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Abstract

The correlation between decreasing reaction rates of silicate minerals and increasing duration of chemical weathering was
investigated for both experimental and field conditions. Column studies, using freshly prepared Panola Granite, produced
ambient plagioclase weathering rates that decreased parabolically over 6 years to a final rate of 7.0 X 10~ " mol m~? s~ '. In
contrast, the corresponding plagioclase reaction rate for partially kaolinized Panola Granite, after reaching steady-state
weathering after 2 months of reactions, was significantly less (2.1 x 10~ > mol m~ 2 s~ ). Both rates were normalized to
plagioclase content and BET surface area. Extrapolation of decreasing rates for the fresh plagioclase with time indicated that
several thousand years of reaction would be required to replicate the rate of the naturally weathered plagioclase under identical
experimental conditions. Both rates would remain orders of magnitude faster than field weathering rates previously measured
for a weathering profile in the Panola Granite.

Additional trends in weathering rates with time were established from a tabulation of previously reported experimental and
field rates for plagioclase, K-feldspar, hornblende and biotite. Discrepancies in the literature, produced by normalization of
weathering rates with respect to surface areas measured by gas absorption (BET) and geometric methods, were overcome by
developing a time-dependent roughness factor. Regression curves through the corrected rates produced strong correlations with
time that were similar for the four silicate minerals. The average silicate weathering rate R (mol m~ % s~ ') was described by the
power function

R =3.1x 1013700

which was similar to the relationship describing the decrease in the fresh Panola plagioclase with time and suggesting control
by transport-limited reaction.

The time dependency of silicate weathering is discussed in terms of processes intrinsic to the silicate mineral and those
extrinsic to the weathering environment. Intrinsic surface area, which increases with the duration of weathering, was shown
to account for a third of the exponential decrease in the weathering rate shown by the above equation. Other factors,
including progressive depletion of energetically reactive surfaces and accumulation of leached layers and secondary
precipitates, must explain differences for fresh and weathered plagioclase reacting under identical experimental conditions.
Extrinsic controls, including low permeability, high mineral/fluid ratios and increased solute concentrations, produce
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weathering reactions close to thermodynamic equilibrium under field conditions compared to highly unsaturated conditions
during experimental reaction of fresh and weathered plagioclase. These differences explain the time-dependent difference in

field and lab rates.
© 2003 Published by Elsevier B.V.
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1. Introduction

Both experimental and field-based approaches
have been used to quantify silicate mineral weather-
ing rates at the earth’s surface. The advantages of the
experimental approach is that chemical, physical and
biological conditions are tightly constrained and in-
dividual parameters, such as mineral compositions,
temperature, surface area, and solute composition, are
systematically varied to characterize weathering
mechanisms (Lasaga, 1998). The principal disadvan-
tage is that such experiments commonly react freshly
prepared silicate minerals over relatively short time
intervals, thus producing uncertainties when experi-
mental rates are extrapolated to natural weathering
environments.

The alternate approach is to determine long-term
mineral weathering rates directly from field studies.
Rates are commonly calculated from solute fluxes in
soil pore waters, groundwaters and watershed dis-
charge or from changes in solid-state regolith compo-
sitions (White and Brantley, 1995 and references
therein). Uncertainties in natural weathering rates
involve estimating fluid residence times and flow
paths, surface areas of complex mineral assemblages
and past variations in climate, solute composition and
biological activity.

The duration of the weathering process itself, or
simply time, is the parameter with the largest vari-
ability in the study of chemical weathering. Clearly,
the time over which natural chemical weathering
occurs, except in a very limited number of environ-
ments, (White and Hochella, 1992), cannot be repro-
duced by experimental studies. Weathering
characteristics associated with these different time
scales may account for significant discrepancies in
silicate weathering rates reported in the literature.
Experimental weathering rates for a specific silicate
mineral are commonly two to four orders of magni-

tude faster than field-derived rates (Schnoor, 1990;
Brantley, 1992; White et al., 1996). In addition, the
relative rates at which silicate minerals weather in the
laboratory are sometimes different than rates observed
in the field. For example, although plagioclase and K-
feldspar have comparable laboratory rates (Blum and
Stillings, 1995), the field weathering rate of plagio-
clase is much more rapid than K-feldspar (White et
al., 2001).

The effects of time can be seen not only in the
discrepancy between experimental and natural weath-
ering rates, but also in systematic decreases in natural
rates in progressively older weathering environments.
This effect is most directly observed in soil chrono-
sequences in which time becomes the principal inde-
pendent variable. Commonly in such systems, the
rates of primary minerals depletion and secondary
clay and metal oxide formation progressively de-
crease with soil age (Taylor and Blum, 1995; White
et al., 1996; Hodson et al., 1999; Stewart et al.,
2001).

To date, the relationship between primary silicate
reaction rates and the duration of chemical weath-
ering in both experimental and natural systems has
not been systematically investigated. This paper
addresses this issue by describing ongoing long-
term (>6 years) experimental dissolution of plagio-
clase contained in fresh and weathered granite. This
is an effort to bridge part of the time gap between
short-term experimental studies and natural weath-
ering and to determine if steady-state rates are
achievable under experimental conditions. These
rate data are then discussed in the context of time
trends derived from an extensive tabulation of
laboratory and field-based reaction rates for feld-
spars, biotite and hornblende. Finally, a review of
the time-dependent nature of both intrinsic and
extrinsic processes that control weathering rates will
be presented.
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2. Methodologies

The weathering rate of a silicate mineral, R (mol
m~ % s 1), is commonly defined by the relationship

_0
R=< (1)

where Q (mol) is the moles of a mineral reacted, S
(m?) is the surface area and 7 (s) is time. In well-stirred
flow-through experiments, such as fluidized bed reac-
tors, e.g., Chou and Wollast (1984), the weathering
rate can be defined explicitly as

R = (Co - Cl) dl (2)
pS dt

where C; and C, (mol 1~ ") are inlet and outlet solute
concentrations, f§ (mol mol™ ') is the stoichiometric
coefficient describing the number of atoms of solute
released per formula unit of the dissolving mineral,
and dV/dt is the rate of flow of fluid through the
reactor (I s~ '). With C, as a constant, the weathering
rate is proportional to the product the effluent con-
centration and flow rate.

Plug-flow or column reactors have an advantage
over stirred and fluidized bed reactors in that they are
easily designed as passive gravity flow systems with
no mechanical parts, a major consideration for long-
term experimental studies. In addition, column reac-
tors are closer analogs to weathering in natural rego-
liths in which solutes in a volume of infiltrating water
progressively react with a continuum of mineral
phases.

The disadvantage of column reactors is that Eq. (2)
is only an approximation of experimental weathering
conditions. Solute gradients are produced in which
reactant and product concentrations change with dis-
tance within the column, i.e., C; — C, is not spatially
constant. The measured effluent concentrations reflect
only the final pH, mineral solubilites and other con-
ditions that influence and are affected by weathering.
In the present study, solute gradients within the
columns were minimized by the long duration and
slow rates of the reaction that produced very dilute
effluent concentrations. Potential pH changes within
the columns were buffered by saturating the input
solutions with a mixture CO»/air. In addition, relative-
ly large grain sizes of similar dimensions were used to

produce high porosities and relatively homogenous
flow in the column bed.

The columns in this study contained Panola Granite
samples obtained from a drill hole penetrating through
a deep weathering profile situated on a ridge-top site in
the western quadrant of the Panola watershed in the
Piedmont province of Georgia, USA. The Panola
Granite is classified as a biotite—muscovite—oligo-
clase—quartz—microcline granodiorite of Mississippi-
an—Pennsylyanian age. Characteristics of the Panola
weathering profile, estimated to be from 200 to 500 ky
old, were described in detail elsewhere (White et al.,
2001, 2002; White, in press). One sample, composed
of pristine granite, was obtained directly beneath the
weathering front at 11 m, while a second sample,
consisting of partly kaolinized granite, was taken at a
shallower depth (8 m) from the same core.

