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Effects of nutrient dosing on subsurface methanotrophic
populations and trichloroethylene degradation
SM Pfiffnert, AV Palumbo?!, TJ Phelps! and TC Hazen?

1Environmental Sciences Division, Oak Ridge National Laboratory, PO Box 2008, Oak Ridge, TN 37831-6036;
2Westinghouse Savannah River Technology Center, Aiken, SC, USA

In in situ bioremediation demonstration at the Savannah River Site in Aiken, South Carolina, trichloroethylene-
degrading microorganisms were stimulated by delivering nutrients to the TCE-contaminated subsurface via horizon-
tal injection wells. Microbial and chemical monitoring of groundwater from 12 vertical wells was used to examine
the effects of methane and nutrient (nitrogen and phosphorus) dosing on the methanotrophic populations and on
the potential of the subsurface microbial communities to degrade TCE. Densities of methanotrophs increased 3-5
orders of magnitude during the methane- and nutrient-injection phases; this increase coincided with the higher
methane levels observed in the monitoring wells. TCE degradation capacity, although not directly tied to methane
concentration, responded to the methane injection, and responded more dramatically to the multiple-nutrient injec-
tion. These results support the crucial role of methane, nitrogen, and phosphorus as amended nutrients in TCE
bioremediation. The enhancing effects of nutrient dosing on microbial abundance and degradative potentials,
coupled with increased chloride concentrations, provided multiple lines of evidence substantiating the effectiveness
of this integrated in situ bioremediation process.
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Introduction (DOE) Office of Technology Development Integrated Dem-
In situ bioremediation field studies involving chlorinated onstration for than situ b|qreme_d|at|on of chlorinated sol-
solvents [13,31,32] have demonstrated that biostimulatiovents at the Savannah River Site (SRS) [12]. The analyses
of indi enou,s n’1ethane-oxidizin bacteria by the additionqaOCLIS on groundwater sampling locations with respect to
g 9 y e location of the horizontal injection and extraction wells.

of methane can enhance cometabolic biodegradation (g' ; : . :
richloroethylene (TCE). TCE is a subject of situ bio- patial and temporal relationships of degradative popu-

remediation efforts because it is one of the most commoifftfgaz ;ng]e?ﬁgxg'zsn dwr(?r(tar_ér:]\{edsggﬁted to examine the
groundwater contaminants in the United States and i utr ng.

related to health concerns [6,20,30,36]. Thus, the mech-

anisms for remediating TCE-contaminated subsurfacéaterials and methods

environments have been the subject of considerabl .
itudy site

he study site (Figure 1) on the SRS reservation in Aiken,
outh Carolina, included a 700Cnarea contaminated
mainly with TCE. The water table was 36 m below ground

: : : - -~ surface (bgs), and the primary location of the TCE contami-
growth and contaminant biodegradation duringsitu bio nation was 27-45m bgs. The geological, geochemical,

remediation. Previous investigators [15,24,25,29] hav . : ? . . i
demonstrated enhanced microbial growth, acetate incorpo%—ydmlog'cal’ and microbiological properties of the demon

ation, and TCE mineralization when sediments were Sup§trat|on site [7] were characterized before the initiation of

plemented either with nutrients alone (phosphorus anyﬁ_wosggrgg:ﬁg;Téﬁg%iecxgjpg;gen;h other at an aporoxi-
nitrogen) or in combination with the addition of electron pp

acceptors and donors. Understanding nutrient dis:persio.rr'11atEEIy 2T angle, with the upper extraction well positioned

and bioavailability in the subsurface may be important in." the vadose zone at a depth of 24 m and the lower injec-

. Y . y np tion well at 53 m, constituted the delivery system. The
controlling contaminant degradation and, thus, in the effecén le and position of the extraction and injection horizontal
tiveness ofin situ bioremediation processes. 9 P )

; : : ; : wells allowed methane to travel to the extraction well from
Th|s article examines changes in mgthanotroph_lq POPUA ih sides (Figure 1). Gaseous nutrients were delivered to
lations and aerobic TCE-degradative capacities i

groundwater, as part of the US Department of Energ

research and development. Aerobic biodegradation of TC
has been demonstrated in both pure and mixed microbi
cultures [1,9-11,18,21,33,35,37,39].

Nutrient availability is likely to be critical for microbial

he subsurface at a rate of 5.67 min™ by injection into
the lower horizontal well (AMH-1). The extraction of air
and contaminants was accomplished by vacuum extraction

through the wupper horizontal well (AMH-2) at

Correspondence: AV Palumbo, Environmental Sciences Division, Oa ) . . Lo . \ .
Ridge National Laboratory, PO Box 2008, Oak Ridge, TN 37831-6036l,<6'80 n¥ min™. In situ air stripping (air sparging plus soil

USA vapor extraction, US Patent 4 832 122 [5]) was used at the
Received 13 November 1995; accepted 12 September 1996 site before methane injection [19]. Extensive groundwater
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work focuses on phases 5-8, which were conducted from 205

