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Fractionation Effects on C, H and Cl Stable Isotopes of Chlorinated

Solvents during Dissolution, Adsorption and Evaporation

I-Hsing Chen', Zih-Sin Wang', Chia-Pei Li?, Hsin-Lan Hsu™

! Environmental Protection Administration, Executive Yuan. No. 83, Zhonghua Rd. Sec. 1, Zhongzheng District, Taipei,
10042, Taiwan.

2 Industrial Technology and Research Institute. No. 321, Kuang Fu Rd: Sec.2, East District; Hsinchu 30011, Taiwan.

* Presenting Author: 886-3-5732683, Fax: 886-3-5732890, hlhsu@itri.org.tw

Environmental forensics of contaminated sites is a critical issue over the recent
decades in order to resolve the liability. For the sites contaminated by chlorinated
solvents, compound specific isotope analysis is an emerging and useful tool for
investigators to trace the original sources of contaminants. When interpreting the
isotopic signatures, it is essential to understand what could cause changes in these
signatures, especially the mass transfer processes that contaminants often
experience in the environment. Previous studies indicated that mass transfer
processes could cause isotope fractionation effects on the stable isotope ratios of
some contaminants of environmental concern. However, most studies were focused
on the carbon stable isotope and some certain compounds such as trichloroethylene.
Impacts on many other contaminants and other stable isotopes still remained
unknown. The purpose of this work was to systematically investigate the
fractionation effects on carbon, hydrogen and chiorine stable isotopic compositions
of the chlorinated organic compounds during adsorption, dissolution and.
evaporation. The studied chlorinated organic  compounds  included
tetrachloroethylene, trichloroethylene, 1,1-dichloroethene, vinyl chloride,
1,2-dichloroethane and dichloromethane, all of which were among the, target
chlorinated contaminants in Taiwan and other countries such as the United States.
Results of this research were also compared with other studies and implications on

environmental forensics were discussed.
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Remediation Tools for
Challenging Geology —
Cutting Edge
Technology for
Cleanups in Clay &
Fractured Bedrock

® Maderator
-T Chapman Ross, P.E. - Geosyntec
cross@geosyntec.com

0,0
18 October 2016

32nd Annual International Conference on
Soils, Sediments, Water, and Energy

University of Massachusetts
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Workshop 7

Schedule

Settle in - 6:30 6:35
Workshop Introduction Chapman Ross 6:35 6:49
Presenter Introduction Chapman Ross 6:49 6:50
Jet Injection Bill Slack 6:50 7:14
Presenter Introduction Chapman Ross 7:14 7:15
In Situ Bioremediation Leah MacKinnon 7:15 7:39
Break - 7:39 7:54
Presenter Intreduction Chapman Ross 7:54 755
Thermal Steffan Griepke 7:55 8:19
Presenter Introduction Chapman Ross 8:19 8:20
Electrokinetics James Wang 8:20 8:44
Break - 8:44 8:59
Panel Introduction Chapman Ross 8:59 9:00
Panel Q&A All Presenters 9:00 9:30
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Controlled Jet
Injection

é TERRATHERM
ki

On-Target Distribution of
Remedial Amendments in
Clay & Fractured Bedrock

o .
-'r William Slack, Ph.D., PE. - FRx

18 QOctober 2016

S~ b A
Py . ~ v \ i ’

he Challenges of In Situ Delivery

T

* Appropriate quantity
* Accessing specific targets

* Maintaining control to ensure desired
distribution

WSlack - FRx
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Why Jet Injection? — Examples from
Three Sites

Glacial Clay Till Fractured Overburden &

Crystalline Bedrock
Bedrock

e e 3

ret'ihq Fractures in Clay Ti'il

* CVOCs in dense clay till

Redox Boundary

Silty Sand

* Glaciotectonic
fractures

Dense Gray Tilk

* Broad diffusion halo

* Dissolved plume in
underlying sand
aquifer

Sand Aquifer
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* High-energy water
jetting to initiate

* Viscous slurry
injection to propagate

Redox Boundary

Silty Sand

Dense Gray Till

Sand Aquifer
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Redox Boundary

Silty Sand

Dense Gray Till

Sand Agquifer

Redox Boundary

Silty Sand

Dense Gray Till

Sand Aquifer
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fiedox Boundary

Silty Sand

Dense Gray Till

Sand Aquifer

Redox Boundary

Silty Sand

Dense Gray Till

o I— Sand Aquifer




Redox Boundary

Silty Sand

Dense Gray Till

Redox Boundary

Silty Sand

Dense Gray Till

Sand Aquifer

WSlack - FRx
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Redox Boundary

Silty Sand

Dense Gray Till

Redox Boundary

Sikty Sand

Dense Gray Till
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« 7,600-sf target area
* 13-ft design ROE

+ 21 injection locations with
121 individual injections

W

* Multi-colored
injected materials

* 79 soil borings
— Geologic logging
—~ Magnetic

susceptibility

« 423 ZVl lenses

identified

Siley Sand
i

DPT Jet Injection Characterization

& —
Ll

Redox Boundary

Dense Gray Till

Sand Aquifer
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Inferdan
Narth o South
Grourd Surface *-10
14 injection Characterization 56il Borings Injection Characterization Soil Borings
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Distanca 3m Distance 2.5m Distance 0.25m Distance Tm Distance 4.7 m
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Thickness & mm

Depth below ground surface {meters)
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Thickness 3 mm Thickness 5 mm £ Thickness 8 mm Thickness 1 mm
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Nov 2014 June 2015 TCE in Soil
K70
PSB20
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Mass Dlscharge in GW

6.0

5.0

4.0
3.0
2.0
1.0
0.0

Q414 Q215 Q415 Q216

W Ethane/ ®WVC MWcis-DCE mTCE
Ethene

kg/year
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~¢- Dilate & Sweep

Existing Fractures

—

-\"“‘“ \ ;,g__ e
N i

Create New Fractures

Fracturing Requirements

P4=C.K, .0

— P4—fracture propagation

pressure
— C, -depends on

Radius | Propagation Pressure
0.01m

13 MPa (1,900 psi)

geometry =%

- K| - fracture toughness ~
0.8 to 2.6 MPa m*

— o - radius of the fracture

12
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Topographical High

=~ Residual silty sand (saprolite)

AN —

Partially-weathered bedrock

Granite & Diorite
Steeply-dipping fractures
(TCE migration to 250+ ft)

13
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[l S Y

* Cut kerfs with water jets

* [solate kerfs with straddle packers

* Inject viscous gel to nucleate fracture

» Propagate the fracture with continued
injection

+ Monitor injection pressure and deformation of
ground surface

* Examine wells with borehole camera

14



fd

WSlack - FRx

C eatmg Fractures in Bedrock

Injection Pressure Log, IWi-93

1200
1000 -
800
600 -
400 -
200 -

well head pressure (psi)

0!

1543 15:50 1557 16:04

16:19 |

Creatlng Fractures in Bedrock

Western Property
Beundary Area

‘l|o .5.0 100
L ———
: febt

|
i
|
E
=
=
P
iz
i
10 1 )
S
|
1

I - r
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Creating Fractures in Bedrock

[T T o———— r
L Lortros L L Srntioieed o
Posmn e Py oA

KOATH
200

458 uw-z

[P : N-32
B0 a3 Ak an_ 48 A7 sm AD A An ana s D e L] Té-7 w3
El === B s ot 7_" "'3_ L AP _ME a7 N M2 R0 A azz a23 age ass z""5.;i U 2N

i

SRATC LI =0
EIL (NSTIE GELS)

BELAIIK (SANL2IATD OIS0}

TRANIMON ZERD

16



A N

1

1

|

1

7 M

]

[

7

A RS B

T

WSlack - FRx

L

wfs
‘\'

Multiple Strata

* Pro

mbine

17



WSlack - FRx

T Ty ey, < ‘E"
S ke
NGy, S S,

The Common Thread:
* Control
— The application of fundamental scientific principles
* Commensurate techniques
— Required mass

— Mechanical energy -~ kinetic jets & applied pressure

* On target, on time delivery

The Lesson:
Price is what you pay.
Value is what you get. — Warren Buffett

18

3 L]

(I I



L. )

Ry

consuftanis

g
Geosyntec ’ N TERRATHERM
B Coszane Cargars

Design Considerations
for Heterogeneous, Low
Permeability and
Fractured Bedrock Sites

‘ Leah MacKinnon, M.A.Sc.
PEng.

October 18, 2016

Tonight Let’'s Talk About...

» Expectations for low permeability, heterogeneous
and fractured bedrock sites

* Why EISB?

* Successful Strategies for:

— Matrix back diffusion from bedrock
— Low permeability and low pH geology

— Bedrock recirculation




Low Permeability Sites

The geology at most contaminated atrix
sites consists of mixtures of low Dissolved
and high permeability materials Aot vl

Groundwater. §

Over time, contaminants diffuse Plumes | rRED
into low permeability (low K) o £55Ch £ 250550
materials

Clays/silts serve as secondary
sources for decades after cleanup
of sands/gravels

XF -

Impact of Heterogeneous and Low K Conditions on EISB

= In low K and heterogeneous sites, COC distribution is likely
to be less well understood
= Remedial behavior will be less predictable, pilot testing
recommended
= Back-diffusion is likely to require longer remedial duration
= Expect: '
« Injections into isolated zones, dense injection grids
= Use of longer term amendments to reduce rebound
= Repeat injections, adaptive management
» Consider alternative delivery technigques:
= Fracturing, EK, In situ mixing
= Hydraulic control, push-pull, pull-push
= Horizontal biobarriers




'Exam leHow HétrogeneitylLow K can Cause In Siiu

Remediation to Fail

TCE Plume at a Contaminated Site Conventional 15CO Injection Approach

1
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Remediation to Fail

Exam pIeHow HetrogeneityILow K can Cause In Siiu
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| ExampleHow Heterogeneity/Low K can Cause In Situ
Remediation to Fail

0000
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Cancealaion (upiL
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Photograph 3: Soil Confirmation Borings CB-1, CB-2, CB-3 Near Bedrock Injection Point
B-7 showing vertical migration into sand layers

GHAPH A4
MW.7 (In-Piume, On-Site Well}

Historical Di Phase TCEC {ugiLlin vs fime
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Why EISB?

