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'study the primary references cited.

Chapter I

_Intrqdaction~ -

A. - Purpose of this. report

. This report presents a summary of methods that have been ;pplied to
measure or estimate nonpoint source contaminated ground-water discharge to

- gurface water. The U.S. Environmental Protection Agency (EPA) Office of °

Ground-Water Protection (OGWP) developed this analysis as part of an effort to
broaden the understanding of the manner in which human activities can affect
water ‘quality in all phases. of the hydrologic cycle within a watershed. EPA -~

'qndertook this project in response. to the ‘growing awareness that contaminated .
' ground-water discharge is a significant source of nonpoint source contaminant
- loading to surface waters in many parts of the country. In particular, this

report is intended to stimulate understanding of the methods that may be

applied to better account for nonpoint sources of contaminant loading.

Improved characterization of nonpoint source'loads to surface water may, in

turn, lead to.more comprehensive apprdhches-for setting total maximum daily

‘loads for surface waters and waste. load allocation.! This report provides an
_overview of these methods, rather than a manual for employing the methods

presented. Readers who intend to apply the methods summarized here should

‘While ground water and surface water are generally thought of as .
separate systems, they are highly' interdependent components of the hydrologic’
cycle. The hydrologic cycle refers to the circulation of water among soil,
ground water, surface water, and the. atmosphere. Within a watershed, water

‘may enter the basin through precipitation, upstream inflow, and ground-water -
_discharge.. Water leaves the watershed through downstream outflow,

evaporation, and ground-water outflow (see Figure 1-1). . Some rainwater never -
reaches surface water due to the evaporation of intercepted rainfall from

' vegetative surfaces and ‘the.soil matrix and transpiration of water. by plants,

returning water vapor back into the atmosphere.

~Rainfall that reaches surface water‘may’travel to the stream or lake as

subsurface storm runoff, overland flow, or ground water. 'In most humid
environments, about 80. percent of rainfall will infiltrate into the soil -

rather than travel by overland flow. Overland flow is more predominéﬁt in

‘semi-arid rangelands, roadways, and cultivated fields in regions with high

intensity rainfall. "Rainfall that percolates into the soil matrix is held by:
capillary forces. As the soil moisture increases, older soil water is-
displaced and percolates laterally and/or vertically. Latera@,percolation,méy
eventually enter streams -as subsurface storm runoff, while vertical. ’ .

: 4 e . i ) -
percolation generally enters the saturated ground-water zome. Ground water

moves more slowly than subsurface storm runoff and will eventually discharge
and provide water to streams, wetlands, and lakes. S : - -

ot See Chaptér,3 of this document for'a.d;scdssion of totdl maximum daily
load and the waste, load allocation process. '

~

1




' Surrdunded by bank storage zones that

‘ During a rainstorm, precipitation entering
 areas of high soil moisture content which are closer to the stream displaces
"the water held in storage, thereby providing the stream with water from bank
. storage. In addition, when the topsoil is underlain by a less permeable

. horizon, water accumulates above that horizon and flows downhill through the

soil. This represents a shorter route to the stream®.

7

Most streams and la
increase during storm events.

aturated gf&ﬁﬁ&'wﬁtéf“eﬁééfﬁwéﬂrface waters in the form of springs or
r to bank storage. If this ground water is contaminated by
disperse nonpoint sources, the discharging ground water may affect surface-
water quality over a wide area. This paper is,concerned with the movement of
. nionpoint source contaminants through the ground water saturated zone to
. surface water and the methods that have been developed and applied for

" measuring this nompéint source loading to surface water.

ing this report, EPA contacted over 100 individuals‘ﬁho are

ly invo ved in developing or applying methods for measuring nonpoint
‘ ate ground-water discharge to surface water. EPA also
00 papers addressing this topic from the technical and

‘professional literature. This report represents a synthesis of the
information collected from these sources.

B.  Organi tion of this reboft

chapters: Folldwing‘this

This report is organized in three
ary of the analytical methods

roduction, Chapter II presents a summ
{dentified by EPA for measiuring or estimating nonpoint source contaminated
‘ground-water discharge to surface water. Chapter III presents an overview of
the total maximum daily load assessment and waste load allocation processes
and discusses the applicability of the methods described in Chapter 1I to ’
‘support these analyses. "In addition, an annotated bibliography of the papers.
that formed the basis for the analysis presented in.Chapter II is provided in

~y dompanion volume to this document.® .

2 Dunne, fhomaslwaﬁd‘iﬁna B. Leopold: 'Water in Environmental

Planning. W.H. Freeman and Company, 1978, pp. 255-277. T -
. "35ee "An Annotated Bibliography ‘to the Literaturs Addressing Nonpoint
Source Contaminated Ground-Water Discharge to Surface Water," EPA 440/6-90-

I - 006.
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uring or Estimating Nonpoint Source Contaminated Ground-Water
‘ Discharge to Surface Water . ‘

roups of methods have been identified in the literature for

p 2 mating contaminated ground-watef discharge to surface water.
‘Each section of this chapter presents a general description of the method,

'8 ns and limitations for the method, summarizes the data inputs and

" oUEpl or the method, describes the environmental settings and contaminant
. types that have been evaluated using the method, and presents a general’
evaluation of the suitability of the method for other applications. Each

¥ ne th tables summarizing information presented in the
o this document, "An Annotated Bibliography to the

ing Nonpoint Source Contaminated Ground-Water Discharge to

AW&KO/6-90-006l
limitation common to all of the methods discussed in this report is : “
] of uncertainty inherent ip the study .of ground water. The
ogeneity of geologic formations presents a major problem in ground-water
study., Fdr example, hydraulic’ conductivity values can range from 107! cm/s to
less than 1071 em/s in different geologic settings. Furthermore, hydraulic -~
" conductivities and other hydrogeologic parameters can vary significantly over

even small distances. Thus, etrors inherent in ground-water parameter

estimates can vary by 50 percent or more, whereas an acceptable error for

surface-water work is about 10 percent. As a result, the reader should note

that the methods described in this chapter may inherently encompass broad

ranges of uncertainty in their estimates.

‘Studies involving use of seepage meters or mini-piezometers to measure
ground-water discharge to surface water ’ . .

otated Bibliography of the Literature Addressing Nonpoint Source ‘
und-Water Discharge to §ufface Water," September 1990, EPA

' . Seepage meters and mini-piezometers may be used to measure the quantity
1icy of ground water discharging to surface water. These methods
int-location” ground-water discharge rate and allow for water-
guality sampling over a very small area at the surface-water/sediment

j order to characterize larger areas, several measuring/sampling
.nts be selected.” Areas with different sediment types may be mapped

and several seepage meters/mini-piezometers ijnstalled in each sediment type.




'ground-ﬁa:er discharge into lakes, streambeds, and marine environments. They .

- . geophysical techniques that may be used to estimate ground-water discharge to

" drum is pushed into the bottom sediments of the surface-water body until only
' the closed top of the drum is exposed (Lee, 1977). The vent hole remains

~ bag is attached to the vent hole (see Figure 2-1). One can use seepage meters

-velocity. Multiplying by the surface area of the stream or lake bottom

©1989).

‘tube perforated over a short distance .at one end. Nylon mesh covering the -

7

The total discharge and loading rate to the surface-water body as a result of
gfound-wg:er‘discharge can be estimated by applying average measurements per:
sediment type to the entire bottom area. .Alternatively, reconnaissance over a
large area may be used to identify areas where the greatest quantity of"
contaminants is entering the surface water body. Seepage meters and mini-,
piezometers may then be used to monitor and quantify discharge zones.

Seepage meters and mini-piezometers have been used to investigate
are best suited for use in moderately permeable soils and relatively quiet
waters, but adaptations allow sucqéésful use under more adverse coriditions.
They. may: be used in combination with one another or with piston corers to
analyze soii permeability, ground-water quality, and ground-water discharge.
An important function of these methods is to provide field verification for

‘a surface water body (see Section 1I.C). o

Seepage Meﬁgzﬁ
In its simplest form, a seepage méter can be a 55ogailoh drum with the’

bottom cut off and a vent hole placed in the closed end.™ The open end of. the

gnstopperéd and the seepage. meter equilibrates with,thehsediment environment.
After several days, a collection system consisting of a tube and a deflated

to estimate discharge velocity of ground water ta surface water. 'Dividing the
collected volume of seepage by the duration of the collection period and by
the area of the seepage meter produces an estimate of ground-watertdispharge

estimates the total ground-water discharge rate through that area.

-

Provided that consideration is,giveﬁ to chemical alteration, seepage.
meters might be used to determine . ground-water. quality from collected seepage
samples. Multiplying the measured chemical constituent concentration in the

seepage by the calculated'grdund-watef discharge rate to the surface-water
body estimates the conscituent's.loading to the surfgce water (Goodman et al.,

3

-

Mini-piezometer

Description and installation )
Piezometers are devices consisting of pipes,with‘siotted tips or well
points on the end. They are used to measure hydraulic head in saturated
geologic materials. ‘Piezometers are usually installed: in machine-drilled
boreholes. - ‘Mini-piezometers are similar, to piezomerers, but -are smaller in
size and installed manually. A mini-piezometer consists of a small-diameter,

perforated tube keeps sediment from clogging the mini-piezometer. To place a
mini-piezometer, a length of thick-walled pipe, with an inside diameter
slightly larger than the tubing. is hammered into the sediment. A temporary




. .water surface
A .
8
C
0
: €
!F
Full section view of seepage meter showing proser
placement iri. the sediment. A. 4 liter. 0.017 mm memorane
plastic Baggies Alligator bag (open .end was heat sealed): B,
rubber-band wrap: C. 0.64 cm inside diameter, 6 cm iong,.
ne tube: D. 0.79 cm inside diameter, 45 cm long,
tex tube:'F. 18 ecm x 57 cm diametér epoxy-coated - ‘ -
of a steel 'drumjy. ~ " T N
S . David R., and John A. Cherry: np Field Exercise on Grognd-Wate,f
Flow Using Seepage Meters and Mini-Piezometers," Journal of Geologig
' Educacion,. 1978, Volume 27: p. 8.




plug attached to the end of the pipe keeps sediment from entering the pipe
during placement.. The plug is knocked free before the mini-piezometer is
inserted to the bottom of the pipe, perforated tip first. The mini-piezometer
tube is held in place as the length of pipe is removed. The pipe used in '
installation may be pulled back to expose the perforated section but left in
place to provide added protection to the tubing. A collection system similar
to the.seepage meter tube and collapsible bag system can be used to collect
seepage samples (see: figure 2-2). o S '

-pie eter va

_ One difficulty often associated with the installation of mini- °

.. piezometers is their tendency to move before: the sediment collapses around the
"tube or if the tube is pulled later on. Lee and Welch (1989) have tested a .
harpoon piezometer which helps to alleviate this problem’(see Figure 2-3).
"Barbs™ on the tip of the piezometer grip the sediment and help to keep the

- screen at the desired depth as the driving rod, or pipe, is withdrawn or if
the screen in moved during use. T - )

Another variation of the mini-piezometerxr is the bundle-type mini-
_piezometer, consisting of several small tubes placed within the pipe at one
time.. The tubes are placed at selected depths to allow detailed vertical
resolution of head and pore-water chemistry at the selected mini-piezometer
location. . If bundle-type mini-piezometers'are placed at selected points along-
a vertical plane, patterns of flow and geochemical processes in the. subsurface
are observable. S C : . : ‘

Mirii-piezometer measurements’

. An alternative to direct measurement of ground-water discharge is to use
- hydraulic conductivity and hydraulic head data obtained from mini-piezometers
to calculate the ground-water discharge rate to surface water using Darcy's
‘Law.” Comparing the Hydraulic head in the mini-piezometer with the hydraulic
‘head of the surface-water body determines the hydraulic gradient across bottom
 sediments. Hydraulic head differential may be measured using a manometer (see
Figure 2-4) or a continuous water level recorder (see Figure 2-5). Head
_differential is divided by the depth of the piezometer screen below the -
sediment-water interface to obtain the vertical hydraulic gradient. Hydraulic™
conductivity of the bottom sediments may be estimated or -be -measured using
either a constant head or falling head test. A constant head test has been
developed using sections of sedimentcut directly from a thin-walled piston,
core barrel (Munch and Killey, -1985). Once.the hydraulic gradient and
hydraulic conductivity have been determined, Darcy's Law may be used to
determine the ground-water flux through the sediment (see Section A.i.d).
Multiplying the calculated flux by the surface area of the surface-water
bottom yields the ground-water discharge rate to the surfade-water body.

The mini-piezometer.yields seepage samples using a syringe or other
sampling device. Multiplyiﬁg'che measured chemical constituent concentration
in the ground water by the calculated ground-water'diScharge rate yields'the
loading rate to surface water. ' ' ' o ' e




JEC) i r I I oy I Wl h N o
C R ‘ ‘Fi‘gﬁre 2-2 _‘ o ‘ ‘ ' ‘ ) ‘
. ' /. ' ’ )
A B C 7 _n D
e G?‘“E‘f‘a““‘f“e‘a W‘-'“"‘e‘s and mefmq of ‘if“?t?““?ﬁ‘?‘" ofa mm- | | ]
e ~ piezometer. A. casing driven intg the sediment: B, plastic tube
““ . T with'sereened tip'insertéd in’ the' casing: C. plastic tube is a
Torferi =L iézoeter and indicatés differential head-(h) with respect to the |
e e a0 syrfaceé water: D. plastic bag attacned to the piezometer collects o .
. .. .. sediment-porewater. T P o o
‘ . Lee, David R., and John A. Cherry: ' ‘A Field Exercise on Ground-Water = .
.~ -~ Flow Using Seepage Meters and Mini-Piezometers," Journal of Geolo
mmeowe v Educacion, 1978, Volume 27: p. 7. T '
I s . ‘
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- Submérged Dlscharges _
“.Conference on Eastern Reglonal Ground Wacar Issues," Ritchener, Oncarlo.

G
-Figure 2-3-

S174" 0D,
_polyethylene
tubing -

stainless~steel wire
tO secure two tubes

240 ﬁylon assh
1/4" perforatiens-

3/8” O.Q. polyo:hjlcnc tube

5

Tz 2..!‘.‘.‘." rARLIn ‘Jllf-f .

S

- groove to.fit
drive rod

polyethylene tip

' Harpoon plezometer tip, screen and tube Dimensions for the small

- type are shown here. The screen is 10 cm long, has 8 1/4* diameter
‘perforations and is covered with 3 layers of 240 um mesh tightly’
rolled -around the 378" O.D. polyethylene tube to prevent entry of -
sediment.. The drive rod, not shown, fits.loosely in groove. The
‘barbs* are. folded back before dnvung in sedlment to ensure that
they grip in the sedxment

' Lee, D.L. and s.J. Welch: "Methodology for Locating and Measuring.
Targeting Tool, Harpoon Piezometer and More," FOCUS

Canada. October 17-19, 1989 8.
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Figure 2-5
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Monitoring Piezometers in Beds of ‘Surface Waters," Ground Wacer, 1989, Volume -
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In geologic units having perm ow to allow easy withdrawal
¢ from a plezometer tip, a piston corer may be used to obtain a

5 ical profile of sediment (Lee, 1988). Munch and Killey (1985)
“"have used a modified piston corer featuring a thin-wall core barrel and

) both cohesive and cohesionless sediment from
depths up to 30 m below the water table. The porewater can then be extracted

'from the piston core for chemical analysis.

involved in using seepage meters and mini-

epage meter d mini-piezometer infer that measured ground:water'“‘
and quality are representative .of actual conditions throughout the
interval. The ground-water discharge rate reqprded-using a seepage
n K 1i-piezometer represents the average ground-water discharge rate
for the collection period. If a single discharge measurement or a series of
'discharge measurements recorded over a short time period are used to determine
the ground-wate% discharge rate to a surface-water body, the calculated
discharge rate may vary from actual rates. . .

§§g2l d j,gtervaL is regresentative temgo;al l! '

Py

A series of discharge measurements taken over a short duration can vary.

w@s&bstantially due to tidal cycles, storm events, and seasonal changes. )
13 e, #al variations within and between years may be substantial.

It is possible that a series of discharge measurements recorded over a long
‘diitation may nét be representative of actual conditions if the measurements

were recorded in excessively wet or dry years.

- epage S i-piezometers provide point measurements that
determine the ground-water discharge rate and loading rate to a surface-water
body through extrapolation: (Goodman et al., '1989). The representativeness of

“ the sampling locations and the number of locations influence the accuracy of ’

. the results. For example, Belanger and Connor (1980) not only found -

N decreasing seepage rates with increasing distance from shore, but also that

ind-water recharge occurred toward the center of East Lake Tohopekaliga.

overestimation of ground-water seepage would result if seepage meters -used
the study were all located near shore. Conversely, if all the seepage

#4"located toward the center of the lake, one would erroneously -

gx

-Meas ; not be répresentatiVe'of actual
conditions ‘ting at the sediment/surface-water
interface. Belanger and Mikutel (1985) concluded that direct determination of
water quality using seepage meters overestimated nutrient loading to lakes due
to the enclosure of bottom sediments, which results in anaerobic conditions




x v

w

" and increased release rates of ammonium, nitrogen, and phosphate. In

addition, seepage .meter or mini-piezometer samples from shallower, shoreline
locations may be influenced by bank storage water.

c. . Limitations of the methods

ment o dj en ' ~wate b

Not all bottom areas of a surface-water body are conducive ‘to
installation of seepage meters or ‘mini- piezometers Because seepage meters

. and mini-piezometers require insertion into bottom sediments, ideal
~installation locations- are areas with relatively soft, fairly thick,
‘moderately permeable sediments containing few cobbles-or stones. “However,

* German has successfully installed seepage meters in cobbles and rocks using
bentonite placement.

eep surface waters require _addi onal exper and equipment

- Seepage meters and mini piezometers located in deep water require scuha‘
abilities and equipment for installation, sampling, and maintenance. " Depths
that limit divers' safe performance control installation depths (Woessner and

. Sullivan, 1983). Additionally, some bottom locations are not suited to

installation of seepage meters and mini- piezometers.
Stron currents and rsh seasons

Without modification, mini-piezometers and seepage meters should not be
used with strong currents. ‘Acceptable installation locations vary with

 seasons in areas due to wave and current action. Additionally, in colder
‘climates, ice covering surface waters may limit seepage meters and mini-,

piezometers sampling and maintenance actiVities

.

Sklash has overcome some of these problems s In his investigation,

. handles placed on seepage meters aided divers in fast currents. Also, once
" the seepage meter is placed, bolts are used to élamp it down ‘and ensure its

stability. To protect seepage bags from the elements, Sklash used rapid

: disconnects for the bags and placed rigid containers around them.

Maintenance

Seepage meters and mini- piezometers equipped With sample collection
devices require substantial .maintenance. Without frequent changes, the

increased pressure associated w1th a full catchment deVice reduces the amount

4 German Dave, personal communication Nonpoint Source Contaminated

. Ground- water Discharge to Surface Water Workshop, Chicago, IL, November 30

1989.

* Sklash, Mike, personal communication, NonPOint Source Contaminated

Ground-water Discharge .to Surface Water Workshop, Chicago, IL, November 30,

'1989.

5, t

13~




d-water flow into the seepage meter. The sample collection tubing for
dnd mini-piezometers requires regular cleaning or replacement
owth. There may be a need to periodically replace seepage
zometers due to wave and current action. )

. A final limitation of seepage meters and mini-piezometers is that

anaerobic conditions develop within the seepage meter, altering the chemistry
of the discharging ground water (Belanger and Mikutel, 1985). As-a result,
calculated loading rates to surface water, determined using seepage meters,
may not be representative of actual seepage from the ground water.

Representative equations

: Darcy's Law is use lc , _ water discharge rate to
~ surface water when using mini-piezometers. The form of Darcy's Law used is:

K(dh/dl)A

Ground-water discharge rate [L%/T] -
Hydraulic conductivity [L/T]
Hydraulie gradient [L/L] . :

Surface area of the bottom of the surface-water body [L?].

er as 'a’'result of ground-water discharge is:
" e " oo e e " " B . "

where

- Loéding rate {M/T]
. Ground-yater discharge rate [L%/T]. -
- _Chemical constituent concentration in ground water [M/L%}.

[}

'Description of field equipment = -

. ™ Equipment and materials often used for installatien, sampling, and
maintenance of seepage meters include:. :

- open-ended 55-gallon drum with vent hole,

- tubing,

- plastic seepage bag, .

