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a  b  s  t  r  a  c  t

Migration  of  carbon  dioxide  (CO2) from  deep  storage  formations  into  shallow  drinking  water  aquifers  is
a possible  system  failure  related  to  geologic  CO2 sequestration.  A  CO2 leak  may  cause  mineral  precipi-
tation/dissolution  reactions,  changes  in  aqueous  speciation,  and  alteration  of  pH  and  redox  conditions
leading  to  potential  increases  of trace  metal  concentrations  above  EPA  National  Primary  Drinking  Water
Standards.  In  this  study,  the Chimayo  site (NM)  was  examined  for site-specific  impacts  of shallow  ground-
water  interacting  with  CO2 from  deep  storage  formations.  Major  ion  and  trace  element  chemistry  for  the
site  have  been  previously  studied.  This  work  focuses  on arsenic  (As),  which  is regulated  by  the  EPA under
the  Safe  Drinking  Water  Act  and  for which  some  wells  in  the  Chimayo  area  have  concentrations  higher
than  the maximum  contaminant  level  (MCL).  Statistical  analysis  of  the existing  Chimayo  groundwater
data  indicates  that  As is strongly  correlated  with  trace  metals  U and  Pb  indicating  that  their  source  may
be  from  the  same  deep  subsurface  water.  Batch  experiments  and  materials  characterization,  such  as:
X-ray diffraction  (XRD),  scanning  electron  microscopy  (SEM),  and  synchrotron  micro  X-ray  fluorescence
(�-XRF),  were  used  to identify  As  association  with  Fe-rich  phases,  such  as  clays  or  oxides,  in  the  Chi-
mayo  sediments  as  the  major  factor  controlling  As  fate  in  the  subsurface.  Batch  laboratory  experiments
with  Chimayo  sediments  and  groundwater  show  that  pH  decreases  as CO2 is  introduced  into  the system
and buffered  by  calcite.  The  introduction  of CO2 causes  an immediate  increase  in As solution  concen-
tration,  which  then  decreases  over  time.  A geochemical  model  was  developed  to simulate  these  batch
experiments  and  successfully  predicted  the  pH  drop  once  CO2 was  introduced  into  the  experiment.  In
the model,  sorption  of  As  to illite,  kaolinite  and smectite  through  surface  complexation  proved  to  be  the
key reactions  in  simulating  the  drop  in  As  concentration  as  a function  of  time  in the  batch  experiments.
Based  on  modeling,  kaolinite  precipitation  is  anticipated  to  occur  during  the  experiment,  which  allows
for  additional  sorption  sites  to  form  with  time  resulting  in  the  slow  decrease  in As concentration.  This

mechanism  can  be viewed  as  trace  metal  “scavenging”  due  to sorption  caused  secondary  mineral  pre-
cipitation.  Since  deep  geologic  transport  of these  trace  metals  to the  shallow  subsurface  by brine  or  CO2

intrusion  is critical  to assessing  environmental  impacts,  the  effective  retardation  of  trace  metal  transport
is an  important  parameter  to  estimate  and  it  is dependent  on  multiple  coupled  reactions.  At  the field
scale,  As  mobility  is  retarded  due  to the  influence  of  sorption  reactions,  which  can  affect  environmental

 studi
performance  assessment

. Introduction
Numerous comprehensive analyses have concluded that recent
ncreases in average global temperature are likely a result of
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increased concentrations of CO2 and other greenhouse gases in
the atmosphere (IPCC, 2007). Storing CO2 in geologic formations
is one approach to mitigate excess anthropogenic CO2 from cen-
tralized sources such as coal-fired power plants (Bachu, 2000).

One concern about geologic sequestration is the possibility of
CO2 and brine leakage from the sequestration reservoir affect-
ing overlying aquifers utilized for drinking water. For this reason,
groundwater protection is of vital importance to carbon capture
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http://www.elsevier.com/locate/ijggc
mailto:viswana@lanl.gov
dx.doi.org/10.1016/j.ijggc.2012.06.007


2 al of G

a
t
c
m
r
2
l
a
t
o
o
o

p
t
t
a
c
s
s
i
t
s
s
C
w
r
s
a
t
i
u
a
b
(
r
p
Z
t
d
r
o
c
i
g
fi
e
c
p
n
i
c
p

(
s
o
a
l
a
r
C
l
T
K
c

00 H. Viswanathan et al. / International Journ

nd storage (CCS) projects. Although CO2 is not toxic in low concen-
rations, increased CO2 concentrations in the shallow subsurface
ould decrease pH, potentially resulting in the mobilization of trace
etals from aquifer minerals and subsequently increasing natu-

ally occurring contaminants such as As, Pb and U (Xu et al., 2003,
005; Kharaka et al., 2006; Zheng et al., 2009). Simply injecting

arge amounts of CO2 into the subsurface could also displace large
mounts of brine that could already contain elevated concentra-
ions of toxic metals (Stauffer et al., 2011). While risk assessment
f CCS requires quantitative information about the potential impact
f CO2 and brine leakage on overlying aquifers, the consequences
f such leakage are largely unknown.

Characterizing the potential impacts of leakage of CO2 from the
rimary sequestration reservoir to overlying aquifers is a difficult
ask since many of these systems are not well characterized. In addi-
ion, the relationship between the aqueous phase and solid phases
re complex. Modeling efforts and parameter estimates are diffi-
ult to measure in the field or to reliably determine from small
cale laboratory experiments. Keating et al. (2010) described three
trategies that have been used to evaluate shallow groundwater
mpacts due to CO2 leakage. The first approach is to directly moni-
or shallow groundwater chemistry at an existing engineered CO2
torage or enhanced oil recovery site. However, these sites are cho-
en at locations where no leakage is expected. For example, pilot
O2 storage projects typically have well defined caprocks and deal
ith small amounts of CO2 compared to the eventual large amounts

equired for effective storage. Enhanced oil recovery sites maintain
trict pressure control to prevent migration of CO2 since there is

 large economic incentive to not lose CO2 at these sites. In addi-
ion, groundwater data from these sites are not as detailed as the
nformation utilized in this study. A second approach would be to
se geochemical modeling in tandem with samples of site miner-
logy and aqueous geochemistry data to predict impacts caused
y CO2 leakage (Zheng et al., 2009; Apps et al., 2010). Zheng et al.
2009) is a largely theoretical study that focuses on Pb and As under
educing conditions. Their model included detailed surface com-
lexation sorption reactions and kinetic mineral stability reactions.
heng et al. (2009) concluded that sorption was more important
han precipitation–dissolution reactions. Apps et al. (2010) con-
ucted systematic evaluation of possible water quality changes in
esponse to CO2 intrusion into aquifers currently used as sources
f potable water in the United States. Their modeling study con-
luded that significant increase in As and Pb could result after the
ntrusion of CO2 from a storage reservoir to a shallow confined
roundwater resource, but the values remained below the speci-
ed maximum contaminant levels (MCLs). Studies such as Zheng
t al. (2009) and Apps et al. (2010) can help identify the physical and
hemical processes that may  affect the impact of CO2 intrusion at a
articular site. However, the predicted impacts will be qualitative in
ature due to large uncertainties in mineralogy, aqueous geochem-

stry, chemical kinetics, and chemical–physical heterogeneity. No
omparisons of simulation to water chemistry measurements were
rovided in these studies.