» Provides long term treatment
= Amendments and bacteria can diffuse into matrix
» Easily implemented in an adaptive manner
= Can be used sequentially with other technologies to provide
remedial and cost efficiency
» SVE/MPE, Thermal, ISCO
» Combines naturally with low cost polishing techniques
= MNA
= Natural source zone depletion

EISB Sustains Long Term Treatment

u Long term electron Sustained treatment: Implications for treatment

donors (EVO, EHC, etc.) ;i;;l;;;?iegsi E!asssot:iated with source-depletion
last for years in situ

= Endogenous cell decay

Aricke  Recsudaien Jouhod 21(2)27 - 50 March 2011

extends treatment period ‘@ T T e
[ |} Bacterial growth and ' ] 158 CSrEmargamental tre ’ I:Oll‘sun:un;u".r'quc
accumulation of reduced .,
minerals sustains St et 1§ 2 o onces e ez rvatcements s capacy st
treatment and reduces - comas G, S e s oo SERSIY 1ot
the foemation of 1eactive mineral Spacies. This “value ad: f i apita
occurrence of rebound et e e e e
inshmdlrulmmlm(l:u:e!n"‘ 1 ::’:wn :nrdiﬂﬂlmneﬂ
nmﬂpcmuslnu : andthis fclad clfes exlend for s
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Case Study:

Revisiting the Low K/ Heterogeneous Site

GRAPH A4
MW Bt me, On-Sie Well)
tugLh

va Tame

Hisorical TE
Loganthmic Scats

PosveAR
T Cpersices

A

Horizontal Bio

R . i
A A Mg Dt b D Bl RbD e ARG MX AR Al Seld
Qe

¥ e B
v [

barrier for Low K / Heterogeneous Site

Injection Wells

Bioactive Zone -

Goal! - Establish long-lasting
bioactive zone to treat VOCs
diffusing from weathered shalg
and bedrock into sand zone

Use low-solubility electron
donor to provide long term
treatment

Potential donor/DHC diffusion
into bedrock

Low pressure injections to
better deliver to target interval

lbw T o lek &J{fasc ar"s(ow‘(j
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of all CVOCs after

290 [
i
Filot Test Full Scate || *» TCE rebound
200 [P i ————— 3 = e a———— ......___.___.__i.i___ _ —_ .
; : to 80 pg/fL
0 o\ e :: .| post-ISCO
2 ¥ = TCE
11
%uo I .. ... biodegradation
£ \,/\ ¥ to ethene
§ 50 H |= Decreasing trend
it
i
i

a0 - : pilot test
i
o T —
Qct-09 Oct-10 Oct-11 Oct-12 Oct-13 Oct-14 Oet-15
—o—Total CVOCs + Ethene —= PCE Date

——TCE —&—cDCE
—-1XE —A—Vinyl Chloride
—=- Ethene

Results Post-EISB: Concentration vs. Distanc
2,000

©

e

1,600

1,200

800

400

TCE Concentration (ug/L)

0 =
0 200 400 400 800 1000
Distance (i)
-B=Jjune 2011 =+=January 2013 -=May 2015

* TCE and Total VOC concentration decrease throughout plume
following full-scale EISB implementation
* Mass flux reduction

BOTERIZTRESM R




Case Study:
EISB for Low Permeability & Low pH Conditions

EISB for Low Permeablllty & Low pH Conditions

* Suspected source area(s) near
two former operational areas

— Other cvVOCs, RDX

€VOCs detected in creek

Low pH conditions {4.0 t0 6.0)
Saprolite

w Ty "l ".M {nmsn 4 \j ’ // )
o, s i/ MN180 I —_
Gy s ooy @}31' W TCE up to 20,000 ug/L
agy L. »i&sfo T~ Baza ., / - — Perchlorate up to 500 pg/L
AT ™

— Low permeability, fractured

Pilot tests performed to confirm
EISB applicability

— 3 = TCE Concentration
=-——33 Groundwater fiow direction
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& TcE 53,000 ug/L
0 500 p.g/ L

Closely spacednjction wells
Moderate EVO concentrations

Imtlal Results

Blcarbonate “fast buffer”
Neutral Zone “slow buffer”
Low pH KB-12 Plus

« Following initial injection some positive frends
« Acidic/oxidizing conditions resume after 1.5 years

100000

-

Concentration {pg/fL)
s

e
o

0.01
Sep-12 Dec-12 Apr-13 Aug-13 Dec-13 Apr-14

—&— Wrichorosthene  Dat®

—8— cls.12-Dchloroethana

—==Vinyl Chiorida

=—t— Ethene

—B— Perchiorate

Open symbols are non-detect values, presented
at the reporting Brdt.

Sep-12 Dec-12 Apr-13 Aug-13 Dec-13 Apr-14
Date
== DRP
G pH
= ==El58 Pila! Phase | installation




Optimization

performance using multiple g

approaches/amendments
« More buffer
« Refined low pH culture
« Evaluate delivery approach

PTA#1

Recirculate Soluble Amendments
+ Recirculate between wells for
enhanced delivery
+ Soluble donor — stimulate
fast bacterial growth
« Sulfate — provide additional
electron acceptors

+ Evaluate options to improve‘:&

PTA#2

Direct Push Solid Amendments

« Direct push solid amendments
» EHC®(ZVi and carbon)

« Long term donor with some
buffering from ZVI

17

« Following optimization we see:

-

Desirable geochemical conditions

DHC/verA counts increase up to 108

100000

10000

g

%

"
a

[

Concentration (pg/U)

0.1

.01
Sep-t2  Reb13  Augl3  Fabl4  Auplé  FablS  AcplS

Date

~O—Trichlomsethens

=f— ths-1,2-Dichloroethena

—&—Vinyl Chloride

~zr— Ethang

—E— Perchionate

Open symbols are non-detect values, presented
ot the reporting Hmit.

+ Complete treatment of TCE and perchlorate

400 9
300 8
200 7
g
100 6T
2
=z
[ 54
100 4
-200 - = 3
Sep.12 Feb-13 Aug-13 Feb-14 Aug-14 Feb-15 Aug-15
Date
—t—ORp
—e—pH

==—==EIS8 Pilol Phase 1 insallation
= = EISB Pilot iodifled Phase | Instaltation
------ ELSB Pilot Exte nsion
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Case Study:

Semi-Passive Recirculation for Fractured Bedrock

- Low TOC and other
electron acceptors
(sulfate, nitrate, etc.)

« [Establishing good
hydraulic
connectivity to
deliver amendments

+  Matrix diffusion

Dissolved

Pooled DNAPL Phase

Open Borehole

11



» Crystalline Bedrock

EoURrT

— Metagraywacke, Schistose JONEA ‘ AT S
Metagraywacke or ZONEB ; Saprolite
Amph|bo||te ZONEC Partially Weathered

; ZONED Bedrack
— Discrete Fractures
— Sub-vertical Fractures
ZONEE Competent Bedrock]
ZONEF Bedrock Fabric
I Fracture

Pre-Pilot Chaécerization

= Address data gaps/uncertainty of CF source L%égz

1HOLAARN
FOIMA KO LW

+ Support pilot test implementation & interpretation
+ Is the source in the overburden or the bedrock?
= How deep are the impacts to bedrock?
+  Connectivity?
+ How do vertical fractures piay a role?
» Characterization tools
« Transducer deployment, geophysics, packer testing
» Tracer testing

COC Color Codes,
1,2-Dighlorgethane
Chigroform

Tevachlomethytene (
Trichiaenethylene

L Codes.
E Regatith {Zohet A & B}

MW262-J39EF " . 5] ot 20me 2o €3
T ” EM
K ‘ Metagraywacks o
Schitlore Metwgrapmacke
Rores 0.E.8F)

12



. Zone D Extracton Well
{3 Zone EF Injection Well

O Pilot Test Monitoring Well

— Groundwater Flow
Diraction

Pre-Design
Characterization Recirculation

ch.cier 2013

TracerTest |
February 2014

Continuous

March 2014

Semi Passive
Recirculation
July 2014

N - Operation

Amendments
- Lactate
~ Sodium Bicarhonate

— KB-1® Plus formuiated for
Chloromethanes

— 2417 for 3 months
- 1 week/month for 8 months

Quarterly
Monitoring
2015

System Quarterly
Shutdown Monitering
Decernber 2014 2018

Anaerobic conditions
observed

Growth of bacteria

observed concurrent

with COC treatment

« Reduction of CF in both

Zone D and Zone EF

» Promoted treatment of

CF 10,000 250
MeCl 2,000 03]
1,2-DCA 820 3.1
PCE 72 68
TCE 390 330
Perchlorate 11 0.41]
RDX 1.7 03U

other constituents as

well

13



EISB Results

Extraction Well Deep Bedrock
kBklo]E F B[l H
1400 T T 100 T l
1
1200 Iy 1 : [
. | 160 o {
3000 - R ! ;
- | 1
E 00 ﬁu i 120 : I
= '
= 7 L . Tl
o 600 T T 0 1 ‘1/\1
i SHENTAN e i
5 aco ! % |
5 I ad haaaan N NAaEiiLY
A oK 1N
. | [
~ o J v PO - PO o lm 1 £ !\ L. . - -
Oct-13  Feb-4  Jundd  Octdd Feb1S  Juwls  OelS  Feb16 gergz  rab14 Jun-14 Oct-24  Feb1S  Junls  Octd§  Feb-d6
Dat 3 Date
= ga‘;:nr; e - 3-3.7'“" T;l}r.::hh"de —£-Carbon Disulfide ~#~Carbon Tetrachloride
—":Nhﬂ::!:::&luride aram e —&—cChloroform ~=Chloromethane
—5—Mathylene Chioride
E = = ~Start of Tracer Tust
Start of Elactron Donor and Buffer Additicn
B ------- 1st Bioaugmentation

[p] ——2nd Blamugmentatica
w—— = Start of Semi-Passive Cperation
End of Operation

* EISB well suited to address challenging geologies

* Good characterization and creativity key to achieve
goals

* Pilot testing critical to finding optimal approach

* May need to evaiuate mulfiple approaches, expect
iterative approach in challenging conditions

* Hydraulic control is important to deliver amendment to
target zone in both bedrock and low permeability
media

14
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Questions?

LMackinnon@
geosyniec.com

15
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Heating Methods

TCH/ISTD - Heating governed by
thermal conductivity

(F5)

ERH - Heating governed by
electrical conductivity

{f~200)

SEE - Heating governed by
hydraulic conductivity

(F~108)

Geosyntec®

cnnslans

IRy,

é TERRATHERM
& Cozzaoe Comears:

Remediation Tools for

Challenging Geology

Thermal Remediation
Workshop 7

&T Steffen Griepke,

TerraTherm

Tuesday October 18, 2018
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=n aquifer (v>1 ft/d)
Y

Fill

Sand/silt

Clay

Gravel/weathered rock

Fractured bedrock

S g
Thermal Removal Mechamsms

VOCs and Lighter $VOCs — 100°C

— volatilization and Steam Stripping

18 7
E4 E Ky
£ g PeE
10 H,O
Soe z g ¢ TCE
]
gos 3 34
S04 pce F 2
Boz w 14
Soo ¥ 2o -
0 20 40 60 80 100 § o 20 40 80 80 100

VOCs = Volatile Organic Compounds
SVOCs = 5emi-vOCs

N R
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Physical Displacement of High Boiling Point NAPLs Enhanced

with Heating

Qils - Viscosity reduction

No. 5 fuel oil

Fuet oil, 14 gravity







Site Conditions

SVE Welt

~7,000 cy

CVOCs:
PCE, TCE,
DCE, and VC

Ry
N
\
§

\
N

¢ m
Alr Quality

-
Control t-\*

Equipmen

\\\\\\\\\\\\\\\\\\\

Sub-Slab

Vapor Barrier/v

Ly

Horizantal
SVE Well

Manifold
Piping

* Heater-Only Well — 126
® Heater-Yacuum Well — 12
® Void Space Vapor Well

° Monitaring Point




e e ™. Insulating Vapor Cover

Fiberglass
Manifold Pipe

Horizontal
SVE Well

¥
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Comparison of Average Pre and Post
Soil Results after ~100 days of Heating n
100,600 - 1=
© o ‘ MAVG Pre 17
) {MAVG Post - 64
10,000 _
-tz-” 1,000
§ 100 |
10
, .
PCE TCE &is-1,2-DCE vC
Reductions: 99.99% 99.23% 97.37% 99.63% e




S,

. Ad¥Ection-Dispersion "7

I' -
*  COCs present in matrix ) 1 In Fracture S

>
* Heat both fractures and matrix ‘1& = U R QWL
Y

1 <~ Diffusion info, , .+ velocity !
LT T

*  Fracture-dominated flow will cool treatment area

*  Heat fracture zones

+ Ensure steam capture and extraction
« Co-located heating and exiraction wells

+ Match heating technology for matrix with rock
properties

+ Porosity, permeability, water saturation

» Resistivity

SEE at Edwards AFB Site 61, CA
Fractured granite
{(guartz monzonite)
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Edwards AFB Elect

rical Resistance Tomography (ERT) Data
Planes during SEE




EIctricaI Resistivity

WOESTWITY (T =
001 o 1) " e

1000 10 000 o o0
| uizant snriogs 1 3 ]
Frry
\GREoUS B e
ARAPHITE MLTAMORFSE ROCEE UUNTATREALD AOERY
|
6aNCouI MOCKS __unc OTTLED _oumicausT

lu‘ﬂu"t{ WEATNERLD Lavem

CLAGUL HOwinra

BEOMIENTARY ROCK Y

WLIER, ACUMENS

100 203 3 can ' o0 L1 w 1 ol ooy

LONDUCTIVITY fmbunl

Palacky {1987}
* Required soil resitivity: ~<500 0*m
* Shales, sandstone, weathered rocks: 2-2,000 Q*m
Ignecus, metamorphic, dolomite, limestone: 1,000-100,000 O*m

Solid bedrock in itself cannot be heated using ERH - it is too resistive
* More porous rock needs to be wet

Palacky. GV. (1597), i In £

vol 1, Theory, 1351

Thermal Conductivity

ark
| e quartz
ST A= 37wk

Vufcanie rocks / \ Sedimentary rocks

Metamorphic rocks Plutonic rocks

quarine

z@“’
. A}
v
3 . * “ﬂ
. p AR nae“
o ) 2% %
"h,,.!,g feldspur: LT c1rhonnlc
e i / ha A iquur}!
G { ar, molm "
3 A= 15t zs'w"c"l" A - T3 08 w e i

LE 1323 Wm

[From Clauser and Huenges]

*+ Varies based on mineral content, porosity, pore fluid, anisotropy.
* Generally between 1.5 to 7 W/{m*K)

Variation generally within a factor of 5

10
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TCH in Fractured
ST Al

SaTaERY ) FR%

ock Site, SC

oA

L]

27m
Koo ft)

23m
(75 ft)

Conceptual Cross-Section

ANy,

ST
oAl

s'.'ﬁ' ."'

