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Fig.1
Groundwater Remediation in Shallow Well
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(57) Abstract: A process is provided for bioremediating petroleum hydrocarbon contaminated groundwater by applying at least one
electron acceptor salt to a ground surtace overlying the contaminated groundwater. The process includes identifying characteristics
of the aquifer, in which the contaminated groundwater is found, to enable treatment of aquifers at a range of depths below the

ground surface.
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IN SITU BIOREMEDIATION OF CONTAMINATED GROUNDWATER USING
ELECTRON ACCEPTOR SALTS

BACKGROUND OF THE INVENTION
[0001] The present invention relates to a new and improved bioremediation process for
anaerobic biodegradation, detoxification and transformation of organic compounds in
contaminated aquifers. Bioremediation is a process of either promoting or introducing

organisms, plants or other flora or fauna to break down or use the organic compounds.

[0002] During biodegradation of petroleum hydrocarbons including BTEX compounds
(which include benzene, toluene, ethylbenzene and xylene isomers) in groundwater, micro-
organisms use dissolved BTEX as an electron donor and rely on a variety of terminal electron
accepting processes (TEAP) such as aerobic oxidation, nitrate reduction, iron (III) reduction
and sulfate reduction to generate energy and produce new biomass. Aerobic oxidation
provides the most potent energy source for the micro-organisms. However, dissolved oxygen
solubility in water is relatively low, and in the vicinity of a BTEX source, dissolved oxygen is
rapidly consumed, resulting in anaerobic groundwater conditions. Under these conditions
electron accepting processes with nitrate and sulfate become more important. When all the
soluble electron acceptor salts are depleted, groundwater conditions become conducive to
fermentation and methane is generated (methanogenesis). A number of laboratory and field
studies have demonstrated that BTEX compounds are susceptible to anaerobic bicdegradation

under nitrate and sulfate reducing conditions.

[0003] Conventional engineering approaches to clean-up BTEX-impacted groundwater often
rely on adding oxygen to stimulate biological breakdown of dissolved BTEX. This can be
very effective at sites where conditions are conducive to distribution of oxygen into the
impacted groundwater. However, oxygen addition under reducing conditions is very
inefficient both due to its limited water solubility and also due to a number of chemical
processes that rapidly consume oxygen (e.g. oxidation of reduced minerals and other non-

target compounds).
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[0004] Biodegradation of BTEX by native sulfate reducing micro-organisms consumes the
naturally occurring sulfate in petroleum-impacted aquifers. Also, sulfate reduction is very
widespread in gasoline impacted groundwater and that many plumes, which contain dissolved
organics, are depleted in sulfate. As such, there is a great potential to exploit this process and
expedite clean-up of petroleum impacted groundwater if sulfate can be added to the impacted
groundwater. A number of field studies have demonstrated enhanced biodegradation of
dissolved BTEX following sulfate addition to groundwater. At other sites, where nitrate is the
limiting electron acceptor, field scale applications using nitrate addition have been shown to

be effective in reducing the BTEX concentrations in soil and groundwater.

[0005] However, addition of a limiting electron acceptor salt via injection wells or infiltration
galleries has limited effectiveness in remediating contaminated groundwater. Distribution and
delivery using these methods is largely controlled by site geology and is constrained by the
geometry of the injection well layout. Furthermore, electron acceptor salt injection into the
aquifer does not address hydrocarbon impacts in the vadose zone between the top of the
ground surface and the water table. For treating larger areas, the number of wells and
addition events can be cost prohibitive and the treatment may be localized in the area near the
injection. In addition, the periodic injection of the electron acceptor salt may cause changes
in the subsurface conditions (e.g. electrical conductivity and possibly pH) that may not be
conducive to optimal biological response as the subsurface microbial populations are

constantly adapting to these changes.

[0006] The need remains for a more stable, uniform and cost-effective electron acceptor salt

delivery mechanism to achieve better treatment efficiency of contaminated groundwater.