Continuing with the approaches proposed in Keating et al.
2010), we utilized the third approach which involves directly mea-
uring CO2 injection impacts at a natural analog site. As with the
ther two approaches, there are limitations. For example, pre-CO2
nd post-CO2 conditions cannot be analyzed. However, natural ana-
og sites can help study processes at the timescales of interest and
llow comparison between field measurements, bench scale labo-
atory experiments and geochemical modeling. For this study the
himayo site in northern New Mexico was selected, which is a
ocation where CO2 is actively upwelling though a shallow aquifer.
wenty groundwater wells are available for sampling this system.
eating et al. (2010) results show that a few of the wells have high
oncentrations of U, As and Pb. At certain locations, brine upwells
reenhouse Gas Control 10 (2012) 199–214

without CO2 provides an opportunity to isolate the impact of CO2
on water quality. The data shows there is evidence that As, U and
Pb are locally co-transported into the aquifer with CO2-rich brack-
ish water. As originated from deep groundwater but over time As
has accumulated in various aquifer sediments in the shallow sub-
surface. In this study, experiments were designed to expand upon
prior work to examine the mechanistic processes that control the
migration of a trace metal, specifically As, at the Chimayo site. The
upwelling data of Keating et al. (2010) explains some but not all
trace metal observations. In this work, we focus on processes such
as sorption and precipitation/dissolution that control trace metal
migration in the shallow subsurface. Arsenic was chosen as the tar-
get element since it exceeds the MCL  at several wells and Apps et al.
(2010) noted it as a possible concern at potential CO2 sequestration
sites across the United States.

In order to identify the mechanisms controlling As transport at
this site, several complementary techniques were applied. These
include a statistical analysis of previously reported groundwater
quality data, detailed geochemical and mineralogical analyses of
outcrop samples from the site, experiments exposing aquifer sam-
ples to CO2 in the laboratory, and reactive-transport modeling. First,
water quality data from the twenty wells at the site were used
to look for statistical trends to indicate similarities or differences
between As concentrations and other analytes. Aquifer samples
from the Chimayo site were analyzed using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy disper-
sive spectroscopy (EDS) to determine mineralogy, evaluate particle
morphology, and identify potential arsenic-bearing phases. Syn-
chrotron micro X-ray fluorescence (�-XRF) was utilized to map  the
trace metal distribution within various fractions of the Chimayo
sediment samples. Batch experiments were designed to investi-
gate the role of sorption and mineral formation reactions, redox
conditions, and factors that affect the transport of As in the shal-
low subsurface Chimayo groundwater. These experiments were
conducted by exposing the samples to CO2 to determine if trace
elements are released. Using the information gathered from these
methods, a geochemical model of the system was  constructed.
Finally, a one-dimensional flow path simulation was  derived to rep-
resent field-scale migration at the site to determine the mechanistic
processes controlling the fate of As in a reactive transport system.
The goal of this study was to determine which reaction mechanisms
control the fate of As at Chimayo.

2. Site and sample description

Keating et al. (2010) describes the hydrogeological and geo-
chemical settings for the Chimayo site in detail; therefore, only a
summary is provided in this manuscript. Chimayo, New Mexico,
lies in north-central New Mexico in the semi-arid Espanola basin.
Aquifer sediments at the site are comprised of quartz, plagio-
clase, calcite and clay minerals. Rock-water interactions, such
as chemical weathering, explain trends in major ion chemistry
with dissolved species generally increasing with depth (Hereford
et al., 2007; Keating and Warren, 1999). Cumming (1997) sampled
wells in the Chimayo community and observed that shallow wells
(depth < 60 m)  located near the Roberts Fault are enriched in dis-
solved CO2. A geochemical data set was created from 18 wells, most
of which were sampled four times over a two  year period (Fig. 1a).
Keating et al. (2010) expanded the number of domestic drinking
water wells originally sampled by Cumming (1997).  The analyses
also included trace elements and stable isotopes (13C, 18O, 2H).

Since many wells have been abandoned since the sampling con-
ducted by Cumming (1997),  of the 18 wells sampled in this study
only four were also sampled by Cumming (1997).  The trace metal
and major ion chemistry data collected by Keating et al. (2010)



H. Viswanathan et al. / International Journal of Greenhouse Gas Control 10 (2012) 199–214 201

Fig. 1. (a) Map  of Chimayo surface geology and well locations as shown in Keating and Warren (1999).  (b) The conceptual model of CO2 rises from deep aquifer along faults
in  the Chimayo site.
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ere used in this study in order to statistically evaluate trends
n the trace metal data. Chimayo aquifer sediments used for trace
lement characterization and experimental work were collected
uring March 2009 from outcrops of the primary sedimentary lay-
rs identified in Keating et al. (2010),  and groundwater samples
or Fe measurements were collected during August 2009. Of these
amples, sediments from the “Roadcut Lithosome B” aquifer out-
rop were used for characterization and experimental work unless
therwise noted. This section of the aquifer contains the highest

oncentration of As relative to the other samples (Table 1a),  and is
omposed of a mix  of sandy and clayey materials (Table 1b). There
as an attempt to mitigate the impacts of weathering of the sedi-
ents by removing surface material to access more pristine deeper
material in the outcrop. Fig. 1b describes the conceptual model
developed for the site in which CO2 rises from the deep aquifer
along fault zones. Observation wells close to the faults therefore
have high values of dissolved CO2 whereas wells far from the faults
are not rich in dissolved CO2. These trends allow determination of
the impact of CO2 on trace element concentrations at the site. In
the next section, statistical techniques are described to interpret
the data from the observation wells.
3. Statistical analysis of field data

A statistical analysis of the Chimayo observation well data was
conducted to determine if there are correlations between the key
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Table  1a
Total As concentrations by aqua regia digestion and ICP-MS analysis for Chimayo
aquifer outcrop samples. Designation as “roadcut” or “streamcut” indicates the out-
crop location sampled, and the lithosomes identified correspond with those shown
in  Fig. 1a.

Sample [As] (mg/kg)

Roadcut Lithosome A (Combined) 14.0
Roadcut Lithosome A (Gray Isolate) 5.0
Roadcut Lithosome A (Red Isolate) 16.7
Roadcut Lithosome B 147.0
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comprehensive analyses was to use the resulting data to define a

T
Q

Streamcut Lower Lithosome B 82.0
Streamcut Lithosome B 69.1

queous geochemical parameters such as chloride, pH, Eh, and
s. Strong correlations could provide additional lines of evidence

or which reactions and transport processes are occurring. Trends
n the observed concentration data can be quantified with sta-
istical methods. In order to interpret the relationship between
hemical species in different monitoring wells, the correlation coef-
cients amongst aqueous species were calculated. These results can
elp analyze the geochemical conditions and build the conceptual
odels for As reactions for this site. For example, the correlation

etween two species, which are located in the same aquifer, can
rovide information about the source and reaction mechanisms
etween the two species.

In this data set, there are concentration observations of 20
hemical species from 18 monitoring wells (Keating et al., 2010).
he MCL  for As is 0.01 mg/L (EPA, 2009). The mean concentration
f 0.0031 mg/L for As at the Chimayo site is still lower than the
CL; but, at Well 17 and Well 15, the measured As concentra-

ions are higher than the MCL. Field trends in the data provided
o clear explanation for why As was high at these locations. There
re no specific spatial or geochemical characteristics in the wells
ith elevated As readings. The correlation analysis indicates that

he aqueous As concentration is strongly positively correlated
ith the concentrations of Pb and U, and these three trace ele-
ents may  be from the same source or same transport pathway

Fig. 2). These elements are also correlated to chloride indicat-
ng that co-transportation with upwelling brine is a possibility.
here is no strong correlation between As and alkalinity, which

ould indicate that high dissolved CO2 does not affect the dissolu-
ion/precipitation of arsenic-bearing minerals due to the oxidizing
ondition at the Chimayo aquifer. This conclusion is similar to the
nalysis of Keating et al. (2010) in which co-transportation with

able 1b
uantitative XRD analysis results (weight %) for the mineralogy of the Chimayo aquifer o

Phase General
chemical
composition

Sample 

Roadcut Lithosome B Roadcute
Lithosome A
(Gray Isolate)

Ro
Li
(R

Quartz SiO2 26 48.1 42
K-feldspar KAlSi3O8 3.6 6.7 5
Plagioclasea (Na, Ca) (Al,

Si)4O8

4.8 10.8 8

Calcite CaCO3 0.4 4.7 1
Hematite Fe2O3 0.4 – 0
Illite/mica K0.60.85(Al, Mg,

Fe)2 (Si,
Al)4O10(OH)2

43.4 20.3 29

Kaolinite Al2Si2O5(OH)2 1.5 – 0
Smectite (Na, Ca)0.3(Al,

Mg,  Fe)2–3 (Si,
Al)4O10

(OH)2·nH2O

20.2 9.3 11

a For modeling purposes, the plagioclase concentration was  assumed to be split equall
Fig. 2. Correlation coefficients of total aqueous arsenic related to other chemical
species and depth.

brine and not high CO2 concentrations was found to be a likely
transport mechanism for As, U and Pb for high salinity waters.

