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BACKGROUND

Degradation of RDX can be difficult to document in the field

» Point source contamination (rather than traditional “plume”)
» Variety of degrading organisms and conditions
» Aerobic and multiple anaerobic pathways

» Biotic and abiotic mechanisms

> Degradation products are common in environment (e.g., NH,*, HCHO, NO,-, NO’)
and/or transient & somewhat difficult to analyze (MEDINA, NDAB)
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OBJECTIVES

» Evaluate Compound-Specific Isotope Analysis (CSIA) as a
technique to identify and quantify aerobic and anaerobic
biodegradation of RDX at field sites

» Utilize Stable Isotope Probing (SIP) to identify organisms
degrading RDX in the field
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FUNDAMENTALS: T
RELEVANT ISOTOPES FOR RDX? A

|Isotopes of an element have the same number of
protons and electrons but a different number of

Relevant
neutrons
Isotopes of Carbon Stable Isotopes for RDX

“c c " Hydrogen | ™H, H 99.99 %
Oxygen | '%0,"70, 80 |99.76 %
Carbon 12C, 13C 98.89 %
Chlorine | *Cl, *Cl 75.78 %

6 protons 6 protons 6 protons
6 neutrons 7 neutrons 8 neutrons Nitrogen 14N, 15N 99.63 %

“light” stable  “heavy” stable radioactive
Sulfur 328, 38 95.01 %

14 .
© proton () neutron C not in use
for CSIA
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SOME FUNDAMENTALS - HOW ARE ISOTOPE RATIOS
MEASURED AND REPORTED?

» Stable isotope ratios are typically measured using Isotope Ratio Mass Spectrometers (IRMS).

» If chemicals are analyzed individually (e.g., separated first by GC) then the process is termed
“Compound Specific Isotope Analysis (CSIA) ”

Compound
1 2 1 2
N H Combustlon Mass f\ j/\
. - 7 7
separation \/ \/
GC separation CO,CO,
Isotope Ratio Mass
Combustion Interface Spectrometer (IRMS)
*' n overn Magnet
4 Tl .

- High
mass
| 13CO,

Analytical column

O r4hfﬂ

\ lon
Source: USEPA. 2008 source

SQucs; fioyre modified from EPA, 2008



CONTAMINANT DEGRADATION - ISOTOPE
FRACTIONATION MAKES CSIA USEFUL!

Enrichment in >N during
anaerobic RDX biodegradation

“N-RDX 14N-RDX
YN-RDX
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25 \\%‘
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o
% ’ y =-9.5x
- 0 R*=0.90
"N =9.7%0.3
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-35 -25 -15 -05 05 4N-MNX ISN-MINX
In(f)
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CSIA METHOD FOR RDX — MEASURE 613C AND 5'°N

1. Collect RDX from Continuous Flow GC-IRMS
cultures/groundwater

RDX (HMX, TNT...)

2. Concentrate RDX via He
SPE - acetonitrile 200°C/215°C _Nz, IRMS
3. Separate RDX (GC) and NO, NO, to N, /
Quantlfy Stable cﬂﬁﬂéﬁén —(O—{cu Reduction (600C) Cco,
Isotope Ratios (IRMS) (640)
co, Cco,

GC > >
(separate RDX)

N and C isotope values

CO, and N, sent in continuous-flow gas stream to
isotope ratio mass spectrometer (IRMS) - 2 different
runs

* 10 ug RDX per analysis
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PURE CULTURE STUDIES - DIFFERENT PATHWAYS & STRAINS

0,0 m}'; NT}J- Rhodococcus sp. DN22
M ? ? I Rhodococcus rhodocrous 11Y
o, NN o J i.. o Ny Fomame Rhodococcus sp. Strain A

N TN E—— Formate

6 o e gy Mo Oide Gordonia sp. KTR9

RDX
Pathway 1: Aerobic

0. 0 .
{ o o Pseudomonas putida II-B
Il Il
o R 0 S E,"":,%W: ::: Pseudomonas fluorescens I-C
Y o hips]
g ¢ g Methylenedintramine =
(MEDH NAY

RDX
Pathway 2: Anaerobic (Rinqg cleavage)

Shewanella sp. MR-1

0., .0
N - Klebsiella sp. SCZ-1
o NN 0 " WK > DK —= TNX > Fomadeiyde Clostridium acetobutylicum ATCC824
ey = Desulfovibrio spp. Strain EFX-DES

RDX
Pathway 3: Anaerobic (MNX)
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AEROBIC BIODEGRADATI

ON OF RDX - XPLA
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RING-CLEAVAGE PATHWAY - XENA/XENB

Pseudomonas putida 11-B (13C) Pseudomonas fluorescens |-C (3C)
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A World of Solutions

NITRO-REDUCTION PATHWAY - MNX, DNX, TNX
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SUMMARY OF PURE CULTURE CSIA RESULTS

