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Abstract
The groundwater contamination by hexavalent chromium (Cr(VI)) in a site of the
Matanza-Riachuelo river basin (MRB), Argentina, has been evaluated by

determining the processes that control the natural mobility and attenuation of
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Cr(VI) in the presence of high nitrate (NO3’) contents. The groundwater Cr(VI)
concentrations ranged between 1.9E-5 mM and 0.04 mM, while the NOj3
concentrations ranged between 0.5 mM and 3.9 mM.

In order to evaluate the natural attenuation of Cr(VI) and NO;3 in the MRB
groundwater, Cr and N isotopes were measured in these contaminants. In
addition, laboratory batch experiments were performed to determine the isotope
fractionation (¢) during the reduction of Cr(VI) under denitrifying conditions.
While the Cr(VI) reduction rate is not affected by the presence of NO3', the NO3
attenuation is slower in the presence of Cr(VIl). Nevertheless, no significant
differences on ¢ values were observed when testing the absence or presence of
each contaminant. The €>Cr determined in the batch experiments describe a
two- stage trend, in which Stage | is characterized by €°Cr ~ -1.8 %o and Stage
Il by €3Cr ~ -0.9 %o. The respective £'°Nyos obtained is -23.9 %o whereas
£'®0no3 amount to -25.7 %.. Using these ¢ values and a Rayleigh fractionation
model we estimate that an average of 60% of the original Cr(VI) is removed
from the groundwater of the contaminated site. Moreover, the average degree
of NO3 attenuation by denitrification is found to be about 20%. This study
provides valuable information about the dynamics of a complex system that can
serve as a basis for efficient management of contaminated groundwater in the

most populated and industrialized basin of Argentina.

Keywords: Cr(VI) reduction, denitrification, isotopic fractionation, groundwater,

Matanza-Riachuelo basin



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

1. INTRODUCTION

Chromium (Cr) is a toxic contaminant in groundwater derived mostly from
anthropogenic activities such as metallurgic, refractory, chemical, and tannery
industries. In aquatic environments, Cr exists in two main oxidation states,
Cr(VI) and Cr(lll). Cr(VI) is more toxic and generally more mobile than Cr(lll).
The oxidized form, Cr(VI), can cause cancer and dermatitis (Kotas and
Stasicka, 2000). In contrast, the reduced form, Cr(lll), is an essential nutrient, it
is less soluble, adsorbs strongly on solid surfaces and co-precipitates with
Fe(lll) hydroxides (Rai et al., 1987; Davis and Olsen, 1995). Furthermore, Cr(VI)
can be naturally reduced through biotic or abiotic oxidation of electron donors
such as aqueous Fe(ll), Fe(ll)-bearing minerals, reduced sulfur species and
organic compounds (Palmer and Wittbrodt, 1991). Reduction of toxic Cr(VI) to
less toxic Cr(lll) is an important process for attenuating Cr(VI) contamination in
groundwater by immobilization as Cr(lll) (Palmer and Puls, 1994; Davis and
Olsen, 1995). This natural process can be enhanced or induced by adding an
external electron donor to promote biotic and/or abiotic reduction (Blowes et al.,
2000; Mayer et al., 2001b; Ellis et al., 2002; Wilkin et al., 2005; Wanner et al.,
2012c; Jamieson-Hanes et al., 2012; Han et al., 2012; Basu et al., 2014).

Nitrate (NOs’) is another contaminant commonly found in groundwater (Rivett et
al, 2008). Nitrate can also be reduced to N, gas through biotic or abiotic
reactions (Korom, 1992). Denitrification is the main natural process to attenuate
NO3;  contamination in groundwater. Denitrification occurs under anaerobic
conditions or dissolved oxygen concentrations below 2 mg/L (Korom, 1992; Cey
et al., 1999). This process irreversibly eliminates NO3;  from groundwater by

reduction to N through several intermediate steps (NO3;” > NO2 - NO - N,O
3
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- N2) (Knowles, 1982). This chain of reactions can be interrupted at each step
depending on biological and kinetic factors (Carrey et al., 2013).

Both processes, the biotic Cr(VI) reduction and the denitrification can be
heterotrophic or autotrophic depending on the use of an organic C or inorganic
compound (e.g., sulphide or Fe(ll)), respectively as electron donors. Therefore,
since both reactions compete for the supply of the electron donors, the
presence of NO3 can decrease the effectiveness of microbial Cr(VI) reduction
(Middleton et al., 2003).

Isotope studies have been applied to discriminate between processes that imply
an attenuation of Cr(VI) and NO3™ concentrations by reduction processes and
transport processes in the porous medium (dilution/dispersion) (Blowes, 2002;
Berna et al., 2010; Wanner et al., 2012a, Margalef-Marti et al., 2019a). During
the biotic or abiotic reduction of Cr(VI) to Cr(lll), a kinetic isotope effect occurs
since the lighter isotope, °°Cr, reacts preferentially and therefore, the remaining
dissolved Cr(VI) becomes enriched in the heavier isotope, **Cr (Ellis et al.,
2002; Sikora et al., 2008; Kitchen et al., 2012; Basu et al., 2014). ). Additionally,
the Cr(lll) species do not undergo rapid isotopic exchange with Cr(VI) species
(Zink et al., 2010). Therefore, the calculation of this change in the isotope ratios,
or isotope fractionation (¢), can be used to assess the natural or induced
attenuation of Cr(VI) in contaminated groundwater (Izbicki et al., 2008; Berna et
al., 2010; Raddatz et al., 2011; Wanner et al., 2012a; Heikoop et al., 2014).
Likewise, during denitrification, as NO3™ concentration decreases, the residual
NOs becomes enriched in the heavy isotopes (**N and '®0) (Aravena and
Robertson, 1998; Fukada et al., 2003; Kendall et al., 2007; Mariotti et al., 1988).

Experimental studies show that NO;3; reduction occurring simultaneously with
4
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Cr(VIl) reduction can have a significant influence on the Cr(VI) isotope
fractionation (Ishibashi et al., 1990; Dichristina 1992; Garbisu et al., 1998;
Viamajala et al., 2002; Vatsouria et al. 2005; Han et al. 2010, 2012). Moreover,
isotope tracers have proven to be a powerful tool in identifying NO3™ and Cr(VI)
sources in groundwater (Ellis et al., 2002; Otero et al., 2009).

