they can be applied on the surface of the landfill or fluid impound-
ment. The methods are completely nondestructive in operation
and, by means of automated field equipment, can be made very ef-
ficient and cost-effective for facility monitoring operations. The
resulting method, when fully developed, will be useful for survey-
ing existing as well as new facilities where electrically resistive mem-
brane liners are installed.

Two- and three-dimensional computer models were used to ex-
amine the current distribution in the cross sections of several
simulated liner geometries having different leak locations. In addi-
tion to these analytical model studies, a three-dimensional physical
scale model was also constructed using a plastic liner in a wooden
frame. Soil was placed inside the model to simulate a landfill.
Water was used to simulate a fluid impoundment. Electrical poten-
tial distributions on the surface of the soil and water were measured
to determine the effects of punctures in the liner. The effects of
multiple leaks as well as those caused by subsurface anomalies con-
tained within the liner were studied. Based upon these application
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concept studies, the most promising electrical testing methods have
been identified and subsequent project activities are now directed
toward the design and fabrication of an appropriate experimental
field instrumentation system. Computer software is also being
developed and tested to allow on-site analysis of field data.

EXPERIMENTAL METHOD

The basic electrical testing concept where one current electrode is
located away from the facility and a current path exists over
through a leak penetration in the liner as well as over the buried
edge of the liner is shown in Fig. 1, This figure shows that when a
leak penetration is present in the liner, current flow between elec-
trodes located inside and outside the facility will follow two paths,
namely, through the leak and over the buried edges of the liner.

SOURCE
ELECTRODE

Figure 1.
Leaking Liner. Arbitrary Search Electrode Position

Since surface potentials are directly related to the current distribu-
tions in the vicinity of the search electrode, they can be used to
locate the leak.

Fig. 1 represents an idealized case of a non-conducting liner. Ac-
tual liner materials have high but finite volume resistivity. The
voltage to current ratio at the source electrode can be expressed as a
resistance due to the earth in the absence of the liner in series with a
total resistance across the liner. If the current density is assumed to
be uniform over the entire area of the liner, then this liner
resistance may be expressed as:

RL =PLt
A

)

where:

Ry = The total liner resistance

pL = the volume resistivity of the liner material
t = thickness of the liner

A = total surface area of the liner
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For a liner 0.030 inches (30 mil) thick and five acres in area, and a
material with a volume resistivity of 2 x 10'© chm-meter, Equation
(1) gives a total liner resistance of 750 ohms. Thus, even .though the
resistivity of the liner material is high, the total series resistance due
to the liner can be relatively small for a large facility. While Equa-
tion (1) is useful for estimates of liner resistance, it is inaccurate
since the current density is very non-uniform over the liner surface
in an actual facility. )

An accurate analytical solution for potential and current flow is
not possible for a realistic facility geometry and numerical metho.ds
must be used. An examination of the nature of solutions is,
however, very useful in the development of the leak detection
technique. The surface potential within the facility can be expressed
in terms of the current density across the liner as:

vin= @
k'_ +_____(p' —pa) 5 g___J"(")da' —BL_lg 5! (r')—f—(l)da
2r JJ R 2 J, an ‘R

2xr : 2
where:

r = the distance from the current injection electrode (inside the
facility) to the point on the surface at which the potential
is measured

V(r) = the potential at point r on the surface

1 = the total injected current

r = the distance from the current injection electrode to the point
of integration on the liner

R = the distance between the potential measuring point r and
the integration point r’

Jn(r’) = the component of current density perpendicular to the

surface of integration, i.e., liner

S, = the surface defined by the liner

Sy = the surface S with leak areas removed

P/ = the volume resistivity of material within the facility, i.e.,
liquid or solid waste

P, = the volume resistivity of the earth surrounding the facility

P = the volume resistivity of the liner material

t = the thickness of the liner

n = a unit vector normal to the surface §;

The current density J,, which appears in the integrands of Equation
(2) is unknown and is dependent upon the geometry of the facility,
the resistivities of the materials inside and outside of the liner, and
the position of the current injection electrode. Examination of
Equation (2) reveals two important features of the electrical
method. First, the influence of the liner on the surface potential
decreases with distance from the measurement point if the same
current density is assumed. Second, the influence of any portion of
the liner on the surface potential is proportional to the current den-
sity crossing the liner at that point.

The current density crossing the surface S; is dependent upon the
effective resistance across that portion of S;. The effective
resistance across the surface, now assumed to be of thickness t,
may be computed from Equation (1) if the area A is taken suffi-
ciently small for the current density to be essentially constant. Con-
sidering two small areas, one containing liner material of resistivity
Ay, the other a leak for which the resistivity is Py, then, from Equa-
tion (1), the ratio of resistances is the ratio of the resistivities,
Py /Py . The resistivities of typical liner materials are in the range 1 x
10® ohm-meters to 1 x 10'* ohm-meters, while the resistivity of
material within a facility will generally be 1 to 10 ohm-meters or
less. It may, therefore, be concluded that in the vicinity of a leak,
the current density crossing the liner will be many orders of
magnitude less than the current density at the leak.

The surface potential at points above a leak will be significantly
influenced by the shunting effect of the leak on the current density
across the liner (Eq. 2). To obtain more precise information a
numerical solution of the problem is required.

The first numerical model study used a general purpose circuit
simulation computer program (SPICE). Circuits containing
resistors, capacitors, inductors, and voltage and current sources

Figure 2.
Computer-Modelled Vertical Cross Section of
Waste Liner with No Leaks

Figure 3.
The Waste Liner Physical Scale Model and
Instrumentation Van

may be simulated with the program. A two-dimensional resistor
network model designed to simulate a membrane liner is modelled
using the program. The resistivity of the liner fill and the surroun-
ding earth is modelled using normalized resistance values of one
ohm. The insulating effect of the liner is represented in the model
by using parallel 10,000-ohm resistors along the path of the liner. A
leak (conductive path) in the liner is simulated by replacing one of
the 10,000-ohm resistors in the liner with a 1-ohm resistor. The
shunting effect of the surrounding soil across the liner edges is
simulated by using two-ohm resistors at the surface. Current and
voltage sources are used to inject current into the surface of the
model. .

The output of the model analysis is the voltage at each of the
nodes connecting the sensor elements. These values are stored in an
array which is then used in a second program which plots the results
in the form of equipotential contours. A contour plot showing the
two-dimensional potential distribution around a liner without leaks
is shown in Fig. 2. The network used to model this cross section is 8
rectilinear array of 21 by 11 resistors for a total of 494 elements.
The current injection point is at the top center of the figure with the
other reference electrode connected to a conducting path along the
bottom and sides of the cross section. This reference is far enough
from the liner to be located at effective infinity. The outline of the
liner has been sketched in the figure and is represented by the three-
sided trapezoidal figure in the center of the plots. The equipotential
lines showing the voltage distribution patterns were computer
generated. The current flow paths are at right angles to the
equipotential lines and were sketched in by hand. The current flow



over the edges of the liner and into the surrounding earth is il-
lustrated in Fig. 2.

In parallel with the computer analysis work described above, a
three-dimensional physical scale model was constructed in an out-
door environment where ground is used as the soil underlying the
physical scale model. Fig. 3 is a photograph of the model and the
instrumentation van. The 11 ft> framework is lined with a 6-mil
polyethylene sheet. Shunt resistors on the edges couple the interior
of the liner to the surrounding earth. To facilitate voltage
measurements, most of the work to date has been done with water
in the liner. Current is injected into the liner using a single electrode
with the return electrode located approximately 300 ft away from
the model. Various liner fill depths could be easily modelled by
varying the depth of the water.

Surface voltages were measured with both potential measure-
ment electrodes located in the basin. The potential reference elec-
trode was fixed in position near one corner of the model. The ex-
ploration measurement electrode was composed of many electrodes
mounted on a fiberglass beam at 2.5 in. spacings. Initially, data
were taken on a rectangular grid but it was determined that better
quality data could be acquired using a polar grid with the current
injection electrode at the center.

Initially, a constant current source was used in the experiments.
However, this device did not have the range of current needed for
the measurements. Subsequently, a laboratory oscillator was used
to supply a 25-Hz signal which was amplified by an audio power
amplifier. The output of the amplifier was transformer-coupled to
the current injection electrodes. A digital ammeter was used to
monitor the 50-ma injection current.

The leaks inthe bottom of the liner were generated by driving a
0.5 in. diameter copper-clad steel rod through the liner and into the
soil. This rod provided a good conducting path between the water
and the soil without loss of water.

In Fig. 4, a close-up of the fiberglass beam with the measurement
and current injection electrodes in place is shown. Wave action
around the current injection electrodes was found to cause pro-
blems in maintaining a stable constant current. For this reason, a
PVC still-well was placed around the current injection electrode as
seen in the photograph. Monofilament nylon lines were used to ac-
curately locate the current injection electrode.

Figure 4.
Close-up of the Current Injection Electrode and the
Still-Well Used to Dampen Wave Effects

For one placement of the beam, data were acquired by making
measurements at increasing radial distances away from the current
injection electrode. The beam was then rotated by a specified angle
about the current electrode position and another series of radial
readings taken. Proceeding in this manner, measurements covering
the entire model surface were obtained.

SITE INVESTIGATION 33

EXPERIMENTAL RESULTS

In developing and employing the technique, it is important to
know the electrical properties of the liner materials being used in
landfills. Since the electrical parameters of liner materials are not
provided by their manufacturers, a laboratory electrical test of
samples of liner materials was performed. A sample of the
measurements made on the materials is shown in Table 1. The
resistivity values were calculated using measured values of
resistance.

Table 1.
Electrical Properties of Landfill Liner Materials*
Volume
Thickness Resistance Resistivity

Sample Type (mils) (ohms) (ohm-cm)
High Density

Polyethylene (A) 55.0 4.00x 10" 2.86 x 10'¢
High Density

Polyethylene (B) 121.0 3.25x10"* 4.81 x 10"
Polyethylene 6.0 1.80x 10" 1.18 x 10**
Chlorosulfonated

Polyethylene (A) 40.0 3.20x 10* 3.14 x 10"
Chlorosulfonated

Polyethylene (B) 36.0 3.75x 10" 4.10 x 10"
Chlorosulfonated

Polyethylene - nylon

reinforced 34.0 3.60x 10° 4.16 x 10"
Polyvinyl Chloride 29.0 1.52x 10* 2.06 x 10"
Polyvinyl Chloride - oil

resistant 30.0 1.70 x 10*  2.23 x 10"
Chlorinated

Polyethylene 32.5 7.20 x 10" 7.84 x 10*?
Chlorinated

Polyethylene-

reinforced 36.0 6.70 x 10*  7.32 x 10"
Urethane Asphalt 69.0 2.20x 10" 1.25 x 10*¢
*Area of samples = 100 cm? except High Density Polyethylene 45.5 ¢cm? and Chlorinated

Polyethylene (9.0 cm?)

The results of one of the computer generated two-dimensional
analyses of a liner having a leak in the bottom are given in Fig. §.
The equipotential lines which appear in the figure were generated
and plotted automatically by the computer program described
earlier.

This result shows that, as predicted, when a leak penetration is
present in the liner, current flow between electrodes located inside
and outside the liner will follow two paths, namely, through the
leak and around the buried edges of the liner. Note the non-
symmetry of the equipotential lines terminating on the surface of
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Figure §S.

Computer Modelled Vertical Cross Section of a Waste Liner
with a Leak in the Bottom
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the landfill above the liner. The voltage gradient is clearly steeper
along the surface on the side of the current injection clectrode
above the leak. Asymmetries such as this were investigated in subse-
quent work to develop field measurements which could locate liner
leaks.

The relatively inexpensive nature of the two-dimensional com-

puter model and its precise control make it a very productive
method of investigating electrical testing concepts related to liner
leaks. Even though it is a two-dimensional model that does not ac-
curately simulate the three-dimensional volume of landfill or sur-
face impoundment, the ability to accurately predict the potential
distributions in various simulations of liner conditions makes it a
valuable tool. The sensitivity of this model to a simulated leak is
greater than for a true landfill condition because of the two-
dimensional character of the model. Nevertheless, the results ob-
tained are, in general, indicative of the full-scale equipment sen-
sitivity requirements.
Examples of equipotential contours measured using the physical
scale model are shown in Figs. 6 and 7. For both cases, a single leak
was located at an arbitrary position in the bottom. For all plots, the
current injection point is located at the center of the polar coor-
dinate system.

The distortion of the equipotential lines in the neighborhood of
the leak which is on the 340° radial is clearly shown in Fig. 6. A
steep voltage gradient in the radial direction crossing over the leak
distorts the equipotential lines.

A similar plot for a different current injection point is shown in
Fig. 7. Again, the current injection point is at the center of the
polar coordinate plot. An aluminum block was also placed between
the current injection point and the leak. The same pattern of per-
turbed equipotential lines as observed in Fig. 6 can be seen in Fig.
7 about the leak. No observable distortion was generated by the in-
troduction of the conducting block. Many data acquisition runs
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Figure 6.
Equipotential Lines on the Surface of the Waste Liner.
Model with a Leak on the 340° Radial

%

1200 100° 80
LINER BOUNDARY . 60

300 320° 340

Figure 7.
Equipotential Lines on the Surface of the Waste Liner Model with a
Leak on the 0° Radial and a Conducting Anomaly Beneath the Surface

were conducted using different combinations of water depth,
distance between current injection point, leak position, number of
leaks, and conductive anomalies in the water. All of the tests
resulted in similar types of equipotential plots in which the leak
position could be accurately inferred.

Table 2.
Data from 0° Radial
XD Y(@) YD) RESIDUALS
10.00 3992.00 4004.88 —12.88
12.50 3581.00 3581.58 -0.58
15.00 3269.00 3235.71 33.29
17.50 2987.00 2943.29 43.71
20.00 2740.00 2669.98 50.02
22.50 2532.00 2466.55 65.45
25.00 2331.00 2266.68 64.32
27.50 2146.00 2085.87 60.13
30.00 1992.00 1920.81 71.19
32.50 1837.00 1768.97 68.03
35.00 1678.00 1628.39 49.61
37.50 1548.00 1497.51 50.49
40.00 1424.00 1375.08 48.92
42.50 1325.00 1260.07 64.93
45.00 1213.00 1151.64 61.36
47.50 1087.00 1049.08 37.92
50.00 985.00 951.77 33.23
52.50 883.00 859.22 23.78
55.00 798.00 770.97 27.03
57.50 702.00 686.64 15.36
60.00 611.00 605.91 5.09
62.50 516.00 528.47 ~12.47
65.00 399.00 454.07 —55.07
67.50 283.00 382.47 -99.47
70.00 164.00 313.48 ~149.48
72.50 90.00 246.91 —156.91
75.00 74.00 182.60 —108.60
77.50 51.00 120.40 —69.40
80.00 26.00 60.17 -34.17
82.50 14.00 1.80 12.20

A sample of data taken along one radial crossing over a single
leak is presented in Table 2. This radial data was taken from the



results illustrated in Fig. 7. The X(I) column is the distance in in-
ches from the current injection point. The corresponding voltage
measurements (millivolts) are given in the column labeled Y(I). A
lf)garithmic curve fit was made to these data with the general equa-
tion Y = a + b In (X), resulting in the empirical relationship

Y = 8374 — 1897 In X. 3)

A plot of this curve and the measured data are shown in Fig. 8. The
effect of the leak is discernable at a radial distance of 72.5 in.

In the third column of Table 2, labeled Y(I), are the calculated
values of voltage based on the fitted curve. The data in the column
labeled RESIDUALS are calculated by taking the difference bet-
ween Y(I) and (YI). At a radial distance of 72.5 in., a very
noticeable perturbation caused by the leak occurs in the residuals
column where it reaches a minimum value of — 156.91. This data
reduction technique will be used in the equipment design and data
grocessing to extract the leak generated signatures from the field

ata.

Using the residual analysis described above on more than one
radial line and plotting the analyzed results along the radials gives a
contour plot as shown in Fig. 9. Here the physical scale model was
configured with two leaks located on radials which were 40° apart.
As observed in this figure, the region near the two leaks is clearly
discernable from the closed contours which surround the two leak
positions. The center of the contour on the left was above one of
the leaks and the contour on the right missed the leak by about 5 in.
In both cases, the leak targets were in thg correct azimuth direction
with only small errors in the radial distance. Additional measured
values along other radials crossing the first will result in a more
precise determination of the leak location.

FUTURE WORK

The analytical and laboratory model studies of electrical liner
testing completed to date have revealed some promising approaches
for leak detection. Based on these results, specifications for field
instrumentation are being established. Sufficient model testing has
been completed to permit full specification of equipment operating
characteristics,field requirements, data recording and data process-
ing software.

To supplement the data base obtained to date using the water-
filled physical scale model, similar tests are in progress using a soil-
filled model. The inhomogeneities associated with this type of fill
will better approximate the conditions anticipated at full-scale {and-
fill sites.

At the conclusion of the work in progress, an experimental field
system will be assembled for performance demonstration testing
and verification of data acquisition precision. The system operating
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Figure 8.

Logarithmic Curve Fit for the Data Taken on a
Radial Crossing Over the Leak
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RESIDUALS "

—

Figure 9.
Polar Plot of the Residuals Calculated by Taking the Difference
Between the Field Data and Logarithmic Fitted Curves. The Leaks
Shown Are on Radials Separated by 40°

functions will be implemented using a desktop computer and a
digital data recording system. The system will be semi-automatic in
that several electrodes will be laid out in advance and automatically
scanned and read by the computer. Software written for the com-
puter will be used to process the data in the field to generate plots
similar to those obtained in the model studies.

After completion of the system assembly, a field test plan will be
developed based upon information describing existing landfill sites
and surface impoundments utilizing polymeric membrane liners.
Candidate sites will include liners with and without leaks if possi-
ble.

CONCLUSIONS

Computer modelling of electrical techniques of leak detection in
liners was successful in proving the fundamental concepts needed
to develop a practical system for finding liner leaks in hazardous
waste facilities. Two-dimensional analysis provided valuable in-
sights into current flow patterns and equipotential patterns
associated with liner geometry and leaks.

The computer work also provided the foundation for the
physical scale model studies which were used to generate scaled
measurements simulating ideal facility liners with leaks. Equipoten-
tial plots of the voltages measured on the surface of the model
showed leak-dependent patterns which may be used to locate the
leaks. The model studies showed that multiple leaks may also be
resolved and that anomalies such as blocks of conductive material
buried near the search area do not have a serious effect on the field
data. Parametric studies of surface effects versus depth showed
that the surface perturbations are reduced for greater fill depths.
However, measurable potential patterns in the leak regions still
generate useful information which can be used to locate the leaks.

The results of this investigation are very encouraging in regard to
the feasibility and usefulness of a practical leak detection and laca-
tion system. This technique appears to show promise for detecting
and locating membrane liner leak paths for new as well as existing
landfills and surface impoundments. Future field tests will help
verify the system capabilities and the conditions where the most
reliable data are produced.
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INTRODUCTION

The imminent threat posed by the continuing discovery of aban-
doned hazardous waste dumpsites requires the development of rap-
id and effective on-site chemical analysis techniques to assess the
extent of environmental contamination and monitor ensuing clean-
up efforts. The USEPA recently evaluated the practicality of using
a light weight shoulder-borne gas chromatograph (GC) to monitor
potentially hazardous atmospheres at chemical spills and waste
chemical dumpsites. The instrument evaluated was the Model 128
Century Organic Vapor Analyzer (OVA) equipped with a flame
ionization detector (FID), which is manufactured by the Foxboro
Corporation, Burlington, Mass.">*** The technica! evaluation of
this portable unit was a joint venture on the part of USEPA’s En-
vironmental Response Team (ERT) and the OQil and Hazardous
Materials Spills (OHMS) Branch of the Municipal Environmental
Research Laboratory.

In this paper, the authors address several important aspects of
their evaluation of the OVA-GC including: instrument operating
performance parameters (i.e., detection limits, column efficiency),
QA/QC considerations (i.e., accuracy, reproducibility, linear dy-
namic range), associated operational difficulties and recommended
field uses. Analytical methods and specialized techniques devel-
oped in the OHMS Branch for the specific use with the OVA-GC
were essential to this instrument’s evaluation and are contained
herein.

The ERT has employed this portable unit during numerous field
activations involving hazardous waste storage sites and chemically
contaminated lagoons. Successful field applications of the OVA-
GC has also involved support to mobile laboratory activations in-
volved with monitoring the effectiveness of waste treatment sys-
tems for removing organic contaminants from surface waters,
leachates and sediments.®

DESCRIPTION OF UNIT EVALUATED

Several important features of the Model 128 OVA-GC include its
ability to: (1) continuously measure the total level of FID detec-
table organic vapors in ambient air, (2) screen high levels of organ-
ic vapor concentrations in environmental samples to protect sensi-
tive analytical instrumentation (i.e., GC/MS) from detector con-
tamination, and (3) generate integrated sample analyses from
chromatograms of organic vapors in air mixtures.

The OVA-GC offers both manual and automatic injection cap-
abilities. The manual injection mode requires direct, gas-tight
syringe injection through a septum, while automatic injections
make use of a positive displacement injection valve incorporated
within the instrument. An instrument backflush valve functions to
flush from the GC column any high molecular weight organics that
may be trapped after a sample run. The column is externally
mounted, thus being exposed to ambient temperature conditions
during normal use. An accessory for maintaining constant column
temperature is available from the manufacturer of the OVA unit.
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An instrument output meter serves to indicate, in ppm units, the
concentration of total organic vapors in contaminated air mixtures.
In the GC mode of operation, a strip chart recorder supplies a
chromatogram of the detector output signal.

INSTRUMENT START-UP

The initial start-up of the OVA-GC requires only 15 min, and
this operation includes recharging of the hydrogen supply tank.
Hydrogen functions as a fuel for detector combustion and serves as
the carrier gas for the GC mode of operation. The instrument is
operable in either a portable mode, drawing from a built in bat-
tery power source (DC voltage), or in a stationary mode, draw-
ing from a 120V, AC power supply. The instrument is also
equipped with a battery charging unit which requires a 24 hr period
to fully charge the internal battery pack. A complete battery charge
will allow 8 hr of OVA operating time.

Since the detector flame has been ignited, time must be allowed
for the output meter attachment and the recorder to stabilize.
Usually this can be achieved within one hour, although several
days may be required depending on the frequency of use and the
degree of instrument and/or detector contamination. A stable
baseline in an atmosphere free from organic solvents and com-
bustion processes (i.e., automobile exhaust) will read between 3
and 4 ppm on the meter attachment.

TEST ATMOSPHERES

Test atmospheres are used to generate data on chromatographic
resolution, retention times, linear dynamic ranges, and detection
limits of compounds for which the OVA-GC will be used to an-
alyze. There are many techniques by which these test atmospheres
can be obtained.” Comparisons between a variety of techniques
(i.e., dynamic systems vs. static systems) were made in order to
judge the most suitable methods for use with the OVA, These
comparisons were based on: accuracy and precision, time, cost,
complexity, portability, and space requirements.

Vial Dilution

Test atmospheres can be obtained by using methods of prepa-
ration in the field or laboratory. During the course of this instru-
ment’s evaluation, the OHMS Branch developed a method whereby
known concentrations of materials in the gaseous phase could be
accurately prepared. This method is that of vial dilution,

Initially, a gaseous stock vapor solution must be prepared. This
is done by dispensing a small volume (i.e., 5-10 pl) of an organic
liquid contaminant into an empty septum sealed 43 ml glass vial.
A small volume of liquid is used to insure that the contaminant
will fully vaporize in the vial’s air space. Known parameters of
saturation coefficients, vial volume, specific gravity of material,
volume of dispensed material, temperature and pressure are used
to accurately determine the concentration of material in the vial in
pg/m’ or ppm.* A dilution sequence may then be prepared by



extractipg known volumes of vapor via gas tight syringe from the
stock vial’s air space. This method is extremely rapid, inexpen-
Sive, easy, portable, accurate, and reproducible.

Premixed Canisters

Test atmospheres can be purchased in commercially available,
multi-component canisters at known and accurate concentrations.
A vendor will prepare desired mixtures of volatile organic com-
ponents at prescribed concentrations. Simple mixtures of volatile
organics can provide multiple internal standards for field use if the
individual components contained in the canister have been prev-
iously analyzed to insure concentration accuracy. A syringe adap-
ter can be fitted to the canister to allow withdrawal of contam-
inants in microliter quantities (via syringe) thus avoiding personnel
exposure to hazardous components. This method offers high
accuracy and precision, is simple, rapid, and portable but is the
most expensive of the three techniques discussed.

Headspace Analysis

Headspace analysis was a technique introduced to the OHMS
Branch by Dr. Thomas Spittler (USEPA Region I).? Analytical-
ly, head space analysis is used to indirectly determine the level of
water contamination due to volatile organics by directly determin-
ing the concentration of vapors in the air space above a contam-
inated water sample.’

The headspace technique can be utilized for the preparation of
test atmospheres. This is accomplished by first preparing a sat-
urated solution consisting of pure water and one known liquid con-
taminant at equal volumes. This solution can then be stored in a
40 ml crimp sealed glass bottle. A series of saturated water solu-
tions, each containing a different organic compound, is prepared in
the same manner.

A dilution of the saturated water solution(s) is made by with-
drawing a known volume of its water phase via microliter syringe
and injecting the syringe contents into a second known volume of
pure water. The contaminant(s) then imparts(s) a gas phase/liquid
distribution coefficient specific to each contaminant diluted into
the second vial. The air space of the diluted vial is then analyzed
by the OVA-GC. Quantification indirectly related the concentra-
tion of the contaminant in air to its concentration in water.

The accuracy of this method is dependent upon: (1) the accur-
acy of the published saturation coefficients, (2) the ability of each
material in a multi-component mixture to exert its own vapor pres-
sure and not effect the other materials present (i.e., Henry’s
Law), and (3) the human accuracy of dispensing accurate volumes
of vapor and liquid via syringe.

The technique of headspace analysis can also be utilized when
monitoring soil samples for suspected contamination. However,
difficulties in preparing standards of known accuracy and precis-
ion in a soil media exist, thus the method results in less than accur-
ate quantitative measures of volatile organics in the soil.

CALIBRATION

The OVA-GC must be calibrated prior to each field usage to
insure the validity and precision of obtained results. Calibration is
accomplished by measuring at least three accurately known concen-
trations of methane in air across the GC attenuation settings (i.e.,
1X, 10X, 100X). These concentrations of methane can be ob-
tained in small (i.e., hand held) commercially available, pressur-
ized canisters. A gas sampling bag (i.e., a Mylar or Tedlar bag) is
then attached to the OVA sampling probe using an inert flexible
tubing. The standard mixture is drawn from the bag and a direct
continuous reading (in ppm) is obtained from the output meter.
Adjustment of the OVA’s potentiometers calibrates the instru-
ment to the desired output meter reading.

Internal standards can be used to identify day to day changes
in detection limits and retention times when the OVA-GC is used
in the field. Any of the three methods mentioned under the Test
Atmospheres heading on page 4 may be used. The most practical
method is that of vial dilution.
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INSTRUMENT PERFORMANCE—GC MODE
Reproducibility

Reproducibility of GC peak heights and retention times was in-
vestigated for both the syringe and the automatic injection valve
modes of the VOA., Difficulties were encountered when the instru-
ment was operated in the automatic injection valve mode, with
nott-reproducible peak retention times (i.e., CV*= 6-12%) re-
sulting.® These unacceptable retention time (RT) results were traced
to an instrument malfunction. Syringe injection, however, yielded
acceptable peak retention time reproducibility (i.e., CV=1-3%)
when using the same ‘‘malfunctioning” instrument. Following in-
strument repair by the manufacturer, both automatic valve and
direct syringe injection yielded acceptable reproducibility (i.e.,
CV =1-4%). These findings suggest that: 1) the automatic injec-
tion valve mode should be used with caution when attempting
component identification, and 2) adequate GC peak retention time
reproducibility should be established prior to operation in either
sampling mode.'

Early results in this evaluation revealed that the reproducibility
of peak heights is affected by whether the backflush valve is in the
up or the down position. Investigation of the significance of the
backflush value position indicated that a backflush valve in the up
position correlates with the largest peak height values. Thus, in this
evaluation, the backflush valve was fixed in the up position for all
sample runs. Verification of GC peak height reproducibility for
quantification purposes using both sample injection modes yeilded
equivalent results (i.e., CV less than 5%).

The stability of relative retention times (RRTs) and absolute re-
tention times (ARTs) when subject to moderate temperature
change was also evaluated. A comparison of results revealed that,
over a 30° C temperature range, the reproducibility of RRTs for
several test compounds was in the range of 5-10% CV, while CV
values for ARTs of the same test compounds were in excess of
50%."

Accuracy

Determinations on the accuracy of the linear dynamic Range
(i.e., concentration vs. response) of the OVA detector was per-
formed using benzene and carbon tetrachloride.!'® Benzene gave the
largest detector response of the hazardous compounds studied in
terms of peak heights per concentration unit. Carbon tetrachloride
yielded the smallest peak height per concentration unit (Table 1).

The linear calibration range (0.7 ppm-165 ppm) and the asso-
ciated calibration errors determined for benzene are shown in
Table 2. The highest calibration solution concentration used was
165 ppm which is sufficient for ambient air analyses. The largest
calibration error for benzene was found to be 25% at the detec-
tion limit and a calibration error of 14% was determined at the
highest concentration value. Calibration error values between these
limits did not exceed 9%.

Table 1.
OVA Gas Chromatographic Analysis Parameters for Test Compounds
Benzene and Carbon Tetrachloride.

Analysis Parameters Benzene Carbon Tetrachloride

Ambient Temperature 25°C 28°C
Retention Time 1.77 min 1.53 min
Column G-24¢ * G-24¢ *
Injection Mode Syringe Syringe
Injection Volume 250 pl 250l
Injection Valve Up Up
Backflush Valve Up Up

Attenuation 0-3ppm @ 1X 0-67 ppm @ 1X
73-166 ppm @ 10X 100-548 ppm @ 10X
Flow Rate Factory Set @ 2 (1/min) Factory Set @ 2 (I/min)

*The packing material for a G-24*‘ column is 10% SP-2100 on 60/80 mesh supelcoport.

*ACV (coefficient of variation) of 5% or less is considered acceptable by
the OHMS Branch for the purpose of validating reproducible data,
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Table 2.
Linear Calibration Range and Detection
Limit Established for Benzene

Detection Limit 0.70 ppm

Linear Calibration

Range 0.74 ppm - 164.50 ppm

Calibration Solution

Concentrations (ppm) 0.74 1.47 2.94 73.57 164.5

Mean Peak Height (mm) 3.0 5.0 9.8 22.5 45.8

%C.V. 0.0 0.0 33 4.2 0.5

%Calibration Error 25 5 - 9 14
Table 3.

Linear Calibration Range and Detection Limit
Established for Carbon Tetrachloride

Detection Limit 8.0 ppm

Linear Calibration

Range 8.0 ppm-547.5 ppm

Calibration Solution

Concentrations (ppm) 8.0 39.72 67.11 273.90 547.80
Mean Peak Height (mm) 5.83 22.83 42.75 166.75 308.13
%C.V. 49 2.5 1.8 1.7 1.4

#%Calibration Error 19 7 — 3 10

Linear calibration range (8 ppm-547 ppm) and the associated
calibration errors for carbon tetrachloride are given in Table 3.
An upper concentration limit of 547 ppm is more than sufficient
for ambient air analysis. The largest calibration error was 19%
at the detection limit and a calibration error of 10% was deter-
mined at the highest concentration value. Calibration error values

. between these limits did not exceed 7%.

Detection Limit

The detection limit of the OVA-GC is a function of the test com-
pounds detector response relative to that of the calibrant gas, which
in this case is methane.When analyzing for a compound other than
methane, the resulting detector response will be either higher or
lower than that response generated by an equal concentration of
methane,

Detection limits of many hazardous volatile organics have been
determined for the OVA, and were found to range from 700 ppb
for benzene to 8 ppm for carbon tetrachloride (Tables 1 and 2).
Unbranched alkanes were found to yield an even more sensitive
detector response than did benzene.

Column Efficiency: Ambient Conditions

The types of columns used in the evaluation of the OVA were
the G-24‘* (Table 1), T-12**, G-8‘‘, and T-8‘‘. The shorter col-
umns (i.e., 8 in) were incorporated with a temperature control pack
assembly that is available from the manufacturer. The G-24*‘ col-
umn had the widest range of application based on the materials
studied in this evaluation. Column selection would be based on the
desired application of the OVA unit, in terms of compound resolu-
tion and retention times (RTs).

The manufacturer of the OVA-GC does not test column per-
formance by using quantifiable techniques, such as theoretical
plates and resolution data. Therefore data accumulated on reten-
tion times, detection limits, and chromatogram resolution could
differ for columns having equivalent parameters, and also from
data published by the manufacturer.

When analyzing for a simple mixture of volatile organics in an
unknown atmosphere, problems may arise with regard to the resol-
ving ability of the OVA-GC column. For example, compounds
with the same or nearly the same RTs could not be resolved from
one another, but rather a blending of retention times resulted.
Thus compound identification, both qualitatively and quantita-
tively, become extremely difficult. In addition, when analyzing a
mixture with two compounds having nearly the same RTs, the

RT values were found to shift from the expected values (i.e., the
RTs became closer to one another). Again, compound identifica-
tion becomes confounded.

Variation of column length did not significantly improve com-
pound resolution. The maximum column length that can be used
with the OVA is 4 ft; use of a column of greater length will re-
sult in failure of the detector flame to ignite.

Column Efficiency: Thermally Controlled

Constant column temperature can be maintained by using an
accessory which consists of a screw-top Nalgene canister, inside
of which is an 8 in column encased in an insulating, solidified foam.
Column temperature can be controlled by using a metal slug which
has been oven heated to a known temperature above ambient con-
ditions. For subambient temperature conditions the manufac-
turer supplies a screw top plastic cap to be used in place of the
metal stug. The cup can be filled with ice, which is then placed into
the holding compartment of the Nalgene canister. The ice cup theo-
retically provides a column temperature of O°C.

The disadvantages of the thermal control accesscry are: 1) ac-
curate measurements of column temperature over time cannot be
performed, 2) teflon line connectors are attached from the insu-
lated column to the column connector fittings outside of the OVA
unit. These teflon connectors are easily crimped when field sur-
veys are performed, aside from bench use, 3) due to the short, 8 in.
column there are ‘a greater number of compounds that exhibit
similar RTs.

PERFORMANCE: TOTAL ORGANIC MODE

Interpretation of a total organic vapor concentration from the
OVA must be exercised with caution, however it appears possible
to use the total organic vapor monitor for the purpose of assur-
ing that airborne organic levels do not exceed prescribed concen-
trations.**

Concentrations, in ppm, of non-methane compounds in the am-
bient air are registered on the output meter assembly of the instru-
ment. These concentrations are not direct summations of all in-
dividual organic contaminants in the air being sampled; rather, the
concentration (in ppm) represents a summation of the percent rela-
tive response values characteristic of each individual organic com-
pound in the sample. A reasonable estimate of the total organic
vapor concentration in the air can be determined if the qualita-
tive composition of organic vapors in the atmosphere is known,
and if the detector weighted response for each compound in an air
mixture is known.

RECOMMENDED USES FOR THE OVA-GC

The ERT has used the OVA-GC during field activations at many
incidents where hazardous wastes were involved. The portable GC
has been applied to various situations, ranging from chemically
contaminated lagoons, to waste chemical (55 gal) drum storage
sites. Based on a variety of field experiences, the ERT recommends
the following limited applications for the OVA.

The OVA can be applied as a means of monitoring water and
soils for low molecular weight organics by using the method of
headspace analysis.'' Various ERT activities (e.g., Epping, NH)
have involved treatment of the contents of chemically contami-
nated lagoons using a mobile activated carbon treatment trailer
and other treatment systems. Here, the headspace method func-
tioned as a means of screening influent and effluent samples prior
to their analysis by sensitive bench instruments (i.e., GC,GC/MS),
thus helping to prevent laboratory instrument downtime as a result
of detector overload. This monitoring method can be rapidly per-
formed, and has proven to be a helpful and inexpensive means of
assisting in laboratory analyses.

Monitoring of ambient air at §5 gal drum waste storage dump-
sites yielded unexpected results. This application did not record sig-
nificant levels of volatile organic contaminants unless the OVA



sampling probe was placed within inches of an opened drums bung
hole.® When monitoring soils contaminated by chemical spills, the
same placement of the OVA probe was necessary.

CONCLUSIONS

Application of the OVA-GC for ambient air monitoring yields
best results if the atmosphere being tested is of known volatile
organic composition.!* When the composition of the atmosphere is
unknown, both qualitative and quantitative interpretations suffer
severely.

To insure proper instrument operation, the reproducibility of
RTs must be evaluated through the use of the automatic injector
valve. This is accomplished by using any static test atmosphere
preparation where dilution of the test atmosphere is not a problem.
For example, use of Mylar or Tedlar bags is ideal for this type of
instrument check.

An excellent means of preparing internal standards for field ap-
plication is to generate static test atmospheres using the vial dilu-
tion technique. Another way to obtain internal standards is to pur-
chase commercially available multi-component canisters at pre-
scribed concentrations in an air medium. Both methods are accur-
ate, and in addition, the risk of personnel exposure to hazardous
compounds is minimized.

Headspace analysis offers an excellent technique for monitoring
contaminated waters and soils for low molecular weight organ-
ics.2*!" This method functions adequately as a screening device,
protecting sensitive analytical instruments from detector overload.
Also, headspace analysis can be used as a method to monitor the
removal efficiency of low molecular weight organics as applied to
the use of carbon treatment systems or other systems designed to
remove organics.

It is recommended that, when the OVA-GC is to be applied for
qualitative analysis, RRTs be used rather than ARTs. It was found
the RRTs yield more precise results in the event of temperature
changes and instrument instabilities.

ACKNOWLEDGEMENTS

The authors wish to express grateful appreciation to Ms. Kathy
Vasile and Mr. David P. Remeta for their assistance in the prepara-
tion of the manuscript.

SAMPLING AND MONITORING 39

REFERENCES

1. Gruenfeld, M., Quimby, J., and DeMaine, B., ‘‘Limited Evaluation
of a Portable Gas Chromatograph,”” EPA Quality Assurance News-
letter, 4, Jan, 1981.

2. Spittler, T.M., ““Use of Portable Organic Vapor Detectors for Haz-
ardous Waste Site Investigations,”’ Second Oil and Hazardous Ma-
terial Spills Conference and Exhibition. Philadelphia, Pennsylvania.
Dec. 1980.

3. Hagger, C., and Clay, P., ‘““Hydrogeological Investigation of an Un-
controlled Hazardous Waste Site.”” Proc. 1981 National Conference
on the Management of Uncontrolled Hazardous Waste Sites, Wash-
ington, D.C., Oct. 1981, 45.

4. Turpin, R., “Initial Site Personnel Protection Based on Total Vapor
Readings.”” Proc. 1981 National Conference on the Management of
Uncontrolled Hazardous Waste Sites, Washington, D.C., Oct. 1981,
277.

5. Melvold, R., Gibson, S., and Royer, M., ‘‘Safety Procedures for
Hazardous Materials Cleanup.”’ Proc. 1981 National Conference on
the Management of Uncontrolled Hazardous Waste Sites, Washing-
ton, D.C., Oct. 1981, 269.

6. Gruenfeld, M., Frank, U., and Remeta, D.P., ‘‘Rapid Methods of
Chemical Analysis Used in Emergency Response Mobile Laboratory
Activities.”” Proc. 1980 National Conference on Management of Un-
controlled Hazardous Waste Sites, Washington, D.C., Oct. 1980,
165.

7. Nelson, G., Controlled Test Atmospheres, Principles and Techniques.
Ann Arbor Science Publishers, Inc. P.O. Box 1425, Ann Arbor, Mi.,
1979, p.59-154.

8. Gruenfeld, M. and DeMaine, B., ‘‘Availability of Computer Pro-
grams,”’ EPA Quality Assurance Newsletter, 4, Jan. 1981.

9. Turpin, R., Lafornara, J., Allen, H., and Frank, U., ‘‘Compatibil-
ity of Field Testing Procedures for Unidentified Hazardous Wastes.”’
Proc. 1981 National Conference on Management of Uncontrolled
Hazardous Waste Sites, Washington, D.C., Oct. 1981, 110.

10. Gruenfeld, M. and Remeta, D., ““Selection of a Measurement Range
for Quantitative Analyses Using Single Point Instrument Calibra-
tion,”’ EPA Quality Assurance Newsletter, 3, Apr. 1980.

11. Turpin, R., ‘‘Environmental Response Team’s Air Monitoring Pro-
gram for Multimedia Hazardous Material Incidences,”’ Proc. 1982
National Symposium American Chemical Society, Division of Chem-
ical Health and Safety, Kansas City, Mo., 1982.

12. ““Air Pollution Training Institute (APTI) Course 435, Atmospheric
Sampling, Student Manual,”” EPA 450/2-80-004, Environmental Re-
search Center, RTP, NC, Sept. 1980.

13. Hachenberg, H., and Schmidt, A., ‘‘Gas Chromatographic Head-
space Analysis.”” Heyden & Son Ltd., Alderton Crescent, London,
England, 1979.



THE USE OF PORTABLE INSTRUMENTS IN
HAZARDOUS WASTE SITE CHARACTERIZATIONS

PAULF.CLAY
Ecology and Environment, Inc.
Woburn, Massachusetts

THOMAS M. SPITTLER, Ph.D.
U.S. Environmental Protection Agency
Lexington, Massachusetts

INTRODUCTION

Over the past several years, USEPA, state agency and private
contractor personnel involved in hazardous waste site investiga-
tions have been employing portable field instruments to assist them
in their work. In the New England region, the USEPA and a na-
tional EPA contractor, Ecology and Environment, Inc. (E & E),
have applied the use of several portable instruments to a wide va-
riety of hazardous waste site situations and activities. This variety
of field experience has provided an opportunity to thoroughly eval-
uate the utility and reliability of the instruments used, and further,
has stimulated the development of several innovations which have
enhanced the capabilities of the instruments.

The utility of the instruments described herein is primarily based
upon their capability for detecting volatile organic compounds,
which, because of their wide industrial, commercial and household
use, are found to be associated with a large majority of hazardous
waste sites. The instruments for which a number of applications
will be described include the following: the HNu Systems PI 101
Portable Photoionizer, the Century Systems (Foxboro) Organic
Vapor Analyzer (OVA) and the Photovac, Inc. 10A10 Portable
Photoionization Gas Chromatograph.

As the focus of work at hazardous waste sites across the coun-
try has progressed from the site discovery and investigation phase
to the remedial investigation and clean-up phase, the application of
portable field instruments has evolved as well. Where the initial
uses of portable monitoring instruments were focused upon per-
sonnel safety and gross site characterization, the development of
some new techniques has enabled the use of portable instruments
to become invaluable during remedial investigations and a variety
of remedial response activities.

Two areas of remedial activities which are greatly enhanced by
portable instrument use are data base acquisition and cost-effec-
tiveness. By employing a variety of field analytical techniques, the
amount of data, especially real-time data gathered during remedial
activities, can be significant and in some cases, even crucial. Also,
cost-effectiveness is achieved since portable instrument use reduces
laboratory costs and by providing virtually instantaneous data, can
reduce the costs of associated remedial investigation techniques,
such as groundwater monitoring well installation. The wide variety
of applications to which field instruments have been put by USEPA
and E & E investigators in the New England region is summarized
in Tabie 1.

For the majority of applications listed in Table 1, field analysis
is where the development of innovative techniques has been most
significant. The development of field analytical techniques adapted
to instrument design has enabled the list of instrument applica-
tions to be greatly expanded. Qualitative and quantitative analy-
tical techniques have been developed and tested under a variety of
field conditions and have proven to be reliable, cost-effective and
invaluable.

In addition, efforts have been directed at providing a high de-
gree of support and information to other field personnel in order to

Table 1.
Summary of Portable Field Instrument Applications for Hazardous
Waste Site Investigations

Type of
Investigative
Activity Applications
Spills/Incident eDetermination of level of personnel/respiratory
Response protection
eDetermination of extent of impact on soil, water
and air

eEvaluation of clean-up/containment effectiveness

Site Discovery/ eDetermination of level of personnel/respiratory
Initial protection
Characterization eDetermination of extent of contamination in soil,
water and air
eldentification of potential sampling points and
waste container contents
ePreliminary screening of multi-media samples;
provision of rapid documentation of site-related
problems
eRapid identification of immediate or imminent
threats to the public health

Remedial eDetermination of level of personnel/respiratory
Investigation/ protection during a variety of remedial activities
Response including excavation, transfer, removal, etc.

eHydrogeologic investigations—development of
depth vs. contaminant concentration profiles,
prevention of accidental well contamination
eMonitoring of performance standard levels for a
variety of remedial activities, such as ground-
water treatment, e.g., monitoring effluent from
carbon filtration, monitoring air quality near air
stripping towers, elc.

Ambient Air
Monitoring:
Real-Time and
Time-Integrated

*Development of real-time data to assist in place-
ment of time-integrated sample stations
eDevelopment of real-time data during time-inte-
grated sampling to refine interpretation of time-
weighted data

sGeneration of data under a variety of meteoro-
logical conditions without costly laboratory
analysis.

increase the utilization of these field analytical techniques. To this
end, a comprehensive field applications manual has been pub-
lished and several week-long national training courses have been
conducted in order to provide the degree of knowledge required
to utilize the instruments beyond their ‘‘classical’’, or more ob-
vious applications.

To illustrate the range of applications to which portable field
instruments can be put, the authors briefly describe in the next sec-
tion the field analytical techniques which have been developed.
This section will be followed by several site case studies in which



the techniques were applied. The presentation of the techniques
prior to the case studies is intended to foster a clearer understand-

ingdof the full capabilities of the instruments as applied to the case
studies.

INNOVATIONS FOR PORTABLE INSTRUMENT USE

Several innovations which augment the capabilities of portable
field instruments have been developed and field-tested. These inno-
vations include techniques for preparing and using qualitative/
quantitative field standards, rapid screening of samples of a va-
riety of media, and the development of a field operator support
program which includes an applications manual and a training
program, The following sections will summarize these innova-
tions.

Field Standards

Two of the portable instruments which have been thoroughly
evaluated and field tested are portable gas chromatographs (GCs).
In order to identify and quantify compounds detected by the GCs,
it is necessary to have standards available. One must also be able to
prepare aqueous or vapor standards, depending upon the medium
being analyzed.

Quantitative standards for many organic solvents can be pre-
pared quite rapidly from a saturated aqueous solution. The satur-
ated solutions are prepared by placing several milliliters of the pure
solvent with an approximately equivalent volume of water into a
septum vial. A quantity of mercury may also be placed in the vial
to provide a seal for muttiple punctures of the septum. The solu-
tions are then allowed to reach equilibrium. Depending upon the
density of the solvent, the saturated aqueous layer will occupy the
upper or lower portion of the container (Figure 1).
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Figure 1.
GC Standards

““A’ (Fig. 1) represents a vapor standard which can be pre-
pared either by placing a small quantity of pure solvent (taken from
the pure organic layer of the original standard) in the vial and cal-
culating the vapor concentration for the evaporated solvent, or by
removing headspace vapor from a stock bottle of pure solvent and
calculating the desired vapor concentration from the equilibrium
vapor pressure value. ‘“B’’ represents an aqueous secondary stand-
ard which can be prepared for headspace analysis by diluting ali-
quots of the saturated aqueous layers taken from stock solutions
(standards) *“C, D and E.”” “‘C and D’ represent stock solutions
of an organic solvent having a density less than one, and a density
greater than one, respectively. ‘‘E’’ represents a stock solution for
a solvent which is readily soluble in water, such as methyl ethyl
ketone.

By using the solubility value of the solvent in water as the con-
centration of the aqueous layer, aliquots of the aqueous layer can
be used to prepare standards of the desired concentration. Refer-
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ences such as the CRC Handbook of Chemistry and Physics re-
port that many of the solvents are insoluble in water. A search of
other literature reveals that the actual solubilities may range from a
few hundred parts per million (ppm) to several thousand ppm.

Since the portable GCs employ columns which are at ambient
temperature, only vapor injections may be made, Both the aqueous
samples obtained in the field and the standards prepared in the
manner described above are analyzed by using the headspace vapor
technique. The technique is based upon the fact that an equilibrium
is reached between the solvent dissolved in the aqueous phase and
the solvent present in the vapor phase (headspace), with the con-
centrations being directly proportional. Since the quantitative
standards are also prepared for headspace vapor analysis, the use
of this technique allows easy standard preparation and enables
concentrations to be established in the field. The reliability of this
standard preparation method has been supported by laboratory
trials in which standards prepared in this manner were used to an-
alyze spiked samples by gas chromatograph/mass spectrometer
(GC/MS). The concentrations determined were well within accep-
table limits. In addition, a large number of samples analyzed under
field conditions have been compared to duplicate samples analyzed
in the laboratory by GC/MS. Agreement among the data has been
excellent.

Qualitative standards for compound identification in the field
can also be easily prepared for use in headspace analysis. For ex-
ample, a mixture of commonly encountered chlorinated solvents
can be prepared from the stock saturated aqueous solutions. Prior
to going into the field, the retention time order of the compounds
in the mixture can be established on several GC columns. Once in
the field, a single injection of headspace vapor from this mixture
can provide retention times under field conditions for the com-
pounds in the mixture, and the retention times compared to those
of compounds which are found in field samples. By using mixtures
of other commonly encountered solvents, e.g., a mixture of aro-
matics, it is possible to very quickly establish tentative identifica-
tions of compounds present in the samples. Confirmation is
achieved by running the samples and standards on several different
columns. A schematic representation of a chromatogram obtained
by injecting headspace vapor from a chlorinated solvent mixture is
shown in Fig. 2.

Sample Screening

It has been the experience of New England region USEPA and
E & E personnel that volatile organic solvents are associated with
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the large majority of hazardous waste sites. Even if volatiles are
not the predominant waste type at a site, the detection of volatiles
may be the first indication that a waste disposal problem exists,
since their physical properties cause them to migrate in soil, air
and groundwater more rapidly than other types of contaminants.

Obviously, where specific information indicates the presence of
non-volatile wastes (e.g., oil, PCBs, creosote, inorganics, etc.) a
different approach is indicated. However, the widespread presence
of volatile wastes presents an opportunity to use portable instru-
ments capable of detecting these compounds to obtain a large
amount of data very quickly and without the costs associated with
laboratory analysis.

The two portable instruments which lend themselves exception-
ally well to being used for screening samples for volatile organic
compounds are the OVA and the Photovac, Inc. portable GC. The
OVA is equipped with a valve arrangement which allows a head-
space vapor sample to be injected directly to the flame ionization
detector (FID). The response of the instrument allows a rapid de-
termination if volatiles are present in the sample. Use of this tech-
nique will permit 30-40 samples per hour to be processed. Samples
showing the presence of volatiles are then analyzed by changing the
valve arrangement so that injections are made onto the GC col-
umn, Chromatograms are recorded and the analyses are carried
out using the qualitative/quantitative standards described in the
previous section. Samples of a variety of media, including air,
soil and water, may be screened in this manner.

The Photovac, Inc. portable GC is best applied to screening
samples where low ug/1 concentrations of volatile compounds are
anticipated. This would include the screening of drinking water
samples obtained downgradient from a contamination source
where dilution may reduce concentration; or where the leading
edge of a contamination plume may be present. Ambient air
samples obtained off-site may also typically show contaminants in
the low ppb concentration range.

The Photovac GC utilizes a highly-sensitive photoionizer detec-
tor (PID) which will respond to a wide variety of organic com-
pounds. This unit may be fitted with two options which permit rap-
id screening of samples prior to analysis. One option is a back-
flush valve which allows carrier gas flow to be reversed. Thus, a
sample aliquot may be directed straight to the detector upon in-
jection, so that the response to the presence of total volatiles may
be recorded. A second option is a dual column arrangement which
permits samples to be initially screened on a short column to de-
termine the general nature of contaminants present, without re-
quiring an inordinate amount of time between injections. Samples
thus screened are analyzed further on an appropriate longer col-
umpn, if the preliminary screening indicates the presence of vola-
tile contaminants.

The HNu portable photoionizer may also be used to a lim-
ited degree to screen samples. The probe of the instrument may be
inserted into the headspace of a sample jar and the total response
noted. Compound identification as not possible and the total re-
sponse is usually reported as benzene equivalent.

In summary, sample screening with portable instruments can
provide a great deal of data in a short period of time and at low
cost. The data obtained from this process can be used to select
sampling points for detailed laboratory analysis. In addition, the
availability of data to field personnel can enable them to narrow or
broaden the scope of their efforts as the work progresses. This is
especially useful during such work as hydrogeologic investigations
-—an application which will be illustrated in a case study.

Field Chemist Support Program

The portable instruments described herein are widely used
throughout the country by USEPA, state and contractor person-
nel. This is especially true of the HNu photoionizer and the OVA,
which had been used for several years in industrial applications
prior to adaptation to hazardous waste site work. As part of an
effort to disseminate the information about the techniques devel-
oped in New England, a week long training program was de-

signed jointly by EPA and E & E. The program provided prac-
tical, hands-on instruction in the techniques described in the prev-
ious sections. The primary objective was to increase the number of
field chemists who are aware of the full range of capabilities of
portable instruments. The program was conducted on two occa-
sions and included USEPA, state and contractor personnel.

To provide ongoing additional support, a comprehensive man-
ual describing all aspects of the applications of the HNu and OVA
was prepared. In addition to applications information, sections on
qualitative/quantitative standard preparation, sample screening
and field analysis techniques are included. Additional sections on
other instruments such as the Photovac GC and updated informa-
tion on techniques will be added as the information is developed.
It is believed that the effort to provide this type of support has ex-
panded the field investigative capabilities of the personnel who par-
ticipated and who have continued to be involved in hazardous
waste site work.

CASE STUDIES

In order to illustrate the application of the techniques described
in the previous section, three case studies involving the use of port-
able instrumentation will be presented. These studies were per-
formed by USEPA and/or E & E personnel during hazardous
waste site investigation activities in the northeast. Since litigation
is pending for two of the sites, the names of the sites will not be dis-
closed. Although some of the more “‘classical’’ applications of por-
table instruments are briefly mentioned, the primary focus will be
upon the presentation of data obtained through the more innova-
tive applications.

Case Study One

This site was an abandoned drum recycling/storage facility
where there was evidence that large quantities of waste organic
solvents had been discharged onto the ground. A hydrogeologic
investigation was conducted in order to determine the extent of
groundwater contamination that had occurred in the site vicinity.
Locations for the proposed monitoring wells were selected on the
basis of the site history, background information on regional hy-
drogeology and some geophysical studies. During the monitoring
well installation, two portable instruments capable of detecting vol-
atile organic compounds were used for several purposes.

First, it was determined through site records that several of the
on-site monitoring wells would be installed in areas where highly
contaminated soil could be encountered. Therefore, penetration
into contaminant-saturated soil and groundwater by drilling equip-
ment could release organic vapors. Personnel working in the direct
vicinity of the well-hole would then be subjected to an organic
vapor respiratory hazard. The HNu portable photoionizer was used
to survey for total organic vapor concentrations in the immediate
vicinity of each well-hole. .

The HNu instrument is particularly adapted for this type of ap-
plication since it does not respond to ground methane, which is
often encountered during drilling. Responses shown by the in-
strument are most likely due to the presence of volatile organic
contaminants. Also, the instrument can be run continuously with-
out recharging for a normal work day.

At the locations of two on-site monitoring wells, total organic
vapor concentrations intermittently approached 1000 ppm, meas-
ured at the top of the well-hole. Although concentrations were still
in the range of ambient background in the breathing zone of per-
sonnel and favorable weather conditions existed (low temperature
and strong, steady winds), all personnel working near the well-hole
donned Self-Contained Breathing Apparatus (SCBA) to complete
well drilling at these two locations. Additionally, SCBA was used
during the withdrawal of the drilling auger sections, as highly con-
taminated soil was brought to the surface during this operation.

Second, an OVA was used as a field GC to analyze several types
of samples as the monitoring wells were installed. Fig. 3 is a photo-
graph of the OVA set up in the back of a field equipment van
where the analyses were conducted. To the left of the instrument



Figure 3.
OVA with field standards set up in field laboratory

is a portable strip chart recorder used to record chromatograms.
Just behind the instrument is a box containing a variety of field
analytical standards similar to those described in the section on
field analytical techniques. During the drilling of monitoring wells,
soil samples were collected using a 2 in O.D. split-spoon sampler.
Samples were obtained every 5 ft or change in stratum. In addi-
tion to samples for geologic evaluation, a small quantity of soil
was placed in a septum vial and screened for the presence of vol-
atile contaminants.

Samples showing the presence of volatile compounds were then
analyzed to determine the identity and concentration of contami-
nants. A variety of volatile organic contaminants were identified,
including 1,1, 1-trichloroethane, trichloroethylene, tetrachloroethy-
lene, toluene and ethylbenzene. In this manner, a depth versus
contaminant concentration profile was established for each bore-
hole.

The availability of this information enabled field personnel to
make a variety of adjustments to the project plan as work pro-
gressed. For example, it was ensured that monitoring well place-
ment, as selected from background and geophysical data, was in-
deed in the pathway of contaminant migration. On the basis of the
soil sample screening data, adjustments were made in the place-
ment of subsequent wells.

Further, an evaluation of geologic strata in comparison to con-
tamination present enabled decisions to be made about the appro-
priate depths for well screen placement and whether multi-level
well clusters were warranted at certain locations. For this partic-
ular study, it was determined from the field generated data that
multi-level well clusters, which had been proposed for several loca-
tions, were unnecessary. Thus, some cost savings were realized
from this approach.

In addition, the OVA was used to analyze wash water used dur-
ing the drilling process. Since the only convenient source of wash
water was a nearby well thought to be unaffected by contaminants,
a sample of each load of water was screened for volatiles prior to
its use in the drilling. This ensured that the drilling process was
not the source of contamination in a given well-hole.

The analysis of soil samples in the manner described resulted in
the detection of a variety of volatile organic contaminants in sev-
eral of the downgradient boreholes. The use of field standards
allowed the identification of the compounds. Field identification
agreed with the waste-type records available for the site and subse-
quent groundwater samples obtained from the wells and analyzed
by GC/MS confirmed the presence of the compounds identified in
the field. Obviously, the same benefits could not be realized if
samples were not analyzed or if samples were sent to a laboratory
for analysis, with the latter alternative being totally unacceptable
in terms of the time and expense involved.
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As a footnote to this case study, one further benefit was ob-
tained from the field analysis technique. When groundwater
samples from all of the wells were obtained for laboratory analy-
sis following installation, duplicate samples from each well were
obtained for headspace analysis on the OVA. The object was to
provide preliminary data for further scope of work development
while the laboratory samples were being run. When the laboratory
results were reported back and compared to the OVA data, it was
found that for several samples, the laboratory failed to report a
compound that was found with the OVA. When the laboratory was
queried about the discrepancy, it was determined that the labor-
atory had indeed experienced difficulty with the sample analysis.
Subsequently, another round of samples was obtained and the
analysis confirmed the original data obtained by field analysis.

Case Study Two

This site involved an emergency response to the threat that a
lagoon containing millions of gallons of liquid waste would over-
flow into a nearby river at a point upstream from a municipal
water supply intake. Samples obtained from the upper aqueous lay-
er of the lagoon contained a variety of volatile organic compounds.
It was decided that the appropriate emergency response was to
pump off several feet of this top layer, run the pumped ma-
terial through a portable carbon filtration unit and discharge the
filtered effluent into the nearby river. A portable carbon filtration
unit was dispatched from the EPA’s Environmental Response
Team (ERT).

In order to determine when a carbon bed became spent, per-
iodic samples were taken of the bed effluent and analyzed for vol-
atile organic compounds using an OVA which was set up at the
site. Qualitative and quantitative analytical standards were used to
identify and quantify volatiles in the effluent. This procedure elim-
inated any guesswork about when it was appropriate to switch to
a new filtration bed. It also ensured that the discharged effluent
contained no significant concentrations of volatile organic com-
pounds.

Once again, the timeliness which can be achieved through the
use of field analytical techniques is illustrated. Since there was min-
imal delay between sampling and analysis and virtually no cost,
which would have been significant if a laboratory had been em-
ployed, the entire emergency response procedure took place in a
timely and cost-effective manner.

Case Study Three

This site is a municipal landfill in a large metropolitan area.
Records indicate that there was no evidence of chemical waste dis-
posal there. As portions of the site were filled, a number of pipes
were installed to provide for venting of vapors and gases and to re-
duce the lateral migration of ground methane into the basements
of some nearby buildings. Preliminary field tests using an OVA
confirmed the presence of methane in vent pipe emissions, and
further field tests using the OVA, HNu and colorimetric detector
tubes indicated that a variety of other substances were present in
addition to methane. Of particular concern was the preliminary in-
dication that vinyl chloride was present.

