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 2 

Abstract 18 

Subsurface contamination with the explosive hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) at 19 

ordnance production and testing sites is a problem because of the persistence, mobility, and 20 

toxicity of RDX and the formation of toxic products under anoxic conditions. While the utility of 21 

compound specific isotope analysis for inferring natural attenuation pathways from stable 22 

isotope ratios has been demonstrated, the stable isotope fractionation for RDX reduction by iron-23 

bearing minerals remains unknown. Here, the N isotope fractionation of RDX during reduction 24 

by Fe(II) associated with Fe minerals and natural sediments was evaluated and applied to the 25 

assessment of mineral-catalyzed RDX reduction in a contaminant plume and in sediment 26 

columns treated by in-situ chemical reduction. Laboratory studies revealed that RDX was 27 

reduced to nitroso compounds without denitration and the concomitant ring cleavage. Fe(II)/iron 28 

oxide mineral-catalyzed reactions exhibited N isotope enrichment factors, εN, between –29 

6.3±0.3‰ to –8.2±0.2‰ corresponding to an apparent 15N kinetic isotope effect of 1.04–1.05. 30 

The observed variations of the δ15N of ~15‰ in RDX from groundwater samples suggested an 31 

extent of reductive transformation of 85% at an ammunition plant. Conversely, we observed 32 

masking of N isotope fractionation after RDX reduction in laboratory flow-through systems, 33 

which was presumably due to a limited accessibility to reactive Fe(II).  34 

 35 
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Introduction  39 

The synthetic cyclic N-nitramine munition compound, hexahydro-1,3,5-trinitro-1,3,5-triazine 40 

(RDX), has been extensively used in military operations.1,2 RDX poses both chronic and acute 41 

toxicity threats to aquatic and terrestrial organisms and is considered a possible human 42 

carcinogen.3–5 The persistence, high solubility, and low volatility of RDX have led to widespread 43 

contamination in the subsurface;6–9 namely in soil, sediment, and water at military training 44 

installations, production facilities, and munition disposal sites.10,11 Contamination problems are 45 

often aggravated under anoxic conditions through the formation of equally mobile nitroso 46 

intermediates, which are more toxic to some terrestrial biota than RDX.12,13 Due to the long time-47 

scales over which (bio)degradation of RDX occurs and complicating factors such as multiple 48 

contamination sources, dilution and sorption processes, and subsurface heterogeneity, the 49 

application of compound specific isotope analysis (CSIA) has been proposed for the assessment 50 

of RDX degradation in subsurface environments.14,15  51 

 52 

CSIA is used to characterize changes to the stable isotope ratios of elements in nitro-containing 53 

munition compounds.14–20 These changes are associated with a particular (bio)chemical 54 

degradation pathway based on the assumption that kinetic isotope effects for the reacting bonds 55 

cause the observable stable isotope fractionation.16,19–25 For RDX, variations of 15N/14N, 13C/12C, 56 

and 18O/16O have been associated with biodegradation under oxic and anoxic conditions and with 57 

abiotic alkaline hydrolysis reactions in both laboratory and field observations.14,15,17,18,26 58 

Assignment of the initial bond cleavage reactions in RDX to the different transformation 59 

pathways, however, is particularly challenging regardless of whether transformation occurs 60 

biologically or abiotically. The first of two principal routes of RDX transformation, sequential 61 
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reduction of -NO2 groups, leads to nitroso-products (Scheme 1, top row). The second route of 62 

transformation is denitration (Scheme 1, top row to second row), which can be initiated by 63 

reduction, oxidation, or deprotonation of RDX or nitroso intermediates. Denitration gives rise to 64 

transient intermediates, triggering the decomposition of RDX into small molecules including 65 

NO2–, N2O, NH4+, HCHO, and HCOOH (Scheme 1, second row).27  66 

 67 

Anaerobic biodegradation of RDX typically leads to the sequential partial-nitro-group-reduction 68 

to nitroso intermediates (hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX, Scheme 1), 1,3-69 

dinitroso-5-nitro-1,3,5-triazine (DNX), and hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX).18,28 70 

This process is accompanied by an N–O bond cleavage that gives rise to substantial N isotope 71 

fractionation with N isotope enrichment factors, εN, of -4.7‰ to -9.9‰,17 whereas C isotope 72 

enrichment factors, εC, are much smaller (-2.7‰).17 An alternative anaerobic biodegradation 73 

pathway involves cleavage of the 1,3,5-triazine ring without formation of similarly large 74 

quantities of stable nitroso-intermediates, but with removal of nitrite in the denitration reaction. 75 

This causes even larger N isotope enrichment (-12‰) which presumably reflects contributions of 76 

both NO2 reduction and denitration (Scheme 1).17,29 Biodegradation under oxic conditions and 77 

alkaline hydrolysis pathways have both been suggested to denitrate RDX to a dinitro-1,3,5-78 

triazacyclohex-1-ene intermediate (3 in Scheme 1).17,18,26,27,30–32 While the enzymatic reaction 79 

involves an oxidation of the methylene carbon, the hydrolysis pathway proceeds as a base-80 

catalyzed deprotonation and elimination of nitrite. These mechanistic differences are also 81 

manifested in distinct C and N isotope fractionation behavior, with εN between -2.1‰ and -2.4‰ 82 

as well as negligible εC for enzymatic oxidation vs. εN of -7.8‰ and εC -5.3‰ for the HNO2 83 

elimination.17,18,26  84 
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 85 