_., . P ‘>'.! o
’BR = FRX Gneis

Treatment area 240 m? (2,554 ft?)
Treatment volume 6,650 m? (8,700 cy)

= K=1x10% cm/sec

BR = Bedrock
FRX = Fractured rock.

11



27m
{90 ft)

Co-Located Heater+Vacuum Well

Heater Well ~—+|

( E s
ot

233m
{75 ft

T

To off gas
treatment

. . e
k ‘BR=FRX Gneiss ~ =~ . .
Boosted grout

oy

n Manifold’

12



Heated Interval

Temperature
Profile

M A P TaN
Boiling Point
H,0

90

Temperature Profiles at Thermocouples T1 - T7
Temperature - °F
50 70 90 110 130 150

'BR=FRX Gneiss ~ ~ - = =

170

190

250

13
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Tepérature Profiles at Thermocouple

Temperature - °F
50 70 90 110 130 150 170 130 210 230 250

{7 - - " Caen - h v L ’

¢

v

Temperature Profiles at Thermocouples T1 - T7
Temperature - °F
S0 70 Ll 110 130 150 170 190 210 230 250

- T '._,zz:,

i L L . o . . e = p
BR—FRXGnefss ~ - =~ " "= o e o

ap L -

Day 117

14



Caollection of Confirmation Soil Samples
{morning rig inspection)

Confirmation Soil Data From TCH Project in SC

ftbgs

20

30

410

50

60

70

80

a0

Hg/kg TCE

10 100 1,000 10,000 100,000 1,800,000

10,000,000 100,000,000

;i ocation 1
Hi.ccation 2
Lecation 3

W Location 4

1aLocation 5
ImLocation &

o pmax
Pre-Treatment

56
Samples

L 95% UCL of mean TCE conc. = 17 pg/fkg

15



Sometimes One Technology
Alone Won’t Get the Job Done

Combine ISTR Téchnologies
to Match Site Conditions

16
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Conclusions

» Select thermal technology based on site conditions

* TCH effective in heating and treating bedrock

* Rocks heat easier than overburden (less heat
capacity) — needs to be factored in.

* Use TCH/ERH in combination with SEE when necessary
(high groundwater flux)

* ERH may also work in wet porous rock

17
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Over time, contaminants
diffuse into low permeability
{low K) materials

Clays/silts serve as
secondary sources for
decades after cleanup of
sands/gravels

Geosyntec®

consultants

Ry

% TERRATHERM
& Corade Comoone

Electrokinetic {EK) Enhanced
Delivery :
an Innovative Solution for
In-Situ Remediation in
Low-Permeability /
Heterogeneous Materials

®
-‘r James Wang, Ph.D_, P.E.

18 October 2016

apor
lume

Matrix
torage
Dissolved
nd sorbed
phases in
ow flow
zanes)

Groundwater, )
Plumes |‘ .

FRACTURED
SEDIMENTARY ROCK

From ESTCP, ER-200530




IN SITU REMEDIATION IS ALL ABOUT DELIVERY AND

CONTACT

EISB and ISCO/ISCR are
effective technologies, but
amendment distribution is
poorin [ow-K and
heterogeneous materials

Better amendment delivery
techniques are required for
low-K sites

= Application of direct current {DC) to saturated subsurface

* Amendments move through clays and silts by:
* Electro-migration (EM) — movement of charged ions

* Electro-osmosis (EO) — bulk movement of water

* Eletrophoresis (EP} — movement of charged solid particles

‘ _ooHER_ 1
ELECTRO-OSMOTIC FLOW
—

Saturated Soil

Anade (¥)

Anlons: neqatively charged fons  Anoda: Positively charged electrode
Cations: positively charged fons  Cahode; Negatively charged electrode




)

S

* Electromigration is the movement of ions in a fluid due to the

* Electromigration occurs as long as there is a connected water

Electromigration

applied potential field. lons are attracted to the electrode of
opposite charge

pathway, and the rate is proportional to the gradient of the
applied field
lon velocities of > 6 inch/day {180 ft/year} are possible

Voltage Gradient

* ; * € (V/em}
J. ==D %, —u,c, %+qc !
X

E[ectroosmosis

Electroosmotic flow is the motion of liquid induced by the
applied potential field across a porous material

' | Fixed Layer
Diffuse Layer




Permeability (cm/s)

Einelal
Coarse sand

it

Coarse sand

WHY EK WORKS?
Why will EK work in low-K formations where
conventional injection techniques commonly fail?

& &001

1E+005

1£-008

1E-007

1E-00¢

1E-009 =

TR TERRATWEEM P

Coarse sand

MnO, Flow Direction

4
we +*°
€

5\\\‘!

As Kh decreases, EK becomes the most efficient delivery method

!

K, (Eletronsmotic Coefficient)
' EM (Unit lon-nigration Rate)

: Ky

0 ‘\-\\G

(]

(]

|

._J

T=12 hrwi B-hr EK|




EK APPLICATIONS

EK-BIO™ = Distribution of electron donors (lactate) or acceptors
{oxygen, nitrate) and/or microorganisms (Dehalococcoides,
Dehalobacter) to promote biodegradation [US Patent
7,547,160]

EK-ISCO™ = Distribution of permanganate (MnO,’) to promote
oxidation

EK-TAP™ = Distribution of persulfate ($S,04%) by EX {DC current),
foliowed by thermal activation of the persulfate (AC current)
[US Patent 9,004,816]

Field Implementation of
EK-BIO™




FuII-ScaIe EK-BIO'"‘"I Implementation

* ~40 ft x 60 ft PCE source

+ Construction and Startup: Oct- .

Dec 2012

*  Two treatment areas {A and B}

« Network of 15 electrodes; _
electrode spacing ~ 15 ft

= Alternating active-passive
phases of 90 days/area

* Duration estimated at 16-
month “power-on” over 3
years

NIRG\S

: o . ‘ .
DISTRIBUT]ON OF DONOR {(AS NVOC)
- High donor concentration in freated areas

- Partial donor depletion during passive stages

BASELINE STAGE 2 STAGE 4

STAGE 1 I STAGE 3

NIRK\S

O

NVOC {mgM}
CFi-o

| LA
- 100- 1000
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PCE DECHLORINATION TO ETHENE

- Dechlorination to VC & ethene in all wells
- Low level of PCE only present in 2 wells

m PCE

mTCE

= cis-DCE

= VC YEAR2 . &

m Ethene (Stage 7) o

M Ethane o
e

NIRAS

YEAR 1 {Stage 4)
BASELINE 0:;‘ I-:dlun'w! (L4 lv‘nn-rx-u- PRI 1 2 L S el nrf;m‘. LA P 1000
I%‘ e ,5333}51.3::::"53: ey-1 eI
I i 2500
[
o g
= 20003
= ]
Q ™ ]
L= 15008,
5 o -l
o 10005
o s
2w 500
FL
10% 0
[

twgl uol:é;nua:gun; 5

]

ESTCP EK BIOTM F1eld Demonstration
Naval Air Station Jacksonville, Florida

NAS Jacksonville {Former dry cleaner

m PCE and TCE released to shallow aquifer; PCE into top few feet of clay layer
m Interim remedies (AS, SVE) discontinued since 2005

m 15— 40 mg/L of PCE in pore-water in clay

[ soilcvoc | | Pore-water cvoc
a 3 W "5 20 I b 1000 o 3000 i) 0000
ol & et

- IS
\D-‘
= =
2 2 e
= s :
£ E 15+
| -
H I oa .
. us
»
*
"ae

clay kayer
foppron)

2




Treatment Area Under

Active Parking Lot
b £ A3 —
53 43
s + *
&

4 4

S S

56 kd

* 47 &
|42 8
%

ESTCP - EK.BIO™
NAS Jacksonville,

5 months after

groundwater
monitoring data
showed:

Electron donor
distribution; and

Molar Fractlon and DOD

Classic signature of
PCE dechlorination
to end product
{dissolved ethene}

V. &

Control background
monitoring wells
outside the
treatment area

bioaugmentation 100%

ESTCP EK-BIO™ Field Demonstration
Naval Air Station Jacksonville, Florida

Florida

PCE source in clay
underneath shallow
sandy aquifer

Demeonstration area
~ 40 ft x 40 ft

6~ 8 m bgs under
active parking lot

Network of 9
electrode wells

Bioaugmentation of
KB-1® culture

[ N

L

§ & § §

R PR T

\ e\ \5 o \9 \ e\ x" & x'” c\ \*’
qﬁ""&\ e @" "#\ w’ "?\ @5
e & @é \‘P" & wr” B 2
& & & & é‘ &
BMPCE WTCE Ocis-DCE BVC BEthene +DOD% A VEAS

Not shown here: 100x increase of Dhe, Dhb and verd in
all PTA wells, but not in control wells.

