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[1] Batch experiments were conducted to simulate abiotic weathering of the continental crust under high-CO,
atmospheric conditions during Precambrian times, i.e., corresponding to the general Archaean conditions as
well as to the immediate aftermath of the Neoproterozoic Snowball Earth ice ages. Three types of rock (basalt,
granodiorite and tonalite) representative of the Archaean to Proterozoic continental crust were reacted in the
form of powders for 1 year at 40°C with pure water under various water/rock ratios, in oxic and anoxic atmo-
spheres containing 10% CO,, that is, under conditions assumed to characterize the greenhouse effect which
prevailed at that time. Chemical and mineralogical data collected during the course of the experiments reflect
alteration phenomena occurring in two steps: (1) rapid leaching of the fresh surfaces, probably related to the
proton-donor capacity of the CO, and (2) a steady state reaction under near-neutral conditions. These
observed dissolution rates can be satisfactorily modeled by kinetic data available in the literature. Using a
1-D weathering model reproducing the two steps, we evaluate the atmospheric CO, consumption rate at
the Snowball Earth aftermath, focusing on the relative contribution of surface leaching versus steady state
reaction. The results show that the process is dominated by surface exchange.
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1. Introduction Field evidence for aggressive chemical weathering
in the past includes the washing out from sedimen-
[2] It is now broadly accepted that weathering-  tary formations of clay minerals such as kaolinite,

aggressive climatic conditions strongly affected  Primarily produced from the chemical alteration of
Archaean sedimentary deposits and source rocks. feldspars, together with smectites derived from the
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erosion of abundant volcanic rocks, leaving the
more stable minerals, such as quartz, to dominate
the framework mineralogy [Eriksson et al., 2004].
The introduction of the CIA (Chemical Index of
Alteration) by Nesbitt and Young [1982], used as an
indicator of palacoweathering, applied to shales of
late Archaean to Neoproterozoic age, generally
supports the hypothesis of increased chemical
weathering during the Archaean [Condie, 2001].

[3] Several atmospheric controlling factors for con-
tinental weathering can be inferred for the early Pre-
cambrian: increased temperatures [Kasting, 1993],
humidity [Des Marais, 1994] and concentrations of
greenhouses gases such as methane [Paviov et al.,
2001; Kasting and Siefert, 2002] and carbon diox-
ide [Young, 1991; Kasting, 1993]. In this latter case,
CO, gas dissolved in rainwater yields a weak acid that
can lead to the chemical attack of rocks. Clearly, the
weathering intensity will depend on the CO, partial
pressure (pCO,) in the atmosphere.

[4] Since the work of Walker et al. [1981], it has
been established that, on the geological time scale,
the carbon-cycle is mainly driven by two processes:
(1) CO, degassing related to active margin and mid-
ocean ridge volcanic activity, as well as metamor-
phism of carbonate rocks [Kerrick, 2001] and (2) CO,
consumption through weathering of continental sili-
cate rocks and storage of organic carbon in sediments.
The overall reaction for chemical weathering of
Ca-silicates can be written as: CaSiO; + CO, =
CaCOs; + SiO, [Berner and Berner, 1987].

[5] The carbonate-silicate weathering cycle may act
as a stabilizing influence on the Earth’s climate
through a negative feedback [ Walker, 1990]. Several
periods of Earth history, especially the Archaean, are
characterized by evidence of very high CO, partial
pressures. Minerals acting as CO,-barometers and
other features of the Archaean sedimentary record
indicate that there were higher levels of CO, in the
Archaean atmosphere than today. In some cases,
these indicators allow a quantification of CO, levels.
For instance, Rye et al. [1995] used carbonate-silicate
equilibrium in the 2.75-Ga Mount Roe palacosol to
estimate the partitioning of CO, between soil and air
in the late Archaean. Their calculations suggest a
maximum CO, partial pressure of 10~ atm (ca. 100
times Present Atmospheric Level = PAL = 0.04 atm),
significantly lower than the estimate of Lowe and
Tice [2004] - between 1.4 and 10 (50-300 PAL) -
based on the existence of nahcolite (NaHCO3) % in
Pilbara sediments.

[6] Whatever the case, we can suppose that, during
Archaean times, the weathering intensity and,

consequently, the CO, consumption, was higher
than at the present-day, although likely balanced by
higher CO, inputs. To quantify the CO, con-
sumption linked to mineral dissolution in Precam-
brian times, we may consider two main types of
approaches. On one hand, field studies can lead to a
parametric approach in which climatic parameters
(mean annual temperature and runoff) are linked to
CO, consumption by the dissolution of silicate
minerals [Brady, 1991, White and Blum, 1995;
Dessert et al., 2001, Oliva et al., 2003]. However,
such studies often validate only a limited data set, in
this case modern environmental conditions (see
particularly Oliva et al. [2003]), so any extrapolation
toward past conditions is speculative. On the other
hand, an alternative approach has been developed
based on physico-chemical transfer between the
atmosphere-hydrosphere and the continental crust.
For example, Higgins and Schrag [2003] used a
three-box model for the ocean-atmosphere system.
In this model, a super-greenhouse effect drives a
hyper-active hydrological cycle inducing intense
continental weathering, such that CO, levels could
be drawn down from very high levels to pre-glacial
levels in about 200 kyr. By contrast, Le Hir et al.
[2009] used a combination of Global Climate
Modeling (FOAM) and weathering simulation pro-
grams to propose a much longer time interval, ca
3 Myr, for erasing these post-glacial perturbations.
The main criticism of such studies is that they are
calibrated on present-day conditions.

[7]1 This study is focused on the microscopic scale,
by combining appropriate experiments on water-
gas interactions with numerical formalism, taking
into account the phenomenology of reactions at the
solid-solution interface. In detail, the present study
aims to characterize continental silicate weathering
under a warm and CO,-rich atmosphere. Labora-
tory experiments were carried out over a duration
of 1 year to evaluate the silicate weathering rate
and the CO, consumption as a function of the
presence or absence of oxygen (hence the influence
of ferric or ferrous iron on the alteration sequence)
and the impact of the surface area exposed to
alteration. The experimental results are used to
calibrate standard numerical model simulations
against the long-term experimental observations,
since short-term theoretical kinetic constants mea-
sured in the laboratory are well known to produce
overestimated values when compared to field data
[Brantley, 2003; White and Brantley, 2003]. This
first part of the paper describes the experiments
conducted in the glove-box and the principle of the
numerical model. Then, the model is extrapolated
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Table 1. Percentage (Surface) of Various Minerals in the Three Rocks Determined by Image and Modal Analysis
Flood Basalt % Granodiorite % Tonalite %
Percentage (Surface) of Various Minerals in the Three Rocks Calculated for the Numerical Modeling
Albite 23 Quartz 25 Quartz 25
Anorthite 22 Albite 25 Albite 27.8
Diopside 19 Anorthite 19 Anorthite 10.76
Hedenbergite 18 K-feldspar 13 Orthose 1.19
Ilmenite 6 Phlogopite 4 Phlogopite 8.5
Crypto-cristalline matrix 12 Annite 8 Annite 6.5
Amphibole 6 Amphibole 5
Diospide 9
Hedenbergite 6
sum. 100 100 99.75
Percentage (Surface) of Various Minerals Determined by Image Analysis
Plagioclase 45 Quartz 25 Quartz 25
Clinopyroxene 37 Plagioclase 44 Plagioclase 39.0
Oxides 6 K-feldspar 13 K-feldspar (?)
Crypto-cristalline matrix 12 Biotite 12 Biotite 16
Green horblende 6 Amphibole 5
Clinopyroxene 15
sum. 100 100 100
Major Elements Composition (wt.%)
Si02 49.2 65.6 67.5
TiO2 3.49 0.57
Al203 12.98 159 15.97
Fe203* 14.53 5 3.7
MnO 0.18 0.08 0.06
MgO 5.17 1.65 1.64
CaO 9.14 3.75 3.96
Na20 2.17 3 4.67
K20 1.00 3.75 1.87
H20 1.99 0.15 0
P205 0.41 0.17
sum. 100.28 98.95 99.51

to the geological time-scale and past conditions,
leading us to evaluate the CO, consumption rate
with respect to physical factors such as soil texture
and drainage intensity (see section 5).

