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CHEMICAL WEATHERING, ATMOSPHERIC CO.,,
AND CLIMATE
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Ikump@psu.edu

Key Words chemical weathering, carbon cycle, climate change, Earth history,
modeling

B Abstract There has been considerable controversy concerning the role of chem-
ical weathering in the regulation of the atmospheric partial pressure of carbon dioxide,
and thus the strength of the greenhouse effect and global climate. Arguments center
on the sensitivity of chemical weathering to climatic factors, especially temperature.
Laboratory studies reveal a strong dependence of mineral dissolution on temperature,
but the expression of this dependence in the field is often obscured by other environ-
mental factors that co-vary with temperature. In the field, the clearest correlation is
between chemical erosion rates and runoff, indicating an important dependence on
the intensity of the hydrological cycle. Numerical models and interpretation of the
geologic record reveal that chemical weathering has played a substantial rolein both
maintaining climatic stability over the eons as well as driving climatic swings in
response to tectonic and pal eogeographic factors.

INTRODUCTION

The intriguing message from Quaternary geologic, isotopic, and glaciological
records is that the Earth’s climate system may be extremely sensitive to pertur-
bation, especially near thresholds of changes in state between glacial and inter-
glacial conditions. In contrast, the longer-term (108-10°-year) perspectivereveals
aclimate system that is resilient in the face of external influence. In other words,
most of the processes affecting climate on century to multi-millennial time scales
are components of positive feedbacks, whereas those that are significant on long
time scales tend to create negative feedbacks. Subtle changes within the system
can be sensed and amplified through positive feedback, so that the stabilizing
(negative) feedbacks can act to damp the ultimate response (e.g. Kump 1996).
This enhanced sensitivity on short time scales and diminished sensitivity on long
time scales is a characteristic of a stable system.

Here we focus on the long-term feedbacks so that we may address the ultimate
question of whether CO, is the stabilizing climate influence over geologic time.
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There are clear indications that this, isin fact, the case. Consider Earth’sresponse
toincreasing solar luminosity over its4.6 billion year history. Had the atmospheric
composition of the early Earth been similar to today’s, surface water on Earth
would have been completely frozen prior to about 2 Ga (Sagan & Mullen 1972,
Kasting 1993). Abundant geologic evidence for a vigorous Precambrian hydro-
logic cycle and a productive marine biota precludes this possibility, and instead
leads to the prevailing theory that the atmosphere had much higher concentrations
of greenhouse gases (CO, and CH,) then than it has now. The corollary of this
solution of the Faint Sun Paradox is that some mechanism must have regulated
the drawdown of these gases to prevent permanent global glaciation or extreme
warmth. For example, an atmospheric CO, partia pressure (pCO,) of 1,000 times
the present atmospheric level (1000X PAL) would have been required to com-
pensate for a sun 70% as luminous as today’s at 4.6 Ga (Kasting 1993). Had the
CO, level fallen too rapidly, Earth might have become locked into an inescapable
Snowball Earth state, and the presence of life on Earth’s surface would have
become impossible (Caldeira & Kasting 1992). Had that CO, remained in the
atmosphere, the global average temperature today would be at |east 45°C, instead
of its present value of 15°C (JF Kasting, pers. comm.). Organisms that thrive
under such conditions are the thermophilic bacteria; most other groups would
have been severely stressed by such warmth, and might not have persisted on
Earth.

This regulation mechanism has not been perfect, and Earth has oscillated
between greenhouse and icehouse states (Fischer 1982, Frakes et al 1992). These
~108-year fluctuations were most likely the result of plate-tectonic forces, which
are generally considered to be external to the climate system. For example, green-
house intervals such as the mid-Cretaceous tend to coincide with times of elevated
globa volcanism (Fischer 1982). As a magor source of CO, to the ocean-
atmosphere system on geologic timescales, this volcanic activity would have
caused an enrichment in the CO, content of the atmosphere and a strengthening
of the greenhouse effect.