Both the fresh and weathered granite samples were
processed through a steel jaw crusher and a ceramic
disc mill to obtain a grain size fraction of <2 mm. A
relatively coarse subsample (0.25—0.85 mm), obtained
by dry sieving, was used to approximate the grain size
distributions of the granite. This material was then wet
sieved and sonicated to remove fines produced from
crushing. SEM observations indicated that this process
also removed most, but not all, of the residual clays
adhering to the mineral grains in the weathered sample.
The granite samples (750 g) were loaded, while wet,
into Pyrex glass columns (2.4 cm ID X 1.0 m length).
Distilled deionized water (20 £ 1 °C), saturated with a
5% CO,/95% air gas mixture (input pH=4.5), was
introduced through fritted glass supports at the column
bases. Flow rates, which averaged 10 ml/h, were
controlled by gravity flow through capillary tubes.
The effluent discharged through a 0.45-mm filter and
into collection bottles. Time-integrated samples,
obtained from these bottles, were then chemically
analyzed.

Solid-state compositions were determined by X-ray
fluorescence analyses (XRF). BET surface area meas-
urements, using multipoint nitrogen isotherms, were
made on splits of the column materials at the begin-
ning of the experiments. Additional surface area
measurements were made on material removed from
the top of the column material after 1.7 and 6.2 years
of reaction. Alkalinity and pH were measured using
an auto-titrator and solute cations were determined by
ICP/MS.
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3. Experimental results
3.1. Solid-state characteristics

The compositions of the fresh and weathered
granite size fractions used in the column experiments
are compared in Table 1 to that of the bulk Panola
Granite reported by White et al. (2001). The close
correspondence between the bulk granite and the fresh
column fractions indicates that size splitting did not
selectively enrich or deplete compositions due to
mineral grain size differences. In contrast, the natu-
rally weathered column sample is significantly deplet-
ed in Na,O and CaO relative to the bulk granite due to
kaolinization of plagioclase (White et al., 2001).
Enrichment of MgO and K,O in the weathered granite
was due to preferential retention of micas and K-
feldspar during weathering.

The bulk granite averages 26% plagioclase with a
composition of Ang,3 (White et al., 2001). Sodium in
the granite is contained almost exclusively in this
oligoclase phase. The relative amounts of plagioclase
in the fresh and weathered column fractions were
established by multiplying the measured percentage
in the bulk granite by the ratios of Na,O in the column
samples relative to the bulk granite. Residual plagio-
clase in the weathered column material (13%) was
only half that of the fresh column material (27%).

The specific BET surface area of the fresh and
weathered granite column samples measured at the
beginning of experiments, and after 1.7 and 6.2 years
of reaction are reported in Table 2. As shown in Fig. 1,
the surface area of the weathered granite is more than

Table 2

Surface areas of column materials

Reaction time Fresh granite Weathered
(years) m> g™ h granite (m* g~ ')
0 0.084 3.85

1.66 0.126 3.46

6.21 0.298 5.33

an order of magnitude greater than the fresh granite,
even through the same grain size fractions were used in
both columns. This is due both to increased pitting and
surface roughness of the naturally weathered primary
silicates as well as to the presence of small amounts of
secondary clays that could not be removed during
washing and sonification.

The surface area of the fresh granite increases by a
factor of about 3.5 after reaction for 6.2 years while
the increase in the weathered granite surface area is
only a factor of 1.2. The surface area of weathered
granite is less affected by additional experimental
reaction than that of the fresh granite, which was
previously unexposed to weathering.

3.2. Effluent compositions

Representative effluent compositions, produced
from the fresh and weathered granite columns, are
listed in Table 3. The high Ca concentrations at the
beginning of the fresh granite experiment were from

Table 1

Chemical compositions of Panola Granite (wt.%)

Bulk Panola Fresh column Weathered column

Granite fraction fraction
Na,O 3.20 3.29 1.49
K,0 4.53 4.43 5.77
MgO 1.13 0.99 1.30
CaO 2.09 1.93 0.61
ALO; 148 14.8 14.7
SiO, 66.5 68.2 66.5
Fe,03 4.86 3.82 543
TiO, 1.00 0.67 1.07
MnO 0.06 0.04 0.06
P,0s 0.21 0.19 0.19
Total 98.4 98.4 97.1
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Fig. 1. Changes in BET surface areas of column granite samples as
function of the duration of experimental weathering. Dashed lines
are linear regression correlations where Spegp=0.078+0.035¢,
r=0.99, and Syeatherea =3.49 +0.28¢, »=0.89.
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Table 3
Representative effluent compositions from Panola columns (uM)

Mg Al Si K Ca

Time Volume pH Na
(years) (1)

Fresh Panola Granite

0.01 0 626 189 870 12.0 46.7 831 264
0.12 2 631 243 385 1.72 8.10 3.67 11.1
0.60 66 6.05 2.17 032 0.77 114 1.35 7.53
1.15 116 5.60 2.06 0.07 0.64 894 0.61 0.62
3.03 278 5,63 241 0.07 065 9.10 0.72 0.57
5.30 438 571 248 0.10 0.79 920 0.55 0.55
6.11 544 578 2.12 0.18 0.54 10.2 0.63 225

Weathered Panola Granite

0.01 1 642 432 862 023 173 252 6.67
0.11 14 572 0.59 3.69 19.1 842 214 0.50
0.61 66 569 046 0.12 324 649 130 0.32
1.18 112 562 046 0.12 324 649 130 0.32
2.90 257 5.65 037 0.12 1.18 626 0.86 041
5.71 463 5,57 030 009 103 589 095 030
6.17 528 552 033 0.10 1.10 500 094 0.30

Volume is total flow through columns.

rapid dissolution of trace amounts of disseminated
calcite that was depleted with time (White et al.,
1999a). This calcite has been previously lost from the
naturally weathered granite as is reflected in its lower
initial solute Ca concentrations. High initial Si concen-
trations released from the weathered granite may be
attributed to dissolution of secondary silica phases.
Na and Si levels dominate effluents over longer
times in the fresh column material, reflecting continued
plagioclase dissolution. In contrast, Na is significantly
less in effluents from the weathered column, indicating
much lower rates of plagioclase weathering. K and Mg
concentrations are comparable in both effluents,
reflecting the weathering of K-feldspar and biotite.
Aluminum levels, higher in effluents from the weath-
ered granite relative to the fresh granite, were attributed
to dissolution of secondary clays. The pH of both
effluents decreased initially before reaching relatively
constant values. The final pH in solutions from the
fresh granite (5.8) was slightly higher than from the
weathered granite (5.5), reflecting faster rates of silicate
hydrolysis. Both pH values are within the range com-
monly reported for soils and shallow groundwaters.
The effluent Na concentrations from the fresh and
weathered Panola Granite, along with the correspond-
ing column flow rates, are plotted against time in Fig. 2.
The variations in flow rates reflect gradual clogging of
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Fig. 2. Flow rates (A) and effluent Na concentrations from the fresh
(B) and weathered (C) granite column experiments. Inserts
emphasize high solute concentrations associated with the initial
stages of reaction. Dotted lines correspond to time period for which
data were emitted due to non-ambient temperature conditions.
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the capillary tubes over time by mineral precipitates,
principally Fe-oxides, and subsequent replacement of
the capillaries. This problem was particularly preva-
lent during early stages of the experiments.

As shown on expanded scales (inserts in Fig. 2B and
C), high effluent Na was released during the initial
stages of both the fresh and weathered granite experi-
ments. Na concentrations rapidly decreased and
reached relatively stable Na concentrations after ap-
proximately 2 months of reaction in both columns. The
breaks in the data between 1.5 and 2.5 years in both
experiments (dotted lines in Fig. 2B and C) correspond
to temperature variations of between 6 and 35 °C
produced during a study of activation energies for
granite weathering (White et al., 1999b). Subsequent
Na effluents from the fresh granite experiment, sam-
pled immediately after these experiments, were slightly
depressed relative to previous ambient temperature
samples and effluents from the weathered columns
were somewhat elevated.

