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FOREWORD

EPA .s charged by Congress %to protect the Nation's land,
air and water systems. Under a mandate of national environmental
laws focused on air and water quality, solid wvaste management and
the contrel of toxic substances, pesticides, noise and radiation,
the Agency strives to formulate and implement actions which lead
to a compatible balance between human activities and the ability
of natural systems to support and nurture life.

The Robert S. Kerr Environmental Research Laboratory is the
Agency's center of expertise for investigation of the soil and
subsurface environment. Personnel at the Laboratory are respon-
sible for management of recearch programs to: (a) determine the
fate, transport and transformation rates of pollutants in the
s0il, the unsaturated and the saturated zones of the subsurface
environment; (b) define the processes to be used in characteri-
zing the soil and subsurface environment as a reteptor of pol-
lutants; (c) develop techniques for predicting the effect of
pollutants on ground water, soil, and indigenous crganisms; and
{1} define and demonstrate the applicability and limitations of
using natural processes, indigenous to the soil and subsurface
environment, for the protection of this resource.

Tnis veport presents a systematic approach for the design
of in situ bioremediation of hydcocarbon contaminatinn in ground
water from the determination of the total quantity of hydro-
carbons in the aquifer to the utilization of that information in
an actual field bioremediation demonstration.
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INTRCDLCTION
This report presents a systematic approach for the design of 1n situ
bioremediation of hydrocarbon contamination 1n ground water from the
determination of the total quantity of hydrocarbons 1n the aquifer to the
ut1Tizatien of that information 'n an actual field bioremediation demon-
stratinn,

g1orerediation of ground water contaminated with hydrocarbons such
as gasoline 1s an cn-site treatment technology that 1s both potentially
techmcelly vedsible and more cost-effective than “pump and treat”
technclogres which involve pumping of contaminated ground water to the
surface and removal of the contaminant by air-stripping or carbon adsorp-
tion. In situ bioremediation usually consists of medifying the environ-
ment of an aguifer by the addition of nxygen and other inorganic nutrients
1in order to enhance the activity of native microbial populations 1n
degrading contaminants. 3icremediaticn 15 especially promising with
hydrocarbons which are potentielly bisdegradable by native subsurface
bacteria under the right environmental conditions to harmless byproducts.

Successful broremediation 1s dependent upon 3 number of factors,
ricluding tiie hydrogeology at the site and the avairlatnlity of eriticel
nutrients 1n the aguifer. The primary 1imiting fac’or with hydrocarbons
15 the avarlabiliy of oxygen., If sufficient coxygen 1s not piesent
raturally, then oxygen aust be provided by circulating oxygenated water
through the contaminated area until degradation 15 complete.

The primary factor which determines how much oxygen and nutrients
must be supplied to a hydrocarbon leak and how long remediation will take
15 the quantity of the hydrocarbon at the site. Neormally, the amount of

the leax 15 not krown and avairlable methods to determine the amount of



contaminant at the sit2 and 1t's location are not acceptable,

Almost all techn qgues that have been applied for the analysis of
011y contaminants 1n agquifers emphasize the compounds of regulatory
interest, and fow a-e apprnpriate for both solids and water. All too
frequently, the orly 1nformation available from a leak site 1s the
concentration of selected organic contaminants 1n water from wells,

Such nformatron 15 inadequate for determining the total gquantity of
hydrocarbons 11 the aquifer. Therefore, 1t 15 1mpossible to determine
how much oxyg-en and nutrients must be delrvered to the aquifer to support
sufficient m Crobral activity tc degrude all of the contaminant to narm-
less byproducts.

This roport explains whv tne total quantity of hydrocarboss 1n an
aquifer car only be determined by collecting cores. A procedure to
acguire cores from a cortaminited aquifer 1s described. Before the
procedure was developed, 1t was very difficult to rccover good-aquality
cores of unconsolidated =andy material fror below the water table. The
report also describes two procsdures to determine how much contamination
the cores contain. Results of the two procedures are 1n good agreement,
even though they are based on different principles.

The two technigues were developed and evaluated by scientists at
the Rebert S, Kerr Environmental Research Laboratory as part of a
large bioremediation research program. An oll-and-greasc method was
adapted tc estimate total hydrocarbons 1n core sampies. A second method
was adapted ‘rom techniques for the analysis of fuels that determines the
total centent of hydrocartons as well as the specific content of indivi-

dual compounds of 1nterest.




Basically, the oil-and-grease method uses infrared spectroscopy
to measure the absorbance of carbon-hydrogen chemical bonds. Quantitation
15 sensitive to the type of hydrocarbon but 1s relatively 1nsensitive to
the particular organic constituents of the fuel, In the fuel carbon
techniqi.e the hydrocarbons are extracted i1nto methylene chloride,
then separated and quantified by gas chromatography., Representative
peaks are selected, and the quantity of total hydrocarbons 1s calculated
by comparing the area of the representative peaks 1n a standard sample
of the fuel to the area of the same peaks 1n the extract. The method
works well 1f the standard 15 representative of the material being analyzed.
I'f the proper calibrations are done, the concentrations of compounds of
regulatory interest, such as the alkylbenzenes, can be determined 1n
the same aralytical run. The techniques for core analysis and their
performance 15 discussed 1n Section [II of this report.

The procedures described i1n the report were field-tested 1n designing
a demonstration of the bioremedration of an aviation gasoline leak,
The perfcrmance of the demonstration was consistent with the expected
performance based on the preliminary site characterization using the

described procedures.



SECTICN 1. CSITE CHARACTERIZATION FCR IN SITU BIOREMEDIATION CF

HYDROCARBON LTAKS FROM UNDERGROUND STORAGE TANKS

Underground storage tanks have been installed in almost every possible
geolcgical Tithology; however, many of the known leaks from underground
storage tanks occur 1n unconsolidated material,

There are several reasons for this. Many of our inland cities are
burlt on floodplains or river terraces because they are flat and near
water. Major portions of our coastal cities are buirlt on old beaches or
glacial outwash. Because these materials are transmissive, releas=ss from
underground storage tanks drain readily i1nto ihe water table. Ground-water
flow 1n these areas 1s usually rapid, and plumes of contamination can
spread cver wide areas 1n a short perind of time. Unconfired aquifers
1n sandy unconsolidated materials are commonly used for domestic water
supply. When there 1s a high dens ty of wells, detecting a release 1s
much more lively.

