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ABSTRACT

Compound-specific isotopic analysis of multiple elements (C, Cl, H) was tested to better assess the
effect of a zero-valent iron-permeable reactive barrier (ZVI-PRB) installation at a site contaminated
with tetrachloroethene (PCE) and trichloroethene (TCE). The focus was on 1}°Gstngevaluate

natural chlorinated ethene biodegradation and the ZVI-PRB efficiency; 2) using dual el#@nent

%7Cl isotopic analysis to distinguish biotic from abiotic degradation edicisloroethenedjs-DCE):

and 3) using*C-*'CI-?H isotopic analysis ofisDCE and TCE to elucidate different contaminant
sources. Both biodegradation and degradation by ZVI-PRB were indicated by the metabolites that
were detected and tH¥C data, with a quantitative estimate of the ZVI-PRB efficiency of less than
10% for PCE. Dual elemenfC-*'Cl isotopic plots confirmed that biodegradation was the main
process at the site including the ZVI-PRB area. Based on the carbon isotope data, approximately
45% and 71% of PCE and TCE, respectively, were estimated to be removed by biodegratiation.
combined with**C and®'Cl seems to have identified two discrete sources contributing to the
contaminant plume, indicating the potential 3H to discriminate whether a compound is of

industrial origin, or whether a compound is formed as a daughter product during degradation.
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1. INTRODUCTION

Tetrachloroethene (PCE) and trichloroethene (TCE) are dense chlorinated aliphatic hydrocarbons
(CAHSs) that have been used on a large scale as metal and textile cleaners and degreasers. In the
aquifer, because these compounds are denser than water, they migrate downwards through the
saturated zone until they reach a confining layer, forming pools and constituting a long term source
of groundwater contamination. PCE and TCE are among the most frequently detected volatile
organic compounds (VOCs) in urban area wélls

Under reducing conditions, PCE and TCE can experience sequential microbial dechlorination to
cisDCE, VC and nontoxic ethene and ethane. Frequently, however, incomplete reductive
dechlorination with the accumulation ¢s-DCE and VC can occur due to the lack of specialized
degrader communitiéd. The accumulation of these compounds is of great concern because of their

potential carcinogenicit§!, with VC as the most toxic product of the degradation chain.

Zero-valent iron permeable reactive barrier (ZVI-PRB) treatment involves the placement of
particulate cast ZVI in the flow path of a contaminated plume. As the plume moves through the
barrier, ZVI is designed to sequentially degrade PCE by reductive dechlorination to form the
nontoxic compounds ethene and eth&heln contrast to biodegradation, which tends to occur
predominantly by hydrogenolysis, ZVI is able to degrade the chlorinated compounds preferentially
through theB-dichloroelimination pathway ® . This pathway can circumvent the production of

VC, producing acetylene, longer chain hydrocarbons (C3 to C6), ethene and®ethane

Compound Specific Isotope Analysis (CSIA) bears the potential to discriminate the dominant
degradation mechanisms and to estimate the extent of degradation. To use the isotopic approach in
field applications, it is necessary to determine the isotopic enrichment factoml particular
degradation mechanism. Numerous studies reported isotopic enrichment factors for€ganbon
chlorinated ethenes from biodegradation experiments with mixed cultures (ranging from -2.7 to -7.1

%o for PCE, from -2.5 to -16.0 %o for TCE and from -14.1 to -29.7 %.«cfetDCE)*** and for
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abiotic ZVI degradation (-5.7%o to -25.3%o0 for PCE, -7.5%o t0 -26.5%0 for TCE, -6.9%o t0 -21.7%o
for cissDCE and from -6.9%o to -19.4%. for V&)"1**¢l Because the ranges &ffor the two types

of degradation overlap, it is not possible to discriminate between biodegradation and abiotic ZVI
degradation through the determination of the respective C isotope effects alone. The combination of
C isotope effects with other elements, however, has the potential to obtain precisely such
discrimination and to distinguish between the different transformation patf&)sThe recent
improvement of analytical methods for measuring chlorine isotope ratios for chlorinated ethenes
enabled the application of the dU&C-*"Cl approach in field studiéé”. Our previous laboratory
studies for TCE degradation with ZV reported a dual isotope slopg/{c, i.e., the ratio between

C and Cl fractionations) of 5.2. This value is close to the value obtained by Lojkasek-Lim&et al.
for TCE abiotic degradation with ZVI (4.2 %.) in a mixture with PCE aiseDCE. But, while 5.2

%o is distinguishable from the value reported by Wiegert €t?h(ec/ec) of 2.7) for a microbial
culture enriched irDesulfitobacteria and by Cretnik et & (ec/ec; between 3.4 and 3.8) for
Geobacter lovleyand Desulfitobacterium hafniense¢his value overlaps significantly with values
reported by Kuder et af* for a Bio-Dechlor Inoculum (BDI) culture enrichedDehalococcoides

sp. €clec: 4.7). Available data suggest that a better distinction may be possiblis-RCE. Abe et

al. "9 reported slopesed/ec)) for reductive dechlorination by a mixed culture enriched with
Dehalococcoides ethenogenfes cissDCE of 12.5. This value clearly falls in a different range
compared to the slope of 3.1 obtained in our previous stidiésr cisDCE-ZVI reductive
dechlorination. However becausis-DCE is also a product in the TCE dechlorination sequence,

there is a more complex picture to resolve.