Minor Na variability between samplings (Fig. 2)
may be due to analytical reproducibility propagated
over a 6-year time period. The greater variability for
Na in the weathered effluents at long times (<10 ng
1" ') is attributed to concentrations approaching an
ICP-MS detection limit of 0.1 uM. Additional vari-
ability in Na was due to changes in column flow rates.
As shown in Fig. 2, lower flow rates generally
resulted in increased effluent Na. This is evident in
the concentration spike produced in the fresh granite
effluent between approximately 5.5 and 6.1 years of
reaction (Fig. 2B). This period of time corresponded
to a significant decrease in effluent flow rates.

Over long time intervals, effluent Na from the fresh
granite remained nearly a factor of 10 higher than
from the weathered column. This difference cannot be
attributed entirely to the higher Na and plagioclase
contents of the fresh granite, which were only a factor
of 2 higher than in the weathered granite (Table 1).

3.3. Plagioclase weathering rates

The effluent Na concentrations and flow rates (Fig.
2), along with the BET surface areas (Fig. 1) and the
plagioclase stoichimetry, were incorporated into Eq.
(2) to approximate plagioclase weathering rates over
time (Fig. 3). Calculations assumed that all Na re-
leased from the granite is derived from plagioclase,
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Fig. 3. Plagioclase reaction rates in (A) fresh and (B) weathered
Panola Granite as a function of reaction time. Dashed lines
correspond to statistical fits to respective data between 0.2 and 6.2
years using power and linear functions (Egs. (6) and (7)).

which dissolved congruently with a composition of
Ang 3. Secondly, the surface area of the plagioclase
was assumed to be equal to the surface area of bulk
granite samples used in the column experiments. In
the case of the fresh granite, this was probably a valid
approximation because the surface area of the starting
material reported in Table 2 (0.084 m? g~ ') was
similar to reported BET surface areas of fresh plagio-
clase of comparable grain size used in other experi-
mental studies (Table 4).

The extent to which the measured surface area of
weathered granite corresponds to plagioclase was
more problematic because the potential effects of
residual secondary clays and oxyhydroxides with
higher surface areas. An initial value of 3.8 m* g~ '
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Table 4
Plagioclase weathering rates and related parameters
Mineral Rate, Log pH Surface Surface Grain Roughness, Weathering Reference
log R (years) measurement area, size A environment
S(m®  (um)
g
1 Albite —16.4 593 nd BET 1.0% nd nd Solids in Davis Run White et al., 2001
saprolite, VA, USA
2 Oligioclase —16.3 6.48 6.0-7.0 BET 1.5% 500 331 Solids in China Hat White et al., 1996
Soil, Merced CA, USA
3 Oligioclase —16.0 5.78 6.0-7.0 BET 1.48 730 477 Solids in Turlock Lake = White et al., 1996
Soil, Merced, CA, USA
4 Oligioclase —15.8 4.00 6.0-7.0 BET 0.26 320 37 Upper Modesto Soil, White et al., 1996
Merced, CA, USA
5 Oligioclase —15.7 5.40 6.0-7.0 BET 0.46 650° 132 Riverbank Soil, White et al., 1996
Merced, CA, USA
6 Oligioclase —15.7 5.52 6.0-7.0 BET 0.46" 650 132 Riverbank Soil, White et al., 1996
Merced, CA, USA
7 Oligoclase —15.7 5.52 6.5 BET 1.0* 500 221 Panola bedrock, White et al., 2001
GA, USA
8 Oligioclase —15.5 5.11 6.0-7.0 BET 0.46* 650° 132 Riverbank Soil, Merced, White et al., 1996
CA, USA
9 Oligioclase —15.1 4.00 6.0-7.0 BET 0.26 320 37 Modesto Soil, Merced, White et al., 1996
CA, USA
10 Oligoclase —14.9 0.71 5.5-6.4 BET 3.85 250-850 984 Columns, weathered  This study
(5.33) Panola Granite
11 Andesine  —14.7 4.00 5.0 GEO 0.50% 63—-125 nd Filson Ck. Watershed,  Siegal and
(—15.3) MN, USA? Pfannkuch, 1984
12 Oligoclase —14.5 0.57 5.0 BET 2.03 10-100 49 Batch reactor, Suarez and Wood,
(2.78) weathered soil 1995
13 Oligoclase —14.5 4.00 5.8 GEO 0.50* 63-125 nd Bear Brook Watershed, Schnoor, 1990
(15.2) ME, USA
14 Albite —14.0 048 5.5 GEO nd 0.25 nd In situ plate dissolution, Nugent et al.,
fresh surface 1998
15 Labradorite —13.7 4.00 6.0-7.5 GEO 0.1200 1-100 nd Crystal Lake Aquifer, ~ Kenoyer and
(15.3) WI, USA Bowser, 1992
16 Oligoclase —13.3 4.00 3.0-4.5 GEO 0.020 1-4000 nd Bear Brook watershed ~ Swoboda-Colberg
(—15.2) soil , ME, USA and Drever, 1992
17 Oligoclase —13.2 0.71 5.7-8.3 BET 0.084 250-850 21 Columns, fresh Panola This study
(0.298) Granite
18 Oligoclase —13.1 4.00 6.0 BET 1.53 nd nd Gardsjon watershed Sverdrup and
soil, Sweden Warfvinge, 1995
19 Labradorite —12.9 5.60 6.0-8.5 GEO 0.030 1000 nd Rio Parana, Brazil Benedetti et al.,
(—15.3) 1994
20 Oligoclase —12.8 4.00 7.0 BET 0.21 53-208 9 Loch Vale Nano- Clow and Drever,
Catchment, CO, USA 1996
21 Oligoclase —12.6 —0.39 5.6 BET 0.21 53-208 2 Flow-through column,  Clow and Drever,
natural soil 1996
22 Oligoclase —12.5 5.50 6.8 GEO 0.003 1000 nd Coweeta Watershed, Velbel, 1985
(—14.9) NC, USA
23 Albite —12.5 —2.00 5.6 BET 0.058 74-149 3 Flow-through reactor Hamilton et al.,
(0.074) 2000
24 Albite —12.1  —0.86 5.0 BET 0.86 125-75 10 Flow-through reactor Knauss and
Wolery, 1986
25 Oligoclase —12.1 4.00 5.0 GEO 0.057 nd nd Trnavka River Paces, 1986
(—14.0) watershed, Czech.

(continued on next page)
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Table 4 (continued)
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Mineral Rate, Log pH Surface Surface Grain Roughness, Weathering Reference
log R (years) measurement area,  size A environment
S (m*  (um)
g
26 Oligoclase —12.1 —0.64 3.0 BET 0.33 37-75 19 Batch reactor Holdren and
Speyer, 1987
27 Oligoclase —12.0 —0.69 5.0 BET 0.20 75-150 4 Fluidized bed reactor Oxburgh et al.,
1994
28 Albite —-119 —1.74 56 BET 0.08 50-100 3 Fluidized bed reactor Chou and Wollast,
1984
29 Oligoclase —11.6 —0.86 5.0 BET 1.01 <37 8 Batch reactor Busenberg and
Clemency, 1976
30 Oligoclase —11.8 4.00 nd GEO 0.030 100 nd Plastic Lake, Ontario, Kirkwood and
(—13.7) Canada Nesbitt, 1991
31 Oligoclase —11.8 —0.96 nd BET 0.2600 53-208 21 Fluidized bed reactor, Clow and Drever,
natural soil 1996
32 labradorite —11.6 —0.32 5.0 BET 0.11 90-125 8 Flow-through cell van Hees et al.,
2002
33 Oligoclase —11.6 —1.09 4.0 GEO 0.50° 63-125 nd Flow-through columns, Schnoor, 1990
(—122) natural soil
34 Oligoclase —114 —0.86 5.0 BET 0.12 125-250 10 Fluidized bed reactor Mast and Drever,
1987
35 Albite —-11.3  —0.64 6.0 BET 0.11 200-400 3 Flow-through reactor Holdren and
(0.11) Speyer, 1987
36 Labradorite —11.3 —0.68 4.0 BET 1.10 38-42 9 Batch reactor Siegal and
Pfannkuch, 1984
37 Albite —11.3 —1.86 6.0 BET 0.053 125-250 4 Fluidized bed reactor Welch and Ullman,
1996
38 Oligoclase —11.2 —0.70 3.0 BET 0.088 75-150 4 Flow-through reactor, Stillings et al.,
(.20) fresh mineral 1996
39 Oligoclase —10.9 —0.65 4.5 GEO 0.020 75-150 nd Fluidized bed reactor, Swoboda-Colberg
(—12.7) natural soil and Drever, 1992
40 Labradorite —10.7 —0.24 3.2 BET 0.20 43-110 21 Fluidized bed reactor Taylor et al.,
(0.20) 2000a
41 Bytownite —10.6 —1.29 6.1 BET 0.077 125-250 2 Fluidized bed reactor, Welch and

fresh mineral Ullman, 1993

Panola studies are denoted in bold text. Rate are reported as mol m~ % s~ '. Rates in parentheses are based on estimated surface roughness (Eq.