The patterr of contamination from 3 leak 15 complex {Frgure 1).

As the release drains through the unsaturated zone, a porticn 1s left
behind trapped by caotllary forces. If the released material 1s volatile,
a plume of vapors scon forms tn the sotl ai» 1n the vadose zone. [f the
release 15 a light hydrocarbon, 1t w11l drain down to the water table,

and then spread laterally. Ground water moving through the aquifer comes
1n contact with the release, and leaches out the more water-soluble
cemponents. As a result there are three distinct regions or "plumes”
formed at the leak site: a plure of volatile fumes in the so1l air, a
ground-water plume, and the region primarily 1n the unsaturated zone

tnat contains the orly-phase material which serves as a source area for

hoth plumes.
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In practice the source area 1s usually the object of remedial activi-
ties. There 1s Tittl2 point 1n treating the ground water ¢~ vapors 1f
the source area 1s laft to spread more contamina:ion. Therefore, the
first siep 1s to remove any leaking tanks, trinsmission pines, ard the
most visibly contaminated fill-materia! arcund the tank. Although necessary,
such practices usually do not remove all of the source. The material
trapred 1n the earth solids beneath ihe tank w11l remain 4nd will serve
as a continuous source of leaching contaminants for many years,

To ntelligently remedrate such 2 site using 1n sity bioremediation
requires a detarled understanding of the three-dimensioral distribution
of the source area 1n the subsurface ard good information on the quanrtity
of contaminant 1n the scurce area.

Urless we know hew much contaminant has escaped 1nto the subsurface,
and where 1t 1s located, there 1s no sensible way to locate injection and
extraction wells, or to optimize pumping rates and concentrations of any
amendments. Further, there 1s no way to cdetermine how much time a remedial
action will take, or how much 1t will cost.

Conventional monitoring wells can accurately define the geometry cf
the ground-water plume, but often they canriot distinguish the scurce area
frem the rest of the plume. In fresh sp1lls, differential sorption ¢f
1ndividual components of the plume to the aquifer solids can result 1r
chromatographic separation of the components and alter the ratio of their
concentrations 1n water from wells distant from the source area. However, 1n
clder sp1lls, whose plumes have come to sorptive equilibrium with the aquifer,
the conrcentration of contaminants dissclved in the ground water 1s similar
'n the source area and in the plume, although the total amount of contaminant

in the source areca 15 much greater,




For example, Section IV or this report demenstrates how comparisons
of ground water analyses vs. core analyses at an aviation gasoline spil}
site 1n Michigan showed that the ground water analyses underestimated the
amount of toluene 1n the aguifer significantly. Further analtysis showed
that the core contained petroleum hydrocarbons that sorted most nf the
toluene, If the data from the monitoring well had been used to design a
remedy, the effort and expense required to restore the agquifer would have
been underestimated by a factor of saix,

Obviously, the distribution of the source area and the extent of
contamination can only be characterized by collecting and analyzing
cores, because they sample the entire aguifer, not just the ground water,
Very precise information 1s needed on the vertical extent of contamination,
particularly for 1n situ biorestoration. The injected waters are very
expensive, and water injected into a clean part of the aguifer 1s wasted
{Figure 2). [If njected water moves underneath the contaminated interval
and breaks through 'n a monitoring well, it can also give the false
mmpression that the region of aquifer between the two wells 1s clean,

Accurate techmigues for daralyzing cores to determine the total
guantity of petroleum hydrocarbons 1n the aquifer and the concentration
of wndividual rompounds of regulatory concern are necessary not only for
estinating the ultimate demand for oxygen, but also for documenting at

the end of the remedrztior. that the clean-up is complete.
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SECTICN T1. PRCCEDURE FOR ACQUIRING CCRE SAMPLES

PRCAL

m

MS WITH UNCCHSOLIDATED SEDIMENTS

Traditionally, uncensolidatad sorls or sediments are sampled through
a hollouw-stem auger with a split-spoon core barrel or a conventional thin-
walled sample tube (Fagure 3). The hollow-stem auger acts as a temporary
casing to keep the borehole open unti] a sample can be acquired, A borehole
15 drilled down to the depth to be samplec. Then the core barrel 1s inserted
through the annutar opening 1n the auger and driven or pushed while rotating
the auger 1nto the earth to collect the sample. These tools work extremely
w21l 1n both unsaturated and saturated cohesive materials. Unfortunately,
they work pocrly 1n noncohesive aguifer materials, such as unconsolidated
sands,

There are two technical challenges to sampling noncohesive matertial
belcw the water table. The first challenge 1s to keep aquifer material out
of the annular area of the hollow stem auger. During augering, the annular
area of the hollew-stem auger s plugged with a solid dril1] head that pushes
the sa»f out onto the auyer flights. To sample, the dr111 head 1s removed
ar:t replaced with a core barrel. When the dir1l1l head 15 pulled out of the
auger 1n consolidated sands, pressure on the aquifer sediment 15 reduced, and
wacar and “lurdized sand rush nto the annular area of the awyer, This
inconvent2ant phenomenon 1§ commonly referred to as "heaving." The core barrel
must push through (ard sample) this heaved material 1nside the auger before
't reaches the undisturbed sediment underneath. Wnen the core 15 recovered,
1t o1s usually 1mpossible to determine huw much of the core 15 the fluidized
material and how much 1s an authent:c sample of the aquifer. OQccasionally
the amount of sedimert in the auger 1s su great that the core barrel cannot

be pushad, and no sarple can be acguired.
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The second challenge 15 to keep the sample 1n the core barrel while
1t 1s being retrieved to the surface. When the sampling tool 15 pulled
out of the aquifer, the pressure holding the sarple in the tool 1s reduced.
Noncchesive sediment will often fluidize and dribble out of conventional

core barrels.