4. Experimental techniques and characterization

Expanding on the aqueous geochemistry characterization
efforts from Keating et al. (2010),  experimental and character-
ization efforts were focused towards evaluating As speciation
and distribution in Chimayo aquifer sediments, and CO2-induced
release of As from Chimayo sediments. Based on the need for more
comprehensive data to ascertain the cause of the trends described
in the previous section, experimental and geomaterials charac-
terization techniques were employed to evaluate As distribution
in these samples, and to evaluate its behavior in the presence of
CO2. Chemical extractions were performed to determine the total
amount of As present in the samples, and experiments were con-
ducted to react the Chimayo aquifer sediments in CO2-charged
synthetic groundwater solutions to evaluate changes in aqueous
chemistry related to reactions with CO2. These lines of geochemical
data were coupled with SEM, XRD and �-XRF mapping to discern
sources of As in the Chimayo sediments. The ultimate goal for these
suite of geochemical processes controlling As behavior in the CO2-
affected Chimayo aquifer system that then can be used as inputs
for geochemical and reactive transport modeling.

utcrop samples.

Average weight
fraction

adcut
thosome A
ed Isolate)

Streamcut
Lithosome B

Streamcut
Lower
Lithosome B

.3 54 38.8 0.437

.6 5.5 4.6 0.055

.9 15.6 5.7 0.047

.8 0.6 1.6 0.019

.1 0.5 0.3 0.002

.5 11 29.4 0.285

.1 0.3 0.9 0.008

.6 12.5 18.8 0.148

y between the albite (NaAlSi3O8) and anorthite (CaAl2Si2O8) end-members.
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ig. 3. Reactor bottles containing Chimayo roadcut sediment, synthetic groundwa-
er, and lines for CO2 introduction. Reactors without incoming gas lines were used
or the steady-state, CO2-free control experiments.

.1. Digestions and batch experiments

Aqua regia digestions were performed on 6 samples collected
rom various sedimentary layers within the Chimayo aquifer. The
qua regia digestions were performed by reacting 0.5 g of dry sam-
le with an aqua regia solution (1 mL  trace metal grade nitric acid
nd 3 mL  trace metal grade hydrochloric acid, diluted to volume
ith distilled, de-ionized water) in a Pyrex flask on a heated stir
late for 5 h. Arsenic concentrations in the resulting supernatant
ere analyzed via inductively coupled plasma mass spectrome-

ry (ICP-MS). Results show that As concentrations range from 5 to
47 mg/kg (Table 1a).

Batch experiments were conducted to mimic  the influx of CO2
nto the aquifer in order to evaluate CO2-specific effects on As
ehavior due to reactions between Chimayo aquifer sediments
nd elevated system CO2. The experiments were designed to eval-
ate CO2-specific effects on solution chemistry by performing

 “CO2-affected” experiment in parallel with a CO2-free “con-
rol.” Experiments modeled as part of this study (e.g. Section 5.2)
ere based on reacting the mixed clay/sand Chimayo sediment

“Roadcut Lithosome B”) with synthetic groundwater generated
n the laboratory roughly based on the major ion composition
f Well 15 (to represent “background” groundwater chemistry)
eported by Keating et al. (2010).  Parallel experiments also were
erformed using the Roadcut Lithosome B sample and synthetic
saline” waters with total dissolved solids content similar to Well
7 reported by Keating et al. (2010),  for comparison to experiments
erformed using the “background” water (although only the “back-
round” water experiments were modeled in this study). Trace
lement concentrations were not included as part of the chemical
ecipe for these synthetic solutions; any existing trace elements are
ue to impurities in the salts used to make the solutions. Although
ur synthetic saline water chemistry differed slightly from the
arget composition (Well 17 from Keating et al., 2010), these exper-
ments remain valuable for evaluating geochemical changes that

ay  occur under high-TDS fluid leakage scenarios. For the two sets
f experiments (background and saline), one reactor was exposed
o hydrated CO2, and one reactor was kept as a steady-state, CO2-
ree control (Fig. 3). Aqueous sample aliquots were collected at
esignated time points, and CO2 flow was stopped to allow sus-

ended solids to settle within the experimental bottles prior to
xtracting sample aliquots. All reactors were allowed to reach

 steady state between the solids and synthetic groundwater (3
ays). After 3 days, CO2 was introduced to reactors undergoing
reenhouse Gas Control 10 (2012) 199–214 203

reaction with CO2, and the initial time point for the experiments
with CO2 was collected after CO2 was  bubbled through the sys-
tem for 1 h. Filtered (0.45 �m)  and acidified (with trace metal grade
HNO3) aliquots were submitted for ICP-MS and ICP-Optical Emis-
sion Spectroscopic (OES) analyses; non-acidified samples were
used to measure pH and for ion chromatography analyses. Although
ICP-OES is able to detect most elements, As was also measured by
ICP-MS techniques in order to determine concentration values that
were below the detection limits of the ICP-OES instrument.

Experimental results showed that reactions with CO2 started
with high solution As concentrations at the initial sampling point
relative to the steady-state controls for both the “background” and
“saline” groundwater conditions. As the experiment progressed
with time, As concentrations decreased gradually to below instru-
ment detection limits in both the CO2-reacted “background” and
“saline” groundwater solutions (Fig. 4).

4.2. X-ray diffraction

XRD was performed in order to evaluate the mineralogy of the
Chimayo sediments. Each sample was  ground and mixed with a
corundum internal standard with a 80:20 weight ratio of sam-
ple:standard. XRD measurements were conducted on a Siemens
D500 theta-theta diffractometer equipped with Cu K� radiation.
Data were collected from 2◦ to 70◦ 2� in step scan mode with a step
size of 0.02◦, and count times of 8–12 s/step. Quantitative analyses
were performed using the FullPat program described in Chipera
and Bish (2002).  Based on the XRD analyses of five samples collected
from different locales in the Chimayo site, the mineral assemblages
include quartz, K-feldspar, plagioclase, calcite, hematite, illite/mica,
kaolinite, and smectite in varying amounts (Table 1b). There was no
evidence for the presence of iron sulfides (e.g. pyrite, arsenopyrite,
etc.) in any of the samples via XRD analyses.

