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rate of silicate rocks. Though clearly demonstrated by well-controlled laboratory dissolution experiments,
the temperature dependence of silicate weathering rates, hypothesized to play a central role in these
weathering feedbacks, has been difficult to quantify clearly in natural settings at landscape scale. By
compiling data from basaltic catchments worldwide and considering only inactive volcanic fields (IVFs),

Keywords: here we show that the rate of CO, consumption associated with the weathering of basaltic rocks is
chemical weathering strongly correlated with mean annual temperature (MAT) as predicted by chemical kinetics. Relations
erosion between temperature and CO, consumption rate for active volcanic fields (AVFs) are complicated by
climate change other factors such as eruption age, hydrothermal activity, and hydrological complexities. On the basis of
volcano this updated data compilation we are not able to distinguish whether or not there is a significant runoff

river chemistry control on basalt weathering rates. Nonetheless, the simple temperature control as observed in this global

dataset implies that basalt weathering could be an effective mechanism for Earth to modulate long-term

carbon cycle perturbations.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction fluxes into and out of the atmosphere-ocean system are balanced
and a new equilibrium is established (Berner and Caldeira, 1997).

The control of climate on the rate of silicate mineral weath- The temperature dependence of silicate mineral weathering
ering and thus the burial of atmospheric CO, in carbonate min- rates is believed to have played an important role in the pCO,-
erals over geologic time provides a negative feedback stabilizing weathering feedbacks together with the effects of runoff and bi-
changes in Earth’s atmospheric CO; concentration (pCOz). Such  otjc interactions (e.g., Berner and Kothavala, 2001; Arvidson et al.,

a pCOz-weathering feedback is believed to have maintained the  5006), As predicted by chemical kinetics, rates of mineral disso-
homeostatic bala‘nce of the long-term carbon cycsle and the hab- lution show distinct temperature dependence in well-controlled
itability of Earth's surface over tlmescalgs >~ 107 yrs (Walker et lab experiments (Kump et al., 2000). Although there is also ev-
al., 1981; Berner et al., 1983; MacKenzie and Andersson, 2013). idence for the temperature dependence of silicate weathering

The 11m1ted. reservorr Of carbon in the atmosphgre and oceans 1m- fluxes in field settings (White and Blum, 1995; Oliva et al., 2003),
plies that disturbances in carbon cycle fluxes will result in changes . . ) . .
the inferred relationships are often complicated by multiple ef-

in pCO, and thus climate through the greenhouse effect of CO,. fects on weathering. Some of the other factors that might influ-
Changing climate will drive changes in the consumption of CO;, by : . R
- . .o o . ence field-scale weathering fluxes, such as precipitation, runoff,
weathering, opposite to the direction of initial change, until carbon . . .
and vegetation, co-vary with temperature, and the importance of

variations in erosion rate further confounds simple interpretation
* Corresponding author. (Riebe et al., 2004; West et al., 2005; Ferrier and Kirchner, 2008;
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distribution of basaltic rocks based on global lithological map (Hartmann and Moosdorf,

2012). Red and blue circles are for active and inactive basaltic fields, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

tems that approach equilibrium will be controlled by thermody-
namic rather than kinetic limits, with greater importance of water
flow than temperature in controlling total alkalinity fluxes that
consume CO, (Maher, 2011).

Studies on single lithologies may reduce the complexities asso-
ciated with rock types (White and Blum, 1995; Oliva et al., 2003;
Hartmann, 2009; Ferrier et al., 2012). The relatively homogeneous
composition among geographic regions makes basaltic rocks an
ideal target for such investigation (Bluth and Kump, 1994). Pre-
vious studies have demonstrated that basalt weathering is globally
significant due to rapid weathering rates and the resulting large
global weathering fluxes, despite limited areal coverage of basalts
(Gislason et al., 1996; Louvat and Allégre, 1997, 1998; Gaillardet
et al, 1999; Dessert et al.,, 2003; Schopka et al., 2011. An em-
pirically observed relationship between mean annual temperature
(MAT, in °C) and the concentration of dissolved bicarbonate (re-
sembling alkalinity) in stream water draining basaltic rocks has
been proposed (Dessert et al., 2003):

Kco, = RUN x C=RUN x cpe“tMAT (1)

where Kco, (mol/km?/yr) is the consumption rate of atmospheric
CO, associated with basalt weathering, RUN (mm/yr) the annual
runoff, C (umol/L) the concentration of bicarbonate in stream
water, and c¢; (1/°C) and c; (pumol/L) the constants that define
the empirical relationship between temperature and concentra-
tion of bicarbonate. Such mathematical laws are the basic build-
ing blocks of numerical models calculating the evolution of the
partial pressure of atmospheric CO, and Earth’s climate over geo-
logical timescales (e.g., Berner et al.,, 1983; Donnadieu et al., 2006;
Goddéris et al.,, 2014; Mills et al., 2014).

The model of Dessert et al. (2003) provides a first-order de-
scription of basalt weathering but does not account for some im-
portant observations. One such observation is that dilution with
increasing runoff has been widely recognized for basaltic rivers
(Bluth and Kump, 1994). In contrast, the model of Dessert et al.
(2003) requires that the concentrations of bicarbonate are inde-
pendent of runoff (Eq. (1)).

Another observation not explicitly considered in the model of
Dessert et al. (2003) is that emplacement age of basaltic rocks in-
fluences observed weathering fluxes, with younger volcanic fields
showing higher weathering reactivity (Bluth and Kump, 1994;
Amiotte-Suchet and Probst, 1995; Louvat et al.,, 2008; Hartmann,
2009; Rad et al., 2013; Freire et al.,, 2014). Several potential mech-
anisms, operating at different scales, could explain why weathering
rates are influenced by emplacement age. At the scale of min-
eral surfaces, changes in surface area, etch pit size and density,
and coatings of secondary phases can impact mineral dissolution
rates (White and Brantley, 2003). At the catchment scale, regolith
development can change hydraulic conductivity with consequent
changes in infiltration rates and surface water-ground water par-
titioning (Lohse and Dietrich, 2005; Schopka and Derry, 2012). At
the scale of the volcanic edifice, active volcanic fields commonly
support hydrothermal circulation as well as degassing of CO,, SO,
and other reactive gases. Volcanic CO, degassing can contribute
significantly to the alkalinity fluxes from active volcanic centers
(Aiuppa et al., 2000; Rivé et al., 2013).