2. Nature and Origin of Samples

[8] Four kinds of rock sample were used for this
study, namely, tonalite, granodiorite and two differ-
ent types of basalt. These rock samples are thought to
be representative of the Archaean continental crust.
The selected samples are relatively well preserved
from alteration. When present, the secondary phases
are described in the following petrographic section.

2.1. Tonalite

[s] The selected tonalite is a member of the 2.9-Ga-old
so-called TTG suite (Tonalites-Trondhjemites-
Granodiorites) from the Archaecan Ntem Complex of
South Cameroon [Nédélec et al., 1990; Shang et al.,
2004]. TTGs are regarded as constituents of proto-

continents worldwide [Martin, 1994; Martin and
Moyen, 2002, and references therein]. Hence, they
are an ideal material to study Archaean continental
weathering. The present specimen (AN 84) is het-
erogranular, with abundant plagioclase (An 27) and
quartz. Ferromagnesian phases are represented by
slightly altered diopside (Xy, = 0.76), hornblende
and high-Ti biotite (X, = 0.58, Ti~0.6 apfu — atom
per formula unit), while the accessories are made up
of opaque minerals (magnetite and ilmenite) as well
as apatite and zircon. The secondary minerals are
chlorite, epidote and scarce calcite. The whole-rock
composition (Table 1) is relatively silicic (silica
content: 67.47 wt %) and sodic (K,O/Na,O~=0.4), as
expected for a typical Achaean TTG [Martin, 1994].

2.2. Granodiorite

[10] A granodiorite was also selected, because the
modern continental crust is mainly composed of
granites and granodiorites, with an approximately
mafic granodioritic composition [Wedepohl, 1995].

3 of 23



- " Geochemistry 3
~  Geophysics ( |
| | Geosystems | I

FABRE ET AL.: CONTINENTAL WEATHERING DURING PCB TIMES

10.1029/2010GC003444

Table 2. Physical Characteristic of the Rock Powders

Basalt Granodiorite Tonalite
Grain-size (mm) 80-125 125-500 80-125 125-500 80-125 125-500
Surface (mz/g) (BET) 1.7 1.19 0.495 0.2 0.493 0.169
W/R: water mass/rock mass 33 70 33 70 3.3 70

The sample comes from the high-K Mont-Louis
Andorra Variscan pluton (eastern Pyrenees, France),
which has an outcrop area of 600 km?®. The rock is
medium- to coarse-grained (5—10 mm) and moder-
ately isogranular. Major minerals are subautomorphic
zoned plagioclase (An 51 to An 29) with frequently
altered calcic cores, quartz and interstitial slightly
perthitic orthoclase. Mafic silicates are biotite and
subordinate hornblende. Accessory minerals are
ilmenite, apatite and zircon. The whole-rock compo-
sition (n°37 in the study by Gleizes et al. [1993]) is
presented in Table 1. It is noteworthy that this grano-
diorite is slightly less silicic (65.6 wt%) and more
potassic (K,O/Na,O = 1.25) than the Achaean tonalite
sample, and is therefore representative of the evolution
of the continental crust through geological time.

2.3. Tholeiitic Flood Basalt

[11] A basalt sample was collected from the Parana
large igneous province of southern Brazil [Harry and
Sawyer, 1992; Hawkesworth et al., 1992, 2000;
Kirstein et al., 2001]. These flood basalts extend over
anarea of 1.5 x 10° km? and may contain up to 2.35 x
10 km?® of extrusive volcanics [Gladczenko et al.,
1997]. Eruptions in the Parand Province began
133 (+1) Ma ago [Renne et al., 1992], and *°Ar->"Ar
ages from the whole area indicate that the entire
province would have formed in an interval of
0.6 (1) Ma [Renne et al., 1996]. The selected sam-
ple, a Pitanga-type basalt (i.e high Ti/Y), was col-
lected near Uberaba (Minas Gerais, Brazil) and
obtained by courtesy of Dr Leila Marques (IAG,
Univ. Sao Paulo). The rock contains rare phenocrysts
(pyroxenes) and numerous microlites of zoned pla-
gioclase (An 64-36, with an average labradorite
composition An 56), clinopyroxene (augite with
Xwmg = 0.74), and opaque minerals in a cryptocrys-
talline (devitrified) matrix of the same composition.
Rounded vesicles are the most striking feature, and
rare phyllosilicates provide evidence of minor post-
magmatic fluid-rock interactions [Schenato, 1997,
Scopel, 1997]. The rock has a typical tholeiitic
composition (Table 1).

2.4. Island Arc Tholeiitic Basalt

[12] This second tholeiitic sample was only used in
the first series of experiments. It originates from the

southern part of the island of Sulawesi (Indonesia).
This rock comes from a thick flow unit belonging to
the Bua formation of Eocene age [Polvé et al.,
1997], and is thus fully crystallized with abundant
large zoned phenocrysts of diopside (Xyg = 0.95—
0.77) and subordinate olivine (Xpg = 0.73-0.57)
locally altered to iddingsite. It contains abundant
microcrysts of clinopyroxene and plagioclase (An
86—72). Table 1 reports the major element compo-
sition, which is typical of high-alumina basalts of
such subduction-related settings.

3. Methods

3.1 Sample Preparation

[13] Rocks were mechanically crushed, sieved into
size fractions and cleaned with ultrapure water in an
ultrasonic bath to remove the tiny highly reactive
particles. Two fractions were prepared: 80—125 um
and 125-500 pm, respectively referred to as “fine”
and “coarse.” The surface area of each fraction was
measured by the B.E.T. method (Autosorb, Quan-
tachrome) using Kr and N, as adsorbant gases; the
measured values are reported in Table 2.

[14] Image analysis of thin sections and calculations
based on the bulk chemistry published in the pre-
viously cited studies allowed us to assess the modal
percentage of the various minerals forming the three
rocks (Table 1). In detail, the BET-measured surface
of each of the rock powders was attributed to the
different mineral species according to their norma-
tive percentages. This assumes that the different
minerals have the same crushing behavior, which is
likely not true. However, among the expected reac-
tive minerals, plagioclases and pyroxenes are the
most abundant and probably have nearly similar
crushing behavior (when compared to phyllosili-
cates). We should point out that grains were observed
to be polymineralic (data not shown).

3.2. Experimental Protocol

[15s] A first set of duplicate experiments was con-
ducted for 12 months, (1) under oxidizing conditions
in a 10% CO, — 90% air mixture, and (2) under
anoxic conditions in a 10% CO, — 90% N, mixture.
At intervals of 3, 6 and 12 months, a container was
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[Oven, thermically regulated]
T=40°C

pCO: =

[Reactor hermetically sealed
between the samplings]
0.1 bars

Containers

C Y N N

T

Water + rock powder

Successive samples

—_

Figure 1.

