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ABSTRACT 13 

Ferrous iron-bearing minerals are important reductants in the contaminated subsurface but their 14 

availability for the reduction of anthropogenic pollutants is often limited by competition with other 15 

electron acceptors including microorganisms and poor accessibility to Fe(II) in complex 16 
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hydrogeologic settings. The supply of external electron donors through in situ chemical reduction 17 

(ISCR) has been proposed as one remediation approach but the quantification of pollutant 18 

transformation is complicated by the perturbations introduced to the subsurface by ISCR. Here, 19 

we evaluate the application of compound specific isotope analysis (CSIA) for monitoring the 20 

reduction of 2,4-dinitroanisole (DNAN), a component of insensitive munitions formulations, by 21 

mineral-bound Fe(II) generated through ISCR of subsurface material from two field sites. Electron 22 

balances from laboratory experiments in batch and column reactors showed that 3.6% to 11% of 23 

the total Fe in the sediments was available for the reduction of DNAN and its partially reduced 24 

intermediates after dithionite treatment. The extent of DNAN reduction was successfully 25 

quantified from its N isotope fractionation measured in the column effluent based on the derivation 26 

of a N isotope enrichment factor, εN, derived from a comprehensive series of isotope fractionation 27 

experiments with numerous Fe(II)-bearing minerals as well as dithionite-reduced subsurface 28 

materials. Our observations illustrate the utility of CSIA as a robust approach to evaluate the 29 

success of in situ remediation through abiotic contaminant reduction. 30 

 31 

INTRODUCTION 32 

Ferrous iron (Fe(II)) associated with Fe-bearing minerals (e.g., iron (oxyhydr)oxides, clays, 33 

sulfide minerals) is an important reductant of many subsurface pollutants.1–6 Despite an abundance 34 

of Fe(II) in the anoxic subsurface, pollutant reduction is often limited through competition with 35 

other potential electron acceptors and restricted pollutant transport and accessibility to reactive 36 

Fe(II)-bearing minerals in response to local hydrogeologic conditions. Several approaches have 37 

been evaluated to enhance the availability of reactive Fe(II) including biostimulation,7,8 38 

bioaugmentation,9,10 additions of external electron donors (i.e., in situ chemical reduction; ISCR) 39 
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including dithionite, 11,12 polysulfides,13 and (sulfidized) ZVI,14,15 and combinations thereof.16 To 40 

date, several of these strategies have been successfully applied to a number of environmental 41 

contaminants including heavy metals12,17,18 and chlorinated solvents.14,19,20 42 

One major challenge when applying an in situ (bio)remediation technique is providing a reliable 43 

evaluation of performance; it is difficult to quantify the amount of transformed contaminants from 44 

concentration measurements alone.21–23 For example, the need to (repeatedly) inject aqueous 45 

solutions containing electron donors into the subsurface introduces perturbations that may lead to 46 

pollutant dilution without degradation. Moreover, reduction of Fe(III) induces partial reductive 47 

dissolution and transformation of reactive Fe minerals and could mobilize solid-bound 48 

contaminants.17,24–26  49 

Compound specific isotope analysis (CSIA) is used to evaluate the extent of contaminant 50 

remediation by quantifying isotope enrichment of one or more elements in the residual pollutant.27–51 

32 Because changes in stable isotope ratios (e.g., 15N/14N, 13C/12C) reflect reactions in which bond-52 

cleavage occurs, isotope fractionation is minimally affected by non-degradative processes (e.g., 53 

sorption, dilution, phase transfer), thus circumventing many of the challenges associated with 54 

monitoring pollutant removal by concentration measurements alone.33,34 Despite the incorporation 55 

of CSIA into published monitored natural attenuation protocols, the majority of efforts have 56 

focused on biodegradation.21,27,28,35–37 57 

The recent emergence of 2,4-dinitroanisole (DNAN) in insensitive munitions formulations has 58 

caused concern because of its potential to contaminate large areas of land and water.38,39 We 59 

previously provided the first assessment of C and N isotope fractionation during abiotic DNAN 60 

reduction40 but did not consider reductants beyond synthetic Fe-minerals. The Fe(II)-mediated 61 

reduction of DNAN generated isotope fractionation patterns that were indicative of certain reaction 62 
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pathways yet independent of DNAN reaction rates and solution chemistry (e.g., organic matter).40 63 

Given the heterogeneity of natural soils and sediments and the crystallographic diversity of Fe-64 

minerals, however, it remains to be understood if DNAN isotope fractionation during reduction by 65 

Fe(II) of natural minerals deviates from that observed with synthetic analogs. Because multiple 66 

amendments of a given reductant are often required to achieve remediation targets with 67 

ISCR,12,41,42 it is similarly unknown how multiple redox cycles will affect the interpretation of 68 

CSIA results. Our findings suggest that because DNAN reduction by mineral-associated Fe(II) 69 

follows a common reaction pathway (i.e., abiotic nitro-group reduction28,35,40,43–45), the associated 70 

isotope fractionation will not be affected despite the use of synthetic minerals or naturally collected 71 

ferruginous soils and sediments. This understanding could allow for DNAN to be a surrogate for 72 

other nitroaromatic compounds (NACs) including 2,4,6-trinitrotoluene (TNT) and analogs of 73 

nitrobenzene in the subsurface46 and is important given the continuing need for in situ remediation 74 

techniques.47 Numerous studies have indeed reported similar isotope enrichment factors from the 75 

abiotic reduction of several NACs in a range of experimental laboratory systems.43–45 76 