New observations on the chemistry of rivers draining basaltic
fields provide an opportunity to update prior compilations (Dessert
et al, 2003) and re-examine the relationships between basalt
weathering and climatic factors. In this study, we compile data
from 37 basaltic regions based on published datasets, together
with new data from several Chinese basaltic fields (Fig. 1). We sep-
arate the data compilation into 22 inactive volcanic fields (IVFs)
and 15 active volcanic fields (AVFs) and find that the role of tem-
perature is clarified if only IVFs are considered (Fig. 2(a)).

2. Methods
2.1. Proxy for weathering rate

Estimation of weathering rates relies on using the mineral-
water interfacial area as a scaling factor (Navarre-Sitchler and
Brantley, 2007). Rates inferred from the flux of weathering-derived
dissolved ions in a river are typically normalized to the geographic
surface area of the river catchment. Following Dessert et al. (2001),
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Fig. 2. Cross-plots between CO, consumption rate and climate factors. (a) Cross-plot between CO; consumption rate and temperature. The regression lines are for all data and
inactive volcanic fields. Shaded area is 95% confidence band of the Monte Carlo simulation for inactive volcanic fields. No significant correlation is found for active volcanic
fields alone (p > 0.05). (b) Cross-plot between runoff and CO, consumption rate. Significant correlation is found for all data considered together, but not for the data from
active and inactive volcanic fields separately. Also shown in (b) is the result of Monte Carlo simulation that explains the correlation by the uncertainties of runoff and the
high runoff of active volcanic fields. Error bars show 2x standard deviation of the mean (201, ). Labels are the same as those in Fig. 1.

the flux of bicarbonate is used as an index for basalt weathering
because the dissolved bicarbonate in river water is mainly derived
from weathering reactions and the influence of rainwater and an-
thropogenic input on riverine bicarbonate flux is less important
compared to other chemical constituents. In this case, the rate of
CO, consumption by basalt weathering (Kco,) can be calculated by
multiplying the mean concentration of dissolved inorganic carbon
(DIC, C) by annual runoff (RUN) as expressed in Eq. (1). For sim-
plicity, we assume that the concentration of DIC is the same as
that of alkalinity or bicarbonate because bicarbonate is the largest
contributor to alkalinity and DIC in the typical pH range of natural
river water.

In arid to semi-arid settings, pedogenic carbonate can form as
a result of basalt weathering, and later dissolution of this carbon-
ate contributes to measured DIC flux. Some studies have reported
Kco, based on the concentration of cations derived from silicate
weathering rather than the simple DIC flux to correct the con-
tribution from the weathering of pedogenic carbonate minerals
(Sharma and Subramanian, 2008; Gupta et al., 2011). In basaltic
weathering profiles much of the Ca?* in pedogenic carbonate is
basalt-derived, even in settings with significant marine aerosol
inputs (Capo et al., 2000; Trostle et al., 2014). Similarly, carbon-
ates precipitated from hydrothermal fluids in silicate terranes con-
tain cations derived from silicate alteration (Evans et al., 2004;
Jacobson et al., 2015). Later weathering of either pedogenic or
hydrothermal carbonate contributes alkalinity that is originally
derived from alteration of silicates, despite temporary residence
in a carbonate phase (Evans et al., 2001). The transient forma-
tion and later dissolution of carbonate, which is likely to take
place on timescales of ~102-10 yrs (Kelemen and Matter, 2008;
Matter and Kelemen, 2009; Mervine et al., 2014), is unlike longer-
term (>~ 10% yr timescale) recycling of sedimentary carbonate
that results in no net long-term CO, consumption. Because the
transient carbonate is derived from silicate sources within the last
~10%-10° yrs, release of the associated cations to rivers and the
oceans will affect long-term CO;. Though this study includes only
data from catchments that do not have sedimentary carbonates,
pedogenic and hydrothermal carbonates are present in at least
some of the catchments. We do not attempt to adjust for the
contribution from these “basaltic carbonates”. In some cases in-
put from atmospheric deposition to this carbonate reservoir may
result in a slight overestimate of the silicate weathering flux by
using bicarbonate data, but eliminating all carbonate-derived al-

kalinity would result in a larger underestimate of the relevant CO,
flux, since most of the hydrothermal and pedogenic carbonate from
basaltic settings is ultimately of silicate origin.

The calculation of silicate weathering-derived cation budgets
may also introduce additional uncertainties due to the contribution
of rainfall (sea salt), sulphuric acid weathering, and anthropogenic
pollution to the cations. These inputs are not readily corrected in
many cases (Gaillardet et al., 1999). We do not use dissolved Si
as index for basalt weathering because dissolved Si can be signif-
icantly influenced by the precipitation and dissolution of biogenic
opal (Conley, 2002; Derry et al., 2005; Harrison et al., 2012) and
other secondary phases.