SUMMARY OF THE INVENTION

[0007] Accordingly, the present invention provides a process for remediating contaminated
groundwater in a subsurface aquifer, comprising applying at least one electron acceptor salt to
a ground surface overlying the contaminated groundwater. In one embodiment, the process is
effective for bioremediating contaminated groundwater that ranges in depth from 5 feet to 25

feet below ground surface. In one embodiment, the process is effective for bioremediating
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contaminated groundwater at these depths when the aquifer has a hydraulic conductivity

within the range of 10~ cm/sec to 1 cm/sec.

[0008] In some applications of the process, at least, local conditions are useful in establishing
suitable treatment levels. In one embodiment, the invention provides a process for
bioremediating contaminated groundwater in a subsurface aquifer which includes both
contaminated groundwater and uncontaminated groundwater. Under these conditions, the
process comprises determining an electron acceptor content of a sample of the
uncontaminated groundwater; determining an electron acceptor content of a sample of the
contaminated groundwater; and applying at least one electron acceptor salt to the ground
surface overlying the contaminated groundwater in sufficient quantity to increase the salt
concentration of the contaminated groundwater to at least 20 mg per liter of the contaminated
groundwater. In another embodiment, the process comprises increasing the salt concentration
of the contaminated groundwater to at least that of the salt concentration of the
uncontaminated groundwater. In one embodiment, the electron acceptor salt is sulfate. In one
such embodiment, the electron acceptor salt is gypsum. In another such embodiment, the
electron acceptor salt is heptahydrate epsomite. In another embodiment, the electron acceptor

salt is nitrate.

[0009] In one embodiment, the invention provides a process for bioremediating contaminated
groundwater in a subsurface aquifer, comprising identifying an aquifer with contaminated
groundwater which contains less than 20 mg of an electron acceptor per liter of contaminated
groundwater, in an aquifer having a hydraulic conductivity within the range from 10~ cm/sec
to 1 cm/sec, the contaminated groundwater being at a depth in the range from 5 feet to 25 feet
below the ground surface; selecting a ground surface overlying the contaminated

groundwater; and supplying at least one electron acceptor salt to the ground surface.

Brief Description of the Drawings
[0010] Fig. 1 illustrates the changes in groundwater composition in a shallow well following

application of sulfate to the ground surface overlying contaminated groundwater.
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[0011] Fig. 2 illustrates the changes in groundwater composition in an intermediate depth
well following application of sulfate to the ground surface overlying contaminated

groundwater.

[0012] Fig. 3 illustrates that the composition of groundwater did not change significantly in a

control test, in the absence of added sulfate to the ground surface.

[0013] Fig. 4 illustrates a positive relationship between rainfall amount and water level in an

aquifer in a test plot that may be treated as described herein.

DETAILED DESCRIPTION OF THE INVENTION

[0014] The contaminated groundwater which is treated as described herein contains at least
one contaminant that is susceptible to biodegradation by sulfate or nitrate reducing
micro-organisms. This contaminated groundwater is generally located within an aquifer, at
least a portion of which is contaminated with petroleum hydrocarbons that are toxic or are at
unacceptable or undesirable concentrations in the groundwater. Often, the contaminant

compounds are present in the groundwater as the result of human activity.

[0015] As used herein, “ground surface” refers to the surface of the earth upon which man
and his surroundings naturally rest or move; “groundwater” refers to subterranean water
found in the surface soil of the crust of the earth; “subterranean” refers to existing, lying, or
situated below the surface of the earth; “aquifer” refers to a water-bearing subterranean
stratum in which the groundwater occurs; “plume” of contaminated groundwater represents an
area of groundwater within the aquifer that contains one or more contaminants in
concentrations above acceptable levels; the “vadose” zone extends between the ground

surface and the top of the water level in the aquifer.

