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Abstract

A series of column studies, using site-specific soil and groundwater, were conducted to determine the feasibility of biologically active
zone enhancement (BAZE) process for reductive biotransformation of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) in groundwater. This
treatability study examined the use of four amendments (acetate, ethanol, soluble starch, and acetate plus ammonium), which served as
electron donors. Triplicate columns, with groundwater residence time of about 27.5 h, were used for each amendment treatment and the
amendment control. In treatment columns amendment dosing was 500 mg/L C for carbon sources and 100 mg/L N for ammonium. Each of
the amendment treatments reduced RDX inlet concentrations of 100�g/L to less than 1�g/L. The highest first-order RDX biodegradation
rate ranged between 0.140 and 0.447 h−1 for acetate amended columns as compared to 0.037 to 0.083 h−1 in control columns (no amendment).
The addition of soluble starch resulted in increased toxicity (based on Microtox® analysis) that was partially removed by biological activity
in the columns. Ethanol addition itself did not result in increased toxicity but biological activity in this system did induce Microtox® toxicity.
Acetate did not have any Microtox® toxicity associated with it. The addition of ammonium as a nitrogen source did not significantly increase
the removal rate of RDX. Based on these observations acetate was selected for the field demonstration.
Published by Elsevier B.V.
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1. Introduction

Explosive nitroaromatic compounds in soil and ground-
water present a significant cleanup challenge at many active
and formerly used military facilities. These energetic com-
pounds have entered the environment from sites where they
were manufactured, stored, disposed, or used in military
training. Presently, soil and groundwater contamination
by explosives (2,4,6-trinitrotoluene (TNT), hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX), and octahydro-1,3,5,7-
tetranitro-tetrazocine (HMX)) is a worldwide problem that
started following intensive military activities in World War
I [1]. However, in the United States the contamination of
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soil and groundwater is attributed to World War II and the
Korean conflict[2]. The US Army currently has 583 sites
with confirmed explosives-contaminated groundwater at 82
installations nationwide. At 22 other installations, 88 ad-
ditional sites are suspected of groundwater contamination
with explosives and organics[3].

RDX is a cyclic nitramine explosive that has contam-
inated groundwater, soil and surface water at military
installations throughout the United States. RDX is of
particular environmental concern because it is generally
resistant to microbial transformation in aerobic environ-
ments[4] and is readily leachable (Kd = 0.83–0.95 L/kg)
[5,6]. Ingestion of RDX adversely affects the central ner-
vous system, gastro-intestinal tract and kidneys. RDX has
also been associated with systemic poisoning usually af-
fecting bone marrow and the liver[7]. The US Environ-
mental Protection Agency (EPA) has established drinking
water health advisory of 2�g/L for exposure to RDX
[8].
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Fig. 1. Structure of RDX and its anaerobic degradation metabolites MNX, DNX, and TNX.

Biodegradation of RDX is often attributed to cometabolism
in the presence of a primary carbon source under various
electron acceptor conditions. Although aerobic bacterial
[9–11] and fungal[12–14] metabolism of RDX has been
observed, anaerobic metabolism has been reported more
frequently[4,15–21]. Anaerobic biotransformation of RDX
has been proven to be more favorable when aerobic and
anaerobic incubation were directly compared[4,20–22].
Laboratory studies have established that hexahydro-1-
nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahydro-1,3-
dinitroso-5-nitro-1,3,5-triazine (DNX), and hexahydro-1,3,
5-trinitroso-1,3,5-triazine (TNX) (Fig. 1) are the transient
biotransformation intermediates under anaerobic conditions
[4,15,16,19–21]. Some researchers have proposed other
metabolic intermediates, such as methylenedinitramine
(MDNA), bis(hydroxy-methyl)nitramine, hydrazine, 1,1-
dimethyl- and 1,2-dimethylhydrazine, formaldehyde,
methanol, and nitrous oxide, either as a result of di-
rect hydrolytic ring cleavage or further breakdown of
nitroso-transformation products[4,17,23,24]. Many of these
nitroso-substituted and other nonvolatile intermediates are
genotoxic carcinogens[25]. Therefore, the ideal biologically
mediated RDX degradation process should result in further
breakdown of these nitroso- and non-nitroso-substituted in-
termediates to reach an acceptable environmental end point.