In this study, we explored the application of CSIA for monitoring DNAN reduction during 77 

dithionite-based ISCR schemes. Sodium dithionite (Na2S2O4) was chosen as the reductant because 78 

of its previous success for pollutant remediation in contaminated aquifers.11,19,41,48 We tested the 79 

reactivity of several Fe-bearing minerals and Fe-mineral containing sediments to promote DNAN 80 

reduction in batch reactors receiving amendments of aqueous Fe(II) and those receiving ISCR and 81 

used the distributions of reaction products to track the number of reduction equivalents transferred. 82 

The N and C isotope fractionation was measured during batch experiments to determine the bulk 83 

isotope enrichment factors (εN and εC) and apparent kinetic isotope effects (15N-AKIE and 13C-84 

AKIE) associated with DNAN reduction. To simulate reducing environmental conditions, 85 
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subsurface materials collected from two field sites were exposed to DNAN following ISCR in 86 

continuous-flow column reactors. A modified Rayleigh equation was used to make quantitative 87 

estimates of DNAN degradation from N isotope ratios (δ15N) measured during each experiment. 88 

The accuracy of this approach was evaluated by conducting statistical comparisons of predicted 89 

versus observed extent of DNAN degradation. 90 

 91 

MATERIALS AND METHODS 92 

A complete list of chemicals used in this study is provided in the Supporting Information (SI). 93 

Laboratory conditions. All syntheses and batch experiments were performed in an anaerobic 94 

chamber (Coy Laboratory Products Inc.) with a 95% N2/5% H2 atmosphere. Column experiments 95 

were performed in a NexGen anaerobic glovebox (Vacuum Atmospheres Company) maintained 96 

at <1 ppm O2 with N2 balance. Ultrapure water (≥18.2 MΩ•cm) was generated by a Milli-Q 97 

Academic system (MilliporeSigma) and used to prepare all aqueous solutions. The ultrapure water 98 

was purged with N2 gas (99.99%, Matheson) for at least 2 h prior to transfer into the chamber. 99 

Methanolic stock solutions were similarly prepared in deoxygenated methanol (ACS grade, 100 

MilliporeSigma). Laboratory equipment and reagents were evacuated in the exchange chamber 101 

and equilibrated overnight in the glovebag before use.  102 

Material preparation and characterization. Subsurface materials were collected from the 103 

Twin Cities Army Ammunition Plant (TCAAP; Arden Hills, MN) and the Tinker Air Force Base 104 

(Tinker AFB; Oklahoma City, OK). Both sites have a history of contamination by organic 105 

pollutants and have required remediation efforts.1,49 Aquifer material from TCAAP was collected 106 

from the saturated zone by sonic drilling to a depth of 41–45 m. The material was dried, purged 107 

with N2 gas, and stored inside the anaerobic chamber. Shallow sediment collected from Tinker 108 
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AFB was dried at 100 °C and stored in an amber jar under laboratory atmosphere. Both TCAAP 109 

and Tinker AFB materials were sieved by particle size to 350–425 μm before use. Synthetic 110 

magnetite nanoparticles were obtained from our previous work40 and a suspension of 111 

rhombohedral hematite in deoxygenated, ultrapure water (~15 g/mL) was acquired from Voelz et 112 

al.50 113 

Each material was characterized by X-ray diffraction (XRD; Figure S1) to evaluate the purity 114 

(synthetic minerals) and bulk mineralogy (natural materials). No additional peaks were detected 115 

in patterns collected from synthetic minerals. The primary Fe-bearing phase as detectable by XRD 116 

in natural materials was magnetite (Fe3O4; TCAAP)1,51 and hematite (Fe2O3; Tinker AFB). Quartz 117 

(SiO2; PDF #46-1045) was detected in each collected material as expected for highly weathered 118 

systems.  119 

The total iron content (FeT) of TCAAP and Tinker AFB materials was quantified by inductively 120 

coupled plasma optical emission spectroscopy (ICP-OES). The ratio of Fe(II)/Fe(III) was 121 

estimated by acid dissolution in 3 M HCl52,53 and quantification by the ferrozine method54 (Section 122 

S3). The amount of ion-exchangeable Fe(II) was estimated by saturating each material in 1 M 123 

CaCl2 for 7 d and was below the limit of quantification in all samples (data not shown).55 The 124 

magnetic portion of the TCAAP sediment (hereafter termed “TCAAP extract”) was separated from 125 

the bulk material with a neodymium magnet as described by Strehlau et al.51 and characterized by 126 

the same analyses. A summary of the relevant chemical and physical properties of all materials is 127 

provided in Table S1. Additional characterizations of hematite50 and magnetite51 are reported 128 

elsewhere. 129 

In situ chemical reduction. For batch experiments receiving ISCR treatment, Fe-bearing 130 

materials were suspended in a solution of K2CO3/S2O4
2- (2:1 mol/mol) and rotated for 24 h, at 131 
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which point the suspension was separated via centrifugation and the supernatant discarded. The 132 

dithionite concentrations were selected so that enough dithionite was added to theoretically reduce 133 

one-tenth of the total Fe present (i.e., 1 mol S2O4
2-:20 mol FeT; see eq 1).  The K2CO3/S2O4

2- ratio 134 

was chosen to buffer the 4 moles of H+ released per 1 mole of dithionite consumed during iron 135 

reduction (eq 1).  136 

S2O4
2-+2Fe3++2H2O →  2Fe2++2SO3

2-+4H+ (1) 137 

The treated materials were then washed three times with carbonate buffer (10 mM, pH 7) by 138 

centrifugation to remove excess dithionite and its reaction products (e.g., sulfate, sulfite, 139 

thiosulfate),11 suspended in carbonate buffer, and immediately used for DNAN reduction 140 

experiments in batch reactors. The Fe(II) content of each reduced material after ISCR was 141 

determined by acid dissolution as described above. 142 

For column experiments, the materials were conditioned before adding dithionite by passing 143 

carbonate buffer (10 mM, pH 7.0) upwards through the column at 0.5 mL/min for 5 pore volumes. 144 