SPECTAL PISTON SAMPLING

Conventicnal practice to keep sediments out of the hollow-stem of an
auger 15 to f11! the nollow annular column with drillinc mud, As the borehole
1s advanced, the weight of the mud stabilizes Che hydraulic pressure of the
aquifer. The use of dri1lling mud 15 not acceptable 1n gecchemical assess-
ments because flurds or chemicals introduced i1nto the borehole can drain
into the aguifer and alter the ngeochemistry of the pore water or contaminate
the sanple with foreign microorganisms., Such compromised samples cannot be
used to assess prospects for bioremediation, and there 1s a strong possibility
of microb1al alteration of the sample durina shipment or storage.

The staff of RSKERL have developed and tested new tools and protocols
that consistently provide samples of the quality needed to characterize
s0111s from underground storage tanks (Leach et al., 1988). The tools and
protocols are mod:ficatrons of techniques pioneered by others, principally
researchers at the Institute for Ground Water kesearch, University of Waterloo,
Ontaryo, Cenada (Zapico et al,, 1987;.

Instead of drilling mud, the RSKERL protocol protects the annular open-
1ng of the auger with 2 hinged cap {comronly callec a clam-shell) that folds
dewn and covers the open face of the auger (Figure 4). When the auger has
teen advanced to the desired depth, the sampling taol 15 inserted 1nto the
hollow auger supported by the attached drill rods until 1t magkes contact

with the clam-shell, JAs the sampler 1s lowered, a wireline cable attached to

11
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an ternal piston 1n the sarpling tool 15 kept slack sc the piston will
remayn 1n 1is starting positien.  The augers are then 1ifted vertically with
a separate wirelin= abcut 25 cm to open the clam-shell doors, allowing the
sampler to fall 1nto centict with the sedwment to be sampled before heaving
can occur, The augers are held wn place with an auger fork to keep them from
slipping back down the borehole and bingirg the sampler.

[t 1s not presently possible to ciose the <lan-shell doors once they
have been opened 1n the subsurface; therefore, 1f deeper samples are
desired, the entire flight of augers 15 carefully removed fr:m the
borehole, [f the augers are rotatec efter the clam-shell 1s opened,
the device will be destroyed. After retrieval, the augers and the clan-shell
are thoroughly cleaned before reuse, The borehole can be backfilled to the
syrface with cuttings or clean sand and then redrilled to the next desired
sampling depth. In some situations 1t 15 better to move the drilling rig a
few feet and start a new borehole. This process 1s slower than conventional
sampling, hcowever, 1t 15 necessary to remove the augers 1n order to Cican
all heave material from the interior of the augers, properly close the clam-
sh21l doors, and backf111 the borehole, 1f the borehole 15 not backfilled,
ard a deeper sample 1s attempted in the same borehole, the clam-shell will
open prematurely during augering and be destroyed.

Zapico et al. {1987) recantly described a sarpling device that effectively
retains unconsglidated sands 1nside a canmister fitted inside a core barrel.
A sliding pirston 1nside the cannister maintains an arr-tight seal on the
core, Vacuum and friction keep the core 1n place. This device was modified
to meet the speciral requirements of the RSKERL protoco! {Figure 5).

The prston contains a series of neoprene seals which are mechanically

comprassed, crcating a positive seal of the piston Inside a standard thin

bt
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walled core harrel (Figure 6). The wireline attached pisten 15 positioned
at the end of the core barrel that wil) be 1n contact with the sediment.
The wireline 1s pulled taut after the piston equipped core barrel has been
lowered to the bottom of the borehole. The cable holds the 1nternal pistor
stationary while the core barrel 1s driven into the sediment, creating a
vacuum on the sample,

The core barrel 1s driven by reciprocal percussion, A trip hamnmer
mounted on the drill rig strikes a heavy steel rod that extends from the top
of the core barrel to the surface. This rod 15 installed 1n sections is the
ugers are drilled into the subsurface. DOriving by percussion 15 preferable
to puchiny the core barrel with a hydraulic ram. Percussion uses the 1rertia
of the sample to force 1t 1nto the core barrel while a hydraulic ram forces
the sample i1nto the tube against 1its natural mechanical resistance. A core
barrel driven by a ram tends to push unconsolidated materials out of the way
instead of into the barrel.

The conventional tool for rztaining cores 'n a barrel 15 a core retainer
besket. This device consists of a series of flexible steel tabs that fold
flat agarnst the core barrel while the barrel accepts the sample, then fold
out and i1ntercert the core 19 1t starts to slip out during retrieval.

During field evaluation on the difficult, unconsolidated, sandy material
at Traverse Caty [SECTION 1Y), the piston core barrel worked very well, but
only when a3 core retainer basket wa» used. The piston core sampler without a
core retainer basket often lest half or more cf the sample before 1t could be
recovered. A conventional core sarrel with a core retainer basket recovered
no sample at all. The combinat.cn of the two consistently reccvered more then

95% of the cored interval (1?2 bureholes, moire thain 55 cores).

15
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If the prston moves while the sample 15 being recovered, there 15 a
significan: chance of pulling air or water through the sample and spoiling
1t. A!l samples are ratriesed using the center rod; no tension 1s placed on
the wireline to the piston during retrieval.

After the piston core barrel 1s brought to the surface, the end of the
sampler 15 quickly covered with a plastic bag and tightly sealed to mnimze
aeration of the exposed core. The sampler 15 then quickly disassembled by
removing the drive cap and manually pulling the piston free from the top of
the sample tube. Then one enc of the core barrel 1s connected to a hydraulic
ram rounted on the rig, and the core 1s extruded, Tne cores are collected 1n
wile-mouth canning jars. If possible, each jar 1s entirely filled with
sample. The seal on the Ihd of the canning jar effectively excludes cxygen

and prevents le¢ss of volatiles,

FIELD GLOVE BOX SAMPLING

If the cores are to be used for treatability studies to evaluate the
prospects for bioremediation, they must be protected from contamination
by foreign microorganisins, If naturally-occurring microbral processes
are to be evaluated, they must also be protected from the atmosphere because
many anaerobic microorganisms are killed by oxygen.