(4)). Surface areas in parentheses were measured after reaction.
nd =not determined.
% Assumed surface area.

for the weathered granite is somewhat higher than
values of approximately 1 m® g~ ' for plagioclase
separated from granitic sand weathered over compa-
rable time periods (White et al., 1996). Discussions
involving the reaction rate for the weathered plagio-
clase must be tempered by this uncertainty in the
surface area. In all probability, the resulting reaction
rate represents a minimum estimated value. For both
fresh and weathered granites, surface areas were
assumed to increase linearly with time as defined by
the correlations shown in Fig. 1 (dashed lines).

During the early stages of the experiments, both
fresh and weathered plagioclase weathering rates gen-
erally tracked large corresponding changes in effluent
Na, i.e., initially high rates that decrease rapidly with
time. At longer times, the time-dependency of the two
rates diverged. Reaction of the weathered plagioclase
reaches relative steady-state rates after about 2 months
(Fig. 3B) while the reaction rate of the fresh plagioclase
continued to decrease. For a given experiment, the
variability in reaction rate was less than the cor-
responding effluent concentration (Fig. 2). Since the
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weathering rates are proportional to the product of
solute Na and the flow rate, this implies an inverse
correspondence between these two parameters. At the
end of the experiments, after approximately 6.2 years,
the plagioclase weathering rate in the fresh granite
column was 7.0 X 10~ ' mol m~? s~ ! and the rate
was 2.1 X107 "> mol m~? s~ ! for the weathered
granite column.

4. Previously reported weathering rates

The plagioclase rates determined for the long-term
Panola experiments are compared to a tabulation of
previously reported plagioclase weathering rates (Ta-
ble 4). This compilation is developed in a context that
emphasizes the large-scale differences in the reported
durations of experimental and natural weathering.
When necessary, cited weathering rates were recalcu-
lated so as to be presented in consistent units of mass,
surface area and time, i.e., R=mol m~ %5~ ' (Eq. (1)).
However, no attempt was made to normalize rates
relative to differences in cited mineral stoichimetries.
Experimental studies indicate that plagioclase weath-
ering rates increase with increasing anorthite content
and decreasing pH (Blum and Stillings, 1995). Con-
sequently, plagioclase rate data in Table 4 are limited
to albite to labradorite compositions (Angg_q.7)
reacted over a pH range of 3—8. No trends in reaction
rates are evident within these composition and pH
ranges, implying other variables dominate plagioclase
weathering rates.

The listings in Table 4 are ordered in terms of
increasing reaction rates. In general, relative slow
rates of natural silicate weathering are at the top of
the table and fast experimental rates at the bottom.
The final experimental rates for the fresh and weath-
ered plagioclase in Panola Granite are denoted in bold
type in Table 4. Also denoted is the field rate for
plagioclase in the Panola weathering profile calculated
by White et al. (2001). This field rate (2.8 x 10~ '¢
mol m~ % s ') is an order of magnitude slower than
for the experimental rate for the weathered Panola
Granite (2.2 x 10”7 "> mol m™ % s~ ') and more than
two orders of magnitude slower than the fresh granite
(7.0 x 10~ “ mol m~? s~ ).

Additional rate data for K-feldspar, hornblende and
biotite, other minerals common to granitic rocks, are

listed in Tables 5—7. The parameters comprising these
data sets are comparable to those of Table 4 and will
be used in a later section in a general discussion of the
correlation between silicate reaction rates and the
duration of weathering.

4.1. Duration of chemical weathering

The duration of silicate weathering in Tables 4—7
ranges over six orders of magnitude from the shortest
experimental study (4 days) to the oldest natural
regolith (3 million years). The experimental studies
generally report the time period required to reach
apparent steady-state weathering. Chemical weather-
ing in natural systems involve very different time scales
depending on whether changes in solid-state or solute
concentrations are measured. Solid-state weathering
rates are based on the differences between elemental,
isotopic and mineral compositions measured in pres-
ent-day regoliths and in the assumed protolith. These
changes occur over geologic time scales. Such a solid-
state approach was used by White et al. (2001) to
calculate plagioclase weathering rates based on
changes in solid-state Na concentrations in the Panola
Granite (Table 4). The ages of older regoliths are most
commonly determined from distributions of cosmo-
genic isotopes, e.g., Panola (Bierman et al., 1995).

The alternate approach in calculating natural weath-
ering rates is based on solute fluxes. These rates in
Tables 4—7 commonly employ watershed discharge (e.
g, Velbel, 1985) but are also reported for infiltrating
soil pore waters (e.g., Murphy et al., 1998) and along
groundwater flow paths (e.g., Kenoyer and Bowser,
1992). Such solute fluxes represent contemporary
weathering during fluid residence times in the regolith,
commonly on the order of years to decades. Over the
entire time span of weathering reported in Tables 4—7,
many fluid volumes have circulated through these
weathering environments. Contemporary rates may
not be entirely representative of past long-term weath-
ering rates due to possible changes in climate and other
conditions (Cleaves, 1993; White, in press).

A significant number of the natural weathering rates
reported in Tables 4—7 are based on discharge fluxes
from upland watersheds in North America and North-
ern Europe that have been exposed to extensive glaci-
ation during the last major ice age. Although no age
dates for their geomorphic development are reported,
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K-feldspar weathering rates and related parameters

Reference Rate, Log pH Surface Surface  Grain size Roughness, Weathering Reference
no. log R (years) measurement  area, S (1m) 2 environment
m’g ")
1 —16.8 593 nd BET 1.0% nd nd Davis Run Saprolite, White et al.,
VA, USA 2001
2 —16.8 540 6.0-7.0 BET 0.94 650" 270 Riverbank Soil, White et al.,
Merced, CA, USA 1996
3 —16.6 6.48 6.0-7.0 BET 0.81* 500 179 China Hat Soil, White et al.,
Merced CA, USA 1996
4 —16.4 5.52 6.0-7.0 BET 0.94% 650 270 Riverbank Soil, White et al.,
Merced, CA, USA 1996
5 —16.3 578 6.0-7.0 BET 0.81 730 261 Turlock Lake Soil, White et al.,
Merced, CA, USA 1996
6 —16.1 511 6.0-7.0 BET 0.94* 650" 270 Riverbank Soil, White et al.,
Merced, CA, USA 1996
7 —153 4.00 6.0-7.0 BET 0.26 170 20 Upper Modesto Soil, White et al.,
Merced, CA, USA 1996
8 —14.7 4.10 6.0-7.0 GEO 0.02 53-100 nd Adams County Brantley et al.,
(—16.6) IL, USA 1993
9 — 142 0.57 5.0 BET 2.03 10-100 49 Experiment, weathered Suarez and
(2.61) soil, CA, USA Wood, 1995
10 —13.8 4.00 7.0 BET na nd nd Loch Vale Nano- Clow and
Catchment, CO, USA  Drever, 1996
11 —133 4.00 4.5 GEO 0.020 1-4000 nd Bear Brook watershed ~ Swoboda-Colberg
(—15.2) soil , ME, USA and Drever, 1992
12 —133 4.08 5.6-6.1 BET 1.53 nd nd Gardsjon watershed Sverdrup, 1990
soil, Sweden
13 —129 370 nd GEO* nd nd nd Shap Granite, Lee et al., 1998
(—14.8) England
14 —12.8 —0.16 5.6 BET 0.16 125-250 13 Flow-through cell Schweda, 1989
15 —12.4 —0.64 3.0 BET 0.33 37-75 Batch reactor Holdren and
Speyer, 1987
16 —123 —0.86 5.0 BET 1.52 <37 25 Batch reactor Busenberg and
Clemency, 1976
17 —122 —-047 5.0 BET 0.11 125-250 5 Flow-through cell van Hees et al.,
2002
17 —11.8 4.00 nd GEO 0.03 100 nd Plastic Lake, Kirkwood and
(—13.6) Ontario, Canada Nesbitt, 1991
18 —11.6 —041 20 BET 0.245 53-106 4 Flow-through cell, Lee et al., 1998
(0.393) weathered feldspar
19 —11.6 —0.68 4.0 BET 1.1* 38-42 19 Batch reactor Siegal and
Pfannkuch, 1984
20 —11.4 —0.64 50 BET 0.176 37-175 4 Flow-through cell Holdren and
(0.196) Speyer, 1987
21 —10.7 —0.65 45 GEO 0.020 75-150 nd Fluidized bed reactor ~ Swoboda-Colberg
(—12.6) and Drever, 1992
22 —10.5 —-0.50 2.0 BET 0.104 53-106 4 Flow-through cell, Lee et al., 1998
(0.313) unweathered feldspar