We also do not separate the high temperature hydrothermal
weathering component from the total weathering flux. Irrespec-
tive of the source of CO,, fluid-rock interaction at hydrothermal
temperatures (“high T weathering”; Evans et al., 2001) will be
faster and often more complete (e.g. closer to achieving equilib-
rium) than that at ambient surface temperatures. The geological-
scale CO, consumption from silicate alteration does not depend
on the source of CO,, e.g. whether the CO, involved in the
weathering reaction is derived from the atmosphere, soil respi-
ration, or directly from volcanic sources. Nor does it depend on
the locus or temperature of reaction as long as CO, that other-
wise would be made available to the ocean-atmosphere system
is instead converted to alkalinity that can be transported to the
oceans and removed as carbonate minerals (Evans et al., 2004;
Rivé et al,, 2013). At the timescale of interest for long-term reg-
ulation of the climate system we can consider these processes as
equivalent, and it is not necessary to deconvolve the sources of CO,
that generate the silicate-derived alkalinity flux. However, we do
note that the hydrothermal activity associated with AVFs may com-
plicate interpretation of the temperature dependence of inferred
weathering rates (see discussion in Section 4.3).

2.2. Strategies of data compilation

Detailed site-by-site description of the data compilation is pro-
vided in the supplementary material. An overview of the approach
used in assembling this compilation is provided here. The data
either came from published literature or from the GLObal Rlver
CHemistry database (GLORICH) database (Hartmann et al., 2014a).
Many of the data from literature sources were previously com-
piled by Dessert et al. (2003); data from the same sites are fur-
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ther updated here with more recently available information. The
GLORICH database combines an assemblage of hydrochemical data
from varying sources (Hartmann et al., 2014a), together with the
properties of each catchment, including catchment size, lithology,
and climate. The database comprises 1.27 million samples dis-
tributed over 17 000 sampling locations. The mean annual temper-
ature (MAT) of the catchments in this database is derived from
WorldClim (Hijmans et al., 2005). Annual runoff is derived from
the UNH/GRDC runoff composites (Fekete et al., 2002), which has
30-minute spatial resolution. Model bias in the UNH/GRDC runoff
composites is basin area-dependent, and the model tends to over-
estimate runoff in basins on the order of 104 km? or smaller
(Fekete et al., 2002). Most of the basaltic catchments in the GLO-
RICH database are smaller than 104 km?, so runoff values may be
overestimated for these locations.

Only catchments with dominantly basaltic lithology have been
selected in this compilation. Thus, andesitic fields such as those ex-
tensively researched in Lesser Antilles are not included (Goldsmith
et al, 2010; Gaillardet et al., 2011; Lloret et al., 2011; Rad et
al., 2013; Rivé et al., 2013). We also exclude catchments where
basaltic lithology is mapped as covering <80% of the catchment
surface area because calculation of basaltic weathering flux in
mixed lithology may introduce large uncertainty (Gaillardet et al.,
2003). One exception is made for the Karelia region, where weath-
ering fluxes and concentrations of DIC correlate well with the
fraction of area covered by basaltic rock, and the highest basaltic
coverage is >80% (Zakharova et al., 2007). Thus, extrapolation can
be accurately made to infer the weathering flux of pure basaltic
catchments from this region.

Chemical fluxes carried by ground water are considered where
data are available because recent work shows considerable direct
groundwater discharge to the oceans from volcanic islands (e.g.,
Schopka and Derry, 2012). We think the contribution of ground
water discharge is important for active volcanic fields because the
drainage system has not been well developed in these young ge-
omorphological settings (Jefferson et al., 2010). For aged basaltic
fields where rivers cut deeply into the bedrock, a large portion of
ground water discharge has already been accounted for in the sur-
face flow of lower river reaches.

MAT is used to represent the regional differences in tempera-
ture. We take MAT as an appropriate proxy for the average tem-
perature of weathering reactions because soil temperature roughly
follows MAT (Ferrier et al., 2012). However, the weathering flux
may be biased to warm seasons due to the exponential depen-
dence of weathering rate on the temperature (Lasaga et al., 1994).
In addition, it should be noticed that several catchments in high
latitudes have MAT lower than 0°C, a temperature below which
no liquid water is available for weathering reaction. Thus, MAT
should be regarded as a proxy for the relative difference of temper-
ature between catchments rather than the absolute temperature of
weathering reactions (Lasaga et al., 1994).

The largest uncertainties in our compilation are associated with
runoff and concentration of DIC due to the temporal and spatial
resolution of the data. Runoff based on temporally resolved mea-
surement of river flow is the most reliable. However, such data
is unavailable for many small catchments. In these cases, runoff
data is derived from long-term observation of nearby rivers, from
global runoff models (Fekete et al., 2002), or from local hydrolog-
ical reports. Concentration of DIC in small catchments generally
shows large spatial and temporal variations. We think the use of
data from large rivers and averaging of the temporal and spatial
data may reduce such uncertainties. To maximize the representa-
tiveness, only mainstream data from the downstream location in
each catchment is used (when such data is available) instead of
headwater data. Two basaltic regions from the GLORICH database
are ignored (ID: 300710 in Ostvallen, Sweden and ID: 301736 in

the Freisbach, Germany) because only one data point from a sin-
gle small catchment is available, so values for these sites may have
large uncertainty.

The data compilation has several layers of averaging. Weighted
averages using water flux as weighting factors are used for the
concentration of DIC, and weighted averages using catchment area
as weighting factors are used for MAT and Kco, if discharge and
catchment area are available. Otherwise, arithmetic averaging is
used. Details on the data compilation (along with the new data
from several Chinese basaltic fields) can be found in the supple-
mentary material. The final results are listed in Table 1. The data
is organized according to geographic location since the catchments
in the same basaltic fields generally have similar climatic condition
and emplacement age. For large basaltic fields, such as the Dec-
can Traps and the Parana Traps, which have heterogeneous climate,
data are also organized by climatic region. The basaltic catchments
are separated into two groups, AVFs and IVFs, according to the
presence of identified volcanic or hydrothermal activity. Aged vol-
canoes (which we classify as IVFs) are defined as those that are
dormant and do not have hydrothermal activity.

2.3. Uncertainties

The estimation of uncertainties was conducted case by case
due to the varying types of data source. Standard deviations of
the mean (o) were used to quantify the uncertainties listed in
Table 1. In most cases, o, was calculated during the process of
averaging the data. In the other cases, a generic error was esti-
mated. Details on oy, estimation for each case can be found in the
supplementary material.