To protect from foreign microorganisms, a core 15 collected by extruding
a small portion of the core, breaking off a small section to reveal an
uncontaminated face, then 1nstalling a steri1le paring device onto the end of
the sample tube. This tool peels away the outer contaminated wall of the
core as the matertal 1s extruded (Figure 7).

To protect the sample from the atmcsphere, the sample 15 extruded 1nside

a nitrogen-filied glove box (Figure 8). The core barrel s introduced

into the glove box through an 1ris port that makes a tight seal around

17
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the barrel. The dimensions of the box are 60 X 90 X 120 cm. The box 1s
flushed with 1200 11ters of nitrogen over a thirty minute period. Quality
aszurance tests were conducted by analyzing a series of 1.0 ml samples of
the cas vented from the box with a Varian Model 90-? gas chromatngraph
equinped with a thermal conductivity detector, The concentration of
oxygen fell below 0.02%.

The gltove box 1s prepared for sample collection by filling 1t with the
desired number of sterile canning jars and sterile paring devices, sealing
the box, and then purging 1t with nitrogen gas. To prevent cxygen
contamination when the jars are opened to receive the core 1n the field
glove beox, the jars are filled with nitrogen before they are brought to
the field. They are passed 1nto a laboratory anaerobic glove box,
opened, then sealed air-tight, A slight positive pressure of nitrogen 1s

mairtained 1n the box during extrusion and collection of the cores.
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SECTION If1 PROCEDURES TO DETERMINE THE CONCENTRATION OF CONTAMINANTS

OIL AND GREASE METHOD

EXTRACTION OF ANALYTICAL SAMPLE FROM A CGRE FOR OIL-AND-GRCASE ANALYSIS

Cores are stored 1n glass jars with an 1nner dianeter that 31s very
close to the diameter of the core. The depth of sediment 1n the iar 1s very
simlar to the length of core it contar -. In the laboratory, subsamples
for analysis ara2 taken from the sample jar with a paste sampler {American
Scizntaific Products, McGaw Park, [1linois) modified with a teflon gasket
to prevent sample loss (Figure 9). The paste sampler takes a composite
of all the material from the top to the bottom of the jar, and 1s
representative of the depth interval i1n the aquifer from which the core
was extracted. Depending on the depth 1nterval sampled, tne subsamples
weigh from 5 to 12 grams,

tach suusemple 15 extruded into a tared 50-ml culture tube with a
teflon-lined screw cap. Freon-113 1s used to extract the petroleum
hydrocarbons. Because 1t has no carbton - hydrogen bonds, 1t 1s trans-
parent at the wavelengths of 1nfra-red light used for spectroscopic
analysis of the petroleum hycdrocarbons. Freon-113 1s added to cover the
sample. Anhydrous magnesium sulfate (an amourt equal to the weight of
the subsample) 1s added to bind any free water. Heat 15 given off when
water combines with anhydrous magnesium sulfate. Sometimes there 15
enouqgh heat to boil the Freon-113 which may cause loss of some volatile
organtcs. After mixing, the culture tube 1s completely filled with
Freon-113 and the cap 15 screwed on tightly, After ten to twenty tubes
have been prepared, they are secured in a3 rolling m 11 and tumbled slowly
end over end for 1€ to 24 hours, The tumbling action of the tube provides

the agrtation necessary to efficiently extract hydrocarbons from the sediment.
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Then the samnples are centrifuged at 2,000 rpm for 10 to 15 minutes.

The volume of the Freon-113 extract 's measured 1n a graduated cylinder,
to allow calculation of the quantity of pet-oleum hydrocarbons 1n the
subsample from the concentration of fuel hydrocarbons 1n the extract, as
determined by infrared spectroscopy. If the extract cannct be analyzed

ymmedrately, 1t 1s stored 1n a vial! 1n a refrigerator,

INFRARED SPECTROSCOPY (iR)

A portion of the extract 1s transferred into 2 10 mm calcium fluoride
IR cell, The samnple cell and a reference cell containing Freon-113 are
placed 1ntc the appropriate cell holders of an IR Spectrophotometer (Perkin
Elmer Mocel 521). The 1nstrument 1s scanned from 3200 em-1 to 2600 cm-1
wavenumber (see Figure 10). The spectrum for aviation gasoline has one
stronyg absorpticon peak at 2955 cm'l, while that for JP-4 jet fuel has two
strong peaks at 2955 and 2925 cm=i. The absorption peaks at 2955 and 2925
em ! correspond to C-H stretching vibrations 1n -CHy and -CH, respectively,
The one absorption peak at 2955 cm-l 1s 1ndicative of aviation gasoline
which consists :i05tly of bra~rhed alkanes, while the two absorption peaks
at 2955 and 2925 cm-l are characteristic of JP-4 jet fuel, which consists
¢f branched and strarght-c:arned alkanes,

If an extract 15 concentrated encugh to deflect beyond 1.0 absorbance

units, 1t 1s rescanned using a3 1 mm calcium fluoride IR cell or diluted with

Frecn-113 unty! the absorbance 15 below 0.6 units,

QUANTITATION

Standards ere nrepared by adding measured aliquots of pure aviation
gasoline or JP-4 jet fuel obtained from a refinery to Freon-113 1n a 100
Ml volumetric flask, concentrations ranging from Q to 3500 mg/L for the

>
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Figure 10. Infra-Red Spectrum of Aviation Gasoline and JP-4 Jet Fuel,
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L mm IR cell. Calibration curves for ahsorbance versus concentration are
prepared using the standards. Two sets of calibration curves are developed
for JP-d jet fuel; one for absorbance at 2955 cm-! and the other at 2925
cem-1, Sample calibration curves are shown 1n Figure 11,

The fuel content 15 calculated as follows:

Fuel Conteat = C(mg/L

) x V(L) x (1000 9/kg) = mg of extractable materia)
wi(g) kg of wet aquifer material
where C(mg/L) s the concentration of fuel n extract (determined
from absorbance and calibration curve),
V(L) s the volume of extract in Iters, and
Wtig) 15 the weight of wet sample 1n grams.