{1/8w) sydp
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EK-TAP™

(EK-Delivered
Thermally-Activated Persulfate)

(EK-Delivered, Thermally-Activated Persulfate)

-

Use of dual purpose EK-ERH electrodes

EK uses direct current (DC) to inexpensively distribute persulfate
through clays and silts

ERH then uses alternating current {AC) to heat scils
Contaminant is oxidized in situ at ~40°C rather than
boiledivolatilized at 100°C

Less energy use; no SVE = lower remediation cost

Innovative combination of two understood techniques

Persulfate has wide range of organic COC applicability
Patent Number 9,004,816




Use direct current (DC) to
distribute persulfate {S,04%)
through clays and silts

fon migration is effective and
efficient

Can transport un-activated
persulfate through target
treatment zone without much
loss of oxidation capacity

EK-TAP™ — Stage 2 Thermal Activation of Persulfate

Once persulfate has been
delivered to target area using
EK, aliernating current {AC) is
used to heat the soils in situ and
activate the persulfate

Same electrodes are used (i.e.,
dual purpose EK-ERH
electrodes)

Contaminanis are oxidized in
situ at ~40°C rather than
boiled/volatilized at 100°C

Less enetgy use, no SVE =
lower remediation cost
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Persulfate (EK-TAP™)
Recent Treatability Study — Persulfate Migration
Anode Persulfate Electromigration Cathode
4500
5 4,000
B as00
c !
§ 3000
c
SE 2500 |
SE 2000
2 1,500 - 20 g/L persulfate
S .
@ 1,000
£ :
g 500 !
0 ®o-——--————-- Soooooummmm== .|
0.0 5.0 10.0 15.0
[ I = Distance from Anode {cm)

’ Soil Concentration Following EK
{Tetal sulfur used as persulfate analogwe)

EK-TAP™ in Clay Soil Column (Northern CA Site)

0.03
0025 1 » - » - = ™ »
€0cs A
PCE
002 { TCE
a 1,1DCE
8 ;ii'%CE ~99% Decrease
wn 24
—g 0.015
£ —+Following EK-TAP 21 Days of EK
™ 2 Days Heating
E, 0.0 - -=-Background (45°C)
0.005 -
. s A .
0 * = o = = T
0 2 4 3] 8 10 12

Distance From Anode {cm)

14
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Target Treatment Depth-

X
~N

Soil Sémjales

Region : = TR T R TR

Hovedstaden s

An Innovative Solution for Low-K / Heterogeneous Sites

Many sites with low-K materials = remediation program has been prolanged
with escalating remediation costs

EK approach for low-K regions
— No high (extreme) pressures => safe, better control, low day-lighting risk

— Avoid losing the majority of amendments to only a few preferential pathways
as commonly seen in hydraulic injection = much more cost effective

— Achieve in-situ treatment; not phase-transfer. Does not lead to 2nd waste
stream to capture, treat, and dispose

— Low energy intensity. May consider solar energy source. Much lower
environmental footprint compared to thermal remediation

12
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Environmental Forensics-
Utilization of Established and
Evolving Techniques

Presented at the AEHS 2016 East Coast
Meeting Amherst, MA 2016

R. Paul Philp, School of Geology and
glgkla oma,

Geophysics, University o
phy Norman, OKTZIS

Presentation Overview

= Introduction

Methodology - Fractionation-Rayleigh Model-Bulk
Isatopes-Isofopes of Individual Compotmds

= Integration of 6C, GCMS, GCIRMS data
Applications-Source Discrimination and

Remediation
- Disel, Gasoline, Mator ofl
MTRE
Chicrinated Solvents
FAMg

Benzere
Ehloeine Tsotopes
Farchlorate

< Vapor Intrusion Studies
«  Fate and Transport Models
°  Summary

Introduction

« This course is primarily concerned with
certain  aspects of  environmental
forensics and, more  specifically,
utilization of stable isotopes.

» It is very important to emphasize at the
outset that there is a significant
difference between the conventional EPA
methods and the environmental forensic
approach.

= At this time there is no EPA stable
isotope method although the approach is
widely supported by EPA




CSIA in Contaminant Studies

CSIA is established in ground
water contaminant work, with large
number of peer-reviewed
publications and industry
applications. ‘

CSIA applications fairly novel in
vadose zone and vapor phase
contaminant studies: several
peer-reviewed papers to date

More examples of such
applications will be given in
subsequent sections

General Topics to be covered

» What is a stable isotope?
* Where and why use isotopes?

* When do we use isctopes in
conjunction with other techniques?

* What type of information can we
obtain?

* What type of information is not
available? (Age dating)

+ Examples

Basic Environmental Forensic

Questions

+ What is the product?

+ Is there more than one source (point
of release) and, if so, which one
caused the problem?

- How long has it been there?
+» Is it degrading?




Utilization of Stable
Isotopes

* What is the product? NO

« Is there more than one source and, if
so, which one caused the problem?
YES

* How long has it been there? NO

+ Is it degrading? YES

Applications-Sediments vs.
Water

+ Basic concepts behind analyzing
sediment extracts and water samples
are very similar.

» In general changes in isotopic
compositions during extraction,
diffusion, partitioning in sediments
are relatively smail and not significant
when interpreting natural attenuation
data.

What are Stable Isotopes?

* Carbon exists as two stable isotopes,
12¢ and 13C which differ in the
number of neutrons they contain. 12€C
has 6 electrons, 6 protons and 6
neutrons; 13C has 7 neutrons.

* H has 1 electron and 1 proton and
?H {D-deuterium) has 1 electron, 1
proton and 1 neutron.

+ 35¢C| has 17 electrons, 17 protons and
18 neutrons; 3Cl has 20 neutrons.




What are Stable Isotopes?

Isotopes of Hydrogen lstopes of Carbon
rlydrogen Deuterium, Tritium, SN’M
2H, D M, T -w-'m wm
@ peston CQrotron “Cootinuse
- Isotopes have the same number of protens - for £51A

identical atomic number

-Isotopes have different number of neutrons -
different atomic mass

- Stable isotopes do not undergo radicactive decay -
tritium is not a stable isotope

- (€l has 24 isotopes)

Stable Isotopes

+ Natural isotopic abundances
~ 12¢ gbout 99%, 13¢C about 1%
~1H 99.985%, ¢H 0.014%
—Chlorine (35C1/57C1 - 76/24)
—Sulfur (325/345 - 94/3)
—Nitrogen (1*N/15N - 599.6/0.4)

(Mass difference for H/D is 2 thus mere froctionation than C)

+ Stable isotopes ratios can change
— Physical processes
- Chemical process

The Delta Notation

8= Rsample_Rstandard % 1000

tandard
R =13C/1zC (3CN2C Is 0.0112372)

BC/2C-45/44 intensity in the MS; 83C of -30 per
mil means it is 3¢/, lower than the standard.
Laboratory standards have to be converted to
international reference standards.




Stable Isotopes

» Carbon in fossil fuels is derived from
atmospheric CO,. Hydrogen is
primarily derived from H,O. During
photosynthesis, fractionation of the
two isotopes occurs with preferential
assimilation of the lighter isotopes.

Photosynthesis

Carbon isotope fractionation during photosynthesis

e A,
”

1, 7
1icg, 1360, €0, 12¢0, 10, ucgoa FENL
0; 1200, 120, €O, 13, 2z

“a 3
Foad

Q.
1200, sgp, 400,100 1O, 1360,
1 ) Atmasphecic §3C ~ -E%

200, 1200, 12::::::(‘102
S

. LW_ML-1]->< 1000
(P Chirandara

C, plants : >85% of plant C, plants : <5% of plant
species species

(all trees, wheat, sugar beat, (corn, sorghum, millet,
tobacco, a lot of herbaceous_) sugareane)

C3 plant §9¢ - 262, €4 plantF3C - 2%

6°CO, + 12H,0 —— *CgH;,0, + 6H,0 + 60,

Isotopes and Photosynthesis

= The extent of fractionation durin
photosynthesis will depend on factors
such as: plant type. marine v.
terrigenous; C; v. C, plant types’
temperature; sunlight intensity; water
depth.

= C; Temperate plants; frees: not grasses:
5% plant species-22 to -30; C,
Grasses; sugar cane; corn; higher temps
and sunlight-10 to -14 per mil

» Individual compounds will have a unique
isotopic signature reflecting their
photosynthetic cycle and/or biochemical
cycles,




Isotopes of Water

» Evaporation of water from oceans
decreases concentration of heavy isotope in
the water in the clouds compared to the
seaq.

* With further evaporation, condensation and
precipitation, the deuterium continues to
decrease with altitude.

» Ground water reflects this and ultimately
so do the plants and higher members of the
food chain.

« Reflected in food such as cheese, butter,
and milk.

Isotopic Changes in Rainwater

Continent

Isotopic Changes in Rainwater

fmamnazoemn

SEmEaceEn §

Heavier in soastal regions




Presentation Overview

Introduction

+  Methodology - Fractionation-Rayleigh Model-Bulk
Esotopes-Isofopes of Individual Compounds

= Integration of &C, GCMS, GCIRMS data
+  Applications-Source Discrimination and

Remediation
Diesel, Gazokne, Mator ol

MTB!

Enlorinated Solvents
PAH:

PCBs

Benzere

Ohlorine Isrtepes
Parchlorat

*  Vapor Intrusion Studies
* Fate and Transport Models
*+  Summary

Stable Isotope Determinations

ISOTOPIC VALUES CAN BE
MEASURED IN TWO WAYS:

» BULK ISOTOPES

+ ISOTOPIC COMPOSITIONS OF
INDIVIDUAL COMPOUNDS

Bulk Isotopes

« For carbon, a small volume of sample is placed
in a glass tube with CuO, evacuated, sealed
and heated to approx. 650°C for 6 hrs. All
organic matter must be converted to €O, and
water,

+ The tube is attached 1o a manifold, seal
broken, and water removed. The CO; pulsed
into mass spectrometer, interspersed with
pulses of standard CO,.

» Alternatively can be determined directly with
elemental analyser interfaced to IRMS

2L




Isotopes

» The standard for carbon is a
marine carbonate, Pee Dee
Belemnite (VPDB), that has a 513C
value of O. Virtually every other
material that has been measured
contains less 13C than the standard
and will have a negative 8'3C value.
Then one says it is depleted in 13C,
is isotopically lighter or has a more
negative 513C value.

=
Isotope Standards
Afom 3 Ratie Stondard HeavyAight
. Hydmgzn 8D D/HEH/H) SMOW 1.557 x 104
= Carbon &13C 1Boze VPDB 1.122 x10-2
+ Nitrogen 515N 1SN Afmasphm 3.613 x 107
» Oxygen &80 Boye0 SMOW, VPDB 2.0052 x10-3
«  Chiorine &7 T SMOC ~(.31978
*  Sulfur &HS Mg/ coT 4,43 x 10-2
3

The Delta Notation

R —R
6|3C — sample standard | y¢ 1000
Rstandard

R=13Cn2C (3C/%C is 0,0112372)

13C/12C-45/44 intensity in the MS; 813C of -30 per
mil means it is 3¢/, lower than the standard.
Laboratory standards have fo be converted to
international reference standards.




Data Output-Isotope Scale

PDB Standard

|

5000 4000 a000 2000 D00 000 1008
a13¢C
Isotopically lighter

Isotopically depleted

~

More negative

F 3

Variations in Bulk Isotope Values

G componillon of emanic Autled vackes
* depending on origin and Lesmal hisiory
L
-
——
I
AN S
I Macme I
—
Cast] -
niasaar
A
uniion—r dry gas]
Ll v
*-orrcsn-
§ punlini)
— =Y TR M —am 83 —~W ~i o
matartion
i o - A it 445, PR FPTS 2%

Stable Isotope Fractionation

« Preferential partitioning of isotopes between
phases or between reaction and product
species
- Function of difference in masses

- Equilibrium isotope effect
- One isotope concentrates in one component of a
reversible system
+ Kinetic isotope effect

- One isotope reacts more rapidly than other in
irreversible system




Equilibrium Isotope Effect

« Evaporation of water in closed
container (equilibrium)

—Lighter isot 14, 160) partition *
kligheﬁre]:grg;epshgse (vapc)ar ariition 7o

Kinetic Isotope Effect

» Hydrocarbon molecules are comprised
primarily of 12C-12C bonds: lesser
amounts of 12C-13C bonds and even fewer
13€-13¢ bonds. The kinetic isotope effect
can be thought of as the cleavage of the
weaker bonds, 12C-12C, which will
ultimately lead to an enrichment of the
residual substrate.