August 1992 to May 1993. Phases 5-8 were examined to
determine the effects of nutrient dosing; these phases were
chosen based on the available data for methane concen-
tration in groundwater, which started with the 4% methane
injection. Therefore, important background information
prior to the 4% methane injection is provided. The 1%
methane injection significantly increased the average den-
sity of methanotrophs from<1 cell mr* during phases 1—

3 to 2400 cells mtt during 1% methane injection (phase
4) [13,25,26]. TCE mineralization potential, as measured
by the degradation of radiolabeled TCE to £Qunder
enriched conditions), increased from an average and stan-
dard error of 3.4 0.4 for phases 1-3 to 981.31 for
phase 4 [25,26]. In addition, the nutrient-limiting conditions

in the subsurface have been demonstrated at this site

Plant North

No{r

® Groundwater Well

H Sediment Corehole

 —

meters 15 [25’29]
Approximate P s Li
Location of V4 (Now Excavated) Groundwater analyses
“ Groundwater was sampled twice monthly from the vertical
\ monitoring wells according to documented SRS sampling
protocols [12]. Monitoring wells were pumped until con-
ductivity and pH were stabilized (after3 pore volumes)
Phase: Description:, and then 10 L of groundwater collected in sterile poly-
4% Methane Continuous Injection of 4% methane in air, with propy[ene containers. Studies of microbial activity and enu-
vacuum extraction meration in the groundwater samples were conducted at the
Pulsed Methane |Puised Injection of 4% methane in alr and alr only, SRS Iaboratory._ Retrieved groundwatgr samples were
with vacuum extraction stored at 4C until they were processed in the laboratory
Multiple Nutrient |Pulsed injection of methane and air with continuous (Wlthl.n 2-4 hfrom the recovery from the monitoring We”)
Injection of 0.07% nitrous oxide and 0.007% triethyl Phy3|cal and chemical analyses We_re perfqumed on-site or
phosphate, with vacuum extraction subcontracted by SRS to laboratories certified by the US

Post-test no injection or vacuum extraction Environmental Protection Agency [12]'

Figure 1 Plan view of the location of 12 groundwater-monitoring wells Monitoring well locations

(@) and eight sediment coreholelM) with respect to the position of the  The orientation of the horizontal wells and extensive collec-

i“jsv“irol’i‘nZ‘irgzolg‘;%'c‘{ev‘:ﬂég"gﬂi)éﬁgtricst:ggn*‘sogf%’:?'z‘fﬂ (dAeMt';)Z)e'Xat‘:‘sc tion of data from the demonstration allowed determination

fign iorizontal well (AMHZ)%nd Iow[()er (53-m depth) injectionphorizontal of a zone effect, a reglon Wh_ere microbial and_ chemical

well (AMH1). The water table was located at a depth of 36 m. The primaryf€Sponses were more immediate and more noticeable. On

TCE contamination was between the depths of 27-45m. The tabldhe basis of the site design and the data, groundwater-

describes the treatment phases. monitoring wells MHT-2C, 4C, 6C, 7C, and 11C were
considered to be within the zone of effect from both the

sampling (wells 1C-11C and 9B, Figure 1) and sedimentnjection and extraction horizontal wells (Figure 1).

sampling (coreholes 8-15, Figure 1) were implemented to  Groundwater-monitoring wells MHT-1C, 3C, 5C, 8C, 9C,

monitor the effects of the nutrients that were added througiOC, and 9B which likely experienced less or delayed

the injection horizontal well. effects from the treatment phases, were considered to be in
an area adjacent (outlying) to the zone of effect (Figure 1).

Bioremediation campaigns

A series of increasingly aggressive approaches for biostiSediment sampling and corehole location

mulation of indigenous TCE-degrading populations wereBefore multiple-nutrient injection ceased, sediments were

implemented over a 17-month period. A control phase  sampled by a split-spoon coring technique according to

(phase 1) without treatment was followed by vacuumdocumented SRS sampling protocols [12]. Eight coreholes

extraction (phase 2), air injection (phase 3), injection of 1% (MHC-8 to MHC-15) were located throughout the demon-

methane in air (phase 4, US Patent 5 326 703) [14], injecstration site (Figure 1).

tion of 4% methane in air (phase 5), pulsed methane and

air injection (phase 6), continuous addition of triethyl phos-Microbial enumeration

phate (0.007%) (US Patent 5 480 549 [3]) and nitrous oxideMethane-oxidizing populations were assessed by the turbi-

(0.07%) in air with pulsed additions of methane and air dimetric three-tube most-probable-number (MPN) tech-

(phase 7), and a final post-test phase without treatmentique [26]. For MPN analysis, groundwater was inoculated

(phase 8) [13]. into a medium which contained phosphate-buffered mineral

Phases 1-4 were conducted from January 1992 to Augustlts, adjusted to pH 7.1, and supplemented with an amount
1992 and reported in previous publications [13,25,26]. This  of methane (vol:vol) equal to 5% of the headspace [26].
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The test tubes were incubated for 30 days atQ5 aged for each groundwater-monitoring well or corehole

Microbial growth was visually assessed at 14 and 30 daysover the multiple-nutrient injection phase. The software
program utilized was Sigmaplot, version 2.10 (Jandel Cor-

TCE mineralization poration, San Rafael, CA, USA).

