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Abstract 

In a natural analog study of risks associated with carbon sequestration, impacts of 
CO2 on shallow groundwater quality have been measured in a sandstone aquifer in New 
Mexico, USA. Despite relatively high levels of dissolved CO2, originating from depth 
and producing geysering at one well, pH depression and consequent trace element 
mobility are relatively minor effects due to the buffering capacity of the aquifer. 
However, local contamination due to influx of saline waters in a subset of wells is 
significant. Geochemical modeling of major ion concentrations suggests that high 
alkalinity and carbonate mineral dissolution buffers pH changes due to CO2 influx. 
Analysis of trends in dissolved trace elements, chloride, and CO2 reveal no evidence of 
in-situ trace element mobilization. There is clear evidence, however, that As, U, and Pb 
are locally co-transported into the aquifer with CO2-rich saline water. This study 
illustrates the role that local geochemical conditions will play in determining the 
effectiveness of monitoring strategies for CO2 leakage. For example, if buffering is 
significant, pH monitoring may not effectively detect CO2 leakage. This study also 
highlights potential complications that CO2 carrier fluids, such as saline waters, pose in 
monitoring impacts of geologic sequestration. 

Introduction 

There is understandable concern about possible impacts to shallow aquifers if 
CO2 were to leak from primary storage reservoirs during or after geologic sequestration 
operations. There is a paucity of field data, however, to characterize the nature of 
potential impacts. Undesirable side affects might include catastrophic release of CO2 at 
the surface (e.g. well blow-out) and leakage of brine (Benson, 2002; Kharaka et aI., 
2006). Although CO2 is not toxic in low concentrations, dissolution into shallow 
groundwater may depress pH and subsequent trace metal dissolution from aquifer 
minerals may increase the concentration of naturally-occurring toxic elements such as 
lead and arsenic (Benson, 2002; Wang and Jaffe, 2004). Predicting the potential impact 
of CO2 release in shallow aquifers at any sequestration site is a challenging task. There 
are at least three possible research strategies for evaluating this type of effect, all of 
which have strengths and limitations. One is to directly monitor shallow aquifer 
chemistry at engineered CO2 sequestration sites where CO2 is leaking upward at a known 
rate. This may not be feasible because engineered sites are generally thought NOT to be 
leaking, by design, and so directly measuring the impacts of leaks is difficult. Even if 
leaks do occur, few sites have background groundwater monitoring programs in place 
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that would allow quantitative comparison of pre- and post-leak water quality (Liewicki et 
aI., 2007). Leaks may be difficult to detect due to limitations in infrastructure, low 
density of wells, and infrequent measurements. Consequently, establishing robust 
monitoring strategies and characterizing background geochemical conditions has become 
a high priority at some engineered sites (Smyth et aI., 2006). Another strategy involves 
using mineralogy and water quality data collected from a variety of aquifer types that 
might ultimately receive CO2 leaks and predict possible impacts using geochemical 
theory (Birkholzer et aI., 2007; Birkholzer 2008) This strategy can provide insight into 
processes that may ultimately be important. However, the predictive ability of studies 
like these will always be limited by irreducible uncertainty in field-scale mineral 
dissolution kinetic rates and local-scale heterogeneity in aquifer mineralogy. 
Mechanistic-based approaches to measuring kinetics are only possible in the laboratory 
under well-controlled conditions (Bose and Sharma, 2002; Bruno et aI., 1992; Craw et at, 
2003; Golubev et aI., 2005; Stephens and Hering, 2004). Unfortunately, large 
discrepancies between field and laboratory rate estimates (Chen, 2005; Langmuir, 1997) 
contributes to uncertainty in predictive modeling. The impact of uncertainty in kinetic 
rate on predicting trace metal mobility due to CO2 leaks has been well documented 
(Wang and Jaffe, 2004). Another factor which will limit the predictive ability of 
geochemical models is the difficulty of predicting scavenging of trace metals by 
secondary minerals such as carbonates, iron oxy-hydroxides and clay minerals (Aiuppa et 
aI., 2005). Without validation at natural or engineered analog sites where C02 is present 
at significant concentrations, it will be difficult to assess the accuracy of this modeling­
based approach. 

A third approach, utilized in this study, involves directly measuring C02 impacts 
at a natural analog site where C02 is actively upwelling through a shallow aquifer. 
These sites are usually located in volcanic or geothermal settings (Federico et at, 2004; 
Glennon, 2005; Lu et aI., 2005). Like the other two strategies, this empirical approach 
has inherent limitations. Most importantly, the highly fractured geologic settings where 
active C02 upwelling occurs naturally are very unlikely to be considered for geologic 
sequestration (Benson, 2002). [n addition, the lack of"pre C02 flux" water quality data 
inhibits comparison of pre- and post-C02 conditions. The aquifer may not be impacted 
only by C02, but rather a mixture of C02 and deep thermal waters of unknown origin 
and/or composition. A dense network of wells available for shallow groundwater 
characterization may not be available. With these caveats in mind, we present field 
observations and interpretations of a site in Northern New Mexico with active C02 
upwelling through a shallow aquifer. A number ofdomestic wells are available for 
sampling, offering an opportunity to compare background groundwater quality and C02­
impacted groundwater quality. Conclusions follow, with implications for C02 
sequestration leakage scenarios and monitoring strategies. 

Natural analog sites for studying C02 impacts on aquifers 

There are two major categories of natural analogs: 1) locations where diffuse C02 
is rising and flowing through an aquifer (where it can be measured in wells), and 2) 
locations where C02 is rising along a fault or other conduit and expresses itself at a point 
at the ground surface (a spring or a geyser) (Figure 1). Studies of the second type are 
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far more common, due in part to the ease of sampling springs or geysers. Studies of CO2­
charged springs (Glennon, 2005; Goff et aI., 1988; Newell et aI., 2005; Vuataz et aI., 
1984) provide insight into the dynamics of C02 flow and into geochemical processes 
occurring at depth, but they are not particularly informative about the impact of CO2 on 
aquifers, since the CO2may not significantly impact a shallow aquifer if it rises along a 
conduit and rapidly discharges at a spring (Figure I a). However, the extent that CO2 
upwelling along faults mixes with local groundwater may be assessed by temperature and 
trace elements 
(Vautaz et aI., 1984). 

