Naval Research Laboratory

Washington, DC 20375-5320

NRL/6180/MR--2021/1

Stable Carbon Isotopes for Tracing in Situ RDX
Remediation

TaOMAS J BOYD

Naval Technology Center for Safety and Survivability Branch
Chemistry Division

RicHARD H. CUENCA

Yutaka HAGIMOTO

HEI Inc.
Wooster, OH

MANDY M. MICHALSEN

USACE
Washington, DC

CRrAIG ToBIAS

University of Connecticut
Storrs, CT

JovaN Porovic

EXwWC
Port Hueneme, CA

February 2, 2021

DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.




This page intentionally left blank.



STABLE CARBON ISOTOPES FOR TRACING IN SITU RDX REMEDIATION (537)

| . Mavval Facilities Engineering Command

30 June 2020

Navy Environmental Sustainability Development to Integration Program

Sy, N
ANagiLTY O%

STABLE CARBON ISOTOPES FOR TRACING IN SITU
RDX REMEDIATION

NESDI project number 537

Pl: Thomas J Boyd, US NRL
Co-Pls: Richard H. Cuenca & Yutaka Hagimoto, HEI Inc

In collaboration with:
Mandy M. Michalsen, USACE

Craig Tobias, University of Connecticut
Jovan Popovic, EXWC

NESDI PROJECT FINAL REPORT

Distribution A: Approved for public release; Distribution unlimited



This page intentionally left blank.



REPORT DOCUMENTATION PAGE o ApDroYe

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway,
Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of
information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
02-02-2021 NRL Memorandum Report 10/01/2017-09/30/2020
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
N0002519WR06115
Stable Carbon Isotopes for Tracing in Situ RDX Remediation 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

Thomas J Boyd, Richard H. Cuenca*, Yutaka Hagimoto*, Mandy M. Michalsen**, 5e. TASK NUMBER
Craig Tobias***, and Jovan Popovic+

5f. WORK UNIT NUMBER
5557

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Naval Research Laboratory
4555 Overlook Avenue, SW NRL/6180/MR--2021/1
Washington, DC 20375-5320

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR / MONITOR’S ACRONYM(S)
NESDI NESDI
NFEC, Ste 1000
1322 Patterson Ave., SE 11. SPONSOR / MONITOR’S REPORT
Washington, DC 20374-5065 NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

*HEI Inc., 443 W Liberty St, Wooster, OH 44691; **USACE, 441 G Street N.W., Washington, DC 20314-1000; ***University of
Connecticut, Storrs, Connecticut 06269; +EXWC, 1100 23rd Ave, Port Hueneme, CA 93043

14. ABSTRACT

This report summarizes NESDI Project 537 activities to track in situ RDX biodegradation by adding small quantities of *C-labeled RDX to
the environment using groundwater push-pull tests and analyzing groundwater respiration products (CO: and CHa) over time. *C-enrichment
in COz and CHa was observed at two RDX-contaminated field sites at the Naval Base Kitsap-Bangor in Washington. The '*C-enrichment was
modeled and rate constants for RDX degradation were calculated. The technique was validated relative to RDX extinction models previously
approved by federal and state regulators. A cost analysis for this technology relative to “standard” methods is included.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES Thomas Boyd
a. REPORT b. ABSTRAF:T c. THIS PA(?E Unclassified 56 19b. TELEPHONE NUMBER (include area
Unclassified Unclassified Unclassified Unlimited code)
Unlimited Unlimited Unlimited (202) 404-6424

Standard Form 298 (Rev. 8-98)
i Prescribed by ANSI Std. Z39.18




This page intentionally left blank.

ii



STABLE CARBON ISOTOPES FOR TRACING IN SITU RDX REMEDIATION (537)

30 June 2020

TABLE OF CONTENTS
SIGNATURE PAGE ...ttt i
TABLE OF CONTENTS........ccoitiiiicee ettt ii
FIGURES. ...ttt iii
TABLES ...t iii
EXECUTIVE SUMMARY .....ooiiiiiiiiiiiicceiec ettt iv
ACKNOWLEDGEMENTS ........ccooiiiiiiiicctcste et iv
1. INTRODUCTION .....ccooiiiiiiiiiiiineiecteete ettt 1
1.1 BACKGROUND ..o 1
1.2 REGULATORY DRIVERS .......ccooiiiiiiiiiiiiiicceeceeee e 1
1.3 OBJECTIVE OF THE PROJECT ........ccioiiiiiiiiiiiiciieciieieeteteeeee e 2
2. TECHNOLOGY DESCRIPTION .....cccooiiiiiiiiiiirciniiineteecesietie e 4
21 TECHNOLOGY OVERVIEW ......cccoiiiiiiiiiiiiiiieiicteeieeeteeee e 4
22  TECHNOLOGY DEVELOPMENT ......ccocooiiiiiiiieciineeeceneneeeeeee e eeeees 5
2.3 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY ....cc.ccceveereenirreenes 6
PERFORMANCE OBJECTIVES......ccooiiiiiiiiinetreetnetseet ettt sse e 8
FACILITY /SITE DESCRIPTION ......cciniiiriiiirieinieiiieietntetnieretnretseeseteaetese et ssenenes 10
41 FACILITY/SITE LOCATION AND OPERATIONS .....c.cocceceoimeimieiiiciniecnieiceeieenes 10
5. TEST DESIGN ..ottt sttt sttt et ee 14
51 CONCEPTUAL TEST DESIGN ......ccoceoimiiiiiniiinieinieieinietnieietnieitsieesteveteseesseseseenenennen 14
5.2  DESIGN AND LAYOUT OF THE TECHNOLOGY COMPONENTS..........ccccceeuennee 16
53  OPERATIONAL TESTING ......cceoiriiineiniiiiinicincenietetntetntevetnie sttt seeneenen 19
PERFORMANCE ASSESSMENT ......c.ooiiiiiiiiieinieiiieetntetneeietsretse ettt saesenes 20
7. COST ASSESSMENT ...ttt sttt sttt ettt ene 34
7.1 COST MODEL.....ccooiiriiiiiiiinieinieieinetsteet ettt ettt ettt 34
7.2 COST DRIVERS .....ocoioiiiiiiieieetnetreet ettt ettt 36
7.3  COST ANALYSIS AND COMPARISON ......ccooiimiiiiiniiinieinieieinetneeseereeeseeseeneseenene 37
8. CONCLUSIONS, RECOMMENDATIONS, AND IMPLEMENTATION ISSUES........... 40
9. REFERENUCES.......ccoot ettt sttt ettt 42
APPENDICES ..ottt ettt sttt ee 44
Appendix A: Points 0f CONEACE........ccooirereiiriniieneeteesce ettt 44

111



STABLE CARBON ISOTOPES FOR TRACING IN SITU RDX REMEDIATION (537)

30 June 2020
Appendix B. Spreadsheet data ............cccoccoiviiiiiiiiiiiiiie 45
Appendix C. Tier I SAPs (Site F and Site A) .......cccccoviiiiiiiiiniiiiiiiiciccinciecceeceeees 49