On geologic time scales, the amount of CO, in the atmosphere is determined
by processes such as organic-carbon and carbonate-carbon sedimentation and
burial, carbonate, organic carbon, and silicate weathering on land, and volcanic
and metamorphic release of CO, (Garrels et al 1975, Figure 1; details discussed
later in this article). Many of these processes are sensitive to the state of the
surface environment, including its temperature and the intensity of the hydrologic
cycle. These environmental variables, in turn, are sensitive to atmospheric pCO,
through the greenhouse effect. Thus, it is reasonable to assume that there are
negative feedback mechanisms at work over geologic time that stabilize atmo-
spheric pCO, and climate. From a modeler’s perspective, if one can determine
the functional dependence of these processes on atmospheric pCO, (at least to
first order), than one can estimate changesin atmospheric pCO, that have occurred
in the past as the result of changes in the rates of these processes (e.g. Walker et
al 1981, Berner et a 1983). The processes that may be sensitive to atmospheric
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Tectonic
Activity

Long-Term Carbon Cycle
and Feedbacks with
Atmospheric CO,

.MORB

.. + .

subduction carbonate C burial degassing
+

Figure 1 The long-term carbon cycle, highlighting feedback loops in the carbonate-
silicate subcycle that potentially regulate atmospheric pCO, and climate. Arrows with a
+ symbol near the arrow head represent positive couplings, for which the sense of the
change is the same in both connected system components; the negative couplings (with a
— near the arrow head) represent couplings where the sense of change is opposite in the
component at the arrow’s head. Rectangles represent carbon reservoirs, ovals represent
important processes, and circles represent important parameters. Hollow arrows represent
material transport.

pCO,, either directly or indirectly, include organic productivity (which ultimately
leads to organic carbon burial) and carbonate and silicate weathering. Carbonate
and silicate weathering rates also depend on a number of factors discussed later
in this article, and these also cannot be considered independent of climate and
atmospheric pCO,. Clearly, a systems approach is necessary to develop a better
understanding of the interworkings of these various processes.

The relationship between tectonic uplift, weathering, and climate isthe subject
of arecent collection of papers edited by Ruddiman (1997). Therefore, we will
instead devote the bulk of this paper to the links among CO,, climate, and weath-
ering, in an effort to assess the efficacy of the climate-weathering feedback. L ab-
oratory experiments have established a clear dependence of mineral dissolution
rate on temperature. We review recent work in this field of mineral dissolution
kinetics, and discuss how these studies can be extrapolated to natural weathering
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systems. Several attempts have been made to detect a signal of the temperature
dependence of weathering in composition and flux datafrom modern rivers. How-
ever, the direct effects of temperature are often obscured by other factors that co-
vary with it. In contrast, many studies document a strong link between riverine
discharge and elemental flux, which emphasizes the importance of the hydrolog-
ical cycle in controlling the chemical erosion rate. We show that effective feed-
back requires that the rate-limiting step in the consumption of CO, during
weathering can be a process that is sensitive to CO,, abeit indirectly through the
dependence of chemical weathering and erosion rates on temperature and net
rainfall. We conclude that a combination of tectonics, atmospheric CO, variation,
and attendant changes in temperature and the hydrological cycle have been the
primary influence on chemical erosion rates, and thus the stabilizing influence on
climate over Earth’s history.

MINERAL DISSOLUTION IN THE LABORATORY AND
IN THE FIELD

The relationship between climate and chemical weathering in nature is complex.
Weathering rates depend on factors such as the mineralogy of the rocks exposed,
the reactive surface area of these minerals, the supply of water, itsresidencetime
in the soil and initial pH, the abundance of organic acids, and the temperature of
soil solutions. Decades of laboratory experimentation have been dedicated to the
systematic determination of the rate-dependence of weathering on these factors.
The database of rate constants for dissolution of primary silicate minerals that
has been generated has considerably improved our ability to generate models of
weathering (White & Brantley 1995) and models to predict kinetic parameters
(e.g. Sverjensky 1992). Dissolution rates for silicates are typically reproducible
to within +0.25 log units within one laboratory, and to within two orders of
magnitude among different laboratories (see figures 2 and 3 in Brantley & Chen
1995). In addition, although many authors have concluded that the prediction
based on laboratory studies of kinetics in field systems is poor, the discrepancy
is on the order of one to two orders of magnitude (Schnoor 1990, Swoboda-
Colberg & Drever 1993, Yau 1999), and probably within the error of the esti-
mation. And, athough the magnitudes of dissolution rates are not precisely
constrained, the form of the rate equation is fairly well accepted. Laboratory
dissolution rates, though consistently slower than field rates, can therefore shed
light on global patterns of weathering.