Far less common are studies of aquifer chemistry in C02 rich settings that include 
samples from both wells and springs. Very comprehensive studies on groundwater 
chemistry in high C02 flux settings have been performed on volcanoes in Italy (Aiuppa et 
aI., 2005; Federico et aI., 2004). Here, large datasets on groundwater chemistry in 
aquifers (including but not limited to springs) have been collected and analyzed using 
very sophisticated geochemical modeling. The authors were able to discriminate between 
trace metal concentrations controlled by availability in aquifer materials (As, Cd, Mo, Se, 
V) and trace metal concentrations controlled by kinetically-controlled mineral 
dissolution/precipitation. Because of dissolution 1desorption of trace metals from aquifer 
minerals and subsequent scavenging by secondary minerals (primarily calcite), no trends 
in trace element concentrations with pC02 or pH (range 5.8 - 8.0) were measured. 
Mammoth Mountain, CA (Rogie et aI., 2001) also represents a diffuse CO2 flux volcanic 
setting. Here, C02 flux resulted in localized tree mortality. Elevated trace metal 
concentration and depressed pH (near 4.0) were measured in the soil profile; however, 
geochemical data measured in springs and wells did not show a clear relation between 
elevated trace metal concentrations in groundwater with either pH (5.1 - 8.46) or pC02. 
One conclusion drawn by the authors was that the effect of upwelling CO2 is 
"substantially neutralized" by mineral weathering, which in tum increases the total 
dissolved solids (TnS) of the fluid (Evans et aI., 2002). 

The site described in this study not only has a C02 expression at the ground 
surface (e.g., eruptions of a cold geyser) but also in a number of nearby shallow wells 
that are used for domestic drinking water purposes (Cumming, 1997). The source of the 
deep upwelling CO2remains uncertain, but normal faulting associated with the Rio 
Grande rift likely facilitates upwelling of deep fluids from Paleozoic sedimentary rocks 
(Cumming, 1997). For this study, we focus on documenting and interpreting the 
measurable effects of C02 on shallow groundwater chemistry, with particular emphasis 
on trace elements (F, U, Pb, As, and Fe). 

Hydrogeologic setting 

The community of Chimayo, New Mexico lies near the eastern margin of the 
Espanola Basin. Formed by extension associated with the Rio Grande Rift, the Espanola 
Basin is semi-arid, with rainfall ranging from 8 in/yr in the lower elevations to 
approximately 25 in/yr in the high mountains. Upper Oliogcene to upper Miocene 
alluvial- fan sandstones, comprising the Tesuque Formation of Santa Fe Group, serves as 
the aquifer for many communities including Chimayo (Figure 2). These sediments are 
quartz and feldspar rich; approximately 50-70 % ofthe felspars are plagioclase (Cavazza, 
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1986). Locally, secondary calcite is abundant typically regional groundwaters are in 
equilibrium with this mineral (Keating and Warren, 1999). Rock/water reactions, 
including weathering of calcite and plagioclase and precipitation of smectite, have been 
shown to explain trends in major ion chemistry in the regional aquifer (Hereford et aI., 
2007; Keating and Warren, 1999). Cross-sections suggest the aquifer is fairly thin in the 
vicinity of Chimayo (200-400 m thick; Figure 3). A wildcat oil well (Castle Wigzell 
Kelley Federal No. I), located 3.5 km to the southwest of Chimayo, encountered 
Pennsylvanian carbonate and siltstone beneath the Tesuque Formation. It is likely that 
Pennsylvanian strata extend northeast to Chimayo, but reverse faulting from Laramide 
tectonism may have facilitated local erosional stripping ofPennsylvanian strata under 
Chimayo; similar erosion from Laramide uplift has been interpreted 10 km to the west 
(Baldridge et aI., 1994). Both the Santa Fe Group and underlying carbonates are dissected 
by numerous north-south trending faults created by tectonic extension, some of which are 
cemented with calcite and/or siliceous minerals. Geologic mapping to the south suggests 
Proterozoic crystalline rocks directly underlies the Pennsylvanian strata (Koning et aI., 
2002). 

Cumming (1997) conducted sampling of wells in the Chimayo community and 
noticed a strong tendency for shallow wells (depth < 60m) located near a particular fault 
to be enriched in dissolved C02. This fault was subsequently mapped in detail by Koning 
et aI., 2002). Cumming (1997) generated a relatively large geochemical dataset (18 
wells, most of which were sampled 4 times over a 2-year period). For all but two of the 
wells, only major ion chemistry is available. 

One well in the community geysers approximately twice a day, releasing 99.9% 
pure CO2. Although the geyser discharge is cyclical, the rate of influx ofCO2 into the 
aquifer from depth may be relatively constant (Lu, 2005). Eruption frequency is a 
function of recharge rate (influx to the bottom of the pipe), and the ratio oflength to 
diameter of the pipe. The fact that only this particular well acts as a geyser may be due to 
it penetrating a fault-sealed pocket ofthe aquifer that has locally resulted in high PC02. 

This east-down fault, called the Roberts fault, exhibits surface evidence of intensive silica 
cementation. 

At this site, the source of the C02 recharging the aquifer from below is unclear. 
Based on limited measurements of carbon isotopes, Cumming (1997) suggested that 
although the data are inconclusive, the most likely source was mantle CO2. Another 
possibility, although discounted by the author based on temperature and pressure 
conditions in the basin, is thermal decarbonation ofcarbonate rock layers below the Santa 
Fe Group aquifer A third possibility is dissolution ofcarbonate rocks by acidic 
groundwater (a non-C02 source of acidity). No such waters have been measured in the 
Espanola Basin; this possibility seems remote. Without more detailed data collection it 
is impossible to definitively identify the CO2source. 

There are three mechanisms which could be producing tendency to rise: 1) CO2 
rising as discreet pockets of buoyant gas, 2) groundwater with high levels of dissolved 
CO2and/or bubbles, which is less dense than background water and thus rises, and/or 3) 
upward head groundwater. If the fault mapped by Koning (2005) provides a pathway for 
C02 to move upward from depth, it is unclear exactly how the C02 moves within the 
fault zone. In this paper, we do not address either the source of the CO2or the 

Keating et al IlI412008 Page 4 of IS 



mechanism for upward movement. Rather, we focus on the impact of the C02 on 
shallow groundwater chemistry. 