FIGURES

Figure 1. Schematic representation with 13C-RDX injected and labeled degradation products

collected dOWNGTradient ............ccciviiiiiiiiiiiiiiiicc s 4
Figure 2. Naval Base Kitsap-Bangor ..........ccccccoouiiviiiiniiiniiiiiiiiccicccceecececes 10
Figure 3. Site F well layout and RDX concentrations..............cccccueeeirieiniinincinccnccniiccnenne 11
Figure 4. Site A well layout and RDX concentrations..............cccccceioinniciiinnicciciiiccceenes 12
Figure 5. Recirculation pump mixing PPT injectate.............cccoeiiiiniiiiinniiiiiccccne 14
Figure 6. Adding 13C-, ’N-labeled RDX to PPT tank...........ccccocoiiiiiiiiiiniiiiiiccce 14
Figure 7. Short-term incubations with 1#C-RDX to determine growth efficiency.................... 15
Figure 8. DIC during Site F PPTS .........ccoccoiiiiiiiiiiiiciiceee s 21
Figure 9. DIC during Site A PPTS ........cccoccoiviiiiiiiiiiiciicceeeeee s 21
Figure 10. Site F DIC stable carbon isotopes during PPTs ...........cccccoeoiviiiiiiniinniiiccnine 22
Figure 11. Site A DIC stable carbon isotopes during PPTs ..........cccccoviiiinniiiiiniicine 22
Figure 12. Site A dilution-adjusted DIC iSOtOPES ..........ccocuiiiiiiriiiiiiriiicciccccces 23
Figure 13. Site F dilution-adjusted DIC iSOtOPES ..........cccccuiiiiiiiiiiiiiriiicciccccces 23
Figure 14. Site F methane concentrations during PPTs ...........ccccccocoiiniiiinniiiicccne 24
Figure 15. Site A methane concentrations during PPTs ..........cccccccccviiniiiniininiiccine 24
Figure 16. Site F dilution-corrected methane isotopes during PPTs..........ccccceeiniiiincinnnne. 25
Figure 17. Site A dilution-corrected methane isotopes during PPTs............cccccccoviiiiiiiinnnnn 25
Figure 18. PPT results Site F..........cccooiiiiiiiiiiiiiccce s 28
Figure 19. PPT results Site A.........ccccccooiiiiiiiiiicice s 30
Figure 20. Well headspace COx stable isotope ratio............ccccceuruiuiiininiiciinnicccicccene 32
Figure 21. Well headspace COx stable isotope ratio............ccccceruiiiiiniiiciinniiicccceee 32
TABLES

Table 1. Performance Measurement Basis ............cccccocoioiiiiiiiiiiiiiiiicccccccccee 8
Table 2. Site A PPT Parameters .........ccccveoirieirireninieiniecieictnteicneeet ettt seese e saevenes 17
Table 3. Site F PPT parameters ..ottt seese e senes 17
Table 4. RDX growth efficiency data and calculations (Site F)..........ccccoevieiiiininiinncnnne. 26
Table 5. RDX degradation rate models based on RDX loss at Site F ...........ccccocccvviiiiniinnne. 27
Table 6. RDX degradation rate models based on isotopic measurements (Site F) .................. 29
Table 7. Cost structure for the Project ... 34
Table 8. Cost structure for transitioned technology .............cccoiiiiiiniiiiinniiccce 36
Table 9. ROI calculation data for stable isotope technology ...........ccccoeciiniiiiiiniiicne 38

iv



STABLE CARBON ISOTOPES FOR TRACING IN SITU RDX REMEDIATION (537)
30 June 2020

EXECUTIVE SUMMARY

Described is a validation demonstration for using 13C-labeled substrates to determine in
situ contaminant biodegradation rates. 13C-labeled RDX was added instead of unlabeled
RDX in groundwater well push-pull tests (PPTs) for evaluation. Two sites at the Naval
Base Kitsap-Bangor were used for the demonstration. At each site, 6 PPTs were chosen
based on previous bio-augmentation (with known RDX-degrading bacteria) and bio-
stimulation (fructose addition). PPTs were conducted with ~500 gallons of natural
groundwater containing a conservative tracer (Cl- or Br) to calculate dilution, 13C-RDX,
and biostimulant (fructose) at selected wells. Post-push, subsamples were taken over ~1
month and analyzed for RDX, RDX biodegrdation daughter products (MNX, DNX, TNX),
conservative tracers, and relevant C pools (CO2, CHs, 83CO, 813CHa4). Respiration (CO2
and CHi) and isotopic enrichment (calculated from &3CO; and 6'3CH4) along with
laboratory estimates of RDX growth efficiency were used to calculate in situ RDX
degradation rate. Calculated rates were similar (but lower) than rates calculated by
traditional PPT RDX extinction models. Differences were less than one order of magnitude
and followed the general trend. Biomass recycling may be one reason as at several wells,
13C enrichment in the CO; pool was observed for many months after the PPT conclusion.
As demonstrated (using regulator-accepted PPTs), the technology offers some potential
cost savings. 13CO; and 13CHjy analyses are usually less than 10% of the cost for RDX and
daughter products. ROI for the technology is ~5% for the Navy alone, but ~20% DoD-
wide given modest adoption. Smaller scale deployments using less materials and long-
term CO; in-well trapping offer very inexpensive options for using stable isotope
technologies to definitively confirm biological contaminant degradation and estimate in
situ degradation rates
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1. INTRODUCTION

1.1 BACKGROUND

Munitions explosives contamination plagues DoD facilities, costing considerable
resources in time and money for assessment, cleanup, monitoring and site closure.
Acceptable limits are low for these contaminants and their daughter products, making
accurate degradation rate measurements critical for environmental site managers. If
provided realistic degradation rates over proper spatial and temporal scales, site
managers could confidently implement remediation strategies such as monitored natural
attenuation (MNA) that would result in significant savings for the DoD. Most assessment
methods for rate estimation are derived from indirect measures, therefore requiring an
expensive multi-line, evidence approach with limited forecast capability. Methods that
can discern the actual contaminant remediation, targeting the actual carbon backbone, for
instance, would provide far more accurate and scientifically-defensible attenuation
measures. As degradation rates may be low, it is critically important to regulators that the
degradation pathway for explosive contaminants be tracked and validated in order to
determine the effectiveness of a particular remediation method. More particularly, this
means monitoring both the mineralization and incorporation of munitions by biomass at
a contaminated site, as opposed to simply monitoring the loss of the parent molecule
within a given plume.

1.2 REGULATORY DRIVERS

EPA has established groundwater concentration levels for RDX at 2 ug L1 (lifetime). In
soils, 6.1 mg kg has been set as the screening level (3). For the purposes of this grant, an
EPA National Priorities List (NPL) site was chosen - NAVBASE Kitsap, Bangor. Two sites
(Site F and Site A) were chosen as test sites. Site F housed a wastewater lagoon servicing
ordnance demilitarization. The lagoon was occasionally drained and residuals “burned
off” or hauled to Site A (the other site) for incineration. During high flows, the lagoon
could overflow spilling contaminated water into adjacent regions via drainage ditches.
The resultant contamination leaves a groundwater plume exceeding 0.8 pug L, the state
regulatory level for RDX, extending ~700 X 250 meters. As stated, Site A also contained an
ordnance demilitarization disposal lagoon where munitions burns were conducted in the
60’s and 70’s. Upon investigation, a groundwater plume exceeding state RDX compliance
levels (0.8 pg L1) was found. The groundwater plume extends less than ~100 X 100 m and
concentrations peak at as much as 140 pg L. At both sites, treatment plants have been
installed to remove RDX (and TNT) by sorption through a series of extraction wells
(returning processed groundwater down-gradient). Costs for treatment plants approach
$1M per year with very low recoveries. Innovative remediation solutions such as

Manuscript approved January 25, 2021. 1
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bioaugmentation (adding known RDX-degrading microbial strains or consortia) or
biostimulation (adding readily-degraded carbon to stimulate RDX degradation) are of
interest because pump and treat has proven minimally effective over the long term (20+
years with concentrations still well above action levels). A consistent question posed by
federal (EPA) and state (WA Ecology) regulators is what impact do innovative
technologies have on the in situ RDX degradation rate. The regulators and RPM have
agreed that definitive evidence (e.g. conversion of RDX to mineralization products) is
needed to confirm remediation efficacy. Isotopes provide a definitive means to track
contaminants to ultimate fate (respiration to harmless end products).