Oneway to test the relevance of the databaseto field observationsisto compare
the relative rates of dissolution in laboratory and field (Velbel 1993). Many sail
investigators have observed a generally reproducible weathering series which
predicts that the dissolution rates of minerals decrease in the order olivine > Ca-
plagioclase > pyroxene > Na-plagioclase > K-feldspar > muscovite > quartz
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(e.g. Krauskopf 1979, Berner & Berner 1996). A graphical compilation of dis-
solution rates for these minerals as measured in the laboratory at 25°C and pH 5
shows that |aboratory measurements generally predict the relative rates of weath-
ering of silicates as observed in natural systems (Figure 2). The few discrepancies
can be explained. For example, Fe-containing olivine, which is more common
than the endmember forsterite in real systems, dissolves faster than forsterite and
(by inference) plagioclase—which is also more Na-rich and therefore slower dis-
solving than the anorthite endmember. The discrepancy with respect to abite and
potassium feldspar is probably related to the affinity of soil solutions (see dis-
cussion about affinity later in this section). Soil solutions are also commonly
oversaturated with respect to quartz, which explains the relatively slow observed
rates of dissolution of this phase in soils. Overall, the relative rates are consistent
among field and laboratory systems.

What explains the general weathering trend, sometimes known as the Goldich
series? In this section, we review model equations for mineral dissolution rates,
and in particular the rates of dissolution of feldspars, inosilicates, and orthosili-
cates—the phases that are most important in the long-term drawdown of CO,
from the atmosphere. We discuss (1) mineral composition, (2) mechanism of
dissolution, (3) temperature of dissolution, (4) effects of electrolytes and organic
chemistry of dissolving solutions, (5) effects of chemical affinity of dissolving

Log Lifetime

forsterite [HMRERIRREE G g

muscovite RS

quartz RS

log lifetime (y)

Figure2 Graphical representation of log (lifetime) of atheoretical 1 mm diameter crystal
at pH 5, 25°C, in dilute solution (after Lasaga et al 1994, with more recent estimates of
dissolution rates).
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Figure 3 Correlation between log dissolution rates of orthosilicates and rates of solvent
exchange of divalent cations (after Westrich et a 1993). Values of log kg, are taken from
Hewkin & Prince (1970).

solutions, (6) the importance of reactive surface area of the dissolving phase and
the duration of dissolution, and (7) biologica factors.

Mineral Composition

For dissolution of most silicates in acidic solutions, the rate of rel ease of el ements
to solution (r, mol s-1) can be modeled as a function of the surface area of the
dissolving mineral, A, and the activity of hydrogen ion, a;+:

r = kA(a, )" (0]

Here k is the rate constant (mol silicate/cm?/sec) and n (unitless) is the apparent
reaction order with respect to the H+ activity (a,.). For most soils, a,,- is con-
trolled by pCO,, minera and organic acids, and dissolution/precipitation
reactions.

The rate of dissolution of most oxides is slowest in solutions where pH =

pH.,... the pH where the surface charge of the mineral of interest (due to sorption

ppzc?
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of H* and OH-) equals zero. Thus, Equation 1 describes dissolution below the
pH,.. for any mineral. Close to the pH,,,., the rate of dissolution of oxides shows
no pH dependence, and above the pH,,,., oxides typically show enhanced dis-
solution. For most common primary silicates except quartz, the pH,,,. is thought
to equal 5 or above (Sverjensky 1994). Rate equation (1) therefore is useful for
any acidic or dlightly acidic weathering system. Even for the alkali feldspars
where the pH,,,. islower than 5 (e.g. Sverjensky 1992), Equation 1 describesthe
dissolution rate for pH conditions <5.

Westrich et a (1993) found that the dissolution rates of orthosilicates at pH 2
and 25°C are correlated with kg, the rate constant of exchange of H,O molecules
bound to the corresponding hydrated, divalent cation in solution. It is expected,
therefore, that a similar correlation exists between kg, and the rate constant of
orthosilicate dissolution using model Equation 1. Using data from Westrich et al
(1993), the rate constants for the orthosilicates can be regressed versus k,, (see
Figure 3) to yield:

log k,= 1.13 log k,,, — 17.13. 2

For comparison, the original data of Westrich et al (1993) for log rate (mol silicate/
cm?/sec) measured at pH 2 are also plotted. Using the same approach, Banfield
et a (1995) showed that the log rates for inosilicates also correlate with log k.,
although the correlation is not as good as for orthosilicates. Thus, to first order,
some of the Goldich wesathering series is determined by the value of kg, for the
corresponding cation (Table 1).