FUEL CARBON AKALYSIS

EXTRACTION OF ANALYTICAL SAMPLE F20M A CORE FOR FUEL CARBON ANALYSIS
In the laboratory, core subsamples for analysis are taken from the

sample jar with a paste sampler (1gure ¢) modified with a teflon gasket
to prevent sample loss. The subsample 15 extruded 1nto a tared 20-ml
headspace vial tnat centains 5 m} of organic-free water. The vial 1s
sealed with a teflon-1lined septum cap. Three mill1)iters of pesticide-
residue grade methylen2 chloride 1s Injected through the septum, The
vial 1s shaken on a rotary vibrator for |5 minutes, then sonicated 1n an
ultrascni: bath for several minutes to break-up any emulsion. At least
cne m1iliter of the solvent phase 1s passed through a micro-column of

ankydrous sodium sulfate. The elyant 15 ceiltected 1na 2 ml vial, capped,

and stored 4t 4°C for subsequent analysis,
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Figure l.a. Aviation Gasoline in Freon (2955 ¢m=1), 0-350 mg/1.
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Figure 11b, Aviation Gasoline in Freon (2955 en-1), 0-35C0 mg/1,
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3AS CHROMATQOGRAPHY

One microlrta- af the dried extract 1s injected I1ntc a gas chromatograrph
equipped wrth a wide-bore capillary column (J & W Scientific DB-5, 15 m x
83 mm .d., 1.5 mm film thickiess). The injection 1s done 1n a splitless-
mod2 with a solvent purge at C.7 minutes, Both the injector and the
flame 10rtzation detector (FID) are kept *t 300%C. The carriar gas s
high-purity helrum supplted at 9 wl/ninute. Tne make-up gas for the FID
detector 1s migh-purity nitrogen s i 1ed at 21 ml/minute. The GC ~ven
1s cooled cryogenically by Tigurd nitregen., The temperature program 1s
10°C for 3 minutes, then 2 'inear increase of 10°C/minute to 225°C, then

2250C for 2 minutes.

QUAWTITATION

JP-4 jet fuel and aviation gasoline obtained from a refinery are
used to prepare standards by adding measured aliquots of JP-4 Jet fuel or
aviation gascline to methylene chloride, A calibratien curve 1s prepared
by aralyzing the standards and summing the areas o the major peaks for
each standard concentration, Sample curves are shown 1n Figures 12 and
12,

Reteation tires of the major peaks used for each caiibration standard

o sample analyzed are determined.

COMPARISCN OF THE METHODS
The fuel carbon method and the o1l and grease method compare favorably,
2ven though rhay are hascea on entirely different principles {Powell et
al,, 1988). Tae fuel carbon analysts 1s preferred at R.S. Kerr
Laboratory because 1t also provides information on the concentration of

alkyTherzenes 1n waste olls,
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SECTICN IV. FIELD DEMONSTRATION OF SAMPLING AND ANALYTICAL PROCEDURES

IN DESIGNING A BIOREMEDIATION

In 1969, a spi1li of aviation gasoline from an underground stecrage
tank at the 1.S. Coast Guard Air Station at Traverse City, Michigan,
contaminated a shallow, sandy, water-table aquifer. Ground water movino
through the spill produced a large plume that eventually moved off the
base and ruined a large number of dcmestic water wells 1n a residental
area (Fiqure 14). The spi11l contained at least 25,0C0 gallons of aviation
g5as0l1ne, which drained to the water table 16 feet below land surface,
then spread laterally 1n the capillary fringe to contaminate a section of

aguifar about 80 yards in diameter (Figure 15).

DESIGN OF THE EXPERIMENT

In 1988 the U.S. Coast Guard and the U.S, EPA 1nstalled a priot
scale study of biorcmediation 1n the area of the original sprll, The
alkylbenzenes are the object of the regulatory concern, and the bio-
remediatron will be finished when their concentration 1s brought below
5 ug/l1ter, as spec*fied 1n a consent decree between the Michigan Depart-
ment of Natural Resources and the U.S. Coast Guard,

Cores were acquired from the source area to determine the vertical
and horizontal extent of ccntaminat:on, the concentration of total hydro-
carbons n the contaminated interval, and concentra*tions of 1ndividual
alkylbenzenes. The aviation g2sotine was composed primarily of branched-
chain alkanes. The material spilled at Traverse (ity was 38% 2,2,4-tr-
methylpentane; 15% 2,2,5-trimethylhexane; 14% 2,3-dwmmethylpentane; 1%
2,4-dmmethy'hexane; 7% 2,3-dimethylhexane; and 5% 2,4-dwmethylpentana,

Nnly 10% of the original sprii was alkylbenzenes,
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Figure 14. Former Extent of a Plume of Contamination Produced by a Spill
of Aviation Gasoline on the U.S. Coast Guard Air Station at
Traverse City, Michigan.
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The gasoline was confined to a narrew 1nterval petweer 15 and 17 feet

below the land surface (Table 1). This 1nterval corresponds cios2ly with

the seasona’ high and low water table at the site,

Table 1. Verticail ¢istribution of contamination
50 feet dewn gradient from the wnjection wells

Tenth 1ntevval Fuel Hydrocarbons
"feet beluw su-face) (mg/¥g aquifer)
15.1 - 15.5 <11
15.6 - 15.& 39
15.8 - 16,2 2370
ic.2 - 16.5 8400
16,5 - 17.2 524
07,2 - 17.5 <13
18.0 - 18.3 <13

This information was used to 1dent1fy the most-contarinated flow path
trrough the spill, A series of mimiature monitoring wells was 1nstalled
along and below the most-contaminated flow path (Figure 15). These weils
ware constructed of 2/8 i1nch stainless steel tuding connected to a
stainless-steei s<reen that was 5.0 inches leong. The screens were
constructed from stainless steel wire with a me<h width of 0.5 wm,

The wells were connected to cylindrice! sample traps with a volume of

300 m1, During sampling, a vacuum was applied to the traps. At least

2.0 "iters of water were ~xtracted through the wel’ and trap to completely
flush them, then a valve was closed be*ween Liiz2 weil and trap, and the
trap dvained 1nto tne sauple container through a second valve.