Scheme 1. Top: Principal routes of RDX transformation through sequential reduction to MNX 86 
(hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine), DNX (1,3-dinitroso-5-nitro-1,3,5-triazine), and 87 
TNX (hexahydro-1,3,5-trinitroso-1,3,5-triazine) vs. denitration/ ring cleavage of RDX (or 88 
nitroso-intermediates MNX, DNX, TNX) to intermediates including 4-nitro-2,4-diazabutanal (1) 89 
and methylenedinitramine (2), formaldehyde, nitrite, ammonia, and nitrous oxide. Bottom four 90 
rows: Initial reactions for RDX transformation through nitro group reduction to nitroso 91 
compounds and denitration routes initiated by partial nitro group reduction, oxidation (H atom 92 
transfer), and alkaline hydrolysis.27 93 
 94 
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Despite the isotopic elucidation of RDX transformation reactions as well as applications of CSIA 95 

to infer the extent of RDX degradation processes at contaminated sites,14,15,33 the role of abiotic, 96 

mineral-catalyzed reduction of RDX for CSIA has remained largely overlooked. In anoxic 97 

groundwater, RDX undergoes abiotic reduction mediated by Fe(II) associated with iron minerals, 98 

such as iron oxides, iron sulfides, and clay minerals,31,34,35 or Fe(II) produced via in situ redox 99 

manipulation.36 While nitro group reduction to form nitroso intermediates likely occurs in the 100 

anoxic subsurface,35 there is a lack of knowledge regarding N and C isotope enrichment factors 101 

to assess this degradation pathway. Previous applications of CSIA to assess RDX transformation 102 

in contaminated subsurface environments all focused exclusively on enzyme-catalyzed 103 

reactions.14,15,33 From a mechanistic perspective, it is also unclear if any isotope fractionation 104 

associated with Fe(II)-catalyzed processes is caused by the reduction of the NO2 functional 105 

groups of nitramines, which would cause isotope effects comparable to the abiotic reduction of 106 

aromatic NO2 moieties.16,19,20,22,23,37–40 Alternatively, denitration and ring cleavage reactions 107 

could also contribute to observable stable isotope fractionation, as has been hypothesized for 108 

anaerobic RDX biodegradation.17  109 

 110 

The goal of this work was to assess the utility of CSIA for evaluating abiotic reduction of RDX 111 

by Fe(II)-mineral systems in anoxic environments. We hypothesize that the mobility of RDX in 112 

the subsurface, its high reactivity towards reduction by mineral-bound Fe(II), and the large 113 

isotope effect associated with abiotic NO2 reductions favor the observation of substantial N 114 

isotope fractionation and thus provide a sensitive probe for quantifying abiotic RDX 115 

transformation. The specific objectives of this study were to (1) quantify stable isotope 116 

enrichment factors for RDX reduction under controlled laboratory conditions for different 117 
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Fe(II)/Fe mineral combinations, including natural sediments, under a range of conditions, (2) 118 

assess the contribution of -NO2 group reduction vs. denitration to N isotope enrichment through a 119 

combination of isotopic analyses with a semi-quantitative evaluation of reaction product 120 

formation, and (3) evaluate the diagnostic value of CSIA-based information for inferring the 121 

extent of abiotic RDX reduction. To assess the diagnostic value, we analyzed δ15N trends of 122 

RDX in groundwater affected by a contaminant plume from the Iowa Army Ammunition Plant 123 

(IAAAP, Middletown, IA). In a second application, we used the CSIA-based approach to 124 

monitor RDX transformation in laboratory column reactors where reactive Fe(II) for RDX 125 

reduction was generated in situ through iron mineral reduction with dithionite.20,41 126 

 127 

Material and Methods 128 

Materials  129 

The synthesis of RDX, sources of chemicals and synthetic minerals, and collection and 130 

processing of aquifer materials from the Twin Cities Army Ammunition Plant (TCAAP) and 131 

soils from Tinker Air Force Base (Tinker AFB) are provided in the Supporting Information (SI). 132 

 133 

Batch experiments for evaluating RDX reduction kinetics  134 

All batch experiments were conducted on an end-over-end rotator (Glas-Col) inside an anaerobic 135 

glove bag (Coy) with an atmosphere of N2 (97%)/H2 (3%). Serum bottles (36 mL) containing 35 136 

mL of deoxygenated (sparged 1 h per L with 99.99% N2; Matheson) ultrapure water 137 

(MilliporeSigma, 18.2 MΩ∙cm), to which the desired minerals and 10 mM NaHCO3 (to represent 138 

the buffer present in groundwater) were added, were prepared in a glove bag. Mineral loadings 139 

were 0.5 g/L for goethite, 5 g/L for green rust, 0.5 g/L for hematite, 2 g/L for magnetite, 0.45 g/L 140 
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for FeS. Mineral loadings were selected in preliminary experiments to obtain the desired extent 141 

of reaction in 2-8 hours. The pH of the solution was adjusted to 6.5, 7.0, or 7.5 using HCl or 142 

NaOH. For synthetic Fe(III) minerals (goethite and hematite), the mixed-valent mineral 143 

(magnetite), and natural materials (TCAAP sediment and TAFB soil), 1 mM aqueous FeCl2 was 144 

initially supplied in the solution to generate reduction equivalents as Fe(II)/mineral 145 

associations.35,42 For FeS and green rust, no aqueous Fe(II) was added. The reactors were mixed 146 

and rotated at 40 rpm either for 24 h (goethite, magnetite, and hematite, and the natural materials 147 

with the Fe(II)) or 1 h (FeS and green rust) prior to initiation of RDX reduction. The amount of 148 

Fe(II) adsorbed to the Fe minerals was determined by the difference of the Fe(II) aqueous 149 

concentration before and after 24 h equilibration. Reactions were started by adding aliquots from 150 

a methanolic RDX stock solution to obtain an initial concentration of 250 ± 50 µM. To quantify 151 

the kinetics of RDX reduction, 0.5 mL samples were withdrawn from the reactors at selected 152 

time intervals, and the suspensions were filtered through 0.2 µm PTFE syringe filters into 2 mL 153 

amber vials. At each sampling interval, the aqueous Fe(II) concentration was measured by 154 

analyzing 0.1 mL of the filtered aliquot with the ferrozine method.43 Except for FeS and green 155 

rust suspensions, the Fe(II) concentration in each reactor was readjusted to 1 mM by adding 156 

FeCl2 from an aqueous stock solution. The pH of each reaction solution was also readjusted to 157 

the initial value of 6.5, 7, or 7.5 with NaOH or HCl.42 All laboratory reduction experiments were 158 

run in duplicate. A set of experiments was performed with 20 µM of TNX under the same 159 

reaction conditions using Fe(II)/goethite, Fe(II)/magnetite, and green rust. Given the lack of 160 

electron donor, the excess Fe(II) supplied, and previous results in similar systems, biological 161 

processes were considered negligible.20,42 162 

 163 
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Batch reactors for product analysis and CSIA 164 

To identify reaction products from RDX reduction, eight replicate reactors were prepared with 165 

Fe(II)/goethite (pH 6.5, 7.0, and 7.5), Fe(II)/magnetite (pH 7.5), green rust (pH 7.5), and FeS 166 