At present, no case studies evaluate, through laboratory and field scale studies,
the coupled natural attenuation of hexavalent chromium and nitrates in
groundwater. The Matanza-Riachuelo River Basin (MRB) is the most populated
(>4 million people), industrialised and contaminated basin in Argentina (Zabala
et al., 2016). In several areas of the basin, the main source of water for human
and industrial supply is groundwater. Ceballos et al. (2018) detected that
groundwater, in some areas within MRB, is affected by both Cr(VI) (up to 5
mg/L) and NO; (>100 mg/L) contamination. The main source of Cr(VI)
contamination is related to a chemical industry plant that operated from 1968 to
1990, producing bichromates, chromic acid, sulfuric acid and tannery products
(Salvador, 2013). During the operation period, the processing residues
containing Cr(VI) salts were disposed untreated into nearby unlined piles where
the dissolution of these waste salts promoted the migration of Cr(VI) through the
vadose zone into groundwater. The aim of the present study is to combine Cr
isotopes and N and O isotopes of dissolved nitrate for the purpose of identifying
natural attenuation processes of Cr(VI) and NOj3 in groundwater. An implicit
primary goal is to determine, in laboratory experiments, using groundwater and
sediment from the studied area, the degree of isotope fractionation of Cr (£°*Cr)
and of N (¢'°Nno3) and O (¢£'®Onos) during the simultaneous Cr(VI) and NO3’

reduction. The final goal is to assess the usefulness of the isotope approach to
5
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study natural attenuation at field scale. The use of isotope tools to determine
the extent of natural attenuation of Cr(VI) and NOj3 in groundwater, serve as the
basis for designing effective remediation strategies in the most exploited and

contaminated aquifers in Argentina.

2. STUDY AREA

The MRB is located to the NE of the Buenos Aires province, Argentina (Figure
1A). The MRB is a hydrographic basin that covers an area of approximately
2,065 km? with very low slopes, forming a typical plain landscape. It consists of
preferably continental sedimentary deposits. The main course is the Matanza
River, which flows to the NE for 70 km before to be renamed Riachuelo about
15 km before discharging into the Rio de la Plata. The area has a temperate
climate with warm summers and cool winters. Average rainfall for the period
1906-2014 was 1100 mm/year (Scioli and Burgos 2015).

The MRB has its main source of water supply and industrial in two aquifer
systems, the Upper aquifer of medium to low productivity with a variable water
quality, and the Puelche Aquifer, of medium to high productivity and good water
quality (Zabala et al., 2016). The Upper Aquifer holds the water table and
receives natural recharge by infiltration of rainfall. Its thickness is around 40 m
(Mancino et al., 2013) and consists of sandy-clayey-silts loess (Holocene), of
homogeneous fine-grained loess and sandy loess (Pleistocene), and of
interbedded carbonate (tosca). The Puelche Aquifer has a maximum thickness
of 60 m consisting of quartz sands in the lower sandy section and silts and clays
that are interbedded towards the top (Upper Pliocene to Pleistocene). These

silty clay sediments behave as an aquitard of heterogeneous thickness but in
6
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some sectors of the lower basin this aquitard does not exist because the
sediments of the Upper Aquifer are in direct contact with the sands of the
Puelche Aquifer. Due to the Puelche Aquifer not outcropping in the MRB, its
recharge occurs directly from the Upper Aquifer by vertical filtration (Vives et al.,
2013). The average annual recharge to the Upper Aquifer for the period 1906-
2014 was 133 mm/year (Scioli and Burgos 2015). The groundwater discharges
to surface water (streams, rivers) including to Rio de la Plata. The two aquifers
show similar piezometric patterns, in both of them regional groundwater flow is
SW to NE (Vives et al., 2013). In the upper and middle parts of the basin, the
water table surface reflects a strong relationship with the streams. The
piezometric levels of the Upper and Puelche Aquifer respond simultaneously to
seasonal recharge elevations and dry-season drawdowns, showing a strong
connection of both aquifers (Zabala et., al 2016). Groundwater of the Upper
Aquifer and the Puelche Aquifer has a similar chemical composition, generally
of a Na-HCOg type in the area of study (Ceballos et al., 2018). The study area is
located in San Ignacio neighbourhood, Jaguel town, at the lowest stretch of the
Ortega Stream sub basin, in a tributary of the Matanza-Riachuelo River (Figure
1B). In this sector, the local flow direction of the Upper Aquifer would be
conditioned by the Ortega stream, with a flow direction mainly of S-N / NW
(Melian, 2014). A downward vertical hydraulic gradient from the Upper to the
Puelche Aquifer has also been observed in the site of study (Ceballos et al.,
2018). In the San Ignacio neighbourhood, the population does not have access
to water supply and sanitation services. The residents have their own on-site
solutions through septic tanks or pits. The drinking water supply is obtained

from the municipal water trailer or purchased individually.
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3. METHODOLOGY
3.1. Sampling of groundwater and soil

Groundwater samples were collected (September 2017) from three monitoring
wells belonging to the basin authority ACUMAR (samples P13, P28 and P29)
and nine private supply wells (samples P15, P21, P22, P26, P27, P31, P33 and
P34) (Figure 1B). Sample P28 was obtained from the Puelche Aquifer (well
depth of 40 m) while the rest of the samples were obtained from the Upper
aquifer (well depths from 15 to 20 m). The wells were purged three times the
volume of water in the column. Parameters such as electrical conductivity (EC),
temperature, pH and dissolved O, were measured in situ with a Multiparameter
PCS Testr 35 Series tester, using a flow cell to avoid contact with the
atmosphere. The samples were collected in polyethylene bottles after the wells
had been continuously pumped until the EC values became stabilised. A
volume of 30 mL was collected for non-purgeable dissolved organic carbon
(NPDOC) analysis in glass bottles previously combusted. These samples were
passed through a 0.45 uym nylon filter and acidified with 1 mL of HCI (2 N); the
bottles were sealed with Parafilm® to minimise any contact with air. A volume of
200 mL was collected for Cr(VI) analysis in polyethylene bottles. These samples
were filtered with a 0.45 ym membrane filter, then the pH was adjusted to 9 with
NaOH (1 N) and stored at +4°C. Samples for the Cr isotope analyses were
collected in polyethylene bottles and stored at +4°C until analysis. Samples for
the NOj3 isotope analyses were filtered with a 0.22 um filter (PTFE Teflon filter),
transferred into in 10 mL plastic vials and stored at -20 °C.