A set of infilrraticn wells was installed to perfuse the contamr:nated
area #i:h mireral autrients, and nxygen or hydrogen peroxide, This water

¢ontazned 230 mg/liter anmenium chloside, 190 mg/liter drsodium phospnete,
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ard 13C mg/lyter pctassium phosphate, The temperature was 11-12° ¢, and
the pH near neutrality. The flow of chemically-amended water was
10 gallons/minute, (lean water from another part of the aquifer was
infiltrated at 30 gallons/ainute 1n a deeper set of wells. This water
was not amended with nutrients or oxygen, 1t merely served to steepen
the hydraulic gradient and wncrease the seepage v2locity of the amended
water through the contaminated interval,

The seepage velocity of the injected water in the aquifer averaged 5 to
9 feet per day (Table 2). Tracer tests were conducted for each monmitoring
well to determine the actual seepage velocity along the flow path to that
particular well (see Figure 17 for typical breakthrough data of chloride

as a tracer).

Table 2. Seecpage v2locity of oxygen, ammonium 1on, phosphate, and
chloride to monitering wells.

Well Tracer Depth on Figure 7. Depth #2 1s 1n the most
contaminated 1nterval,

1 2 3 4 5

---------- Apparent velocity (ft/day) ----eceeeececnn-

8331- 31 feet from
nfiltration wells

Chloride {03/25) 5.5 5.5 8.9

Chloride {12/88) 8.5 8.0 not done

Oxygen {03/88) NBT* 4.4 9.2

Ammonta  {03/28) 3.9 3.9 6.2
Pnosphate(d3/83) 2.6 3.7 6.7

BD 508- 59 feet from
infiltration wells

Chloride (03/38) 4.3 6.0 5.5 9.2 12.6
Chloride (10/388) NBT 7.5 8.9 16.0 18.4
Oxygen  (03/98) NBT NBT NBT 9.2 12.6
ARG Y 3 \\ufuﬁ) 2.3 2.1 3.3 6.0 10.0
Phosphate(03/88) 1.5 2.1 2.9 6.0 9.2

* Breathrcugh not observed durirg the tracer test
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Notice that the velocity of water 1n the most contaminated interval
(Yevel 2).1s much less than the velzcity 1n the cleaner part of the
aquifer aonly a few feet beneath (level 4 and 5). Also notice that
ammonium 10on and phosphate move at about half the velocity of water
1 this aquifer.

Injection began the first week of March, 1988, The system was first
acclimated to oxygen, then switched to hydrogen peroxide. The schedule
cf application of oxygen and hydrogen peroxide 1s presented 1n Figqure 18,
The concentraticn of hydrogen peroxide was 1ncreased slowly, to allow time
for microbial acclwmation to concentrations of hydrogen peroxided that are

generally toxi1¢ to most heterotrophic bacteria.

ESTIMATE OF OXYGcN DEMAND REQUIRED FOR REMEDIATION

The concentration of total petroleum hydrocarbons 1n the most contaminated
interval near the infiltration wells was near 3C0 mg/kg. The highest measured
concentration of total hydrocarbons near a monmitoring well 31 feet down
gradient from the injectiron wells 1s 8,400 mg/kg {core 50AE4 n figure 10
and 11). Tre highest measured concentration 60 feet down gradient 1s
6,500 mg/kg (core 50114 wn figure 19 and 20). The average of cores 50AE4
and 50114 (7,500 mg/kg) was taken as the best estimate of the cencentration
of total petroleum hydrocarbons in the most-contaminated i1nterval between
the monitoring wells at 31 and 5C feet. The interval between the injection
wells and the monitoring wells could not be cored because acc:ss was
blocked Cy a sanitary sewer line. The most conservative estimate would
constder the entire interval between the njection wells and the monitoring
well at 31 feet to be contaminated a: 7,500 mg/kg. The most liberal
estimate would consider the nterval to be contaminated at 300 mg/kg. An

arhitrary intermsdiate estimote we "d average 7,500 and 300 mg/kg. The

38



Dissolved Oxygen (mag/liter)

400
350 1

300+

150 +

100 +

50 + O,

0 50 100 150 200 250 300 350 400 450

Julian Date

Figure 18. Schedule of Application of Oxygen and Hydrogen Peroxide-
Julian Date 1 1is January 1, 1988.
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oxygen demand alzay ti. most contaminated interval was calculated for all
three estimates.

The empirical chemical formula for aviation gasoline 1s CHy o (Powell
et al., 1988). The empirical formula for the alkylbenzene fraction 1s
CH1.1. The oxygen demanrd for microbial respiration of total fuel hydrocarbons
was estimated assuming the following stoichiometry:

CHz.2 + 1.55 02 -+ CO2 +Hp 201,)
The oxygen demand of the alkylbenzene fraction alone was estimated fronm:
CHy.1 + 1.28 02 » (COp *+ Q.55 Hx0
The theoretical oxygen demand for ayiation gasoline 15 3.5 mg/mg, the
demand of the alkylbenzene fraction 1s 3.1 mg/mg.

To calculate the theoretical oxygen demand of the hydrocarbons 1r 2
segment of a flow path, the hydrccarbon content (mg hydrocarbon/kg
aquifer) was wmulttiplred by the bulk density of the sediment {2.0 kg/liter)
and divided by the porostty of the aguifer (0.4 lirter pore space/liter total
volume) to determine tne quantity of hydrocarbon exposed to each liter of
pore water in the segment. The quantity of hydrocarbon was multiplied by
1ts oxygen demanc to estimate the guantity of oxygen that must be delivered
to each liter of pore water 1n the segment.