(pH 6.5, 7.0, and 7.5) using the procedures above. At each sampling time, a reactor was 167 

sacrificed through filtration of 20 mL of the reactor contents followed by acidification of filtrate 168 

to pH < 4 with 0.2 mL of 1 M HCl (trace metals purity) for the analysis of RDX, nitroso 169 

intermediates, HCHO, and NH4+. 170 

 171 

Samples for CSIA of RDX were prepared in sets of eight replicate reactors that were sacrificed at 172 

different time points. One additional set of reactors for the Fe(II)/goethite system at pH 7.5 was 173 

used to evaluate effects of natural organic matter on RDX isotope fractionation to which Elliot 174 

Soil Humic Acid (ESHA) was added to 10 mg-C/L together with the Fe(II). After filtering and 175 

acidifying the contents of each reactor, a subsample was taken to measure the remaining RDX 176 

concentration by HPLC. The remaining volume of filtered, acidified samples was then extracted 177 

via solid phase extraction (SPE).17 Briefly, Supelclean™ ENVI-Chrom SPE cartridges (Sigma 178 

Aldrich) were conditioned sequentially with 3 mL of ethyl acetate, methanol, and ultrapure water 179 

prior to loading 20 mL of sample onto each cartridge by gravity. The cartridges were then 180 

vacuum-dried and eluted with two 3 mL portions of ethyl acetate, such that minimal water was 181 

present in the eluent. Samples were then dried with sodium sulfate, filtered with Teflon syringe 182 

filters (0.2 µm), and evaporated to 0.2 mL for stable isotope analyses. 183 

 184 

Extraction of groundwater samples and preparation for CSIA  185 
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Seven groundwater samples (Figure S1) were collected from monitoring wells along a 186 

subsurface plume at the Line 800 site of the Iowa Army Ammunition Plant (IAAAP, 187 

Middletown, IA). Each sample contained approximately 4 L of groundwater. Details of the well 188 

locations, sampling method, and water chemistry are described in the SI (Section S2). 189 

Concentrations of RDX and the nitroso intermediates measured via gas chromatography-mass 190 

spectrometry from separate samples collected at the same time were provided by Jacobs 191 

Engineering Group (Table S1). SPE in preparation for isotope analysis was performed as 192 

described above, except the sample from each well was split into three ~1.3 L portions that were 193 

passed through a separate SPE cartridge. After elution, the three extracts were combined and 194 

processed as described below. 195 

 196 

Reduction of RDX via in situ chemical reduction (ISCR) of a sediment packed column 197 

The column setup and ISCR procedure followed the protocols of Berens et al.20 Briefly, a 198 

borosilicate glass column (Kimble FLEX-COLUMNS®, I.D. 2.5 cm) was wet-packed with 4.8 199 

cm (~39 g) of TCAAP sediment inside an anaerobic glove box. A flow adapter (Kimble 200 

CHROMAFLEX®, I.D. 2.5 cm) was secured to the end of the column to prevent sediment 201 

migration and leaching. The column was then saturated with a 10 mM NaCl solution to evaluate 202 

the total pore volume, porosity, density, and other physical properties of the column (Table S2). 203 

To minimize particle release/transport during the column experiments, the ionic strength of all 204 

further feed solutions was adjusted by adding 10 mM NaCl.20 A sequence of three experiments in 205 

a single column at constant volumetric flow of 0.5 mL/min was conducted, unless indicated 206 

otherwise. First, a 0.115 M NaBr tracer solution was introduced in a step input to determine 207 

hydraulic properties of the column (Table S2). Tracer concentrations were measured with a 208 
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bromide ion selective electrode (Thermo Scientific Orion) after a 3-fold dilution of the samples. 209 

Thereafter, the column was conditioned with 10 mM NaHCO3 buffer for 10 pore volumes to 210 

remove the residual NaBr. The second experiment consisted of an RDX pulse from a 500 mL 211 

reservoir with 200 µM of RDX in 10 mM NaHCO3 buffer at pH 7.5. The breakthrough of RDX 212 

through the column with untreated aquifer material was used to determine the extent of RDX 213 

sorption in the column. After flushing the column with NaHCO3 buffer for 10 pore volumes, the 214 

TCAAP sediment (3.0% total iron) was then reduced by feeding a combined solution of 5.5 mM 215 

Na2S2O4 and 22.2 mM K2CO3 into the column at 0.25 mL/min for ~18 hours. The exact duration 216 

of Na2S2O4 input during each reduction cycle was selected to target a reduction of one-tenth of 217 

the total iron content. This was determined using eq 1 which shows that 2 mols of Fe(II) are 218 

generated by every 1 mol of S2O42-. 219 

𝑆𝑆2𝑂𝑂42− + 2𝐹𝐹𝐹𝐹3+ + 2𝐻𝐻2𝑂𝑂 → 2𝐹𝐹𝐹𝐹2+ + 2𝑆𝑆𝑆𝑆32− + 4𝐻𝐻+ (1) 220 

As shown previously by Berens et al.,20 changes of hydraulic properties after dithionite treatment 221 

were smaller than variations of porosities and dispersion coefficients among different columns, 222 

and iron reduction was incomplete either due to inaccessibility or reactivity constraints. In the 223 

third series of experiments, three pulses of RDX (210 µM, 36 pore volumes) were delivered to 224 

the column followed by ~10 pore volumes of NaHCO3 buffer to remove any residual RDX and 225 

then Na2S2O4 and K2CO3 to re-reduce the Fe in between each of the cycles. 226 

 227 

Column effluent for RDX concentration and stable isotope analysis was collected into test tubes 228 

every 0.6 pore volumes using a Bio-rad fraction collector. The sample collection was terminated 229 

when effluent RDX concentration attained the influent values or remained constant. The samples 230 

were immediately capped for quantification of RDX and nitroso intermediates. For CSIA of 231 
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RDX, four consecutive samples were combined to generate sufficient volume (20 mL). The 232 

combined samples were re-analyzed to determine the RDX concentration and then processed by 233 

SPE as described above.  234 

 235 

Analytical methods 236 

Aqueous concentrations of RDX, MNX, DNX, TNX were measured by high pressure liquid 237 

chromatography (HPLC) with UV-detection (details in Section S3).42 Formaldehyde44 and 238 

ammonium45 were quantified after derivatization by liquid chromatography with UV and 239 

fluorescence measurement, respectively (Section S3). 240 

 241 

15N/14N ratios of RDX were determined by large volume injection coupled to gas 242 

chromatography isotope ratio mass spectrometry (GC/IRMS) consisting of a Trace GC and a 243 