An aqueous solution of 1.25 mM sodium dithionite and 2.50 mM K2CO3 (pH 8–9) was then fed 145 

upward to the column at 0.25 mL/min for ~18–20 h. The low flow rate and long run (~30 pore 146 

volumes) time were used to allow enough time for the reaction to occur. Columns were flushed 147 

with ~10 pore volumes of carbonate buffer to remove unreacted dithionite and any oxidized sulfur 148 

species. The exact amounts of pore volumes were chosen so that the same total amount of 149 

dithionite:Fe was introduced to each system (see eq 1). The total amount of iron in each column 150 

was in 20-fold excess to the dithionite added (i.e., 1 mol S2O4
2-:20 mol FeT) to target a reduction 151 

of one-tenth of FeT. Anoxic dithionite-buffer solutions were prepared fresh before each experiment 152 

to avoid loss of dithionite by aqueous disproportion; the rate of dithionite loss by aqueous 153 

disproportionation, however, has shown to be slower than Fe(III) reduction by dithionite.19  154 
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Batch experiments. Batch reactors were prepared in 35 mL borosilicate serum bottles according 155 

to previously described procedures.40 First, a suspension of an untreated or dithionite-reduced Fe-156 

bearing mineral in 10 mM carbonate buffer (pH 7.0) was added to each reactor. Solid loadings 157 

were varied from 1.0 g/L (hematite) to 143 g/L (TCAAP) such that DNAN transformation occurred 158 

in a similar time period. Aqueous Fe(II) was added to a concentration of 1 mM in reactors 159 

containing untreated materials. The dithionite-reduced materials did not receive amendments of 160 

Fe(II). Reactors were equilibrated for 21–24 h on an end-over-end rotator (Glas-col) at 40 rpm at 161 

which point the pH and aqueous Fe(II) concentration (via the Ferrozine assay;54 Section S3) were 162 

measured. If necessary, the pH was adjusted back to 7.0 with 1 M HCl or 1 M NaOH and the 163 

aqueous Fe(II) content was restored to 1 mM in the reactors to which Fe(II) was added. Reactions 164 

were initiated by spiking DNAN from a methanolic stock solution to an initial concentration of 165 

200 μM. Reactors were placed on the rotator (40 rpm) and sacrificed at appropriate time points for 166 

concentration and stable isotope analyses. The pH (all reactors) and Fe(II) concentrations (Fe(II) 167 

amended reactors only) were closely monitored during reactions and maintained at 7.0 and 1 mM, 168 

respectively. Reactions were quenched by filtration through a 0.2 µm nylon syringe filter (Chrom 169 

Tech) and stabilized with 1 M HCl (trace metals grade, MilliporeSigma) to pH<4 to prevent iron 170 

precipitation; DNAN did not react with aqueous Fe(II) under these conditions (data not shown). A 171 

portion (~1 mL) of each sample was analyzed for DNAN and intermediate/product concentrations 172 

by high pressure liquid chromatography (HPLC; method in SI) and the remaining sample (~18 173 

mL) was stored at 4 °C for CSIA of DNAN.  174 

The quantity of reduction equivalents transferred to DNAN from each reduced material was 175 

calculated with the assumption that 6 moles of electrons are required to reduce one nitro-moiety 176 

to the corresponding amine (see Scheme S1). The reduced products typically generated during 177 
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abiotic DNAN reduction are 2-amino-4-nitroanisole (2-ANAN), 4-amino-2-nitroanisole (4-178 

ANAN), and 2,4-diaminoanisole (DAAN). Thus, 6 and 12 electrons are required for each mole of 179 

2/4-ANAN and DAAN formed during DNAN reduction, respectively (Section S4 and eq S1).  180 

Reactions in sediment columns. Borosilicate glass columns (Kimble FLEX-COLUMNS®; 2.5 181 

cm I.D., 10 cm length) were packed with each natural material to uniform bulk (ρb = 1.66 ± 0.04 182 

g/cm3) and particle densities (ρp = 2.68 ± 0.05 g/cm3). The mean porosity of sediment columns 183 

was 0.44 ± 0.05 (see Table S2). A flow adapter (Kimble) with fluorinated ethylene propylene 184 

(FEP) tubing was secured to the column inlet to prevent sediment migration and facilitate accurate 185 

bed height calculations. A polypropylene end cap was fixed at the column outlet. All feed solutions 186 

were amended with 10 mM NaCl to prevent the precipitation of insoluble species which may cause 187 

changes to flow characteristics. Pore volume and porosity were determined by saturating with 10 188 

mM NaCl and a step input conservative tracer (100 mM NaBr) was used to characterize column 189 

flow and estimate the dispersion coefficient (Table S2; fitting details in SI). Bromide 190 

concentrations at the column outlet were measured with a conductivity probe (Oakton). Dispersion 191 

coefficients prior to experiments were 2.38 ± 0.24 and 2.53 ± 0.12 cm2 s-1 for TCAAP and Tinker 192 