TABLE 1 Value of kg, and predicted dissolution rate constants based on Equation 2.2

M log Keop® log k,S(mol silicte/lcm?/sec)
(sec™h ortho-4 single-chain® double chainf

Ca 8.5 —-75 -11.8 —-134
Mn 7.6 -85 —-12.8 —-144
Zn 7.5 —-87 —-13.0 —14.6
Fe 6.5 —-9.8 —-14.1 —-15.7
Co 6.4 -9.9 —-14.2 —158
Mg 5.2 —-11.3 —15.6 —17.2
Ni 4.4 —122 —16.5 —-18.1
Be 35 —13.2 —-175 —-191

a Values listed are log (rate constants) of ortho- and inosilicate hypothetical end-members. Some end-members may not
exist in nature. Rate constants for mixed composition silicates can be calculated as weighted averages of log rate constants
of the end members.

b. Data from Hewkin & Prince (1970).

c. Log (rate constant) at 25°C.

d. Orthosilicates of composition M,SiO,.

e. Single-chain inosilicates of composition M,Si,Og.

f. Double-chain inosilicates of composition M;SigO,,(OH),.
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In spite of the foregoing generalization, not all Ca-containing silicatesdissolve
more rapidly than Mg-containing silicates, as would be predicted by Table 1. Rate
constants measured for an inosilicate are slower than those measured for the
corresponding orthosilicate, which suggests that rate inversely correlates with
polymerization of silicon-oxygen tetrahedra. The slope of lines on a plot of the
log rate constant (mol Si release/cm?/sec) versus bridging oxygen per tetrahedron
plot varies from —1.7 to —2.6 for different cations (Figure 4). An average slope
of —2 is defined by all the data and used for prediction purposes here.

Using the relations shown in Figures 3 and 4, the rate constants for dissolution
of the orthosilicates and inosilicates in terms of connectedness (C) and k,, can
be expressed as follows:

Iog k0 — Iog (10;)I%C+1.13Iogk717.13/ns)_ (3)
Here, k, is the rate constant at 25°C for the rate model expressed in Equation 1

4

14 -

log rate constant, mol Si release/cm’/sec

T T T !
0 1 2 3

Connectedness (bridging oxygens per tetrahedron)

L
®

Figure 4 Relation between log rate constant of Si release and connectedness. Connect-
edness is defined as the number of bridging oxygens per tetrahedron. Connectednessequals
0 for orthosilicates, 2 for single-chain silicates, and 2.5 for double-chain silicates. An
average slope of 2 is obtained based on linear regression of al data. The slopes of the
individual lines are: Mg = 1.7+ 0.7, CalMg = 25 = 0.2, Ca = 1.9, Mn = 2.6, Ca
Fe/Mg = 2.4. (See Brantley & Chen 1995 for data sources.)
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(in moal silicate/cnm?/sec), and ng isthe number of Si atomsin the mineral formula,
e.g. ng = 2 for pyroxene, and ng = 8 for amphibole.

To further parameterize Equation 1, the value of n can be bracketed by observ-
ing that most published data for inosilicates derived from long-duration dissolu-
tion experiments (> one month) vary from 0.2 to 0.4 (see Table 5in Brantley &
Chen 1995). An average value of 0.3 for the reaction order with respect to H* is
therefore chosen as the representative value for pyroxene and amphibole disso-
Iution. The rate equation for inosilicate dissolution thus yields:

log r = log (1052¢++13esk=1723/ng) — 0.3pH + log A. 4

A general equation such as Equation 4 has not yet been parameterized for feldspar
dissolution. Instead, an extended rate equation has been parameterized for
feldspars:

r = Aki(@+)" + Kio + Kon(aon—)"). ®)

Here, k.o is the rate constant for dissolution under neutral pH, ko, is the rate
constant under basic pH, a,— is the activity of the hydroxyl ion, and p is a
constant for a given mineral. More mechanistic rate laws incorporating surface
complexation have also been developed, but for modeling chemical weathering
at the global scale, Equation 5 is more than adequate.