1.3 OBJECTIVE OF THE PROJECT

This project’s objective was to validate using stable isotope-labeled contaminant tracers to
track on-site degradation accurately and succinctly under challenging in situ conditions.
13C-labeled RDX was used to assess degradation because one can straightforwardly track
the label into various degradation pools (respiration products - CO2 and CHi) and
optimally into cellular material (proteins) under both aerobic and anaerobic site
conditions. Added RDX contains ~100K enrichment in 13C relative to background RDX
which allows accurate measurement of the label into these degradation pools. Measuring
13C enrichment over space and time after injection (by subsampling a groundwater well
network multiple times over the course of the project) and incorporating these data into a
site-specific groundwater model allows an accurate estimate for site biodegradation.
These estimates are more robust than using multiple indirect lines of evidence as they
contain actual in situ RDX turnover information and provide RPMs and regulators a
realistic picture of degradation kinetics. Removing considerable uncertainty from site
conceptual models will allow the Navy and DoD to more carefully and reasonably
implement cleanup and monitoring goals.

Because stable carbon isotope labeling is non-radioactive, obtaining permits for chemical
release will be far less complicated and is currently permitted at the proposed site(s).
Modern natural abundance isotope ratio mass spectrometers (IRMS) are designed to work
at per mil (1 in 1,000) resolution, and, therefore, are sensitive enough to detect shifts in the
RDX stable isotope ratios with relative ease. As RDX is moderately soluble in
groundwater, the label will spread out over a defined region in a relatively short period
of time. This approach allows push-pull or downgradient monitoring for the RDX signal
in various degradation pools (respiration, 13CO. evolution, and incorporation into
biomass) to accurately assess engineered and subsequent MNA.

The benefit of tracking the contaminant carbon backbone in impacted environments has
been well documented in the literature in our laboratory with natural abundance 4C (4-
9). Compound-specific 13C labeling would offer similar benefits because the tracer could
be added to the existing contaminant pool (much like depleted #*C defines industrial
chemical contaminants made from petroleum feedstocks), in addition to allowing for very

2
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specific tracking of 13C that can be linked directly to the injection point for 3C-labeled
RDX. COz (the final respiration product from RDX degradation) is a very small component
of ambient air (~0.04%) and if converted to CHs under anaerobic conditions, the 13C label
will be even more easily detected (CHs is a trace gas in ambient air). The carbon in RDX
can also be incorporated into cellular biomass by growing bacteria. This process is
relatively easy to assess by precipitating microbial proteins which can then be assayed by
combustion-isotope ratio mass spectrometry. Using these tools, we can determine how
much RDX is respired (COy), reprocessed (CH4) and incorporated (protein), the sum of
which can be used to determine the total degradation - under either aerobic or anaerobic
conditions.
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2. TECHNOLOGY DESCRIPTION

2.1 TECHNOLOGY OVERVIEW

This project relies on tracking contaminant fate and transport (into final degradation
products or bacterial biomass) by stable isotope analysis. Carbon-based contaminants, like
RDX, can be synthesized to contain 3C within their carbon backbone. The abundance of
13C naturally is ~1% in nature, so a labeled substrate is easily measured by instrumentation
designed to measure natural abundance (thousands of time lower). 13C-labeled RDX can
thus be added at a very small amount to a field site and it's fate tracked over time or
distance from the injection point. The main interest in this project is to assay RDX
degradation products (CO2, CHs, and microbial biomass) either in association with a
push-pull test or a point source release, with subsequent downgradient sampling. The
prime advantage of this methodology relative to other measures is that it directly targets
the carbon backbone in the contaminant itself. The measurement is direct - rather than a
series of indirect lines of evidence measurement scheme. Guidance documents (c.f. Natural
Attenuation of Fuel Hydrocarbons Performance and Cost Results from Multiple Air Force
Demonstration Sites and Natural Attenuation of Chlorinated Solvents Performance and Cost
Results from Multiple Air Force Demonstration Sites) offer ~70 different measurements which
can be used as lines of evidence. However, none are capable of determining the con-
taminant fate by actually tracking its conversion to harmless end-products. This has a two-

“co2

"C-RDX

“CH4

“C-microbial
protein

Figure 1. Schematic representation with 13C-RDX injected and labeled degradation products collected downgradient

fold advantage. First, detecting isotopically-enriched degradation products confirms deg-
radation is occurring on-site. Second, measuring these products over space and time
allows a mass balance model to be created thus providing actual turnover rates which can
be scaled to spatial or temporal attenuation estimates as suits the RPM.
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The technology is applicable wherever RDX (or other carbon-based contamination) exists:
ranges, weapons depots, etc. The method will allow RPMs to provide regulators with a
clear picture of site-specific contaminant fate and transport to support decision making.

2.2 TECHNOLOGY DEVELOPMENT

Stable isotope techniques have been used for years to track elemental cycling in biological
and geochemical systems (c.f. (10, 11). Isotope ratio mass spectrometry (IRMS) has
advanced over the years to allow measuring very small variations in natural isotopes -
usually around 1 in 1000 levels for 13C (or £1 %o). However, because natural isotopic ratios
are within a relatively narrow range band, it is difficult to reliably track contaminant
carbon within ecosystems. For instance, RDX from multiple manufacturers was shown to
have a carbon isotope range spanning 33 %o (/2). The reported range (-20 to -40 %ovrpB') is
roughly the same range in natural organic matter isotopic ratios, so trying to tease out a
respiration product (e.g. COz) from RDX relative to natural background organic matter is
highly problematic. By the same token, because 3C is naturally found in only trace
amounts (~1% of carbon on Earth), using 13C-labeled substrates allows increasing
analytical resolution for the labeled material ~100,000-fold. Tracking the label and its
products in natural environments thus becomes analytically feasible.

Using isotopically-labeled substrates allows adding a contaminant of concern (CoC) to the
environment at a concentration at or below that found on-site. This enables the analyst to
minimally “spike” the system (e.g. adding contaminant far in excess of existing
concentrations) so that the current degradation rate can be measured. Additionally,
because the labeled substrate is so highly enriched in 13C relative to 12C, any 13C found in
mineralization products (CO2, CHs4, biomass) can be directly ascribed to the added
substrate. Measuring 13C enrichment and product mass, one can calculate the original
substrate degraded. Measuring these properties over time and spatial scales allows
integrating contaminant degradation estimates over a particular site.

Delivering isotopically-labeled test substrates to the subsurface and determining their fate
may be problematic. At “mature” sites with existing monitoring well networks, a rigorous
means to track fate and transport is a push-pull test (PPT). While various field experiments
using variations of this technique are found in the literature, Istok et al (1997) refined the
technique for tracking contaminant utilization by co-injecting conservative tracers and
biologically-active components along with physical modeling and breakthrough analysis
(13). This development allows a researcher to inject a substrate of interest and track its
degradation using existing wells. The substrates are “pushed” into the well by pumping
well-mixed solutions to the screened interval. During the “pull” phase, subsamples are
taken from the monitoring well and assayed for analytes of interest (including potential

1Vienna Pee Dee Belemnite. This is a standard by which isotope values are typically presented against (it is set
at 0).

5



STABLE CARBON ISOTOPES FOR TRACING IN SITU RDX REMEDIATION (537)
30 June 2020

degradation products). Using these data, breakthrough curves for the conservative tracer,
reactant materials and any degradation products can be calculated. A mass balance for
these species can then be determined. By adding isotopically-labeled substrates,
contaminant loss can be measured by assessing enrichment during pull-phase sampling.

2.3 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY

The main advantage of this demonstration is the ability to inexplicably tie any isotopically-
enriched mineralization or degradation product to in situ contaminant degradation. No
other current method, aside from limited proteomics use (which has only had minimal
tield validation) and perhaps identifying transient biological intermediates, can directly
tie the contaminant carbon (or nitrogen) backbone to degraded product (CO,, CHs, Ny,
biomass). Currently, a multiple lines of evidence approach (~70 available) is used to
“infer” contaminant degradation in the field (14-16). While this increases confidence, in
many instances, regulators and stakeholders require more definitive evidence. This is the
case for the test sites used during this demonstration. As mentioned, transient increases
in metabolic intermediates may be detected when contaminants are degraded in situ,
however, these are, as stated, transient. Concentrations may be low, or below the limits of
detection and if not sampled intensely, their transient generation and utilization may be
missed analytically. An advantage to using isotopically-labeled substrates is the
accumulation of final degradation products (CO2, CHs, Nx, biomass). These components
are not transient and their concentration(s) accumulate in proportion to the starting
contaminant concentration and degradation rate(s).