[0016] As used herein, a contaminant is any chemical substance or substances that may be
toxic or have otherwise adverse effects on human health and/or the environment, and may be
present above regulatory criteria. Typical contaminants include, for example, volatile organic
compounds (VOCs); semivolatile organic compounds (SVOCs), including a broad group of

polycyclic aromatic hydrocarbons; and fuels or petroleum products such as crude oil, natural
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gas condensate, gasoline, diesel, fuel oil and jet fuels and their constituent compounds. Fuel
or petroleum contaminants include aromatic and oxygenated compounds. Included in
aromatic contaminants are benzene, toluene, ethylbenzene, xylene isomers which are herein
identified collectively as BTEX and higher molecular weight alkylbenzenes. Included in
oxygenated contaminants are methyl tert-butyl ether (MTBE), tert-amyl methyl ether
(TAME), tert-butyl alcohol (TBA), ethyl ether, methanol, ethanol and various biodiesel

formulations.

[0017] Benzene, toluene, ethylbenzene, xylenes isomers (BTEX) and higher molecular
weight alkylbenzenes are examples of monoaromatic hydrocarbons that have been found in
sites polluted by oil production facilities, gasoline stations, bulk terminals, refineries and other
facilities storing and handling petroleum products. Groundwater gets polluted by
monoaromatic compounds due to release of petrol, gasoline, diesel, and other petroleum
products from storage tanks and wastes from oil industries. These hydrocarbons have higher
water solubility than other organic compounds that are present in gasoline such as aliphatics.
Saturation solubility of benzene in water at ambient conditions is 1780 mg/l. Likewise, the
saturation solubilities of toluene, ethyl benzene, and xylenes in water are 535, 152, and 167
mg/l, respectively. The effective solubility of the contaminant for a given petroleum product
depends, at least in part, on the concentration of each of these contaminants in the fuel or

product.

[0018] The amount of contaminant in groundwater that can be treated in the process covers a
wide range, extending at least from the lower detection limit for a particular contaminant, up
to and including the effective solubility of that particular contaminant at the pressure and
temperature of the groundwater. In embodiments, the contaminated groundwater contains at
least 1 mg of total BTEX per liter of groundwater. In one embodiment, the contaminated
groundwater comprises in the range from 1 to 100 mg of total BTEX contaminant per liter of
groundwater; in a second embodiment, in the range from 5 to 50 mg of total BTEX
contaminant per liter of groundwater. The individual amounts of benzene or toluene or
ethylbenzene or xylenes range from 0 to 100 wt. % of the total BTEX present in the

contaminated groundwater.
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[0019] Contaminated groundwater at a depth of 25 feet, or greater, below the ground surface
may be bioremediated as described herein. The depth of groundwater that can be treated by
the process is determined, at least in part, by the rate at which the electron acceptor salt
migrates to the groundwater following the surface application. In embodiments, contaminated
groundwater at a depth of up to 25 feet may be bioremediated as described herein. In one
embodiment, the bioremediation process is available for contaminated groundwater at a depth

within the range from 1 to 25 feet; in a second embodiment, within a range from 5 to 25 feet.

[0020] The contaminated groundwater generally occurs in an aquifer, some or all of which
may be contaminated at some level. In embodiments, the contaminated groundwater that is
treated as described herein exists as a plume of contamination within an aquifer of

uncontaminated groundwater.

[0021] Bioremediation of the contaminated groundwater includes applying at least one
electron acceptor salt to the ground surface overlying the contaminated groundwater. In one
embodiment, the area of surface application approximates the area of the plume of
contamination of the groundwater. Identifying the area of the plume may involve, for
example, sampling the groundwater in wells drilled in various locations within the aquifer and
analyzing the samples for contaminants. In embodiments, the ground surface for applying the
electron acceptor salt is an open site, without paving and without buildings and other
infrastructure. In other embodiments, the area of application is selected to take account of
flow within the aquifer, or to take account of a source of the contamination, or to take account
of reduced soil permeability (including paving, buildings and other infrastructure). In these
cases, a smaller area of application may be suitable. There are also site-specific
characteristics that may affect the application of the electron acceptor salt, including the need

to cut or remove grass and brush and/or to till the soil before and/or after application.