NOs NOjy
0.0 _) _J
““: NO; NDz
ce E
0 th,H 0 —J - Nﬁc\mﬁﬂ\c
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C"N"C Il
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Pathway 3: Anaerobic (MNX)

Cahbon Dicxide
Formamide
Formate
Mitrows Cride
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Mifrows Cxide
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Fomadehyds
Mol Cxide

Rhodococcus sp. DN22
Rhodococcus rhodocrous 11Y
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g!>N

g13C
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Pseudomonas putida 11-B
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g15N £13C
-12.7 £ 0.8 %o -2.7 £ 0.7 %o
All anaerobic
g!°N g13C
Shewanella sp. MR-1 -11.9 £ 0.7 %o -4.0 £ 0.8 %o
Klebsiella sp. SCZ-1

Clostridium acetobutylicum ATCC824

Desulfovibrio spp.
g5N

g!3C

-9.9 £ 0.7 %o

4.7 £ 1.1 %o
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SUMMARY OF PURE CULTURE CSIA RESULTS
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FIELD SITE FOR RDX CSIA — NSWC, DAHLGREN CHURCHILL RANGE

» Facility founded 1918

_—

» Active US Navy testing range oo 20ANVSE
‘ i ﬁ» . # ‘?.".,
A%Es7 ‘,l’f}dm

JAA‘.!“Q'

» RDX and HMX in groundwater from
OB/QOD, fast cookoff, and other testing

» Shallow, acidic groundwater, generally
aerobic, with some anoxic areas

» Site for ESTCP ER-201028
(In Situ Emulsified Oil Biobarrier)

» Conduct MNA evaluation using CSIA
» RDX - N Isotopes

» N and O isotopes in NO5 '
URS
> Measure C and N fractionation | =
of RDX during enhanced anaerobic S e
bioremediation. —_— T el
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RDX MNA ANALYSIS

Sampling at Dahlgren NSWC
» Sampled 11 wells
v RDX - 8'°N analysis
v"NO;, isotope analysis
v Degradation products
v Geochemistry
v’ Field parameters

Parameter Value

DO 1 -8 mg/L

ORP +230 — +340 mV
pH 4.3-49

NO, <0.2

NO;5 1.7 - 4.2 mg/L
RDX 13 — 120 nug/L
MNX 0.2-0.9 ug/L
DNX, TNX < 0.1 ng/L
NDAB ND
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RDX MONITORED MNA ANALYSIS - CSIA

i

Plot of 5'°N vs RDX concentration

3'°N in RDX across the Churchill Range

Western plume
No enrichment with
groundwater flow

4 L
No evidence of
degradation 2 -
mz 0
Eastern Plume w0
Lower 8'°N value in RDX 2
No evidence of 2 S A B R
degradation 7
-8 | | | | | | |

0 20 40 60 80 100 120 140 160

Concentration (ug/L)
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FIELD EVALUATION OF RDX ISOTOPES DURING BIOBARRIER STUDY

RDX Isotope Sampling at In Situ Biobarrier

Clear evidence of anaerobic biodegradation

CSIA samples collected at select points

Pre-barrier 6 months post barrier
180.00 =
0 s oo 4monns
14000 +—L ¢
' I o 0 0 months
120.00 e O O 5 -
= : A
E’ 100.00 Q O 2 months
g 80.00 B E . ® 4 months
o At = s
g A
4000 " [ ¢ 8 months
20.00 m i
A
000 - AN J | 10 months
Distance Along Centerline (m, IW-8=0)

6 months: RDX: <9 -40 ug/L
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FIELD EVALUATION OF RDX ISOTOPES DURING BIOBARRIER STUDY

Plot of §'3C (top) and 575N in RDX during pre-barrier

Plot of |n(R/R°)*1 000 vs In(f) forNand C and 6 months post-biobarrier

isotopes in RDX during pre-barrier and 6

months post-biobarrier 3 !

18 All anaerobic
16 H N g3C ratio (e/e)
14 N\ -11.9 0.7 -4.0%+0.8 3.0

N\ &°N=-6.8% 6.8 2.2 3.1
12 }\. a9 H :
1 45 : : : : : : -.-%/

-20 -10 0 10 20 30 40 50

Journal of Hazardous Materials 365 (2019) 827-834

Contents lists available at ScienceDirect

< Pre-Barrier

In[R/R,] x 1000 (*3C or "5N)

o N B~ OO 00 O
/

Journal of Hazardous Materials

g13C = -1 |
ELSEVIER journal homepage: www.elsevier.com/locate/jhazmat —. 6 months
2 ,
-2.5 -2 —
4 Passive in situ biobarrier for treatment of comingled nitramine explosives R | - Barrier
and perchlorate in groundwater on an active range | H—

Mark E. Fuller®, Paul C. Hedman, David R. Lippincott, Paul B. Hatzinger

Aptim Federal Services, 17 Princess Road, Lawrenceville, NJ 08648, United States
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WHICH ORGANISMS ARE DEGRADING RDX?