Because labeled substrates have analytical abundance(s) 100-400 thousand times higher
than natural (unlabeled) substrates, they can be added at levels approaching background
(depending on the site-specific contamination levels). In this manner, one may be able to
assess the in situ degradation rate without artificially “spiking” the environment. For
instance, if a given site had 100 pg L-1 RDX, adding 1000 pg L-1 RDX might stimulate the
natural microbial community to degrade RDX at a higher rate than was actually occurring
(with 1.0 pg L't ambient RDX). Both 13C- and °N-labeled RDX can be added at less than
100 pg L1 and mineralization products can easily be detected using isotope ratio mass
spectrometry. Because the contaminant backbone is labeled, isotopic enrichment (e.g.
more 13C or N) in mineralization products or biomass collected from the site after
infusion with labeled substrate is definitive evidence that the contaminant has been
degraded in situ.

Of course, no method is free from disadvantages. Effective isotope-labeled release and
products recover and analysis may be limited by several factors. On prime enabler is
regulator and stakeholder buy-in and approval. Because small contaminant (labeled)
aliquots need to be released into the environment, regulatory approval may be difficult.
For the sites included in this study, labeled RDX was added at or below the ambient
concentration (see discussion above), so regulatory approval was not an issue. Another

6
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potential disadvantage for this technology could be rapid groundwater flow (e.g.
dilution). As RDX (the substrate for this demonstration) is relatively soluble, high-flow
systems might be responsible for diluting the initial label - or the mineralization products
produced during degradation to levels below the limits of detection. Labeled substrate(s)
may be prohibitively expensive depending on the deployment scale. For this
demonstration, push-pull tests were used requiring large volumes - and thus large
amounts of labeled RDX (10 grams). Cost was up to $28K for dual 3C-1>N-labeled RDX
(requiring a custom synthesis). At more modest scales (e.g. a single groundwater well or
small group of wells), commercially available single- (13C) and dual- (3C, 15N) labeled
RDX is modestly priced (~$550 for 1 mg;
https:/ /shop.isotope.com/advancedsearchresults.aspx?id=0&keyword2=RDX&searchT
ype=ALL%20Keywords&SearchSpecificField=0&SearchContent=0). Lastly, commercial
laboratories providing stable isotope analyses may be difficult to find having state
certification(s) if required by regulators. Many academic and commercial laboratories can
measure stable isotope ratios and costs are low (for instance, UC Davis charges $11 for
dissolved 13CO; analysis). While no certified laboratories may be available within a site’s
jurisdiction, state regulators are mandated to asses EPA acceptance for “newer”
methodologies and EPA has long advocated using stable isotope analyses for contaminant
assessment (17).
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3. PERFORMANCE OBIJECTIVES

Because this work is not a hardware development project or device, performance metrics
are more difficult to solidly identify. Within the overall scope, performance will be
assessed for each project phase, keeping in mind the need to procure, permit, release and
monitor the labeled substrate. Performance metrics were also established for the modeling
component (meta-analysis to scale both spatially and temporally). One difficulty is
defining "established criteria" as there are no current methods which can directly track the
contaminant carbon through degradation pathways to CO,, CH4 and cell protein. In this
respect, performance achieved will represent the "new" metric. Our performance goal is a
realistic estimate for RDX degradation on-site tailored to the needs of the RPMs,
regulators, and stakeholders.

Table 1. Performance Measurement Basis

Performance
Objective

Data Requirements

Success Criteria

QUANTITATIVE

Measure carbon
isotope ratios in DIC

CO: evolved from samples
spatially and / or temporally
before and after labeled RDX
injection

e Significant difference
between background §'3CO, and
post-injection §'*CO, of > 2 %o

Measure carbon
isotope ratios in CHy

CH, evolved from samples
spatially and / or temporally
before and after labeled RDX
injection

e Significant difference
between background &3CH4
and post-injection 53CHys of >
2 %o

Measure carbon
isotope ratios in
bacterial protein

Bacterial proteins evolved
from samples spatially and /
or temporally before and after
labeled RDX injection

e Significant difference
between background &3C-
protein and post-injection
813C-protein of > 2 %o

Groundwater model
to interpolate
between wells

(spatially)

Basic hydrogeological
parameters (already collected)
and verification (planned
under FFS)

e Simulation allowing
between well calculation(s)
for degradation rates

Overall degradation
rate model to satisfy
sponsor, RPM and
stakeholder
objectives

Data collected during the
project (including related
effort under NESDI funding)

e Refined estimates for in
situ RDX degradation

QUALITATIVE

Ease of preparation

Regulator acceptance,
permitting, labeled-substrate
procurement, time to inject
(from project start)

e Regulator sign-off,
permits completed if needed,
substrate procured at
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reasonable cost, injection
done in a timely fashion

Ease of deployment

Time, cost, effort associated
with introducing the labeled
tracer

e Cost, time and materials
for injection and / or push-
pull experiment

Ease of analysis

Instrumental requirements,
analytical difficulty,
commercial laboratory
capabilities, ancillary data

e Availability of
substrate(s) and commercial
analysis. FS, IR or other on-
site data collection for
hydrogeologic data.

Ease of transition

Feedback from sponsor(s),
RPM(s), regulators,
stakeholders, etc.

e Successful demonstration
at study site(s) and transition
to other site(s)
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4. FACILITY/SITE DESCRIPTION

4.1 FACILITY/SITE LOCATION AND OPERATIONS

Demonstrations were carried out at two separate sites at Naval Base Kitsap-Bangor in
Washington State. NAVBASE Kitsap-Bangor covers 7,201 acres on the Kitsap Peninsula
in Kitsap County, Washington —

near Hood Canal, |
approximately 10 miles north / SNy /t/ s
of Bremerton (Fig. 2). The Sy
[SteA

WASHINGTON

Kitsap County 2012
Comprehensive Land Use Plan
lists land immediately
surrounding NAVBASE
Kitsap, Bangor as rural
residence (one dwelling unit
per five acres). Land
immediately surrounding
NAVBASE Kitsap, Bangor is e cene
generally undeveloped or
supports limited residential
uses. Naval activities began at
NAVBASE Kitsap, Bangor in
June 1944, when the U.S. Naval Clssonpe e
Magazine, NAVBASE Kitsap,
Bangor was established. From
1944 to the early 1970s, the U.S.
Department of the Navy

NAVAL BASE
KITSAP, BANGOR

Stormwater
Diversion Structure

S ] / &
. : [ *‘/F%@ = [
N /
a2 ﬂ / /
Former Burn 3 =l / /
Area | ,/ {
| / /
i /
|

e Former Debns/ﬂ ounBaasre 1 S //.»

(Navy) facility at NAVBASE o Sk | [y
. . . Former Del V)
Kitsap, Bangor was primarily |o__ie 2w ez | i / /
R SCALE INFEET 1 ! [/ o / 2000  4000)

used as a trans-shipment and Inset P F ——

. Site A Features o J | 1
storage point for ordnance.
Ordnance arrived by train and Figure 2. Naval Base Kitsap-Bangor

was shipped to support U.S.
military efforts. In February 1977, NAVBASE Kitsap, Bangor was commissioned as the
west coast homeport for the Trident Submarine Launched Ballistic Missile System.