Estimates of MAT, based on either climate maps or local
weather stations, are relatively accurate because inter-annual vari-
ability of MAT is small relative to the range of values across catch-
ments. Some uncertainty in MAT may arise from spatial variability
within catchments. The MAT of each catchment in the GLORICH
data base has already been integrated across each catchment area
using the WorldClim temperature map (Hijmans et al., 2005) and
catchment areas delineated in GIS based on a global digital eleva-
tion model, or DEM (Hartmann et al., 2014a). For catchments with
MAT estimated from local weather stations, there may be larger
uncertainty because of the elevation offset between the weather
station and the catchment, and variation of elevation within the
catchment. In these cases, the average MAT of the catchment can
be roughly calibrated using the offset between mean catchment el-
evation and the elevation of the nearest weather stations assuming
a standard temperature lapse rate of ~6.5°C/km. The catchments
with the largest uncertainty in MAT are those with the largest
elevation ranges. Nevertheless, the average oy of MAT is 1.2°C
(ranging from 0.1 to 3°C), which is relatively small compared to
the overall variation between catchments of 36 °C.

The mean coefficient of variation (CV, oy /mean x 100%) of DIC
concentration is 19% even through the temporal resolution of the
samples for many regions is low. This is probably because of the
quasi-chemostatic behavior of river water in general (Bluth and
Kump, 1994). The mean oy of runoff is 19%. Interestingly, the
mean CV of Kco,, which should accumulate the uncertainties of
bicarbonate concentration and runoff, is only 20%. This is proba-
bly because concentrations of DIC are negatively correlated with
runoff in many regions, so variation in calculated Kco, is reduced.

2.4. Statistics

Correlations between observed Kco,, DIC concentration (C), and
climate factors (MAT and RUN) were evaluated based on physically
based functional relationships and the empirical basalt weathering
law of Dessert et al. (2003), i.e., Eq. (1) (see Table 2 for summary
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Table 1

Summary of data compilation.
Site? MAT Runoff HCO3 Kco,

(°0Q) (mm/yr) (umol/L) (10% mol/km?/yr)
Mean Om Mean Om Mean Om Mean Om

Inactive volcanic fields
1. Massif Central 8.70 0.65 406 20 916 46 0.372 0.026
2. South Africa 12.70 1.80 244 55 1728 1078 0.420 0.130
3. Karelia —2.00 1.00 285 20 460 41 0.131 0.007
4. Coastal Deccan 25.10 0.50 1690 150 657 17 1.110 0.103
5. Interior Deccan 25.40 0.50 401 48 2839 170 1.138 0.152
6. Siberian Traps —8.50 0.65 254 25 501 89 0.127 0.019
7. EMei 6.20 1.00 1350 75 238 23 0.321 0.036
8. Lei-Qiong 24.00 1.00 797 100 1923 165 1.532 0.233
9. Nanjing 15.20 1.00 330 48 1595 63 0.526 0.079
10. Xiaoxinganling —1.00 1.00 243 50 1065 132 0.259 0.062
11. Tumen River —4.00 2.00 273 50 763 50 0.208 0.041
12. Mudan River 3.20 2.00 209 46 977 87 0.204 0.048
13. SE Australia 13.00 0.10 74 14 5956 657 0.441 0.097
14. Tasmania 10.10 0.25 221 30 1704 437 0.377 0.109
15. North Island 13.00 2.00 920 161 478 131 0.439 0.143
16. Kauai, Hawaii 21.58 0.65 1747 539 588 251 1.026 0.303
17. Columbia Plateau 7.40 2.00 204 191 927 215 0.189 0.060
18. Easter Island 20.60 1.00 580 100 1306 132 0.757 0.151
19. NE America 0.70 2.30 507 129 465 316 0.235 0.075
20. Parana Traps: South 17.70 0.27 900 27 416 26 0.374 0.027
21. Parana Traps: North 25.00 1.00 1020 200 651 72 0.664 0.149
22. Madeira Island 13.50 1.50 1065 100 580 43 0.618 0.074
Active volcanic fields
23. Mt. Cameroon 14.00 2.00 2120 500 2368 110 5.020 1.207
24. Mt. Etna 14.90 0.20 640 80 9286 539 5.943 0.819
25. Virunga 20.80 1.30 1709 380 2646 1757 4.522 2.110
26. Réunion 17.00 2.00 1712 652 1243 290 2.127 0.031
27. Java 24.80 2.00 826 100 2913 500 2.405 0.505
28. Luzon 27.30 0.80 2106 990 1700 806 3.580 0.230
29. Wudalianchi Lake —1.00 1.00 243 50 1919 190 0.466 0.106
30. Tianchi Lake -7.30 2.00 1332 100 2445 300 3.258 0.469
31. Japan 10.99 112 1236 64 584 73 0.722 0.107
32. Kamchatka Peninsula —3.50 2.00 520 50 854 100 0.444 0.067
33. Taranaki 10.00 3.00 1296 223 667 34 0.864 0.155
34. Big Island, Hawaii 15.44 2.00 935 269 951 424 0.889 0.303
35. High Cascades 6.81 0.47 382 172 776 175 0.296 0.108
36. Sdo Miguel 16.00 1.00 879 50 2331 200 2.047 0.211
37. Iceland 0.70 0.65 1734 136 498 74 0.864 0.109