(a) View of the static glove-box in which rock powder, water and measurement devices were degassed.

(b) View of the disposable globe-box filled with a gas mix of N, (90%) — CO, (10%), in which samplings and mea-
surements were done each month. (c) Sketch of the experimental device, namely the reactor enclosed in the oven. The
reactor was organized as follows: from right to left, successive polypropylene containers (one for each sampling time)
used for sampling and in situ pH-Eh measurements and from back to front, the three types of rocks.

removed from each reactor for fluid monitoring and
analysis of solids.

[16] For each experiment, 1 mg of fine rock powder
and 4 mg of coarse rock powder, along with 1.5
and 5 mL of pure water (18 M) respectively, were

introduced into six 30-mL open polypropylene
containers (one per time interval and one per rock
type), which were then placed inside a glass bottle
filled with the gas mixture (Figure 1c). The glass
bottles, here termed the “reactors,” were hermeti-
cally sealed and maintained for several months at
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40°C in an oven, except for periods of a few
minutes at room temperature during which the
containers were removed for sampling. In each
reactor, another container with pure water was
added as a reference to monitor the potential pCO,
variations by measuring pH during the course of
the experiment. The nominal pH value for water
equilibrated with pCO, = 0.1 bars is 4.5.

[17] The filling of the reactors with gas, the intro-
duction or removal of the 30-mL polypropylene
containers into or from the reactor, the estimation
of pCO, by pH measurement and all the manip-
ulations of the reacted samples were carried out in a
glove box (Figures la and 1b) containing 10%
CO,, under either oxic or anoxic conditions depending
on the experimental series. Under anoxic conditions,
the low level of O, concentration is obtained by a Pd
catalyst and measured by a dedicated sensor (for
details, see Mansour et al. [2010]). In addition, Eh
(reported in Appendix B) was monitored together with
pH at each sampling. The sampling of solution-rock
assemblages at regular time intervals provided the
opportunity to renew the reactor atmosphere to com-
pensate for the CO, consumption by rock sample
alteration.

[18] An additional series of experiments was con-
ducted to assess weathering rates far from chemical
equilibrium and under constant pCO,, using the
coarse rock fraction (125-500 pm), and applying the
same protocol except for the rock/solution/gas ratio
(100 mg of rock sample and 7 mL of water by run,
and a large 30-L polypropylene bottle as reactor
filled with a CO,-N, gas mixture). The experimental
run duration was 5 months in this case (Figure 1c).
Experimental conditions (grain-size, water/rock
ratio and surface area) are listed in Table 2.

3.3. Solution Analyses

[199 Eh and pH were measured directly in the
solution at room temperature in a disposable glove
box (Figure 1b) corresponding to the experimental
atmosphere using a WRW IS 160 pH-meter cou-
pled to an Orion electrode. The pH of the pure
solution used to monitor the CO, content in the
reactor atmosphere remained close to a value of
4.55, which corresponds to the theoretical equilib-
rium of pure water at 0.1 bar CO,.

[20] The aluminum and iron concentrations of the
solutions were determined by inductively coupled
plasma mass spectrometry (ICP-MS, Perkin-Elmer
Elan 5000), and flame spectroscopy (Perkin Elmer
Zeeman 5000) for K, Na, Mg and Ca after addition

of 2% HNOj;. Anion concentrations were measured
by ion chromatography (Dionex ICS 2000). The
aqueous silica concentration was measured using
the molybdate method [Strickland and Parsons,
1972] with a Technicon analyzer Il colorimeter.
Given the small volume of experimental solution
(a few mL), the bicarbonate concentration was not
measured by conventional methods, but estimated
as the charge difference between the measured
cations and anions.

3.4. Secondary Phases

[21] At the end of each time interval, the altered
samples were observed by scanning electronic
microscopy (SEM, Jeol 6400). The accelerating
voltage was 120 kV, and semiquantitative chemical
analyses were performed at the local scale (spot
size of about 25 nm) by X-ray fluorescence (EDS)
using a point mode and without standards. The
chemical spectra obtained were sufficient to con-
firm the mineral identification.

[22] The alteration phases were detached from the
altered grains by ultrasonic treatment (VibraCell
75021, 100W). The fine particles were separated
from the coarse grains by decanting, and were
assumed to represent the entire secondary mineral
fraction. This fine fraction was dried and weighed to
a precision of 0.01 mg in order to determine the
quantity of altered phases produced by the experi-
mental weathering. However, some of the recovered
fine particles may be derived from the original
unaltered material. This fraction was evaluated at
between 2.28 mg (granodiorite) and 0.51 mg
(tonalite) by applying the same protocol to the
unaltered samples, and was therefore subtracted
from the raw data. The mineralogical composition of
the altered samples was also determined by X-ray
diffraction on oriented and glycolated preparations
using Cu Ka radiation.

4. Results

4.1. Leaching Under Oxic and Anoxic
Atmosphere at W/R =1 and 5

[23] Table 3a presents the results of the first series of
1 year experiments. In Figure 2a, alkalinity and pH
data under oxidizing conditions are plotted against
their equivalent in anoxic experiments. For alkalin-
ity, no significant difference can be observed
between oxic and anoxic conditions: the intercept of
the calculated correlation line is close to zero with a
slope of ca. 1. In the case of pH, the values are
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Table 3a (Sample). Experimental Results for the First Set of Experiments® [The full Table 3a is available in the HTML version

of this article]

Sample pH Ca®" K" Na* Mg Fe** A"

Time = 12 Months
Anoxic Atmosphere Flood Basalt fine 6.6 4.8 61.1 6.8 11.3 1.8E-05 4.8E-04
coarse 6.5 3.1 3.7 3.6 7.2 1.4E-05 4.6E-04
Granodiorite fine 6.3 1.4 37.0 1.4 0.5 1.7E-05 4.6E-04
coarse 6.0 0.4 19.0 0.5 0.1 2.1E-05 4.7E-04
Tonalite fine 6.5 23 18.0 1.9 0.8 1.5E-05 4.5E-04
coarse 6.6 32 8.7 1.1 0.7 1.7E-05 4.4E-04
Oxic Atmosphere Flood Basalt fine 7.2 4.0 12.0 11.1 10.2 6.6E-05 6.0E-04
coarse 6.9 52 9.1 8.6 18.6 4.3E-05 4.9E-04
Granodiorite fine 7.2 10.3 109.0 9.3 1.2 2.7E-05 5.0E-04
coarse 7.2 2.9 8.0 3.1 1.2 4.7E-05 5.8E-04
Tonalite fine 7.3 1.2 47.9 43 0.7 9.5E-05 5.3E-04
coarse 7.1 1.1 4.1 1.0 0.5 5.4E-05 4.6E-04