To try to distinguish different origins ais-DCE (daughter of a TCE that is a metabolite from PCE
versus daughter of a TCE that is an original industrial product), this study for the first time employs
compound-specific hydrogen isotope analysis on field samples. Earlier studies have already

proposed’H as a useful tool to distinguish the origin of TCE, reporting that manufactured TCE



presented very positivé’H values (between +400 to +600 %5)°° in contrast with the TCE

produced from PCE reductive dechlorination, with more negatievélues (-350 %o

Therefore, the main goal of this work was to test the compound-specific isotopic analysis of
multiple elements (C, Cl, H) to assess a ZVI-PRB treatment through different ways: 1) b{’@sing
analysis to evaluate the occurrence of natural chlorinated ethene biodegradation at the site where the
ZVI-PRB treatment is applied, to obtain thgof the biodegradation from microcosm experiments,

and to quantify the ZVI-PRB treatment efficiency; 2) by using the dual eleF@AfCl isotopic
approach to discriminate whethas-DCE is being degraded abiotically due to the ZVI-PRB effect

or biotically due to natural degradation; 3) according to results of point 2, to choose the appropriate
Ec (the biotic or the abiotic) to quantify the real degradation at the field site; and 4) by using triple
element*C-*'CI-*H isotopic analysis otisDCE and TCE, to elucidate different contaminant

sources to see the potential of th &pproach to distinguish TCE of industrial origin.

2. SITE DESCRIPTION

The study site is located in the industrial area of Granollers, 20 km NW from Barcelona, Catalonia.
An automotive industry that used PCE and TCE as degreasers operated in the area from 1965 to
1989. The site is bounded on its west side byGae Ninou creek, which continues to the S-SW
(Figure 1). The water table of the aquifer is located at an average depth of 5.4 + 2.1 m. Further

details are provided in the Supplementary Data (SD).

The PCE and TCE contaminant plume was formed by a discharge of industrial waste water into a
seepage pit located at the south of the plant (close to MW17, Fig. 1); this point is considered the
contamination source area, where historical data from 2004 revealed concentratisfi3CE up

to 160 mg/L and of its precursors PCE and TCE of 25 and 180 mg/L, respectively. Before starting

the present work, a dual remediation strategy was performed at the studied site: the removal of the



contaminated soil from the source area in 2009 and the installation of a ZVI-PRB to treat the
groundwater contaminant plume in 2010. The PRB was built approximately 320 m downstream
from the contaminated source, transverse to the creek (Fig. 1). The top of the PRB was placed 4-5
m below the ground surface, and its size is 20 m long, 5 m high and 60 cm thick, with a 3% (v/v) of

granular cast ZVI in a sand matrix.

3. METHODOLOGY

From April 2011 to March 2013, four sampling surveys were carried out (April 2011, June 2012,
October 2012 and March 2013) from both conventional and multilevel wells (see SD for details). In
all surveys, concentration abfC of chlorinated ethenes were measured, whereas in the Oct-2012
survey,3°'Cl of PCE andcis-DCE andd°H of cissDCE and TCE were also determingd’Cl of

TCE and VC and“# of VC were not measured due to concentrations below the detection limit).

Redox-sensitive species were analyzed by standard analytical techniques as in Torreftd et al.
Concentrations of chlorinated ethenes were determined by headspace analysis using a FOCUS Gas
Chromatograph coupled with a DSQ Il mass spectrometer (GC/MS) (Thermo Fisher Scientific, Inc.,
Waltham, Massachusetts, USA). Carbon isotope composition of PCE,CIEIBECE and VC was
analyzed using a gas chromatography-combustion-isotope ratio mass spectrometry system (GC/C-
IRMS) consisting of a Trace GC Ultra equipped with a split/splitless injector, coupled to a Delta V
Advantage IRMS (Thermo Scientific GmbH, Bremen, Germany) through a combustion interface.
Chlorine isotopic measurements of PCE amsDCE were conducted on a GC-IRMS system
(Thermo Scientific, Waltham, Massachusetts, USA) consisting of a Trace GC connected to a MAT
253 IRMS with dual inlet system via a heated transferdtheHydrogen isotopic analyses of TCE
andcis-DCE were determined following the method developed by Shouakar-Stash and Dfffnmie

using a Deltaplus XL CF-IRMS (Thermo Scientific GmbH, Bremen, Germany) coupled with an



Agilent 6890 GC (Agilent Technologies, Inc., Santa Clara, California, USA) and a chromium

reduction (R) system.

Ethene, ethane and acetylene concentrations were measured using a Varian 3400 GC (Scientific
Equipment Source, Oshawa, Ontario, Canada) coupled to a flame ionization detector (FID). Carbon
isotope measurement of ethene was accomplished by using a purge and trap Teledyne-Tekmar XPT
concentrator (Teledyne-Tekmar, Mason, Ohio, USA) coupled to a Varian 3400 GC (Agilent
Technologies, Inc., Santa Clara, California, USA) and a Finnigan MAT 252 IRMS (Thermo
Scientific GmbH, Bremen, Germany) via a combustion interface. Continuou$#banalysis of

ethene was conducted using the same purge and trap (Teledyne-Tekmar XPT concentrator) coupled
to an HP 6890 GC system online with a micropyrolysis oven and a Finningan MAT (Thermo
Scientific GmbH, Bremen, Germany) Delta Plus XL IRMS (GC/TC-IRMS). Additional details of

all methodologies are provided in the SD.