AFB columns, respectively, at a flow rate of 0.5 mL/min. All column materials were then reduced 193 

by sodium dithionite before experiments using DNAN.  194 

Columns were equilibrated prior to DNAN reduction experiments by upward flow (0.5 mL/min) 195 

with 10 mM, pH 7.0 carbonate buffer including 10 mM NaCl for 5 pore volumes. Reactions were 196 

initiated by adding DNAN (200 μM) to the feed solution and collecting effluent samples with an 197 

automated fraction collector (Bio-Rad Laboratories Inc). Experiments were terminated once the 198 

effluent concentration was equal to that of the feed solution. Columns were then flushed with 199 

carbonate buffer for several pore volumes to remove residual DNAN and any reaction products. 200 
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The column materials were then reduced again by sodium dithionite according to the method 201 

described above before further experiments using DNAN. The total number of reduction 202 

equivalents transferred to DNAN were calculated by integrating the concentrations of 2/4-ANAN 203 

and DAAN measured in the effluent (eq S2). 204 

Compound specific isotope analysis. 13C/12C and 15N/14N isotope ratios of DNAN were 205 

measured following previously established procedures for gas chromatography / isotope ratio mass 206 

spectrometry (GC/IRMS) and solid phase micro extraction (SPME arrow) and are detailed in the 207 

Supporting Information.40,56–59 Isotope signatures were calculated from isotope ratios according to 208 

eq S4 relative to Vienna PeeDee Belemnite (δ13CVPDB) and air (δ15Nair) reference standards.60 209 

Carbon and nitrogen isotope enrichment factors (εC, εN) were calculated by non-linear regression 210 

of C and N isotope signatures (δ13C, δ15N) vs the fraction of remaining substrate (c/c0) as shown 211 

in eq 2.59 212 

δhE+1
δhE0+1

=  � c
c0
�
εE

(2)213 

where δhE0 is the initial isotope ratios of DNAN (δ13C0 = -37.4 ± 0.1‰, δ15N0 = -2.4 ± 0.1‰) as 214 

evaluated by elemental analysis (EA)/IRMS. Apparent kinetic isotope effects (13C-AKIE, 15N-215 

AKIE) were determined from eq 3 based on the methods outlined by Elsner et al.61  216 

Eh -AKIE= 
1

1+n*εE
     (3) 217 

where n is a correction for isotopic dilution (n = 2 for primary 15N-AKIEs and n = 1 for secondary 218 

13C-AKIEs). A linear regression of N and C isotope signatures was used to evaluate two-219 

dimensional isotope fractionation trends. The slope of this regression (ΛN/C) was calculated using 220 

both a simple linear regression model and the York method described by Ojeda et al.62 and is 221 

approximately equal to the ratio of the bulk isotope enrichment factors (εN/εC). Because values of 222 

Page 10 of 40

ACS Paragon Plus Environment

Environmental Science & Technology



 11 

ΛN/C from our previous work40 were calculated by simple linear regression, in this report the result 223 

of the York method is provided as an additional reference. 224 

To estimate the extent of DNAN transformation (F) during column experiments, measurements 225 

of δ15N at the breakthrough front were applied to a modified form of the Rayleigh fractionation 226 

equation (eq 4)27 using an εN that was calculated based on the results of multiple datasets. This 227 

combined εN value (εN
*) was obtained by plotting all δ15N measurements (n = 122) from batch 228 

experiments of DNAN reduction in this study and in Berens et al. 40 and performing a non-linear 229 

regression of the combined data according to eq 2. The extent of DNAN reduction was calculated 230 

with eq 4 from the deviation of measured δ15N values from δ15N0. using the combined εN
*
 value. 231 

Note that eq 4 is the result of a reorganization of eq 2 to account for εN
*. We evaluated the accuracy 232 

of our estimates by performing a linear regression of the predicted vs measured values of c/c0 and 233 

calculating the mean absolute error (MAE) of the predictions (eq 5). 234 

𝐹𝐹 =  
c
c0

= �
δ15N + 1
δ15N0 + 1

�

1
εN

*�

 (4) 235 

MAE = 
∑ ��c c⁄ 0, measured�i

 - �c c⁄ 0, predicted�i
�n

i=1

n
(5) 236 

 237 

RESULTS AND DISCUSSION 238 

Kinetic studies in batch reactors. Reduction of DNAN occurred in all reactors receiving 239 

amendments of aqueous Fe(II) (Figure 1a, open symbols) or ISCR by sodium dithionite (Figure 240 

1a, closed symbols). DNAN reduction was not observed in reactors containing only untreated 241 

minerals or aqueous Fe(II) alone (Figure S2). This supports the current understanding that Fe(II)-242 

surface associations are required to mediate contaminant,2,63–67 and in particular DNAN,40 243 

reduction. The transformation products detected during DNAN reduction were 2-ANAN, 4-244 
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ANAN, and DAAN (Figure 1b). X-ray diffraction (XRD) patterns collected before and after ISCR 245 

showed no detectable changes in mineral composition following the treatments (Figure S1) which 246 

suggests that the primary effect of ISCR on the structures of hematite and magnetite was the 247 

generation of surface-associated Fe(II) from oxide-Fe(III).  248 

 249 

Figure 1. (a) Concentrations of DNAN during abiotic reduction by natural (TCAAP and Tinker 250 
AFB) and synthetic Fe-bearing (magnetite and hematite) materials. Experiments were performed 251 
with either untreated materials in the presence of 1 mM aqueous Fe(II) (open symbols) or with 252 
dithionite-reduced materials without additional Fe(II) (closed symbols). (b) Concentrations of 253 
DNAN, 2-ANAN, 4-ANAN, DAAN, and the cumulative number of electrons transferred during 254 
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DNAN reduction by reduced TCAAP (left) and Tinker AFB (right) materials. All error bars 255 
represent standard deviations of triplicate reactors. Note the difference in time scales. 256 