In order to confirm the presence of vinyl chloride in the vent pipe
emissions and to further define the extent of air contamination
caused by the emissions, an initial. characterization was performed
using a Photovac, Inc. 10A10 portable photoionization GC. Use
of this instrument allows grab samples of air to be injected directly
onto a GC column for analysis. The need for pre-concentration of
the sample is virtually eliminated because the detector of the in-
strument is sensitive to a few ppb of many compounds, includ-
ing vinyl chloride.

Using a gas tight syringe, grab samples were taken directly from
the emission stream of several vents. The samples were injected
directly into portable GC. In addition, grab samples of ambient
air at various locations upwind and downwind of the more active
bent pipes were obtained. Several vinyl chloride standards were
used to establish retention time matches and to determine concen-
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Figure 4.
Schematic Representations of Vinyl Chloride Chromatograms

trations of vinyl chloride in the samples. Reproductions of sev-
eral chromatolgrams recorded during the study are shown in Fig.
4. ““A’" is a 10 microliter (ul) injection of a sample obtained di-
rectly from one of the vents. The first large off-scale peak was iden-
tified as a C-4 hydrocarbon and the smaller, sharp peak is vinyl
chloride. The retention time of the vinyl chloride under the oper-
ating conditions was about 40 sec. ‘‘B”’ is a 10 ul injection of a 11.0
ppm vinyl chloride standard (balance as nitrogen). The first, small
peak is actually the nitrogen. (There are several theories for the
reason the instrument will respond to the nitrogen in a standard,
but not the nitrogen in air). ““C”’ is a 1 Cm® injection of an ambient
air grab sample obtained approximately 30 ft downwind from an
active vent. Here, the sensitivity of the instrument was increased
five-fold and the injection size was much larger than those of
samples taken directly from the vents.

Concentrations of vinyl chloride in the vent emissions, as de-
termined by field analysis, ranged from 10-50 ppm. Subsequently,
samples of the vent emissions were obtained for laboratory analy-
sis. Laboratory results agreed well with the field generated data.
Concentrations of vinyl chloride in the ambient air in the vicinity of
the vents varied. Obviously, wind direction with respect to the vents
and the sampling locations was a major factor. Another factor was
the air temperature, which approached 90 °F on one day during the
study, but was 70-75°F during another phase of the study. The
concentrations of vinyl chloride in the ambient air ranged from a
few ppb up to 100 ppb.

In addition, the field analysis identified the presence of several
other compounds in the vent pipe emissions including trichloro-
ethylene and toluene. These were present at generally lower con-
centrations than the vinyl chloride. The presence of these com-
pounds was also confirmed by laboratory analysis. Through the use
of a backflush valve and using the technique described earlier, it
was possible to determine if heavier molecular weight substances
were present. None were detected.

The first phase of this study took place over two days, during
which approximately 35 air samples were obtained and analyzed.
On the basis of the field analytical data generated during this time,
several time-integrated samples were obtained by drawing ambient
air through activated charcoal tubes., The tubes were solvent de-
sorbed in a laboratory and subsequently analyzed. No vinyl
chloride was detected; however, the detection limit for this method

is generally 1 ppm. This illustrates that the use of direct injec-
tions into a portable GC can provide a more sensitive method than
current laboratory procedures for detecting vinyl chloride in am-
bient air.

During the next phase of the study, the same approach was used
to obtain some data for determining the nature of the dilution of
vinyl chloride as it is emitted from a vent into the ambient air.
In addition, several time-integrated sampling stations were set up
with activated charcoal tubes to be thermally, rather than sol-
vent, desorbed. Several instantaneous grab samples were obtained
by gas-tight syringe at a point 30 ft directly downwind from a vent
and at the location of a time-integrated sampling station. The max-
imum vinyl chloride concentration was 20 ppb. Analysis of the
time-integrated sample showed a time-weighted vinyl chloride con-
centration of <1 ppb.

Using a variety of factors, which had been determined for this
particular vent, some calculations were performed using simple
Gaussian dispersion equations. The calculations predicted the max-
imum vinyl chloride concentration at the sampling point to be 2.8
ppb. This result agrees quite well with the field data, although sev-
eral assumptions were made for purposes of the calculations.
Additional work is needed to answer several questions which have
been raised about the vent pipe emissions.

A number of I Cm? grab samples of ambient air were also ob-
tained off-site. These were injected directly into the Photovac
10A10 and analyzed for vinyl chioride. No vinyl chloride was de-
tected under the conditions present during this limited study.
Counting the samples analyzed from on-site, a total of almost 50
air samples were obtained and analyzed over a three-day period.

CONCLUSIONS

The use of portable instruments and field analytical techniques
have been applied to a variety of hazardous waste site investiga-
tive activities. USEPA and E & E personnel in the New England
region have found that the use of these instruments greatly in-
creases the amount of data which are available for evaluating the
extent and degree of volatile organic compound contamination at
sites. Where several of these instruments have previously seen most
of their use in helping to determine levels of personnel protection
and to perform initial site characterization, the new and relatively
simple techniques which have been developed have expanded in-
strument potential.

The primary advantages which can be realized by using these
techniques are time and cost savings. The use of field analytical
techniques provides data more rapidly and allows the data to be
factored into field investigations while the work is actually taking
place. The data also enable investigators to develolp additional
plans for field activities while awaiting laboratory confirmation.
This contributes to the more rapid completion of projects.

In situations where public health might be threatened, the ability
to acquire reliable data rapidly is also an obvious advantage, By
using the sample screening techniques described in the first section
and a portable GC, a USEPA chemist was able to analyze 30 pri-
vate drinking water samples for volatile organic contamination
within 24 hours. This enabled authorities to reassure residents un-
til laboratory results confirmed the initial screening conclusions.

Cost savings are realized because expensive laboratory time is not
wasted on unnecessary samples. Investigators are afforded a luxury
in that the number of field analyses need not be limited. Once the
results of field analyses with portable instruments have been eval-
uated, a much smaller, select number of samples can be obtained
and analyzed in the laboratory for further confirmation. This ob-
viously reduces laboratory costs.

Finally, as illustrated in case study three, the improved technol-
ogy that some portable instruments offer provides greater sensitiv-
ity than currently accepted laboratory methods.
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LEGISLATIVE BASIS

USEPA has begun a major effort to identify and clean up uncon-
trolled and abandoned waste disposal sites that are hazardous to
the environment. This effort includes the investigation and
monitoring of several thousand potentially hazardous uncontrolled
sites throughout the nation. Recent legislation entitled ‘‘Compre-
hensive Environmental Response, Compensation and Liability Act
of 1980 (CERCLA)’’, commonly referred to as Superfund,! has
given increased emphasis to this part of the Agency’s activities.

SCOPE OF THE HAZARDOUS WASTE PROBLEM

Implementation of the Superfund legislation requires reliable
analytical tools and methodology. Of special concern are the re-
quirements for identification and delineation of waste sites,
characterization of waste composition and waste sites, and detec-
tion of environmental contamination due to hazardous waste
operations. These areas present a range of multimedia problems
that are not easily addressed with current technology. For example,
the waste itself can include complex mixtures of hazardous
substances at concentrations ranging from nearly pure material to
dilute solutions. The waste may occur as a solid, semi-solid, or li-
quid material. It may be stored in enclosures or simply dumped in
landfills, pits, open fields, ponds, or lagoons.

THE NATIONAL CONTRACTS LABORATORY
ANALYTICAL PROGRAM (NCLAP)

In order to accomplish the difficult task of characterizing these
uncontrolled waste sites the USEPA has found it necessary to sup-
plement its in-house analytical resources with contractor-operated
analytical laboratories. This need has resulted in the National Con-
tracts Laboratory Analytical Program (NCLAP) which provides
the Agency with a variety of capabilities for the analysis of lovy,
medium and high concentration waste site samples for toxic organic
and inorganic compounds. Sample matrices to be analyzed may in-
clude soils, sediments, sludges and aqueous or non-aqueous media.
The NCLAP offers a variety of other analytical services to Agency
clients but in this paper the authors will only discuss the analysis for
organics at low and medium levels in mixed media.
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Analytical services are obtained by first advertising the Agency’s
requirements in Commerce and Business Daily. Interested parties
are advised that the complete Invitation for Bid (IFB) is available
from the USEPA Procurement and Contracts Division. Sealed bids
are then submitted to that office. Responsive offerors submitting
the lowest bids are notified of their potential eligibility and that a
performance evaluation (PE) sample is being sent to them for
analysis. The analytical results submitted by the laboratories are
then evaluated by the Environmental Monitoring Systems
Laboratory at Las Vegas (EMSL-LV) using criteria which are in-
cluded in the IFB package and therefore known to the offerors. An
example of the PE evaluation criteria is provided in Table 1.

Those laboratories judged to have acceptably analyzed the PE
samples are subsequently visited by USEPA personnel. The pur-
pose of these on-site visits is to evaluate the bidders’ personnel,
facilities, equipment, and written procedures. Since these are the
requisite tools for successful completion of the contractual re-
quirements, a contract will not be awarded unless these re-
quirements are in place and of sufficiently high quality to meet the
Agency’s-standards.

SELECTION OF ANALYTICAL METHODOLOGY

The analytical methodology utilized for monitoring hazardous
waste sites must be facile, yet capable of identifying and quantify-
ing a diversity of organic and inorganic chemicals in multimedia
wastes. Current estimates of the number of chemicals manufac-
tured in the United States range from 50,000 to 75,000
compounds,’ while the number of chemicals registered with
Chemical Abstracts is reported as five million.? The difficult
analytical task of identifying large numbers of chemical com-
pounds in wastes is aggravated by the fact that waste site concentra-
tion levels may range from parts-per-billion (ppb) levels to neat
chemicals. Notwithstanding these difficult requirements, the
analytical methods of the NCALP must product data of
demonstrable quality which is sufficient for enforcement actions.

To aid in the selection of the analytical methods to be used for
environmental monitoring, the EMSL-LV is compiling manuals of
the best available sampling and the best available methods.* As a
minimum requirement any analysis procedure used in the NCALP
has been evaluated, in at least one laboratory, for accuracy, preci-
sion and sensitivity. Ideally every NCALP method should have
undergone an interlaboratory comparison test utilizing the
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Table 1.
Performance Evaluation Sample Data Scoring
Laboratory Date
Analytical Procedure Scoring
(Maximum = 100 points per sample set)
Sample Set B: S le Set C:

1. Hazardous Substances List (HSL) Compound Results
A. ldentifications (Maximum of 20 points)

1. All HSL compounds correctly identified.

2. One HSL compound not correctly identified.

3. Two to four HSL compounds not correctly identified.

4. More than four HSL compounds not correctly identified.

B. Quantitation (Maximum of 20 points)

1 All HSL compounds within performance control window
set by USEPA.

2. One to two HSL compounds not within performance
control window.

3. Three to five HSL compounds not within performance
control window.

4. More than five HSL compounds not within performance
control window.

C. Matrix Spike and Duplicate

1. Matrix Spike Recoveries (Maximum of 10 points)

a. All within performance control window.

b. One outside performance control window.

¢. Two outside performance control window.

d. More than two outside performance control window.

2. Precision of Duplicate Results (Maximum of 10 points)

a. All HSL compounds within performance control window.

b. One to two HSL compounds outside performance control
window.

¢. Three to five HSL compounds outside performance control
window,

d. More than five HSL compounds outside performance
control window,

D. Quality Assurance Data

1. Surrogate Spikes (Maximum of § points)

a. All within performance control window.

b. One outside performance control window.

¢. Two outside performance control window.

d. More than two outside performance control window.

2. Reagent Blank HSL Compounds (Maximum of § points)

a. None reported.

b. None reported at greater than 50% of detection limits.

c. One to four reported at greater than 50% of detection
limits.

d. More than four reported at greater than 50% of
detection limits.

11. Non-HSL Compound Detection Results

A. Identifications (Maximum of 20 points)

1. All detected.

2, One not detected.

3. Two to four not detected.

4. More than four not detected.

B. Non-HSL Compounds in Reagent Blank

<

(Maximum of 10 points)

1. None reported.

2. None reported at greater than 25% of internal standard
area.

3. One to two reported at greater than 25% of internal
standard area.

4. Three or more reported at greater than 25% of internal
standard area.

TOTAL ANALYSIS SCORES

20

18

15

=]

ONH W

w

(Maximum of 100 points per sample set)

Screening Procedure Scoring
(Maximum = 60 points)

ple Set A:

I. Sample A.1—Aqueous Screening Sample:

A. Volatile fracuon evaluated correctly.
B. B A Niracuon evaluated correctly.
C. Pesucide fraction evaluated correctly.

Points  Set A

10
10 ___
10

11. Sample A.2—Soil/Sediment Screening Sample:

A. Volatile fraction evaluated correctly. 10
B. B/A/N/ fraction evaluated correctly. Jo
C. Pesticide fraction evaluated correctly. 10 __

TOTAL SCREENING SCORE
(Maximum of 60 points)

TOTAL COMBINED SCORE

(Sample Sets A, B and C)

(Maximum of 260 points)
guidelines established by either the ASTM® or the AOAC.® A few
environmental analytical methods have undergone interlaboratory
comparison tests,”® but since these intercomparison tests are both
costly and time-consuming, most NCALP procedures have
undergone only single-laboratory evaluations.

The EMSL-LV is currently directing an intercomparison study of
the IFB procedures for determining volatile and semivolatile
organics in solid wastes.> 1 In addition, the Environmental
Monitoring Support Laboratory in Cincinnati (EMSL-CI) is sub-
jecting the IFB procedure for dioxin in water (Method 613) to an
interlaboratory comparison evaluation."’

ANALYTICAL METHODS SPECIFIED IN THE IFB FOR
THE DETERMINATION OF MEDIUM LEVEL/LOW LEVEL
ORGANICS IN MIXED MEDIA

As an example of the types of analytical services offered by the
Agency, via the NCALP to its clients, the analytical and quality
control requirements specified in the IFB for the determination of
medium level/low level organics in mixed media will be described in
some detail.

The tasks specified for the contractor in this IFB are:

sTo receive and prepare hazardous waste site samples under strict
chain-of-custody and sample preparation procedures which are
defined in the IFB

*To screen sample extracts for IFB target compounds using gas
chromatography (GC) and gas chromatography/mass spec-
trometry (GC/MS). The purpose of this GC screen is to provide
an estimate of analyte concentrations so that extract volumes
may be suitably adjusted to protect the GC/MS detector

*To identify the target compounds by comparison of the mass
spectra and GC relative retention times of unknowns in the ex-
tract with the corresponding data derived from standards

*To quantify the identified target compounds

*To identify the non-target compounds of greatest apparent con-
centration (up to 10 unknowns in the volatile fraction and up to
20 unknowns in the semivolatile fraction)

The analytical methods specified by the IFB to accomplish these
tasks are:

*Water Methods:

Method 608 (pesticides)

Method 613 (dioxin)

Method 624 (volatile compounds boiling up to 150°C)
Method 625 (semivolatile compounds)
sMedium Level Solid Waste Methods:

EMSL-LV #1 (volatiles)

EMSL-LV #2 (semivolatiles)
*Low Level Solid Waste Methods:

Modified EMSL-CI procedures for volatiles and semivolatiles
GC Screen for Organics in Water:

NEIC #1 procedure for volatiles and semivolatiles in water

The ‘600 series’’ water methods have been developed by the
EMSL-CI and have been published.!?!5 The procedures for volatile
and semivolatile organics at medium levels (10 ppm to 15 %) in solid
wastes have been prepared and evaluated by the Battelle Columbus
Laboratories under contract to the EMSL-LV.® The low-level pro-
cedures (less than 10 ppm) for volatile and semivolatile organics in
solid wastes have been developed by the EMSL-CI, subsequently
modified, and have been used by the USEPA in its Love Canal ef-
fort,'!7 and elsewhere. The GC screening procedure for organics .



in water is a modified form of a method developed by USEPA’s
National Center for Enforcement and Investigation (NEIC) and
has seen widespread usage in USEPA Regional laboratories.

The IFB analytical schemes for volatiles, semivolatiles and
pesticides in mixed media are illustrated in Figs. 1, 2 and 3. Each
sample is assumed to contain medium levels of organics which must
undergo a GC screen. The results of the GC screen dictate whether
the sample must undergo a medium- or low-level workup pro-
cedure. The screen result is also used to determine any adjustments
in extract volume required to optimize the subsequent GC/MS
analysis. It is particularly imiportant to keep the concentrations of
individual extract components sufficiently low to prevent satura-
tion of the mass spectral detector. Detector saturation which may
result in a contaminated mass spectrometer source is not unusual
with hazardous waste samples and can be a major cause of in-
strumental down time.

QUALITY ASSURANCE/QUALITY
CONTROL REQUIREMENTS

To ensure the reliability of all analytical data derived from the
NCALP, the IFB requires adherence to stringent quality
assurance/quality control (QA/QC) requirements by all contrac-
tors. These QA/QC requirements fall into the twin categories of
contractor in-house QA/QC and USEPA external QA/QC.

Scheme
VOA GC Screen and GC/MS Analysis

No v,

A

GC Screen GC Screen
EMSL-LV #1 NEIC #1
N GC Yeos No GC Yes
=< Detectables Detectables
Workup and Workup and Dilution and
Analysis by Anatlysis by Workup by
Modified 624 EMSL-LV #1 NEIC #1
Workup and Analysis by
Analysis by 624
624
Figure 1.

VOA GC Screen and GC/MS Analysis

Included in contractor in-house QA/QC are daily calibration
and maintenance of instruments, maintenance of instrument logs
and adherence to standard operating procedures (SOPs), adherence
to chain-of-custody procedures, and preparation of control charts
to monitor the sample workup efficiency and the reproducibility of
GC/MS response factors (used for analyte quantitation). In addi-
tion, the contractor must analyze a minimum of one matrix spike,
one duplicate sample and one blank for each case of 20 samples.

QA/QC externally imposed by the USEPA on its contractors in-
cludes pre-award and quarterly on-site inspections, analysis of pre-
award and quarterly performance evaluation samples and blind
check samples, and the checking of contractor-reported data
(deliverables) which consist of data forms and magnetic tapes. The
data package required from all IFB laboratories is summarized in
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Scheme
Semivolatile (Base/Acid/Neutral) GC Screen
and GC/MS Analysis

N.,v..

A

GC Screen GC Screen
EMSL-LV #2 NEIC #1
No GC Yes No GC Yes
Detoctables 1 Detectables 1
4 4
Workup by Workup and "
Modified A"G'V:l by Dilution
EMSL-CI EMSL-LV #2
Procedure
A
Analysis by  |q. Workup by
EMSL-LV #2
Figure 2.

Semivolatile (Base/Acid/Neutral) GC Screen and GC/MS Analysis

Scheme
Pesticide GC Screen and GC/MS Analysis

Workup by
EMSL-LV #2

i

Workup by
NEIC #1

Yos

B/A/N GC/M
Chromatogram

Confirm
Second GC
Column
Report N.D.
Stats Detection
Limits

Figure 3.
Pesticide GC Screen and GC/MS Analysis

Table 2. The monitoring of matrix spikes, surrogate spikes,
duplicates, and PE samples provides the USEPA with an ongoing
check of the method efficiency. If a check of contractor data sug-
gests poor performance, sample deliveries to that contractor are
halted or reduced until the problem is corrected to the satisfaction
of the USEPA.
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SURROGATE RECOVERY RESULTS

Surrogates are chemical compounds which are added to samples
or extracts to monitor the method’s efficiency. The IFB defines ac-
ceptable surrogate recovery windows; recovery values outside these
windows may provide the first indication that a method is out of
control. The lower limit of the formal performance control window
for surrogate spike recoveries are 50% for acidic semivolatiles,
70% for base/neutral semivolatiles and 80% for volatiles. The
mean values of the surrogate recoveries from a randomly selected
set of 26 samples are shown in Table 3. All samples were submitted
to contractors for low-level analysis; the 26 samples consisted of 17
aqueous and 9 soil matrices. The data in this table illustrate the
recoveries that are expected and an overview of what was actually
achieved by the laboratories. Results averaging less than the
minimum performance criteria, or greater than 100%, may not
necessarily indicate poor quality data but may reflect the interven-
tion of other factors such as matrix effects or chromatographic in-
terferences.

Table 2.
Data Package

QA/QC DATA

For Each Set of Samples (20)
Method Blank Analysis
*Data Summaries

For Each Sample
Calibration Data
*DFTPP, Spectrum and Tabulation

*BFB, Spectrum and Tabulation

Standards Reference Data

*Acid/Base/Neutral

RIC and Spectra
*Volatiles

RIC and Spectra
sPesticides and PCBs

GC-ECD Chromatograms, RIC
and Spectra

Sensitivity Tests and Tailing Factors

eAcids/Base/Neutrals
*Volatiles
#Pesticides and PCBs

*RIC and Spectra
sQuantitation Report

Matrix Spike Analysis
oMatrix Spike Result Summaries

*QC Spike Results
*RIC and Spectra
*Quantitation Report

Duplicate Analysis

*Data Summaries
*Duplicate Analysis Results
*Relative Percent Difference Calculations

Table 3.
Surrogate Recoveries

Laboratory Performance, %

Lower End
of Perform- Standard
Compound ance Window  Mean* Deviation Min. Max,
Volatiles 80% 11 9 96 132
Base/Neutral
Semivolatiles 5% 69 16 35 103
Acid/Semi-
volatiles 50% 57 17 2 79

*Based on 26 sample analyses.

The average recoveries of volatile surrogates from both water
and soil/sediment samples are excellent (Table 4). Average
recoveries of base/neutral surrogates from water samples are also
excellent, however, their average recovery from soil/sediment
samples is not as high. The average recoveries of acidic surrogates
are low regardless of the sample matrix type. There are at least
three factors which may explain these variations between volatile
and base/neutral surrogate recoveries: (1) the greater efficiency of a
purging extraction technique over solvent extraction, (2) the greater
polarity of the semivolatile with respect to the volatile surrogate
standards, and (3) the possibility of irreversible adsorption or
decomposition of surrogate standards on soil or sediment samples.
However, these conclusions are tentative as this data base of 26
samples is too small. More definitive conclusions regarding sur-
rogate recoveries will be available as sample data accumulate in the
EMSL-LV data bank.

Table 4.
Recoveries of Volatile and Semivolatile Surrogate Compounds
from Water, Soil and Sediment Samples

Low Level Vater Samples

Sarrogats
Lavel Recovery

Sospound uafl) (2)
Brosochloromsthane L] 123 105 121 103 ”
1,4=0ichlorobutane a 104 104 110 9% 9
Dg-Senzens a 89 99 111 97 8
Dg=Tolusne s 98 100 100 117 9%
Dg-Nitrobanzene 101 92 119 113 103 72 (3]
2-Flucrobiphenyl 101 9% 92 109 106 87 [T
Dg=daphchalens 101 99 100 116 110 87 [V
2=Fluorophenol 11 27 36 43 36 54
Dg=—fhenol 72 10 18 11 17 21

Low and Medium Lavel Soil/Sediment Sawples
Dg-Benzane sob 100 9% 116 138 112
Dg=Toluena so 102 98 116 126 108
Dg~Nitrobanzene 25 14 69 68 74 62
2-Ffluorobiphenyl 25 36 74 30 o7 4

—

& Surrogate level 50-100 ug/L.

b Micrograms per gram.

The individual surrogate recoveries from eight of the 26 samples
are shown in Table 5. For comparison purposes the recovery results
from an organics-free method blank are included. An idea of the
recovery precision may be gained from the results of triplicate
analyses for some of the surrogates listed in this table. With the ex-
ception of ds-phenol the absolute recovery and recovery duplica-
tion is quite good.

Table §.
Surrogate Recovery from a Low Level Aqueous Sample Matrix

Surrogate Sample Number

Level Hethod
Coapound (ug/L) 1 2 3 4 58 ob 7 8 Blank
Dg-Benzene 50 82 9 110 100 104 100 98 100 98 98 96
1-Chloro-
2-bromo- 50 96 104 102 98 96 94 9% 92 9% 90
propane
0g-Toluene 50 82 102 114 104 98 100 102 106 100 104 98
2-Fluoro- 103 57 19 12 86 15 81 64 60 60 59 78
phencl
Dg-Phenol 104 47 8 76 82 42 35 35 18 13 26 M
Dg-Kltro  q9) 88 79 71 99 83 62 60 57 3 17 92
benzene
2-Fluoro- 101 95 81 88 90 91 0 713 63 77 88 9%
biphenyl
Dg-Haphtha- gy 95 73 85 93 9% 67 66 60 69 88 99

lene

4 Sample not analyzed for volatile surrogates.

b Sample not analyzed for semivolatile surrogstes.

PERFORMANCE EVALUATION (PE) SAMPLE RESULTS

An indication of the relative performance of analytical
laboratories can be obtained by inspecting the results obtained
from a blind check analysis or performance evaluation (PE) sample
(PE samples must be analyzed on a quarterly basis by all NCALP
contractors). A recently distributed PE aqueous sample (Table 6)
contained 20 target compounds spiked at levels ranging from 80 to
500 ug/l. The spike compounds selected for the PE sample were
target compounds which must be analyzed for, by ali NCALP
laboratories, under the IFB terms. A complete list of IFB target
compounds is provided in Table 7 (non-target compounds must
also be identified if they fulfill the IFB criteria). This PE sample
was analyzed by 16 laboratories for the volatile and base/neutral



Table 6.
Composition of Performance Evaluation Sample

Fraction Compound Concentration
(zg/L)
Volatiles Chlorobenzene 80
1,1,2,2-Tetrachloroethane 100
Methylene chloride 160
1,1,2-Trichloroethane 150
Chioroform 120
Base/Neutrals 1,4-Dichlorobenzene 260
Naphthalene 200
Acenaphthylene 95
Hexachlorocyclopentadiene 500
Dibenz(a,h)anthracene 175
N-Nitrosodiphenylamine 500
2-Chloronaphthalene 150
Benzidine 400
Acids 4-Nitrophenol 400
Pentachlorophenol 350
Phenol 200
Pesticides B-BHC 150
p,p’-DDD 200
Endosulfan IT 175
Endrin 250
Table 7.
Hazardous Substances List
1. acenaphthene 44. chrysene 88. hexachloroethane
2. acenaphthylene 45. 4,4’-DDD 89. 2-hexanone
3. acetone 46. 4,4'-DDE 90. indeno(1,2,3-cd)pyrene
4. acrolein 47. 4,4-DDT i
5. acrylonitrile 48. delta-BHC o it?:;;zzechloride
6. aldrin 49. dibenzo(ah)amhracene 93. 2-methylnaphthalene
7. alpha-BHC 50. dibenzofuran 94. 4-methyl-2-pentanone
8. aniline 51. 1,2-dichlorobenzene 95. 2-methylphenol
9. anthracene 52. l.3—dichlor0benzene 96. 4-methylphenol
10. bemne 53. 1,4-dichlorobenzene 97. naphthalene
11. benzidine 54. 3,3’-dichlorobenzidine 98. 2-nitroaniline
12. benzo(a)anthracene 55. 1,1-dichloroethane 99, 3-nitroaniline
13. benzo(a)pyrene 56. 1,2-dichloroethane 100. 4-nitroaniline
14. benzo(b)fluoranthene 57. 1,1-dichloroethene 101. nitrobenzene
15. benzogghi)perylene 58. trans-1,2-dichloroethene 102. 2-nitrophenol
16. benzoic acid 59. 2,4—dichlorophenol 103. 4-nitrophenol
17. benzo(k)fluoranthene 60. l‘.2-d|<:h10ropl'011’fme 104. N-nitrosodiphenylamine
18. benzy! alcohol 61. cis-1,3-dichloropropene 105. N-nitrosodipropylamine
19. benzyl butyl phthalate 62, trans-1,3-dichloro- 106. o-xylene
20. beta-BHC propene 107. PCB-1016
21. bis(2-chloroethyljether 63. dieldrin 108. PCB-1221
22. bis(2-chloroisopropyl)- 64. diethyl phthalate 109. PCB-1232
ether 65. 2,4-dimethylphenol 110. PCB-1242
23. bis(2-ethylhexyl)- 66. dimethyl phthalate 111. PCB-1248
2. gi}:t(gﬂillf)roelhoxy)— 67. di-n-l')u'lyl phthalate H% ggggég
methane 68. 4,6-dinitro-2-methyl- .
25. bromodichloromethane phenol 14 Dhenanthrene
69. 2,4-dinitrophenol 115. phenol

26. bromomethane

27, bromoform

28. 4-bromophenyl phenyl
ether

29. 2-butanone

30. carbon disulfide

31. carbon tetrachloride

32. chlordane

33. 4-chloroaniline

34. chlorobenzene

35. chlorodibromomethane

36. chloroethane

37. 2-chloroethyl vinyl ether

38. chloroform

39. chloromethane

40. 4-chloro-3-methyl phenol

116. pentachlorophenol

117. pyrene

118. styrene

119. 2,3,7,8-tetrachlorodi-
benzo-p-dioxin

70. 2,4-dinitrotoluene
71. 2,6-dinitrotoluene
72. di-n-octyl phthalate
73. 1,2-diphenylhydrazine
74. endosulfan I

75. endosuffan 11 120. tetrachloroethene
76. endosulfan sulfate 121. 1,1,2,2-tetrachloro-
77. endrin ethane

78. endrin aldehyde 122. toluene

79. ethylbenzene 123. toxaphe:ne
80. fluoranthene 124, 1,2,4-trichlorobenzene

81. fluorene 125. 1,1,1-trichloroethane
82. gamma-BHC (lindane) 126. 1,1,2-trichloroethane
83. heptachlor 127. trichloroethene

84. heptachlor epoxide 128. 2,4,5-trichlorophenol
129. 2,4,6-trichlorophenol

(para-chloro-meta-cresol) 85. hexachlorobenzene 130. vinyl acetate
41. 2-chloronaphthalene 86. hexachlorobutadiene 131. viny! chloride
43, 4-chloropheny! pheny! 87. hexachlorocyclopenta-

ether diene

compounds and by 17 laboratories for the pesticides. Twelve of
these laboratories were contractor laboratories and five were
USEPA Regional Laboratories. The PE results for this sample are
summarized in Table 8.

Some trends are immediately apparent in Table 8. Nine of twelve
contractor laboratories were unable to detect bendizine. Benzidine
is known to be toxic and it is also known to pose many analytical
problems.’* Endosulfan II, a cyclic sulfite ester of a chlorinated
bicyclic pesticide, went undetected by 5 of 12 contractor
laboratories. This compound may be undergoing a slow hydrolysis

SAMPLING AND MONITORING 49

under the pH conditions of the analysis. Beta-BHC, a chlorinated
cyclohexane, was not detected by three laboratories. This com-
pound may undergo a slow pH-catalyzed dechlorination.'® Because
of the problems encountered, benzidine has been excluded from
subsequent PE samples, however, a solution to the pesticides
degradation problem is difficult since many pesticides are known to
undergo decomposition during analytical workup or chromato-
graphic analysis.*°

In particular, Table 8 reveals a very poor performance by
Laboratory No. 9. This laboratory failed to detect 5 of 20 com-
pounds, and some of its quantitation results appear to be an order
of magnitude too high. After inspecting its PE results, the sample
shipments to this laboratory were terminated. This is an example of
the IFB QA/QC checks detecting a potential problem with the con-
tractor laboratories. The EMSL-LV is currently compiling all PE
data in a computer bank. The data are undergoing statistical treat-
ment for the purpose of establishing precision and accuracy
guidelines for this analytical methodology.

The true spike values with the recoveries obtained by four of the
contractor laboratories are compared in Table 9. These laboratories
were selected to compare the performance of laboratories operating
in control to that of Laboratory No. 9, and to compare their in-
dividual performances with those of the statistically treated data
from all 16 laboratories. The mean and the standard deviation of
the recoveries for 16 laboratories (the data from Laboratory 9 are
excluded) are tabulated and, for the purpose of this study, perfor-
mance windows were defined as 0.5-3 times the true spike levels
(T). Data within the performance windows are not necessarily
viewed as acceptable by the Agency, however, data outside the win-
dows are viewed as unacceptable and will trigger an appropriate
QA/QC response such as termination of sample shipments or an
on-site audit and action to correct potential problems. An addi-
tional function of these windows is to indicate to the contractor
laboratory the efficiency and the possible necessity for im-
provements of their in-house QA/QC program.

The EMSL-LYV is currently compiling PE data for soil, sediment
and water samples in a computer data base with the ultimate pur-
pose of refining the performance windows for each matrix type. It
is hoped that analytical difficulties resulting from the uniqueness of
individual sample matrices will not preclude the narrowing of per-
formance windows for general matrix types.

IMPROVING ANALYTICAL CHEMICAL DATA
DERIVED FROM THE NCALP
In a recent article?’ the American Chemical Society’s Ad Hoc

Committee Dealing with the Scientific Aspects of Regulatory

Measurements has suggested some potential problems with the col-

lection and use of analytical data by regulatory agencies. This arti-

cle concludes (in part), ‘‘Assuring the validity of quantitative in-

terlaboratory measurements at the parts-per-million level and

below is an extremely difficult technical problem. Additional

demands must be met when the data are to be used for regulatory

purposes.”” The USEPA is ensuring the reliabilty of its en-

vironmental analytical data by the following measures:

*The imposition and implementation of strict QA/QC procedures
*The usage of analytical protocols which have been subjected to at
least a single-laboratory evaluation

sThe subjection of those analytical protocols in widest usage to
interlaboratory comparison tests

*The refinement of analytical protocols by input from EPA sci-
entists, EPA contractors and from external sources

*The development of confirmatory techniques to supplement exist-
ing analytical methods. The potential of gas chromatography/
Fourier transform infrared spectroscopy (GC/FT-IR)2:2 for or-
ganics confirmation and inductively coupled plasma emission
spectroscopy (ICP) for inorganics confirmation are currently
under active investigation. ICP has recently been employed by
the EMSL-LV as a screening tool for metals,242

eUtilization of external and internal peer review procedures in
those instances where time permits

*Development of, and increased reliance on additional standard
reference materials26.27.28
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Table 8.
Performance Evaluation Sample Results

Contractor Laboratories EPA Laboratories
Tecue
Compound 1 2 3 4 5 6 7 8 9 10 11 12 A B c D E  Value
a
Chlorobenzene 46 95 517 32 41 51 60 64 39 29 38 42 40 39 kY 42 80
1,2,2,-Tetrachloro-
SN G wo® 59 110 63 10 95 107 18 ND 76 63 9 68 73 99 4 90 100

Methylene chloride 20 99 31 ND 65 54 58 88 35 16 69 S5 68 &4 17 *® 1} 160

1,1,2-Trichloro-

ethane 10 150 160 100 121 130 152 148 148 120 100 112 85 115 94 : 103 150
Chloroform 14 69 42 37 43 36 3 61 303 39 W7 40 50 5t 40 40 120
1,4-Dichlorobenzene 160 ND 100 140 ND 160 116 214 ND 140 96 285 130 121 120 186 152 260
N;pthllene 100 41 200 140 133 170 98 223 2710 130 131 285 150 129 130 180 168 200
Acenapthalene 40 60 100 70 ND 96 86 109 1220 75 70 169 84 83 100 143 106 95
Isophorone 100 3200 590 660 ND 370 ND ND ND 290 222 ND 280 280 200 328 220 300
“:::i:;::zZYCIO 380 280 710 200 1105 ND 747 1818 4600 530 ND ND 380 441 440 461 190 500
Benzidine ND ND 42 160 RD 10 ND ND ND ND WD ND 20 ND 33 5 8 400

Dibenz(a,h)anthracene 180 ND 120 80 29 62 10 ND 120 160 95 ND SO 76 190 237 345 175
N-Nitroso-diphenyl

aaine 350 1300 830 580 926 520 1016 B9 13400 610 493 1118 510 3% 10 722 780 600
2-Chloronapthalene S0 220 170 100 130 130 132 175 1800 100 113 220 120 103 130 123 157 150
4-Nitrophenol 375 160 279 360 246 ND 443 150 2050 285 168 754 180 344 190 144 262 400
Pentachlorophenol 210 220 190 230 429 520 285 )04 1840 280 238 1080 360 454 360 462 326 350
Phenol 170 98 82 110 80 69 248 113 1330 130 6 160 120 104 75 87 82 200
8-BHC ND 130 120 100 148 130 ND 61 S12 ND 140 99 160 113 130 5 117 150
p,p'-DDD 140 213 150 150 ND 150 218 136 167 200 130 197 240 119 290 231 174 200
Endosulfan II ND ND 300 170 224 50 ND 150 ND ND 160 197 20 190 WD 5 23 1715
Endrin ND 180 220 300 O0.06 180 222 159 212 ND 160 217 240 189 220 345 340 250

8 Laboratory "D” did not analyze the sample for volatile organice.
ND = Not detected.

Table 9.
Analysis of Performance Evaluation Sample Data

Laboratory No. Standard Performance Performance
True Deviation Window Window
No. Compound 1 3 6 9 Value Mean? (S,D.) 0.5T - 3T Mean +2 S.D.
1 Chlorobenzene 46 57 51 39.5 80 49,5 17.4 40 - 240 14.7 - 84.3
2 1,1,2,2-Tetra-
chloroethane ND 110 94 ND 100 75 29.6 50 - 300 15.8 - 134.0
3 Methylene chloride 20 31 54 35.1 160 54,2 26.3 80 - 480 1.6 - 107.0
4 1,1,2-Trichloro-
ethane 10 160 130 148 150 116.0 42 75 - 450 32.3 - 200.0
5 Chloroform. 41 42 36 30.3 120 44,3 10.7 60 - 360 22.9 -~ 66.7
6 1,4-Dichlorobenzene 160 180 160 ND 260 165 53.4 130 - 780 58.4 - 272.0
7 Napthalene 100 200 170 2710 200 160 69.5 100 - 600 20.2 - 300.0
8 Acenapthalene 40 110 58 1220 95 96 35.8 47.5 - 285 26.4 - 170.0
9 Hexachlorocyclo-
pentadiene 380 710 ND 4600 500 617 450 250 ~ 1500 0 - 1517
10 Benzidine ND 42 10 ND 400 78.3 70.9 200 - 1200 0 - 220
11 Dibenzanthracene 180 120 62 120 175 109 74.4 87,5 - 525 0 - 258
12 N-Nitroso-
diphenylamine 350 830 520 13400 600 851 309.0 300 - 1800 249 — 1468
13 2-Chloronapthalene 50 170 130 1800 150 143 48 75 - 450 47 - 239
14 4-Nitrophenol 375 270 ND 2050 400 294 169 200 - 1200 0 - 632
15 Pentachlorophenol 210 190 520 1840 360 368 237 175 - 1050 0 - 842
16 Phenol 170 82 69 1330 200 122 48 100 - 600 26 - 218
17 beta-BHC ND 120 130 512 150 132 33 75 - 450 46 - 178
18 p,p'-DDD 140 150 150 167 200 186 50 100 - 600 86 ~ 286
19 Endosulfan 11 ND 300 50 ND 175 179 84 87.5 - 525 11 - 247
20 Endrin ND 200 180 212 250 219 87 125 - 750 45 - 393

2 The listed mean values for compounds No. ! to 5 are based on 16 laboratories, The mean
values for compounds No. 6 to 13 are based on 16 laboratories and do not include values
reported by laboratory No. 9. Mean values for compounds No. 14 to 20 are based on 17
laboratories and do not include values reported by laboratory No. 9.



DEFINITIONS

CERCLA—Comprehensive Environmental Response, Compensation and Liability
Act of 1980

NCALP—National Contracts Laboratory Analytical Program

GC/MS—Gas Chromatography/Mass Spectrometry

IFB—Invitation for Bids

PE—Performance Evaluation

GC-—Gas Chromatography

VOA—Volatile Organics Analysis

SOP—Standard Operating Procedure

DFTPP—Decafluorotriphenylphosphine

BFB—p-Bromo-fluoro-benzene

RIC—Reconstructed Ion Chromatogram

PCB—Polychlorobiphenyl

BHC—Benzene hexachloride

HSL—Hazardous Substance List

ASTM—American Society for Testing and Materials

AOAC—Association of Official Analytical Chemists
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BIOLOGICAL SAMPLING AT ABANDONED HAZARDOUS
WASTE SITES

AMELIA J. JANISZ
W. SCOTT BUTTERFIELD
Fred C. Hart Associates, Inc.
Newark, New Jersey

INTRODUCTION

The Field Investigation Team (FIT) for the USEPA Region II
has investigated over 200 uncontrolled hazardous waste sites. Ac-
tivities at these sites included extensive sampling programs to de-
termine the extent of contamination. Standard approaches to char-
acterizing a site included the sampling of soil/sediment, surface
waters, groundwater, leachate, drums, oil, and gas vents, the drill-
ing of monitor wells, and the monitoring of ambient air. At sites
where extensive surface water contamination was suspected, bio-
logical sampling was part of an integrated approach to site inves-
tigation.

Many studies of water pollution have concentrated on chem-
ical or physical parameters, however, the principal effect of water
pollution is on biological organisms.' Most aquatic organisms have
very narrow tolerance limits for any environmental changes.
Changes in pH as a result of acid rain, minimal increases in metal
concentrations, or organochlorine insecticides have affected aquat-
ic organisms at all trophic levels.>*>* Aquatic organisms can act as
natural monitors and even during short-term exposure to water
pollution will exhibit changes in their community structure. Tra-
ditionally, biologists will sample an area of an impacted community
and an area of a control or unaffected community.

Organisms are identified to a species level and compared numer-
ically using a diversity index. A healthy community, generally, is
characterized by having a large number of different kinds of organ-
isms—high diversity index—rather than a large number of a few
species. Unfortunately, this method is time-consuming and expen-
sive. Alternate diversity indices such as the Sequential Comparison
Index (SCI)* which do not require any taxomonic expertise since
specimens are compared one-to-one, are still time consuming.

While diversity indices will reveal whether the aquatic commun-
ity has been exposed to poilutants, it does not identify specific
pollutants or in what concentrations they are present. Since aban-
doned hazardous waste site investigations are directed toward spe-
cifically characterizing possible impacts tissue analyses of aguatic
organisms are necessary. Programs initiated by the states®’ and
federal government® have monitored priority pollutants present in
the species of aquatic organisms human beings consume for several
years. Very few studies exist, however, which investigate the ef-
fects of specific hazardous waste sites on aquatic organisms.

Biologists routinely conduct aquatic bioassays to test the toxicity
of various pollutants. However, it is difficult to predict in a natural
environment that a given concentration of chemical will cause a
given amount of stress. The interaction of favorable and unfav-
orable stresses may result in the organisms concentrating pollu-
tants at levels which are toxic to human beings® but not to the
animals. If a particular site is contributing to an aquatic environ-
ment’s contamination, tissue analyses will be required to deter-
mine what chemicals are being accumulated by the organisms and
in what concentrations.

In this paper, the authors discuss the design and execution of
biological sampling programs and present a detailed case study.

»
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The names, specific locations, and identifying characteristics of
sites mentioned in this paper have been changed.

DESIGN AND EXECUTION OF
BIOLOGICAL SAMPLING PROGRAMS

During 1981 and 1982, the Field Investigation Team concluded
extensive biological sampling efforts on five sites, one in New Jer-
sey (site A), one in New York (site B) and three in Puerto Rico
(sites C,D, and E) to determine the effect of priority pollutants on
aquatic fauna. The criteria for the selection of these five sites, the
design of the sampling programs, sampling equipment, and sample
handling procedures for each are discussed below.

Criteria For Site Selection

Three criteria were considered to determine if the potential ex-
isted for aquatic ecosystemn impact. The first criterion was loca-
tion. All five sites were located sufficiently close to water bodies to
permit direct surface and/or subsurface discharge of contaminants.
Direct discharge to surface water was either observed or the poten-
tial for subsurface discharge was substantiated by staff hydrogeol-
ogists.

The second criterion was a history of uncontrolled disposal of
hazardous materials at the site. The existence of compounds read-
ily accumulated by aquatic organisms, such as polychlorinated bi-
phenyls (PCBs) and mercury, were either documented through
previous testing or disposal records or were alleged by knowledge-
able individuals within local environmental agencies.

The final criterion was the regular utilization of the adjacent
water bodies by sport and/or sustenance fishermen. The three
water bodies in Puerto Rico were extensively utilized by local resi-
dents as a major source of food.

In addition, consideration was given to the usefulness of the re-
sulting data in the development of an enforcement case. This was a
major factor at the New Jersey and New York sites. Additional in-
formation demonstrating the detrimental impact of the sites was
beneficial to the appropriate environmental agency’s case against
the site operators.

Sampling Program Design

The biological sampling programs were designed to be site spe-
cific. Each program considered accessibility, expected aquatic
fauna, sampling equipment and potential health hazards to
sampling personnel.

Sampling stations were tentatively identified after preliminary
investigations. The initial selection of the sampling stations was
designed to permit statistical comparisons between aquatic fauna
from contaminated and uncontaminated areas. In the cases of sites
A, B, and C, sampling stations were located upstream, adja-
cent to, and downstream of the points of known or suspected dis-
charge, permitting classical upstream-downstream comparisons.
Site A is described in greater detail in the case study section. Site D
was located near the head of the potentially impacted stream thus
permitting only downstream observations. Site E had potentially



impacted two large lagoons and a stream. A model of ideal loca-
t§ons for sampling stations is presented in Fig. 1. Station loca-
tions were occasionally modified during sampling operations due to

unf9reseen accessibility problems and also to utilize local sampling
equipment.

UPSTREAM
STATION

ROUTE 3

Figure 1.
Model of Ideal Locations for Biological Sampling Stations

An attempt was made to collect a variety of aquatic organisms
from the water bodies near each site. Species selection included
such considerations as organisms most apt to concentrate contam-
inants, organisms with limited mobility and thus greater potential
for exposure, organisms sought by local fishermen and organisms
within the various trophic levels to determine where pollutants were
accumulating in the ecosystem. Organisms most likely to accum-
ulate pollutants included predacious fish and organisms with high
body lipid or fat concentrations such as eels and carp. Less mobile
species included small fish and sediment dwelling invertebrates.
Species sought by anglers were determined by observation and dis-
cussion with government fishery biologists and local residents.
Additional modifications to the sampling programs were then
made during implementation because all desired species were either
not caught or were not caught in sufficient numbers for laboratory
analysis.

Sampling Equipment

The selection of sampling equipment was determined by charac-
teristics of each site such as water depths, stream versus pond,
water conductivity, stream bed consistency and expected organ-
isms. A brief description of equipment used at each site, including
methodologies, is presented below. Examples of equipment utilized
are presented in Fig. 2.

Site A—The water bodies were narrow, steep-banked, soft-
bottomed, tidal creeks which precluded the use of large nets. The
creeks were slightly brackish so electrofishing units could not be
used. Minnow traps were selected because residential small fish
were known to inhabit the creeks. Traps were baited and set for
approximately 24 hr. The stream banks were inhabited by burrow-
ing crabs. Shovels were used to dig these organisms out of bur-
rows. Site A is discussed in further detail in the case study.
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Figure 2,
Examples of Equipment Used to Catch Aquatic Organisms

Site B—The stream adjacent to this site had a firm bottom and
was shallow enough to be waded. A portable back pack type elec-
trofishing unit was used since it permitted efficient sampling of
pooling areas adjacent to stumps and undercut banks. Sweeps of
approximately 200 ft stream sections were made at the three
sampling stations. Stunned fish were collected using dip nets.

Site C—The stream adjacent to this site also permitted the use of
a portable electrofishing unit and was sampled similarly to site B.
Large freshwater shrimp which also inhabited the stream were col-
lected using the electrofishing unit. Galvanized steel minnow traps
and local fish traps were baited and set.

Site D—A variety of sampling equipment was utilized at this site
because of the different types of aquatic habitats. A small seine
was used along the banks of the lagoons. Local fishermen also
assisted with setting circular throw nets and setting and hauling an
80 ft gill net by boat. Hooks-and-lines were also utilized because of
a recommendation from local fishery biologists.

Site E—Biological sampling at this site was not originally sched-
uled during the trip to sample Sites C and D. However, conver-
sations with local environmental officials revealed potential mer-
cury contamination. Oysters were then observed in the area of the
suspected discharge. These organisms were chipped from the sides
of a concrete dike using a hammer and screwdriver. To determine
if contaminants were reaching a nearby bay, fresh fish caught with-
in the bay were purchased from local fishermen.

Consideration also had to be given to the protection of personnel
from exposure to chemical and biological hazards. Several of the
sampling stations at Site A were in an area that required respira-
tory and skin protection. Cartridge respirators, waders and protec-
tive gloves were worn during the sampling operations. Two sites
in Puerto Rico, Site C and D, were located in freshwater areas of
the island where the parasitic trematode, Schistosoma masoni,
occurs. This parasite is transmitted to humans, its final host, via
contact with water. Contact with the surface water at Sites C and
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D was minimized. Waders were worn at all times as well as elbow-
length water proof gloves. Rain gear and hard hats with face shields
were occasionally worn. When contact did occur, the areas of the
body were flushed with rubbing alcohol and abraded with rough
cloths. Aquatic organisms collected at these sites were frozen be-
fore processing to kill any remaining parasites.

Sampling Handling

An important aspect of the biological sampling programs was
handling and processing samples for tissue analysis. Care was taken
to prevent tissue decomposition which could result in the break-
down of organic contaminants. Cross-contamination of samples
from different species and stations was also avoided. Procedures
followed were generally consistent with those prescribed by
USEPA, NY Department of Environmental Conservation and
NJ Department of Environmental Protection.'%!"!2

Tissue decomposition was minimized by icing the organisms un-
til they could be processed or frozen for processing at a later date.
Dry ice was utilized for quick freezing when available. The samples
taken in Puerto Rico presented unique problems because of high
temperatures, difficulties in procuring ice and dry ice in remote
areas, and parasite contamination. The collected organisms were
packed in ice in coolers and shipped overnight to a laboratory facil-
ity where they were frozen.

The preparation of tissue samples for laboratory analyses was
conducted under both field and laboratory conditions. All equip-
ment coming in contact with the samples was detergent washed and
solvent rinsed with methylene chloride. This cleaning procedure
was repeated between samples from each station and between
samples of each species.

The size of the fish collected determined the processing tech-
nique. Larger fishes were filleted while smaller fishes were scaled,
deheaded, detailed and eviscerated. The shells of the oysters were
removed while whole body samples of crabs and shrimp were used.
The prepared tissue from each sample was either minced or
homogenized in a blender and placed in detergent washed, solvent
rinsed glass jars with Teflon lined lids. The prepared samples were
frozen, packed in ice or dry ice in coolers and shipped overnight to
contract laboratories for analysis.

Field processing of samples presents logistical problems and
should only be attempted when a large number of samples is not
planned. Field processing requires establishing a temporary work
area with equipment such as scales, measuring boards, glass trays,
and knives. The work area must provide a clean environment to
prevent contamination of samples during processing. When con-
ducted out of doors consideration must be given to possible ad-
verse weather conditions such as extremely high or low tempera-
tures, precipitation and winds which may carry contaminants, Pro-
visions for cleaning equipment between samples, discarding used
solvent, and disposing of unused portions of the organisms must
also be made.

CASE STUDY

Site A landfill is located adjacent to a tidal wetlands near a
heavily populated area. During the 1970s several thousand drums
were buried at the site. A lagoon formed east of the landfill and
was observed to be flowing into a tidal creek, Creek A, at a point
north of the landfill (Fig. 3). The USEPA initiated action and to in-
tercept, store and remove the leachate for proper disposal on an in-
terim basis. The total quantities of leachate which drained into
Creek A are unknown. Samples collected from 1978 to 1980 by the
USEPA from leachate seeps surrounding the landfill identified
numerous hazardous organics and levels of PCBs ranging from 1 to
200 mg/1.

In 1981, Fred C. Hart Associates, Inc., acting as the Field In-
vestigation Team (FIT), was directed by the USEPA to conduct a
biological sampling program to determine if an impact of the la-
goon discharge on aquatic organisms could be domonstrated. A re-
connaissance of the area was conducted in late fall to determine the
accessibility of the creeks.

MUNICIPAL
LANDFILL

LANDFILL WITH A
BURIED DRUMS =

O <
Figure 3,

Site Map and Sampling Station Locations

Seven sampling stations were initially selected (Fig. 3). Sta-
tions 1 and 2 were located at the head and near the mouth of Creek
B, respectively. Three stations were initially established on Creek
A:3A,4A, 5. Station 3A was thought to be located at the discharge
point of the lagoon. During the actual sampling, station 3A was
determined to be a minor discharge point. The primary point of
entry of lagoon leachate was at station 3B. Station 4B was added
during the invertebrate sampling program to provide a point
approximately midway between the leachate discharge and the
mouth of Creek A. Stations 6 and 7 were located on control Creek
C, near the mouth and upstream, respectively.

The study design was based on ‘‘after-impact’’ data and analy-
ses of the lagoon’s impact were complicated by the location of the
town-operated municipal sanitary landfill. Creek B was selected to
assess separately any effect of the municipal landfill on aquatic
organisms.

Tissue samples were collected from minnows, eels, fiddler crabs,
shrimps, mud crabs, and amphipods. Sediment samples were
collected from the channel bottom and marsh soils on the creek
banks adjacent to the sampling stations. Water samples were also
collected.

Two 12 ft aluminium boats with small outboard motors each
manned by two FIT members were used to approach the sampling
stations since the channels were surrounded by a tidal march and
steep, soft creek banks made it very difficult to conduct land oper-
ations. FIT members wore cartridge respirators in Creek A, and
waders and neoprene gloves in all creeks. Each boat had one
walkie-talkie to maintain contact with a land-based observer on top
of the municipal landfill. Line-of-sight observation was not pos-
sible for the land-based observer when the boats were in Creek C.
The boats, however, maintained sight contact with each other at
all times.

Sampling in Creek A was complicated by the presence of three oil
booms, contaminated sediments and the proximity to the la-
goon. FIT personnel occasionally became stuck in the mud during



sample collection. Strenuous physical exertion was necessary to re-
move the waders and FIT member from the mud. Cartridge res-
pirators, although necessary because of the close proximity to the
lagoon, were difficult to use while breathing heavily.

Galvanized steel minnow traps were selected for fish collection
pased on the species captured during short seine hauls taken dur-
ing the preliminary reconnaissance. The traps were baited with
bread and raw chicken, tied to bricks and floats, and placed in the
deepest area of the channel at stations 1, 2,3A,4A,5,6,and 7.

The traps were retrieved after approximately 24 hr. All fish col-
lgcted were the common mummichog Fundulus heteroclitus. The
gxsh from each trap were placed in prepared 16 oz. wide-mouth
jars. The jars were capped with Teflon-lined lids and iced in a cool-
er. Excess fish from the traps were returned to the water. Two eels
were captured, one from station 3A and one from station 7. They
were placed in separate sample jars and iced. The iced fish were
transported to the laboratory and frozen.

Fiddler crabs, Uca Minax, were dug from the creek banks where
they were hibernating, at stations 1, 2, 3B, 4B, 5, 6, and 7. Dip nets
were used to capture shrimps, Palaemonetes sp., wherever suffic-
ient weights for analysis of crabs were not collected. A few mud
crabs, Rhithropanopeus harrisi and amphipods, Gammarus sp.,
were also included in many of the invertebrate samples. The fid-
dler crabs accounted for at least 90% of the sample weight at all
stations except 6 and 7, where the crabs accounted for approx-
imately 50%. The crabs and other invertebrates were thoroughly
rinsed with creek water at each station to remove adhering sed-
iments. Rinsed invertebrates were placed in plastic bags and iced.
The samples were transported to the laboratory and frozen.

Trap retrieval and invertebrate sampling were done simultan-
eously with sediments and water sampling. Problems during trap
retrieval included difficulties in maintaining a stationary boat
position due to swift currents, and motor failure due to extreme-
ly cold weather. Maneuvering the booms in Creek A also proved
difficult due to the strong current.

Fish samples were prepared for laboratory analysis by the follow-
ing procedure. The fish from each station were partially thawed
and then placed in a glass tray. After it was measured and weighed,
each fish was beheaded, detailed and eviscerated. The fish bodies
were then minced with a stainless steel knife. Appropriate modif-
ications of the protocols developed by the New Jersey Depart-
ment of Environmental Protection'? for cleaning equipment and
preparation of fish flesh for tissue analyses were used to prevent
cross-contamination between stations. Composites for the fish
from each station were placed in two prepared sample jars, one
for organics analysis and one for metals analysis. The jars were
capped with Teflon-lined tops and refrozen. The two eels were sim-
ilarly prepared, but only for organics analysis. Whole body com-
posites of the invertebrates were prepared similarly. During evis-
ceration of the fish, the incidence of internal parasitization was
also recorded.

Table 1.
PCB Concentrations (ppm) in Vertebrates,
Invertebrates, and Channel Sediments

Location Vertebrates Invertebrates Channel Sediments
Station 1 0.94 0.27 ND*
Station 2 2.0 0.36 1.42
Station 3A 5.5 0.08
1.8 (eel)
Station 3B 6.30 67.80
Station 4A 6.0 9.78
Station 4B 2.92
Station 5 8.6 2.25 2.08
Station 6 0.64 0.24 ND
Station 7 0.71 0.61 ND
1.6 (eel)

*Detection limit was 0.1 ppb
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Results

The results of the organics analyses are shown in Table 1. Verte-
brates, unless otherwise specified, are the common mummichog,
Fundulus heteroclitus, and were collected at all stations sampled.
More eels were not collected since large adults move downstream in
autumn, It is clear that animals collected at stations 3 through 5,
Creek A, had levels of PCBs significantly above the values found in
Creeks B and C. Elevated levels of PCBs were also present in the
channel sediment of Creek A. Metal analyses of the tissue samples
revealed elevated levels of aluminum in both fish and invertebrates
in Creek C. Cadmium was detected at higher levels in the inverte-
brates tissue samples from stations 4B and 5 (Creek A) and was de-
tected in a water sample at station 3A.

Before the fish were prepared for tissue analysis, each fish was
measured for total length, weighed and examined for gross deform-
ities, abnormalities =, and parasites. The mean total lengths, con-
dition indices, and percent of fish parasitized in the three weeks are
shown in Table 2. The condition index, a measure of the robust-
ness (relative health)" for total length Ky was calculated for each
specimen. An analysis of variance (ANOVA) was used to compare
the total lengths in the three creeks. Statistically significant differ-
ences were noted in the length of Creek A mummichogs compared
to the other two creeks; mummichogs in Creek A were significantly
smaller. Examination of the correlation coefficients suggested that
PCB concentration may be responsible for the difference in total
lengths. The condition factor also exhibited the pattern of less heal-
thy fish in Creek A.

Table 2.
Comparison of Mean Total Length (TL), Condition Index
(Ktl)' and Percent of Fish Parasitized

Location TL (cm) Kqg %Parasitized N
Station 1 7.19 1.55 5 58
Station 2 8.25 1.38 0 46
Station 3 6.83 1.08 50 62
Station 4 7.53 1.30 33 72
Station 5§ 7.60 1.41 3 59
Station 6 8.55 1.38 0 44
Station 7 8.17 1.47 0 45

Note:
TL =total length (cm)
K, =(W x 10°)/TL?, where W = fish weight(g)
= number of fish

Parasites were found during evisceration within the abdominal
cavity of the fish and appeared to be a single species, probably a
monogenetic trematode, commonly found in mummichogs. No ex-
ternal parasitizations, fin-rot, or other fungal diseases were re-
corded. The incidence of parasitization did not correspond to prev-
iously established baselines on seasonal parasite burden (which for
winter should be zero) or the relative size of the mummichogs. '
Gross deformities were recorded, however, on the eel collected
from Creek A. The eel had ulcerations and tumors on its skin as
well as internal parasites. In contrast, the eel collected from Creek
C had no parasites or deformities.

The concentration of PCBs found in the tissue analyses did not
appear to be acutely toxic to the mummichog. However, the strik-
ing incidence of parasitization in the fish and statistically signifi-
cant lower total lengths and Ky;s of the organisms in Creek A sug-
gest sublethal effects that may be related to the leachate discharging
from the lagoon. Sublethal reproductive, physiological, and mor-
phological effects of low concentrations of PCBs (1 to 5 ppb) have
been documented for fish and fish which were not adversely af-
fected at the time of initial exposure later succumbed to fungal
disease.'* Additionally, negative interactive and synergistic effects
of salinity, temperature, and PCB concentration on survival and
developmental rate of chronically exposed fish are documented . '®

The high levels of PCBs found in the aquatic organisms led to
questions by the USEPA on the local population’s fishing habits,
since the mummichog is a forage fish often consumed by piscivor-
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ous species. The FIT was then directed to find out what and where
people were catching fish in the tidal river. The FIT developed a
catch-and-effort form (Fig. 4) and then conducted a half-day car
survey of both banks of the tidal river within 10 miles of Creek A
to determine where local fishermen had access to the river. The
municipal dock next to the municipal landfill was one of two with-
in the car survey radius that provided easy and convenient access
for local fishermen. Fishermen crabbed, and caught, and ate sev-
eral species of fish directly off the boat municipal dock. A large
part of the information gathered in interviewing the fishermen was
anedotal or historical in nature. The FIT limited data to reports of
fish caught on the survey data or within the previous week.
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INTRODUCTION

A procedure has been developed involving a two phase mon-
itoring program to monitor low levels of volatile organics in am-
bient air. The first phase involves field measurements using a sen-
sitive portable gas chromatograph with a photoionization detector
capable of determining most common organic solvents in the range
of 0.1 to 20 ppb.