Equation 5 generally predicts that log (dissolution rate) versus pH has a V-
shape, with the trough of low dissolution rate occurring at pH = pH,,,,.. Param-
eters for Equation 5 for feldspar minerals are summarized in Table 2; however,
the value of the rate constants appropriate at neutral and basic pH (k0. Koi-)
have not been well constrained, and are therefore only listed for abite and potas-
sium feldspar. One problem in constraining the rate of dissolution of feldspar
under neutral pH is that dissolution is so slow under neutral conditions that rates

TABLE 2 Measured rate parameters at 25°C for feldspar minerals.

logkH*  log ko  l0gKon
molm=2 molm~2 mol m~? E2 kJ
st st st n m p pH e Mol 1
Microcline  —9.9- — -104- 0.4-05° 03-07° 6.1 — 60°
-94 —9.2°
Albite -97- —122- —9.9° 0.5° o° 0.3° 5.2 — 60°
—95° —94° —65°
Labradorite  —9.9— — — 04-05° — — — —60°
—94°
Anorthite —-9.9- — — 09-1.1° — — 5.6 —80°
—94P

a. Values of the pristine point of zero change are from cal culations summarized by Sverjensky (1994). Values of pH,,,c
for feldspars may be significantly lower than these quoted values, depending on the model used for calculation and on the
degree of proton-exchange of the surface.

b. Blum & Stillings 1995.
c. Chen & Brantley 1997.
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may be unmeasurable in laboratory time frames. In fact, many workers have set
the second term equal to zero in Equation 5, and included only the proton-
promoted and hydroxyl-promoted terms. Slow rates under neutral conditions
emphasize the importance of natural acids in mineral weathering; dissolution
under neutral pH isorders of magnitude slower than dissolutionin acid conditions
(Figure 5).

Mechanism of Dissolution

To extrapolate a rate of dissolution confidently from one system to another, the
rate of an elementary reaction must be known, and the same reaction must control
the rate in the new system. An elementary reaction occurs at the molecular level,
exactly as written. In geochemistry, few mechanisms, not to mention rates, of
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Figure 5 Feldspar dissolution rates as a function of pH. Data separated into two plots
for clarity. After Blum & Stillings (1995), who provide references for legend.
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elementary reactions are known. For example, Murphy et al (1998) demonstrated
that the rate of dissolution of bictite in laboratory systemswasthreeto four orders
of magnitude faster than the rate of weathering in a well-characterized saprolite
in Puerto Rico. However, it is probable that the biotite had weathered to an inter-
layered vermiculite-biotite in laboratory experiments, whereasin thefield, biotite
weathered to kaolinite. The difference in mechanism can therefore explain some
of the discrepancy between laboratory and field in that study.

Reactions that are interface-limited in the laboratory may be transport-limited
in the field. Transport limitation can include limitation by slow advection or
diffusion of reactantsto, or of products away from, the site of reaction. However,
Berner (1978, 1981) has pointed out that the rate of diffusion isfast enough that
rate limitation by diffusion through soil pore fluids is inconsistent with retention
of silicatesin soils for thousands to millions of years.

For fast-dissolving phases such as evaporite minerals, or for reactions at high
temperatures, many authors have assumed that transport becomes rate-limiting in
field systems (Berner 1981). On the other hand, for dissolution or precipitation
of silicates at ambient conditions, most authors have assumed that the interface
reaction is rate-limiting. Few field studies have documented unequivocally the
nature of the rate-limiting step, however. One common argument has been the
identification of rounded crystal surfaces with transport-limited dissolution (e.g.
rounding of calcite reported by Berner 1978) and of etched crystal surfaceswith
interface-limited dissolution (etched feldspars, pyroxenes, and amphiboles sum-
marized in Berner & Berner 1996). Another argument in favor of the interface
reaction controlling silicate dissolution derives from the generally convincing
comparison, presented previoudly, of the relative rates of weathering in the field
and in the laboratory (Figure 2). Furthermore, the observation of differencesin
weathering rates for different phases is consistent with some degree of interface
control.

