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ABSTRACT

Condensate liquids have been found to contaminate soil and ground
water at two gas production sites in the Denver Basin operated by
Amoco Production Co. These sites have been closely monitored since
July 1993 to determine whether intrinsic aerobic or anaerobic bioreme-
diation of hydrocarbons occurs at a sufficient rate and to an adequate
end point to support a no-intervention decision. Ground water moni-
toring, soil gas analysis, and analysis of soil cores suggest that bioreme-
diation is occurring at these sites by multiple pathways, including
aerobic oxidation, sulfate reduction, and methanogenesis. Results of
over two years of monitoring of ground water and soil chemistry at
these sites are presented to support this conclusion.

Index Entries: Intrinsic bioremediation; gas condensate; hydro-

carbons; ground water; sulfate reduction; hydraulic gradient.
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INTRODUCTION

Amoco operates more than 800 natural gas wells within the Denver
Basin, Colorado, which each average about 10° std ft3/d (2830 std m®/d) of
gas and less than about 3 barrels/d of associated water and condensate lig-
uids. Condensate has been found to contaminate soil and ground water at
certain sites, and Amoco has sought a low-cost alternative to active reme-
diation of these sites wherein acceptable environmental conditions would
be restored. Natural or intrinsic bioremediation is one such option. This
option recognizes that indigenous microorganisms in the subsurface are
capable of hydrocarbon degradation when critical environmental factors
are not limiting (e.g., nutrients, temperature, moisture, pH, salinity, and
electron acceptor). Recently, researchers have convincingly demonstrated
the natural attenuation of hydrocarbon plumes in ground water under
both aerobic and anaerobic conditions (1,2). Oxygen, nitrate, Fe(III) oxides,
sulfate, and carbon dioxide have all been identified as terminal electron
acceptors for the biochemical oxidation of hydrocarbons (3-7).

Amoco has initiated a study to determine whether intrinsic aerobic or
anaerobic bioremediation of hydrocarbons occurs at the Denver Basin sites
at a sufficient rate and to an adequate end point to support a no-intervention
or intrinsic remediation option. Tasks specific to this objective are:

1. Long-term ground water and soils monitoring (initiated July 1993)
to document field hydrocarbon losses and bioactivity over time
(quarterly sampling events for 5-6 yr for ground water; annual
sampling events for soils);

2. Laboratory verification of hydrocarbon degradation by field
microorganisms and identification of primary biodegradation
mechanisms (initiated September 1993); and

3. Microbiological characterization of the sites to understand the spa-
tial utilization of electron acceptors in and around the hydrocarbon
plume (initiated November 1995).

We report in this article preliminary results (July 1993 to November
1995) from the ground water and soils monitoring program. The implica-
tions of these data to natural attenuation of hydrocarbons are discussed.
An additional three years of sampling are planned. Further laboratory
investigations and the microbial characterization of the sites will be
reported at a later date.

SITE CHARACTERIZATION AND MONITORING

In July 1993, two sites situated near the Platte River in agricultural areas
near Ft. Lupton, Co, were chosen for in-depth site assessments. Preliminary
evaluations had shown that both soil and shallow ground water beyond the
storage tank containment area were contaminated with gas condensate. The
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Fig. 1. Site map of KPU-2 showing types of wells and their locations. (Numbers
shown are well identification numbers.)

aquifer material (gravely sands, sands, and silty sands) is highly permeable,
and the water table elevations fluctuate greatly with seasonal irrigation.
Further, potential surface water receptors are near both sites. Therefore, the
potential for contaminant transport was deemed high, and both sites were
placed in a high-priority category for further investigation.

Ground Water Monitoring

Based on an initial soil gas survey (8), permanent ground water mon-
itoring wells were installed to determine the extent of hydrocarbon loss
and the degree of bioactivity over time. Figure 1 shows the locations of 1-
in. (2.54-cm) OD vertically nested monitoring wells that were installed in
five-spot patterns within both the plume and control areas of the KPU-2
site. This monitoring arrangement was adopted to define areal and verti-
cal variations of hydrocarbon and electron acceptor concentrations in
ground water. Each vertical well nest consisted of three wells screened
over 18-in. (45.7-cm) intervals and placed 0, 5, and 10 ft (0, 1.52, and 3.05
m) below the water table at the time of installation. At the time of installa-
tion, the water table was high. However, the water table has never been
lower than just below the bottom of the topmost screened interval.
Additional 2-in (5.1-cm) OD monitoring wells were placed along the lon-
gitudinal axis of predominant ground water flow to monitor plume
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migration and electron acceptor transport. These axial wells were
arranged along a path extending from upgradient of the control area,
through the original source area and downgradient of the plume. The 2-
in. (5.1-cm) wells were screened over a 10-ft (3.05-m) interval to allow for
seasonal ground water fluctuations.