To provide context for this study, published groundwater chemistry datasets from 
200 wells in the Espanola Basin, east of the Rio Grande, were combined and plotted on a 
Durov diagram (Figure 4) (McQuillan, 1998; USGS 1997; New Mexico Environment 
Department, 1980, 2003; Street, 2004). These regional groundwaters are generally either 
Ca-HC03 or Na-HC03-type waters. Median values of pH, CI, and total dissolved solids 
(TDS) are 8.0, 12.5 mg/I, and 467 mg/I, respectively. As is evident in Figure 4, 
compared to typical regional ground waters, data collected by Cumming (1997) in the 
Chimayo community aquifer tends to be significantly lower in pH and, in some wells, 
much higher in total dissolved solids. Due to the semi-arid environment, thick basin-fill 
(up to 3-4 km; Cordell, 1979), and hetereogeneity resulting from faults and dipping strata 
of various permeabilites, groundwaters in the Espanola Basin may move relatively slowly 
and may be very old (in some cases, tens of thousands of years old (Anderholm, 1994; 
Rogers et aL, 1996)) and frequently enriched in natural1y-occurring trace elements 
including flouride, uranium, and arsenic (Finch, 2005; Gallaher et aL, 2004; McQuillan 
and Montes, 1998; Purtymun, 1977). Warm springs «54°C) are present approximately 
25 km to the north of Chimayo. These Na-HC03 type waters, enriched in Li, B, and F, 
are thought to be upwelling from depth along faults (Vuataz et al., 1984). Cummings 
( 1997) reported that temperatures in Chimayo groundwaters range from 724°C, and are 
either Ca-HC03 or Na-HC03 type waters. Interestingly, although these waters are 
significantly cooler than the warm springs to the north, they are significantly higher in 
TDS (over 6,000 mg/l (Cumming 1997) versus 3600 mg/l) and more enriched in Cl. 
Br/Cl ratios in the geyser waters are similar to seawater. All waters sampled by 
Cumming (1997) were oxidizing, consistent with measured dissolved oxygen ranging 
from 0.4 to 9.3 mg/I. This is typical for the regional aquifer, where due to low 
availability of organic carbon and thick unsaturated zones (> 300 m in some locations) 
oxygen availability is rarely exceeded by microbial demand. Exceptions to this include 
local reducing conditions related to domestic septic effluent (personal communication, 
McQuillan, 2003). 

Geochemical sampling 

Our goal was to expand the number of domestic drinking water wells originally 
sampled by Cumming (1997) and to analyze for major ions, trace elements, and stable 
isotopes (13C, 180 , 2H). The number of wells available for sampling was limited, 
however, because many homeowners in the community have recently abandoned their 
wells and connected to a community water supply. In total, we sampled 17 wells 
(Figure 2), four of which were also sampled by Cumming (1997) including the geyser 
well (# 17). The combined dataset represents 31 wells. 

Slightly more than half of the samples were collected from hose bibs, the rest 
were collected at the kitchen tap. When possible, the water was allowed to flow for one 
minute before sampling. All the samples were untreated and came directly from the 
well. One sample (McCormick well) was taken from a storage tank where groundwater 
and surface water are mixed. Sample bottles were filled to the rim and capped within 
seconds of collection to minimize exposure to air. Samples were tested for pH within one 
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to two hours of collection using a Thermo Electron Corporation probe. Samples for 
cation analysis were passed through a 0.05 I!m filter. Samples were analyzed for major 
anions using Ion Chromotography, for cations using ICP-MS, for alkalinity using acid 
titration, and for stable isotopes using a multiflow unit connected to an isotope ratio mass 
spectrometer. 

Sampling results 

The chemical data was analyzed using the geochemical modeling code 
(PHREEQC) (Parkhurst and Appelo, 1999) and partial pressure ofCO2(PC02) was 
calculated for all the sampled wells based on measured pH and alkalinity. For reference, 

5atmospheric PC02 = 10.3. atm. The results of these calculations and all other chemical 
analyses are presented in Tables 1-3. Sixteen of the seventeen samples have calculated 
pC02 (lOg(PC02» greater than or equal to -2.5; fifteen samples were pC02> -2.0. This 
leads us to believe CO2degassing during sampling did not significantly affect our pH 
measurements (and hence pC02 calculations). We re-measured pH at the well with the 
lowest calculated pC02 (-3.3) and confirmed the relatively high pH (8.5). This well is 
used below to represent background conditions, unaffected by CO2upwelling. 

To examine spatial and temporal variation in major ions, we combined this 
dataset with data presented by Cummings (1997) to extend the number of samples 
included in the study. Combining these datasets, collected several years apart, does 
introduce the possibility that temporal trends will be misinterpreted as spatial trends. 
However, spatial trends in pC02 , TDS, and [CI] (Figure 5) are generally consistent in 
the two datasets and so temporal variability is presumably smaller than spatial variability. 
Values ofpC02 significantly larger than atmospheric (up to -2.0) may possibly be caused 
by biologic activity in the vadose zone during recharge; however, this increase would 
then typically be offset by mineral weathering reactions in the aquifer. Because organic 
matter content tends to be low in this setting, we presume waters with pC02 greater than ­
2 represents groundwater impacted to some degree by influx of CO2 from depth (beneath 
the aquifer). There are two clusters ofwells with very high pC02; one near the south 
end of the minor fault (Roberts fault). The other cluster occurs where this minor fault 
projects northwards under Quaternary alluvium to the Chimayo fault. Wells near the 
Roberts fault (within approximately 500 m of the fault trace) tend to have higher pC02, 
(as large as 0), than wells farther from the fault. Not all wells near the fault have high 
pC02, which may be due to complexities in the path of the upwelling CO2 and/or mixing 
and buffering reactions. The wells near the fault trace (within -500 m) have higher TDS 
(up to 7000 mg/I) (Figure 5b). On the other hand the concentration of chloride is much 
higher at the southern end of the fault than other locations (Figure 5c). The increased 
levels of chloride are important to note as there is no local source for chloride in the 
shallow aquifer. Evaporite layers are known to exist below the Santa Fe Group in some 
portions of the basin, but were not present in the nearest deep well (Kelly Federal well). 
Since there are no evaporate minerals within the Santa Fe Group, the spatial trends in 
pC02and [CI] in Figure 5 suggest that C02 is upwelling with deeper saline waters near 
the southern end of the fault and is upwelling without deeper saline waters near the 
northern end of the fault. Two different relationships between chloride and pC02 are 
evident in the data, as shown in F'igure 6. The lowest chloride and pC02 wells samples 
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(lower left comer of Figure 6) represent dilute background waters, presumably recharged 
from meteoric sources either in the Sangre de Cristos mountain to the east or locally 
along the Santa Cruz River. These have relatively high pH and low [Cl] typical of other 
waters in the basin. In most of the wells sampled, however, the waters have been 
impacted to some extent by either CO2 from depth or a CO2-saline water mixture from 
depth. Depending on the degree of mixing and mineral precipitation/dissolution 
reactions in the aquifer, background waters either evolve towards high pC02/low 
chloride waters (Path I, Figure 6) or high pC02/ high chloride waters (Path 2, Figure 
6). These two cases have very different implication for trace element mobilization and 
transport, as will be described below. 