The first demonstration was conducted at Site F near the SE corner of the Base. Site F
served as a wastewater lagoon and overflow ditch between approximately 1960 and 1970
for wastewater disposal. Site F wastewater was generated during ordnance
demilitarization in an adjacent segregation facility building. Wastewater contained

10
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relatively high 24,6-trinitrotoluene (TNT) and RDX concentrations. Between
approximately 1957 and 1978, the segregation facility’s primary function was
demilitarization of ordnance items using steam cleaning and/or steam melt-out
procedures. Prior to 1972, wastewater from the demilitarization process was discharged
into an unlined wastewater lagoon and infiltrated through the lagoon bottom. During
periods of heavy discharge, wastewater overflowed the lagoon to a narrow ditch south of
the lagoon. Periodically, the wastewater lagoon was allowed to drain, and waste materials
at the surface of the lagoon were “burned off” in place or transported to Site A for burning
and disposal. Beginning in about 1972, the lagoon was taken out of service, wastewater
collected in barrels, and these barrels were disposed outside Site F's boundary. Multiple
groundwater monitoring wells (64) have been installed as well as extraction (10) and
infiltration (11) wells to support the site treatment system. Extraction, treatment and
reinfiltration have been ongoing since 1994 with only modest energetics recovery. RDX
remains above regulatory limits (0.8 pg L) over much of the site (Fig. 3).
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Figure 3. Site F well layout and RDX concentrations

Several remedial activities aside from the pump and treat facility have been implemented
at Site F. Both biostimulation with fructose and bioaugmentation with KTR9 ande strain
I-C (microbial consortia) were performed at select wells between 2015 and 2017 at Site F
(18, 19). Wells previously biostimulated (F-MW35, F-MW39) and bioaugmented (F-DWO03,

11
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F-MW?59 - downgradient) along with control wells (F-MW38, F-MW53) were used to test
the technology.

The second demonstration was conducted at Site A at the North end of the Base. Site A
was used by the Navy as an explosives ordnance disposal facility. It operated from 1962
to 1975. In February 1972, 500 cubic feet of soil were excavated from the top several feet of
the former lagoon at Site F and taken to Site A. Environmental investigations began at Site
A in the mid-1970s. The Navy investigated the Site A ordnance disposal facility and
bordering off-Base properties, which included portions of the community of Vinland to
the north. Explosives contamination was found in soil and groundwater samples leading
to installation of a groundwater Treatment Facility on the west side of Pintado Road in
1994. Leachate from a passive soil washing system was treated initially with extraction
wells installed for present treatment. RDX is above compliance levels over the entire leach
basin and in many monitoring wells down-gradient (Fig. 4). The treatment facility consists
of two, 20,000-pound granular activated carbon (GAC) units that treat ordnance-
contaminated groundwater recovered from the five extraction wells (A-EW4 through A
EWS8) and two other retrofitted monitoring wells (A-MW37 and A MW46). Three aquifers
have been identified on-site with RDX contamination found primarily in the shallow
aquifer (remains saturated during the year) and in a perched zone aquifer which may run
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Figure 4. Site A well layout and RDX concentrations
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dry seasonally. A deep aquifer is mostly devoid of RDX contamination. The aquifers are
delineated by aquitards which restrict vertical groundwater flow. The P&T system
extracts and treats water from the shallow aquifer.

As with Site F, Site A has had several remediation studies in attempts to biostimulate
natural microbial communities to increase RDX degradation. Within the shallow aquifer,
biostimulation was performed (fructose additions) at A-MW32 and A-MW62. Within the
perched zone, A-MW?22 and A-MW60R we also stimulated (fructose). Results from those
initial studies are under review and publication. These wells were used for the
demonstration along with two control wells (no previous stimulation), A-MW36 in the
perched zone and A-MW37 in the shallow aquifer.

13
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5. TEST DESIGN

5.1 CONCEPTUAL TEST DESIGN

Push pull tests (PPTs) and sampling events at each site went for around 1 month using six
wells. Long-term in-well COz traps were deployed 6 months before the PPTs at the test
and adjacent wells to capture nature 8'3CO; variation expected on-site. On site, 1,500
gallon tanks were filled to ~ 500 gal with pump and treat effluent from respective
treatment plants (Site F for Site F PPTs and Site A for Site A PPTs). The tank was amended
with 1BC-RDX (to ~600-700 pg L) synthesized by Dr. Steve Fallis, Naval Air Warfare
Center Weapons Division NAWCWD) - China
Lake, CA - and chloride (Site F) or bromide salt
(Site A) to a ~100 mg L final concentration
and well mixed using recirculating pumps
(Figs. 5-6). For biostimulated wells, fructose
was added (different concentrations - see
results) during the mixing. The amended well-
mixed groundwater was then injected as
rapidly as possible into PPT test wells. After
injection, pull samples were taken over the
. course of ~5 weeks and divided into analytical
subsamples: CO;,  microbial biomass?,
dissolved CHy,
and anion concentrations (CI!, Br') were measured by
NRL. These fractions were also assayed at NRL for 513C
ratios (or subcontract in the case of CHs4). Additionally,
collaborators (Dr. Mandy Michalsen, USACE and Dr. Craig
Tobias, UConn) performed additional measurements such
as RDX concentration, daughter product concentrations
(MNX, DNX, TNX), and o6'"®»N within mineralization
products (N2, N2O, NH4*, NO>2  and NOs).

Figqure 6. Adding 13C-, >N-labeled RDX to PPT tank

Time-based data were used to calculate in situ dilution by
groundwater. CI' or Br! concentrations were used as
conservative tracers and using retardation factors (20),
RDX dilution was calculated. To determine labeled-RDX
converted to mineralization products, stable isotope ratios
were measured at t0 (before PPTs) and converted to mole
fractions using standard conversions from delta notation
reported by measurement software (21). Excess label was

. Figure 5. Recirculation pp mixin
PPT injectate

2 Biomass was unable to be analyzed due to filtering difficulties. Biomass estimates are discussed in later
sections.

14
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then determined as the difference between the time-based measurements and the #, mole
fraction for the heavy isotope (1):
sC
(1000 +1)
sC
+ 9>
(1000 + 1)
where 513C is the value provided by instrument or commercial lab. 0.0111796 is the 13C to
12C ratio for Vienna Pee Dee Belemnite (VPDB - the de facto standard). Excess 13C
fraction is the mole fraction at tx minus the mole fraction immediately after push. Excess
fractions are multiplied by the ambient CO; or CHs to quantify the 13CO; and *CH4 in
the groundwater sample(s). CO2 and CHy is converted to RDX equivalents by
multiplication (3 moles CO2 or CHs per 1 mole RDX).

X0.0111796

(1) Mole fraction =

7

X0.0111796

Conversion from excess label to RDX degradation equivalents was accomplished by
multiplying the excess label and concentration for respective mineralization species, then
converting to moles RDX using molecular formula (carbon or nitrogen number) and mass.
For 13CO; calculations, known fractionation factors were used where appropriate: 1.0008
under aerobic conditions, and for F-DW03, which had extremely low dissolved oxygen
levels, 1.0044 (22). For 13CHyj calculations, an average literature fractionation factor of 1.05
was used (23, 24).

Filtering groundwater to obtain biomass for stable isotope analysis was not possible as
tilters clogged with <10 mL throughput. To account for RDX converted to biomass (in
addition to COz, CHs and nitrogen mineralization products, a separate groundwater
sampling was conducted after the Site F PPT (October 2018). Groundwater subsamples
were shipped refrigerated back to the lab and incubations with 14C-RDX (UL-4C - 1.126
mC1 mmol') were conducted at similar RDX concentrations (4.0 uM) used during the
PPTs in 10 mL test tubes with NaOH-soaked
filter paper traps suspended in the headspace.
A 5 mL groundwater sample was transferred to
| each tube pre-amended with “C-RDX.
| Groundwater from each well was represented
with two additional incubations for F-DW03
and F-MW35 amended with 1 and 25 mM
“wes fructose (final concentration), respectively (to
Figure 7. Short-term incubations with 1#C-RDX to simulate PPT COI‘IditiOIlS). Triplicate samples
determine growth effciency and triplicate kills (1 mL 2 N H2SO4 added at t0)

were created. After ~4 days incubation, live samples were killed with 1 mL 2 N H2504 and
allowed to sit overnight for liberated COxz to be trapped on suspended filter papers (25).
Filter papers were transferred to scintillation vials, amended with 5 mL scintillation
cocktail, counted using a liquid scintillation counter and DPM converted to pM RDX
mineralized d-1. To determine #C-RDX incorporated into cellular biomass (proteins and

— s e
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nucleic acids), 1 mL subsamples from the incubation tubes were transferred to 2 mL
conical centrifuge tubes and processed similarly to microbial production samples (26).
Briefly, each tube was amended with 50 pL 80% (w/v) trichloroacetic acid (TCA) and
processed by centrifugation (10,000 X g, 10 minutes) to produce a cellular material pellet.
The supernatant was aspirated and the pellets washed with 5% (w/v) TCA, re-
centrifuged, aspirated, and washed with 80% (v/v) ethanol. After a final centrifugation,
the supernatant was aspirated and each tube amended with 1 mL scintillation cocktail,
counted and DPM converted to uM RDX incorporated d-1. Growth efficiency (%) was
calculated as the 14C-RDX incorporated divided by the sum of the 1*C-RDX incorporated
and mineralized X 100%.