To address hydraulic modeling requirements adequately and thereby
ultimately to assess the role of abiotic mechanisms (e.g., dispersion, advec-
tion) in hydrocarbon loss, both the downgradient area with hydrocarbons
and the upgradient area without hydrocarbons were contained within a
larger hydraulic five-spot monitoring pattern. Hydraulic monitoring wells
were completed as the 2-in. (5.1-cm) monitoring wells. Pressure transduc-
ers were permanently installed at a fixed depth in each well. Average,
maximum, and minimum water table fluctuations were recorded daily.
These measurements have a resolution of 0.5 in (1.3 cm). In addition to
these pressure monitoring wells, the axial 2-in. wells were also used to
measure water level during ground water sampling.

Soil Core Sampling

Soil cores were obtained from each site in November 1993 to docu-
ment the initial soil hydrocarbon and electron acceptor distributions. Four
cores were taken from within each control and plume area. Coring loca-
tions were situated approximately halfway between the center and corner
well clusters in each pattern quadrant. Continuous cores were obtained
with a 2-in. (5.1-cm) split-spoon sampler from the surface to a total depth
of 15 ft (4.6 m). Core samples were composited at 1.5-ft (45.7-cm) intervals
and stored in a reduced oxygen environment at 4°C until requisite analy-
ses could be performed. A second set of cores was collected in November
1994 to document changes in the hydrocarbon concentrations. These cores
were taken within 1 m of the 1993 coring locations. To minimize distur-
bance, the cores taken in November 1994 were obtained by vibracoring. In
the vibracoring operation, continuous cores were obtained in a 3-in
(7.6-cm) acrylic sleeve from surface to a total planned depth of 10 ft (3.0
m). The coring done in November 1995 was again done with a split-spoon
sampler to a total depth of 15 ft (4.5 m). Material from these cores was
composited and analyzed in the same manner each year.

Analytical

Baseline ground water samples were collected during the first week
of November 1993. Fresh water samples were obtained by producing
approximately three well volumes from each monitoring well prior to sam-
pling. Individual samples were collected and analyzed within 24 h for
inorganic constituents, such as nitrate, sulfate, total alkalinity (as mg/L
CaCQ;), and Fe(Il) (8). Samples for BTEX and TPH were collected in clean
VOA vials, immediately extracted with Freon and shipped to Amoco’s
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Groundwater Management Section Laboratory, Tulsa, OK for analysis by
Amoco-modified EPA method 8015.

Soil solids were analyzed for moisture content, acid extractable Fe(II)
and Fe(Ill), porosity, bulk density and saturated paste pH, nitrate, and
sulfate. Details of the preparation of saturated soil paste and the individ-
ual analyses are described in ref. (9). Soil solids were also analyzed for
BTEX and TPH after extracting the soil with methylene chloride by EPA
method 8020 (8).

RESULTS
Ground Water

Based on the baseline ground water data collected in the first week of
November 1993, it was inferred that the contamination was largely con-
fined to shallow depths and that sulfate reduction was an important mech-
anism in hydrocarbon attenuation at this site (8,9). The importance of
sulfate as an electron acceptor was also corroborated by microcosm stud-
ies undertaken in the laboratory (10,11). Additional sampling since that
time continues to support sulfate reduction as an important pathway for
the attenuation of hydrocarbons at the site.

Initial ground water data indicated that BTEX and TPH were con-
fined primarily to the shallow well depth (3.5 to 5 ft below grade) (12). At
this depth, various electron acceptors including sulfate, nitrate and dis-
solved oxygen (DO) exhibited diminished concentrations in the plume the
control zone. Similarly, concentrations of Fe(Il), a product of Fe(IIl) reduc-
tion, and total alkalinity (mainly bicarbonate) were higher. Lower hydro-
carbon concentrations were detected at the intermediate depth (6.5-8 ft
below grade) in the plume. Trends in electron acceptor utilization at the
intermediate depth within the plume were similar to those at the shallow
depth, but less pronounced. Deep well data indicated nondetectable levels
of hydrocarbons in both plume and control. Likewise, electron acceptor
data showed no appreciable differences. Since most of the activity is occur-
ring at shallow depths, further discussion will be restricted to only the
shallow-screened wells.