Soil samples were collected from a drilling downstream of the chemical industry
8
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site near the ACUMAR P28 monitoring well (see Figure 1B). The drilling
reached 4 m whereas the water table was detected at 3 m depth. The sediment
was sampled between depths of 3 m and 4 m below the ground surface. These
soil samples were isolated from the atmosphere with polypropylene and stored

in the refrigerator at +4 °C, until used in the batch experiments.

3.2. Batch experiments
The batch experiments aimed to determine the isotope fractionation of Cr(VI),
N-NO3;™ and O-NOj3; during their reduction by organic carbon under different
scenarios. Three types of biostimulated microcosms were set up in 125 mL
crystal bottles sealed with butyl rubber septa and aluminium crimp under an
argon (Ar) headspace. The experiments were set up inside a glove box to avoid
any trace of dissolved O, and N,. Each bottle contained sediment and
groundwater from the Upper aquifer. We used 75 mL of groundwater collected
from the P13 monitoring well, 15 g of sediment collected near the P28
monitoring well and added ethanol as external carbon source. Organic carbon
was selected to enhance Cr(VI) and NO3™ reduction due to it is the main source
of electrons at field. Three series of parallel experiments were performed
according to Cr(VI) content (additional K,Cr,O; salt was added) and NOj3
concentration (groundwater NO3™ concentration was 4.2 mM, no additional NO3
was added). The experiment “BioCr’ only contained Cr(VI) (0.2 mM), the
experiment “BioN” only contained NO3™ (4.2 mM) and the experiment “BioCrN”
contained both species. For the “BioCr” experiment, the NO3” from groundwater
was previously removed by inducing denitrification through the addition of

ethanol as electron donor. All series included at least 10 replicates of
9
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biostimulated microcosms. Control microcosms without ethanol “CtrICrN” were
carried out for the BioCrN experiments to check the contribution of the sediment
on the Cr(VI) and NOj3 reduction. Moreover, a set of blank microcosms
containing only sediment and deionized water (DIW) was also performed to
evaluate sediment leaching. The detailed content of each microcosm is shown
in Table 1. For incubation, the bottles were wrapped with aluminium foil to avoid
photodegradation processes and were maintained at room temperature (~ +24
°C) with continuous orbital agitation. The biostimulated microcosms were
sacrificed after fixed time spans according to previous laboratory tests (data not
shown). The control microcosms were sacrificed at the end of the biostimulated
experiment. The samples were immediately filtered with 0.22 ym nylon filters
and stored at +4 °C for further analysis. An aliquot for the NOg3™ isotopic analysis

was stored at -20 °C.

3.3. Analytical techniques

The Cr(VI), NO3’, nitrite (NO2"), ammonium (NH4") and non-purgeable dissolved
organic carbon (NPDOC) concentration was determined in all samples. The
5%Cr, the 5"°Nnos and 5'®0nos were determined in all samples collected in the
field and in a subset of samples of the laboratory experiments considered
representative based on the Cr(VIl) and NO3; concentrations.

Main anions (NOs, SO4*, CI" and NO,) were analysed by high-performance
liquid chromatography (HPLC) using a WATERS 515 HPLC pump with IC-PAC
Anion columns and WESCAN and UV/VIS KONTRON detectors. The NH4" was
determined by colorimetry, Indophenol blue method (SP-830 plus Metertech).

The NPDOC was measured by organic matter combustion (TOC 500
10
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SHIMADZU). The dissolved Cr(Vl) was determined within 24 h of sample
collection by using the diphenylcarbazide, SM 3500-Cr B method and a UV-Vis
spectrophotometer (SP-830 plus Metertech). Total dissolved Cr and trace
elements were determined by inductively coupled plasma mass spectrometry
analyses (ICP-MS, Perkin-Elmer Elan 6000) and inductively coupled plasma
optical emission spectrometry (ICP-OES, Perkin-Elmer Optima 3200 RL),
respectively, after acidifying the filtered samples (1% HNO3).

The 5°°Cr analyses were performed following a slightly modified method from
Frei et al., (2009). An amount of water sample which would yield about 1 ug of
total Cr was pipetted into 23 mL Teflon beakers (Savillex ™) together with an
amount of a **Cr=>*Cr double spike so that a sample to spike ratio of ~3:1 (total
Cr concentrations) was achieved. The mixture was totally evaporated and 3 mL
of concentrated aqua regia was subsequently added. After 3 h with aqua regia
on a hot plate at 100 °C, the sample was again dried down. Then, the sample
was dissolved into 20 mL of ultrapure water (Milli Q®) and 0.5 mL of 1 N HCI, to
which 0.5 mL of a 0.5 M ammonium peroxydisulfate solution (puratronic®
quality) was added. The samples were then boiled for 1 hour with beaker lids
closed on a hot plate at 130 °C. This enabled the total oxidation of Cr to Cr(VI).
The solution was then passed over 2 ml pre-cleaned anion exchange resin
(DOWEX AG1X8; BioRad™). After rinsing with 5 mL of 0.1 N HCI, Cr(VI) was
reduced during 30 min on the columns, with 1 mL of 2 N HNO3; to which three
drops of hydrogen peroxide were added. Cr(lIl) was then extracted with another
5 mL of the same 2 N HNO3; hydrogen peroxide mixture into the 23 mL
Savillex™ beaker and subsequently dried down. The produced chromium

fraction was then purified, by passing the sample in 0.5 N HCI over a
11
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miniaturized disposable pipette-tip extraction column, fitted with a bottom and a
top disposable PVC frit, which was charged with 300 pL of 200—400 mesh
cation resin (AGW-X12, BioRad™), thus employing the slightly modified
extraction procedure, published by Trinquier et al. (2009) and Bonnand et al.
(2011). The yield of this mini-column extraction and purification step is usually
~70%. Samples were loaded onto Re filaments with a mixture of 3 pL silica gel,
0.5 pL 0.5 mol/L of H3BO3; and 0.5 pyL 0.5 mol/L of H3PO,4. The samples were
statically measured on an IsotopX “Phoenix” multicollector thermal ionization
mass spectrometer (TIMS) at the Department of Geoscience and Natural
Resource Management, University of Copenhagen, at temperatures between
1050 and 1200 °C, aiming at beam intensity at atomic mass unit (AMU) 52.9407
of 30—-60 mV. Each load was analysed 2—4 times. Titanium, vanadium and iron
interferences with Cr isotopes were corrected by comparing with *9TiP0Ti,
V5V and **Fe/*®Fe ratios. The final isotope composition of each sample was
determined as the average value of repeated analyses and reported, relatively
to the certified SRM 979.