The 1nterval from the i1njection wells to the monitoring well 31 feet
down gradient was cornsidered one segment, The demand 1n the flow path to
the monitoring well 50 feet down gradient was estimated as the weighted
average of the demand 1n the segment from the injection wells to 31 feet,

and 1n the segment from 31 to 50 feet,
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PERFORMANCE OF THE DEMONSTRATION

The 1nterval between the i1njection wells and the monitcring wells was
considered remediated when detectable oxygen broke through and alkyl-
benzenes disappeared. Compare Figures 21 and 22. The 1nterval to the
monitoring well at 31 feet was remediated after 220 days (Julian Date
281}, and the 1nterval to the monitoring well at 50 feet was remedrated
after 270 days (Julian Date 331).

The seepage velocity (as determined by the tracer tests) was multiplied
by the concentration of oxygen or hydrogen peroxide “n the injection wells
(Frgure 18) to determine the nstantaneous flux of oxygen or hydrogen peroxide
along the flow path., The cumulative flux at the time of remediation was
considered the actual oxygen demand for remediation {Table 3).

The aquifer was purged of alkylbenzenes very quickly. Aviation
gasoling 15 composed primerily of branched-chain alkanes. Only 10% of
the original spi1l1) was alkylbenzenes., The quantity of oxygen and hydrecgen

G remove aikyiuenzéenes frum the weils dyreed ciocely

«Ad
“

Ay ‘e
Pt UA V

o~ 4 &
CTyut g

with the projected oxygen demand of the alkylbenzenes alone (Table 3).

This may, to some extent, be fortuitous. Some of the alkylbenzenes
must have been washed from the source area by simple physical weathering,
Some of the alkylbenzenes may have been removed by anaerobic¢ biological
processes before the front of oxygen swept through. Water from anaerobic
regions of the demonstration contained significant corcentrations of volatile
fatty acids and was visibly turbid with microorganisms. In any case, the
the flow paths to the momitoring wells at 31 and 50 feet from the 1njecticn

wells were remediated when a small fraction of the oxygen demand of the

sp111 had been supplied.
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Table 3. Estimated snd actual oxygen demands of the most contaminated interval
1n the aviation gasoline spill at Traverse City, Michigan,

Oxygen or Hydrogen Peroxide Demand along Flowpaths
to Momitoring Wells 31 and 50 feet down gradient
of the infiltration wells

Conservative Mod.rate L iberal

Estimate Estimate Estimate

31 50 31 50 31 50

feet feet feet feet feet feet

--~-(mg oxygen/liter pore water)----
Estimated demand based on:
Total) Fuel Hydrocarbons 130,000 130,000 68,000 92,000 5,000 53,000
Alkylbenzene content only,

when sampled 1n 8/87.* 10,000 10,000 5,000 7,000 400 4,000
Alkylbenzene content on'y, 1,100 1,100 593 800 45 460

whan sampled 1n 3/88 just
before the start of the
demonstration.**

Actuelly delivered by 10/88. 3,000 3,000
Corresponds to Julian Date 300

*hbased on analysis of core 50114 (Table 5) assuming 7,500 mg/kg total hydrocaruon
**hbased on analysis of core 50T3 (Table 5} assum'ng 7,560 mg/kg total hydrocarbon




This selective removal of alkylbenzenns may result from their
relatively high water solubility., If the system follows Raoult's Law,
the expected concentration of an individual hydrocarbon i1n water 1n
equilibrium with the gasoline can be estimated by multiplying 1ts water
solubility by 1ts mole fraction 1n the gasoline.

The expected corcentration of toluene 1n water 1in equilibrium with
tra fuel was 15 mg/liter. As shown 1n Figure 23 the measured concentration
¢f toluere has been 3as high a; 32 mg/l1ter. The expected concertration
‘of 2,2,4-trwmethylpentane 1s only 0.2 mg/liter, Actual measured concen-
trations are 1n the anaerobic zane of the demonstration area range from
0.08 to £.07 my/irter. The alkylbenzenes may have been more avatrlable

to the microorganisms,

CONTRIBUTION OF WATER WASHING

A significant fractior of the alkyltenzenes may simply be washed
out of the demonstration ar2a by the fiow of water, i1nstead of being
testroyed by biodegradation. The significance of this physical weathering can
be evaluated hy comparing the retardatyon factor of each alkylbenzene
1n the most-contaminated i1nterval to the nurber of pore volumes of water
that have been delivered to a particular point,

The rati1o of the seepage velocity of water to the apparant seepage
velocity of an 1ndividual alky'benzene 1s termed the retardation ratic,
This retardation ratio 15 equal to 1.0 plus the ratio of the mass of the
aikylbenzene 1n 1maobile gasoline to the mass in the flowing water,

The disirthution of the a'%ylbenzene between gascline and water 1n the
aquifer 13 estimatea from Raoult's Law, by dividing the distribution of

the alkylbenzene between the pure compound and water (1ts specific gravity
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¢rvided by 1ts water solubility) by the ratio of water to jasoline 1n the
aquife=. These calculaticns can be done a number of diffe-ent ways. For
convantence, we will express units as mass of organic compound per umit
volume oi the phase that contains 1t.

If the most-contaminated interval contains 7,500 mg/kg total
petroleum hydrocarbons, and 1ts bulk density 1s 2.0 kg/)rter, then
the most-contaminated interval contains 15,000 mg petroleus hydrocarbons
per liter of aguifer. (Note: The proper umit for volume _hould be cubic
decimeter, In iormal usage the liter 15 a umit for capacity). The
specific gravity of the gasoline 15 G.76 (Smith et al., 1981), therefore
the most centaminated 1nterval of the aquifer contains 20 ml gasoline
per 1iter of aguifer. The porosity of the agquifer, as determined by
«eighing cores and then measuring the weight loss on drying,
1s 380 mi pore space per liter of aquifer. If 20 ml of the pore space
i oeach Diter of aquifer 15 gasoline (Figure 24), the remaining 360 ml
must be cccupred by water. The volumetric ratio of water to gasoline 1s
360 to 26, or 18 to 1.