Delta V IRMS (Thermo Scientific). Analyses followed procedures established previously17,19,26 244 

and instrumental parameters are given in the SI. Method quantification limits were derived with 245 

the moving mean approach46 and corresponded to injection of 3 nmol N (Figure S2a, details in 246 

SI). The δ15N of RDX agreed well with typical N isotope signatures determined for RDX from 247 

different manufacturers and from various type of explosives.47 248 

Measurement of 13C/12C ratios were limited to experiments with Fe(II)/hematite and green rust 249 

because these suspensions were the only one devoid of chromatographic interferences from 250 

unknown, carbon-containing compounds. We observed temporal amplitude-dependence of 251 

measured 13C/12C ratios which limited the isotope analysis of RDX to sample injections 252 

exceeding 6 nmol C (Figures S2b and S3). A discussion of measurement uncertainty and its 253 

consequences for determination of C isotope enrichment factors is provided in the SI (Sections 254 

Page 12 of 38

ACS Paragon Plus Environment

Environmental Science & Technology



 13 

S3 and S4). 255 

Analysis of reaction kinetics and predominant RDX reaction pathways 256 

Pseudo-first order rate constants of RDX degradation were determined by linear regression of 257 

ln(c/c0) vs. time (t) for initial experiments, and non-linear fitting when considering RDX 258 

degradation and formation/decay of intermediates and products. Reported errors are 95% 259 

confidence limits propagated from the errors associated with duplicate regressed rate constants. 260 

Reaction pathways of RDX were assessed on a carbon mass basis to account for any formation 261 

of denitration/ring cleavage products during the reduction of RDX (Schemes 1).31 Concentrations 262 

of the carbon-containing analytes RDX, MNX, DNX, TNX, and formaldehyde, as well as a 263 

hypothetical C-containing product (C-Unidentified) were used to quantify losses of total C as the 264 

reduction of RDX proceeded. The model was expressed as sets of differential equations, with 265 

different sets of equations used to test whether ring cleavage occurred in RDX or the nitroso 266 

compounds (Section S5). The assumption was used that all reactions followed pseudo-first order 267 

kinetics, with reductant concentration being constant. Differential equations were solved in 268 

MATLAB (MathWorks, Version 9.5) using the initial C-based concentration of RDX (C-RDX) 269 

and fit to experimental data via a least-squares regression.  270 

 271 

Modeling RDX reactive transport in dithionite-treated sediment columns 272 

Simulations of RDX and Fe(II) concentrations in sediment columns were performed with 273 

Aquasim (Version 2.0) using the saturated soil-column compartment.48 Model parameters for the 274 

different series of experiments are listed in Tables S2 and S3 (Section S6). Sediment porosity 275 

and dispersivity were determined from the NaBr tracer experiment. Sorption of RDX to sediment 276 

column material was quantified based on its retardation relative to the non-sorbing NaBr tracer 277 
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assuming linear sorption behavior and instantaneous localized sorption equilibrium according to 278 

eqs. 2 and 3,  279 

𝑑𝑑[𝑅𝑅𝑅𝑅𝑅𝑅]𝑠𝑠
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ �[𝑅𝑅𝑅𝑅𝑅𝑅]𝑠𝑠,𝑒𝑒𝑒𝑒 − [𝑅𝑅𝑅𝑅𝑅𝑅]𝑠𝑠� (2) 280 

𝐾𝐾𝑑𝑑 =
[𝑅𝑅𝑅𝑅𝑅𝑅]𝑠𝑠,𝑒𝑒𝑒𝑒

[𝑅𝑅𝑅𝑅𝑅𝑅]𝑎𝑎𝑎𝑎
(3) 281 

where ksorption is the rate constant of the adsorption process, and [RDX]s,eq and [RDX]aq are the 282 

concentration of adsorbed RDX in equilibrium and aqueous, dissolved species, respectively.  is 283 

the equilibrium sorption coefficient of RDX. RDX reduction by Fe(II) in sediment columns after 284 

ISCR was assessed with eqs. 4 and 5,   285 

𝑑𝑑[𝑅𝑅𝑅𝑅𝑅𝑅]𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑

= −𝜐𝜐𝑅𝑅𝑅𝑅𝑅𝑅  ∙  𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 ∙  [𝑅𝑅𝑅𝑅𝑅𝑅]𝑎𝑎𝑎𝑎  ∙  [𝐹𝐹𝐹𝐹𝐼𝐼𝐼𝐼]𝑠𝑠 (4) 286 

𝑑𝑑[𝐹𝐹𝐹𝐹𝐼𝐼𝐼𝐼]𝑠𝑠
𝑑𝑑𝑑𝑑

= −𝜐𝜐𝑟𝑟𝑟𝑟𝑟𝑟−𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  ∙  𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 ∙  [𝑅𝑅𝑅𝑅𝑅𝑅]𝑎𝑎𝑎𝑎  ∙  [𝐹𝐹𝐹𝐹𝐼𝐼𝐼𝐼] (5) 287 

where vRDX is the solid-water ratio used for conversion of sorbed to aqueous concentrations, kred 288 

is the apparent RDX reduction and Fe(II) oxidation rate constant, and [FeII]s and [FeII] are the 289 

sorbed and aqueous concentrations of Fe(II). The vred-equiv parameter describes the amount of 290 

Fe(II) oxidized per amount of RDX reduced. Adjustment of this parameter in the modeling used 291 

to make a qualitative assessment of Fe(II) availability for reductive RDX transformation after 292 

ISCR treatment, and the effect of this parameter on the N isotope fractionation of RDX was 293 

assessed.  294 

 295 

Analysis of CSIA data 296 
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Nitrogen isotope enrichment factors, εN, in batch reactor experiments were calculated according 297 

to the established methods49 compiled by Pati et al.21 from the correlation between measured 298 

isotope ratio and the fraction of remaining RDX (c/c0).  299 

𝛿𝛿 𝑁𝑁𝑥𝑥15 + 1
𝛿𝛿 𝑁𝑁015 + 1

= �
𝑐𝑐
𝑐𝑐0
�
𝜀𝜀𝑁𝑁

(6) 300 

Apparent 15N-kinetic isotope effects (15N-AKIE) were derived by accounting for the 6-fold 301 

isotopic dilution (𝑛𝑛𝑁𝑁) caused by the 6 N atoms in RDX. 302 

𝑁𝑁 − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =15 1
1 + 𝑛𝑛𝑁𝑁 ∙ 𝜀𝜀𝑁𝑁

(7) 303 

The fractional extent of RDX transformation, F, during abiotic reduction at the Line 800 site of 304 

the IAAAP was calculated with eq. 8, where δ15Nx and δ15N0 are the RDX N isotope signatures 305 

measured at sampling locations x and at the operationally defined contamination source. 306 