Various types of readily available carbon sources (elec-
tron donors) have been used to establish anaerobic con-
ditions in soil and groundwater cultures for reductive
biotransformation of RDX. Some studies of anaerobic RDX
biodegradation have used complex culture media such as
nutrient broth or yeast extract, which contains multiple po-
tential electron donors and acceptors. Previous researchers
have shown that in addition to carbon source, ammonium
amendment enhanced the anaerobic biodegradation of TNT
and the removal rates increased with increasing amounts of
ammonium until 25 mM ammonium chloride[26]. How-
ever, the results with RDX biodegradation are somewhat
conflicting. Coleman et al.[10] reported that the presence
of ammonium delayed onset and reduced amount of RDX
biodegradation because of preferential use of ammonium as
N source, while Beller[16] reported that ammonium had no
discernible effects on reductive biotransformation of RDX.

Although many laboratory-scale studies have established
that RDX can be biodegraded, the experimental conditions

in these studies were not designed to be directly relevant to
the field in situ environment. This study addresses the fate of
RDX under biologically induced reductive conditions using
site-specific aquifer material and groundwater. The study
evaluated the potential of indigenous mixed cultures existing
in the aquifer material to biodegrade RDX in groundwater in
presence of three different carbon sources: acetate, ethanol,
and soluble starch. The study also delineated the effects of
ammonium on reductive biotransformation of RDX.

2. Materials and methods

2.1. Soil and groundwater

Aquifer material and groundwater samples were col-
lected from the former Nebraska Ordinance Plant (NOP)
about 2.4 km (1.5 mile) south of Mead, NE, USA. Soil
and groundwater samples were collected from a depth of
11–12 m (36–40 ft) below ground surface. Soil columns
were collected in 5 cm (2 in.) diameter acetate liners, by
the direct-push method using a track-mounted mobile sam-
pling device. The soil columns were thoroughly sealed at
both ends to prevent loss of water from the aquifer material
during storage and shipping. Groundwater was collected
from the monitoring well using a submersible pump. After
removing three well volumes, groundwater was collected
in 201 L (55 gal) drums. Samples of aquifer material and
groundwater were shipped to US Army Engineer Research
and Development Center (ERDC), Vicksburg, MS, USA
via a refrigerated truck.

2.2. Experimental

Five sets of triplicate columns (Fig. 2) were used to
evaluate four different amendments (carbon sources), leav-
ing the remaining one as control with no amendment. The
polyvinyl chloride (PVC) columns were 104 cm (3.4 ft) in
length with an inside diameter of 3.8 cm (1.5 in.). Aquifer
material from the acetate liners was slowly emptied into
the PVC columns to create minimally disturbed soil cores.
Both ends of the columns were closed with PVC caps
screened with porous (100�m) PVC. Additional sampling
ports were placed along the length of each column to allow
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Fig. 2. Schematics of experimental column system.

for intermediate sampling and development of contaminant
bed profiles. Three intermediate sampling ports located at
an interval of 26 cm (10.4 in.) divided the entire soil core
in each column into four equal sections. These intermediate
sampling ports were fitted with 3 mm (1/8 in.) adapters and
tubing clamps. Pressure gauges were installed at the inlet to
each individual column, to examine the effects of microbial
growth (biofouling) on groundwater flow, backpressure, and
the hydrodynamic properties of the aquifer material. The
middle column in each triplicate set was equipped with an
oxidation–reduction potential (ORP) electrode via a flow-
through cell to compare the reduced conditions in the effluent
stream to that of the inlet reservoir. Groundwater amended
with different carbon sources (electron donors) was forced
through the columns by pressurizing the inlet reservoirs with
helium gas. A metering valve controlled the flow of pres-
surized groundwater through triplicate columns in parallel.

2.3. Operation

The initial concentration of RDX in groundwater from the
former NOP site was about 66�g/L. However, because of

Table 1
Column operating conditions

Column set Groundwater
flow (mL/min)

RDX
concentration
(�g/L)

Amendment concentration

Acetate (mg/L C) Ethanol (mg/L C) Starch (mg/L C) Ammonium (mg/L N)

1 0.2 ± 0.05 ∼100 ∼500 0 0 0
2 0.2 ± 0.05 ∼100 0 ∼500 0 0
3 0.2 ± 0.05 ∼100 0 0 ∼500 0
4 0.2 ± 0.05 ∼100 ∼500 0 0 ∼100
5 0.2 ± 0.05 ∼100 0 0 0 0