4.3. Scanning electron microscopy

A small amount of unconsolidated “Roadcut Lithosome B” sed-
iment was  mounted onto SEM stubs using double-sided carbon
tape, then carbon coated for analysis. A portion of the <100 mesh
(<149 �m)  sediment was also mounted in epoxy and prepared for
thin section by Spectrum Petrographics. The thin sections were 30
microns thick and mounted on quartz glass slides. The thin sec-
tion samples were used for synchrotron analysis as well as SEM
analysis. The polished thin section provided a cross-section of the
unconsolidated material. The grain mount samples and thin sec-
tioned sediment samples were analyzed via SEM using a FEI-Quanta
600 FEG Environmental SEM (ESEM) equipped with an Oxford INCA
energy dispersive spectroscopy (EDS) detector. The coated grain
mounts were analyzed in High Vac mode at 20–30 kV and the thin
section mounts were run uncoated in Low Vac mode at 15–20 kV.
All samples were analyzed at a working distance of 10 mm.

SEM-EDS was  used to evaluate the general morphology and
chemistry of the Chimayo sediments. For this work, the analysis
focused on the “Roadcut Lithosome B” sample, which contained the
highest amount of bulk As (Table 1a). The sample was comprised
primarily of quartz, feldspar, and clay materials (as confirmed by
XRD analysis, Table 1b). The clay materials appear to coat various
mineral grains, and also appear to be Fe-rich (Fig. 5a). In addition
to being present as fine-grained coatings, the clays are also found
as lathes within the sample (Fig. 5b). The clay lathes appear to be

Mg-  and Fe-rich (Fig. 5b). There was  no evidence for Fe–S-rich par-
ticles in any of the samples analyzed via SEM-EDS. Arsenic was  not
detected via EDS in any of the samples due its trace concentration
and the detection limitations of the instrument.
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.4. Synchrotron X-ray fluorescence mapping

EDS is effective for detecting major elements present in samples;
owever, in order to focus on the distribution of trace elements
uch as As, synchrotron X-ray microprobe measurements were con-
ucted. Synchrotron micro X-ray fluorescence (�-XRF) mapping
as performed on thin sections of Chimayo sediments at GSECARS,

eamline 13-1D, at the Advanced Photon Source (APS) of Argonne
ational Laboratory, Argonne, IL. The electron storage ring operated

t 7 GeV with a top-up fill mode. Microprobe data were collected
sing a 4-element Silicon drift detector, a Si(1 1 1) monochroma-
or, and 101 mA  beam current. The elemental mapping was done

ig. 5. Sample SEM-EDS images for sample “Roadcut Lithosome B”, where (a) secondary e
nd  (b) back-scatter image with a corresponding EDS spectrum (below) of clay lathe in th
pectra,  this figure illustrates (a) a quartz (Si–O-rich) grain coated by fine-grained, agglom
athe  (K-, Fe-, Mg-, Si-, Al-, O-rich).
 “background” and “saline” groundwater solutions during the batch experiments of
to the “Background H2O + CO2” and “Saline H2O + CO2” experiments. The first three
w the concentration variations at early time of the batch experiments.

with an incident beam energy of 17 or 19 keV with map  areas up to
500 �m × 500 �m in size using a focused beam of approximately
2 �m × 2 �m.  Two-dimensional image maps were collected for a
variety of elements, including: K, Ca, Ti, Cr, Mn,  Fe, Cu, Zn, As, Se,
Rb, Sr, Y, Zr, Pb, and U, where possible. Data were analyzed to inter-
pret the chemical distribution of potential contaminants (e.g. U,
As, and Pb) with other elements. Sample maps can be found in
Figs. 6 and 7.

In general trace metals such as Pb and As were correlated with

Fe in most of the shallow Chimayo sediments (Fig. 6). U also trends
with the Fe, but also showed correlation with Sr and K. Focusing
on As for this paper, As illustrated a strong correlation with Fe in

lectron image with corresponding EDS spectra (below) of particles in grain mount,
in section. Based on both the morphology and chemical information shown in the
erated clay type material (Ca-, K-, Fe-, Mg-, Al-, Si-, O-rich), and (b) an isolated clay
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Fig. 6. Selected element distribution maps for sample Roadcut Lithosome A (Gray Isolate) illustrating that As, Pb, and U all show a general trend with Fe in this portion of the
Chimayo sediment (particularly As and Pb). Uranium also shows a trend with Sr. A yellow box has been drawn around a particular area of interest in this map (warmer colors
in  the false color maps correspond to higher concentrations of each element). Maps were collected at 19 keV with a step size of 2 �m. Each map  area is 500 �m × 500 �m.
S

a
L
s
F
a
f

F
f
r
d

ample  was  covered in kapton tape for analysis due to presence of U in the sample.

ll Chimayo sediment thin sections analyzed (3 in total, “Roadcut
ithosome B”, and both the gray and red fractions of “Roadcut Litho-
ome A”); however, it should be noted that while the trend with

e is prominent, it is not absolute. Fig. 7 illustrates the Fe and As
ssociation in “Roadcut Lithosome B”, which is the sample used
or the experimental work reported above, and is the sample that

ig. 7. Selected element distribution maps for (a) iron, (b) arsenic and (c) calcium, in a po
alse  color maps indicate higher concentrations of each element). Comparisons illustrate
egions  where this is not the case. Maps were collected at 17 eV with a step size of 2 �m.
etector to prevent oversaturation; thus the light element (e.g. Ca) counts were reduced.
contained the highest bulk concentration of As. Based on the XRD
and SEM-EDS results for this sample, iron is present both in Fe-rich
clays (illite and/or smectite) and as hematite (and/or iron oxyhy-

droxides). Thus, this implies that the As is associated with either
the clay or oxide phases in the Chimayo sediments, most likely
as an adsorbed species. Additional spectroscopy (X-ray Absorption

rtion of sample Roadcut Lithosome B from the Chimayo site (warmer colors in the
 how arsenic tends to trend with iron for the most part; however, there are small

 Each map  area in this figure is 350 �m × 270 �m. Al foil was used as a filter on the
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Table  2
Calculated pe values from Fe(II) data. [Fe(II)] values are derived from colorimetric
measurements via the 1,10-phenanthroline method, [Fe]T values are from ICP-
OES. The pe was calculated using Geochemists Workbench V7.0 with thermo.dat
database. The upper end of the pe range is 12, based on dissolved O2 measurements
reported in Keating et al. (2010).

[Fe(II)] (�M)  [Fe]T (�M) Calculated pe

3 8 4.3
2  10 7.1

35  132 7
209 626 5.5

9 224 5.5
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Anorthite : Ca + 2SiO2(aq) + 2AlO2 log(K) = −19.19
0 5.3 12
0  7.7 12

ear-Edge Structure, XANES) is currently underway in order to
irectly evaluate the As and Fe speciation and binding environment

n the Chimayo sediments.

.5. Using field-measured Fe values to constrain system redox
otential

Based on partial pressures of O2 reported in Keating et al. (2010),
he Chimayo aquifer is anticipated to be under generally oxidizing
onditions with a pe around 12. In order to confirm the poten-
ial range of pe values in the aquifer, measured Fe(II) and total
e was determined in groundwater collected from Chimayo wells.
he 0.45-�m filtered groundwater samples were acidified with HCl
or preservation, and Fe(II) concentrations were determined col-
rimetrically using the 1,10-phenanthroline technique, which has
een used previously to measure natural water Fe(II) concentra-
ions in the range of 10–1500 �M (Hakala et al., 2009). The total Fe
nd Fe(II) concentrations were used to calculate Fe(III) (estimated
s the difference between total Fe and Fe(II)), and in the Chimayo
roundwater samples ranged from 0 to 214 �M Fe(II). Redox poten-
ials were calculated based on the Fe(II)/Fe(III) redox couple using
eochemists Workbench v.7.0. All calculations resulted in pe val-
es ranging from 4 to 12. The calculated pe values shown in Table 2
ontain some uncertainty in regards to whether they represent
ocal Fe(II)/Fe(III) disequilibrium in the sampled wells, or if the sys-
em is actually at equilibrium with the Fe(II)/Fe(III) redox couple.
dditionally, uncertainties may  exist in the O2 ranges reported pre-
iously. Regardless of these uncertainties, within the circumneutral
H of the Chimayo aquifer and across the calculated pe range of 4
o 12, As is expected to be present in the As(V) form.