nd=not determined.
@ Assumed.
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Table 6
Hornblende weathering rates and related parameters
Reference Rate, Log pH Surface Surface Grain size  Roughness, Weathering Reference
no. log R (years) measurement — area, S (1um) 2 environment
m’g ")
1 —17.0 648 6.0-7.0 BET 0.67° 500 179 China Hat Soil, White et al.,
Merced CA, USA 1996
2 —16.4 578 6.0-7.0 BET 0.67 730 261 Turlock Lake Soil, ~ White et al.,
Merced, CA, USA 1996
3 —16.1 551 6.0-7.0 BET 0.72 650 250 Riverbank Soil, White et al.,
Merced, CA, USA 1996
4 —16.0 540 6.0-7.0 BET 0.72 650 250 Riverbank Soil, White et al.,
Merced, CA, USA 1996
5 —15.9 5.11 6.0-7.0 BET 0.72% 650 250 Riverbank Soil, White et al.,
Merced, CA, USA 1996
6 —15.7 460 6.0-7.0 BET 0.34 320 58 Lower Modesto White et al.,
Soil, Merced, 1996
CA, USA
7 —14.5 4.00 45 GEO 0.020 1-4000 nd Bear Brook, ME, Swodoba-Colberg
(—16.4) USA and Drever, 1993
8 —14.1 4.10 nd GEO 0.02 53-100 nd Adams County IL, Brantley et al.,
(—16.0) USA 1993
9 —13.6 4.00 4.0 BET 1.53 nd nd Lake Gardsjon, Sverdrup and
Sweden Warfvinge, 1995
10 —13.0 —-0.16 5 BET 0.28 125-250 28 Plug flow reactor Frogner and
Schweda, 1998
11 —12.8 —124 4 BET 4.93 37-149 245 Batch reactor Cygan et al.,
1989
12 —125 0.05 5.5 BET 0.33 75-150 20 Stirred flow reactor ~ Givens et al.
(0.51) (unpub.)
13 —12.3 4.00 nd GEO 0.03 100 nd Plastic Lake, Kirkwood and
(—142) Ontario, Canada Nesbitt, 1991
14 —11.9 —-0.72 4 BET 0.27 250-500 54 Batch reactor Zhang and
Bloom, 1999
15 —11.9 —-0.50 4 BET 0.102 110-250 9.6 Batch reactor Zhang et al.,
(0.3) 1996
16 —11.9 —1.09 5.6 BET 0.24 25-30 3 Stirred flow reactor Nickel, 1973
17 —11.8 —0.64 45 GEO 0.08 75-150 nd Fluidized bed Swodoba-Colberg
(—13.7) reactor and Drever, 1993
18 —10.7 —1.16 5.5 BET 0.24 33 42 Batch reactor Sverdrup, 1990

2

Rates are reported as mol m~
measured after reaction.
nd =not determined.

# Assumed surface area.

they are assigned an approximate age of 10 ky, assum-
ing the mineral exposure was initiated immediately
after the last major glaciation.

4.2. Normalization by surface areas

Weathering rates in Tables 4—7 are normalized to
the surface areas of the reacting silicates (Eq. (1))

s~ ! Rates in parentheses are based on estimated surface roughness (Eq. (4)). Surface areas in parentheses were

based either on gas sorption isotherms (BET) or
geometric estimates (GEO). BET values are incorpo-
rated into almost all of the experimental rate data with
some studies, as in the case of the present Panola
study, reporting values before and after reaction (later
data in parentheses in the tables).

The difficulty in assessing physical surface areas in
the natural weathering environment produces a greater
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Table 7
Biotite weathering rates and related parameters
Refer. Rate, Log pH Surface Surface Grain size Roughness, Weathering Reference
no. log R (years) measurement area, S (um) A environment
(mol m™? (m?g N
s~ 1)
1 —16.5 5.70 5.0-5.5 BET 5 100-500 775 Panola, GA USA White, 2002
2 — 155 4.00 6.0-7.5 GEO 12 1-100 nd Crystal Lake Kenoyer and
(=174 Aquifer, WI, USA Bowser, 1992
3 —154 548 4.5-55 BET 8.1 200—-1200 2900 Lugquillo, Mtn., PR White, 2002
—154 0.57 5.0 BET 8.1 10-100 230 Batch reactor, Suarez and
(11.2) weathered soil Wood, 1995
5 —15.0 548 45-55 BET 8.1 200—-1200 2900 Luquillo, Mtn., PR Murphy et al.,
1998
6 —14.1 4.00 7.0 BET 32 nd nd Loch Vale Nano- Clow and Drever,
Catchment, CO, USA 1996
7 —14.0 4.00 4.5 GEO 0.0800 1-4000 nd Bear Brook, MA USA Swodoba-Colberg
(—15.9) and Drever, 1993
8 —13.2 —0.36 nd BET 32 nd Loch Vale Soil, Clow and Drever,
flow-through column 1996
9 —13.0 —-0.96 5.6 BET 32 nd Loch Vale Soil, Clow and Drever,
fluidized bed reactor 1996
10 —-12.9 548 6.0 GEO 0.006 1 nd Coweeta, NC USA Velbel, 1985
(—14.8)
11 —12.1 —094 43 BET 5.59 10-20 43 Dialysis cell Kalinowski and
(12.2) (fluidized bed) Schweda, 1996
12 —11.8 —-0.23 4.0 BET 0.84 150-426 273 Column Acker and
Bricker, 1992
13 —11.6 —-1.07 3.0 BET 1.28 43-110 51 Flow-through Column  Taylor et al., 2000b
(1.28)
14 —11.5 —1.00 4.0-4.5 BET 1.5300 nd Fluidized bed reactor ~ Sverdrup and
Warfvinge, 1995
15 —114 —0.64 45 GEO 0.08 75-150 nd Fluidized bed reactor ~ Swodoba-Colberg
(—13.3) and Drever, 1993
16 —11.2 —1.12 50 BET 1.81-4.7  75-125 168 Flow-through reactor =~ Malmstrom and
Banwart, 1997
17 —10.7 —-0.24 5.0 BET 0.84 150-425 125 Fluidized bed reactor ~ Acker and

Bricker, 1992

Rates are reported as mol m™ 2

measured after reaction.
nd=not determined.

variability in measurement methods. Surface areas of
soils, saprolites and unconsolidated sediments are
commonly characterized by BET methods in a manner
similar to experimental material, e.g., Sverdrup and
Warfvinge, 1995. Estimating natural mineral surface
areas becomes more difficult in weathering environ-
ments comprising weathered bedrock, fractures and
larger scale weathering environments such as water-
sheds (Paces, 1973). In such studies, surface areas are
commonly based on estimated mineral grain sizes or
the distribution of fracture surfaces.

s~ ' Rates in parentheses are based on estimated surface roughness (Eq. (4)). Surface areas in parentheses were

Experimental particle size distributions are gener-
ally well characterized and are limited to a narrow size
range reported in Tables 4—7. Several studies inves-
tigated the effects of particle size on reaction rates,
e.g., Holdren and Speyer, 1987, and the selected rate
data in the tables correspond to a specific size fraction.
In the case of natural weathering, such as in soils,
particle size distributions tend to be much larger and
less well characterized. Some studies assume that
most of the weatherable primary silicates are in the
coarse size fractions. Other studies report a single
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value, representative of the average of all the grain
sizes.