Amendment concentrations are given as mg/L carbon (nominal) for acetate, ethanol and starch, and as mg/L nitrogen for ammonium.

unknown reasons RDX was degraded in the drums during
storage. The groundwater in the inlet reservoirs was spiked
with RDX stock solution to make the final RDX concen-
tration of 100�g/L in feed water. Three different carbon
sources (acetate, ethanol, and soluble starch) were tested
for their potential to achieve reduced conditions for reduc-
tive biotransformation of RDX. In addition to these carbon
sources, ammonium was also used to evaluate the effects of
ammonium on RDX biodegradation. The operating condi-
tions are summarized inTable 1. For each amendment the
triplicate columns were operated in parallel with a common
feed. Groundwater samples were collected from inlet and
outlet sampling ports weekly. Samples from intermediate
ports along the column length were collected twice during
the study for bed profile determination. Samples were stored
at 4◦C until extraction for RDX and amendment analysis.

2.4. Analytical techniques

Acetate and other common ionizable groundwater con-
stituents (chloride, carbonate, sulfate, and nitrate) analyses
were performed using a DIONEX ion chromatograph (IC).
Chemical separation and detection was achieved using an
Ionpac AS11 analytical column (4 mm× 250 mm) and a
Dionex conductivity detector (1.25�L internal volume). The
mobile phase consisted of NaOH, flowing at 1.5 mL/min.
The sample volume was 25�L of filtered sample (0.45�m).

Ammonium concentration in groundwater was measured
colorimetrically using Lachat. QuickChem Method 10-107-
06-1-D, which has an effective linear range of 2–100 mg/L
(as N), was used for the analysis.

Explosives analysis in the groundwater involved pre-
concentrating of groundwater samples by solid phase ex-
traction (SPE) with Waters Porapak® RDX Sep-Pak® Vac
cartridges. These cartridges have an RDX recovery of
>99.5% from known concentration RDX standard samples.
The adsorbed explosive compounds were then eluted from
these cartridges with acetonitrile for analysis. Explosives
analysis was performed using a Waters high pressure liq-
uid chromatograph (HPLC) consisting of a 610 Fluid Unit
pump, a Waters 717 plus autosampler including a 200�L
loop injector, and a Waters 486 tunable UV absorbance
detector. Sample absorbance was measured at 245 nm.
The injection volume was 50�L. Chemical separation
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was achieved using a Supelco LC-18 reverse phase HPLC
column (25 cm× 4.6 mm, 5�m) with a Novapak C-18
pre-column for the primary column. The mobile phase con-
sisted of 1:1 (v/v) methanol/organic-free reagent water at
a flow of 1.2 mL/min. EPA Method 8330 was used for the
analysis of RDX and its transformation products.

2.5. Column hydrodynamics and RDX biodegradation
kinetics

A tracer test was performed to evaluate the hydrodynamic
properties of the aquifer material in the columns. Tracer tests
were performed by adding chloride at nontoxic levels and
sampling the effluent periodically to develop a breakthrough
curve. An advection–dispersion model was fitted to the data
to determine dispersivity and the bed porosity:

∂C

∂t
= αv

∂2C

∂x2
− v

∂C

∂x
(1)

where C is the chloride concentration (mg/L),t the time
elapsed (h),α the dispersivity (cm),v = q/(An) the average
interstitial or pore water velocity (cm/h),q the groundwater
flow (mL/h), A the column cross-section area (cm2), n the
aquifer material porosity, andx the distance from column
inlet (cm).

Given the initial conditionC(x, 0) = Ci , and boundary
conditionsC(0, t) = C0 and∂C/∂x(∞, t) = 0 the solution
[27] to Eq. (1) is shown inEq. (2):
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Rate of RDX biotransformation was determined by sam-
pling at the intermediate ports. A contaminant profile was
developed and an advection–dispersion model for contami-
nant transport with decay was fitted to the results. The bed
profile sampling was done on week 16 when the operating
conditions were steady and columns had reached equilib-
rium conditions with steady RDX removal. The following
equation was applied:

∂C

∂t
= αv

∂2C

∂x2
− v

∂C

∂x
− kC (3)

wherek is the RDX first-order biodegradation rate coeffi-
cient (h−1).