4. RESULTSAND DISCUSSION

4.1 Evidence of biodegradation and ZVI-PRB-mediated degradation

From a geochemical perspective, the redox conditions of the site were conducive to biotic reductive
dechlorination of chlorinated ethenes. Specifically: 1) reducing conditions prevailed in many wells
(dissolved oxygen (DO) below 0.5 mg/L) during the campaign of June-2012 (see Table S1); 2)
dissolved Mn was present in concentrations up to 1.36 mg/L and dissolved Fe in concentrations up
to 1.57 mg/L; 3) nitrate concentration decreased from an average of 63 mg/L to below detection
limit (<0.1 mg/L) in samples where the highest Mn concentrations were detected; 4) sulfate
concentrations decreased in the MW17 well (from an average of 90 mg/L to 16.8 mg/L) (Table S2).
These redox conditions are also characteristic of abiotic chlorinated ethene reductive dechlorination

by ZVI, which would favor this process in the ZVI-PRB area. Nevertheless, the pH analyzed



downgradient from the barrier (approximately 7) did not correspond to the common increase in pH

(up to pH of 8 - 10) that usually occurs after the corrosion of iron in \fdter

Dechlorination products identified upgradient from the ZVI-PRB indicated that biodegradation
occurred at the site. The main compounds detected were PCE, TCE (mainly in OMW6B and
OMW?7) and cissDCE (Table 1). The presence ofssDCE gave evidence of the reductive
dechlorination of TCE. TCE, at the same time, could derive from PCE degradation and/or be one of
the original commercial products. VC was also detected (in MW17, OMWS5 and Pz3), confirming
that cisDCE was further degraded. The detection of ethene and ethane in MW17 (Table S3)
indicated ongoing complete dechlorination of the chlorinated ethenes at the source area. The two
most contaminated wells were OMW?7 with 22 mg/LcisfDCE and 139 mg/L of TCE and MW17

with 16 mg/L ofcis-DCE. At the rest of the wells, concentrations of all target compounds were on

the order of tens to hundreds of pug/L (Table 1).

Carbon isotope shifts confirmed the occurrence of biodegradation at the site (Table 1 and Fig. 2).
The comparison of the lowest& of PCE and TCE values detected in the field (-21.6 and -23.4 %o,
respectively) (Table 1) to the literatl&C ranges for commercial products (from -35.3 to -23.2 %o

for PCE; and from -33.5 to -25.8 %o for TCEJ*>*" shows that both PCE and TCE might be
enriched in**C and therefore had already been degraded compared to the commercial compounds
originating the contamination at this site. The higl#é¥t values of PCE, TCE arus-DCE were
detected immediately before the barrier (Table 1 and Fig. 2), indicating a higher degree of
degradation at this point. In addition, PCE carbon isotope values in wells OMW5 and BR1-11
changed towards higher values during the three years of the study, indicating not only
biodegradation but also an increase of the extent of the biodegradation over time (Fig. 3). The same
trend was observed fais-DCE in wells MW17 and BR1-9.5 (Fig. 3). In well MW15C of VC

(-38.4 %0) was depleted HC compared to the parent compouitfCoce of -15.7 %o), as typically

occurs during biodegradation (Table 1). Complementary microcosm experiments with material



from wells P4 and P38 verified the occurrence of biodegradati upgradient from the barrier

(experimentsletailed in theSD).

Downgradient from the PRB, the presence of chlorinated ethenes suggested that the barrier did not
achieve completedegradationof the contaminantsand/or that hydraulic bypasswas occurring.

Lateral and underneath hydraulic bypass was suggested by the presence of BE€B@Rkdn Pz4

and in the multilevel wells at 11 to 13 m depth (consideringthat the barrier is located at
approximately 10 m depth). Acetylene was present only in BR4, at very low concentration, only up
to 20 pg/L at an8 mdepth(Table S3), coincidingwith the point locatedat the centralpart of the

barrier. This would give slight evidence of abiotic degradation due to the reaction of the chlorinated
etheneshroughthe ZVI-PRB ®%7] Carbonisotoperesultsof the multilevel wells locateddirectly

before (BR1) and directly after (BR3, BR4) the ZVI-PRB from June-2012xhibiteda small but
consistent enrichment iiC in both PCE andis-DCE from upstream to downstream of the barrier
(Fig. 4A), morevisible at thecentralpart of the barrier (BR4) where the significant appearanae

TCE wasalsoobservedjndicatingthat TCE could havebeenformedfrom PCE (from almostnot
detected TCE in BR1 to 4&)/L in BR4-10 m, Table 1). These results suggested PCEis{CE
degradation by the ZVI-PRB in the NW side of the barrier, whereas no evidence of degradation was
observedin the SE part of the barrier. The extentof degradatiorcan be estimatedor the parent
compoundPCE,accordingto Equation3 fromthe SD. §"°C, and3"°C; weretakenasthe average
earlier8*°C valuesbefore (BR1) andafter the barrier (herepnly BR4 wasconsideredo be due to

less influence of the bypass),and the carbon enrichmentfactor - obtainedin previous PCE
laboratory degradation experiments with ZVI (-9.5 %o, see SD) was used. The calculated efficiency
of the PRB in June-2012 was less than 10% for F®ES. low effect of the ZVI-PRB, added to the
maintenance of pH downgradient the barrier and the presence of chlorinated ethenes at this side of
the barrier might be as a result of its non-optimal design including a too low ZVI percentage (3%)

and an insufficient size responsible of the occurrence of byplassffect of the PRB observed in



June-2012was not detectedin Oct-2012and Mar-2013 surveys,when 8%Cpce valuesat several

points upstream of the barrier were even higher than downstream values (Fig. 4B), which seemed to
indicate biodegradation at this area. These results suggested that biodegradation was the
main process occurring around the ZVI-PRB. Thus, afyough low,isotopic effect due to

the ZVI-PRB influence might be diluted by the higher isotopic effect produced by the

biodegradation.