2 Data source: 1 (Meybeck, 1986; Négrel and Deschamps, 1996); 2, 13, 14, 19, 20, 31, 35 (Hartmann et al., 2014a); 3 (Zakharova et al., 2007); 4 (Das et al., 2005); 5
(Dessert et al.,, 2001; Sharma and Subramanian, 2008; Jha et al., 2009; Rengarajan et al., 2009; Gupta et al., 2011; Mehto and Chakrapani, 2013; Hartmann et al., 2014a;
Moon et al., 2014); 6 (Pokrovsky et al., 2005; Prokushkin et al, 2011); 7-11, 29 (This work; Li and Long, 2014); 12, 30 (Han and Huh, 2009); 15 (Lyons et al., 2005;
Blazina and Sharma, 2013); 16, 34 (Schopka and Derry, 2012); 17 (Dessert et al., 2003); 18 (Herrera and Custodio, 2008); 21 (Benedetti et al., 1994); 22 (Van der Weijden and
Pacheco, 2003; Prada et al., 2005); 23 (Benedetti et al., 2003); 24 (Aiuppa et al., 2000; Brusca et al., 2001); 25 (Balagizi et al., 2015); 26 (Louvat and Allégre, 1997); 27 (Aldrian
et al.,, 2008); 28 (Schopka et al., 2011); 32 (Dessert et al., 2009); 33 (Goldsmith et al., 2008, 2010; Blazina and Sharma, 2013); 36 (Freire et al., 2013); 37 (Gislason et al., 1996;
Eiriksdottir et al., 2008; Louvat et al., 2008).

Table 2

Results of simple correlations using the best values in Table 1 and Monte Carlo statistics that incorporate uncertainties.
Form of equation® Kco, = e®e~bx1000/(MAT+273)/Rb [ — eRUNP RUN = efebMAT C = e®ebMAT C =e'RUN®
Physical bases Arrhenius form Prediction of Eq. (1) Clausius-Clapeyron Eq. (1) Dilution effect

relationship
Data plot Fig. 1(a) Fig. 1(b) Fig. 3 Fig. 4(a) Fig. 4(b)
All data AVFs IVFs All data  AVFs IVFs All data AVFs  IVFs All data AVFs  IVFs All data AVFs  IVFs

p value
Simple correlation <1073 0.054 <107%  <107° 0.02 0.01 001 014 002 008 025 016 025 078 <1072
Monte Carlo statistics <1073 0.69 <1073 <1072 0.35 0.16 030 0.99 0.08 0.88 1.00 0.99 0.96 1.00 0.08
2
Simple correlation 0.31 0.26 0.85 0.44 0.36 0.29 017 0.16 0.26 0.09 0.10 0.10 0.04 0.01 0.36
Monte Carlo statistics  0.28 0.23 0.75 0.38 0.30 0.25 013 0.13 0.24 0.07 0.08 0.09 0.03 0.02 030
a
Simple correlation 15.6 139 17.0 —5.63 —5.84 -3.71 6.06 6.63 5.67 6.76 7.05 6.55 8.19 7.97 10.1
Monte Carlo statistics  15.3 135 16.7 —5.20 —-5.01 —-3.53 6.04 6.62 5.65 6.74 7.05 6.53 8.13 8.01 9.87
b
Simple correlation 37.8 32.0 42.2 0.82 0.91 0.46 0.035 0.025 0.041 0.023 0.024 0.022 018 0.09 0.54
Monte Carlo statistics 37.0 310 41.6 0.75 0.78 0.43 0.032 0.023 0.041 0.022 0.021 0.022 0.18 010 0.50

a @, b are fit parameters determined in each regression.
b R is gas constant of 8.314 J/K/mol.
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of the relationships used). In each case, correlations were analyzed
using a Monte Carlo method, in order to account for and prop-
agate uncertainties. All functional relationships were transformed
to linear form (e.g, y = ax® to In(y) = bln(x) + In(a); y = aeb*
to In(y) = In(b)x + In(a)). A hypothetical dataset was generated
from observed x and y values by adding random errors following
normal distributions defined by observed oy, (Table 1). The hypo-
thetical dataset was then log-transformed and fit to the linear-form
regression model. Regression coefficients (a and b), r2, and p val-
ues (pmc) were recorded for every simulation. The simulation was
repeated 100000 times. The mean and standard deviation of the
regression coefficients and r? from the 100000 simulations were
calculated as the final regression results. The significance of the
final regression results was judged by the fraction (p) of insignif-
icant correlations (pyc >= 0.05) among the 100000 simulations.
A p-value <0.05, i.e., when more than 95% of the simulated cor-
relations were significant, means that the correlation between the
observed x and y values are significant at the 95% confidence level
considering the uncertainty in the data.

The data analysis also involved tests of uniform distribution
and evaluations of equal medians. To test for uniform distribu-
tions, Kolmogorov-Smirnov statistics were used. To check whether
the medians of two uniformly distributed datasets are equal,
a Wilcoxon rank sum test was used.

Finally, a Monte Carlo simulation was used to test if the over-
all correlation between runoff and Kco, (Fig. 2(b)) is affected by
(1) the high runoff of AVFs and (2) the cross-correlation between
runoff and Kco, (since Kco, is calculated by multiplying the con-
centration of DIC with runoff). First, to test for the role of the
different runoff in AVFs versus IVFs, hypothetical runoff and Kco,
values for each basalt region were randomly generated according
to the observed distribution of runoff and Kco, in the compiled
AVFs and IVFs. Bicarbonate concentrations of these hypothetical
catchments were calculated from the generated Kco, and runoff.
To consider the effect from possible cross-correlation of Kco, and
runoff, the runoff of each hypothetical catchment was modified by
adding a normally distributed random value with a coefficient of
variation of 204+14% (mean =+ standard deviation) and 19+ 18% for
AVFs and IVFs, respectively. A new Kco, value for each hypothet-
ical catchment was calculated from the bicarbonate concentration
and modified runoff. Finally, correlation parameters between the
new Kco, and runoff were calculated across all of the catchments.
The simulation was run 100000 times and average correlation re-
sults of the simulation were calculated.