𝐹𝐹 = 1 − �
𝛿𝛿 𝑁𝑁𝑥𝑥15 + 1
𝛿𝛿 𝑁𝑁015 + 1

�
1 𝜀𝜀𝑁𝑁⁄

(8) 307 

N isotope signatures from column experiments were evaluated in terms of 15N-AKIE to evaluate 308 

the expected versus measured extent of transformation as described in Section S9. 309 

Carbon isotope enrichment factors, εC,  were determined analogously to those for N isotopes 310 

with eq. 6 for experiments with RDX and green rust and hematite respectively, with uncertainty 311 

considerations described in SI Section S4. Secondary 13C-AKIE were derived without correction 312 

for isotopic dilution. The combined C and N isotope fractionation was further evaluated using eq. 313 

9.  314 

Λ𝑁𝑁/𝐶𝐶 =
Δ 𝑁𝑁15

Δ 𝐶𝐶13 (9) 315 

Results and Discussion 316 
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Kinetics and Pathways of RDX reduction  317 

RDX was reduced in all of the tested suspensions as depicted in Figure 1a for Fe(II)/goethite at 318 

pH 7 and Figure S6 for Fe(II)/goethite, Fe(II)/magnetite, green rust, and FeS. The pseudo-first 319 

order rate constants for RDX reduction by iron minerals in the initial batch experiments are listed 320 

in Tables S4 (RDX) and S5 (TNX), and those from the experiments to evaluate product 321 

formation are in Table S6. The results are similar, and any differences were attributed to the 322 

linear vs non-linear fitting and experimental error. Consistent with past results,35,50,51 reaction 323 

rates increased with increasing solution pH for all minerals tested. Fe(II)/goethite rate constants 324 

were 0.13 ± 0.03, 0.38 ± 0.16, and 1.24 ± 0.28 h-1 at pH 6.5, 7, and 7.5, respectively (Table S6), 325 

consistent with increased adsorption of Fe(II) on the iron (oxy)hydroxides (the adsorption of 326 

Fe(II) by goethite was 0.15 ± 0.07, 0.28 ± 0.08, 0.39 ± 0.07 mmol Fe (II)/g goethite at pH 6.5, 7, 327 

and 7.5) and more favorable reduction potentials for Fe(II)/mineral systems with increasing pH.50  328 

 329 

Previously, no degradation of RDX or DNAN by TCAAP sediment (containing predominantly 330 

magnetite, 3.03%-wt Fe) was observed in the absence of aqueous Fe(II).20,42 Thus, aqueous 331 

Fe(II) was constantly supplied to TAFB (containing predominantly hematite, 2.44%-wt Fe) and 332 

TCAAP reactors in the same manner as for synthetic materials. The lower rate constants 333 

observed at similar or greater iron mineral loadings for these materials (Table S4) suggests the 334 

formation of Fe(II) associations with less reactive minerals than iron oxides (e.g., silicates).42,52  335 

 336 
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 337 

Figure 1. Concentration versus time data for RDX, intermediates, and end products during abiotic 338 
RDX reduction in the Fe(II)/goethite reactors at pH 7. (a) Measured concentrations of RDX, 339 
nitroso intermediates and final degradation products, (b) total carbon mass balance (initial C from 340 
RDX = 600 µM), (c) concentration of RDX, nitroso intermediates, and products plotted in µM as 341 
carbon (denoted as C-compound). A hypothetical carbon-containing product (C-Unidentified; 342 
black solid circle) was introduced to compensate for the incomplete carbon mass balance and was 343 
assumed to be a single reaction product in kinetic fitting.  344 
 345 

Different minerals can react with RDX through different and/or multiple transformation 346 

pathways (Scheme 1). An interpretation of the observable stable isotope fractionation (see 347 

below) thus requires an assessment of the principal pathways. For all minerals tested, MNX, 348 

DNX, and TNX were observed, indicating reduction of the nitro groups on RDX. Additionally, 349 

RDX and/or the nitroso compounds must be reacting via ring cleavage, given the formation of 350 

HCHO and a decreasing overall carbon mass balance (Figures 1 and S6). The molar mass 351 

balance for each experimental system was converted to a carbon-based mass balance as 352 

illustrated in Figure 1b for Fe(II)/goethite at pH 7. C-Unidentified was considered as a single, 353 

final product because carbon deficits began during late stages of the reaction (Figure 1b) and C-354 

Unidentified and HCHO appear in parallel. Methylenedinitramine (2 in Scheme 1) is unlikely 355 

responsible for the carbon deficit because it undergoes instantaneous transformation to nitramine, 356 

HCHO, N2O, and NH4+ under anoxic conditions.31 C-Unidentified could be one or more carbon-357 
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containing products, but from the prospective pathways, this portion of the mass is an end-358 

product.  359 

 360 

Based on the concentration of carbon-containing species during batch experiments (Figures 1 361 

and S6), potential reaction pathways were tested through kinetic modeling using the equations in 362 

Section S5 with the assumption that the nitroso intermediates were sequentially produced 363 

(RDX→MNX→DNX→TNX). The differences among the potential reaction pathways (Section 364 

S7) were the species from which C-HCHO and C-Unidentified were formed. The formation of 365 

these final products was considered to occur from RDX, one of the nitroso compounds, or a 366 

combination thereof. The experimental data and the rate constants given by the model with the 367 

lowest normalized residuals for the tested pH/mineral combinations are summarized in Figure S6 368 

and Table S6. For Fe(II)/goethite systems, reactions of MNX, DNX, and TNX were more rapid 369 

than reaction of RDX. As illustrated in Table S6, the rate constants for the transformation of 370 