Time course enrichments were used to estimate the min-

eralization of radiolabeled TCE to radiolabeled COhe

experiments used 10 ml of groundwater, QGi of carrier-

free [1,24%C]-TCE (Sigma Chemical Co, St Louis, MO, Methane concentration in groundwater

USA), and 2 ml of double-strength methanotrophic mediumThe monitoring wells were clustered into three methane

(except for phosphate, which was added for a final concen-  dosing groups (groups G-1, G-2, G-3; see Table 1) on the

tration of 0.33 mM) [26]. As nutrient supplements, yeastbasis of the HCA conducted on methane concentrations

extract and trypticase were each added to produce a final measured in groundwater recovered from the monitoring

concentration of 2@ug L™ [25-27]. Methane and propane, wells during phases 5-8. Monitoring wells within group G-

as additional supplements, were added in amounts equal to 1 clustered at a similarity index (SI) of 0.85. The Sl is an

3% and 5% (vol:vol) of the headspace, respectively. Thendicator of the degree to which the patterns were similar

test tubes were incubated for 30 days at room temperature,  among wells from a scale of 0-1. This well group related

inhibited with 0.4 ml of 2 M NaOH, and frozen until ana- to well group G-2, which had an SI of 0.51. Wells in group

lyzed. The test tubes were acidified with 0.5 mlof 6 MHC1  G-3 showed no similarity: (lto either G-1 or G-2.

1 h before radioactive CQOevels were determined by gas Monitoring wells in group G-1 were located outside and

chromatography-gas proportional counting. A Shimadzu  beyond the horizontal wells and were adjacent to the zone

8A gas chromatograph equipped with a thermal conducef effect (Table 1 and Figure 1). Wells in group G-2 were

tivity detector (HNU Systems, Newton, MA, USA) and a  positioned between both horizontal wells or near the injec-

Packard 894 gas proportional counter were used to detetion horizontal well. Group G-3 wells were located near

Results

mine the headspadéCO, [22,27]. the extraction horizontal well (Table 1 and Figure 1). All
monitoring wells from both groups G-2 and G-3 were con-

Chemical analyses sidered to be within the zone of effect.

Methane concentration in groundwater samples was meas- A plot of the average groundwater methane concen-

ured on a Hewlett-Packard 5890A gas chromatograpltration (log ug L) for each of the three well groups over
equipped with either a thermal conductivity or flame ioniz-  the 4% methane-injection phase through the post-test phase
ation detector and compared to standards of methandFigure 2) demonstrated that wells within the zone of effect
saturated deionized @ [8]. The detection limit for meth- (groups G-2 and G-3) were exposed to higher concen-
ane was=0.1% in groundwater samples. Conductivity wastrations of methane=£100 ng L™) in the groundwater than
measured using a Hydrolab Surveyor model (Hydrolab Inc,  were the remote wells (group G-1). In the remote wells,
Houston, TX, USA) as described in the test plan [12].methane concentrations were less than A@Q™?

Chloride was analyzed by argentometric titration on sedi-  (Figure 2). PCA indicated that the first four sampling per-

ment samples, which were stored a4C4[2]. iods (days 174, 188, 202, and 214) during the 4% methane-
injection phase and day 391 (during the multiple-nutrient

Statistical analyses injection phase) accounted for the most variance among the

For statistical analyses, log transformations were performed  well groups. Those days showed the largest observed sam-

for three parameters: (1) cell concentration (cellssil) ple differences in methane concentration.

for methane-oxidizers (avoiding the log of zero); (2) meth-

ane concentrationug L™); and (3) the percentage of radio- Effect of methane dosing on methanotrophs

labeled TCE mineralized. Eisight pattern recognition Prior to methane injection, methane was not detected in

software (Infometrix Inc, Seattle, WA, USA) was used for ~ groundwater. Before 1% methane injection, methanotrophic

hierarchical cluster and principal component analyses. Hierdensities averageec1 cell mit. Within 22 days of 1%

archical cluster analysis (HCA) related samples to each methane injection, the average methanotrophic density in

other on a similarity index (Sl) scale, on which O rep- groundwater increased to 1.5 cellst{data not shown).

resented no similarity between samples and 1 represented  After day 36 of 1% methane injection, all groundwater-

identical samples. We used the Euclidean distance metrimonitoring wells exhibited increases in methanotrophs with

and the incremental clustering technique for the HCA  an average density of 15 céll§his rapid increase in

analysis. This analysis was conducted for each assay amethanotrophs was the first impact of methane dosing. By

data from 4% methane injection through post-test phases. the end of 1% methane injection (day 160), the average
Principal component analysis (PCA) was used to determethanotrophic density had increased to 2400 celt$ ml

mine the factors in the dataset that accounted for the most  (data not shown).