4.2 Evidence of biodegradation versus ZVI-PRB-mediated degradation from the dual C-

Cl isotope approach

To confirm the predominance of biodegradation versus the low effect of the barrier, the dual
FCeagy isotope approach fais-DCE was used. The dudC-*'Cl isotope plots obtained fanis-

pck from the Oct-2012 data from both the upstream and downstream barrier wells yielded a dual
isotope slope ffec) of 1.5 + 0.1 (Fig. 5). The positivECI versus™C isotope shift correlation
confirmed the occurrence of degradation processes, also through chlorine isotopes. The wells
located before and after the barrier (MW17, OMWS5, Pz1 from upstream and BR4-6, 7, 9, 10 m
and Pz11 from downstream) follow the same trend within the 95% confidence intéreadfore,

it seems that the barrier is not affecting the natural biodegradation at the area close to it. The
slope obtained in this study was compared to the literature data from laboratory experiments and
field studies with biotic or abiotic degradation reactionscigfDCE either as a substrate or an
intermediate producdf*’**(Fig. 5). The proximity of our results to the slope of 2 obtained by
Hunkeler at al.[17] in a field study with cis-DCE as an intermediate and where
Dehalococcoides sp. was detected points to anaerobic biodegradation as the main process
occurring at the site. Since direct implication of Dehalococcoides sp. in cis-DCE degradation
could not be proven in Hunkeler et al. study [17], and the slope observed in these two studies
(Hunkeler et al. [17] and ours) is far from the slope of 12.5 obtained by Abe et al. [19] by the
commercially available Dehalococcoides-containing KB-1 culture, it is suggested that

biodegradation at both sites could be linked to a consortium of anaerobic microorganism?.0



4.3 Extent of the natural attenuation processes

Given that the addedinformation from chlorine isotopesconfirmed biodegradatioras the main
process occurring at the site, the site-specific carbon isotopic enrichment factors could be chosen to
determinethe extentof PCE, TCEandcisDCE averagebiodegradation irthe field. Thesc values
obtained for PCE and TCE from the microcosm experiments(-2.6£0.9 %o and -1.7+1.8 %o,
respectively, see details in the SD) were used to estimate the extent of natural attenuation, following
Equation3 from the SD. Despitethe high uncertaintyof the ec for TCE, this value was usedto
estimatethe degradationbecauseit is consistentwith the literature ec range (-2.5 to -16 %o)
[9.1011.19.321 Lowever,asno cis-DCE degradationwas observed in theicrocosmexperimentsafter
500 daysof incubation,the ¢ ispce rangereportedin the literature (from -14.1to -29.7 %0) was

d 01013193233 Although cissDCE and TCE are intermediatecompounds,their degree of

use
biodegradation could also be determined by using Equation 3 from the SD and, by using their initial
8'%C, the original 6"°C value of the parentcompoundPCE, becauseonce the daughterproduct
exceedghis value, the daughtemproductis further degradedThe lightest current**C signatureof

the parentcompoundPCE of the site (-21.6 %0) was thereforeusedas the initial carbonisotopic
compositionalsofor TCE and cis-DCE biodegradatiordegreedetermination. Ashe final isotopic
composition, the concentration-weightedverageof the §°C values obtained from the four
sampling campaignsand for each compoundwas used. Therefore,the averagebiodegradation
observed was 44.5 + 19.3% for PCE, 70.8 = 30.9% for TCE and between 9.5 + 3.5 and 18.9 + 4.0%

for cis-DCE, showing that the efficiency of natural biodegradation at this field site is high

and clearly above the efficiency of the ZVI-PRB.
4.4 Use of 8°C, 8*Cl and 8°H for chlorinated solvent source identification

Basedon concentratiordataalone,the extremelyhigh TCE concentrationgt OMW?7 (139 mg/L)
togetherwith the low concentrationsof TCE throughoutthe site suggestedhe presenceof an
additional commercial TCE sourcein the OMW?7 groundwaterflow direction. Basedon our

11



considerations, we would expect that TCE close to the barrier should have been formed from PCE
dechlorination. This hypothesis enabled us to test in the field whether these different sources would
also be distinguishablefrom isotopic analysisaloneto checkthe potential of the multi-isotope
approachfor this purpose Carbonisotopesshowedthat the lessdegraded®CE (5*°C of -21.6%)

was transporteddownstreanto the ZVI-PRB area(BR1-6, Table 1 andFig. 2). In contrast,the

lowest 8*°C of TCE (-23.4 %0) was detectedin OMW?7 (Table 1 andFig. 2), westof the site.
Moreover,chlorine isotopedata showedthat the lowest chlorine isotopevaluesof both PCE and

cis-DCE at the site were also detected in the ZVI-PRB area (BR4). This observation would confirm
that remainsof the lessdegraded®CE were presentaroundthe PRB. The positive correlation(R*:

0.99) betweerthe lowest*'Cl valuesof PCE and cis DCE at BR4 (Fig. S6) indicateda cisDCE
comingfrom PCEat this point. Finally, regardinghydrogenisotoperesults,althoughthe detection

limits of this new techniquewere high ?®, §°H of cis-DCE could still be measuredn eleven
samples and in the casedH of TCE, in just one sample. TléH TCE value in the well OMW7

(-91 %o) was not as negative as typically expected from PCE dechlorination (-380%gither as
positive as reportedfor manufacturedT CEs (between+400 to +600 %o) ?*?%, thus suggestinga

mixture of TCE coming from PCE dechlorination and manufactured TCE.