[0022] In the present process, at least one electron acceptor salt is applied to a ground surface
overlying contaminated groundwater that ranges in depth of up to 25 feet below the ground
surface. Treating aquifers at this significantly increased depth is facilitated by soil formations
having a specified hydraulic conductivity. Accordingly, the method provides a treatment

option for bioremediating contaminated groundwater at depths of up to 25 feet in one
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embodiment; in a second embodiment, in the range in depth from 1 to 25 feet; and in a third
embodiment, in the range in depth from 5 to 25 feet below the ground surface. In one
embodiment, the groundwater treated as described herein occurs in an aquifer having a
hydraulic conductivity of 10~ cm/sec or higher; in a second embodiment, in the range of from
107 cm/sec to 1 cm/sec. Hydraulic conductivity may be determined, for example, using
ASTM D5084-10: Standard Test Methods for Measurement of Hydraulic Conductivity of

Saturated Porous Materials Using a Flexible Wall Permeameter.

[0023] Typical ranges of hydraulic conductivity of soils are shown in the table below.

Soil Type Range of Hydraulic Conductivity,
cm/sec
Gravel 0.1 to 100
Clean Sand 107 to 1
Silty Sand 107 to 0.1
Silt, Loess 107 to 10™
Glacial Till 10 to 10™

[0024] Contaminated groundwater is remediated by micro-organisms in both oxygen-rich and
oxygen-lean environments. Bioremediation processes involving micro-organisms that use
oxygen as an electron acceptor during destruction of the petroleum hydrocarbon contaminants
generally produce carbon dioxide as a primary reaction product. Oxygen may be supplied to
the contaminated groundwater as air, as a gas phase mixture of oxygen with another gas, or as
an oxygen release compound such as hydrogen peroxide. The determination of dissolved
oxygen in the contaminated groundwater is an indication of the likelihood that micro-
organisms present in the contaminated groundwater will reduce contaminant levels.

However, supplying sufficient oxygen to the contaminated groundwater to maintain aerobic

conditions in the aquifer is often difficult and costly.

[0025] When the dissolved oxygen is depleted in the contaminated groundwater, anaerobic
conditions, which are characterized by the absence of dissolved oxygen in the contaminated
groundwater, begin to develop. Under these conditions, nitrate reducing bacteria and sulfate

reducing bacteria use nitrate and sulfate as electron acceptors. When all the soluble electron
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acceptors are consumed, methanogenic micro-organisms may continue to produce methane
and CO; as metabolic byproducts. A typical remediation mechanism involving nitrate or
sulfate as an electron acceptor salt produces nitrogen or hydrogen sulfide, respectively, as
reaction products. Under appropriate site conditions, at least some of the produced hydrogen
sulfide reacts with Fe(II), which is present in the groundwater, as well as with any Fe(III)
present in the soil, to form relatively insoluble FeS. Furthermore, a typical remediation
mechanism producing CO, as one of the reaction products may cause an increase in the total
alkalinity of the groundwater. Accordingly, in embodiments, analysis of sulfate, nitrate,
dissolved Fe(Il), dissolved methane and/or total alkalinity may be indicative of ongoing

biological processes in the contaminated groundwater suitable for remediating contaminants.

[0026] In general, the electron acceptor salt in contaminated groundwater is significantly
depleted prior to treatment. One method for analyzing the relative reduction of the electron
acceptor salt in the contaminated groundwater involves sampling contaminated groundwater
from within the plume of contamination in the aquifer, and also sampling uncontaminated
groundwater from outside of the contamination plume. A comparison of the electron acceptor
salt concentrations from the two locations provides a measure of the electron acceptor salt

utilization due to micro-organism activity within the contaminated groundwater plume.

[0027] Thus, in general, untreated contaminated groundwater in an aquifer contains less of an
electron acceptor salt than uncontaminated groundwater in the aquifer. In one embodiment,
untreated contaminated groundwater contains less than 20 mg of electron acceptor salt per
liter of contaminated groundwater. In a second embodiment, the electron acceptor salt
concentration in the contaminated groundwater is below the detection limit for that electron

acceptor salt.