The stable isotope measurements are shown in Figures 7 and 8. In contrast to a 
large number of groundwaters sampled in the region which plot relatively close to the 
world meteoric line (WML) (Anderholm, 1994), Chimayo waters have 8 180 /8D ratios 
slightly shifted to the right (Figure 7). This can either be interpreted to reflect 
evaporation or deep circulation (long residence times and/or high temperatures. Stable 
isotopes measured in cold, meteoric groundwaters in this basin generally show no 
evidence of evaporation (Anderholm, 1994; Blake et aI., 1995) and it is difficult to 
imagine a scenario where Chimayo groundwaters have experienced significant 
evaporation. A more likely scenario involves mixing of meteoric waters with deeper 
waters that had very long residence times in host rocks, similar to path 2 in Figure 6. 
This explanation was suggested by Vautaz et aI. (1986) for a subset of waters in the 
Jemez Mountains (to the west) with similar departures from the WNIL. 

As shown in Figure 8a, waters with higher pC02 values tend to be relatively 
enriched in l3C. We would expect dissolved carbon in meteorically-recharged 
background waters to be isotopically light (-12 to -15 per mil) and deeper sources of 
carbon (either mantle and/or marine-carbonate derived) to be isotopically heavy (-4 to +4 
per mil). Therefore, qualitatively this trend is consistent with the deep water mixing 
model presented above. In addition to the deep waters being isotopically heavy, they 
may become further enriched in 13C by degassing CO2 as they upwell. Unless waters are 
fairly acidic (pH < 5.4), C02 gas exsolved from groundwater will be isotopically lighter 
than the remaining dissolved carbon, as observed in Mammoth Lake groundwaters 
(Evans et aI., 2002) and in laboratory experiments (Mook, 1974). In the geyser well 
samples, Cummings reported a value of 813C = -7.11 for CO2 gas relative to -0.55 %0 in 
dissolved carbon. 

The relationship between chloride and 813C, shown in Figure 8b, clearly indicates 
two populations of waters, as was evident in Figure 6. The C02-rich saline waters near 
the south end of the Roberts fault are more enriched in heavy 8 13C and much higher in 
chloride than all the other waters. This suggests the CO2 upwelling beneath much of the 
aquifer is less depleted in l3C than the C02 upwelling along with saline waters near the 
southern end of the fault. Two possible explanations are as follows. Compared to 
upwelling CO2in locations other than the south end of the Roberts fault, the upwelling 
CO2-rich saline waters either originated at depth at higher pressures, and thus degassed 
more as they rose, or interacted with isotopically heavier marine carbonate rocks (or 
both). The possible relationship between higher pressures, more intense degassing, and 
higher salinity will be explored in future work. 
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Discussion of transport mechanisms and geochemical modeling 

The spatial variability in levels of dissolved CO2in Chimayo groundwater 
(Figure Sa) could be caused by a number of factors: 1) spatial variability in the flux of 
C02 into the aquifer (regardless of its source) 2) heterogeneity within the aquifer which 
causes CO2to build up in some locations, perhaps because of fault-sealing, and to diffuse 
to the vadose zone quickly in other locations, or 3) spatially-variable C02 consuming 
reactions such as calcite or plagioclase weathering. In addition to spatial variation in 
CO2, there is large variation in chloride concentrations. This variation is likely due to 
processes occurring below the aquifer, as C02 diffuses through older sediments. 
Understanding the role that mineral weathering plays within the aquifer is important to 
risk assessment studies because weathering will tend to buffer pH changes. This 
potentially reduces risk to human health since trace element mobility, caused by pH 
reduction, may be prevented. A negative consequence, however, is that detection of CO2 
leakage via monitoring groundwater pH will be more difficult. 

To examine the role of mineral weathering plays within the aquifer, geochemical 
models were constructed using the geochemical modeling code PHREEQC and results 
were compared to measured trends in water chemistry. The water chemistry data were 
separated into the two groups described above (saline, [CIl> 100 mg/l, and non-saline, 
[CI], 100 mg/l). First, the progressive reaction ofC02 with background water 
(represented by Well 15 (Table 1)) was modeled, and results were compared to measured 
variation in pH, HCO), pC02 in the low [Cl] waters. Possible dissolution/precipitation of 
calcite, which is ubiquitous as a secondary mineral in these sediments, was also 
considered. Weathering ofplagioclase and other silicates is also known to occur in this 
basin (Cavazza, 1986; Hereford et al., 2007; Keating and Warren, 1999), however, 
dissolution rates are known to be much slower than for carbonate minerals and thus their 
impact would be a second-order effect. This is supported by our calculated saturation 
indices for groundwaters in Chimayo, which show that these waters are generally near or 
at equilibrium with respect to calcite and strongly undersaturated with respect to 
commonly occurring silicate minerals. We considered two cases: 

• 	 Model A: stepwise reaction of background groundwater with increasing amounts 
of CO2, while maintaining equilibrium with calcite 

• 	 Model B: stepwise reaction of background groundwater with increasing amounts 
of C02, with no mineral reactions 

Results ofthese calculations are shown in Figure 9, in comparison to measured 
chemical compositions for all waters with low chloride concentrations « 100 mg/l). 
The data show a tendency for [Cal to increase and for pH to decrease with increasing 
pC02. Model A (no calcite dissolution) greatly underpredicts calcium concentrations and 
overpredicts pH depression. In contrast, Model B matches the data reasonably well, 
except for at the highest pC02values where predicted [Cal is too high. Sensitivity 
studies showed that this discrepancy may be due to neglecting other mineral weathering 
reactions, such as feldspar dissolution, which may become important at the highest pC02 
values. Other than these highest pC02calculations, departures of modeled trends from 
measured trends are unbiased and so are presumably caused by a combination of 
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measurement errors (particularly pH) and natural variability in background water 
composition, aquifer mineralogy, and mineral dissolution rates. It is noteworthy that a 
significant percentage of the measured variability in pH, pC02, and calcium of these low 
chloride waters can be described by two simple reactions: influx of CO2 and dissolution 
of calcite 

A similar approach was used to determine the role of mineral weathering as 
upwelling CO2-rich saline water flows through the shallow aquifer. In this case, we 
modeled the progressive reaction of CO2-rich saline water (represented by the geyser 
well) with background water (represented by Well 15), with and without buffering 
reactions. The results of these calculations are shown in Figure 10. Again, we find that 
the measured trends in pC02, Ca, pH, and CI are fairly well reproduced by this simple 
model. However, influence of mineral dissolution does not appear to be significant. This 
is because the CO2-inflused saline water is supersaturated with respect to calcite and so as 
it mixes with background waters it does not necessarily enhance calcite dissolution. 
Small departures from equilibrium with calcite do occur at specific mixing fractions; 
these produce the small differences between the solid and dashed lines in Figure 10. 