-' boat, and , i
. ba gear. o o

' .Typical equipment and matefials required for installation, sampling, and
maintenance of mini-piezometers include: -




" - sediment type for seepage meter or mini-piezometer location. 'In near shore.

- ‘end plugs,

- .tubing,

- -nylon mesh,

- _ hammer,

- sample bag, and
- 'boat. ) :

lFof a detéiledvdescription,oﬁ—seepage.méteks installation . and. sampling, see
"Lee (1977). vInscallation-and'sampling of seepage meters in deeper, more
turbulent water often requires;additional equipment. : o .

f, : Expeitise needgd éo appiy'method

'Siﬁiﬁg sampliﬁg locations requires a‘sufficiéncAundefstanding of,
- regional geology and hydrology. Extrapolating sampling results also requires
- expertise in geostatistical methods needed to delineate areas of similar:

.areas where wading is possible, seepage meters and mini-piezometers are ..
relatively easy to install and maintain. Farther from the shore, -installation

of mini-piezometers may be made from a surface platform'as described by Welch:

and Lee (1989). The surface platform sits on top. of two -14 foot boats,  and
' consists of plywood flooring, 2 by 4's, ropes, bolts, and'a central reinforced.
" joist (see Figure .2-6). As water depth- increases, seepage meter and mini- )
piezometer instdllation and maintenance may require scuba divers. The need to:
frequently change and check sample collection bags renders the method labor

intensive, especially with dive team involvement. ‘

ii. ";f Data inputs for the méthod

_ Extrapolation of sample results to areas with similar sediment
characteristics requires knowledge of the spatial distribution of bottom
sediments. If mini-piezometers are used, an estimate of the hydraulic
conductivity of the bottom sediment is needed to determine the ground-water
discharge rate. ‘ ’ : - ' s :

ii{. Outputs from the method - - -

Seepage meters and mini-piezometérs provide a direct measurement of
ground-water discharge to surface water at a given location. 1In conjunction
with data characterizing the éreal‘distribution of sediment types, these data
can provide estimates-of the total loading from ground-water seepage.

;-
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materials will require a large aumber of spatially distributed measur

a. - Ground-water quantity discharge to surface water

A wide rangé of seepage rates can be measured using seepage meters and
mini-piezometers. For example, in Minnesota and Nova Scotia, Seepage
velocities have been measured in the range of 0.1 to 2.58 pm sec’! using.the
simple seepage meter described'above (Lee, 1977). . o
" b. = Ground-water quality discharge to surface water © -

~ Seepage meters allow for the collection of samples for water quality .
analysis. The quantification limit for the sample is a function of the -

.detection limits for the constituent of .concerm. The anaerobic-cqnditions
_within these sampling devices may affect sample integrity.

iv. o Settings in which the method has been applied and
- ‘contaminants .that have been measured using this method .
. Summaries in Table A-1l describe some .of the 16¢ations’where seepage
meters and mini-pie;ometers;have_been’used successfully arnd the contaminants
measured using the method. .. C ' S

v. Evaluation of the method

-

Seepage meters and mini-piezometers provide a simple, direct method to

_ measure the quantity and quality of ground-water discharge to surface water.

As with any ground-water method, the point measurements' obtained represent
moments in time ‘and space for estimates of the quantity and quality of ground-

‘water discharge to surface water. The inherent variability of most earth

surements in
order to characterize discharge and loading rates accurately. Use of this

“method over large areas will require a substantial commitment of resources.

However, the fact that sampling and flow measurqmeﬁcs‘are made in or near the
surface-water body can provide an accurate jndication of the contaminant

inflows without the necessity of installing monitoring wells on land and then

- ‘extrapolating results to the points of discharge.’

vi. Réferéncés to annotated bibliography L

. References to the.ahno;aced‘bibliographyvprgsen;ed in the accoﬁpanying

~volume to this document are provided in Table.A-2.

s




-Talile A=l :&mury of. SetLings: in Hilch, Lhomumd Uax Beun "Arpplrlcd and Lhe Coutaminants Heasured,

“Msrine Sancturay, Florida

: Key Largo -Hauonal
: "Marine Sanctuary, Florida

Osceola County, Florida

- Wisconsin

&

. Michigan and Wisconsin
- Brevard CouuLy, Florida
:- 7 Belanger -
Upper Great Lakes
" Connecting Channels
" ¢ Orlendo; Florida
Brezonik )
South Dakota

Colorado
Winter

- ) - . Eastern Ontario ’

Floridan Aquifer

Shallow glacial,
glacial bedrock inter-
face and bedrock units.

Location Aqul Ler Cont.aminent Autbor
Ontario ) ~ - D. R. Les, S. J. Helch
_Sites near Leamington, . - Hitrates D. R. Les
_Ontario and at Cape Cod {Ontario)
iMassachusetls
> - Chalk River, Ontatlo - - J. H. Munch, R. H.
Douglas .
* -« Key Largo National - Pesticides G. 4. Simmons Sr.

Heavy tatals

Nitrates, selected
cations, totsl phosphates

. Phosphorous, Nlt:bscn

Nitrate, Phosphoroui, -°
Ammoni
Chloride -

Phosphorous, Chromium,
Lead, Barium, Zinc, Cobalt

. Hickel, Fhsnols -

Nitrate

* Hitrogen, Phésphorous,

Pesticides

mo

F. G. Love

G. 4. Simmons Jr.
J. Hetherton

T. V. Bslanger.
D. F. Mikutel

T. D. Brock, D.-R. Lee,
D. Janes, D. Hinek

D. A. Cherksuer,
J. M. McBride

J. N. Connor, T.V.

EPA Non Point Source Work
Group - .

C. R. Fellows, P. L.

J. Goodman et al.

J. W. LaBaugh, T.C.

. R. Les, J. A. Cherry, o
. Pickens T




) Table A-1. Sumaary of Settinga in Which the Method Has Been Applied nnd the Contaminants Measured. .(Continued)
Location.: . , - ' . : Aquifer . " Contaminant . : T Author ™ .
Bastern Outario ' ) ‘ ’ ' - 'l"rll".lum‘. L D. R. Lee, J. A, Cherry -
. : Minnesota, Wisconsin ’ ) ) o - oLy . Phosphates, Nitrates, D. R. Lee
North Carolina, Nova Scotia ) ) ‘ Ammuonia, Chloride L ’ :
Southern Ontario . . Lo } Nutrients ° ) - - D. R. Lee, H.B.N. Hynes.
¥ . . R . . E [
Barbados, West Indies - ‘ . - Barbados Aquifer’ ) . ’ Nitrogen, Pho:phoréu‘s’ ‘J. B. Lewis
Southwastern Virginia . Shirley, ‘*ork't.oim, ; . lno;;hnlc Ijlt.r,o;‘on_» ' . H.G. H-clx;tyu. -
_and Tabb Formations . ' '@. H. Johnson, :
) - H. G. Reay, )
P, ‘G. M, Simmwons, Jr.
Minnesota b . o o ' - o - " . * Phosphorous, Nitrogen . : J. K. Heal, R. M. Brice
Holbrook, Massachusetts - , ‘ . o - - ’ Volatile Organics and . ) . W.R. Homln,' D. P.
. Ostyre, ’ . o - ) ; . Lo . : »
s Inorganics ’ ~° J. S. Hobin ¥
ﬁéhantaso Creek, - = . . Manhantago Creek Basin T v Nitrogen, Phosphorous -+ H.B. Poinke, N: J.
Gburek, o 3 i t ' o . ’ ) ) - D . . ' L
Pennsylvania ’ . ' ) ’ o ‘ i : L o * N. J. Gburek et. al.
Chicago, Cook.CounLy,‘ E Cami)r.hn and Ordovician ' Ny E.P. Metals » - ‘M. S. Henebry, M. -
Demissie, » . ) : , T ) ) o CoL . :
Illinois : ’ . Aquifers : L 7 et al,
e Virginia®s Eastern Shore o ’ . LT _ Hitrste, Ammonia, Total ' G. M. Simmons, Jr.
’ : : . ’ ;- ' Phosphorous
Sault Ste. .Haria,: Ontario S - ' - - o o . - — S. J. Welch, D. R. Lee
West Thorton, New Hampshire ! . o C . v - . < ) ' .l ’ - . N * T. C. Winter . ' . -
Lake Mead, Nevada : . o Tertiary-Cretaceocus DS, cnlcium-nu&l_to~ L o W, H Woessner, K. . : ’
Sullivan - ST ' ’ s . -
X Gale-Hlills Formation S . . )
_ East Coast of Florida o ) . : - L : ) Phosphat‘ . - ‘ . C. F. AZlmomln, P |
o : ’ ’ e J. R. Montgomery, -
' - - . ©° P. R..Carlson ; :
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;D. A. Chterkauer, J. M. McBride
. =J. H. Connor, T. V, Belanger

“*EPA Non Point Source Work Group

C. R. Fellows, P. L. Brezonik

S

~ J. Goodman et al.

J. W. LaBaugh, T. G. Winter

for Direct Measurement of Seopage,” U.S. Geologicsl
Survey Open File Report 00-344, 1980.

"A Remotely Operated Sespage Hetor'tor Use in Large.
Lakes and Rivers," Ground Water, 1988, 26(2):
165-171. -

-'Ground Hater Seepage in Lake Washington.and the Upper

St. Johns River Basin, Florlda " Hatut Rescurces Bulletin,’
1981, 17(5): 799-805,

"Upper Great Lakes Connecting Channel Study, Waste Disposal
Disposal Sites end Potential Ground Water Contamination,
St. Clair River.” Non Point Source Work Group Report,

April, 1988.

"“Fertilizér Flux into Two Florida Lakes Via Seepage,”
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Reservoirs,” Limnology and Oc.anograghz 1984, Volume 29(2):
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pp.9-10
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‘pp.18-19
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Citation Referance to Annotated
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Hater Resources Bulletin, 1985, Volume
21(2): 265-272. .
R. Carr, T. C. Hinter "An Annotated Bibliography of Devices D-Volopud p.8




Table
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‘Author

Citation - T

Reference to Amnotated
Bibliography

T. :
Dnv}d

Leo

. Lee, §. J. Welch

‘Brock, D. R. Lee,.

Jones, David Winek

. Lee, J. A. Cherry, J. F. Pickens

Lee, J. A. Cherry

. Lee, H.Blﬂ.'Hynes'

.,Ladls

‘Lake; Lake Mondotn, Wisconsin,® . -

»Six In-Situ Methods for Study ot,GpouAQwitor Discharge,”
Proceedings of the lnLernhtlonul Symposium on Interactiom

Symposium on Interaction Between Groundwater and Surface

Hater, 30 May-3 June, 1988, Ystad, Sweden, edited by

" Peter Dahlblom and Gunner Lindh, Department of Water
‘Rouou:c.u Engineering, Lund- Untvorslty, Swodon

"Methodology tot Locating ‘and Ho-:utln; Suhmct;od

" Discharges: Tlrsotin; Tool, Harpoon Piezometer and

More," FOCUS Conference on Eastern Regional Ground Hater
Issues: October 17-19, 1989, Kitchenexr, Ontario,

, Canada, Co-sponsored by the Associstion of Ground Water

Scientists and Engineers, Division of NWWA end Waterloo
Center for Groundwater Research, University of Waterleo.

"Ground-Hater Seepage és a Nutrient Souréo‘to a ﬂrllnn;o

“Ground - H-tor Transport of a Salt Tr-cer through &

Limnology agd Ocuanoggaghx 1980' Volume 25(1):
45-61,

A Flold Exercise on Ground- Water Flow Using

Seepage Msters and Hini-plezozeters, * Jouppel of

Gaologicsl Education, 1978, Volume 27: 6-10.

“A Device for Measuring Seepage Flux in Lakes

Lakes and Estuaries,” Limnology end Oceapogrsphy,
1977, Volume 22(1): 140-147. : ’ )
"Identification of Groundwater Discharge Zones in a
Reach of Hillman Creek in Southern Ontario,” Water
Pollution Research Capada, 1978, 13: 121-133.

“Msasurements- of Ground-Water Seepage Flux onto &
Coral Reef: Spatial and Temporal Variations,”

Limnology and Oceanogrngh!, 1987, 32(5): ) ,
1165-1169. ’

pp.27-29

pp.37-39

pp.§f7

'5;:52-34" .
vpp.3é-31

 pp;24-26

. pp.35-36

pp.40-41




Evidence for a New Blogeochemical Cycle?" Diving for
Science...86, Proceedings of the Sixth Annual Scientific
Diving Symposium (1966), Tallahassee, Florida, Charles'T.
Hlt.thl.l, editor.
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. G. H‘a'clnt.yri, G. H. Johnson, “Ground-Hater Non-Point Sources of Mutrients to the 'pp.kz-lu:!
. G. Reay, G. M. Simnons, Jr. Southern Chesapeake Bay," Proceedings of Ground
' Hater Issues and Solutjons in the Potomac River
Basin/Chesspeaks Ray Rexion, Co-sponsored by the .
‘Auoclluon of Ground Water Sclentists and Engineers,
“pp. 83-104. ) ) . .
. K. Nuol, R. 4. Brice *Hatershed and Point Source Enrichment and Lake pp.h4-46
State Index,” US EPA, April 1979, EPA-600/3-79-046. N
R. Hdmmu, D. P. Ostrye, "Use of Seepage Meters to Quantify Ground-Hater Discherge pp.&47-49
. §. Hobin : and Contaminant Flux into Surface Water at. the Baird and .
McGuire Site (NPL Ho. 14)," Proceedings of Third Annual
Eastern Regional Ground Water and Conference, 1986,
p. 472-491.
. B, Pionke, J. R. Hoover, “Chemical-Hydrologic Interactions in the Near-Stream Zone," pp.50-52
. R. Schnabel, W. J. Gburek, Zone,"” Water Resources Resenrg}l 1988, Volume 2&(7). . .
B, Urban, A. S. Rogowski .1101-1110.
. . y .
. E. Ross, M. S. Henebry, “A Preliminary Environmental Assessment of the Contamination pp.53-55
. B. Risatti, T. J. Murphy, Associated with Lake Calumet Cook Hazardous Haste Ressapch and
. Demissie County, Illinois Informatiop Center, Illinois State Hater Survey, 1988, HWRIC
RR-019, 88/300.
- G, M, Simmons Jr., F. G. Love “Hater Quallt.y of Newly Discovered Submnrtno Ground Water pp.-60-61
- Discharge into a Deep (Coral Reef Habitat," HOAA § sium
series for Undersea Research, Volume 2(2): 155-163.
- G. M. Sinmons Jr., J. Netherton “Groundwater Discharge in a liup Cpul Reef Ii-blt.-p: pp.62-64
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Table A-2.

-

References to Annotated nnbixo;r-phy.(c?ntinuad).

Author

Citation

' Hoiormco to Amotated

‘Bibliography

- Simmons, Jr.

"' Simnoﬁs; Jr.

. Welch, D. R. Lee o

.. Hinter

Noessnar: K. Sulliven

. Zimmerman, J. R. Montgomery,
. Carlson :

Engineers, pp, 9-29.

“Understanding the Estuary Advances in Chesapeske
Research,” Proceedings of a Conference, Merch 29-3},

198, Baltimore, Maryland, Chesapeake Research Consortiums -
Publication 129. CBP/TRS 24/88.

"Tha Chuqndu Bay's Hidden Trlbut.-ry Submarine Gionnd-
water. Discharge,” Proceedings of Ground Water Jssues ang .

Solutions in the Potomac River: Basin/Chesapeaky Bay Regjon,
Co-sponsored by the Anocht.lon of Ground Hut.or Scientists .nd

:

“A Method for- Installing and Monitoring Ptozomot.on in Beds of
in Beds ‘of Surhco Hnt.on,'f round Water, 1989 27(1): 87 90.

"Goohydrolo;lc Sot.t.lng of Mirror Lake, Hest Thorton, New Hmp;hln
1984, U.S.- Geologlical Survey Water Ruon:cu Invuuuuons Report,

84~4266, 61 pp.:

“wyse of Seepese Maters -nd Mini-piezometers for Identifica-

tion of Reservoir - Groundwater Interactions in Lake Mead,

‘Neveda,” Desert Research Institute Water Resources Center,
) 1983 PB 83-226894. L

"Varhblllhy of Dissolved: Ructlvo l’honph-t,o Flux Rates in

Nearshote Eltultlno Sediments,” Eatuuggu, 1985 8(2B): 228-236.

pp.36-57

pp.58-59

pp.65-66

pp.67-68

" pp.69-70

pp.71-72
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Groufid-water quality sampling and measurements of ground-water £low to
estimate loading to surface water

The papers cited in this section are summarized in Section VIII of *An
" Annotated Bibliography of the Literature Addressing Nonpoint Source
. Contaminated Ground-Water Discharge to Surface Water," September, 1990, EPA

440/6-90-006.

i. General description of method

Water-level elevation measurements from piezometérswéna“grodgdehfeﬁ‘
211s provide an indication of the quantity of ground water.discharging to

sutface water in a watershed. This method uses water-level measurements
the watershed to develop a water table contour
P

map. is the {ed to calculate the discharge rate of ground

. water to surface water by incorporating estimates of hydraulic conductivity
and the cross-sectional area of the aquifer. By assuming  the aquifer

' Underlying the watershed is homogenous and isotropic, the water-level contour
map can be used to determine flow directions and horizorital gradients in the
basin. In a homogeneous, isotropic aquifer, flow lines will be perpendicular
to equipotentials. Hydraulic conductivity can be estimated for a particular
rock or soil type or can be measured in-situ via aquifer tests. Aquifer

ometry is estimated by examining lithologic logs of wells in the watershed.

' b e s o
-This is ction with other methods, such as
ini-piezometers, seepage meters, tracer studies, isotopic studies, or water

and mass balances analyses to verify study results. This method has been

ne and fresh water environments and has been used on a

such as in Long Island (Franke and McClymonds) and North Central

“QSpruill) and on a smaller scale such as in South Farmingdale, New York

) for and Tieber) and the Stockett-Sand Coulee coal field, Montana
sborne, et.al.). This method has been used for glacial and dolomite

Concaminants studied include metals, nutrients, and some organic

_ Ground-water samples taken from wells within the basin can be used to

. characterize the spatial distribution of ground-water quality as a means of .
"estimating nonpoint source contaminant load. To properly characterize ground- ‘
water quality in a drainage basin, potential nonpoint source loading areas
should be identified and the underlying ground wateér sampled. Agricultural’
areas located on soils allowing rapid infiltration of precipitation are of
particular concern. Such areas are identified from soil and land use maps

(Hallberg et al., 1983). Evaluation of ground-water quality beneath nonpoint.
urce . ateas. over time will indicate qualitatively whether the loading

“water, as’a result of ground-water discharge, will increase or-
e future. 7 Tom Tt T ‘ :

urce -

ity in wells adjacent to the surface-water body. are
entative of ground water discharging to surface water. By
‘dondenttdtions and the calculated ground-water flux, the




immediate loading rate to Sutfagé wate:’frbﬁ,grouhd-water‘discharge can be
caleulated. ) ‘ :

b. - Assuﬁpcions involved in these mefhpds '

To use Darcy's Law to calculate ground-water discharge to surface water,
it ‘is assumed that the aquifer is homogeneous, isotropic, of constant . :
" thickness, and that flow is horizontal. The assumption that the aquifer is

homogeneous and isotropic is necessary to ensure that flow lines are = .
perpendicular to equipotentials (Perlmutter and Lieber, 1979). _ By assuming a .
constant aquifer thickness and horizontal flow, the one-dimensional version of
‘Darcy's Law can be used. Additionally, water quality in sampled wells is ‘
assumed to be representative of the quality of the water -discharging to the
. stream. g : C : C '

e, Limitations of the. method

Aguige;'chargggegigt;bg'

" The limitations of this method reflect the natural, variability of
aquifers and the availability of information on aquifer characteristics. ‘In
~nature, cofisiderable heterogeneity exists and few, if any, aquifers are ‘

‘homogeneous, ' isotropic, and of constant thickness.. In a heterogeneous,
anisotropic aquifer, ground-water flow is not perpendicular to equipotentials,
and the angle between flow direction and equipotentials is not constant.
Because the predicted flow path length differs from the actual flow path

" length, the calculated hydraulic gradients will not be representative of the
actual gradient. Additionally, horizontal gradients determined using wells
screened at different depths below the water table or in different’geologic
formations may not represent the actual horizontal gradient. 'Temporal changes
in the hydraulic conductivity dueto changes in seepage face from - ’

precipitation events increase the difficulty of estimating an average ground-

" water discharge. Hydraulic conductivity also varies spatially and :

directionally in a héterogeneous.~anisoﬁropic aquifer. It would be difficult,
if not impossible, to determine an accurate equivalent hydraulic conductivity
and aquifer thickness for the basin. Because of the‘difficulcieé in - .
determining horizontal hydraulic gradient, hydraulic conductivity, and aquifer .
* thickness, precise determination of g:ound-ﬁéter discharge to surface water is
problematic (Koszalka, 1983). 4 : o : CL
: . Ce A

Well installation’

. "~ Installing the number of wells needed to properly. characterize ground-

* water quality in a watershed is resource intensive. 4As an alternative to
installing costly monitoring wells, existing production, domestic, and stock
wells may be 'sampled. In many cases, however, these wells will not be in
optimum locations or open:to the geologic. formation of interest. o
 Additionally, water-quality results can be altered by well construction .
" materials, faulty well construction, and sampling procedures. Comsequently, °
ground-water quality in the basin may not be accurately characterized due to
the construction and location of the well. ’ s S
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'd. Representative é&ﬁéfigﬁsm 

Darcy's Law is used in detérminiﬁg the quaﬁtity of flow entering surface
water. The form of Darcy’s Law used is: .