variance. Those factors carried more weight (more sample To understand the effects of methane concentration on

variance) in defining the variance among sample clusters. methanotrophic  growth, = methanotrophic  densities

Linear regressions were calculated with Lotus 1.2.3, releas@-igure 3) in groundwater-monitoring wells were compared

4.0 (Lotus Development Corp, Cambridge, MA, USA). to each other using the same G-well grouping determined
Contour maps were produced by interpolation of the datdoy the HCA on groundwater methane concentration

(methane concentration, methanotrophic density, percent-  (Table 1). Averaged methanotrophic densities for each

age of TCE mineralized, and chloride concentration) avergroup were plotted from the beginning of the 4% methane-
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Table 1 Sampling wells clustered by methane gas concentration (G groups), methanotrophic bacterial density (B groups), and TCE degradatior%o(zl'
groups). Hierarchical cluster analysis on the methane concentration, methanotrophic density, and TCE mineralization results from phases 5-8 was
performed using the Euclidean distance metric and incremental clustering technique

Clustered by Groups
Methane G) G1 G-2 G-3
1C, 3C, 5C, 8C, 9C, 10C, 9B 4C, 6C, 7C 2C, 11C
Methanotrophs B) B-1 B-2 B-3
8C, 9B 1C, 3C, 5C, 9C, 10C 2C, 4C, 6C, 7C, 11C
TCE DegradationT) T-1 T-2 T-3 T-4
2C, 5C, 6C, 9C, 11C 1C, 3C 7C, 8C, 10C, 9B 4C

injection phase through the post-test phase (Figure 3). changes over the treatment phases, trends were identified
Group G-1 (adjacent to the zone of effect) experiencedvith respect to monitoring well groups (Figure 3). During
lower methane concentrations={00ug L™) (Figure 2) the 4% methane injection phase, groups G-1 and G-3
and exhibited methanotrophic densities ranging fromté0 showed increased densities of methanotrophs; these
10° cells mi? (Figure 3). In contrast to group G-1, groups increases were supported by the positive linear regression
G-2 and G-3 which were exposed to higher methane conslopes, 0.011 and 0.004, respectively. At the same time,
centrations £500 ug L ™) (Figure 2) during the 4% meth-  group G-2 showed a negative slepé10) which was
ane injection, showed methanotrophic densities rangingndicative of a decrease in abundance of methanotrophs.
from 1 to 1 cells mI* (Figure 3). Increases in methano-  Despite the negative slope, group G-2 nevertheless had high
trophic densities coincided with the elevated methane dosdensities of methanotrophs. With the pulsed injection
ing concentration (Figures 2 and 3). phase, all groups showed increased abundance of methano-
When densities of methanotrophs were examined fotrophs and positive slopes (0.003, 0.005, and 0.0052 for

3k 4% methane . pulse nutrient . post-test

-1 ] 1 I: 1 1 :l 1 1 : | i 1
174 202 280 265 203 321 349 391 419 447 475

Days

Methane Concentration (log pg L)
1

Figure 2 Average methane concentration (lag L™) in groundwater from the monitoring wells, which were grouped on the basis of hierarchical
cluster analysis. The depicted days (174 to 489) include the 4% methane-injection phase through the post-test phase. Monitoring wells were clustered
according to three methane dosing groups: wells MHT-1C, 3C, 5C, 8C, 9C, 10C, and 9B (groum)@3aklls MHT-4C, 6C, and 7C (group G-®);

wells MHT-2C and 11C (group G-34). Groups G-3 (near the extraction horizontal well) and G-2 (between both horizontal wells) were considered to

be within the zone of effect, whereas group G-1 was adjacent to the zone of effect.

4% methane pulse nutrient post-test

Log (Methanotrophs mL™1)

174 216 265 307 349 391 433 475
Days

Figure 3 Densities of methanotrophs in groundwater (log cellsyrdveraged for specific groups of monitoring wells during the 4% methane injection
through the post-test phase. The monitoring wells were grouped on the basis of the methane concentration hierarchical cluster analysis Byroup G-1,
group G-2,@; group G-3,A). Groups G-3 (near the extraction horizontal well) and G-2 (between both horizontal wells) were considerd to be within
the zone of effect, whereas group G-1 was adjacent to the zone of effect.
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groups G-1, G-2, and G-3, respectively). With respect to = same methane dosing groups (G-1, G-2, and G-3) deter-
the multiple-nutrient injection phase, groups G-1 and G-3nined by HCA on methane concentration (Table 1). TCE
displayed negative slopes -Q.001 and -0.004, mineralization was not observed in uninoculated controls.
respectively), which supported the slight decrease observethe methane dosing groups showed similar mineralization

in densities of methanotrophs in groundwater from those potential during the 4% methane- and the pulsed-methane
wells. Increases in densities of methanotrophs followingnjection phases (Figure 4). With the injection of multiple
multiple-nutrient injection were indicated by the 0.022  nutrients, the G-2 group of wells, which consisted of wells
slope observed for groundwater from the G-2 monitoringwithin the zone of effect, showed rapid increase in TCE-
wells. After injection and extraction operations ceased, all degradation capacity (Figure 4). Monitoring wells in group
groups exhibited negative slopes and decreasing densiti€%-3, also within the zone of effect but located near the

of methanotrophs following a lag period (Figure 3). extraction horizontal well, showed a slight increase in TCE-
mineralization potential during the early part of the mul-