Finally, we used PHREEQC to examine a possible explanation for the major ion 
chemistry measured in the geyser well. We explore the conceptual model proposed by 
Cumming (1997) of a connate brine rising with CO2 through the carbonate strata 
underlying the aquifer. Using a pure Na-Cl brine as a starting composition, we 
simulated titration with CO2 in equilibrium with carbonate (calcite and dolomite) until we 
achieved the pC02 measured at the geyser well. Waters were allowed to be slightly 
supersaturated with respect to carbonate minerals, as is reflected in calculated saturation 
indices in geyser well samples. By adjusting brine, pH, alkalinity, and target saturation 
indices, we achieved good agreement between simulated and measured geyser well 
chemistry, as shown in Figure 11. The range of simulated values (bars) represents 
variation that would be expected due to pC02 variation alone. Models assumed brine pH 
= 12.5, brine [HC03-] = 1613., SI (calcite) = 0.8, SI (dolomite) = 0.6. Departures from 
simulated and measured values may be caused by variations other than pC02, such as 
variations in brine chemistry with time or by reactions unaccounted for in this simple 
model. 

Although there are probably other geochemical models that would be equally 
consistent with the measured water chemistry data, the very simple models we have 
tested are generally consistent with observed trends at this site and known aquifer 
mineralogy found in this area. We conclude that when CO2 diffuses through the aquifer, 
it reaches higher levels in some locations than in others due to geologic heterogeneity, 
hydrodynamic factors, and/or spatial variations in CO2 flux. Mineral weathering is 
sufficiently rapid relative to the CO2 flux rate so as to prevent pH from lowering below 
6.2 in the vast majority of samples (note: during one sampling round reported by 
Cumming (1997) somewhat lower values (down to 5.8) were reported in 3 wells). In 
contrast, when CO2 upwells along with saline water, the reactivity of the solution is low 
and mineral weathering is inconsequential. Finally, a conceptual model of CO2-rich 
connate brine flowing through and dissolving carbonate rocks below the aquifer, as 
proposed by Cumming (1997), , is quantitatively consistent with measured values of 
major ion concentrations at the geyser well. 
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Impact of C02 on trace element concentrations 

Evidence from measurements and modeling, described above, suggest that there 
are two distinct mechanisms controlling major ion and stable isotope chemistry at the 
site: I) influx of CO2and subsequent in-situ mineral weathering and 2) influx of C02­
rich saline water with relatively little mineral weathering. The two groups ofwaters can 
be easily distinguished on the basis of chloride content and carbon isotopes. Recognizing 
the difference between these two mechanisms is critical for interpretation of trace 
element concentration data, since mechanism (1) has the potential for mobilizing trace 
elements within the aquifer. This is due to increased levels of CO2and depressed pH. 
Mechanism (2) has the additional potential for transporting trace elements into the 
aquifer. By examination of trace element concentrations in the geyser well (Table 2), it 
is clear that mechanism (2) has the potential to transport trace elements into the aquifer 
from below. These elevated trace elements are either associated with the connate brine 
or with carbonate dissolution in layers below the aquifer. 

We focus on trace elements possessing known health effects and which were 
measured at significant concentrations in some of the samples: Fe, U, Pb, As, and F. 
Variations of trace element concentrations with pC02and chloride are shown in Figures 
12 and 13. Samples belonging to the two groups (defined based on chloride and carbon 
isotopes) are indicated by symbols: mechanism (1) (solid symbols) and mechanism (2) 
(open symbols). Although our sample size is too small to allow statistically robust 
comparisons, several notable trends are evident. As, U, and Pb and Fe are all 
significantly enriched in the high chloride waters; in fact, by examination of Figure 13 it 
is clear that As, U, and Pb increase linearly with chloride in this group. The highest 
concentrations were measured in the geyser well. This supports the conceptual model for 
mechanism (2): simple mixing (no reactions) between background groundwater and 
deeper brackish CO2-enriched waters, and transport of U, Pb, and As into the aquifer 
from below. For waters inferred to lie along Path 1 of Figure 4 (mechanism 1), there is 
no tendency for As, U, or Pb to increase with increasing pC02 (Figure l2). In fact, the 
lowest pC02 sample has the highest As concentration. In summary, there is no evidence 
that influx of [C02] is changing aquifer conditions so as to release U, Pb, As into 
groundwater. However, transport of these elements into the aquifer via C02-enriched 
brackish water is a significant source of all three trace elements and represents the 
greatest risk to drinking water quality at this site. 

Trends in measured iron and fluoride are distinct from those described above. 
With one exception (Well #16), concentration of fluoride tend to be negatively correlated 
with pC02. It is possible that influx of CO2, and mineral precipitation/dissolution 
reactions, is causing precipitation or adsorption of fluoride. In a previous study of 
Chimayo groundwater, Finch (2005) noted a negative correlation between CaC03 
hardness and fluoride. This suggests carbonate dissolution enhanced by C02 might be 
the causative factor. Very high F and As concentrations were measured in a very low 
pC02 well (#15). Here, the pH (8.5) is high enough to cause desorption from anion 
exchange sites for these two elements (Finch, 2005). 

Well 16 has anomalously high levels of both iron and fluoride relative to waters 
with both higher and lower pC02 values. Possibly, reactions are occurring here that are 
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unique to this site due to local heterogeneity in the aquifer. Local redox conditions might 
be affecting iron. Regardless, for these two elements it does not appear that either pC02­
induced reactions or transport into the aquifer from below is controlling concentrations in 
Chimayo groundwater. 

Conclusions and implications for monitoring at a C02 sequestration site 

From this relatively small sample size at a natural analog site, it is clear that CO2 
is upwelling via at least two pathways; one without significant entrainment of saline 
water and one with saline water. The latter pathway provides a source ofarsenic, 
uranium, and lead into the aquifer that, while significant, should not be confused with in­
situ trace element mobilization. There is no evidence in this dataset that CO2 is 
mobilizing arsenic, uranium, or lead within the shallow aquifer. Our geochemical 
modeling suggests dissolution of calcite prevents significant pH depression and may, 
therefore, inhibit trace metal mobilization. This is in agreement with reactive-transport 
modeling studies (Wang and Jaffe, 2004) which predict low or zero enhanced trace metal 
mobility in buffered, high alkalinity aquifers. 

There is some indication, however, that CO2 transport is affecting flouride 
geochemistry within the aquifer. In this environment, the C02-induced pH reduction may 
be causing fluoride to be adsorbed into aquifer sediments via cation exchange. In 
aquifers such as this one where naturally-occurring fluoride is a significant hazard 
locally, CO2has a beneficial affect on groundwater quality. There are no clear trends 
with iron concentrations, which generally tend to be very low in this oxidizing 
environment. 