Although the TCE concentration along the creek was too low to analya&than approximation
of 8°H data could be mad&o that aim previously, it was necessary to calculate &fté of the
hydrogen added to TCE during its dechlorinatiorcimDCE in OMW7(whered?H of TCE and

cis-DCE is -91 and -132 %o, respectivelidcording to the equation proposed by Kuder &'al.

82Haddition: (n X 82Hdaughter-bul) - ((n'l) X ngarent-bull)v (1)

where “n” is the number of hydrogen atoms in the given daughter product, the SBdlkéfers to
the averagé®H of parent and daughter compounds (in this case, TCEisiiCE, respectively).
Equation 1 assumes that the protonation conserves the isotope ratios of the hydrogen inherited from

the parent compound, which do not undergo hydrogen isotope exchange while residing in the
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environment®®. The calculated value of -173 %%.qqiio) allowed the estimation through the
same Equation 1 of the TCEH value in BR5-6 m where theis-DCE &°H value was known,
resulting in ad®Hrce of -333 %o. The presence around the barrier zone of a TCE with a very
negative 3°H might confirm a different origin of this TCE and the TCE present in OMW?7.
Moreover, our estimated values are similar to the values obtained by Shouakar-Stashfet al.
TCE from PCE dechlorinatio®{H of approximately -350), suggesting that TCE is coming mainly

from PCE degradation, in contrast to the TCE in OMW?7.

Moreover, thecis-DCE results presented, which to our knowledge are the first negative reported
8°H cis-DCE values, contrast with the positive values (+200 %o)cisfDCE from reductive
dechlorination of manufactured TCE in laboratory experimétitsnhancing the evidence thuas-

DCE comes mainly from the sequential reductive dechlorination from PCE at this site. Overall,
although a low number of samples have been analyzeifHiorthe multi-isotope combination (C,

Cl, H) by itself seems to have elucidated two different TCE sources at the site, one source
composed of a mixture of manufactured TCE and TCE from PCE dechlorination traveling to the
west (OMW?7), and a second source produced mainly from PCE flowing in the creek direction.
These results indicate a significant potential for the usétbto assess the origin of industrial or

degradation-derived chlorinated ethenes at contaminated sites with no other previous evidence.

5. CONCLUSIONS

The use of stable isotopes to monitor degradation processes at field applications is every time more
developed. However, the potential of the use of hydrogen isotopes in chlorinated ethenes is
just beginning to be studied. To our knowledge, until now, hydrogen isotopes of chlorinated
ethenes had not been analyzed in field samples due to technical issues. In this paper we have
presented a complete sequence of isotope techniques used to understand a field site contaminated

by chlorinated
13



ethenes 1) the use of carbon isotopes to reveal biodegradation; 2) the anal§Gesndf’Cl to
discriminate the main degradation process at the site; and 3) the addifitt tof provide new
knowledge on this field that seems to be very promising. However, the recently reported negative
8°H values (up to -184 %of* of manufactured TCE, could be a limitation of this technique.
Nevertheless, the high depletior’ih observed during TCE formation in the environment may still

be a potential way to discriminate the origin of TCE eiseDCE.

6. SUPPLEMENTARY DATA

The site study description, groundwater sampling, chlorinated ethene analyses, analyses of ethene,
ethane and acetylene compounds, complementary microcosm experiments, experiment of PCE
degradation with ZVI and more information fro6i'Cl and 6°H data are included in the

Supplementary Data, as well as complementary figures and tables commented upon in the main

text.
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FIGURE CAPTIONS

Figure 1. Wdlsdistribution. A) Map of the study site. The location of the wells installed along the
Can Ninou Creek and the location of the ZVI PRB, as well as the piezometric surfaces and
groundwater flow lines are represented. B) Distribution of the multilevel wells around the ZVI-
PRB. C) Cross section along the creek from the source area to 900 m downstream. The lithology of
each well is exposed, as well as the water table indicated by the green triaigRGE

concentration contours are also shown.

Figure 2. C, Cl and H isotope data distribution. Isotope data 0%'*C ands*’Cl of PCE (A and B,
respectively™*C of TCE (C) and™*C, 5*'Cl and3°H of cis-DCE (D, E and F, respectively). F also
includes TCE data, indicated in blue. These isotope data have been obtained from the most
representative wells from: 1) the last survey (Mar-2013) in the ca8E®fdata (except for the

wells in red ford"3C of PCE that are from Jun-2012) and from 2) the only survey wiémnd

3%'Cl were measured, Oct-2012. OMW?G and &H data are from Sept-2013.
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Figure 3. Time evolution of C isotopes. Changes i**C over time of PCE andis-DCE in wells
OMWS5 and BR1-11, and MW17 and BR1-9.5, respectively. Error bars reptéd@nincertainty

of 0.5 %eo.