Time = 6 Months
Anoxic Atmosphere Flood Basalt fine 6.5 3.5 0.3 2.5 33 1.7E-05 4.1E-04
coarse 6.3 3.0 0.3 1.8 3.0 1.6E-04 5.8E-04
Granodiorite fine 6.3 34 1.4 1.9 0.5 1.2E-04 4.0E-04
coarse 6.3 1.0 0.6 0.7 0.2 2.5E-05 4.0E-04
Tonalite fine 6.3 34 1.6 1.8 0.8 2.7E-05 3.8E-04
coarse 6.6 3.6 1.2 1.0 0.4 1.3E-05 3.8E-04
Oxic Atmosphere Flood Basalt fine 7.5 2.7 0.5 1.1 6.7 4.4E-05 6.3E-04
coarse 7.5 3.1 0.6 1.9 6.9 2.4E-05 4.5E-04
Granodiorite fine 7.7 3.1 10.3 2.1 0.7 2.8E-05 4.7E-04
coarse 7.4 2.7 6.9 1.2 0.5 1.9E-05 4.6E-04
Tonalite fine 8.8 33 1.8 1.2 0.7 2.5E-04 7.3E-04
coarse 7.4 1.2 0.6 0.3 0.2 5.0E-05 5.2E-04

Time = 3 Months
Anoxic Atmosphere Flood Basalt fine 6.2 0.8 0.3 1.2 0.6 1.7E-05 4.1E-04
coarse 6.4 0.7 0.2 0.9 0.6 1.6E-04 5.8E-04
Granodiorite fine 5.6 1.0 1.0 1.2 0.2 1.2E-04 4.0E-04
coarse 6.3 0.5 1.1 0.9 0.1 2.5E-05 4.0E-04
Tonalite fine 5.9 0.7 0.7 1.8 0.1 2.7E-05 3.8E-04
coarse 6.2 0.8 0.7 0.5 0.1 1.3E-05 3.8E-04
Oxic Atmosphere Flood Basalt fine 5.9 2.4 0.4 1.5 23 4.4E-05 6.3E-04
coarse 6.1 2.7 0.3 1.6 2.7 2.4E-05 4.5E-04
Granodiorite fine 6.1 1.1 1.0 0.7 0.3 2.8E-05 4.7E-04
coarse 5.9 1.6 0.9 0.7 0.3 1.9E-05 4.6E-04
Tonalite fine 5.8 0.8 0.4 0.6 0.3 2.5E-04 7.3E-04
coarse 5.9 24 0.4 0.3 0.5 5.0E-05 5.2E-04

Monitor Time = 12 Months

Present Atmosphere Flood Basalt fine 7.6 0.7 0.3 1.5 0.7 1.7E-05 4.2E-04
coarse 7.1 0.7 0.2 0.4 0.8 1.2E-05 4.0E-04
Granodiorite fine 7.9 0.2 0.9 0.7 0.0 6.9E-05 5.6E-04
coarse 7.7 0.2 0.8 0.7 0.0 1.3E-05 4.2E-04
Tonalite fine 7.7 0.8 0.3 0.1 0.0 9.8E-06 3.7E-04
coarse 7.7 0.9 0.4 0.6 0.0 2.0E-05 5.5E-04

3All concentrations are expressed in mmol/L, only major species are depicted (with the exception or Fe and Al).

PAlk refers to carbonate alkalinity namely [HCO3], calculated with electric balance in mmol/L. Note that anions species are not depicted in the

table.

slightly higher for oxic experiments than for anoxic
experiments, but without significant geochemical
consequences. Likewise, microscopic observations
of the altered grains do not show any significant
differences between oxic and anoxic conditions

(Figure 2b). Consequently, the next section gives
details about the second series of experiments
(anoxic only), for which more data are available.
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Figure 2. (a) Comparison of the pH (left side) and the alkalinity (right side) of the rock leachates in oxic and anoxic
conditions (W/R =1 and 5). Dashed line stands for the linear regression. (b) SEM photography (Secondary Electron
Imaging) of primary mineral—plagioclase in island arc tholeiitic basalt in this case- at the end of the 1 yearlong experi-
ments for the oxic (left side) and anoxic (right side) experiments. Secondary-phases deposits are clearly visible on the

minerals surfaces.

4.2 Leaching Under Anoxic Conditions
and W/R =70

[24] The chemical compositions of the solutions are
reported in Table 3b. It should be noted that,
despite the duration, temperature and high CO,
content of the experimental atmosphere, there is
only a rather limited production of dissolved salts,
with a total amount no higher than in natural
mineralised water as shown on Figure 3. After a
few weeks, the pH, alkalinity and almost all the
ionic concentrations tend toward a stable value.

[25] The relative mobility of the elements was
investigated by calculating a water/rock concen-
tration ratio, according to Gislason et al. [1996],

which is normalized to sodium as shown below for
element “X:

Rmobilityx = (Xwater / Nawater) / (Xrock / Narock)

where Nay,er and X, .er are the concentrations of
Na and X in the solution; X, and Na,, are the
concentrations of X and Na in unaltered rocks.
Sodium is chosen as a reference element here, since
it is one of the most mobile ions in the three rock-
types studied here, and occurs as a major element
in rocks and water. Figure 4 shows the mobility of
the elements relative to sodium.

[26] Iron and aluminum are the least mobile ele-
ments in all cases with R values less than 0.02. For
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Table 3b (Sample).
version of this article]

Experimental Results for the Second Set of Experiments® [The full Table 3b is available in the HTML

Time Sample pH Ca? K" Na* Mg** Fe** AP

Anoxic Atmosphere 5 days Flood Basalt 5.63 MS MS MS MS MS MS
Granodiorite 4.99 MS MS MS MS MS MS
Tonalite 5.03 MS MS MS MS MS MS

15 days Flood Basalt 5,93 0.10 0.50 0.06 0.20 1.1E-04 6.3E-04

Granodiorite 54 0.02 0.10 0.01 0.01 2.3E-04 5.3E-04

Tonalite 5,63 0.06 0.13 0.01 0.02 7.5E-05 4.6E-04

30 days Flood Basalt 5,95 0.12 0.43 0.06 0.20 2.4E-05 4.6E-04

Granodiorite 5,47 0.02 0.12 0.01 0.01 1.2E-04 4.8E-04

Tonalite 5,84 0.07 0.13 0.01 0.02 2.4E-05 4.6E-04

45 days Flood Basalt 6 0.12 0.20 0.07 0.20 3.9E-05 5.1E-04

Granodiorite 5,67 0.02 0.13 0.01 0.01 4.4E-05 4.7E-04

Tonalite 5,82 0.07 0.15 0.01 0.02 2.4E-05 4.6E-04

60 days Flood Basalt 6,05 0.13 0.21 0.07 0.20 4.4E-05 5.1E-04

Granodiorite 5,63 0.02 0.13 0.01 0.01 9.2E-05 6.0E-04

Tonalite 5,81 0.08 0.17 0.01 0.02 5.7E-05 4.8E-04

90 days Flood Basalt 6,26 0.14 0.29 0.10 0.22 6.5E-05 5.4E-04

Granodiorite 5,87 0.02 0.13 0.02 0.01 7.3E-05 5.5E-04

Tonalite 6,03 0.08 0.17 0.01 0.02 5.9E-05 5.1E-04

150 days Flood Basalt 6,36 0.12 0.41 0.11 0.18 6.4E-05 5.1E-04

Granodiorite 6,27 0.03 0.20 0.02 0.01 5.9E-05 4.9E-04

Tonalite 6,29 0.13 0.20 0.02 0.03 6.2E-05 4.9E-04

Present Atmosphere 150 days Flood Basalt 7.2 0.04 0.06 0.01 0.04 2.5E-05 4.9E-04

Granodiorite 7.25 0.02 0.17 0.02 0.01 2.5E-05 4.9E-04

Tonalite 7.06 0.05 0.18 0.02 0.01 2.1E-05 4.6E-04

?All concentrations are expressed in mmol/L, only major species are depicted (with the exception or Fe and Al). Alk refers to carbonate alkalinity
namely [HCO3], calculated with electric balance in mmol/L. Note that anions species are not depicted in the table. MS: monitoring of the solutions,

pH and Eh measurements only without sampling.

the other eclements, the relative mobility varies
depending on rock type with an increase of R from
basalt to tonalite. These high values suggest that
Na, our reference, is less mobile in tonalite than
basalt, according to the lower reactivity of Na-
plagioclases than Ca-plagioclases (basalt). In the
granodiorite leachate, concentrations are very low
and the mobility of the elements is reduced,
granodiorite being the least weatherable among the
tested rocks.