There are several implications for CO2 leakage impacts. First, as is evident at the 
Chimayo site, brine that might either leak directly from the C02 reservoir or be entrained 
into the CO2 plume as it passes through rocks above the reservoir could have a much 
greater impact on shallow groundwater quality than the CO2 itself or by reactions in the 
aquifer caused by elevated CO2. As was suggested by Kharaka et al. (2006), 
consideration of brine co-leakage and/or generation through CO2-induced dissolution 
should be an important element of risk assessment. Second, there are a number of factors 
that could mitigate the impact ofCO2 leakage on shallow groundwater quality and thus 
make the CO2 leak difficult or impossible to detect. These include 1) simple mixing and 
dilution of C02jmpacted groundwater with ambient groundwater, 2) pH buffering 
reactions such as calcite dissolution and/or silicate mineral weathering, 3) limited trace 
metal availability in aquifer minerals, and 4) trace metal scavenging by secondary 
mineral precipitation. Evaluating the potential importance of the first mechanism, 
mixing, will require knowledge of the possible mechanisms of leakage (diffuse or 
focused), the relative magnitude of the leakage flux and ambient groundwater fluxes, and 
some understanding of local groundwater flow dynamics. Simple calculations and 
relatively inexpensive site characterization could be very useful for this purpose. 
Evaluating the potential importance of the buffering reactions due to mineral weathering 
should also be relatively easy to assess with limited site information. The last two 
geochemical factors will be very difficult to evaluate without very detailed, site-specific 
geochemical characterization and even then, the predictive capacity of models may not be 
adequate for risk assessment purposes. Fortunately, if the first two factors can be shown 

Keating et al 1114/2008 Page 11 of15 



to lessen the risk, as appears to be the case in the Chimayo aquifer system, there may be 
no need to address the more complex and inherently site-specific geochemistry. 
Conditions favorable for pH depression include a lack of buffering minerals, hydrologic 
conditions that inhibit mixing and dilution of high C02 water (spatially focused, high­
flux CO2), and aquifer heterogeneities that can trap CO2-enriched water locally and 
inhibit rapid degassing to the vadose zone. If these conditions exist, very detailed site­
specific characterization and monitoring will be critical for any meaningful risk 
assessment. 
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Table 1. Major Ion concentrations (mgtl) 

Well Ca CI Fe HC03 K Mg Mn Na N03 Si02 S04 TOS pH pCOl 
17 527.2 647.5 1.71 2975.0 40.4 207.2 1.546 1141.5 <0.01 76.4 259.0 5890.8 6.4 0.0 
3 122.6 22.0 0.02 500.2 3.8 21.4 <0.001 13.4 1.0 18.7 14.2 721.4 7.0 -1.3 
1 74.2 5.3 0.01 289.0 1.9 5.6 0.090 8.2 1.3 17.0 8.9 412.6 7.0 -1.6 
2 105.2 72.5 0.01 670.0 4.0 10.3 0.289 145.0 1.5 20.8 106.0 468.1 6.4 -0.6 
5 179.5 22.1 0.26 1096.0 6.3 33.1 0.716 116.4 <0.01 29.2 43.7 1535.2 6.5 -1.1 
7 135.2 23.1 0.04 703.0 5.2 22.4 0.004 75.5 3.3 23.9 49.4 1046.0 6.9 -1.1 
8 91.8 11.4 <0.01 371.0 1.5 10.5 0.001 18.3 3.1 27.2 15.7 554.7 7.1 -1.7 
6 127.4 12.6 0.01 549.9 3.1 15.9 <0.001 26.3 1.0 16.8 17.9 775.2 6.8 -0.5 
4 85.2 7.7 0.03 403.0 3.1 14.8 0.053 22.1 0.4 15.7 20.3 575.2 7.1 -1.5 
9 314.2 372.0 <0.01 1903.0 16.0 57.0 1.692 602.6 1.0 60.8 261.0 2961.8 6.3 -0.1 
10 86.2 14.4 <0.01 387.7 1.7 6.2 0.003 39.8 2.6 37.0 28.0 560.7 7.4 -1.9 
11 98.3 10.6 <0.01 380.2 1.8 8.0 0.004 16.2 3.6 19.2 14.9 525.3 7.2 -1.7 
12 74.3 11.8 0.01 336.5 2.1 8.0 0.101 24.8 0.1 23.6 16.8 470.3 6.8 -1.3 
13 86.2 3.4 <0.01 356.5 1.1 10.4 0.012 12.2 1.6 28.1 9.3 495.9 7.3 -1.8 
14 99.6 15.2 <0.01 382.0 1.6 11.1 0.003 18.9 4.7 26.7 18.0 542.2 7.7 -2.1 
15 6.7 33.2 0.03 178.7 0.7 0.2 0.003 94.0 5.6 12.4 49.6 301.1 8.5 -3.3 
16 308.0 279.3 <0.01 1377.9 11.8 30.9 2.460 435.1 0.1 47.6 232.7 2217.6 6.3 -0.2 

• calculated using PHREEQC 



Table 2. Trace element concentrations (mgtl) 

Well Ag AI As B 
17 0.002 <0.002 0.019 1.593 
3 <0.001 0.006 0.001 0.027 
1 <0.001 0.010 0.000 0.026 
2 <0.001 0.027 0.002 0.127 
5 <0.001 0.019 0.001 0.115 
7 <0.001 0.016 0.002 0.081 
8 0.002 0.011 0.002 0.072 
6 0.001 0.011 0.003 0.048 
4 <0.001 0.008 0.000 0.031 
9 <0.001 0.035 0.007 0.582 
10 <0.001 0.001 0.003 0.032 
11 0.005 0.011 0.001 0.016 
12 <0.001 0.003 0.000 0.024 
13 <0.001 0.001 0.001 0.020 
14 0.002 0.004 0.002 0.022 
15 0.003 0.003 0.014 0.133 
16 <0.001 0.007 0.002 0.434 

Table 3. Stable isotope concentrations 

Well ljO (%0) lj1BO (%0) 
17 (water) 4/2007 -91.91 -11.41 

17 (water) 19973 

17 (gas) 19973 

7 7/2008 -87.14 -11.32 

8 7/2008 -87.01 -11.87 
6 7/2008 -86.20 -11.67 
4 7/2008 -84.54 -11.642 

Cu 
<0.05 
0.028 
0.025 
0.078 
0.002 
0.009 
0.392 
0.161 
0.004 
0.122 
1.044 
0.108 
0.011 
0.006 
0.272 
0.058 
0.013 