BTEX data are plotted in Fig. 2 for shallow-screened, 1-in. wells using
complete data collected from November 1993 through November 1995.
BTEX was completely absent from wells upgradient of sump (i.e., control
zone), whereas considerable concentrations of BTEX (2040 mg/L) were
detected in the downgradient wells (i.e., plume zone). Extremely high
BTEX concentrations seen in wells 14 and 17 in February 1994 were owing
to sample collected from a vapor point, since the water table was below
the screen. These were point samples as opposed to volume averaged sam-
ples over the 18-in. screened interval for the other samples. Lower values
of BTEX were observed in the sump compared to plume, indicating that
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Fig. 3. Sulfate in 1-in. shallow wells.

this region did not have any further source of contamination, such as a non
aqueous-phase liquid (NAPL).

A similar plot for sulfate concentrations (Fig. 3) indicates considerably
diminished sulfate in the plume zone associated with the presence of
hydrocarbons, whereas wells in the control zone had sulfate on the order
of 230 mg/L. In addition, all the ground water samples from the wells in
plume zone had a strong hydrogen sulfide smell.

Applied Biochemisiry and Biotechnology Vol. 63-65, 1997



Gas Condensate Hydrocarbons 829

Similarly, increased Fe(II) and total alkalinity as well as reduced DO
were observed in the plume zone compared to in the control zone (data
not shown). Increased levels of Fe(lI) in the plume (4-6 mg/L compared to
near zero concentrations in control) indicate Fe(III) reduction occurring in
this zone, although the utilization of Fe(Ill) as electron acceptor cannot be
quantified because of its low solubility. Fe(IIl) reduction may be biotic or
abiotic. Hydrogen sulfide produced by biological sulfate reduction can
reduce Fe(III) to Fe(Il) and precipitate it as iron sulfide (6).

DO in the plume ranged from 0.25-1.4 mg/L in the absence of sulfate.
Bicarbonate, the major component of total alkalinity, is a product of
biodegradation of hydrocarbons. Considerably higher values of alkalinity in
the plume (average 600 mg/L CaCO; compared to 300 mg/L in control)
strongly suggest that biodegradation of hydrocarbons is occurring in the
plume. The diminished sulfate concentrations in the plume suggest that sul-
fate reduction is a major contributor to biodegradation of the hydrocarbons.

As seen in Fig. 2, no clear decrease in BTEX concentrations in ground
water has been observed to date (November 1995) owing presumably to
replenishment of dissolved hydrocarbons from a sink of sorbed hydrocar-
bons and water table fluctuations. Individual water level measurements
from the 2-in. axial wells showed water table fluctuations of 2.5-3 ft
(0.76-0.91 m) with the water table being higher during the summer (June
to September) and lower during winter (November to March). Based on
the water level data obtained from these wells, it was evident that the local
gradient exhibited fourfold seasonal variations (Fig. 4). Higher gradient
was seen during winter and lower gradient during summer. This could be
the result of flooding in a downgradient stream (that discharges into the
Platte River) during summer when meltdown of snow increases recharge
in this area. During the winter months, when the stream level is low and
less recharge occurs owing to freezing temperatures, higher gradient is
established. This has important bearing on relative magnitudes of hydro-
carbon mobility and attenuation rate. During winter, when biological
activity would be slower, mobility of dissolved hydrocarbons would be
higher because of higher ground water velocity, causing the dissolved
plume to migrate at a higher rate. The reverse phenomena would take
place during summer, resulting in increased attenuation.

Finally, axial monitoring well data indicated that highly soluble
BTEX components had migrated to well 28, i.e., a distance of only 165 ft
(50.3 m) from the source over an estimated 20-year time period (Fig. 5).
Sulfate and Fe(Il) concentrations were at background levels at this dis-
tance (data not shown).

In summary, the following observations are made on the basis of
ground water data acquired to date. The aerobic biodegradation potential
of hydrocarbon appears limited owing to uniformly low DO concentra-
tions (1.4 mg/L or less) throughout the investigated area; however, the
role of oxygen at the edge of the plume is potentially important. Nitrate is
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Fig. 5. BTEX in 2-in. axial wells.

present as a result of agricultural applications of fertilizer, but because of
its low concentration, has limited potential for hydrocarbon degradation
(9). In contrast, the utilization of sulfate appears significant. Background
concentrations are on the order of 230 mg/L, whereas sulfate is practically
absent in the shallow area containing hydrocarbons. Given the large initial
concentrations of sulfate and its favorable stoichiometric utilization for
hydrocarbon degradation, it appears that sulfate reduction is a major
means of hydrocarbon remediation at these sites. Moreover, concentra-
tions of sulfate observed in June 1995 sampling show that a substantial
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amount of sulfate is transported by infiltration of rainwater and that the
rate of sulfate consumption in the hydrocarbon-contaminated ground
water exceeded the rate of supply by infiltration. This sampling was con-
ducted immediately after a period of persistent heavy rainfall. In the con-
trol area at KPU-2, background sulfate levels in the shallow wells had
nearly doubled (average of 5 wells = 418 mg/L sulfate), whereas sulfate
concentrations for intermediate and deep wells were comparable to those
observed previously. In contrast, sulfate concentrations in shallow wells
from plume area showed an absence of sulfate.