3. Results

In total, data from 37 basaltic regions (22 IVFs and 15 AVFs)
were compiled (Table 1), covering most of the basaltic fields of
the world (Fig. 1). Runoff and MAT in the dataset range from 74
to 2120 mm/yr and from —9 to 27°C, respectively (Fig. 3). The
number of basaltic fields and the variation of MAT and runoff sig-
nificantly expand the prior compilation of Dessert et al. (2003). No
statistically significant Clausius—Clapeyron type relationship (Ta-
ble 2) between temperature and precipitation (Allen and Ingram,
2002) can be found between MAT and runoff at the 95% confi-
dence level, either for all data or for AVFs and IVFs alone. The AVFs
and IVFs show similar uniform distributions of MAT and logarithm
of runoff. The median MAT of AVFs is statistically indistinguishable
from that of IVFs within uncertainty. However, the AVFs have sta-
tistically higher runoff than the IVFs (6.91 £+ 0.17 vs. 6.13 £0.18
in the mean =+ standard error of the mean for natural logarithm
value in units of mm/yr).

Kco, is positively related to MAT for all data in Arrhenius form
(Table 2; Fig. 2(a); r> = 0.28; p < 10~3). However, no such simple
correlation can be observed for AVFs only (r* = 0.23; p = 0.69).

5000

T o
w o

w2 % 5587

100

Annual runoff (mm/yr)

50 ‘ ‘ : ‘ ‘ ‘ ‘
-10 -5 0 5 10 15 20 25 30
Mean annual temperature (°C)

Fig. 3. Range of annual runoff and mean annual temperature for the compiled
basaltic fields. Error bars show 2x standard deviation of the mean (20p,). Labels
are the same as those in Fig. 1.

Thus, the overall MAT-Kco, correlation is defined primarily by the
IVFs (Fig. 2(a); r2 = 0.75; p < 1073). For a given temperature, the
Kco, of AVFs is much higher than that of the IVFs. On average, the
Kco, of AVFs (2.23 x 108 mol/kmz/yr) is four times that of the
IVFs, at 0.52 x 106 mol/l<m2/yr (the equal median hypothesis was
rejected by the Wilcoxon rank sum test).

There is a weak correlation in the power-law relation (Table 2)
between runoff and Kco, for all data (r = 0.38; p < 0.01), with
a power-law exponent of 0.75 4+ 0.09 (mean =+ standard devia-
tion). When ignoring uncertainty in the observations, i.e., using
only best estimate values in Table 1 rather than the Monte Carlo
analysis that incorporates uncertainties, the implied runoff-Kco,
correlation is stronger (r? = 0.44; p < 10~>; power-law exponent
0.8240.16). There is no significant runoff-Kco, correlation if AVFs
(r> = 0.30; p =0.35) and IVFs (r2 = 0.2; p = 0.16) are consid-
ered separately (Fig. 2(b)). These correlations do become signifi-
cant (p = 0.04) when excluding outliers for IVFs (data #13 from
South Australia) but not for AVFs (p = 0.08, #24 from Mt. Etna).
The runoff-Kcp, correlations would be significant (p < 0.05) for
both AVFs and IVFs if not considering data uncertainties. No bet-
ter correlation between runoff and Kco, is found by using other
functions, e.g. an exponential form (Maher, 2010, 2011).

DIC concentration shows no correlation with MAT following the
form proposed by Dessert et al. (2003) or with runoff in the form
of a simple dilution relationship (Table 2), either for all data or if
AVFs and IVFs are considered separately (Fig. 4).

4. Discussion
4.1. Compatibility with the Dessert et al. (2003) model

We first examine compatibility of the new data compilation
with the model of Dessert et al. (2003), i.e., Eq. (1). This model
largely depends on the temperature dependence of bicarbon-
ate concentration (C), where C = ¢y exp(c; x MAT). The previous
dataset of ten basaltic catchments was described well by this
relationship (r? = 0.71) with values of 0.0638 and 324 for c;
and cy, respectively (Dessert et al, 2003). In contrast, the ab-
sence of a significant concentration-MAT correlation in the new
data compilation, either for all data or for AVFs or IVFs consid-
ered separately (Fig. 4(a)), is not consistent with the model of
Dessert et al. (2003). The difference between this study and that
of Dessert et al. (2003) could potentially relate to either: (1) up-
dating values from the original dataset due to different strategies
of data collection and the addition of new observations from these
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Fig. 4. Cross-plots between concentration of bicarbonate and climate factors. (a) Cross-plot between temperature and concentration of bicarbonate. No significant correlation
is found for all data considered together, or for the active and inactive volcanic fields separately. Dashed line is the correlation based on the 10 basaltic fields compiled
by Dessert et al. (2003) (open cyan stars; note that there are two points for Iceland). The arrows connect the original and updated data for the same basaltic fields. The
updated data for these ten basaltic fields still give significant correlation (y =593e%049%; 2 = 0.44; p = 0.026). (b) Cross-plot between annual runoff and concentration of
bicarbonate. No correlation can be found for all data considered together, or for the active and inactive volcanic fields separately. Error bars show 2x standard deviation of
the mean (20, ). Labels are the same as those in Fig. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

previously-considered regions (refer to the supplementary mate-
rial for details); (2) changing the regression technique, in this
study considering uncertainties in MAT and concentration; or (3)
expanding the dataset to include other regions. Using the origi-
nal regression technique and updated data from the ten original
catchments used by Dessert et al. (2003) still gives a significant
concentration-MAT correlation (r> = 0.46; p = 0.03; Fig. 4(a)), with
values of 0.0484 and 572 for ¢ and c», respectively. On the other
hand, the original regression technique does not yield a significant
correlation with the new data, either for all data or for AVFs and
IVFs separately. Thus, the previously observed correlation between
MAT and DIC concentration can be attributed to the limited scope
of the previous dataset, as compared to the expanded set of sites
in our new compilation.

Eq. (1) also predicts a power-law relationship between Kco,
and runoff with an exponent of 1. The positive correlation between
Kco, and runoff for all data in our compilation (power-law expo-
nent 0.75 % 0.09; Fig. 4(b)) is marginally consistent with such a
prediction. However, we cannot confidently determine whether the
positive correlation reflects a control of runoff on basalt weather-
ing because the same correlation is absent when either AVFs or
IVFs are considered separately.