DNX to both HCHO and C-Unidentified were twice as high as those for RDX or MNX. This 371 

modeling outcome is consistent with the limited observed accumulation of transient MNX, DNX, 372 

and TNX species. The delayed formation of HCHO and C-Unidentified (Figure 1c) indicates 373 

these ring cleavage products form from the nitroso intermediates. For the iron oxides, the data 374 

are best fit by Scheme S1a (Tables S6-S8), where HCHO and C-Unidentified are formed from 375 

DNX and/or TNX. For FeS, the slower degradation of MNX and accumulation of DNX and 376 

TNX resulted in the best fit if ring cleavage of RDX and/or MNX to form HCHO and C-377 

Unidentified were included in the kinetic model (Scheme S1b; Tables S6 and S9).  378 

 379 
The goodness of fit for other proposed pathways for the iron oxides and FeS, which had 380 

substantially higher residuals, is shown in Tables S7-S9. The results indicate that for the iron 381 
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oxides, the slowest reaction during the sequential transformation of RDX to TNX is to the 382 

formation of MNX from RDX. Moreover, the reaction of RDX only occurs via nitro group 383 

reduction, allowing for a mechanistic interpretation of the RDX CSIA results. For FeS, RDX 384 

appears to react via a combination of reduction and dinitration/ring cleavage. The slower reaction 385 

of the nitroso compounds with FeS leads to their accumulation and affects isotopic analyses (see 386 

below). 387 

 388 

RDX reduction evaluated by CSIA 389 

Nitrogen isotope fractionation during RDX reduction was assessed for each iron mineral 390 

suspension. As shown in Figure 2a and Table 1, the extent of N isotope fractionation was large 391 

(up to 30‰) and the N isotope enrichment factors, εN, were confined to values between –6.3 ± 392 

0.3‰ and –8.1 ± 0.2‰. Small changes of pH by 0.5 units or the presence of organic matter did 393 

not lead to changes of N isotope fractionation in RDX. The identical behavior was observed for 394 

Fe(II)-amended TCAAP sediment and TAFB soil (εN = –8‰) implying the same abiotic 395 

reduction reaction of RDX by mineral associated Fe(II) in all batch experiments. Initial analyses 396 

showed that the nitroso intermediates were also retained by SPE and co-eluted with RDX on the 397 

GC column, thus introducing interferences to the instrumental signal. Thus, experiments with 398 

Fe(II)/goethite at pH 6.5 and with FeS were not included. As a consequence,  399 

we were also not able to gather additional insights into Scheme S1b by CSIA from reactors 400 

containing FeS. 401 

 402 

 403 
 404 
 405 
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Figure 2. (a) Nitrogen isotope signatures, δ15N, versus fraction of unreacted RDX (c/c0) 406 
determined in experiments with various Fe(II) containing suspensions. The goethite data 407 
represent experiments with Fe(II)/goethite at pH 7.0 and pH 7.5, and Fe(II)/goethite with 408 
ESHA at pH 7.5, and all other experiments were carried out at pH 7.5. The curve was fit 409 
using the data from each set of conditions to obtain a single εN value of -7.4±0.2‰ 410 

 

 

 

 

(a) 
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(individual values in Table 1). The error band shows the 95% confidence interval. (b) C 411 
isotope fractionation of RDX reduction in suspensions of green rust and Fe(II)/hematite at 412 
pH 7.5. The solid line represents a fit to the two data sets to illustrate the consistent C isotope 413 
fractionation trends. (c) Correlation of C vs. N isotope fractionation with dual-isotope slopes  414 
through combination of data from panels (a) and (b) for green rust and Fe(II)/hematite (see 415 
Section S4 for discussion of correlation slopes). 416 
 417 

Similar εN-values of –9.9 ± 0.7‰ were reported for anaerobic RDX biodegradation that was 418 

initiated by reduction of a NO2 moiety,17 whereas other biological and abiotic transformations of 419 

RDX under oxic conditions, such as denitration or alkaline hydrolysis, led to much smaller εN-420 

values (Figure S7, Scheme 1).17,18,26,28 Based on the investigation of different anaerobic 421 

biotransformation pathways, Fuller et al.17 hypothesized that N isotope fractionation is even 422 

larger if denitration and concomitant ring-cleavage reactions were responsible for RDX 423 

disappearance. In this interpretation, bond-cleavage reactions would generate cyclic nitramine-N 424 

species and give rise to stronger N isotope fractionation with εN-values as negative as –12‰. 425 

Considering the slightly less negative εN shown in Table 1, these findings indirectly confirm the 426 

interpretation that the initial steps of Fe(II)-catalyzed reduction of RDX are confined to reduction 427 

of the NO2 moiety. This interpretation explained the observed 15N-AKIE values were between 428 

1.039 and 1.051 for this reaction. These isotope effects are approximately 20% larger than most 429 

of those reported for the reduction of nitroaromatic compounds studied in identical experimental 430 

systems (15N-AKIEs <1.040)19 as well as by other abiotic reductants16,39,40 even though 15N-431 

AKIEs of 1.048 were also found for aromatic NO2 reduction by stoichiometric magnetite.38 Our 432 

data set adds to previous observations17 that the AKIEs for reduction of NO2 moieties of cyclic 433 

nitramines may exceed those of aromatic NO2 groups.  434 

 435 

Carbon isotope fractionation data during RDX reduction were obtained from experiments with 436 

suspensions of green rust and Fe(II)/hematite. εC of –2‰ and 13C-AKIE values of 1.002 are 437 
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consistent with secondary C isotope effects and these numbers agree with observations for 438 

biological and abiotic reduction19, of NO2 moieties of NACs. A comparison with other studies 439 

suggest that RDX reduction by Fe(II) minerals results in smaller C isotope fractionation with εC 440 

values that are less negative by 2-4‰, for example, in comparison to the biological reduction of 441 

RDX.17  Given the difficulties of accurate C isotope analysis (Section S3) and the large 442 

uncertainties of 13C/12C measurements reported in some studies, differences in εC values for 443 

secondary isotope effects are of limited diagnostic value. Nevertheless, the correlation of C and 444 

N isotope fractionation as in Figure 2c with values between 2 and 5 appear indicative of the 445 

NO2-group reduction pathway as they fall into the ranges of εN/εC ratios from studies of 446 

anaerobic biodegradation of RDX.17 447 

 448 

Table 1. Bulk N isotope enrichment factors εN and εC during abiotic reduction, biodegradation, 449 
and hydrolysis of RDX 450 