Variations in sensitivity depend on the electronic nature of the
molecule. Sensitivities vary in the general order of chlorinated
ethylenes> aromatics> oxygenated solvents > chlorinated al-
kanes>saturated hydrocarbons. Field measurements are typically
performed over a 1 to 2 day period using syringe-collected air
samples directly injected into the GC. Sample size can range up
to 10 cm’® and down to 1 ul.

In order to determine the overall concentration range of vol-
atiles, two other field instruments are employed: (1) a non-selec-
tive organic vapor detector (with sensitivity of around 0.5 ppm)
and, (2) a portable FID GC with sensitivity in the 0.2 ppm range
for some volatiles. Differentiation between ambient hydrocarbons
(Methanes and automotive exhaust) and solvents is easily achieved
on either GC.

Ongce the areas of concern are defined, a few laboratory samples
are collected over 4 to 8 hr periods for laboratory GC and GC/MS
analysis. Samples are collected on pre-cleaned activated charcoal
and/or Tenax packed in stainless steel tubes. Typical volumes for
integrated samples are 5-30 liters.

The laboratory analysis is performed using a Programmed
Thermal Desorber which desorbes the contents of the field samp-
ler into a 300 cm?® teflon lined piston from which aliquots can be
withdrawn for GC analysis or GC/MS confirmation.

DETAILED STUDY PLAN

Based on the results of this first phase, a detailed field study
plan is formulated. At this point, the field and laboratory data
from phase 1 have delineated the volatile organics of concern and
the general areas of significant impact around the site.

Field collection of the second phase samples is again done on pre-
cleaned charcoal and/or Tenax tubes. Laboratory standards are
prepared for any of the solvents detected in phase 1 and collec-
tion-desorption efficiency studies are inaugurated for any com-
pounds encountered in phase 1 for which the laboratory has no
prior data.
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Field sample tubes are carefully preserved against contamination
after pre-cleaning by storage in individually sealed containers and
field blanks are included with each study. Samples are transported
in metal cannisters containing charcoal and are refrigerated after
collection and in the laboratory until analysis.

In the laboratory, analysis is performed using the Programmed.
Thermal Desorber, GC-PID and GC/MS. Appropriate standards
are prepared fresh for all volatiles found in phase 1 and both the
GC and GC/MS are calibrated using these standards.

For GC/MS analysis of aliquots from the PID, a large syringe
is used to enable up to 60 cm® of vapor from the 300 cm? piston to
be injected into the GC/MS. A dry purge and trap technique was
developed and each sample is spiked with 1 to 3 internal stand-
ards that were not found in the phase 1 study. The internal stand-
ard is introduced into the syringe used to withdraw samples from
the PTD just prior to injection into the dry P&T setup.

RESULTS

To date, the correlation between initial phase 1 field data and
final GC/MS confirmation quantitation and qualitative identifica-
tion has been excellent. Often the entire problem is outlined in the
first day of field work and tentative identifications are made using
a set of field standards.

The overall technique described here is relatively simple to em-
ploy, produces answers in a rapid turnaround time and has been
taught in two courses to Field Investigation Teams (FIT) through-
out the ten USEPA regions. Several New England states are also
getting ready to use the technique in their investigations of haz-
ardous waste sites and chemical industry odor complaints.

The procedures described and the equipment used, especially the
sensitive PID GC, will require a chemist with experience in gas
chromotography. This instrument is sensitive to picogram quan-
tities of volatile organics and hence requires careful work and
scrupulous technique to prevent errors due to low level contam-
ination.

Equipment* described is supplied by the following: PID (Photo-
ionization GC); Photovac, Inc. FID and PTD (Flame ionization
GC and programmed thermal desorber); Foxboro Analytical.

*Mention of trade names or commercial products does not constitute endorsement
or recommendation for use by USEPA.
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INTRODUCTION

Emissions of organic compounds from hazardous waste disposal
sites (HWDS) can take place by a variety of routes, including
gaseous emissions, liquid runoff, and solid emissions such as dust
and other respirable particles. Analyses of each of these emissions
are required to determine the environmental and health related im-
pacts of HWDS. Also, analyses of solid and liquid materials at
HWDS are important for assessing potential emissions and impacts
of site disturbances. Normally, a wide variety of techniques is used
to analyze solid, liquid, and gaseous environmental samples. When
assessing emissions in all these phases from one site, the use of dif-
ferent types of analytical techniques can result in ambiguities when
interpreting data, as well as increasing costs.

The purpose of this paper is to describe a versatile analytical
technique capable of analyzing samples of air, water, or soil
matrices. This technique is primarily for the determination of emis-
sions of volatile compounds with a boiling point range of —100°C
to over 200°C covered during a single analysis. In addition, the
technique responds well to a wide variety of compounds, including
halogenated organics, sulfur-containing organics, aromatics,
aldehydes, alkenes and alkanes. A variety of detectors have been
used with this technique to provide generalized screening data,
specific data on certain classes of compounds, or confirmatory
data.

This technique basically consists of the following steps:

eSeparation of volatile organics from the sample matrix
*Cryogenic concentration and focusing of organics

*Gas chromatographic separation using fused silica capillary col-
umns

®Detection and screening using FID, PID, and HECD, in single
or dual detector mode

sSample component confirmation by mass spectrometry

The fact that the same technique can be used to analyze air,
water and soil samples greatly simplifies the task of data interpreta-
tion. Application of this technique to prediction of volatile organic
emissions from chemical wastewaters and soils will be
demonstrated. In addition, good versatility accomplished through
the use of multiple chromatographic detectors with respect to
screening and/or confirmatory information for a variety of organic
compounds was obtained. Applications of several combinations of
detectors will be demonstrated.

EXPERIMENTAL

A block diagram of the technique is presented in Fig. 1. The
system was designed to accept air samples either directly from
pressurized canisters, or from solid sorbents via thermal desorp-
tion. The system was also designed to transfer volatile organics in
water samples to the gas phase via a liquid purge, and in soils
samples via heated or ambient temperature solid purges.

After volatile organics from any of the waste site matrices were
transferred to the gas phase, the purge gas (and organic consti-
tuents) was passed through a single tube Perma Pure® drier to
remove moisture. Typical sample flow rates through the drier were
100 ml/min and purge rates were maintained at 1000 ml/min. The
drier was heated to 60 ° and purged for 10-15 min between analyses.
All organics were then concentrated and focused on a 15 cm. by 0.3
cm. o.d. nickel trap packed with 80/100 mesh glass beads and
cooled in liquid oxygen (— 183 °C).

The design of the valving associated with the traps, and the effi-
ciency of hydrocarbon collection have previously been described.'
One modification of the design for this work was replacing the high
precision pressure gauge with a high precision vacuum gauge
(Wallace and Tiernan Model 61C-1A-0015) and evacuating the gas
reservoir. The volume of gas passed through the cryogenic trap was
calculated by monitoring the pressure differential of the evacuated
gas reservoir.

Figure 1.
Block Diagram of the Organic Vapor System
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_SaIT{Dles containing ppm level organic content were analyzed by
direct injection to the cryogenic trap using a 5 ml gas tight syringe.
Trap loading and injection flows were controlled using a two-
position  eight-port valve (Valco #V-8-HTa). The valve and
associated stainless steel connecting tubing were heated to 60°C to
avoid sample condensation.

(_)_rganic species were rapidly desorbed by immersing the trap in
boiling water until the temperature of the trap reached 90°C. At
that time (approximately 20 secs), the water bath was removed and
the trap was heated to 180°C with a 750 watt heating cartridge
(Watlow #J4A198). Trap temperatures were controlled with an
Omega Model 4201 RTD Temperature Controller. Desorbed com-
pounds were swept from the trap to the chromatographic column
by the carrier gas. The transfer lines to the column were heat traced
(60°C) 0.16 cm. o.d. stainless steel tubing.

For gas chromatographic analyses, separation of organic species
was achieved on a 60 m SE-30 wide bore, thin film fused silica
capillary column (J & W Scientific). The column was operated at an
initial temperature of —50°C for 2 min, then temperature pro-
grammed to + 100°C at a rate of 6 °/min. The carrier gas was UHP
grade helium at a rate of approximately 2 ml/min and a column
head pressure of approximately 130KPa.

The output of the capillary column was split to two detectors
simultaneously using a capillary splitter (Scientific Glass Engineer-
ing) which has been described. The instrument used was a Varian
3700 gas chromatograph with subambient temperature program-
ming capabilities, dual flame ionization detectors (FID), a photo-
ionization detector (PID), and a Hall electrolytic conductivity de-
‘fector (HECD). For gas chromatographic/mass spectrometric anal-
yses, separations were obtained on a 50 m DB-5 banded phase
fused silica capillary column (J & W Scientific). This column was
operated at an initial temperature of —20°C for 2 min, then
temperature programmed to 60°C at 30°/min, and to 250°C at
4°/min. The instrument used was a Finnigan Model 4023 GC/MS.
The spectrometer interface was direct source coupled, the scan
range was 35-300 amu, and the ionization voltage was 70 eV.

Chromatographic data were processed using a Varian 401
Chromatography Data System. This served primarily as an in-
tegrator and transferred integrated data to an Apple II Plus
Microcomputer which was used for quantitative and qualitative
peak identification and calculation of relative response ratios for
the various detector combinations. GC/MS data were processed by
an INCOS computer utilizing searchable NBS libraries and manual
spectral interpretation.

RESULTS AND DISCUSSION
System Performance

The unique aspects of these techniques are the ability to analyze
air, water and soil samples using the same analytical system, and
the wide range of compounds which can be determined through the
various detector combinations. These aspects provide very cost ef-
fective techniques, as well as greatly simplifying data interpretation
for predicting volatile organic emissions from various matrices.
Analyses of air, water, and soil samples on the same analytical
system were accomplished by transferring volatile organics to the
vapor phase, removal of moisture, and cryogenic concentration
and focusing. The transfer of volatile organics from solid sorbents
was accomplished via thermal desorption. For water samples, the
transfer was affected using a low-volume (5-10 ml) Bellar and
Lichtenbergh apparatus. For soil samples, small quantities of soil
(50-100 mg) were placed in an all glass sparging chamber and purg-
ed with UHP N_ at ambient or elevated temperatures.

Analysis of soil and water in this manner provided an indication
of organic vapor emissions which could occur during treatment or
disturbances of the site. Analysis of air samples by the same techni-
que provides a ready confirmation of emissions during treatment
procedures or site disturbances.

The problem of moisture in the sample gas stream has mandated
the use of a variety of different analytical techniques for air, water
and soil analyses in the past. The use of capillary columns and
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subambient temperatures have been hampered by moisture, which
causes freezing at the head of the column. The single-tube Perma
Pure® drier used for this work functioned very well for the
removal of moisture and in the throughput of organic vapors.
Recoveries of a variety of organic classes through Perma Pure®

driers are presented in Table 1.

In general, good recoveries were obtained for low and medium
molecular weight aliphatic and aromatic hydrocarbons, chlorinated
hydrocarbons, aldehydes, and sulfur containing hydrocarbons.
Low recoveries of alcohols and variable recoveries of ketones were
obtained with Perma Pure® driers.

Fused silica capillary columns and subambient temperature pro-
gramming were used to cover a wide range of organic compound
volatilities and functionalities. With the SE-30 column, compounds
with boiling points ranging from —100°C to +200°C could be de-
termined in a single analysis. With the DB-5 column used for
GC/MS, compounds with boiling points ranging from 36°C to
220°C were normally determined in a single analysis. Organic com-
pound elution orders on both columns were essentially based on
boiling points, which aided in chromatographic data interpreta-
tion, and in comparisons of GC and GC/MS data.

Table 1.
Summary of Organic Vapor Recoveries Using Perma Pure® Driers

Carbon Concntra. No. Percent

No. Range Species  Recovry
Class Range (ppb-C) Tested (%)
Alkanes 2-10 16- 280 19 95-106
Alkenes 2-5 141- 204 8 100-101
Aromatics 6-10 167- 505 12 90- 99
Chlorinated
Hydrocarbons 1-6 66- 206 6 99-104
Aldehydes 2-5 140-1400 6 84- 95
Ketones 35 28- 66 4 0-70*
Alcohols 1-5 25-1500 5 0

*Change in drier permeability observed

Correlation of Emissions

Correlation of organic vapor emissions from liquid and solid
phases at HWDS can be difficult when different techniques are
used to analyze various sample phases. Leachate from a HWDS
was collected and tested using laboratory scale biotreatment cham-
bers to determine if the leachate could be disposed of in this man-
ner. Normally, these tests are performed by only monitoring influ-
ent and effluent concentrations of pollutants in the aqueous phase.
In this case, the system aeration was carefully controlled to simulate
large scale treatment facilities, and air purging through the system
was collected and analyzed.

An analysis of the water influent to the treatment system (1/20
dilution of leachate with artifical sewage) using the purge technique
which was described, and an analysis of air passed through the
treatment system is shown in Fig. 2. Volatile chlorinated hydrocar-
bons as well as aromatics were observed in the air.

Even with the nonselective detector which was used in this case
(FID), the correlation of organic components in air with those in
the water is apparent. Species identifications in the water were con-
firmed by GC/MS. It is apparent from this study that during
biotreatment of chemical wastes, air emissions as well as water ef-
fluent emissions should be monitored to properly determine en-
vironmental impact of the treatment.

Multiple Detector Applications

The use of multiple gas chromatographic detectors with this
technique provides generalized screening information as well as
confirmatory data, depending on the application. Examples of
various detector combinations on the analysis of different types of
waste samples will be presented.
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Figure 2.

Analysis of the Aqueous Influent and Treatment Air from a Bench
Scale Biological Treatment Study of a Hazardous Waste Site Leachate

The combination of flame ionization and photoionization detec-
tors provides a good generalized screening technique for organics
present in ambient air. The flame ionization detector in general
responds to compounds on the basis of carbon content; hence, it
serves as a unijversal detector for hydrocarbons and is good for
quantitative purposes. The photoionization detector responds to
compounds based on their ionization potentials, which in turn is
dependent on the degree of unsaturation in the molecule among
other factors. By calculating a ratio of the response between the
two detectors, it was possible to estimate the degree of unsaturation
(and chemical class) for a compound producing a given chromato-
graphic peak.

The chemical class information provided by the dual detector
technique proved to be a valuable tool when used in conjunction
with GC retention time data for species identifications. Normalized
response data for a variety of volatile organic compounds on the
two detectors have been developed.? Average PID/FID responses
normalized to that of toluene (TNR) are presented in Table 2 for a
variety of organic classes. These data were separated for those com-
pounds eluting before and after 17 min (the time at which
aromatics begin to elute).

This detector combination provides identification information
for a wide variety of compounds, including alkanes, alkenes,
aldehydes, ketones, aromatics, saturated and unsaturated
halogenated compounds, and sulfur containing hydrocarbons. The
versatility of this detector combination in combination with high
resolution chromatography makes it ideal for screening air, water
and soil samples from HWDS. An example of the analysis of air
collected at a HWDS by this technique is presented in Fig. 3. The
identification of a number of aldehydes, aromatics, and
chlorinated aromatics is illustrated.

The Hall electrolytic conductivity detector (HECD) can be used
in modes selective for halogenated, nitrogen, or sulfur containing
compounds. When used in conjunction with the PID, the two de-
tectors provide a range of unique types of information. Application
of the HECD-halogen detector in conjunction with the photoioni-
zation detector for analysis of a mixture of halogenated and
aromatic compounds is illustrated in Fig. 4. This figure
demonstrates that with this technique, all of the US EPA 601 and
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Figure 3.
Analysis of Air Collected Over a Hazardous Waste Disposal Site
by Simultaneous PID/FID Detection

602 purgeable compounds® can be determined in a single analysis.
All of the halogenated compounds were detected by the HECD,
whereas nonhalogenated aromatics were detected only by the PID,
In addition, the PID provides discriminatory information for
halogenated compounds, since this detector only responds to the
unsaturated halogenated organics.

Application of this technique to a chemical wastewater sample is
shown in Fig. 5. Low concentrations of aromatics and higher levels
of oxygenated compounds were detected by the PID. A number of
different halogenated compounds were detected by the HECD. No
response for the halogenated compounds on the PID confirmed
that these species were saturated.

Table 2,
Hydrocarbon Class PID/FID Normalized Responses (Ref. 2)

Retention Times <17 min Retention Times >17 min

Species Specles
Class Tested TNR Tested INR
(Mean + SD) (Mean + SD)
Halogenated
alkanes 9 0+ O 6 1z 1
Simple alkanes 13 3+ 3 10 12+ 4
Cyloalkanes
+ Trimethyl-
alkanes 2 Iz 1 5 27+ 8
Alkynes 3 3+ 3 0 —
Alkenes 23 70* + 11 20 55+ 10
Aldehydes 4 69t £ 10 1 56
Ketones 2 157+ 5 2 123 £ 25
Aromatics 0 - 21 —
Chiorinated
Aromatics 0 - 7 141 + 12
Chlorinated
Alkenes 3 218 + 180 4 211 £ 97
Sulfur Hydro-
carbons 2 500 t 210 2 129 + 37

*Does not include ethylene
tDoes not include acetaldehyde
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Figure 4.
_Analysis of 601, 602 Purgeable Standards by
Simultaneous HECD-Halogen and PID Detectors

The HECD can also be used in a mode selective for sulfur con-
taining compounds. In addition, the PID gives a very strong
response for sulfur containing compounds. The two detectors in
conjunction provide confirmatory information for a variety of
sulfur containing compounds. The PID does not respond to
hydrogen sulfide or carbonyl sulfide, but gives very good responses
for the mercaptans, organic sulfides, and thiophenes. The analysis
of air collected during trenching operations at a HWDS by this
technique is presented in Fig. 6. A large amount of sulfur dioxide
was detected by the HECD, along with small quantities of several
mercaptans and dimethyl thiophene. The PID did not give a
response to SO_, but did give responses for the other sulfur contain-
ing compounds and a number of aromatics.

When samples from HWDS become too complex, or when a high
degree of confirmation is required, GC/MS techniques must be
used. The similarities in chromatography of he SE-30 column used
for GC analyses and the DB-5 column used for GC/MS analyses
simplify interpretation of data between these techniques.

CONCLUSIONS

The techniques described in this paper provide a wide range of
information concerning volatile organic emissions from hazardous
waste disposal sites.

*The use of the same technique for analyzing air, water and soil
samples simplifies the tracking of volatile emissions from soil or
liquid wastes, as well as providing data necessary for prediction of
emissions from HWDS.

*The use of multiple chromatographic detectors provides unique
screening and class selective data, as well as cost effective anal-

S€s.

°Sll)eterminations of a variety of different compounds and organic
classes from samples collected at HWDS were demonstrated.

eWhen complex samples or a high degree of confirmation is re-
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Figure 5.
Analysis of a Chemical Wastewater Sample by
Simultaneous HECD-Halogen and PID Detection
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quired, GC/MS techniques were used.
*Comparisons of GC and GC/MS data were simplified by using
similar columns and the same sample component separation and
injection techniques.
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THE AIR QUALITY IMPACT RISK ASSESSMENT ASPECTS
OF REMEDIAL ACTION PLANNING
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West Chester, Pennsylvania

INTRODUCTION

As part of the current federal activities aimed at cleaning up
hazardous waste sites under Superfund, Roy F. Weston, Inc.
(WESTON) has had remedial action planning responsibility for
USEPA Regions III and V. To date, WESTON has had experience
with a significant number of sites including both Superfund and
municipally funded landfill problems. These sites have all had
diversified air exposure risks associated with them, and have re-
quired differing levels of analysis. Some recent sites analyzed in-
clude:

oChem-Dyne, Hamilton, Ohio—surface storage of drum and bulk
waste, possible surface and subsurface disposal problems.

oSylvester Landfill, Nashua, New Hampshire—contaminated
groundwater migration to surface stream.

eLchigh Electric, Old Forge, Pennsylvania-——PCB contaminated
soil, including coal fines, from leakage of stored transformers and
capacitors.

At each of these sites, the total array of potential air exposure
risks were not recognized because of the primary focus on
hydrogeological concerns. Historically, the only air pollution em-
phasis involved: (1) the safety protocols set to protect on-site
workers and (2) emergency planning to protect the surrounding
community in case of an accidental release of hazardous chemicals.
The benchmarks being used for such assessments were limited to
Threshold Limit Values (TLVs) and Permissible Exposure Limit
(PELs). Little or no consideration has been given to the off-site
migration of low levels of potentially carcinogenic compounds dur-
ing disturbed or undisturbed site conditions.

There are three steps in remedial action planning in which air ex-
posure risks must be considered, both from a health impact and a
liability point of view. The purpose of the authors in writing this
paper is to identify and explain the necessary elements of such
assessments as well as present several case studies where the air risk
became a remedial action design criteria.

SCOPE OF REQUIRED RISK ANALYSIS

There are many factors that must be considered when one is
evaluating the air quality risk considerations of a hazardous waste
site. The potential long-term carcinogenic risks associated with low
pollutant concentrations emphasize the need for a careful analysis.

As mentioned above, there are three logical divisions in this type
of evaluation. The first is an assessment of the present off-site risk
before any type of action is considered since air risk considerations
may be a remedial action design factor. This assessment would in-
clude an analysis of any existing air quality impact data. In each of
the three sites noted in the introduction, there was no information
concerning off-site pollutant migration simply because this
pathway was seldom considered.

Oftentimes, the only air data available from hazardous sites con-
sists of total organic concentrations given in the parts per million
range, which is approximately the concentration that causes
subacute health effects. Because of this data scarcity, the monitor-

63

ing requirements of the particular site must be assessed. In areas
where the contents of the landfill or storage area are known, limita-
tions may be placed on the number of toxics that may be sampled
for and analyzed. This must be determined on a case-by-case basis.

The second major task is associated with the potential air quality
impacts of remedial action alternatives. An air risk assessment of
the candidate alternatives must be undertaken to predict the
ramifications of whichever cleanup alternative is chosen. Technical
alternatives which have potential air risks may include:

*Physical removal operations

®Air or steam stripping operations
*Chemical stabilization

*On-site combustion

Most remedial action alternatives are likely to increase the ex-
posure risk in the short-term, so this increase must be monitored
and controlled by instituting operational practices to minimize off-
site exposures. For example, at the Lehigh site, dust suppression
may be required to limit off-site transport of PCB-contaminated
coal fines.

Regardless of the mitigating measures taken, the authors believe
that a credible monitoring program should be conducted during the
remedial activity to fully document any off-site exposures in order
to preclude future liability. This monitoring program should be
designed to quantify exposures at the most critical receptor areas.
Body burden calculations can be made to estimate the potential im-
pact of these exposures from a long-term, carcinogenic, point of
view. The compressed short-term nature of this exposure must be
taken into consideration when assessing the body burden.!

In addition to the low level body burden considerations of
remedial action, the subacute off-site emergency type exposure
potential must also be considered. This would include steps to be
taken in the event of any significant release due to drum rupture,
explosion, etc. Dispersion modelling should be employed to deter-
mine what on-site concentrations might cause potential problems
off-site. Evacuation/notification plans should be developed accor-
dingly.

The final phase of a complete air quality risk assessment deals
with postsclosure considerations. This would primarily consist of
continued area monitoring over a short period of time where air
risks were clearly identified as a remedial action problem. The pur-
pose of this monitoring is to document the fact that air risks have
been reduced to acceptable levels. This is an additional liability
prevention step.

HEALTH EFFECTS CRITERIA

In all segments of this assessment, certain criteria must be used to
determine when a risk level is, or is not present. There is a good
deal of uncertainty as to which effects criteria should be used
especially when it relates to cancer risk. This controversy is one of
the major hurdles which must be quickly overcome if the preven-
tion of hazardous pollutant exposure is going to develop in a
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uniform and rational fashion. WESTON has been psing the follow-
ing criteria to evaluate the range of risk levels of interest:

eCancer Assessment Group Values (CAGs)’

These are recommended lifetime exposure limits to known car-
cinogens which have been developed by the USEPA for a limited
number of toxic compounds. The CAG number represents max-
imum allowable concentrations that may result in incremental risk
of human health over the short-term or long-term at an assumed
risk. This assumed risk is the expected number of increased in-
cidences of cancer in the effected population when the concentra-
tion over a lifetime equals the specified value.

The CAG values are listed in the ‘‘Land Disposal Toxic Air
Emissions Evaluation Guideline’’ published by the USEPA in Dec.
1980. They represent a further refinement of carcinogenic assess-
ment beyond the MEG values because of the compound specific
nature of the toxicological evaluation involved with CAG
documentation. Therefore, Cancer Assessment Group values
should be used in all cases of conflict between MEGs and CAGs.

sMultimedia Environmental Goals (MEGs)*

The MEGs were developed in recent years by the Research
Triangle Institute for the USEPA to meet the need for a workable
system of evaluating and ranking pollutants for the purpose of
multimedia environmental impact assessment. Consideration in ar-
riving at these ambient level goals was given to existing Federal
standards or criteria, established or estimated human threshold
levels, and acceptable risk levels for lifetime human exposure to
suspected carcinogens or teratogens, among others.

oThreshold Limit Value (TLV)*

TLVs are established by the American Conference of Govern-
mental Industrial Hygienists as guidelines for prevention of adverse
occupational exposures and are based on both animal studies and
epidemiological findings and inferences. They refer to airborne
concentrations of substances and represent conditions under which
it is believed that nearly all workers may be repeatedly exposed for
eight hours a day, five days a week, without adverse effects. Many
TLVs also protect against short-term aggravations such as eye ir-
ritation, odor impacts, headache, etc. However, TLVs do not
represent the hypersusceptible minority of individuals. Additional-
ly, by definition, they assume a daily period (non-working hours)
of non-exposure time.

Many states have developed or are currently developing ambient
air hazardous waste guidelines and regulations based on these
TLVs. A common practice is to adjust the TLV for a 24 hr ex-
posure and then divide by some large uncertainty factor. Common
limits are TLV/300 - TLV/420.5:67

CASE STUDIES
Chem-Dyne: Hamilton, Ohio

The Chem-Dyne site consisted of approximately 40,000 waste-
containing drums and 15 to 20 bulk storage tanks containing an
unknown array of chemical substances. The site borders a residen-
tial neighborhood with a large adjacent recreational area complete
with several ballfields and a swimming pool. Although not quan-
tified, there was a concern that on-site contaminants were
migrating off-site and impacting on the surrounding residents.

Prior to any remedial action undertaken by WESTON, state of-
ficials arranged for a large quantity of drummed wastes to be
removed by the generators, leaving approximately 10,000 drums
and the remaining bulk wastes.

The first step from an ambient air assessment point of view was
to determine what the existing concentrations were before any on-
site remedial activity began. This determination would help quan-
tify existing levels and serve as a baseline. A comparison of baseline
values with concentrations determined during operational phases
would document increases due to on-site activity and also
demonstrate ambient air quality improvement after the remedial
activity is concluded and the site closed.

-

The background sampling program consisted of a two-day, five
sample per day perimeter monitoring operation using USEPA
recommended methodology.* One sampler was placed upwind and
four spanned the appropriate downwind areas. During the actual
sampling process, two samples per day were collected at downwind
locations. This sampling protocol was limited by project budgetary
considerations.

The monitoring identified 17 different contaminants leaving the
site both prior to, and during the on-site remedial activities. Three
of the most significant contaminants and the peak levels identified
during the entire five-day operation are shown in Table 1.

Table 1.
Selected Air Contaminants found at Chem-Dyne

Peak Concen- CAG Level Ratio Concen-
Air Contaminant tration (ppb) (ppb) tration/CAG
Benzene 19.2 0.065 295
Trichloroethene 1.8 0.44 4.1
Tetrachloroethene 0.62 0.194 3.2

Benzene presents the most danger to the surrounding popula-
tion. Exposure concentrations of the magnitude determined, for
even a short period of time (months to years), may cause an ex-
ceedance of the body burden calculations on which the CAG value
is based, therefore, theoretically increasing the cancer risk in the
area. The ambient air exposure route in the case of the Chem-Dyne
site should be a determining factor in deciding upon various
remedial action alternatives.

Furthermore, these documented levels will allow a comparison
between pre- and post-closure site conditions. When all the wastes
have been removed, a significant improvement in air quality should
result. If, in fact, this does not occur the other emission sources
such as contaminated soil must be analyzed to insure the health of
the surrounding population.

Nashua, New Hampshire

The problem at Nashua resulted from illicit dumping of approx-
imately three million gallons of hazardous waste onto an illegally
operated disposal site. Groundwater contamination was extensive
and the groundwater plume was migrating toward a small nearby
stream.

The air quality concerns involved the eventual interception of the
groundwater plume with the stream and the subsequent volatiliza-
tion of the organics. The air quality assessment dealt with the alter-
native of a no-action scenario, in other words, allowing the con-
taminated groundwater to meet the stream without any type of
remedial action. The assessment of the potential ambient air impact
associated with this site necessitated a completely different
analytical protocol (Fig. 1).

Using various emission estimates®!? in conjunction with known
contamination levels in the groundwater, a rate and period of
volatilization was predicted above the stream. The expected at-
mospheric concentrations in a nearby trailer park were modelled"'
based on these emission rates. The predicted exposures for the most
critical contaminants based on health effects considerations are
shown in Table 2. The table shows the comparison of the permissi-
ble body burden exposures to the predicted exposures. Chloroform
was the most critical contaminant, being 85 times above the
criteria.

Table 2.
Predicted Concentrations Downwind from the Lyle Reed Brook

CAG Off-Site Long-

or Concen- Term Body  Ratio
o MEG tration Burden BB/CAG
Criteria Contaminaat (ppb) (ppb) Exposure* or MEG
CAG Chloroform 0.033 10.0 2.8 85.0
CAG Trichloroethylene 0.440 1.54 44 1.0
MEG Dimethy} Sulfide 20 17 1.04 .05
MEG Methylene Choride 200 95.0 27.0 14
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Figure 1.
A schematic of the basic processes which may cause short- and long-term
ambient air impacts on residents living near the Sylvester Site.

The Nashua case is unique. No actual monitoring was feasible
due to the nature of the problem, or rather the predicted problem,
so no definitive information was available to determine ambient air
concentrations. However, the emission estimation and the
predicted off-site concentrations became a controlling factor in the
particular remedial action alternative chosen, i.e., pump and treat-
ment of the contaminated groundwater.

Lehigh Electric, Wilkes-Barre, Pennsylvania

This case represents another situation where the relevant ambient
air pathway was initially ignored, but where subsequent modelling
analysis showed potential off-site impacts.

The Lehigh Electric site had been an electrical equipment service
and storage facility since the mid-1960s. In 1980, it was found that
some of the site’s 3,000 transformers, capacitors, and other electric
apparatus had been leaking polychlorinated biphenyl (PCB) con-
taminated fluids. Subsequent on-site soil sampling and analysis
revealed concentrations of up to 65,000 ppm.

The surface soil at the Lehigh site is dominated by coal fines with
some ash and shale to the one-foot depth. The predominance of
carbon in the fines is ideal for significant PCB adsorption. The
PCB contamination as a fraction of coal particle size is shown in
Table 3. There was not a sufficient sample fraction in the less than
45 u size range to determine PCB contamination, but one would ex-
pect to find similar or higher PCB concentrations because of the
higher surface area to mass ratio in the smaller particulate size
range.

Table 3.
PCB Concentration on Coal Fines at Lehigh Electric

Particle Size (u) PCB Concentration (ppm)

7105 2500
45to 105 3700
< 45 Insufficient sample

In the absence of appropriate low level particulate monitoring,
an analysis of the ambient air PCB levels was determined through
the use of a USEPA-approved model.'? This model predicted par-
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ticulate concentrations in; the air from wind erosion, which cor-
responded to no on-site activity, and from on-site truck traffic,
which would necessarily result from some remedial activity. This
predicted particulate level was translated into a PCB concentration
conservatively based on the 3,700 ppm PCB-contamination of coal
fines in the mid-range.

The results of this modelling analysis indicated that simple on-
site wind erosion would not yield significant concentrations of
PCB’s off-site. This assessment was based on the USEPA CAG
value of 0.0075 ug/m? of PCB. When dilution and wind direction
were taken into consideration, it was predicted that no off-site
residential exposure would exceed the applicable CAG value.

However, when on-site activity which would include a moderate
number of trucks and other equipment was considered, the model
indicated that a potentially significant off-site concentration of
PCBs might result. This assessment again was based on the CAG
value, and in this case, further modified to account for the short
time frame of the on-site activity compared to a lifetime exposure.

This analysis developed two recommendations for safeguarding
the public health and eliminating future liability. First, an ap-
propriate low level monitoring program should be implemented to
confirm the model’s predicted impacts from both a status quo and
a remedial action scenario. Second, any on-site remedial activity
should be accompanied by a comprehensive dust suppression pro-
gram to reduce the possibility of off-site, PCB-laden, particulate
transfer.

CONCLUSIONS

It is evident from the evaluation of these three hazardous waste
sites that a wide range of potential problems may occur in properly
evaluating the off-site risk to the nearby population. These pro-
blems must be dealt with on a case-by-case basis.

Certain common elements, however, should be .included in all
ambient air risk assessments. Initially, an evaluation of the status
quo situation should be made. This is best accomplished through
the use of a well-designed monitoring program. The use of modell-
ing analyses can be used to assist, but should not be relied upon
totally, in most cases. The Lehigh site is an example of a case where
modelling was relied on totally because appropriate background
monitoring was not conducted. The Nashua site is an example
where modelling was the most appropriate analytical path to follow
because of the particular circumstances of the site, i.e., ground-
water contamination with latent surface elution.

The second component of an ambient air risk assessment of a
hazardous site involves the monitoring of the concentrations of
toxic pollutants during on-site activity. This accomplishes two main
objectives. First, it will determine whether any significant concen-
trations are being released during the remedial action from a short-
term health protection point of view. High readings would direct
management personnel to take measures to prevent or reduce this
exposure. Additionally, any ambient air contamination will be
documented, thereby preventing unwarranted liability from future
claims of health impairment.

The final step should include post-remedial action monitoring.
This step will document the actual improvement in air quality due
to the remedial action or, conversely, emphasize the need for fur-
ther investigation and cleanup if levels have not been reduced.
Again, this step is important from both a health and liability point
of view.

All hazardous waste site ambient air evaluations must follow this
basic assessment methodology, although the emphasis will vary as
is evidenced by the three examples presented in this paper. A failure
to follow the system in a thorough fashion may result in:

*Poorly designed site safety considerations
-Exces§1ve population exposures to carcinogens from a long-term
chronic perspective ’

*Possible liability cases against the contractor con;
, sulta
USEPA/state/local agencies nt
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AIR MONITORING OF HAZARDOUS WASTE SITES

RICHARD W. TOWNSEND
The Bendix Corporation, Environmental & Process Instruments Division
Largo, Florida

INTRODUCTION

Air monitoring of hazardous waste sites is done for numerous
reasons: to identify and quantify specific hazardous contaminants
present in the environment, to determine how waste site workers
are exposed, to investigate community complaints, to determine
if the compliance with various health standards is being followed,
and to evaluate the effectiveness of disposal and storage methods.

The purpose of the sampling will dictate the type of sampling
strategy that will be used. If the waste site is a large dump that cov-
ers many acres of an area then a grid type pattern may be con-
ducted to determine what is present in different areas. This same
strategy can be used if a contaminant was spilled or dispersed over
a large area. A grid pattern is also effective to evaluate the effec-
tiveness of clean-up operations and containment of spills. In this
method of area sampling, the area is marked with tape or by physi-
cal landmarks such as streets or city block areas. These areas are
then systematically numbered, sampled and the results recorded in
the field notebook. Record keeping is an extremely important step
in a successful contaminant sampling program. Once an area is set
up for sampling careful identification of potentially hazardous
substances may be initiated. An understanding of general contam-
inant classification will aid the identification process. Airborne
contaminants can be divided into two major categories: (1) particu-
lates and aerosols, (2) and gasses and vapors. Particulates and
aerosols are particles of matter small enough to be dispersed in the
air, either in a solid or liquid (droplet) form. They can be divided
into subcategories.

Dusts are solid particles which become airborne as the result of
grinding or crushing of solid materials, or through the distur-
bance of bulk masses of powders. Examples of this would be asbes-
tos that has been disposed in a waste site and cyanide dusts.

Other particulates are fumes, smokes and mists. Smokes may be
found at burning landfills or dump sites. Fumes are not normally
present at dump sites since they are dispersions of solid particles
formed by condensation of a vapor. The vapor is formed by heat-
ing a material which is normally a solid at room temperature. These
are most commonly found in welding. Mists are droplets of liquid
substances and could be found in containers that are under pres-
sure, which are leaking.

Of major concern at a waste site is whether or not particu-
lates are respirable or non-respirable. Particulates are classified as
non-respirable if they are either too large (75 microns) or two small
(less than 0.1 micron in diameter). These particles would not
normally be retained in the lungs if they are inhaled.

Gases are substances which are gaseous at normal room tempera-
ture and air pressure. Vapors are substances which are liquid (or
solid) at normal room temperature and air pressure, but which vol-
atize under extreme environmental conditions (as through evapora-
tion). There are currently numerous sources of information which
provided detailed information concerning dangerous contaminant
levels:
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1. Industry booklets—such as ‘“The Hazardous Materials Guide’’
by Sun Oil Company.

2. “Handbook of Organic Industrial Solvents’ by the Alliance of
American Insurers.

3. “Handbook of Hazardous Materials’’ by the American Mutual

Insurance Alliance.

““Job Health Series’’ by OSHA.

“NIOSH Health & Safety Guides.”’

“NIOSH Criteria Documents.”

“NIOSH Recommended Standards.”’

“AGGIH—TLYV Booklet.”’

“AIHA—Hygienic Guide Series.”’

VPR

PRELIMINARY SURVEY

At a hazardous waste site, it will usually be necessary to con-
duct a preliminary survey. An experienced environmental special-
ist or professional industrial hygienist can, in many cases, eval-
uate quite accurately, the magnitude of chemical hazards asso-
ciated with a waste site without the benefit of any instrumenta-
tion. The first step is to make a careful examination of the site.
It may be possible to screen the area for empty containers which
still have labels on them. This does not guarantee that the con-
tainers actually contain these materials. Are any bulk powders or
dusts present, are drums of materials intact, or are they leaking
due to deterioration of containers? Are there any underground fires
from pockets of materials that are producing smoke?

A preliminary inventory should be made. The list should in-
clude the suspected contaminants, their composition and any by-
products which may be associated with them.

This means that the investigator should obtain complete in-
formation on the composition of the various commercial pro-
ducts. This information may be obtained from the Material Safety
Data Sheets of their manufacturers. Manufacturers of chemical
agents often sell the same substance under several different trade
names, each with slightly different formulas; this can make it diffi-
cult to identify all the chemical components of trademarked
substances. Material Safety Data Sheets (MSDS’s) help solve this
problem.

The Material Safety Data Sheet (Form OSHA-20) is divided into
nine (9) sections containing detailed technical information about a
substance, including hazardous ingredients, physical data, fire and
explosion hazard data, health hazard data, reactivity data, spill
or leak procedures, special protection information, special pre-
cautions, and manufacturing info (name and address). 29 CFR
1915, 1916, and 1917, Public Law 85-742 and Public Law 92-596
are the applicable regulations.

During a preliminary walk-through investigation, many poten-
tially hazardous areas can be visually detected. Are large amounts
of dusts present? The senses of sight, smell, are used in this pre-
liminary investigation. The entire effort in this case is to add to
information about a waste site. In some cases, the workers at a
dump site may be able to provide some information if they have
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kept any type of records, or if they have noticed any unusual
odors. For many substances the odor threshold concentration is
greater than the permissible safe exposure level. However, many
substances such as hydrogen sulfide produce olfactory fatigue.
Ask workers whether they have experienced any symptoms such
as eye or skin irritation, dizziness, nausea, etc., when working
in specific areas. Try to be as specific as possible, exact symptom
identification can provide important clues about the identity of an
unknown contaminant.

Certain contaminants have distinctive odors which can aid in
their identification. For example, it is possible to distinguish
between the hay-like odor of phosgene and the fish-like odor of
trimethylamine. Many contaminants are odorless, however, and
some may actually act as olfactory anaesthetics as has been prev-
iously mentioned. Hydrogen sulfide, for example, smells distinct-
ly like eggs, but prolonged exposure to it can dull a worker’s
sense of smell so severely that he may not notice heavy concen-
trations of other contaminants. The odor threshold of HZS is
0.00047 ppm; the TLV is 10 ppm. A list such as this is prepared by
the American Industrial Hygiene Association Journal and it is use-
ful in the education of workers and industrial hygiene students.

AREA THAT SHOULD BE SAMPLED

There are at least three general locations in which air samples
may be collected: (1) at a specific container within the waste
site, (2) ambient air, or (3) in a worker’s breathing zone. The
choice of the location is dictated by the type of information needed,
and often the use of all three methods will be necessary to provide
detailed information.

Most frequently, the sampling is performed to determine the
level of contamination present in a specific container. In this in-
stance a grab sample or instantaneous concentration is all that is
needed. A portable instrument or detector tube may be used. If
a worker’s exposure is needed, it may be necessary to collect
samples in the worker’s breathing zone. If area samples are needed,
then they should be collected using area monitors.

SAMPLING DURATION

The sampling time is usually the minimum sampling time neces-
sary to obtain an amount of material sufficient for accurate
analysis. The duration of the sampling period is therefore based on
the following considerations: the sensitivity of the analytical pro-
cedure, the permissible exposure limit or TLV of the particular
substance and the anticipated concentration of the contaminant
in the air being sampled. The sampling period should represent
some period of time if relative to worker exposure; i.e., the amount
of time that the worker spends at the waste site or particular grid
area for one day. It is desirable in this case to sample the work-
er’s breathing zone for his full work shift at the waste site. This
is important if sampling is being conducted to determine com-
pliance status relative to OSHA standards.

Evaluation of a worker’s daily-time weighted average exposure
is best accomplished by personal sampling. For personal sampling,
the sampling train consisting of a pump, drawing air through a
collection medium, which separates and collects contaminants for
later laboratory analysis. For personal sampling, the sampling train
assembly is attached to the individual exposed, with its collec-
tion medium positioned so that the air sampled is collected from
the worker’s breathing zone. For area sampling, the sampling train
assembly is placed at a fixed point.

The ceiling exposure and time-weighted average must both be
considered when planning a sampling program. The ceiling ex-
posure is determined by taking a 16 minute sample at the place of
heaviest anticipated contaminant concentration.

The choice of a particular sampling instrument depends on a
number of factors which include portability and ease of usage,
efficiency of the instrument or sampling method, reliability, avail-
ability of the instrument, and whether instantaneous readings are
desired, and cost. Presently there is no one universal sampling in-
strument or method in use today.

One of the most useful type of instruments for evaluating haz-
ardous spills and unknown contaminants at hazardous waste
sites is the use of direct reading colorimetric detector tubes.

DETECTOR TUBES

The advantages of having direct reading detector tubes are
rather obvious. On-site evaluations of atmospheric concentrations
of hazardous substances may be made immediately. The size of a
detector tube system is very light and highly portable, typical
systems may weigh under 36 ounces. Direct reading tubes are avail-
able for over 200 different substances, and many of the tubes may
be used to screen for groups of materials such as the use of an
amines detector tube which will detect any one of 30 different
amines.

The use of detector tubes permits rapid estimation of the con-
centration of a contaminant, permitting on site evaluations and im-
plementation of immediate corrective measures. The use of these
tubes may save time and expense of laboratory analyses and may
be used as evidence in court proceedings. The cost of detector
tubes is not high considering comparable methods. Because they
are so lightweight it is easy to carry a shoulder bag with 40 or 50
boxes of detector tubes to screen for a variety of substances. If
the investigator wants to make his own field kit 4 or 5 tubes for
100 different substances can be carried.

Detector tubes are glass tubes that are packed with a chemically
treated substance (usually silica gel, or alumina) which gives an
immediate, direct reading of a contaminant level. In colorimetric
tubes, the degree of concentration of the contaminant causes the
hue of the tubes chemically treated substance to take on varying
intensities. The exposed table must be compared to a color stand-
ard or chart.

In length of stain tubes, the substance develops a stain the
length of which is proportional to the contaminant level.

One should always read the complete instructions found in each
box of detector tubes. Some tubes require humidity, altitude, and
temperature compensation factors for accurate readings. These
special requirements will be described in the instructions.

Detector tubes should be stored in a refrigerator to prolong
their shelf life, but must always be allowed to reach room tempera-
ture before being used. These tubes are marked with an expira-
tion date which should always be noted.

Table 1,

Gas Detector Tube Unit Certification Compounds 11/20/81
Gas Certified Range (ppm)
Acetone 500 to 5000
Ammonia 25to0 250
Benzene 5t050
Carbon Dioxide 2500 to 25000
Carbon Disulfide 10 to 100
Carbon Monoxide (Range A) 25t0 250
Carbon Monoxide (Range B) 250 to 2500
Carbon Tetrachloride 5to 50
Chlorine 0.5t0 50
Ethyl Benzene 50 to 500
Ethylene Dichloride 25t0 250
Formaldehyde 1to 10
Hexane 250 to 2500
Hydrogen Chloride 2.5t025
Hydrogen Cyanide 5to0 50
Hydrogen Sulfide (Range A) 5t050
Hydrogen Sulfide (Range B) 50 to 500
Methyl Bromide 7.5t075
Methylene Chioride 250 to 2500
Nitric Oxide 12.5t0 125
Nitrogen Dioxide 2.5t025
Perchloroethylene 50to 500
Styrene 50 to 500
Sulfur Dioxide 2.5t025
Toluene 50 to 500
Trichloroethylene 50to 500



) V}’hile it is true that the operating procedures for colorimetric
indicator tubes are simple, rapid and convenient, there are dis-
tinct !imitations and potential errors inherent in this method of
assessing concentrations of toxic gases and vapors.

They may lead to dangerously misleading results unless they
are uspd by an adequately trained person who: (1) enforces
p.el_'lodlc testing and calibration of individual batches of each spe-
cific type of tube for its response against known concentrations
of contaminants as well as refrigeration of the tubes, (2) under-
stands the physical and chemical interferences associated with their
use, (3) uses other independent sampling and analytical procedures
to back up results. The American Industrial Hygiene Association
publishes an excellent manual entitled ‘‘Direct Reading Colori-
metric Indicator Tubes Manual.”’ This manual described in detail a
recommended practice for the use of colorimetric indicator tubes,
and their limitations.

Procedures for Use

To use a detector tube, its tips are broken off, the tube placed in
the manufacturer’s pump and the recommended volume of air is
drawn through the tube. Each air moving pump or device must be
calibrated frequently.

The pump can be calibrated using a standard bubble buret and
by performing a soap bubble test.. This test uses a soap film which
is drawn by the air moving device. The distance the soap bubble
travels may be measured in cc’s marked on the buret. An accep-
table pump should be correct to within +5% by volume. The
pump should also be checked for valve leakage and inlet plug-
ging frequently. A calibration sticker should be placed on the
pump.

An accessory which may be used with detector tubes includes
extension hoses where the detector tube is placed at the end of a
length of hose. This permits sampling in holes, tunnels, or in areas
where contaminants may have entered such as a manhole or under-
ground tunnel. If hot gases are to be checked such as those com-
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ing from underground landfill fires, a hot probe may be used to
cool the sampled air, prior to its entry into the detector tube.

Examples of detector tubes utilization have been numerous
throughout the past 20 years. Some of these uses were in Florida
to check empty drums of chemicals found dumped beside the
highway. These drums were suspected of containing hydrogen cy-
anide and acetic acid. Detector tubes were used to verify what the
labels on the container listed. This method was rapid and allowed
for immediate protective clothing to be worn when handling the
drums containing the cyanide. The area was also checked for spill-
age. Soil samples would, in this instance, also be submitted to a
laboratory for analysis. Detector tubes may also be used to check
burning materials at dump sites which in many cases contain haz-
ardous substances. Detector tubes are available for over 200 sub-
stances. Table 1 contains a list of those tubes which are certified
by the National Institute for Occupational Safety and Health.

There are numerous analytical methods for monitoring haz-
ardous waste sites. Each should be used, depending upon the local
situation. The primary purpose of this paper has been to make in-
vestigators of hazardous waste sites aware that detector tubes do
offer a quick and reliable method for screening. While they are
far from perfect they do provide a useful method to assist in the
evaluation of uncontrolled hazardous waste sites.
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INTRODUCTION

Volatile chemicals in surface impoundments can readily escape
into the air and result in an area-source of emissions. Surface im-
poundments serve as aqueous waste storage basins, pretreatment
basins and treatment basins. In all cases the natural water surface
area plus any mechanically generated interfacial area is in contact
with the atmosphere, thus providing a direct pathway for dissolved
chemical species vaporization.

Means of assessing the air emissions from such wastewater
sources are needed. The assessment methods should have a two-
fold approach: 1) field techniques for monitoring the air emissions
from measurements taken at or near the site and, 2) verified
mathematical models with a predictive capability that allow ac-
curate estimation of the emissions based upon the chemicals pre-
sent in the impoundment. The latter approach is needed by permit
writers while the proposed impoundment is in the planning and
design stages.

The work presented here is primarily concerned with chemical
emissions from two surface impoundments of a hazardous waste
disposal facility. The identity of the volatile chemicals involved, the
concentrations in air and water, and measurements of the flux rate
of emission are reported. Emission calculations based on the
mathematical model are also presented. Comparison of the
measured and model predicted emission rates are presented and
discussed.

CONCENTRATION PROFILE TECHNIQUE

A field method of measuring volatile chemical emission rates
from area sources has been developed.' The method, the so-called
concentration profile (CP) technique, employs profiles of chemical
concentrations, temperature and wind speed to quantify the
chemical emission rate. One significant feature of the method is
that it does not disturb the natural transport processes in effect on
the water surface. The method is limited with respect as to sample
time, wind speed, fetch-to-height ratio of upwind disturbances, etc.
These limitations, along with the theory of operation, are con-
tained in the above referenced document. Only the final working
algorithm of the CP technique will be presented here.

Only field measurements of the concentration of the chemical in
air, P,y (g/L); wind speed, v, (cm/s), and temperature Ty, (°K),
within the turbulent boundary layer (no more than two to three
meters above the water surface) are made. Six observations of each
parameter, distributed in a logarithmic fashion from the water sur-
face and taken well downwind of any wind velocity disturbances,
should be made. Based on these measurements, the following equa-
tion is used to determine the vertical flux of the chemical species
(i.e., species B) from the water surface:
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ng = —(Dp)/Da)*? 5,8 p K/ bm* Sca ¥ M

where np is the chemical flux rate (ng/cm?-s), So is the slope of a
line from a graphical plot (or linear regression) of £ A; vs. In y,
where y is the sample height above the water surface in cm.

If S, is negative then chemical emission is occurring from the
source whereas if S ¢ is positive, then the water surface is absorb-
ing the chemical species. S, is the slope of a line from a similar rela-
tion between v, vs. In y. This slope should always be positive and
have units of cm/s. The combination of the units of S £ in g/l and
S, in cm/s is the units of flux in ng/cm?-s. k = 0.4 is the von Kar-
man constant. Since the air sampling is done close to the water sur-
face, only the vertical flux is needed to assess the emission rate.
Note that S, is related to the friction velocity at the surface, V*, by
S, = V*/k.

The chemical concentration and velocity vs. In-height profiles
should be linear over the full range of the six observation heights
only if the air boundary layer is neutral (i.e., essentially
isothermal). The profiles will likely be non-linear under stable and
unstabale micrometeorological conditions and thus display some
curvature. In such a case, the slopes of tangent lines drawn to the
profiles in the boundary layer region nearest the water surface are
used for S o and S,,.

The stability-turbulent Schmidt number correction factor (i.e.,
¢’m Sca V) in Equation 1 is obtained from the following empirical
equations developed for water (i.e., species A) vapor:

¢m’Scay = (1 + SORi)~*
for stable conditions and ‘Ri\ <1.0

ém?Scas = (1 ~ SORi)” (25
for unstable conditions and | Ri | < 4.0. Ri is the Richardson
number defined by:

Ri =g{T;; - Ty (2 - ¥1/(Vea — V' Ty ()]

where g = 980.7 cm/s?, Tyy, Tyy, V2, and v,; and dry buib air
temperatures and wind speeds at heights y; and y; above the sur-
face. T, is the average of the temperature. Ri is dimensionless and if
Ri <0, then the air is unstable, whereas if Ri = 0, the air is neutral
or if Ri= 0, the air is stable. The 2/3 power ratio of .molecular dif-
fusivities of the chemical of interest to that of water vapor corrects
the equation for the chemical for which the flux is desired,

The three equations presented above are the working formulas of
the CP technique. Claith, er al.,* employing a similar field techni-
que referred to as the aerodynamic technique, report measurements
of the vapor flux rate of S-ethyl N,N-dipropyithiocarbamate
(EPTC) from irrigation water in a flooded alfalfa field at Brawley,

(2a)



CA.23 EPTC was applied at a rate of 3.0 kg/ha at an average con-
centr.atio_n of 2.17 ppm to irrigation water. The process is called
l'{erblgatlon. An equivalent of 13 cm (i.e., depth of water) of irriga-
tion water was applied to the 2 ha field surface. The alfalfa plants
were approximately 15 to 35 cm high.

Beginning at 0840h on the day of application, wind speed, water
samples and air samples were taken. The EPTC emission rate was
measured from equipment similar to the CP technique located near
the center of the field. Table 1 contains pertinent field data col-
lected during the flooded period and Table 2 contains the chemical
and physical data on EPTC for this well documented field test.
Water temperature during the test apparently was not recorded.

Table 1.
EPTC Field Data (3)

Wind Speed * Conc. in Water
Time 1m P AL Flux, ng
L) Vy (ppm) (g/ha*h)
(m/s)

0840 2.14*
1300 - 2.30* ---
1430 1.6
1450 2.08*
1500 - 1.92* ---
1600 35
1630 1.0 - -
1711 - 1.97% -
1800 140
1830 3.0 - -
1915 - 1.761 -
2000 260
2100 2.5 1.44% -
2200 65
2300 1.9 -— -
2400 50
0100 1.6

*In head ditch.

1In tailwater.

Table 2.
EPTC Properties at 30°C (2)

chemical name S-ethyl N,N-dipropylthiocarbamate
molecular weight 189.3

diffusivity in air 0582 cm?/s
vapor pressure 29.7E-emmHg
solubility in water 320 ppm

Henry’s constant 7.29E-3(g cm -3 in air/g cm -3 in water)

MODELS FOR EMISSION RATE PREDICTION

It is highly desirable to have available mathematical models for
predicting, in an a priori sense, chemical emission rates from ex-
isting or planned surface impoundments based on chemical content
of the water and known environmental parameters, such as wind
speed and temperature. Such models have been proposed and are in
various stages of verification. The following review outlines the
present status of the model and the extent of verification.

The basic ideas of using the two resistance theory for interphase
mass-transfer of volatile chemicals in waste water basins were
presented by Thibodeaux and Parker in 1974.* The model was
modified by Freeman® and successfully tested in a laboratory reac-
tor/stripper with acrylonitrile by Freeman and Schroy.® Recently,
Hwang’ and Shen® have summarized and simplified the elements of
the emission model so that it can be applied easily to practical
engineering problems. The reader should refer to the above cited
works for details of the model.

The model has been field tested for methanol emissions from
four aerated basins treating pulp and paper.' Methanol is gas-phase
controlled, and this aspect of the model has been verified with field
measurements using the CP technique. This paper extends the field
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test verification of the model to include chemicals that are liquid-
phase controlled.

ANALYSIS OF THE EPTC DATA

As noted above, except for the lack of an exact water
temperature, the field data collected and documented by Claith, et
al.,>3 provides sufficient information for testing the emission
model. The gas and liquid phase coefficients as a function of wind
speed were estimated based on the compiled literature information
available on water vapor and benzene.® The individual coefficients
were then transformed for EPTC using Graham’s law of inverse
square root of molecular weights. The two resistance theory was us-
ed to obtain the overall coefficient, K, and the flux rate was
calculated by:

ng = 100! Kazpa2 @

with 1K4; in cm/h, p 45, the concentration in water, in mg/L and
Ng in g/haeh,

1/1Kpy = 1/1kps + 1/7HZkp o)
with H being Henry’s constant.

The calculations appear in Table 3. The individual gas-phase and
liquid phase coefficients, 2kAl1 and 1'kA2, respectively, are
presented in columns one and two. Comparison of the overall coef-
ficients in column three with those in columns one and two
demonstrate that EPTC is dominated by processes on the liquid-
phase side of the interface. The water temperature was assumed to
be 30°C. The model calculated EPTC flux is compared to the
measured flux in Fig. 1. In all cases, the calculated flux exceeds the
measured flux. However, considering the uncertainties in
temperature, and that the mass-transfer coefficients used to not ac-
count for plant stems protruding through the air-water interface,
the model does provide a reasonable estimate of the volatilization
process. Plants in the water would reduce the effective transport
coefficients, thus resulting in low estimations of the flux.
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Figure 1.

Volatilization of S-Ethyl, N,N-Dipropylthiocarbamate
from a Flooded Alfalfa Field
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Table 3.
Calculated Emission Coefficients and Rates for EPTC

Gas-phasl iquid-phase Overall Conc. In Evaporative
coeff.  coeff. coeff. water flax
time 24 Ny XA2 PA2 op
& (cm/b) tcm/h) (cm/h) (mg/L) ®/hath)
1300 419 083 0.65 2.1 137
1600 247 0.83 0.57 2.0 114
1800 765 279 1.86 2.0 n
2000 666 214 1.49 1.76 261
2200 493 0.83 0.67 1.44 97.1
2300 469  0.83 0.67 1.44 96.2
2400 440 0.83 0.66 1.44 95.00

DESCRIPTION OF HAZARDOUS WASTE
FACILITY SURFACE IMPOUNDMENTS

In Aug. 1981, the CP technique was used to measure the emis-
sion of volatile organic chemicals from two surface impoundments
in Western New York State. These impoundments routinely
receive, store and treat aqueous waste delivered by tanker trucks.
In July 1981, the facility received 720m’ of aqueous waste,
neutralized 1790m’ gal and processed 7900m® through the water
treatment system. A typical waste liquid analysis appears in Table
4,

Table 4.
Waste Liquid Analysis

Weight %
Halogenated organics 0.15
Non-halogenated organics 1.15
Organic salts 0.87
Organic acids 0.07
Metals 1.24
Metal salts 5.20
Inorganics 4.00
Water 87.32

The aqueous waste treatment system includes chemical reduction,
chemical oxidation, neutralization, activated carbon and biological
oxidation treatment. Depending upon the nature of the aqueous
waste, selected operations are chosen for treatment. All operations
are batchwise. The aqueous treatment process is only a portion of
the operations at the facility, which includes a hazardous waste
landfill, drum recovery and solvent recovery operations.

Characteristics of the two surface impoundments studied are
listed in Table 5. Pond 1, 2 is an earthen basin witha 1.2to 1.5 m
berm. The plan dimensions of the pond are 85m wide and 253 m
long. A partial dike separates the rectangular shaped pond into two
sections. A 2m opening, however, allows free exchange of water
between the two sections. Section 1 contains 50,000m? and section 2
contains 18,400m’.

Pond 1,2 is a wastewater biochemical oxidation reactor. Surface
aerators maintain the oxygen content to keep the process aerobic.
Aerobic conditions seemed to be present during the sample period.
The water was light green in color, suggesting algae growth was oc-
curring. Foam generated by the surface aerators was also present.

Table 5.
Surface Impoundment Data

Characteristic Pond 1,2 Pond 6
Surface area, m’ 21,600 4,650
Water volume, m’ 68,400 4,630
Water depth, m 3.2 1.0
Shape rectangle rectangle
No. of surface aerators operating 8 0
Acrator power, hp per aerator 15 -

The non-persistent foam covered 2 to 5% of the surface. A drum
storage and drum cleaning operation was situated directly north of
Pond 1,2.

Pond 6 is a temporary storage and pre-treatment pond. This
pond is rectangular in shape with a 1.8m berm and a plastic liner on
bottom. The water was yellowish in color and more odorous than
pond 1,2.

SAMPLING AND ANALYSIS METHOD

The CP technique apparatus consisted of devices installed onto a
boat for the simultaneous measurement of dry-bulb temperature
and wind speed and obtaining air constituent samples. Placement
of the apparatus on a boat allows facing the devices into the wind
and proper location on the impoundment surface. The apparatus
placement above the water surface is shown in Fig. 2. Temperature
measurements were taken at 39, 52, 69, 93, 142, and 211 cm above
the water surface. Wind speed was measured at 47, 67, 107, 187,
267 and 347 cm. One liter of air drawn through adsorbent tubes
over a 15 min sample time were positioned at 7.0, 14, 24, 55, 104,
and 232 cm. A weather vane, atop the wind speed mast, allowed
continuous indication of wind direction.