The apparent correlation between Kco, and runoff for the
whole dataset could be related to the coincidence of high weath-
ering rate and higher runoff of active volcanic fields. Many active
volcanoes are located near the oceans (Fig. 1) and have high to-
pography, a combination that contributes to their higher runoff
(Gaillardet et al., 2011). The coincident high weathering rates may
be partly related to the high runoff but may also be affected by
several other factors (discussed below in Section 4.3). The correla-
tion between Kco, and runoff could also be related to the cross-
correlation between these parameters. Calculated CO; consump-
tion includes a runoff term, so uncertainties in runoff values could
generate an apparent correlation because over or under estima-
tion of runoff would introduce the same degree of over or under
estimation of the calculated Kco,. Monte Carlo analysis suggests
that the high runoff of AVFs and the cross-correlation between
runoff and K¢o, together would yield an estimated relationship be-
tween Kco, and runoff defined by Kco, = e~3-19%120RyN0-44+0.19
(r* = 0.17 £ 0.12). This predicted relationship is close to the ob-
served correlation within error (Fig. 2(b)). Neither the effect of
cross-correlation nor the high runoff associated with AVFs can

on its own produce the observed correlation. Thus, based on
the present dataset, we cannot conclusively identify whether or
not there is a significant role for runoff in determining basalt-
weathering rates.

4.2. Temperature control of IVF weathering

A general kinetic law has been proposed for the dependence of
mineral weathering rate on temperature, the ozﬁl+ Joy+3 activity of
the aqueous solution, and the saturation state with respect to the
dissolving phase (Lasaga et al., 1994; Oelkers and Gislason, 2001;
Gislason and Oelkers, 2003; Eiriksdottir et al., 2013):

3 1
—Ea o 3 r
Kco, = sAe 7 (L*) (1—e®) 2)

OlAl+3

where s (m?/Km?) is the normalized reactive surface area, A the
pre-exponential constant (mol/m?/yr) that reflects weathering re-
activity, E; (J/mol) the apparent activation energy of the Arrhe-
nius term, R (8.314 J/mol/K) the universal gas constant, T (K)
the MAT in absolute temperature, and AG; (J/mol) the Gibbs
free energy of the weathering reaction. aEH /@43, which con-
trols exchange reaction between H™ and Al in the silicate struc-
ture and thus regulates Al release (Oelkers and Gislason, 2001;
Gislason and Oelkers, 2003), represents the increase in dissolution
rate with more acidic protons, e.g., those associated with dissolved
CO; in the form of carbonic acid or organic acids.

It is likely that the exponential relationship between MAT and
Kco, for IVFs reflects an Arrhenius relationship. The implied Ej,
41.6 £ 3.2 kJ/mol (mean + standard deviation) (Fig. 2(a)), is very
close to values obtained from laboratory dissolution of diopside
(41 kJ/mol, Knauss et al., 1993) and labradorite (42 kJ/mol, Carroll
and Knauss, 2005), the two most common minerals in basalts.
However, the value of E, is higher than has been observed experi-
mentally for the dissolution of volcanic glass (25.5 kJ/mol; Gislason
and Oelkers, 2003).

The strong correlation between MAT and Kco, for IVFs (Fig. 2
(a)) suggests that temperature is a dominant predictor of IVF basalt
weathering rate at the global scale. The Kco, predictions based on
temperature, i.e., Eq. (2), yield root mean square of relative de-
viation (RMSRD) between observed and predicted values of 28%
for IVFs, which is similar to the mean CV of Kco, estimated
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for the IVFs (19 £ 9%). In contrast, the Kco, predictions made
by runoff (Fig. 2(b); Kco, = e~ >-20+0.57RUNO-75%0.09) yield much
higher RMSRD of 88%, 56%, and 104% for all data, AVFs, and IVFs,
respectively. Predictions of Ko, based on the combination of tem-
perature and runoff yield RMSRD of 73%, 72%, and 28% for all data,
AVFs, and IVFs, respectively (using multiple regression technique in
form of Kco, = RUN? x ¢z x e"*MAT) The smaller RMSRDs of this
prediction compared to those made by runoff alone is mainly con-
tributed by the correlation between MAT and Kco,. On the other
hand, considering runoff together with MAT does not improve pre-
diction relative to considering MAT alone for IVFs.

One important question arising from this compilation is why
there is not a more evident role for runoff in determining weather-
ing fluxes from basaltic catchments. Runoff influences weathering
mainly by increasing the water-rock ratio, i.e., the reactive wet
surface s in Eq. (2), andfor by driving the weathering reaction
further from equilibrium by diluting the weathering solution, af-
fecting the (1 — AG;/RT) term in Eq. (2) (Eiriksdottir et al., 2013;
Maher and Chamberlain, 2014). The saturation state of rivers in
Iceland and Sao Miguel suggest that weathering of basalt might be
relatively far from chemical equilibrium with respect to rock form-
ing minerals, i.e., with very negative AG; (Pogge von Strandmann
et al,, 2006, 2010; Eiriksdottir et al., 2013). If this is the case, the
dilution effect of runoff would be minor because the dissolution
rate of minerals under conditions far from equilibrium remains at
a plateau value that is not sensitive to changing degree of under-
saturation (Lasaga et al., 1994; Maher, 2011).