[27] Field studies on basalts have shown almost the
same sequence of relative mobility of the elements:
for example, Veldkamp and Jongman [1990] give a
decreasing order of mobility for basalts in France,
with K > Na > Si > Mg > Ca > Al > Ti.

4.3. Development of Secondary Phases

[28] Figure 5 reports the mass of secondary phases,
corresponding to the fine particles released by
ultrasonic treatment, which show a regular and weak
increase with time for the three types of rocks. The
mass of newly formed E)hases at the end of the
experiment is nearly 10 ~ g for the basalt and less
than half that value for the two other rocks (Figure 5)
(respectively 1% and 0.5% of the initial mass of
ca 0.1 g).

[20] EDS analyses suggest an Al-Fe-Si rich com-
position for the secondary phases. However, these
chemical data should be interpreted with caution
since the bulk composition of the fine particles could
be affected by mixing with primary minerals. XRD
patterns obtained from the recovered ultrasonic
fraction show a sharp peak at 10 A for the grano-
diorite and tonalite products, likely related to con-
tamination of this fraction by primary micaceous
phases. Except for this artifact, we only distin-
guished a broad peak around 14 A (see Figure 6),
supporting the hypothesis of a poor degree of crys-
tallization of the secondary phases.

[30] X-ray diffraction failed to establish the pres-
ence of any carbonate minerals. The absence of
carbonate is also supported by the fluid chemistry.
For each sampled solution, we calculate the satu-
ration state of the fluid with respect to the potential
secondary phases using the PHREEQC software
(Appelo and Parkhurst [1999]; see section 5 for
more detailed information). The saturation state is
quantified by the saturation index (SI); for a solid
phase 7 and expressed in the following form:

0, = 1oe() 1)
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Figure 3. Evolution of the chemical composition of the solutions during the flood basalt (triangles), granodiorite
(crosses) and tonalite (circles) weathering for pCO, = 0.1 bars, and T = 40°C compared with Orinoco River values (dis-

continuous lines) (after Gaillardet et al. [1999]), chosen as a

where /AP is the lonic Activity Product and K; the
thermodynamic equilibrium constant. At equilib-
rium, (SI); is equal to zero, but is positive in super-
saturated solution and negative in undersaturated
solution. The results of the calculations presented in

representative terrestrial river (125-500 pm, W/R = 70).

Table 3b display negative saturation index for car-
bonate minerals. However, in the first series con-
ducted for 1 year, (SI); reached positive values at the
end of the runs, but no carbonate mineral was ever
found. The absence of observed carbonate in these
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Figure 4. Relative mobility of some elements during the weathering of flood basalt (black line), granodiorite (white)
and tonalite (gray) for 5 months of experiment. (Duration 5 months, coarse grains, W/R = 70).

long runs may be related to the possible poor crys-
tallinity of the secondary phases or their very low
concentration if present. This makes it questionable to
use XRD for identifying small amount of carbonate.
In addition, products of the longer runs were analyzed
by Fourier Transform Infrared Spectroscopy (FT-IR).
The analyses were carried out on a Nicolet 510
spectrometer (HydrASA Poitiers University, France)
and failed to identify secondary carbonates. The
details of the method and examples of application can
be found elsewhere [Petit, 2006; Andrieux and Petit,
2010; Vingiani et al., 2010].

[31] The absence of carbonate as by-product of
silicates alteration under high pCO, indicates that
the progress of reaction was not long enough to
allow the rock samples to buffer the solution pH.

4.4. Changes of Primary Mineral Surfaces

[32] At the end of the experiments, the altered
samples were cleaned by ultra-sonic treatment, air-
dried and then observed using scanning electronic
microscopy (SEM). First, we note that each grain is
formed of several mineral species. Observed under
SEM, the altered surfaces appear different from one
rock to another, with the granodiorite being less
altered than the basalt and the tonalite, according to
the recovered mass of fine particles. In Figure 7,
cleaned surfaces are shown on the left and altered
grains on the right.

[33] In the case of basalt (Figures 7a and 7b), the
only observable alteration feature is made up of

dissolution pits in the cryptocrystalline matrix,
while pyroxene phenocrysts seem well preserved.
By contrast, the pyroxene phenocrysts from the
altered tonalite (Figures 7¢ to 7f) show rough and
damaged surfaces with remaining small particles.

[34] Figures 7g and 7h display alkali-feldspar sur-
faces in altered/fresh granodiorite samples. No
clear sign of alteration can be observed.

[35] Several clay minerals (kaolinite, Mg- and
Ca-montmorillonite, see Table 3b) are already
supersaturated with respect to the fluid in the first
samples collected, whereas the precipitation of car-
bonates remains thermodynamically disfavored
throughout the duration of the experiments.

5. Construction and Validation
of the Numerical Model

[36] The aim of our numerical approach is to
parameterize a simple model, including an empir-
ical variable to fit the experimental results, so that
the model can be extrapolated to the geological
scale. For this purpose, we chose to use the
PHREEQC program [4ppelo and Parkhurst, 1999]
developed by the U.S. Geological Survey for
modeling water-rock interactions, coupled with the
Lawrence Livermore National Laboratory database.
The program determines the chemical speciation of
aqueous solutes, the fugacities of gases, and attri-
butes each component of the solution to stable
aqueous species. It also calculates the activity
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Figure 5.

(top) Flood basalt, (middle) granodiorite, and (bottom) tonalite. Extensive and intensive parameters chosen

in order to calibrate the numerical model: pH, alkalinity and weight of the secondary phases. (Duration 5 months,

coarse grains, W/R = 70).

coefficients of water and the aqueous species, as
well as the saturation index of the solution with
respect to all the solid phases of the database.

5.1. Parameters of the Model

[37] The mineral dissolution rate is described in the
model by a first-order kinetic law for a surface-
controlled reaction. More elaborate formalisms
have been proposed in the literature [Schott and
Oelkers, 1993; Oelkers et al., 1994, Oelkers and
Gislason, 2001] including the catalytic Al inhibi-
tion effect according to the Al concentration. How-

ever, (1) the fluid data presented here indicate that
the leachate remains far from equilibrium, as shown
in Table 3a, with respect to the rock-forming minerals
of the altered samples and (2) the Al concentrations
are very low. Finally, we adopt a simpler approach
that consists of modeling the dissolution rates with a
basic first-order law reported in equation (2):

@)

where R; stands for the bulk dissolution rate of min-
eral i, r; is the dissolution rate constant in mol/m?/s,
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Figure 6. To the left, SEM morphology of the secondary alteration phases at the surface of (a) basalt, (b) granodi-
orite and (c) tonalite grains. To the right, corresponding XRD spectrums of the “purified” secondary minerals (dura-
tion 5 months, coarse grains, W/R = 70).
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Figure 7. SEM (Backscattered electrons) photographs of unaltered (left column) and altered (right column) powder
after 5 month experiment (125-500 pum, W/R = 70)) ((a, b) basalt; (c, d, e, f) tonalite; (g, h) Granodiorite). Pl: pla-
gioclase, Px: pyroxene, Mx = cryptocristalline matrix, FK = orthose.
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Figure 8. Arrhenius plot of the dissolution rate con-
stants of tetraoxosilicates at neutral pH or when the
hydrolysis of silica is the limiting step (after Berger
et al. [2002]).