 257 

When aqueous Fe(II) was maintained (1 mM) throughout the batch experiments, all of the added 258 

DNAN was reduced to 2/4-ANAN or subsequently DAAN by each of the untreated minerals 259 

(Figure 1a, open symbols). In reactors receiving ISCR, only a portion of the DNAN was removed 260 

(Figure 1a, closed symbols), likely because of a limited supply of available electron equivalents 261 

(i.e., mineral-associated Fe(II)) generated during ISCR. To understand the extent of DNAN 262 

reduction in systems receiving ISCR, an electron balance was computed for each set of reactions 263 

(Figure 1b, dashed line). Accounting for the number of electrons transferred to DNAN as a 264 

function of the mineral-associated Fe(II) (i.e., mol e-/mol Fe(II)) allowed for an evaluation of the 265 

efficiency of ISCR to generate reactive Fe(II).  266 

Dithionite-reduced magnetite, TCAAP extract, and hematite promoted DNAN reduction with 267 

extents of electron transfer ranging from 0.359–0.603 mol e-/mol Fe(II) (Table 1). These results 268 

suggest that not all available iron (FeT) was reduced to reaction-accessible Fe(II)68 during ISCR. 269 

The washing of materials following dithionite treatments may have caused the release of Fe(II) 270 

that was not retained on mineral surfaces. It is also possible that potentially reducible oxide-Fe(III) 271 

was inaccessible to dithionite.69–72  272 

The lower standard reduction potential (EH
0) of hematite/Fe(II) (+0.793 V) versus 273 

magnetite/Fe(II) (+1.053 V)73 may further explain the difference in electron transfer between the 274 

two systems. The reactivity of Fe-bearing minerals for pollutant reduction increases with lower EH 275 

values as evidenced by hematite experiments. Moreover, magnetite stoichiometry (x = 276 

Fe(II)/Fe(III)) directly correlates with its intrinsic EH values74 and reactivity towards NAC 277 

reduction.75 The magnetite used in this study ranged from partially oxidized (x = 0.1, TCAAP 278 
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extract) to fully reduced, stoichiometric (x = 0.5, synthetic magnetite) materials. Low 279 

stoichiometry magnetite is a better oxidant and was thus more easily reduced by dithionite than 280 

the high stoichiometry magnetite (Table S1). These results emphasize the potential benefits of 281 

ISCR to magnetite-bearing soils and sediments in which partially oxidized magnetite is common 282 

and may be amenable to ISCR leading to more stoichiometric and thus reactive magnetite.76,77 283 

 284 

Table 1. Total iron (FeT) and Fe(II) content of materials after dithionite treatments, and the 285 
cumulative number electrons transferred during DNAN reduction experiments. 286 

system FeT Fe(II) total e- transferred mol e-/mol Fe(II)e 

 (μmol) (μmol)c (μmol)d,e  
batch     

TCAAP 3430a 170 393 ± 1 2.31 ± 0.01 
TCAAP extract 865a 432 232 ± 1 0.536 ± 0.003 

magnetite 903b 451 162 ± 0.3 0.359 ± 0.001 
Tinker AFB 2180a 79.1 370 ± 0.4 4.68 ± 0.01 

hematite 439b 219 132 ± 1 0.603 ± 0.006 
column     

TCAAP 25800a 1280 183 ± 30 0.143 ± 0.022 
Tinker AFB 17000a 616 109 ± 10 0.176 ± 0.020 

aDetermined by ICP-OES. bCalculated from structural formulas of pure minerals. cCalculated by acid dissolution 
and quantification by the ferrozine method.54 dCalculated using eqs S1–2. eUncertainties represent standard 
deviations of triplicate reactors. 

 287 

The number of reduction equivalents transferred to DNAN from dithionite-reduced TCAAP 288 

(2.31 ± 0.01 mol e-/mol Fe(II)) and Tinker AFB (4.68 ± 0.01 mol e-/mol Fe(II)) materials exceeded 289 

the initial amount of Fe(II) present after dithionite treatments (Table 1). Despite targeted dithionite 290 

dosages to reduce one-tenth of the FeT, the calculated reduction efficiencies (i.e., Fe(II)/FeT from 291 

data in Table 1) of TCAAP and Tinker AFB materials during ISCR were only 4.95% and 3.62%, 292 

respectively. The low reduction efficiencies suggest that other reducible moieties were present in 293 

the natural materials which were reduced by dithionite and subsequently provided reducing 294 

equivalents for DNAN reduction.78,79 For example, the reversible transfer of electrons in the 295 
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environment is often mediated by natural organic matter and humic substances, specifically those 296 

containing quinone moeities80–83
, and the TCAAP and Tinker materials contained 0.46% (w/w) 297 

and 0.88% (w/w) organic matter, respectively. The electron-carrying capacity of these species 298 

plays a key role in both the reduction of substituted nitrobenzenes84 and ferric iron.85 Another 299 

possibility is that acid digestion of the materials to determine Fe(II) was incomplete. This is 300 

especially likely in materials with high Si content, such as phyllosilicates, because the Fe(III) is 301 

easily reduced by dithionite but Fe(II) extraction requires a rigorous treatment with H2SO4 and 302 

HF.68,86,87 This fraction of Fe(II) is a known strong reductant of NACs.3,88 The prominence of SiO2 303 