F 
<0.01 
0.385 

0.250 
2.120 
1.570 
1.250 
0.710 
0.738 
0.376 
1.629 
0.845 
0.959 
0.923 
0.955 
6.595 
3.848 

Pb 
0.0104 
0.0002 

<0.0002 
0.0025 

<0.0002 
<0.0002 

0.0002 
0.0025 

<0.0002 
0.0033 
0.0005 
0.0020 
0.0001 
0.0001 
0.0014 
0.0013 
0.0001 

Ni 
<0.05 
0.004 
0.003 
0.005 
0.009 
0.005 
0.004 
0.006 
0.004 
0.075 
0.012 
0.007 
0.005 
0.006 
0.007 

<0.001 
0.021 

Sr 
7.649 
2.710 
0.550 
0.776 
2.877 
1.944 
1.152 
1.968 
1.667 
3.088 
0.537 
0.818 
0.649 
0.878 
1.056 
0.169 
2.468 

U V Zn 
0.157 <0.05 0.043 
0.023 0.010 0.021 
0.004 0.009 0.003 
0.045 0.022 0.080 
0.014 0.019 0.064 
0.044 0.020 0.083 
0.016 0.012 0.054 
0.016 0.016 0.153 
0.029 0.010 0.058 
0.048 0.058 0.769 
0.013 0.014 0.223 
0.012 0.014 0.205 
0.013 0.009 0.018 
0.028 0.015 0.060 
0.015 0.017 0.275 
0.033 0.020 0.028 
0.015 0.039 0.012 

Ba 
<0.05 
0.701 
0.394 
0.074 
0.141 
0.147 
0.277 
0.652 
0.178 
0.035 
0.232 
0.374 
0.137 
0.339 
0.542 
0.025 
0.041 

lj13C (%0) 
3.82 

-0.55 
-7.11 
-4.22 

·12.5 
-8.82 

-12.42 

Cr 
<0.05 
0.031 
0.003 
0.013 
0.009 
0.006 
0.003 
0.005 
0.004 
0.031 
0.005 
0.005 
0.004 
0.005 
0.005 
0.006 
0.022 



9 7/2008 -90.34 
10 7/2008 -84.30 
11 7/2008 -86.52 
12 7/2008 -87.95 
13 7/2008 -84.59 
14 7/2008 -88.77 
15 7/2008 -97.28 
16 4/2007 -90.99 
16 7/2008 -91.37 

laverage of three replicates 
2average of two replicates 
3Cumming (1997) 

-11.20 
-11.37 
-11.76 
-11.96 
-11.47 
-11.92 
-12.85 
-11.571 

-11.492 

4.32 
-11.18 
-11.53 
-6.87 
-12.59 
-12.312 
-8.95 
0.97 
5.36 
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Figure 1. Two types of natural analogs a) CO2 rises with deep water along a fault and forms a CO2-rich 
spring b) CO2 rises with deep water along a faults and diffuses into shallow aquifer water. CO2 
degasses at springs and also along the water table to the vadose zone. 
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Figure 2. Map of Chimayo showing surface geology and well locations. (Koning et aI., 2002; Koning, 
2003) 
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-80.00 

-82.00 

-84.00 

-86.00 

~ 
~ 

-88.00 
0 
Q -90.00 
..!. 
Q) 

"'C -92.00 

-94.00 

••• 

• • • 
• • • 

0 
0 

00 

-96.00 -I 
-98.00 • 

-100.00 

-13.00 -12.50 -12.00 -11.50 -11.00 

de118001% 

Figure 7. Variation in ~180 %0 and 000/00 in Chimayo groundwater. World meteoric line is shown for comparison. 
Open symbols ([Cl ]> lOOmg/l); closed symbols ([Cl ] < 100mgil). 



700 

<> 
600 

<> 
500 

E" 400 
<> ~ 

(3 300 
<> 

200 

100 , ...• ,-~
0 

a 


Figure 8. Variation in a) CI and b) pC02 with 
respect to (513C in Chimayo groundwater. Open 
symbols ([CI ]> lOOmgll); closed symbols ([CI ] < 
lOOmg/I).-20 -15 -10 -5 o 5 10 

del-13-C 

0.50 

,Y,
0.00 J •• ,, 00 

,0' 0 , b 
,,-{I.50 -l ,• , , 

,,, 

. , 
, 

, 

• 
-1 .00 , 

,, • ,ao -1.50 
Q. "". 

" .-2.00 ,. , " ...' 

-2.50 

-3.00 

• 
-20 -15 -10 -5 0 5 10 

del-13-C 

-3 .50 



• • • • •• 

300 I 9.0 I • 

8.5250 ~ I 

50 ~ ~ • • 
5.5 

0 I, ~ -------- !!I! - -, - - - - . - - - - - - - -, - - - . 
5.0-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 

-3.5 -2.5 -1.5 -0.5 0.5
pC02 

pC02 

Fig. 9. PHREEQC simulations of background waters reacting with CO2 in equilibrium with 
calcite compared to measured values ofpC02, pH, and Ca for all groundwaters with [CI] < 
100 mg/1. Solid lines are Model A, dotted lines are Model B. Blue symbols are data 
reported by Cumming (1997); green symbols are data collected in this study. 

200 

-
=a, 
.§.. 150 
ca u 

100 

• , 
8.0 •~ 7.5• ·1Ii ..:a 7.0 .. "''II. 

.' ....,..,,• ::j
• 



700 _I jU 

• 
600 ~ 1 85 800i:: . :. 

. . .' . 8.0 
~ . ~. . 

• 7.5 

400 ~ )' ~400'il: . ,' • • E 
§. . . :.. 7.0 i -; 
[j '. ,' c.> 300 
~Oa. 6 

b. l:l. • 6.5 

I 200 

200 i .f 6 • 


6.0 •
../ I 100 


l00 ~ ./ .. .. .... 


5.5 .0 I ....-=---: ­
5.0 -3.5 -3.0 -2.5 -2.0 -1 .5 -1.0 -0.5 0.0 0 .5 

-3.5 -3.0 -2 .5 -2.0 -1. 5 

pC02 

·1.0 -0.5 0 .0 0 .5 
pC02 

a b 

Fig_ 10. PHREEQC simulations of background waters mixing with CO2 and saline water 
(represented by the geyser sample) compared to water samples with [CI]>100 mg/l. Solid 
lines represent mixing and aqueous reactions; dotted lines include calcite dissolution. Blue 
symbols are data reported by Cumming (1997); green symbols are data collected in this 
study. a) measured pH (triangles) and simulated pH (pink lines), measured [CI] (diamonds) 
and simulated [CI] (blue lines); b) measured and simulated [Ca] 



90.0 

080.0 
0

70.0 0 

- I 
6.9 

"""- 60.0U) 

! 
0CI) 6.7- 00 50.0 ' ~E 6.5E 40.0 

30.0 1 6.3 
1__ . 