A is the surface area of the mineral, 7 is the volume
of the solution.

[38] To determine the rate constants, we use the
approach reported by Berger et al. [2002], which
consists of relating the bulk dissolution rate to the
silica concentration in the mineral at near neutral
pH (Figure 8). This approach is applied here to the
entire set of minerals of used in the modeling study,
and the rate constant database is calculated from a
simple function relating temperature with Si content of
the dissolving mineral (see Table 4 and Appendix A).

[39] The reactive surface is initially assumed to be
equal to the mineral surface-area measured by BET.
For the granodiorite and tonalite, the values are close
to 0.2 m%.g ' (Table 2). In the case of the flood
basalt, the measured BET surface is much higher
than for the two other rocks, probably because a
substantial part of the BET surface corresponds to
the cryptocrystalline matrix (our SEM observations

and Scopel [1997]). The crystallinity of the basaltic
flow and the reactivity of the glass fraction (if any) is
an important point for our modeling. However, for
the purpose of our study, we consider that sub-aerial
flood basalts produced massive lava flows. The
glass in such lava flows is absent or rare (and
restricted to the quenched border). In fact, the rock
matrix of the studied sample contains microlites and
abundant cryptocrystalline phases (oxides, plagio-
clase, pyroxene and clays, identified by SEM),
according to the petrographic description presented
in section 2.

[40] We can raise the question of how this clay frac-
tion could contribute significantly to the weathering
budget, even when it represents only at few percent of
the whole rock. First, this clay fraction was probably
formed by volcanic gas-rock interactions just after
solidifcation of the lava flow [Meunier et al., 2008,
and reference therein], and thus did not result from a
weathering process (i.e., did not consume atmo-
spheric CO,). Second, even considering subsequent
weathering, clay minerals are more stable than mafic
minerals at the Earth’s surface. A simple mass bal-

Table 4. Rate Constants Used in the Numerical Modeling
per Minerals and per Type of Rock and Experimental
Conditions®

ko, (T= 40°C) Experimental Conditions
in mole Si.m*'s™" (A/V in m*kg ")
Basalt

Albite 3.3E-12 13
Anorthite 5.0E-12 12
K-feldspar 3.3E-12 4

Diopside 1.0E-11 11
Hedenbergite 1.0E-11 10
Ilmenite 6.1E-10 3

Magnetite 1.7E-08 0.1

Granodiorite
Quartz 1.0E-11 0.7
Albite 3.3E-12 0.7
Anorthite 5.0E-12 0.5
Orthose 3.3E-12 0.4
Phlogopite 3.3E-12 0.1
Annite 1.3E-12 0.2
Tonalite

Quartz 1.0E-11 0.6
Albite 3.3E-12 0.7
Anorthite 5.0E-12 0.3
K-feldspar 3.3E-12 0.0
Phlogopite 3.3E-12 0.2
Annite 3.3E-12 0.2
Amphibole 1.3E-12 0.1
Diopside 1.0E-11 0.2
Hedenbergite 1.0E-11 0.1

*Berger et al. [2002]. The overall reaction is controlled by silica
hydrolysis.
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Figure 9. Conceptual steps of the “Pulse-Chase” modeling of the water-rock interactions, at the microscopic scale,

between two rain events.

ance equation of smectite dissolution indicates half of
the proton-consumption (16 H'/kg) when compared
to plagioclase hydrolysis (29 H'/kg). Consequently,
this fraction is ignored in our calculation.

[+1] It is difficult to estimate the reactive surface
area for the plagioclase and pyroxene microcrysts,
even if their dissolution rate constant is probably
the same as the phenocrysts. Our experiments yield
roughly similar alteration rates for basalt (micro-
litic) as the two other rock samples (granular). This
unexpected observation leads us to conclude that
the fine mineral fraction is less reactive than the
coarse fraction (e.g., lower water accessibility?).
We consider that the BET-measured value may be
inappropriate, so we only take into account the
surface area of the phenocryst fraction. For basalt,
this phenocryst fraction is assumed to be roughly
equal to that observed in the other rocks.

[42] For each rock sample, we use the whole-rock
analysis and image analysis to calculate the modal
percentage of each mineral species (Table 2). The two
methods provide consistent modal compositions.
These mineral compositions are used to divide up the
whole surface area (i.e., measured by BET) into a
specific reactive area for each mineral constituent
according to its modal percentage (see Table 2).

[43] The dimensioning of the other parameters
(water-rock ratio, pCO,, gas-water volume ratio,
temperature and duration) reproduces the experi-
mental conditions.

[44] In our simplified approach, the secondary pha-
ses are allowed to precipitate as soon as their SI

value is positive and without any explicit kinetic
law. As a result, the overall alteration rate is mainly
controlled by the dissolution kinetics of the primary
mineral constituents. This assumption is supported
by the low SI value of the primary minerals mea-
sured in the experiments (Table 3). Among all the
potential secondary phases, we exclude the mafic
minerals (feldspar, pyroxene, etc.) and quartz,
whose precipitation rate is well known to be
extremely slow at 40°C.

5.2. Preliminary Results and Model
Adjustment

[45] Experimental and calculated data are compared
by means of intensive and extensive parameters
(pH, HCOs taken as alkalinity, and mass of sec-
ondary phases).

[45] The two sets of data display a radically dif-
ferent behavior with time: the calculated data show
a linear progression with time, whereas the exper-
imental data show an inflection point between the
Sth and the 15th day (especially for the pH and
alkalinity, see Figure 5). This allows us to distin-
guish two steps during the mineral weathering:
(1) “initial dissolution” corresponding to the fast
dissolution of the fresh grain surfaces; and (2) a
more gradual dissolution reaction, subsequently
referred to below as “further dissolution.”

[47] The “initial dissolution” stage is reproduced in
our model by introducing the immediate dissolution
of a mineral layer without any kinetic law, followed
by the “further dissolution” regime modeled by the

16 of 23



-~ Geochemistry 3
~  Geophysics ( |
| | Geosystems | I

FABRE ET AL.: CONTINENTAL WEATHERING DURING PCB TIMES

10.1029/2010GC003444

Tonalite T=40°C, p(CO.) = 0.1 bars

10000 1 Loess
g 19997 | nitial dissolut /
- nitial dissolution _ Sand
g™ i
L & | PPt
3 g 10 \ - ’f
g E 11 - _ - 7 {
®» © - P
S 3 011 -~ - Further dissolution
o -
8 oot] -~
© 0.001 4~

0.0001 T T T T 1

1 10 100 1000 10000 100000

Time (years)

Figure 10. CO, consumption rates in the case of loess
(gray line) and sand (black line). Batch dissolution
resulting from initial fresh surface and further dissolu-
tion are displayed separately respectively with solid
and dashed lines. The sum of the two effects is also dis-
played (solid curves).

previously defined kinetic parameters. A calculation
using the PHREEQC software [Appelo and Parkhurst,
1999] yields a value for this exchange layer. The input
solution is assumed to be pure water equilibrated with
an atmosphere containing 10% CO,. The amount of
dissolved mineral during this stage is chosen to fit the
experimental data and correspond to a thickness of
0.5 pm for the dissolved layer. In fact, this value is the
only adjusted parameter of the model. Overall, the
model satisfactorily reproduces the experiments, even
though some discrepancies can be observed (Figure 5)
between the modeled and observed values, as for
example, in the granodiorite leachates, where we find a
difference of one pH unit.