Q = K(dh/dl)a~

Ground-water discharge rate (L3/T)
"“Hydraulic conductivity (L/T)
Hydraulic gradient (L/L)
Cross sectional area of the aquifer (L2).

” rfa r, f;éfoﬁnd-Qaééé diséﬁérgé? is
lying ‘the ground-water discharge rate by the concentration
" the ground water. The loading rate equation is: :

 Loading rate (M/T) |
Ground-water discharge rate (L%/T)
“Concentration in ground-water (M/L%).

Description of field equipment

After the wellérhave been instaiiéd,”éQﬁipﬁeﬁt"iémféqﬁiréd‘towheasﬁfé
water levels and obtain ground-water samples. Suggested equipment includes:

 steel tape .and chalk or electric we

etgr, ‘
-jate sample containers, and

i vurn ... .. Expertise to apply method

This method involves an initial review of well log records for existing -
wells in the watershed to evaluate whether the existing well network can

= ¢ properly characterize the hydrogeology and water quality of the watershed

. (Hallberg et al., 1983). I1f more wells are needed, the number, locations, and
depths are determihgd. After the well network for the watershed has been

. . identified, water-level measurements and ground-water samples are obtained.

Obtaining wa vel measurements and.ground-water samples is relatively

easy, but often labor intensive. The water-level measurements are used .to

construct a water-table contour map from which the horizontal hydraulic

gradient is determined. The greatest difficulty in applying the method is in

26




. determining .aquifer char@cteriétiés and geometry. Aquifer tests are labor 7
intensive and sometimes difficult to interpret. Additionally, aquifer

characteristics determinpd-for one portion of a watershed must be ext:apolatéd
to other por;ions of ;he watershed (Koszalka et al., 1985). AR ,

EEY

41, - Data inputs

To apply Darcy’s Law and estimate the ground-water loading rate for a
watershed, level elevations, hydraulicfcbnductivity;'aquifer geometry, and
chemical constituent concentrations in ground water are needed. Well ’

_construction information is essential to determine the subsurface zones that
" "_the hydraulic head and watér quality measurements represent.

i1ii. Outputs from the me:hbdl' ‘ ' .», } . ) : K
a. Quantity of groundIVatgr':

- A wide range of ground-water discharge to surface water rates can be
estimated using this method. The factors controlling the quantity of ground-
water discharge to surface water are hydraulic conductivity and gradient. If
the hydraulic conductivity of the aquifer is low, and the hydraulic gradient

. across the aquifer is minimal, the gpound-water discharge rate to surface
water will also be low. Conversely, a high. ground-water discharge rate-to
surface water will occur when the hydraulic conductivity and gradient for an
aquifer are high. o ' - '

p _b. Quality of ground water
A broad range.of loading rates to surface water 'as-a result of ground- .
- water discharge can be predicted using this :method. The ability to determine.
.ground-water quality in sampled wells is limited only by the characteristics
of the well materials and the quantitation limits: for the individual
‘constituents. ' e S K ) no

iv. . - - Settings in vhich the method has been applied and
' " contaminants that have been measured using this method

Some of the locations where this methodihaSjBeeﬁ used and the’ o
contaminants that have been measured using the meth d are summarized in Table
B-1. .. e : ‘ : L e o

2 v. . ) ‘ Evaiuatibn'of~the method

. . Most watersheds contain observation or water supply wells that canibei

" used to obtain. water level elevations_ and water quality data, making this

_method applicable in many locations. The method can qualitatively determine
the amount of ground-water discharge and the loading rate to surface water
within a watershed. Increasing the number of sampling locations will improve

" the predictive capabilities of the method.

- - 27




asuse the method is often applied with limited knowledge of ﬁquiferv
istics, a large number of sampling points will not necessarily result

. ch
in accurate quantification of ground-water discharge or loading rates to

surface water.

A comparable qualitative indication of the loading rate to

. surface water as a result of ground-water discharge can be obtained by ..
‘observing water-quality trends in the watershed. If, within a watershed,

- ch - fuent coficentrations in ground water increase with time, the

‘ rate to surface water as a result of ground-water discharge can

al “ d to increase. 1In addition-to using the.method to

uantitatively predict ground-water loading rates to surface water, this
can be used to qualitatively assess the impacts of various regulatory

ios go in {liser and pesticide usage on ground-water quality.

‘ References to d bibliography

es‘géfﬁhé‘E%cqgﬁaﬁfiﬁgtaﬁﬁbgéﬁéd giﬁiibgégﬂhy are located in’
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Table B-1. Sumaary of Settings in Which the Method Has Been Appliedd and the Contaminants Measured.

N

Y

Location

' Aquifer '

Contaminant

Patchogue, )
Long Island, New York

Peutiold, Now York

lipper ‘Great Lakes
Connecting Channels’

Long .Island, New York

Clayton Clty,»lowa

Perth, .Australia

Nlag;rn County,
New York

‘Stockett and Sand
‘Coqlee, Montana -

Hassau County,. -
New York

North Central Kansas '

Butte, Mead and
Lawrence, South Dakota

_Arkansas River Basin

. Schwatka Lake, Yukon
. Territory, Cenada

f

Lockport dolomite

Shallow glacial, .
glacial bedrock.

- interface, & béd-

rock units

Upﬁer Glacial, .
Magothy, and Lloyd

’ éalana

"Kootenai Formation,

Morrison Formation

Masotﬁy,

Almena,

- Kansas Bo;twlc&,
Cedaxr Bluff Units - ..

_Nitrate Nitrogen

Sodium Chloride

Zinc, Phenols,
Phosphorous
I

DS, Inorganic : -
Metals

Nitrates, Herbicide
Pesticides, Bacteria &

Lturbidity

Nitrate .

Inorganic & Orsanié
Constituents ’

Heavy H-till
Cadmium, Chromium

Sulfate, Sodium -

0

-Chloridse, Calcium

Aticnlc.
Selenium

DS, Salinity,
Chloride

Nitrogen, .
Phosphorous

D. Capone, M. Bautht- !

‘L. R. Davis
EPA Non-Point Source
Group
0. L. Franke, N. E. HEClynénd:
G. R. Hallberg, B. E. Hoyer
E. A. Bettis, III, R. D. Libra
R. E.. Johannes
'E. J. Koszalka, J. E. Paschal
~ T. S, Miller, P. B. Duran
T. J. Oaboxno,:J. L. Sonnéregger,
J. J. Donovan E.
N."Hf'éorlmuttir,
M. Lieber
T. 8. Spruill
R. L. Stach, R. H. Helgerson,
R. F. Bretz, M. J. Tipton,
D. R. Biessel, J. C. Harksen
*J. D. Stoner
P. H. Whitfield, B. McNaughton,
W. G. Hhitley e
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Annotaced Bibliography of the Literature Addressing Nonpoint Source
Contaminated Ground-Water Discharge to Surface Water," September 1990, EPA

440/6-90-005.

1.

ter discharging to surface water is controlled by the hydraulich
‘ properties of the sediments of the surface-water body and the hydraulic

‘m‘gradient across thoseé sediments. The sediment hydraulic properties of large .

water bodies, such as the Great Lakes or the Chesapeake Bay, are difficult to
measure due to the depth of the sediments in open water, Standard methods of -
- drilling and sediment sampling become slow and costly endeavors in deep

' aquatic. environments. Less costly shipboard geophysical systems offer a
method that continuously characterizes bottom sediments along the ship’s '
track, Combining seismic and electrical geophysical measurements provides .
data to estimate sediment’ type, thickness, and sequence, as well as relative
verctical hydraulic conductivity. Based on this 1nformation one can calculate
the volume of ground water discharging to surface water.

d to lakebeds. Bradbury
aylor (1984) collected geophysical data at an offshore site in Lake
gan with sediment thicknesses ranging from 0.3 to 37 m and water depths
5.to 27 m, Other investigators have used geophysical techniques in
lakes and in 'cha Great Lakes (see Bradbury and
1984; Cherkauer and Taylor, .1987; Lee, 1989, and Taylor and Cherkauer,
Zektser and Bergelson (1989) have used continuous measurements of
femperature and electric conductivity and continuous seismoacoustic profiling -
to detect temperature and salinity anomalies in Lake-Issyk-Kul in the .
southeastern USSR. One major difficulty associated with geophysical
techniques is the need for field tests to verify the results. Field
verification can be difficult to obtain in deep water.

i B
; ploratlon lnvolves generatlng seismic waves and measuring the

 time requlred for the waves to travel to a series of receiving devices called
- geophones. In seismic studies of large surface-water bodies, a shipboard
filing system can generate and receive the seismic waves. Seismic
on board the ship travel downward through the lake bottom-
\ iment untll “they reflect off -a hard surface and back up through the
sediment ‘to the ‘ship’s geophones. Information on sediment type, thickness,
. and sequence can be inferred through interpretation of the cravel ‘times. of the
geismic waves (Taylor and Cherkauer, 1984).




This method involves charging the sediment with a current, shutting off
‘the power source, and measuring the rate of current decay. An electrical ‘
array towed behind the boat charges bottom sediments and measures the rate of
current decay. . The relative clay content of bottom sediments can be
determined using this method. These determinations are then used to estimate
the vertical hydraulic conductivity of the sediment. Taylor and . Cherkauer
(1984) describe the equations characterizing the use of electrical
conductivity and seismic readings used to estimate seepage (see Section .
c.i.d). . : ' . ,

Resistivity
Resistivity methods also employ an artificial source of current which -

enters the subsurface through point-electrodes. Receiving electrodes. measure
the potentials of the electric flow field, which are influenced by the ‘
composition of the subsurface materials. An electrical array of source and
receiving electrodes towed behind a boat (see Figure 2-7) measures the
-resistivity of an induced electrical field in the sediments. ' Sediment type,
thickness, and sequence affect the configuration of the induced electrical
field. Investigators infer the effective longitudinal conductance of the
. bottom sediments through interpretation of the resistivity of the induced
electrical field.. The effective longitudinal conductance, combined with
sediment thickness information from seismic techniques and clay content
estimates from electrical/resistivity techniques, provides data used to
determine the effective vertical hydraulic conductivity of the sediment
sequence.- The effective vertical hydraulic conductivity, the hydraulic
gradient over the sediment sequence (the change in hydraulic head over
distance, measured at various points over & large area or assumed constant
over the study area), and surface area of the water body bottom provide data
to assess the likelihood and quantity of ground water diséharging to surface
water (Cherkauer and Taylor, 1984).. . , - : :

Température and Eléctrical Conductance

" Another indirect method for locating ground-water discharge areas .- .
involves measuring temperature and bulk electrical conductance. A sediment
probe with temperaturé and electrical conductance sensors is towed behind a
'boat along the bottom of a surface water body. From the continuous record of .°
temperature and conductancé, anomalies in temperature and bulk electrical
conductance are located. These anomalies indicate the likelihood of ground-
water inflow. .Knowledge of the sediment .type, water depth, and other geologic
or hydrologic information ‘concerning the nature of .the possible discharge area .
may be needed for data interpretation, Investigators may,correlate measured -
temperaturés and conductivities with other techniques to better characterize
the nature of sediment anomalies (Lee, 1989). ' ”
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b. Assumptions involved in using these models
Seismic

Reflective seismic methods assume an essentially horizontal reflective
layer 'is located some distance beneath the sediment and will reflect the '
seismic.waves. If the reflective layer is located a great distance beneath
the sediment/surface-water interface, the seismic wave may be sufficiently.

. damped, making reception and subsequent interp:etation'difficulﬁ. Seismic
profilers have measured sediment thicknesses up to 37 m (Bradbury and Taylor,
lo84y. bl A e NEEEEE

Because the hydraulic gradient across the sediment Sequence- on the
“bottom of a 'surface-water body is difficult 'to measure, a uniform hydraulic.
-  gradient is often assumed for the entire body. .

Elect;igal Charge and Resistivity’

Electrical charge and- resistivity studies require the assumption that a

" proportional relationship exists between clay content, hydraulic leakage -
(across the sediment/surface-water boundary) and the scaling coefficient. The
scaling coefficient is required for the determination of hydraulic - -
conductivity from électric and seismic readings-(see Séction C.i.d). For water
. bodies where’ clay coritent does not vary much, the scalifig constant is assumed

to be’ constant for the layered bottom sediments (Bradbury and Taylor, 1984).
Témée;ature and Electrical Conductance

. Temperature and conductivity measurements require that temperature and
conductivity differences in the sediment result from ground-water seepage.’
_The temperature technique relies on the theory of ground-wa:ér flow distortion
_of thermal gradients, as indicated by ground-water discharge often producing

relatively strong .thermal gradients, while recharge gradients remain :
_relatively weak. - Other phenomena may be caused by sediment temperature
anomalies, such as sediment storage of summer heat. The electrical
conductance technique fests on the assumption that the distribution of solutes
at the.sediment/surfacé-watér jinterface is expected to differ in areas where
there is ground-water discharge as compared to areas where there is no ground-
‘water discharge to the surface-water body (Lee, 1985).

c. Limitations of the methods
R : -

 -.The uncertainties associated with geophysical methods limit their
usefulness in determining ground-water discharge rates to surface water..
.Because these methods indirectly determine sediment thickness and effective
vertical Hydraulic'conductivity for a sediment sequence, the uncertainty
associated with the predicted values is greater than the uncertainty
associated with values measured directly. 'If it is assumed that a. single
. hydraulic,gradient‘estimate represents the entire water body, further
" uncertainties may be introduced.. No.attempts were made in the studies
reviewed for this report to.quahtify-thé effects that these assumptions had on
the 'predicted rates of ground-water discharge to surface water. These
uncertainties highlight the necessity of ground-truthing to verify the

3
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analytical results derived from th

ese techniques

The resistivity methods used to determined ground-water discharge rates
are best suited to surface water environments where sediment overlies bedrock.
The high resistivity of bedrock terminates the summation of the longitudinal
! trical conductance equation and allows longitudinal conductance to be
ba: a single electrical measurement.

describingNE e nal electrical conductance of a

. The equations g
ts are described by Taylor and Bradbury (1984):

i

= % by/P;

Longitudinal electrical conductance [1/MLT}

- Thickness of layer i (L]
.-+ ~—Electrical resistivity of layer i [1/ML2T).

1 electrical conductance, thickness, and-cldy content of a .

fment sequende "provide data for an equation describifig the effective

N iQ§}W§ydfaulic conductivity of the sediment sequence. To utilize the
equation, it is necessary to assume clay content of a sedimentary sequence is

- geeurately represented by an empirical scaling factor. The equation relating

effective vertical hydraulic conductivity with longitudinal electrical

conductance, Sediment thickness, and a scaling factor is described by

(Cherkauer and Taylor):

Ky = (Cobr)/S

where:
Efféctive Vertical hydraulic conductivity (L/T]

Total thickness of sediment sequence {L]
Longitudinalvelectrical conductance [1/MLT]

Scaling facter [1/MLT?].

vertical hydraulic conductivity for a sediment sequence,
s law to determine the quantity of ground water discharged
ater by assuming a hydraulic gradient across the sediment:

summing that gradient across the areal distribution of those

fices with the same effective'hydraulic conductivity. Darcy's

~as follows:

Ground-water discharge rate {L3/T) -
Effective vertical hydraulic conductivity [L/T]
= Hydraulic gradient across the sediment sequence {L/L]




A - Area on bottom of surface-water body with siﬁilﬁr:{.
effective vertical hydraulic conductivity [L2].

é.  Description of field equipment

' These methods usually require a boat, and sometimes a sizeable ship, to
contain and deploy the‘geophysical'1nstruments and support equipment used to
characterize bottom sediments. Shipboard seismic instrumentation, used to
determine sediment thickness, consists of -a high resolution sounder and
recorder. Electrical resistivity‘and‘chargeakility equipment, used to

_determine the electrical longitudinal conductance and clay content of a.
sediment sequence consists of a long multiconductor cable equipped with source
and receiving electrodes. The cable is towed behind the ship. A Loran
navigation system determines. the -location of the ship’s position for each
_measurement. A computer stores the position and measurement data and .can

‘assist in-the interpretation of the data (Taylor and Cherkauer, 1984).
f. Expertise needed to.aﬁply the»methods

The papers reviewed for this report suggest that geophysical methods
require considerable expertise. Prior experience helps one to properly
configure the instrumentation, conduct.the tests, and’ interpret the results.
Also, because a large boat must be ‘used to house the geophysical system, these
. methods require navigational and piloting skills. . For a more complete
discussion of the expertise required to apply geophysical methods readers are
referred-to Taylor and Cherkauer (1984), Bradbury and Taylor (1989), Cherkauer
and Taylor, and Lee (1985, 1989). R . . o

it ‘Data inputs for the method

~ The geophysically determined effective hydraulic conductivity of bottom
sediments is estimated for use with Darcy's Law to determine the quantity of
‘ground water discharging to ‘a surface-water body. Additional input data
include a representative vertical hydraulic gradient for the entire surface-

‘water body and. the area of the bottom of the surface-water body. -

When bottom sediment temperatures and conductivities are ‘used to predict

'groﬁndwwa;er“discha:ge.areas to surface water, one known source of ground
water seepage aids in calibrating the equipment. This- technique is limited to
general information about potential ground-water seepage zones. "’

111. Outputs from the method A
a. G;ound-wacer'qgantity discharge ﬁo sdrface.waté:‘

. Geophysical methods estimate essenti;Ilyrany amount‘of‘grbund-Watér -
. 'discharge to surface water. The discharge rate relates to the effective

S

hydraulic conductivity of the sediments-and the hydraulic-gradient across the
sediments. Ground-water discharge rages,to‘surface water of up to

approximately 2.5 m?/s wete recorded Qsing.geophysical,methq@s-(Che:kauet and
Taylgf,l1984). : o , ‘
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-b. Ground-water quality discharge co,surfaceawatéf

s LI B I g R P O e P R SR PRORI
Geophysical techniques do not determine ground-water quality, but.
- conductivity measurements offer general water quality information.
* Gonductivity values relate to the amount of dissolved chemical constituent in

the water. A high conductivity value indicates the presence of dissolved

chemical constituents in water, while a low conductivity value indicates the

" relative absence of chemical constituents in the water.

h ‘the method has been applied

iv. ng in wh
“ Table C-1 summarizes some of the locations where this method has been
_ used. .
e e TV, Contaminants that have been measured using thé method

. gceophysical methods do not.directly measure the concentrations' of

~ chemical constituents in surface or ground water. Water quality can be
qualitatively related to conductivity measurements. Generally the greater the
chemical constituent concentration in water, the greater the conductivity

measurement.

vi. General evaluation of the method
Geophysical methods characterize the spatial distribution of sediments’
on the bottom of surface-water bodies over large areas in a cost effective
manner, as compared to other direct measurement techniques. As a result,

e off in the accuracy of the derived data.

there is an inherent trad
reatest value when applied to generally

Geophysical techniques are of g
characterize the ground-water discharge'characteris;ics of a large area of
bottom sediment. Ground-truthing using conventional hydrogeologic

measurements, such as mini-piezometers, piston corers, and seepage meters
(described in Section A of this chapter), provides more precise estimates of
discharge rates for specific areas. By identifying on-shore recharge zones =~
for these areas and regulating land use in the recharge zones, surface-water = .,

wggg%icy can be better protected. | |

-

"vii. References to anﬁotated bibliography

References to the accompanyiné annocaced‘bibiiograéhy are provided in

Table C-2.
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fable C-1. Suunary of Settings in Which the Hathod Has

Been Applied and the Conf.nlumtlf Heusu;a;;l.

j
: +

 Contaminant »

Groat Lakes

bﬂardwlck and Neﬁ 3

Braintree, MA
Dover, NJ

Chalk River

" Nuclear - Laborataries,

Ontnr;o

Southeastern .
U.S.S.R.