The micrometeorological mast was manufactured by C.W,
Thornthwaite Associates (wind profile register system model 106).
The temperature and air sampling mast were designed and built at
the University of Arkansas. The temperature mast consisted of
open-ended cylindrical tubes that (radiation) shielded a clay-in-cup
sensor. An electronic tip-thermocouple probe with a 2 sec response
time and LED digital display was inserted into each clay sensor for
temperature measurements. The sample tube mast consisted of six
tube height positioners, six extension tubes and six air rotameters
connected to a hand evacuated vacuum tank.

Air samplers were 15 cm stainless steel, 3.2mm O.D. and 2.2mm
L.D. tubes. Each tube was packed with 11.5 cm of Tenax, 60/80
mesh and 2.5 cm of silica gel, 40/60 mesh. Air flow was through the
Tenax then through the silica gel. The prepared tubes were pre-
conditioned by heating to 270-300°C and purged with helium for
one hour. The tubes had Swagelok plugs on each end and were
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Figure 2.
Concentration Profile Apparatus



sealed prior to and after sampling. Surface water samples were ob-
tained from each impoundment in one liter, amber teflon-lined cap
bottles. Each sample was acidified with HC1 immediately to sup-
press biological activity.

A Varian 3700 Gas Chromatograph was used for all flame
jonization detection (FID) analysis. Water samples were analyzed
on Chromosorb 102, Chromosorb 101, and Bentonone 34 using
various flow rates and temperature programs to obtain optimum
separation. Chromosorb 101 was best with temperature held at
45°C for 6 min during trap desorption (@180°C), elevated to
125°C and held for 6 min, then temperature programmed at
4°/min up to 200°C. With a flow of 53 ml/min Nitrogen carrier,
the Chromosorb 101 produced the greatest number of well resolved
peaks. The resulting peaks were compared to standards of
purgeable priority pollutants. The use of three different standards
and spikes of these aided in identification. The results were
reported at total FID organics in ug as Benzene. The individual
compounds were reported in pg individual compound. Water sam-
ple results were reported in pg/l.

A Varian 2800 gas chromatograph equipped with a Hall detector
was used for chlorinated organics. The Carbopac B packing served
well for the Hall detector analysis. The temperature was held at
35°C for 8 min during trap desorption (at 180 °C), then elevated to
220°C at 8 °/min and held for a total of 52 min. Samples were again
compared to three purgeable priority pollutant standards for iden-
tification and quantification. Chlorinated organics were reported
as total chlorinated organics in pg as chloroform. Individual com-
pounds were reported in pg individual compound. Water sample
results were reported in pg/l.

Gas Chromatographic analysis of air and water samples was per-
formed at the University of Cincinnati.'® Two water samples were
analyzed on GC/MS by Environmental Consultants, Inc. of Cin-
cinnati.!! Air sample tubes and water samples were provided to the
site operator. GC/MS analysis were performed on the air samples
and TC, TOC and TOD on the water samples in the operators
laboratory.

FIELD MEASUREMENT RESULTS
AND DISCUSSION

A total of 90 air samples and 12 water samples were obtained
from the two impoundments. Fifteen concentration profiles were
obtained, nine above pond 1, 2 and six above pond 6. Temperature
and wind speed profiles were also obtained. Nine profile tube-sets
(i.e., six tubes make a set) were analyzed by GC/FID and six by
GC/Hall detector. Four profile tube-sets and the corresponding
water samples were delivered to the site operator for split-sample
analysis. Remaining tube-sets and water samples were analyzed by
the University of Cincinnati, Department of Civil and
Environmental Engineering. Selected water samples were also
analyzed by Environmental Consultants, Inc."!

The major chemicals (identified and confirmed) and concentra-
tions in the water phase of the two surface impoundments are listed
in Table 6. These concentrations are a summary of the results of the
three laboratories. Approximately 50 other compounds were iden-
tified but were not confirmed with standards. The chemical make-
up of the water is consistent with tanker truck waste liquid
discharged to the impoundments as reported in Table 4. In general
the concentration levels in pond 1,2 are lower than in pond 6. This
is likely due to ‘‘treatment’’ occurring in pond 1,2 since it was
designed for biochemical oxidation. Pond 6 serves as a storage
pond and biological treatment is not encouraged. .

Several chemicals were identified in the air boundary layer above
both surface impoundments; the ranges of concentrations detected
near the water surface and at two meters above the surface of both
ponds are shown in Table 7. The concentration gradients suggest
that the water is a source of the air contaminants. The detailed pro-
file structure for benzene, 1,1, dichlorethane and total hydrocar-
bon concentration in the air boundary layer above pond 6 is shown
in Fig. 3. Such a linear relationship of decreasing concentration
with natural logarithm of height above the water indicates that the
water is an area source and the boundary layer is turbulent.'
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Table 6.
Major Chemicals in Water of Surface Impoundments

Chemical** Concentration and s.d. (ug/1)
POND 1,2

Benzene 0.31 = 0.31
Toluene 4.1 £ 4.7
Total hydrocarbon* 84 = 2.8
1,1 dichloroethane 34. + 7.7
Total chlorinated hydrocarbon{3 207. £ 37.
Total oxygen demand 235,000. + 10,000.
Total carbon 73,000, £ 2,300.
Total organic carbon 64,000. + 0.0
POND 6

Benzene 16. + 9.5
Toluene 43, + 3.0
Total hydrocarbon* 125. -
1,1 dichloroethane 22, £ 19.
Total chlorinated hydrocarbon(J 267. -—-
Methylene chloride 124. -
Chloroform 8.3 —
1,2 dichloroethane 144, —
1,1,1 trichloroethane 6.8 -
Trichloroethene 33.2 -
Tetrachloroethene 33 -—-
Chlorobenzene 10.3 -
Ethylbenzene 9.0 —
Total oxygen demand 6,300,000. -
Total carbon 2,150,000. -
Total organic carbon 2,000,000. -

**GC/MS results, confirmed with standards.
*Flame jonization detector, reported as benzene.
[JHall detector, reported as chloroform.
--indicates only single values available.

Table 7.
Chemicals and Concentration Ranges Above Surface Impoundments
Chemical Concentration in Air Sampler (ug/D*

Near Water Two meters above
Surface “Surface

Benzene 0.2 0.01
Toluene 0.04 0.002
Total Hydrocarbon as

Benzene 2.0 0.04
Ethylbenzene 0.01 0.002
1,1 Dichlorethane 0.07 0.02
Total Chlorinated Hydro-

carbons as CHCl, 0.5 02

*Results of University of Cincinnati and site operator laboratories.
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Figure 3.
Concentration Profiles for Pond 6
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Table 8.
Profile Measurement Summary

ng S5 Ve Sy Yy
Profile Pond Chemical n F lux* Corr. Friction Corr. Wind@3.5m
no. no. (obs) (ng/cml-s)  Coeff. vel. Coeff.  (cm/s) Comment s Lab.t
(cm/s)
1 2 Benzene 6 +0.060 -.878 20.4 +.996 282 Aug. 26, 10:45AM, sunny and clear, wind UC
1 2 Total HC 6 +1.05 -.545 20.4 +.996 282 variable from S, SE, SW. uc
2 2 Benzene 5 -0.38 +.176 11.5 +.998 196 Wind SSW, changing to S. No wind for SO
2 2 Toluene 4 +0.015 -.426 11.5 +.998 196 brief periods. SO
3 2 1,1 OCE 6 -- -- 11.9 +.987 191 No chemical detected to all six levels. UC
3 2 Total CLH 6 -0.21 +.390 11.9 +.987 191 U
4 2 1,1 DCE 5 -0.022 +,713 8.74 +.986 151 Wind very low, direction variable from uc
4 2 Total CLH 5 -0.33 +.783 8.74 +.986 151 S to E. No wind for brief periods. uc
5 2 Benzene 5 -0.54 +.376 19.9 +.979 232 3:00PM, wind shift to north. Good SO
5 2 Toluene 4 -0.019 +.678 19.9 +.979 232 steady wind. SO
648 182 1,1 DCE 6 +0.0404 -.764 22.0 +,993 360 North wind, good and steady. u
648 182 Total CLH 6 +0.153 -.412 22.0 +.993 360 North wind, good and steady. uc
7 1 Total HC 6 -1.02 +.763 22.2 +.993 335 North wind, good and steady. uc
7 1 Benzene 6 -0.290 +.711 22.2 +.993 335 North wind, good and steady. uc
9 1 Benzene 5 -0.30 +.593 21.2 +.993 352 North wind, good and steady. SO
9 1 Toluene 5 -0.038 +.685 21.2 +.993 352 North wind, good and steady. S0
10 6 Benzene 4 +58.0 -.776 8.9 +.985 159 Aug. 27, 12:12PM Chemical analysis ]
10 6 Toluene 5 +3.6 -.687 8.9 +.985 159 faulty. SO
11,13,14 6 Benzene 5 +0.095 -.980 12.0 +.985 325 Wind N, NE with drizzle rain. uc
11,13,14 6 Toluene 6 +0.014 -.222 12.0 +.985 325 Wwind N, NE with drizzle rain. uc
11,13,14 6 Total HC 6 +1.30 -.958 12.0 +.985 325 Wind N, NE with drizzle rain. e
12,15 6 Total CLH 3 +0.28 -.998 11.0 +.983 275 Wind N, NE with drizzle rain. u
12,15 6 1,1 OCE 5 +0.028 -.990 11.0 +.983 275 Wind changing to east at 2:35PM. uc

* Positive denotes emission and negative denotes absorption.
t UC denotes University of Cincinnati Laboratory and SO denotes the site operator laboratory.

A data summary of the CP technique measurements appears in
Table 8. This table contains: the profile number (Col. 1), the pond
number ( Col. 2), the chemical (Col. 3), the number of usable data
in the profile (Col. 4), the flux rate of the chemical in the boundary
layer (Col. 5), the correlation coefficient for S © (Col. 6), the fric-
tion velocity at the surface (Col. 7), the correlation coefficient for
Sy (Col. 8), wind speed ( Col. 9), comments (Col. 10), and the
laboratory which performed the analysis (Col. 11). This data repre-
sent field results for Aug. 26 and 27, 1981. Pond 1,2 was surveyed
the 26th and pond 6 was surveyed the 27th.

The flux measurements presented in Table 8 need to be inter-
preted in light of the operation of the ponds and other local sources
of volatiles. Both positive (emission) and negative (absorption)
fluxes were observed. This occurred for pond 1,2 only. It appears
that volatile chemical concentrations were low in the water of pond
1,2 on Aug. 26. Low levels are the result of biological treatment
and/or volatilization immediately after placement of a batch of
wastewater in the pond. There are other sources of VOC at the
facility. A landfill area is located to the gast and northeast of pond
1,2. Waste receiving, process area, solvent recovery areas as well as
pond 6 were also located northeast of pond 1,2. A site containing
waste in drums, covering approximately two acres, was located
about 90 m north of pond 1,2.

The emission and absorption measurements values in Table 8 are
the result of changing winds. Apparently, winds from the north,
northeast and east caused absorption, whereas winds from the
south, southwest and west caused emission. Strong organic
chemical odors were evident when the wind was from the north.
Drum clean-out was occurring at the time and profiles 7 and 9 in-
dicate hydrocarbon absorption. When wind was from the south the
background concentration of organics in the air was low. If a shift
to the north occurred at sometime within the 15 min sample period
air with high background concentration of organics swept over the
tubes. The net result was very erratic chemical concentration pro-
files and low correlation coefficients.

The conditions of the next day (Aug. 27) were ideal for emission
measurements on pond 6. Winds were constant and always from
the north and northeast with no apparent upwind sources of VOC.
These conditions resulted in high correlation coefficients for pro-
files 10 through 15. The chemical analysis performed on tubes of
profile 10 appears to be faulty. Nevertheless emission is indicated.

Profiles 11 through 15 were averaged resulting in high correlation
coefficients. Averaging is appropriate due to constant
micrometeorological conditions throughout the period. Table 10
contains a summary of the ranges of the chemical flux rates observ-
ed above the ponds. Except for 1,1 dichloroethane, the emission
rates from pond 6 were greater than pond 1,2. This is to be ex-
pected, since the concentration of VOCs in pond 6 is greater.

Table 9.
Surface Impoundment Transport Coefficient Calculations
Chemical Pond Temp. Henry's Transport Coefficients (cm/h) t
°c Constant Hq. gas q. gas overall half-
ioef cgef . cgef . goef. life
(gem3/gem=3) Lkpp 2y kag kpy lkpp  (m)
benzene 1,2 24 .232 3670 148,000 31.4 792 59.0 3.7
1,1 0CE 1,2 24 191 3810 199,000 18.7 981 50.8 4.3
benzene 6 21 215 - - 11.4 741 10.6 6.5
1,1 DCE 6 21 .193 - - 10.0 909 9.5 7.3
—

*Evaporation half-life tis = .69 x depth + 1KA2

Table 10.
Comparison of Calculated and Measured Flux Rates

Calculated Flux Measured Flux

Chemical Pond (ng/cm’es® (ng/cm’es)
Benzene 1,2 + 0.0051 -0.29 to +0.06
Toluene 1,2 + 0.062 ~-0.038 to +0.015¢
Total HC 1,2 + 0.14 -1.0 to+1.1 *
1,1 DCE 1,2 + 0.48 -0.022 to +0.04
Total CLH 1,2 + 2.7 ~0.33 to +0.15 *
Benzene 6 + 0.047 +0.095
Toluene 6 + 0.12 +0.014 *
Total HC 6 + 0.37 +1.3
1,1 DCE 6 + 0.058 +0.028
Total CLH 6 + 0.064 +0.28

*denoted low correlation coefficient pn concentration profile slope.

Based upon the observed concentrations of chemicals in the
ponds (Table 6) and suggested modeling guidelines for air emis-
sions,” flux rates were calculated. The method of calculation is
basically outlined by Equations 4 and 5. This calculation was per-



f_ormed as part of a continuing effort to ‘‘field test’’ proposed emis-
sion models. Table 9 contains calculated transport parameters and
other calculated results for benzene and 1,1 dichloroethane. Pond
1,2 contained eight, 15 hp (operating) surface aerators at the time
the sampling was performed. The effective liquid-phase and gas-
phase coefficients for the aerators appear in columns 5 and 6 of
Table 9. The natural, wind-induced coefficients appear in columns
7 and 8. Pond 6 had no operating aerators at the time. The
calculated overall transport coefficients are in column 9. Inspection
of the coefficients suggest that benzene and 1,1 dichloroethane are
liquid phase controlled. The overall coefficient in pond 1,2 is five
times higher than that of pond 6 due to the surface aerators; see
Ika2 values in next to last column Table 9. Emission half-life
calculation result appears in the last column of Table 9. The times
suggest fairly rapid volatilization rates are operative in the ponds.

A comparison of the (CP technique) measured VOC emission
rates and model calculated emission rates appear in Table 10. For
the flux calculations of total HC (hydrocarbon), benzene properties
were used and for total CLH (chlorinated hydrocarbon), 1,1
dichloroethane properties were used. In cases where the measure-
ment statistics of correlation are high the model is in general agree-
ment with the measured values. The range of measured emission
rates (with high correlation coefficients) were from 0.028 to 1.3
ng/cm?es. The calculated emission rates ranged from 0.0051 to 27
ng/cm?es. Inspection of the measured vs calculated rates in Table
10 for pond 6 indicates agreement within an average factor of +
2.5. The agreement is + 2.0 if only the data for 1,1 dichloroethane
and benzene are considered.

Vaporization rates of VOCs from the two surface impoundments
are in Table 11. Since the profile measurements on Pond 1,2 were
hampered by unfavorable wind and high background concentra-
tions the flux rates were calculated using the effective transport
coefficients and the measured concentrations of the volatiles in the
water. Fifty kilograms/day of total chlorinated hydrocarbon is in-
dicated for pond 1,2 with 9 kg/d being contributed by 1,1 dichloro-
ethane. Only five kg/d of total hydrocarbon is being emitted from
pond 6 with benzene and toluene combined for 0.9 kg/d of the total.

CONCLUSIONS

Conclusions drawn from this study are generalized with respect
to the CP technique and emission modeling and are also of a site
specific nature with respect to the hazardous waste facility.

Site Specific Conditions

eLevels of chlorinated hydrocarbons, including 1,1
dichloroethane, and total hydrocarbons, including benzene, were
observed (identified and confirmed) in both the water and air boun-
dary layer of two surface impoundments of a hazardous waste
disposal facility.

eConcentration gradients in the air boundary layer above the
surface impoundments indicate that the ponds are a source of
VOCs; however, periodic windshifts move air with high concentra-
tion of VOC from other areas of the facility over the impound-
ments so that chemical absorption onto the water is indicated.

*#VOC emissions from the two surface impoundments surveyed
include approximately 51 kg/d of total chlorinated hydrocarbon
compounds and 8 kg/d of total hydrocarbon compounds. 1,1
dichloroethane accounted for 9 kg/d and benzene accounted for
0.4 kg/d. Odors were present at the facility and had their origin, in
part, from volatile chemicals in the water. Due to the batch nature
of the operation and the very short evaporation half-life (4 to 7 hr)
of the chemicals, intense odors and higher VOC emission rates are
likely immediately after waste containing volatiles are discharged
into the impoundments.

oThe transport process for the chemicals vaporizing from the im-
poundments is liquid phase controlled. The surface aerators
enhance the natural (wind dominated) transport process by a factor
of five in the case of 1,1 DCE and benzene.
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Table 11.
VOC Emission Rates

Flux Basis Emission Rate
Chemical Pond (Tabale 10) (kg/d)
Béhzene calculated 0.095
Toluene 1,2 calculated 1.2
Total HC 1,2 calculated 2.6
1,1 DCE 1,2 calculated 9.0
Total CLH 1,2 calculated 50.
Benzene 6 measured 0.38
Toluene 6 calculated 0.48
Total HC 6 measured 5.2
1,1 DCE 6 measured 0.11
Total CLH 6 measured 1.1

General Conclusions

oThe CP technique, originally designed for assessing emissions
from area sources, is apparently also capable of detecting and
quantifying absorption onto area sources. Both vaporization and
absorption were observed on pond 1,2. Only vaporization was
detected on pond 6.

eMeasurements at this site provided the first data to “‘field test’’
proposed VOC emission models for chemicals in which the
transport process is liquid-phase controlled. Comparison of
calculated emission flux rate and the measured flux rate data for
1,1 DCE and benzene indicates that the model predicts within a fac-
tor of + 2. Model predictions of the EPTC data, which is also
liquid-phase controlled, were +3 times higher than the field
measurements. Both these model versus field measurement com-
parisons are better than that reported for methanol emission from
pulp and paper wastewater treatment lagoons.’
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INTRODUCTION

In 1980, about 41 million tons of hazardous wastes were gen-
erated by various sources in the United States' and almost 80%
of these wastes were deposited in lagoons, landfills and open
dumps.? The cumulative effect of these environmentally unsound
practices has been the contamination of many sites across the
United States. Numerous case examples of this contamination
spreading to local community water supplies and air sheds demon-
strate that public health and welfare have been unnecessarily
threatened.

Historically, the strategy for management of hazardous wastes
has only focused on preventing contamination of water supplies
by surface runoff and underground leachate. Only recently has
awareness grown that hazardous emissions at the disposal sites can
also be a severe hazard. In many sites, air pollution problems are
often still not recognized because ambient air monitoring data are
lacking.

In this paper, the authors discuss causative factors and control
problems inherent in the management of hazardous waste sites.
Major health effects of toxic emissions are identified, current regu-
latory requirements for control are described, methods for pre-
dicting toxic emission rates are presented, and available control
techniques for minimizing hazardous emissions from those sites
are discussed.

PROBLEMS

Dust emission is one of the more significant but less dramatic
air pollution problems at hazardous waste treatment and disposal
sites. Many air quality control regions have not met the ambient
air quality standards for particulate matter, and dust particles can
consist of both soluble and insoluble hazardous materials and can
have adsorbed on them molecules of toxic substances thereby creat-
ing toxic mixtures. The respirable size of many dust particles also
enhances their hazard. Dust emissions from the waste disposal sites
may result from:

(a) Wind erosion of the waste materials

(b) Re-entrainment of particulate matter by vehicle traffic

(c) Excavation of waste materials

(d) Wind erosion of the soil cover

Another air pollution problem at hazardous waste treatment and
disposal sites is waste volatilization, the process of conversion from
a liquid or solid state to a gaseous or vapor state. This process
occurs at all landfills and waste lagoons.>* The rate of waste vol-
atilization is highly dependent upon the physical and chemical
properties of the waste, site design and operation, surrounding en-
vironment and meteorological conditions.

The vaporized contaminants of particular environmental con-
cern are halogenated organics and aromatic hydrocarbons. Unlike
fugitive dusts, a hazardous vapor may not be removed from the
atmosphere for a relatively long period of time, and the toxicolog-
ical properties can represent an unusually severe health threat. A
study of physical and chemical removal processes of 43 chemicals
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revealed that for a volatile chemical, such as acrylonitrile, viny-
lidene chloride, ethylene dichloride, perchloroethylene and ben-
zo(a)pyrene, chemical removal residence times were estimated to
range between 3 to 70 days based on reaction with hydroxyl rad-
icals and ozone(5). That means vaporized contaminants may travel
from rural areas to metropolitan areas, causing more than a local-
ized problem.

Moreover, the hazardous properties of most organic compounds
will probably remain unless destroyed by reactions. The undes-
troyed hazardous vapors and gases may be adsorbed or absorbed
on small particles in the atmosphere and then eventually will fall
out on land and in waters. Subsequently, they can be re-emitted
into the atmosphere again through a cyclic process illustrated in
Fig. 1.

HAZARDOUS
CONTAMINANTS,

OUN )
D LEACHWNG  f€
SUREAGE RUNC

Figure 1.
Hazardous Constituent Cycle

HEALTH EFFECTS

The human health effect of fugitive dust and toxic vapors can
be acute or chronic. An acute effect is a sudden, recognizable ill-
ness directly attributable to dust and chemical exposures. For ex-
ample, dust can irritate the respiratory system or occur in suffic-
ient quantity to physically overwhelm the respiratory system’s
natural defense mechanisms. Similarly, some gases, such as meth-
ane or carbon dioxide, can dilute the oxygen available to the lungs
sufficiently to cause asphyxiation. In other cases, such as inhala-
tion of carbon monoxide, the mechanism of asphxiation is bio-
chemical. Other materials can be severe irritants or cause serious



responses involving the immunological system with subsequent
systemic shock, swelling of limbs, or various other neurological
disorders.

More frequently, however, the dust and vapors will contribute to
the occurrence of chronic diseases, the accelerated failure of organ
systems or development of genetic disorders, such as cancer and
teratogenesis. This illness can develop over long periods of time or
the onset can be delayed for years or even decades, a time span
known as the latency period. Lung cancers attributable to asbes-
tos exposures during World War II, for example, have been re-
ported in increasing numbers during recent years. Occurrence of
the diseases will depend upon numerous risk factors, such as
genetic characteristics, smoking or dietary habits, subsequent or
previous environmental exposures, and the type and intensity of
exposure.

Usually, however, generalizations can be made. Dust is asso-
ciated with chronic bronchitus, emphysema, and, in some cases,
lung cancer. Toxic vapors or soluble particulates will also affect
specific organ systems. For example, mercury vapors will impair
the central nervous system; benzene will suppress the capacity of
bone marrow to form blood cells and can eventually contribute
to occurrence of leukemia; cadmium and other heavy metals can
affect the kidneys.

The possible roles of toxic vapors and hazardous particles in
causation of cancer and cardiovascular disease are more complex.
Carcinogens, for example, are generally classified into three cate-
gories:

oThe direct-acting or primary carcinogens will produce tumors in
a specific organ or where exposure occurred. However, these car-
cinogens in small quantities can usually be detoxified and ex-
creted before cancers develop.

*The secondary or pro-carcinogens normally have target organs,
such as the liver, and often will be transformed into the active
agent by metabolic processes. Often these compounds require pro-
moters.

*Promoters activate or stimulate the carcinogenetic effects of car-
cinogens absorbed by tissues from previous exposures. Examples
would be croton oil or phorbol esters. Thus, is a person were ex-
posed to croton oil but had not been previously exposed to a car-
cinogen, one would assume that no tumor would develop. If a
person were exposed to a recognized secondary carcinogen, such
as benzo(a)pyrene that is present in trace amounts in almost all
industrial and urban environments, and then the person is ex-
posed to croton oil, rapid development of tumors can be ex-
pected.

Considerable progress is being made in identifying the carcino-
gens that may be present in hazardous wastes but identification
of promoters is considerably more difficult.

The prediction of health effects from chemical exposures is al-
ways complicated by the differences in responses between in-
dividuals. Each person will be more resistant or susceptible than
another person because risk factors will differ. Furthermore, haz-
ardous waste vapors and dusts are mixtures of chemicals, and
are not pure, individual chemicals like those used in research or
even in industrial environments that have provided the locale for
most of the current toxicology knowledge. At this stage, esti-
mates of human health effects from hazardous waste sites must be
based upon identification of specific toxic chemicals, estimates of
human exposure to these chemicals, and then some comparison
with levels measured in toxicology research or found in epidemio-
logical investigations. However, these estimates of possible effects
represent crude, often incomplete approximations and additional
effects may often be found.

REGULATORY REQUIREMENTS

Thousands of landfills and surface impoundments used for dis-
posal or treatment of hazardous wastes are operating with interim
status under Section 3005(¢) of the Resources Conservation and Re-
covery Act (RCRA). These interim regulations and standards

SAMPLING AND MONITORING 77

promulgated on May 9, 1980, and Jan. 12, 1981, primarily attempt

to protect against contamination of surface and underground water

supplies. Air pollution problems associated with hazardous waste

facilities are not adequately addressed. RCRA regulatory require-

ments® promulgated to reduce hazardous air emissions from haz-

ardous waste sites include:

eWaste piles containing hazardous waste must be covered or other-
wise managed to prevent wind erosion

eMigration of air contaminants from the site must be controiled

eThe vertical and horizontal escape of gases must be controlled
by a gas collection and control system if one is present in the
landfill

*Bulk or noncontainerized liquid waste must not be placed in a
landfill with few exceptions, such as use of liners or pretreatment
of the waste

The air monitoring requirements for new hazardous waste sites
under RCRA include:
®An air monitoring system to yield air samples for analysis and

to provide sufficient ambient air quality data to perform the re-
quired comparison and evaluations

*An air emission sampling and analysis plan which describes the
sampling and analytical techniques and procedures

®An air emission evaluation to compare the anticipated effect of
the waste site on ambient air quality with the provision of the
site permit

®Records of all analyses and evaluations of ambient air quality,
wind direction, and speed

The number and location of the monitors will depend upon the
size of a site, meteorological conditions, prevalent winds, and the
surrounding population density and distribution. Meterological
data are needed to facilitate the interpretation of the ambient mon-
itoring data.

Air monitoring is primarily concerned with the detection of in-
dividual hazardous contaminants; however, indicators for toxic
compounds, such as total hydrocarbons, total hologenated com-
pounds, or total chlorine content, are used for air quality assess-
ments. Further analysis for composition of hazardous air emissions
at the location is required if monitoring detects the release of a
significant amount of such indicator compounds. Measurements at
the time of a maximum emission rate are preferable but they
should reasonably be representative overall of emission levels.
However, both average and worse case approaches to analyze the
confidence in making evaluations would be useful.

The New York State Department of Environmental Conserva-
tion (DEC) currently requires hazardous waste land disposal fa-
cilities to have five' cells based on chemical properties of the waste
to be disposed.” These cells are to be hydrologically isolated:
*General cell
eFlammable waste cell
sPseudometal cell
eHeavy metal cell
sHalogenated organic cell.

The primary reason for subdividing the landfill into cells is to
match the construction material used in the receiving cell with the
corrosive and other physical characteristics of the waste. Sub-
division in the landfill also promotes safe handling during dis-
posal operations, permits accurate record keeping of waste de-
position and facilitates environmental monitoring for leakage and
emission. Furthermore, use of cells can reduce the rate of gas gen-
eration within the entire landfill and, correspondingly diminish
overall hazardous air emissions.

AMBIENT AIR QUALITY ASSESSMENT

The purpose of ambient air quality assessment is to assure that
emission levels of air contaminants into the atmosphere will be
within acceptable limits for protection of public health and the
environment. Ambient concentrations of air contaminants at or
near a source of emissions are generally obtained by actual mea-
surement or monitoring. However, under current logistic con-
straints, such as limited resources of money, manpower, and time
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required for answers, prediction methods for toxic emissions from
hazardous waste sites may be applied as a screening tool for am-
bient air quality assessment in the absence of monitoring data.

Prediction methods for average emission rates of major organic
contaminants are available and are discussed in the next section.
To convert emission rates (mass/time) to ambient concentrations
(mass/volume), an appropriate atmospheric dispersion model must
be applied. Numerous atmospheric dispersion models are avail-
able, but none were designed for estimating ambient concentra-
tions from area sources, such as hazardous waste disposal sites.
Among the available atmospheric dispersion models, the com-
puter programmed PAL model* appears to be the best for this ap-
plication. PAL is a multisource Gaussian-Plume atmospheric dis-
persion model used directly in the computation for point, line,
and curved path sources. It is suitable for computing ambient con-
centrations nearby a receptor located at least 100 meters downwind
of area sources. Concentration calculations are based on hourly
meterology, and averages can be computed for averaging times
from one to 24 hours.

EMISSION PREDICTION METHODS

For fugitive dust emissions produced by wind erosion of waste
piles, about 2.5 to 10% of the waste may become airborne de-
pending on the waste type and properties, wind velocity, and sur-
face geometry. This range of air emission was originally developed
for estimating emissions generated by agricultural soils.®

Dust emissions from unpaved haul roads by vehicle traffic are
affected by the road surface texture on the road, road material,
surface moisture, vehicle speed and vehicle type. Emissions can

be predicted using the following equation described elsewhere:*'°
E =(0.818) (v/30) (365 — N) /365 0))]
where:

E = Emission factor (Ib/vehicle-mile);

S=Silt content of road surface material (%by weight of
particles less than 75 u diameter);

V = Average vehicle speed (miles/hr); and

N = Mean annual number of days with 0.01 in. or more of rain-
fall.

This equation valid for four-wheeled vehicles with speeds in the
range of 30-50 miles/hour. It seems reasonable to adjust Equa-
tion (1) by a multiplier factor of W/4 applied to vehicles with more
than four wheels where W = number of wheels on a vehicle.

Waste volatilization from landfills and surface impoundments
have been studied by a number of researchers.'”'® They have
developed several prediction models for emission estimation by in-
corporating numerous variables and extensive input data into com-
plicated calculations with multiple unit conversions. Based on their
studies and experimental data, Equations (2-6) were recommended
as screening tools after many variables were consolidated into few
so that the input data could be kept to minimum and restricted
to those data that could be readily obtained.

Emission rates of organic compounds from industrial waste
buried sites can be predicted, assuming that diffusion in the vapor
phase is the only transport process operating. If transport in mov-
ing water and degradation of the organic compound in the site are
considered insignificant, the emission rate of a specific organic
compound based on Fick’s law can be estimated'® using the follow-
ing equation:

Ej=DiCiAPA 3wy
where:

Ei = emission rate of a specific compound in the wastez(g/sec)

Di = diffusion coefficient of a specific compound (cm*“/sec)

CSi = saturation vapoEconcentration of the compound (g/cm-)

A = exposed area (cm<)

P, = total soil porosity (dimensionless)

L = effective depth of soil cover (cm)

W= weight fraction of a specific compolund in the waste

The soil porosity can be calculated by the following equation:

@

P=1-% ®
where:

db =s0il bulk density (g/cm?*)

dp = particle density (g/cm?). .

Dump sites are landfills which have no covering material and
cause greater volatilization problems. Based on Arnold’s'*
diffusion equation, the volume of vapor generation of a pure
organic compound under steady state conditions can be calcu-
lated '* using the following equation:

dv/dt=2C, W (DLv/7 F)}/2w; @
where:
dV/dt = emission rate (cm?*/sec)
C. =equilibrium vapor pressure
W = width of the dump site (cm)
D =diffusion colefficient (cm?/sec)
L =longest dimension of the dump site (cm)
v =wind speed (cm/sec)
F_, =correction factor (see Fig. 2)
i= weight fraction of a specific compound in the waste
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Figure 2.
To Find Correction Factor Fv

A strong wind can increase the emission rate; however, it also
increases the dilution factor. Thus, the net-effect of wind speed on
ambient concentration becomes compensative and depends on
location of the receptor.

The rate of waste volatilization from industrial lagoons or ponds
can be estimated* using the following empirical equations:

(ERP); = (18x10°) (K[ A C; ®
where:
(ERP); = emission rate potential of a compound (g/sec)
(KL); =liquid-phase mass transfer coefficient of a compound
(g-mol/cm?-sec)
A =lagoon surface area (cm?)
Ci =concentration of the compound in wastewater (mg/1).

Although Equation (5) appears relatively simply, its solution is
difficult primarily because we have only limited experimental data
for determining the liquid-phase mass transfer coefficient (K-
of organic compounds. However, there are methods to determine



(K ) of organic compounds. Most of these methods involve com-
plex equations and mathematical models which are too complicated
to be applied by field and practicing engineers for quick and prac-
tical solutions. The following is a simplified equation recently
developed:*

(K ); =445 x 10-3M;)0-3(1.024)20(0)°-67 11y 0-85 ©)
where:
M. =molecular weight of the compound (g/mole)
{= surface water temperature (OC)
u =surface velocity = 0.035 wind velocity (cm/sec)
H = water depth of the lagoon (cm)

The above six emission-related prediction equations should be
applied cautiously since they are suitable only for screening pur-
poses in extreme situations where emission rates and risks are clear-
ly acceptable or unacceptable. Therefore, it would be advisable to
analyze the level of confidence by making estimations using both
average and worse case approaches.

CONTROL TECHNIQUES

As with all air pollution problems, dilution and dispersion of
hazardous air emissions into the atmosphere is still a vital method
of control. But for less-reactive hazardous air contaminants, this
approach of dilution and dispersion should be applied with ex-
treme caution to meet the acceptable ambient air quality guide-
lines.

Fugitive dust emissions from haul roads used to transport wastes
may be controlled by watering, chemical stabilizing, reducing
vehicle speed, or paving these roads. Of course, dust emissions can
effectively be controlled by paving these roads with concrete or as-
phalt. This approach is expensive and, therefore, has not been used
on temporary roads at most waste treatment and disposal facil-
ities. Main haul roads intended for long-term use are normally
paved, however. Control efficiencies of available methods for fug-
itive dust emissions are shown in Table i:'°

Table 1.
Control Methods for Unpaved Roads.

Control Method Efficiency, %
Paving 85
Treating surface with penetrating chemicals 50
Working soil stabilizing chemicals into roadbed 50
Vehicle speed control@
30 miles/hr 25
20 miles/hr 65
15 miles/hr 80

@Based on the assumption that uncontrolled speed is typically 40 miles/hr.
Between 30 to 50 miles/hr emissions are linearly proportional to vehicle
speed.

Emissions from industrial waste lagoons can be minimized by
design considerations, such as increasing lagoon depth and de-
creasing lagoon surface area or constructing wind barriers at the
upward location where the prevailing wind occurs in summer and
autumn seasons. The best approach would be to remove volatiles
from the waste entering into the lagoon. Steam stripping is one
of the control alternatives for removal of volatiles from waste-
water. For hydrocarbon mixtures, control alternatives may be re-
cycling or recovery of volatiles by conventional distillation pro-
cesses or disposal by incineration. Air emissions can be sub-
stantially reduced by covering the waste lagoon with an oil film.
However, this approach can interfere with aerobic processes which
are important for biological treatment in waste lagoons.

Control of landfill gam emissions is more difficult than control
of leachate because prediction of the migration route for landfill
gas is more complicated and difficult than for leachate. At present,
landfill gas is generally vented directly to the atmosphere. This
practice may cause significant adverse effect on air quality. Un-

SAMPLING AND MONITORING 79

less the quantity and composition of gaseous emissions are known
to be insignificant, gas collection and control systems should be
installed to prevent hazardous air emissions. '®

To determine if gas collection and control systems will operate
efficiently, one should first investigate whether the gas migra-
tion is primarily a pressure or diffusion problem. If the predom-
inant mechanism is pressure flow, one would normally choose a
passive venting system with adequate control to remove the
pressure gradient, assuming the cover is relatively impermeable.
On the other hand, if the primary gas migration process is a
diffusion flow, a passive venting system would probably not be
effective and the gas will eventually escape from the landfill cracks
unless a forced venting system is installed to maintain a slightly
negative pressure within the landfill >

A practical and effective control of gas generation and emission
for new landfills is pre-treatment of the wastes. The usual objec-
tives of pretreatment are to destroy, recover, or convert hazardous
components of the wastes into forms suitable for reuse or innoc-
uous forms that are acceptable for land disposal. Gas generation
can also be reduced by eliminating all volatile organic wastes and
liquids from landfilling. Keeping the liquids from entering and
leaving landfills would eventually minimize gas generation and gas
emissions. This can be accomplished by using liners that may be
concrete, asphalt, certain plastics, or a mixture of natural soil and
sodium bentonite., Sodium bentonite swells more than ten times
its original size when it comes into contact with water. When com-
bined with natural soil, it creates an impermeable layer.

As a remedial action at existing landfills, the use of covering
materials known as ‘‘capping,”’ has been proven to be an effec-
tive method for temporary solution of a problem that needs
immediate action. An example of such remedial action was the
Caputo disposal site located near South Glens Falls, N.Y. Assorted
materials, such as topsoil, papermill sludges and manure, were
used to cover the site and prevent PCB volatilization during the
summer months in 1980. These materials were readily available,
economical, and easy to apply. Furthermore, papermill sludge
and manure have a high capacity for gas and vapor adsorption.
Because they are organic material, they are also relatively combus-
tible and can be later incinerated.

One of the important measures in controlling hazardous air emis-
sions is to avoid co-disposal of certain wastes in the same land-
fill cell or lagoon. Examples of such wastes are acids with metals
or solvents with certain highly toxic aromatic hydrocarbons. In
some cases, waste stabilization or solidification may be necessary to
reduce their mobility and emissions.

SUMMARY AND CONCLUSIONS

*Dust emission and waste volatilization have been identified as
the major air pollution problems at hazardous waste sites. But the
degree and extent of such problems have not been well defined
because of lacking air monitoring data.

*Emissions of fugitive dust may cause a localized problem but toxic
vapor releasing from waste disposal sites may travel in the atmos-
phere a long distance from rural to urban areas. Effects of such
emission on human health and the environment may be significant.

eCurrent regulations are not adequate to control hazardous air
emissions. Air pollution control seems to be a weak linkage of
hazardous waste legislation.

eIn the absence of air monitoring data, emission prediction
methods and atmospheric dispersion models may be used for am-
bient air quality assessment of waste disposal sites. The accuracy
of the emission prediction methods and atmospheric dispersion
models, however, depends on the availability of experimental data
because the theoretical basis and analytical tools are insufficient.

*Both dust emission and waste volatilization can be minimized by
available technology at a cost that is widely accepted in public-
works projects. Thus, air quality should not be degraded unless
the degree of degradation is determined, evaluated, and found to
be acceptable. To do otherwise would be to blindly allow haz-
ardous emissions without knowing the consequences.
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THE INVESTIGATION OF MERCURY CONTAMINATION
IN THE VICINITY OF BERRY’S CREEK

DAVID LIPSKY, Ph.D.
Fred C. Hart Associates
Newark, New Jersey

PAUL GALUZZI1
Hackensack Meadowlands Development Commission
Lyndhurst, New Jersey

INTRODUCTION

One of the largest anthropogenic sources of mercury in the world
can be traced to an uncontrolled hazardous waste site located in the
Hackensack Meadowlands of New Jersey (Fig. 1). From both a
technical and legal perspective, this site has been one of the most in-
tensely studied hazardous waste sites, thereby providing a useful
model for the study of landfill investigation and remedial action
programs.
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Enforcement and investigation activities, completed to date, en-
compass most of the tasks that must be completed for a typical un-
controlled hazardous waste site case. These include:

*Site identification/site history

*Site investigation

oInitial assessment of potential site related environmental/
public health effects

e[nitiation of litigation against past/present lJandowners
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Figure 1.
Location of mercury site in boroughs of Wood Ridge and Carlstadt, Bergen County, in the Hackensack Meadowlands, N.J.
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*Rendering of a court decision
The remaining tasks in this investigation include:

#Obtaining permits for remedial action work
sImplementation of a remedial action plan

A summary of the work completed to date is described below.
SITE IDENTIFICATION AND SITE HISTORY

The mercury dump site is located on a 40 acre tract of land in the
New Jersey Hackensack Meadowlands. A more detailed site loca-
tion map is provided as Fig. 2. The site is bounded on the east by
Berry's Creek, a tidal tributary of the Hackensack River. As shown
in the figure, Berry’s Creek is sectioned near the site by a tidegate
installed prior to 1930 and replaced in 1978. The surrounding area
is zoned for light and heavy industry, with residential areas located
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Detailed map of Berry's Creek in the Hackensack Meadowlands District

within 1,000 ft to the north and west of the site.

From 1930-1974 a mercury processing plant operated on 2 7 acre
portion of the 40 acres. During those years, property a“d plant
ownership changed hands, but plant operations remained directed
to the manufacture of fungicides, insecticides, red and y.ellow ox-
ides of mercury, phenyl mercuric acetate, and other orgamc and'ln-
organic forms of mercury. The plant also had a distilling operation
in which contaminated mercury was purified and recovered from
both plant wastes and from outside customers.

Although a major portion of the tract was originally wetlax:ld, ap-
proximately 19 acres between Berry’s Creek and the plant site was
used as a dump site primarily for the disposal of the plant’s in-
dustrial and chemical wastes. )

The history of state/federal regulatory and enforcement actions
against the operators of the plant is a long and de_tailed one. Beg?n-
ning in 1956 with state enforcement actions, the site came upder in-
creasing federal scrutiny with the creation of the USEPA in 1970.
At that time, it was thought that the major problem associated with
the site was the active discharge of mercury into Berry’s Creek sur-
face waters. Subsequent to the reduction of these discharge levels,
and the discovery that the soils near the site were highly con-
taminated with mercury, lead enforcement responsibilities were
returned to the state.

Plans by a local developer to construct two warehouse buildings
(which have since been constructed) on the site where the process
building was located, resulted in the collection of a series of soil
samples by regulatory agencies.' Concentrations of mercury above
1% were detected in some areas.? This discovery, and the failure of
local parties to agree to terms for the entombment and/or cleanup
of the site, led the State to commence a law suit in APril 1976,
against all past and present land owners, to determine the liability
for site cleanup. A decision in favor of the State was rendered on
Aug. 27, 1979.

SITE INVESTIGATION

Site investigation activities included the collection of air, water,
soil, and sediment samples to determine the magnitude and extent
of mercury contamination at the site and within surrounding
wetlands. Additionally, since mercury particularly in the
methylated form, can move into the food chain, samples of biota

were collected to insure the lack of an immediate threat to public
health.

The investigation was coordinated and directed by the N.J. Dept.
of Environmental Protection (NJ-DEP). As indicated, the data
that will be presented were collected by several institutions in-
cluding NJ-DEP, USEPA, Hackensack Meadowlands Develop-
ment Commission (HMDC), N.J. Marine Sciences Consortium
(NJMSC), and Jack McCormick Associates, Inc. (JMA).

Extensive sampling of air, water, soil and sediment indicated that
the soil on and adjacent to the 40 acre tract of land is highly con-
taminated with mercury. Furthermore, a zone of mercury con-
tamination was found to extend approximately 13,000 ft southward
from the site, within the Upper Berry’s Creek tidal basin, to the
Route 3 bridge. The increasing degree of contamination with prox-
imity to the site indicates that the site is the source of mercury con-
tamination in the adjacent areas.

A summary of the soil and sediment sampling data is given in
Table 1. In a series of 31 core samples collected by JMA on the 40
acre site, concentrations of mercury ranged up to 123,000 ppm. In
at least 13% of the samples, concentrations greater than 1000 ppm
were found.? Similarly, high levels of mercury were found by
HMDC within the tidal marshes adjacent to Berry’s Creek. Among
13 soil sore samples collected north of the Route 3 bridge, four
samples (31 %) had peak mercury concentrations of over 1000 ppm.
In contrast, among 36 core samples collected elsewhere in the
Meadowlands district, only one soil sample had greater than 100
ppm as a peak mercury concentration.>*



Table 1.
Data Summary-Soil and Sediment Sample Collection
% samples within Hg
concentration range

No.of Peak Hg  0.1-100 101-1000 1000+

Sample Desc. Sam- Conec. (ppm)  (ppm) (ppm)
Description ples (ppm)
Soil core sam-

ples collected
40 acre Hg site

to depth of

18 ft 3 123,000 55% 2% 13%
Peak Hg concen- a. Within Upper

trations in Berry's Ck tidal

marsh core sam- basis north of

ples collected to Rt. 3 bridge
depth of 18 in. . 13 2,006 15% 54% 3%
b. All other
Meadowlands
locations 36 158 97% 3%

Peak Hg concen-
tration in chan-
nel sediments to
depth of 18 in.

a. Within Upper
Berry's Ck 28
tidal basin
North of Rt. 3
bridge 28 1,730 46% 39% 14%

b. All other
Meadowlands
locations 30 97 100%

The correlation of mercury concentrations in marsh soils with
proximity to the site is illustrated by Fig. 3, where peak mercury
values within three different ranges of mercury concentrations are
plotted for each of the sampling locations.*

Results from an HMDC study of channel sediments collected
from Berry’s Creek and other creeks in the Meadowlands are con-
sistent with the data obtained from marsh soils. The concentration
of mercury within Berry’s Creek ranged to 1730 ppm, with greater
concentrations found nearer to the site. Among 28 core sediment
samples collected between the tidegate and the Route 3 bridge, over
53% of the samples had peak mercury values in excess of 100 ppm.
In contrast, none of the sediment samples collected from other
creeks had peak concentrations exceeding 100 ppm.

The data indicate that the concentration of mercury in Berry’s
Creek channel sediments falls off rapidly with distance from the
site. This is shown in Fig. 4 where the concentration of mercury in 0
to 4 in. and 4 to 8 in. deep core sample intervals are plotted against
distance from the site.
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Figure 3.
Geographical distribution of peak mercury concentrations in the
marsh sediments of the Hackensack Meadowlands District

Above background levels of mercury were found in the surface
water of Berry’s Creek.* Filtered and unfiltered water samples were
collected monthly by HMDC at high and low tides, at eight
separate Meadowlands locations, with three locations in the Upper
Berry’s Creek tidal basin. Essentially no mercury was found in the
filtered water samples. However, among the unfiltered samples,
36% of the Berry’s Creek samples were in excess of 1.2 ug/l. In
contrast, in the remaining sampling locations only 6% of the
samples exceeded this level. The surface data are summarized and
compared to data collected from other New Jersey locations in
Table 2.

A study of organic and inorganic mercury concentrations in the
ambient air above the 40 acre site was also performed.” Ambient air
quality was monitored by USEPA over a 5§ day period at three on-
site locations and within one adjacent warehouse building. Samples
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were collected for 8, 12, and 24 hr periods using silver foil columns
to trap elemental mercury (via amalgamation). No organic mercury
was found in this study. However, elemental mercury concentra-
tions ranged from 0.29 ug/m’ to 3.3 u/m’ (Table 3).

Table 2.
Frequency Distribution of Mercury Concentrations (mg/l) in
New Jersey Surface Waters Compared with Those Found in the
Hackensack River and Berry’s Creek.*

Range Hg Sampling Sites  Hackensack R.  Berry’s Creek
(ppb) N.E. N.J. (excluding n (%)
a (%) Berry’s Creek)
n (%)

n.d.-0.1 103 (70%) 33 (30%) 3 (3%)
0.10.2 16 (11%) 33 30%) 1 (2%)
0.20.3 22 (15%) 15 (13%) 2 (3%)
0.30.4 2 (1%) 9 (8%) 5 (8%)
0.4-0.5 1 (1%) 6 (5%) 6 (9%)
0.5-0.8 1 (1%) 7 (6%) 9 (14%)
0.8-1.2 0 1 (1%) 17 (26%)

1.2+ 0 6 (6%) 24 (36%)

These average mercury concentrations found in the ambient air
were not judged high enough to indicate any immediate threat to
nearby residents or workers. Nonetheless, when compared with
recommended occupational exposure limits of (50 ug/m? for a 40
hour work week) and adding safety factors for 24 hour potentially
continuous exposure of non-worker populations, a precautionary
study of mercury levels in local residents and workers was under-
taken by the N.J. Dept. of Health (described below).

MERCURY CONTAMINATION IN BIOTA

Between 1978 and 1980, as part of the site investigation, the DEP
sponsored several studies of mercury contamination in aquatic and
terrestrial biota.>” The purpose of these studies was to assess the im-
pact of mercury contamination on local biota, particularly those
species trapped and consumed by area residents.

Table 3.
Concentrations of Mercury in Ambient Air (ug/m’*) at Four Locations
at a Mercury Dump Site in Woodridge, Bergen County, New Jersey
During August 1978

Station & 24-hr values 12-hr values 8-hr values
Dates (ug/m*) (ug/m*) (ng/m?)
Site 1
8/14 0.38
8/15 0.74
Site 2
8/10-11 1.02 - 0.55
8/11-12 0.46 0.47 0.38
8/12-13 0.52 0.79 0.44
8/13-14 1.01 1.65 0.72
8/14 1.54 -
8/14 o
*mean 0.76
Site 3
8/10-11 1.68
8/11-12 0.29 0.21 0.25
0.29
8/12-13 0.39 0.18 0.50
0.27
8/13-14 1.02 0.38 1.37
0.75
8/14-15 2.85 1.00 3.26
*mean 1.03
Site 4
8/12-13 0.20
8/13-14 2.9
8/14-15 2.2t
*mean 1.50

In a large study conducted in 1978 by HMDC, 479 specimens of
fish comprising 14 species, 94 specimens of aquatic invertebrates,

36 mammals, and 35 avian specimens were analyzed. Average mer-
cury concentrations for each vertebrate class and for selected in-
vertebrate species are reported in Table 4. Fish and invertebrates in
the Meadowlands district exhibit slightly higher mercury con-
tamination relative to background levels.* However, the average
mercury concentrations were well within levels acceptable for
human consumption (1 ppm). Similar results were obtained in two
later studies of finfish and shellfish completed by the NJMSC in
1980.

The only permanent resident finfish that can be found in abun-
dance in the waters of the Upper Berry’s Creek tidal basin is the
Common Mumichog of Killifish. Although these organisms are not
consumed by man, they are a useful indicator of relative con-
tamination in that they can be trapped easily and spend most of the
lives swimming within the same general area. In the study under-
taken by HMDC, Killifish collected downstream on Berry’s Creek
had greater average concentrations of mercury than those collected
upstream. In two separate Killifish studies performed by NJMSC,
conflicting data were received regarding the relationship of mercury
concentrations with proximity to the mercury site. Only one
species, the fiddler crab, was found to consistently exhibit a body
burden gradient with proximity to the site. Monitoring of aquatic
organisms is continuing.

Table 4.
Concentrations of Mercury (ppm) in Tissues of Organisms
Collected in the Hackensack Meadowlands, New Jersey during 1978

Vertebrate No. of
Class Samples Muscle Liver Kidney Fur Feather
Fish 479 0.451
27 0.566
23 0.696
Mammals 27 0.725
34 0.027
36 0.168
4 0.462
Birds 33 3.2
35 0.358
34 1.1
34 1.1
Invertebrates
Fiddler crab 28 0.231
Blue claw crab 10 0.253
Grass shrimp 54 0.234

Tissue concentrations of mercury in the mammals and birds col-
lected in the Hackensack Meadowlands compare favorably with
levels observed in terrestrial herbivores and omnivores.® Generally,
lower values were observed than those reported in most other
studies of mercury contamination.'®* Among the birds and water-
fowl, mercury concentrations were greater in the aquatic birds than
those restricted to a terrestrial habitat. This would indicate that the
movement and transport of mercury through the Meadowlands oc-
curs primarily in the aquatic environment. Hence, those ‘species
most contaminated by mercury will be those who depend on the
aquatic foodweb.

Examination of mercury burdens in specific body tissues in-
dicates that mercury accumulation occurs in the kidney and fur of
mammals. Similarly, levels of mercury in avian species were found
in decreasing concentrations in the feather, kidney, liver and mus-
cle tissue. Generally the amount of mercury observed in feathers
was three times that found in other tissues.

INITIAL HEALTH ASSESSMENT

It is clear that mercury has contaminated the physical environ-
ment surrounding the Berry’s Creek ecosystem. In order to
minimize the potential for health risks to humans, several routes of
exposure have been examined. Because local residents utilize a
public supply water and because the physical/chemical
characteristics of mercury limits the migration of mercury con-
taminated groundwater, water supply is not considered an impor-



tant risk. Exposure due to contaminated soils have been minimized
through the fencing of the property and through public awareness.
Although above background levels of mercury were found in the
local biota, the levels are within acceptable federal standards.
Exposure to unsafe levels of mercury vapor in surrounding
residences was also thought to be improbable by both the DEP and
the NJ Department of Health. Nonetheless, blood, hair, and urine
samples were collected for mercury analysis by the NJ-DOH from
over 300 individuals in nearby residences and businesses.'' The
results of these tests in 1979 indicated that there was no acute health
hazard to the population residing in the area from the mercury con-
tamination. Only low levels of mercury, typical of the U.S. popula-
tion at large, were detected in the blood, hair, and urine samples.
For example, it can be expected that less than 10 ug/1 of mercury
can be found in the average person’s blood, but levels as high as 30
pg/1 can be found in up to 5% of the U.S. population. Near the
mercury site, ninety (90%) percent of the tested individuals in the
area had blood mercury levels below 10 ug/1 with the high level
observed at 15 ug/l. Similarly, with the exception of four in-
dividuals, the levels found in urine samples were well within an ac-
ceptable and non-hazardous range. (The aforementioned in-
dividuals are all members of the same family in which a bottle of
metallic mercury brought home from school was thought to have
been the major source of exposure.) Nevertheless, within this
general range of acceptable and non-hazardous low levels of mer-
cury detected in the urine samples, the NJ-DOH was able to ascer-
tain that residents who have frequent exposure to the site have
slightly higher urine mercury levels than residents with no exposure.

HISTORY OF LITIGATION

During 1972, an investigation of marsh sediments in Berry’s
Creek tidal marsh revealed unusually high concentrations of mer-
cury and other heavy metals.'? Subsequent studies in 1974 and 1976
sponsored by the N.J. Sports and Exposition Authority (NJSEA)
confirmed the earlier findings. Furthermore, elevated mercury
levels were found to exist in areas outside Berry’s Creek.!3:1

During 1974, the demolition of the mercury processing plant
created an oily slick on the surface waters of Berry’s Creek.
Analysis of water samples by HMDC, NJ-DEP, and USEPA
revealed concentrations of mercury more than 57,000 times that
allowed in surface waters. The completion of two studies by JMA
and HMDC in 1977 and 1978, funded by NJ-DEP, confirmed
heavy contamination at the mercury site and adjacent marshes in
Upper Berry’s Creek. The accumulated evidence of mercury con-
tamination, some of which has been summarized above, spurred a
law suit, State of New Jersey vs. Ventron Corp. et al. which went to
trial in May 1978, and on Aug. 27, 1979, a decision in favor of the
State of New Jersey was rendered. On Nov. 17, 1979, an order and
judgment was issued which declared the defendants liability for
pollution abatement on the contaminated properties and cleanup of
Berry’s Creek.

A cleanup plan was submitted to the court by the state during
Feb., 1980. It was recommended that the creek be dredged
downstream to the Route 3 bridge. For the disposal of the dredged
sediments, the state recommended the use of the contaminated pro-
perties as a dewatering and disposal facility. On Dec. 10, 1981, the
Appellate Division of the Superior Court of New IJersey
unanimously affirmed the lower court’s ruling that the defendants
caused the mercury contamination and that they were responsible
for the cleanup of the present contamination found in the area.

During June 1981, the DEP submitted its application to the New
York District, Army Corps of Engineers for a permit to dredge. On
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Apr. 16, 1982, following the Corps’s public notice of Feb. 1, 1982,
a session was held to discuss the preliminary scope of work for th_e
required Environmental Impact Statement (EIS). Hence, the EIS is
presently being prepared to determine the environmental feasibility
of the dredging of Berry’s Creek.

The lawsuit regarding the contamination of its mercury site and
Berry’s Creek began in 1976 and still continues. The manpower and
financial resources required for this lawsuit have been enormous,
and have brought the issue to a decision of liability and cleanup,
with an appeal before the Supreme Court of New Jersey still re-
maining, and the permit process just beginning. Because of the
many facets of this case, it should be examined more closely by
those who will be cleaning up other similar sites under
““‘Superfund’’.
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INTRODUCTION

Normally, groundwater investigations involve the installation of
monitoring wells on and around the site, collection of samples from
these wells, analysis of the samples for selected constituents, and
comparison of the results to determine the extent of the contamina-
tion. The usual approach is to compare resuits from upgradient
(off-site or background) wells with downgradient wells.

The problem is that many times the results of the analyses are not
clear. This is particularly true for organic compounds (like priority
pollutants) measured by GC/MS at the pg/1 level. Commonty, dif-
ferences and anomolies are experienced which are difficult to inter-
pret and explain. For example: Suppose 10 ug/! of trichlorethylene
(TCE) is found in Well A and 22 ug/1 TCE is found in Well B. Is
the water in Well A really different from that in Well B?

Given that the analytical results of the groundwater investigation

form the basis for public health risk assessments and the basis for
costly remedial action, it is absolutely essential that the analytical
interpretation and results be correct. This point cannot be overem-
phasized. The results of the groundwater investigation are often
used to determine whether there is a risk to the public heaith and
also to determine what remedial actions are necessary. These are
important decisions and must be made on the basis of sound data
and clear interpretations.

Statistical methods are powerful tools which greatly enhance the
ability to understand and interpret the results of groundwater
analyses and allow the investigator to define the confidence and
certainty of the results. Most scientists and engineers are aware that
statistical tools are available. Yet, these tools are seldom utilized
because workers do not know or understand how to use them, do
not believe they add any real value, and/or do not believe the added
cost (for replicate analysis) is justified. In this paper, the author ex-
plains the practical application of statistical methods in the design
of groundwater investigation programs and interpretation of the
results of those programs.

OBJECTIVE

The principal objective of a groundwater investigation at a
known or suspected hazardous waste site is to design and imple-
ment a cost-effective program that will reveal, with a known degree
of certainty, whether and where the groundwater is contaminated.
In the context of the investigation, this means that one wants to
know ‘‘if the water in Well A is truly different from Well B.”’ One
wants to be confident the results are correct and spend no more
money than is really necessary. Statistical design and interpretation
is the only way to meet this objective.

If one takes water samples from the same well on two separate
occasions (or from two separate wells at the same time) and
analyzes the samples, the measured concentration will nearly
always be different in the two samples. There are three principal
sources of this variability:

*Variability resulting from actual changes in concentration of the
analyte in the groundwater (or differences in concentration due
to differences in location)

*Variability introduced as a result of the sampling procedure

*Variability in the analytical procedure

To determine whether the groundwater is contaminated, one must
somehow subtract or otherwise take into account the variability
from the sampling and analysis and simply compare the actual con-
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centrations. Proper application of statistics makes this distinction
possible.

THE ““t’’ TEST

There are various statistical tools that can be used to design in-
vestigations and analyze experimental results. Many of these are
relevant to groundwater systems. However, the Student’s t test or,
simply, t-test, has been widely used. It is popular because it is sim-
ple, applicable to many situations, easily understood and inter-
preted. Also, and perhaps most important, it has recently become
part of the Resource Conservation and Recovery Act of 1976
(RCRA) regulations relating to groundwater monitoring and repor-
ting systems.