. Batch geochemical modeling

.1. Constructing a geochemical model based on laboratory
xperiments

By using Phreeqc (Parkhurst and Appelo, 1999), an aqueous spe-
iation analysis was conducted of all the groundwater observation
ata. A total of 44 aqueous complexes were selected that have con-
entrations high enough to impact the results. Table 3 lists the
omplexes and their equilibrium constants. Groundwater chem-
stry data from Well 15 was utilized since it is one of the wells in

hich the As concentration is higher than the MCL. The pe values
ere calculated based on groundwater collected at several wells

fter the Keating et al. (2010) analysis was conducted, as described
n Section 4.5.  All the wells had pe values greater than 4 and ranged
etween 4 and 12. Under these conditions As(V) is the dominant

orm in the aqueous phase with very little As(III) in solution. The

odeled Phreeqc speciation results show that As in the shallow
quifer at Chimayo is mainly As(V) in the form of H2AsO4

− and
AsO4

2− at a pH of 6.4 and pe of 4.
reenhouse Gas Control 10 (2012) 199–214

The speciation analysis also shows possible minerals at the site
and their saturation indexes. Fig. 8 shows that all the As containing
minerals are undersaturated and very far from equilibrium. There-
fore mineral reactions with As bearing minerals are either very slow
or nonexistent in the shallow subsurface. The XRD and SEM-EDS
analyses did not detect any As bearing minerals, but it is possible
they do they exist in very small amounts. It is possible that the deep
water source of As in these waters is from dissolution of As bear-
ing minerals near the basement rocks where reducing conditions
are expected and minerals such as pyrite (and/or arsenopyrite)
may  be prevalent. While we  do not believe As bearing minerals
play an important role in the shallow subsurface, mineral precip-
itation/dissolution of non-arsenic bearing minerals are important
in controlling the pH of the system. Precipitation/dissolution reac-
tions for all minerals detected in the sample (Table 1b)  were
included in the geochemical model and precipitation of secondary
minerals was  allowed in order to constrain major ion chemisty
in the system. Dissolution of quartz, K-feldspar and plagioclase
consume H+ and may  impact pH, redox and As sorption onto the
clay minerals. They are included in the geochemical model, along
with hematite, calcite and clay mineral reactions. Since plagioclase
mainly consists of albite and anorthite and the Toughreact database
(Xu et al., 2006, 2011) only includes the later two minerals, we sub-
stituted plagioclase with these two  minerals and assigned a half of
the volume fraction of plagioclase to both albite and anorthite.

The kinetically controlled mineral dissolution/precipitation
reactions that are likely to be important in the shallow aquifer sed-
iments were selected based on the XRD analysis of the site. The
Toughreact Version 2.0 database (Xu et al., 2006, 2011) was used to
obtain equilibrium constants at 25 ◦C for these mineral reactions:

Illite : 1.2H+ + 0.25Mg2+ + 0.6 K+ + 3.5SiO2(aq) + 0.4H2O

+ 2.3AlO2
− log(K) = −47.33

Kaolinite : 2H+ + 2SiO2(aq) + H2O + 2AlO2
−

log(K) = −39.82

Smectite–Ca : 0.96H+ + 0.26Mg2+ + 0.145Ca2+

+ 3.97SiO2(aq) + 0.52H2O + 1.77AlO2
− log(K) = −39.51

Smectite–Na : 0.96H+ + 0.26Mg2+ + 0.29Na+ + 3.97SiO2(aq)

+ 0.52H2O + 1.77AlO2
− log(K) = −39.53

Calcite + H+: Ca2+ + HCO3
− log(K) = 1.85

Hematite + 4H+: 0.5O2(aq) + 2H2O + 2Fe3+

log(K) = −16.87

Quartz : SiO2(aq) log(K) = −3.74

K-feldspar : K+ + 3SiO2(aq) + AlO2
− log(K) = −22.91

Albite : Na+ + 3SiO2(aq) + AlO2
− log(K) = −20.12

2+ −
The rate constants of the above mineral reactions are fairly well
known and published values exist in the Toughreact Version 2.0
database (Xu et al., 2006, 2011). These values were applied for
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Table  3
Aqueous complexes and their equilibrium constants at 25 ◦C.

Species Log K (25 ◦C) Species Log K (25 ◦C) Species Log K (25 ◦C) Species Log K (25 ◦C)

OH− 13.99 CaHCO3
+ −1.04 CaOH+ 12.85 PbCl3− −1.70

Al3+ −22.88 MgHCO3
+ −1.03 NaOH(aq) 14.15 PbCl42− −1.50

CaCl+ 0.70 CO2(aq) −6.34 NaCO3
− 9.82 PbOH+ 7.57

CaCl2(aq) 0.65 CO3
2− 10.33 H3SiO4

− 9.81 Pb(OH)2(aq) 17.07
CaSO4(aq) −2.10 CaCO3(aq) 7.01 Fe+3 −8.49 Pb (OH)3

− 28.07
NaCl(aq) 0.78 KCl(aq) 1.50 CH4(aq) 144.15 Pb (CO3)2

2− 11.24
FeCl+ 0.17 MgCl+ 0.14 H2(aq) 46.11 PbO(aq) 16.98
FeHCO3

+ −2.04 MgSO4(aq) −2.38 SO2(aq) 37.57 PbHCO3
+ −2.89

FeCO3(aq) 4.88 NaSO4
− −0.81 HSO3

− 39.42 PbCO3(aq) −3.06
FeCl42− 1.94 KSO4

− −0.88 PbCl+ −1.45 H2AsO4
− −21.41

NaHCO3(aq) −0.17 NaHSiO3(aq) 8.30 PbCl2(aq) −2.01 HAsO4
2− −14.66
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Fig. 8. Saturation indexes of the arsenic

he simulations. Since trends in the �-XRF mapping discussed in
ection 4.4 indicate that As is associated with iron-rich phases,
hich include clay minerals, a set of sorption reactions for As

o the minerals at the site are proposed. For this study, As is
ssumed to be in the oxidized As(V) form, but concede As(III)
ay  also be present in small amounts and could be a factor to

onsider in future modeling efforts pending the findings of addi-
ional spectroscopic analysis. In the oxidized form, As speciation
s dominated by aqueous species H2AsO4

− and HAsO4
2−. Accord-

ng to the study conducted by Manning and Goldberg (1997) and
oldberg et al. (2008), As aqueous species H2AsO4

− and HAsO4
2−

end to sorb onto the iron oxyhydroxides and clay minerals. These
inerals may  include hematite, (as well as lepidocrocite, goethite,

nd ferrihydrite), kaolinite, illite, and smectite. Zheng et al. (2009)
nd Manning and Goldberg (1997) used surface complexation to
xpress the sorption reactions listed below:

ematite : Hem H2AsO4
− + H2O Hem OH + H3AsO4 lo

ematite : Hem HAsO4
−2 + H2O + H+ Hem OH + H3AsO4

aolinite : Kao HAsO4
−2 + H2O + H+ Kao OH + H3AsO4

llite : Ill H2AsO4
− + H2O Ill OH + H3AsO4 log(K int) = 

llite : Ill HAsO4
−2 + H2O + H+ Ill OH + H3AsO4 log(K i

mectite : Sme H2AsO4
− + H2O Sme  OH + H3AsO4 log

Aqueous arsenic–carbonate complexes may  also affect the sorp-
ion process (Kim et al., 2000). Due to the small volume fraction
f calcite (0.4% via XRD) this process is currently ignored in the

odeling efforts. Cation exchange reactions are also considered as

quilibrium reactions in the model in order to evaluate their effect
n major cations, pH and trace metals. The Gaines–Thomas conven-
ion was adopted for cation exchange (Appelo and Postma, 1993).
ed minerals as determined by Phreeqc.