At steady state, with the boundary conditionsC(0, t) =
C0 and ∂C/∂x(∞, t) = 0, Eq. (3) can be solved[27] to
Eq. (4):

C = C0 exp
[( x

2αv

)
(v −

√
v2 + 4kαv)

]
(4)

The statistical analysis of first-order biodegradation rate co-
efficients obtained for RDX in different amendment treat-
ments was performed using SigmaStat statistical software.
One way analysis of variance for pair-wise multiple com-
parisons was done by using Tukey test.

2.6. Toxicological analysis

Toxicological assays were conducted on liquid aliquots of
column influent and effluent samples. RDX cytotoxicity was
evaluated using a strain of bioluminescent bacteria,Vibrio
fischeri. Freeze driedV. fischeriand reagents for the bioassay
were obtained from Azur Scientific (Carlsbad, CA). A pro-
portionate quantity of salt medium was added to each aque-
ous RDX sample. Samples were serially diluted to evaluate
the effect of sample concentration on cytotoxicity. Bacte-
rial bioluminescence was measured following 5 and 15 min
incubation using a Microtox® M500 analyzer (Azur Scien-
tific, California). The results are reported as EC50 values,
the effective concentration where 50% of the expected fluo-
rescence from the test bacterium,V. fischeri, was inhibited.
Higher EC50 values indicate lower acute toxicity.

3. Results and discussion

The aquifer material collected from the former NOP site
was predominantly alluvial sand. The aquifer material was
predominantly fine sand (94% fines, 0.8% silt, and 0.4%
clay) with very low total organic content (0.0055%, wet ba-
sis). Results of initial characterization of groundwater from
the former NOP site are summarized inFig. 3. Groundwater
was neutral with relatively high levels of sulfate and nitrate.
RDX concentrations were around 66�g/L with low levels
of TNT.

3.1. Column hydrodynamics

The results of tracer tests revealed that the former NOP
aquifer material has an effective porosity of 0.28 ± 0.06
and dispersivity ranging between 0.28 and 11.6 cm (Fig. 4).
The measured porosities are within the values expected
for a sandy soil[28]. The designed groundwater flow of
0.2 mL/min resulted in groundwater residence time of ap-
proximately 27.5 h. The estimated hydraulic conductivity
of the aquifer materials ranged between 1.2 × 10−3 and
9.8× 10−4 cm/s, with an average value of 2.5× 10−3 cm/s.

Groundwater flow throughout the study was relatively
constant (0.2 ± 0.05 mL/min) in all five triplicate-column
sets and fluctuated slightly from the designed flow. Back-
pressure buildup throughout the project duration was mini-
mal, indicating that biofouling did not occur.

A significant drop in redox potential (Eh) between inlet
and outlet streams was observed in all the columns. In the
acetate amended treatment,Eh dropped from initial value of
200 mV to about−300 mV (Fig. 5). Similar pattern of drop
in Eh was observed in other treatment columns in which
ethanol, and soluble starch was used as a carbon source.
Interestingly, in the control column theEh of influent stream
was lower as compared to theEh of effluent stream (Fig. 5).
These changes in the redox potential were not only as a result
of presence of readily available carbon source, but partially
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Fig. 3. Initial characteristics of NOP groundwater.
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Fig. 4. Chloride tracer breakthrough curves for individual columns (α: dispersivity,n: aquifer material porosity). Symbols and lines represent the actual
data and model fit, respectively.
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Fig. 5. Redox potential (Eh) at column inlets and outlets. In each triplicate
set only middle column was equipped with ORP electrode.

were manifested by the use of helium gas for pressurizing the
groundwater in the inlet reservoirs, for feeding groundwater
to the individual columns, that reduced the partial pressure
of oxygen in groundwater. As a result noticeable reduction
in Eh was observed in inlet reservoir of the control column.

3.2. RDX biodegradation

RDX concentrations (∼100�g/L) in the influent stream
were remediated to below detection levels of 1�g/L in each
column irrespective of the type of carbon source (electron
donor) used (Fig. 6). Variations in the RDX influent concen-
trations were the result of partial biodegradation of RDX in
the inlet reservoirs because of reduced conditions created by
pressurizing the groundwater with helium gas. These varia-
tions in influent RDX concentrations were more pronounced

in inlet reservoir of soluble starch amended column, proba-
bly because of high population of RDX degraders (Fig. 6).