= Similar effects occur in chlorinated
compounds where the 2€-35C] bonds are
preferentially cleaved

Kinetic Isotope Fractionation
Rate of removal of O faster than that of ®

.k, / k= const. Biodegradation
Chem. Degradation
Diffusion

GO
sy
oLt056 g:

Final

Initial
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Fractionation due to different reaction rates
of molecules with “heavy” and “light”
isotopes

Exponential enrichment

l of the “slow™ species

D e
Reaction progress

“fast” reactant

remaining mass

“slow” reactant

reaction progress

Data Output

§ notation: 813C= &a:_npl_e_l x1000

tandard
(crcisoonzary R = BCAEC

Percent MTBE remaining 8¢ BEZE
100.0 -30.0 0.010500
50.0 -245 0.010962
12,5 -13.4 0.011087
1.6 3.3 0.011274

Stable Isotopic Fractionation
Rayleigh Model

The relationship  between the  isotopic
composition of a precursor and product can be
followed through the use of the Rayleigh
equation, This equation establishes the
relationship between the isotopic composition of
precursor and product based on the fractionation
factor aend change in concentration of the
substrate.

11



Stable Isotopic Fractionation
Rayleigh Model

In order o show the relationship between the isotopic
ratios of the initial and remaining substrate and the
fraction of liquid remaining (F) the following form of the
Rayleigh model can be used:

(813C, + 1000)/5"3Cuq + 1000) = Fo-1
which can be rearranged and simplified to:
BC,=8YC_+e*InF  where e=(a-1)* 1000

(¢ is the enrichment factor and « is the fractionation factor)
(a=R substrate/R product,) =

Stable Isotopic Fractionation

o

—TCE
541 instantsneous cis-DCE
—_— cu-DCE
aed = = Initil TCE

¥ n.& os 04 (¥4 6
Fraction TCE recnsineg
=
Stable Isotopic Fractionation
Rayleigh Model
5
] Slope = €
2
|
£
2 Intercept = 53C,
-1 -2 -3 -4
nat log of remaining substrate fraction
Substrate concentration decreases—»
813C, = & * InF + 813C,
%
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You are what you eat!

You are what you Eat!!

Foodis and Diet
E {Arrows poict from Lol b
Gt 0 by E

-
=)

- Ak
[= I Y

Nitrogen Isatope Value (3'°N)

Q N &N & o

N S
<30 .28 .26 -24 .22 <206 -18 .16 <14 ~12 -10

Carbon Isotope Value (6'°C)

Isotope Fingerprinting in Tequila -You

5 Curarm (¥ Elissol

are what you drink

STV TG
Anid DD Bl

wp BT o i/,:‘)wm
o
1\ -

¢

5 W i
30y (309 Exhanol

Combined HC wid 'O ansfysis of ethanal in 1omuiia san be usal
to estzhlish mixing o abaned from sgave and tdhansi frem sugar cune
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What's in the Beer?

613C 160 Beers from around the
world ranged from -27.2 to -14.9
31% had C; signature-barley,rice-
traditional sources of alcohol.

69% contained C, plants-corn or
cahe sugar

European beers mainly C; but US,
Canadian, Mexican, Brazilian beers
contained C, — large breweries
contained significant proportions of
C, and the cheaper the beer the
meore corn syrup!

Isotope Values of Crude
Qils Vary with Source

The Granite Wash Oils-Isotopic

Compositions
24 2
25
Genetal Granhe
= 26 Al i ‘Wash vll region
g 27
£ EPNCY .y
2>
2 a0
2 3 - &‘ # Simpsen Group
g 31 W\Woodfard Shale
£ A APesasylvanian
g KLawion Ot
-4

35 34 4 32 31 30 29 2B 27 26 35
&Y sutarate hydroesrbons
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Correlations Using Carbon Isotopes

813G of Saturates (%., PDB)

BP “American Trader" Accident 5/7/90 - Huntington Beach, CA

§13C of Aromatics (%, PDB)

Correlations Using Carbon and

8D (%)

Hydrogen Isotopes

Brand B
Gas.oline
-140 Y T T Y T

29 28 .27 26 2/ 24 23

&13C (%0}

13

Allocation - 2 Sources
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Prince William Sound Residues

Prince William Sound Residues

e -
£ ; -28.7
m&um 4 l:iw_

Isotopic Values of Individual
Compounds

» Bulk numbers represent an average of
the isotopic values of all the individual
compounds in the sample

« The combination of gas chromatography
with isotope ratio mass spectrometry
(6CIRMS) permits us to determine
isotopic compositions of individual
compounds in complex mixtures, so far
routine for C and H.

+ Methods now being developed for Cl

16



On-Line Determination

For carbon, combustion interface converts
everything to €0, and water; water
removed; CO, enters the IRMS system.
For hydrogen the sample is pyrolysed to
produce H and 2H which enter IRMS, and
carbon deposited on the tube

Cl will be discussed below

Important no GC resolution lost during
combustion process

GCIRMS System

i !
ST PLP N YU 1 { N

i

. i
e :’.gf-‘“’.‘;““!lj‘l"-‘-! v},-mw{‘,.« " g-—-m—-é;‘.%—f‘»"g,"-M‘
H

J

s

b
v,

. Em&yfg‘_{j’g\h S
. z

™ o = T - - — £ -




T 1C (!.)

GCIRMS DATA FOR SELECTED
OILS

malazer

&
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&
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]
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-
- | —a— Us-106-1

1
- —m—  PanisBasin

| o~ Middie Esst
™
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Presentation Overview

-  Introduction

+  Methodology - Fractionation-Rayleigh Medel-Bulk
Tsotopes-Isofopes of Individual Compounds

+  Integration of GC, GCMS, GCIRMS data

«  Applications-Source Discrimination and
Remediation

Diesel, Sascline, Moter o

MTBE

Orlorinoted Selvents

PAHs

PCBs

Berzene

Chlorine Izatopes

Perchlorate.
«  Vapor Intrusion Studies
+  Fate and Transport Models
+  Summary

Basic Environmental Forensic

Questions

« What is the product?

+ Is there more than one source (point
of release) and, if so, which one
caused the problem?

« How long has it been there?
+ Is it degrading?
» Who is going to pay?

Fingerprinting and Correlation

+ What are the most commonly used
techniques for such purposes?

Gas chromatography

Mass Spectromeiry

19



Fingerprinting by Gas Chromatography

Crude Qil Chromatogram
17
Pristane

| ll Phytane c

I e

Biomarker Distributions
LJ.JL«LJL& 4111 iy SR YO N ) L_‘*llL—
'- ;.i!_m. li_llk]mm:m Ewwm‘\

T e e e
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Hydrocarbon Spills and
Weathering

* Major effects of weathering from a
geochemical perspective are :

— Evaporation
—Water washing

— Biodegradation

Processes acting on Spilled Qils

Processes acting on below-ground spills

21



Weathering Effects of Crude Qils

T —
o Non-degraded oil
Heavily degraded oil
-
-Weatherin

s F L

BBE1 114238

q Effects g_f_Cr'ude Oils
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Terpanes in Tar Ball Samples

Mifz 19E SAT §3H s Mz 19E AT 04F

5) Cag-Hop. C3p=-Hop.
Ll M MM‘

T T R L B e

“MdJz 191 SAT 95M () MUz 191 SAT 95

GCIRMS - Tar Balls

-20.00 T T T

-24.60 { ...
-~ 86H

ol s
2800 |- r/,-' o —95F
~32.00 -

f

¢

3

-l/-»
- T L Sampling locations of oil

S residues
%W:’;;‘;f“’ ‘ and ciled bird feathers
,,,*"}“‘w’-:r_";::‘f?‘h‘:‘“ collected along
ol J SR TH the Atlantic Coast of France

o after the Erika oil spill.

Mazeas et al., EST,
36(2), 130-137, 2002




The Erika Qil Spill.

$1 52 S3 54 55 56 57 S5 S 510531 512 §13 514 515 S16 ST 8¢
Bulk isotope values
n

The Erika Oil Spill.

4

IS EhE AN et
L]

——Eraaceiing

bt it (X2-9Y3)

et Sy (R180 )

it bretrer
| —Cmmoriny

8 % B

€1 cies T €W LN 2tk GM G @ G EW
Molecular molkane isotopic compositions of the oil residues collected in the nerth
Atlantic shoreline (mean of 52-512), on the Crohot Beach (513), in the Arcachan
Bay area (mean of 514-S1B), and of bird feathers (mean of 519-528) are
compared with Erika eil.

The Erika Oil Spill.

- PP [ ~ - ™
Compound specific isotopic composition of cil residues and oiled bird {feathers
collected along the Atantic Coast of France compared with Erika oil isotopic
composition.

]
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Presentation Overview

Introduction

Methodology - Froctionation-Rayleigh Model-Bulk
Isotopes-Isotfopes of Individual Compounds
Integration of 6C, GEMS, GCIRMS data
Applications-Source Discrimination and
Remediation

Diese!, Gosolig

MTBRE
Chlorinated Salvents
FAHE

et

Bargere
Chlarine Esetapes
Perchloraic

Vapor Intrusion Studies
Fate and Transport Models

*  Summary
n
Diesel Fingerprints
West Coast
Dicsel
f |
Qlklzhoma Dicsel
West Coast -24.72
QOklahoma -27.86 I
Isoprenoid Tsotope Fingerprints
. =20 - >
£ -2
-
;-24_ \\_’_&1:/
5
E .28 -
g b Oilohoma
32
7B
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i A D

Diesel -Source Differentiation

am
-240 ]
g — e
250 — — — ML
1 280 e~ S
£ et
T
w200
208

Forensic Geochemisiry

MW 1
-*
Srousdwater flow direction

. MW Site B

Weathered and Unweathered Diesel

Diesel MW 1 *Pr*
,__J_Lj-u‘iu l’ r *
Diesel MW 6 B
1
L] .I..,L‘LJ}I.
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Carbon Isctope Values for Isoprenoids

il
sl
Cisl
I8t
™
Mt

-1

-2
B —ws
- ———w i

26 1

-7

™
Diesel_Correlations
'
d E
Ry
Sesquiterpanes(123) Degraded steranes
(110;124)
biamantane (135) Adamantane (187)
)

Adamantanes in Diesel Fuels

Diesel MW 1 MMW
Diesel MW, 6 '
Ci3
oo
Cu A
| S D
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Gasolines

» Gasolines from different sources often
have very similar chromatograms, making
it difficult to distinguish such samples.
Gasolines are also devoid of biomarkers,
further limiting correlation possibilities.

= One solution here is to use GCIRMS for
both the hydrocarbons and additives.

L

Comparison of Gasolines by &€

Carbon .i':qfopfc Composition of Gasolines from
Oklahome (FOK, 6OK) and the Easi Coast (LEC, OEC)

Pioak Nermber

1,3.5,7 6 0 133807 193 23 WH N W W ;A ATAD

B (%)

This figure shows 1he eorbm lso‘toplc fingerprint of guulnnu mwkd fram Sklahoma and
from the East Coast. that these igrificatly differert in
+erms of isotopic wnpns::mn and con bedns:nmmt:d frem eae!\ aﬂne on this besis,
“The peak nunbers are identified in the section above.
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Gasoline database

Retail stations
locations

» Aromatics 523C + dD,
oxygenates (MTBE, TBA)

Jrampies provided
Macshall Eniveraity, W

by D, J.Graham Rankin,

®  Aromatics §3C only

813C Fingerprints of 39 Gasolines

Trend reflects the manufacturing process
C offset reflects the crude oil Teedstgek

& & r -%
PR FELES

8|qEIrEA XI0]SP8a) ||O BPNID

When are Two Fingerprints
Different?

» Factors causing differences:
—Source
—Precision and Accuracy
—Fresh samples vs. Environmental samples
—Woeathering and bicdegradation

29



| Biodegradation K

| | !
Limited _Jn E:} Advanced tmeronsn|

VIR 7% "

Large vs.Small Molecules

CH; g ?Ha
o oy

Biodegradation will induce larger isotopic fractionation
in smaller molecules which have lower rgtio altered to
non-altered carbons- (intrinsic isotopic effects).