All processed time-based data were compiled into master sheets for final modeling. The
dilution factor (C/Co for conservative tracer Cl! or Br1) was calculated for each timepoint
and used to determine isotopic dilution (dilution of 13C-, 1>N-RDX with in situ RDX
without label). This value was very small as added 3C-, N-RDX had a higher
concentration than in situ “natural” RDX. When the conservative tracer dilution reached
70%, the PPT was considered to be complete. Assuming mineralization products (CO,
CHa4, N2, N2O, NHs*, NO2- and NOs-) behaved conservatively, they were dilution corrected
using conservative tracer C/Co. Mineralization product conversions to RDX equivalents
were summed and adjusted for efficiency (1*C-RDX incubations described above). These
were summed over the course of the PPT to determine total RDX degradation occurring
in situ. These measures were compared to 1st order degradation rate models using RDX

retardation factors, dilution, and transient degradation intermediates concentrations
calculated by USACE (18, 20).

5.2 DESIGN AND LAYOUT OF THE TECHNOLOGY COMPONENTS

As alluded to above in the previous section, no device was fabricated or tested. The most
useful presentation for this section is a tablature view describing the demonstrations at
both sites outlining dates, times, treatments, subsamples, and measurements collected.
Referring to specific analyses described in Section 5.1 provides detailed context. Appendix
B contains all data collected and further data presentation. Section 6 shows meta-analysis
and comparison(s) to validate the technology.

The PPT test at Site F began with logistical preparation in early April 2018. 1,500 gallon
tanks (e.g. Figs. 5-6) were transported and secured near wells of interest (Table 2). Ambient
RDX and anion (conservative tracer), dissolved oxygen (DO), RDX degradation
intermediate, and relevant stable isotope component concentrations were measured
before injection. Subsamples were taken using Grundfos pumps at time intervals after the
push injection (see Appendix B for spreadsheets containing exact times for each well). At
least twelve subsamples were taken from each well, immediately chilled on ice and
shipped to the appropriate laboratories for analyses (see list in Section 5.1).
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Preparation for the Stie A PPT began in March 2019. Tanks were moved into place adjacent
to test wells and logistical preparations for sample collection, short-term storage and
shipping were set in place. Ambient concentrations for all analytes were taken (t0) before

Table 3. Site F PPT parameters

Ambient lffi‘}?g_ - . Biostim
Well ID RDX RDX Im};z?eon Flnalgzglphng M
(uM) (M) fructose)
F-DWO03 0.0045 3.26 4/4/2018 5/7/2018 1
F-MW35 0.64 2.25 4/4/2018 5/7/2018 25
F-MW38 0.058 3.17 4/5/2018 5/7/2018 -0-
F-MW39 0.0045 2.90 4/4/2018 5/7/2018 -0-
F-MW53 0.018 3.61 4/5/2018 5/7/2018 -0-
F-MW59 0.0043 3.11 4/4/2018 5/7/2018 1

or while PPT tanks were mixing injectates. Injection conditions are compiled in Table 3.
Subsamples were taken using peristaltic pumps from perched zone wells (A-MW22, A-

Table 2. Site A PPT parameters

Ambient 1%(1_(1136 g_ o . Biostim
Well ID Kbx RDX Ing;?eon Sam;flli?lleate (mM
(LM) (M) fructose)
A-MW22 (PZ) 0.045 2.84 4/4/2019 5/30/2019 25
A-MW32 (SA) 0.0017 2.86 4/5/2019 5/30/2019 25
A-MW36 (PZ) 0.051 2.80 4/3/2019 5/15/2019 -0-
A-MW37 (SA) 0.14 2.97 4/4/2019 5/30/2019 -0-
A-MW60 (SA  0.45 3.22 4/5/2019 5/15/2019 25
A-MWe62 (PZ) 0.077 2.21 4/5/2019 5/15/2019 25

PZ - Perched zone; SA - Shallow aquifer

MW36, A-MW60) and by bladder pumps from shallow aquifer wells (A-MW32, A-MW-
60, A-MW37).
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Initial processing for subsamples consisted of the following field and analytical treatment:

e Br!or ClI'l: 0.7um filtered and stored and shipped cold. Holding time - one year.

e RDX and degradation products: 0.7 pm filtered into amber glass bottles, shipped on
ice in the dark. Holding time - 1 week.

e (COz: Unfiltered and preserved with 0.01 (v/v) CuSOs. Shipped on ice. Holding time -
one year.

e CHy: Transferred under water and sealed in serum bottle with suitable stopper.
Holding time - one year.

e The DIN analytes NH4*, 1°"NH4*, NOs-, I’NOs samples 0.7um filtered, shipped frozen,
with holding times of one year at -20 degrees C for all analytes.

e N20, N0, N2 and 15Nz samples unfiltered, pumped into He-flushed vials containing
KHSOy as a preservative, shipped and stored at room temperature in the dark, with
holding times of 4 months for all analytes.

e Microbial protein: Duplicate 25 mL samples amended with 1.5 mL 100% trichloroacetic
acid (TCA), frozen and shipped on ice. Holding time is indefinite kept frozen.

Samples were shipped in coolers, double wrapped in plastic with ample blue ice, sample
manifest and padding to the US Naval Research Lab, contract laboratories, or UConn
where they will be stored until analysis. Shipping was done via FedEx next day.

Sample Documentation

The project team members used field notebook(s) to record field and sampling activities
and significant events, observation, and measurements during field activities. The
following general information was compiled in each daily log:

e Name, date, time entry

e Description of field activities and any problems encountered

o Field equipment calibration and maintenance

e Sample collection details including the number of samples, date and time, sampler and
sample collection methods

e Field measurements and general observations

The sampling team made maximum use of preprinted forms and labels to track samples.
Bottleware was pre-labeled when possible with analyte name, sample number and
replicate. Maximum use of electronic records was made (spreadsheet, database). Samples
were logged in the laboratory using electronic means. All instrument-produced data was
be backed up within 24 hours of analysis. Residual sample will be archived until QA
checks are complete. Forms and field books serve as permanent records and were
completed with permanent ink. Electronic copies are kept in at least two separate
locations, encrypted with access by two-factor authentication and backed up regularly.
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5.3 OPERATIONAL TESTING

The PPTs were in effect an operational testing platform for stable isotope efficacy in
determining in situ degradation rates for munitions contaminants. Observing labeled
mineralization products during the PPTs was irrefutable evidence for biological RDX
transformation in the field. PPTs were scheduled as part of ongoing USACE operations at
Site F and Site A and offered a rather unique opportunity to evaluate stable isotope
techniques within the context of alternative remediation assessment techniques. The PPT
platform also offered a means to rapidly deliver labeled energetics to the groundwater
with previously-described perfusion characteristics - obviating the need to determine that
component de novo. A far smaller scale could have been implemented - requiring far less
isotope injection (and far less initial cost - see Section 7). PPTs offered an independent
means for estimating in situ RDX degradation rates so that cross validation could be
performed and regulator acceptance could be documented for transition to the fleet and
both site assessment and remediation communities.
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6. PERFORMANCE ASSESSMENT

To gauge technology performance, evaluation was performed using PPTs which offer
insight into RDX degradation on site using a 1%t order degradation rate model (18, 20).
PPTs rely on aquifer hydrogeologic parameters, a calculated retardation factor (for RDX
in this case), and chemical concentration data collected at intervals post-push (RDX,
daughter products, and conservative tracer). Several limitations are evident using
standard PPTs. Because the hydrogeologic parameters are derived from soil samples and
retardation factors are calculated using empirical tests with representative samples, these
“single factor” model inputs are used to characterize a far more heterogenous
environment than can be represented by a single value within the model(s). Additionally,
because rate models predict loss due to biodegradation, given considerable site
heterogeneity, it is not possible to definitively ascribe RDX loss to biodegradation relative
to other processes - e.g. sorption to soil constituents poorly represented in retardation
factor or other hydrogeologic estimates (sorption kinetics for example).