[0028] In one embodiment, a site for bioremediating contaminated groundwater in a
subsurface aquifer is selected on the basis of the appropriate groundwater geochemistry, and
by evaluating the relationship between the historical groundwater depth and corresponding
rainfall. A qualitative relationship between groundwater depth and rainfall suggests a

connection between the rainfall event at the surface and the groundwater (thereby suggesting
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that the land application has an acceptable probability of getting the electron acceptor-laden

water to infiltrate to the groundwater).

[0029] In one embodiment, the electron acceptor salt that is applied to the ground surface
includes sulfate, e.g. SO4>, generally in the form of at least one soluble sulfate salt.

Inorganic sulfate salts that are at least partially soluble in water or in aqueous solution are
suitable sources of the electron acceptor salt. Thus, sulfate salts such as sodium sulfate,
calcium sulfate, magnesium sulfate and iron sulfate, or sulfur-containing materials that can be
converted into at least one of these sulfate salts after application to the ground surface, are
suitable sources of sulfate. Gypsum is a calcium sulfate containing material. In its natural
state, it is often composed of calcium sulfate dihydrate, with the chemical formula
CaS042H,0. Magnesium sulfate (MgSQ,) is often encountered as the heptahydrate epsomite
(MgS0O4-7H,0), commonly called Epsom. Kieserite is an unstable magnesium sulfate mineral
(MgSO4H>0). In embodiments, the method for treating contaminated groundwater is

effective for groundwater that contains sulfate reducing micro-organisms.

[0030] In one embodiment, the electron acceptor salt that is applied to the ground surface
includes nitrate, e.g. NO3’, generally in the form of at least one soluble nitrate salt. Inorganic
nitrate salts that are at least partially soluble in water or in aqueous solution are suitable
sources of the electron acceptor salt. Representative soluble nitrates that are suitable sources
of nitrate include sodium nitrate, calcium nitrate, magnesium nitrate, ferrous nitrate, ferric

nitrate and ammonium nitrate.

[0031] Selection of the type of electron acceptor salt for a particular application depends, at
least in part, on local conditions. For example, relative populations of micro-organisms which
are either naturally present in the contaminated groundwater, or are inoculated into the
groundwater for bioremediation, may dictate the choice of the electron acceptor salt used,
whether it be sulfate, nitrate, any of the other salts that are suitable in the process, or a mixture
of these. In one embodiment, the electron acceptor salt includes a mixture of nitrate and

sulfate salts, in a weight ratio of nitrate to sulfate in the range from 1:99 to 99:1.

[0032] The electron acceptor salt may be applied to the ground surface as a solid or dissolved

or slurried in a liquid. In solid form, it may be applied as received, or reduced in size by one

9
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or more comminution processes prior to application. In embodiments, and particularly for
small application areas, application may be done by hand or using a hand-held applicator.
Mechanical applicators, including motorized applicators, are useful for larger application
areas. The process of application generally follows accepted practices for dust control,
worker safety and minimal environmental impact. Liquid application generally involves
dissolving or slurrying the electron acceptor salt in a liquid. Water or an aqueous solution are
suitable solvents for liquid application. The concentration of the solution is not critical, so
long as sufficient of the electron acceptor salt is applied to the ground surface to remediate the
contaminated groundwater, while avoiding excessive runoff of the liquid from the ground

surface to be treated.