About 10–15% of the influent acetate concentration in
acetate amended column was used by the biological activ-
ity in the soil columns. The utilization of influent acetate
levels was slightly higher in the columns amended with ac-
etate and ammonium, probably because of the increased bi-
ological activity by resident microorganisms in presence of
ammonium, a more favorable nitrogen source. One notable
observation in the ethanol-amended columns and in the sol-
uble starch amended columns was the partial conversion of
these carbon sources to acetate under reduced environment
in the inlet reservoirs as well as in soil columns. The conver-
sion of soluble starch to acetate was more pronounced than
the conversion of ethanol to acetate (Fig. 6). Similar results
of conversion of ethanol to acetate by enrichment cultures
degrading RDX have been reported by Adrian and Lowder
[29].

During the 17-week study, RDX was completely removed
from the groundwater without the detection of any nitroso-
transformation products in the column effluents. Even in
the amendment control columns none of the RDX or its
transformation products (MNX, DNX, and TNX) were de-
tected in the effluent stream. Although no carbon was added
in the control column, the reduced conditions were artifi-
cially created by pressurizing the feed groundwater with he-
lium gas in the inlet reservoirs. From these results, it seems
the ultimate fate of RDX appears to be dependent on re-
dox conditions. In treatment columns where redox potential
was very low (approximately−250 to−300 mV), RDX was
transformed into nonvolatile metabolites other than MNX,
DNX, and TNX. Two redox dependent degradation path-
ways may be present. One pathway is the sequential reduc-
tion of nitro functional groups to nitroso functionality. The
rates may be faster than the resolution accorded in this col-
umn study. A second pathway may be the direct attack of
the ring. This direct attack resulting in ring cleavage may
be active only at low redox potentials[4,17,23,24]. Sim-
ilar results of non-nitroso-substituted biotransformation of
[14C]RDX by aquifer microorganisms under anaerobic con-
ditions have been reported by Beller[16]. The researcher
reported that nonvolatile metabolites MNX, DNX, and TNX
constituted≤0.5% of the total RDX carbon. In another study,
Oh et al.[30] reported that although MNX, DNX, and TNX
were detected in microcosms amended with zerovalent iron
and anaerobic sludge, these nitroso-substituted RDX inter-
mediates never accumulated above 5% of the added RDX.
These researchers tentatively identified a soluble intermedi-
ate MDNA as a result of ring cleavage. However, the forma-
tion and stability of MDNA as a biotransformation product
of RDX under anaerobic conditions is not yet clear.

3.3. RDX biodegradation kinetics

The rate of biotransformation of RDX in soil columns
was evaluated from RDX degradation profile along column
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Fig. 6. RDX concentration in column influent and effluent groundwater. None of the nitroso-substituted transformation products was detected in the
effluent stream.

length. Samples were collected from intermediate ports
along column length on week 16, when columns were op-
erating at equilibrium with steady RDX removal.Fig. 7
illustrates the results of the bed profile analysis performed
on week 16. Transient levels of nitroso-transformation prod-
ucts (MNX, DNX, and TNX) detected at intermediate sam-
pling ports in acetate amended and acetate plus ammonium
amended columns were completely removed by the aquifer
microorganisms by the column outlet. In ethanol-amended
and soluble starch amended columns none of the nitroso-
substituted metabolites were detected at the intermediate
ports along the column length. In control columns low lev-
els of MNX, DNX, and TNX were detected at intermediate
sampling ports all along the column length. MNX was the
most predominant transformation product identified at in-
termediate sampling ports in carbon amended treatment and
carbon control columns. These results are similar to those

reported by Bhushan et al.[31] that the disappearance of
RDX was accompanied by the formation of MNX and ring
cleavage product MDNA. However, in this study MDNA
could not be detected because it is unstable in aqueous phase.

The rate of RDX biotransformation in the presence of dif-
ferent amendment mixture(s) was evaluated by fitting the
steady-state advection–dispersion transport model with con-
taminant decay (Eq. (4)) to the axial RDX concentration pro-
files obtained in the bed profile test described above.Eq. (4)
fits very well to RDX transformation data in the presence
of different amendment mixture(s) obtained from the bed
profile test (Fig. 8).

The first-order biodegradation rate coefficient for RDX
biotransformation in presence of acetate ranged between
0.140 and 0.447 h−1 for acetate amended columns as com-
pared to 0.037 to 0.083 h−1 in control columns where no car-
bon source was used. RDX biodegradation rate coefficients
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Fig. 7. Axial concentration profile of RDX and its transformation products along column length. Results of middle column from each triplicate set
presented.

estimated from the bed profile test for individual columns
are summarized inTable 2.