20.0 

10.0 • ~ pH 

0.0 

Ca CI CO2 HC03 - Na 

Figure 11. Measured concentrations of major ions in the geyser well (open symbols). Range 
of simulated values (bars). 



7 

61 
• F 

5 

4 ~ . ...... . ........ .. . . ... . . . . . .. .. .. . . .. .. . ..... . . ............ ¢ .............. . 

3 

2 ••..... • 

• •• 0o ~--------------~~--LI____________ 00 

-3.5 -3.0 -2.5 -2.0 -1.5 -1 .0 .{l.5 0.0 0.5 

pC02 

45 


40 <>

Fe 

35 
<> 

30 
<>25 


20 


15 


10 <> 

5 

<> 
0 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 .0.5 0.0 0.5 

pC02 

0.012 

0.010 Pb 	 <> 

0.008 

0.006 

0.004 

• ---	
<> 

0.002 , •
• 	 ­
0.000 	 III • . <:> 

0.020 ~--------------------=--~ 
o

0.018 

As0.016 

0.014 l • 
0.012 .1 

0.010 ~ .... ..... ...... . .. .. .. . .. . ...... .. ............ .. . . . ........ . . . ....... . ... ........ . .. . 


0.008 o 
0.006 

0.004 

0.002 J 
0.000 

• -; I=. . .­ 0 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -D.5 0.0 0.5 

pC02 
0.18 1 - - - - - - - ---- -------- - ---­

u0.16 o 
0.14 

0.12 

0.10 

0.08 

0.06 

::: l·· ····· · ··················~··~·~·,·:······ · ·~·;;~ ··· ······· · 1 

0.00 	 ' :II . . 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -D.5 0.0 0.5 

pC02 

Figure 12. Trace element concentrations, in mg/l, in 
relation to calculated pC02. Closed squares are low CI 
waters ( < 100 mg/l ); open diamonds are relatively high 
CI waters. Dotted lines indicate EPA primary drinking 
water standards (Pb and Fe are off-scale). 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 .{l.5 0.0 0.5 

pC02 



7 TI---------------------------------------------------------,

• 

6 F 
5 


4 i" ······ · ··· · · ·· · ·· · ··· ··· ·· · ··· ·0· ··· · · · . . ....... . . . .. . .. .. .. .... ... .. . . ..... ... . .. . 


3

:l• • 0 
0 

0 100 200 300 
CI 

400 500 600 700 

45 

40 0 

35 Fe 0 
30 

0 0 
25 

20 

15 

0 

': j
o LE 0 

<> 0, 0 , ° ~O ~ 

o 00 

0 

0 100 200 300 400 500 600 700 

CI 
0.012 

0.010 J Pb 0 

0.008 

0.006 

0.004 -I 

• 	
0 

0.020 
o 

0.018 As
0.016 

0.014 • 
0.012 

0.010 

0.008 o 
0.006 

0.004 

0.002 	 o• 
0.000 

0 100 200 300 400 soo 600 700 

CI 
0.18 - - - - ------------ ­1 
0.16 ou0.14 

0.12 

0.10 

0.08 

0.06::::!..·uuuu.uu.u.. uu .. ~.. uu ... o ..... uu .... u .... uu.uu .. u.. uu. j 
0.00 . . , , . ' 

o 100 200 300 400 500 600 700

CI 

Figure 13. Trace element concentrations, in mg/l, 
in relation to [CI] (mg/l) Closed squares are low CI 
waters ( < 100 mg/l); open diamonds are relatively 
high CI waters. Dotted lines indicate EPA primary 
drinking water standards (Pb and Fe are off-scale). 

' ..2 ,. 

0.000 	 <> 
100 200 300 400 SOO 600 7000 	

CI 



co 
·c

 
Q

) 
~
 

co 
E

 

~
 

co 
~
 

c Q
) 

E
 

Q
) 

c.. 
c.. 
:::J 

en 



en 
c o 

:;:::; 

~
 

+
-
' 

C
 

Q
) 

o c o u E
 

~.­c ~
 

:::> 



en 
c o.­..... 

~
 

..... 

c (]) 
(
)
 

c o (
)
 

(
)
 

c (]) 
en 
« L

.. 



c; 
N

 
I 

~
O
 

_
N

O
O

 
_ 

E
 8 

0
:5: 

0 
-
.9

 
/
'
 

'''''' 
O
N
~

.0
 

0
0

 
a.. 

-
~
 

0 
0

0
0

 

\ 

0 • 
• 

I( 
,.

) 

) ) 
S' 

C~ 
o 

en 
c 
.0.... 
~
 

.... 
c Q
) 

(.) 
c o (.) 

"'C
 

CO 
Q

) 
.....J 



\. / 

/

\ 
/ 

! 

( I 
) 

! 
\ 

J
) 

( 
) 

", 
.
/
 

' 

) E
 ..... 

N
 
~
 

l"­

§: 
.g 

.g .g 
.g 

;:-O
 ..... 
N
~
 

C
) • 

• 
• 

. 
. 

-( 
\ 

~
,
 

\ 
\ 

\'­
f 

/
l 

\ 
, 

-. 
) 

\ 

o 

o 

en 
c o 

+
:i 

rn 
~
.... 
c Q

) 
(
)
 

c o (
)
 

Q
) 

"'C
 

"C
 

:::l 
o 
u.. 



700 ~--------------------------------~I 

Temporal variation in four wells. Older 
CI (mg/l) data are taken from Cumming (1997); 6 


recent data are from this study 

600 

o 
o 
o o 1995-1996 

o500 


6 2008 

o 
@ 

400 

6
6 


300 


~ 

200 


o 

100 ­

o I ~ 
Jaramillo Roberts Lamb Geyser well 



7.50 

7.30 1 

7.10 j 

pH 

0 

o 1995-1996 

6. 2008 

6.90 

6.70 1 

6­
0 
0 

0 
0 

0 

6.50 l 

6.30 I 

6.10 1 

~ 

0 

8 

6­

6­

0 
0 

0 

0 

5.90 -I 
0 

5.70 1 

5.50 J 

0 
4200 j HC03- (mg/l) 

@ 

3700 

3200 ­

6­

2700 

2200 

6­
0 

1700 

8 ~ 
01200 1 

6­

00 


0
700 I 
6­

8 
200 

Jaramillo Roberts Lamb Geyser well Jaramillo Roberts Lamb Geyser well 