Hierarchical clustering based on methanotrophic tiple-nutrient injection phase (Figure 4). Monitoring wells

densities located adjacent to the zone of effect (group G-1) exhibited

To provide further insight on the spatial and temporal effecta dramatic, although delayed, increase in TCE degradation

of methane dosing, HCA was performed on the potential (Figure 4). During the pulse injection phase, TCE
groundwater densities of methanotrophs. The analysigegradation potential in group G-1 increased but the delay
revealed three different groups of groundwater-monitoring likely resulted from slow and diminished migration of
wells (groups B-1, B-2, B-3) that did not fully correspond nutrients to the remote wells similar to the diminished

to the methane dosing groups (groups G-1 to G-3) methane concentration (Figure 2). However, the methane
(Table 1). The wells in groups B-1 and B-2 were locatedarriving at group G-1 wells was utilized within 20-50 days
adjacent to the zone of effect and were closely related to  as indicated by the maximal methane level followed by
each other (Sl of 0.55). Group B-3 wells were locateddecreasing methane concentrations and by increased den-
within the zone of effect and were unrelated to those in  sities of methanotrophs (Figure 2). Similarly, within 20-50
groups B-1 and B-2. Group B-1 (Table 1) displayed thedays after the onset of multiple-nutrient injection, the TCE
lowest densities of methanotrophs (10-100 cells)min  degradation potential dramatically increased (Figure 4).
contrast, densities of 100-1000 cellsinivere observed The TCE-mineralization capacity persisted into the final

in group B-2 (see Table 1). Groups B-1 and B-2 together post-test phase for all three groups but at lower levels than
consisted of the monitoring wells found in group G-1observed during the multiple-nutrient injection phase
(outside the more affected zone), which had low methane  (Figure 4).

dosing (Table 1). The highest abundance of methanotrophs

(>1000 cells mi*) was found in group B-3. Group B-3 Hierarchical clustering based on the percentage of

contained the groundwater-monitoring wells found in both TCE mineralized

groups G-2 and G-3, which had higher methane dosing and  When the results from enriched TCE-mineralization were
was within the zone of effect (Table 1). Becausel further investigated through HCA, they revealed a well
methanotroph mt was observed throughout the demon-  group pattern different from that observed with methane
stration site prior to methane injection, the HCA of den-concentrations or with enumerations of methanotrophs
sities of methanotrophs after injection further substantiated (Table 1). Groundwater-monitoring wells clustered into
the trend that groundwater in which higher levels of meth-four groups (Table 1) on the basis of the TCE-mineraliz-

ane were measured exhibited higher abundances of  ation data. The average percentage of TCE mineralized for

methanotrophs. groups T-1,T-2, and T-3 had similar values of 6.7, 8.0, and
8.0, respectively, whereas group T-4 (well MHT-4C) exhib-
Effect of methane on TCE mineralization ited the highest TCE-degrading potential (16.1%) and was

Results of the TCE-degradation potential experiments from  separated as an individual group member. Monitoring wells
the beginning of the 4% methane-injection phase througiMHT-2C, 5C, 6C, 9C, and 11C grouped together (group
the post-test phase (Figure 4) were compared by using the T-1) and were related to group T-2 (SI of 0.35), which

50

4% methane pulse nutrient post-test

40

30

20

%TCE Mineralized

10

1 5
174 216 265 307 349 391 433 475

Days

Figure 4 Average percentage of TCE mineralized (under enriched conditions) in groundwater samples collected from each monitoring well during the
4% methane-injection phase through the post-test phase. The monitoring wells were grouped on the basis of the methane concentration hierarchical
cluster analysis (group G-M; group G-2,@; group G-3,4A). Groups G-3 (near the extraction horizontal well) and G-2 (between both horizontal wells)

were considered to be within the zone of effect, whereas group G-1 was adjacent to the zone of effect.
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contained monitoring wells MHT-1C and 3C. Well groups  exhibited groundwater methane concentrations %99
T-1 and T-2 were distantly related to group T-4. The =5 pug L™, with the exception of well MHT-10C, which
remaining monitoring wells (MHT-7C, 8C, 10C, and 9B) exhibited an average groundwater methane concentration
clustered in group T-3, which showed no relationshipof 20 ug L™ (Figure 5).