[0033] In general, sufficient electron acceptor salt is applied to the ground surface to cause an
increase in the amount of electron acceptor salt in the contaminated groundwater. In the
presence of sulfate reducing micro-organisms in the contaminated groundwater, increasing the
sulfate content in the groundwater has the effect of increasing the rate of microbial destruction
of the contaminants. Likewise, in the presence of nitrate reducing micro-organisms in the
contaminated groundwater, increasing the nitrate content in the groundwater has the effect of
increasing the rate of microbial destruction of the contaminants. The amount of electron
acceptor salt that is added to contaminated groundwater is, at least in part, a site-specific
variable. Considerations such as, for example, the quantity and type of contamination, the
quantity of available active micro-organisms, the depth of the groundwater, the soil type in
the region of the aquifer, the proximity of the contamination plume to drinking water supplies
may be used in determining the treatment level of the electron acceptor salt. In one
embodiment, the electron acceptor salt content in the contaminated groundwater is increased
to a concentration of at least 20 mg per liter of contaminated groundwater. In the case of a
sulfate electron acceptor salt, the concentration of the salt is based on the weight of SO4* per
liter of contaminated groundwater. Likewise, in the case of a nitrate electron acceptor salt,
the concentration of the salt is based on the weight of NO; per liter of contaminated
groundwater. In embodiments, a first electron acceptor salt concentration in the contaminated
groundwater within a plume of contamination in an aquifer is increased to a concentration that

is at least as high as a second electron acceptor salt concentration in a portion of

10
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uncontaminated groundwater within the same aquifer. In one embodiment, the electron
acceptor salt concentration in the contaminated groundwater is in a range from 20 mg per liter
to 5000 mg per liter of groundwater during at least a portion of the bioremediation process. In
another embodiment, the electron acceptor salt concentration in the contaminated
groundwater is in a range from 100 mg per liter to 2500 mg per liter of groundwater during at

least a portion of the bioremediation process.

[0034] In embodiments, the electron acceptor salt that is applied to the ground surface
percolates through the vadose zone soils above the aquifer, and into the contaminated
groundwater in the aquifer, by natural means. In regions of high rainfall, surface recharge via
natural rainfall alone may be sufficient to cause the electron acceptor salt to migrate from the
ground surface on which it is applied into the contaminated groundwater. In other
embodiments, the process includes a step of irrigating the ground surface having the applied
electron acceptor salt. With this step, irrigation is used to urge the electron acceptor salt into
the contaminated groundwater. Typical methods for irrigating the ground surface are useful
in the process, including sprinkling irrigation or flood irrigation or both. The irrigation step is
conducted for at least sufficient time to increase the electron acceptor salt concentration in at
least a portion of the contaminated groundwater. In one embodiment, the irrigation step
provides at least 20 mg of electron acceptor salt per liter of contaminated groundwater. In
embodiments, the irrigation step provides sufficient water or an aqueous solution to the
ground surface to at least equal an amount of precipitation that is expected to fall on the site
over 4 to 7 days based on a historical maximum monthly rainfall intensity. Construction of
berms, dams or other barriers to flow may be used on the site to minimize runoff from the site

during irrigation.

[0035] During bioremediation of contaminated groundwater, the process also provides for
bioremediation of contaminated vadose zone soils between the ground surface and the aquifer,
as the electron acceptor salt passes through the zone to the region of contaminated

groundwater below.

[0036] In a specific embodiment, a vacant site with no surface infrastructure, which is

overlying contaminated groundwater, is selected for treatment. Historical groundwater data

11
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indicate that sulfate is depleted in the impacted groundwater. Gypsum, as a source of sulfate,
at an application rate of between 40-60 1b per 200 ft* is applied to the site using a spreader
that is normally used for spreading fertilizer. The site is then irrigated with water, using a
conventional sprinkler system, for a period of 4-7 days. The amount of water used for

irrigation is based on the historic maximum monthly precipitation rate for that site.

[0037] In another specific embodiment, the treatment is repeated on a similar site, with
heptahydrate epsomite being used as a sulfate source, at an application rate of 0.5 1bs per 200
£,

[0038] In another specific embodiment, the treatment is repeated on a similar site, with

calcium nitrate being used as a nitrate source, at an application rate of 20 Ibs per 200 ft*.