By monitoring the stable isotope ratios from labeled-RDX mineralization products, one
can definitively confirm RDX has been degraded. Mineralization products are particularly
useful because oxidized species will behave conservatively in oxic environments and are
miscible with groundwater (e.g. no retardation). Therefore, chemicals such as CO2, NOs',
Nz, and N2O will reflect the isotopic ratio of their source, but will largely be excluded from
biological processing. Direct monitoring with a dilution correction tracer (Cl- or Br-) allows
reasonably direct conversion to parent RDX degraded. In the case where groundwaters
become anaerobic, CHs4 may be produced but is readily analyzed and will reflect any
isotopic enrichment. Ultimately, RDX incorporated into biomass is needed to determine
added RDX fate in situ. Microorganisms in soils and groundwater will mineralize organic
compounds (to mineralization products) but also incorporate some carbon and nitrogen
into cellular material based on availability (27). Determining incorporation into biomass
was not straightforward as filtering sufficient groundwater to analyze was not possible
(filter clogging). The growth efficiencies for several test wells were determined using 14C-
RDX incubations. Because groundwaters may be both carbon and nutrient limited (27),
we assumed relatively high efficiencies with the relatively abundant source of both carbon
and nitrogen (RDX).

Tracking mineralization products from post-push samples was relatively straightforward
as mentioned. After the push, both dissolved CO; (dissolved inorganic carbon - DIC) and
dissolved CHs increased in wells that were stimulated and anaerobic, respectively. At Site
F, DIC increased almost 10-fold at F-MW35 and F-MW39 (both stimulated with fructose)
while following an initial decrease, DIC increased to previous levels in F-DWO03 (which
was anaerobic). Control wells (no stimulation) F-MW38 and F-DW59 showed little to no
DIC increase after the push - although F-MW59 had very low DIC levels prior to the push
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DIC concentration during PPTs
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Figure 8. DIC during Site F PPTs

30 June 2020

(and showed modest
increase before trailing off to
~ pre-push levels). Recall that
F-MW59 was downgradient
of F-DWO03 which was
bioaugmented prior to these
PPTs (Fig. 8).

At Site A, DIC increased at
biostimulated wells (both in
the perched zone and
shallow aquifer). Within the
perched zone, A-MW22 and
A-MW60R and  shallow
aquifer, A-MW-32 and A-
MW&e62 all showed several-
fold increases in DIC after the
push with A-MW22 and A-

MW32 (very close geographically) showing peak DIC increase after about 10-15 days post-
push. In the stimulated wells within the source area (A-MW60R (PZ) and A-MW62 (SA)),

DIC increased during the
tirst month after the PPTs
and then began tailing off

toward starting
concentrations  (Fig. 9).
Control wells (A-MW36
PZ) and MW37 (SA)

showed very change in DIC
post-push which could be
expected because natural
groundwater was used as
the base for PPTs (Fig. 9).
The relative increase in DIC
for stimulated wells was
assumed to be increased
respiration (available carbon

as fructose and, or carbon in
added RDX). 1C-stable

DIC (uM)
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Figure 9. DIC during Site A PPTs

isotope enrichment within the DIC was needed to determine the increased DIC’s source.

At biostimulated wells (and at F-DW59 downgradient from F-DWO03 which was
bioaugmented as well), significant 13C enrichment occurred post-push (Fig. 10). E-DW03
(both bioaugmented and biostimulated) showed extreme 13C enrichment (+200 %ovrDs)
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indicating considerable RDX degradation during the PPT (Fig. 10 - right axis).
Biostimulated wells (F-MW35, F-MW39 - and by proximity to F-DWO03) also showed

DIC isotopes during PPTs
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Figure 10. Site F DIC stable carbon isotopes during PPTs

enrichment in 13C-DIC
after the push. Control
wells (F-MW38 and F-
MW-53 showed little
significant 1BBC-DIC
enrichment trend after the
push. Minor transient
enrichment can be seen
immediately after the
push, but most of that
trend was evident only
until about 7 days (Fig.
10). At site A, 1B3C-DIC

enrichment was also
observed in stimulated
wells after the push.
Enrichment was not
nearly as drastic as

observed at Site F (with up to +200 %ovrpp difference recorded). All stimulated wells
showed ~+15 %ovrps enrichment post push with most wells retaining the signal a month
after the push (Fig. 11). Control wells (A-MW36 (PZ) and A-MW37 (SA)) showed minimal
to no initial enrichment. Some transient enrichment was noted after several weeks at A-

MW37 (Fig. 11).

Because a conservative tracer was
added to each PPT to calculate
dilution, a two end-member mixing
model can be applied to the isotope
values in order to estimate dilution
impacts on measuring isotope ratios
at a single point (e.g. the injection
well) post-push. Given the §13C
values for DIC at each time point (at
each test well), and assuming the
native groundwater DIC is constant
over the PPT course (which may not
be a valid assumption), one can
estimate the J1BC for COz
contributed by the labeled RDX
degradation using the following
formula (2):

B 13
Dissolved § 002 (%"VPDB)
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DIC isotopes during PPTs
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Figure 11. Site A DIC stable carbon isotopes during PPTs
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(2) O3Chix = fl 813Coriginal + f2 S13Clabeled RDX

Where fi and f, are the fractional contributions from CO; from each source (original -
natural and from labeled RDX). As there are only 2 end-members, f1 + f> = 1. The dilution
tactor (C/Co) for Cl- or Br- allows assigning f1. f>can be assigned as 1 - f1. Rearranging to
solve for 613C from labeled RDX gives (3):

(3) O13Clabeled RDX = (613Cmix' fl 813Coriginal) / f2

Using this model, dilution corrected isotopic values were calculated with a 90% dilution

cutoff (keeping isotope ratio estimates reasonable). At Site F with relatively slow
dilution kinetics, DIC isotopes are
enriched similarly to what's
observed in undiluted estimates -
however, for several wells (F-
DWO03 and downgradient F-
MW59), BC-DIC enrichement is

DIC isotopes during PPTs
140 . .

120 L

=)
S}

VFDB)
=3
S

60 |

£

ol T famce observed to the end of the PPT
. T e without tailing off toward starting
[ 813C values (Fig. 12). At Site A,

dilution was much more rapid
(one to two weeks to reach ~90%)

-434-01 04-(‘)8 04-1‘5 O4-£2 04-2‘9 05-(‘)6 05-13 SO fewer time-based data pOints
pate 2010) are available to display adjusted

Figure 13. Site F dilution-adjusted DIC isotopes o13C-DIC. Overall, the 1C
enrichment was far higher using

20 |

N

dilution-adjusted values (up to 1000

. . DIC isotopes during PPTs
%o 13C- enrichment versus ~20 with 1200 :
. . . %A—MWZZ
uncorrected values). Similar to Site F, 7 5 A
1000 |- !
some wells appear to be increasing in /\ £ e
enrichment to the end of the = w A o

sampling (e.g. A-MW22, A-MW62).
Control wells (no biostimulation)
showed relatively flat response - and
with A-MW36, a decrease in 813C-
DIC. This implies that no RDX was
degraded (confirmed in other ways -
see below). However, dilution at A- [ronBeo—F
MW36 was so rapid, that the 10%
dilution cutoff was reached one week
after the push. Data shown from 12
May 2019 on are outside the model
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Figure 12. Site A dilution-adjusted DIC isotopes
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confidence - but shown to visualize among the other lines (which cover completely if
A-MW36 values are truncated (Fig. 13).