(SI=0) to the other T-group of wells. PCA on TCE- Densities of methanotrophs ranged from 1.7 to 5.1 log
mineralization data determined that the first four samplingoase 10, which corresponded to 50 to 150 000 celt$ ml
periods (days 335, 349, 363, and 377) in the multiple-nutri- (Figure 6). Higher populations of methanotrdphi€?(10

ent injection phase accounted for the most varianceells mit) were located between both horizontal wells and
between monitoring well groups; these periods showed the  extended along the extraction horizontal well (Figure 6).
largest observed sample differences in the percentage of

TCE mineralized. 102900
Multiple-Nutrient Injection Phase [
Examination of the multiple-nutrient injection phase 102880 4
An increase in TCE mineralization was exhibited in 102860 -
response to multiple-nutrient injection. PCA showed that
the early sampling periods of the multiple-nutrient injection 102840 -

phase were important for stimulating TCE mineralization. g 102820
(=2}

Methane concentration, methanotrophic density, percentac
of TCE mineralized, and chloride concentration data,-_g 102800 -
recorded as the average for each monitoring well over th'

multiple-nutrient injection phase, were interpolated andZ 102780 1

plotted as contour maps (Figures 5-8, respectively). 102760 {  2c
During multiple-nutrient injection (phase 7), the average °
methane concentration ranged from 2 to 1@pL™t in 102740 - sc Average methanotrophic
groundwater (Figure 5). The higher concentrations of meth __. @ (density contours in
ane for this phase were located between both horizonte ~ '%%72°7 1¢ /1 2\ it
wells and aligned with the injection horizontal well. Moni- 102700 oL , ice . , ,
toring wells in group G-2 (MHT-4C, 6C, and 7C) were 48750 48800 48850 48900 48950 49000 49050

within the zone of effect and had groundwater methane
concentrations of 40-1136g L™ (Figure5). Group G-3
wells (MHT-2C and 11C) considered within the zone of Figure 6 A contour map based on the average methanotrophic densities
effect, but located outside the extraction horizontal well,(109 cell mI™) observed in each groundwater-monitoring we) (during

howed groundwater methane concentration averages of he multiple-nutrient injection phase. Average densities of methanotrophs
S ) 9 . . g anged from 1.7 to 5.1 log base 10. Higher populations of methanotrophs
6 ug L™ for phase 7 (Figure 5). Monitoring wells of group were found between both horizontal wells and along the extraction hori-
G-1 (MHT-1C, 3C, 8C, and 9C) were more remote andzontal well (AMH-2).

Easting (ft)

102900 - - — 102900
Multipie-Nutrient |n]eCtIO;l Phase ® Multiple-Nutrient Injection Phase .c
102880 - Average methane @ sC 1oc 102880 - ® 5 L;o
contours for groundwater
- /
102860 | (mg L) 02 o, 102860 -
' N
102840 102840 0
— —_—
£ 102820 £ 102820 -
2 o
‘= 102800 - E 102800 -
£ t
Q 102780 - S omsod O\
2 4
102760 - 102760 -
2ce
102740 102740 Average TCE (enriched)
Ny [} mineralization
102720 4 102720 4 , contours for
® ® ce 1§ groundwater (%)
102700 T T T T T 102700 T T T T T
48750 48800 48850 48900 48950 49000 49050 48750 48800 48850 48900 48950 49000 49050
Easting (ft) Easting (ft)
Figure 5 A contour map based on the average methane concentratiofrigure 7 A contour map based on the average percentage of enriched
(ng L™) observed in each groundwater-monitoring wel)(during the TCE mineralization observed in each groundwater-monitoring @ll (
multiple-nutrient injection phase. Methane concentration averages rangeduring the multiple-nutrient injection phase. Enriched TCE mineralizations
from 2 to 120ug L™ . The larger concentrations of methane were found averaged between 4% and 27%. The major area of TCE degradation poten-

between both horizontal wells and aligned with the injection horizontaltial was observed between both horizontal wells and along the injection
well (AMH-1). horizontal well (AMH-1).
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102900

the injection horizontal well (Figures 7 and 8), where nitro-
gen and phosphorus were provided by the multiple-nutrient
injection treatment. Additional evidence of increageditu
metabolism was significantly P(< 0.009) increased
groundwater conductivity. For example, well MHT-2C,
(within the zone of effect) and well MHT-8C (adjacent to
the zone of effect) exhibited average conductivity (and
standard error) of 0.051+(0.010) and 0.0650.012),
respectively, during the multiple-nutrient injection phase
102780 + 0. N o (phase 7) (data not shown). In contrast, average conduc-

\ _ ' _ tivity during phases 4-6, for well MHT-2C ranged from
102760 2 Vg ‘ 0.027 to 0.034£ 0.006) and for well MHT-8C ranged from
voz7a0 | ¢/ Average chioride 0.037 to 0.0430.005).
concentration for

sediments (mg kg-1)

Y 0.5 \_05/
102700 O\ — \ '

T T T T
48750 48800 48850 48900 48950 49000 49050
Easting (ft)

102880 -

102860 -

- ; 05|
102840 e
AN ° :
102820 1, 3\ ' 7/

102800 4

Northing (ft)