t) = 7.93 (DixitandHering, 2003)

log(K int) = 14.52 (DixitandHering, 2003)

(K int) = 4.69 (Goldberg,  2002)

3 (Goldberg,  2011)

 5.21 (Goldberg,  2002)

) = 4.52 (Goldberg,  2002)

It should be pointed out that the cation selectivity coefficient is
defined with respect to a reference species. By adopting Na+ as the
reference cation, cation exchange reactions are expressed as:

Na+ + 0.5Ca–X2 = 0.5Ca2+ + Na–X

Na+ + 0.5Mg–X2 = 0.5Mg2+ + Na–X

Na+ + K–X = K+ + Na–X

Na+ + H–X = H+ + Na–X

The symbol ( )–X denotes the cation exchanger or an exchange
position. Selectivity coefficients of these reactions, KNa/K, KNa/Ca,
KNa/Mg, and KNa/H, are defined with respect to sodium.

The lower the selectivity, the higher the cation is selected com-

pared to sodium. The cation exchange capacity is defined as CEC
(mequiv./100 g of solid). The selectivity coefficients and the CEC are
site-specific parameters and not measured for these batch experi-
ments so they are fit parameters in the model.
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Table  4
The concentrations (mg/L for all dissolved ions; �g-C/mL for [CO2]aq) and weighting of chemical components at various time-steps from the batch experimental exposure of
the  Roadcut Lithosome B sample at steady state with the “Background H2O,” reacted with CO2. Reaction time t = 0 h represents the fluid chemistry after the solid and water
were  allowed to Compositions for the initial reaction fluids representative of the “Background” water and “Saline” water used for the experimental studies are included for
comparison.

Species Background H2O Saline H2O Reaction time (days) Weighting

0.04 1 4 8 11 14 26

Ca 5.1 222.1 257 277.4 294.5 245.5 234.3 272.9 228.4 0.041
Fe  0.001 0.022 0.007 0.008 0.007 0.009 0.101 2.216 0 1.205
K  0.729 38.57 8.684 8.967 9.212 4.391 4.406 8.28 7.403 0.479
Mg  2.842 220.40 14.16 14.79 15.42 8.911 8.496 14.57 12.06 0.347
Na  73.90 783.90 111.9 110.4 106.6 78.52 77.78 91.41 72.84 0.059
Cl 28 2050 48 45 43 41 40 38 29 0.164
SO4 56.00 333.00 91.53 97 91 81 86 81 63 0.091
U  0.001 0.013 0.003 0.003 0.004 0.004 0.003 0.003 0.003 2.026
As  <DL 0.0002 0.02 0.019 0.017 0.008 0.005 0.004 0.002 0.132
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model is of particular interest. The model predicts the change in pH
and As concentration as a function of time with some discrepan-
cies. The introduction of CO2 into the system causes the pH to drop
quickly in a short time period but leveling around pH 5.5 due to

Table 5
The estimated geochemical reaction parameters from the batch experiment of Road-
cut Lithosome B sample. The most sensitive parameters are shown in bold.

Parameter Symbol Estimated value

Cation exchange selectivity coefficient KNa/H 0.204
KNa/Ca 0.981
KNa/Mg 0.002
KNa/K 0.019
KNa/Pb 0.615

Cation exchange capacity (mequiv./100 g s) CEC 1.0

Rate constant (mol/m2/s) cal-rfk1 1.73 × 10−6

Specific surface area (cm2/g) cal-sa 2.05
hem-sa 1405.95
Ill-sa 538.83
kao-sa 55.44
sme-sa 0.65
Kfeld-sa 14.68
Si  <DL <DL 6.052 8.4
pH  8.56 6.42 5.99 6.0
CO2(aq) – – 514 532 

.2. Comparison of geochemical model to batch laboratory
xperiments

In order to simulate the As reactive transport at the Chimayo site,
eochemical reaction parameters must first be estimated. Fortu-
ately, the batch experiments provided valuable observation data

or estimating the related geochemical reaction parameters that are
ot already well constrained from the literature. By using Toughre-
ct Version 2.0 (Xu et al., 2011) as the forward modeling simulator
nd PEST (Doherty, 2010) to estimate model parameters, the geo-
hemical reactions described in Section 5.1 were used to simulate
ur batch experiment scenario of the “Roadcut Lithosome B” sam-
le with background groundwater exposed to CO2 described in
ection 4.1.  The experiments measured major ion and trace metal
oncentrations as a function of time. Included in the simulation
ere equilibrium complexation reactions, surface/cation exchange

orption reactions, and kinetic mineral dissolution–precipitation.
The observation data of the 26-day batch experiment are listed

n Table 4. The numerical methodology for estimating these param-
ters via inversion involves minimizing the objective function of
bservation data by J,

J = min
N∑

i=1

Ei(p)

Ei(p) =
Li∑

l=1

w2
li(u

i
l(p) − ũi

l)
2

(1)

here Ei(p) is the sub-objective function from chemical species i, N
s the number of chemical species, wli is the weighting coefficient
or the lth measurement of the ith species, and ui

l
and ũi

l are the
imulated and observed concentrations, respectively (see Dai and
amper, 2004; Doherty, 2010). The observation data were weighted
y the weighting coefficients shown in Table 4 for each chemical
pecies. The coefficients are computed from using the inverse of
he standard deviation of the measurements as explained in Dai
nd Samper (2004),  Hill and Tiedeman (2007) and Dai et al. (2012).

The geochemical parameters for estimation included six selec-
ivity coefficients of cation exchange, cation exchange capacity
CEC), one rate constant for the calcite reactions, and four specific
urface areas of the clay minerals described in Section 5.1.  These
arameters (cation exchange, CEC, calcite reaction, and arsenic
orption) are the parameters expected to be most important for

imulating the trends observed during the laboratory experiments
nd other observations discussed in Section 4. Goldberg (2011)
ndicates that there is a large amount of uncertainty in the equi-
ibrium constant for the illite/H2AsO4

− surface exchange reaction
10.03 3.808 3.761 8.618 6.152 0.411
6.04 5.97 5.9 5.88 6.03 1.024

562 569 545 618 415 0.016

(logK-ill) and the fitting correlation coefficient used to determine
this parameter was  0.6. Therefore, this parameter is allowed to vary
in the inverse model. A composite sensitivity analysis of the objec-
tive function to the 17 geochemical parameters listed in Table 5 was
also conducted to explore which parameters are sensitive. Based
on the method described in PEST (Doherty, 2010; Dai et al., 2010),
the composite sensitivity coefficients were computed for each geo-
chemical parameter. Fig. 9 shows that four parameters are clearly
most sensitive: the surface area of calcite (cal-sa), surface area of
kaolinite (kao-sa), rate constant of calcite (cal-rfk1) and log equilib-
rium constant of arsenic sorption onto illite (logK-ill). By examining
the model results, it becomes clear why these parameters are crit-
ical in matching the experimental results.