Examples

[0039] A vacant site, with no surface infrastructure, overlying contaminated groundwater,
was selected for treatment. The aquifer at this site had a hydraulic conductivity of greater
than 10~ cm/sec. At this site, 650 pounds of gypsum was land applied to a 50 ft x 50 ft area
of the site, and irrigated with 25,000 gal of water over 8 days. Following this application,
groundwater from the monitoring wells in the pilot area was periodically sampled. These
wells included a shallow well at a depth of 1.5 to 8.5 ft below ground surface and an
intermediate well at 8.5 ft to 13.5 ft below ground surface. Water samples from each level
were periodically analyzed for sulfate, aromatics and total petroleum hydrocarbons (TPH,
typically in the C¢ to Cy; range) to evaluate the effectiveness of the land application in

delivering sulfate to the groundwater and its impact on contaminant concentrations.

[0040] Fig. 1 shows the changes in sulfate, aromatics and TPH concentrations in the shallow
well following land application of gypsum and the associated irrigation event. Fig. 1 also
shows the rainfall over the same time period. Each rainfall datum point in Fig. 1 (and Fig. 2)
represents the monthly total rainfall on the site for the reporting period. The sulfate
concentration in the shallow well rapidly increased to a concentration of slightly more than
1000 mg/1 after the sulfate surface application. Over the course of the first 400 days, the

sulfate concentration gradually decreased to roughly 100 mg/l. Over that same period, the

12
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aromatic concentration in the ground water decreased significantly, as did the TPH
concentration. At slightly more than 400 days into the test, the site was subjected to 8.9” of
rainfall over two days. The increased inflow of runoff into the contaminated aquifer diluted
the sulfate concentration and caused a increase in both aromatic and TPH concentrations.
However, this incident had only a temporary effect; the sulfate level began increasing again in
the aquifer in the next sample period, with the associated decrease in both aromatic and TPH

levels.

[0041] Fig. 2 shows the changes in sulfate, aromatics and TPH concentrations in the
intermediate well following the land application of gypsum and the associated irrigation
event, along with the rainfall over the same time period. As seen in Fig. 2, both the TPH and
aromatic concentrations were reduced following the sulfate treatment. The amount of added
sulfate in the groundwater had a significant effect on both TPH and aromatic concentrations.
At sulfate concentrations around 100 mg/l, both TPH and aromatic concentrations were
reduced in the groundwater. At sulfate levels below 100 mg/l, the effect was smaller. It is
believed that the sulfate concentration at those conditions was not conducive to building a
robust sulfate reducing bacteria population. And as with the shallow well, the quality of the
contaminated water at the intermediate level was significantly impacted by the large rainfall at

slightly more than 400 days into the test.

[0042] Fig. 3 illustrates the results of a control test. In the control, a control plot was
subjected to the same amount of irrigation over a similar 50 ft x 50 ft area, without sulfate
addition. Over the test, the sulfate concentration in the groundwater changed only slightly,
indicating that very little additional sulfate was present in vadose zone soils overlying the
groundwater at that site. As a result, there was virtually no change in either the benzene

concentration or the TPH concentration during the control test.

[0043] Fig. 4 illustrates the relationship between groundwater level and rainfall in a
representative plot. A qualitative positive correlation between the water level (i.e. depth to
water level) and rainfall for this plot indicates a qualitative measure of success in getting the

electron acceptor laden water to infiltrate to the groundwater in this plot, and therefore a
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positive indication of the effectiveness of the surface treatment for mitigating contamination

of the groundwater in this plot.
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What is claimed is:

1.

A process for bioremediating contaminated groundwater in a subsurface aquifer,
comprising applying at least one electron acceptor salt to a ground surface overlying the
contaminated groundwater.

The process according to Claim 1, wherein the aquifer has a hydraulic conductivity of 107
cm/sec or higher.

The process according to Claim 1, wherein the aquifer has a hydraulic conductivity within
the range of from 10~ cm/sec to 1 cm/sec.

The process according to Claim 1, wherein the contaminated groundwater that is
bioremediated ranges in depth from 5 feet to 25 feet below the ground surface.

The process according to Claim 1, wherein the contaminated groundwater contains at least
I mg total BTEX per liter of contaminated groundwater.