102720 Discussion

Changes in populations of methanotrophs and aerobic TCE-
degradative capacities during the treatment phases were
related to the dosing effects of methane and nutrient
Figure 8 A contour map based on the average increase in chloride con‘—addlt!qns' After the addltlon_ of methane to the subsurface,
centration (mg kg) observed in sediment#ij recovered from coreholes ~ densities of methanotrophs increased several orders of mag-
MHC-9 to MHC-15 following the multiple-nutrient injection phase. Prior nitude from<1 cell mI* prior to methane injection to-1(°

to methane injection, the chloride concentration in sediments averagegells mi* afterward, and densities within well groups

1.02+ 0.14 mg kg*. Chloride concentrations increased in phase 7 sedi-; ; ; ;
ments (30-40 m depths) and averaged between 0.35 and 118 fg I(gmcreased as methane concentrations increased (Figures 2

Increased sediment chloride concentrations were oriented between bo@d 3). During the 1% met_hane‘injeCtion phase, methano-
horizontal wells and along the injection horizontal well (AMH-1). trophs were first observed in groundwater within the zone

of effect [25,26]. Methanotrophs within the zone of effect

grew to densities 100 times greater than densities adjacent
Groundwater from monitoring wells within the zone of to the zone of effect (Figure 3). Observed densities of
effect exhibited average densities of methanotropi800  methanotrophs strongly correlated=(0.688, P < 0.05
cells mit, whereas groundwater from areas adjacent to th¢l3]) with a more conservative method for enumerating
zone of effect showed average densities of methanotrophs ~ methanotrophs, which was based on the measurement of
=180 cells mi*, methane consumption performed at SRS [8].

The major area of TCE biodegradation potential (as The growth of densities of methanotrophs throughout the
shown by the enriched TCE mineralization assays) waslemonstration site occurred during the 4% methane-injec-
between both horizontal wells and along the injection hori-  tion phase when methane migrated to remote regions of the
zontal well (Figure 7). Groundwater from monitoring wells site because it had not been consumed within the zone of
MHT-4C and 6C, within the zone of effect, and well MHT-  effect. During the addition of 4% methane, methanotrophs
8C, adjacent to the zone of effect, exhibited high TCE-increased from less than 1 cellthlto greater than 100
degradation potentials >20% TCE mineralized) cells mil in groundwater from outlying wells (adjacent to
(Figure 7). Although the groundwater exhibited high TCE-zone of effect), but still remained high (A@ells mi?)
mineralization capacities, these monitoring wells received  within the zone of effect [25,26]. To further increase the
the two lowest methane doses (Table 1). These results subistribution of microbial biomass and activity, a pulsed-
stantiate that methane dosing had little effect on enriched methane-and-air-phase was initiated. The pulsed phase was
TCE mineralization (Figure 5). based on a study at Moffett Field by Sempratial [32],

who used a model to estimate how the microbial growth
Chloride concentration in sediments would be distributed throughout the test site by pulses of
Increased sediment chloride concentration from  methane and oxygen. Increased biomass of methanotrophs
1.02+£0.14mg kg* before methane injection to became dispersed throughout the SRS-integrated demon-
1.70+ 0.41 mg kg* after the multiple-nutrient injection  stration site as evidenced by increases in densities of
phase provided direct chemical evidence of TCE degramethanotrophs (background levels &fl cell mr?) in
dation. Average increased chloride concentrations for the groundwater from the remote wells (Figure 6).
phase 7 sediments (30-40 m bgs) ranged between 0.35 andincreased densities of methanotrophs during the
1.18 mg kg* (Figure 8). The largest increases in chloride  methane-injection phase were consistent with results from
concentration were observed between both horizontal well@boratory microcosm, bioreactor, and soil column
and aligned with the injection horizontal well (Figure 8). studies, which showed that the addition of methane
The locations of elevated chloride corresponded to regionsicreased populations of methanotrophs and TCE degra-
of high TCE mineralization as evidenced by: (1) a strong  dation [8,9,16,23,28,39]. Field pilot studies by Semprini
inverse correlationr(=-0.321, P < 0.0001 [13]) between al [32] exhibited increased methanotrophic activity after
TCE and chloride concentrations in groundwater (data not  amending the subsurface with methane. These researchers
shown); and (2) mineralization potential, particularly alongfound that concentrations of methane decreased while CO
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concentrations increased; this correspondence was a meas-  than groups G-2 and G-3 (Figures 5-8). AIthouthlﬁwe
ure of methanotrophic activity [32]. The SRS situdem-  remote regions had an order of magnitude fewer methano-
onstration used both chemical and microbiological methods  trophs and less available methane and nutrients, they
to determine methanotrophic activity [13]. degraded a significant amount of TCE, thus producing