‘glacial bodrock

interface, bedrock

units

Locntlon Aqylter ‘ Author
Ontario - - D. R. Les, 5. J. Helch
Gteen Bay, Wi - - K. R. ﬁradbury,
R. W. Taylor -
Detroit Metropalitan - - D. S. Cherkauer,
Area, ML ’ . R. W. Taylorx
Haquon,’wi - T D. S: Charinuor,
B. Zvibleman
Shallow glacial, » organic solvents EFA Non Point

Source Group

‘W, Lapham

D. R. Lee

.‘Zikltct
. Bergelson

[
I




Author . } Clt-onnf - Referencs to Awmutntwi
. : Bibliogrephy

. R. Bradbury - ~petermination of Hydrogeologic Properties of pp.T4-75
. W, Taylor : ' Lakebeds Using Offshore Geophysical Surveys,”
Ground Hater, 1984 Volume 22(6): 690-693.

-

. S. Cherkauet "Geophysically Determined Ground Hater Flow into pp.76-78
. H. Taylor the Channels Connecting Lakes Huron and Erie,” ) . .
Proceedings of the Second National Outdoor Actjion
Confersnce on Aquifer Restoration, Ground HWater

nitoring and Geophysical Mathods, Volume 2,
Presented by the Association of Ground Water
Scientlsts and Engineers and EPA/EMSL - Las Vegas,
pp. 779-799.

- —

. §. Charkauéf . ‘ “Hydraulic Connection betweaen Lake Michigan and a - . pp-79-80
Zvibleman- . Shallow Ground-Water Aquifer,” Ground Hater, 1961,
. Volume 19(4): 2376-381.

[~ =]

EPA Non Point Source "Upper Great Lakes Connecting Channel Study, Waste pp.81-85
Work Group Disposal Sites and Potential Ground Water Contamination -

St. Clair River," Hon Point Source Work Group Report,

April, 1988. . : .

H. W. Lapham - C ’ " “Use of Temperature Profiles beneath Streams to Deterﬁine ' ‘pp.86-87
. Rates of Vertical Ground-Water Flow and Vertical Hydrasulic
Conductivity," Draft Water Supply Paper No. 2337.

D. R. Lee . 7 - ’ - “Method for Locating Sadlmanvanomalles~1n Lakebeds that o pp-88-89
o . that can be caused by Ground-Water Flow,” Journal of
Hydrology, 1985, 79: 187-193. .

W. Taylor . - “The Application of Combined Seismic, and Electrical Measurements pp.92-93
., §. Cherkauer . . to the Determination of the Hydraulic Conductivity of a Lake Bed,"
. Ground-Hater Monitoring Review, 1984, Volume 4(4): 78-85. :
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I. S. Zekster ’ . . - "Effect of Ground Water on Lake Water Quality,” Water Quality pp.9%4-95
G..M__Bergalsan . ‘ " Bullatin,  Jacuary. 1984, pp 1n-15 . )




D. .. Studies involving hydrograpp separation, regression analysis, of.m353'
. balance approaches to qstimé:e the contribution of ground water to
'stream flow )

‘The papers cited in.this section are summarized in Section III of "An
Annotated Bibliography of the Literature Addressing Nonpoint Source B

Contaminated Ground-Water Discharge to Surface Water," September, 1990, EPA
440/6-90-006. T e T - T L

.-
i. ’vfGenerai description of method : ‘ S B
 a. Description of method or procedures

- The methods discussed in this section have been applied by investigators
"in areas throughout the U.S., in Ontario, Canada, and in the United Kingdom.
Hydrograph separation has been used in conjunction with graphical techniques
- to estimate the distribution of ground-water flux to areas of the Great
Lakes.® Other. investigators have used analysis of conservative ‘tracers along
with Hydrograph separation data to estimate ground-water flux. and contaminant
"loading. The regression analysis and soil moisture balance methods rely on
equations developed for specific regioms. Arihood and Glatfelter (1986) have
developed regression equations for northern Indiana, while Bevans'’s (1986)
‘work was in eastern Kansas. Wilson and Ligon (1979) applied a water balance
model :to the Piedmont and Sandhill Regions of South Carolina. Yo

szrogragh Sega;agipg

Precipitation entering a watershed travels to a stream by three main
routes: surface runoff, interflow (or subsurface storm flow), and ground-
water flow. The amount of water contributed to the stream by each of the
three processes is reflected in the shape of the stream hydrograph, a graph of
stream discharge at a particular point in the watershed versus time. The
hydrograph for a single, short duration precipitation event, occurring over
the entire watershed, follows a general pattern (see Figure 2-8). The

' - hydrograph shows a period of increasing stage, or increasing discharge, known

as the rising limb, that culminates in a peak or- crest. Following the peak
discharge, the hydrograph shows a period of decreasing discharge, referred to
as the recession limb. Hydrograph separation techniques -are applied to.the

récession limb to estimate contributions to stream flow from surface runoff,
"interflow, .and ground-water flow. o ’

. When the hydrograph is plotted on semilogarithmic graph paper (discharge
on the semilogarithmicry-axis), the recession limb has three identifiable line
segments of different slopes, (see Figure 2-9). The slope of the line segment
immediately after the peak discharge is the steepest and represents
.~ contribution to stream flow as a result of surface runoff and subsurface

T .

-6 Pranékeviciug, Pr;naﬁ, pérsoﬂal communication, Nonpoint Source
fContamihated;G;ound-water'Discharge to Surface Water Workshop, Chicago, IL,
November 30, 1989. ’ ) -
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runoff, which includes interflow and ground-water storage depletion. When

e runoff storage is depleted, the slope of the recession limb flattens.

rtion of the recession limb represents contribution to stream flow as a

‘of interflow and ground-water storage depletion. The slope of the

recession limb of the hydrograph changes again when interflow storage is"

"' deple nd contribution to stream flow is a result of ground-water storage

“ only. The ground-water contribution to stream flow is referred to

baseflow (see Figure 2-8). Surface runoff and interflow are often combined

and referred to as direct runoff. The slope of the final segment of the

recession limb is the ground-water récession constant, K., for the watershed.

_The line segment representing baseflow is extended back in time to a point
under the hydrograph peak to determine maximum ground-water discharge to the
stream as a result of the precipitation event. The ground-watér recession
constant for a watershed and the maximum ground-water discharge rate are used.

in an empirical formula to estimate ground-water discharge to surface water at

any time after a precipitation event.

surfac

Th

- 0'Brien (1980) has developed a "dynamic method" of hydrograph .separation
which matches the hydrograph of an index well with the stream hydrograph to '
.determine the moment of maximum ground-water discharge for two small wetland-

‘ {ed basins in Massachusetts. The advantage of the method is that it is
‘igidly tied to g d-water stage, and it accommodates variatioms in
ground-water inflow and loss.in channel storage in response to temperature,
vegetation, stream stage, and change in seasons,.causing shrinking and - .

u eat and muck in'the wetlands.

Equations developed with regression techniques that relate basin
characteristics to baseflow characteristics in gaged streams can be used to
estimate baseflow in ungaged streams. Examples of basin characteristics used
in the regression analysis include drainage area of the watershed and flow
duration ratio. The flow duration for .a stream at a given point in the
s the proportion of time that discharge is less than a specific
ge value. Flow duration is commonly expressed as a curve representing
ercent of ‘time discharge is less than an indicated value yersué discharge
per df¥d 6f the watershed, (see Figure 2-10). The flow duration ratio is the
“ 20-percent flow duration divided by the 90-percent flow duration. . The
drainage areas of the watersheds and the flow duration ratios are transformed
6 logarithmic units and a regression equation is developed by backward
liminat%%ﬂwﬁ%gwgﬁx%pup“R?‘imp:ovemenc procedures. For more information on

ynalysis see Arihood and Glatfelter (1986) and Bevans (1986).

)

R The ground-water discharge component to a stréam can also be estimated
"using a soil moisture mass balance approach, where inflow -(precipitation)
equals outflow (baseflow). Soil moisture water balance methods for a
watershed assume that any excess soil ‘moisture below the root zone ultimately
will contribute to baseflow. The soil characteristics of the major soil types
ithin the watershed are used tq estimate the water-holding capacity of the
‘ Excess soil moisture content below the root zone is




Figure 2:10

i
o

,/ 

Maaragua R. at,. /'

) " Maaragua (138'sq m1)
. ) - I L

A\

in
°

e b

Discharge (cubic feet per scecond per square mile)
¥ lrluul l{‘ I. 'lﬁrr LI} 'll"ul LI

[ T |

A -3
05 Uaso Nyiroat = - _:.
Humes Bridge (733 sq mi) |

|

1

R 1
]

1 i

| T Al O Lt 1 !

01 -
02 |

510 20 40 60 80 9095 99

. Percent of time the low is less than the indicated vaiue.

‘ Flow duraton curves for the River Maaragua mn
humid. centrai Kenya (mean annuai rainfall 60 inches) and
for the Uaso (River) Nyiro in semy-arid. north-centrai Kenya
(mean annual ramnfail 35 inches). The dashed lines mndicate
" the flow vaiues below which discharge deciines for 10 perceat

of the ume. The curves were consn'ucwd from recbrds'fpr the

period 1956-1970.

‘ Dunne, T. and L. Leopold.
“ Francisco: W.H. Freeman and Co.

(1978) Water in Vgnvi.;o‘ﬁmentavl -PLéngig' 2 ‘San

45




P I BT TR TR

precipitation data, the evapotranspiration rate, and estimates
ff for the watershed. . The watershed is divided into two zones
rmi epth to grounid water from land surface., In the zone
er the predetermined depth,
1 moisture below the root zone is assumed to discharge immediately
__In the zone where depth to water is greater than the
predetermined depth, ‘excéss 'soil moisture below the root. zone is assumed to
o the stream in uniform increments, based on the time between

discharge t
'precipitation events. For more information on soil moisture balance methods,
see Wilson and Ligon (1979). o
b.  Assumptions involved in using these methods
drograph Separa

Use of hydrograph separation techniques assumes that precipitation, .
‘entering a watershed is evenly distributed and of the same intensity for the
duration of the storm. Additionally, hydrograph separation techniques assume

" chat the semilogarithmic plot of the recession limb of the stream hydrograph
will have three identifiable segments of different slopes.

portant assumption when using regréssion equations to predict

u d streams is that the basin- characteristics used in the

n ysis are similar to basin characteristics of the unaged stream.
characteristics of concern are (a) .the ground-water gradient, (b) the
- & ‘ground-water gradient, (c) the topography of the watershed,
'(d), the slope of the stream channel, and (e) the length of overland flow.
Also, the geologic material underlying the basin will influence the shape of
' the stream hydrograph (Arihood and Glatfelter, 1986, and Bevans, 1986).
el Y P N o P
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Soil Moisture,BaLanée

The soil moisturé watér balance mo t any excess soil

moisture below the root zone ultimately contributes to baseflow. Excess soil

- moisture below the root zone in the zone nearest the stream is assumed to

‘ stream immediately following a precipitation event. Excess soil

elow the root zone, in the zone farthest from the creek, is assumed

€6 ¥éich the stream in uniform increments, based on the time between o

precipitation events. Additionally, when the water table. is below the root

. zone, it is assumed that no evapotranspiration occurs. Ground-water

 boundaries are assumed to corréspond to surface-water boundaries, and there
are no losses of ground water to other watersheds (Wilson and Ligon, 1979).

e Limitations of the methods o

Hydrograph Segérat;on

o it is straight fo ‘d to separate the recession limb of -a
stream into three seg of different slopes from which the
quantity of water contributed to the stream by surface runoff, interflow, and

_ ground-water flow can be determined. In practice, separating the recession
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limb of a stream hydrograph  into three segments of differing slope is an
arbitrary process. Often no clear-cut change in slope exists. Given that
precipitation events are not often of constant intensity or evenly distributed
and-considering the heterogeneity of a typical watershed, this is not

* surprising. Additionally, the effects of bank storage will make separating
the recession limb of the storm hydrograph into three. segments even more -
difficult. Because of the difficulties in -determining the slope of the
baseflow component of the recession limb of the stream hydrograph, predictions
. of ground-water contributions to.stream flow may not be precise. ‘Also, a
continuous record of stream stage or discharge must be available to use this .

" - ‘method.

In addition, several authors have questioned the ability of hydrograph
separation techniques to determine the ground-water component of storm runoff
accurately. Sklash and Farvolden (1979) report that .ground water plays a much
more active; responsive, and significant role in the generation of storm and
-snow-melt runoff in streams than hydrograph separations may predict. . This
increase in ground-water discharge may be caused by a rapid rise in hydraulic
head along the perimeter of transient and perennial discharge'qreés.'

Regression Analysis
. ' Regression analysis;équacions'developed using basin characteristics from
one region should not be used to predict baseflow of streams located outside -
that region. Baseflow characteristics are dependent on the geology and
geographic location of the watershed (Arihood and Glatfelter, 1986).
Different geologic units will have different hydrologic properties, and
differeﬁt geographic'locacionvailL be exposed to different weather conditions
and patterns.- A given geologic formation may underlie_bnézwatershed and be
‘absent in the neighboring watershed and weather conditions may be markedly
different in adjoining watersheds as a result of orographic effects. Also,
_ basin characteristics in 2 region may change gradually with distance from the
study area. DBecause regression equations must be applied to basins with
characteristics similar to those of the basins used in the regression analysis -
 and because applicable basin characteristics are often /difficult to define, -~
the potential exists for regressipn«analysis‘equatibns to be misapplied,
_resulting in inacqurate'baseflqw.predictions.‘ . : o

'Soil Moisture Balance

‘Like regression equations, mass balance soil moisture equaticns are
 based. on basin characteristics common to a region. If the selection of
constants in these questions is based on characteristics of basins that lie
outside the region of concern, estimates of soil moisture balance  and baseflow
may be inaccurate. o I :

d. . Representative equations

. 1f the break between direct runoff and baseflow on-the semilogarithmic
graph of the recession limb is difficult to define, an empiriéal equation can °
 be used to estimate the number- of days after the peak discharge at which
direct runoff essentially ends. The empirical equation is as follows:

- - . L
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Number of days after the peak when baseflow begins [dimensionleés]‘
Watershed area in square miles [L2]. .

ate

The equation to determine the quantity o
water at any time after a precipitation event is: .

”drbuﬁd?water‘flqﬁwéé time t after -the peak discharge’

iy S {L3/T)
= . Ground-water flow at time t = 0 [L3/T] .
: - Ground-water recession constant (derived from the-
LU LT T R A hydro gr aph)
e - Time [T].

Equations for regression analysis and soil moisture balance methods are not:
presented here, as the equations are region specific and not universally

. applicable. Readers interested in these techniques are advised to read Wilson
and Ligon (1979), Arihood and Glatfelter '(1986), and Bevans (1986).

Description of equipment needs

: . Stream stage data are obtained using a continuous-chart recorder.
Ideally the recorder should be located in a controlled section of the stream
channel so a stream stage/discharge relationship can be developed.

~-For wateér balance methods, topographic maps are used to determine the
area of a watershed. A rain gage can be used to measure precipitation; soil
maps are used to determine soil types and to estimate soil properties.

f.  Expertise required to apply.this meﬁhod

The greatest difficulty in using this method is in selecting the portion -
of the baseflow recession hydrograph to use in determining the ground-water '
recession constant (K;) for the watershed. Estimation.of K. requires
knowledge of basin characteristics and the temporal distribution of
¢ipitation in the basin as well as considerable professional_judgemehc.
lculated, K. can be used in the empirical ground-water discharge
ermine the quantity of ground water -discharging to surface water

‘as a result of a p ecipitation event.

, ‘Compute ograms, PC-based spréadgﬂééﬁgl are available that -
determine equations relating dependent and independent variables through
. .regression analysis. The difficulty in using computer programs to determine
:the relationship of stream stage to basin characteristics is in determining
which basin characteristics are appropriate input parameters. Additionally,

it may be difficult to determine the area over which a regression equation is

48




applicable : As with hydrograph separation, this method is best utilized by a
hydrologist who is familiar with the subject basin.

" A significant level of effort may be” required to use soil moisture
balance models to predict baseflow in a watershed The upper and lower
watershed zones must be delineated based on estimates of depth to ground water
below land surface. Additionally, surface runoff and evapotranspiration rates
must be estimated for the watershed. Because of a.lack of representative
" precipitation measurements, the precipitation entering a watershed often must
be estimated from precipitation measurements. taken some distance away. Again,:
" .familiaricy with the hydrologic and geologic characteristics and the temporal
and spatial distribution of precipitation in the subject.basin as well as
surrounding basins. is highly recommended for the successful use of these
models.

i1, Data inputs for the method

Hydrograph separation techniques require a continuous record of stream
stage or discharge to determine ground-water contribution to stream flow.
. Continuous stream stage/discharge data are avallable for many watersheds from
" the United States Geological Survey.

" The drainage area of the watershed must be krowr ‘to ‘use regression
~—equations to determine baseflow in an ungaged stream (Arihood and Glatfelter,
.1986).

3011 moisture balance models require the following data precipitation'.
'records, water-holding capacity of major soil classes in the watershed, area -

_ of the watershed, and drainable porosity measurements (Wilson and Ligon,
1979)

RN

11i. Outputs for the method
‘auA Ground-water quantity discharge to surface water

Essentially any quantity of ground- -water discharge ‘to surface water can .
be predicted using hydrograph separation techniques. If the time between
precipitation events is sufficiently long,. the predicted ground- -water .
_discharge rate' to surface water will decrease over time. The maximum ground-
water discharge rate to surface water will be.a function of the length and h
intensity of the precipitation event and the amount of ground water currently.
stored in the watershed.

As w1th hydrograph separation, any quantity of baseflow can be predicted
'u51ng regression equations and 5011 moisture water balance models.
'b.. Ground- water quality discharge to surface water

: Hydrograph separation regression equations, and soil moisture water -
‘balance methods do not predict the quality of ground water discharging to
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conjuncti with ground-water quality measurements obtained in wells located
adjacent to the surface-water body to estimate the ground-water loading rate

surface water.

.iv. sSettings in which the method has been applied

Some

: of the settings in which this_metﬁod‘has been used are preséﬁted in
Table D-l. :

neral evaluation of the method

Hydrograph separation techniques are an’es ablished method for

 estimating the ground-water discharge rate to surface water in a watershed.

The method is well understood, simple to apply, and continuous stream

, stage/discharge data are readily available for many watersheds. The key to

proximating ‘actual ground-water discharge rates to surface water using this

f the hydrograph. Different slopes will produce markedly
dictions of ground-water contributions to stream flow.

flow in ungage ! be esti

-jons are developed using regression analysis, relating drainage basin
¢s to baseflow, at gaging stations located in the same region.
Because baseflow characteristics are dependent on the geology .and geographic
location of a drainage basin, a regression equation developed using drainage
Fistics from one region should not be used to predict baseflow
de that region. Therefore, accurate estimation of
baseflow in ungaged streams is dependent on the ability of the individual

g the method to identify regions having similar. basin characteristics.
in 1lies the problem-basin characteristics that influence baseflow are a
result of a combination of components,.somé obvious, such as geographic
.location, and some not so obvious, such as geology. Additionally, the degree
of interaction ‘between the components affecting baseflow in a drainage basin
ig not well understood. Therefore, the potential exists that regression
equations will be misapplied, resulting in inaccurate baseflow predictions.

Soil moisture balance techniques can be used to estimate baseflow in
ungaged watersheds. Because so many of the input parameters for the model
must, be estimated, the error associated with baseflow predictions. made using -
this method may be large. ’ ’ '

{nvolves correctly determining the slope of the baseflow portisn of the

g regression equationms..
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Tablo D 1. ::iun'-u.l;y of Soltings in Which tho Hothod Has Beon Applied and the Contamlunants Hm_murod_

v .