[48] Moreover, we also make use of the data from
the monitor runs corresponding to present-day
weathering conditions, namely pCO, = 107 bars
and T = 20°C. Given the low carbon dioxide
pressure, we set the leached layer thickness to zero.
Again, we find a reasonably good agreement
between the calculated and measured chemical
evolution.

5.3. “Scaling up” to Precambrian Earth

[49] The previous calibrated formalism based on
two concomitant reactions is used to model the
weathering of the continental surface under Pre-
cambrian conditions.

[s0] The “rock” is a regolith of variable grain size
and thickness, reacted with rainwater initially
equilibrated at 40°C with pCO, = 0.1 bars, under
anoxic atmosphere. The drainage conditions are

arbitrarily fixed to three rainy days per week. The
consumption of atmospheric CO, as a consequence
of mineral weathering is simulated as a function of
time by an incremental procedure and used to
recalculate the temperature and dissolution rate
constants at each step. The regolith alteration is
assumed to proceed by a continuous batch process
in a saturated sediment whose pore water is peri-
odically renewed at each rain event. The water-
rock ratio between the rain falls is defined by the
porosity of the regolith, that is, for a compact
sphere model, roughly 0.2 m® water/m> of regolith
(values from Fetter [1994] for a glacial tillite). At
each rainfall, the pore filling water is replaced by
an equivalent volume of fresh rainwater. The pro-
cedure is detailed in the appendix below and
illustrated in Figure 9.

[5s11 Among all results, we focus on the CO, con-
sumption rate. The first step of dissolution (exchange
reaction) is clearly the more important contribution
relative to the CO, consumption, at least over the first
1,000 yrs for the sand and 1,850 yrs for the loess
(Figure 10).

[52] In our model, grain-size is the major factor
influencing the CO,-consumption rate (Figure 10).
The two extreme studied cases show contrasted
results: for the fine grain-sized material — i.e.,
“loess” - the CO, consumption rate is nearly two
orders of magnitude faster than for the coarse
grain-sized material — i.e., “sand.” This parameter
seems to be crucial for CO, consumption during
rock weathering, because it determines the reactive
surface of the minerals. In the simulations, only
carbonates (namely, calcite and disordered dolo-
mite) are allowed to precipitate. Only the first stage
(i.e., exchange reaction followed by dissolution
after the first rain event) enables to reach positive
saturation index, and this occurs only for calcite.
After the rain event, the pore filling solution never
exhibits carbonate precipitation.

6. Discussion

6.1 Comparison With Natural Data

[53] To compare our experimental solutions with
present-day rivers, Figure 3 reports the water
chemistry for the Orinoco River, with a catchment
including composite but moderately silicic lithol-
ogies [Gaillardet et al., 1999], which represents a
benchmark among the least mineralised rivers of
the world. As can be seen in Figure 3, the con-
centrations for granodiorite and tonalite leachates
are very similar and systematically lower than the
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concentrations found in this natural river. However,
this is not the case for the basaltic leachates, where
the pH values are in the same range for both
experimental and natural waters.

6.2. Mechanism at the Interfaces

[54] The primary mineral dissolution rates can be
correlated with the time-evolution of three para-
meters: the pH, the alkalinity and the mass of
secondary phases (Figure 5). Two stages can be
distinguished: a first stage occurring during the first
five days, followed by a second stage of weaker
intensity.

[s5s] The first stage corresponds to the development
of a leached layer at the primary mineral surface. It
consists of an exchange between protons of the
solution and the network- modifying cations i.e.,
those that do not form part of the structural mineral
framework. Typically, the thickness of the leached
layer increases with time and decreasing pH, as
shown for example by White and Claasen [1980]
and White [1983]. These exchange reactions
release cations and increase the solution pH as
observed in our experiments. The depth of the
cation-exchange layer has been measured by sur-
face titration and may attain several tens of A
[Amrhein and Suarez, 1988, Schweda, 1989, Blum
and Lasaga, 1991, Wollast and Chou, 1992]. In
other words, the dissolution of a mineral layer
about 5000 A thick, leads to the pH and alkalinity
values observed in the experiments. The thickness
of the leached layer is within the range of classical
values in the literature adopted for this type of
experiment. As an example Hamilton et al. [2001]
shown that a jadeite-glass dissolved at pH = 2
developed an Al-Na depleted surface that is
thousands of Angstrom thick. The interesting point
is that this value is the same for the three types
of rocks.

[s6] The second important aspect of weathering is
the high pH buffering capacity of rocks, which
balances the acidity of the atmosphere. However,
the numerous experimental investigations of the
effect of pH on silicate dissolution [e.g., Brantley
and Chen, 1995; Nagy, 1995; Blum and Stillings,
1995] suggest that different silicate phases respond
differently to pH variations. It is noteworthy that
the polymineralic grains observed in our study give
rise to an “average” dissolution rate for the rocks
considered. As noted by several authors, the first
exchange reaction is followed by a slower parabolic
solid-state diffusion [White and Claasen, 1980;
White, 1983]. The increasing aqueous pH leads to a

decrease in the rate constants of diffusing species
that is proportional to their valence state. As a
consequence, the diffusion gradients produced by
solid-state internal exchange are weaker.

6.3. Consequences for Precambrian Times

[571 A comparison between experimental solution
chemistry under “Precambrian conditions” (pCO, =
0.1 bars, T = 40°C) and “Present-day conditions”
(pCO, =102 bars, T =20°C) allows us to quantify
the ratio between the corresponding weathering
intensities. We focus on alkalinity here, assuming
that this parameter is a good indicator of weather-
ing intensity. The alkalinity ratios are comprised
between 4 for granodiorite and 8 for tonalite, with
an intermediate ratio for basalt (Table 3). This
suggests that weathering under Precambrian con-
ditions is 4 to 8 times more aggressive than in the
modern Earth. A similar value (7 times) is found
by Higgins and Schrag [2003], based on calcula-
tions carried out by L.R. Kump. An important dif-
ference with the Higgins and Schrag model is that
these authors attribute a large part of the alkalinity
to the dissolution of continental carbonates, whereas
we obtain similar values by taking into account
solely the silicate contribution.

[ss] Among the different rocks occurring at the
surface of the continents, basalts are regarded as
the most easily weatherable on the present-day
Earth, whatever the climatic conditions [Gislason and
Arndrsson, 1993; Gislason et al., 1996; Whipkey
et al., 2002; Chadwick et al., 2003; Sigfusson et al.,
2006]. The field study of Dessert et al. [2003] and
our experimental data both confirm the role of a
CO, sink for this type of rock. For example,
Figure 5 shows that the CO, consumption rate
evaluated from the HCO; concentrations is two
times higher than for the two other types of rock.