(Figure S1) and low FeT content of TCAAP and Tinker AFB materials (Table S1) suggests that a 304 

large share of FeT was associated with silicates.   305 

Reactions in packed columns. To probe for the availability of reduction equivalents in flow-306 

through systems, DNAN (200 μM) was introduced to column reactors containing dithionite-307 

reduced TCAAP or Tinker AFB materials for five cycles of Fe(III) reduction by dithionite 308 

followed by DNAN exposure (Figure 2a-b). As shown in Figures 2c-d, ISCR in column reactors 309 

generated reaction-accessible electron equivalents in natural materials and promoted the reductive 310 

transformation of DNAN with a similar product distribution to the batch experiments (Figures 1c-311 

d, Figure S3). It should be noted that DAAN concentrations exceeded the input DNAN 312 

concentration (up to 150%) during the early stages of experiments. To assess this phenomenon, 313 

the cumulative amount of DAAN measured in the column effluent was compared to the total 314 

amount of DNAN introduced. We found that the amount of DAAN in the peaks did not exceed the 315 

total amount of DNAN introduced to the columns. This indicated that DAAN was either associated 316 

with or retained on mineral surfaces and was then displaced by another solute, namely DNAN or 317 
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2/4-ANAN. The initial rapid production of DAAN leading to high concentration may have driven 318 

this interaction, and as aqueous concentrations dropped, other components in  319 

 320 

 321 

Figure 2. Breakthrough curves for 200 μM DNAN in (a) TCAAP and (b) Tinker AFB packed 322 
columns before (squares) and after (circles) receiving ISCR. Triangles denote measurements of 323 
δ15N of DNAN in the effluent from treated columns. Error bars denote standard deviations from 324 
five sequential breakthrough experiments. Aqueous concentrations of DNAN (circles), 2-ANAN 325 
(squares), 4-ANAN (triangles), and DAAN (diamonds) during DNAN exposure to (c) TCAAP 326 
and (d) Tinker AFB columns. Dashed lines represent the cumulative number of reduction 327 
equivalents transferred to DNAN during experiments. The data provided in panels c and d are a 328 
representation of one of the reduction-reaction cycles shown in panels a and b, respectively. 329 
Individual cycles are shown in Figure S3. 330 

 331 

the solution displaced DAAN from the surface. Such competition and effluent concentrations 332 

exceeding influents have been observed for ion sorption on activated carbon.89 Another possible 333 

explanation is that a reaction intermediate (e.g., a hydroxylamine) is more strongly retained by the 334 

solid phase, as previously observed during the reduction of cyanonitrobenzene,90 and the excess 335 

DAAN observed occurs once this intermediate has been reduced and released. 336 
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Despite ISCR targets that were equivalent to batch experiments (i.e., 10% reduction of FeT), the 337 

extent of electron transfer to DNAN from the reduced materials was markedly lower in columns 338 

than in batch experiments (0.143 ± 0.022 and 0.176 ± 0.020 mol e-/mol Fe(II) for TCAAP and 339 

Tinker AFB columns, respectively; Table 1). This suggests that either (i) reactive Fe(II) was 340 

removed from the column, (ii) the transport of dithionite or DNAN to mineral surfaces was 341 

restricted by conditions within the column, or (iii) the extent of mineral reduction was affected by 342 

the rate of dithionite decomposition.  343 

Flow-through systems introduce the potential for newly generated Fe(II) or other reducible 344 

species to be removed from the column before association with mineral surfaces or pollutant 345 

reduction occurs. Monitoring aqueous Fe(II) in column effluents, however, negligible losses of 346 

Fe(II) from the column were observed during and after exposure to dithionite (Figure S4). Only 347 

1.6 and 5.3 μmol Fe(II) in TCAAP columns and 2.6 and 4.0 μmol Fe(II) in Tinker AFB columns 348 

were removed during the first and fifth exposures to dithionite, respectively, corresponding to 349 

0.06–0.20% (w/w) of FeT. This suggests that Fe(II) generated during ISCR was mostly retained 350 

within the column either because it was not released from the mineral surfaces or it was effectively 351 

adsorbed by or bound within the materials within the column. The presence of silicates may also 352 

indicate a portion of Fe(II) that is not readily removed from natural soils and sediments. The 353 

consistency of breakthrough curves during the five cycles of ISCR and DNAN exposure (Figures 354 

S3) indicates that the removal of reduction equivalents by column flow likely did not affect the 355 

potential for contaminant reduction.   356 

It is also possible that the transport of reducing equivalents or pollutants to mineral surfaces is 357 

restricted in confined systems composed of heterogenous media.91 Moreover, the iron content of 358 

natural sediments can be distributed throughout the bulk mineral as opposed to being concentrated 359 
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at singly-coordinated oxygen atoms on mineral surfaces, leaving Fe(III) inaccessible to dithionite. 360 

To account for these potential limitations, the columns in this study were packed to a uniform 361 

porosity (0.44 ± 0.05), bulk density (1.66 ± 0.04 g cm-3), and particle density (2.68 ± 0.05 g cm-3) 362 

to resemble typical subsurface conditions in sandy soils similar to the TCAAP and Tinker AFB 363 

(Table S2).69 The dispersion coefficients in TCAAP (2.37 ± 0.22 cm2 s-1) and Tinker AFB (2.53 ± 364 

12 cm-2 s-1) columns were also determined and indicated advection-dominated regimes with 365 

negligible effects from flow retardation.92 Column porosities and dispersion coefficients were 366 

remeasured following all experiments and were not appreciably different from the initial values 367 