Mineral εNa (‰) 15N-AKIE (-) εCa (‰) 13C-AKIE (-) 
Green rust -6.9 ± 0.8 1.043 ± 0.005 –2.6±1.0 1.003±0.001 
Hematite -8.1 ± 0.2 1.051 ± 0.001 –2.0±0.5 1.002±0.005 
Magnetite -6.3 ± 0.3 1.039 ± 0.002 NDb ND 

Goethite pH 7 -7.7 ± 0.4 1.049 ± 0.001 ND ND 
Goethite pH 7.5 -7.3 ± 0.3 1.046 ± 0.002 ND ND 

Goethite pH 7.5-NOM -6.3 ± 0.6 1.039 ± 0.003 ND ND  
TAFB soil -7.9 ± 0.4 1.049 ± 0.002 ND ND 

TCAAP sediment -8.2 ± 0.2 1.050 ± 0.001 ND ND 
Anaerobic biodegradationc -9.9 ± 0.7 1.063 ± 0.005 -4.7 ± 1.1 1.005 ± 0.001 
Anaerobic biodegradationd -5.0 ± 0.3 1.031 ± 0.002 NAg NA 
Aerobic biodegradatione -2.3 ± 0.5 1.006 ± 0.003 -0.8 ± 0.5 1.001 ± 0.001 

Hydrolysisf -5.3 1.033 -7.80 1.008 
a bulk N isotope enrichment factor.  451 
b ND = no data. Analysis for C was affected by interferences. See SI.  452 
c composited isotope data from RDX anaerobic degradation by multiple anaerobic strains via nitro reduction.17  453 
d RDX anaerobic degradation by non-specific sediment strains via nitro reduction.18  454 
e composited isotope data from RDX aerobic degradation by multiple anaerobic strains via denitration. 17  455 
f isotope data from RDX hydrolysis via ring cleavage. 26 456 
g NA=data not available 457 
 458 
 459 

Using CSIA to evaluate RDX transformation in groundwater samples from an ammunition plant 460 
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CSIA was applied to evaluate RDX transformation in seven monitoring wells along Line 800 of 461 

a groundwater plume at the IAAAP (Figure S1). Concentrations of RDX ranged from <0.01 µM 462 

to 29.3 µM and decreased radially from sampling point G-20, where the highest value was 463 

measured. Samples from only four monitoring wells exceeded concentrations of 0.1 µM and 464 

were suitable for N isotope ratio measurements of RDX. These wells also had low dissolved 465 

oxygen, consistent with reducing conditions (Table S1). The G-20 sample was assumed as the 466 

reference point for CSIA of RDX because of its upstream location along the hydrologic gradient. 467 

It is in close proximity to the source of the plume53 and coincides with the highest aqueous RDX 468 

concentration and smallest δ15N (+0.66‰). This operational δ15N0 is somewhat higher than data 469 

from the only study of manufactured RDX, which range from -17‰ to -4‰ depending on 470 

synthesis method and raw materials.47 The δ15N of G-20 could reflect some degradation of RDX 471 

given the historic concentrations of RDX >50 µM reported for 1990-2000.53 Figures 3a and b 472 

show that decreasing RDX concentrations in the sampling wells considered here also correspond 473 

with δ15N values increasing by ~15‰. The presence of typical RDX reduction products, MNX, 474 

DNX, TNX in concentrations <1.0 µM (Figure 3c) supported the assumption of reductive RDX 475 

transformation in the subsurface. We note that data are analyzed assuming that abiotic reduction 476 

occurs. The isotope analysis, however, does not distinguish between abiotic and biotic reduction, 477 

and enrichment factors for the two processes are similar (Figure S7). 478 

 479 
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 480 

Figure 3. Evaluation of RDX concentrations and δ15N values with regard to reductive 481 
transformation in monitoring wells along Line 800 at IAAAP (map see Figure S1). The 482 
samples are sorted according to increasing distance from the operationally defined 483 
contamination source well G-20. (a) Aqueous concentrations of RDX at different 484 
sampling locations including calculated extent of RDX reduction (eq. 8) based on the εN-485 
value obtained in laboratory batch experiments with Fe-minerals. (b) δ15N values of RDX 486 
at different sampling locations. (c) Concentrations of partially reduced RDX reduction 487 
products. 488 

 489 

Based on the detection of RDX reduction products typically associated with abiotic reduction, 490 

we evaluated the extent of RDX transformation relative to the δ15N values measured from 491 

sampling well G-20 and the average isotope enrichment factor obtained from the batch 492 

experiments (εN = –7.4‰). Figure 3a shows that calculated RDX concentrations after abiotic 493 

reduction with this εN-value range between 5 and 15 µM, compared to measured concentrations 494 

of 0.1, 0.8, and 3 µM. These predicted concentrations correspond to an extent of reductive 495 

transformation of 54% to 85%. If abiotic reduction was the predominant mode of RDX 496 

transformation, our data would imply that the measured, lower concentrations were also the 497 

consequence of other non-isotope fractionating processes (e.g., sorption, dilution, volatilization). 498 

Given that RDX sorption to the solid matrix is likely negligible (see column study below) and 499 

that RDX is largely non-volatile we hypothesize that the observed decreases in concentration 500 
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were due to dilution. This may be supported by the ~2 mg/L dissolved oxygen in well L800-TT-501 

MW-15. This well has the greatest extent of RDX transformation and isotope fractionation, and 502 

we hypothesize that reductive transformation occurred and then the concentration was further 503 

lowered by dilution with oxic water. 504 

 505 

CSIA-based evaluation of RDX reduction in sediment columns after ISCR treatment 506 

The breakthrough of RDX in columns containing TCAAP sediment before and after the first of 507 

three dithionite-treatments during ISCR are shown in Figure 4a. RDX retention was only slightly 508 

retarded compared to the NaBr tracer (Figure S8, retardation factor 1.17), indicating minimal 509 

sorption of RDX to the sediment matrix. This observation is consistent with historic field 510 

observation of high RDX mobility in the subsurface of contaminated sites.54 By contrast, RDX 511 

transport through dithionite-treated TCAAP sediment was substantially delayed, with complete 512 

breakthrough after 30 pore volumes (Figure 4a). The detection of the RDX reduction products 513 

MNX and DNX as well as previous observations of DNAN reduction to phenylenediamine in 514 

identical experiments, implies that apparent RDX retardation after the first ISCR cycle was due 515 

to reduction by ISCR-generated Fe(II). Because of the numerous reaction products formed from 516 