Location 5 Aquifer ‘ : Contaminant . . o - L Aut.hor’ .
. - ‘ - '
Lincoln, Massachusetts o - . : - o ’ ‘A, L. O'Brien .
‘Northern and . R , - B ’ L. D. Arihood, D. R. Glatfelter
Central Indiana . . - ) - - .
Upper Coastal Plain °  Upper Coastal - - ’ - - W. R. Aucott, R. S. Meadows,
of South Carolina; . Plain Aquifer . o ) o ) G. G. Patterson - Co
North Carolina; ' 0 o
. Georgia
United Kingdom . . - . - ' - ’ LD D. Bako, Ayodele Owoadse
_Eastern Kansag A . _ ’ - - ’ ) Sulfate; Coal ’ ., ! Hugh E. Bevans

mine drainage

r Elliot Lake, Ontario ) o - : L Pyrite, Accessory, . D. W. Blowes, R. W. Gillham
: ’ . : : : ‘metals, Radio- ] ’ ‘
nuclides ’
Clayton County : T Galena . Herbiéh_ios, ) ‘ I G. R..Hallbaerg, R.l\D. Libra,
Towa : . » Aquifer . Peasticides, Hitratas - ] E. A. Battis, III, B. E. Hoyer
- R : and other agricultural : . :
inorganics
Clayton County ] . o Galena : - Nitrate nitrogen; ) . R. D. Libra, G. R. Hn_uhor;f '

. - Jowa - : . ‘Aquifer ) Pesticides . L ' B. E. Hoyer, L. G. Johnson
Illinots . ‘ o - , Micheel O'Hearn, James P. Gibb .,
,Qual'mc and Ontario - . - - . o B o - PN M. G. Sklash, R.‘ N. Farvolden
Cedar River Basim, ' .Cedar. River B Herbicides L . ) P. J. Squillace, E. M. Thurman
Iows-Hinnesota ‘ Basin : ’ ' Co o
Pledmont and - " ’ So- ’ - o - ) : IR T. V. Hilson, J.°T. Ligon

Sandhill Regions, . .
South Carolina
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Numerical models of surface

The papers cited in this sectio
VI1 of "An Annotated Bibliography of the Literature Addressing Nonpoint Source

Contaminated Ground-Water Discharge to Surface Water,” September, 1990, EPA
440/6-90-006. :

al desc:iption of methods

a Description of method or procedure’

I T Wil e W
Ml 0 140 . I i - Yol N
y q

Mathematical ground-water modelling simula ‘aquifer or watershed
system using a series of equations governing flow and/or mass balance
properties. When developing a model, transport properties should be
constructed using a framework of measured variables.  Modelling represents a
‘cumulative process of data gathering and model verification to ensure an .
accurate depiction of real world phenomena in the computer simuldation.  Models
should not be used without field.data and ground truthing, and the transient '
‘conditions of the study locations should be understood and incorporated into -

the analysis.

Mathematical ground-water models consist of sets of differential
equations that describe or "govern" ground-water flow and/or contaminant
transport. These equations can be solved to develop an analytical solution;
however, field situations may be complex and difficult to solve exactly, and
the assumptioms that must be made to obtain the analytic solution are often’
unrealistie and are not representative of the flow or transport problem under
consideration. In these situations, numerical methods can be used to solve
the differential equations and obtain an approximate solution that can be used
to simulate relatively complex ground-water flow and contaminant transport. ‘
‘ ; process is presented in Figure 2-11. Two popular numerical methods used

to convert differential equations into algebraic equations are the finite
 difference method and the finite element method.

w To utilize a numerical flow model, a flow system is defined and
diseretized into a finite number of rectangular blocks, in .the case of finite-
difference models, or triangles or quadrilaterals, in the. case of finite-

oot element models. Figures 2-12 and 2-13 show finite difference and finite
C “ element representations of ‘an aquifer .bounded on three sides by an impermeable
. boundary (i.e., no flow into or out of the aquifer) and on the fourth side by
di ge from the ‘aquifer occurs. Each cell in the flow
“hydrologic properties based on measurements Or
X ns from the flow region being modeled. Boundary conditions are then
{ncorporated into the numerical model. Typical boundary conditions are
groundéwétéﬁ“dividesm(no flow), surface-water bodies  (fixed head), and
specified flow. The numerical model is run on a computer, and typically, the
calculated head-field distribution at nodal points (the intersections of the
l1ines delineating the region or centers of the blocks).is compared to the
attual head-field distribution (obtained through measurement of water levels
in wells) in the flow region and, if available, the results of an analytical
olution (see Figure 2-11). If the predicted and actual head fields are not
ement, the model is adjusted by manipulating boundary conditions
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Wéng, H. "and M. Anderson.- (1982) Introduction to Gi:ound water Model’;‘igg;'
Finite Difference and Finite Element Methods.. San. Francisco: W.H. -
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Figure ?-12‘”
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:jes of the individual cells. When close
prédicted and actual head-field distribution, the
model is considered calibrated. '
After the numerical flow model is calibrated, the velocity field for the 7
flow region calculated by the flow model is used as input to a solute :
.. transport model, which simulates the movement of dissolved chemical
constituents through the aquifer by advection and dispersion. In many models,
the advection-dispersion equation is solved numerically. In the alternmative
nrandom walk" method, a random process, based on a normal probability density
d to §§mh;ate dispersion (Prickett et al, 1981). Dissolved
chemical constituents are representéd by a finite number of discrete
- particles. Each particle is assigned a mass which represents a fraction of
. the total mass of the chemical constituent involved. Chemical .constituents .
are introduced to the subsurface flow system in the recharge input for the
model. The mass of chemical constituent input to the system is a function of
factors such as land use and crop type. During each time step, the. particles
are moved advectively with the ground-water velocity field. Between time
steps, the particles’ positions are adjusted by moving individual particles a
random distance in any direction.  The magnitude and orientation of the random’

displacement is predicted by the normal probability density’ functiom.

Individual cell concentration for each time step is-calculated by
determining the number of particles located in the cell. Because each
parcicle has a constant mass and the cell has a known volume, ‘chemical
jon in the cell can be determined. Predicted
concentrations are éompared to known concentrations in the flow region. To
calibrate the model, input concentration, volume, and location are adjusted
until predicted concentrations agree with observed concentrations. When both
the predicted head and concentration fields reasonably agree with known values
in the Flow region, the model is conmsidered calibrated and can be used for -

. predictive purposes.

" Assumptions involved in using these models

" 'The primary assumption when using numerical models is that the predicted .
flow field is a close approximation of thé actual flow field:. Loading rates. '
to surface water as a result of ground-water discharge are largely controlled
" by the ground-water velocity field. - Even after calibration, using the
assumptions that predicted and actual hydraulic head distributions are
¢imilar, the predicted velocity field may not be correct. This phenomenon
ecause a given hydraulic head distribution is not unique for a-given
ion of aquifer properties.’ When characterizing a watershed, a ‘
ty should be placed on delineating the spatial distribution of aquifer
ies rather than on obtaining additional hydraulic head measurements.

data are §carce, either in time or space, the predictive capabilities
be compromised. ' ' o

priori

S 3 £ most finite-difference models is that there is only one

5 t of principal anisotropic directions in the flow region and the principal
‘directions are aligned with the grid system. Care should be taken when

~ .designing the model grid to align grid axes with principal directions of
sisotropy. ‘ ,
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Chemical inputs to the flow region as a result of agricultural or other
practices are assumed from generalized land use (Gburek et al., 1989). The
input is assumed constant with time for a given land use for all contaminant
sources within a study region. Instantaneous mixing is assumed to occur in’
each cell for each time step. Additionally, in the random walk process of
transport simulation, it is assumed that dispersion in porous media can be
considered a random process having'a'ﬁormal'distribhtion. : :

c.  Limitations of the models

 The major limitation of numerical models is the large amount of data

- required to accurately calibrate them. To accurately calibrate a numerical
"model, information on the spatial and temporal distribution of land use;

" recharge, chemical input, hydraulic head, ground-water quality, and surface-
water quality is needed. Also of prime importance is the spatial distribution

_of aquifer characteristics. Often, ground-water models do not take ‘into
account' the variable effects of near shore phenomena. Generally, models will
not- simulate ground-water quality changes associated with seasons, or reflect.

‘the hydraulic conductivity changes associated with seepage face growth and
capillary response to precipitation. : L '

‘ Prior.to using a model, the scale and the geographic conditions bf the ' ,
study area must be incorporated into the model. For instance, fracture flow, . . -
macropore flow, karst terrain, and anthropomorphic effects on the study area’s -

. ground ‘water may require that adjustments be made to the model's structure. .

Few watersheds have been monitored sufficiently to provide the data needed to

calibrate a numerical model. Knowledge about one watershed in a regiom will

assist in charécterizing another watershed in the samelfegion. but additional -

data probably will be required before the model is considered calibrated and .

can be used for predictive purposes. Without being able to reproduce flow-

. field conditions or chemical concentrations, little confidence can be placedi
" in a model’s predictive capabilities. ‘ '

An additional limitation of numerical models results from the
uncertainty associated with them. This uncertainty is a .result of numerical
models being based on mathematical expressions that are a simplification of
the real world and the measurement error associated with input data; . This
uncertainty could result in predicted values that deviate significantly from.
the actual flow.in the region being modeled. .However, proper field data-
collection techniques and the use of well-tested models by experienced
personnel combine to produce reliable predictions in most cases.

d. Representativé‘equations
The‘partial;differential equation that describes time-variable.fiow in a

heterogeneous, anisotropic two-dimensional aquifer (one in which hydraulic
conductivity varies both in direction and space  throughout the aquifer) is:

 8/8x(Ky 8h/dx) + 8/By(K,-8h/By) = S, 3h/t
,‘whgrgf o ‘ o |

K. - Hydraulic qonduétivity in x diiection [L/T]'
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Hydraullic conductivity in y direction TL/T)
‘Specific storage [L7!]

" Hydraulic head (L]

x direction [L]

y direction [L]

.Time [T].

ut [ AT R 1 " iy . X
‘AF ‘difference numerical model approximates he above differential
equation using a series of finite-difference equations. The two-dimensional
finite-difference equation for a homogeneous, isotropic medium, where the grid’
gpacings in the x- and y- directions are the same and hydraulic conductivity
1e constant and isotropic throughout the aquifer (K, = K,), is::

hEy,y + Sax?/st (b 5 - BE ) = W(h®g g + hEyeq,3 + b5 o1 + 15 50)

where:

‘ Hydraulic‘head_[L]

Tramsmissivity [L%/T]

Storativity [dimensionless]

" Time increment [T] - .
Wwidth of the grid spacing, where sx sy [L]

"“Column number {dimensionless]

Row number [dimensionless]

Time step or iteration index [dimensionless].

in this equation correspond to those in the finite

difference grid presented in Figure 2-14. Nodes (intersections of grids) are

spaced horizontally by sx and vertically by sy. For -the first iteration, or -
solution of the equation, the modeler estimates the value for the hydraulic

ead At each node. The head values of the first iteration (k=1) are used to

lculate the head values for the second iteration (k=2). The equation is

lved several times in this manner until the difference between the head

lues of the final iterarion and the previous jteration is less than a value

- ‘specified by the modeler, called a convergence criterion.

e e e L
Column and row numbers

The parcial-diffé}ential equation that describes solute transport in a
-dimensional, homogeneous aquifer through dispersion and advection is:

Dy- 8%c/8x% + Dy 3%c/3y2 - Vg 8c/3% = 8c/3

spersion  advection -




frgure 2-14

(5.1)

(IL.h

W, y=1

.

|— ‘D—?J
<.

(i=1.j)

(i lj)

(5§4)

R WO GRS

EOA\

Finite _ciiﬁ'er'cnce grid showuig index numbeﬁn_g conveantion.

Wang.ﬁH. and M. Anderson
Finite Dif
- Freeman and Co., 237 p.

(1982) Introducti
ference and Finite Element Met od
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Longitudinal dispersion coefficient [L2/T]
_Transverse dispersion coefficient [LZ/T]
Concentration [M/L3}

' Average pore velocity in the x direction [L/T]

‘% direction (direction of flow) [L] -

y direetion (L] T

Time [T].

> te ‘porous medium is

by a series of “equations. Dissolved chemical constituents are

“a Finite number of discrete particles each having a mass
fraction of the total mass of the chemical constituent involved
, 1981)." 'The total distance a particle travels between time

‘ eiéé‘ﬁéf“ﬁimé”stég (L]
= pistance traveled as a result of advection per time step [L] -

Distance traveled as 'a result of dispersion per
time step [L].

d - Distance particle tfavels for each'time'step {L}
4 - Ground-water flow velocity [L/T]
" =7 "' Time step duration [T].

« After the particles have been moved_advectively,‘che position of. each
‘jcle is adjusted a random amount in any direction to account for

‘The one-dimensional equation representing the influence of -
ersion on a particle’s position is: : ~

vy

Distance traveled as a result of dispersion per =
... . time step (L] ~ - 7
Longitudinal dispersiviey (L] =~ =~
.- Ground-water velocity [L/T]
Time step duration [T] :
A number between -6 and 6, drawn from a normal distribution
s having a standard deviation of 1 and a mean of

bl




The equation determining individual cell concentratioﬁ fpr'each time step in a
tﬁo-dimensional,hodel is: - ' ‘

.C;d = N*Wp. §X° 8Y
where!: ' ,

Concentration per unit width of chemical constituent [M/LPi

Number of particles in a cell [dimensionless]

Mass per particle [M] S E '

Cell length in x direction. (L]

Cell length in y direction {L]

Column number Ldimensionles;]

Row_ number {dimensionless].

i pae g xwp 3 Q.

e. Description of computer hardware or software needs

Essentially “any of the pommerCiallyoavailable'numerical models can be
run on a PC or mainframe computer. The requirements for.a PC computer are &
large memory capacity (640K is usually sufficient) and a math coprocessor .
chip. Without a math coprocessor. chip, numerical models with a large number ..
of cells can take hours to converge on a solution or even longer for large
time-variable problems. Small memory capacity will 1limit the number of nodes
used in simulating a-flow region. Generally, the greater the number of nodes
- used; particularly near boundaries between property types or in areas of steep
hydraulic gradients, the greater the model’s accuracy. Limiting the number of
nodes might compromise the accuracy of the simulation. . Suggested computer
‘hardware includes: ' ' »

- - a PC computer with math coprocessor chip and graphics card,

- a high resolution monitor (for plotting results on the screen),
- a printer, and- : : -

- a plotter.

Numerous software packages, both in the private and public domain, are
available for simulating ground-water flow and contaminant transport. Some of
the more popular models are codes by Konikow and Bredehoeft’, Prickett and
Lonnquists, Trescott et al.?, and the Internaticnal Ground-Water Modeling
Center at Butler University -in Indiana. ' - :

7 Konikow;gL. and J. Bréedehoeft. (1978) Computer model of two-dimensional
solute transport and dispersion in ground water. U.S. Geological Survey,
Techniques of Water Resources Investigations Book 7, Chapter C2, 90 p.

8 prickett, T. and C. Lonnquist. (1971)'Se1eq£ed digital computer
- techniques for groundwater resource evaluation. Illinois State Water Survey
Bulletin 55, 62 p.. ) . T : - : '

9 Trescott, P., G. Pinder, and 'S:. Larson. (1976) Finite-difference model
for aquifer simulation in two dimensions with results of numerical
experiments. U.S. Geological Survey Techniques of Water Resources
Investigations, Book 7, Chapter Cl, 116 p. o
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ﬁiuéréfse‘négded to run the models

.0 Th . Teo adequately simulate flow situations using numerical modeling

s techniques, knowledge of hydrology, numerical methods, computer language, and
computers is needed. In addition to these skills, an intuitive sense, derived
from experience, is needed to determine the proper grid spacing, boundary
conditions, and geometry of aquifer properties. Also, once the numerical
model has been calibrated, expertise is needed . to determine if predicted

. values are as expected and are correct.

'{i. Data inputs for the models

ical models are the sp;tialv

Basic input rejuirements for numer
anisotropy ratios, and boundary

. distribution of hydraulic conductivity,
‘ ditions. 'Examples of common boundary conditions are ground-water divides,
odies, and known flux boundaries. The spatial and temporal
the hydraulic head field for the flow region is needed for
oses. 'Also, for chemical transport modeling, the spatial and
1 inputs and concentratioms in ground water
For nonpoint studies, chemical loading may be
thus, agricultural records are

-~ calibration p
temporal distributions of chemica

and surface water are required.
a function of crop distribution and type;

required.

. Outputs from the models

Ground-water quantity discharge to surface water

q ‘ﬂ@ify“gf groﬁnd?ﬁater‘ o
cubic foot per second

‘Numerical models'can
arge to surface water. Discharges less than 1

wfs? have been simulated (Eddy and Doesburg, 1985).

uirface water

" b. Ground-water qua ity discharge to

surface water, essentially
and .surface water can be

= 7L As with quantity of ground=watei discharge to
~any concentration of chemicals in both ground water

gt ihhé“i; Qﬁigﬁmthe methods have been épplied'anndoniaminant“

is e. as been modeled

ith enough information, a numerical mo can be calibrated to simulate

Hed in any geologic region of the country. Given enough input data,

the transport of any chemical in ground water can be simulated. Contaminant

transpoert models are capable of simulating the effects of decay, retardation,

' ~ and sorption on chemical comstituent distribution and concentration. Table E-
‘) summarizes the settings in which qumerical models have been used and the

contaminants that have been transported.




v.  General evaluation of the method

Numerical models can be used to simulate various nonpoint source loading
scenarios for complex aquifer conditions. Before a numerical -model can be
used for predictive~purpdses, however, 'a large amount of input data is often
required to properly calibrate the model. The amount of data required will
depend .on the type of model used, the objectives-of the study, and the level
of accuracy required. Acquisition of the needed data can require considerable
time, expertise, and expense. Because of these constraints, the riumerical
model may have limited usefulness in cases where data are scarce and funding
is limited. ° S - ‘ : S e

The numerical model’'s strength is its usefulness as a screening tool.
Numerical models calibrated to simulate watersheds in different regions of the
country could be used to assess the general effect of various regulatory
“scenarios on ground-water quality in those watersheds located in those
.regions. . . S : S - B

vi. References to annotated bibLiogréphy

- References to the accompanying annotated bibliographj ére-summarizéd in
Table E-2. C : - cr




Location

Cont.aminant

' o Hisconsin

Kent, Washington

Pennsylvania

Juneau, Qlaska

Northwestern
Indiana

Central Sand Plain,

. Wisconsin

Trimmers Rock
and Catskill
Formations

_ Mendenhall Basin

. Calumet

Aquifer

Organics, chloroform and tri-
chlorosthylene; zinc

Nitrates

’

Agricultural chemlcnlé

D. S. Cherksuer, B. R, Hensel

C. H. Eddy, J. 4. Doesburg

. Gburek, R. R. Schnabel

WH. J
S. T. Potter
D. 1. Siegel

L. R. Hatson, J. ¥. Fenelson

C. Zheng, K. R. Bradbury
M. P. Anderson




Tuble E-2. Hofereuces to Aunotated Bibliography

Author .~ - ) . . . Cltation ’ - . Refersnce to Annotated

LS

€. G. Lonnquist

. Aibliography °

V. K. Barwell, D. R. Lee

D. S. Cherkauer, B. R. ﬂens91

V. T. Dubinchuk

C. M. Eddy, J: M. Doesburg

W. J. Gburek, R. 'R. Schnabel
S. T. Potter :

-

T. A, Prickett, T. G. Naymik

D. 1. Siegel

L. R. Naison, J. M.‘Fenolsén

C. Zheng, K. R. -Bradbury
M. P. Anderson

C. Zheng, H. F. Wang

* M. P. Anderson, K. R. Bradbury

" Journal of Hydrolosy, 1986, Volume 84: ~261-271.

"Datermination of Horizontal-to- Vertical’HYdraul{c
Conductivity Ratios from Seepage Measurements on Lake

Beds,” Water Resources Besearch 1981, 17: -565-570.
“Ground-Hater Flow into Lake chhigan from Hlsconaln,

ﬁRadon and Radium Discharge to Sut[nco Streams,
Water Resources, 1961, 8(1): 102-116, t:unslaced

jai-13 -2 M A 12

from Vodnye Resursy.

"“Remedlal Action Modeling Assessment Western Proconalng
Sits, Kent, Washington,* Report. proparod for U.S.

Environmental Protection Agency, Rnsion X, Seattle,
Washington 98101 July 1965.-

" *Modeling the Effect of the Shnllow Weathered Fracture
: Layer on Nitrate Transport,” Unpubliahed Drntm Rlpott

“A 'Random Walk’ Solute Tramsport Model for Selectéd Ground
Qualtty Evaluations,” Iilinois State Water Survey,

_Champaign, 1L, 1981 ISWS/BUL-65-81.,

"The Recharge- Dlschar;o Function of Hatlands near Juneau,

" Alaska: Part I. Hydrogeological lnvostlgations," Ggound
'Hato£,>1988, 26(4).: 427-434.