(Table S2), indicating that ISCR did not affect the physical properties of columns or restrict 368 

material transport. 369 

Lastly, the decomposition of dithionite can unevenly distribute iron reduction by ISCR in 370 

columns. In batch reactors, the entire supply of dithionite was simultaneously exposed to all of the 371 

solid material in a well-mixed heterogenous suspension, whereas, in columns only the materials 372 

located immediately following the inlet were exposed to unreacted dithionite. Because dithionite 373 

undergoes rapid disproportionation in aqueous media, the combination of Fe(III) reduction and 374 

dithionite decomposition limits mineral reduction at locations away from the point of 375 

application.11,48 These differences explain the difference between the batch and column 376 

experiments and provide an explanation for the lower extent of DNAN reduction in the column.   377 

 378 

15N fractionation during DNAN reduction. DNAN reduction in batch reactors introduced 379 

strong 15N enrichment in the remaining contaminant with variations in magnitude comparable to 380 

those observed in earlier studies (Figure 3). 15N isotope enrichment factors, εN, ranged from -11.1 381 

± 4.3‰ to -21.5 ± 2.6‰ corresponding to 15N-AKIEs of 1.023 ± 0.009 to 1.045 ± 0.005 (eq. 3). 382 
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Because no bonds to C atoms are involved during the reactions leading to nitro-group reduction, 383 

C isotope fractionation was small and resulted in secondary 13C-AKIE values (1.0005 ± 0.0002). 384 

These results are typical for nitro-group reduction on NACs by Fe(II) species associated with 385 

minerals (i.e., large 15N-AKIE = 1.030–1.045 and 13C-AKIE close to unity).43–45,74 The variability 386 

of isotope effects is related to uncertainties associated with experimental and data evaluation 387 

procedures such as a different number of samples with variable extent of reactant conversion 388 

included in the regression analysis.59 We postulate these effects as the likely sources of variation 389 

in εN values reported for experiments with reduced sediments (Figure 3). In fact, our previous 390 

report of DNAN reduction by iron (oxyhydr)oxides revealed εN values between -9 ± 2‰ and -19 391 

± 1‰ corresponding to 15N-AKIEs of 1.018 ± 0.002 and 1.039 ± 0.001, respectively, as well as 392 

the small εC and 13C-AKIE values that are consistent with previous studies.40 The kinetics of 393 

electron and proton transfers preceding the isotope sensitive step of aromatic nitro-group reduction 394 

could also lead to variation of 15N-AKIE through partially masking of the isotopically sensitive 395 

bond cleavage reaction(s)45,74,93 and smaller 15N-AKIEs were found with increasing rates of NAC 396 

reduction.45 However, no such trends were observed in our studies with DNAN (Table S3) and 397 

further investigation of this phenomenon is beyond the scope of this work. 398 

The agreement in combined 15N- and 13C-AKIEs between this and other reports of abiotic NAC 399 

reduction43–45 suggests that DNAN reduction followed the same reaction mechanism (i.e., nitro-400 

group reduction) in the presence of Fe(II)-amended synthetic and natural materials and with the 401 

naturally collected materials after ISCR. Dual-element isotope analysis (δ15N vs δ13C) was used to 402 

support this interpretation by illustrating the distinction of our results from other known DNAN 403 

transformation pathways (Figure S5).57 For example, the correlation slope (ΛN/C) calculated from 404 

this study was 43.8 ± 28.6 (38.9 ± 4.3 calculated based on Ojeda et al.62) which is in clear contrast 405 
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with independent evidence from biodegradation (ΛN/C = 0.87 ± 0.15) and alkaline hydrolysis (ΛN/C 406 

= 0.46 ± 0.04) experiments.57 We previously reported a similar ΛN/C of 50.5 ± 23.2 during Fe(II)-407 

mediated DNAN reduction by synthetic iron (oxyhydr)oxides.40 408 

 409 

  410 

Figure 3. Nitrogen (δ15N) and carbon (δ13C) isotope signatures vs fraction of remaining substrate 411 
(c/c0) during DNAN reduction by iron-bearing minerals. Solid lines represent fits from nonlinear 412 
regression with shaded portions indicating the 95% confidence intervals. Dashed lines designate 413 
95% prediction intervals. N and C isotope enrichment factors (εN, εC) were determined from non-414 
linear regression of the data points for each mineral type. Data are shown for untreated materials 415 
in the presence of Fe(II) and dithionite-treated materials. 416 

 417 

Quantifying DNAN transformation from 15N enrichment in the residual contaminant. As 418 

shown in Figures 2a-b, δ15N values of DNAN at the breakthrough front (~5 pore volumes) were 419 

isotopically enriched in 15N corresponding to an increase of δ15N by 15–20‰. Measured values 420 

subsequently decreased and approached the value for unreacted DNAN (-2.4 ± 0.1‰) as the 421 

effluent concentrations approached the input level. This trend of δ15N is consistent with the elution 422 

of an increasing share of DNAN that has not been reduced by surface-associated Fe(II). While the 423 
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data provide evidence that ISCR promoted DNAN reduction, it should be noted that δ15N values 424 

were not fully restored to the input δ15N value (–1.9 ± 0.1‰ and -2.2 ± 0.1‰ in columns with 425 

TCAAP and Tinker AFB sediment, respectively) suggesting the retention and slow release of 426 

enough residual 15N-enriched DNAN from the mineral surfaces to influence the δ15N after the 427 

reaction capacity was exhausted or residual, low level transformation activity.94–96  428 

Based on the above reasoning for the variability of N isotope fractionation associated with NAC 429 

reduction, we aggregated all of our current data40 for isotope fractionation during Fe(II)-catalyzed 430 