Gasolines ~ Identical GC Signals
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BUC (%o}

Gasolines — Different 313C
Fingerprints o

2

&

%

e & & 3%
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Source Discrimination-
Ground-water Problems

» Source discrimination

— Stable isotopes provide a tool that can be
used to discriminate source of common
ground water and sediment contaminants.

- Particularly valuable for single component
contaminants

- Volatile compound source signatures may be
affected by “weathering”

— Relatively narrow renge of sighatures

Non-degraded v. Degraded
Components

Non-
Degradad MTBE

=
- |

e I
I -

T T T T T
-50:0¢ -40.00 -30.00 -20.00 -10.00 Goo 10.00
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Chemicals are Inherited from Synthetic

The Isotopes in Manufactured

Feedstocks

Bioethano!

PAHs from cool
1{” burning

Most synthetic
i L-chemicals: CAHs

qasoline HCs,
MIBE

L4~ Chloroform

1 n s s s—
—4q —# —3) ~60 -3 ~40 —-N ~ =13 Q H

Carbon isotope Ratios

C Isotope Ratios of Misc. CAHs
: £
§ 8 & ¢ F &2 5 5 8
25 = |&n
w N S HE
86 SR e 5
o 12
o 3
© 50
5%
F] wHigh
4 aive :
-7 —
st usera toog

Remediation Studies

* How can isotopes assist in
remediation studies?

* Provide independent verification
that attenuation is taking place

* Provide estimates of extent of
atienuation

» Distinguish mechanisms of
degradation

» Distinguish non-degradative
processes that may be taking place

32



g,

1 &1 0.01 .00
Fraction of max. conc. of TCE and al products any time

Isotopes in Remediation Studies

* Provide independent verification
that attenuation is taking place

« Basically looking for isotopic enrichment
such that the substrate is isotopically
enriched relative to the original source
material

« Enrichment magnitude should exceed that
of abiotic (physical) processes

- Ranges of source signatures established
for most common contaminants

Isotopes in Remediation Studies

» Provide independent verification
that attenuation is taking place

» Ideally 2D or even 3D isotope
monitoring will provide more reliable
evidence for attenuation

* Mechanism specific since one
isotope may be enriched, but little
change in the others depending on
mechanism.
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Remediation - Summary

« Provide estimates of extent of
attenuation

 Conservative estimates of the
extent of degradation can be
obtained from the Rayleigh equation
+ Information can also be

incorporated into flow transport
models

Use of CSIA data to determine the
progress of in-situ degradation (anaerobic)

Simplified Rayleigh equation: §%C; ., = 8%Cym +e*INF

Mixing with less
degraded MTBE will
lower the degradation
estimate

Calculation is made using
a conservative value of
alsciniﬁd

This

approach

Minimum % MTBE degraded
ca8BsEEAE S

-

[ 25 45 85

is a conservative $YC MTBE in-situ
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MTBE

Octane Bogster, 1970
Clean Air Act Amendments, 1950 (Winter program)
Reformulated Gasoline, 1995 (< 15 %)
3.1 billlon gallons praduced n 2998
AND
1.2 billion gallons imported in 1998

Boiling Pt. 55.22C

Vapor Pressure 240 mm Hg

Vapor Density 3.1

Density 074 g/ mi @ 202C
Solubility 4.8 g/ 100 g water
Log K. 0,55-0.91

MTBE in Gasolines

Why Use Compound-Specific
Stable Isotope Analysis for
MTBE Studies?

* Source differentiation not too successful since
MTBE from many different sources has a fairly
narrow range of isotope compositions, between -
27.5 to -31 per mil. One semple from Russia
was -36 per mil.

- Can we use the stable isofopic compesition to
differentiate sources of MTBE and/or detect
the onset of natural attenuation?

- May supplement or replace time-consuming
microcosm experiments in identification of
MTBE-degrading microbiclagy
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Routine PT- GCIRMS Quantitation Limits

53C MTBE

8BC TBA 3D MTBE (5D TBA

1 ppb

20/30ppb (10/20ppb NA

Data Interpretation

Qualitative - if MTBE composition is
“heavier” than the reference commercial
MTBE, degradation may be inferred

Composition range of undegraded MTBE:

Carbon: -33 to -27.5 permil 313C
Hydrogen: -125 to -80 permil 3D

ISOTOPE FRACTIONATION in MICROCOSMS

average jsotopa effect

maximum isotope effect

average isotope effect
=-25

u
.
120 999 % degraded *
e
.

109
o _':,.
g . 99 % degraded . Ecarbon = =18
) .t
I .
[ .
2 5, =-20
o 0% degraced . carbon

] -

>
20 a--'“ Sy
0
]
/' o El 2 4 4 £ & 7 £
In CJC, MTBE

8¢ range of commerciol MTBE

Dato pacled from aix microcosn etz
developed from different sediment samples
(misc. gas shation sites), ~20 58 ond
ahanagenic miarocssms are Inchuded,

108

36



Anaerobic Plume New Jersey, BP

Site

plume footprint,
determined by

Material for
thresheld CH,

micrecosms collected

concentration
[
Pumps -
; Sampling well
v—
m L7
Meters Station

Anaerobic Plume New Jersey

L

4 MTBE Year 1
B MTBE Year 2
A MTBE Yoar 3

£

Topography of MTBE attenuation

oG 2610 -20.5 .
TX, Chevron sife

@bPC 245t0-28
@ 0PC 18024
Befter site management:

Treatment may be
customized to benefit from
naturally occurring
bioattenuation processes

GW Flow

nt
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Dana Point, Orange County, CA

MTBE 3%¢ values

!
3
3
"
3

)
£
2

- e 12 metery

This part of the
plume represents

meEimg e '@N@e County, CA, USA

active zone

fon
creates a barrier for
the moving MTBE. Source area

(leaking gas (leaking ga=
shﬂon%agn k station tank)

over 10 000

B cverss%
000 - 10 000
— EN  2085%
100 1000 50.80%
scale: 12 meters X
fewnd 10—100 below 50%
* below 10 BB no evidence
MTBE concentrations {pgft) conservative extent of MTBE
biedegradation
calculated from CSIA data
k3

MTBE Degradation Experiments

= Kuder et al., (2005) first used € and
H isotope data from both microcosm
and field data to demonstrate
anaerobic degradation of MTBE.

* Showed similar enrichment factors for
both C and H.

- Common degradation pathway at
several sites

+ First step is cleavage of O-CH; bond.

FICS
Kuder & al., 2005




Tsotope Effects Reflect Reaction Mechanisms)

Strong isotope fractionation affects
atoms of the reacting bond

Remaining atoms:
“secondary effects”
negligible for 3C/2C

Atoms at the reacting bond:
~primary effects”
*strong for 1¥C/12%C

Bond cleavage

S
Isotopic Fractionation During
MTBE - TBA Conversion
» Reaction 1; Ether bond hydrolysis: primary isotopic
effect on carbon, secondary effect of hydrogen
» Reaction 2: Terminal methyl group oxidation: primary
isotopic effect both on carbon and hydrogen
® Reaction 1 "
[= T} o =
k) = Reaction 2
2 . 5 =
100 180 | T
0 -= -0 0 £ ) -19 l___pJ
delta 1°C dejta 1C
ng

Overview of Tsotope Effects in MTBE Degradation
Studies
Culture £c %0 Ep Yoo reflerence
‘Aerable microcosm !
i 64401974005 | Notanalyzed Humbaler ctal, 2001
Aerobic cmciaballe 1524 0.06 Mot amlyzed Tunkeler ef al. 2001
Acrobitmicrocmrs PMI | 10401 (o 24+ 13 | 3=SmI646 Gray ecal 200
Arubic microcasm; YAFD 186018201 19+ 48023 Giray 1 4L, 2002
Methumageris microcesn 92150 ot aralyzed Koltvathart ak, 2042
‘Methancgenls enclchment ] .
A3aLd A6S Hauter et ul, 2005
‘Methanogemis enrichment P
i 1564 41,146252 | Notmnatyzed Sovmamuk e a1, F005
Methanogenk microcoum 151433 205285 ‘Fuder et al, anpuiilished
.| Metbapopenle microcesm I 154120 ol natyzed Ruder ot al., smpublished
Mzed modbam anaeroble (SR . F
T a7 Fider etal
uzr
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Discrimination of Aerobic vs. Anaerobic
Degradation by 2D CSIA

60 4. Cleavage of R P
H C-H of the s 4
40 ‘E-E methyl group "
20 2 H
=
o
] a
w e
g £
Z - 5 P
© E " Cleavage of
-0 ? cmemn -0
R
60 :
1L and §D range
-80 N of commercial
e MTBE
-100
80 40 20 0 20 40 &0 80 100
5 MTBE e

2D-Isotope Analyses of MTBE at
Industrial Site

ATH %}

20 30 3

20 A5 -]

)
90 %)

after van Breukelen: Env. Sel. Tech. 41,4004,”2007

Isotope Effects in Non-
Degradative MTBE Attenuation

Do physical attenuation processes
result in measurable isotope
fractionation?

If so, does it interfere with
CSIA-based biodegradation
assessmeni?
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Volatile Contaminants -

Changes of the
source's isotope signal

dissolved plume,

j| Ablotic changes of
isotape composition
might mimic or
obseure bliodegradation

# e < : @ | signal In the dissolved
- Saturated zone : plume.

Processes affecting MTBE Mass Distribution |

Vadose Zone Physical Attenuation-
Complex Interactions

Diffusion/advec
-tion of organic
vapor

NAPL-vapor
exchange

Vapor-water
exchange

N
N

“2D-CSIA of D

:.:‘H’evre}wt' Volatilization

.I.

Analytical
error

Processes

Shaded
area
represent

95% milss = 'w M inverse IE, diagnostic to NAPL removarlJL
remova N g
benchmark 3G range

411



Presentation Overview

Introduction
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Remediation

IDiesel, Gasoline. Motor ol

MTBE

Criorinated Sclvents

PAHs

PCBs

v

[N

Berzene

Enlosine Tsotopes

Parchlecute

= Vapor Intrusion Studies

* Fate and Transport Models
Summary

.

Detection Limits for Chlorinated

Solvents

« € and €l Isotopes
—TCE, PCE AND cis-DCE 1ug/L
-VC 2ug/L
« H Isotopes
~TCE 20-30ug/L
—Cis-DCE 5-10ug/L
-VC 10-20ug/L

§13C Values for TCE from Several

Manufacturers
Numerical key Manufictuter §%C  Offline precision
i Daw —31.90 0.05
14 Dow ~29.84 0.07
2 ICH -31.32 0.03
3 PPG ~27.80 0.01
3A PPG ~3L.68 0.17
4 Aldrich ~33.49 0.08
5 Helteral (1997)  =27.13 0.1
§ A -3153 0,01
7 B —27.90 0.08
8 C _ =299 0.18
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Degradation of Chlorinated Solvents

Discrimination of Reaction
Mechanisms by Isotope Effects

In different reaction types,
the proportions between C, Cl
and H isotope effects are
different. These differences
can be visualized by collecting

5

oxidation

3 ~ g T data on 2 or 3 {setopes (e.g..

o e C+Cl).

e

reductive dechlorination The same principles apply to
biodegradation, chemical
5570 %) dcgr'ﬂdﬂﬁﬂl'l and physioul mass
remediation.
After Honkeleret al, 2009

Degradation of Chlorinated Solvents

3 -2
§m, (EX S i n
5 B d g
LONLY £
E04 2wl
£ A £ “\‘Q{\\
| B R | AR
S gl P S
. 10 W 2
.
el o 3
g . kb
a8 T 50 | g
0 — . W Ty
o 5 10 15 20 0 1 @ @
Tinoe (Dys) Tetne{wy5)

FIGURE 3. Conceniration and stabla carbon [solopo data foi
Qepenhinent A and B, VG cilture (NC ., ETH =M, Ilial vatus

129
— Isotope balance -+ Bloom £t af, Evviron, Sei. Techaol, 34 (13) 2768 -2772, 2000,
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Degradation of Chlorinated Solvents

ameunl b aquonsy and gos phane

ES A
IR R R TR

——n

A wemBT

i
—t— e
[op——

Isotopic Enrichment Factors

Compound | e{%0) Conditions Refarnces
PCE -2 batch, anacrobic Bunkeler etal, 1999
<52 batch, methanogenic Slatcy et al, 2001
TCE =25 bateh, methanogeic Bloom et al, 200¢
-4 baich, anacrobie Hunkeler etal, 15%9
4.6 batch, methanogenic Bloom et a1, 2000
ErAl ‘baich, anasTobic Sherwood-Lollar ol al, 1959
-138 ‘balch, mmacrobic Slater et &l, 2001
DCE -12 ‘batch, anacrobic Hunkeler et 8, 1999
+14.1 batch, methznogenic Bloom et al , 2000
-16.1 baich, meothanogenic Bloom ¢ al, 2000
-30.4 ‘batch, anzerobic Slaler et al, 2001
vC -215 | batch, methanogenie Bloom 1al, 2000
-224 ‘batch, anacrobic Slater el al, 2001
266 | baich, methanogenic Bloom 1 al., 2000
-26 ‘batch, anaerobic Humkeler «f al, 1993

‘The lest two steps of degrodahion arc the slowest. During these processes, the encichment
factor Is the highect highlighting an important degradetion ot this time.

f=3

Source Discrimination of PCE and TCE

B
Teansext1,”

1
el N
P e T
RPN

?':——/ Buiding
L
B9

N i

.