The scale of geometric surface area measurements,
using even microscopic techniques such as SEM
(Dorn, 1995) and AFM (Brantley et al., 1999), is
orders of magnitude greater than the atomic scale of
the BET methods. This discrepancy is responsible for
consistently higher reported BET surface areas com-
pared to geometric estimates (Tables 4—7). The cal-
culated weathering rates are inversely related to the
surface area (Eq. (1)). This difference partly explains
why most of the natural rates, based on geometric
estimates, are faster than experimental rates based on
BET estimates.

Surface roughness is one potential method used to
reconcile some of the variability in weathering rates
introduced by different methods of measuring surface
areas. Surface roughness / defines the ratio of the
BET specific surface area, sggr, to the geometric
surface area, sge, (Helgeson et al., 1984), such that

1= SBET (3)
SGeo

Assuming particles of spherical geometry, the
surface roughness A can be calculated from the BET
specific surface area, mineral particle density p (g
cm ) and grain diameter D (cm) such that

P pDsgeT (@)
6

Surface roughnesses were calculated from Eq. (4)
for studies that reported both BET surface areas sggt
and grain sizes (Tables 4—7). Respective feldspar,
hornblende and biotite densities were assumed to be
2.6,3.2 and 3.0 g cm™ >. For studies reporting a range
of grain sizes, a mean size was used to determine
roughness. Resulting surface roughnesses, averaged
from the data in Tables 47 for fresh unreacted K-
feldspar, plagioclase and hornblende (8.4, 9.2 and
15.1, respectively), are plotted on the left side of
Fig. 4. These roughnesses are slightly higher than a
previously reported average of A=7 for a wide size
range of fresh silicate surfaces (White and Peterson,
1990). An average fresh biotite surface roughness of
110 is significantly higher than for the other silicates.
This discrepancy is due to the layered structure of
mica that is not approximated by spherical surface
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Fig. 4. Silicate surface roughness versus weathering time (data from
Tables 4—6). The diagonal line is the fit to the exponential
expression given by Eq. (5). Data on left side of figure is average
roughnesses (with error bars) for fresh minerals prior to reaction.

geometry (Eq. (4)) and which produces significantly
higher BET surface areas than for other silicate
phases.

Chemical weathering is shown to significantly
increase surface roughness with time due to increas-
ing surface pitting and internal porosity (Anbeek,
1992; White et al., 1996; Brantley et al., 1999). Such
increases are plotted as a function of reaction time
on the right side of Fig. 4. In the case of experi-
mental weathering, surface roughnesses are calculat-
ed from BET surface area measured at the end of
each study (data in parentheses in Tables 4-7).
Surface roughnesses for the naturally weathered
silicates are correlated to the total duration of chem-
ical weathering.

As indicated, feldspar and hornblende surface
roughnesses increase significantly with time, app-
roaching values of 800 after a million years of natural
weathering (Fig. 4). Within the variability of the data,
no significant difference in the time trends for the
different minerals exists. Biotite weathers to epitaxial
alteration products such as kaolinite, which hinders
physical separation. This creates abnormally high
BET surface areas and surface roughnesses 2>2000
(e.g., Murphy et al., 1998). For this reason, weathered
biotite roughnesses are excluded from Fig. 4. The
presence of residual clay also explains why the
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surfaces of the weathered Panola Granite exhibit
anomalously high surface roughnesses (Table 4). In
contrast, surface roughness of the fresh Panola Gran-
ite, produced after experimental weathering for 1.6
and 6.2 years, are consistent with other silicate min-
erals (Fig. 4).

If surface roughness increases consistently with
time, a standard curve can be constructed such as
compiled for hornblende by Brantley and Chen
(1995). A regression analysis of the data plotted in
Fig. 4, using a power function, produces the relation-
ship between surface roughness and time such that

2 =13.6:"" R=10.89 (5)

which on log-log plot produces a straight line. This
relationship can be used to estimate surface rough-
nesses of silicates for which BET surface area meas-
urements were not made, primarily for those studies
investigating field weathering rates. For example,
based on Eq. (5), A=85 for silicates weathered in
watersheds glaciated approximately 10 ky ago (Tables
4-17).

The surface roughness is the ratio of the BET
surface area divided by the geometric estimate (Eq.
(3)). From Eq. (5), geometric-based weathering rates
were converted to equivalent BET-normalized rates
based on the estimated duration of chemical weather-
ing. These rates are tabulated in parentheses in Tables
4-7. This approach allowed direct comparisons of
weathering rates that were previously irreconcilable
and, also, yielded more data in which to investigate
weathering trends with time.

5. Discussion

The following sections will investigate in greater
detail the relationship between the rates and duration
of silicate weathering and will discuss some reasons
why time-dependent weathering rates occur.

5.1. Trends in experimental Panola rates with time

A significant difference exists in the response of
fresh and weathered Panola plagioclase reaction rates
to the duration of experimental reaction (Fig. 3). For
the fresh plagioclase, the correlation with time (0.2—

6.2 years) can be described by the power function
(dashed line Fig. 3A).

R =1.49 x 1071347031 (6)

The corresponding correlation coefficient and stan-
dard errors are reported in Table 8. The negative
exponent of —0.51 in Eq. (6) indicates that decrease
in the plagioclase weathering rates is essentially
parabolic with time.

As previously discussed, the weathered plagioclase
rate data exhibit significantly more scatter with time
than that for fresh plagioclase. In addition, the mag-
nitude of the surface area is not well established
because of the probable influence of residual minerals.
In any case, calculated rates for weathered plagio-
clase, based on measured BET surface areas, do not
exhibit a continued parabolic decrease with time, as
does the fresh plagioclase (Fig. 3). After a relative
short time, the weathered plagioclase rates reach
essentially constant values that can be described by
the linear rate expression

R=0.0014 +1.71 x 107°¢t »=0.0077 (7)

which plots as horizontal dashed line in Fig. 3B.
Minimal values for the slope and regression coeffi-
cient for Eq. (7) indicate a lack of a significant
statistical correlation between weathering rate and
time for the weathered granite experiment.

Although the fresh plagioclase rate continues to
decrease over the course of the experiment, the final
rate after 6.2 years of experimental reaction was a
factor of 50 times greater than steady-state rate for the

Table 8
Correlations of mineral weathering rates with time for data plotted
in Figs. 3 and 6-9

Mineral Coefficient,

7

Intercept, a, Slope, b

Fresh Panola  —12.83+0.09 —0.509+0.028 0.93
plagioclase

Plagioclase —1246+0.16 —0.564+0.046 0.89
(Table 4)

K-feldspar —1249+032 —0.647£0.076 0.83
(Table 5)

Hornblende —12.67+£0.22 0.623 £ 0.067 0.92
(Table 6)

Biotite —12324+025 —0.603+0.073 0.83
(Table 7)

R=a,".
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weathered plagioclase (Fig. 3; Table 4). On a log-log
plot, Eq. (6), describing the fresh Panola rate, plots as
a diagonal straight line with a slope of — 0.51 while
the estimated steady-state weathered plagioclase plots
as a flat line with a slope of zero (Eq. (7)). Extrapo-
lation predicts that the two rates will become equal
after approximately 22 ky, a time span out of the
realm of experimental verification.