_ “Gaohydrology of & Thin Water-Table Aquifer Adjlb;ﬁt to Leke
" Michigan, Normhweltorn Indlana,# (i press).

“Role of Intarceptor Ditches-1in leitlns the Spread of
Contaminants in Ground Hnbur," Ground Hator, 19880,

) Volumo 26(6): 734-742.

"Anllynll of Interceptor Dltchas tor Control of Ground Nator
Pollution,* Journal of Hydrology, 1988, 98: "67-81. {
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F. Studies invo
ading to surface water for various land use types

summarized in Section VI of "An
the Literature Addressing Nonpoint Source

ed in
ibliography of
Discharge to Surface Water," Septembér, 1990, EPA

440/6-90-006.
i. General de;cfiption'of method
.. bescripeion of mechod or procedure

Nonpoint source loading models combine surface runoff, sediment yield,7
and ground-water discharge with empirical loading rates to obtain estimates of
nitrogen and phosphorous chemical concentrations in surface water. Runoff in .
shed i alculated from daily weather data using the U.S. Soil
! urve Number Equation. Sediment yield .is calculated
{1 Loss Equation in conjunction with. the Richardson
i{nfall erosivity index. Ground-water discharge.is calculated from
y water balances for the unsaturated and saturated zZomes in a watershed or

ng hydrograph separation techniques. Loading rates for runoff, sediment

b
yield, and ground-water. discharge are assigned based on . land use. Land use is

divided into residential, commercial, industrial, and agricultural categories.
--Agricultural land is further subdivided bdsed on land use, crop type, and land
management practices. The land use loading rates for runoff, sediment yield,
nd-water discharge are summed and multiplied by the total area of
o obtain the empirical loading rate as a
The total nonpoint source loading rate for.
the drainage basin rate is obtained by summing the calculated loading rates
rX‘(Haith d Shoemaker, 1987, and Ritter, 1986).

harge from functioms is best used in

onjunction with verification methods such as mass and water balance

nates’ d-water monitoring, piezometer sampling, and seepage meter
unctions have been used to estimate discharges. in inland
(Gburek, et. al.) and Wisconsin {(Uttormark, et. .
“(Ritter) and the Chesapeake Bay (Schnabel
his method have examined nutrient .-

me ing.
watersheds in Pennsylvania
'al.), and in Inland Bays in Delaware
and Gburek). Most of the studies utilizing t
loadings into surface waters. :

b ‘A§§ugpt?9n§”ihvolve& in uéing thesé‘ﬁodels“

Th
oading rates assign

ajor assumption of nonpoint loading models is that the empirical .
] ed a land use category for runoff, sediment load, and

ground-water discharge are representative of actual loading conditions. The
assigned runoff and ground-water discharge loading rates for a land use ’
suiiéd independent of topography, soil type,; or tillage methods

Gburek, 1983) )

ading rates for land use categories are equally
el and Gburek,

the emp
for both large and small drainage basins (Schnab

‘e 'that the transport process is not scale dependent; =




c. Limitations.of the methodsr

The ultimate purpose of loadingAmédels is to.predict the impaéf various
land management schemes will have on surface-water quality in a watershed
through use of empirical loading factors. Ideally, loading factors for :

various land types:-should only be representative of on-field processes, such

as tillage and fertilization practices. In reality, loading factors are a
combination of on-field and off-field processes. Off-field processes such as
" non-crop plant nutrient uptake, deposition of sediment in buffer strips near
streams in the watershed, and mixing of interflow and baseflow components of
"different chemical composition, .are included in loading factors. ‘
Additionally, loading factors make. no distinction between.flowpaths,

' effectively masking the processes which contribute to sediment and chemical
" loss from a watershed. As a result, loading factors mask the interaction of
on- and off-field processes and cannot be adjusted to account for individual
.changes in either on-' and off-field management practices. Thus, as a
predictive tool, loading factors may have limited use. :

There was significant uncertainty associated with the input parameters .

for the model applications referenced in this review. Precipitation and
_.temperature data were collected at one or two locations-in a watershed and °
. were assumed to be representative for the entire watershed (Haith and ’

Shoemaker, 1987). The shallow groundéwatef storage value and recession index .

were assumed to represent the .entire watershed even though several aquifers
-may discharge ground water to surface water. Because of these uncertainties

associated with input values to the model,*prediéted loading rates to surface
water may not be representative. -~

od. Representative equations

_ Ground-water discharge to a surface water is determined using a lumped
parameter water balance model based on daily water balances from the
unsaturated and shallow saturated zones (Haith and Shoemaker, 1987). The
equation describing ground-water discharge is as follows: ‘

Gb - Sb. r

where:
G, = Ground-water discharge [L3/T] , ,
.S, = Shallow saturated zone moisture content (L)
r = Ground-wa;er.récésgion constantﬁ[l/T].

The ioadiné‘rété to surface water as a result of g:bundfwatéf diséhargéiist

I_R-:Gt'C ‘ | | 4 |
) whegé:.. -
LR = Loading ?ate to sufface water [M/Tj | -

"Gy = Ground-water discharge rate to surface water [L3/T)
¢ = Concentration of chemical constituent in ground water
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"e.  Description of equipment needs

nent needed for the method includes

‘”wW”‘“:crop distribution maps, and
- land-use distribution maps.

A PC computer-based spreadsheet would b

e very useful to an applicatioﬁ
of the method. T

" £ 'Expertise needed to use the method

f effort is required to use this method. The

vel of effort is required to classify land into the various

c , ‘which involves correlating soil type distribution with land use .
and crop distribution in the watershed. Knowledge of relationships between
soil type, land use, and crop distribution within the watershed is useful.,
After the watershed has been sectioned into representative land-use categories

the recession constant has been determined, the method becomes a .
.7 A computer spréadsheet can be utilized to multiply and
o surface water.

, inputs for the model

s data describing land use and soil type distribution
The ground-water recession constant can be estimated
h separation techniques and stream gage data.

The model require
‘and daily precipitation.
¢ing standard hydrograp

"

outputs from the model

he o Wwoqwg§t;m§§§s‘:he loading rate. to surface water as a result of
ound-water discharge, sediment load, and surface runoff for various land

Ground-water quantity discharge to surface water

£ ground-water discharge to surface water predicted by this
otion of the recession constant and the storage capacity of the
allow s ated zonme. If both the recession index and the storage value are
all, the pfgdicted discharge rate will be small; conversely, if both' are

i#large, the predicted discharge rate will be large. :

b. . Ground-water quality discharge to surface water
' ’ ‘ The chemical constituents commonly modeled using this method include
itrogen and phosphorous (Haith and Shoemaker, 1987). The concentrations
predicted in surface wdter using these methods are a function of the loading




rates assigned to thé various land types and land use distribution.
4 V

iv. "SettingéAin vhich the models have been applied‘and contaminants
that have been modeled ' ‘

‘ The settings and the contaminants that have Been\modeled,using this
method are summarized.in Table F-1. , ' : ,

t

v General evaluation of the method

The method has obvious appeal for many applications because information
concerning land use, soil type distribution, precipitation and temperature
data, and stream stage aré readily available for most watersheds.
Additionally, the metlod is relatively easy to use. Once a computer spread.
shéet‘containiﬁg the required inputs has been established for a given S
watershed, by inputting weather data, the loading rate to surface water can be
)qétimated., However, ultimately any model used for management decisions must
be able to predict future loading rates as a result of changes in management
practices. Because loading models rely on a multicomponent loading factor, .
the effect of changing one component of the loading factor on surface-water
quality may be difficult to determine, making the models .léss suited for
-management applications. ' B B '

vi. References to annotated bibliography

References to the accompanying annotated bibliography are ‘summarized in
Table F-2. - ' ' I
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Table F 2. ) ll“b[oruncal to Amnotated Bibliography
g o ; . .

Aﬁthor - . . . " ’ Co- ' ‘{Cltauon I o Reference to Amotated
) , Bibliography
W. J. Gburek, J. B. Urban L “Nitrate Contamination of ‘Ground Water in an Upland : . . pp.160-162
R. R. Schnabel ’ ’ Pennsylvania Watershed,” Proceedings of the Agricultural -
[ . > Impacts on Ground Water, A Conference, Omaha, Nebraska,
. August 11-13, 1986, pp. 352-380.
D. A. Haith, L. L._S.hoem‘akct v . “Generalized Watershed Loading Functions for Stream Flow . : " pp.163-165
' . Flow Nutrients,” Water Resources Bulletin, 1987, 23(3):
" 471-478, _ e
"W, F. Hitter . : . - .© " . ."NuLrient Budgets for the Inland. Bays," Report to Delaware pp.166-167
L k . : Department of Natural Resources and Environmental Control, ; '
v . B . August, 1986. B
R. R Schnubol‘. W. J. Gburek R ' “Calibration.of NPS Hodel Loading Factors,” Journal of . pp.168-169
’ Eﬂ_vgroggen'tal Engineeripg, 1963. S
P, D. ‘ilu.ormark. J."D. Chapin ., ; " “Estimating Nutrient Loading of Lakes from Non Point Sources,” .pp;17b-171

Office of Research and Monitoring, 1974, Environmental
Protection Agency report number "PA 690/3-7&-020.
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‘Studies using environmental isotope methods t
of ground water to stream flow

I

estimate the contribution

&ited in this section are summarized in Section XI'of "An
raphy of the Literature Addressing Nonpoint Source
j.-Water Discharge to Surface Water," September, 1990, EPA

‘&h0/6-90-006.
i. Genefal description of mefﬁod.

Description of method or procedure

a.

h fferentiating among sources of water supplying streams.
emvironmental isotopes are commonly used in studies of runoff generation in
catchments: oxygen-18 (1%0), deuterium (D or 24), and tritium (T or *H).
~ These isotopes are almost ideal tracers for runoff generation studies, due to
: cteristics: (1) since %0, D, and T are constituent parts
lecules (e.g., Hp'®0, HD0, and HT!¢0), they travel at the
gh the catchment as naverage" water (H,'°Q); and (2) 189, D, and
: t " the low temperatures associated with most
their concentrations do not change by reactions
The isotope concentrations in the flow system
mixing, diffusion,

s
T are chemically conservative a
small watershed systems (i.e.,
with the catchment materials).
altered only by physical processes such as:

ersion, and radioactive decay.

hich océuf naturally, accounting for
d about 0.015% of all hydrogen atoms, '
averag Hésfitrations in water, expressed as H,'%0 and
2000 and 320 ppm, respectively. T is a radiogenic isotope of
in the order of 12.4 years. T atoms represent an
extremely small proportion of terrestrial hydrogen (about 10714 0 10718%) of
““a1l hydrogen atoms. Concentrations of T are expressed in tritium units (TU)
in which 1TU = 1T/10* atoms of hydrogen. Although very few T measurements
: e,qgwprecipitaCioﬁ prior to the introduction of anthropogenically-
roduc into the atmosphere, indications are that precipitation contains
from 4-25 TU of naturally-produced T. Since the advent of atmospheric testing
of thermonuclear devices in 1952, T produced as a by-product of this testing .
Fas been the dominant source of T in precipitation. )

HD*“0 are a ‘
hydrogen whose half-life is

" The term “hydrograph separation,” ction D of this report
ly associated with graphical hydrograph separation techniques which
] for decades in predicting runoff volume and residence times.
" Another type’'of hydrograph separatiom, based on natural chemical or isoteépic

éts in water, has been developed as a more vphysically-based” runoff
separation technique than the graphical technique described previously. - This
‘hydrograph separation technique apportions storm and snowmelt hydrographs into
Atributing components based on the distinctive chemical or isotopic
 gnatufes édrried by each of the contributing components. The distinctive
native of each component is developed as the water molecules passing

“the catchment take different flow paths and have different residence




WP

L
~

‘The tracer-based hydrograph separation technique normally involves a
two-component mixing model for the. stream. The model assumes that. water in
the stream at any time during. a storm or snowmelt runoff event is a mixture of
two components: "new water," which is water from the current rain or snowmelt
event, and "old water," which is the subsurface water which existed in the
catchment prior to the current rain. ) - S :

During baseflow conditions (the low flow conditions:which occur between

. storm and snowmelt runoff events), in humid, headwater catchments, all the

water in a stream is discharged ground water. The chemical and isotopic
character of stream water at a given location  during baseflow represents an
integration of the upstream nold water®” discharges. During storm and snowmelt
runoff events, however, "new water" (rain or snowmelt) . is added to the stream.

.1f the "old" and "new" water components are chemically or isotopically
-different, the stream water becomes ."diluted" by the a¢dition_bf the "new"
- water. The extent of this dilution is a function of the relative )

contributions from the "old" and "new" water components..

Thé precursor to using natural isotopes as tracers in the simple two- |
component‘mixing'model involved the use of various chemical parameter tracers '
such as total dissolved solids, chloride, and electrical conductivity. These -

~mixing models are based on the general observation that ﬁoId water" has higher

concent:ations,of most chemical parameters than . "new water?”.

The major problem associated with separating hydrographs on the basis of
chemical.tracérs is that most chemical tracers are hb;,conservativé. The
chemistry of the "new water" may vary both areally and temporally as the rain
or snowmelt water interacts with the catchment materials on the way to the
stream. The chemical tracer technique could lead to an overestimate of the

"old water" contribution since the "new water" progressively gains more

~solutes on its way to-the stream and its chemistry becomes more like that of .

the "old water". One can, however, derive some valuable information .

.characterizing runoff processes by using natural chemical tracers. Some

parameters, such as silica are fairly conservative and can give reliable "old"
and "new" water components. Other parameters such as chloride in coastal -

areas, can give some indication of the amount of "washoff" of atmospherically-
deposited particulates by overland flow. - ' :

‘ During thé;1960's, hydrologists began to use- the sgparaﬁion gQuations
with an;hropogenically-ptoduced radioisotopes. ’ :

b. - Assumptions involved in using the method

" The environmental isotope hydrbgraph,separation method uses an o
environmental isotope as the tracer in the separation equations (equations [2]}
to [4] in’Section G.i.d). - 1If the isotopic signatures of the "old® and "new"
water are different, the contributions of nold" and "new" water in a storam or
snowmelt hydrograph can be determined. ' - '

The isotopic signature of the rold" water in a catchment results from
the .mixing of rain and snowmelt which falls over a long. period of time. ~For

"the stable isotopes, the "old" water del values .(obtained from solving

equation [1]) remain essentially constant year after year3Qr they develop an
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depleted values in the winter and the
Whether the "old" water del values are
Yy the residence time of the "old" water
the watershed. The "o0ld" water tritium
‘ generally show a gradual decrease with
..time, reflecting the progressively lower tritium concentrations in recent’
(post-1963) precipitation and tritium decay.

" The isotopic signature of the "new" water component provides the
contrast needed for the isotopic separation. ‘Although the general seasonal
‘ 1% p precipitation and the
, it must be
in an individual
old" water

o tions govern the reliability of hydrograph separations using
‘environmental isotopes

' The "new" and "olg" water component can be characterized by a
s v v gingle isotopic value for each component or variations in each

o the stream are negligible
. during the event or they must be accounted for (use an additional
’ tracer if isotopically different from ground water)

‘water storage (channel storage ponds, swamps, ete. )
contributions to the stream are negligible during the runoff
event.

One major assumption in using environmental isotopes is that the
"baseflow represents the "old" water component and the source of ground-water
"flow to the stream during storm and snowmelt events is the same as the source
uring baseflow conditions. However, ephemeral springs remote from ‘the. stream

“deeper ground-water flow systems may contribute differently during events
nd if their isotopic signatures differ from that of baseflow, the assumed.
0ld wacer” isotopic value may be- incorrect Although the occurrence of such
by hydrometric monitoring and isotopic analyses of-

qualification could be difficult.

Catchments with significant surface storage cannot be accurately
characterized using isotope hydrograph separation methods. - Isotopic
enrichment of surface water in lakes, ponds, and swamps by evaporation may
‘introduce complications in the simple two component model

pic contents may be
dering that
am ling an event and




considerable costs may be incurred for isotopic andlyses, it is prudent to
monitor an event using chemlcal tracers as well as isotope analysis. These :
other methods may include: ' (1) testing for other independent isotopes such as
T rather. than 80 if 180 is unsuitable and (2) testing for a comservative
chemical constituent, such as silica, or other less conservative parameters
such as electrical .conductivity.

) Estimatlng the actual isotoplc compos1tion of the rainfall reaching the
ground surface is complicated in forested catchments because of the ,
interception loss (by evaporation) from the forest canopy during rainfall.
".Evaporation from water stored on the forest canopy typically occurs. at rates.
of 0.1-0.5 mm/hr and can account for the loss -of about 20X of the gross _
rainfall. Depending on the ambient relative humidity at the canopy level,
evaporation of 20% of the rainfall could substantially enrich the D or 180
composition of throughfall and net rainfall compared with that of the gross
rainfall usually measured and sampled. This is a potentially serious problem

' .only when the gross rainfall is isotopically lighter (more negative in delta

notation; equation [1] below) than the prestorm stream water.
d. Representativejequations

" Since D and 1%0.concentrations in-natural waters are much smaller than
- their common light isotopes (*H and !%0), D and %0 concentrations are B
generally expressed in the conventional delta (3). notatlon as per mil (0/00)
dlfferences relative to the international. standard SMOW

3D or 8180 = (Rsample - RSMOW) X 1ooo 1]
" Rsuow

Analytical prec151on for 8D and 6180 by mass spectrometry is better than 2 andﬂ
“0.2%, respectlvely, with a confidence level of 95%.

Between storm-events, stream base flow reflects the isotopic composxtion
of the "old" (stored) water.. During storm runoff events, however, the -
isotopic character of the stream may be altered by the addition of "rew" water
from rainfall. The mold"™ and "new" water contributions at any specified time
can be calculated by solv1ng the mass balance equations for -the water and
isotopic fluxes in the stream. ~ These equatlons are expressed as:

‘v Qs = Q + Qn L IV S | ’ .‘ v, . | [2]
CeQs = CoQo + Coln . S . : ] |
o=(Cs -Cm)XQ - . SR O3 B
(Co - Cn) : ) ,

.where Q is discharge, C expresses tracer concentration, and the subscrlpts s,
o,'and n.refer to the ‘stream, "old water," and "new water," ‘respectively. The
‘utility of the mass balance equations for any particular storm event is -
controlled mainly by the magnitude of (C, - C,) relative to the analyt1ca1
error and the recognition of areal and temporal variations in C, and C;. The
equations can also provide estimates of "old" and "new" water percentage
contributions to’ throughflow and overland flow. :
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ta can also used in estimating the areal extent
"and in calculating mean residence time of
Assuming that overland flow is generated
ow, the overland flow contributing area is

estimated by the following equation:

Environmental isotope da
of overland flow contributing areas
the "old" water in the catchment.

- " ‘efit{rely as saturated overland fl

181

"fraction of the total basin area,
tal volume of "new water" which leaves the catchment and V., is

f "new water" which falls on the catchment. The mean

r* in a catchment can be estimated by comparing
lues for the precipitation and the streamflow
precipitation) and output (streamflow)

) vn
. the total volume o
residence time of the "old wate
the seasonal variations in del va
or by analyzing the tritium input (
. functions. ’

g {vated time discrete automatic water samplers are .
Geaded to ensure sampling at the start of an event, .especially for night-time
‘ for remoté catchments. Snowmelt lysimeters aré needed for sampling
6il water, lysimeters are required. Ground-water samples
Measurements of streamflow from

. To sample s
.iY¥s ‘obtained by installing piezometers:
catchments require weirs with stage recorders.

< sample are normally measured
. using a doubl iiecting mass spéctrometer which compares the concentration of
' 183 or D in the water sample to a standard water. Water samples for T analysis
are measured using a liquid scintillation counter.