The model results of the eight key chemical components are
plotted in Fig. 10,  and Table 5 shows the estimated parameter
values. The four most sensitive parameter estimates are shown in
bold in Table 5. When examining Fig. 10,  note that the initial con-
centration of each species in the model is set to the observed initial
concentration. Therefore, model and experiment values are guar-
anteed to match at time zero. The agreement between the evolution
of the species concentrations with time for the experiment and the
qua-sa 26.98
alb-sa 12.81
anor-sa 9.53

Equilibrium constant logK-ill −10.07
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alcite buffering. Since the dissolution of quartz, k-fieldspar, albite
nd anorthite consumes H+, it increases the pH values slowly
uring the later time. This behavior is captured by the model. By
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Fig. 10. Inverse modeling results of the batch ex
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interrogating the model, it became clear that cal-rfk1 and the cal-sa
are the key parameters in matching the pH behavior. The reaction
rate of calcite is fairly well constrained by the literature so we
allowed it vary in order to check our parameter estimation meth-
ods. The model estimates a cal-rfk1 to be 1.65 × 10−6 mol/m2/s
which is close to the reported value of 1.73 × 10−6 mol/m2/s (Xu
et al., 2011), lending confidence to the parameter estimation
exercise.

In the batch experiment As concentrations initially increases
quickly and subsequently decreases throughout the remainder of
the experiment (see Fig. 4). This release of As may  result from the
dissolution of trace As-substituted calcite present in the system
that dissolves due to the rapid pH drop in the system with addition
of CO2. Other possibilities include As desorption from oxides and/or
clays. For time points where the pH decreases from ∼8 to ∼6,
aqueous As also is observed to decrease slightly from 0.020 mg/L
to 0.017 mg/L (within 0.04 days), however pH slowly increases

after the initial drop throughout the remainder of the experiment
while As concentrations continue to decrease. Wilken and Digiulio
(2010) notes that anionic metalloids such as As may be more
effectively sorbed at lower pH; which is generally consistent with
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ig. 11. Simulated precipitation (positive concentration) and dissolution (negative
bundance change).

ur experimental and modeling trends. Additionally, as the pH
ecreases and H+ concentration increases due to the introduction
f CO2, our model shows that precipitation of clay minerals (e.g.
aolinite) is favored due the mineral precipitation/dissolution
eaction shown in Section 5.1 (Fig. 11). Determining experimen-
ally whether kaonilite actually precipitated is difficult since only a
mall amount of kaolinite is expected to form. Attempts to measure
ajor ion chemistry changes due to precipitation (e.g. Si) or col-

ection of precipitate was inconclusive or not practical. However, it
ould appear that even a small amount of precipitation combined
ith sorption could be a significant contributor controlling As

oncentrations in the model. Alternative conceptual models are
lso possible to describe the behavior of these experiments.
or example, sorption kinetics could also be responsible for As
ecreasing with time. The sensitivity of As concentration to small
mounts of precipitation and major ion chemistry demonstrates
he grand challenge of determining the fate of trace metals in
he environment. Although illite and smectite were dissolved
uring the batch experiment, both of them still provided plentiful
orption sites due to their large volume fractions.

Given the potential for additional sorption sites to become avail-
ble during the course of Chimayo sediment reactions with CO2, in
ddition to sorption sites already available through the sediment’s
ineral assemblage, we focused on As sorption to clay surfaces as a

ontrolling factor on As geochemistry throughout the experiment.
ur model includes four key parameters for controlling As adsorp-

ion; specifically, surface areas for illite (ill-sa), kaonilite (kao-sa)

nd smectite (sme-sa) and the equilibrium constant for As sorp-
ion onto illite. These parameters influence the model predictions
ue to the relatively large volume fractions of illite and smectite,
3.4% and 20.2%, respectively (see Table 1b). Although kaonilite has
inerals during the batch experiment (hematite is not shown because of negligible

a  small volume fraction (1.5%), it precipitates to add more sorption
sites and the sorbed As onto kaonilite sites increases with time in
the numerical model (see Fig. 12). Fig. 12 also shows that sorption
is strongly a function of pH. Therefore, at close to time zero, pH
quickly changes resulting in fast sorption/desorption of As in this
early time-frame.

The behavior of the As is similar to observations by Smyth et al.
(2006) for aquifer samples exposed to CO2 for two  weeks. Specif-
ically, As concentration is initially high due to the introduction of
CO2 followed by a gradual decrease in As concentration. Smyth et al.
(2006) found two types of responses to CO2, which they defined
as: (1) “Type 1” ions (B, Ba, Ca, Co, K, Mg,  Mn,  Sr and Zn), elements
whose concentrations increased rapidly in solution and then either
remained constant or increased slowly over time, and (2) “Type II’
ions (Al, As, Cs, Cu, Fe, Mo,  Ni, Rb, U and V), elements whose con-
centrations increased rapidly followed by a gradual decrease. One
hypothesis suggested by Smyth et al. (2006) for ‘Type II’ is that the
formation of new mineral surfaces may scavenge trace elements
from solution. This process is consistent with what is captured by
the model in this study to fit the decrease of As concentration at the
later time of the experiment. In the model, As decreases gradually
due to sorption on existing and fresh sorption sites resulting from
precipitation of additional clay minerals during the experiment (see
Fig. 11). Other studies have shown that trace metal scavenging is
important at natural analog sites (e.g. Aiuppa et al., 2005).

6. Reactive transport model
A simplified field-scale reactive transport model was con-
structed using the reactions developed in Section 4.1 to simulate a
hypothetical 1D flow path through the Chimayo system. Fig. 13
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ig. 12. Simulated adsorbed As onto sorption mineral sites during the batch exper
llustrate trends.

hows the conceptual model where CO2 leaks from the subsur-
ace through a deep carbonate aquifer into the shallow sandstone
quifer. The one-dimensional reactive transport model has a height
f 120 m.  The CO2 leaks from the deep aquifer where the con-
entrations of chemical components are unknown. Vertical head
radient data does not exist at the site so an estimated flow rate was
ssumed to demonstrate the effect of the reactions on the transport
f species. The head is known at several deep and shallow wells at
he site. The difference in head is about 5 m on average between
he deep and shallow wells. A flow rate in the column was  calcu-

ated by using the head difference between the shallow and deep
quifers for a mean conductivity of 0.1 m/day for the model length
f 120 m.  This results in a flow rate of 4.82 × 10−5 kg/s entering the

Fig. 13. Conceptual model for field-scale reactive transport simulations.
 Please note that the y-axes values are different for each mineral phase in order to

column. In the field-scale model an average volume fraction of 28%
is assigned for illite by considering the heterogeneity of the mineral
distributions in the Chimayo site (see Table 1a).  The other minerals
are also assigned their average weight fractions (Table 1b).

By using geochemical parameters from the batch experiments
described in Section 4.2, the recharge concentrations (entering the
column) of the major chemical components such as As, Ca, Mg,  Na, K
and Cl were estimated to attempt to match the Well 17 (e.g., Fig. 1)
chemical signature that is assumed to be the “true” concentrations
at top of the 1D column (Fig. 13).  Since the time scale (thousands
years) is much larger than that of the batch experiment, calcite dis-
solution/precipitation is assumed to be equilibrium. Other minerals
have rate constants much less (more than six orders of magnitude
less) than that of calcite, and their dissolution/precipitation reac-
tions are still kinetically controlled. The goal is to determine how
species concentrations evolve along the flow path due to the chem-
ical reactions identified in Section 5. The objective function is also
defined by equation 1. For this parameter estimation exercise the
simulated concentrations are defined as the steady state simulated
concentration at Well 17 (the top of the model in Fig. 13). However,
rather than varying reaction parameters as in the previous section,
recharge concentrations are the estimated parameters. The geo-
chemical processes simulated in this field-scale reactive transport
model are assumed to be the same as those used in simulating the
batch experiments. In fact, most of the reactive transport param-
eters are scale dependent (Dai et al., 2009). Understanding and
accounting for the scaling effects of the geochemical parameters
is a topic of ongoing work.

