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ABSTRACT: Continued global use of fossil fuels places a premium on developing
technology solutions to minimize increases in atmospheric CO2 levels. CO2 storage in
reactive basalts might be one of these solutions by permanently converting injected gaseous
CO2 into solid carbonates. Herein, we report results from a field demonstration in which
∼1000 metric tons of CO2 was injected into a natural basalt formation in eastern Washington
state. Following post-injection monitoring for 2 years, cores were obtained from within the
injection zone and subjected to detailed physical and chemical analysis. Nodules found in
vesicles throughout the cores were identified as the carbonate mineral, ankerite
Ca[Fe,Mg,Mn](CO3)2. Carbon isotope analysis showed the nodules are chemically distinct
compared with natural carbonates present in the basalt and in clear correlation with the
isotopic signature of the injected CO2. These findings provide field validation of rapid
mineralization rates observed from years of laboratory testing with basalts.

■ INTRODUCTION

In November 2015, leaders from 195 nations gathered in Paris
at the United Nations Climate Change Conference, COP21, to
forge an international agreement on emission cuts and other
actions through 2030.1 Achieving these goals is a very complex
problem, and a mix of solutions is required, including
innovative technologies, enhanced conservation measures, and
modifications to social behaviors that can lead to a global
energy transformation.
The concept of carbon capture and sequestration (CCS) is

one emerging technology in a suite of mitigation strategies. The
idea involves capturing CO2 from anthropogenic point sources
and injecting it into subsurface geologic formations for
permanent storage.2 It is a method that allows continued
accrual of societal benefits from the use of cheap and abundant
fossil fuels while helping to lower the maximal CO2

concentration our planet will experience over the balance of
this century.3 If CCS becomes a key part of a comprehensive
energy policy, the availability of regional and local deployment
options is needed. Expanding options for CCS has been the
principal motivation behind years of scientific research
investigating the potential of continental basalt provinces to
serve as storage reservoirs for anthropogenic CO2.

4−6 The
ability of basalts to rapidly convert CO2 into a solid carbonate
mineral has been proven in the laboratory.7,8 Mineralization of
CO2 inherently attractive because once converted to carbo-
nates, the CO2 cannot escape to potentially impact shallow
aquifers or return to the atmosphere. However, there is ample
evidence in the geochemical literature to temper enthusiasm
about laboratory observations of rapid geochemical reactions as
these often prove to be orders of magnitude faster than
reactions that actually occur in the field.9−11 Field testing is

realistically the only way to ascertain how relevant laboratory
mineralization rates are to in situ conditions.
Currently, there are two field tests ongoing evaluating

injection of CO2 into basalts.12,13 The CarbFix project in
Iceland injected CO2 predissolved in water, whereas the
Wallula Basalt Pilot Project located in eastern Washington
state was always planned around injection with conventional
pressurized liquid CO2. There are pros and cons for each
approach that have been previously discussed.12,14 The most
recent findings from the CarbFix project suggest 95% of the
injected CO2 was converted to carbonate minerals in <2
years.15 We report here on findings after post-injection
monitoring for 2 years on the Wallula Basalt Pilot Project.

■ MATERIALS AND METHODS

X-ray Diffraction (XRD), Scanning Electron Micros-
copy with Energy-Dispersive X-ray Spectroscopy (SEM−
EDS), and X-ray Microtomography (XMT). Whole sidewall
cores, collected pre-CO2 (856.7 m) and post-CO2 injection
(856.5 and 857.1 m) within the Grand Ronde Formation, were
imaged with a real time XMT system (Northstar Imaging Inc.).
Carbonate nodules removed from the sidewall cores were
crushed, mounted into a glass capillary tube, and characterized
on a D8 Discover X-ray diffractometer. Cross sectional
chemical profiles of polished epoxy-mounted carbonate nodule
sections were obtained from a dual-beam scanning electron
microscope equipped with an EDX detector that was used for
qualitative analysis. More experimental details on each
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characterization technique are provided in the Supporting
Information.
Nano Secondary Ion Mass Spectrometry (NanoSIMS).