However, Schnoor (1990) argues that Si release (equated to weathering rate)
increases to a maximum value comparable to release rates measured in silicate
dissolution rates in the laboratory as the soil flushing rate (ratio of flow-rate to
soil mass) increases. Schnoor (1990) argues that for low values of the flow-rate-
to-mass ratio, transport limits weathering, but at values of flushing rate higher
than approximately 1.0 volume of water per volume of soil per day, theinterface
reaction becomes rate-limiting. According to Schnoor, the lower flushing rates of
field systems can account for the lower Si release rates observed during field
weathering. The argument of Schnoor is supported by data worldwide, as plotted
in Figure 6 from Holland (1978); Holland's data suggests that increased flushing
rates above a certain value do not increase concentrations of dissolved solids for
rivers worldwide, but rather lead to dilution. Therefore, weathering may be
transport-limited at low flushing rates and interface-limited at high flushing rates.
Because the largest dissolution flux derives from high runoff sites, silicate weath-
ering is probably controlled by interface-limitation globally.
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Figure6 Holland's (1978) plot of total dissolved solids vs. runoff for the world'srivers.
Solid curve shows general trend; solid line shows dilution trend.

A simple model (after Berner 1978) is consistent with Figure 6. With F =
flushing volume per unit time, V. = volume of water in a weathering system,
R = mass dissolved per unit volume solution per unit time, ¢ = concentration
of solutei, and t = time, conservation of mass requires:

ac F
—=R-—c 6
ot \Y ©)

If net dissolution rate slows as ¢ approaches c,, (equilibrium solubility), and if
R = k(1-c/c,,) where Kk is the rate constant, then at steady state,

KCy,
© T KT ken 0

and
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KiCeq

R:kk+kfceq

()
where k; is the flushing frequency or residence time ( = F/V). As F (or k)
increases, ¢ and R decrease and increase respectively. Dissolution rates should
therefore increase in a soil with increasing runoff. However, at high k > Kk,

c approaches% and the rate approaches k, independent of flushing rate. Similarly,

for k; <<k, ¢ approaches ¢, and R approaches k; c.. The form of these equations
thus predicts the form of the datain Figure 6. However, other hydrological factors
affect concentration-runoff relationships for streams—including activation of
aternative flowpaths and increase in contributing areas during storms (e.g. Rich-
ards 1999)—so this simple extension of the model of Berner 1978 should be
considered afirst-order approach. We will return to an analysis of concentration-
runoff relationships in discussing controls on chemical erosion rates later in this
article.

Temperature of Dissolution

One way to investigate the rate-limiting step of areaction mechanism isto assess
the activation energy. For example, the values of rate constants vary with tem-
perature according to the Arrhenius equation:

k = Ke &RD, 9)

where k' (mol silicate/cm?/sec) is the temperature-independent, pre-exponential
factor, E, is the activation energy, R is the gas constant, and T is the absolute
temperature (Laidler 1987). If amineral-water reactionisrate-limited by diffusion
through water, then the E, is the activation energy of diffusion ( = 4-5 kcal/
mol); similarly, if the process is rate-limited by advection, then the E, is that of
the kinematic viscosity and is dightly less than the value for diffusion (Berner
1978).

Values of the E, for dissolution of silicates are much larger than the E, for
diffusion or advection. However, studies have shown that n in Equation 1 or 5
can also be temperature-dependent, affecting the apparent E, (the E, observed
when rates are compared for any pH=0). According to Casey & Sposito (1992)
and Brady & Walther (1992), for pH < pHp,., an increase in temperature will
result in an increase in n in Equation 5. The increased value of n at higher tem-
perature has been observed by experiments for silicates (e.g. kaolinite, Carroll-
Webb & Walther 1990; inosilicates, Chen & Brantley 1998). For other minerals,
however, controversy exists as to whether n varies or remains constant with tem-
perature [for abite, compare Hellmann (1994) and Chen & Brantley (1997); for
orthosilicates, compare Casey et a (1993), Chen & Brantley (1999), and Rosso
& Rimstidt (1999)]. For phases where n increases with temperature, activation
energies reported in Table 3 are larger than the observed E, for rates compared
a any pH > 0.
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TABLE 3 Parameters for rate estimation for ortho- and inosilicates.