‘MEi‘e;éisé‘fédQ{red éB“Eﬁﬁiy”%his“aechaaV”

The method requires knowledge of basin charaptgrlstidé and fhettemporalw
discribution of precipitation and runoff in the basin as well as considerable

professional judgement. Site water sampling requires a sufficient
understanding of regional geology and hydrology. . )

, ples to be obtained -

ious sites (shallow or deep) within
a al sites (shallow or deep), and baseflow

first order stream in the catchment or baseflow in a larger order stream.
» < studies have used either ground water or baseflow to ' ,
‘haracterize the isotopic content of the "old" water. The isotopic value of
stream baseflow is-a good approximation of the isotopic value of ground-water
" discharging into the stream. Soil moisture is also appropriate for the "old"

-water component in certain hydrologic environments. -

R N U e
1es are needed when conducting environmental isotope studies of
1t tunoff; i.e., one must take as many time discrete samples
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of the precipitation (and snowmelt) and the stream as bossible.v‘Depending on
the nature of the study, sampling frequency may vary from minutes to day or
longer depending on the size of the catchment; type of sampling equipment,

type of event, and detail desired. Through flow, overland and macropore flow

‘sources can also be separated using isotopic methods,

111, Outputs for the method
. a. Groundjwéter,quanqity discharge to surface water

Essentially any quantity of ground-water discharge to surface water can
be- estimated using isotopic tracer-based hydrograph separacion.techniqdes.
Isotopes leave signatures of stored water (in the unsaturated:and saturated
zones) that can be detected at the discharge points. Environmental isotope
" results can be used to test whether integrated water quality models represent

catchment processes appropriately. ' C o

b. Ground-water quality discharge to surface water

' Observed contaminant concentrations in surface water can be correlatéd
. with the runoff components indicated by the isotopic data. . For example, if
stream flow is found to be dominated by "old" water during a precipitation
event and observed contaminant concentrations rise above baseflow '

~ concentrations, the increased contaminant levels may presumably arise from

" subsurface .discharge.. ' ' ‘ :

iv. Séttings in which the method.haéﬂbéen gpplied

Some of the settings assessed and the isotopes aﬁilyzed in
representative studies are presented in Table G-1. The predominant conclusion

‘from these studies is that "old" water components normally dominate storm and

snowmelt runoff in humid, headwater catchments. These studies demonstrate how
isotope tracer studies can improve the characterization of runoff processes
beyond those findings based upon hydrometric and/or hydrochémical data..

v.  General eValuA;ion of the method

Because isotopic tracers are constituent parts of natural water | B
molecules, they can be used as excellent tracers rof water origin and movement.

The long term and widespread application of these tracers analyses, will allow

researchers to study runoff generation on scales tranging from macropores to
portions of catchment slopes to first and higher order streams (Sklash 1990).

.SeVeraI disadvantages may arise in the use of isotopic tracers, howevér.
Conditions for their use are not met in every event, and sample analysis is
expensive. In some catchments, the isotopic content of "old" and "new" waters

is not distinguishable in the énowmglt,rand variability in the "new water”
isotopic component may decrease the precision of the separation.. IO ‘
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G-1. Summary of Settings in Which the Mothod Has Hoen Applied gnd the Inotopbl Moasured

' v

# location " . Cotclment Size (km?) . - Isotope ‘ - »AQLhor(s)
. , . T 4:180 D - N -

B3

Crouzet,
" Hubert, ~ -
. Olive,
. Siwertz,
. Marce (1970)

1 France - X 24 -

>mmoom

2 United Kingdom " 10 ) - ) . o . D.S. Bigsin (1971)

. Mook,

. Groenveld

. Bouwn,

. Van Ganswyk (1974)

Y Hotherlands ‘ 650 ha : . . .

x>0z
[P N

4 - Canada - 22, 1.8 o . _ " P. Fritz,
. ’ ‘ - *  J.A. Cherry,
K.U. Weyer, .
M.G. Sklash (1976)°

18

5  Canada 73 to 700 o o LR #.G. Sklash,
’ : : ‘ ' R.N. Farvolden,
P. Fritz (1976)

6  Canada . 1, 1.2, 3.9 . - M.G. Sklash, ,
. ’ R.N. Farvolden, (1976)

7 Canada ‘ 1005, 1.24, 1.76 : C " D.J. Bottomley,
. ' ' - o D. Craig,
- ’ : L.#¥. Johnston (1984)

8 USA T 620 . ) T . » ow - V.C. Kennedy,
’ ) ’ © C. Kendall, ;
~ G.W. Zellweger,
T.A. Hyerman, -
"R.J. Avangion (1986)




ettings 1  Hhkch Chn Hathod Has Besn Applisd

focation

Catclmment Size ad)

{sutaps
185

Author(a)

-

Hew Zoaland

3 8 ha

. Pearce,

A.J
H.K: Stewart,
H.G

. Sklash (1986)

New Zealand

»E=
L= o

. Sklash,
. Stewart,
. Pearce (1986)

Sweden -

33.5

ame

. Jacks, -
. Olofsson,
. Herne (1986)

Australia

82 ha

-2 -

.V. Turner, -
.K. Macpherson,
.A. Stokes (1987)

Czechoslovakia

=3 w3

Dlncér,

.R. Payne,
. Florkowski,
. Martinec,

Switzerland

43.4

[

Martinec,

. Siegenthaler,
. Qescheger,
. Tongiorgi (1974)

Canada

11.}. 11

::p:

.R. Krouss,

Holecsk,

. Steppuhun (1978)

" Canada

.2.8 .

um o

.M. Wallis,
.B.N. Hynes,

Fritz (1979)

Hest Gomany~

18.7

>

=T

. Herrmannm,

Stichler (1980)

Tongiorgli (1974)
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Sinanary of Settings in Which the Hothod Has Beon Applied and the Isotopes. Heasured

UsA

61
# © Location ‘ ,'Cal.clunént. Size (km?) ) . » Isotope Authof(s)
- . ST - 18 ]
18 Canada S 368 ’ : L * F.H. Schwartz (1980)
19 Canada - 2.8 “ e M.G. Sklash,
' ‘ R.N. Farvolden (1980)°
20 Sweden 4.0, 6.8 ) : . _A. Rodhe (1981)
21 Sweden . i ", ‘several T ) . » A. Rodha (1984)
7 - - -
T 22 . Canada . R 10.5 ., LI D.J. Bottomley,
. ) : D. Craig, . ‘
. . L.M. Johaston (l9q4)
23 flurway . ) 41 ha oL . . . : N Chrlst.ophats’en, :
T : ) ' S. Kjaernsrod,
. * ‘A. Rodhe (_1985‘)
24 usa® . 2.2 , . . R.P: Hooper, :
i ) i C.A. Shoemaker (1986
25 ‘ Cariada : ’ 60 7 . ' . M.4. Obradovic,
. ' - M.G. Sklash (1986)
26 Canada s S . A.J. Bottomley,
’ : - ' ' D. Graig,
'L.M. Johnston (1986)
27 R J.R. Lawrence (1987)
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_Chapter III

The Impactvof Nonpoint Source Contaminated Ground-Water Discharge
to Surface Water in Water Quality-Limited Water Bodles:

Determining'Total Maximum Daily load and Waste Load Allocations °

Introduction'A

Thls chapter provides a general overview of the process for determining
the Total Maximum Daily Load (TMDL) for water quality-limited water bodies and
the allocation of point source waste loads and nonpOLnt source loads to-

achleve the TMDL.

As used in-this chapter TMDLs are’ defined as the assimllative capacity.

' of a waterbody, which is the sum of the individual Waste Load Allocations

(WLAs) for point sources and Load-Allocations (LAs) for nonpoint sources and

_ natural background (see 40 CFR 130. 2(h)), plus a safety factor. A Waste Load

Allocation is the portion of a receiving water'’s loading capacity that is
allocated to one of its-existing.or future point sources of pollution (see 40
CFR 130.2(g)). Slmxlarly, Load Allocations (LAs) are the portlons of a
receiving water's loading capacity.that is attributed either to one. of its
existing or future nonpoint sources of pollution or to natural ‘background
sources (see 40 CFR 130.2(f)).. In sum, the TMDL should encompass the -

* contaminant waste loads from poxnt sources and nonpoint. sources. However, the

nonpoint source load allocation may be accounted for simply as a component of
background contaminant concentrations ‘This chapter provides a preliminary
discussion of the rationale for applying.the methods described under 2 above
to better measure or estlmate the nonpoint source component of the load
allocation under a TMDL.

~ Under Section 319 of the Clean Water Act, by August 4, 1988 the States
were required to identify those water bodies that were not expected to attain

.or maintain their respective water quality standards due to point or nonpoint ‘

source 1oads In addition, the States were directed to develop a program to
alleviate these problems. by describing how they will utilize the TMDL process

' to control nonpoxnt source pollution in accordance with Section 319 (b) (2)
(B) of the Clean Water Act. This Section calls for "an identification of

programs to achieve implementation of the best management practices (BMPs) by
the categories, subcategories, and particular nonpoint sources ‘designated
under subparagraph (A)." Subparagraph (A) requires an identification of the
BMPs and measures which will be undertaken' to-reduce pollutant loadings
resultlng from each category, subcategory, or particular nonpoint source
designated under Section 319 (a) (1)-(B). Presently, this requirement is the

only regulatory tool available under the Clean Water Act to promote nonpoint

source controls. To date, the Agency has prepared a variety of guidance
documents and models to assist in determining TMDLs as part of the water
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quality-based permitting process. 1 This discussion specifically addresses
the manner in which nonpoint source loads may be accounted for in this
- . process. | - -

~-w- The chapter is organize&‘ihwfdﬂfuééégiaﬁéf”‘?81f3v1ﬁg”tﬁis {ntroduction, "

‘Section 2 introduces the regulatory concepts and statutory authorities
oad allocation processes. 'Section 2 also provides a

ummary of the status of WLA applications and water quality-based permitting.
.Section 3 discusses the theory behind the TMDL process and the application of

‘ ting w ‘quality impacts from biochemical oxygen
ifid toxic substances and provides a limited overview of WIA
-4 Finally, Section 4 reviews the applicability of the
#ethods described in 2 to supply the data needed to assess nonpoint source

loads as part of a TMDL analysis.

. demand, nutrients,

Statutory and regul

atory,ﬁandgtémfgfmaQEEQﬁihiﬂg”ﬁiAs‘ahd.LAs under the
..TMDL process - ‘ e :

‘Rationale behind waste MgﬁwéﬁﬁibaiéfZQﬁaiity based

, fes are required to set
dards ‘that protect”the public ‘health or welfare, enhance the
. d serve the purposes of the Act for all waters in the
’ ¢tate.? These standards are based on water quality criteria developed by

U.S. EPA® and are to guarantee the achievement of a designated use for the
~ water body. The State may not set a water body’s designated use at less than
fishable/swimmable without performing a use attainability analysis.® ‘

e
M N

ality stan

rocess of preparing a series of nine Waste Load
£37"§everal of those documents that are currently

nitoring and Data Support Division/U.S. EPA are qiéed in

T this chapter.

‘ 2-"See also 48 FR 51400 for the regulatioﬁs‘ in}plemeﬂting thé'water'
. quality standard process. o ‘ : . o (

3  These wace:“quaiity criteria are developed under Section 304(a) of the

Water Quality Criteria for Water 1986, published May 1987, is the

of water quality criteria.

 at lity analyses involve a determination of the level of
. aquatic protection that can be achieved for a water body. The analysis

A nt of (1) what are the aquatic uses(s) currently being
d in the water body,- (2) what are the potential uses that can be

“on the physical, chemical, and biological characteristics of

“and (3) what are the causes of any impairment of the uses?
ort Manual: Water Body Surveys and Assessments o
ility Analyses, November 1983. USEPA/OW.

the water body,
See Technical Su
Condt e A




Sections -302 and 304(1) of the Clean Water Act require the States to -

~ identify those waters for which technology-based effluent limitations are not
sufficiently stringent to attain the water quality standards. The technology-

. based limits are mandated under Sections 301 and 307 of the Act and are

implemented by the Agency through the promulgation of industry-specific .
effluent guidelines.® The States must rank their water quality-limited
‘stretches for planning purposes and set total maximum daily -loads of
pollutants in the stretches that will achieve the applicable standard.

. Finally, the TMDLs are to be converted to wasteload allocations through
modeling and ultimately ‘to water quality-based effluent limitatioms on
indiVidual point source dischargers in the limited stretch.

ii. Implementing vaste load allocations and load allocation in water
quality-limited water bodies

: Watet quality- -based controls are implemented for any stream segment in
 which it is know .that water quality does not meet applicable .water quality
standards, and/or is not expected to meet applicable water .quality standards
even after the application of the technology-based effluent-limitations -
required by Sections 301 (B). and 306 of the Clean Water Act (see 40 CFR
¢ 130.2¢1i)). For these segments, water quality -based effluent limits may be

. 'S Under Sections 301 and 307 of the Clean Water Act, as amended-in 1972,
EPA is responsible for promulgating technology-based effluent guidelines, and
applying these guidelines in permits to industrial pOlnt source dischargers
EPA is to review standards annually and to-revise them every three years.
Equivalent technology based standards also apply to municipal discharges;
these have been defined by EPA as secondary treatment of municipal wastewater.

Under the 1972 amendments, industrial point sources were required to
apply the best practicable control technology currently available (BPT) to
their processes by July 1, 1977. BPT was interpreted as involving mainly’
nend-of-pipe" controls that imposed control costs and economic impacts that.
were not "wholly out of proportion" with water quality benefits. In the
second phase of pollution control,- the Act mandated that industries were to °

" adopt best available technology economically achievable (BAT), or, if
feasible, zero discharge, by July 1, 1983. In contrast.to BPT, BAT was . .
‘thought of primarily as in-plant process changes that had been or were capable
of being achieved. Compliancé costs were considered in setting BAT, but no-
cost-benefit analysis was necessary as with BPT. Finally, new sources were’

~ expected to immediately comply with strict standards of performance based on

" best available demonstrated control technology (BACT), a standard comparable
to BAT for existing sources. . - .

Under the 1977 amendments to the Act, Congress modified the otiginal

- technology-forcing approach somewhat to: include a new category of control,

best conventional pollutant control technology (BCT), to be achieved by July
"1, 1984, However, EPA found the BCT cost. tests difficult to apply and; as a
.result, for most industry categories the BCT effluent limitations are
virtually equivalent to BPT requirements ’ . :
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imposed on point source dischargers under the authority of Sections 302 and
02 of the Clean Water Act. Water quality-based effluent. limits are derived
quality in the receiving water regardless of cost or waste
: “treatability. In addition, however, Section 302 of the Act makes
~provision for permitees to apply for variances from the water quality-based
££1 1imits based upon the "relationship between the economic and social
costs and the bemefits to be obtained from achieving such limitation."’ ‘

» % "a%e daveloped as part of the
planning process described under Section 319 of the Clean Water Act. - In many

cases, States do not have certified or established techniques or procedures
for ¢ acions. " In those cases, the State should present its

rm implementing the TMDL process and a schedule with

o] ; blishing the appropriate load allocations. Until the load

allocation is approved by EPA, the State should pursue a technology-based

approach. Technology-based controls are to be based upon water quality

considerations dnd not just resource protection. For example, while ,

agricultural management activities are directed at minimizing soil erosion for
( the technology-based approach requires the

p ‘
1: nclude not only productivity based controls but offsite
ch a filter strips and sediment and water ‘control structures, as

1f BMP implementation 'is not adequate, the State.should develop an
plan to develop additional BMPS, including a schedule to assess the
ality conditions and determine if "standards are being met within an

appropriate timeframe.

This section presents a brief description of the sqiéﬂtific
the processes underlying estimates of total maximum daily

Because ‘the approach for assessing water quality impacts from different
categories of contaminants varies, each of three classes of substances, ‘
biochemical oxygen demand, nutrients, and toxics is discussed separately.

de information to assist in

g effective decisions on levels of treatment required for a source or
1lutant load. WLAs are water quality oriented and are directed.

g d qualitative relationship between a particular waste load and -
impact on water quality. These relationships make it possible to compare

ncremental changes in .concentrations of specific constituents in the -
éiving wa ‘evstem. — One is then able to.identify the maximum waste load

4 without violating a water quality standard.®

6 chnical Guidance Manual:

General Guidanée. )
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_Because of the array of variable elements (e.g., temperature, stream
flow, load level, reaction rates) that must be ‘considered in WLAs,
computerized mathematical models are generally employed to make the necessary
calculations. Furthermore, the factors and model formats also differ
depending on the water contaminant under investigation. The approaches. taken
for each of three.major classes of water contaminants assessed in determining
TMDLs are discussed below. : - : . .

" Biochemjcal ngggn”Qemagd[QingLyed O;ﬁggn '

. Biochemical oxygen demand (BOD) is a measure of the amount of oxygen
used in stabilizing a biodegradable material. Both carbonaceous organic
compounds (CBOD) and nitrogenous forms (NBOD), such as ammonia and organic
nitrogen, are subject to bio-oxidation. In most WLA applications, the amount
of oxygen consumed for biodegradation over a five-day period (BODs) is used as
the standard measurement. However, full oxidation of organic compounds. :
generally requires in excess of twenty to thirty days for completion.” .. -

" When an organic waste is loaded into a water body, it is subjected to
two processes that influence the transport.of the waste:. (1) advection, which
represents the downstream transport of the waste load in stream flow, and-(2) -
dispersionm, which encompasses the turbulent and eddying processes that tend to
mix the waste load with upstream and downstream waters. Under steady-state
conditions (i.e., constant waste load and stream flow), the. advection and
dispersion. processes can be assumed to be constant. In many WLA applicationms,
one may assume steady-state conditions because critical low-flow conditions
are modeled (e.g., the 7-day, 10-year low flow period). However, if '

" conditions vary, the transport processes will also vary. -

The biochemical oxygen demand and the resulting dissolved oxygen levels
in the water body are a function of the ability of naturally occurring '
bacteria to decompose the organic waste materials, thereby utilizing the.
oxygen resources, of the water body. Replenishment of the oxygen resources in

. the water body occurs either through transfer of atmospheric oxygen into the
water column or, to a lesser extent, through oxygen production by aquatic

-plants . i . . . . : . C s . ' . .

. .The interaction of these processes produces the réduction in dissolved
oxygen levels which is the focus of WLA modeling. The critical factor -in the .-
" protection of water quality is an understanding of the rate at which .

reaeration takes place and the magnitude of this rate in relation to the rate

of oxvgen consumption.: This relationship is generally expressed in terms of -

‘an oxygen deficit, which is defined as the difference in concentration. between

the saturation value and the actual dissolved oxygen concentration.®

2. .’ .
PB86-178936. September 1983. p.. 2-13.

¢ Ibid, p. 2-19.°
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: ajor ody impact associated with nutrient loading is

" ‘edtrophication, or enrichment of the biological productivity of the water

. body. Waste load allocations for control of eutrophication are generally
designed to reduce nutrient inputs. This strategy presumes that the nutrient
to be controlled Iimits the rate of growth and subsequent population of
phytoplankton. It further presumes that reducing the population level of
'phytoplankton will provide the desired cantrol of the complex process of
eutrophication and eliminate undesirable water quality situations such as
algal blooms. Therefore, it should be noted' that WLAs to control _
eutrophication in water bodies focus directly om nutrient reductions and
indirectly on phytoplankton and dissolved oxygen conditions that result from

overstimulation by nutrients.®

Nutrient levels in water bodies are controlled by external and internal
sources. External sources of nutrients include municipal and industrial point
- §tream inputs, atmospheric deposition, urban . runoff, ground-water
‘e rge, agricultural drainage, and other nompoint sources. Internal
sources include sediment release, biological recycling, and.nitrogen fixation.

.. ‘

-

al models for chemical -
ch used for other measures of water
h as biochemical oxygen demand. The main differences involve the .
f processes affecting the chemical constituent. These processes
chemical partitioning between the soluble phase and adsorption onto
rticulate matter, chemical transfers and kinetics involved in the decay or
Vvolatilization of the constituent, and sedimentation processes. In conducting
WLA for toxic substances, all of these processes are accounted for in a mass
balance equation. The result is a prediction of chemical concentrations in
the water column, sediment, and, in some cases, in the biota present in the

- water body.

' fa
A

qu

..The fundamental transfer and kinetic characteristics are known for a
wide variety of chemicals based upon laboratory analyses. These

‘ ‘istics can be‘coqbinéd with other relationships, such as advection
dispersion predictions, to account for the manner in which.any material is
transported in a water body.? :

eservoirs and Impoundments
7-002. December 1986. p. 6.