The lack of any apparent variation in the weathered
plagioclase experimental rate can also be explained by
a parabolic relationship (Eq. (6)) if the duration of
experimental reaction is simply viewed as a continu-
ation of previous long-term natural weathering. For
example, if natural weathering occurred over 22 ky,
the time at which the rates of both experiments would
be equal (Fig. 5), an additional increase of 6 years
would produce a further decrease in the reaction rate
of <0.01%. The argument is therefore advanced that
temporal variations in both rates are described by a
parabolic decrease (Eq. (6)) but that reaction of
weathered plagioclase is much further along on the
time curve than is the fresh plagioclase. This weath-
ered rate, however, is still significantly faster than
either the field rate (Fig. 5, solid circle) or the
extrapolated fresh rate (Eq. (6)) based on the actual
age of the regolith (350 ky). This discrepancy sug-
gests that other processes, as will be discussed in a
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Fig. 5. Extrapolation of experimental plagioclase rates for fresh (Eq.

(6)) and weathered (Eq. (7)) Panola Granite. Also indicated is the
field rate reported by White et al. (2001).

following section, also suppress natural rates of
chemical weathering.

5.2. Trends in literature weathering rates with time

Plagioclase rate data, tabulated from the literature,
are plotted as a function of the duration of chemical
weathering on a log-log plot in Fig. 6. Experimental
data are plotted as open circles with labels corr-
esponding to numerical listings in Table 4. The
majority of these experimental rates, plotting in the
upper left quadrant of Fig. 6, are based on the
dissolution of fresh plagioclase, which, as a group,
exhibits no discernible trend between the rate and
duration of experimental weathering. This lack of any
correlation suggests that difference in mineral compo-
sitions and experimental conditions overwhelm any
difference in time spans over which the different
studies were conducted.

The initial rates of fresh Panola plagioclase disso-
lution (solid line in Fig. 6) are comparable to short-
term fresh plagioclase rates reported in the literature.
However, with continued reaction over much longer
times, the Panola experiment achieved a final rate
(#17, open circle) that was significantly slower than
any previously reported value. Except at the very
beginning, the weathered Panola plagioclase rates
remained consistently slower than literature rates for
fresh plagioclase. Interestingly, the final weathered
Panola rate (#10, crossed circle) is very similar to a
rate reported by Suarez and Wood (1995) for weath-
ered plagioclase from a southern California spodsol
that was experimentally reacted for approximately 3
years (Fig. 6, #12). Both rates are normalized with
respect to plagioclase content in the regolith and the
BET specific surface areas.

For plagioclases, such as from Panola and southern
California, the total duration of prior natural weather-
ing greatly exceeds the subsequent experimental re-
action times for these minerals. To separate this effect
from experimental weathering of fresh counterparts,
dashed arrows are included in Fig. 6, which approx-
imate the time span over which natural weathering
occurred. In the case of weathered Panola plagioclase
(#10), the arrow is projected to the estimated age of
the Panola regolith (500 ky). The age of the southern
California spodsol (#12) was not reported by Suarez
and Wood (1995) but the soil is from a nonglaciated
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Fig. 6. Experimental and field-based weathering rates of plagioclase as a function of time (data from Table 4). Laboratory rates reflect the
duration of experiments. Arrows extend to the approximate ages of naturally weathered plagioclase subsequently subjected to experimental
weathering. Field rates reflect the estimated age of the weathering environment. Symbols differentiate between BET-based experimental and
BET-based or geometric-corrected field rates. Dashed line is statistical fit to the data based on Eq. (6) (coefficients reported in Table 8).

environment, presumably of comparable age to Pan-
ola (dashed arrow with question mark). The remaining
experimental studies on naturally weathered plagio-
clase utilized weathered soils from catchments glaci-
ated in the last 10 ky (Fig. 6; #21, 31, 33 and 39). The
corresponding arrows reflect this duration of weath-
ering. As indicated, the experimental weathering for
these glacial soils is significantly faster than for the
older nonglaciated Panola and California soils.
Plagioclase weathering rates determined from field
studies (Table 4) are plotted in Fig. 6 as either closed
circles (rates based on BET measurements) or as half-
closed circles (rates based on geometric estimates
corrected for surface roughnesses). As expected, a
significant time gap occurs between the longest-term
experimental rates (i.e., Panola) and field weathering
rates for the youngest glaciated catchments (10 ky).

Even after corrections for surface roughness, field
weathering rates at these young sites, based primarily
on watershed discharge, exhibit three order of mag-
nitude of variation in plagioclase weathering rates.
This range probably reflects both actual variations in
watershed weathering and uncertainties involved in
integrating weathering rates over relative large spatial
dimensions. Weathering rates for older weathering
environments, spanning 10°—10° ky, exhibit signifi-
cantly less variability, reflecting the fact that these
rates are determined from solid-state and solute gra-
dients in generally well-characterized soil and regolith
profiles.

In spite of the large number of potential errors and
uncertainties associated with a diverse data set (Table
4), a general relationship of decreasing weathering rate
with increasing time is clearly evident for plagioclase
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(Fig. 6). This trend is quantitatively established by a
regression fit (diagonal dashed line) through all the
rate data with the exception of the weathered plagio-
clase from Panola and that of Suarez and Wood (1995).
The linear relation of decreasing weathering and
increasing time along the log-log axes in Fig. 6 is
equivalent to the power function

R =347 x 1071347036 (8)

with the correlation coefficient and standard errors
reported in Table 8. A close agreement exists between
Egs. (6) and (8), which describes similar time trends
observed for the fresh Panola rate data (Fig. 5) and the
regression line describing the plagioclase literature rate
data (Fig. 7).

The trend established between plagioclase reaction
rates and the duration of reaction can be extended to
K-feldspar, hornblende and biotite based on data
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reported in Tables 5—7. Each mineral exhibits about
a six order of magnitude range from the fastest
experimental rate to the lowest field rate. The time
scales associated with the data are also of comparable
magnitude, ranging from less than 4 days for the
shortest-term experiment to more than a million years
in the oldest natural weathering environment. Al-
though fewer rate data are reported for K-feldspar
(21), hornblende (19) and biotite (16), compared to
plagioclase (41), relationships of decreasing rates with
increasing times are clearly evident in Figs. 7-9.
The dashed diagonal lines plotted in Figs. 7-9
show the regression fits to power functions for K-
feldspar, hornblende and biotite rate data that are
similar to Eq. (6) for plagioclase. The parameters in
Table 8 indicate that these weathering trends with time
are statistically valid for all the silicate phases
(r=0.83 to 0.92). In addition, the pre-exponential
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Fig. 7. Experimental and field-based weathering rates of K-feldspar as a function of time (data from Table 5). Laboratory rates reflect the
duration of experiments. Arrows extend to the approximate ages of naturally weathered plagioclase subsequently subjected to
experimental weathering. Field rates reflect the estimated age of the weathering environment. Symbols differentiate between BET-based
experimental and BET-based or geometric-corrected field rates. Dashed line is statistical fit to the data based on Eq. (6) (coefficients

reported in Table 8).
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experimental weathering. Field rates reflect the estimated age of the weathering environment. Symbols differentiate between BET-based
experimental and BET-based or geometric-corrected field rates. Dashed line is statistical fit to the data based on Eq. (6) (coefficients

reported in Table 8).

and exponential parameters are essentially identical
for all the minerals within the respective margins of
errors. The averages of the values for individual
mineral rates tabulated in Table 8 produce a general
rate expression for silicate weathering at ambient
temperature

R=3.1x 101306 (9)

The expression produces a 10-fold decrease in the
weathering rate of a silicate mineral after 50 ky, a 100-
fold decrease after 2000 ky, a 1000-fold decrease after
10,000 ky, etc. As pointed out by White et al. (2001),
such decreases in rate with time explains why silicate
minerals persist in the natural weathering environment
far longer than predicted from experimental studies.
The similarities in reaction rates over large-scale
time, described in Table 8 and summarized in Eq. (9),
appear to contradict the long established observation

that different silicate minerals weather at different
rates in the field (Goldich, 1938). For example, K-
feldspar has been determined to persist over substan-
tially longer times in natural weathering environments
than does plagioclase (Banfield and Eggleton, 1990;
Nesbitt and Markovics, 1997). However, when the
complete range of weathering environments are con-
sidered (Tables 4—7), the relative order of reaction
becomes less clear. In the case of feldspars, for
example, relative rates of plagioclase and K-feldspar
vary by less than a factor of 2 under identical
experimental conditions (Blum and Stillings, 1995).
The statistical description of the silicate weathering
in Table 8 indicates that large-scale time trends in the
rate data are clearly evident for each individual
mineral. However, the ability to differentiate smaller
rate differences between individual minerals reacted
over different times is obscured by uncertainties and
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Fig. 9. Experimental and field-based weathering rates of biotite as a function of time (data from Table 7). Laboratory rates reflect the duration of
experiments. Field rates reflect the estimated age of the weathering environment. Arrows indicate approximate ages of naturally weathered
biotite subsequently subjected to experimental weathering. Symbols differentiate between BET-based experimental and BET-based or
geometric-corrected field rates. Dashed line is statistical fit to the data based on Eq. (6) (coefficients reported in Table 8).

errors associated with a wide range of experimental
and natural conditions (Tables 4—7).