Figure 4. C isotopes at the ZVI-PRB. §'*C of PCE in BR1 (blue squares, directly upstream from
the ZVI-PRB), BR3 (red diamonds) and BR4 (green triangles) (both directly behind the ZVI-PRB)
in depth from June-2012 (A) and Mar-2013 (B) campaigns. Error bars represent an uncertainty of

0.5 %o for §°C measurements (for location of wells, see Figure 1).

Figure 5. Dual isotope plot C-Cl. 8"°C versus3®'Cl from Oct-2012 campaign samples. A dual
isotope slopesg/ec)) of 1.5 £ 0.1 was determined. Red diamonds represent wells upstream of the
ZVI-PRB, and green squares represent wells downstream from the ZVI-PRB. Blue lines indicate
the 95% confidence intervals of the regression line. Dashed lines show the slopes obtained in
previous studies: 1) ciBCE substrate in Abe et al. R-Proteobacterispp. batch experimerts' 2)

cisDCE substrate in Abe et aDehaloccocoideskB-1 batch experiment$'® 3) cis-DCE
intermediate product in previous ZVI batch experime#discisDCE substrate in previous ZVI
degradation experimentd 5) cis-DCE intermediate in reductive dechlorination from Hunkeler et

al. field studie$”.

TABLE CAPTIONS

Table 1. Concentration and isotope data for the main compounds of the site obtained from the
groundwater sampling campaigns conducted from April 2011 to March 28i8stance from the
source n.a. = not analyzed n.d. = not detected. Uncertainty is 0.5 85@910.2 %o for5*'Cl and

between 2 and 26 %o fofl§ measurements. Concentration uncertainty is 10%.
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Table 1. Concentration and isotope data of the main compounds of the site obtained from the groundwater sampling campaigns conducted from April 2011 to March 2013. 'distance from the
source, n.a. not analyzed, n.d. not detected. 5"3C values uncertainty is 0.5 %o, for 6°"Clis 0.2 %o and for 5°H measurements it has been between 2 and 26 %o. Concentration uncertainty is 10%.