The process according to Claim 5, wherein the contaminated groundwater contains in the
range from 1 to 10 mg of total BTEX per liter of groundwater.

The process according to Claim 1, wherein the contaminated groundwater contains less
than 20 mg of the electron acceptor salt per liter of contaminated groundwater prior to
application of the at least one electron acceptor salt.

The process according to Claim 1, further comprising applying a sufficient amount of the
electron acceptor salt to the ground surface to produce an electron acceptor salt
concentration in the contaminated groundwater of at least 20 mg per liter of contaminated
groundwater.

The process according to Claim 1, further comprising applying a sufficient amount of the
electron acceptor salt to the ground surface to produce an electron acceptor salt
concentration in the contaminated groundwater in the range from 20 mg per liter to 5000

mg per liter of contaminated groundwater.

10. The process according to Claim 1, wherein the at least one electron acceptor salt is a

soluble sulfate salt.

11. The process according to Claim 10, wherein the soluble sulfate salt comprises gypsum.

15
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12. The process according to Claim 10, wherein the soluble sulfate salt comprises
heptahydrate epsomite.

13. The process according to Claim 1, wherein the at least one electron acceptor salt is a
soluble nitrate salt.

14. The process according to Claim 13, wherein the soluble nitrate salt is calcium nitrate.

15. The process according to Claim 1, further comprising increasing a first electron acceptor
salt concentration in the contaminated groundwater within a plume of contamination in an
aquifer to at least as high as a second electron acceptor salt concentration in a portion of
uncontaminated groundwater within the same aquifer.

16. The process according to Claim 15, further comprising increasing the first electron
acceptor salt concentration in the contaminated groundwater to a range from 20 mg per
liter to 5000 mg per liter of contaminated groundwater.

17. The process according to Claim 1, further comprising irrigating the ground surface having
the applied electron acceptor salt.

18. The process according to Claim 17, further comprising irrigating the ground surface with
sufficient water or an aqueous solution to at least equal an amount of precipitation that is
expected to fall on the site over 4 to 7 days based on a historical maximum monthly
rainfall intensity.

19. A process for bioremediating contaminated groundwater in a subsurface aquifer which

includes both contaminated groundwater and uncontaminated groundwater, comprising:

a. determining a sulfate concentration of a sample of the uncontaminated groundwater;

b. determining a sulfate concentration of a sample of the contaminated groundwater; and

c. applying at least one sulfate salt to the ground surface overlying the contaminated
groundwater in sufficient quantity to increase the sulfate concentration in the

contaminated groundwater to at least 20 mg per liter of the contaminated groundwater.

20. The process according to Claim 19, further comprising applying at least one sulfate salt to
the ground surface overlaying the contaminated groundwater in sufficient quantity to
increase the sulfate concentration in the contaminated ground water to at least equal to the

sulfate concentration of the uncontaminated groundwater.

16
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21. The process according to Claim 19, further comprising applying at least one electron
acceptor salt to the ground surface overlaying the contaminated groundwater in sufficient
quantity to increase the sulfate concentration of the contaminated ground water to within a
range from 20 mg per liter to 5000 mg per liter of contaminated groundwater.

22. A process for bioremediating contaminated groundwater in a subsurface aquifer,

comprising:

a. identifying an aquifer with contaminated groundwater which contains less than 20 mg
of sulfate per liter of contaminated groundwater, in an aquifer having a hydraulic
conductivity within the range from 10~ cm/sec to 1 cm/sec, the contaminated
groundwater being at a depth in the range from 5 feet to 25 feet below the ground
surface;

b. selecting a ground surface overlying the contaminated groundwater; and

c. supplying at least one electron acceptor salt to the ground surface.

23. The process according to Claim 22, wherein the at least one electron acceptor salt is
sulfate.

24. The process according to Claim 22, wherein the at least one electron acceptor salt is
gypsum.

25. The process according to claim 22, wherein the at least one electron acceptor salt is

heptahydrate epsomite.
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