The 6"°Nnos and 5'®0Onos were determined following the cadmium reduction
method (Mcllvin and Altabet, 2005; Ryabenko et al., 2009). Then, the N,O was
analysed using a Pre-Con (Thermo Scientific) coupled to a Finnigan MAT 253
Isotope Ratio Mass Spectrometer (IRMS, Thermo Scientific). Isotopic analyses
of NO3™ were prepared at the laboratory of the MAIMA-UB research group and
analysed at the Centres Cientifics i Técnoldgics of the Universitat de Barcelona
(CCiT-UB).

The isotopic notation is expressed in terms of & per mil relative to the

international standards (Equation 1):
12
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5 = mpesndad  \wherg R = Cr/c, cp and N/14N , respectively

Rstandard

Equation 1
NIST SRM 979 for 6°°Cr, Vienna Standard Mean Oceanic Water (V-SMOW) for
5'%0 and Atmospheric N; (AIR) for 8"N. According to Coplen, (2011), several
international and laboratory (CCiT) standards were interspersed among
samples for the normalisation of the results (Table 2). The standard deviation
reproducibility of the samples was + 0.08 %o for 5°°Cr, +1.0 %o for 8"°Nnos, +1.5

%o for 61BON03.

3.4. Isotope data calculations
The isotope fractionation (g), under closed system conditions, can be calculated
using the Rayleigh distillation equation (Equation 2). Thus, € can be obtained
from the slope of the linear correlation between the natural logarithm of the
substrate remaining fraction (LN(Cresiqual/Cinitial), Where C refers to the analyte
concentration) and the determined isotope ratios (Ln(Rresiqual/Rinitial), Where R =

(5+1).

Ln (M) =g xLn (M) Equation 2

initial initial
The percentages of the Cr(VI) reduction and denitrification at field scale can be
determined by using the isotopic composition of the samples and the ¢ values
obtained at laboratory scale using Equation 3 (Ellis et al., 2002; Berna et al.,

2010; Raddatz et al., 2011; Torrento et al., 2011; Carrey et al., 2013).

(%) — [1 _ e((Sresidual—8initial)/s)] x 100 Equation 3

13
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4. RESULTS AND DISCUSSION
The chemical and isotopic data of the samples obtained from the laboratory
batch experiments and the samples collected at field are summarised in Tables

3 and 4, respectively.

4.1. Batch experiments: Cr(VI) and NO3™ reduction by organic
matter.

In the blank experiments uniquely containing sediment and DIW, 0.01 mM NO3
was detected, NO,” was below 0.006 mM, NH;" below 0.03 mM and NPDOC
reached up to 0.87 mM. These results suggest a possible lixiviation of N
compounds and organic C from the sediment. However, since the NOj3
concentration in groundwater was much higher (4.2 mM), the amount of
lixiviated N was considered negligible. Control experiments without ethanol
(CtrICrN) showed no significant variation in the Cr(VI) and NO3™ concentrations
when incubated (38 to 263 hours) with groundwater and sediment collected at
the study site (Table 3). The NO, and NH;" concentration in these microcosms
were below 0.005 mM, while NPDOC reached up to 0.33 mM. Therefore,
despite NPDOC lixiviated from the sediment, it was not able to trigger neither
NO3™ nor Cr(VI) attenuation.

In the BioCr experiment, the initial Cr(VI) content of 0.19 mM started to
decrease after approximately 50 h from the beginning of the experiment and
was completely reduced during approximately 130 hours (Figure 2A). The 5°3Cr
increased from +0.05 %o to +3.4 %o. This increase coincides with the decrease
in Cr(VI) concentration, which would indicate that Cr reduction was occurring

(Table 3). In the BioN experiment, NO3™ started to decrease after approximately
14
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18 h from the beginning of the experiment and was completely eliminated within
31 h (Figure 2B). After the onset of NO3™ attenuation, NO,™ started to accumulate
reaching 1.7 mM at 28 h and then decreased until being completely reduced in
approximately 40 h. Transient NO, accumulation is commonly observed in
denitrification experiments and is usually influenced by the initial growth of
denitrifying bacteria and the induction of the nitrite reductase (Betlach and
Tiedje, 1981; Carrey et al., 2013; Margalef-Marti et al., 2019b). The measured
NH4" concentration was below 0.02 mM. The amount of NH4" detected could be
derived from the sediment leaching and allowed to discard other reactions such
as the dissimilatory NOs™ reduction to NH;* (DNRA) as responsible for NO3’
reduction. The 3"°Nno3 increased from +11.2 %o to +56.5 %o and &'®0Onos from
+7.1 %o to + 65.7 %0 as NO3™ concentration decreased (Table 3). The enrichment
in the heavy isotopes in the remaining substrate, both in the case of Cr(VI) and
NO;3 attenuation mediated by the ethanol addition, is consistent with bacterial
heterotrophic activity.

In the BioCrN experiment, the initial content of Cr(VI) (0.2 mM) started to
decrease after approximately 48 h from the beginning of the experiment and
was completely reduced in approximately 130 h (Figure 2A). In combination
with the Cr(VI) reduction, the °>Cr of the remaining substrate increased from
+0.05 %o to +3.3 %o (Table 3). Simultaneously, the initial NO3;™ content started to
decrease after approximately 48 h from the beginning of the experiment and
was completely eliminated in less than 100 h (Figure 2B). After the onset of
NO;3 attenuation, NO," started to accumulate reaching 2.0 mM at about 70 h
and then decreased until being completely reduced in approximately 120 h. The

measured NH," concentration was below 0.01 mM. As in the case of the BioN
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experiment, NH;" observed could be derived from the sediment leaching and
allowed to discard other NO3™ reducing reactions such as DNRA. Under these
conditions, the 8"°Nos increased from +11.2 %o to +64.8 %0 and 8'®0nos from
+7.1 %0 to + 72.2 %0 (Table 3). The enrichment in the heavy isotopes of the
remaining Cr(VI) and NO3™ during its concomitant reduction by ethanol is again
consistent with the bacterial heterotrophic activity.