In addition to DIC, dissolved methane produced during RDX degradation should
reflect the source isotopic signature (with appropriate fractionation factor). Enzymes
for = methanogenesis  are  highly
discriminatory against 13CO.. 13CO;
derived from RDX degradation is less
likely to be converted to methane than
12CO» (see fractionation factor discussion
in Section 5). Additionally, appreciable
methanogenesis is likely only at wells
with anaerobic conditions. Because push
waters were well mixed in aerobic
—%—Fmwag| {05 conditions, methane concentrations are
Fatnss expected to drop immediately after the
. — 0 push - until anaerobic conditions
pRoT oo Daﬁf;ﬁém e e o reestablished. This can be observed at
Figure 14. Site F methane concentrations during PPTs both sites. At Site F, two wells were
anaerobic before the PPTs (F-DWO03 and
F-MW309). Several days after the push, methane concentrations increased in samples
from both these wells up to several thousand ppm (Fig. 14).

800 Dissolved methane concentration during PPTs a5

700 |

600 [

o
=}
S

400 [

[
1=}
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N
8
(,01 X wdd) €0Ma-4 8uBYIBW paA|ossIq

100 |

At Site A, well A-MW62 had appreciable methane before the PPT began (~2500 ppm).
Well A-MW32 had the highest initial methane concentrations (~7200 ppm) before the
PPT began. After the push, A-MW32 did not “recover” with methane concentrations
only around 1000 ppm at the end of the test. A-MW62 however, became anoxic
(dissolved oxygen below 0.50) before two weeks post-push and had methane
concentrations ~25,000 ppm after one-

10 4 Dissolved methane during PPTs

month post-push (Fig. 15). All other wells * —
remained at least hypoxic post-push and —G
appreciable methane concentrations were 2r —E—mamar
not measured (Fig. 15). ez

r
Like DIC, methane isotopes were &
measured and recorded during PPTs. ; 1
Although methane concentrations were .
very low at many wells, enough was os | |
available to obtain carbon isotope ratios
for both Site F and Site A PPTs. Using Oﬁfﬁ@,—ﬁ% S —
conservative tracer dilution during the Date 2019)
PPTs, methane iSOtOPeS were corrected Figure 15. Site A methane concentrations during PPTs

(see above Eg (2) and Egq (3)) for
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Dissolved methane isotopes during PPTs
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Figure 16. Site F dilution-corrected methane isotopes during PPTs

pre-PPT (Fig. 16).

30 June 2020

contribution  from  natural
groundwater CHa (assuming a
single source with the same
isotope ratio as  pre-PPT
methane). At Site F, considerable
13C enrichment was observed in
methane for most wells (up to
~5,000 %ovrpe) although non-
stimulated wells (F-MW38 in
particular) showed a decrease
down to starting levels by the
end of the PPT. F-MWS53, a
control well, showed a
considerable initial spike in 13C
(813CH4 ~2,220 %ovrpB) but very
quickly returned to levels near

At Site A, methane isotopes became enriched during PPTs - in fact, at well A-MW32,
enrichment was well over +20,000 %ovrpB When corrected for dilution (Fig. 17). Aside
from A-MW32 (shallow aquifer), 13C enrichment appeared to be transient post-push.

At A-MW32, methane 13C

Dissolved methane isotopes during PPTs

enrichment started after about 15 .
days post-push and continued
until the end of the collection
period (Fig. 17). Because flow rates s |
(dilution) were relatively high at
Site A (versus Site F), dilution was
more rapid and the dilution
correction led to extreme 13C T
enrichments. It is obvious that the
13C -labeled RDX signal is clearly
seen in the methane generated on

\/PDE)

5”0H4(%n

g — & AMW22

| o AMWE2
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+ A-MW37
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site during the PPTs. 0401

Laboratory experiments using 14C-
labeled RDX to determine growth
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Figure 17. Site A dilution-corrected methane isotopes during PPTs

efficiencies allowed us to estimate RDX conversion to biomass which was not able to
be effectively measured (filter clogging). It is unknown what particulates in the
groundwater at the test sites led to poor filtration efficacy. This was not only a problem
for collecting biomass uptake samples, but impacted work by Dr. Craig Tobias for
collecting nitrogen mineralization product samples (used many filters). This was an
unforeseen issue but was adequately resolved by performing short-term laboratory
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studies to assess growth efficiencies. Because the relatively oligotrophic groundwaters
on site were low in organic carbon and nitrogen, it seemed reasonable that growth
efficiencies would be

. . Table 4. RDX growth efficiency data and calculations (Site F)
relatively high. They

ranged between 45 and RDX RDX RDX Microbial
90% (T able 4) Well ID incorporation mineralization growth production

. . ) efficiency
Surprisingly,  fructose (M h) (nM h) (%) (ug C L )

addition (F-DWO03) did
not appear to decrease
growth efficiency, so it's  p.Mw3s 0.223 N.D. N/A 0.49
likely that microbial
consortia on-site are
nitrogen limited - thus  F-MW39 0.120 0.0161 88 0.30
adapted to incorporate
organic nitrogen into
cellular material when it ~ F-MW59 0.054 0.0655 45 N/A
is available.

F-DWO03 0.198 0.0987 68 0.72

F-MW38 0.076 0.0672 53 0.58

F-MW53 0.426 0.0462 90 N/A

F-DW03 0.057 0.0348 62 0.83
(fructose)
As discussed in Section
5, raw values for F-MW35 0.136 0.0196 87 0.45
. (fructose)
concentrations and
isotopic enrichments

were converted using dilution factors and signatures from initial (pre-PPT) samples to
RDX degradation equivalents. As discussed in Sections 2 and 5, a major goal in
deploying stable isotope labeling technology along-side on-going PPTs at Naval Base
Kitsap-Bangor was the opportunity to place measurements in context with on-going
estimates for RDX removal (using attenuation modeling during PPTs). This allowed
Project 537 to not only demonstrate the technology in the field, but to validate the
technology with

respect to regulator-approved tests ongoing at the sites. This technology also allowed
an independent validation of attenuation modeling during PPTs - a technique which
has industry acceptance, but cannot be irrefutably linked to RDX degradation (no
direct evidence that CO; respiration products are derived from the on-site RDX). This
was a golden opportunity to obtain concurrent validation data for more rapid
transition to practitioners, managers and the fleet.

Mineralization products and their stable carbon isotope ratios (CO2, CHs), dilution
corrections and estimates for efficiency were used to determine the RDX degradation
equivalents at each time-point during the PPTs. Spreadsheets containing all data and
formulas are contained in Appendix B. Here, we present the processed data for both
measured and fitted RDX attenuation and confirmed degradation based on isotopic
conservation in mineralization products. Although not presented in detail within this
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report, data will be shown for nitrogen-based mineralization products as for both field
demonstrations, dual-labeled RDX was used (13C-, 1°N-RDX).

As discussed, we chose existing PPTs at both sites as test-beds for this demonstration
as the PPTs were approved by regulators and the data generated made a reasonable
backdrop for presenting the isotopic results. After PPTs, standard 1%t order
degradation rate models were applied to RDX loss over the test timecourse. These rate
models allow conversion to degradation time so are typically used (20). The rate
models are developed using site-specific retardation factors (e.g. how likely the RDXis
to partition to the soils versus remain in solution). The dilution factor is used to
estimate loss of added RDX by dilution alone (versus degradation). The retardation-
factored time after the push is used with the dilution-adjusted RDX concentrati