L4 i__-_l
. Aopex 30 m

7 TCRinpp

-
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Source Discrimination of PCE _and TCE

= T r - |
2T 4 -»-I‘
4 Ra—
ﬁ e 3y s
& s i
%
e
2 et
=5
" 1o w0 “w
TGE conceniration (ugiL)
I
4
an
-2 { hand
g
= I
£ ae
o s
e et ]
30 4
1
00 2
TCE conoemiration (UgAL) 133

Reductive Dechlorination of
PCEs

« Sherwood Lollar et al., EST
2001,35,261-269-first showed that
during anaerobic reductive
dechlorination of chlorinated
hydrocarbons, isotopic enrichment of
PCE and TCE was observed at Area 6
Dover AFB.

Reductive Dechlorination of
PCEs

Extent of Contaminmtion ..
. E ¢
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Reductive Dechlorination of
PCEs

PCEs

Reductive Dechlorination of
PCEs

- TiSDEE fugit) & <z
TR — A »
ra '—,i 4;/
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PCE Degradation Site Study

Wig. 2. $ap oF At fockd i woh bmamioes of T
e o iy o it ot e

Hyeroiogy, 74, 265358
Hunkelas at al_ J. Contaminant Hydrology, 74, 265-282:2004.

PCE Source Evaluation Study

CAstance ()
Hunkeler et al., J. Contaminant Hydrology, 74, 265-282,2004.

PCE Degradation Site Study

T T T r T T T v
L I ¢ ] 15 20 23 an 35 AR 45 50
Do {m}

141
Hunkeler ot sl J. Comtaminant Hydrology. 74, 265-282,2004.
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H Isotope Ratios of Manufactured TCE

200
1]
& A
600 1 -
|3
a0 "
Hi »
T
L] 200  }
0 I
=200

Industriol Industrial Industrial Estimated in

product dechlorinatio
OU 30t1 Er, 1998 S-Stesh n_product

Abiotic and Microbial Transformation of PCE

and TCE

Microbial processes are most rapid transformation of PCE and
TCE in the field and should be exploited for this purpose where
appropriate.

Abiotic processes can contribute to transformation of PCE and
TCE where significantly higher mass loadings of reactive minerals
are generated in situ as part of a remediation technalogy or
where the activity of dechlorinating bacteria is low.

Abiotic processes can also play a significant role in cases where
complete microbial degradation of PCE or TCE to ethene does
not oecur,

Under these conditions, although slow, abictic processes may
still contribute to the complete transformation of PCE and TCE

to benign products at contaminated sites. w

Biogenic vs. Abiogenic Degradation

PCE £
FeS ph 7— abiotic [-30.2 +/- 4.3
FeS pH 8 —abiotic [-29.54 +/- 0.83
BB1 - biological ([-1.39+/-0.21
Sm — biological ~1.33 +/-0.13

48



Presentation Overview
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Chloring Tsatapes
Perchlorate

+  Vapor Intrusion Studies
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Sources of PAHs to Urban

Background
* Natural background
— Pre-existing and naturally produced
» Atmospheric fallout
— Transportation, heating systems, power
generation, indusiries
- Fill
— Building materials
- Debris, ash, trash
+ Spills and sprays

Are the isotepe raties different for different sources?
Can they be sorted out?

Petrogenic vs. Pyrogenic

533358C BELUIITLED

- Bkawed o Slopwd
N PAMPwie .
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C2-DIC2-P+A

Differentiation of PAH Sources
to Urban Background

4

L]

40 e

e W/ 0 s (-3
. / o oo:/’ %
- Cpocn”

- Ry e

" = o

. [

G3DibenzothiopheneslGC3-FhenanthrenestAnthracenss

Gira it il Emirranentsl Farerice 5 1T1 2004

Large vs.Small Molecules

1.7 1:19
Biodegradation will induce larger isotopic fractionation
in smaller molecules which have lower ratio altered to
non-aitered carbons- (intrinsic isotopic effects).

PAHs and Stable Isotopes

+ Current interest is centered around
whether carbon isotopes can be used to
discriminate PAHs derived from former
manufactured gas plant {MGP) wastes
versus those from general urban background
aromatics

* Urban backgreunds have a fairly narrow

range and small differences may be related
to source differences
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PAH CSIRs Depend on Source
Organic_Matter and Conditions of

.
Formation
s o4 o 2BEL L s 4 53 profiles vary among
PAH precursors
oy bskee | <513 isotopic profiles appear
b 2 st | responsive to different PAH
%‘5 ?— fr formation mechanisms
gE ' i S gl ~Little isotopic fractionation
2 occurs during environmental
5 o — degradation for PAHs
|| 2= o=
- Lt
=_7=.'; e e il e
P R R - R - R L R
Iuﬂ“vnﬂa\ﬂi”ﬁ\;fﬂ)
< mrmce AE Pk et DTk

Combining CSIRs with 6C/FID and
PAH Ratios adds Confidence

I&akpwudwrf-cunn‘r-nmfwdn)
i P

TN H - TH

Cembined GCIFID and
CEIRs identify sediments
contaminated from 2 or

i \ maore coal tar sources
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PAHs-Combined 6€C and GCIRMS
Data
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PAHs-Combined GC and GCIRMS Da‘l'al

W 7 X o = £ ¥ I
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CSIRs of NAPL Samples
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PAH Fingerprints and Isotopes Show No

MGP Confribution o Background
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PCB Applications

« Drenzek and other (EST, 35, 3310-

3313, 2001) used 6CIRMS to show that
in laboratory reductive dechlorination no
carbon isotopic fractionation occurred.
However 3 batches of Aroclor 1268
showed a intrinsic frend of 13C depletion
with increasing chlorine content.

Hence a combination of this information
will provide information on mechanisms
by which these compounds are formed.

M/z 44 Chromatogram for Aroclor

1245
! l,,i.,_ J.»g l?zﬁ& mLLA AWL .

e 100 3000 F22) £ oo
i 1%
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PCBs

« Study by Yanik et al., O6, 239-253,
34, 2003 showed that different
Aroclors may be isotopically different
and thus useful for source
discrimination although there is some
slight enrichment from degradation.

Variations in Isotopic Composition
of Various Congeners
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PCB Contamination
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Benzene Sources

= Source differences

B3¢ 52H

Aldrich |-27892 |-27.9
Baker -26.10 -69.2
BDHI ([-2493 [-944
8DHIT (-27.90 [-74.6

Hunkler et al., EST, 35,3462-3467, 2001




2D-CSIA Discrimination of Benzene
Degradation Pathways
400
50 4 //"/‘ﬁ
0 4 " ./
250 ‘;:;l /
X 20 ,.‘cef' /
le 0] s
S S
100 Ve e Kasenobic Goprasnbon
53 ‘ Suanirrryenen
L2 o
BT IR kA k w e
27C Ry
)R opacrs BK, 2w B, 3 & Busitioons 55 (17),
Aprenre G povolor ATCE 1 52, 534~ A dreelficuns rein BC {mweobich,
B~ R pichetii PRGY, 75~ 4+ Adinelobackel'3p. {170
l}—_c.—-ﬂm va 1”‘_ Byes Hrala-twducing rimed e (18,
12y raer SRR BRI Tk b 18

2D-CSIA Discrimination of Benzene
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2D-CSIA Discrimination of Benzene
Degradation Pathways
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2D-CSIA plot of data from a benzene site in California. Three quarterly sample
sets are shown. Note the inverse H fractionation, similar to the trends
observed for volatilization of MTBE from NAPL phase. The difference between
4Q08 vs. the two other sels may ively lass 1 168
volatilization In £Q08.
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+  Integration of 6C, 6CMS, GCIRMS data

+  Applications-Source Discrimination and
Remediation

Diesel, Gasaline. Motor ol

MTRE

Chilorinated Solvents

FAks

PCBs

Benztre
hlering Tastopes
Perchlorate
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«  Summary

1,4-Dioxane

= 1,4-Dioxane used as a stabilizer for chlorinated
solvents and an ingredient in personal care
products and printer inks.

* Probable carcinogen.

* Highly water soluble and spreads more
extensively than the chlorinated solvents.

» Can be degraded in advance water treatment
methods.

= Degrades relatively slowly in-situ

1,4-Dioxane

Hf

Laboratary stadics shuw that
Psevdonocandia dioxanivorans CB1190
wit] degrade 1 A-dioxane acrohically.
However so far cxeperiments done on pure
compounds and not yet applied (o ground
waler samples.

(Pomwongthong ef ul, 2011)
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EDB as an Emerging Contaminant

1,2-Dibromoethane; ethylene
dibromide; EDB

USEPA classification: probable human
carcinogen; also, high toxicity

USEPA drinking water MCL: 50 ng/L (50
ppt)

Main source: spills of l[eaded gasolines (EDB was used as a
lead scavenger compound); if sensitive methods were used,
EDB was detected above MCL at about half of the older
gasoline spill sites,

NOTE: the MCL is significantly lewer than the reporting
limits of the standard GCMS methods (such as USEPA
B8060); EDB can be easily missed in routine site assessment.

The Fate of EDB in the Environment

The old residual gasoline sources can persist for
decades/centuries into the future (due to relatively slow
rate of transfer from gasoline to groundwater)

Limited role of physical attenuation {low Koc and Henry's
constant)

In-situ degradation necessary ta restrict the dimensions of
EDB plumes,

EDB is susceptible to various abiotic or biotic degradation
mechanisms, however, traditional field site assessment
methods may be inconclusive in confirming that EDB is
degrading.

EDB Degradation
BIOTIC

Anaerobic degradation (reductive) to
bromoethane, €thene and/or ethane

Aerobic/anaerabic hydrolysis
(analegy with 1,2-DCA reactions)

Aerobic, cometabolic oxidation

ABIOTIC

p-elimination by Fe(XI) minerals
and zero-valent metals to ethene

Reactions with sulfide
nucleophiles

Hydrolysis {relatively slow)}
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Isotope Effects in Aerobic
{Cometabolic) Biodegradation

Microcosms, Mycobacterium spaghni grown with ethane

Enrichment factors {c) in two replicates: —12+3 and -1015%o ,
respectively {=1112%.o for the pooled data).

a Cell-free controls
+ Live, replicate 1
® Live, replicate 2

-OIA -0‘\9 -2’.4 -1;9
In (C/Cy)

Rayleigh-type plot; isotope
ratios vs. log of the
concentration decrease

Conclusions: Implications for the Use of CSIA
in EDB Attenuation Assessment

Significant C isotope effects were observed in all
degradation pathways studied to date.

