CO2 diffusion into pore spaces limits weathering rate of an
experimental basalt landscape
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ABSTRACT
Basalt weathering is a key control over the global carbon cycle,
though in situ measurements of carbon cycling are lacking. In an
experimental, vegetation-free hillslope containing 330 m3 of ground
basalt scoria, we measured real-time inorganic carbon dynamics
within the porous media and seepage flow. The hillslope carbon flux
(0.6–5.1 mg C m–2 h–1) matched weathering rates of natural basalt
landscapes (0.4–8.8 mg C m–2 h–1) despite lacking the expected fieldbased impediments to weathering. After rainfall, a decrease in CO2
concentration ([CO2]) in pore spaces into solution suggested rapid carbon sequestration but slow reactant supply. Persistent low soil [CO2]
implied that diffusion limited CO2 supply, while when sufficiently dry,
reaction product concentrations limited further weathering. Strong
influence of diffusion could cause spatial heterogeneity of weathering even in natural settings, implying that modeling studies need
to include variable soil [CO2] to improve carbon cycling estimates
associated with potential carbon sequestration methods.

Wolff-Boenisch et al., 2006). Lower field weathering rates have been
attributed to reduced reactive surface area caused by differences between
laboratory and field rock matrices, including properties (in the latter)
such as preferential hydrologic flow paths, lower reactive mineral-water
interface in structured soils, passivation of primary mineral surfaces by
secondary mineral coatings, and localized (pore-scale) variation in chemical affinity (Anbeek, 1993; Evans and Banwart, 2006; Ganor et al., 2007;
Li et al., 2008; Navarre-Sitchler and Brantley, 2007). Recent thermodynamic analysis suggests that runoff and reaction product concentrations along the flow path limit weathering at field scales (Maher, 2011).
Although studies have sought to reproduce rate-limiting field conditions
in the laboratory, none have attempted to extend well-controlled laboratory conditions to the field scale.
In this study, we set out to observe, in situ and in real time, incipient weathering of basaltic porous media, without vegetation, at a fieldappropriate scale. We measured pore-space CO2 concentration ([CO2])
(used to infer CO2 removal from the atmosphere), inorganic C content in
pore water, and subsequent discharge in seepage water (Fig. 1), which
approximated the terrestrial carbon flux to fluvial systems. We hypothesized that a well-controlled, large-scale experiment in complex (but

INTRODUCTION
It is widely accepted that CO2 uptake during weathering of silicate
rock balances the CO2 produced during volcanic degassing (Berner and
Kothavala, 2001), yet significant uncertainty remains about the role of
key controls over weathering reaction rates: climate, lithology, and erosion (Dupré et al., 2003; Kump et al., 2000). Basalt plays a large role
in the regulation of atmospheric CO2 attributable to the rapid dissolution—in comparison to other rock types—of its main constituents, such
as volcanic glass, olivine, pyroxene, and plagioclase (Berg and Banwart,
2000; Gysi and Stefansson, 2012; Oelkers and Schott, 2001; Stockmann
et al., 2011). In fact, CO2 consumption associated with basalt weathering has stimulated recent geoengineering proposals to distribute basaltic
minerals across landscapes as a means to draw down atmospheric CO2
(Hartmann et al., 2013).
Measurement of watershed chemical discharges (Bouchez and Gaillardet, 2014; White, 1995) indicate basalt weathering rates orders of
magnitude lower than those reported for laboratory experiments with
fresh basaltic media (Gislason and Oelkers, 2003; Gislason et al., 2009;
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Figure 1. Conceptual drawing of carbon flow in Landscape Evolution
Observatory hillslopes (Arizona, USA). Black arrows show flow of
carbon through whole hillslope. Small inset depicts flow of carbon
into soil pore space, where CO2 dissolves into soil water. kH—Henry’s
law constant; aq—aqueous; T—temperature; DIC—dissolved inorganic carbon.
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model) terrain would help to resolve mechanisms that decrease weathering rate at larger scales. More generally, our experimental design enabled
us to directly quantify the CO2 flux from the atmosphere to river water in
active weathering systems without vegetation.