The t-test is used to compare the concentration of an analyte in
one well (say Well A) with that in another well (say Well B). The
first step is to establish a hypothesis regarding whether the water in
these wells is the same or different. For this example, assume that
the water in Well A is the same as that in B. The next step is to take
and analyze some samples from these wells for the analyte of in-
terest. Now calculate the t-statistic using the following formula:

- B~ *a
o2 s 172
A + B (l)
A "B
where
Xa = mean concentration of analyte in Well A
Xg = mean concentration of analyte in Well B
s’ = the variance of analyte concentration in Well A
s’ = the variance of analyte concentration in Well B
n, = number of samples taken from Well A
ng = number of samples taken from Well B

This calculated t value is compared to a tabulated value of t (Table
1) at a known probability level, usually 5% or 1% (equivalent to a
95% or 99% confidence level). If t-calculated is less than

Table 1.
Values of t
Probability Level
Degrees of
Freedom 0.2 0.1 0.05 0.01
1 3.078 6.314 12,706 63.657
2 1.886 2.920 4,303 9.925
3 1.638 2.353 3.182 5.841
4 1.533 2.132 2.776 4.604
5 1.476 2.015 2.571 4.032
6 1.440 1.943 2.447 3.707
7 1.415 1.895 2.365 3.499
8 1.397 1.860 2.306 3.355
9 1.385 1.833 2.262 3.250
10 1.372 1.812 2.278 3.169
15 1.34]1 1.753 2.131 2.947
20 1.325 1.725 2.086 2.845
25 1.316 1.708 2.060 2.787
30 1.310 1.697 2.042 2.750
60 1.296 1.671 2.000 2.660
120 1.289 1.658 1.980 2.617
Infinity 1.282 1.645 1.960 2.576

Source: Abridged from Steel and Torrie’



t-tabulated, then the original hypothesis is correct and one con-
cludes that the water in Well A is the same as the water in Well B. If
t-calculated is greater than t-tabulated, then the original hypothesis
is incorrect: Well A is different from Well B. An example calcula-
tion is shown in Table 2.

Table 2.
Example Calculation of t-Statistic

Benzene Conc. Benzene Conc.

in Well A (Conc. in A)? in Well B (Cone., in B)?
/) g/l

22 484 39 1,521

52 2,704 45 2,025

35 1,225 80 6,400

42 1,764 50 2,500

X = 151 LX!5p = 6177 IXg =214 Xy = 12,446
xa = 37.8 xg = 53.5

2 2 2 2
2 _ Ix,° - (ZXA) /n, g IXG - (ZXB) /nB
sy & ——— 5= ———— 2

A ng -1

~nN

2 2
2 _ 6177 - (151)7/4 o 12,446 - (214)7/4
5, v e 159 8g —’—-—4-1 = 332

Sy = 12.6 = 18.2

B
Test the hypothesis that Benzene in A = Benzene in B at 5% level

X, - X

L= B2 A 21/2 - S53.5 - 37.;3 = 1.427
5,0+ o0y 159 + 332
_— —— 4 4
By D

df = degrees of freedom * u, +op - 2 =6

From Table 1, the value of t at df = 6 and 0.05 probability is 2.447;
hence, t-calculated (1.427) is less than t-tablulated (2.447).

Conclude: Original hypothesis is correct. The benzene concentra-
tion in Well A is the same as the benzene concentration in Well B.

In this example, four samples are taken from two different wells:
Well A is upgradient of the source of contamination and Well B is
downgradient from the source of contamination. The benzene con-
centration has been measured in these four samples. The calculated
t is 1.427; the tabulated t is 2.447. Since the calculated t is less than
the tabulated t, one concludes that the original hypothesis is cor-
rect: the benzene concentration in Well A is the same as that in Well
B. This statistical conclusion is especially important for this exam-
ple because, simple visual comparison of the mean benzene concen-
tration in Well A (38 ug/1) with that in Well B (54 ug/1) leads to the
opposite (and incorrect) conclusion that Well B contains more
benzene. Thus, the t-test allows one to state with a known degree of
confidence whether or not there is a real difference between the
water in Well A and the water in Well B.

TYPES OF ERRORS

Because statistical tests are based on probability, there is some
chance that one will reach the wrong conclusion. It is therefore im-
portant to know and understand the types of errors which can oc-
cur. There are two kinds of errors; Type I and Type II.

Type I Error

The Type I error is made when one rejects the original hypothesis
and that is in fact correct. The probability of such an error is
designated by o (Greek alpha). In the example, « is 0.05, so there is
only a 5% chance of a Type I error,
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Type II Error

The Type II error is made when one accepts the original
hypothesis and it is not true. The probability of such an error is
designated by 8 (Greek beta). In the example, 8, which is a function
of the number of samples and the sample variance, was not
calculated. It is possible that a Type II error has been committed in
the example problem because the sample size is too small to show
the significant difference that may exist.

The relationship between the t statistic, the conclusion reached,
and the types of error involved is shown in Table 3. In hazardous
waste site investigations, avoiding both types of error is important.
One needs to know, with a high degree of certainty, whether or not
there are real differences in the quality of the groundwater.

Since 3 is related to the number of samples needed and the cost
of the investigation and monitoring program are also related to the
number of samples, it is important to consider this parameter.

NUMBER OF SAMPLES

In choosing the sample size, one must guard against both the
Type I and Type II errors. One would like the probability of com-
mitting these errors to be small. Typically the a-level, the probabili-
ty of committing a Type I error (concluding the two wells are dif-
ferent when, in fact, they are the same) is chosen to be 0.05. One
would also like the same level of protection against the probability
of committing a Type II error (concluding the two wells are the
same when, in fact, they are different). It is reasonable therefore to
also set 3 equal to 0.05.

Table 3.
Decisions and Associated Errors

Original Hypothesis: Analyte concentration in Well A is the same as that in Well B.

t statistic One Con- True Situ- Decision Error Probability
cludes ation is Type of Error

t-calc > t-tab A4B A+B Correct None -

t-calc > t-tab A4B A=B Wrong Type 1 1

t-calc< t-tab A=B AxB Wrong Type 11 B

t-calc< t-tab A=B A=B Correct None -

The sample size can be determined by using the following equa-
tion:?

w0y + Ul e @
where:
n = number of samples needed
U;-8 = standard normal deviate for probability 1-8
(Table 4)
U;-a/2 = standard normal deviate for probability 1-a/2
(Table 4)
s = standard deviation of the analyte in the wells
XA = mean concentration of analyte in Well A
Xp = mean concentration of analyte in Well B

Having established levels of o and 3, the values of U are obtained
from Table 4. If values of U are known, n depends on values in the
right hand expression of equation 2:

S 2

XA - XB

If one lets d = x4 - Xg, then the number of samples is a function of
the ratio s/d.

The problem is how to determine s and d so that one can com-
plete the calculation and find the number of samples needed. The
quantity d is especially important. One must select the minimum
difference between x, and xg which is to be considered significant.
In other words, how small a difference between the chemical con-
centrations in each well does one wish to be able to detect? This is
the margin the analyst wishes to be protected against for both Type
I and Type 1I errors.
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Ideally, one should conduct a small pilot sampling program to
obtain estimates of the means and variances of the chemicals of in-
terest. Usually the pilot program contains three or four samples
from the same well, enough to calculate the mean and variance.
Such a pilot program would provide estimates of s and d. One can
then calculate n more precisely and conduct a full-scale sampling
program based on the results of the first stage.

Table 4.
Standard Normal Deviate, U, as a Function of Probability

Probability Corresponding
(1-8 or 1-a/2) U

0.80 0.842

0.90 1.282

0.95 1.645

0.975 1.960

0.99 2.326

0.995 2,576

By way of illustration, assume the example problem in Table 2
provides the results of the pilot program. In this example one wants
to use the expression from Eq. 2:

8 z 5’
[ ] or
T (xA - xa)z

As shown in Table 2, -i does not equal -: so one needs to
calculate a pooled s (Table 5). With the pooled s? = 281, one
calculates n = 15. Now double n and distribute the number of
samples between A and B in proportion to the standard deviations
(Table 5). For this example n, = 12 and ng = 18. This means to be
able to distinguish a difference of 16 ug/1 between Well A and Well
B and be 95% certain one has done so correctly, one needs to take a
total of 12 samples from Well A and 18 samples from Well B.

Table 5.
Calculation of the Number of Samples Required to Distinguish a
Significant Difference in Benzene Concentration Between
Well A and WellBata = 3 = 0.05

1. Using the data from Table 2, calculate the pooled variance

2
l():xA + sz) ]

2 2
{LX; + ZXB] -
A n, +n
pooled sz - 7 -Al B
a "
{6117 + 12,646) ~ {(151 + 218) ]
pooled ’2 - 8

4+ 4 -1
2
pooled a = 281
2. Calculate n using equation (2).
281
n o= (1.645 + 1.96)2 [246]

N = 14.8 round to 15

3. Double n to account for two wells, 2n = 30
4. Distribute 2n between wells in proportion to their standard deviation

s
- A(30) . l2.6(30) 12
A s, * 8y 12.6 + 18.2

A

ng = 30 - 12 = 18

Now, it may not be possible to conduct a pilot program and one
must estimate s and d without having data from the site under con-
sideration. If this situation exists, it is easier to consider d (the
minimum difference one wishes to be able to detect) as a percentage

of the standard deviation, s. If d is defined in terms of s, then one
can easily calculate n.

For example, suppose one wants to be able to detect a difference
equal to one standard deviation. In this example, s = d, sos/d =
1.If o = 0.05 and 8 = 0.05, then substituting into equation 2 gives
the following:

am 10+ Uyl

n e (1,645 + 1.96)2 (1)2

n = 12.99
or
n=13

Similarly, if one wants to determine a difference equal to half of
the standard deviation (d = 5/2) with the same « and 8, thenn =
(1.645 + 1.96)* (2)* = 52. Obviously, as the minimum detectable
difference decreases, the sample size increases dramatically. If 52
samples are too many, but one still wants to be able to detect a dif-
ference equal to half of the standard deviation, then one can in-
crease @ = 0.2 and 8 = 0.2, the sample size is now 18 instead of 52.
The sample size calculated as a function of different values of a, 8,
and s/d is shown in Table 6.

Common sense should be used in selecting the minimum detec-
table difference. At a hazardous waste site, one could say one
wants to know if there is any difference at all between Well A and
Well B. If one assumes any difference means detecting 1 pg/1 dif-
ference, then one quickly arrives at an astronomical number of
samples being required. For example, if s, the standard deviation
for an analyte, were 10 ug/l, and d = 1 pg/l and « and 8 both equal
0.05; then the number of samples required would be 1300. Clearly
this is an impractically large number. One must therefore consider
some larger difference as the minimum acceptable difference, or
some larger probability of reaching the wrong conclusion.

What level of difference would be acceptable for organic priori-
ty pollutants at levels between about 10 and 200 ug/1 and how many
samples would be needed to show differences between two wells?
At these low levels, the variability due to sampling and analysis may
be about the same order of magnitude as the actual variability of
the analyte in the water. Therefore if one sets d = s/2, one should
be able to distinguish any variability due to the analyte. Whered =
s/2 and @ and 8 = 0.05, n = 52. This is probably too large a
number. If one lets d = s (thatis d/s = 1) and o and 8 = 0.05,
then n = 13 (Table 6). This is still a large number, especially if no
pilot program has been conducted. Again using data in Table 6, d
= s, and @ and 8 = 0.1, then n = 7. This may be a reasonable
number. Obviously other combinations are possible. The impor-
tant point is to select a difference which has some importance or
significance.

WHERE AND WHEN TO SAMPLE

Common questions asked in the design of an investigation are:
“‘how many wells do I need; how often should I sample; and how
long do I need to continue a monitoring program?’’ In some sense,
these questions all relate to that just addressed: how many samples
do I need?”’

The number of wells depends upon the homogeneity of the site.
The statistical analysis presented here applies to any portion of an
aquifer that is reasonably uniform with respect to its geological and
chemical properties. As long as the geological and chemical obser-
vations demonstrate that water quality conditions are reasonably
uniform, the number of wells required will be independent of the
size of the area studied.

The number of wells for a homogeneous area is not a function of
land size or area. Thus a large area of 100 acres with a
homogeneous aquifer can be adequately sampled by one well,
Repeated sampling from that one well over time will be adequate to
provide the necessary number of samples needed to accomplish the
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Table 6.
Sample Size, n, for Various Values of o, 8, and s/d
4 0.2 0.1 0.05 0.01
s/d @ 0.2 0.1 0.05 0.0l 0.2 0.l 0.05 0.0l 0.2 0.L 0.05 0,01 0.2 0.1 0.05 0.0l
0.25 1 1 1 1 1 1 i 1 1 1 1 2 2
0.33 1 1 2 1 1 1 2 1 2 2 2 2 2 3 3
0.5 1 2 2 3 2 2 3 4 2 3 4 5 4 4 6 6
0.67 2 3 4 6 3 4 5 7 4 5 6 8 6 7 10 11
0.75 3 4 5 7 4 5 6 9 5 6 8 10 8 9 12 14
1.0 5 7 8 12 7 9 11 15 9 11 13 18 13 16 21 24
1.25 7 10 13 19 13 14 17 24 14 17 21 28 21 25 33 38
1.5 10 14 18 27 15 20 24 34 20 25 30 40 30 36 47 54

statistical analysis. Stated differently, 12 wells sampled once from a
homogeneous unit will allow the same statistical interpretation as
one-well sampled 12 times. In the latter case, the sampling must be
done at intervals sufficient to allow the water in the well to ex-
change with other water in the aquifer. Drawing 12 samples con-
secutively from the same well in the same day will give one informa-
tion about the sampling and analytical variability, but will not tell
one about the variability of water quality in the aquifer. Therefore
one ‘‘background’’ well may be sufficient. In practice, more than
one well may be installed in a single homogeneous unit. Installing
more than one well allows one to evaluate the validity of assuming a
homogeneous unit. It also allows one to get more data from the
same unit without having to wait long periods of time between
sampling.

More than one well is usually necessary in the area downgradient
from a hazardous waste source. Wells are installed to identify
where there are significant differences or discontinuities in water
quality as compared to water quality in the upgradient or
background wells. More wells are required because the location of
contaminant paths are unknown. In this case, the number and loca-
tion of wells required is clearly a function of how big one thinks the
plume is, how far one thinks it has travelled, and where one thinks
it is located. The placement of these wells is not directly related to
any statistical analysis. Finding the path of contaminated ground-
water by installing wells is somewhat like finding the studs in a wall
by pounding nails in the wall until you hit something solid.

How does one tell whether the downgradient well is con-
taminated? It is accomlished by taking n number of samples over
time and comparing the results of this well to the results of the
background well(s) using the t-test. It is perfectly acceptable prac-
tice to combine data sets from different wells and from different
time periods if they are demonstrated to be samples drawn from the
same homogeneous unit. For example, it was suggested earlier that
a pilot study is useful to get an estimate of sample means and sam-
ple variances as well as test out the sampling protocol. Consider the
example problem used in Table 2 and Table 5. The number of
samples required was 12 from Well A and 18 from Well B. But 4
samples already have been taken from each so only 8 additional
samples from Well A and 14 additional samples from Well B are
needed.

A pilot program has other advantages besides providing an
estimate of means and variances. The pilot program allows one the
opportunity to confirm the appropriate sampling methods and to
modify procedures to improve the ease and efficiency of sampling.

COST CONSIDERATIONS

The overall cost of a sampling and monitoring program is a func-
tion of the number of samples taken and it is possible to estimate
the number of required samples necessary to provide statistical
reliability. But what will such a program cost? Is the cost
reasonable? Suppose the cost is too high. How can a less costly pro-
gram be designed yet still have a known degree of statistical
reliability?

The cost of the sampling and analytical program is given by the
following equation:

Cp=W+K+A 3

where:

w = Cost of installing wells

K = Cost of sampling from wells

A = Cost of analyzing samples
Each of these terms is defined by the following expression:

W = C,+wC, C))

K = kCyy + kwr ¢ &)

A = kwrC, ©
where:

Cn = mobilization cost associated with installing the wells

Cw = the unit cost of installing each well

w = the number of wells

k = the number of sampling trips

r = the number of samples per well

Cim = .the mobilization cost associated with going out to

take samples
Cy = the unit cost to take one sample
C, = the unit‘cost to analyze one sample

Substituting equations (4), (5), and (6) into equation (3) gives:

Co

The number of samples, n, is given by the expression:

=Cp +wCy + kG, + kwrCy + kwr C, @)
n = kwr

If r = 1 (one sample per well per trip) and substitute n in equation
7, one obtains:
C

W
= + - +
Cm n [k

C

k
—_—
w Ck

C ®

+ C |
P a

Equation 8 is an expression that relates the cost of the sampling
program to the number of samples. A plot of the cost of the
monitoring program as a function of the number of samples taken
is given in Fig. 1. The lines in this plot show that he cost increases
very rapidly as the sample size increases and show that (for this ex-
ample) it is more cost effective to have fewer wells and sample
longer, than to have more wells and sample for a short period of
time.

Consider now the example problem, discussed earlier in Table 2
and Table 5. To be able to distinguish a difference of 16 pg/1 be-
tween Well A and Well B with 95% confidence, one needs te take
12 samples from Well A and 18 samples from Well B. What will
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Figure 1.
Program Cost as a Function of the Total Number of Samples Taken

this program cost? Using the line in Fig. 1 for whichw = 2andn =
30, the program cost is about $35,000. Assume this cost is too high
and one is prepared to pay about $20,000, what happens? With a
program cost of $20,000, one can take a maximum of 14 samples
with two wells (say 7 from each well). What does that do to the
statistics?

Taking seven samples from each well will obviously change the
interpretatioan of the data. Initially, a difference of 16 ug/1, s/d =
1.05, would be determined using Table 6, n = 15 at s/d = 1.0 when
a = = 0.05. Butnown = 7. If s/d = 1.05, then one must in-
crease (mathematically) the chance of making an error. For exam-
ple, at s/d = 1.0 (Table 6), there are two places wheren = 7. One
where a = 0.1 and 8 = 0.2 and the other wherea = 0.2and 8 =
0.1. Thus one can still see a difference of 16 ug/1 but one will not be
as confident as one was originally.

One can also consider the alternative situation. Hold o = 8 =
0.05, but accept a larger difference between Well A and Well B.
Enter Table 6 at « = 8 = 0.05and n = 7 (between 6 and 8) to find
s/d = 0.70. This means one can distinguish a difference of d =
s/0.70 = 16.8/0.70 = 24 ug/l with 95% confidence.

Thus, for a savings of $15,000 one can either lessen the certainty
of the conclusions or broaden the significant difference which one
is willing to accept. In this example it is probably reasonable to pro-
ceed with the less expensive program.

One must also ask, ‘‘why do we need any additional sampling
beyond that done in the pilot program?” In the example, the 8
samples collected cost about $13,500 (Fig. 1). Why should an addi-
tional $6,500 be spent to increase the number of samples to 14? The
answer is found in Table 6. There are several places where n = 4,
but not at s/d = 1.05. One simply cannot with any certainty
distinguish a difference as small as 16 ug/l with these few samples.
the best one can do is distinguish 24 ug/l atae = 0.1and 8 = 0.2 or
34 g/l at « = 8 = .05. Both are likely not to be useful or mean-
ingful comparisons. As a result, the additional $6,500 for the extra
samples allows meaningful differences to be distinguished between
Well A and Well B with a high degree of confidence for a
reasonable amount of money.

SUMMARY

The foregoing discussion explains the value of statistics in con-
ducting groundwater investigations at hazardous waste sites, par-
ticularly where low levels of organic priority pollutants are of con-
cern. In these investigations, the t-test is an appropriate tool which
allows the investigator to make comparisons between two wells (or
two groups/sets of wells) with a known level of confidence and
known probability of being wrong. The generic steps in doing an
investigation using the t-test are these:

1. Conduct a small pilot program to estimate the mean concentra-
tion of the analyte in each well, to calculate the variance of
each well, and to adjust the sampling protocol. Usually 3 or 4
samples over time are necessary from each well.

2. Choose the minimum acceptable probability of being wrong
(i.e., select @ and ).

3. Establish d, the minimum acceptable difference in mean con-
centration between the two wells which is considered significant
(i.e., considered real, meaningful, and useful.)

4. Calculate the estimated number of samples required.

5. Develop the cost equation or cost curve which relates program
costs to the number of samples.

6. Using the original estimate of the number of samples, calculate
the anticipated cost of the program.

7. Determine if the estimated cost is reasonable. If not, reevalu-
ate the choice of «, 3, and d until a reasonable balance is
achieved between sampling costs and useful results.

8. Do the additional sampling required, pooling the results of the
pilot program with the full-scale program.

9. Calculate the t-statistic for each analyte and determine whether
there are significant differences.
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APPLICATION OF GEOPHYSICS TO
HAZARDOUS WASTE INVESTIGATIONS

ROBERT M. WHITE
SIDNEY S. BRANDWEIN
Law Engineering Testing Company
Marietta, Georgia

INTRODUCTION

~ Geophysical techniques, originally developed from mineral ex-
ploration, have become the primary investigative methods in many
hazardous waste studies. The types of studies include the location
of dumps, trenches and spills, etc., the characterization of subsur-
face contamination, primarily leachate plumes, and the evaluation
of the geohydrologic environment in the vicinity of. existing or
planned hazardous waste facilities. Field investigations typically in-
clude remote sensing, drilling and the installation of monitoring
wells, as well as geophysics.

In this paper, the authors describe, through case histories and ex-
amples, the use of surface and borehole geophysics including elec-
trical, seismic, and magnetic techniques.

Surface geophysical techniques, due to their non-penetration of
the subsurface and their rapid execution, are ideally suited to the
detection of ‘dumps, trenches, spills, etc. Spills usually alter
groundwater conductivity near the surface and are, therefore,
detectable with surface electrical surveys. Waste trenches can be
detected due to either the presence of fill replacing the natural soil,
the presence of trash such as barrels which may or may not be
related to the contaminant, or by the presence of the contaminant
itself. Geophysical techniques most commonly used to locate sub-
surface contamination sources are:

sElectrical surveys—

Resistivity surveys

Electromagnetic (EM) Surveys (conductivity)
sGround penetrating radar
sMagnetic surveys

Electrical surveys are usually designed to measure the electrical
resistivity of subsurface materials by making measurements at the
surface. The resistivity method imposes an electrical field on the
survey area and, by measuring the surface expression of the
resulting potential field, calculates the resistivity of the subsurface
material.

The electromagnetic method induces an electric field in the sub-
surface from a cycled magnetic field at the surface. The resistivity
of the subsurface material is then measured by recording the
magnetic field induced at a surface coil by the time varying subsur-
face electric field and comparing it with the original magnetic field.
In both techniques, subsurface resistivities are computed from sur-
face measurements.
 Resistivity and electromagnetic equipment used in waste in-
vestigations are portable and capable of rapid surveying. Practical
considerations dictate the choice of techniques (resistivity or EM)
and often both are used in the same survey.

Ground penetrating radar is a relatively new technique which has
strong application to the detection of waste containers, pipes and
trenches in hazardous waste investigations. Ground penetrating
radar offers the highest level of detail available from any surface
geophysical technique due to the high frequency energy used. Its
depth of penetration is shallow relative to other geophysical techni-
ques. Clay and conductive groundwater limit penetration depths.

Portable magnetometers are very useful in locating magnetic ob-
jects such as steel drums, car bodies, and pipes. The magnetic
survey measures the earth’s magnetic field over a relatively small
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area. Near surface magnetic objects are located by their perturbac-
tion of the earth’s magnetic field.

CASE 1

A recent project in the Coastal Plain involved evaluating an
abandoned oil reclamation facility for its impact on the ground-
water and designing a cleanup program. Some of the waste material
was exposed at the surface (drums and other trash), and oil covered
vegetation and lagoon surfaces.

The location of areas of fill where similar material has been
buried and the locatioan of barrels within that fill were investigated
by surface geophysics. Electrical resistivity and electromagnetic
surveys were used to delineate fill areas, and magnetometer and
metal detector surveys in conjunction with the surface electrical
surveys delineated concentrations of steel drums within the fill. The
existence of clayey surficial soils and high conductivity ground-
water precluded the use of ground penetrating radar at this loca-
tion. Two distinct areas were located: one area had abundant
metallic objects but did not appear to be a source of groundwater
contamination, and one area of no metallic objects but a very
definite source of groundwater contamination.

CASE 2

In the western U.S., in the Basin and Range Province, electrical
resistivity surveys were used to delineate waste trenches whose exact
lengths were not known. The target of the survey was not the con-
taminant itself, but the contrast of the electrical properties between
the in-place and re-worked intermontane sediments. A profile
perpendicular to the trenches that exhibit the apparent resistivity
values obtained by a gradient method that was used to outline the
trenches is shown in Fig. 1. Radar would have been successful here,
but at an increased cost.

OHM-FEET

Apparent Resistivity

i Feet

AV A O]
Trench Locations

Figure 1.
Resistivity profile across waste trenches in Basin and Range Province show-
ing location of major trenches. A gradient method was used to differentiate
between the in-place and reworked intermontane sediments. In this case
the contaminant was not a good geophysical target; the difference betweer;
disturbed and non-disturbed material provided the geophysical contrast.
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Figure 2.
Truck mounted geophysical logger which is capable of sophisticated func-
tions such as acoustic, density, porosity, and temperature logging as well as
conventional electric gamma and SP logging.

LITHOLOGY GAMMA RAY S.P. RESISTANCE
—_— — 4 e

WATER
TYAasLE

SCHEMATIC RESPONSE OF GAMMA RAY ,S.P. AND
RESISTIVITY LOGS TO A COMMON GROUND WATER
ENVIRONMENT

Figure 3.
Typical down-hole log responses to hydrogeologic situations differentiating
sands from clays, and fresh water from salt water.

The evaluation of the hydrologic environment in the vicinity of
an existing or planned hazardous or municipal solid waste facility
or a waste impoundment, requires the evaluation of permeability,
porosity and water quality in the vicinity of the facility for input to
groundwater modeling or other analysis. Surface and subsurface
geophysics can optimally locate facilities by determining the con-
tinuity of confining layers and permeable zones and through ex-
trapolation of permeability and water quality. These techniques
reduce the cost of and the amount of borings needed and provide a
positive basis for extrapolation between them. Surface electrical
and seismic surveys and borehole electrical, nuclear, and acoustic
logging are commonly used.

Borehole geophysics has been widely used in the exploration for
groundwater during the last 20 years and in groundwater con-
tamination studies more recently. Correlation vertically within
borings and horizontally between them, estimation of formation
lithologies and the quantitative measurement of porosity,
permeability, and water quality are the prime groundwater uses of
borehole geophysics. Geophysical logging units in the groundwater
industry are designed for shallow small diameter holes primarily
drilled in fresh water. The equipment is usually mounted in a small
truck and some very basic units are hand portable.

Figure 4.
Interpreted seismic refraction profile in the Piedmont showing cross-
sectional area of groundwater flow channel.

The seismic refraction technique determines the acoustic
velocities of subsurface materials which are generally a function of
the elastic moduli, saturation and porosity of subsurface materials.
A common groundwater exploration situation is that of low
permeability bedrock overlain by unconsolidated material. The ex-
ploration targets are the depth and configuration of bedrock and
depth of the water table, as well as an estimate of aquifer porosity.
Refraction seismology can be used in this situation because the
geologic condition yields a muiti-layered velocity profile with
velocity increasing with depth.

CASE 3

The selection of geophysical techniques to characterize
hydrologic environments is primarily a function of the geologic set-
ting. In Fig. 4, a hydrologic cross section through a stream in the
Georgia Piedmont south of Atlanta is shown. In this type of
geologic setting, seismic refraction is best suited to characterize the
hydrologic environment because the degree of weathering and
water saturation strongly alters the seismic velocity of the material.
Electrical techniques would not be optimal here due to the relative-
ly high resistivity of the subsurface in general.

CASE 4 AND 5

The hydrogeologic setting of shallow aquifers in the Gulf Coast
is characterized by unconsolidated sediments. The geologic cross
sections from the Gulf Coast (Fig. 5) can be considered reasonably
representative of coastal plain geologic settings in general. Surface
electrical methods are well suited in this geologic setting as the elec-
trical resistivity of the low permeability clays and the high
permeability sands contrast strongly.

In Case 4, in Louisiana, a blanket sand obscured the faulted
geology below and drilling without the aid of geophysics would
have been expensive and possibly inadequate. Case 5, in Mississip-
pi, was one of highly permeable buried channels with no surface ex-
pression. Surface electrical surveys allowed them to be mapped
rapidly and avoided. Electrical and other borehole geophysical logs
were run in all borings made in conjunction with these surveys and
allowed for interpreted results which were better than those which
would have been obtained from surface or subsurface surveys
alone.

Borehole geophysical data allows the computation of hydrologic
parameters continuously in the borehole at a cost usually less than
that associated with sampling and laboratory testing. Other
hydrogeologic settings which have traditionally been explored by
means of geophysics are bedrock channels, salt water intrusion and
the location and water quality of deep groundwater in arid areas.

The monitoring of leachate plumes from groundwater con-
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Figure 5.
a. Resistivity profile outlining subsurface, faulted, sand and clay units in
Louisiana. No surface trace of faulting was visible.
b. Resistivity profile showing locations of buried channels in Mississippi.
No surface indication of these channels was evident.

tamination sources can best be carried out by surface conductivity
of groundwater, the configuration and concentration of the con-
taminant plume can be determined with surface resistivity or elec-
tromagnetic surveys combined with a tew borings whose locations
are guided by the surface resistivity results.

Repeating an existing surface electrical survey in the vicinity of a
groundwater contaminant source can be used to monitor the move-
ment of the contaminated groundwater with time. This can provide
a valuable addition to long term monitoring of groundwater con-
tamination.

Figure 6.
Contaminant plume, outlined by electrical resistivity or electromagnetic
conductivity techniques, which might occur in an alluvial environment.
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Figure 7.
a. Exposure of limestone in the Appalachian Plateau province exhibiting
large vertical joints which may affect subsurface flow.

b. Apparent Resistivity contour map produced at a site covered with 20 feet
of alluvial material, which outlines 2 vertical joints and a sinkhole. The big-
ger fracture had contaminant in it.

An idealized leachate plume characterized by a surface electrical
survey is shown in Fig. 6. The contaminant has lowered the
resistivity (or conversely raised the conductivity) of the ground-
water and thus the underlying sand itself. The result is that con-
tours of interpreted resistivity of the subsurface sand are also con-
tours of the degree of its contamination.

CASE 6

In the Appalachian Plateau Province, in an area of limestone
bedrock, underground contaminant transport may be controlled by
vertical joints in the rock. In Fig. 7, an exposure of limestone with
vertical joints and an apparent resistivity contour map produced
nearby is shown. Two fractures and one sinkhole were located
beneath about 20 ft of overburden. Subsequent drilling into one of
the fractures encountered contaminant and isolated the transport
mechanism of a plume.

CONCLUSIONS

Geophysics can play an important role in hazardous waste or
groundwater contamination studies. The advantages offered by
geophysics are its measurement of continuous in-situ subsurface
hydrologic properties and the economy derived from the reduction
in required drilling and associated laboratory testing. To achieve
these advantages, the overall exploration program should be
designed to use the exploration elements, typically including drill-
ing, remote sensing and geophysics, in a complementary way.



CASE STUDY OF CONTAMINANT REVERSAL AND
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INTRODUCTION

Groundwater contaminated with trichloroethylene (TCE) was
discovered in the vicinity of a manufacturing plant in southeastern
Pennsylvania where contamination had resulted from a series of
spills. Subsequent to this discovery, the plant contracted with SMC
Martin to study the extent and magnitude of the TCE contamina-
tion in the vicinity of the plant and to develop an appropriate
method for cleanup. SMC Martin’s approach to this study included
the following principal objectives:

eAssessment of the extent and magnitude of TCE contamination
in the area
sDefinition of the groundwater flow system controlling the trans-
port of TCE in the vicinity of the plant
eDevelopment and implementation of a groundwater recovery
and restoration program
esMaintenance of a monitoring system to determine the effective-
ness of the recovery and restoration program

A rapid response to cleanup of the groundwater was desirable
due to the potential for contamination of residential wells in the
vicinity of the plant. However, the study was constrained by the
availability of locations for well placement and limited client
resources. As is typical of most industrial projects, the client and
the regulatory agency were interested in a cost effective and effi-
cient solution to the problem, which is rarely possible in the com-
plex hydrogeologic conditions of southeastern Pennsylvania.
However, the uniquely simplistic fracture system controlling
groundwater flow in the area resulted in a well-defined contami-
nant migration path which permitted a direct approach to contami-
nant reversal and groundwater restoration.

PHYSICAL SETTING

The plant is located in southeastern Pennsylvania and lies within
the Triassic aged, Newark-Gettysburg Basin. The property is drain-
ed by an intermittent tributary of a moderately-sized creek.

The area is underlain by the Lockatong Formation, a gray
argillite. The Lockatong is considered to be a poor aquifer due to
its low yield (4 to 40 gal/min with an average yield of approximately
7 gal/min).

The plant primarily depends on public water for its water supply
but also uses an in-plant well rated at 2 gal/min for cooling system
make-up water. Domestic water supplies adjacent to the plant are,
for the most part, low-yielding private wells.

FIELD INVESTIGATION

Prior to installing a monitoring well system, water samples were
collected from nearby residential wells (sampling points #27, #28,
#}0. and #37 on Fig. 1), surface water (#24 and #26), the plant
discharge (#20), the plant well, and sumps used by the company to
remove groundwater that has infiltrated through the basement
floor of the plant. Analysis of these samples indicated that TCE ap-
peared to be restricted to the plant property.
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A sample from the plant well had 4,700 ug/1 TCE, considerably
above the Pennsylvania Department of Environmental Resources
(PaDER) recommended drinking water limit of 4.5 ug/1. Samples
collected from the domestic wells exhibited no evidence of TCE
contamination. It appeared that the plant well and the sumps
located in the basement of the plant were creating a cone of depres-
sion in the vicinity of the plant preventing the migration of TCE off
site.

At this time, inspection of topographic maps and aerial
photographs of the area indicated that a fracture trace existed in
the area extending northeast under the creek below stream sampl-
ing point #24 and southwest under the plant in the direction of
sampling point #37, a residential well (Fig. 1). To verify whether the
fracture extended under the plant, Monitor Wells #3 and #6 were
installed into the fracture zone and Monitor Wells #1 and #4 along
the flanks of the suspected trace. The wells were drilled in Oct. 1979
at the locations shown on Fig. 1. Due to problems encountered dur-
ing drilling, Monitor Well #5 was abandoned before completion
and Well #2 could not be drilled where desired due to problems of
accessibility.
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Figure 1.
Map of the plant, sampling points, and the fracture trace



All wells are open-hole completions, with 20 ft of 6 in. steel casing,
grouted to prevent surface water infiltration. Monitor Well #1
was drilled to a depth of 90 ft. Monitor Wells #3, #4, and #6 were
all drilled to a depth of 200 ft for potential use as recovery wells.

The first samples were collected from the monitoring wells in
Nov. 1979. A sample taken from Monitor Well #6 contained
230,000 pg/1 TCE. Well #6 was installed at the location where TCE
had previously been delivered. This location is the principal source
of TCE contamination. TCE concentrations in samples from
Monitor Wells #1, #3, and #4 were 150, 430, and 2.1 pg/], respec-
tively.

During the Nov. sampling, two additional residences were
sampled (#31 and #37). They were selected due to their proximity
along the fracture trace and the likelihood that they would be the
most readily contaminated residential wells if contaminant migra-
tion was occurring along the fracture. The sample from Well #37
had no TCE; however, the sample from Well #31 contained 3,000
pg/l of TCE. The presence of TCE in Well #31 indicated a
hydraulic connection between this well and the plant as no other
possible source of TCE could be found in the area.

The residents using this well were immediately notified of the
contamination in their well and a duplex carbon filter was installed
in Dec. 1979. The residents were also provided with bottled water
for drinking between the period of notification and the date of in-
stallation of the carbon filter system. '

TCE was also detected in stream samples collected in the vicinity
of the plant. The plant discharge at sampling point #20 contained
1,100 pg/1 of TCE. The creek upstream from the plant (sampling
point #26) contained no TCE. The creek at sampling point #24
downstream from the plant discharge showed a decrease in TCE
levels (150 pg/1) due to dilution by the stream.

Prior to initiation of a recovery program, Monitor Well #7 was
installed between the plant and Well #31 as near to the fracture
trace as possible to further define the hydraulic connection between
Monitor Well #6 and Residential Well #31. Routine monitoring was
initiated at a total of 18 sampling points to assess the effectiveness
of TCE recovery. Samples were collected weekly during the first
year, biweekly in the second year, and are currently being taken
once a month. Water levels in the monitor wells were taken during
every sampling round.

GROUNDWATER RECOVERY AND
RESTORATION

The potential for contamination of water supplies mandated that
a groundwater recovery and treatment program be initiated at the
plant. Treatment alternatives included granulated activated car-
bon, direct aeration, and counter-current air flow stripping. The
latter was chosen for its low operating cost and high efficiency.

. An air stripper is an engineered device which enhances the effi-
c_iency of stripping volatile compounds from liquid streams. The
contaminated water flows downward by gravity over a porous bed
of ceramic, plastic or metal packing (typically 1/4 to 1 in.
diameter) and is contacted by an upward-flowing stream of air.

The stripper installation was completed with Monitor Well #6
used as the recovery well, and the system became operational in
May 1980 with an average pumping rate of 11 gal/min. Prior to
start up of recovery, depth to water measuresments in Monitors
Wells #1, #3, #4, #6, and #7 were 1.3, 14.5, 14.1, 12.4, and 1.74 ft,
respectively. It appeared from these measurements that Monitor
Well #3 was downgradient from the recovery well (Monitor Well
#6). However, the almost continuous pumping of the sumps in the
basement of the plant disturbs the natural hydraulic gradient and
makes it difficult to determine the actual direction of flow in the
immediate area of the plant. As mentioned earlier, it appeared that
t?le basement sumps were creating a cone of depression centered on
the plant.

After start up of pumping of the recovery well the depths to
water for Monitor Wells #1, #3, #4, #6, and #7 were 4.4, 67.2, 18.1,
86.8, and 2.7 ft, respectively. Pumping from the recovery well af-
fected the water levels in Monitor Wells #1 and #4, but the effect
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was only slight when considering the 52.7 ft drop in the water table
at Monitor Well #3. Also, Monitor Wells #1 and #4 are spaced only
50 ft to either side of Monitor Well #3.

Therefore, the fracture system as it is encountered by the
monitor wells is quite simple and Monitor Well: #3 is in direct
hydraulic connection with the recovery well, The effect of pumping
from the recovery well on Monitor Well #7 was slight if not negligi-
ble. This was a result of not being able to place this well on the frac-
ture trace due to the inaccessible nature of the area along the trace
between the plant and the contaminated residential well. In fact,
the water level in this well indicates shallow groundwater is
discharging to the creek.

The water table elevations show that pumping from the recovery
well has resulted in a elongated cone of depression extending along
the fracture. To date, the pattern of water table elevations has con-
tinued with only minor overall changes due to prolonged drought
conditions in the area.

As mentioned previously, surface and groundwater samples were
collected to determine the effectiveness of the groundwater
recovery program. The results of TCE analyses on samples taken
from Monitor Wells #3, #6, and #7, the contaminated residential
well (#31) and the stream (sampling point #24) are plotted on Figs. 2
and 3. The TCE concentrations in samples from Monitor Wells #1
and #4 showed little change throughout the recovery operation and
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Plot of TCE concentrations versus time for samples from the
Recovery Well (#6) and Residential Well #31
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were not plotted. The TCE concentrations for these samples re-
mained about 100 and 400 ug/l, respectively, throughout the study
period.

Water samples from Well #31 have been obtained before, be-
tween, and after carbon filtration. This filter system effectively
removed the TCE from the water. The well water before filtration
contained in excess of 3,000 pg/! TCE. Subsequent to initiation of
pumping from the recovery well, TCE levels in Well #31 decreased
to 1,500 ug/1 in Apr. 1980 and then increased to a peak value of
11,000 pg/1 in Dec. 1980 (Fig. 2). From Dec. 1980 to May 1981,
TCE concentrations in Well #31 decreased to 4,500 ug/l then
steadily rose again to 7,500 ug/l in Sept. 1981. Since that time, the
TCE concentrations have decreased to their present levels.

The initial TCE concentration in the recovery well after pumping
was initiated was 68,000 pg/1 in May 1980 and decreased to 2,000
ug/1 by July 1980. With the exception of two periods of increasing
TCE concentrations in the recovery well—one peaking in Feb. 1981
and the other in Dec. 1981—the TCE concentrations in the
recovery well have steadily decreased.

The increases in TCE concentration in samples from the recovery
well can be correlated to the two prominent increases which occur-
red in samples taken from the residential well (#31). This shows that
prior to start-up of the recovery program, the most severe TCE
contamination had already migrated downgradient along the frac-
ture in a series of pulses past Well #31. The delay between the peaks
in the graphed results on Fig. 2 are a result of the time needed for
the TCE-contaminated groundwater to pass along the fracture
from Well #31 to the recovery well. The lesser magnitude of the
peaks in the graph of the recovery well is most likely due to dilution
by water being pulled into the recovery well from the vicinity of
Monitor Well #3.

TCE concentrations in samples taken from Monitor Wells #7 and
#3 and from samples collected from the creek at point #24 are plot-
ted versus time on Fig. 3. The plot of the TCE concentrations from
the creek approximately mirror those from Well #31 and the
recovery well with peak concentrations in Jan. and Dec. 1981. The
creek at this location serves as a discharge point along the fracture
and further substantiates the presence of an elongate cone of
depression drawing the plume back toward the recovery well. Dilu-
tion from the creek is responsible for the significantly reduced con-
centrations in these samples versus those taken from Well #31 and
the recovery well.

The plot of TCE concentrations for samples from Monitor Well
#7 show that the groundwater at this point had a TCE concentra-
tion of 2,700 ug/1 prior to start up of the recovery program. Upon
initiation of recovery, the TCE concentrations in the samples from
this well decreased to about 20 ug/1 in Aug. 1980 and then rose toa
series of peak concentrations in Jan. and Mar. 1981. Since that
time, the TCE concentration has decreased and remained at 20
pg/1. Data from this well are difficult to interpret due to the well’s
proximity to the creek. Although its peak concentration in Jan. and
Mar. 1981 reflects the peak seen in the plot of the concentrations
for the creek at point #24, it is difficult to determine if the variabili-
ty in the data is in response of the well’s proximity to the creek.

The plot of the TCE concentrations from samples taken from
Monitor Well #3 shows an increase from initiation of pumping at
the recovery well until July 1981 when a peak TCE concentration
was observed. Since that time, the TCE concentration has de-
creased to its present level. This pattern indicates that prior to
recovery an additional plume had extended beyond Monitor Well
#3 indicates that groundwater is migrating in both directions along
the fracture from the plant. This may be due to the presence of a
groundwater divide under the plant or pumping in the vicinity of
Residential Well #37.

The air stripper had a TCE removal efficiency which continually
exceeded 99% up to June 1981. Since that time, no TCE has been
detected in the stripper effluent or in samples taken from the plant
discharge at stream sampling point #20.

CONCLUSIONS

Recovery and restoration of TCE-contaminated groundwater is
continuing at a plant site in southeastern Pennsylvania. The lateral
extent of groundwater contamination has been controlled by a sim-
ple fracture system extending from the plant. By pumping ground-
water from a recovery well which penetrates the fracture, it has
been possible to draw the contaminated groundwater back toward
the recovery well where TCE is being removed by a counter-current
air stripper.

The presence of two pronounced peaks of TCE concentration in
samples collected from several points along the fracture indicates
that the contaminant plume had migrated away from the plant ina
series of pulses. To date, cleanup and recovéry of the contamina-
tion is continuing successfully.
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INTRODUCTION

The passage of the Comprehensive Environmental Response
Compensation and Liability Act of 1980, commonly referred to
as Superfund, brought about much needed authority for the mit-
igation of uncontrolled hazardous waste sites. The notification
requirements of this legislation concerning past waste disposal
practices caused a deluge of potential hazardous waste site iden-
tifications. In Region IV alone, there were in excess of 1300 notif-
ications submitted. This vastly increased the number of sites to be
evaluated under Suprefund accentuating the need for a quick,
reliable means of screening hazardous waste sites. The screening
process involves many criteria including a determination of the oc-
currence and movements of leachate. Leachate detection can be
accomplished by using indirect methods such as electrical resistiv-
ity or by using the direct method of drilling and sampling.

The constraints of the drilling and sampling method of leachate
monitoring are very apparent when the intent of the screening pro-
cess is to quickly identify the more serious waste sites. The sub-
contracting capability for well drilling operations, although avail-
able through Ecology and Environment, Inc., USEPA’s Field In-
vestigation contractor, is often prohibitive for screening efforts
due to: (1) the time associated with subcontracting procedures,
(2) the high cost of well installation, and (3) the response time in
receiving analytical results. Electrical resistivity, an indirect subsur-
face exploration method, then becomes an attractive means of cost
effective preliminary leachate monitoring.

The advantages of the resistivity technique are: (1) the minimal
equipment cost, (2) the data produced are immediately avail-
able, and (3) with sufficient background information, the inter-
pretation can provide a high degree of reliability. These advan-
tages are illustrated by the recent application of resistivity tech-
niques at a hazardous waste site.

SITE HISTORY

The site was used as an industrial manufacturing facility from
the 1950s to the mid-1970s. After manufacturing operations ceased,
the site was leased and used as an unpermitted storage site for in-
dustrial wastes. When the site was discovered by USEPA there were
in excess of 2000 55-gal drums stored above ground at the site
(Fig. 1). Analytical data from drum samples revealed the waste to
be spent solvents, sludges, and heavy metals. The drums, in various
states of deterioration, were scattered over several acres. Some
drums appeared full and sound while others were leaking or empty.
A partial listing of the numerous contaminants detected in drum
samples included the following compounds:
1,1-dichloroethane Naphthalene
1,1,1-trichloroethane Barium

*The authors are solely responsible for the views and opinions contained herein.
This paper is not an official statement by the U.S. Environmental Protection Agen-
cy nor is it an endorsement of the views and opinions expressed or implied on the
part of the authors.
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Figure 1.
Location of Waste Storage

Chloroform Cadmium
Benzene Chromium
Phenol Mercury
Toluene Lead

Most of the runoff from the leaking drums followed a south-
westerly course away from the site along a gently sloping draw, evi-
denced by the stained soil and stressed vegetation observed along
the flow path. An isolated area of contamination also existed at
the abandoned homestead where approximately 100 drums had
been perforated and the contents allowed to drain out on the
ground.

Of potential significance to groundwater quality is the existence
of an abandoned oil and gas well. The well proved unsuccessful but
did produce, under flowing conditions, water reportedly contain-
ing hydrogen sulfide gas. The well was finally plugged with cem-
ent grout prior to any drum storage on the site. The well water is
suspected of impacting the groundwater quality of this site.

After the enactment of Superfund, federal authority was granted
for a planned removal action at the site. All drums and a majority
of the contaminated soil were removed and disposed of at an ap-
proved facility. However, there remained the concern that contam-
inants from the leaking drums had contaminated the local aquifer.
A highly productive well field, serving from 65,000 to 75,000 peo-
ple in the surrounding area, withdraws water from the aquifer less
than 5000 ft from the site.

HYDROGEOLOGY

The hydr_ogeolpgy of the case site is relatively simple. The alluvial
type deposits which are common to the area are composed of clay,
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silt and fine-grained quartz sand which overlay quartz sand and
gravel with clay lenses. Shale bedrock is approximately 90 ft
deep.

The regional groundwater flow direction is generally toward the
southwest, Groundwater levels at the site encountered during lim-
ited USEPA shallow drilling and pit digging were 5 to 10 ft deep.
Localized groundwater flow directions may vary due to past ex-
cavations and fill operations and the outwash stream valley north-
east of the site.

RESISTIVITY SURVEYS

To efficiently determine the presence, and extent, of the sus-
pected leachate plume at the case site, resistivity surveys were per-
formed at various data points (Fig. 2). The first survey, conducted
while drums were on site, consisted of five soundings ranging in
proposed depths of investigation between 30 and 150 ft deep. To
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Location of Resistivity Data Points
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Companson of Sounding, Geophysical Logs, and Driller’s Log

insure that the resistivity measurements could be reliably inter-
preted, control readings were made at a previously logged well. A
good correlation was obtained between the modified Wenner array
sounding method,’ the driller’s log, and the geophysical logs of the
abandoned oil and gas well (Fig. 3). For example, the sounding
indicated major cumulative resistivity slope changes at 20, 55, and
92 ft. Both the driller’s log and the geophysical logs indicated
changes at comparable depths.

During the first survey profiles were conducted at 31 locations,
The standard Wenner array profile method? was used with elec-
trode “‘A” spacings of 10 and 25 ft. Apparent resistivity values
outside the topographic draw southwest of the buildings ranged
from 116 to 257 ohm-ft whereas inside the draw the values ranged
from 11 to 105 ohm-ft. These low values indicate groundwater
contamination (Fig. 4). By comparing Fig. 1 and Fig. 4, the corre-
lation can be seen between waste storage at the head of the draw,
the once flowing sulfur well and low apparent resistivity values in
the draw. Assumed groundwater flow and surface-water drainage
from the head of the draw are also southwest along the draw. These
factors contribute to.the preliminary evaluation that leachate is
moving from the waste storage area at the head of the draw south-

SoLFuUR wit

HOIR: RANEE OF BITE
Leazno ECOLOGY AND ENVIRONMENT

=148 IBCARNBYIVIYY CONTOUR
PIRLD INVESTIOATON TEAM

REGION 1V ATLANTA

Figure 4,
Apparent Resistivity Map First Survey
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west along the draw. This preliminary evaluation was supported by
a second resistivity survey after the drums were removed.

The second resistivity survey consisted of additional soundings
and profiles at 126 locations (Fig. 2). In order to detail the hor-
izontal and vertical extent of interpreted groundwater contamina-
tion, electrode “‘A” spacings of 20, 40, 60, and 80 ft were chosen.
The extent of contamination using electrode “‘A’’ spacings of 20,
40, 60, and 80 ft is shown in Figs. 5, 6, 7 and 8. Again, by com-
paring Fig. 1 with Fig. 5 the correlation between waste storage
areas and interpreted shallow groundwater contamination is very
apparent.

Using the 40 ft ‘“A» spacing profile the interpreted contam-
ination corresponds with that at the 20 ft ““A”’ spacing but is less
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extensive. Using the 60 ft ‘“A”’ spacing the interpreted contamina-
tion varies in size and direction due to probable variations in
alluvial lithology, permeability and localized groundwater flow

Figure 8
Extent of Groundwater Contamination 80 Foot ‘A’
Spacing Second Survey

patterns. Using the 80 ft ‘““A’’ spacing the interpreted contamina-
tion is limited to zones directly underneath the homestead drum
storage area and the sulfur well.

CONCLUSIONS

The study described in this paper consisted initially of an evalua-
tion of site history, waste analyses, and hydrogeology. During
the study, no control wells were drilled, requiring that the resis-
tivity data interpretation be based upon existing subsurface data
and experience at other sites similar in history and waste types. The
first survey was completed in two days by a crew of three people.
After the data interpretation and drum removal another survey
was planned to detail the extent of the leachate. The second sur-
vey was completed in four days by a crew of three people.

As a preliminary method of leachate monitoring, resistivity
proved to be a very cost-effective method in screening this site.
By comparison, a drilling and sampling method to achieve the same
results would probably have cost several thousand dolars more.
The time delay in requesting drilling proposals, contract ap-
provals, actual drilling work and laboratory analyses would prob-
ably have delayed management decisions on future work by several
weeks. In addition, a second series of monitoring wells would
probably be required for the most effective monitoring program.

The locations of waste sources and interpreted leachate occur-
rences and movement based on the resistivity studies correlated
very well. The influence of the water from the flowing sulfur well
on the resistivity data is not definitely known but is believed to be
of great significance. By using the resistivity method the need for
monitoring wells was established and a limited number of wells can
be placed effectively. Once monitoring wells have been drilled and
sampled, further management decisions can be made to determine
the need for future tracking of the leachate.
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INTRODUCTION

The Resource Conservation and Recovery Act of 1976 was en-
acted to promote the protection of public health and the environ-
ment through various regulatory, technical assistance and train-
ing programs in dealing with hazardous waste disposal site opera-
tions. Subpart M, 265.278, entitled ‘‘Unsaturated Zone Monitor-
ing,’”’ specifically defines vadose zone monitoring requirements for
land treatment.

A major concern at all hazardous waste disposal sites, includ-
ing abandoned, active, and planned sites, is the possibility of
polluting an underlying groundwater system. Because of this con-
cern, requirements were included in the Hazardous Waste and
Consolidated Permit Regulations, issued on May 19, 1980. The
regulations require a minimum of four groundwater sampling wells
at impoundment, landfill, waste pile, and land treatment sites.
The regulations also stipulate the location of such wells relative to
site boundaries and specify the parameters to be determined on
water samples. Vadose zone monitoring (i.e., ‘‘leachate’’ monitor-
ing, as defined in the regulations) is required only at land treat-
ment areas. The rationale generally used for excluding vadose zone
monitoring at impoundments, landfills, and waste piles is as
follows: (1) the primary monitoring tool in the vadose zone is
the suction lysimeter, (2) suction lysimeters provide only point
samples, (3) suction lysimeters cannot be installed in existing fa-
cilities without removing the waste deposits, and (4) suction lysi-
meters tend to clog.

The regulations do not at this time address the possibility of
alternative vadose zone monitoring methods at hazardous waste
impoundments, landfills, waste piles, and land treatment areas.
In actuality, a host of alternative methods are available.' By judic-
iously selecting from these methods, an effective vadose zone
monitoring system could be assembled at impoundments, land-
fills, and olther waste disposal sites. Operation of such a system
would lead to an ‘‘early warning’’ of potential pollution and allow
for the initiation of remedial measures. An early warning system
is desirable in regions where the vadose zone may be hundreds of
feet thick and the travel time of pollutants may be in the tens of
hundreds of years. In such regions, when samples from monitor
wells indicate the presence of pollutants, the groundwater system
will have been essentially destroyed. An early warning system is of
equal or even greater importance for regions underlain by shallow
potable systems because of the short travel time and reduced po-
tential for pollutant attenuation.

VADOSE ZONE DESCRIPTION

The geological profile extending from ground surface to the
upper surface of the principal water-bearing formation is called
the vadose zone. The term ‘‘vadose zone’ is preferable to the
often-used term *‘unsaturated zone’’ because saturated regions are
frequently present in some vadose zones.?
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The topsoil is the region that manifests the effects of weather-
ing of geological materials, together with the processes of eluvia-
tion and illuviation of colloidal materials, to form more or less
well-developed profiles.? Water movement in the topsoil usually oc-
curs in the unsaturated state, where soil water exists under less-
than-atmospheric pressures. A great deal of literature on the sub-
ject is available in periodicals and textbooks. Within the topsoil,
saturated zones may develop over horizons of low permeability.
A number of references on the theory of flow in perched water
tables are available.** Soil chemists and soil microbiologists have
also attempted to quantify chemical-microbiological transforma-
tions during soil-water movement.®
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Figure 1.
Vadose zone including saturated and unsaturated flow

Weathered topsoil materials gradually merge with the underlying
earth materials. The zone beneath the topsoil and overlying the
water table, in which water in pore spaces coexists with air, or in
which the geological materials are unsaturated, is known as the
vadose zone (Fig. 1). Perched water tables may develop above in-
terfaces between layers having greatly different textures. Saturated
conditions may also develop beneath recharge sites as a result of
prolonged infiltration. In contrast to the large number of studies on
water movement in the topsoil, parallel studies in the vadose zone
have been few. The term ‘‘no-man’s land of hydrology’’ was
coined to describe the limited knowledge of this zone.*

CATEGORIZATION OF VADOSE ZONE
MONITORING METHODS

A vadose zone monitoring program for a waste disposal site in-
cludes premonitoring (preoperational) activities followed by active
(operational) and post-closure monitoring programs. Basically,
premonitoring activities consist of assessing hydraulic properties
of the vadose zone, specifically storage and transmissive prop-



erties, and the geochemical properties relating to pollutant mobil-
ity (Table 1). The results of the premonitoring program will pro-
vide clues on the potential mobility rates of liquid-borne pollu-
tants through the vadose zone, the storage potential of the region
for liquid wastes, and the likelihood that specific pollutants will be-
come attenuated. Premonitoring activities are discussed in detail in
a separate report.® A premonitoring program will also provide val-
uable information for the design of a vadose zone monitoring
system.

The active and post-closure monitoring programs will comprise a
package of sampling and nonsampling methods selected from an
array of possible methods. Sampling methods provide actual liquid
or solid samples from the vadose zone, whereas nonsampling
methods provide inferential evidence about the movement of
liquid-borne pollutants. Complete descriptions of sampling and
nonsampling methods for active and post-closure monitoring pro-
grams have been developed.'®

CRITERIA FOR SELECTING ALTERNATIVE
VADOSE ZONE MONITORING METHODS

A guiding principle for selecting methods for a monitoring pro-
gram (premonitoring/active/post-closure monitoring) was aptly
stated as follows: *‘...for an efficient, long-term operation of an
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1
operational monitoring network, the devices to be used must be
simple enough to be used by trained but not educationally skilled
personnel.”’:! If the device meets these criteria and also if it is in-
expensive, one does not need to look further. In practice, selec-
tion of a method from a group of alternatives is governed by addi-
tional site-specific and function-specific requirements. The 14 cri-
teria for selecting alternative vadose zone monitoring methods are
given in Table 2.

CONCEPTUAL VADOSE ZONE
MONITORING DESCRIPTIONS

Development of a groundwater monitoring program for a haz-
ardous waste disposal facility is an integrative process. The pri-
mary elements to be considered, e.g., categorization of waste,
waste disposal methods, hydrogeologic setting, and monitoring
equipments, have been discussed.'®

In general, site and waste characteristics will dictate the disposal
method and thereby suggest the most effective monitoring program

for a given location.
LANDFILLS

A typical landfill is constructed by using either the area or trench
method. With the area method, waste is deposited directly on the

Table 1.
Premonitoring of the Vadose Zone at Hazardous Waste Disposal Sites.

Property Purpose of Monitoring

Approach

Alternative Methods

1. Storage 1. To determine overall 1.
- storage capacity of

the vadose zone.

2. To determine regions 1.

of potential liquid
accumulation {perched
groundwater).
2
2. Transmission of 1iquid wastes.
a. Flux. 1. To determine {infil- 1.
tration potential.
2. To estimate percola- 1.
tion rates in vadose
zone.
2
b. Velocity 1. Jo estimate the flow I,
rate of liquid pollu-
tants in the vadose
zone. 2
3. Pollutant mobility. 1. To estimate the mo- 1.

bility of potential
pollutants in the
vadose zone.

Relate storage capacity to
depth of water table or depth
to confining layer.

. Estimate available porosity.

Characterize subsurface
stratigraphy.

. Locate existing perched

groundwater zones.

Measure infiltration rate in
the fie}d.

Measure unsaturated hydraulic
conductivity for use in
Darcy's equation.

. Measure or estimate saturated

hydrautic conductivity for use

in Darcy's equation.

a. Use core samples or grain-
size data.

b. Measure saturated hydraulic
conductivity in shallow
regions.

c. Measure saturated hydraulic
conductivity in deep
regions.

Estimate from field data on
flux.

. Tracer studies.

Characterize solids' samples for
properties affecting pollutant
mobility: cation exchange ca-
pacity, clay content, content of
hydrous oxides of iron, pH and
content of free lime, and sur-
face area.

. Estimate from laboratory or

field testing using liquid
wastes.

1. Examine groundwater level maps.

2. Measure water levels in wells.

3. Examine drillers' logs for depth
to water table or confining layer.

4. Drill test wells.

1. Estimate from grain-size data.

2. Orill test wells and obtain drill
cuttings.

3. Neutron moisture logging (avail-
able porosity = total porosity-
water content, by volume).

. Examine drillers’ logs.

. Drill test wells and obtain sam-
ples for grain-size analyses.

. Natural gamma logging.

1
2
3
1. Examine drillers' logs.
2. Drill test wells,

3. Neutron moisture logging.

1. Infiltrometers.
2. Test plots.

1. Instantaneous rate method.
2. Laboratory column studies.

1. Permeameters

2. Estimate from grain-size data

using a catalogue of hydraulic
properties of soils.

. Pump in method.

. Alr entry permeameter.
Infiltration gradient.
Double tube method.

. USBR open end casing test.
. USBR open hole method.
. Stephens-Neuman method.

. Use flux values obtained as above;
divide flux values by water con-
tent values at field capacity.

1. Field plots, coupled with a depth-
wise sequence of suction samplers,
using conservative tracer,

— W BN e

1. Obtain solids' samples (e.g., by
drilling test holes) and conduct
standard laboratory analyses.

1. Batch testing.
2. Column studies.
3. Field plots.
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Table 2.
Criteria for Selecting Alternative Vadose Zone Monitoring Methods."*

Item Criteria

Applicability to new, active, or abandoned sites

Applicability to laboratory or field usage
Power requirements

Depth limitations

Multiple use capabilities

Data Collection system

Possibility of continuous sampling
Sample/measurement volume

Reliability and life expectancy

Degree of complexity

Direct versus indirect sampling/measurement
Type of media

Effect of sampling/measurement on flow regime
Effect of hazardous waste type on results

o0 NN DA WN -

— e e
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ground surface. Run-on must be diverted away from the active por-
tion of the landfill. Run-off from the facility must be collected and,
if it is a hazardous waste, treated accordingly as specified under
the RCRA, Part 261. If the landfill material is subjected to dis-
persal by wind, it must be covered or otherwise managed so that
hazardous waste is controlled. With the trench method, waste is de-
posited at one end of a trench and covered at the end of the day as
required. For this example, it is assumed that hazardous wastes are
disposed of using the trench method.