The NanoSIMS analyses were performed over three separate
analytical sessions with two sessions devoted to oxygen isotopes
and one session devoted to carbon isotopes. The sample was
presputtered with an ∼2 nA, 16 keV Cs+ primary beam using a
25 μm × 25 μm raster followed by automatic centering of the
secondary beam in horizontal and vertical axes and automatic
centering of EOS. An electron gun was used for charge
compensation. Secondary ions (16O− and 18O−, or 12C− and
13C−) were collected in dual Faraday cup detectors with a 20
μm × 20 μm raster for 40 × 5 s integrations. Three to eight
unknowns were bracketed by seven or eight standard analyses.
The internal precision averaged 0.3‰ (1σ) for oxygen isotopes
and 0.7‰ for carbon isotopes. The external precision for the
standard analyses was 0.14 and 0.3‰ for the oxygen sessions
and 0.6‰ for carbon isotopes. δ18O and δ13C are reported
against VPDB. More experimental details on the sample
preparation are provided in the Supporting Information.

■ RESULTS AND DISCUSSION

A CO2 injection well was drilled in 2009 into the Columbia
River Basalt (CRB) at the Wallula pilot site to a total depth of
1253 m. Extensive hydrologic characterization during the
drilling activity identified a 59 m interval as the candidate
injection zone between 828 and 887 m bgs. The injection zone

contains three flowtop/interflow zones (zone 1, zone 2, and
zone 3) separated by dense impermeable flow interiors.12 The
upper two interflows lie within the Indian Ridge member, and a
bottom interflow section is part of the Ortley member, all
situated underneath the massive Umtanum member of the
Grande Ronde basalt. The geophysical density survey, which is
a diagnostic logging tool for distinguishing porous, low-density
basalt flow tops from low-permeability, higher-density basalt
flow interior sections, identified distinct density boundaries
(Figure 1) that often exceeded 0.5 g/cm3. Transmissivity values
in these permeable interflows ranged between 0.69 and 1.8 m2/
day, with ∼90% coming from the upper injection zone, zone
1.12 As a benchmark, formation water saturation data were
collected and used as a baseline for post-CO2 injection
measurements. The preinjection formation temperature and
pressure were ∼36 °C and ∼77 bar, respectively.
A series of reservoir tests was conducted in the open

borehole section, including hydrologic pump tests and
groundwater sampling that confirmed the integrity of the
overlying basalt flow interior sections to prevent vertical
migration of buoyant CO2 out of the injection zone. On the
basis of these findings, a permit was issued by the State of
Washington allowing injection of up to 1000 metric tons (MT)
of CO2. Injection occurred during a 3 week period that
concluded in August 2013. Daily injection rates were limited to
40 MT/day to maintain injection pressures within 30% of
hydrostatic reservoir conditions.12 Because CO2 was stored
locally in chilled tanks, the CO2 was preheated to 44 °C before

Figure 1. Detailed characteristics of well bore properties over the duration of the project. (A) Basalt stratigraphy, well bore schematic, water
sampling depths, sidewall core locations, formation density survey (grams per cubic centimeter), time-lapse water saturation survey before and after
CO2 injection (cu), and borehole temperature profile survey (degrees Celsius). (B) Groundwater chemistry obtained from preinjected formation
water, postinjected water (four separate samplings), and water used to flush the borehole after injection.
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being pumped into the well to prevent thermal shock in the
well bore and injection zone. This did, however, introduce a
small but easily detectable thermal anomaly. A downhole
temperature survey collected 20 hour post-injection shows a
strong deflection above in situ conditions in zone 1, a smaller
deviation in zone 2, and essentially no change in zone 3 (Figure
1). The temperature depth profile is thus diagnostic of where
the warm CO2 was flowing with the largest temperature
increase correlating to greater penetration of CO2 into zone 1,
consistent with the higher permeability measured for this zone.
The persistence of this thermal profile was confirmed in two
additional post-CO2 injection temperature surveys (9 and 22
months). Further evidence of CO2 disposition was acquired
through a series of time-lapse borehole logging surveys
measuring changes in fluid and formation characteristics. The
neutron capture cross section survey tool revealed significant
deviations related to injection zone fluid composition. The
baseline survey conducted in 2009 was consistent with a
formation saturated with water (Figure 1), whereas the post-
CO2 injection survey indicated CO2 replaced pore water in
zone 1 (75−90%) and zone 2 (40%); no detectable changes to
pore fluid were observed in zone 3.
A time-lapse series of discrete groundwater samples obtained