The comparison of the BioCr and BioN experiments with the BioCrN
experiments shows that while Cr(VI) reduction rate was not affected by
denitrification, NO3™ attenuation was slower in the presence of Cr(VI). Compared
to the BioN experiments, in the BioCrN experiments the NO3; concentration
decrease started 30 hours later (48 hours instead of 18) and the reduction of
both NO3™ and NO, was completed 80 hours later (120 hours instead of 40).
Therefore, the presence of Cr(VI) slowed down denitrification, but did not
completely inhibit it. The most likely explanation is that the presence of Cr(VI)
promotes a certain toxicity to the denitrifying bacterial species stimulated from
the groundwater and sediment collected at the study site, while NO3™ seems to
have no effect on the stimulated Cr(VI) reducing species. The inhibition of NO3
reduction by Cr(VI) was previously observed by Kourtev et al., (2009). These
authors found a decrease in NO3™ reduction coupled with an increase of Cr(VI)
content when using lactate as organic C source. The authors also observed a
decreased bacterial growth yield when increasing the Cr(VI) concentration.
These results suggest that Cr(VI) toxicity to NOj3 reducing microorganisms
might be dependent on its concentration, the specific species involved, and the

electron donors employed.
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4.2. Batch experiments: Isotopic fractionation.

Batch experiments were performed to determine the €>Cr, £'°Nynos and €'®Onos
under the three different conditions tested (BioCr, BioN and BioCrN). The
calculations are shown in Figure 3 and a summary of the obtained values
including the £'°N/¢'®0 calculation is presented in Table 5.

In both the BioCr and BioCrN experiments (Figure 3A and 3B, respectively), two
different slopes were observed, and consequently two &€>°Cr values were
calculated. During the Cr(VI) reduction in the absence of NO3 (BioCr), the first
stage is defined by the samples with a higher Cr(VI) content (0.21 to 0.07 mM)
and shows a €°3Cr of -1.4 %o (> = 0.90), while the second stage applies to
samples with lower Cr(VI) concentrations (0.05 to 0.002 mM) and reveals a
€3Cr of -0.2 %o (r* = 0.45). During the Cr(VI) reduction in the presence of
denitrification (BioCrN), a similar pattern is observed. The first stage is defined
by the samples with a higher Cr(VI) content (0.21 to 0.06 mM) and implies a
€°°Cr of -1.8 %o (r* = 0.99), while the second stage applies to samples with lower
Cr(V1) concentrations (0.05 to 0.03 mM) and reveals a €>°Cr of -0.9 %o (r* =
0.44). Likewise, Chen et al. (2019) assessed the £>Cr during the Cr(VI)
reduction under various conditions (temperatures from 18 to 34 °C and pH from
6.0 to 7.2, presence and absence of nitrate) and also found two-stage trends.
These authors, upon the tested conditions, obtained a €°°Cr during the first
stage ranging from -2.6 %o to -2.8 %o, while in the second stage the values were
between -1.0 %0 and -1.1 %0. Hence, a lower isotope fractionation (in absolute
¢ values) was found for the second stage, when Cr(VI) concentrations were
lower, and yielded values similar to the isotope fractionation obtained in the

present BioCr and BioCrN experiments. Furthermore, these authors, suggested
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that the decreased Cr(VI) bioavailability when the reduction progresses could
mask the isotopic fractionation. However, in other biotic Cr(VI) reduction
experiments, such two-stage trends were not observed (Basu et al., 2014;
Sikora et al., 2008). If indeed, the Cr(VI) isotope fractionation occurs in two
stages, the use of a €°Cr for a single stage to estimate the Cr(VI1) reduction at
field-scale, could underestimate or overestimate the extent of the reaction.
Therefore, two-stage pattern could have implications when using €°Cr values
calculated from laboratory experiments to quantify the natural or induced Cr(VI)
reduction, since different €>°Cr values should be used depending on Cr(VI)
concentration.

In the present study, when Cr(Vl) was concomitantly reduced with NOj3
(BioCrN), a slightly higher £°*Cr (absolute value) was obtained compared to the
BioCr batch (Cr(VI) reduced in the absence of NOj3’), although the reduction
rate was similar. However, these results differ from those reported by Han et al.
(2012). These authors found a lower €°°Cr value (=0.4 %o) under denitrifying
conditions compared to the value obtained in the absence of NO3™ (-2 %o). On
the other hand, Chen et al. (2019) obtained similar £>*Cr values with presence (-
2.4 %o and -0.9 %0) and absence (-2.7 %o and -1.1 %o0) of NO3". Therefore, it is
clear that the presence of NOs has an influence on the Cr(VIl) isotope
fractionation, and when calculating Cr(VI) reduction rates from field-based data,
the €°Cr values employed should take into account the presence or absence of
NO;".

As to the biotic Cr(VI) reduction in absence of NO3", Basu et al. (2014) reported
€3Cr in a range of -2.2 %o a -3.1 %o for pure culture experiments using different

bacterial species and Sikora et al. (2008) found a £>>Cr of -1.8 %o when testing
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10 mM lactate and between -4.1 and -4.5 %o, when testing lactate below 100 uM
for the reduction. These results suggest that the microbial species and electron
donor concentration involved in the Cr(VI) reduction could have an influence on
the resulting isotope fractionation. For the abiotic Cr(VI) reduction, Ellis et al.
(2002) found a €°Cr = -3.5 %o when using magnetite as the electron donor and
Kitchen et al. (2014) and Dgssing et al. (2011) found €°°Cr in a range of -2.9 %o
and -4.9 %o, when using Fe(ll) or organic acids at different pH. These results
suggest that no significant isotopic fractionation differences are found between
biotic and abiotic Cr(VI) reactions.

The €"°Nnos and €'®0Onos values for the BioN and BioCrN experiments were
calculated together. Despite the BioN experiment showing a higher NOj3
reduction rate, a similar slope with a good correlation is obtained for both
experiments (Figure 3C). The £"°Nyos and £'®Onos values are -23.9 %o and -25.7
%o, respectively (Figure 3C). These values and the resulting €"°N/&'®0 (0.9) are
within the data range reported in the literature for denitrifying processes
(Granger et al., 2008; Knoller et al., 2011; Grau-Martinez et al., 2017 and
references therein). The obtained £"®Nnos and €'®Onos values in the present
experiments can be employed to quantify the natural attenuation of NO3™ at the

study site.

4.3. Natural attenuation of Cr(VI) and NO3" in the study area.
Hydrochemical data for the 11 groundwater samples collected in the San
Ignacio neighbourhood show pH values between 7.1 and 8.1, and electric
conductivity (EC) varied from 992 pS/cm to 2060 uS/cm (Table 4). The Cr(VI)

concentrations range from below detection limit to 0.041 mM, next and
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downstream of the chemical industry plant. The NOs; was detected in all
samples from the studied area and concentrations vary between 0.5 mM and
3.9 mM, with an average of 1.4 mM. Likewise, the NPDOC varies between 0.08
mM and 0.2 mM. The presence of both contaminants in the deeper aquifer is
linked to the hydraulic conductivity of the aquitard, because it controls the
hydraulic connectivity between the Upper and the Puelche Aquifer.