During construction of the facility, data on the vadose zone at
the site may have been compiled and should be reviewed as part of
the premonitoring effort. This information, along with Soil Con-
servation Service (SCS) soil maps and well cuttings from geologic
formations penetrated by monitoring wells, should be examined to
determine the thickness, structure, and chemical characteristics of
the vadose zone. Water table levels should be plotted to determine
existing hydraulic gradients and the thickness of the vadose zone.
If vadose zone samples have been saved from site development,
several laboratory techniques are available for estimating hydraulic
conductivity (K). Saturated K values can be determined using
permeameters and from the resultant K values, assuming the hy-
draulic gradients are unity, the flux at the site can be estimated
from Darcy’s equation. Saturated K values for different layers
can also be determined using the relationship between grain size
and K developed from grain-size distribution curves. Additional
laboratory methods for measuring unsaturated K values include the
“‘long-soil column,’’ pressure plate methods, and other column
techniques.

Storage potential for water-borne pollutants can be inferred
from storage coefficients developed from pump tests in perched
water systems within the vadose zone. These data can be gener-
ated at minimal cost if wells and observation piezolmeters are
available from preliminary work at the site. Aerial photographs
should be reviewed for evidence of springs and seeps caused by
modifications of the water table under landfills and potential
threats to surface water quality at the site. Rainfall data and am-
bient surface water quality for the site should be known. Sur-
face structures designed to control run-on and run-off from the
waste material should be inspected to ensure compliance with the
RCRA.

Data on the chemical characteristics of the vadose zone are vital
in developing and understanding pollutant attenuation. In particu-
lar, the percentage of colloidal-sized particles, e.g., clay minerals,
and pH of a representative soil-moisture extract should be deter-
mined. In porous geologic materials, these particles can exchange
ionic constituents absorbed on the particle surfaces. The nature of
the surface charge of these particles is a function of the pH. At high
PH, a negatively charged surface occurs, while at a low pH, a
positively charged surface is developed. The tendency for adsorp-

tion of anions or cations is therefore dependent on the pH of the
soil water solution found in the vadose zone. This information will
be useful in estimating pollutant attenuation based on expe?ted
leachate constituents. In addition, the redox (oxidation-reduction)
potential or Eh of perched groundwater, soil-moisture extract,
and/or leachate should be measured. With the pH and Eh of the
vadose zone known, Eh-pH diagrams can be constructed showing
stability fields for major dissolved species and solid phases. Tl.\ese
diagrams are useful in understanding the occurrence and mobility
of minor and trace elements. Construction of the Eh-pH diagram
has been described in detail.'>"?

Ambient groundwater quality is an important data base to estab-
lish during the premonitoring effort. At old existing sites, care must
be taken to ensure that water data unaffected by the landfill have
been sampled to determine background quality. Of particular inter-
est as indicator parameters are TDS, COD, conductivity and BOD
that have been found in high concentrations in solid waste leach-
ate studies. In addition, temperature, color, C1, and Fe are listed as
indicator parameters.'*

The continued operation of a landfill either by the area or trench
method requires additional land for disposal of new waste material,
Therefore, each site is composed of a combination of existing and
projected waste cells. Monitoring activities for these areas will
differ in that the cost effective placement of a specific type of mon-
itoring equipment for new cells may not be possible for existing
cells. For example, a resistivity network installed under the protec-
tive liner of the landfill to determine leachate migration through the
liner could be easily incorporated in the earthwork required for
development of the new waste cell. This type of installation would
not be possible under an existing cell. Segregation of wastes by tox-
icity may dictate alternate monitoring networks around selected
waste cells. Depending on the toxicity level of the waste material
and its vertical proximity with groundwater aquifers, the use of
nondestructive aquifer monitoring methods (i.e., geophysical tech-
niques) may be preferable to sampling methods that require bore-
holes through the potentially polluted strata. These boreholes have
been known to short circuit liquid-borne wastes to the water table
through the annular well space of an improperly completed mon-
itor well.
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Figure 2.
Generic monitoring design for existing hazardous waste landfill

A generic monitoring design for an active/new hazardous waste
landfill is shown in Fig. 2. Elements of the design include utiliza-
tion of both nonsampling and sampling methods, Nonsampling
methods include: (1) neutron moderation probes, (2) tensiometers,
(3) a resistivity network underlying new waste cells, and (4) surface
and borehole. All of these geophysical methods could be used as
required for detection or definition of pollutant plumes. Sampling
methods include: (1) multiple completion wells, (2) multilevel
samplers, (3) suction samplers, (4) piezometers, and (5) gas samp-
lers. Technical description, field implementation, and range of ap-
plication and limitations of these techniques have been discussed.'*



SURFACE IMPOUNDMENT

Unlike the preceding generic landfill model where existing and
projected waste cells were evaluated for one facility, two separate
cases for generic surface impoundments were examined: Case 1, a
new unused facility (see Fig. 3) and Case 2, an active site.'* This
format was necessary because surface impoundment operations do
not include the subsequent disposal of new waste materials on addi-
tional lands. Following construction of the impoundment, no addi-
tional land is required until the facility is closed and a new site
developed. Therefore, access for instrument emplacement differs
between the two sites. A premonitoring effort was undertaken to
characterize the waste water and vadose zone properties. The con-
ceptual program included surface water, vadose zone and saturated
zone monitoring techniques.

To accommodate measurement of intake rates in the lagoon, a
stilling well with water stage recorder was mounted on the end of a
platform. During operation of the lagoon, intake rates can be
determined by the instantaneous rate methods, in which water-
level declines, measured in the lagoon during a brief shutdown
period, are related to volumetric relationships for the lagoon.

WATER ETAGE SHELTER

[] sHELTER RECORDER

PLATFORM

FILTER CANDLE

L

Water quality monitoring delzgﬁrf?oi.a new surface impoundment

Sampling units were installed beneath the base of the lagoon, as
shown in Fig. 3, to sample percolating water in case of failure at
the liner. The sampling units were, of course, installed before lay-
ing down the liner. The sampling units selected for this package
were filter candles, laid horizontally. Filter candles colftact a larger
area than point samplers, such as lysimeters. The individual units
were laid within sheet metal troughs. Because of the importance of
detecting wastewater movement below a failed liner, back-up units
were installed beneath the shallower units. In addition, other units
were installed at the same depths at other locations in the pond.
Such duplication can be regarded as ‘‘planned redundancy,” to
avoid the sampling problems described earlier in this paper. Inlet
and outlet lines from the samplers were terminated in an above-
ground shelter containing sources of vacuum-pressure, sample bot-
tles and other appurtenances. Provisions are included to permit ob-
taining either discrete or continuous samples.

The second “‘line of defense’’ for direct sampling of percolating
wastewater consists of monitoring wells installed in the perched
groundwater body. These wells are particularly valuable in the
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event that water movement beneath the pond occurs at matric pres-
sures below the limit of the filter candles (i.e., about -0.8 atm).
Ideally, these monitor wells should be of large enough diameter to
permit the installation of permanent submersible pumps.!” Samp-
ling should be initiated as soon as the wells are completed to ob-
tain baseline water quality values.

Indirect methods selected for detecting the percolation of waste-
water from the lagoon consist of tensiometers, heat-dissipation sen-
sors, and access wells for neutron moisture logging. The tensio-
meters and heat dissipation units are useful in estimating both stor-
age changes and hydraulic head gradients. In addition, the tensio-
meters will indicate the appropriate negative pressure to apply to
the filter candles during sampling, to avoid affecting unsaturated
flow paths, The heat-dissipation sensors provide information on
hydraulic gradients at negative pressures below the failure point
of tensiometers. The selection of heat-dissipation sensors in this ex-
ample was arbitrary. To conform with the principle of ‘‘planned
redundancy,”’ batteries of psychrometers/hydrometers and/or
electric resistance blocks also could be installed. The tensiometer
readings will be recorded manually by a field technician. However,
the signal from the other matric-potential sensors could be auto-
matically recorded.

Neutron moisture logging in the access wells will show the lateral
spread of wastewater in the vadose zone in case of liner failure,
provided that storage changes occur in the geologic profile. The
wells also can be used to monitor changes in groundwater levels
and for obtaining water samples from the vicinity of the water
table.

For active (and abandoned) lagoons it will not be possible to in-
stall monitoring units beneath the base of the impoundment. Con-
sequently, such units must be installed on the periphery of the facil-
ity. A stilling well and water storage recorder are installed to aid in
determining intake rates by the instantaneous rate method. A
cheaper technique would be to position stilling wells on the sides of
the lagoon. For active ponds it will be possible to estimate flux and
velocity in the vadose zone. Dividing this value by representative
water content values gives an estimate of velocity.

Sampling techniques consist of clustered suction cup lysimeters,
in a common borehole, and a perched groundwater well. Non-
sampling techniques consist of tensiometers and access wells for
neutron logging. As in the case of the new lagoon, it is advisable
to install other nonsampling units such as psychrometers/hygro-
meters for monitoring in the dry range, where tensiometers be-
come inoperative. A complete discussion of the rationale and meth-
ods used for Case 1 and Case 2 has been developed in an EPA re-
port.'s

LAND TREATMENT FACILITIES

As defined in the Hazardous Waste and Consolidated Permit
Regulations,'® a land treatment facility is “‘...that part of a facility
at which hazardous waste is applied onto or incorporated into the
soil surface.”” The objective of land treatment is to enhance the
microbial decomposition of waste pollutants, or to otherwise re-
tard their mobility by soil physical/chemical reactions. According
to some authors,'” land treatment of wastes involves the following
three steps following application and incorporation: (1) mixing the
waste wsith surface soil to aerate the mass and expose waste to soil
microorganisms, (2) adding nutrients or amendments (optional),
and (3) remixing the soil and waste periodically to maintain aerobic
conditions.

Techniques for selecting, managing, and operating land treat-
ment facilities were reviewed by several authors,?!**2 JSEPA
requirements for surface water control, record keeping, waste
analyses, monitoring, use at food chain crops, and closure are in-
cluded in ‘‘Standards Applicable to Generators of Hazardous
Waste’”.** In contrast to the monitoring requirements for haz-
ardous waste impoundments and landfills, vadose zone monitoring
is required at land treatment areas. The designated techniques are
pore-water sampling and solids sampling.
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A typical land treatment facility is illustrated in Fig. 4. As shown,
the facility contains a lagoon for storing incoming wastes. Con-
ceivably, such a lagoon would be lined to minimize seepage and
would include monitoring facilities, such as described previously
for impoundments. The field is diked to prevent uncontrollable
run-off. Whatever run-off occurs is collected into a sump.
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Figure 4.
Plan view of monitoring units for land treatment area

Land Treatment Premonitoring

In general, the premonitoring activities relative to land treat-
ment of hazardous wastes will be identical to those for site selec-
tion, e.g., characterization of wastes and vadose zone properties.
Ideally, these activities should be staged as follows: (1) identify
properties of wastes that will affect the mobility of pollutants in the
vadose zone, (2) identify properties of vadose zone solids that will
affect the mobility of waste pollutants, and (3) conduct tests to
evaluate waste/soil interactions promoting pollutant attenuation
in the vadose zone.

As indicated, the techniques specified by USEPA for vadose
zone monitoring at land treatment sites includes soil core and
soil-pore water monitoring. The monitoring plan requires that the
owner/operator must specify details on the depth of monitoring,
number of samples, the frequency of sampling, and the timing of
sampling when using these techniques. The generic monitoring pro-
gram presented here is based on the premise that the owner/oper-
ator has also chosen a mixture of nonsampling methods to assist in
determining sampling depth, frequency, and timing of samples us-
ing the two basic techniques. In view of the great cost involved in
analyzing for pollutants, this approach would be cost effective.
In addition, it is assumed that the owner or operator is suffic-
iently environmentally conscious that he has elected to use alterna-
tive sampling methods to back up the suction cup samplers that
are inoperative at soil-water pressures below -0.8 atmosphere.

Nonsampling Methods

Nonsampling approaches to monitoring at an active land treat-
ment area include: (1) conducting a water budget analysis, and

(2) installing nonsampling units. The water budget appr 039!’ us-
ing soil moisture accounting is a simple, rapid method for‘estlmat-
ing the volume of deep percolation below a selected soil depth.
The method developed by two researchers?* is used most oft_en apd
a computer program designated WATBUG is available to s'lmpllfy
calculations.?* Inflow components that must be measured include
precipitation and waste water application. Outflow compon.ent.f» re-
quiring measurement include runoff and crop evapptransplratlon.
The change in storage equals water content change in the depth of
interest. All terms are equated to deep percolation. )

A generic assortment of monitoring units at a station at a land
treatment area is shown in cross section in Fig. 5. Elements of the -
design include: (1) an access well for neutron moistl{re logging,
(2) implantable electrical conductivity probes for detectmg changes
in salinity, (3) tensiometers for measuring matric potential down
to -0.8 atm, and (4) thermal dissipation sensors for measuring
matric potential below -0.8 atm. Technical descriptions, limita-
tions, and field applications of these techniques have been des-
cribed.'¢

To avoid interfering with field operatjons and to facilitate access,
each station should be located on a beam extending across the field
as shown in a plan view of the facility in Fig. 4.

Two access wells have been installed at the station, one shallow
and one deep (Fig. 5). In practice, a large number of shallow
( <10ft) access wells could be installed throughout the site to de-
termine changes in water content during application and drying
cycles. If it appears that all of the water content changes are oc-
curring in the shallow depth, deeper units may not be required,
However, if extensive deep percolation is occurring, deeper access
wells will be needed, perhaps extending to the water table. This
method is useful in determining site-specific water balances and
soil water flux. Moisture logging only accounts for changes in
water content, a capacity factor. However, water (and pollutants)
may flow through specific zones without a change in water con-
tent being registered on moisture logs. Thus, backup facilities are

required.
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Figure 5.

Generic assortment of monitoring units at land treatment area

A depth-wise battery of implantable conductivity probes is in-
cluded. These units are based on the four-probe Wenner array for
detecting electrical resistivity in the field of measurement. Changes
in resistivity indicate that conductive fluids are moving past the
units. Alternative techniques that could have been used for detect-
ing changes in salinity include salinity sensors, portable conduc-
tivity probes, and a portable four-electrode array,

Tensiometer units are included for sensing the soil water matric
potential. Tensiometer readings are useful in determining the cor-
rect vacuum to be applied to suction cup samples (to avoid in-
fluencing the flow field). For soil-water pressure gradients that are



detectable by a battery of units where the gravitational component
does not limit the matric potential readings, inexpensive hydraulic
switches can be used to attach many tensiometers to a single pres-
sure transducer.?¢ Deeper units will require the use of integral pres-
sure transducers. The latter units also have the advantage of rapid
response time and no aboveground components, except lead wires
running to a shelter.

Inasmuch as tensiometer units fail at negative pressures below
-0.8 atm, the generic system also includes a battery of thermal dis-
sipation sensors, operative in the dry range. Other units that could
have been used to extend the range of tensiometers for detecting
changes in matric potential include electrical resistance/capacit-
ance blocks, thermocouple psychrometers/hydrometers, and os-
motic tensiometers.?¢
An identical array of nonsampling methods to that shown in Fig.
5 could be installed at a new site. The principal difference would
be that the installation depth at access wells, conductivity probes,
tensiometers, and thermal dissipation sensors would be shallow,
say within 10 feet of the land surface. This approach would min-
imize the cost of installation. However, if it becomes evident that
fluids are moving beyond the sensing depths, installation of mon-
itoring-equipment at greater depths will be required.

Sampling Methods

Sampling methods at an active site include soil sampling, pur-
suant to the requirements of USEPA,?* and the generic methods
depicted in Fig. 5. Soil sampling includes using hand augers and
samplers such as the Veihmeyer tube. Deeper methods require the
use of power equipment including flight augers and hollow stem
augers with wire-line samplers.?’

Generic methods depicted in Fig. § include: (1) suction cup
samplers, (2) multilevel samplers in perched groundwater, (3) a
depthwise array of piezometer units, (4) an observation well, and
(5) a screened well point at the end of the access well.

Suction cup lysimeters are installed in a depth-wide battery to
ensure detecting the vertical movement of pollutants. For shallow
sampling depths, the simple vacuum-operated unit will be ade-
quate.

Deeper unit will require vacuum pressure or high-pressure
vacuum units. In lieu of suction cup units, filter-candle type
samplers can be used.

Multilevel samplers are installed in a shallow body of perched
groundwater. These units are useful for depth-wise sampling to de-
termine the vertical extent of a plume. A horizontal transect of
such units is useful in detecting the lateral dimensions of a plume.
They are also used to measure hydraulic gradients. As shown in
Fig. 5, some of the sampling points extend above the water table
to facilitate sampling during a water table rise (useful for collect-
ing pollutants ‘“‘hung up’’ in the vadose zone). A battery of piez-
ometer units shown in the figure could be used in place of or to sup-
plement the multilevel samplers. Piezometers are useful for con-
ducting the so-called piezometer tests for determining saturated
hydraulic conductivity values.

A standard observation well is shown installed in a body of
perched groundwater. Such wells permit extracting large volumes
of perched groundwater for analysis. Results may be indicative of
the integrated water quality flowing through the vadose zone. As
such, these units may be more useful in estimating mass flux than
point samplers, such as suction cup lysimeters. Pumps installed in
the observation wells facilitate sampling. Pumps are also useful for
conducting pumping tests when determining the hydraulic proper-
ties of the vadose zone.

Finally, the deep access well shown in the figure includes a well
point for obtaining a water sample near the water table. A suitable
batch is required for sampling these units. The representative-
ness of such a point sample is perhaps questionable. However,
the results are useful in a qualitative sense.

The sampling methods shown in Fig. 5 are also applicable to a
new facility. However, a staged approach should be taken for in-
stalling sampling units. In other words, deeper units should be in-
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stalled when evidence from shallow sampling (and nonsampling)
units shows that pollutants are moving deeper in the profile.
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INTRODUCTION

Subsurface contamination by hydrocarbons is a recurring prob-
lem. Sources range from home-fuel tanks to terminals and trans-
continental pipelines. Subsurface releases may go undetected for
months or years. The technical literature from the United States
and Burope contains numerous references regarding the fate of
hydrocarbon in the subsurface.

Overviews of subsurface hydrocarbon contamination are pre-
sented by Schwillel and Dietz.? A theoretical description of hydro-
carbon migration is given by J. Van Dam.? Duffy* and M. Van Der
Waarden® present analytical procedures and the results of labor-
atory experiments dealing with percolation and leaching of hydro-
carbons. Subsurface biodegradation of hydrocarbons is addressed
by Vanloocke.¢ Case histories involving hydrocarbons in ground-
water are presented by McKee,” Williams and Wilder,® Matis,® and
Moein.'®

An understanding of the various transport phenomena is bene-
ficial in developing initial working hypotheses for a given site.
Site-specific definition of the extent of contamination is ultimately
necessary, however, for implementing cost-effective mitigative
measures. In this paper, the authors describe two cases involving
hydrocarbon leaks from terminals which have substantially differ-
ent hydrogeological settings and consequently required different
approaches for evaluation and mitigation,

CASE STUDY—A
Background

Case A involved the subsurface movement of hydrocarbons in
a multiple-terminal area. The source of the hydrocarbon, a dis-
colored and apparently old gasoline, was not obvious. The
terminals are in a mixed industrial-residential setting where the
hydrocarbon was first detected as petroleum vapors from a sewer
line. Seepage of the hydrocarbon first appeared near a commer-
cial operation, causing a partial interruption of business. The
hydrocarbon subsequently entered a nearby stream.

“Terminal A”’ was held responsible for the clean up of the
stream, determining the source of the leak, and resolving the
problem. Terminal A is at a lower elevation than the other termi-
nals which reportedly had some leaks in the past. The sewer line
also entered the vicinity of Terminal A from these and other poten-
tial upgradient sources.

This problem occurred in an area which is characterized by
rolling hills, numerous streams, and a thick sequence of relative-
ly flat-lying sedimentary rocks. Exposed bedrock in the vicinity
is chiefly limestone of Ordovician age. The regional dip of rock
units in this area is generally to the northwest, but is locally mod-
ified by secondary folds. Flexing of the rocks during the forma-
tion of secondary folds has resulted in numerous joints and small-
displacement faults.
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Methodology

The objectives of this project were to determine the potential
source(s) of the contamination and to implement corrective action
to control the hydrocarbons. The project evolved in the following
sequential activities.

The initial activities at the site concentrated on recovery of the
hydrocarbon from the streams. This cleanup operation was
followed by the installation by the owner of approximately 40
observation wells in an unsuccessful attempt to determine the
source of the contamination. Air percussion drilling techniques
were used and the wells were of a simple construction.

Subsequently a geologic reconnaissance was conducted in the
terminal area and a preliminary evaluation was made of the avail-
able data. Interviews were conducted with terminal personnel,
sewer authorities, and the owners of the commercial property.
The site was surveyed and a base map was prepared.

Test pits were excavated near some of the observation wells in
which hydrocarbon was encountered to obtain a better understand-
ing of the subsurface conditions. This activity was followed by a
resistivity survey and the placement of supplemental observation
wells and test pits in anomalous areas depicted by the survey.
These data were incorporated into the final site evaluation and
subsequent design of the mitigative measures.

In an area with well-lithified, fractured rock, the presence and
orientation of fractures are significant with respect to the flow of
fluids in the ground. Although fractures provide conduits for flow,
they are very thin 4nd therefore difficult to assess through con-
ventional drilling. Geophysical methods which measure a total-
field condition within a known volume of ground are more effec-
tive in locating such features. The electrical resistivity method was
selected for the site to supplement the data provided by observa-
tion wells. Four resistivity profiles were aligned parallel to the
southern property boundary. Six profiles were parallel to the east-
ern property boundary.

The test pits used for observation of hydrocarbon occurrence
were excavated with a medium-sized backhoe. Because of the rela-
tively thin limestone beds, it was possible to break the rock and
rip up slabs of the limestone within the uppermost-weathered
zone. Deeper excavations for the recovery trenches required pre-
drilling on close spacings before excavation of rock could be ac-
complished.

Findings

Subsurface material beneath the site consists of two rock units
which are overlain by a thin layer of residual clayey soil and occa-
sional fill material. The contact between the two rock units ap-
pears to exist in the vicinity of Terminal A.

The lower rock unit is predominant at the site and consists of
blue-gray, medium-grained, moderately fossiliferous limestone.
These rocks have beds from one to eight inches thick, with mod-
erately well defined bedding planes. Thin layers of calcareous
shale or shaley limestone are also present.
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The overlying rock unit is finer grained and more thinly bedded
than the lower rock unit with little or no fossil content, The beds,
although generally planar, are very uneven. The rock material
within the individual beds is very dense, but the bedding planes
frequently contain thin layers of clay or shale.

The dip of observed joints in the rock units is nearly vertical.
The orientation of the jointing is consistent with regional patterns.
A zone of rock weakness was also observed in excavations
oriented approximately parallel to the strike of the rock. This zone
appeared to coincide with the contact of the rock units.

Overlying the consolidated rock is a layer of clayey soil which
represents residual material from in situ chemical weathering of the
underlying limestone. The soil ranges from less than two feet to
more than ten feet in thickness. The boundary between the soil
and the underlying rock is very distinct in areas where layers of
dense limestone form the uppermost rock and is gradational in
shaley zones.

Ground water beneath the site primarily occurs within bedding
planes and joints in the limestone bedrock. There is also a lim-
ited amount of water within the clayey soil, mostly at the inter-
face between the clay and the rock. The upper surface of the sat-
urated zone is under water table conditions. In the bedrock beneath
the site, the water flows through the more porous zones (bedding
planes, or joints), and the exact flow path of individual water
particles is influenced by the geometry of these discontinuities.
Flow paths may therefore be more contorted than in a homo-
geneous material.

The configuration of the water table is similar to that of the
ground surface at the site, with a general slope downward from the
northeast toward the southwest (Fig. 1). Groundwater discharges
into a nearby stream during periods of high groundwater levels.

The hydrocarbon has been observed in many of the wells and
excavations in the southern and eastern portions of the site, In all
locations where hydrocarbon could be observed it was flowing
from the bedding planes within the rock. Its occurrence within the
ground appeared to be limited vertically by the water table, upon
which the thin layer of hydrocarbon was floating. The overall
direction of contaminant movement was controlled by the config-
uration of the water table. The exact flow paths appeared to be in-
fluenced by the occurrence and orientation of discontinuities in
the rock.

Apparent resistivity was calculated and plotted versus distance
along the profiles. A strong anomaly (high apparent resistivity)
was located in the southern profiles and suggested an alignment
roughly perpendicular to the southern property boundary. A high
apparent resistivity anomaly was also located on the profiles along
the eastern side of the property. The locations of peak readings
suggest a possible linear alignment trending almost perpendicular
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Layout of Case A

to the eastern property boundary. These anomalies appear to be

associated with structural geologic features and coincide with the
occurrence of hydrocarbon. L.

Excavations were performed near the sewer line to detcrmmg if
hydrocarbons existed adjacent to these structures. The sewer line
consisted of a concrete pipe, buried at an approximate depth of
3ft below the road’s upper surface. The line had apparently been
placed in a trench which was backfilled with the natural soil ma-
terials. Some of the southern sections of the line had been exca-
vated within bedrock.

Groundwater was observed in the sewer line backfill with no in-
dication of hydrocarbon in the northern section of the line.
Groundwater and hydrocarbons were observed in the soil backfill
and in the adjacent walls of the rock trench along the southern
section of the line. In plain view, the occurrence of hydrocarbon
forms a ‘“U’’-shaped pattern, concave to the south and generally
consistent with the directions of groundwater flow (Fig. 1). The
pattern of hydrocarbon contamination can be explained by the
presence of rock discontinuities (observed in excavations and in-
dicated by geophysical methods) and by the presence of the sewer
line. These subsurface features could provide a vertical and hori-
zontal path with a higher permeability than the surrounding rock
for contaminant flow.

The interpretation of the hydrocarbon occurrence indicates that
an on-site loading area was the likely source area for the product.
This interpretation does not preclude the possibility of other on or
off-site sources under different conditions. Hydrocarbons orig-
inating from this area could potentially move southeast and south-
west from a localized groundwater high, with preferential move-
ment within the higher permeability zones.

Solution

The installation of relatively shallow recovery trenches within
the bedrock at two locations was the most feasible technique for
preventing additional seepage exiting, or entering, Terminal A.
The trenches were also the most feasible technique for recover-
ing the existing petroleum products beneath Terminal A and the
adjacent property to the southwest.

The recovery trenches were constructed in general accordance
with the schematic drawing presented in Fig. 2. Variations in the
subsurface conditions (geology, groundwater, and the occurrence
of hydrocarbons) were anticipated at the site. These variations
resulted in minor modifications of the corrective action - plan, The
final details of the recovery trenches were established during the
field implementation to allow for on-site modifications. The im-
plementation was supervised by a hydrogeologist who was familiar
with the site conditions.
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Trench A was 20 to 30 ft long; its depth is from 6 to 8 ft with a
central sump 2 ft ‘deeper (Fig. 2). The primary purpose of this
trench was to intercept hydrocarbons which were believed to exit
the site along localized geologic discontinuities observed in the
test pits. This trench location and orientation is also based upon
the results of the resistivity anomaly encountered in this area of
the site.

Trench B was 30 to 50 ft long and 12 to 14 ft deep. Its
primary purpose was to help recover hydrocarbons moving down-
gradient from the source area and from the adjacent commercial
property. The water level in the center of the trench will remain
at a specified elevation under pumping conditions to reverse the
flow of groundwater beneath the northern portion of the adjacent
property.

The overall effectiveness of the recovery trenches will be ascer-
tained by routine measurements of water levels in existing wells
and springs. Provisions for monitoring were also made for several
of the original excavations by the installation of standpipes prior
to backfilling.

CASE STUDY—B
Background

Case B involved the loss of hydrocarbons from a known source
at “Terminal B.”’ More than 200,000 gal of a primarily non-leaded
gasoline entered the subsurface by an underground pipe line that
was damaged during routine maintenance (Fig. 3). The contamina-
tion has not migrated from the owner’s property.

The site is located in a belt of Pre-Cambrian age metamorphic
rocks. The facility is underlain by deep residual soils that appear
to be derived from the in-place weathering of a mica-quartz
schist. The silty soils are relatively uniform and no structural
features are apparent from the boring data.

Methodology

The objectives of this project were to recover the usable hydro-
carbons and to prevent off-site migration. In the first phase of
study, nine observation wells were installed around the source area.
The purpose of the wells was to allow a preliminary estimate of
the areal extent and thickness of the contamination and to indicate
fluid-flow directions.

The wells were constructed of 4 in diameter PVC using man-
ufactured well screens with a slot size of 0.010 in. A sand pack was
placed between the horehole wall and the well screen. A bentonite
seal was placed above the sand pack and the remaining annular
space filled with grout. The screen lengths varied from 5 to 25 ft,
and well depths varied from 20 to 35 ft. Split-spoon samples and/or
auger cuttings were obtained from the borings to determine sub-
surface soil conditions.
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The wells were developed with a pump or bailer and allowed to
return to static conditions before measuring the fluid levels in the
wells. In-situ permeability tests were then performed in selected
wells for preliminary estimates of contaminant migration rates.
During this period of study the owner independently installed a
12 in diameter well immediately adjacent to the hydrocarbon
source area to begin the recovery operation.

After completion of the first phase, it was determined that addi-
tional wells and aquifer testing would be required to more accur-
ately determine hydrocarbon extent, flow direction and aquifer
properties. A preliminary recommendation was to install a recovery
system near the downgradient hydrocarbon front. The data to be
obtained from the second phase would help determine the location
and spacing of the recovery system.

In the second phase, six additional observation wells were in-
stalled closer to the suspected product limits. The wells were con-
structed in a manner similar to that described in the first phase.
After analysis of the data obtained from the additional observa-
tion wells, a 6 in diameter well was installed just upgradient of the
contaminant front, This well was installed as a prototype recovery
well and used to perform an aquifer test in an area where the hydro-
carbon had a considerable thickness. Prior to testing, static fluid
levels were obtained in all the wells and a constant fluid-
level recorder installed in the observation well closest to the
pumped well.

The aquifer test was performed in several steps to obtain as much
useful information as possible within the time constraints of the
project. Eight observation wells were monitored at selected inter-
vals throughout the testing. During the first 48 hr the test well was
pumped at a constant rate of 0.25 gal/min. The well was then
pumped at 0.33 gal/min for 8 hr while the response of the eight
observation wells and the pumped well to the increased discharge
rate was monitored. The pump was then turned off and a recov-
ery test was performed over a period of 16 hr. After the recovery
test the pump was raised and lowered in the test well and pumped
at various rates to observe if any significant changes occurred in
the hydrocarbon to water ratio.

Findings

The subsurface at the site consists of residual soils that vary
from red-brown to buff, micaceous fine sandy to clayey silts.
The sand content is estimated to vary from 5 to 30% and the clay
content is generally less than 10%. Unweathered rock was not en-
countered in any of the borings.

The fluid depths (hydrocarbon or groundwater) varied from 10
to 20 ft below land surface. The thickness of hydrocarbon varied
from 15 ft near the source area to 12 ft in the well located 200 ft
downgradient from the source area (Fig. 4).
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A potentiometric surface map was constructed from the observa-
tion well data. Contaminant flow is from the southern end of the
site to the north-northeast. The shape of the hydrocarbon plume is
elongate and orientated to the northeast. The shape and preferred
orientation suggest that the physical properties of the soils are
anisotropic, which is supported by analysis of the aquifer test
data.

A sustained yield of slightly less than 0.25 gal/min could have
been maintained in the pumped well. The specific capacity of the
well was estimated to be less than 0.03 gal/min/ft. The transmiss-
ivity of the aquifer was estimated to average 350 gal/day/ft with a
storage coefficient of 0.09. The fluid levels in observation wells
within 25 ft of the pumped well were influenced during the test.
The fluid level in a well 70 ft from the pumped well was only slight-
ly affected. After the recovery test it was observed that intermit-
tent pumping in the test well produced a significantly greater
hydrocarbon to water ratio than by constant pumping.

Solution

A recovery well system consisting of five 6 in diameter wells was
installed in the vicinity of the test well. The test well was also util-
ized in the system. Recovery wells were spaced on centers 20 ft
apart on the basis of the hydraulic properties obtained from the
aquifer test, with an average depth of 30 ft. The wells will be
pumped to approximately 15 ft below static level and allowed to
recover within 10 ft of static before resumption of pumping. This
will maintain a minimum drawdown of 10 ft and allow for intermit-
tent pumping to obtain the optimum hydrocarbon to water ratio.

A recharge well system consisting of seven 4 in diameter wells
was installed downgradient of the recovery wells. Two of the exist-
ing observation wells were utilized in the system. The wells are
spaced on centers 20 ft apart with an average depth of 25 ft. The
purpose of these wells is to form a hydraulic barrier by injecting
water and thereby minimize downgradient migration of hydrocar-
bons.

The entire system will be observed for six months. Any modifica-
tions to the system or further corrective measures will be considered
at that time,

SUMMARY

The two cases of hydrocarbon contamination described in this
paper, as well as those of previous publications, illustrate that sev-
eral factors impact the approach to problem assessment and mit-
igative planning. These factors include: timing of leakage discov-
ery, type and age of hydrocarbons, rate of contaminant migra-
tion, hydrogeological setting, general site layout, and proximity
of adjacent utilities and structures to the contaminated area.

If the extent of hydrocarbon migration is such that the contam-
inant is an imminent threat to the environment, then the assess-
ment is directed toward immediate mitigation (as illustrated by
Case A). If product migration is slower there is often time for more

detailed evaluation and development of optimal mitigative meas-
ures (as in Case B).

The detailed in-situ testing utilized in Case B was not appro-
priate in Case A because of the shallow occurrence of the hydro-
carbons in a heterogeneous setting. Also, the wells and excava-
tions used in Case A were relatively inexpensive. Excavations to
examine the occurrence of hydrocarbon were not practical for
Case B. Likewise, the geophysical techniques utilized in Case A
were not appropriate for Case B because of the extensive network
of transfer pipes and electrical conduit in the area of interest.

The site conditions occasionally preclude the use of one or more
mitigative measures. For example, in Case A the heterogeneity of
the rock units and the necessity to minimize increases in ground-
water levels did not permit the use of hydraulic barriers. The use
of continuous trenches was unacceptable in Case B because of the
depth and thickness of hydrocarbons, the presence of buried util-
ities, and the proximity of settlement-sensitive structures to the
contaminated area.
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INTRODUCTION

Many hydrogeologic investigations of hazardous waste sites
have been focused on contamination in the unconsolidated ma-
terials above bedrock. A common investigative approach involves
the installation of groundwater monitoring wells to a depth just
below the water table. This approach has been utilized by investi-
gators who accept the hypothesis that organic chemical contam-
ination remains near the upper surface of an aquifer.

However, several studies have indicated that organic compounds
readily migrate to the bottom of the overburden aquifer regard-
less of their specific gravity or solubility. Furthermore, shallow
wells may be inappropriately located to take into account the
configuration of the bedrock surface which may play an important
role in channeling contamination.

With the discovery of thousands of hazardous waste sites across
the United States, the need to assess bedrock aquifers and their
effect on groundwater movement has taken on a new importance.
In New England, where many drinking water wells are screened in
bedrack, the bedrock aquifer cannot be ignored when investigating
the impact of a hazardous waste site. When planning remedial
measures for hazardous waste sites an adequate assessment of the
bedrock aquifer is necessary to properly design a program that is
capable of containing or removing contaminated groundwater.

Additionally, bedrock aquifers underlying proposed sites for
hazardous waste treatment facilities or disposal areas should be
properly assessed to determine the possible impact the site may
have on groundwater resources. Therefore a thorough assessment
of the entire groundwater regime is required when investigating
hazardous waste sites or planning for future hazardous waste treat-
ment or storage facilities.

This paper was written in response to the need to more ade-
quately assess the relationships of bedrock aquifers to unconsol-
idated overburden aquifers. The approach presented here is based
upon Ecology and Equipment, Inc.’s (E & E) field experience at
more than 100 hazardous waste sites in England. This experience
has shown that bedrock plays a significant role in the migration
of contaminated groundwater.

The purpose of this paper is to illustrate the failure of some
common approaches to investigating hazardous waste sites, to
stress the importance of assessing the potential for bedrock con-
tamination, to outline an approach for assessing the bedrock
aquifer regime, and to present brief case histories which illus-
trate the successful employment of E & E’s approach to investi-
gating bedrock aquifer contamination.

EVALUATION OF SOME COMMON APPROACHES
TO GROUNDWATER MONITORING

Commonly, hydrogeologic investigations of hazardous waste
sites have been conducted with little or no emphasis on assessing
contaminant migration at depth and within bedrock or the hydraul-
ic relationship between the bedrock and overburden aquifers. Mon-
itoring wells are often screened at depths that are too shallow or
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in unsuitable locations to detect contaminants within the lower
portion of an aquifer system, Several reasons why wells are im-
properly installed or misplaced are discussed here. -

In the past, monitoring well networks have been developed based
on the theory that volatile organic compounds, some of which are
less dense than water, remain at the top of the aquifer. However,
E & E’s field experience and analytical data, as well as those of
other investigators,' indicate that contaminants are often forced
lower into the aquifer as the contamination migrates from its
source. Therefore shallow wells installed a distance from the source
may not intersect a contaminant plume.

A common practice for installing wells has been to use driller’s
“refusal’’ as an approximation of the bedrock surface and the
depth for the well. In glaciated terrain, refusal commonly repre-
sents till or boulders. Although till is frequently located at or near
the bedrock surface, resistant tills can occur at any depth within
the overburden aquifer. Boulders in excess of one meter in diameter
are also common and may be mistaken for bedrock. Failure to
identify the true bedrock surface may result in wells that are too
shallow to monitor groundwater at the bedrock-overburden inter-
face.

Wells are also installed at inadequate depths when the presence
of till or a clay layer is assumed to act as an aquiclude that may
inhibit the migration of contamination to underlying portions of
the aquifer. Numerous studies'> have shown that under the proper
hydraulic conditions contamination can migrate through or around
till and clay. Therefore deep or fully penetrating bedrock wells are
needed when these geologic conditions exist in order to monitor
contaminant movement at all levels of the aquifer.

Inadequate assessment of the bedrock surface configuration and
structure (i.e., bedrock troughs or fractures that may channel con-
tamination) has led to the installation of deep or bedrock wells in
areas that are not in the proper location for detecting contamina-
tion. Finally the costs associated with the proper construction and
placement of deep bedrock wells have often influenced investiga-
tors to install shallow overburden wells.

APPROACH TO INVESTIGATING
BEDROCK CONTAMINATION

Common approaches used in establishing a monitoring well net-
work to investigate hazardous waste sites often do not accurately
assess the hydrogeologic conditions that may influence contam-
inant behavior within or near the bedrock aquifer. For this rea-
son, E & E has developed an approach which enables an assess-
ment of characteristics of the bedrock and overburden aquifers
which is cost-effective and allows a successful monitoring network
to be developed and implemented.

Aspects of this approach that are discussed below involve the
assessments of : 1) hydraulic relationships between the overburden
and bedrock aquifers, 2) the hydraulic characteristics of the bed-
rock aquifer, 3) the structure and configuration of bedrock, 4) the
natural groundwater quality in bedrock and 5) considerations for
well installation designed to assess bedrock contamination.
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Hydraulic Relationship Between the
Overburden and Bedrock Aquifers

In areas where an overburden aquifer overlies a bedrock aquifer,
the hydraulic relationship between the two aquifer systems needs to
be established. Three characteristics of the aquifer systems should
be considered: 1) the hydraulic conductivity of the overburden
aquifer mantling the bedrock, 2) the extent and thickness of the
overburden aquifer and 3) groundwater flow directions between
the bedrock and overburden aquifer systems.

The hydraulic conductivity of the overburden dictates the ease
with which contaminants will migrate into bedrock. A deposit ex-
hibiting low conductivity, such as glacial till or clays in contact with
the bedrock surface, may impede or prohibit contaminant move-
ment into bedrock.

The hydraulic conductivity(ies) of the deposit(s) at a site can be
extrapolated from existing information or measured directly in the
field. If the amount of hydrogeologic information available for a
specific site is minimal, hydrogeologic data published by the USGS,
state and local agencies can be reviewed prior to field work. Often
these publications give general conductivity values, or values can be
assigned from published figures for a particular deposit. Well logs
of nearby existing wells or for wells installed to monitor a site can
be reviewed to establish types of subsurface deposits. Approximate
hydraulic conductivities can then be assigned to each deposit using
published figures.

A more accurate determination of the hydraulic conductivity is
made during field work by one or a combination of field permea-
bility determinations, such as the slug test, the auger hole or piez-
ometer method. If possible the conductivity of the formation that
covers the bedrock should be determined. Conductivity values ob-
tained from field measurements may be verified to some extent in
the laboratory using permeability tests.

The lateral extent and thickness of the unconsolidated deposits
covering the bedrock determine if contaminants in the unconsoli-
dated aquifer are likely to move into the bedrock aquifer. Discon-
tinuous or thin deposits will allow contaminants to reach bedrock,
whereas deposits that are continuous and adequately thick through-
out the area of groundwater contamination will likely prevent con-
taminant movement into bedrock.

The extent and relative thickness of deposits can be determined
in many cases by a preliminary review of existing information con-
cerning the study area, and then verified by field work. In the field,
the extent and thickness of deposits are generally determined using
geophysical methods such as seismic refraction and/or resistivity
and direct methods such as soil borings/well installations.

Information generated from the preliminary literature review
and field work is used to construct geologic cross-sections through
the study area. The cross-sections can be used to predict the char-
acter and extent of the unconsolidated deposits.

Regardless of the hydraulic conductivity, and the extent and
thickness of deposits lying on the bedrock, an interchange of con-
taminated groundwater between the unconsolidated and bedrock
aquifers is not possible unless there is a net vertical downward
component of groundwater flow between the two aquifer systems.
Flow components are predicted prior to field work from a review of
topographic maps and existing information.

Hydraulic Characteristics of the Bedrock Aquifer

The hydraulic characteristics of the bedrock aquifer are deter-
mined to establish if the bedrock is water-bearing and capable of
transmitting contaminants and also to predict the velocity with
which contaminants will move through the bedrock. Hydraulic
characteristics of the bedrock that need to be determined are the
relative total porosity (primary, genetic and secondary) and hy-
draulic conductivity of the bedrock unit. Review of existing infor-
mation will provide preliminary data and additional inferences con-
cerning porosity and hydraulic conductivity values can be made by:

*Observing bedrock outcrops in the area of the site; noting bed-
rock type and frequency of fractures/faults in the bedrock

eNoting yeilds of bedrock wells in the vicinity of the study area
#Noting Rock Quality Designations (RQDs) measured during engi-
neering studies in the vicinity of the study area

Values derived from such observations may at best be rough es-
timates since the rock types observed or those in which measure-
ments were taken may not be continuous under the entire study
area. More accurate assessments of bedrock porosity and hydraulic
conductivity are determined in the field by measuring RQDs dur-
ing well installation and performing permeability tests in monitor-
ing wells installed and sealed in bedrock.

Assessment of the Structure and Configuration
of the Bedrock Aquifer

To insure the proper placement of bedrock monitoring wells, it
is important to first access the bedrock surface configuration and
structure. Bedrock wells which are placed without regard to these
features may fail to intercept plume migration along fault zones or
within bedrock troughs.

Both classical field techniques and more contemporary remote
sensing techniques are used to assess bedrock structures and surface
configuration. The methods include:

eA field observation and statistical evaluation of bedrock frac-
tures, frequency and orientation in outcrops

eFracture trace analysis and aerial photographic interpretation to
determine predominant fault and fracture orientations

eSeismic refraction and electrical resistivity methods to determine
depth and orientation of the bedrock overburden interface. and
the presence of clay or till layer within an overburden aquifer
oGround penetrating radar to determine the presence or absence
of boulders in the overburden at proposed well locations

Assessment of Natural Groundwater Quality in Bedrock

Concentrations of naturally occurring inorganic compounds and
metals within the overburden and bedrock aquifers must be
assessed to understand what effect a hazardous waste site has had
on the quality of the groundwater. Naturally-occurring organic
compounds (other than methane) are rare except in areas where
natural deposits of oil, gas or coal exist. The presence of organics
in groundwater is therefore assumed to be derived from a source
other than soil or bedrock in regions lacking fossil fuel deposits.

The primary source of inorganic compounds and metals is from
bedrock. The amount of any given compound will depend on rock
type, fault zones, ore deposits and degree of weathering. In New
England, where many sulfide mineral deposits occur along major
fault zones and in pegmatites, there may be naturally elevated con-
centrations of arsenic, antimony, cadmiunt, copper, lead and mer-
cury in the groundwater. A preliminary literature search should
provide information about an area’s subsurface geology, faulting,
existence of ore deposits and mineralogy of the rock types present.

Determination of the extent of faulting and fracturing (see
Assessment of Bedrock Structure and Configuration) can give an
indication of: 1) the extent to which groundwater may flow through
the bedrock and thereby increase the weathering process, and 2) in-
dicate those areas where enhanced heavy metal deposits may exist.
The presence of these deposits can be assessed by field examination
of bedrock outcrops and thin sectioning of rock samples from out-
crops or well cores. Thin section analysis can also assist the inves-
tigator in determining the existence of major faulting if cataclasis
is present,

Comparison of groundwater analyses from existing upgradient
and downgradient off-site wells will provide data on the natural or
background levels of inorganics and metals in a given area. When
comparing analyses, it is important that the sampled wells be
screened over the same depths and in the same rock types and geo-
logic structures.

Analyses of groundwater from newly-installed monitoring wells
must also be carefully evaluated. Recent E & E analyses of both
new and old wells within similar rock types and geologic struc-
tures have shown higher concentrations (by 50 to 2000%) of the



trace elements and heavy metals in the newest wells. The increased
levels in new wells may be attributed to the suspension of pulver-
ized bedrock and overburden materials as a result of drilling. The
use of hardened steel tools may have contributed to the increased
concentration of such compounds as vanadium and iron.

Well Installation for Assessing Bedrock Contamination

There is a wealth of information currently available on well in-
stallation procedures and techniques; therefore, an in-depth exam-
ination and review of existing procedures will not be discussed.
The most critical aspects of well installations related to evaluating
groundwater in bedrock will, however, be discussed here.

In designing a monitoring network that includes bedrock wells,
the purpose of the bedrock wells will determine the type and meth-
od of construction of the well. ]

Various criteria for locating bedrock wells must be evaluated so
that the objectives of the monitoring program can be met. These
criteria should include, but not be limited to the following:

*The monitoring well network should insure detection of contam-
inants that may be migrating along the bedrock surface or in bed-
rock fractures. This can be accomplished by one or more wells in-
stalled within possible pathways such as bedrock troughs or fault
zones. This requires prior knowledge of the bedrock surface con-
figuration and structure to assess possible contaminant migra-
tion directions.

*The bedrock monitoring well network should allow the natural
or background levels of inorganic compounds to be determined.
A minimum of one well should be installed in the same rock type
and geologic structure (i.e., fault zone) as where the contamina-
tion is.

*A minimum of one bedrock well, in conjunction with a co-lo-
cated overburden well, is necessary to establish hydraulic head
relationships between the bedrock and overburden aquifers, en-
abling vertical hydraulic gradients to be determined.

*Bedrock wells should be installed both within and out of major
fracture zones to adequately assess the variability of bedrock hy-
draulic characteristics.
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A variety of drilling methods can be employed when drilling to
bedrock and subsequently into bedrock. Certain drilling considera-
tions to take into account include:

oThe utilization of driven casing rather than hollow stem augers
enables the driller to telescope through boulders (after coring)

®A minimum of 10 ft of bedrock - coring should be allowed to es-
tablish bedrock competency and rock type

*The drive casing should be advanced as far into bedrock as pos-
sible to prevent caving in of the cored borehole. A roller bit can
be employed to assist in flushing out any bedrock materials that
may have fallen into the hole.

Three types of bedrock wells or well systems are suggested (Fig.
1). Each well should incorporate the use of Schedule 80PVC well
casing with threaded-flush joints to prevent bowing of the cas-
ing, to provide a smooth casing surface to alleviate problems when
removing the drive casing and to eliminate the use of solvent join-
ing compounds. Screens should have 0.010 in maximum slots to
prevent silting and should be set at depths depicted in Fig. 1. Back-
filling of the screen is accomplished by using Ottawa sand or a
similar silica material with a grain size greater than 0.010 in. The
annular space around the well casing should not be less than one
in.

CASE HISTORIES

The phased approach for assessing bedrock aquifer contam-
ination has been successfully employed by E & E in their inves-
tigation of hazardous waste sites in New England. The extent to
which the approach is utilized at any given site is determined by
the quantity and quality of existing information and the complex-
ity and size of the site.

Two case histories which illustrate E & E’s overall approach and
the effect of bedrock on contaminant migration are presented here.
While each case history is purposefully brief, the discussions center
on the use of E & E’s approach, the lack of existing data to fully
assess the problem and the effect of the bedrock aquifer in con-
trolling contaminant migration.
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Monitoring Well Systems
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Case History I—Picillo Farm Site, Rhode Island
Site History and Description

The Picillo Site, a former pig farm in Coventry, Rhode Island,
operated as an illegal hazardous waste disposal site until 1977 when
a fire resulted in the discovery of containers of various chemical
wastes by the Rhode Island Department of Environmental Man-
agement.’ Subsequent geophysical and excavation work revealed
that approximately 10,000 containers of wastes were buried in four
trenches on the site.

The disposal site consists of 7.5 acres of clear land surrounded by
terrain that slopes to the north, west and south. A swamp located
1200 ft northwest of the disposal site is a major discharge area for
surface and groundwater flowing from the site. Surface and
groundwater flow from the swamp is toward the southwest. A
stream which drains the swamp carries surface water to Whit-
ford Pond which is an irrigation source for a cranberry bog one
mile directly southwest of the disposal site (Fig. 2). Several miles to

SCALE 1:24000

Figure 2.
Location Map of the Picillo Site

the east of the site is the Quidnick Reservoir, which is not cur-
rently a source of drinking water. Private bedrock wells are located
approximately one-half mile north of the site.

Previous Investigation

Prior to E & E’s involvement, the State of Rhode Island and
USEPA, through several subcontractors, had installed a total of 30
groundwater monitoring wells on and around the disposal site. This
initial work included well installation, bedrock coring, seismic re-
fraction survey, field permeability tests, and sampling and analy-
sis of soil, surface water and groundwater. The focus was upon
areas immediately adjacent to the disposal site and as such did not
address the impact the site might have on environmentally sensi-
tive areas nearby. The locations and depths of monitoring wells
installed during the initial work made it impossible to assess the
extent of contaminant movement.

Hydrogeologic Investigation

The major objective of E & E’s investigation was to deter-
mine the possible existence of a hydraulic connection between the
disposal site. Quidnick Reservoir, the cranberry irrigation pond
and private wells. The approach included:

eEstablishment of major plume directions using existing wells
*A preliminary evaluation of bedrock characteristics

*Field assessment of bedrock characteristics

eInstallation of monitoring wells

eSampling and analysis

Analytical data from existing monitoring wells were incomplete
and an additional sampling program involving all existing wells was
required. All samples were analyzed on a portable gas chromato-
graph and several key samples were analyzed for USEPA priority
pollutants.

The analyses confirmed the presence of contamination in
groundwater and defined the major contaminant plume directions,
one of which was toward the swamp. A seismic study was then
conducted to define the bedrock surface configuration and a frac-
ture pattern analysis to determine the bedrock structure. From
these data a bedrock surface map (Fig. 3) was prepared which in-
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dicated that an east-west-trending bedrock trough existed be-
neath the swamp and that bedrock fractures strike north-south with
a moderate dip toward the west.

Nine monitoring wells were then installed (Fig. 3) in overburden
and bedrock to assess the full extent of contamination and pos-
sible migration through the bedrock trough and fractures. An addi-
tional sampling and analysis round was performed to include the
newly-installed wells.

Hydrologic and analytical data indicated that major contam-
inant plumes originating from the disposal site were moving in two
directions through the overburden aquifer. Contaminants from the
disposal site migrated predominantly in a fan-shaped configura-
tion northwestward toward the meadow and swamp (Fig. 4). A
portion of the contamination discharged into the swamp, and the
balance migrated westward in and under the swamp, toward Whit-
ford Pond.

Hydrologic and analytical data generated from monitoring well
installations, existing data, and groundwater sampling indicated a
slight verticil downward component of groundwater flow from
the overburden to the bedrock aquifer in recharge areas, and vice
versa in discharge areas. However, vertical interflow between aqui-
fers was believed to be minimal when compared with lateral flow,
since lateral hydraulic gradients exceeded vertical gradients. There-
fore, the lateral flow in the bedrock aquifer was found to be in the
same general direction as flow in the overburden aquifer.

Based on bedrock data gathered during field studies and analyti-
cal data generated from the sampling efforts, E & E concluded that
the major contaminant flow direction in the bedrock aquifer is
from east to west and is controlled by bedrock structure (orien-
tation of fractures and slope of bedrock trough).

As a result of the comprehensive assessment of the bedrock as
well as the overburden aquifer performed during this investigation,
E & E concluded that Whitford Pond and the cranberry bogs are
in danger of being contaminated. Contamination was not detected
nor is expected to reach Quidnick Reservoir and the residential
bedrock wells in the vicinity of the disposal site.

Case History II—Woburn, Massachusetts Site
Site History
Potentially hazardous materials have been generated, stored

and disposed of in the City of Woburn, Massachusetts for over
120 years.* These activities have contaminated a large and pro-
ductive aquifer that has supplied as many as 100 industrial, pri-
vate and municipal wells.

In 1979 two of Woburn’s municipal drinking water wells, lo-
cated within this aquifer, were closed when significant amounts of
chlorinated organic solvents were detected in the water. An inves-
tigation was required to assess the full extent of contamination and
the sources of contamination so that an evaluation of the impact on
human health and the environment could be made.

Site Description

The study area (Fig. 5), approximately 10 mi?, includes most of
East and North Woburn and is centered within the Aberjona
River Watershed. The Aberjona River, which flows toward the
south, forms a moderate north-south topographic valley along the
axis of the study area. The valley forms a productive aquifer where
two of Woburn’s drinking water wells were located. The water
from these wells serviced as many as 20,000 residents.

The study area also incorporates several large industrial com-
plexes and is the region in which many tanning and chemical man-
ufacturing firms once existed. Presently high technology firms
dominate the region in addition to food service, trucking, barrel
cleaning, tanning and plastics manufacturing industries.

Previous Investigations

Several investigations have been performed within the study area
concerning the hydrologic characteristics of the aquifer and the
hazardous waste problems by the Commonwealth of Massachu-
setts, USGS and USEPA subcontractors. Emphasis was placed on
surface deposits of heavy metals that typically do not migrate in
groundwater and on surface water contamination where volatile or-
ganics for the most part will rapidly volatilize. Preliminary ground-
water evaluations utilized water level readings from different types
of wells taken during different seasons of different years.

The delineation of bedrock aquifers and overburden aquifers
was never fully addressed. The lack of sufficient data to properly

assess the contamination problem required further hydrogeologic
investigations.
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Figure S.
Locus Map—North and East Woburn, Ma. Study Area Base Map from USGS Topographic Sheets—Wilmington, Reading, Lexington and Boston North
Quadrangles

Hydrogeologic Investigation

The presence of chlorinated organic solvents within well water
from Woburn’s municipal wells indicated that a contaminant
plume existed within and was migrating through the aquifer. E & E
followed the approach outlined below to determine the extent of
that contamination, to identify possible sources and to provide
data useful for evaluating remedial options:

*Review existing data

*Determine extent of contamination from existing wells

*Assess geologic materials of the aquifer including bedrock char-
acteristics that may affect flow

Install monitoring wells

sSampling and Analysis

All available information regarding the geology and hydrology
of the study area was reviewed including driller’s logs for 123 wells.
These data indicated that the Aberjona River Valley was under-
lain by a complex interstratified mixture of glacial deposits with-
in a deep buried bedrock valley. In many places till or other suit-
able confining materials did not exist suggesting that a hydraulic
connection between the overburden and bedrock aquifers may ex-
tend over wide areas.

Thirty-two accessible existing wells within the study area were
sampled and analyzed for USEPA priority pollutants. There were
over 60 present in the groundwater. Some of the wells screened in
bedrock or near the bedrock surface were contaminated with chlor-
inated volatile organics indicating that the bedrock aquifer had
been affected.
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CONTOUR DIAGRAM OF THE POLES TO 111 BEDROCK
JOINTS- EAST CENTRAL WOBURN, MA.

CONTOUR DIAGRAM OF THE POLES TO 29 FALTS
EAST CENTRAL WOSURN, MA.

Contour Diagrams for bedrock joints

FIGURE 6 and observable faults from surface
exposures. The joint pattern does
not exhibit any major fracture
orientations. The faults do have a
preferred orientation with a trend
of N55E and a dip of 85" NW.
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Figure 6.

Contour Diagrams for bedrock joints and observable faults from surface
exposures. The joint pattern does not exhibit any major fracture orienta-
tions. The faults do have a preferred orientation with.a trend of N5SSE
and a dip of 85° NW.

Because contamination existed within bedrock an accurate map
of the bedrock surface topography and its structure was required
to evaluate contamination migration. A seismic survey was per-
formed to gather the necessary depth to bedrock data, and defined
regions within the bedrock that exhibited extensive fracturing.
Field analysis of bedrock outcrops including fracture pattern analy-
sis of faults and joints indicated preferred directions of these frac-
tures (Fig. 6).

Using the available bedrock and contamination data 22 moni-
toring wells were installed and fully screened both in overburden
and bedrock. Bedrock cores examined for fracture frequency and
petrographically for evidence of faulting confirmed the existence
of several fault zones and minor offsetting faults. Soil sampling
during drilling also indicated that most of the volatile organic con-
tamination existed near the bottom of the overburden aquifer,
even for compounds that are less dense than water.

A second round of sampling and analysis on groundwater from
both newly installed wells and existing wells provided a more ac-
curate extent of contamination. When the data for total volatile
organics was plotted as an isoconcentration map, a pattern of con-
tamination emerged that is consistent with the hydrogeologic data

Figure 7.
Areal Distribution of Trichloroethyle in Woburn

(Fig. 7). In fact, many of the known and suspected faults of the
region closely follow the pattern of contaminant migration. This
indicates that the faulted bedrock can play a significant role in
controlling the movement of contamination. The presence of most
of the contamination near the base of the aquifer shows that mi-
gration will probably be along bedrock troughs developed by faults
and/or that migration may be through the bedrock fractures them-
selves.
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INTRODUCTION

The LaBounty landfill was an active chemical waste disposal
site from 1953 to 1977. During this period, it is estimated that over
181,000 m’ of chemical wasted were disposed in this 4.86 ha site lo-
cated in the flood plain of the Cedar River in Charles City, Iowa.
Compounds that are known to have been dumped in significant
quantities include arsenic, orthonitroaniline (ONA), 1,1,2-Trich-
loroethane (TCE), phenols, and nitrobenzene. Disposal ceased in
December 1977 following the discovery that wastes from the site
were entering the river, Since that discovery, the LaBounty land-
fill has been under intensive investigation.

One aspect of these investigations was the groundwater modeling
effort described in this paper. The overall objective of this model-
ing effort was to demonstrate the use of modeling technology for
evaluating the effectiveness of existing and proposed remedial ac-
tion alternatives at the site. The primary emphasis of the project
was on technology demonstration which included:

eModeling of the groundwater system and prediction of the move-
ment of contaminants

sDevelopment of criteria to determine which water sources im-
pacted by the site would require remedial action and the level of
action necessary to insure risks are at acceptable risk levels

*The evaluation of the costs and effectiveness of various remedial
action alternatives

DESCRIPTION OF THE STUDY AREA

The LaBounty landfill site is located on the floodplain of the
Cedar River just south of Charles City, lowa. Charles City is in
Floyd County situated in northeastern Iowa. The site sits on alluv-
ial sand and gravel overlying a bedrock formation (Cedar Valley
formation). Glacial tills have been found along the west side of the
site above the Cedar Valley formation. The Cedar Valley forma-
tion can be divided into upper and lower units separated by a shale
layer which acts as a confining layer at the site.!

The hydrology of the LaBounty site is somewhat complex in that
regional potential contours for the upper Cedar Valley aquifer and
the shallow alluvial groundwater system indicate that the river acts
as the major discharge area. In order to accurately represent the site
with a model it is necessary to simulate this vertical movement.

MODEL DEVELOPMENT

Two computer codes were used to model the LaBounty landfill
study area: FE3DGW?* and CFEST.* The FE3DGW code is a three-
dimensional, finite-element, groundwater flow code that can be
used to predict ground water potentials, water flow paths and
travel times. The CFEST (Coupled Flow, Energy, and Solute
Transport) code is an extension of FE3DGW that predicts the
movement of contaminants with the convective dispersion equa-
tion for contaminant transport.