A spike in methane concentration was observed in chloride. Consequently, the extremities of the demon-
groundwater during multiple-nutrient injection for well stration site may have been more efficient at TCE bioreme-
group G-2 (Figure 2); the spike coincided with increased diation with respect to biomass and substrate (more work
methanotrophic densities for that group (Figure 3). Thedone per unit resource).
increased methanotrophic densities occurred within the Direct evidence of TCE mineralization was provided by
zone of effect, whereas groundwater from wells adjacenthe increased chloride concentration (Figure 8) observed in
to the zone of effect experienced decreased methane the sediments. The enhanced TCE-degradation potential
concentrations and decreased methanotrophic densitiebserved contributed only circumstantial evidence for the
(Figures 2 and 3). Presumably, these decreases were aresult  bioremediation of TCE because the mineralizations were
of methane consumption and microbial growth within thebased orin vitro time-course enrichment studies. Increased
zone of effect; therefore, less methane reached the areas  chloride concentrations occurred between the horizontal
adjacent to the zone of effect. This theory was supported byells and along the horizontal injection well (Figure 8) in
results of Travis and Rosenberg [34], who used a history- locations where both increased methanotrophic densities
matching model to simulate thén situ demonstration (Figure 6) and TCE-degradation potentials (Figure 7)
results. Their model indicated little dispersion of nutrients  occurred. When Travis and Rosenberg [34] used the
(ie methane, nitrogen, and phosphorus) beyond the injecFRAMP modeling program to estimate TCE removal with
tion horizontal well during the multiple-nutrient injection =~ and without biodegradation, their simulations indicated a
phase. 41% increase in TCE removal by bioremediation in com-

Doses of other nutrients besides methane may have parison with remawadibyair stripping alone. Further-
stimulated TCE degradation. The methane levels immore, their model suggested that the addition of nutrients
groundwater did not correspond to the TCE-mineralization resulted in the bulk of the bioremediation, estimated to be
potential or the sediment chloride concentrations; this lack-780 kg [34]. The effects of nutrient dosing that were
of correspondence suggested that something in addition to  observed with enumerations of microorganisms and esti-
methane stimulated TCE degradation potential (Figures 2nation of degradative potentials, coupled with the chloride
4,5,7,8). Previous investigations have demonstrated nutri- concentrations, provided multiple lines of evidence that
ent-limiting conditions (nitrogen and phosphorus) at SRSmethane, air, nitrogen, and phosphorus additions were
[4,25,29]. Phelpet al [29] demonstrated the greatest stimu- responsible for the success and effectiveness of this inte-
lation of microbial activity in SRS sediments by additions gratedin situ bioremediation process.
of water and phosphate; addition of nitrate, sulfate, glucose,
or minerals resulted in less stimulation. Palungi@l [25]
and Brockmanet al [4] also investigated the stimulation
of bacterial growth and TCE-degradative potentials in SRSNe thank the staff at SRS and at the Center for Environ-
groundwater using different nitrogen and phosphorus supmental Biotechnology, The University of Tennessee, Knox-
plements. The gaseous addition of nitrous oxide and triethyl  ville, TN, who collected and analyzed the groundwater and
phosphate to pulsed methane injection facilitated high lev- sediment samples during the demonstration. We are grate-
els of microbial activity and toxicant degradation through-  ful to John Beauchamp and Valerii Fedorov for their stat-
out the demonstration site (Figures 3 and 4), similar to thaistical analyses. Appreciation goes to Janet Strong-Gunder-
demonstrated in laboratory experiments [4,25]. The largeson and Robert Burlage for editorial comments. This
increases in methanotrophic densities were between thesearch was supported, in part, by an appointment through
horizontal wells and along the extraction horizontal wellthe Oak Ridge National Laboratory (ORNL) postdoctoral
(Figure 6). The phosphorus addition system developed antksearch associate program administered by the Oak Ridge
used at the SRS integrated demonstration has also been suigstitute for Science and Education and ORNL. This dem-
cessfully employed to increase petroleum degradation ratesnstration was supported by the Office of Technology and
at a field site near Traverse City, Ml [17], and on Kwajalein Development within the US Department of Energy’s
Atoll, Republic of The Marshall Islands [38]. (DOE) Office of Environmental Management, under the

As shown by the TCE-mineralization potentials Contaminated Plume Containment and Remediation Focus
(Figure 7) and chloride concentration data (Figure 8), TCE Area. ORNL is managed by Lockheed Martin Energy
bioremediation potential during the multiple-nutrient injec- Research Corp for DOE under contract DE-ACO05-
tion was greatest at well groups G-2 and G-3 (within the 960R22464.
zone of effect). Furthermore, the inverse correlation
between groundwater TCE and chloride, as well as th
decreased TCE concentration observed in groundwater a%eferences
sediments, substantiated the increased TCE mineralizatiori Alvarez-Cohen L, PL McCarty, E Boulygina, RS Hanson, GA Brus-
in the zone proximal to the horizontal wells [13]. Well seau and HC Tsien. 1992. Characterization of a methane-utilizing bac-

_ _ terium from a bacterial consortium that rapidly degrades trichloroethy-
group G-1 degraded half as much TCE as groups G-2 and lene and chloroform. Appl Environ Microbiol 58: 1886-1893.

G'_3: but accomplished the degradation more efficiently, , ApHA-AWWA-WPCF. 1989. Argentometric titration of chloride ion.
using only 10% of the methane and fewer methanotrophs In: Standard Methods for the Examination of Water and Wastewater,
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