"11. wWaste Load Allocation models: Steady-state conditions
General o ' o : ; ) '

Conservation of mass is the fundamental principle Vhlch is used as the
basis of all mathematical WLA models of real world processes. All material
must be accounted for whether transported, transferred, or transformed. A
rate equation which conforms to the requirements of mass balance is

'Vfdc/dt'- J # aT + aR + oW

" where C :
concentration of the chemical
transport through the system
transfers within the system’ -
 transformation reactions withln the system
chemical inputs
‘volume of water body
time .

nicz:w-4}4o
[ O I O I |

. - This fundamental model forms the basis for assessing pollutant load to' a
.water system, Most WLA applications also assume steady-state conditions, -
thereby ellmlnatlng the need to measure changes in parameters over time. The
. simplified steady-state framework for chemical WLA modeling also assumes o
“complete mixing throughout the water body

A steady state model requires single, constant inputs for effluent flow,
effluent concentration, background receiving water concentration, receiving
water flow, and meteorologic conditiens. As a result, the effects of
" variability in nonpoint source and point source contaminant discharge on
receiving water quality cannot be predicted accurateély using these steady-
state techniques. Nonetheless, steady-state models provide a relatively
simple and conservative tool for estimating water quality impacts from
‘contaminant discharges. The specific analytical approaches for steady-state
wLA modellng for BOD, nutrlents, and toxic substances are described below.

_ A dissolved oxygen profile for a stream reach is based upon a simple
mass balance which accounts for the mass of BOD entering a stream reach, the.
mass leaving the reach, and the biodegradation and reaeration processes that
occur within the reach that result in the oxygen sag. At steady state, the
following mass. balance applies:!! '

'September 1983 P586 178936 p 2 40




MASS IN - MASS OUT + SOURCES - SINKS = 0

TUURE - TQI(C #7dC/dx: ax) + Ky (C;-C) - Kg'L'V =0

e {f U = Q/A and V = A-ax, themn: 7

U-V- dC/dx, and’

<ax = (Qrax)-dC/dx = (U-A-ax)-dC/

if the oxygen concentration <) iS‘expressédkiﬁ‘Eermé
efieit (D) and the saturated oxygen '
ion (C,), then C = G, - D, and

.1f C, is constant over a

U- dD/dx + KD - KL =0

T ng‘cbﬁﬁge in biochemical °ngen'deiaﬁd
.concentration (L) is expressed as L

nd solving the equation for the condition
=0 yields the following:

Q = river flow rate . .
1G - concentration of dissolved oxygen entering the segment

Gy = saturation concentration of dissolved oxygen
v QG - mass of oxygen entering the segment . ]
dC/dx =  rate of change of oxygen (C) with. distance (x); equivalent
. to rate of change with time (t) when converted by velocity
Uy T T T e e e e N -
““change in oxygen concentration during time of passage

h segment of length sx
¢ reaeration rate coefficient

'al rate coefficient (=Kg).

s a or the oxygen deficit in a stream
eng ‘for biochemical oxygen demand (L)
presents the concentration of BOD within the mixing zone below a point
source outfall. However, the source may also include nonpoint loading from




ground-water discbarge. '
- Nutrients

In lakes and estuaries, nutrient inputs may promote increased biological
productivity or eytrophication. Such eutrophication processes depend upon
continual input of nutrients, as a net sedimentation of nutrients occurs over
time. This process can be expressed in a general steady-state, mass balance
equation which. assumes a completely mixed water body. The removal rate of the
nutrients is assumed to be proportional to their water concentration, which is
expressed as followsi?: o ' o

V-dP/dt = IQ;-Pi - K,-p'V - Qp

* where
IQ;: Pi - .Vthe'sum of all the mass rates of total nutrients.
. discharged to the lake from all sources (point source

and nonpoirt source) [M/T]; Q = flow {L3/T]; and P, =
the initial nutrient concentration [M/L?] L

p = 'lake nutrient concentration [M/L3] .

V - _   lake vplumé‘[lﬁ]‘

Ry= ‘ ‘the net sédiﬁentation rate of the nutrient [1/T]

Q= - . lake outflow [L%/T]

. Agsuming~ste§dyéstate (dp/dt = O);.éﬁd letting W = IQ-Pi:
P = W/(Q+ Ky V) B
e if V= Az (whefd A= lﬁkevsu;face ére# and z_J me;n depgh), then:
e WlAH@W +RY] R

This expression provides a simple estimate of the ambient lake water
nutrient concentration given.a loading rate of W. However, the equation does
not provide any indication of the water quality impacts resulting from the
 hutrient loading. Such an estimate could be made based upon the ambient .

* nutrient concentration. . S s : : ‘

. Toxic Substances
. As mentioned above, the modeling apprdach for’toxic'subséanqes is
similar to that used for BOD and dissolved oxygen depletion WLAs. One of the
principal differences between the approaches arises 'in the modeling of the

12 Technical Guidance Manual ﬁo:.gégﬁorgigg Waste Load Allocations.
-and I undme ! ; i . i




“ tion rates affecting organic and heavy metal

. taxic constituents. Several references 1ist reaction rates for toxic

+ constituents.!® If a first-order decay rate estimate for a particular
constituent is available, the following equation for estimating the downstream

concentration of the contaminant may be used:

Gy e-x(x/h)

where

C = downstream concentration

Co=  concentration at the mixing zone

x = distance downstream of mixing zone.
river velocity
asui

: EituentéwéﬁfEthiy‘is‘not wé11 understood
the ‘confounding effects of varying temperature, pH, and other
‘ wat ody Co .

e fo >ants in streams and
Lemids the ‘following steady-state models: Simplified Lake/Stream:
e o, Analysis (SLSA), Michigan River Model (MICHRIV), Chemical Transport and
Analyses Program (CTAP), Exposure Analysis Modeling System (EXAMS), and Metals-
Exposure Analysis Modeling System (MEXAMS). All of these models except MEXAMS
can simulate both organic chemical and heavy metal fate and transport in

ri s. EPA also recommends these steady-state models for modeling individual

LT "Coxicants in lakes ‘and reservoirs.

dy-state models, research has continued on the
‘development of dynamic or continuous simulation models. These modeling
-approaches are discussed.below. EPA recommends the following continuous
imulation models for rivers, streams, -and lakes: Estuary and Stream Quality
Model (WASTOX), Chemical Transport and Fate Model (TOXIWASP), Channel
‘Transport Model (CHNTRN), Finite Element Tramsport Model (FETRA), Sediment
inant Transport Mgdel (SERATRA), T;ansient One-dimensional Degradation

Model (TODAM), and Hydrologic Simulation Program-Fortran (HSPF) .
11 ‘of these continuous models are designed for multiple reach, multiple '
-source analyses of both organics and heavy metals.*

‘ Detailed descriptions of these steady-state and dymamic models are
... .provided in several of the EPA guidance documents cited in Chapter III of this

document.




111i. Dynamic Wasteload Allocation Hodeltn3 

At the present time, most States and EPA Regions usefsteady-étate‘
models, which assume the wastewater is completely mixed with the receiving -

*

water and the contaminant source loads are constant, to calculate WLAs for
pollutants. This -assumption may be adequate for conventional pollutants
because the greatest environmental impact in the receiving water, such as

severe oxygen depletion, is found downstream of the pollutant outfall.

However, for toxic pollutants the highest coricentration in the receiving water -

(i.e., near the pollutant outfall) may serve as the critical level for
-determining the waste load for the contaminant. As a result, dynamic modeling
approaches are increasingly being applied to better account for variations in
point source loads and variations' in ambient water conditions resulting from
changes in nonpoint source loads and other factors. ~ -

, * Dynamic TMDL modélS‘célculﬁte,én'entire probability distribution for .
1'Ureceiving'wacer'éoncentrations rather than a single worst case based on
. eritical conditions. The prediction of complete prpbabilityfdistributiéns[

allows the risks inherent in alternative treatment strategies to be

quantified. The dynamic modeling techniques have an additional advantage over
stgady-state'modeling_in that they determine the entire effluent concentration
distribution required to produce the desired frequency of criteria compliance.

" Continuous or dynamic simulation models use each day’'s effluent flow
(Q,) and concentration data (C,) with each day's receiving water flow (Q,) and’
background concentration (C,) to calculate downstream receiving water
concentrations. The model predicts these concentrations in chronological
order with the same time sequence as the input variables. The daily receiving
‘water concentrations can then be ranked from the lowest to the highest. without
regard to. time sequence. A probability plot can be constructed from these
ranked values, and the'occurrence frequency of any one-day concentration of
interest can be obtained.!® ' : .
‘ Several methods are available to compuce'the probability that downstream -
toxicants (or effluent toxicity) will exceed criteria. These. approaches -
"inciude an approximate method of moments and numerical integration.l® The

method of moments is based on chéffollowing equationt
Co = Co [Qu/(QeHQa)] + Gy [1-(Qu/(QutQ) T

where C, = downstream concentration of the contaminant at time t. Estimates
of the mean and variance of the effluent concentration, effluent flow, and
upstream concentration.can be made by regressing the natural log of each of
these variables against a standard lognormal random variable. More specific
information concerning the variation in each of these terms may also be
applied. _ : ‘ Y

September 1985, EPA-440/4-85-032. p. 40.

16 Tbid, p. 41.
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An additional dynamic modeling approach involves the use of Monte Carlo

‘ 4 arlo combines probabilistic and deterministic analyses

$ince it uses a fate and transport mathematical model with statistically

described inputs. While Morte Carlo simulations require more input data and
calibration data than steady-state modeling approaches, they can account for

v i tions of time-varying water quality, flow, temperature, and point and i

‘nonpoint sourceé loading terms.

' w of modeling approaches
for WLAs. More detailed descriptions of the approaches outlined above are
available in the documents summarized in the annotated bibliography which
accompanies this report. The following section discusses how information
characterizing nonpoint contaminated ground-water discharge to surface water

may be incorporated in the WLA process.

‘Assessment of nonpoint source contaminated ground-water discharge to
.-gurface-water analysis methods as components of waste load allocation

NPS loading in current iﬁsi”ﬁgdéiQW”wwwwwwwx

'In steady-state TMDL models, all source terms, including NPS loads, are o
assumed to be constant. Therefore, one may conclude that NPS loading is

accounted for as a component of ambient water quality conditions. However,
Slication of steady-state models typically focuses only on point
gsource loads, the contribution of nonpoint source inputs within the water body,
segment of concern may not be adequately assessed. Furthermore, if the WLA is

| "for other than low flow conditions, the NPS load may vary greatly

d a significant contaminant source term may be overlooked.

£o the change in ambient
dy conditions brought about by contaminated ground-water discharge
‘for dynamic WLA modeling applicatioms. This understanding should

Sessment 6f the magnitude of NPS loading throughout the water

é M!ﬂm‘génwwt‘ i ‘wumw%mu lw:m‘w‘mmg\hwg \@UHNM‘M“M\ I G 3 e P #‘ial an d t emp o r' al var i at i ons in that

e allocat ¢ess is highly dependent on
used for simulation modeling. This data includes

he ambient conditions in the water body, spatial and
Tt &" loading terms, and a detailed understanding
of the kinetics of contaminant fate and transport. WLA models should. also be -
.. calibrated and verified prior to allocating waste loads. Sufficient :

" historical data to accomplish these objectives are often lacking, however, or

of the wrong type. Therefore, improved data collection is often needed to

- better quantify ambient conditions and anticipated loadings.

o
data

he 3 y
quality of the

LT e g

con

" In addition to characterizing ambient conditions, a firm understanding
- of the contaminant source terms should be obtained.  For systems that are not

. EPA/625/6-
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in low flow (i.e., near steady-state) conditioms, this understanding includes
a quantitative measure of source constituent and concentration levels over -
time. For point sources, this information is readily available through
analyses of permit ‘conditions or past operating practices. For nonpoint
sources, however, the amount of information available to characterize the
source terms accurately typically is limited. ' ) o

A saﬁpling prbgram to suppoft a WLA assessmenﬁ should, at a minimum,

h include the following sampling locations within the stream segment: upstream
‘boundary, point. source, upstream of point source, mouth of any tributaries.
. entering the segment, :upstream of the tributaries, upstream of any nonpoint

sources, downstream of nonpoint sources, and downstream boundary of segment.

In areas where significant nonpoint source loadings are known to exist; both
the flow rate ard constituent concentrations should be measured. If this area
is not so large that other water quality ch;ngeg“are'likely to occur during
the travel time through the area, it is reasonable to assume -that the:changes

."in concentrations are due to the nonpéint sources and to use these differences

as a basis for estimating the loads.!® However, if the level of nonpoint

'source loading is significant, a more thorough characterization of the
‘nonpoint source term may be needed. ' C

N

a fhé following'sectién feviews the éﬁplicability af.the method§ described

in 2 above to better characterize nonpoint source loading as part of the TMDL
assessment process. ’ : i : ,

i1.  Analysis of cqﬁtaminatéd'grdund-vate:-dischargé to sﬁrfaée‘véter
- assessment methods as sources of data for'vastq load allocation

As described above, there is no single analytical approach to waste load
allocation. The TMDL analysis and the type and amount of data required for an
assessment will differ depending upon the water body characteristics, the |
point and nonpoint source contaminant loads, .and the level of water gquality
impairment. Furthermore, in many situations there may-be no need to .
characterize the component of the ambient water contaminant concentrations

-contributed by nonpoint source loads.. Such avcifcumSEEnce may arise if the

nonpoint source load is minimal and limited controls on the point sources
within the watershed will achieve the applicable water .quality standard. On
‘the other hand, if nonpoint. sources- contribute a large portion of the ambient .
contaminant concentrations in a water body and stringent centrols on point '
source discharges will not achieve the water quality standard, there may be a

. strong incemtive to characterize the contaminant load provided by ground-water
"discharge to support development of a nonpoint source management strategy.

This section discusses the applicability of the various contaminated ground-
water discharge to surface water analysis methods for supporting such nonpoint .
source load assessments. o IR ‘

. .AIl of the methods'degéribeﬁrih Chapter II will provide an estimate of -

1 4

18 Streég Sampling for Waste Load Al;gcatiog'Aégiicationsf1 EPA-625/6-

© 86-013. p. 2-7.
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the loading of nonpoint source contaminants to a water body. However, the
methods differ significantly in the level of effort required, the degree of
specificity of the collected data, and the ability to accurately assess
1 and spatial variations in nonpoint source loads. As a result,
thods may be suitable for different levels. of analysis. For
> {n Water bodies that are severely water quality-limited and that have
high nonpoint source loads, the ability to accurately predict changes in
itami [ ground-water discharge may be critical to support dynamic load
allocation modeling. ~In contrast, for water bodies that are not as severely
water quality-limited, a fundamental understanding of the component of the
.watér contaminant concentration contributed by ground-water discharge at base
- flow or steady-state conditions may be sufficient for determining ~.e TMDL.

_ ri four attributes of the contaminated
g:qund-water‘discharge to surface-water analysis methods. The C
characterizations are very genera

1 in nature and are intended to provide only
arious attributes of the methods. Because
ethods necessarily combines several different

1 method heading, a more detailed review of each
pplication is needed to better assess the relevance of the approach to
lar situation.- Nonetheless, this summary allows one to compare and
the suitability of the methods for specific applications. '

The attributes are as follows: (1):resou#cesmngggg&“fswihﬁaément the

method; (2) ability to assess spatial variations in ground-water discharge to

sfream segment Sf wateér body; (3) ability to measure changes in ground-water

e levels over time; and (4) the level of confidence in the method’s

data that accurately reflects the "true" level of

id-water discharge to a water body. The attributes for each’
ked relative to one another. A more detailed analysis

applications would be needed to provide absolute measures

"for each method.

Seepage Meter/ Hydrograph Total FluxNumencal b)a&mg Geophfsiéal Isotoplc
ini-pi - Separation Measurement Models . Functions Methods -Methods -

jezometer

yes " yes

yes yes . yes no " yes ye.su

‘moderate moderate . moderate to  low moderate, ‘ ‘high“ .
A e BIE Ry 5 o Pl B e, e WAl vl hlgh

sthod may be suitable for all
one or more of the methods can provide
load allocations for many applications and

'Nonetheless,




-

m\'—ﬁ . 7’, o v T e e e s
environmental settings.
D. . Summary

The preceding discussions outlined several methods that have. been

‘applied in a variety of envirommental settings to assess nonpoint source.

contaminated ground-water discharge to surface water. Each of the methods

-is suitable for different applications and settings and the resources:

required to implement each of the methods also differ. An enhanced

‘understanding of nonpoint source contaminated ground water. loadings. to’
" surface water may alsc improve the ‘total maximum daily load assessment

process in water quality-limited water bodies. These methods can support.
point and noripoint source load allocations by better characterizing the
component of ambient water quality contamination contributed by nonpoint
sources under steady-state conditions and by improving the ability to

- characterize. and predict changes in- .contaminated ground-water loading in,
‘ dyhamic simulation models. The manner in which several of the methods

described above ‘can be applied.to better account for nonpoint source

: loading to a stream is. the focus ‘of a companion volume to this document




| [ . "
I W M : . i e i it /l“
O O e O, Wl A W DO IR et L, L Y R e M i b o w‘% DR won
STETHITTONN T e B e e T T LTI A WAL Tl bl Tl R I P O R N L TR T TN B L " "l W
" Pl NN . [ By i - W
g . » ° " '
I . VS i i [T RN 1 ] e P Pl 1, Wl G g ) IR TS
. i
" w ! ' 4
f :

— TR e e o e W e S I w o . . . . e
I oty [ PR ‘\M\M W "o R r Lo o L IR ol ! o
R - . e - -

il i i i il v 7 ; o i [ o .
i, i i 1 Al : ; .
ke i T e . i A
- pow o ‘ L g
M i . i
B [
— oo i 7y o . \
I NI ! 3 . | [ y I
P Ll S i
Il I iy L o .
(T ‘u‘HH\N“‘ ' i S it Cow .
[ * oo
T Y 0 O Ty E O B B T P T s S (RO 11 TR R a W, L TR TR N, Y R T T L T ) Wk LINTERY R i TR " ' - ' . A il
" n . 1 ' B
T T T P [P v L ! T o L - v L
* ]
A IR S SR L RER T T R R R S Py BE ey o -
. e . .
P - O e I e . Y AP TEE e w0 . . . :
WWNWW‘ AR W‘ wwwy‘W‘ R m: B y
BB - R
1 TR k- R ¥
w1 1 Jata i - S
T !, a o
— [ :
g . i y R T S E R s
i T . Wb e e
A ' :
o . .
B R B B R S T T T T TR T P S Y v P T
P o . ! .
N Pl B, 5 17 Ao o L . .
o e Al il A 1 T A . O . [
Al i W T e i, i 3 f . v
L R [ " v iy
1 i "
- -
AT e . . e
i T A [ o Bt
e e o 101 W . [t
’ ' \ y oy o )
“““ ‘i W‘ it “W‘“w i . ! ‘ o
| ““‘WM‘ “MUG ! A R " v
v " L L i K . i .
I
w1 . . . N . L
. " i i + ' i
i bt S P )

UW““WW il T T Fm “w Ly TIEI o . Y

N - RS ‘Hw\‘“‘ ! I [S T SRE P weoo .

M R il Mu\ A T o e et B

R L I - . IR e

AR, e s Py —— iy . W m

\ Al 4 el i : TR ol

‘ ‘ NM “u M‘u‘ | [t P ot . o
\ ‘ I “ H“ I TR e \“Hif\“ n ‘”H W R ' T oy m
Ll il My i \ !} U . N |
il S \ Ay L pr Rt Vo : T
\H\\HH\‘M\\\\H\H\\H\u whw PR o il MH\W“M LEPRLY: it e I A .
R R R, UV v b I S BT e ML e e AR e e T
T L L e | w e . . . .
G e g Al o “ ¥
s i i gl w“mHH l. : il o ;
e M ™ o [ o o v .
[ ———— o i ANMWMW\WHWW‘ Cew e . .
! N . . PR
AR S B, i A" o T P
K ' W !
NGl LR ) A 0 W . ™ EE . EE cw i P— uwu\‘
s st e 3| a L . . a Do R
! ! a ot
A ol U LT R U S i [ RO P ' i LTI S 1
] - W
i 5, o W " R T T e [E . ) R - n 4 A e, e R
i w”wm e i S sy N T o ) [N o

I i it il \MWHH\HH\\M it oo - 8
o . bl OS5 Wik, o Ll 1 I a0 b AT SR 1 W IO TR Ly . " . o i
PR, 5% 255 . s 1 S Lo T A [ ' - .
o A L W g B T T e [ MR * . o o S :
AT I, M Y ST S e S TR R T [N HPR P 4 Ay L T = 1 . o
MMWMMMMMWMMWWWMW‘” w3 i i W o Vi PR O L . ' . B !

" . . - .
. " .

G RIS TTRMIF, » MR [ e .