METHODS SYNOPSIS
The Landscape Evolution Observatory (LEO) experimental hillslopes at Biosphere 2, near Tucson, Arizona (USA) (Gevaert et al., 2014;
Pangle et al., 2015), consist of three identical convergent model landscapes (one of which was available for this experiment; Fig. DR1 in the
GSA Data Repository1), each comprising 330 m2 of land-atmosphere
interfacial area underlain by 100 cm of loamy sand-textured basalt with
porosity of 37% and bulk density of 1.5 g cm–3. The resulting mineral
specific surface area is 0.92 ± 0.05 m2 g–1 (measured by N2 BET [BrunauerEmmett-Teller]; see the Data Repository), and the hillslope contains a total
of ~525 Mg of ground basalt scoria with the solid phase being dominated
by volcanic glass (see Table DR1 in the Data Repository).
We measured water and carbon flow from January to May of 2013
while we conducted five rain experiments on the slope. The amount of
rainwater (pH = 7.1 ± 0.2, dissolved inorganic carbon [DIC] = 1.5 ±
0.9 mg L–1, and calculated pCO2 = 455 ± 130 ppm; Fig. DR2) applied
by a sprinkler network was 28.7, 87.7, 22.4, 23.1, and 19.4 m3 (or 87.0,
265.8, 67.9, 70.0, and 58.8 mm) at a rate of 12 mm hr–1 on day of year
(DOY) 25, 49, 102, 103, and 111, respectively. Soil pore-space [CO2],
temperature, and moisture content were monitored every 15 min in 48
locations by CO2 probes (Vaisala GMP220 [Vantaa, Finland], installed
horizontally and co-located with moisture and temperature sensors and
solution samplers) and in 496 locations by temperature and moisture sensors (Decagon 5TM probes [Pullman, Washington, USA]). Soil solution
(496 Prenart Super Quartz pore water samplers [Frederiksberg, Denmark])
and seepage face water samples for carbonate chemistry and pH were
collected when sufficient water was available. The total seepage volume
was measured by a combination of in-line flow meters and tipping buckets
(Pangle et al., 2015).

Figure 2. Landscape soil CO2 and moisture content responses to rainfall pulses at the Landscape Evolution Observatory (Arizona, USA).
Trends of volumetric water content (VWC, bottom), CO2 concentration
(middle), and CO2 flux (top) across experimental period demonstrate
rapid response to rainfall events (denoted by vertical blue bars). Data
were averaged daily across the slope for each depth and variable
(error bars denote 95% CI).

RESULTS
Throughout the experiment, sub-ambient [CO2] within the soil matrix
indicated sustained CO2 consumption resulting from weathering within
the basalt matrix (Fig. 2). High-resolution measurements of CO2 in the
soil gas phase during rainfall (Fig. 3) revealed a rapid [CO2] decrease
(by 200 ppm at 5 cm depth within 3 h after rainfall initiation). At greater
depth, [CO2] decreased to ~50 ppm following a 4–5 h time lag. After Figure 3. Rapid response of soil moisture and gas phase CO2 concenrainfall, soil [CO2] recovered only slowly (~22, ~35, >50, and >50 d for tration at one profile location to rainfall event on day of year (DOY)
49 at the Landscape Evolution Observatory (Arizona, USA). Lines
5, 20, 35, and 50 cm depth, respectively; Fig. 2). The carbon flux from represent running mean values of sensors at depths of 5, 20, and 35
the atmosphere decreased from 4 to 0.5 mg C m–2 h–1 immediately after cm. VWC—volumetric water content.
a rain event and recovered when the soil drained (Fig. 2). From DOY
18 through 120, the average carbon flux from the atmosphere into the
landscape was 3.9 ± 0.2 mg C m–2 h–1 or 31 g C d–1 for the whole slope. immediately following the large rain event on DOY 49 (Fig. DR6). SoluAssuming that this four-month average was representative for the whole tion pH ranges from 8.15 to 9.97 (mean 8.78 ± 0.05, n = 308), and bicaryear, this translates to ~8.5 × 10-2 kg C m–2 y–1 or ~1.2 × 10-14 mol C m–2 bonate constitutes 96.9% of all DIC (carbonate ions 2.7%, and carbonic
acid 0.4%). From aqueous pH, temperature, and DIC concentration, we
s–1, where m2 denotes the specific surface area within the soil.
DIC concentrations corroborated the low soil CO2 measurements fol- calculated the equilibrium CO2(g) (g—gas) partial pressure (pCO2) based
lowing rain events. Due to dilution by added rainwater, soil solution DIC on Henry’s law and compared it to the soil CO2 as measured by the
concentrations decreased at 5 cm depth from 55 ± 12 to 20 ± 5 mg L–1 Vaisala probes (Fig. DR3). We found a good agreement between the two
data sets despite substantial scatter. The mean difference (3.7 ± 4.8 ppm)
was not statistically different from zero (two-tailed t276= 1.5, p = 0.13;
1
GSA Data Repository item 2017053, methods; full description and visualization (Figure DR1) of the Landscape Evolution Experiment; carbon within the rain, Fig. DR3 inset).