from specific depths following the injection of CO2 were
compared to those initially collected in 2009 (Figure 1). As
expected, significant changes to the groundwater chemistry
occurred following CO2 injection. On average, the total
dissolved solids measured for the pre-CO2 injection fluid
ranged between 149 and 170 mg/L. However, following
injection, measured readings exceeded 40 times the original
value; alkalinity values trended similarly. Major cation
concentrations (Ca, Fe, Mg, K, and Na) were several orders
of magnitude above pre-CO2 injection concentrations. Geo-
chemical calculations7 using the fluid chemistry, formation
pressure, and temperature show carbonate minerals such as
calcite and dolomite as being supersaturated under reservoir
conditions.
Closure of the Wallula pilot well was scheduled in the late

summer of 2015, and planned activities prior to closure
included retrieval of ∼50 sidewall cores (SWC) within the
injection zone for comparison to SWCs collected preinjection.
Visual characterization of SWCs, particularly those positioned
within zone 2, identified light-colored opaque globular deposits
measuring ∼0.1−1 mm in diameter (Figure 2) not previously
observed in CRB samples. X-ray microtomographic images
showed these nodular deposits existed throughout the SWC
within vugs and voids (Figure S1).
Several accessible nodules were extracted from SWC 857.1 m

(stratigraphically below the SWC shown in Figure 2) and
subjected to structural, chemical, and isotopic analysis.
Texturally, the nodules are circumgranular with a complex
fabric of sequenced right-angle particles faceted to the surface.
Ankerite, Ca[Fe,Mg,Mn](CO3)2 (Figure S2), was identified as
the sole crystalline component, which is a naturally occurring
carbonate mineral that belongs to the dolomite group. Ankerite
was previously identified as a secondary reaction product in our
laboratory studies where similar CRB samples were reacted
with supercritical CO2 (scCO2) and water.16 Additionally, an
examination of available drill cuttings and SWCs retrieved in
2009 revealed several broken carbonate mineral fragments in
drill cuttings and a brecciated calcite (Figure S2) vein, but no
carbonate nodules comparable to those in the post-CO2
injection SWC sample were identified.

Chemical profiles obtained from cross sections of three
separate nodules extracted from SWC 857.1 m indicate a
systematic variation in Ca and Fe, and to a lesser extent Mn.
The largest nodule, with a diameter of ∼400 μm, was bisected
to reveal a second smaller nodule adjoining the top (Figure S3).
Chemically, the core of the main nodule is rich in Ca
[Ca0.62Fe0.24Mn0.14(CO3)2], whereas Fe dominates regions
≥200 μm from the center [Ca0.34Fe0.63Mn0.01(CO3)2]. Con-
centrations of Mn mirror changes observed in Ca content.
Although detected only in the outer sections of the nodule
rims, Mg concentrations tended to trend opposite that of Mn
but never reached concentrations of >0.5 wt %. The adjacent
smaller nodule with a cross sectional profile higher up in the
particle, evident by the static amounts of Ca and Fe across the
profile, closely matched the rim chemistry of the main particle
[Ca0.34Fe0.63Mn0.01(CO3)2]. The remaining two nodules exam-
ined were sectioned off center and therefore did not provide a
profile through the core. However, their chemical trends pair
well with the nodule in Figure S3. Overall, these ankerite
nodules provide a chemical map of sorts that reflects a rapidly
evolving pore fluid environment as the basalt reacts with
CO2-charged water. Similar chemically zoned carbonate
reaction products were identified in our laboratory studies
where CRB is reacted with water and scCO2.