Upgradient the ZVI-PRB W from the ZVI-PRB Downgradient the ZVI-PRB
MW17.25 m* OMWS5. 60 m* OMW6B. 7 m* OMW7. 15 m* Pz1.100 m* Pz2.200 m* Pz3.280 m* Pz10.520 m* Pz4, 330 m* Pz11.526 m* Pz7.500 m*
= o 3 o bl IS I P b o b S B s T s I T A e R B b IR g bl RS R
R - - - - - T 5 B sl 2| s8] 5| 8|s|5| 5|8 s|s|s|d | s|la|s||sl 5 5|25 |5]|8|s|s5
E E] o = < E] o = E 3 < E] o = < ER R - < 2 |e| = < E] o = | 4| 3 |© = < E] o = < E] o =
w pefL <26 | <26 | <2.0 28 38 58 | 127 | 246 178 <2.6 <2.6 |<2.6 | <26 | 27 [ 123 | 50 [na.| 517 | 329 | 253 |na.| 11 45 | 703 | 917 | 145 | 7 | 391 (n.a.| 43 80 | 209 | 158 27 <26 | 5 3 3
E &5C (%) | nd nd nd. nd. (-20.7|-20.0(-19.9 [-19.1 -19.6 n.d nd. [ nd. | nd. |-19.9|-19.6|-19.7|n.a. (-19.8 (-20.0|-19.6 | n.a. | nd. |-19.8|-20.3 |-20.1(-19.2 | n.d. |-19.9|n.a.| -20.4 |-19.9 (-19.5(-19.3| -20.2 nd. (-20.6| nd. | nd.
F7C1 () n.a. n.a. n.a. n.a. na. | na [ 0.5 | na. n.a. n.a. na. | na | na | na. | na |na [na|na | na | na |na|na | na |[na | 0.2 [ na |na. | na. |na. n.a. na. | na | 0.4 na. na. [ na. | na. | na.
w pefl <26 | <26 | <26 26 17 | <26 |<26| 74 4072 139336 11 | <26 |<26| 8 24 11 |na.| 44 3 15 |na.[ 56 |<2.6| 7 |<2,6|<26|<2.6|<26 na.| <26 |<26| 7 3 <26 | <26 |<26| 5 |<26
g 55C (%) | n.d. n.d. n.d. nd. |-19.9| n.d. | n.d. |-20.6 -19.9 -23.4 -200 | nd. | nd. [ n.d. |-16.0(-13.5|n.a.| n.d. | n.d. |-12.2 | na.| nd. | n.d. | n.d. | n.d. | n.d. | nd. | n.d. [na.| n.d. n.d. | n.d. | n.d. n.d. nd. | nd. | nd. | nd.
&°H (%) na. na. na. na. na. | na. | na. | na. na. -91 na. | na. | na. [ na. | na | na. |na|na | na | na. |na.| na | na | na | na. | na |na | na |na| na. na. | na. | na. na. na. | na. | na. | na.
ugfL | 45735 | 16745 | 18010 | 28681 | 104 | 160 | 266 | 138 <2.6 21740 13 54 | 530 | 33 | 801 | 720 |na.(1328| 88 | 479 |na.| 218 ( 17 | 191 | 154 [ 15 [<2.6| 21 (n.a. 3 7 99 | 251 27 5 3 3 13
[w] &7C (%) | -19.9 | -19.9 | -18.3 | -15.7 |-22.0(-20.0|-19.2|-19.9 nd. -27.8 -17.9|-16.8 | -17.5(-15.2 | -14.7 (-19.7 [ na- |-20.2 | -17.4|-21.2 | na. | -17.7 | -15.5|-20.9 | -17.5|-16.6 | nd. (-11.3 [na.| -14.8 |-11.6 (-18.2|-16.4| -15.2 nd. | nd. | nd. [-15.8
0O 50 (%a) na. na. 3.8 na. na. [ na. [ 3.3 n.a. na. n.a. na. [ na | 52 [ na. [ na | na. [na. | na | na | na. |na | na | na | na | 3.6 | ha. | na.| na. |na. na. na. | na. [ 47 n.a. na. [ na. | na. | na.
BH (%a) na. na. -222 na. na. [ na. [ -198 | na. na. -132 na. [ na | na [ na | na | na |[na | na | na | na |na | na | na | na | na. | pa. | na. | na. [na. na. na. | na. [-187 n.a. na. [ na. | na. | na.
%) pefL na. 7886 247 1280 | na. 5 | <26 |<26 na. <2.6 na. |<2.6 | <2.6 (<26 | na. [<2.6|na |<26 | na |<2.6 na. | 114 | na |<6|<26 |<lb |n.a.|<26 |na.| <6 na. 7 |<26| <2.6 na | <2.6 | <2.6 [ <2.6
= &5C (%) n.a. n.a. n.a. -38.4 | na. | na | nd. | nd. n.a. n.a. na. | nd. | nd. | nd. | na | na. [na | na | na | na |na |[-204| na. | na. | nd. [ nd. | na.| na. |na.| na. na. | na. | nd. nd. na. | na | nd | nd.
Downgradient the ZVI-PRB Multllfe\.rel Wells Multllfe\.rel Wells
BR1. Upgradient the ZVI-PRB BR2. Upgradient the ZVI-PRB
Pz8.750 m* Pz9.900 m* BR1-4 BR1-4.5 BR1-5 BR1-6 BR1-8 BR1-9.5 BR1-10 BR1-11 BR1-13 BR2-4 BR2-5 BR2-6 BR2-7 BR2-8 BR2-9.5 BR2-10.5 BR2-11 BR2-115
o | o (BniEE | O (R~ e D g S9N EER S| DN o O ol T o O Do o o O P A o Eni pA
s bl sls s s8] ¢ 5 RN - I EERCE - RN - BN - N 0 NG [ ¢ | & e e & Y -
<|3|o|=|<|3|0|=]| 3 = ERERCN - BEEECE - ENERCY - B - EEREN - ERC - E 3 |2 ©° = 3 2ol
w g/l 132 | 100 | 207 | 205 |<2.6 |<2.6|<2.6(<2,6| 646 184 519 604 521 161 | 541 434 503 | 157 463 416 296 | 156 | 23 | 55 383 258 | 498 | 372 758 | 466 322 329 346 615 | 397 297 335 714 453 333
g 9 (%) [-19.4|-19.8|-19.2|-19.3| nd. | nd. | nd. | nd. | -20.9 -18.2 -21.3 |-21.6 -20.2 -1%.3| -21.4 (-21.2 -20.0 -19.3| -20.8 |-21.0 -20.2 -18.2|-16.5 nd. ( -20.4 |-20.4-20.1|-20.3 -20.0 -19.8| -20.5 -20.32 |-20.6 -20.2 -19.8 -20.6 -20.5 -19.7 -19.5( -20.4
57C1 (%) | na. | na. | 0.4 | na. | na. | na.| na. | na. n.a. n.a. n.a. na. 0.4 | na. n.a. na. 04 | na. n.a. na. 0.3 | na.| na. | na. n.a. na. | na. | na. 0.5  na. n.a. n.a. na. 04 | na. n.a. na. 0.4 | na. n.a.