DIC concentration in seepage water was comparable to that measured
slope and seepage water (Figure DR2); measured and calculated soil gas CO2 concentrations (Figure DR3); carbon export seepage (Figure DR4); measured and labo- in slope pore water prior to the large rain events. Immediately following
ratory weathering rate based carbon uptake rates (Figure DR5); seepage cation and
the DOY 49 rain event, seepage water DIC concentrations decreased by
anion concentrations (Figure DR6), chemical composition of basalt substrates (Table
a factor of two to three (Fig. DR4a). Subsequent rain events, with a lower
DR1); global carbon uptake rates (Table DR2); and saturation states of secondary
minerals within the slope (Table DR3), is available online at www.geosociety.org water volume, resulted in smaller decreases in DIC concentration and
/datarepository/2017 or on request from editing@geosociety.org.
smaller seepage volumes (Fig. DR4b). The maximum amount of carbon
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exported from the whole landscape in 15 min was 23 g. In 10 d after the
DOY 49 rain event, the total amount of carbon exported from the whole
slope was ~5 kg (Fig. 4).
DISCUSSION
Observed mass balance and fluxes of inorganic carbon among soil
gas, pore water, and saturated zone seepage of the LEO landscape demonstrated the rapid CO2 sequestration potential of basalt. CO2 fluxes were
comparable to exchange rates in basalts as calculated from integrated
riverine measurements (Dessert et al., 2003; Li et al., 2016) (Table DR2)
and surface area (Navarre-Sitchler and Brantley, 2007), but were orders
of magnitude slower than laboratory weathering rates.
To address the apparently low weathering rates in the LEO, we calculated how much of the actual basalt surface area reacted with the solution
based on laboratory dissolution rates. We assumed that the main reacting
phase was basaltic glass, which encases most mineral phases (Dontsova
et al., 2014), and the main controlling factor pH. We therefore based our
calculation on laboratory dissolution rates of basaltic glass at 20–25 °C
and pH 8.3–9.0 (Stockmann et al., 2011), conditions akin to those within
the LEO slope. Our calculation indicated that only 0.036%–0.074% of
the total basalt surface area was active in generating observed DIC export
(Fig. DR5). An independent estimate of surface area was obtained from
Na exported with seepage (570 mol over 105 d) and chemical composition
of basaltic glass (Table DR1). Na was only released by basalt weathering
with no Na-containing secondary phases precipitating (Eiriksdottir et al.,
2013), as predicted by geochemical modeling (Pohlmann et al., 2016). We
calculated that 126–131 kg of basalt produced Na ions during weathering,
or 0.043% of the total slope basalt mass (524.7 Mg). Both calculations
indicate that only a small percentage of the slope was active if surface
weathering rates were comparable to laboratory rates.
Several lines of evidence suggest that we can rule out preferential flow
paths, such as finger flow, and secondary mineral precipitation as significant controls on the low apparent weathering rate. During construction,
the LEO was packed to a relatively isotropic and homogeneous distribution of material and bulk density. After the large precipitation event (DOY
49; Gevaert et al., 2014), some heterogeneity did develop and caused
rapid saturation of the landscape. However, the relative homogeneity of
soil moisture at a given depth with time (Fig. 2) indicated that wetting
of the slope was nearly uniform (Gevaert et al., 2014). The secondary
mineral phase most likely to have precipitated within the LEO was the
poorly crystalline aluminosilicate, allophane (Pohlmann et al., 2016).
Based on the number of moles of Na exported and the stoichiometry,
molar mass, particle size, and specific surface area of allophane (Parfitt,
2009; Wada et al., 1988), we calculated that a monolayer of allophane at
most would cover ~0.5% of the total basalt surface area within the slope
(~2.5 × 109 m2). Cation export by the seepage solution suggested that
other Fe-, Mn-, Ca-, and Mg-containing phases must have precipitated
within the slope (Fig. DR6; Pohlmann et al., 2016). However, based on
our allophane monolayer calculation and relatively low surface affinity
of other secondary mineral phases (Stockmann et al., 2011), we consider
the likelihood very low that any phase would have greatly diminished
the reactive surface area.