As expected, similar processes occur in the two sets of simu-
lations since the same set of reactions occur. When CO2 inflows
into the model from the deep aquifer, the pH in the shallow aquifer
drops quickly with time but levels out around 6 due to buffering
by calcite. The aqueous As concentration in the shallow aquifer
initially increases due to the transport (advection, dispersion and
diffusion) of As from the deep aquifer. When As concentration
increases, adsorption onto clay minerals increases due to surface

complexation with clays and hematite. As the pH decreases and H+

concentration increases, precipitation of clay minerals is favored
providing more sorption sites, which enhances As sorption onto
the clay minerals and reduces solution concentration. Finally the
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Table  6
Comparison of the observed concentration, computed concentration and the esti-
mated recharge (inflow) concentration (mg/L).

Species (mg/L) Shallow aquifer Deep aquifer

Observed Computed Estimated

pH 6.4 6.0 6.419
Ca 529.1 520.6 1669.5
Mg  207.1 207.5 207.7
Na 1143.0 1145.3 1163.0
K  40.3 40.4 40.4
Cl  648.8 648.4 648.5
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As 0.0188 0.0189 0.0398

ransport of As from the deep fluid source reaches equilibrium
ith As sorption onto the clay minerals in the simulated Chimayo

quifer. The clay minerals illite and smectite dominate in the As
orption process due to their relatively large volume fraction.

For the species that are either conservative (e.g. Cl) or only par-
icipate in equilibrium sorption reactions (e.g. As), the estimated
echarge concentration are similar to the observed data of Well
7 since these reactions do not change the total aqueous con-
entration once steady state conditions are reached. This was an
xpected result and confirms that the parameter estimation rou-
ine was working correctly. Table 6 confirms that the estimated
echarge concentrations for Cl and As are very similar to the cal-
ulated and observed concentrations at the top of the column.
owever, equilibrium sorption reactions can delay the travel time
f these species which is important for assessing shallow ground-
ater impacts for these species. Fig. 14 shows that As exiting the

op of the column is indeed strongly retarded compared to the con-
ervative tracer Cl. The transport of trace metals to the shallow
quifer is critical for assessing shallow subsurface impacts due to
rine or CO2 intrusion. The effective retardation of trace metals is an

mportant parameter to evaluate in performance assessment stud-
es (Viswanathan et al., 2008) and is dependent on multiple coupled
eactions.

As expected, estimated deep aquifer Ca, H+ and HCO3
−

oncentrations are different from the observed shallow con-
entrations (Table 6). For species participating in mineral
recipitation/dissolution reactions (e.g. Na, Ca, H+, HCO3, and Mg),
he estimated recharge concentration may  be different from the
bserved concentration since mineral reactions can change the
otal aqueous concentrations of these species as they transport
long the flow path. Ion exchange reactions also result in some
orption of the major ions, as seen in Fig. 15,  although the retarda-
ion for these major ions is far less than for As. The reactive transport

imulations presented in this manuscript are greatly simplified
ith the assumption of a 1D flow path and by using geochemical
arameters from the batch modeling studies that are likely scale
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ig. 14. Simulated travel times for conservative solute Cl and sorbing As exiting the
olumn.
Fig. 15. Simulated travel times for conservative solute Cl and other major ions
exiting the column.

dependent. However, the simulations are intended to show how
different reaction types affect the transport of various species in the
Chimayo groundwater. The simulations show that predicting trace
metal migration is dependent on multiple coupled processes, and
due to low concentrations of these trace metals, many processes
can greatly affect their fate in the natural environment.

7. Conclusions

This manuscript presents a suite of experimental and model-
ing techniques combined with field observations to gather multiple
lines of evidence for processes controlling the fate of As in Chimayo
sediments and groundwater. The focus of this work was  to combine
a diverse suite of techniques ranging from micro-scale geochemi-
cal characterization to basin-scale reactive transport modeling in
order the address the challenging problem of CO2 storage on trace
metal fate. On an individual level some results are preliminary and
warrant additional investigation. However, coupled with the body
of results, all pieces of data are important for informing the higher-
level processes being considered for site-scale reactive transport
scenarios. The study shows that small changes to major aqueous
ions or solid phases can have a large impact on trace metal concen-
trations making prediction of trace metal fate a very challenging
problem requiring multiple lines of evidence to understand their
behavior.

More thorough investigations for certain analyses (e.g., syn-
chrotron studies) are ongoing. Batch experiments and materials
characterization, including XRD, SEM, and �-XRF, shows that As is
most likely initially associated with Fe-rich phases such as clays or
oxides in the shallow Chimayo sediments. Batch laboratory exper-
iments with Chimayo sediments and groundwater showed that
pH initially decreases as CO2 is introduced into the experimental
system, and the system is almost immediately buffered by calcite.
The introduction of CO2 causes an immediate increase in As at the
beginning of the experiment relative to CO2-free controls. Arsenic
concentrations decrease in solution as a function of time relative to
the initial value. A batch geochemical model was developed to sim-
ulate these experiments. The model correctly predicts the pH drop
once CO2 is introduced into the experiment. In the model, the sur-
face area of kaolinite proved to be the key parameter in simulating
the drop in As concentration as a function of time. Kaolinite precip-
itates during the simulation allowing for additional sorption sites
as a function of time resulting in the slow decrease in As concen-
tration. The amount of kaolinite precipitation is small and cannot

be confirmed in the experiments due to detection limits. This is a
common problem with predicting the fate of trace metals where
small changes in major ions or solid-phases can have a large impact
on trace metal concentration. Therefore, identifying the controlling
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echanisms with regards to trace metals is very challenging. The
echanism simulated by the model can be viewed as trace element

scavenging” due to sorption associated with secondary mineral
recipitation of illite. In the literature, “scavenging” has been
hown to be an important process with regard to trace metals. At
he field scale, As transport is retarded due to sorption reactions
hich will impact the likelihood of As reaching the accessible

nvironment in a performance assessment for CO2 sequestration
tudy.

Sorption processes were a major focus of this study based on the
tudies by Goldberg et al. (2008) and this has had a major impacts
n how the data were modeled in this analysis. In future work,
e plan to study the additional possibility of sorption–reduction

s another process controlling As and trace metal mobility at the
himayo site. This process may  be significant in that, As sorption
and to a lesser extent Pb, and U) with Fe-rich phases (including
ut not limited to clays) appears to play a major role in As fate

n the shallow subsurface at Chimayo. Localized structural site-to-
ite electron exchange has been shown to be potentially significant
elated to sorption–reduction of U (Ilton et al., 2004; Singer et al.,
009; Chakraborty et al., 2010), and may  be significant for several
ther redox-sensitive elements (Peterson et al., 1997; Felmy et al.,
011). While this process has been shown by Chakraborty et al.
2011) to not be as significant for As on phases such as biotite, it
ould have additional impacts on how to predict controls on metal
obility in the Chimayo system in general.
In summary, the data show that arsenic upwells from the deep

quifer with CO2 and then (under the oxidizing conditions of the
quifer) adsorbs to iron-bearing minerals (e.g. clays) at the Chi-
ayo site, retarding As transport in the shallow groundwater. Other

race elements such as U or Pb may  or may  not be controlled by
ompletely different processes. Therefore, the risk assessment of
ach trace element of concern will require a fairly complex analy-
is to determine the key parameters that affect its fate at the site.

 combination of laboratory and field observations will have to
e joined with geochemical modeling to identify the key param-
ters of interest. As opposed to major ions, trace elements exist at
uch low concentrations that processes such as scavenging by sec-
ndary minerals can greatly affect their fate and transport in the
ubsurface. The simulations presented represent a small range of
onditions and the transport model was greatly simplified. At a CO2
equestration site, factors such as leakage pathways and aquifer
eterogeneity need to be considered to make a proper assessment
f risk in shallow aquifers due to the transport of trace elements in
rines and reactions with CO2.
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