The 5°°Cr in groundwater varies between +1.2 %o and +3.4 %o, with an average
value of +2.8 %.. The spatial distribution of the &°°Cr values indicates a
downstream increase along the axis of the plume, following the groundwater
flow line (Figure 4). Near the source of Cr(VI), the 5°°Cr value is +1.2 %o and
values increase to +3.4 %o 200 m downstream. The observed increase in 5°°Cr
values downstream from the Cr(VI) source suggests that Cr(VI) attenuation is
occurring due to biotic reduction.

The isotope values of dissolved nitrate indicate the occurrence of NOj3
reduction, evidenced by an enrichment in the heavy isotopes that ranged from
+10.6%o to +22.8%o for the 5'°N and from +6.1%o to +12.7%. for the 5'°0 (Table
4). A positive linear correlation between 5'°Nyos and 5'®0Onos with a slope of
0.51 (* = 0.79) is exhibited by the analysed samples (Figure 6). These results
are in the range of values reported in the literature for denitrification processes
in groundwater (Aravena and Robertson, 1998; Kendall et al., 2007). In the
samples obtained from the monitoring wells, dissolved O, concentrations vary
between 0.02 and 0.2 mM, which would indicate inadequate conditions for
denitrification according to the required O, concentration below 0.1 mM
reported by Cey et al., (1999). However, denitrification has also been found at

higher dissolved O, concentrations (Otero et al., 2009). On the other hand, the
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samples collected at the study site with higher 5°3Cr also are characterized by
higher values of 3"°Nnos and 6'®Onos. For example, sample P29 yielded a 5°°Cr
of +3.4%o, 0"°Nno3 of +22.8%0 and 5'®0Onos of +12.7%o, which are the highest
measured isotope values for these compounds (see also samples P31, P21 and
P22 in Table 4). Therefore, we confirmed that Cr(VI) reduction can occur
simultaneously with denitrifying processes. Furthermore, since the NOj3" isotope
composition of the samples collected in the field are within the defined range for
wastewater NOs  (Figure 6), we also identify that the source of NOg3 is
potentially related with septic systems leakage. On the other hand, septic
systems leakage could be a source of NPDOC in groundwater and therefore,
denitrification and Cr(VI) reduction could be related to the oxidation of organic

matter.

4.4. Estimation of Cr(VI) and NO3™ reduction percentage in
contaminated groundwater
In the calculation of the percentage of Cr(VI) attenuation, we used the sample
P34 as representative for the initial value of Cr(VI) concentration and isotope
composition (Table 4), because it is the sample with the highest Cr(VI) content
and because the well is located very close to the source of contamination. The
£°3Cr values we used are those calculated in the BioCrN experiments (stage | =
-1.8 %o and stage Il = -0.98 %o), since we observed the simultaneous Cr(VI) and
NO3; reduction at field. Calculated Cr(VI) attenuation percentages in
groundwater samples by using the £>>Cr from stage | vary between 60 % and 70
%, but when using the €>*Cr value from stage II, the attenuation of Cr(VI) is

calculated at much higher percentages (80% and 90%). Using the £>Cr values
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from stage |, in sample P33, extracted from the well located closest to the
source (see Figure 1), we calculate that ~60 % of the original Cr(VI) was
eliminated by reduction. In samples P21 and P22, located in the central part of
the plume axis, these values are 63 % and 62 %, respectively. For samples
P28, P29 and P31, located in the distal part of the plume, the reduction
percentage is 64 %, 69 % and 66 %, respectively. On the other hand, applying
the £°Cr value from stage I, for sample P33, the Cr(VI) attenuation is 84 %. For
samples P21 and P22 the attenuation is 86 % and 85 %, respectively, and
values for samples P28, P29 and P31 imply an attenuation percentage of 87 %,
91 % and 89 %, respectively. Figure 5 shows the 6>Cr vs the Ln(Cr(VI)) of the
studied samples together with two Cr reduction models calculated applying the
Rayleigh equation. Sample P28, located downstream of the source, and with
high Cr (V) concentration is located in the theoretical denitrification line obtained
from applying stage |. However, sample P31 with a lower Cr (VI) concentration
is located in the theoretical line obtained by applying the slope Il model,
showing a higher percentage of degradation. On the other hand, samples P33,
P21, P22 and P29 have much lower Cr (VI) concentrations but similar isotopic
composition. These samples are located in the theoretical line of dilution,
starting from a sample with &°>Cr and Cr (VI) concentration similar to P28 or
P31, suggesting that the attenuation of Cr (VI) in these samples would be
partially linked to a process of mixing with uncontaminated groundwater and not
only to reduction of Cr(VI) to Cr(lll).

With regards to NOj3™ attenuation, the sample with the highest NO3;™ content is
assumed as initial value (P13) and ¢ values calculated from the BioN and

BioCrN experiments (-24.1%o for €'°N and -24.3%. for £'°0) were selected. The
22
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lower slope between 5'®0-NO;™ and &'°N-NOs™ obtained for the field samples
(0.5 (r* = 0.82)) with respect to the batch experiments (1.0 (r* = 0.95)) (Figure 6)
agrees with reported slopes of nearly 0.5 for field scale studies and nearly 1.0
for laboratory studies (Carrey et al., 2013; Critchley et al., 2014; Otero et al.,
2009; Wunderlich et al., 2012). The main reason that could cause this flatter
slope in field-based data sets, is the oxidation of the intermediates NO," and/or
NH4" to NO3;™ (Granger and Wankel, 2016; Wunderlich et al., 2013; Margalef-
Marti et al., 2019a). According to the denitrification percentage line drawn from
the laboratory results, most of the samples collected in the field imply an
approximate NOj3™ attenuation of 20 %, while three samples (P21, P34 and P29)
yield a higher attenuation (approximately 30 %) (Figure 6). Overall,
denitrification is taking place in the basin, but it cannot remove NO3;” completely
from groundwater. It should be noted that, according to the ¢ values calculated
in laboratory experiments, for the studied groundwater samples, the natural
attenuation of Cr(VI) is considerably larger than the natural attenuation of NO3'.
These high percentages of attenuation could explain the low concentrations of
NPDOC detected in the groundwater samples at the study site.