Substantial runoff could represent another potential cause for decrease
in apparent surface area, because runoff water never enters the slope to
react with the material. Strong fluid disequilibrium due to runoff (resulting in lower reactant concentrations; Maher, 2011) was observed once
in the seepage flow, when after the DOY 49 rainfall event the DIC concentration decreased substantially (Fig. DR4). Recovery of the DIC after
the rain event was within days, suggesting that equilibrium between the
fluid and solids was reached quickly. The lower DIC (Fig. DR4) and ion
concentrations (Fig. DR6) over time suggest that either the equilibrium
path or time length increased with age of the slope or that the effective
[CO2] decreased over time (see Maher, 2011, her figure 4B).
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Figure 4. Carbon mass balance of the Landscape Evolution
Observatory (Arizona, USA) landscape. Measured withinslope total dissolved inorganic carbon (DIC, triangles) is
matched by predicted slope total DIC (black line) based
on carbon added to soil from atmosphere and exported
from soil in seepage solution, suggesting that carbon mass
balance is well conserved. Vertical gray bars denote the
95% confidence interval of the mean carbon content within
the slope based on DIC and moisture content variability.

Pore solution DIC and gas phase [CO2] provided direct evidence for
limitation of weathering reactions by diffusion of CO2 from the atmosphere to soil pore spaces in our experimental, field-scale basalt landscape
without vegetation. Maher (2011) demonstrated using reactive transport
calculations (CrunchFlow software) that in unsaturated conditions, water
content and [CO2] both control the final equilibrium solute concentration
and scale (length or time). In her calculations, [CO2] was more important
than water content with respect to overall weathering rate, and increased
[CO2] and decreased water content led to higher equilibrium concentrations and longer equilibration times. These calculations however, were
based on the assumption of a constant [CO2] in the unsaturated zone. Our
measurements suggest that this assumption is not applicable for nearly
abiotic systems and that the disequilibrium between atmospheric and
soil CO2 can be large and quick to develop after a rainfall event (Fig.
3), indicative of a faster gas-to-solution transfer rate than the modeled
carbon flux (Fig. 2, top). Low soil [CO2] can lead to cascading effects by
reducing the final solute equilibrium concentration and equilibrium path
length or time (Maher, 2011). For several weeks after the rainfall event,
soil gaseous [CO2] was in equilibrium with the soil solution (Fig. DR3)
but not with the atmosphere. The disequilibrium between atmospheric
and soil gas [CO2] strongly suggests that transport of gaseous CO2 from
the atmosphere could not match the uptake of CO2 into the soil solution. We interpreted these results to imply that soil gas diffusion limited
weathering reactions by not supplying ample reactant (CO2). Once the
water content decreased enough for the soil [CO2] to equilibrate with the
atmosphere (22, 40, and >50 d at 5, 20, and >35 cm depth, respectively,
in the LEO; Fig. 2), weathering most likely was limited due to the soil
solution saturation with respect to the reaction products due to evaporation and/or sufficient reaction time.
Most soils are not alkaline and have ample vegetation, which produces
high [CO2] through root and soil organic matter respiration. Although
rare, low soil [CO2] has been found in alkaline desert environments in the
Mojave Desert, southwest USA (Wohlfahrt et al., 2008), and in Antarctica (Shanhun et al., 2012). Furthermore, CO2 uptake has been found in
ultramafic mine tailings (Pronost et al., 2012; Harrison et al., 2013) and
can partially offset carbon emissions by the mining operation. In these
environments, direct CO2 uptake from the atmosphere can lead to carbon
sequestration, however likely not enough to offset human carbon emissions. Diffusion limitation to weathering would reduce the sequestration
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benefit of tailings and vegetation-free basalt flows, which have lower
weathering rates than vegetated flows (Moulton and Berner, 1998). Furthermore, we recommend that modeling efforts take into account variable
soil [CO2] in unsaturated zones and a mechanism of reducing weathering
rate through low diffusion rates in soils. This likely will also have implications for soils with sparse vegetation, where if diffusion is slow, strong
spatial variability in soil [CO2] and weathering rates could be maintained.
Lastly, our landscape carbon balance appeared to be well closed (Fig.
4). Total carbon within the slope was matched by a simple prediction of
initial carbon (based on pore water DIC measurements and water content) with carbon added from the atmosphere and subtracted by export in
seepage water. Our capability to calculate mass balance carbon dynamics
within the LEO model landscape (Fig. 4) provides robust experimental
evidence that riverine export of carbon from abiotic watersheds indeed
represents carbon uptake at the landscape scale.
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