This approach for comuputing retardation car be evaluated with data
from a cotumn test (Bouchard et al., 1989). {Core material from the demon-
stration area was pac<ed i1nto a column, washed with water to remove
all the alry'benzenes, and then a pulse of alkylbenzenes 1n solution was
flushec through the column. The core material used to construct the
column contained 1,340 mg/kg total “petroleum hydrccarbons, corresponding

to a water to gasoline ratio of 112 (vol/vol).
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Table 4, Predicted retardation ratios for selected hydrocarbons 1n a column
study (Figure 25) and 1n the field demonstration.

Specifi¢ Volume Water Predicted
Compound | Gravity . Solubihity ,  Volume Gasoline [+ 1.0 = Retardation
L(g/!1ter) {g/M1ter) Ratio
n i n in
Aquifer Column Aguifer Cclumn
Benzene 878 1.76 @ 20°¢C 18 112 28 5.4
Toluene 667 0.47 @ 169C 18 112 103 17.4
o-Xylene 880 0.175 @ 20°C 18 112 280 46
p-Xylene 864 0.167 @ 25°C 18 112 290 47
m-Xylene 860 0.198 @ 2pC. 18 112 240 40
Ethylbenzene 867 0.142 @ 15°C 18 112 340 56
1,2,4-Tr1- 830 0.057 18 112 860 140

methylbenzene

Specific Gravity and Solubiivty from Verschueren (1983) and Smith et al, (1981).

The retardation ratios (Table 4) predicted for the column study
{17.4 for toluene 46 for o-xylene, 56 for ethylbenzene, and 140 for
1,2,4-trimethylbenzene) are 1n acceptable agreement with the laboratory
data (Figure 25), There 1s some justification to using tne predicted
retardation ratios to estimate the relative contribution of water washing
and brorestoration in the field scale demonstratior,

Based on the chloride tracer test, 3.6 days were required to move one
pere volume of water from the injection wells to tne monitoring well 31
feet down gradient, and 6.7 days to move one pore volume to the monitoring
well 50 feet down gradient, By October of 1983 {Julian Late 300 n
Figures 21 and 22}, 67 pore volumes had moved past the monitoring well
31 feet down gradient, and 3% pore volumes had moved past the monitoring
well 50 fzet deown gradient.
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Figure 25. Retardation of Toluene, 0-Xylene, Ethylbenzene, and 1,2,4 Trimethylbenzene

1n a Laboratory Column Constructed with Core Material from the Bioremediation
Demonstration Area.



After comparing the number of pore volumes of watsr delivered along
the most contaminated i1nterval to the predicted retardation ratics of
individual alkylbenzenes 1n the “1eld demonstration (Table 1), 1t s
evident that benzene could easily have been removed by wate. ~ashing, and
that a fraction of the toluene may have been removed, but hardly any

removal of the xylenes, ethylbenzene, or trimethylbenzene can be expected.

CONFIRMATION OF REMEDIATION

The sp1ll was cored 1n August 1937 to provide information to design the
demonstration, then cored again 1n March 1988, just before the demonstration
began, to define the initial conditrons., Compare cores 50014 and 5073 1n
Table 5 and Figure 19. The proportion of alkylbenzenes 1n the spill
declined modestly over the time interval. This was probably due to
anaerobi¢ mycrobral degradation as discussed earlier,

Shortly after the breakthrough of oxygen 1n monitoring well 8D 31-2,
the area near the monitoring well was cored and analyzed for alkylbenzene:
and total fuel hydrocarbons. Compare cores 50At4 and 50AF5 1n Table 5
and figure 19 to Cores 5073 and 50114, The aliphatic hydrocarbons remainec
at their wnitial concentration, but the alkylbenzenes were below the
analytical detection Limit {Table 5). It 1s not surprising that the
non-aromatic fraction of the spi11l remayned 1n the iquifer. A very minor
fraction of their oxygen demand had been supplied when the aguifer was
cleansed of alkylbenzenes (Table 3).

When the region near B031-2 was cored 1n March of 1989, almast
all the petroleum hydrocarbons had been remgoved, 1ncluding the branched-
chain alkanes, Compare core 50AQ03 to 5073 and 50114 1n Table 5 and

Figure 19.
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Table 5., Changes 1n concentraticns of alkylbenzenes and total fue!l
hydrocarbon 1n core maierial during bigremediation of an aquifer
contaminated with aviczion gasoline.

Date 11 and  Fuel Ethyl-

Grease Hydro- Benzene  Toluene benzene Xylenes
Core Number Carbon

---------------------- mg/kg wet sample-----ccmeccccaaaaaa-

Background conditions 1n an unweathered part of the spill area.
June, 1988. See Figure 3 for location.

SCRb 12,150 1.0 107 57 218
S5CR7 5,220 1.0 170 24 100

Preliminary sampling used to design the bicremediation project near
monitoring well B8D-31-2, August 1987. See Figures 1y and 20 for location,

50A3 4,310 5,590 0.6 235 33 121
50114 4,130 6,500 0.3 544 12 48
50018 1,130 2,500* 0.7 112 11 39

Sampled after four months of perfusion with mineral nutrients and oxygen,
June, 1988.

5073 3,330+ 1.4 1 7.3 23

Sampled after eight months of perfusion with mineral nutrients and oxyger,
October, 1983.

50At4 8,400 <0.3 <0.3 <0.3 <0.3
50AES 2,370* <0.3 <0.3 <C.3 <0.3

Sampled after 12 munths of perfusion with mineral nutrients and oxygen,
March, 1589

50AQ3 9 <0.3 <0.3 <0.3 0.1

Sampled after 12 months of perfusion with oxygen and mineral nutrients
March, 1989, Cxygen had not reached this part of the aquifer,

S0ARA 3,100* 1.5 <0.3 9.7 36

*these cores 1ncluded some uncuntaminated material,
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A core taken from a region 1n the demonstration area where oxyger
was depleted showed an 1nteresting pattern. Toluene 1s depleted n 50AR4,
even though sign:ficant quantities of benzene and ethylbenzene remain,

It 1s difficult to rationalize the selective remcval ¢f tluene through

some nurely physical mechanism.
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