Soil Cores

Soil core analyses for total iron, Fe(II), BTEX, and TPH were per-
formed on composited samples from each 1.5-ft (45.7-cm) interval. Within
the plume area (Figs. 6 and 7), BTEX and TPH were consistently present in
soil cores, but were confined to an approx 3-ft (0.91-m) interval at the
water table/air interface. Soil samples acquired from upgradient cores
within the plume showed less BTEX and TPH than their downgradient
counterparts. Because upgradient cores were situated nearest the original
hydrocarbon source, this evidence supports the contention that the origi-
nal source of the existing hydrocarbons in soil and ground water has been
effectively eliminated at these sites. Total petroleum hydrocarbon concen-
trations decreased in the first year, and then were more or less constant;
however, BTEX concentrations observed in soil cores collected in
November 1994 and 1995 are greatly reduced compared to total BTEX
concentrations observed in November 1993. Since BTEX concentrations
observed in ground water monitoring wells have remained essentially
unchanged, this is interpreted to indicate that the total hydrocarbon
inventory at this site is being decidedly reduced by natural attenuation.
As discussed earlier, BTEX concentrations in the ground water did not
show a temporal trend because of the presence of a residual hydrocarbon
phase (Fig. 2). Also, no specific movement of the dissolved hydrocarbon
plume was observed (Fig. 5). The plume appears to be stable based on the
available data; however, once the BTEX inventory diminishes, ground
water BTEX concentrations may start decreasing and the plume also may
start shrinking.

Soil sulfate concentrations and Fe(Il) /Fe(Ill) ratios obtained by satu-
rated paste extract method (3) showed distinct differences between plume
and control zone samples (data not shown). Sulfate concentrations were
lower in the plume region (4-100 mg/kg compared to 100 mg/kg and
above for control). Although sulfate was absent in many of the 1-in. shal-
low-screened wells in the plume, soil still contained sulfate in mineral
form. Dissolution of sulfate minerals might have controlled the supply of
sulfate to the ground water. No specific change was observed in sulfate
concentrations in the soil cores from November 1993 to November 1994
(data not shown).
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When hydrocarbons were present, the ratio of Fe(Il) to Fe(IIl) in soils
was increased. Assuming both iron species were initially distributed uni-
formly across the site, it appears that Fe(IlI) was subsequently reduced to
Fe(II) within the zone of significant hydrocarbon presence. The reduction
of iron in the presence of hydrocarbons is indicative of anaerobic biodegra-
dation and further supports the hypothesis that intrinsic bioremediation of
hydrocarbons is occurring at these sites by multiple pathways.

Finally, visual inspection of soil cores showed a significant accumula-
tion of a black precipitate (acid volatile sulfide) associated solely with the
presence of hydrocarbons. The accumulation of iron sulfide (FeS) in the
presence of hydrocarbon is consistent with the anaerobic biodegradation
of hydrocarbons by sulfate reduction (6).

CONCLUSIONS

At the sites investigated, intrinsic aerobic and anaerobic bioremedia-
tion play a strong role in attenuating hydrocarbons. Even though the sites
are old (>20 yr), hydrocarbons are laterally and vertically confined to a
small portion of the total aquifer. Further, there is strong geochemical evi-
dence of both aerobic and anaerobic bioactivity. Oxygen is much depleted
and carbon dioxide is much elevated in the soil gas immediately overlying
the ground water associated with the hydrocarbon plume. Ground water
that is immediately associated with the hydrocarbon plume shows
depleted levels of both nitrate and sulfate compared to ground water from
the upgradient uncontaminated zone. Moreover, based on anecdotal
observations of the response of the uppermost level of ground water to the
infiltration of sulfate-laden rainwater, the rate of sulfate consumption in
ground water immediately associated with hydrocarbons is very high
compared to that of ground water not associated with hydrocarbons. Soils
associated with hydrocarbons show abundant iron sulfide production.
Although sulfate is depleted in ground water associated with hydrocar-
bons, sulfate remains available as an electron acceptor by means of diffu-
sion from the surrounding aquifer, by dissolution of sulfate from the solid
phase, and by importation of sulfate by infiltration of rainwater.
Potentially, sulfate reduction could be accelerated in the hydrocarbon-
impacted areas through the addition of sulfate.
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