RDX reduction including ring-cleavage products that were, in part, not detected, no mass or 517 

electron balance was computed. The identical behavior of RDX breakthrough was observed after 518 

the second ISCR cycle (Figure S9) whereas RDX concentration only reached 60% of the input 519 

concentration after ISCR cycle 3 (see below). 520 

 521 

The breakthrough of RDX in sediment columns after ISCR could not be rationalized with the 522 

simple reactive transport model described by eqs. 2-5 (Section S9), which assume localized 523 
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sorption equilibrium and that reduction of RDX leads to the corresponding removal of solid-524 

associated Fe(II). As a simplified means of qualitatively assessing RDX breakthrough behavior,  525 

 526 

 527 
 528 
Figure 4 (a) RDX concentrations at the in- and outlet of columns filled with native TCAAP 529 
sediment and after the first of three ISCR cycles. Note the different y-axes for species 530 
concentrations. Solid lines represent calculated RDX breakthrough curves, and calculations for 531 
breakthrough following ISCR reflect manipulation of vred-equiv (amount of Fe(II) oxidized per 532 
amount of RDX reduced, eq. 5) to account for the observation of apparent overstochiometric 533 
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removal of Fe(II) by RDX. MNX and TNX were detected only after ISCR. (b) δ15N values and 534 
concentrations of RDX measured in the effluent of sediment columns after ISCR. The lines 535 
represent the calculated δ15N values of RDX based on parameters listed in Table S3 and different 536 
15N-AKIE values for the abiotic reduction of RDX. The 15N-AKIE value of 1.04 represents the N 537 
isotope fractionation observed during the RDX reduction in batch experiments whereas a value 538 
1.002 reflects the N isotope fractionation during reactive transport. 539 
 540 
 541 
we manipulated the value of vred-equiv  to reflect the observation of apparent highly over-542 

stochiometric removal of Fe(II) by RDX (Table S3). This apparent parameter exceeded the 543 

known amount of reduction equivalents necessary to transform RDX to TNX by a factor of >10 544 

and for complete reduction of all N from RDX to ammonia by a factor of >2.5 (Table S2, Figures 545 

S10-S15). Based on these observations, we speculate that the oxidation of Fe(II) by the RDX 546 

front caused a limitation of the available Fe(II) for RDX reduction due to formation of 547 

aggregates of lower hydraulic conductivity,55,56 the generation of phases of lower Fe(II) 548 

reactivity,57 or a combination thereof. No characterization of the column material after the Fe 549 

reduction/re-oxidation cycles was performed.  550 

 551 

The measured δ15N values of RDX at the column outlet after ISCR cycles 1 and 2 are shown in 552 

Figures 4b and S16. δ15N values of RDX were between -4‰ to -7‰ at early stages of the 553 

breakthrough because RDX was only partially reduced. δ15N of RDX reached its original value 554 

of -9.5‰ once the RDX outlet and input concentrations matched. The extent of N isotope 555 

fractionation (~5‰) observed in column experiments was substantially smaller than expected 556 

based on the isotope enrichment factors and AKIEs determined in batch experiments whereas N 557 

isotope fractionation in RDX observed in the field span ranges between 7‰ to 15‰14,15,33 as 558 

observed at IAAAP groundwater sampling wells (~15‰). The lines in Figure 4b show the 559 

calculated δ15N of RDX based on assumptions for different 15N-AKIEs. An AKIE of 1.04 would 560 
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correspond to the N isotope fractionation observed in batch experiments. Instead, we find a 20-561 

fold smaller fractionation as expressed by a 15N-AKIE of 1.002 that would best describe our 562 

data. This observation, as well as evidence for limited accessibility of RDX to Fe(II) described 563 

above, are consistent with substantially masked N isotope fractionation. Modeling approaches 564 

incorporating corrections to enrichment factors for potential mass transfer limitations, as 565 

demonstrated for diffusion-dominated vapor phase transport,58 could potentially offer improved 566 

interpretation of observed masking. We maintain, however, that our simplified modeling 567 

approach is justified, considering that the column experiments are just one facet to the much 568 

broader scope of this study. 569 

 570 

Environmental Implications 571 

Results from our laboratory experiments show that abiotic reduction mediated by various iron 572 

minerals with Fe(II) gives rise to consistent patterns of N isotope fractionation of RDX due to 573 

large 15N kinetic isotope effects, which often exceed those observed for the same reactions of 574 

nitroaromatic compounds. These large isotope effects have two practical consequences. First, 575 

shifts of δ15N in RDX can be large as observed in the RDX contaminant plume at the Iowa Army 576 

Ammunition Plant. This is consistent with similar extents of N isotope fractionation reported for 577 

RDX and other nitro-containing explosives such as TNT and DNT at other contaminated 578 

sites.16,33 Second, large εN values, such as those reported for reductive RDX transformations, lead 579 

to conservative estimates of the fractional amount of contaminant conversion. Together with 580 

previous evaluations of isotope fractionation associated with biological RDX transformation 581 

under anoxic and oxic conditions,17,18,26,28 our work contributes to an assessment of the relevant 582 

RDX degradation pathways via CSIA on the basis of well-defined isotopic enrichment factors.  583 
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 584 

Experiments in a flow-through dithionite-treated sediment column point to a potential masking 585 

of strongly isotope fractionating reactions. The experimental conditions applied to study the 586 

RDX breakthrough, namely high RDX concentration pulses to exhaust the available reduction 587 

equivalents, are likely not representative of contaminant-to-reductant ratios in the subsurface. 588 

Our data imply that application of CSIA to assess RDX reduction after redox-manipulation 589 

requires further scrutiny, specifically with regard to a relationship between the observable extent 590 

of N isotope fractionation vs. rates and products of Fe(II) oxidations and hydrodynamic 591 

conditions.59 to provide equally realistic estimates of transformations as found for DNAN in 592 

identical systems.  This issue is aggravated by the frequently observed challenges of determining 593 

13C/12C ratios of RDX reliably by CSIA17,26,33 that, contrary to CSIA studies for many other 594 

subsurface contaminants, makes the identification of RDX reaction pathways through multi-595 

element isotope analysis particularly challenging. Despite these challenges, there CSIA is a 596 

useful tool for identifying reactions occurring and quantifying the extent of RDX degradation in 597 

contaminated groundwater. 598 
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