4.3. Complexities in active volcanic fields

We suggest that temperature does not predict the Kco, of AVFs
due to the other factors that influence the observed weathering
flux. Several mechanisms may explain the high and variable flux
of DIC observed in AVFs, and the lack of correlation between MAT
and Kcoy. As discussed above, the focusing of orographic rainfall
and thus high runoff may play some role (e.g., Gaillardet et al.,
2011), though this role is difficult to separate from other factors
on the basis of our compilation. Young volcanic rocks, character-
ized by highly porous lava flows and pyroclastic deposits, may
have greater reactive surface area, i.e., the term s in Eq. (2). In
addition, the shielding effect due to the development of soil prob-
ably reduces the effective reactive surface area in aged volcanic
fields (Bluth and Kump, 1994; Hartmann et al., 2014b). Uncrystal-
lized volcanic glass may also have higher weathering reactivity, i.e.,
higher A value in Eq. (2), compared to crystallized basaltic rocks
(Gislason et al., 1996, 2009). It is also possible that the dominant
secondary minerals, and the resulting effects on O‘SH [Op+3 activ-
ity ratio, may differ between active and inactive volcanic regions.
CO,-rich magmatic fluids may also contribute directly to observed
alkalinity fluxes from active volcanic areas. It has been shown that
the contribution of CO,-rich magmatic fluids may contribute a rel-
evant fraction of observed alkalinity fluxes from active volcanic
areas (Aiuppa et al., 2000; Rad et al., 2007; Gaillardet et al., 2011;
Rivé et al., 2013; Henchiri et al., 2014), as can deep high temper-
ature weathering (Louvat and Allégre, 1997). In addition, it is also
possible that younger basalts have more hydrothermal calcite that
might be subjected to fast weathering (Jacobson et al., 2015).

The above factors may be related to eruption age, helping
explain why weathering rates of volcanic systems decrease dra-
matically within approximately the first one million years after
eruption and in some cases even faster, eventually reaching a
plateau (Vitousek et al., 1997; Louvat et al., 2008; Rad et al., 2013;
Freire et al., 2014). It is difficult to evaluate the average eruption
age of the volcanic fields in our data compilation due to the dy-
namic eruption history. Nonetheless, it is clear that Mt. Cameroon,
Mt. Etna, Mt. Virunga, and Mt. Changbaishan (Tianchi Lake), where

volcanic activities were observed in recent decades, are among
the youngest volcanic fields compiled. These regions are character-
ized by very high Kco, and the largest deviation from the general
correlation between Kco, and MAT (Fig. 2(a)), consistent with an
influence of AVF age on Kco,.

Ground water discharge may introduce additional variability in
the observed Kco, in AVFs. The young geomorphic setting of AVFs
is generally characterized high groundwater discharge because
drainage systems have not yet been fully developed (Jefferson et
al., 2010). Except in a few specific cases (e.g., Schopka and Derry,
2012), the flux of weathering products carried via groundwater
discharge has not been well constrained or even considered.

4.4. Implication for long-term carbon cycle

Basaltic rocks are estimated to cover only ~3.5% to ~5% of the
global land surface (Dessert et al., 2003; Hartmann and Moos-
dorf, 2012) but contribute a more significant 30% of the CO;
consumed by silicate weathering globally (Gaillardet et al., 1999;
Dessert et al., 2003). The approximately three times higher Kco,
from AVFs compared to IVFs supports the notion that basalt weath-
ering may have influenced the carbon cycle during time periods in
the geologic past characterized by large, active volcanic systems
(Schaller et al., 2012; Mills et al., 2014).

The finding of strong temperature influence on basalt weather-
ing of IVFs implies that basalt weathering may also have played
a central role in restoring balance in the geologic carbon cy-
cle following perturbation (e.g., Dessert et al., 2001; Donnadieu
et al., 2006; Goddéris et al., 2014). An example of the role of
varying basalt-weathering reactivity might be found in the his-
tory of the Cenozoic. Tectonic uplift during the Cenozoic may have
changed the carbon cycle fluxes associated with continental sil-
icate weathering and the recycling of organic carbon (Raymo et
al.,, 1988; Goddéris and Francois, 1995; France-Lanord and Derry,
1997; Wallmann, 2001; Misra and Froelich, 2012; Torres et al.,
2014). Mass balance modeling of marine isotopic records shows
that the associated perturbations in the carbon cycle could have
been balanced by a progressive decrease in basalt weathering by
~37% since the late Cretaceous (Li and Elderfield, 2013). This
change would imply a global cooling of 8 °C using an average ac-
tivation energy of 41.6 kJ/mol (as we find for IVFs in the present
day) and assuming no substantial changes in exposure area and ge-
ographic distribution of basaltic rocks (cf. Kent and Muttoni, 2013;
Mills et al., 2014). Such magnitude of cooling is consistent with re-
construction of climate change since the Cretaceous based on other
proxies (Lear et al., 2000; Norris et al., 2013).

5. Conclusion

A new data compilation covering 37 regions worldwide allows
us to revisit the influence of climatic parameters on basalt weath-
ering rates, and thus to better understand stabilizing feedbacks in
the planetary carbon cycle. We find a strong relationship between
mean annual temperature and rates of CO, consumption for in-
active volcanic fields. This temperature relationship is not evident
when also including data from active volcanic fields, a difference
that we attribute to a range of complicating factors in active vol-
canic regions, including the reactivity of recently erupted basalt
and hydrothermal reactions that may not depend directly on cli-
mate. The new data do not demonstrate a clear role for runoff
as an independent controlling variable for CO, consumption dur-
ing basalt weathering, but nor do the data conclusively rule out
an effect of runoff. A stronger connection between runoff and CO,
consumption would be (erroneously) inferred from data analysis
not accounting for observational uncertainties, emphasizing the
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importance of considering uncertainties when assessing such re-
lationships.

Relative to their coverage of land area, weathering of basalt
contributes a disproportionate share of the silicate-derived alka-
linity flux delivered to the oceans, so climate sensitivity of CO;
consumption during basalt weathering can be globally important
even if basalts account for a modest fraction of the terrestrial
surface. Strong dependence of CO, consumption during the weath-
ering of basalts on temperature thus provides a viable feedback
mechanism between CO; and climate, consistent with the concept
of a stabilizing chemical weathering thermostat.
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