In order to better characterize the groundwater system at the
LaBounty.site, a two-stage modeling approach was used. The first
stage consisted of developing a coarse grid regional hydrologic flow
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model, and the second stage consisted of developing a flow and
contaminant transport model for the immediate vicinity of the
LaBounty site. The purpose of the regional model was to estab-
lish hydrologic boundary conditions for the local model.

Regional Flow Model Implementation

The coarse grid regional model covers an area of 6.3 km by
4.8 km. The regional boundaries were chosen so that the equal
potential contours could be assumed nearly vertical with depth, or
at a distance far enough away that errors in the assigned poten-
tials did not influence local model boundary conditions.

The finite element grid pattern used to represent the large reg-
ion is shown in Fig. 1. The local model finite element grid boun-
daries superimpose onto the regional element pattern at the site.

Five different material types (layers) were simulated in the reg-
ional model. The lower layers, upper and lower bedrock and shale,
are present over the entire model region. The alluvial layer exists
along the Cedar River from a point north of Charles City south-
east to the model boundary (Fig. 1). A combined fill and till layer
was simulated in the area of the LaBounty Site. The structural top
and ground-water potential for the layers were taken from data re-
ported by Munter’s paper.? Hydraulic conductivities (K) of the
layers were initially set at average values obtained from several
sources'?>%7 and the vertical to horizontal permeability ratio
(K7/ny) was set at 0.1.
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Figure 1.
Large Region Model Finite Element Grid



Initially it was assumed that 10% of the total precipitation of
900 mm* recharged the groundwater system. This was the only
source of recharge considered.

Local Flow Model Implementation

The local model covers the area just in the immediate vicinity of
the LaBounty site (Fig. 2) and is 685 m on a side. The Cedar River
forms the boundary to the north, east, and south while the western
boundary was arbitrarily set to the west of the fill material.

The finite element grid pattern used to represent the small region
is also shown in Fig. 2. The same materials simulated in the large
region were simulated in the small region except that the fill and till
were modeled separately.

The structural top and bottom and potentiometric surfaces for
the shale and bedrock layers were defined the same as in the reg-
ional model. More detailed structure and potential surfaces were
prepared for the local model alluvium, fill and till layers from data
obtained by Munter.?

Stage data for the Cedar River were extrapolated to obtain held
river elevations along the model boundary. The same permeabilities
and recharge rate used in the regional model were initially used in
the local model.

Local Contaminant Transport Model Implementation

The CFEST code was used to simulate the movement of arsenic
from the landfill to the Cedar River in the local model region and
to test the effectiveness of the proposed remedial action alterna-
tives in controlling the arsenic plume. Since the groundwater flow
portion of CFEST is identical to FE3DGW, the final calibrated
FE3DGW data set was used directly in CFEST to predict ground-
water flow. The additional inputs required by the CFEST code to
simulate contaminant transport were longitudinal (Dy ) and trans-
verse (D) dispersivity and initial contaminant concentration lev-
els. Initially Dy and D were set at 30.0 m and 0.5 m, respec-
tively. Arsenic was chosen for use in the calibration and remedial
action simulations because it has been extensively monitored and its
source is fairly uniformly distributed over the area of the fill ma-
terial.

0

Figure 2.
Local Groundwater Flow Model Finite Element Grid

GEOHYDROLOGY 119

Arsenic probably enters the groundwater flow system from two
sources: 1) precipitation infiltrating through the fill material, and
2) leaching due to fill material being below the water table. The
location of the saturated portion of the bill was determined from
the literature*® to be in two places (Fig. 3). For modeling pur-
poses these two sources were simulated by holding the downgrad-
ient surface nodes of the saturated fill layer at an arsenic concen-
tration of 500 mg/l. The 500 mg/] concentration is based on the
estimates of the arsenic solubility. Water infiltrating through the
cap was also assigned an arsenic concentration of 500 mg/1.

MODEL CALIBRATION

The flow model calibration process consisted of matching ob-
served potentials with model predicted potentials for both the reg-
ional and local models. Calibration was accomplished by first cali-
brating the regional model and then testing the local model with a
consistent set of data. This alternating process was carried out un-
til a satisfactory agreement between measured and model-pre-
dicted heads was achieved in both models.

The final input parameters obtained for the local model were
then used in the contaminant transport model. These parameters
were not changed in the contaminant transport calibration process.
Parameters related to contaminant transport were adjusted to ob-
tain a reasonable match between field-measured and model-pre-
dicted contaminant concentrations.

Flow Model Calibration

The parameters adjusted in the flow model calibration process
were the hydraulic conductivities (K), the ratio of vertical to hori-
zontal hydraulic conductivities (K,/K), the specific storage, and
the rate of recharge. After several calibration runs, a good match
was achieved between measured and model-predicted potentials for
both the regional and local models. The final calibrated hydraulic
conductivities and storages used in the flow models are listed in
Table 1. More detailed recharge calculations estimated that about
14% of the precipitation (126 mm/yr) reached the ground water.
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Figure 3.
Contaminant Transpolrt Model Finite Element Grid. Cross-hatched area
indicates area determined to be below the water table
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Table 1.
Input Values Used in the Final Calibrated Flow Models
Specific
Layer K* Storage K,/K,
(Small) Materia) (m/dsy) (1/m) Ratio
1* Filt 0.5 0.0025 0.1
2 Aluvium 10and 2 0.0) 0.1
M Til sx10” 4 0.0025 0.1
4 Upper 2.0and 4.0 10" % 0.1
Cedar Valley
s Shale 2.0and sxi0~ 3 T 0.1
6 Lower 2.0 10°* 0.1
Cedar Valiey

*Where the two values of K are given, the first number listed covered the largest percentage of

the total area covered by that material.

fThe fill and till layers were combined into one layer in the regional model with a K of 10-3

m/day.

Contaminant Transport Model Calibration

One of the first changes made was to change the node and ele-
ment grid to allow for a more accurate description of the loca-
tion of the arsenic source and better represent the spread of the re-
sulting arsenic plume. The finite element grid used in all subse-
quent calibration runs and in the remedial action cases is shown in
Fig. 3.

Different values of longitudinal and transverse dispersivity were
tested in order to match model-predicted with measured arsenic
concentration levels. The results of these test runs indicated that
longitudinal and transverse dispersivities of 5.0 m and 0.5 m, re-
spectively, gave the best results. The initial. concentration level for
arsenic of 500 mg/l was not changed in the calibration process.

The last step in the calibration process was to determine the loca-
tion of the arsenic source.® Arsenic could enter the flow system
from either infiltration alone, or a combination of infiltration and
groundwater leaching where fill material is thought to be below the
water table. Both cases were tested by comparing model-predicted
arsenic concentrations and river loading quantities against field-
measured levels.

After running both cases for 6000 days (16.4 yrs), it became ap-
parent that the case of infiltration alone would never achieve the
arsenic levels that have been measured at the site. The results indi-
cate that part of the fill material must indeed be below the water
table and that the majority of the contaminant transport is orig-
inating in the saturated groundwater system and not in the unsatur-
ated flow system as a result of infiltration.

Based on these findings, the final calibrated model, hereafter
referred to as the base case, included both sources of arsenic, in-
filtration and groundwater leaching. A contour map of the base
case arsenic concentrations after 6000 days (near equilibrium) is
shown in Fig. 4. This final calibrated contaminant transport model
base case became the initial condition from which all the remedial
action cases were initiated.

The final calibrated transport model predicted arsenic mass out-
flow rate to the river was 25.2 kg/day. The average mass outflow
rate as measured by the monitoring system at the site is 22.7
kg/day.

ASSESSMENT OF REMEDIAL ACTION ALTERNATIVES

Seven remedial action alternatives were identified for potential
application to the LaBounty landfill site and were modeled with
the CFEST model; clay cap, upgradient cut-off wall, downgrad-
ient cut off wall, limited excavation, limited bottom lining, stabil-
ization, and pump and treat. The clay cap alternative has already
been implemented at the site.

Contaminant transport model parameters were adjusted to simu-
lz_ne arsenic migration to the river for each alternative. The alterna-
tives were assessed by first quantifying their effectiveness on reduc-
Ing contaminant concentrations and Cedar River loading rates.
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Figure 4.
Arsenic Concentrations (mg/]) at the Top of the Alluvium for the Base
Case of Combined Infiltration and Disposal Below the Water Table

These results were compared with the results for the clay cap al-
ternative to obtain a measure of effectiveness.

The next step was to estimate the capital and annual operating
and maintenance costs associated with each alternative. Given the
effectiveness and cost, the final step was to make a cost-effec-
tiveness comparison of the alternatives.

The base case, as discussed earlier, was run for 6000 days. Each
remedial action case was run for anf additional 4500 days begin-
ning at the end of the 6000-day period.

Clay Cap

The clay cap alternative was modeled by reducing the infiltra-
tion rate by a factor of 100 in the area of the cap. The magnitude
of the decrease was estimated using a simple compartmental model
and a permeability for clay of 3 x 10~ 5 m/day. The rate of arsenic
injection from infiltration was also reduced by a factor of 100 to
0.08 kg/day.

The results of this run indicated a continued but slight rise in pre-
dicted arsenic loading of the Cedar River to 27.5 kg/day after
4500 days, again illustrating that the portion of the waste dis-
posed below the water table is the major source of the contam-
ination problem at LaBounty. The clay cap was assumed to be in
place for simulation of the remaining six remedial action alterna-
tives.

Upgradient Cut-Off Wall

The objective of the upgradient cut-off wall is to reroute in-
coming ground water such that it bypasses waste contaminated soil.
This can only work if the wall extends downward to an imperm-
eable layer or incorporates some means of transport to carry off
water mounded behind the wall. Since the dolomite base rock at
Charles City is transmissive, the later would be required. For the
purposes of this evaluation, it was assumed that a subsurface drain
is constructed upgradient from the cut-off wall to carry uncon-
taminated water away from the site.



The effectiveness of the upgradient cut-off wall was simulated
by introducing a line of elements with low permeability upgrad-
ient of the landfill (Fig. 5). The upstream set of surface nodes along
the low permeability cut-off wall were treated as held potential
boundary nodes to simulate the upgradient drain. The flux to these
held nodes was calculated to determine the required capacity of
the subsurface drain associated with this alternative.

UNGRADIENT CUTOFF WALL
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Figure 5.
Upgradient Cut-Off Wall Remedial Action Alternative
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Figure 6.
Downgradient Cut-Off Wall Remedial Action Alternative
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The results of this analysis indicate that new equilibrium is
reached in about 5 years with Cedar River loading rate reduced to
14.9 kg/day after 4500 days.

Downgradient Cut-Off Wall

The downgradient cut-off wall is intended to intercept contami-
nated groundwater and then route it via drains for treatment. The
effectiveness of the downgradient cut-off wall was simulated in the
model with a line of impermeable elements downgradient from the
site (Fig. 6). The upstream set of surface nodes formed the simu-
lated drain and were treated as a held potential outflow boundary.
The flex to these nodes and arsenic concentration levels were pre-
dicted to determine the capacity of the subsurface drain and the
treatment facility.

Results of this simulation indicate that new equilibrium river
loading rates were achieved after approximately 3 years, 2 years
faster than for the upgradient case. The new Cedar River loading
rate predicted at the end of 4500 days was 7.66 kg/day.

Limited Excavation

The intent of the limited excavation approach is to remove those
portions of the waste below the water table and to backfill with
clean material.

Simulation of the limited excavation case with the model in-
volved removing the source term associated with wastes disposed
below the water table and changing the permeability in the area
where the fill material was removed to that of the alluvium. The
approximate size of the areas below the water table is shown in
Fig. 3.

Results of this simulation indicate that this alternative provides
a more delayed response in terms of river loading rates but that
with time, much lower arrival rates could possibly be achieved.
Model results indicated that after 4500 days predicted Cedar River
loading has decreased to 8.0 kg/day.

Limited Bottom Lining and Stabilization

These two approaches are very similar in that they are both iso-
lation techniques, either through the use of a liner or fixation meth-
od. Only those portions of the waste below the water table would
be lined or stabilized. Presumably, this would reduce water flux
and hence minimize further contributions from these portions of
the landfill to the overall contaminant plume. Stabilization pre-
sents a challenge to current technology since in sifu fixation has
not been perfected and may not be technically feasible at the La-
Bounty landfill. Both of these alternatives were modeled in an
identical manner.

The total source mass of waste remained the same as the base
case but the leach rate was reduced. This was simulated in the
model by changing the permeability in the saturated fill area to that
of a clay (10 ™ ° m/day).

The results for these alternatives are very similar to those of the
limited excavation alternative. As with limited excavation, the re-
duction in Cedar River loading is more gradual but it has the pos-
sibility of eventually reaching much lower river loading rates.
After 4500 days a Cedar River loading of 8.14 kg/day was pre-
dicted.

Pump and Treat

In this isolation method, removal is accomplished through use of
a series of withdrawal wells (Fig. 7). The water is subsequently
treated to eliminate contaminants and either discharged back to the
river or reinjected to assist in directing the contaminated plume
toward the wells.

Pumping rates were estimates at 1806 m’/day. As with the
downgradient cut-off wall, predicted concentrations for treatment
during the first year are higher (71 mg/l) but soon levels off at
about 34 mg/l. Predicted Cedar River loading rates have pretty
much equilibrated after 5 years and were predicted to reach 10.12
kg/day after 4500 days.
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PUMP _AND TREAT
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Figure 7.
Pump and Treat Remedial Action Alternative

The capital cost and annual operating cost for all the alterna-
tives are given in Table 2. For all cases, these costs should be con-
sidered only as rough estimates, since they are based on prelim-
inary conceptual designs for each alternative and they do not re-
flect local cost differences.

DISCUSSION

A comparison of arsenic mass outflow rates to the river for the
base case and the seven remedial action alternatives as predicted
by the model is shown in Fig. 8. The contaminant transport model
very clearly indicated that the major source of groundwater con-

Table 2.
Estimated Cost for Each of the Seven Remediation Alternatives
(1982 dollars)
Annual

Capital Operating
Remediation Alternative Cost (§) Cost ()
Upgradient cut-off wall* 835,000 99,000
and treatment
Limited excavation®** 1,000,000 35,000
(on site reburial)
Limited bottom lining 1,348,000 67,000
Pump and treatment 1,431,000 168,000
Downgradient cut-off 2,569,000 114,000
wall and treatment
Limited excavation 16,000,000 35,000
(off site reburial)
Stabilization 16,787,000 35,000

*lf opumized for addiional contaminent remosed, costs for this alternative are hkely to be
higher since diversion of more water will most likely be required.

°*Assumes made here 15 that waste removed from below the water table would be reburied on
<ite abore the waler table and capped with clay
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Figure 8.
Predicted Effective of the Various Remediation Alternatives in Reducing
the Arsenic Loading of the Cedar River

tamination arises from that portion of the arsenical sludge buried
below the water table.

Model results indicate that only the clay cap and the upgrad-
ient cut-off wall would probably fail to bring river concentrations
(under low flow conditions) below drinking water standards. The
upgradient cut-off wall, however, could probably be significantly
improved through optimization studies with the transport model.
Optimization studies were not performed for any of the alterna-
tives.

The remaining five alternatives all lowered river concentrations
to less than drinking water standards for Cedar River low flow
conditions; however, the selection of the best alternative is still
subjective. The downgradient cut-off wall and pump and treat al-
ternatives show a quick response in reducing contamination levels
but they approach a higher Cedar River loading limit. On the other
hand, the bottom lining, excavation, and stabilization alternatives
do not respond as quickly but have the potential to achieve much
lower Cedar River loading rates and aquifer contamination levels.

Cost effectiveness of the various remediation alternatives is an
important part of any decision making process. As indicated in
Table 2, limited excavation (on site reburial) and bottom lining
are the least cost alternatives (excluding the upgradient cut-off
wall which failed to meet the level of contamination criteria). When
comparing costs per unit reduction after 4500 days in predicted
Cedar River arsenic concentrations (low river flow conditions) or
the cost per unit reduction in arsenic contaminant mass in the satur-
ated aquifer system, the limited excavation (on site reburial) is most
cost-effective, followed by limited bottom lining and pump and
treat. In both cases, stabilization is the most expensive alterna-
tive, followed by limited excavation (offsite reburial) and the down-
gradient cut-off wall.

CONCLUSIONS

A hydrologic flow and transport model of the Charles City
LaBounty landfill was developed, calibrated and used to evaluate
seven remedial action alternatives for the LaBounty site. This mod-
eling study has reaffirmed the importance of considering the reg-
ional hydrologic system when modeling the hydrology and trans-
port for a more local system like LaBounty, and illustrates the
value of groundwater modeling in developing an understanding of
a complex flow and transport system.

In the process of modeling the LaBounty site, it was demon-
strated that boundary conditions for the local model cannot be



arbitrarily set and still obtain reasonable estimates for travel time
and river discharge rates. The contaminant transport model devel-
oped for the LaBounty site, while not a perfect indicator of ob-
served contamination movement, is certainly an adequate indicator
for the purpose of general understanding and for the evaluation
of the effectiveness of various remedial action alternatives.
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INTRODUCTION

The Remedial Action Program has been developed to respond
to releases of hazardous substances from the 400 sites comprising
the National Priorities List under the commonly known Super-
fund Program. These sites may require long-term cleanup actions
to provide adequate protection of public health, welfare and the
environment.

The specifics of the Remedial Action Program are described in
Phase VI, Section 300.68 of the National Contingency Plan
(NCP), published in Federal Register, Vol. 47, No. 137, July 16,
1982, pursuant to the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980 (CERCLA). The
Remedial Action Program is complex even with the limited
number of sites currently being addressed.

The Interim Priority List, which identified 115 sites eligible for
remedial funding, was published on Oct. 23, 1981. This list was
expanded to 160 sites on July 23, 1982. As the program expands
and the National Priorities List of 400 sites is published, an effec-
tive long-range planning mechanism becomes essential.

An effective technical and financial planning document which
has been developed to assist with the long-range planning needs of
the USEPA is the Remedial Action Master Plan or RAMP. In this
paper, the authors discuss the development of the RAMP and its
current and future uses as a planning tool for conducting remedial
activities at uncontrolled hazardous waste sites, and outlines the
basic structure and contents of the RAMP with the use of an il-
lustrative example.

BACKGROUND

The conduct of work in the Remedial Action Program is
governed by certain provisions of the NCP and CERCLA.
Engineering, economic and environmental factors must be con-
sidered in developing the ‘‘cost-effective’’ remedy for a hazard-
ous waste site. A brief description of the remedial action process
and the key provisions of the NCP and CERCLA that affect the
financial aspects of the program are highlighted below.

The NCP identifies sequences of activities that must be under-
taken prior to remedial action implementation. These phases are:
a remedial investigation, a feasibility study to select the cost-
effective action, and design of the selected remedy. The eventual
remedial action selected may be one of the three types: initial
remedial, source control and off-site measures. Certain sites will
undergo combinations of these measures, depending on the need
for that particular site.

Several provisions of CERCLA affect the financial aspects of
the Remedial Action Program. The first is the State cost share re-
quirements, which are 10% for privately owned sites and at least
50% if the State or one of its political subdivisions owned the site
at the time of disposal. The second is the need to balance the
funding requirements of a site against the amount of money
available in the CERCLA Trust Fund to respond to other sites
which present or may present a threat to public health, welfare or
the environment. The third is the potential for responsible parties
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to provide funds or undertake the activities themselves for all or
part of the necessary response actions.

The primary purpose of the RAMP is to assess available data for
a site and identify the type, scope, sequence and schedule of
remedial projects which may be appropriate. Budget level cost
estimates are prepared for the first projected phase of activity,
along with a detailed statement of work. Brief project descriptions
and order of magnitude cost estimates for future projects are also
included. Other key components of the RAMP are the evaluation
of existing data and any limitations associated with the data such as
sampling/analysis protocols and chain of custody requirements;
assessment of the need for additional data to evaluate remedial
alternatives; community relations requirements; and a discussion of
administrative and procedural requirements including any special
problems that may be encountered during project implementation.

Ramp Development

The concept of the RAMP is not new to the remedial program.
Upon the passage of CERCLA, remedial action plans were
developed for several sites to establish a priority for funding under
a special Resource Conservation and Recovery Act (RCRA) ap-
propriation which was authorized to conduct remedial planning ac-
tivities at hazardous waste sites. The sites selected comprise what is
known as *‘‘the initial 20 list’’. Remedial action plans were prepared
on short notice and were primarily limited in scope and content,
but were useful for initiating work at these sites. It was decided to
expand this concept into the Remedial Action Master Plan and
develop a document that would assist with the long-range planning
needs in the Superfund program.

The starting point was defining what a RAMP should include
and what the desired products should be. With the assistance of
USEPA Region II, Region X and URS Company, Inc. (a subcon-
tractor to Booz-Allen and 'Hamilton, Inc.), several sites were
selected to have RAMPs prepared under a trial project. The objec-
tive was to determine the timing and level of effort to complete a
RAMP. This trial project was completed in March 1982 and pro-
vided a basis for preparing RAMPs at other sites. The current
estimate for the completion of an average RAMP is about 300 work
hours of effort over a duration of three months. These numbers
should decline as the procedures for completing RAMPs become
more refined. The responsibility for preparing RAMPs rests with
each USEPA Regional Office, in close consultation with the States.
There are currently 68 RAMPs completed or under development at
this time excluding sites where remedial activities have already been
initiated.

RAMP SUPPORT FUNCTIONS

The major planning and administrative tools of the RAMP are
the site master schedules, the project cost estimates and the detailed
statements of work. These tools are of use for technical and finan-
cial planning purposes, the necessary ingredients of a cost-effective
remedial action program.



Technical Support

Remedial activities will be conducted by any one of the following
me?hods: (1) the responsible party through voluntary or judiciary
actions, (2) the State through a cooperative agreement with
USEPA, or (3) USEPA in accordance with a State Superfund con-
tract. The RAMP provides a technical guide for conducting
remedial activities at a hazardous waste site following the pro-
cedures in the NCP, eventually leading to the recommendation of
the cost-effective remedial action for the site. These activities
should be followed regardless of who performs them, thereby en-
suring compliance with the intent of the NCP and CERCLA.

Once a decision is made to use Superfund monies to clean up a
site, the work schedules, cost estimates and statement of work are
used to prepare the cooperative agreement or State Superfund con-
tract. For State lead projects, the statement of work provides ample
information for the development of a Request for Proposals for the
State to procure engineering services. For USEPA lead projects,
the statement of work would be formulated into either a work
assignment for a USEPA contractor or an interagency agreement
with the U.S. Army Corps of Engineers. The RAMP will also pro-
vide the USEPA Regions with a guide for overseeing activities con-
ducted by other parties.

The RAMP will be updated when events cause significant
changes in the scoping of remedial activities at the site. By keeping
the RAMPs up-to-date with the current technical and financial re-
quirements of sites, USEPA and the States can periodically reassess
their priorities and make changes as necessary.

Financial Planning

The Superfund program is almost two years old and has been
operational (i.e., funded by Congressional appropriations) for one
and one-half years. The RAMP has demonstrated its short-term
capabilities for scoping out remedial activities and providing a basis
for the development of cooperative agreements and State Super-
fund contracts. The long-term financial planning capabilities of the
RAMP are yet to be tested.

State Financial Planning Requirements

States are required to contribute 10% of the remedial costs or at
least 50% of the costs if the State or one of its political subdivisions
owned the site at the time of disposal of hazardous substances.
States are also required to assume all future maintenance of
remedial actions. Some states have already passed their own
minisuperfunds, appropriations, and bond issues to cover the costs
for their share of remedial activities under the Superfund program.

The project schedules and cost estimates of the RAMP can be
used to develop the overall financial needs of the program as well as
cash flow projections for both USEPA and the States. This is im-
portant for establishing and managing any program, not just
Superfund. States can use the RAMPs developed for their sites to
establish their own priorities. The information will assist the States
in identifying State financial requirements and it can be used to
justify and obtain funds from State legislatures to cover the cost
share requirements.

USEPA Financial Planning Requirements

USEPA has the responsibility of administering the Trust Fund
for the entire Superfund program including emergency response ac-
tions, site discovery and investigation efforts, other Federal agency
programs, research and development efforts, and remedial
response activities. The key aspects of CERCLA that affect the
Remedial Action Program are the cost sharing provisions, the
development of cost effective remedial actions, and the need to
balance Trust Fund monies at the facility under consideration with
the ability to respond to other sites.

Remedial activities at sites are beginning to pick up at a rapid
pace. Until now, emphasis has been on initial project startups.
However, with the expected release of the 400 list and the expected
completion of many feasibility studies recommending large expen-
ditures for remedial implementation projects, emphasis is shifting
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toward the planning and phasing of projects at sites.

The RAMP will be a useful tool for this purpose because it con-
tains project costs which are based upon actual conditions at the
site. Current practice is to use an average unit cost to conduct a
remedial investigation, feasibility study, design or implementation
project until more definitive costs are developed on a site by site
basis. The cost estimates in the RAMP, either the budget level for
the first phase of activity or the order of magnitude estimates for
future projects, will be more accurate for the purpose of developing
long-range plans.

RAMP STRUCTURE

The basic structure of a RAMP includes an executive summary
and three major sections: (1) compilation and evaluation of existing
data, (2) remedial activities, and (3) appendices.

Compilation and Evaluation of Existing Data

The compilation and evaluation of existing data is a necessary
first step in approaching site remediation. Probably one of the
most difficult questions to answer is what additional information is
necessary to be able to identify and evaluate remedial alternatives
for a hazardous waste site without ‘‘studying the site to death.”’
This problem became apparent as USEPA and the States began to
work on the initial 20 Superfund sites. Some of these sites had an
extensive array of reports available, while others had little if any in-
formation about them. Much of the data was compiled years ago,
raising several important questions such as: how good are these
data today; can an engineering solution be properly developed and
designed; and will the data be defensible in court?

The first step of a RAMP is to collect, analyze and evaluate
available data and identify any data gaps or other limitations. This
is not intended to be a detailed assessment of all existing data,
which could, in some situations, be very costly and time consum-
ing. For instance, there is one particular site about which more than
100 reports have been written, all of which contain potentially
useful information for evaluating remedial alternatives. The brief
review of data for the RAMP is designed to prevent the costly
duplication of previous efforts and to ensure that the information
from which decisions are made is technically and legally sound.

To minimize costs, RAMPs are prepared exclusively from ex-
isting information. The site data base is likely to include
assessments and site inspections performed by USEPA, studies per-
formed by the State, county or municipality, and records contained
in regulatory and licensing agency files. The actual volume and
quality of data will vary considerably from site to site and,
therefore, influence the level of detail contained in the RAMP. The
review of existing data focuses on the quality assurance/quality
control procedures, chain of custody procedures, and sampling and
analytical protocols.

A preliminary determination is then made on the adequacy of the
information. to support the development and evaluation of
remedial alternatives, as well as support cost recovery actions. The
available data serve as a baseline to be used in assessing the site
situation and provides a mechanism for determining data limita-
tions and the need for obtaining additional data. Appropriate
techniques on how to best collect the required information are
discussed in the remedial activities section of the RAMP.

The first section also includes a description of the location and
history of the site, the environmental setting, previous community
relations efforts, enforcement actions and other pertinent informa-
tion. The previous uses of the site are summarized as a means of
providing a general understanding of the current site situation. This
description outlines previous waste disposal practices or site opera-
tions which have led to the contamination of the site.

Although a complete chronological description of all past site ac-
tivities is seldom possible, the site historical description outlines
major actions at the site. The description provides a chronological
listing of site owner(s), the operations which have taken place at the
site, and the periods during which these operations have taken
place. Of particular importance are the types of operations and the
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types of raw and waste materials used or processed at the site. Any
permits issued or regulatory actions taken against the site or its
previous owners are also identified and briefly described. The en-
vironmental setting is often a key to identifying potential pathways
of exposure to the hazards posed by a particular site. In most situa-
tions, a site visit is conducted to verify the information gathered
and to note significant changes at the site.

Remedial Activities

The remedial activities section is the key section of the RAMP. In
this section, the sequence, timing, estimated cost and correlations
of projects needed to clean up the site are outlined.

The major element of this section is a preliminary ‘‘scoping deci-
sion’” which establishes a basis for conducting all future remedial
activities at the site. The preliminary scoping decision is based upon
the existing data and identifies the potential for initial remedial
measures and the need to evaluate source control and/or off-site
measures. Such initial measures might involve the removal of
drums and/or visibly contaminated soils. Options could also in-
clude drainage controls, lagoon stabilization, temporary potable
water supplies and temporary capping. In this way, appropriate ac-
tions can be taken based on available information while
simultaneously collecting additional information and evaluating
alternatives for source control or off-site measures. Parallel ac-
tivities are practical at most sites where imminent hazards are taken
care of as an initial remedial measure while more extensive source
control and off-site actions are evaluated.

With the necessary scoping decision made, the engineer is able to
prepare a detailed statement of work, project work schedule and
cost estimate to complete the next phase of remedial activity.
Future remedial activities are also identified and are displayed on a
site master schedule. Order of magnitude cost estimates are provid-
ed, as appropriate, to assist with the financial planning re-
quirements of the Superfund program.

In order to illustrate ‘‘scoping’’ more clearly, a typical RAMP is
described below. The RAMP is for an actual site but the site name
and location are withheld as the contents and concept of the
RAMP are the primary concern. The particular site is selected
because it portrays the potential for *‘fast tracking’’ an initial
remedial action and scopes out the full remedial investigation and
feasibility study to evaluate source control and off-site remedial
alternatives.

Site Description

The site has been inactive for several years. There are several
thousand drums of various waste stored on the site. The drums
have deteriorated over the years and, as a result, the contents of the
drums have leaked. Since there is evidence of the area being regrad-
ed, one would expect the presence of buried wastes. Previous aerial
surveillance of the site also supports this assumption. There are no
surface drainage controls present at the site, and off-site migration
by run-off is evident from stressed vegetation. Water samples from
a nearby creek and groundwater samples from monitoring wells
show high levels of several priority pollutants. The ability to iden-
tify buried wastes is hindered by the cramped conditions in the
regraded area caused by drums stored on the surface.

RAMP Recommendations

Through the compilation and evaluation of existing site data, the
recommendations in the RAMP include a limited remedial in-
vestigation and feasibility study, and the design and implementa-
tion for a fast track initial remedial action to remove surface drums
and visibly contaminated soils. The RAMP also proposes a more
detailed remedial investigation and feasibility study to evaluate
source control and off-site control measures. The comprehensive
work schedule covers 40 months to conduct the remedial activities.
The first 24 months of the site activity are shown in Fig. 1.

The State in which this site is located has elected to enter into a
cooperative agreement with the USEPA. The State will, therefore,
have the lead in the projects and conduct the remedial activities
through State contractors. The time sequence of the schedule
begins with the signing of the cooperative agreement with the State.
The normal sequence of activities (bottom track) can be initiated at
almost any time. This is annotated by the dashed line as ‘‘float
time’’ in the schedules.

The separate site activities continue on parallel schedules (Fig. 1).
The limited remedial investigation and feasibility study provides the
information necessary to prepare contract bid documents and to
determine the cost-effective disposal alternatives for the various
wastes present at the site. Various reviews and decision points are
also scheduled. For this particular site, most of the remedial in-
vestigation activities (bottom track) will have to wait due to worker
safety considerations and the difficulty with determining the extent
of buried materials until the surficial cleanup is completed.

The cost estimates for all phases of work at the site as well as the

TIME IN 0 2 4 6 8 10
MONTHS

12 14 16 18 20 22 24

IWLE ATION

REMOVAL OF
INVESTIGATION/ rmn'm‘l HAZARDOUS
FEASIBILITY STuD DESIGN ASTE MATERIALS
0__PROCUREMENT 0 0 _REVQ 0 REVO PROCUREMENT 0 0
. PERMITS
F
A
s
T NOTE: IF FAST TRACK-REMOVAL OF HAZARODUS WASTE
MATERIAL 1S IMPLEMENTED, THE REMEDIAL INVESTIGATION
T SHALL BE DELAYED SO AS TO COMMENCE AT THE COMPLETION
: OF THE REMOVAL
¢
K PROCUREMENT -
REMEDIAL INVESTIGATION REREDT A
o COOPERATIVE 0 NORMAL SEQUENCE FEASIBILITY STUDY
0 CONTRACTOR | AR |
T IGREERERY g
COMMUNITY DEVELOP
RELATIONS FINAL WORK Connn N 0] TONS P >
PLAN 0 PLAN O

Figure 1.

Master Site Schedule



estimated work schedule in calendar days are summarized in Table
1‘. Cost ranges are provided to account for any unknown site condi-
tions that may be encountered during the limited remedial in-
vestigation stage. The cost estimates, work schedules, and a detail-
ed work statement (prepared as part of the third section of the
RAMP) provide the basis for an allocation of Superfund monies to
conduct the work at the site,

Table 1.
Summary of Remedial Projects
Schedules and Cost Estimates

Estimated Cost

Schedule
Project (Cal. Days) Low High
Community Relations Plan As Needed Lead Agency Lead Agency

*Limited Remedial
Investigation/Feasibility

Study 90 $ 30,900 $ 44,600
*Remedial Design 90 $ 25,800 $ 39,000
*Implementation: Removal

of Hazardous Waste

Materials 180 $1,800,000 $2,428,000
Remedial Investigation 120 $ 122,000 $ 161,400
Feasibility Study 120 $ 116,800 $ 163,700

Remedial Design - - -

Implementation of Source
Control and/or Off-Site
Measures - - -

Post-Closure Monitoring - - -
*Fast Track
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In this case, the State and USEPA have used the RAMP infor-
mation to develop a cooperative agreement and the State is now
preparing to conduct the limited remedial investigation and
feasibility study at the site. The cost estimates developed in the
RAMP established the amount of the funding request and helped
to identify the direct project management costs of the State.

Appendices

The final section of the RAMP includes the appendices. The
most important appendix is the detailed statement of work for the
first phase of activity that needs to be completed according to the
procedures established in the NCP. The statement of work outlines
the major activities of the remedial investigation, feasibility study,
initial remedial measure or any phase of activity which can be pro-
perly scoped with the use of available data. In the example
previously illustrated, the statement of work provided the basis for
the work plan of the cooperative agreement with the State.

Other appendices may include summaries of sampling and
analytical data, references, draft community relations plan, a
detailed site chronology and other pertinent information.

CONCLUSIONS

The RAMP has been developed as 2 management tool to assist
with the technical and financial responsibilities of the remedial ac-
tion program. The simplistic structure facilitates quick revision as
site conditions change and as more definitive objectives for each
site are established. States will be conducting remedial activities at
some sites and USEPA at others. ‘Since the State and Federal
resources to conduct these activities are limited, these resources
must be used in a prudent and consistent manner at sites across the
country. The RAMP is one vehicle to meet these objectives.



THE DEPARTMENT OF DEFENSE’S INSTALLATION
RESTORATION PROGRAM
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BACKGROUND

The Department of Defense (DoD) began its Installation Restor-
ation (IR) program in 1975 before the passage of CERCLA. The
IR program is a comprehensive program to identify and evaluate
past DoD hazardous waste disposal sites on DoD installations,
and to control the migration of contamination resulting from such
operations. The IR program also is applicable to property that
is excess to DoD requirements and which might be made available
for other public or private use.

DoD initiated the IR program prior to any public outcry or legis-
lative mandate because of its concern for the public health and wel-
fare and environmental quality. The agency is proud of the pro-
gram and the leadership it has demonstrated to federal, state, and
local governments and to the private sector,

On Aug. 14, 1981, in Executive Order 12316, the President dele-
gated certain authority specified in the Comprehensive Environ-
mental Response, Compensation, and Liability Act (CERCLA)
to the Secretary of Defense. The Secretary of Defense was given
responsibility for:

*Response actions (i.e., removal and remedial actions)

eInvestigation, monitoring, survey, and testing

sSuch planning, legal, fiscal, economic, engineering, architectural,
and any other studies or investigations as necessary for response
actions, cost recovery, and to enforce the provisions of CERCLA,
for DoD facilities and vessels

The National Contingency Plan goes on to further recognize
DoD on-scene coordinators for DoD facilities and vessels.

Within DoD, the Secretary of Defense’s authority in Executive
Order 12316 has been re-delegated to the Secretaries of the Army,
Navy, and Air Force. The Assistant Secretary of Defense for Man-
power, Reserve Affairs and Logistics on Nov. 20, 1981, formally
identified DoD’s functioning IR program as the DoD Super-
fund program.

The objectives of the DoD restoration program are these:

*To identify and evaluate past hazardous material disposal sites
on DoD facilities, to control contamination migration, and haz-
ards to health or welfare

*To review and decontaminate as necessary land and facilities
excess to DoD’s mission

These objectives go beyond the Superfund mandate.

DoD has required that the military departments and the Defense
Logistics Agency establish and operate installation restoration pro-
grams, and complete records searches at every installation listed
on their priority lists by the end of FY 1985. They have also been
required to develop and maintain a priority list of contaminated
installations and facilities requiring remedial action. In the IR pro-
gram, priority is given to control of migrating contamination that
may pose a threat to the public health and welfare of surround-
Mg communities Of L0 on-post personnel.

Other considerations in establishing the priority lists are:

sThe installation’s mission

sSuspected or known contamination hazard

ePossible land excessing action

sEnvironmental sensitivity of area

sKnown disposal sites

ePublic interest and any other factors considered appropriate by
each DoD component—Army, Navy, Air Force, and the Defense
Logistics Agency.

Each of the military departments has assigned a principal role
to in-house environmental organizations to coordinate or accom-
plish installation restoration program actions (Fig. 1). The Army’s
Toxic and Hazardous Materials Agency is located at the Edge-
wood area of Aberdeen Proving Ground, Maryland. The Navy’s
Energy and Environmental Support Activity is located at Port
Hueneme, California, and is responsible for the Navy and Marine
Corps program. The Air Force’s Engineering and Services Center
is located at Tyndall Air Force Base, Florida, and is responsible
for the installation assessment phase of the Air Force program.
The Occupational and Environmental Health Laboratory is located
at Brooks AFB, Texas, and is responsible for the confirmation, or
field survey, phase of the Air Force program.
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Figure 1.
DoD Installation Restoration (Superfund) Organization




THE IR PROGRAM: IN CONCEPT
Installation Assessment Phase

The first phase in the IR program (Table 1) is an installation
assessment. In this phase, installation files are examined, current
employees and key retirees are interviewed, and the terrain and
facilities are examined. Additionally, all available information on
past mission, current operations, waste generation, disposal, and
geohydrology of the area are collected. Limited soil and water
sampling may also be conducted to determine if contaminants are
present.

A preliminary survey may be conducted to produce field data
which will either confirm or rule out the presence and/or migra-
tion of contaminants, and assess the degree of risk associated with
the identified condition. If contamination exceeding safe levels is
found, interim containment of the migration is accomplished as
soon as possible. If not, no further action is required.

Confirmation Phase

The second phase in the IR program is referred to as the con-
firmation phase. In this phase, a comprehensive survey is con-
ducted to fully define the problem through environmental sampl-
ing and analyses. Data are developed to fill identified informa-
tion gaps revealed during the installation assessment phase, and
survey data from all technical areas is interpreted and interrelated.
The survey will normally be sufficiently detailed to determine the
locations of contaminant sources, quantify the contamination pres-
ent, and define the extent of contaminant migration and the con-
taminant boundaries.

Depending on the nature of contamination being investigated,
an ecological survey may be used to collect baseline data on plant,
animal, and aquatic species to determine the presence of target
contaminants throughout the ecosystem.

Technology Base Development

In the third phase, referred to as Technology Base Develop-
ment, control technology is matched with specific contamination
problems at a given site to determine the most economical solu-
tion. If control technologies do not exist, they are developed in
this phase. Technical specifications and corrective project pro-
gramming documents may also be developed. Additional ground-
water monitoring wells and sampling could be required to address
specific technology application considerations and fill in remain-
ing data gaps. Technology development may also support further
project planning to control migration, or to support actual restor-
ation efforts on contaminated properties.

A DoD IR Technology Coordinating Committee, chaired by the
Army, has been established recently to facilitate the exchange of
technical information among the military departments and to re-
view control technology or other criteria that may be useful.

Also, in this phase decontamination criteria are identified, or
developed if they do not exist. Criteria development defines the

Table 1.
DoD IR Program Concept

1. Installation Assessment
1. Records Search
2. Preliminary Survey

I1. Confirmation
1. Comprehensive Survey
2. Ecology Survey

III. Technology Base Development
1. Containment/Decontamination Technology Development
2. Criteria Development
3. Cost/Benefit Analysis

IV. Operations
1. Project Plan
2. Survey
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contamination levels judged acceptable for protection of the pub-
lic health and welfare, based on best available information, in the
absence of federal or state standards. Criteria development efforts
will generally include: (1) problem definition studies, (2) chemistry
studies, and (3) toxicological studies.

Problem definition studies provide baseline information for data
development through literature searches. Problem definition stud-
ies also identify the research necessary for an objective assessment
of adverse effects. When the contaminant situation is unique to the
DoD (i.e., a DoD-unique pollutant), the need for conducting chem-
istry and toxicology studies will be evaluated to decide whether to
assess the risk associated with various concentration levels by con-
trolled laboratory experiments on various animals or plant species.

Since the criteria to be developed are intended for widespread
use, extensive coordination of presumptive criteria, research proto-
cols, and results is accomplished. The results of these toxicolog-
ical and chemistry studies are made available for peer review.
The National Academy of Science may be requested to review
presumptive criteria, research protocols and results. Additionally,
experts from the Environmental Protection Agency, Department of
Health and Human Services, Department of Agriculture, Depart-
ment of the Interior, and other concerned agencies may be asked
to comment when appropriate. Criteria developed by the Navy and
Air Force are provided to the Army for incorporation into a DoD
data base.

After collecting data on standards, contaminant control tech-
nology, ecological effects, and current environmental levels of con-
tamination, DoD evaluates the costs and benefits of applying
available control technologies to reduce the hazard from contam-
inants. The options considered would normally include a no-action
alternative. This option is of particular interest when property is
to be excessed to non-DoD ownership for a like-usage, and low-
levels of contaminants are present, and not migrating.

Operational Phase

The final phase of the IR program, when required, is what DoD
refers to as the operations phase. This phase includes design,
construction, and operation of pollution abatement facilities, and
the completion of remedial actions. This phase could include the
construction of containment facilities or decontamination pro-
cesses, and associated monitoring systems. Also included are com-
pleted project phase-out, data storage, and publication of a final
project report.

A project plan describes the survey results, analyzes feasible
control options, and presents a proposed approach for controlling
the contamination. An estimate of resources, research require-
ments (if any) associated with the proposed solution, and a plan-
ning schedule for design, construction, and operations are also
included.

A survey will be conducted prior to, and following, the opera-
tions phase to ensure that target standards or criteria are achieved.

IR PROGRAM ACCOMPLISHMENTS

DoD’s goal is to complete records searches at every installa-
tion currently identified on Army, Navy, Air Force, and the De-
fense Logistics Agency’s priority lists by the end of FY 1985. The
Deputy Assistant Secretary of Defense for Installations monitors
semi-annually the progress of the military departments toward this
goal. The IR program results to date are impressive (Table 2).

As of June 30, 1982, 210 Army installations have been iden-
tified which require a records search, 156 installations have been,
or are being assessed largely by contract effort. 104 records
searches have been completed and published at an approximate
cost of $50,000 per installation. Of these 104, 49 surveys are re-
quired, 35 surveys are underway and 14 have been completed. Typ-
ical costs of the surveys, which are done by contract, is around
$300,000 per installation.

To date, eight installations have been determined to require re-
medial action. They are: Rocky Mountain Arsenal, Colorado, Red-
stone Arsenal, Alabama, Alabama Army Ammunition Plant, Ala-
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Table 2.
DoD Installation Restoration (Superfund)
Program Accomplishments
Army
(+DLA) Navy Air Force
Records Search
Required (Total) 210 80 82
Completed 104 1 26
Survey
Required (Total) 49 0 26
Completed 14 0 4
Operation
Required (Total) 8 0 2
Completed 2 0 0

bama, Milan Army Ammunition Plant, Alabama, Anniston Army
Depot, Alabama, and Savannah Army Depot, Illinois. Work at
two installations has been completed. Pine Bluff Arsenal, Arkan-
sas; and Frankford Arsenal, Pennsylvania. Costs associated for
this phase are site specific and vary considerably, ranging to date
from $1.6 to $44 million.

Eighty Navy installations require records searches. Twenty-
eight have been initiated to date, and one final report has been
published. The Navy is currently evaluating their preliminary re-
sults to determine how many surveys are required. To date, two
installations have been determined to require remedial action.
These are the Jacksonville Naval Air Station, Florida, and a site at
Pearl Harbor, Hawaii.

Eighty-two Air Force installations require a records search.
As of June 30, 1982, 26 records searches have been completed and
published. All 26 installations require surveys, and 4 are in pro-
gress. Two installations have remedial actions underway. They are

Waurtsmith Air Force Base, Michigan, and Air Force Plant 44,
Arizona.

Probably the most widely reported DoD installation restoration
project is the Army’s effort at Rocky Mountain Arsenal, Colorado,
Rocky Mountain Arsenal is adjacent to the City of Denver,
with Stapleton International Airport lying directly south of the Ar-
senal. The Arsenal complex, some 17,000 acres, has groundwater
contaminated as a result of the military production of chemical
warfare agents and Shell Chemical production of commercial
pesticides. The Army’s project at Rocky Mountain Arsenal has
been active since 1976. To date, over $44 million has been spent to
define contaminant migration and provide remedial actions at the
Arsenal, with the end not yet in sight.

The data collection and analytical effort at the Arsenal has been
extensive. Over 1500 wells have been drilled on the 25 square mile
site. 4,000 to 6,000 analyses are completed every month, with over
270,000 data points on record, and over 900 technical reports pub-
lished. Since this project has been discussed extensively elsewhere,
suffice it to say, though, that the Army has demonstrated at Rocky
Mountain Arsenal the commitment of the Defense Department
to aggressively pursue its installation restoration program.

CONCLUSION

DoD has developed substantial expertise in the identification,
characterization, and control of environmental contamination,
DoD will continue to actively pursue its Installation Restoration
program over the next several years.

However, the IR program is only one important part of the'DoD
environmental quality programs. DoD has demonstrated signifi-
cant initiatives and accomplishments in other important areas of
concern. DoD believes, though, that its Installation Restoration
program has demonstrated significant leadership, and serves as a
model for other agency Superfund programs. Hazardous waste dis-
posal site problems will remain a major area of emphasis within
DoD for the 1980s.
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INTRODUCTION

With the passage of the Comprehensive Environmental
Response, Compensation, and Liability Act (Superfund) and the
release of the National Contingency Plan, the USEPA has de-
veloped a systematic methodology for assigning liability and con-
ducting remedial actions at uncontrolled hazardous waste manage-
ment facilities. Prior to the passage of Superfund, USEPA relied
on two laws for providing assistance for remedial actions at uncon-
trolled hazards waste sites, the Clean Water Act (Section 311) and
the Resource Conservation and Recovery Act.

It is clear from past experiences such as Love Canal that short
term and long term environmental and health related hazards exist
when inadequate technologies are used during the handling and
disposal of hazardous materials. Presently the Solid and Hazardous
Waste Research Division USEPA (Cincinnati, OH) and the Oil and
Hazardous Spills Branch USEPA (Edison, NJ) are involved in the
research and development of existing and novel technologies for
use in the remediation of hazardous materials released to the en-
vironment.

Because new remediation techniques are continually evolving
and known technologies are constantly being retrofitted and
adapted for remedial actions use, the alternatives available for
cleanup are continuing to expand. In order to assess the effective-
ness and limitations of these remedial actions techniques, USEPA
is conducting case study examinations of these technologies which
have been employed in field situations.

PROJECT DESCRIPTION

JRB, under contract with the USEPA, is in the process of con-
ducting a nationwide survey of uncontrolled hazardous waste sites
to identify and examine the various types of remedial action
technologies which have been implemented or which are in progress
or are proposed as cleanup techniques. At selected sites, detailed
case studies will be performed to document the specific reasons for
the success or failure of applied remediations technologies and to
determine the limitations and applicability of these technologies in
other restoration activities or situations.

The results of the case study investigation will be used to provide
a transfer of information between those who have experienced the
implementation of a remedial action and those contemplating or
presently assessing or pursuing some form of site cleanup. The an-
ticipated audience to be assisted by the survey findings and case
study reports includes members of industry and commerce, State
Agencies, Local Authorities, and the USEPA.

Case Study reports will be structured so that they will provide
detailed data on the remediation technmiques employed, the cir-
cumstances and conditions in which they were implemented, their
apparent effectiveness in correcting or controlling the problem, and
their potential uses in other natural environments and remedial ac-
tion situations. Ultimately the survey and case study results will
quantify the number and type of reported uncontrolled releases of
" hazardous substances that have undergone a certain degree of
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remediation, will provide a standard for comparison when assess-
ing or deciding on a plan for remediation, will identify cleanup
technologies which may warrant further research, and most impor-
tantly will provide a forum in which others can learn from past
miscalculations and successes.

Survey Method

The initial task was to compile an updated list of uncontrolied
hazardous waste sites which included both ongoing and completed
remedial actions. The sources of information used to compile this
list included: in-house literature review of selected documents, data
from USEPA on present and past remedial action programs and
site studies, including work at Superfund sites, Department of
Defense contacts with knowledge of restoration work at military
bases, State environmental and health agencies involved in site
remedial actions, and industrial and pertinent trade association
contacts involved in spill responses or hazardous substances
cleanups.

The first step in conducting the survey began by conducting a
review and updating data on the 199 sites identified by SCS
Engineers' and the data contained within the list of 114 Top Priori-
ty Superfund Sites released Oct. 23, 1981. Simultaneously, an inter-
nal review was conducted of in-house files and publications, in-
cluding the Groundwater Newsletter, Hazardous Waste Reporter,
and Hazardous Materials Report, to identify any sites not contain-
ed in the SCS Report or Superfund list.

Once the data rgview was completed, USEPA Regional, State
and Local parties identified as being knowledgeable about hazar-
dous site remediation activities were contacted to supplement infor-
mation collected from the internal survey and to expand the site
data base. Knowledgeable parties contacted included USEPA
Regional Emergency Response Coordinators, Regional Land
Disposal Branch personnel, Regional On-Scene Coordinators,
State On-Scene Coordinators, consulting contractors, site manager
and operators, Department of Defense, and State and Local of-
ficials.

Cooperation was requested from trade associations representing
industries which may have been involved in hazardous waste
management, generation or transportation. Contact was also made
with the firms involved with the design and implementation of
remedial actions at hazardous materials spills sites and waste
management facilities.

Approximately 300 sites were identified. Data collected on the
sites included the name and location of the site, the remedial ac-
tions implemented or planned, the type of waste management prac-
tices used at the facility, the waste types/contaminants present, the
availability of engineering cost data, and the ease of access for case
study. A clear majority of the sites surveyed were obtained from
two data sources, the SCS Report and the 114 top-priority Super-
fund sites. Contacts made during discussion with responsible par-
ties involved in remediation activities at the Superfund sites and
SCS sites often led to discovery of sites not previously listed.
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The results of the DOD survey effort indicate that remediation
activities within the armed forces are in the initial stages. DOD has
established a phased approached for conducting site restoration ac-
tivities within all branches of the Armed Forces. Presently, each
branch of DOD is proceeding at individual rates relative to the
phase program, and in most cases have conducted initi.a! site
assessments but have not initiated any site restoration activities.

Contacts with several cleanup firms, consultants specializing in
remedial alternative design, and trade associations led to the
discovery of several sites. However, in most cases client conﬁder}-
tiality agreements hindered full cooperation in identifying sites. It is
reasonable to assume the many private sector cleanups are com-
pleted and not reported and therefore are not identifiable and are
not included in this population of surveyed sites.

Once the site survey activities were completed a series of criteria
were used to select candidate sites for detailed case study analysis.
These criteria included:

sAvailability for field survey activities

eAvailability, accessibility, and completeness of remedial action
cost and engineering data

*Type of remedial action technology implemented, so that a range
of remedial action techniques were investigated

*Type of waste management practice, so that a wide range of
technologies common to hazardous waste management were
studied

sTypes of waste and contaminants present at the facility to ensure
that a variety of waste streams and poliutants were included
sHydrogeologic setting, so that a variety of settings were repre-
sented

eGeographic location to provide a nationwide distribution of sites

Approximately 20 sites have been identified for case study analysis
and field surveys for these sites are presently being performed.

Survey Results

Three hundred and sixteen sites have been identified as being
associated with some form of completed, ongoing or planned
remediation activity relative to the uncontrolled releases of hazar-
dous substances to the environment (Table 1). This is a substantial
increase in the number of sites identified in a similar survey con-
ducted in 1980. Two key factors can be attributed to the increased
number of identified sites:

¢The data base used in the 1982 survey was an expanded version
of the 1980 data base, including contact with the Department of
Defense, pertinent trade associations, industrial contacts, and
cleanup contractors

sAdditional data relative to hazardous waste sites have been made
available through the USEPA Field Investigation Team activi-
ties over the past two years and there has been increased aware-
ness by state and local officials relative to site discovery and
identification

Even though the general population of identified sites has in-
creased by 147, the percentage of sites located in the individual
states has not changed. Also, a majority of sites identified are con-
centrated in the heavily industrialized regions of the country. This
corresponds well with the economics and convenience of disposing
of waste materials near the generating source.

A compilation of the various types of disposal methods
employed at the sites identified during the survey is found in Table
2. The data collected from approximately 30 of the sites surveyed
have not been accumulated in sufficient detail to enable an accurate
assessment of the disposal method used. Therefore, these sites were
eliminated from consideration when constructing Table 2.

Waste management practices and contamination releases iden-
tifted during the survey included land disposal, drum and tank
storage, incineration and treatment, subsurface injection, spills
and illegal dumps. Seventy eight percent of the facilities where
remedial actions were either completed, ongoing, or planned can be
associated with three waste management technologies: landfilling,

Table 1. .
State Location of Remedial Action Sites in 1980 and 1982

No. of % of No. of % of

State Sites '80  Total* Sites 82  Total*
Alabama 2 1.2 2 0.6
Alaska 0 0.0 0 0.0
Arizona 3 1.8 6 1.9
Arkansas 2 1.2 4 1.3
California 3 1.8 9 28
Colorado 3 1.2 5 1.6
Connecticut 4 2.4 11 3.5
Delaware 2 1.2 4 13
Florida 7 4.1 26 8.2
Georsia 4 2.4 5 1.6
Hawaii 0 0.0 0 0.0
Idaho 0 0.0 0 0.0
Illinois 8 4.7 14 4.4
Indiana 3 1.8 4 1.3
Iowa 1 0.5 2 0.6
Kansas 2 1.2 3 1.0
Kentucky 5 3.0 6 1.9
Louisiana 3 1.8 9 28
Maine 2 1.2 3 1.0
Maryland 1 0.5 3 1.0
Massachusetts 5 3.0 11 3.5
Michigan 11 6.5 13 4.1
Minnesota 3 1.8 8 2.5
Mississippi 0 0.0 3 1.0
Missouri 4 2.4 10 3.2
Montana 5 3.0 5 1.6
Nebraska 0 0.0 0 0.0
Nevada 0 0.0 1 0.3
New Hampshire 1 0.5 6 1.9
New Jersey 10 5.9 17 5.3
New Mexico 0 0.0 3 1.0
New York 14 8.3 29 9.2
North Carolina 7 4.1 8 25
North Dakota 6 3.6 6 1.9
Ohio 4 2.4 5 1.6
Oklahoma 0 0.0 3 1.0
Oregon 0 0.0 0 0.0
Pennsylvania 16 9.5 23 7.2
Rhode Island 4 24 5 1.6
South Carolina 3 1.8 5 1.6
South Dakota 0 0.0 2 0.6
Tennessee 10 5.9 10 3.2
Texas 3 1.8 7 2.2
Utah i 0.5 2 0.6
Vermont 0 0.0 1 0.3
Virginia 2 1.2 4 1.3
Washington 0 0.0 5 1.6
West Virginia 1 0.5 2 0.6
Wisconsin 3 1.8 5 1.6
Wyoming 1 0.5 1 0.3
Total 50 States 169 316

*Percent of total identified nationwide.

Table 2.
Types of Disposal Methods

Disposal Methods No. of Sites Percent of Total

Landfill 121 32
Drum Storage 67 18
Surface Impoundment 104 28
Spills 25 7
Incinerator 10 k]
Injection Wells 7 2
Iliegal Dumps 39 10

Total mn 100%

In same cases, more than one disposal method has been used at an individual site.



drum storage, or surface impounding. This association is to be ex-
pected based on the fact that these technologies have been the most
common methods over the years for managing and disposing of
hazardous substances.

The relatively low percentage of incinerators and injection wells
identified in the survey can be attributed to the limited applicability
of these technologies for treating and disposing of a wide spectrum
of hazardous materials, and to their limitations for use in broad
geographic and environmental regions. The low percentages of il-
legal dumps identified can be associated with the expected
unavailability of data necessary to sufficiently characterize these
facilities.

The remedial technologies used at the surveyed sites included a
variety of methods such as capping and grading, removal and off-
site burial, groundwater pumping, chemical and biological treat-
ment, and containment and encapsulation (Table 3). However,
76% of the remediation efforts identified involved only four

Table 3.
Types of Remedial Action Employed

Remedial Action No. of Sites Percent of Total
Capping/Grading 59 19
Drum Removal 56 18
Contaminant Removal 70 23
Groundwater Pumping 22 7
Groundwater Containment 23 8
Contaminant Treatment 48 16
Encapsulation 8 3
Dredging 5 2
Gas Control 3 1
Incineration 3 1
Lining 7 2

Total 304 100%

In some cases, more than one remedial action technique has been used at an individual site.

techniques, capping/grading, drum removal, contaminant removal
or treatment. In most instances, these techniques correlate well
with the high percentage of facilities identified as practicing land-
filling, drum storage, or surface impounding as a waste manage-
ment method. This correlation is based on the following factors:

*Most remedial actions to date have been directed at controlling
the immediate threat, i.e. removal of the waste material by land-
fill and contaminated soil removal, surface impoundment pump-
ing and removal, or drum removal.

sTechnologies such as grading/capping, contaminant removal,
and drum removal are in most cases relatively unsophisticated
and economic remedial activities when compared with other re-
medial options.

oIn the natural order of implementing remedial actions, removal
of the contaminant source is the most likely initial step in per-
forming a staged facility cleanup.

*Complete removal of the source of contamination is the most
effective and direct method of reducing or eliminating continued

releases of contaminants to the environment.

Less often used methods of site remediation include encapsula-
tion, dredging, incineration, groundwater containment or pump-
ing, and subsurface gas control. Several reasons exist for the
restricted use of these methods as remediation techniques, these in-
clude:

*Constraints based on site specific conditions such as waste type,
area of contamination, and media contaminated

®Present level of technological development relative to proven
field use and successful application in real world situation

oEffects of economic and institutional factors which limit the
availability of funds, or requirements for specific approaches to
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be used in resolving the cleanup problem (i.e., emergency clean-
up vs. long term cleanup)

Based on the information gathered on the restoration activities
of relatively new sites, it can be said that there has been a shift in
the approach historically used to conceptualize and implement
remedial actions. In more recent times, an emphasis has been
placed on thoroughly understanding the dynamics of the con-
tamination and then developing and implementing the remedial ac-
tion program. The shift to more systematic approaches in planning
remedial actions can be attributed to more comprehensive regula-
tions relative to hazardous waste management and the assignment
of strict site cleanup liabilities and responsibilities (i.e., Superfund
and the Resource Conservation and Recovery Act), and also to
lessons learned from successful and unsuccessful cleanup methods
and techniques employed in the past.

CASE STUDIES

Once JRB had selected the case study sites, field activities were
conducted to collect additional information to ensure the develop-
ment of accurate and complete case history reports. Field visits in-
cluded trips to the sites as well as meetings with the appropriate
Federal, State, and private parties involved in the site remediation.
Presently, JRB is in the process of completing case study investiga-
tions and a companion report on these investigations. The follow-
ing is a brief synopsis of three case study investigations.

Trammel Crow Site—Dallas, Texas

The first case study was a former Texaco oil refinery which
operated in Dallas, TX from 1915-1945, When the refinery ceased
operation, it was sold to a metal recycling firm which reclaimed any
valuable scrap metal on site. The property was left vacant for 20
years after the scrapping operation until it was sold in 1980 to the
Trammell Crow Corporation for industrial development.

At the time of purchase, five waste sludge pits with over five
million gallons of still bottoms and other petroleum refinery wastes
were located on the site. The five ponds were not all the same size
and did not contain the same materials. One pond, the largest, con-
tained approximately 3.5 (16,600 yd®) million gal. of crude oil tank
bottoms consisting of 50% carbonaceous material, 35% water, and
15% ash. The carbonaceous portion of the sludge was made up of
equal portions of asphaltenes and paraffins. A second contained
approximately 10,000 yd?® of hard-coke/slag material believes to be
coke cinders from the petroleum refinery cracking process. The re-
maining three ponds contained approximately 1.5 million gals of
sedimentation or oxidation pond oily residues.