DNAN reduction in batch experiments. The combined N isotope ratio measurements resulted in 431 

an averaged εN
* value of -14.9 ± 1.3‰, which is based on one of the most comprehensive data sets 432 

for the stable N isotope fractionation related to the transformation of a single nitroaromatic 433 

contaminant (Figure S6a). This value was used to establish a quantitative relationship of c/c0 vs 434 

Δ15N (Figure S6b) to estimate the amount of DNAN degradation from δ15N measurements made 435 

during column experiments (Figure 2a-b). Values of εN calculated from TCAAP (-8.6 ± 1.8‰) and 436 

Tinker AFB (-7.2 ± 0.8‰) column experiments were lower than batch experiments which could 437 

indicate longitudinal mixing with unreacted DNAN in the feed solution. This interpretation agrees 438 

with systematic evaluations of the applicability of eq. 2 to assess contaminant transformation in 439 

groundwater plumes,97 where physical heterogeneity, geometry of the contaminant plume, and the 440 

extent of degradation can lead to an underestimation of isotope enrichment factors. 441 

Application of the higher average εN
* value of -14.9 ± 1.3‰ from batch experiments for the 442 

evaluation of the extent of DNAN reduction in the sediment columns from the Δ15N of DNAN 443 

leads to predicted values that differ from the actual extent of conversion (Figure 4). A linear 444 

regression of predicted versus measured quantities showed a correlation slope of 1.27 ± 0.18 (r2 = 445 

0.96). By not forcing the regression through zero, predicted values overestimate the extent of 446 
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conversion at high c/c0 and underestimate conversion at low c/c0. While the mean absolute error 447 

(MAE) is 0.091 ± 0.063 in c/c0, the inset in Figure 4 reveals that the relative error is greater at 448 

larger conversions and illustrates that in our laboratory model system, the accuracy of the 449 

assessment of the extent of degradation decreases with increasing turnover of the contaminant. 450 

That said, underprediction of the extent of conversion at low c/c0 provides a margin of safety.  451 

 452 

 453 

Figure 4. Predicted versus measured values of DNAN transformation by chemically reduced 454 
TCAAP and Tinker AFB materials in column reactors. Predictions were made according to eq 2 455 
using an εN

* value of -14.9‰. The solid line indicates the calculated fit by linear regression. Shaded 456 
portions indicate 95% confidence intervals of linear regressions and dashed lines represent the 457 
95% prediction intervals. The inset shows the prediction error of each estimate. 458 

 459 

While a number of additional factors pertinent to the hydrology of the contaminated subsurface 460 

will contribute to the successful application of CSIA,98 Figure 4 illustrates that under the 461 

assumption that the same reaction is occurring, there is a basis for using the N isotope fractionation 462 

of DNAN measured during laboratory experiments as a proxy of transformation in the field. To 463 

confirm the specificity of our model to N isotope fractionation associated with DNAN reduction, 464 
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we also measured the accompanying δ13C values of DNAN to the δ15N data shown in Figure 2a-465 

b. The observed minimal C isotope fractionation of DNAN at the breakthrough front (Δ13C < ~3‰; 466 

data in Figure S7) is in agreement with the postulated reduction reaction. Because this C isotope 467 

fractionation was not observable after 6-7 pore volumes where N isotope fractionation continued, 468 

we also consider it unlikely that another reaction such as concurrent (bio)degradation processes 469 

contributed to our observations where C isotope fractionation would be more substantial based on 470 

the reported εC of –3‰ vs. –0.3‰ shown in Figure 3.57 The distribution of δ13C against δ15N from 471 

column experiments also reflected the batch systems (Figures 3 and S5) and supports that, in both 472 

cases, abiotic reduction was the primary reactive pathway. While we cannot exclude small 473 

contributions of sorption processes to the observed DNAN isotope fractionation in dithionite 474 

treated columns, data with untreated sediment (Figure S2) suggest that this process is of minor 475 

importance. 476 

 477 

Environmental significance. Our study investigated laboratory conditions and future work 478 

should address direct applications of CSIA to contaminated field sites receiving ISCR. In addition, 479 

to assess the efficiency of sediment reduction with external electron donors such as dithionite, 480 

these analyses will have to include critical phenomena which we were not able to evaluate in a 481 

laboratory model system. Several studies have shown that mass transport related processes 482 

including diffusive isotope fractionation, hydrodynamic dispersion, multiple contaminant sources, 483 

and the quality of stable isotope ratio measurements can lead to both over- and underestimations 484 

of the extent of contaminant degradation.98–101 For ISCR, the understanding of the local 485 

hydrogeology will be necessary to accurately estimate the extent of contaminant (bio)degradation 486 

with CSIA. 487 
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As remediation strategies are implemented, the adaptation of CSIA for pollutant monitoring in 488 

treated soil, sediment, and groundwater is critical for its successful integration into protocols for 489 

monitored natural attenuation and active remediation. To an extent, this has been accomplished 490 

for the assessment of biodegradation of nitroaromatic explosives in soil.28 In this work, we reported 491 

CSIA as a robust technique to quantify abiotic DNAN reduction in systems receiving repeated 492 

dithionite treatments, but future work should include a survey of other in situ abiotic remediation 493 

strategies (e.g., calcium polysulfides,13 sodium persulfate102). The observation that isotope 494 

fractionation is unaffected by natural subsurface materials and ISCR can be leveraged to generate 495 

accurate estimates of contaminant removal strengthen our findings. Moreover, it provides strong 496 

support for the compulsory lines of evidence set by the US Environmental Protection Agency for 497 

evaluating the progress of natural attenuation.27 Considering DNAN as a surrogate for other NACs 498 

allows for this approach to be applied to a wide range of environmental pollutants. 499 
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