] nefl 16 8 u) 5 |<2.6|<2.6|<2.6(<2,6 4 ¥ 4 4 <26 5 5 4 <26| b 3 4 <26 b |[<26 <26 <26 |<26 8 3 52 T 3 3 3 <26 b <2.6 3 6 7 3
= 5C (%) |-15.4(-14.7| nd. |-12.1| nd. | nd. | nd. | nd. nd. nd. nd. nd. nd. | nd. n.d. nd. nd. | nd. nd. nd. nd. | nd | nd | nd. nd. nd. | nd. | nd. nd. | nd. nd. n.d. nd.  nd. | nd. nd. nd. 10.2  nd. nd.
pg/L 762 | 204 | 741 | 273 |<2.6|<2.6|<2.6(<2,6| 155 20 137 139 83 16 127 136 68 | 19 133 138 73 | 20 | 35 | 42 186 169 | 124 | 173 257 [ 112 144 164 172 196 136 155 154 259 | 114 147
o] &¥C (%) [-19.2(-19.0(-18.1|-18.6( nd. | nd. [ nd. | nd. | -20.4 -16.5 -20.5 |-20.6 -17.1 -15.7| -20.4 |-20.5 -17.4 -14.6| -20.5 (-20.4 -17.8 -15.7|-16.8/-16.6| -21.2 |-21.5[-19.1|-21.3 -20.3 -13.1| -21.3 -21.6 |-21.3 -21.2 -18.7 -21.3 -21.2 -21.0 -18.8( -21.2
O 5 (%) | Na. | na. | 5.7 | na. [ na. | na. | na. [ na. n.a. na. na. na. | 3.6 | na. n.a. na. 3.4 | na. na. na. | 3.7 BnE na. BnaEs na. na. | na. | na. 29 | na. na. n.a. na. 2.9 | na. na. na. 3.0  na na.
&H (%) | na. | na. |-197 | na. | na. | na. | na. | na. n.a. n.a. n.a. na.  na. | na. n.a. na. na. | na. na. na.  na. | na.| na. | na. n.a. na. | na. | na  -208| na. na. n.a. na. -191 na. n.a. na. -210 na. na.
W ngfl na. |<2.6 |<2.6 |<2.6 [ na. |<2.6(<2.6|<2.6
= 5°C (%) | na | na | nd | nd |na |na |nd |nd
Multilevel Wells Multilevel Wells Multilevel Wells
BR3. Downgradient the ZVI-PRB BR4. Downgradient the ZVI-PRB BR5. Downgradient the ZVI-PRB
BR3-4 BR3-5 BR3-6 BR3-7 BR3-8 BR3-9 BR3-11 BR4-4.5 BR4-5.5 BR4-6 BR4-7 BR4-8 BR4-9 BR4-10 BR4-13.5 BR5-4 BR5-5 BR5-6 BR5-8 BR5-9.5 BR5-10 BR5-11
3 a [ O 3 i [ O o ful M P A ] 0 Al ] 0 Pl 3 & S BN S B o DB & o (B .
w HefL 243 392 | 77 | 440 425 | 80 484 349 | 85 | 337 406 | 114 | 342 361 18 63 127 | 191 | 84 | 368 (114 | 73 41 89 50 52 | 110 | 20 50 <2.6 130 407 [ 612 | 293 | 457 | 663 | 344 | 255 ( 437 [ 729 190 | 188 [ 393 | 630
g &°C(%e) | -20.1 |-20.3-19.8|-20.6 -20.3 -19.0| na |-20.4/-19.1|-20.4 -19.9/-18.8|-20.1 -20.3 -15.1 -18.5 -19.8 (-20.4 (-19.8 | -20.3 |-19.4| -19.7(-20.0 [-19.8 | -19.6 | -20.0 | -19.9(-20.0 |-20.3 nd. -19.5 (-19.9(-15.9|-19.9|-20.4 |-19.7| -20.2 | -19.8-20.3 |-19.9| -19.4 |-19.6|-20.7 |-19.
57C1 [%ba) na. na. [ na. | na 03 | na. na. na. [ na. | na 02 | na |na 03 na. na. na. |-0.2 | na.| 0.1 [ na. | na | na | na | na. | -0.7 | na | na. | -2.0 na. na. na. | na. [ na | 0.2 | na. | na. | na. | 0.3 na. na. na. | 0.2 | na.
6 HefL 4 3] 3 3 3 6 7] 3 6 3 3 3 3 3 <2.6 3 3 <26 5 |<26| 6 4 [<=26[ 5 4 | <26 5 46 3 <2.6 7 8 12 7 6 12 10 8 6 12 8 8 6 14
= 85C (%) nd. nd | nd | nd. nd | nd nd. nd. | nd | nd. nd | nd | nd. ' nd nd. nd. nd. | nd | nd | nd [ ad | nd. | nd. | nd | nd. | nd. | nd. | nd. | nd. nd. nd. nd. |-1.2 | nd. [ nd. | 0.5 | nd. | nd. | nd | 1.6 nd. nd. [ nd | -18
ue/l 77 105 | 13 | 115 53 13 115 106 | 16 | 100 52 13 | 100 | 50 12 13 51 34 14 38 21 31 9 17 61 14 25 22 23 <2.6 205 320 | 355 | 293 | 212 | 387 | 289 | 328 | 220 | 374 240 | 276 | 206 | 416
6 &9C(%) | -19.5 |[-19.5/-12.9|-19.1 -16.9 [-15.0) na. |-19.4[-14.1(-19.5 -17.1 -14.6|-19.4 -17.1 -18.1 n.d. -19.5 (-18.6 [-15.8 | -18.7|-15.2| -19.5(-18.9 [-16.9(-19.8 | -19.5 | -15.7( -20.9|-20.3 nd. -21.5 (-21.2(-21.3|-21.7|-21.4 |-21.3 | -21.9 | -21.6 (-21.5 (-21.1| -21.5 (-21.4(-21.6 |-2L.;
O Fa (%) na. na. ' na | na. 41  na na. na [ na | na 38 na |na. 38 na. na. na. 3.3 na. 3.6 na | na | na | ha | na. 1z na. | na | 21 na. na. na. [ na | na. 2.7 na. | na. na. [ 2.7 na. na. na. 2.7 na.
5°H [ba) na. na. [ na. | na. na. | na. na. na. [ na. | na.  na. | na.| na | na. na. na. na. | na. | na. | na. | na | na | na | na | na | na [ A& | na | na. na. na. na. | na. | na. |-253 | na. | na. | na. |-222 | na. na. na. |-225 | na.
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Figure 3
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Figure 4
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Figure 5
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