7 In contrast,
comparable data obtained from the natural calcite vein
extracted from SWC 586.1 m indicated pure Ca with no
measurable cation substitution.
The distinct differences observed in the crystal structure and

elemental composition of the SWC carbonate nodules
compared to those of the calcite naturally occurring in the
basalts are indicative but not conclusive proof of formation
from injected CO2. Consequently, the nodules were subjected
to detailed isotopic composition analysis. δ18O and δ13C ratios
were determined for (1) preexisting natural carbonates in the
basalt, (2) injected CO2, and (3) groundwater samples.12

Isotopic analyses (see Materials and Methods and Table S1)
were conducted on three individual nodules and a subsample of
the calcite vein obtained from SWC 856.7 m retrieved in 2009
(C and O isotope ratios reported relative to the Vienna Pee

Figure 2. Sidewall core taken from the injection zone (856.5 m) of the
Wallula Basalt Pilot Well 24 months after CO2 injection. Similar
nodules from other depths were identified by X-ray diffraction as
ankerite, Ca[Fe,Mg,Mn](CO3)2, a naturally occurring carbonate
mineral.
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Dee Belemnite standard). On the basis of 21 data points
extracted from three individual ankerite nodules, the average
δ18O value was 22.47 ± 2.32 ‰; the average δ13C value, based
on nine data points, was −37.72 ± 2.11‰. The δ18O average
value for calcite was similar (−21.1 ± 0.58‰), but the δ13C
content (+15.8 ± 0.99‰) was disproportionately enriched by
comparison. Figure 3 best illustrates differences in δ18O and

δ13C ratios determined for samples obtained post-CO2
injection and those representing formation under natural
conditions (preinjection). Enriched δ13C values affiliated with
carbonates from pre-injection well bore cuttings are plotted
adjacent to natural calcite values and do not cluster with
observed δ13C groupings from post-CO2 injection samples.
Discrete time-lapse groundwater samples are notably depleted
of 13C (−40 and −30‰); outgassed CO2 from formation
waters is more deficient in 13C by comparison, and δ13C values
for injected CO2 (−36.3 ± 0.09‰) are similar. Most notable is
the correlation between δ13C values obtained from the ankerite
nodules and the injected CO2, indicating a common source.17

Altogether, the evidence is conclusive; the isotopic composition
of carbon and oxygen in the ankerite precipitates is distinct
from that of the naturally occurring carbonates in the basalt and
so could have formed only from the injected CO2.
A nominal 1000 MT scCO2 injection into the Columbia

River basalt formation in eastern Washington state was
performed. Two years post-injection, core samples extracted
from the injection zone showed that carbonate nodules had
formed in vugs and veins in the basalt around the injection well.
Isotopic analysis of the carbonates conclusively showed the
carbonates were derived from the injected CO2. Moreover,
progressive enrichment of the carbonates in Fe and Mn over
time can occur only from dissolution of the primary minerals
and glassy mesostasis in the basalt. The progressive enrichment
of Fe and Mn in the carbonates formed in the Wallula field test
is virtually identical to observations made over several years of
laboratory testing with Columbia River and other basalts. As
such, these results validate the finding that rapid rates of
mineral carbonation are derived from basalt dissolution and not
just dissolution and reprecipitation of naturally occurring

calcite. That is perhaps the most important conclusion yet
from the Wallula pilot test and supports assumptions we made
over a decade ago6 about the participation of the entire basalt
rock mass in the carbonation reactions, which is necessary to
achieve the volume and sustained rates of mineral trapping
envisioned for any commercial-scale CO2 storage project in
basalts.
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