So far, the few biodegrading organisms examined exhibited
no significant dampening of the isotope effect {(e.g., via
commitment to catalysis)

Good perspective for the assessment of degradation of EDB
by CSIA methods {if degradation were occurring at the site,
the isotope enrichments should be readily detectable)

Unlike in most traditional CSIA work, abietic pathways
must be considered as viable mechanisms leading to
isotope fractionation

With C-CSIA data alone, differentiation of alternative
degradation mechanisms may be difficult. Awaiting
pregress in Br-CSIA to permit dual C-Br isotope approach

What can be done with Chlorine
Isotopes?

» First the stable isotopes are-3°Cl
(75.77%) and 7¢I (24.23%).

+ Standard-SMOW but some
disagreement re. absolute ratio of
these isotopes in the OW

(SMOW-Standard Mean Ocean Water; OW Ocean Water)
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Problems that can be investigated

+ As with carbon and hydrogen the two
problems that, potentially, can be
investigated with chlorine are:

—Source

- Natural Attenuation

Chlorine Isotopes

+ Heraty et dl., (06., 30, 793-799,
1999) first showed that both
chlorine and carbon were enriched
in laboratory microbial degradation
experiments of dichloromethane
(DCM).

* Determination of the kinetic
fractionation factors for microbial
degradation could be important in
distinguishing microbial from
abiogenic degradation processes.

Source Differentiation with C
and €l Isotopes

Each compound from each

= manufacturer show a specific

% ——| isetopic compositian on C and Cl.

v The variations between years

] cre due to changes in the

P P isotopic composition of
products used in the synthesis

T+ of PCE and TCE.

=

Lo, AME
Eh#HdBaAR
]
b4

3

4

-
o
i

The idea wes to conduct this kind of
survey study with TCE and PCE
coming from different manufacturers
(COW, PPG, ICT)...
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Cl Enrichment through Degradation

Study of Sturchio et al., (1998) evoluating the application of C1
isotope: to follow the natural atterwation of TCE in contaminated
site, 397C1 of TCE increases with decreasing TCE concentration

as
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Methodology

For €I, a novel methaod is
being developed that utilizes
regular GCMS and measures
relative intensity of various

fragment ions.

These ions will vary depending
an the specific compound being
analysed. These values are
then measured relative to
standard samples whose Cl
isotope ratios have been
determined relative to the €l
standard -SMOW.

Shouckar-Stosh f ol., Applied Geschem. 21,766-781, (2006)

Chlorine CSIA: Instrumentation

Standard Injector
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Chlorine CSIA: TCE Analysis
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. Presentation Overview

«  Introduction
+  Methodology - Fractionation-Rayleigh Model-Bulk
Isotopes-Isotopes of Individual Compounds
» Integration of GC, GCMS, GCIRMS data
= Applications-Seurce Discrimination and
Remediation
- Diesdl, Gasoling, Motor ol

Chiorincted Solverts
[

Banmkra
Chloine Tsatopes:
Perchlorate

«  Vapor Intrusion Studies
+  Fate and Transport Models
- Summary
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Perchlorate

Perchlorate taints water in 22 states. The main
sources of this contamination are users of
perchlorate saits: military bases, aerospace
installations, and defense contractors that build
rockets-such as the Massachusetts Military
Reservation on Cape Cod or Lockheed Propulsion in
Redlands, Calif., which manufactured rockets. A
small amount of perchlorate peollution in the U.S.
is believed to have stemmed from a sedium nitrate
fertilizer made in Chile.

Since 1992, EPA has recommended safe levels
ranging from 4 to 18 ppb

Perchlorate can cause adverse effects by blocking
the uptake of iodine by the thyrecid

Perchlorate Problems

« Source-source variability must be
characterized first; natural
(fertilizer) vs. anthropogenic
(oxidant)?

« Natural Attenuation (microbial
degradation has large (~15%) KIE for
cl)

188
Are Perchlorate Sources Isotopically
Distinct?
§
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Presentation Overview

*  Introduction

+  Methodol - Fractionation-Rayleigh Model-Bulk
Tsotopes-Isotupes of Individual Compounds

= Integration of 6C, GCMS, GCIRMS data

«  Applications-Source Discrimination and

Remediation
Diesel, Gosoline, Motar ol

WTEE

Chiorinated Solverts
PAHs

PCBs

tervrnea!

Bercene.
Lhiorine Tsatopes
Perchlorate

*  Vapor Intrusion Studies
* Fate and Transport Models
+  Summary

Vapor Intrusion

m At vapor inhrusion site,
testing of indoor air is
most direct way to
identify VI impacts.

w Indoor sources of VOCs
are ubiguitous: cleaners,
glues, plastic, etc

= Detection of VOCs in
indoor air does not
necessarily indicate vapor
intrusion.

Vapor Intrusion
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Performance Assessment
Optimization of 2D-6GC

Indooralp VOCS; o ventinnall?l:rrace'

Indooralr Vits:
5 i K after 2D-GC

TECHNICAL CHALLENGE

E Need 2100 ng of chemical to get accurate C
stable isotope patic measurement.

B Need 100 L semple
for 1 ug/m? conc.

Really Big

Sum——-______’
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ISOTOPE RATIOS FOR
INDOOR SOURCES ..
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RESULTS FOR INDOOR AIR
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Presentation_Overview

+  Introduction

Methodology - Fractionation-Rayleigh Model-Bulk
Isotopes-Isotopes of Individual Compounds

» Integration of GC, GCMS, GCIRMS data
Applications-Source Discrimination and

Remediation
Diesel, Sosoline, Mator ol

MTRE

Chiorinated Selvents
PAHs

FCBs

Benzene

Chiorine Isotupes
Perchlorate

= Vapor Intrusion Studies
- Fate and Transport Models
+  Summary
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Reactive Transport Model (RTM)
Incorporating Isotope Fractionation

* Success and acceptance of MNA depends on strong conceptual
site model (CSM) documenting attenuation processes and
contaminant mass removal using multiple lines of evidence

= For many sites, decreasing mass, the presence of intermediate
degradation products, low oxygen concentrations, and favorable
geochemical indicators {e.g., nitrate, sulfate, alkalinity ete.)
are sufficient to support selection of a full or partial MNA
remedy.

« In the absence of some or all of these lines of evidence, MNA
remedies can be difficult to implement,

« CSIA provides strong evidence to support MNA assessment
and strengthen CSMs,

Potential Degradation Pathways for
Chlorinated Ethenes

DRAPL
pool

Confining fayer: hydrogeologicat base

Degradation Pathways of
Chlorinated Ethenes

o :-a%-g-zu@ H

pE h.m”iﬂ

& o o S
g

Primary degradation processes in a reaction network for chlorinated ethene
degradation. Ancerchic degradation pathway is dominant for mest sites with
MNA remedies, Fach pathway needs o be quantified.
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Dilution vs. Dispersion for Chiorinated
Ethenes

bilution @
——rerrr———
—" el
=Y . 0

Parent: Daughter:
Enriched in ¥C Depletedin 13C

Lower concentmtion,
but equal isotope mlio

SRS 5y

Degradation

2

Technology Description
Reactive Transport Modeling of
Isotope Fractionation

+  RTMs permit simulation of complex reaction
networks together with isotopic fractionation and
accounting for physical processes such as
hydrodynamic dispersion, diffusion, and sorption.

« Identification of prevalent degradation pathways

* More accurate assessment of parent contaminant

*  Quantitative assessment of net
degradation/accumulation of dechlorination
infermediates

RTM Model and Software Platforms

* RTM model and software plotforms used to develop modeling tools
for CSIA interpretation include:

» PHREEQYL - A one dimensional (1D) gecchemical transport model
developed by the US Geologicel Survey (US6S).

* PHAST - A three dimensional {3D) groundwater flow and transport
mode! capable of simulating the same set of reactions as PHREEQC.
PHAST couples PHREEQC 1o the groundwater flow and solute
transport model HST3D.

= PHT3D - A three dimensional (3D) groundwater flow and transport
model capable of simulating the same set of reactions as PHREEQC.
PHT3D couples PHREEQC to the groundwater flow model MODFLOW
and the sclute transport model MT3DMS,

= Python - A general purpose scripting language available for free
download, Algorithms written in Python scripts have been developed
for this project to visualize cutput from modeling programs.




Key Parameters for RTMs

v gl sy g avted
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Technology Description
Reactive Transport Modeling of

Isotope Fractionation

A standard reactive transport model predicts
concentrations of a contaminant degrading in a
hydr'ogeologic transport network

J:r'edlcf isotope ratios, 3C and 12C are

led as separate species

13c:/izc is obtained from absolute
concentrations of the isotopic species
integrated at specific XYZ coordinates
The 13C and 12C kinetic degradation constants
are determined by calibration of the model
(best fit to the calibration data)

Technology Description
Sequential Dechlorination

Net isotope effects of intermediates reflect
their production and degradation.

_ Cl

a, < C

c=¢ ge ks

a u

PCE H H H
—\;:é— =&
Woop, ek G
_vc_— K; cDECE
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Technology Description CSIA
for Degradation Intermediates
Isotope eféectsnfm the pxent cb&, . éu ©
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Performance Assessment
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Combined C+CHtH isatope ratio data set on reductive dachlorination
sequence was the first available.
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Performance Assessment

Microcosms: H Isotope data

H CSIA made possible by
development of a novel
analytical technique.

*Hehe

wHVC Unexpectedly strong depletion
AHeDCE of 52H In the intermediates.
eHTCE

Implies that a major inverse
isotope effect has to be
built in the fractionation
simulation.

Hydrogen Isotope Ratios

Model Calibration with the
Mlcrocosm Da'l'a

Cone. {imalil)
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The model developed 1o support interpretation of CSIA datn acenrately simudates concentrations, and
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ied Moncd kinetics with log-phases and SKIEs daring £1 isstope frastionation
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Technology Description

Reactive Transport Modeling of Isotope Fractipnation

TCE {mmolfl} &' CTCE (%)

Conventional RTM 1 pe ratio RTM simulates
rations contaminant concentrations and isoinpe ratios of
over space (here: 2D). contaminants over space.
Evaluates site scenarios with Evaluates site scenarios with alternative
alternative degradation rate degrad. rate constants and isotope
constants, effects.

Reduced assessmt. uncertainty: a match
of isotope ratios (model vs. field)
confirms that realistic assumption on
reaction pathways were uscd.
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Model Simulation Results

Results of 2-D PHT3D simulation for C-01 isotope fractionation Following
reductive dechlorination (TCE to ETH) In the core of the plume and aercbic
oxidation of VC at the fringe.

ik

2-D PHAST Simulation.Time=5 yrs
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2-D PHAST Simulation.Time=20 yrs

SUMMARY

Stable isotopes provide a powerful
complimentary tool for the correlation of
spilled products in the environment with
suspected sources.

» Can be used to evaluate onset of natural
attenuation and extent of degradation.

+ Isotopes can r‘!lcéy a valuable role in
remediation studies in furthering the
understanding of degradation
mechanisms.

« Can distinguish biogenic, abiogenic

mechanisms from non-degradative

processes causing concentration changes.

7L

SUMMARY

* GC and GCMS already widely used techniques
in forensic geochemistry

» For refined products, or those not containing
biomarkers, need an alternative approach

» Stable isotopes (C,H, and Cl) of individual
compounds are, and will continue to develop
as, extremely important tools for forensic
studies
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