Connectednes®  n> m(/K)  Ekcal/mol) PH ppzc”

Orthosilicates 0 0.5 0.0062 22 4.9-104
Single-chain Silicates 2 0.3 0.0088 21 5.9-85
Double-chain Silicates 25 0.3 0.0060 19 6.6-7.0

a Number of bridging oxygens

b. Reaction orders with respect to H* at 25°C

c. Rate of change in n with respect to temperature

d. Activation energy of dissolution

e. From the compilation by Sverjensky (1994). Note that some of these values are dependent on the model used for
calculation (e.g. see Parks 1967).

Because n can vary with temperature, two kinds of E, are cited in theliterature:
a pH-dependent activation energy, and a pH-independent activation energy (Bran-
tley & Chen 1995). The pH-dependent activation energy, E,’, isreported by inves-
tigators who determine the value of E,' based upon an Arrhenius plot of In (rate
at pH x) vs. UT. This E; is valid only at the pH of measurement. The pH-
independent E, (Equation 9) is determined from a plot of In (rate constant) vs.
UT. These two values of E, are not equal if n varies with temperature. Wheren
is independent of temperature, then E;/ = E,

For silicates where n varies with T, the rate of change in n can be modeled
with alinear dependence on temperature:

m=n-—-n)(T - T, (20

where n, is the value of n at temperature T,. Combining Equations 5, 9, and 10
and setting T, = 298.15 K, a general rate equation for silicates can be written:;

= k@ERIWsBIs-UT) (g, JmT-2%615 +n, (11)
or
logr = log k, + [E//(2.303R)](1/298.15 — 1/T)
— [m(T — 298.15) + nJpH (12)

where k; is the rate constant at 25°C and n, is the reaction order with respect to
H* at 25°C. Thisrate equation is predicted to be valid for values of pH < pH,,.
for silicate minerals.

For feldspars (assuming m = 0 by analogy to albite), parameters for Equation
12 are summarized in Table 2. For these phases, E, is constant with pH. However,
accepting the theoretical prediction that n increases with temperature (Casey &
Sposito 1992, Brady & Walther 1992) for orthosilicatesand inosilicates, and using
the data compiled for orthosilicates (Casey et al 1993, Westrich et a 1993, Chen
& Brantley 1999) and inosilicates (Chen & Brantley 1998), the values of 0.0062,
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0.0088, and 0.0060 K-1 (see Table 3) can be chosen as representative values of
m (Equation 10) for orthosilicate, pyroxene, and amphibole dissolution,
respectively.

Values of E, are till relatively poorly defined, and for the orthosilicates and
inosilicates, variations in E, as a function of composition and connectedness are
not well known. A value of 22 kcal/moal is probably acceptable as an E, for
orthosilicate dissolution; this estimate is based on values measured by Casey et
al (1993), Westrich et a (1993), and Chen & Brantley (1999). Literature dataon
the activation energy of dissolution for pyroxenes are inconsistent and range from
9 to 36 kcal/mol (Brantley & Chen 1995), but an estimated value of 21 kcal/mol
(Table 3) can be used to represent the activation energy for the single-chain sil-
icates. The only data available for double-chain silicates is for anthophyllite dis-
solution at temperatures of 25° and 90°C (Chen & Brantley 1998). The value of
19 kcal/mol from that work is therefore chosen to represent the activation energy
of double-chain silicate dissolution.

Using these parameters, dissolution rates of end-member and mixed cation
ortho-, single-chain, and double-chain silicates predicted using Equation 12 are
plotted against measured rates in Figure 7. Figure 7 shows that Equation 11
predicts rates within one to two orders of magnitude of measured rates for most
ortho- and single-chain silicates. Such agreement is reasonable considering the
large discrepancies in measured dissolution rates in the literature, which often
differ by one or two orders of magnitude for the same mineral under similar
conditions. The best predictions (generally within an order of magnitude) are
made for the orthosilicates. The largest discrepancy for these phases occurs for
the Ni-olivine composition (Westrich et a 1993) and data for forsterite by Grand-
staff (1980). However, the rates reported by Grandstaff (1980, 1986) are one to
two orders of magnitude lower than the rates reported later for forsteritic olivine
and other orthosilicates at similar temperature and pH conditions (e.g. Blum &
Lasaga 1988, Sverdrup 1990, Wogelius & Walther 1991, Westrich et a 1993,
Chen & Brantley 1999). Some of this discrepancy may have been related to an
erroneously measured BET surface area (as suggested by Murphy 1985; Wogelius
& Walther 1991, 