The results obtained in the present study can be useful for future studies aiming
to evaluate the Cr(VI) and NOj; degradation by using isotope tools in
contaminated groundwater with these two compounds. Previous studies applied
isotopes to evaluate the natural or induced attenuation of Cr(VI) (Novak et al.,
2017; Economou-Eliopoulos et al., 2014; Heikoop et al., 20104; Berna et al.,
2010) and NOg3™ (Critchley et al., 2014; Margalef-Marti et al., 2019a; Otero et al.,
2009; Vidal-Gavilan et al., 2013) at field. However, to the best of our knowledge

no studies have reported an estimation of the percentage of degradation Cr(VI)
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and NOj3; when found simultaneously in contaminated aquifers and none of the
aforementioned studies considered the two-stage isotopic fractionation of
Cr(VI). To avoid over or underestimation of the percentage of degradation of the
two contaminants at field, this two stages Cr(VI) isotopic fractionation and the
NO3" reduction rate decreases in the presence of Cr(VI) must be considered
when designing laboratory experiments to calculate ¢ values. Furthermore,
hydrogeological and biochemical effects such as mixing of water from different
sources or NO;™ reoxidation to NO3", among many others, have to be taken into
account to interpret field-scale results. Due to these effects, the percentages
obtained from isotope data must be considered estimation, not a precise

calculation (Margalef-Marti et al., 2019a).

5. CONCLUSIONS
The isotope analyses of Cr(VI) and NOj3™ allowed to evaluate the contribution of
the natural attenuation processes in the evolution of these pollutants’
concentrations in the groundwater at the studied site of the MRB. The results of
our laboratory experiments evidence a concomitant Cr(VI) reduction with
denitrification. The Cr(VI) reduction rate is not affected by the presence of NOg’,
but NO5 attenuation is slower in the presence of Cr(V1). The £>Cr produced by
the reduction of Cr(VI) to Cr(lll) follows a two stage trend. A higher isotope
fractionation (-1.4 %o and -1.8 %o in absence/presence of NO3™ respectively) was
found for the first stage compared to the second stage (-0.2 %o and -0.9 %o in
absence/presence of NOj3 respectively). The presence of NO3™ did not affect
notably the €°°Cr, although the reduction rate was different. On the other hand,

we obtained equal £°Nyos and €'®Onos values (-23.9 %o and -25.7 %o,
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respectively) for the experiments with or without Cr(VI).

In a site of MRB, the & °*Cr values of the studied samples increase downstream
of the Cr(VI) source following a flow line, suggesting that isotope fractionation
occurs along the plume. Using the €*Cr obtained at the laboratory, the
calculated Cr(VI) attenuation at the study site varies between 60-70%, or
between 85-90% when £>Cr from stage | or |l are respectively applied. Besides,
the isotope results allowed identifying dilution in those samples with lower Cr
concentration. On the other hand, the percentage of NOj  attenuation in
groundwater samples varies between approximately 20% and 30%. Hence,
although Cr(VI) and NOj3™ are reduced concomitantly from the groundwater of
the San Ignacio neighbourhood, the natural attenuation of Cr(VI) is considerably
larger than that of NO3'.

The isotope methods used have made it possible to determine the degradation
of contaminants and confirmed that concentration changes of contaminants are
not exclusively due to dilution. Although with some uncertainty, we were able to
calculate attenuation percentages of these contaminants in the contaminated
basin studied which indicate a rather effective neutralization of otherwise toxic
Cr(VI) in the groundwaters. These results provided a basis for planning an
efficient management of the contaminated aquifer in the most populated and

industrialized basin of Argentina.
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1017  Figure 5: Values of €°Cr vs. Ln Cr(VI). The red line represents a Rayleigh model calculated
1018  with stage | €°Cr and the blue line represents a Rayleigh model calculated with stage Il €>Cr,

1019  obtained from BioCrN experiment. The purple line represents dilution with unpolluted
1020  groundwater.
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Figure 6: Estimated percentage of denitrification in the study site, quantified by using the
Rayleigh equation and the € values obtained in the BioCrN experiments. The boxes of the
nitrate sources are from Vitoria et al (2004, and references therein). The solid line represents
the model used to calculate the denitrification percentage, and the dotted line is the linear

regression of the field samples.
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1031  Table 1. Series of laboratory experiments. Tested conditions and microcosms composition.
1032  Cr(Vl) was added as K,Cr,O; salt and NPDOC as ethanol, NO;* was already present in

1033  groundwater. The blank microcosms contained only sediment and deionized water (DIW).

Series Condition Replicates NO;" (mM) Cr(VIl) (mM) NPDOC (mM)
BioCr  Biostimulated 12 0 0.2 8.4
BioN Biostimulated 12 4.2 0 11.8
BioCrN  Biostimulated 23 4.2 0.2 11.8
CtriCrN Control 3 4.2 0.2 0
Blank DIW 3 0 0 0
1034
1035
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1036
1037
1038

1039
1040

Table 2. Standards used for the isotopic analysis. According to Coplen (2011), several

international and laboratory (CCiT) standards were interspersed among samples for the

normalisation of the results.

Analysis International standards Laboratory standards
&°cr NIST SRM 979 and NIST 3112a

5"°Nyos USGS-32, USGS-34, USGS-35 CCiT-IWS (5'°N = +16.9 %)

&5"°Onos USGS-32, USGS-34, USGS-35 CCiT-IWS (6'°0 = +28.5 %).
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1041
1042  Table 3: Chemical and isotopic data of the samples extracted in the batch experiments (n.d. =

1043 not determined, <LD = below the detection limit).

5"°N- 5"°0-

Time NPDOC Ccr(Vl) NH," NO, NO; &°Cr
Experiment NO; NO;
(Hours)  (mM) (mM) (mM) (mM) (mM)  (%o) (%o) (%o)
0 8.4 019 nd nd. nd n.d n.d. n.d.
71 24.5 0.106 nd. nd. nd. +0.5 n.d. n.d.
73 7.9 0.177 nd. nd. nd. +04 n.d. n.d.
96 211 0.067 nd. nd. nd +13 n.d. n.d.
103 20.7 0.001 nd. nd. nd +28 n.d. n.d.
103 20.1 0.058 nd. nd. nd. +15 n.d. n.d.