7. Conclusions

[s9] Experiments lasting several months to simu-
late the weathering of rock powders under pCO, =
0.1 bars and T = 40°C lead to mineralized solu-
tions with pH close to neutrality and the formation
of poorly crystallized secondary phases. These
observations highlight the very high buffering
capacity of the rocks; moreover, the intensity of the
rock dissolution — in which each grain is poly-
mineralic - depends on the crystallinity and the
nature of the rock-forming minerals. As a result,
the solution chemistry shows that, as classically
expected, basalt is more easily weathered than
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tonalite, which is more easily weathered than
granodiorite.

[60] In detail, the results of this study show two
characteristics of weathering under high pCO,:
(1) the importance of the first dissolution stage in
the dissolution process and (2) the low overall
alteration rate despite the CO,-rich atmosphere
and high temperature of the experiments. In par-
ticular, the evolution of the alkalinity and of the pH
seems to indicate that the mineral dissolution
occurs in two stages or according to two exchange
reactions. The first stage occurs during the five
first days, followed by a second stage with slower
dissolution.

[61] The innovation of our study is to introduce
an empirical factor — the thickness of the leached
layer - to fit the data, which is then used to
construct a numerical model of rock weathering
as described in the second part of the article.

[62] From our thermo-kinetic point of view, the
intensity of Precambrian weathering under high
pCO, conditions, especially in the immediate post-
Snowball Earth aftermath, is more severe than at
the present-day, up to 6 times more than currently
observed on Earth. However, this is not as severe
as might be considered appropriate for such high
CO, pressure.

Appendix A: Numerical Modeling

[63] Table Al shows parameter values chosen for
simulations used with the numerical model in the
case of the “Precambrian Earth.” Note that the
terms “sand” and “loess” simply refer to two dif-
ferent grain-sizes and not to a mineralogical
composition (see section 5.3 for further details).
Table A2 shows rate constants [Berger et al.,
2002] used in the various modeling per minerals

Table A2. Rate Constants Used in the Various Modeling per
Minerals and Type of Rock®
Simulations
% of ko (T=40°C) (A/Vin
Mineral in mole _mikg )
Surface Sim>s ! Loess  Sand
Basalt
Albite 23 3.3E-12 138 3
Anorthite 22 5.0E-12 132 3
K-feldspar 7 3.3E-12 42 1
Diopside 19 1.0E-11 114 3
Hedenbergite 18 1.0E-11 108 3
Ilmenite 6 6.1E-10 36 1
Magnetite 0.1 1.7E-08 1 0.02
Granodiorite
Quartz 25 1.0E-11 135 3
Albite 25 3.3E-12 135 3
Anorthite 19 5.0E-12 103 3
Orthose 13 3.3E-12 70 2
Phlogopite 4 3.3E-12 22 0.5
Annite 8 1.3E-12 43 1
Tonalite

Quartz 20 1.0E-11 135 3
Albite 29.8 3.3E-12 150 4
Anorthite 13.8 5.0E-12 58 1
K-feldspar 5 3.3E-12 6 0.2
Phlogopite 6.5 3.3E-12 46 1
Annite 5.5 3.3E-12 35 0.9
Amphibole 5 1.3E-12 27 0.7
Diopside 9 1.0E-11 49 1
Hedenbergite 5 1.0E-11 32 0.8

Berger et al. [2002]. Note that the terms “sand” and “loess” simply
refer to two different grain-sizes and not to a mineralogical composition.

and type of rock (see sections 5.1 and 5.3 for
further details).

Appendix B: Supplemental Chemical
Data

[64] The pH and Eh (mV) measurement for the two
sets of experiments: Table B1 refers to oxic versus

Table Al. Parameters Values Chosen for Geologic Simulations Used With the Numerical Model®
Basalt Granodiorite Tonalite

Loess Sand Loess Sand Loess Sand
Density of soil 3 3 2.7 2.7 2.7 2.7
Grain-size (mm) 50 2000 50 2000 50 2000
Thickness of soil (m) 1 0.1 1 0.1 1 0.1
Specific surface (m*kgsa) 0.04 0.001 0.04 0.001 0.04 0.001
Porosity (%) 20 20 20 20 20 20
A/V: Reactive surface/ water mass (m>.kg ') 600 15 540 13.5 540 13.5
Rainy days per week 3 1 3 1 3 1

For 1 m? parcel.
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Table B1. Experimental Results for the First Set of
Experiments
Sample pH Eh (mV)
Time = 12 Months
Anoxic Atmosphere Flood Basalt  fine 6.6 8.9
coarse 6.5 13
Granodiorite  fine 6.3 5.9
coarse 6.0 6.8
Tonalite fine 6.5 18
coarse 6.6 14
Oxic Atmosphere Flood Basalt  fine 7.2 12.2
coarse 6.9 40.3
Granodiorite  fine 7.2 62.2
coarse 7.2 20.1
Tonalite fine 7.3 29.9
coarse 7.1 50
Time = 6 Months
Anoxic Atmosphere Flood Basalt  fine 6.5 26.2
coarse 6.3 16.4
Granodiorite  fine 6.3 16.4
coarse 6.3 344
Tonalite fine 6.3 52.4
coarse 6.6 18.0
Oxic Atmosphere Flood Basalt  fine 7.5 39.3
coarse 1.5 40.9
Granodiorite ~ fine 7.7 40.9
coarse 7.4 26.2
Tonalite fine 8.8 16.4
coarse 7.4 14.7
Time = 3 Months
Anoxic Atmosphere Flood Basalt  fine 6.2 66.7
coarse 6.4 61.7
Granodiorite  fine 5.6 64.3
coarse 6.3 60.4
Tonalite fine 59 48.0
coarse 6.2 65.8
Oxic Atmosphere Flood Basalt  fine 5.9 91.2
coarse 6.1 99.2
Granodiorite ~ fine 6.1 59.0
coarse 5.9 67.0
Tonalite fine 5.8 322
coarse 5.9 96.5
Monitor Time = 12 Months
Present Atmosphere Flood Basalt  fine 7.6  389.2
coarse 7.1 275.8
Granodiorite ~ fine 7.9  239.2
coarse 1.7 167.2
Tonalite fine 7.7 1672
coarse 7.7  245.2

Table B2. Experimental Results for the Second Set of
Experiments
Time Sample pH Eh (mV)
Anoxic Atmosphere 5 days Flood Basalt 5.63  50.7
Granodiorite 499  98.3
Tonalite  5.03 86.4
15 days Flood Basalt 593 553
Granodiorite 5.4 87.0
Tonalite  5.63  73.3
30 days Flood Basalt 595  54.7
Granodiorite 547  83.5
Tonalite 5.84 61.3
45 days Flood Basalt 6 51.7
Granodiorite 5.67 71.1
Tonalite  5.82  62.3
60 days Flood Basalt 6.05 47.9
Granodiorite 5.63  72.4
Tonalite  5.81  60.1
90 days Flood Basalt 6.26  36.8
Granodiorite 5.87 59.4
Tonalite  6.03  50.3
150 days Flood Basalt 6.36  32.5
Granodiorite 6.27  37.9
Tonalite 629  36.7
Present Atmosphere 150 days Flood Basalt 7.2  324.6
Granodiorite 725 379.4
Tonalite  7.06 180.6

anoxic (duration 1 year long), whereas Table B2
refers to anoxic alone (duration 5 months).
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