The waste ponds were located above a Trinity Clay soil which ex-
tends to a depth of 20 to 45 ft below the ground surface. The Trini-
ty Clay is a moderately alkaline soil of low permeability. This in
turn, overlies in Eagle Ford shale which extends to a depth of ap-
proximately 400 ft below the surface. The Trinity Clay and Eagle
Ford shale formations form an impermeable barrier between the
surface and the underlying aquifer, therefore posing little threat of
groundwater contamination.

The wastes were tested for toxicity using the USEPA required ex-
traction procedure test as defined by the Resource Conservation
Recovery Act (RCRA). The sludges were not found to be RCRA
hazardous waste, however, the sludges in the ponds had to be
treated, removed or both before development could take place.
Although the waste oil was not RCRA hazardous waste, it was
classified under Texas Law as a Class II industrial waste and could
not be put into a municipal landfill. The costs of transporting the
sludge to the closest industrial waste landfill were much greater
than the alternative devised, which was to solidify and dispose of
the sludge in a site with the approval of the Texas Department of
Water Resources. Although the remedial approach was used for a
non-hazardous waste oil, it is apparent that the same approach
could be applied to similar sites where oily waste sludges are also
defined as hazardous wastes.

The technology chosen was a sludge solidification process using
cement kiln dust available locally. Instead of using only fresh kiln
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dust (which is limited in supply because of outstanding contracts
for the material) to mix and solidfy with the sludge, a stale kiln du§t
was also used. The stale dust, which contains 38% moisture, is
usually stockpiled in large quantities, is less expensive, and is a very
effective solidifying agent.

The solidification procedure began with the three smaller ponds
using stale cement kiln dust. A landfill was excavated next to the
three ponds. Stale cement kiln dust was delivered to the bottom of
the landfill and leveled by bulldozer into a 6 to 12 in. layer. A
backhoe lifted the sludge out of the pits and on top of the kiln dust
in the landfill. The bulldozer then mixed the dust and the sludge in-
to one foot layers 3:1 and 2:1 dust to sludge ratios. A pulverizing
mixer was then driven over the layer to completely homogenize the
mixture. Each layer was air dried for approximately one day and
then compacted and field tested to ensure proper compaction. This
procedure continued until the contents of all three ponds were
solidified in the landfill.

The largest pond solidification was somewhat difference because
the sludge was more liquid and the pond itself was several thousand
feet from the landfill. Because of its more liquid nature, the sludge
was solidified using both fresh and stale kiln dust. The procedure
for solidifying the sludge incorporated the same layering process
used for the three smaller ponds, however, the sludge was treated
prior to placement in the on-site landfill.

Fresh cement kiln dust was blown into the sludge pond using a
ratio of 1.5:1 dust to sludge. A backhoe mixed the dust into the
sludge which semi-solidified the sludge. The semi-solidified sludge
was loaded, transported to the on-site landfill, and unloaded
onto a bed of stale kiln dust and mixed as previously described. As
each side of the pond was excavated it was backfilled with clean dirt
until all of the sludge had been removed and solidified in the on-site
landfill. The coke/slag material was also removed from the remain-
ing pond and mixed in with the sludge in the on-site landfill.

This entire process took approximately 75 working days using
approximately 41,00 tons of kiln dust. This was much less than
originally anticipated because the stale kiln dust solidified with the
sludge better in the field than in the laboratory. The projected cost
of $500,000 had been based on an estimated use of 75,000 tons of
kiln dust, however, the project cost only $377,528. This was much
less than the alternative of off-site disposal which was estimated to
cost $1,500,000.

Presently, the site is completely solidified, graded over, and
covered with vegetation. It is awaiting sale for future development.

Goose Farm Site—Plumsted Township, New Jersey

The Goose Farm site is an abandoned hazardous waste drum
burial site that was partially cleaned up in about a one year period
from Aug. 1980 to Nov. 1981. The drum burial site is located in
Plusted Township, Ocean County, NJ in a region known as the
Pinelands, a unique ecological area characterized by acidic sandy
soils and low lying forests of pitch pine and oak.

From about 1945 to in the mid 1970s, Thiokol Corporation (a
manufacturer of ammunition, rocket fuel, plastics, and organic
fibers) dumped bulk and containerized hazardous wastes into a pit
about 300 ft long by 50 ft wide by 15 ft deep, under contract with
the site owner. In January 1980, township officials informed the
New Jersey Department of Environmental Protection (DEP) of the
existence of hazardous wastes at the Goose Farm site. Shortly
thereafter, DEP conducted a preliminary investigation of the site,
which revealed the discharge of contaiminated groundwater as a
surface seep to a nearby stream. During the next six months, site
activities included sampling of the stream and groundwater from 17
monitoring wells, and reviewing regional geological data and well
driller logs.

A report assessing the situation at Goose Farm was submitted in
June 1980, which described a contaminated groundwater plume
:abogt 200 ft wide originating from the drum burial area and mov-
ing into the stream where it was discharging. The plume was also
believed to be moving downward because of the geology in the
area. Preliminary testing was inconclusive, but suggested potential

contamination of up to 60 ft in depth beneath the site, with the ma-
jority of contamination occurring within a depth of 40 ft.

Monitoring of the upper groundwater and surface seepage in-
dicated that a large variety of inorganic and organic chemicals had
been dumped, including chlorinated compounds, solvents, and
pesticides. Levels of contaminants were highest for methylene
chloride, benzene, and toluene, in the 100 mg/l range. Total
organic carbon (TOC) concentration ranged from 1,600 to 17,000
mg/l. The report also indicated that the plume was not an im-
mediate danger to any drinking water wells in the area, but if un-
corrected could cause widespread contamination of the lower
strata, a moderately used aquifer.

The state established the following objectives and hired an oil
and hazardous waste cleanup contractor to carry out the following
tasks:

*Obtain data to confirm contamination of the surface water by the
Goose Farm site and to better define the extent of groundwater
contamination

eContain the discharge to the stream by pumping and treating the
groundwater

sRemove the source of pollution, i.e. buried wastes and contam-
inated soil

eFurther groundwater removal and treatment near the source area

Temporary containment measures such as the installation of an
open or gravel filled cut-off trench were suggested but were not im-
plemented.

The contractor proceeded with cleanup efforts, consisting of
constructing a well-point treatment system to prevent the contami-
nant plume from discharging into the stream, and excavating,
segregating, and treating the buried waste materials in the disposal
area. The well-point system was located between the disposal area
and the stream and was oriented in such a way as to intercept the
contaminant plume. The well-point system consisted of about 400
ft of 6 in. aluminum header pipe with 100 well-points spaced about
every 7.5 ft. The well-points were installed to a depth of 22 ft by
water jetting. The system was pumped at a rate of about 50,000 to
75,000 gal/day to contain migration of the contaminants.

The collected groundwater was routed to a treatment system con-
sisting of the following:

*A vacuum receiver which volatilized about 20% of the TOC in the
stream

*Activated carbon adsorbers to treat the gaseous stream of the
vacuum receiver

®A clarifier which reduced suspended solids and removed about
10% of TOC in the stream

*Multi-stage activated carbon adsorbers which removed about
70% of the initial TOC.

sAfter treatment, the effluent was spray irrigated

The final effluent from treatment had a TOC concentration of ap-
proximately 54 mg/l, a reduction of 96.6% to 99.7%.

Concurrently, waste removal operations were carried out in the
pit area. During a 45 day period, over 4,880 drums and containers
were excavated, analyzed, secured, and segregated. A backhoe and
two specially designed drum grapplers were used to complete
removal operations. Salvagable drums were overpacked and stored
on-site. Badly degraded drums were tested for acid-base com-
patibility and emptied into concrete holding tanks prior to disposal.
In addition, about 3,500 tons of contaminated soil were excavated
and temporarily stored, awaiting disposal.

After the drum pit area had been excavated, a second well-point
system was installed in the pit area. Groundwater was pumped to
the treatment system and the effluent was injected into the pit
area via well points to flush contaminants from the underlying
soils. The extraction well-points were first installed in the un-
saturated zone to a depth of 7 to 13 ft and later lowered into the
water table to collect groundwater contamination.

The groundwater treatment system was shut down in March 1981
before treatment was complete because of operating expenses.



Secured drums, bulked liquids, and contaminated earth were stored
on site from March 1981 to Nov. 1981, awaiting funding for final
disposal operations. In Nov. 1981, 4,400 tons of waste were
transported in 200 truck loads to an approved waste disposal site.
In addition, 12 drums of PCBs were transported to an approved
hazardous waste incinerator.

Stroudsburg Site—Stroudsburg, Pennsylvania

The Stroudsburg site is located in the Borough of Stroudsburg,
Monroe County, Pennsylvania, along the shores of Broadhead
Creek at the site of a historical coal gasification plant once operated
by Stroudsburg Gas Co. From the late 1800s to the early 1900s, one
of the disposal methods practiced on site for the disposal of coal tar
residuals was to inject the waste material into the ground through
an injection well, located in the northwestern quadrant of the plant
property. The well was constructed such that the waste products
were injected into the gravel alluvium that underlies the plant area,
approximately 20 ft below the surface.

In 1947, Pennsylvania Power and Light Company (PP&L) pur-
chased several parcels of land from Stroudsburg Gas Co., most of
which were located along the shores of Broadhead Creek. In Oct.
1980, during maintenance construction of the flood control levees
along the western shore of Broadhead Creek, a black, odorous
material was observed seeping from the base of the dike at several
locations along the side of the stream.

The incident was reported to the Pennsylvania Department of
Environmental Resources (DER), Bureau of Water Quality and in-
vestigations commenced to determine the nature and extent of the
contamination. A preliminary assessment of the situation was made
in March 1981 and at this time the DER requested the assistance of
the USEPA in the further investigation of the problem. The in-
vestigative field studies that followed were conducted by DER,
USEPA and the Pennsylvania Fish Commission (PFC) and involv-
ed the following areas:

*The hydrogeology of the site area

eThe impact of the coal tar on stream quality and its biological
community, and

*The erosional behavior of the stream

The remedial actions that were taken at the Stroudsburg site in-
volved several technologies. The initial remedial response to the
problem was conducted by USEPA in April 1981 under section 311
of the Clean Water Act (Public Law 92-500) and involved the in-
stallation of filter fences, sorbent booms and inverted dams. These
installations were temporary structures constructed to prevent
direct and immediate coal tar seepage into Broadhead Creek.

As field investigations continued, it was decided that actions per-
missible under section 311 (i.e., emergency, oil spill response ac-
tions) would not sufficiently remedy the pollution problem at the
Stroudsburg site. A more reliable and permanent remedial system
was necessary. In Nov. 1981, funds were appropriated under
Superfund, establishing Stroudsburg as the first site to receive
Superfund monies.
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Also in Nov, 1981, PP&L began installation of a recovery well
system to remove the coal tar from the stratigraphic depression. An
estimated 35,000 gal of coal tar had accumulated in the depression.
The project, completed in late spring of 1982, consists of four well
clusters each containing four wells.

Presently, only one central well of one of the clusters is in opera-
tion and the recovery rate is less than had been anticipated. The
original recovery rate predicted was approximately 100 gal/day.
The present rate is between 20-25 gal/day. This situation was
primarily caused by an over calculation of the quantity of concen-
trated coal tar present. Much of what exists is actually a mixture of
coal tar and water, which was not realized until the wells had
already been installed. Approximately 7,500 gal of pure coal tar
(95% have been recovered to date). The recovered residue is sold to
Allied Chemical in Detroit, MI, where it is used as fuel.

Concurrent with PP&L’s project, USEPA constructed a cement-
bentonite slurry trench cut-off wall along the west bank levee. The
containment wall is 700 ft long, one foot wide and 17 ft deep. The
downstream end of the barrier is horizontally keyed into an im-
permeable curtain formed by pressure grouting. The upstream end
is keyed into the sheet piling wall that exists below the concrete
flood wall. The slurry wall extends over the area of observed
seepage and passes vertically through the gravel layer that bears the
contaminant and is keyed two feet into the underlying sand
stratum. A total of eight monitoring wells were installed for
monitoring slurry wall performance and sampling groundwater in
the area. Four wells are located on either side of the wall.

In Jan. 1982, following slurry wall construction and the installa-
tion of the monitoring well system, the contaminated material in
the back water channel was excavated, drummed and disposed of at
a secure landfill. Throughout all the activities undertaken at the
Stroudsburg site, materials meant for disposal were packed in
drums and stored on-site until appropriate disposal sites were
located.
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INTRODUCTION

At least one nationwide study’ has shown that removal and
treatment of contaminated fluids from wells or drains is the most
commonly used method for controlling the movement of a plume
of contaminated groundwater. Other methods, such as fluid en-
capsulation within subsurface physical barriers and in-situ treat-
ment or fixation, are being researched and applied, but those in-
volving fluid removal probably will continue to be the most pop-
ular on the basis of their cost and reliability.

The purpose of the authors in writing this paper is: (1) to des-
cribe simple hydraulic models for making conceptual designs and
cost estimates for recovery-well systems, and (2) to examine the
general sensitivities of recovery system costs to selected plume and
aquifer characteristics. The costs presented are for simplified
scenarios of contamination, which represent a foundation upon
which more complex models can be built. Although the more com-
plex models are increasingly being applied in the detailed design
and evaluation of systems of recovery wells, there is and will con-
tinue to be a place for simpler mathematical models that can pro-
vide rough estimates of system discharge and number/size of re-
covery wells,

The costs apply only to engineered structures and related serv-
ices for a containment system, with other cost elements such as
source removal, land purchase, legal services, etc., not included.
Also, the paper is concerned not only with containment and treat-
ment of contaminated groundwater, but also with total cleanup of
the site and the aquifer. The findings are derived from background
work performed for Sobotka & Company, Inc., in conjunction
with the Economics and Policy Analysis Branch Office of the
Office of Solid Waste, USEPA. The contents do not necessarily
reflect the views and policies of the USEPA.

Fundamental Concepts of Containment

‘“Plume containment’ is defined in this paper as stopping
further migration of a plume of contaminated groundwater by
removing the contaminated water through wells located inside the
plume boundaries. Complete hydrodynamic containment can be
achieved only when limiting flowlines or groundwater divides are
maintained outside the plume boundary.

An idealized elliptical-shaped plume occupying part of a ground-
water flow field is shown in Fig. 1A) and how a discharging well
located at the downgradient end of the plume creates limiting flow-
lines around the plume is shown in Fig. 1B. All contaminated water
within the plume is thereby induced to move toward the well.
Depending upon the hydraulic properties of the aquifer and the
dimensions and depths of a plume, more than one well may be
needed to achieve total containment.

. Tbe approach illustrated is feasible only when the plume is mov-
ing in essentially one direction in response to the local hydraulic
grgdlxent.. In more complex situations where, for example, a plume
originating from a source of contamination is spreading radially,
the need is to create a groundwater divide outside the plume

boundary by operating multiple recovery wells properly located in-
side the plume.

Factors Affecting Design and Cost

The interrelationships of the technical factors or elements that
can significantly affect the design and costs of a recovery-well
system are shown in Fig. 2. These factors are grouped, as indicated,
under three major categories pertaining: (1) to the plume itself,
(2) the aquifer in which the plume is moving, and (3) the engi-
neering aspects of the well system. The factors in the lowest tier of
the diagram are the ones to be quantified in order to make an over-
all evaluation of the design and costs.

The analysis is restricted to the major driving variables relating
to the dimensions and flux of the plume and to the hydraulic prop-
erties of the aquifer. All other factors along the lowest tier were
held constant except for well discharge which was computed with a
hydraulic model for each cost scenario.

LIMITS OF AQUIFER
YIELDING WATER TO WLL

FLOWLINES

Figure 1.
Control of plume movement with a single recovery well
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MODEL ASSUMPTIONS

The strategy illustrated in Fig. 1 is applicable to all aquifer and
plume conditions regardless of their complexity. For this study,
however, aquifers are assumed to be single layers of homogeneous
and isotropic porous media, and are considered to be infinite in
areal extent and underlain by impermeable rocks. No distinction
is made between confined and unconfined aquifers, and flow is
assumed to be essentially steady and horizontal.

Plumes are assumed to be single-phase homogeneous mixtures of
groundwater and leachate, with an elliptical shape in plan view.
In the vertical dimension, plumes are assumed to occupy the full
aquifer thickness. Contaminant concentrations are assumed to be
diluted in order to apply hydraulic models for fluids having a
density equal to that of water. Finally, contaminant transport
mechanisms that involve mechanical dispersion and chemical
diffusion are ignored.
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As shown on Fig. 3, an optimum solution is determined with
successive approximations. Total discharge, Q, is initially calcu-
lated with Eq. 1,* and is assigned to a single hypothetical recov-
ery well.,! The hypothetical well is located inside the downgrad-

. ient limit of the plume at a distance, x,, from the stagnation point

downgradient of the well, as determined with Eq. 2 which is based
on the work of Forchheimer.? A two-dimensional Cartesian co-
ordinate system is established with the recovery well at the origin.
The plume boundary can be mapped and the limiting flowlines
can be plotted with Eq. 3 from Forchheimer.? Discharge from the
well is increased in small increments until the flowlines bound the
plume up to the widest point, beyond which the plume is narrower
and remains within the limiting flowlines.

*For all equations, see Fig. 3.

Plume Aquifer Engineering
Characteristics Characteristics Constraints
Plume Plume Plume Aquifer Drawdown Pump
Contaminants Size Discharge Geometry Limits Capacity
Solubllity Treatability Plume Plume Plume Plume Hydraullc Aquller Aquiter Aguiter Well Well Total Pump
and Mobility Depth Length Width Gradl T vl T Losses Discharge Lift Efficlency

l——- Driving Variables For This Paper ————I

Figure 2.
Factors that affect hydrodynamic containment, design requirements and costs

CONTAINMENT STRATEGY AND HYDRAULIC MODELS

The containment strategy illustrated in Fig. 1 translates into an
algorithm that uses hydraulic models for determining the loca-
tion, number, and discharge of wells to contain a simple plume
within limiting flowlines. The algorithm is shown as a generalized
flowchart in Fig. 3 with a sequence of equations that simulate
conditions at various steps. Variables used in the equations are de-
fined in the Appendix to this paper. Data needed for the applica-
tion of the strategy include plume dimensions (width, length, and
general shape), the hydraulic gradient across the plume, and the
transmissivity of the contaminated aquifer.

A feasible solution to the containment strategy must satisfy
three constraints:

*The recovery system is located near enough to the downgrad-
ient plume boundary to reverse the hydraulic gradient at that
boundary

eTotal discharge is large enough to create limiting flowlines that
bound the plume up to its widest part upgradient of the well
system

sDrawdowns of water levels resulting from withdrawals from the
system do not exceed limits that are a function of aquifer satur-
ated thickness

An ‘‘optimum”’ feasible solution is defined as the minimum
number of wells pumping the smallest discharge that meets the
above constraints. These data may be modified by engineering
safety factors to become the ‘‘design requirements’’ of the well
system.

Having calculated the total discharge for a single-well system, the
system discharge is apportioned among several wells in order to
accommodate a practical limit on water-level drawdowns in the
wells. In an array of wells, the drawdown will be greatest at the
most central well, owing to well interference. Eq. 5 is one of sev-
eral analytical solutions to the groundwater flow equation that
can be used to compute drawdowns.® Wells- are added on Fig. 1
along the y-axis of the coordinate system, in a line orthogonal to
the hydraulic gradient. As more wells are added, the calculated
discharge per well decreases and eventually the drawdown con-
straint is satisfied. In some cases, as in formations of very low
transmissivity, the number of hypothetical wells becomes so large
that the most practical design solution becomes a drain. When
more than one recovery well is required, the shape of the limiting
flowlines is altered slightly, however, this has a negligible effect
on conceptual designs and costs of the recovery system.

COST SENSITIVITIES

The sensitivity of recovery-well system costs to varying aquifer
and plume conditions is qualitatively determined with selected
cost scenarios. Non-complex conditions were assumed for the site,
the aquifer, and the contaminant plume. As mentioned previously,
other factors such as complex waste streams, conflicting property
boundaries, litigation requirements and public opposition are not
considered. These situations, however, can result in order-of-mag-
nitude increases in total containment costs. In some instances,
legal fees and public relations costs alone can be in the millions
of dollars. Thus, the ranges presented are selected to demonstrate
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W _CHART EQUATIONS
l CALCULATE PLUME DIBCHARGE } 1) 0=TIW
LOCATE RECOVERY WELL 2) xg=-Q/(27TTD
WHERE WELL Q = PLUME Q
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OUTPUT
n Q. Qu, %o

Figure 3.
Flow chart and equations for basic containment strategy

technical cost sensitivities and not to indicate total costs of remed-
iation.

Cost Components

The principal capital (K) cost components of fluid recovery
systems include: plume delineation, system design, wells/drains,
additions to surface infrastructure, and water-treatment facilities.
Both capital and operation and maintenance (O&M) cost elem-
ents for each component are listed in Table 1.

Plume delineation includes determination of the areal and ver-
tical extent of the plume, and the rate and direction of local
groundwater flow. System design includes hydraulic modeling and
the specification of the number, location, and yeild of the wells.
Pump capacity, well design, and completion method are also spe-
cified. Additions to the surface infrastructure include access roads,
power transmission lines, and fluid handling (pipes) capabilities,
which must be provided and integrated with the water-treatment
facility. The recovered water is assumed to contain levels of less
than 100 pg/] of a single organic contaminant such as TCE (Tri-
chloroethylene). This frequently occurring contaminant is assumed
to be treatable by filtration through activated carbon.

Associated with these K-cost components are annual operating
and maintenance costs for the well/pump system, the treatment
system, and to a lesser extent surface piping, power, and access
roads. Monitoring costs will also be incurred for verification of
plume containment through water-level measurements and analysis
of water samples.

Plume delineation, system design, well system installation, and
monitoring costs are based on several published sources,’* 710
manufacturer‘s catatlogues, quotes from distributors, and profess-
ional experience. Infrastructure costs were based on recent work
performed by SCS Engineers,' whereas treatment costs are based
on data from Gumerman, Culp, and Hansen.*

Table 1.
Overview of system components
Cost Component Principal Factors
(K, O(M) Cost Elements Affecting Cost
Plume Soil borings Plume area & depth
Delineation (K) Monitor wells Complexity of hydrogeology
Data analysis
Laboratory analysis
Reporting
System Consulting fees Complexity of hydrogeology
Design (K) Computer time Size of containment system
Well Construction engineering Plume size
System (K) Well construction Aquifer flux
Materials Transmissivity
Surface Access roads Plume size
Infrastruc- Power transmission Configuration of wells
ture (K) Piping
Treatment Construction engineering System discharge
Facility () Treatment system Composition/concentration of recovered water
Well Pump operation (power) Aquifer flux/pumping depth
System (O&M) System maintenance Fluid corrosivity
Treatment Chemicals System discharge
Facility (O&M) Labor Composition/concentration of recovered water
Power
Monitoring Sampling Complexity of system
Analysis
Reporting
Plume Soii borings Plume area & depth
Delineation (K) Monitor wells Complexity of hydrogeology
Data analysis
Laboratory analysis
Reporting
System Consulting fees Complexity of hydrogeology
Design (K) Computer time Size of containment system
Well Construction engineering Plume size
System (K) Well construction Aquifer flux
Materials Transmissivity
Surface Access roads Plume size
Infrastruc- Power transmission Configuration of wells
ture (K) Piping
Treatment Construction engineering System discharge
Facility (K) Treatment system Composition/concentration of recovered water
Well Pump operation (power) Aquifer flux/pumping depth
System (O&M) System maintenance Fluid corrosivity
Treatment Chemicals System discharge
Facility (O&M) Labor Composition/concentration of recovered water
Power
Monitoring Sampling Complexity of system
Analysis
Reporting
Cost Scenarios

To show the relative importance of well-system costs to other
cost elements of the system, eight hypothetical scenarios have
been evaluated. In these scenarios, plumes are assumed to be ellip-
tical in plan view with the following range of dimensions:

0250 to 2500 ft wide
*500 to 5000 ft long
825 to 250 ft deep

Plumes are assumed to be moving in unidirectional flow fields
representing low to high aquifer flux (0.05 to 1.0 mgd/mile). A
relatively small transmissivity (5,000 gal/day/ft) is assigned to four
high-flux scenarios and a large transmissivity (100,000 gal/day/ft)
is assigned to four low-flux scenarios. Outputs of the analysis con-
cerning numbers of wells and pumping rates are summarized in
Table 2 while the costs of each element in the analysis are given in
Table 3.

Discussion of Sensitivities

How the cost components are effected by order-of-magnitude
changes in plume size and aquifer flux is shown in Table 3. Plume
delineation costs tend to be the largest cost component for all
scenarios, but are only influenced by size variables. Delineation
costs and both K- and O&M-costs of wells are moderately sensitive
to depth. System discharge is directly proportional to plume flux
and hence increases directly with plume width as indicated by Eq.
1. Although the data in Table 2 indicate that system discharge
varies by a factor of 200 (from 2 to 400 gal/min), corresponding



Table 2.
Summary of design parameters

Well Discharge

Flux = 0.05 mgd/mile width Number Discharge

Transmissivity = 100,000 gal/day/ft of Wells (gal/min)
'250x500x 25 2 2

250 x 500 x 250 2 2

2500 x 5000 x 25 2 20

2400 x 5000 x 250 2 20

Flux = 1.0 mgd/mile width

Transmissivity = 5,000 gal/day/ft

250 x 500 x 25 4 40

250 x 500 x 250 4 40

2500 x 5000 x 25 a 400

2500 x 5000 x 250 4 400

aDrawdown constraint forces use of drain instead of well.

total K- and O&M-costs vary by factors of less than 5. The plume
delineation costs and the assumption of a non-complex waste
stream for treatment together prevent system discharge from hav-
ing a more significant influence on total costs.

Capital costs of well systems range from about 7 to 30% of the
total capital costs, while corresponding O&M-costs for wells range
from 37 to 57% of the total O&M-costs. Although well system
costs are relatively small, discharge from the system influences in-
frastructure and treatment costs. In a few scenarios these two
elements may become significant and can account for up to 40%
of K-costs and up to 67 % of O&M-costs.

The principal design parameters for each plume in the low-flux
case indicate minimal variability in the number of wells and the
discharge needed to contain both the smaller and larger plumes.
Total capital costs vary from $180,000 to a high of $750,000.
Operating and maintenance costs vary from about $30,000 to
$35,000 per annum.
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In the low-flux scenarios, delineation and modifications to sur-
face infrastructure represent the dominant difference in cost among
plume sizes. Changes in delineation costs are attributed to the
larger number and increased depth of monitor wells required
for delineation of a larger and deeper plume. Surface infrastruc-
ture costs increase in proportion to the surface area of the plume
and to system discharge.

The high-flux scenarios (Table 2) require a greater number of
wells to handle larger plume fluxes; this is the result of combin-
ing the higher flux with the lower transmissivity. Also, a hy-
draulic drain is required for the high flux scenario involving a large
plume in a relatively shallow aquifer, in order to meet the limit on
drawdown, which is set at 50% of saturated thickness. Due to
greater depth of aquifer, and hence greater available drawdown,
no additional wells are needed in the deeper large plume.

In the high-flux scenarios, the well system and treatment costs
become more significant compared with costs of delineation, due
to the larger volumes of recovered water. Annual operation and
maintenance costs are still minimal compared with the capital cost
components.

CONCLUSIONS

In this paper the authors have presented a method for determin-

ing the conceptual design and cost of a fluid recovery system
needed to provide hydrodynamic containment of a plume of con-
taminated groundwater. The method utilizes existing hydraulic
models and is applicable to elliptical plumes moving in response
to unidirectional gradients within an aquifer.
Cost scenarios developed for this paper indicate that recovery well
systems represent a relatively small part of total capital costs but
as much as 57% of total O&M costs. Discharge from the recovery
system affects infrastructure and treatment costs and, in rounded
figures, can control as much as 60% of capital costs and 90% of
O&M costs. For more complex waste streams than that assumed
for the cost scenarios, system discharge will have an even greater
influence on costs.

After delineation costs have been incurred at a site, recovery sys-

Table 3.
Summary of Eight Recovery System Cost Scenarios

& /@
& »
& ;' £ d§ 49 $‘
$ @v B & o
$ & § § 3 & 3 3 3
& > Q & N >
AQUIFER AND PLUME P ) o & & o & S S °
CHARACTERISTICS N S N § y N s /& N &
9 q & 3 & & & & N QL
Low Flux, High Transmissivity
(plume width x length x depth, ft)
(250 x 500 x 25) 75 @ 25-100 15 35 30 15 <5 10 180-255 30
(250 x 500 x 250) 150 25-100 50 35 30 20 <5 10 290-365 35
(2500 x 5000 x 25) 200 25-100 15 150 40 15 5 10 430-505 30
(2500 x 5000 x 250) 400 25-100 60 150 40 20 5 10 675-750 35
High Flux, Low Transmissivity
(250 x 500 x 25) 75 25-100 30 35 50 15 15 10 215-290 40
(250 x 500 x 250) 150 25-100 110 35 50 20 15 10 370-445 45
(2500 x 5000 x 25) 200 25-100 45 150 110 15 50 10 530-605 75
(2500 x 5000 x 250) 400 25-100 130 150 110 45 50 U 815-890 105

8 Cost in thousands of dollars
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tem discharge is the most critical design criterion needed for esti-
mating costs of remedial options that involve hydrodynamic con-
tainment of a plume. System discharge is related to aquifer trans-
missivity, hydraulic gradient, and plume width. A recovery sys-
tem must intercept the plume discharge; however, when wells are
located inside the plume boundaries, modeling of the limiting flow-
lines shows that recovery system discharge is generally larger than
plume discharge. The increase over plume discharge is controlled
by plume shape, and varies with the ratio of plume width to length.
Plume depth and changes in the aquifer saturated thickness were
treated as having no affect on discharge. Rather, modeling showed
that they greatly influence the depth, number, and spacings of re-
covery wells,

For the idealized scenarios tested, total capital costs range from
$180,000 to $890,000 and annual operating and maintenance costs
range from $30,000 to $105,000. Because of the common occur-
rence of complex hydrogeologic and/or contaminant-quality con-
ditions, it is felt that the costs represent the low end of costs typ-
ically encountered in the field. These parameters, plus factors
such as public and legal pressures, could easily increase total cap-
ital costs an order of magnitude higher than the basic costs quoted
in this paper. Continued cost estimation work for more complex
site conditions will result in an improved methodology for estimat-
ing costs for a wider variety of scenarios.

APPENDIX—DEFINITION OF VARIABLES

| —Hydraulic gradient across plume [dimensionless})
n  —Number of recovery wells [dimensionless]
Q —Volumetric discharge through a [L/T)

part of an aquifer that encom-

passes the plume
AQ —Incremental change in discharge [L/T]

from the recovery system
Qy —Discharge of an average wellin a [L*/T)

multiple-well recovery system

S  —Drawdown caused by pumpage from [L]
recovery well(s)

T  —Aaquifer transmissivity [L*/T]
W —Maximum width of plume (L]
measured at right angles to
gradient
W(u)—Well function of u [dimensionless)
X,y —Cartesian coordinates (L]
xg —Distance from stagnation point (L]

to single recovery well creating
limiting flowline
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INTRODUCTION

The remedial action program is a key part of the Superfund
mandate to clean up uncontrolled hazardous waste sites across the
nation. The USEPA has developed a remedial planning process em-
bodied in the National Contingency Plan (NCP) that ensures rapid,
consistent, and rational decision-making on the appropriate extent
of remedy at priority hazardous waste sites. The process will be
applied to individual sites to ensure that projects focus on remedial
action in an effective manner. A flow diagram illustrating the
major steps in the remedial action process is shown in Fig. 1.

In this paper, the authors review five elements of the remedial
planning process: (1) the remedial action master plan, (2) remed-
ial investigations, (3) feasibility studies, (4) selection of a remedial
alternative, and (5) remedial design. For each of these activities,
the authors discuss both the technical considerations and the pro-
cedural requirements for conducting and submitting a complete
product. The emphasis in this paper is on remedial investigations
and feasibility studies, which form the basis for determining the
appropriate extent of remedy and the cost-effective remedial al-
ternative at an uncontrolled hazardous waste site.

REMEDIAL ACTION MASTER PLAN

A remedial action master plan (RAMP) is generally prepared for
sites that have been ranked as a priority on the national Priorities
List (or Interim List) and selected for remedial action. The RAMP
acts as both a general planning document and an effective site
management tool. It contains the information necessary for plan-
ning a coherent strategy and for assisting in the selection of an
appropriate course of action.

The preparation of the RAMP is the responsibility of the Reg-
ional EPA office working closely with the State. The RAMP con-
tains available site information, such as site inspection sampling
data, maps and topographical information, previous corrective ac-
tions, and available cost estimates, indicates where data gaps ex-
ist, and presents and justifies the scoping decision on which type or
types of remedial action should be initiated or studied.

The scoping decision is a preliminary determination of the gen-
eral category of remedial action needed, based on the complexity,
imminence, and extent of the hazard at the site. Three types of
remedial action are identified in the NCP: (1) initial remedial
measures, (2) source control remedial actions, and (3) off-site
remedial actions. The scoping decision selects which of these three
actions or combinations of actions may be appropriate for the site,
either for rapid implementation (initial. remedial measures) or for
further study and design (source control and/or off-site remedial
actions).

Initial Remedial Measures

Initial remedial measures may be appropriate when straight-
forward solutions are available for relatively simple problems.
These measures must be able to limit either actual or potential ex-
posure to a significant health or environmental problem. Examples
include construction of fences, stabilization of dikes or waste im-
poundments, temporary provision of alternative water supplies,
and removal of drums stored above ground.

Source Control Measures

Source control remedial actions may be appropriate if a sub-
stantial concentration of hazardous substances remains at or near
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the area where they originally were located and the substances are
inadequately contained from migration into the environment. Ex-
amples of source control actions include installation of grout cur-
tains, trenches and drains, closure of surface impoundments, place-
ment of caps over contaminated areas, leachate collection and
treatment systems, and excavation and off-site disposal of contamn-
inated soil or buried drums.

Off-Site Measures

Off-site remedial actions may be appropriate in some situations
to minimize and mitigate the migration of hazardous substance
and the effects of such migration. Off-site remedial actions may,
for example, include provision of permanent water supplies, con-
trol of a contaminated aquifer, treatment of a contaminated drink-
ing water source, dredging of contaminated river sediments, or re-
location of affected population,

If the scoping decision indicates that initial remedial measures
are called for, based on the criteria listed in the NCP, then a
‘“‘fast-track’’ implementation is possible. Planning for Fund-fi-
nanced initial remedial measures will generally not run longer than
six months; and in many cases can be much shorter. Planning will
include: (1) negotiation of a state cooperative agreement or con-
tract, (2) a remedial investigation focused on the initial measures,
(3) a limited analysis of alternatives which demonstrates the cost-
effectiveness of the measures proposed, and (4) a limited remedial
design to prepare contract documents needed for competitive
bidding.

In essence, the process for implementing initial remedial meas-
ures is a limited and expedited version of source control and off-
site remedial actions. Because of their limited nature, initial remed-
ial measures can be implemented while planning for source con-
trol or off-site actions is underway. However, the determination
must be- made that an initial remedial measure is cost-effective,
or will be a necessary part of any possible cost-effective source
control or off-site remedy. More detailed and extensive remedial in-
vestigations and feasibility studies are needed for most source con-
trol and off-site actions because of their increased complexity and
cost.

Following development of the RAMP, a request for funding an
initial remedial measure or a remedial investigation/feasibility
study for source control or off-site actions is submitted. Usually,
the remedial investigation and feasibility study are conducted as
one project, although they are discussed separately below. These
studies begin after the negotiation and signing of a state contract or
cooperative agreement between the State and USEPA, which out-
lines the responsibilities of the Federal and state governments with

respect to management of the remedial action at a particular site.
REMEDIAL INVESTIGATION

The remedial investigation is conducted to assess the problem at
a site and collect data necessary for its resolution. Investigation
activities must be carefully planned to obtain essential information
while minimizing costs. During the investigation phase, activities
are continually assessed to determine whether all the planned in-
vestigation activities are actually needed in light of new informa-
tion as it is obtained. The output resulting from the remedial in-
vestigation is a data base adequate to justify the need for site re-
medial action, and to support the selection and analysis of alterna-
tives in the feasibility study.

Scope

The following provides examples of the scope of each type of
remedial investigation that would be associated with the three types
of remedial action.

*Remedial investigations for initial remedial measures may in-
volve sampling wastes contained in drums to test for compatibil-
ity, as well as other limited sampling and monitoring efforts spe-
cifically needed to select or make effective use of initial remed-
ial measures.

*Remedial investigations for source control remedial actions may
involve more intensive sampling, surveys, and monitoring efforts,
focused at or near the area where the hazardous substances orig-
inally were located. Limited off-site investigations may be in-
cluded when necessary to document the migration of contam-
ination to other areas.

sRemedial investigations for off-site remedial actions should use
all existing information and may involve extensive data collec-
tion activities. These remedial investigations may be more exten-
sive in terms of the area covered and the extent of monitoring and
sampling.

In special situations, a remedial investigation for off-site actions
may be combined with remedial investigations for initial remedial
measures or source control action. A combination of source con-
trol and off-site action investigations would be appropriate when
wastes have migrated off-site, but a significant’amount still re-
mains on site, or when available data are not adequate to deter-
mine whether either type of action, on its own, will provide the
solution to site problems. The scoping decision about the type of
remedial action needed may be revised as additional information is
gathered during the remedial investigation, and the remaining in-
vestigation and subsequent feasibility study may be revised to focus



on source control or off-site actions, as appropriate.

Normally, however, remedial investigations for off-site action
are treated separately from other remedial investigations and fund-
ed only if there is substantial evidence of a threat to public health
from contamination that has migrated beyond the area where the
hazardous substances were originally located, and significant rea-
son to believe that Fund-financed action can achieve adequate pro-
tection of public health, welfare, and the environment.

Activities and Tasks

Typically, remedial investigations involve a sequence of activ-
ities and tasks, such as the following:

*Preliminary work to prepare for site investigations. This may in-
clude site visits, definition of boundary conditions, preparation
of a site map, and establishment of a site office if necessary.

eSite investigations. These may include, as appropriate waste char-
acterization, hydrogeologic investigations, soils and sediments in-
vestigations, surface water investigations, and air investigations.
These can include magnetometer, resistivity, and other remote
sensing activities.

eldentification of preliminary remedial technologies and categories
of remedies that may be appropriate.

Data Needed

A major purpose of a remedial investigation will be to provide
data to support the selection of a remedial action. An investiga-
tion for source control actions should provide answers to questions
such as the following:

eShould an impermeable barrier and clay cap be used to prevent
contamination of groundwater?

¢[s incineration or reclamation a viable option?

o]s on-site treatment a viable option, and if so, what category of
treatment (e.g., biological, physical, chemical, thermal) should
be investigated?

*Will substances continue to migrate off-site if no action is taken?

A remedial investigation for off-site measures should address
questions such as:

*Does the volume of contaminated groundwater make treatment
impracticable?

eAre reliable technologies available to treat the identified contam-
inants at the site?

*Do technologies exist to effectively remove contaminated sedi-
ments from the site?

oWill the off-site contamination continue to pose a threat if no ac-
tion is taken?

*Will the action assure the future use of the affected resource (e.g.,
continued supply of drinking water from a threatened aquifer)?

The final report of the remedial investigation presents the data
collected and the results of the site investigations in relation to the
preliminary remedial technologies developed.

Additional requirements during both the remedial investigation
and feasibility study include the submission of periodic technical
progress reports and financial management reports by the contrac-
tors; assistance in development and implementation of community
relations plans, conduct and documentation of sampling and
analyses in accordance with chain-of-custody procedures, develop-
ment of a safety plan for personnel on site, and a quality assur-
ance/quality control plan for all sampling, analysis, and data
handling.

FEASIBILITY STUDY

The feasibility study is conducted for the purposes of develop-
ing and evaluating alternastives, recommending the appropriate
cost-effective remedial action, preparing an environmental assess-
ment, and developing a conceptual design for the recommended ac-
tion. The NCP decision process involves the development of al-
ternatives, initial screening, and detailed analysis of the remaining
alternatives. For some sites, this process can be accomplished ex-
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peditiously. In other cases, the process will require many iterations
of alternatives development, screening, and refinement. Described
below is the basic sequence of tasks undertaken in the feasibility
study.

Development of Alternatives

This task involves the establishment of remedial response objec-
tives, the identification of appropriate remedial technologies, and
incorporation of objectives and technologies into site-specific
remedial alternatives. Alternatives should include non-cleanup op-
tions (e.g., alternative water supply, relocation) as well as a no-ac-
tion option.

Initial Screening of Alternatives

The alternatives are screened on the basis of the following con-
siderations: cost, effects on health and the environment, and engi-
neering feasibility. During this screening process, USEPA encour-
ages project review meetings, with the participation of USEPA and
state representatives, and the engineer conducting the feasibility
study, if appropriate. USEPA believes these working meetings will
be useful for a variety of purposes: to solve any problems that have
arisen in developing and screening alternatives; to ensure that the
alternatives under consideration are reasonably likely to represent
final alternatives; and to enable planning for necessary reviews by
USEPA and other federal agencies.

Detailed Analysis of Alternatives

This task involved a detailed development of remaining alterna-
tives, a cost analysis, an environmental assessment, and an evalua-
tion and recommendation of the cost-effective alternative. Alterna-
tives remaining after screening should be developed to include the
following factors, as appropriate:

*Description of appropriate treatment and disposal technologies

eSpecial engineering considerations required to implement the al-
ternative (e.g., pilot treatment facility)

eEnvironmental impacts and proposed methods for mitigating any
adverse effects

*Operation, maintenance, and monitoring requirements of the
completed remedy

*Off-site disposal needs and transportation plans

sTemporary storage requirements

eSafety requirements for remedial implementation

eA description of how the alternative could be phased into in-
dividual operable units

®A description of how the alternative could be segmented into
areas to allow implementation of differing phases of the alterna-
tive

Each alternative should be described using these factors or other
descriptive information needed to complete the cost-effective eval-
uation described at the end of this section.

Analysis of Costs

Cost estimation is an essential part of the detailed analysis of al-
ternatives. In performing the cost analysis, both monetary costs of
the remedial alternatives and associated non-monetary costs should
be evaluated.

Monetary costs should be calculated in terms of the present
worth of the remedial alternatives over the planning period. Cost
estimates should be adequate to cover the effective and dependable
operation of the remedial measure during the remedial action plan-
ning period. This period is the lesser of: (1) the period of poten-
tial exposure to the contaminated materials in the absence of re-
medial action; or (2) 20 years. The same planning period is used
for each remedial action alternative considered.

Cost Estimation. Monetary costs of a remedial action alterna-
tive include direct and indirect capital costs and direct and indirect
operating costs. Direct capital costs might include acquisition of
land, right-of-ways, or easements; acquisition and installation of
facilities, structures, equipment, initial supplies, or other assets,
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and relocation costs. Indirect capital costs would include costs of
design engineering, field exploration and engineering services,
start-up costs such as operator training, overhead and profit, and
contingency allowances consistent with the cost estimates’ level of
precision and detail. Direct operating costs include annual recur-
ring costs for operation and maintenance such as labor, materials,
utilities, and transportation and disposal. Indirect operating costs
include administrative overhead and profit on direct operating
costs.

The various components of costs are calculated on the basis of
market prices prevailing at the time of the cost analysis (i.e., the en-
tire analysis is performed in real dollars denominated in the year of
the analysis). Revenues generated through recovery of energy or
other resources, and accruing to the party or parties financing the
remedial action, are deducted from the costs of the remedial action.
The analysis should also include out-of-pocket costs to the local
community resulting from alternatives such as relocation or provis-
ion of alternate water supplies.

Based on available information at the time of the study, the cost
analysis should also clearly show estimates of costs to the Fund
over the planning period for each remedial action alternative.

Discount rate. The most recent rate mandated by the Office of
Management and Budget—currently 10% —should be used in the
feasibility study.

Salvage Value. Land purchased for remedial measures, includ-
ing land used as part of the treatment process or for ultimate dis-
posal or residues, where complete restoration of the land to orig-
inal conditions is not expected, may be assumed to have a salvage
value at the end of the planning period less than or equal to its pre-
vailing market value at the time of analysis. Estimated diminution
in market value must be substantiated and will be subject to ap-
approval by USEPA. Otherwise, in calculating the salvage value of
land, the land value should be appreciated at a compound rate of
3% annually (in real terms) over the planning period, unless the use
of a greater or lesser percentage can be justified based on historical
differences between local land cost escalation and construction cost
escalation. Right-of-way easements may be considered to have a
salvage value not greater than the prevailing market value at the
time of analysis.

Structures and other site improvements may have a salvage value
if there is an identified use for them at the end of the planning per-
iod. In this case, salvage value can be estimated using straight-line
depreciation during the useful life of the facilities. This method
may also be used to estimate salvage value at the end of the plan-
ning period for phased additions of process or auxiliary equip-
ment.

Documentation should be provided in the cost analysis if it is de-
termined that the useful life of any major component of the rem-
edy will be less than the planning period. When the anticipated
useful life of a facility is greater than the designated planning per-
iod for the remedial action, salvage value can be claimed for equip-
ment if it can be clearly demonstrated that a specific market or
reuse opportunity will exist.

Remedial action alternatives may have associated costs to public
health, the environment, or public welfare, such as urban and com-
munity effects or use of scarce resources and energy. When alterna-
tives appear to differ significantly in their associated non-mone-
tary costs, the specific cost elements should be presented and eval-
uated. Particularly important in this regard is the assessment of any
variations in public health and environmental costs among remedial
alternatives,

Analysis of Effects

Remedial alternatives in any category of remedial action con-
sidered should be analyzed for possible adverse environmental im-
pacts and for possible adverse effects on worker safety and health.
At a minimum, an analysis of effects should include an evaluation
of each alternative's environmental effects, an analysis of measures
to mitigate adverse effects, physical or legal constraints, and com-

pliance with CERCLA or other regulatory requirements. Addi-
tional analysis of effects of source control and off-site remedial
actions should be done, as described below.

Source Control Remedial Actions. The analysis of source con-
trol alternatives investigates whether, for the life of the remedial al-
ternative, the affected population is effectively protected from ex-
posure to hazardous substances that could threaten public health,
welfare, and the environment. This investigation is presented in the
form of a comparison between the situation currently existing (or
that might exist in the future if the action under consideration is
not taken), and the situation expected to occur following imple-
mentation of each alternative source control action.

Alternatives for source control action that are considered in a
detailed analysis should be reasonably expected to achieve the con-
trol and containment of the source of contamination. The analysis
must indicate the degree of containment expected from implemen-
tation of each of the alternatives. All methods of likely migration
of substances into the environment should be investigated to the
extent feasible. To the extent possible, the analysis should also con-
sider the fate of particular substances in the environment and the
suitability of the proposed remedial aternatives for control of the
substances.

Off-Site Remedial Actions. The analysis of remedial alternatives
must explicitly consider the extent to which each alternative miti-
gates or minimizes the threat of harm to public health, welfare,
and the environment. Alternatives which cannot be shown to effec-
tively reduce or eliminate the hazard to an acceptable level should
be rejected. If no technologies ate available to adequately mitigate
the threat (for example, to produce drinking water of an accep-
table quality), the plans for remedial action at a site may be recon-
sidered to determine if non-cleanup methods, such as provision of
alternative water supplies, is possible.

When analyzing off-site remedial alternatives, a comparison
should be made of the existing situation (and reasonable projec-
tions of what might be expected to occur without remedial action)
with the situation expected following implementation of off-site re-
medial alternatives.

Cost-Effective Evaluation of Alternatives

The evaluation of alternatives to determine cost effectiveness
should include the analysis of cost and effects described above.
Specific criteria should be developed in these and other appropriate
areas for use in evaluating each alternative. Typical criteria used
for evaluation of alternatives includes an assessment in each of the
following areas:

*Reliability of the remedial technology

sFlexibility during implementation of alternatives, including phas-
ing of alternatives into operable units and segmenting alternatives
into project areas on the site

*Institutional requirements to implement the alternative

*Operation and maintenance requirements

*Public acceptance

sEnvironmental effects and mitigation needs

sSafety requirements

*Cost of the remedial alternative

SELECTING THE REMEDIAL ALTERNATIVE

After completion of the feasibility study, a recommended plan is
transmitted from the State and USEPA Regional office to USEPA
headquarters for selection of the alternative that represents an
appropriate extent of remedy. Where appropriate, USEPA obtains
scientific expertise from other agencies that have a role in the re-
medial action program. The local community is also offered the
opportunity to review and comment on the recommended remedial
action.

The Assistant Administrator for USEPA’s Office of Solid Waste
and Emergency Response considers the recommended plan, feas-
ibility study and other documentation to select the cost-effective
remedial action. An important part of this process is the require-



ment of section 104(c)(4) of CERCLA to balance the need for
grotection of public health, welfare, and the environment at the
site where remedial action is being considered and the availability
of Fund monies to respond to other sites. USEPA may choose to
exercise this ‘‘Fund-balancing’’ requirement in selecting the remedy
for a site.

Following selection of a remedial alternative, a conceptual de-
sign is prepared; it includes the engineering approach, implemen-
t?tion schedule, special implementation requirements, institu-
tional requirements, phasing and segmenting considerations, design
criteria, preliminary site and facility layouts, budget cost estimates
(including operation and maintenance costs), outline safety plans
and impacts on cost.

REMEDIAL DESIGN

Following completion of the feasibility study and approval of
the remedy by USEPA and the State, a remedial design will be
prepared. Funding will be provided through the same mechanisms
used in the remedial investigation and feasibility study phase (i.e.,
cooperative agreement or Superfund State contract).

Where USEPA has the lead, the final design and implementa-
tion activities will be managed by the U.S. Army Corps of Engi-
neers in accordance with the interagency agreement of Feb. 3, 1982.
States assuming lead management roles will be responsible for
undertaking design and implementation activities.

Formal advertisement for contracts is the preferred method for
implementation of remedial actions. Therefore, the remedial de-
sign will usually result in a set of contract documents, including
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plans and specifications, that describe the remedy in sufficient de-
tail to allow preparation of competitive bids.

CONCLUSIONS

USEPA has developed a rational decision making process for
selecting and implementing the appropriate extent of remedy at
priority hazardous waste sites. The process consists of five steps:
(1) a remedial action master plan, (2) remedial investigation, (3)
feasibility study, (4) selection of a remedial alternative, and (5)
remedial design. The effort required to develop each of these steps
will be evaluated individually for each site. In this way, projects
will address only the activities needed to focus on remedial ac-
tions. Three categories of remedjal action have been established to
correspond to typical site conditions: (1) initial remedial measures,
(2) source control actions, and (3) off-site remedial actions. Use of
these categories facilitates quick action where needed and allows
USEPA to tailor remedies to particular sites.

Data collection efforts (remedial investigations) and feasibility
studies must be focused on specific remedial alternatives. Remed-
ial alternatives are analyzed for engineering feasibility, health and
environmental effects, and present worth costs (including opera-
tion and maintenance costs and salvage values, as appropriate).

The success of this remedial planning process depends on a close
working relationship between USEPA and the State, and on the
contributions made by local communities, contractors responsible
for conducting the studies, and other Federal agencies.
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INTRODUCTION

Many techniques are available for controlling groundwater con-
tamination from hazardous waste management facilities including
pumping, removal (excavation), subsurface drains, low permeabili-
ty barriers, and in situ treatment. Groundwater pumping systems
are very commonly used because of their large range of applicabili-
ty and low installation costs.

Pumping systems can be designed to perform almost any func-
tion such as adjusting potentiometric surfaces, containing leach-
ate plumes to prevent further migration, and removing contam-
inated ground water. The chief technical advantages of pumping
systems are:

eApplicability—usable in confined and unconfined aquifers of
rock or unconsolidated materials under any conditions of homo-
geneity and isotropy

eDesign flexibility—usable for injection as well as extraction re-
gardless of the depth of contamination

eConstruction flexibility—able to be installed using a variety of
readily available materials by most qualified well drillers

eOperational flexibility—easy to repair most systems components
or modify the system or its operation as site conditions dictate

Although there are many advantages to using ground water
pumping techniques, some distinct disadvantages to their use exist.
The main technical disadvantages of pumping are that it requires:

eExtensive design data—on the site’s hydrogeology and leachate
characteristics so that the system’s components and operating
conditions can be designed or selected properly

eEffluent treatment—or some other means of managing well dis-
charges

eContinuous monitoring—to verify adequacy of system design and
function and to safeguard against component (e.g., pump) fail-
ure which can result in contaminant escape

ePermeable aquifers—otherwise the system cannot function effic-
iently or effectively

sl eachate compatibility—in terms of the leachate’s ability to move
in ground water to the wells and not deteriorate well materials.

eDilution—leachate may significantly dilute with groundwater
making it necessary to pump larger volumes of groundwater to re-
move contaminant.

Of these requirements, aquifer permeability and leachate com-
patibility are the most common reasons for seeking an alterna-
tive to ground water pumping.

Probably the single most significant drawback to using ground
water pumping is the high operation and maintenance (O&M)
costs typically associated with the system after installation. Many
times this is overlooked in remedial action planning especially when
capital (installation) costs are much higher for other options.
Minimizing long-term costs is particularly crucial to site remedia-
tion under Superfund, because states must pay all O&M costs.

Key O&M costs for pumping systems include: treating the con-
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taminated discharge, providing electricity for the pumps, main-
taining and repairing system components, and monitoring system
performance. While other remedial actions also have these O&M
costs associated with them, pumping costs are frequently higher
because system operation is more demanding. For example, a sub-
surface drain may require the same amount of effluent treatment,
maintenance, and monitoring as a pumping system, However, elec-
trical requirements will be lower because the leachate is collected
by gravity flow. Low permeability barriers will have very low O&M
costs, especially if leachate treatment is not required. Consequent-
ly, these techniques may be more cost effective than pumping in
the long run even though their installation costs are higher.

In the remaining sections of this paper, the authors describe
alternate technologies for controlling ground water contamination
in cases where pumping is inappropriate. Also discussed are the
conditions under which an alternate technology might be a more
effective remedial action than pumping.

ALTERNATIVES TO GROUND WATER PUMPING

A number of alternative remedial techniques are available in the
event ground water pumping is deemed technically or economical-
ly impractical. An often selected option involves excavating the
source of contamination with subsequent disposal or treatment of
the excavated wastes on- or off-site.

Subsurface drains can be installed to form a continuous
hydraulic barrier in which contaminated water seeping into the
drain is collected and pumped to a treatment facility. A low
permeability barrier wall can be installed around the site to prevent
the flow of contaminated groundwater into or out of the surround-
ed area.

Finally, in situ treatment techniques may be applicable in some
cases where the waste can be neutralized, detoxified, flushed, or
treated directly while in-place. These four alternatives to ground
water pumping are described briefly below.

Removal and Treatment/Disposal

Many times the source of the pollution is removed. Contam-
inated earth materials may be excavated using conventional con-
struction equipment such as backhoes, draglines and front-end
loaders. The excavation of drums is more complex and usually in-
volves the use of specialized drum handling equipment such as
backhoe mounted drum grapplers. Following proper safety pro-
cedures is paramount in removal operations.

Excavated waste materials may be disposed of in an approved
chemical landfill, they may be incinerated on-or off-site, or they
may be treated using other techniques such as solidification or
encapsulation. Solidification techniques incorporate the waste ma-
terials in a chemical matrix such as cement, lime, or a polymer
so that the wastes cannot leach out of the matrix. Disposal costs
can then be reduced if the solidified waste can be considered a
non-hazardous material. Encapsulation techniques form an im-



permeable polymeric capsule around the waste container, prevent-
" ing leakage of waste out of the container.

Removal and disposal/treatment techniques are short-term ac-
tions that are applicable to many sites where the wastes are acces-
sible. Waste removal is ineffective, however, for contaminants
that have already leached from the site. Excavation of all contam-
inated substances (including groundwater and the strata through
which it flows) is rarely performed because of the high cost of treat-
ment or disposal of large volumes of material. Consequently, some
additional remedial measure is usually required to complete site
restoration.

Subsurface Drains

A subsurface drain consists of a narrow trench dug to a desig-
nated depth below the ground water table. A perforated drain-
age pipe is installed on the floor of the trench and the trench is
backfilled with gravel or crushed rock. This system forms a con-
tinuous permeable wall in which ground water seeps into the gravel
packing, enters the drainage pipe, and is carried by gravity flow to
a central collection point. The contaminated water is then pumped
from the collection area to a treatment facility. Subsurface drains
are most applicable to areas of low and/or varying permeabilities
and groundwater flow rates.

Subsurface drainage is often used in conjunction with low per-
meability barrier walls. It can be used inside of a downgradient bar-
rier wall to collect contaminated water prior to its reaching the wall.
It can be constructed within barriers that encircle sites to prevent
the “‘bathtub effect.”’ It can also be used outside an upgradient
wall to retard seepage of clean water through the wall and into the
site.

The use of subsurface drains is similar to ground water pump-
ing in that the collected contaminated water must be treated and
disposed of properly. Subsurface drainage as a remedial approach
suffers from some of the same problems as pumping technologies
(i.e., long-term operation and maintenance costs). However, sub-
surface drainage can be used in low permeability strata where
ground water pumping would not form a continuous hydraulic
barrier. Depending on its placement, a subsurface drain may be
able to intercept a concentrated leachate prior to dilution with
groundwater and therefore avoid pumping large volumes of pol-
luted groundwater. However, handling the concentrated, aggres-
sive leachate may require the use of special materials. Operation
and maintenance requirements are typically lower with drains than
with wells because most of the flow in drains is caused by gravity.

Barriers

An underground, vertical barrier wall can be installed around a
polluting disposal site to impede or completely cut off groundwater
flow into and out of the site. The most effective application of bar-
riers is to completely encircle the site and key the bottom of the bar-
rier wall into an underlying impermeable formation.

There are a number of barrier wall materials that have been used
successfuily. All form relatively impermeable structures when pro-
perly installed, and thus, cut-off any substantial flows through the
barrier. The most common technique is to use a clay slurry, which
forms a relatively low permeability barrier because of the swelling
of the clay particles in water. Slurry walls are presently being used
at many hazardous waste disposal sites to cut-off flow of con-
taminated groundwater plumes. A variation of the clay slurry wall
is to use an asphaltic emulsion to form the continuous barrier. Con-
crete is also used as a barrier material, particularly when a greater
degree of structural strength is required. The barrier wall system to
be installed at the Love Canal site will be constructed of concrete.

Where applicable, local materials can also be used to form low
permeability barrier walls. In California, San Francisco Bay muds
having hydraulic conductivities as low as 1 x 10~8 cm/sec have been
used to form barrier walls at waste disposal sites.

Sheet piling and grout injection have been used to form low
permeability barriers, however, their use is not common. Sheet pil-
ing is expensive and often cannot be used in strata containing
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boulders where the possibility of pile deflection and subsequent
misalignment and gapping is high. Similarly, grout injection (in
which a wall is formed by injecting grout into adjacent boreholes to
produce interconnected soil/grout cylinders) frequently does not
form a continuous low permeability seal. Particular attention must

" be paid to the compatibility of the barrier material and to the waste

being contained to avoid the material being rendered useless
because the waste causes a significant change in permeability
characteristics.

Barrier walls are often used with other techniques such as clay
capping and subsurface drainage to reduce infiltration and prevent
the accumulation of groundwater behind the barrier wall. While in-
stallation costs for barrier walls are much higher than for pumping
systems, O&M costs are generally much lower. However, if subsur-
face drainage or pumping is used in conjunction with the wall,
O&M costs will be significant.

In-Situ Technologies

In-situ techniques have been used on a limited basis in the past to
clean-up underground contamination caused by hazardous
material spills. They are generally short-term approaches which in-
clude biodegradation, soil flushing/solution mining, and
neutralization/detoxification. In certain situations, they have been
or could have been used as remedial techniques to treat contami-
nant plumes from waste disposal sites.

Biodegradation (or bioreclamation) is a microbiological treat-
ment technique originally developed to detoxify leakage from
underground gasoline storage tanks. In the bioreclamation techni-
que, contaminated groundwater is pumped to the surface where
nutrients and a bacteria (cultured to degrade the specific contami-
nant) are added. Then, the contaminated water is aerated and rein-
jected into the contaminant plume. Aerobic microbial degradation
of the contaminant plume can then take place underground.
Assuming the source of the contamination is removed, contami-
nant levels are gradually reduced to a residual level in the ground-
water.

Soil flushing or solution mining is a technique in which water, a
surfactant, or a solvent, is injected near an area of contamination
to wash hazardous chemicals from a contaminated soil. The con-
taminated solvent is then pumped from the subsurface and s