BioCr
120 17.2 0.018 nd. nd. nd. nd. n.d. n.d.
120 14.1 0.004 nd. nd. nd. +25 n.d. n.d.
122 13.0 0.003 nd. nd. nd. +34 n.d. n.d.
122 12.6 0.014 nd. nd. nd. +25 n.d. n.d.
126 18.6 0.003 nd. nd. nd +27 n.d. n.d.
126 214 0.003 nd. nd. nd +26 n.d. n.d.
0 11.8 nd. <LD <LD 4.2 nd. +11.2 +7.1
18 9.0 nd. <LD 0.2 38 nd. +21.3 +15.1
18.5 8.9 nd. <LD 0.3 37 nd. +20.6 +14.2
20.5 9.1 nd. <LD 04 34 nd. +29.4 +24.5
225 8.5 nd. <LD 1 27 nd +32.2 +30.8
BioN

245 75 nd. <LD 16 19 nd. +46.0 +42.4
26.5 6.9 nd. <LD 14 1 nd +58.3 +56.3
28.5 7.2 nd. <LD 1.7 09 nd. +56.5 +65.7
31.5 5.8 nd. <LtD 11 <LD nd. n.d. n.d.
36 4.0 nd. <tD 01 <LD nd. n.d. n.d.
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1044

38.5 6.8 nd. <LD 0 <LD nd. n.d. n.d.
39 3.4 nd. <LD 01 <LD nd. n.d. n.d.
0 11.8 0.192 <LD <LD 42 nd. +11.2 +7.1
18 8.9 0.205 <LD <LD 41 nd. n.d. n.d.
18.5 9.8 02 <LD <LD 42 +0.1 n.d. n.d.
20.5 8.8 0.208 <LD 01 39 nd. n.d. n.d.
22.5 8.9 0.209 <LD 041 4 nd. 9.9 6.9
26.5 9.3 0.203 <LD <LD 4 nd. n.d. n.d.
31.5 9.3 02 <LD 01 39 nd n.d. n.d.
38.5 9.2 0.188 <LD 0.05 3.8 nd. n.d. n.d.
46 8.5 0.192 <LD 041 3.8 +0.1 n.d. n.d.
52 54 0.165 <LD 08 3.2 +0.2 n.d. n.d.
56 6.3 0.190 <LD 04 37 nd. +18.2 +13.7
BioCrN 60 7.2 0.200 <LD 1 28 nd +33.6 +28.5
62 6.6 0.049 <LD 13 11 +26 +29.0 +28.1
64 5.8 02 <LD 06 1.7 nd +36.7 +34.2
68 5.2 0.061 <LD 11 04 +22 +77.4 +63.7
71 5.7 0.043 <LD 11 04 +33 n.d. n.d.
71 7.1 0.110 <LD 2 0 +11 n.d. n.d.
80 7.5 nd. <LD 1.9 05 nd. +64.8 +72.2
96 5.6 0.029 <LD <LD 0 +33 n.d. n.d.
103 0 0.002 <LD <LD 0 nd n.d. n.d.
108 6.8 0 <LD 0.9 0 +32 n.d. n.d.
120 6.8 0.033 <LD 0 0 nd n.d. n.d.
132 6.5 0.0004 <LD 0 0 nd n.d. n.d.
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1045 Table 3: Chemical and isotopic data of the samples extracted in the batch experiments (cont.)

5"N- 5"°0-
Time NPDOC Cr(Vl) NH,” NO, NO; &Cr

NO; NO;

(Hours)  (mM) (mM) (mM) (mM) (mM) (%) (%o) (%o)

CtriCrN-0 38.5 n.d. nd. n.d. 0 42 nd n.d. n.d.
CtriCrN-1 71 0.3 0.2 0 0 46 0 n.d. n.d.
CtriCrN-2 263 0.3 n.d. 0 0 45 nd n.d. n.d.
Blank-0 38.5 0.9 n.d. 0 0 0 nd. n.d. n.d.
Blank-1 38.5 0.5 n.d. 0 0 0 nd. n.d. n.d.
Blank-2 71 n.d. n.d. 0 0 0 nd n.d. n.d.

1046
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1047
1048

1049

Table 4: Chemical and isotopic data from groundwater samples taken from the San Ignacio neighbourhood.

Well 5"N- 5"0-
sample Aquifer pH OD EC DOC cCa** Mg* K" Na' NH, so2 CI NO,; NO; Cr(Vl) 3&“cr
depth NO; NO;
N° (m) (mM) (ums/cm) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (%) (%) (%o)
P13 20  Upper 7.1 0.14 1386 008 10 13 04 95 0002 04 31 <0002 3.9 19E-05 <LD +10.6 +6.1
P14 15  Upper 7.9 NM 2000 014 11 21 06 157 0001 09 65 <0002 1 1.9E-05 <LD +16.8 +6.9
P21 15 Upper 7.9 NM 1727 014 10 17 04 12 0003 11 5 <0.002 05 0003 +29 +21.1  +11.9
P22 15 Upper 8.0 NM 1085 017 08 13 04 13 0002 09 35 <0.002 21 0001 +29 +17.6 +8.3
P26 15 Upper 8.1 NM 1755 008 10 15 05 132 0002 04 28 <0002 1.5 1.9E-05 <LD +17.9 +7.9
P27 15 Upper 8.0 NM 992 012 11 13 04 52 0013 04 26 <0.002 1.3 19E-05 <LD  +17 +9.1
P28 | 40 Puelche 7.3 022 1803 007 05 06 02 62 0004 09 53 <0.002 08 0022 +3 +186 +9.4
P29 15  Upper 6.9 002 1696 020 11 09 03 47 0004 03 16 <0002 08 00004 +3.4 +228  +12.7
P31 15 Upper NM NM NM 008 10 09 03 87 0004 09 42 <0002 17 0005 +32 +17.7 +8.5
P33 15  Upper 7.9 NM 2060 0.07 27 25 04 113 0004 44 17 <0002 06 0.003 +29 +155 +8.7
P34 15 Upper NM NM 1424 012 11 11 03 87 0004 02 18 <0.002 08 0041 +1.2 +216 +11.4

54



1050

1051  Table 5. Calculated ¢ for the tested conditions at the laboratory. ¢ values obtained for the

1052  Cr(VI) and NO;3 reduction by ethanol under different conditions.

Series Composition £°Cr (%o) £°Nnos (%o)  €°Onos (%0) €°N/"°O
BioCr Groundwater + sediment + -1.4 (stage |) n.d. n.d. n.d.
Cr(VI) + ethanol -0.2 (stage Il)
BioN Groundwater (NO3) + n.d. -23.9 -25.7 0.9

sediment+ ethanol

BioCrN Groundwater (NO3™ ) + -1.8 (stage |) -23.9 -25.7 0.9

sediment+ Cr(VI) + ethanol -0.9 (stage 1)

1053
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