STABLE ISOTOPE PROBING (SIP)

SN - or 13C-RDX added to microcosms or in

the field

. 2

Incubate and extract community DNA

> <

Separate >N- and *N-DNA via equilibrium
centrifugation in CsCI-EtBr density gradient

AN

4 N

DNA sequencing
and identification -
SN or 13C bands

14N DN22

SN DN22

Control (DN22)
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STABLE ISOTOPE PROBING FOR RDX DEGRADERS UNDER DIFFERENT
ELECTRON-ACCEPTING CONDITIONS - DAHLGREN NSWC

—— Mn (IV}-reducing

Methanogenic
—— Fe(Ill)-reducing
—— Sulfate-reducing

Time

ation

nir

RDX concer

13C-labeled RDX
or +
5N-labeled RDX

+ RDX degradation rates and
patterns were different under
different electron-accepting
conditions.

A

RDX-contaminated
groundwater and soils

/ \

Different electron-accepting conditions: Unlabeled DNA )
 Aerobic and NO;- reducing L abelod DNA
» Mn(IV)- reducing condition
* Fe (lll)- reducing condition
« SO,%-reducing condition
* Methanogenic conditions

« Phylogenetic diverse RDX
degraders were observed under
different electron-accepting
conditions
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RDX BIODEGRADATION UNDER DIFFERENT ELECTRON-
ACCEPTING CONDITIONS - DAHLGREN NSWC

(A) Manganese-reducing (C) Sulfate-reducing
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RDX BIODEGRADATION UNDER DIFFERENT ELECTRON-
ACCEPTING CONDITIONS

Phylogenetic Tree using SIP with'3C-RDX

13 15 Methanococcus thermolithotrophicus M59128
- - 93— Gordonia sp. KTR9 (DQ068383)*
Results (°C- & °N-RDX) % Viiomss TR BOMIIED
. . Rhodococcus rhodochrous 11Y (AF439261.1)* Actinobacteria

1. Different dominant pathways

Rhodococcus sp. DN22 (X89240)%
Muanganese D2H3S

lﬂfr_lfrrxa_g'runwr' D2H2 ,
HWanganese D2H6 Lonia Lot
Pseudomonas fluerescens I-C (219420.2)*
— 100l — Pseudomonas putida II-B (EF219419)*

2. Predominance of Clostridia under }
S rt Pseudomonas
Fe, COZ, S()4- redUCing conditions 86 o OO Methanogenic A2H.

Enterobacter cloacae ATCC 43560 (EF219421)*

10 é E Shewanella sediminis HAW-EB3 (AY579750)*

100~ Shewanella halifaxensis HAW-EB4 (AY579751)* |
Desulfovibrio desulfuricans EFX (DEXDQ526427.1)* | &Proteobacteria
Clostridium butyricum (X68176)* ]
Clostridium acetobutylicum ATCC824 (X78070)*
Clostridium bifermentans HAW-1 (AY604562)*
Clostridium saccharolyticum (Y18185)*
Acetobacterium malicum HAAP-1 (AF479584)%
Methanogenic AZHIS8
100 Methanogenic A2H6 —

y-proteobacteria

10

3. Desulfosporosinus — Very diverse
metabolism — different pathways?

Clostridia
99

Methanogenic A2ZH135

4. o-Proteobacteria and others
under Mn-reducing conditions

Iron C2HI0 7 Desulfosporosinus

Iron C2H27
Iron C2H33
Iron C2HI3 I

0.1
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CONCLUSIONS

> A stable isotope analysis method has been developed and field-tested
to quantify 8'°N and §'3C in RDX.

» CSIA analysis of C and N can be used to document anaerobic degradation
of RDX in the environment.

» CSIA analysis of N may be useful to document aerobic degradation
of RDX in the environment — only at sites with extensive degradation.

» SIP can be applied to identify organisms incorporating C and N from RDX to
further document biodegradation

We wish to acknowledge SERDP (ER-1607) and
ESTCP (ER-201208) for funding this research. %SERDP (.)ESTEP

DOD = EPA = DOE

A

A World of Solutions



Paul Hatzinger, PhD
Q U E ST I 0 N S Director, Biotechnology Development
APTIM

Paul.hatzinger@aptim.com
609 895 5356

24

A World of Solutions



	EVALUATION OF rdx BIODEGRADATION USING COMPOUND SPECIFIC ISOTOPE ANALYSIS AND STABLE ISOTOPE PROBING
	Background
	OBJECTIVEs
	FUNDAMENTALS:�RELEVANT Isotopes for RDX? 
	Some fundamentals – How are isotope ratios MEASURED AND reported?
	Slide Number 6
	Slide Number 7
	Pure Culture Studies – Different Pathways & Strains
	Aerobic Biodegradation of RDX - xplA��
	Ring-Cleavage Pathway  -  XenA/XenB
	Nitro-Reduction Pathway  - MNX, DNX, TNX
	Summary of Pure Culture CSIA Results
	Summary of Pure Culture CSIA Results
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	QUESTIONS