Of the three carbon sources tested, ethanol had a very
significant (95% confidence) effect in enhancing the reduc-
tive biotransformation of RDX. The rate of removal was so
fast that there was not enough resolution to calculate the
RDX rate kinetics in groundwater amended with ethanol.
RDX removal rates in ethanol-amended columns were sig-

Table 2
Biodegradation rate kinetics of RDX in NOP aquifer material

Column tag RDX biodegradation rate coefficient,k (h−1)

Acetate Ethanol Starch Acetate plus
ammonium

Control

A 0.256 NC 0.114 0.120 0.083
B 0.140 NC 0.433 0.267 0.037
C 0.447 NC NC 0.336 0.061

NC: not calculated due to low resolution of column profile (seeFig. 8).

nificantly (95% confidence) different than other columns
amended with acetate and soluble starch. Removal rates were
similar in the acetate amended and acetate plus ammonium
amended columns. Addition of ammonium in groundwater
amended with acetate did not have any significant (95% con-
fidence) effects on the enhancement of RDX degradation.
These results are similar to those reported by Beller[16]
under anaerobic conditions.

3.4. Groundwater toxicity

Groundwater toxicity, using Microtox® analysis, was per-
formed on influent and effluent streams from individual
columns. Results of Microtox® analyses on column influent
and effluent are summarized inTable 3. Out of the three car-
bon sources used, ethanol showed acute toxic effects in ef-
fluent streams from ethanol-amended columns. This effluent
toxicity in ethanol-amended columns probably was either as
a result of conversion of ethanol to some toxic intermediate
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Fig. 8. RDX biodegradation kinetic analysis. Symbols and lines represent the actual data and model fit, respectively.

transformation product(s) in presence of RDX metabolites or
interaction of ethanol with the RDX transformation products
some of which are toxic. Soluble starch amendment exhib-
ited toxicity in the influent stream that was partially removed
in the soil column. Since some of the RDX was biodegraded

Table 3
Toxicity levels of influent and effluent from each column

Column tag Time interval (min) Toxicity levels, EC50 (%)

Acetate Ethanol Starch Acetate plus ammonium Control

Inlet tank 5 BDL BDL 24.96 BDL BDL
Outlet-A 5 BDL 9.58 BDL BDL BDL
Outlet-B 5 BDL 7.11 36.78 BDL 84.54
Outlet-C 5 BDL 7.11 BDL BDL BDL

Inlet tank 15 BDL BDL 13.69 BDL BDL
Outlet-A 15 BDL 9.32 BDL 24.24 64.06
Outlet-B 15 BDL 7.43 29.24 BDL BDL
Outlet-C 15 BDL 7.24 BDL 78.59 BDL

BDL: below detection limit.

in the inlet tanks as a result of reduced conditions, and the
interaction of some of these RDX transformation products
with soluble starch might have created toxicity in the influ-
ent stream. Presence of acetate in groundwater did not show
any toxicity to the test microorganisms used in Microtox®.
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4. Conclusions

Influent RDX concentrations in groundwater were re-
moved without the detection of any nitroso-transformation
products in the column effluents from amendment treatment
as well as amendment control columns. In the amendment
control columns the RDX biodegradation was a manifesta-
tion of artificially reduced conditions created by pressurizing
the feed groundwater with helium gas in the inlet reservoir.
Out of the three carbon sources used acetate performed the
best. Acetate amended columns not only achieved the high-
est RDX biodegradation rate coefficient, but also did not
exhibit any toxicity in the influent or effluent stream. Fur-
thermore, in ethanol-amended and soluble starch amended
columns, biological activity converted ethanol and soluble
starch into acetate for further utilization as an electron donor.
Therefore, it seems acetate is the favored carbon source for
the microorganisms involved in this study.

The treatability study demonstrated that in situ bioreme-
diation of RDX can be achieved by inducing a reductive
environment using readily available carbon source. The phe-
nomenon of artificially created reducing conditions encoun-
tered in amendment control columns need to be addressed in
designing the field demonstration. Moreover field activities
will involve the competition for electrons from additional
oxidants (dissolved oxygen), and other inorganic electron
acceptors (nitrate, and sulfate) in the aquifer. Low redox
conditions can be achieved by providing sufficient quantities
of a readily biodegradable carbon source. Furthermore, to
avoid the accumulation of nitroso-substituted metabolites,
and achieve the complete transformation of RDX and its
nitroso derivatives a very low redox environment is needed.
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