A power law, comparable to Eq. (9), was developed
by Taylor and Blum (1995) to describe the decrease in
weathering fluxes from a suite of weathering environ-
ments with increasing time. The exponential term used
to describe the slope of their data (b=—0.71) was
slightly steeper than the average of the silicate minerals
tabulated in Table 8 (b=—0.61). It is interesting to
note that Eq. (9) approximates a parabolic expression
(b=—10.50) commonly used in early experiments to
characterize crystalline silicate weathering (Luce et al.,
1972) and hydration of natural glasses (Friedman et al.,
1994). Although later investigations have discounted
diffusion-limited leached layers developing on crys-
talline silicates at ambient conditions in the laboratory,
except at very low pH (Muir et al., 1989; Casey et al.,
1993), diffusion-limited weathering under field con-
ditions is possible as will be discussed in the following
section.

5.3. Factors affecting the time dependency of
weathering rates

A number of processes have been proposed to
explain differences between weathering rates ob-
served under both experimental and natural condi-
tions. In terms of their specific time-dependent
characteristics, such controls can be classified as
being either intrinsic or extrinsic to a specific silicate
mineral (White, 2002). Intrinsic factors are physical
and chemical properties of the mineral that may
change with time during weathering. Extrinsic fea-
tures are environmental conditions external to the
silicate phase that may also change with time and
impact the chemical weathering rate.

Intrinsic properties of the solid phase are generally
transferable between weathering environments. For
example, if an intrinsic property such as physical
surface area is the dominant control on reaction, then
experimental measurements of dissolution of previ-
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ously weathered minerals should yield rates compa-
rable to those for the natural weathering environ-
ment. In contrast, extrinsic properties such as
hydrology, solute composition, and biologic interac-
tions are dependent on complex environmental con-
ditions that are difficult to fully recreate under
laboratory simulations. Where extrinsic properties con-
trol weathering rates, discrepancies between field and
laboratory are expected to be the norm. The following
sections briefly discuss the role of these intrinsic and
extrinsic factors on time-dependent trends in weather-
ing rates.

5.3.1. Intrinsic weathering properties

As mentioned above, surface area is an example of
an intrinsic characteristic of mineral weathering. On a
fundamental basis, weathering rates are dependent on
the densities of surface sites at which ligand exchange
reactions occur (Casey and Ludwig, 1995). However,
in the present study and for the weathering literature
cited in Tables 4—7, such surface site densities are
assumed to scale directly with the measured physical
surface area.

Weathering rates are inversely proportional to
surface area (Eq. (1)). Therefore, increases in surface
area, due to pitting and etching, are responsible for
much of the calculated decrease in weathering rates
with time. This effect is shown for the long-term rate
data for the fresh Panola Granite, which declines
more rapidly than the corresponding measured solute
Na levels (Figs. 2 and 3). This is due to normalizing
the mass of plagioclase losses by the BET surface
areas, which increased by a factor of 3.5 over the
course of the experiment. Likewise, the much larger
surface areas of naturally weathering silicates, com-
pared to freshly prepared silicates, are partly respon-
sible for the correspondingly lower weathering rates
(Tables 4-7).

The extent to which weathering rates scale directly
with physical surface area is a matter of considerable
debate (White and Peterson, 1990; Brantley et al.,
1999). For unsaturated environments, such as in most
soils, the surface areas exposed to active fluid trans-
port may be considerably less than the physical
surface area of the mineral grains (Drever and Clow,
1995). Surface areas of microscopic features such as
external pits and internal pores may be associated with
stagnant water that is thermodynamically saturated

and not actively involved in weathering reactions.
Finally, Gautier et al. (2001) proposed that much of
the measured increase in BET surface area during
weathering consisted of increases in essentially
unreactive walls of etch pits that contributed negligi-
bly to mineral dissolution. For the above scenarios,
the reactive surface area becomes decoupled from the
measured physical surface area.

Based on such findings, some workers have sug-
gested that geometric rather than BET surface areas
may be more representative of reactive surface areas
in the weathering environment (White et al., 1996;
Gautier et al., 2001; Mellott et al., 2002). If such a
situation is true, the question is raised as to whether
the large apparent decreases in weathering rates with
time observed in Figs. 4—7 are artifacts based on a
normalization using BET measurements which over-
estimate actual increases in reactive surface area with
time.

This issue can be addressed by considering the
relative changes in weathering rates and BET surface
area with time. Surface roughnesses increase by
approximately two orders of magnitude over a mil-
lion years of weathering (Fig. 4) while the weather-
ing rates decrease by close to six orders of magnitude
(Figs. 6-9). The effect of increasing surface area can
be quantified by multiplying the reaction rate by the
surface roughness which has the effect of negating
the surface area normalization, i.e., the trend in rate
with time is no longer surface area dependent. This is
mathematically equivalent to summing the exponents
in Egs. (5) and (9) such that the resulting function
describing the decrease in rate with time contains an
exponent of —0.41 rather than — 0.61. This indi-
cates that about a third of the decrease in weathering
with time is attributed to concurrent increases in
physical surface area while two thirds of the rate
decrease must be related to other time-dependent
factors.

In addition to the physical surface area, weathering
rates are also dependent on temporal changes in
intrinsic chemical and structural mineral properties.
Examples include the commonly observed preferen-
tial weathering of the calcic cores of plagioclase
(Clayton, 1986) and perthitic twinning, which often
produces spectacular weathering morphologies in al-
kali feldspars (Lee et al., 1998). With time, selective
weathering will diminish the concentration of these
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more reactive features, leading to a decrease in overall
mineral weathering rate.

Silicate minerals also contain structural defects and
dislocations, which represent sites of anomalously
high surface energy. If mineral grains are covered by
surfaces with high defect densities produced, for
example, by natural or laboratory grinding, then with
continued weathering, these layers may be removed,
leaving behind a less defective surface that weathers
at a lower rate (Brantley et al., 1986; Blum and
Lasaga, 1987). In fact, in natural systems, weathering
may occur predominantly at such defect sites whereas
in experimental systems, weathering may occur over
the whole mineral surface. As etch pits or etched
lamellae get deeper, solution chemistry within the pit
may move closer to saturation with respect to the
dissolving phase as compared to the bulk solution,
slowing the etching process. Consistent with this
hypothesis, several workers have documented second-
ary mineral precipitates within pores developed on
weathered silicates, e.g., Yau (1999).

Surface leached layers, secondary mineral precip-
itates and sorbed organic compounds may also de-
crease mineral surfaces and, with time, decrease
weathering rates. Leached layers have been docu-
mented on feldspar weathered in spodsols (Nugent
et al.,, 1998) and on naturally weathered hornblende
(Mogk and Locke, 1988). However, other studies
have failed to detect leached layers on other naturally
weathered silicate substrates (Berner and Holdren,
1977).

The progressive occlusion of the reactive mineral
substrate, principally by clays and Fe- and Al-oxides
during natural weathering, has been observed (Ban-
field and Barker, 1994; Nugent et al., 1998). The
extent to which secondary minerals produce surface
coatings may depend on the degree to which elements
are immobilized and the volume ratio of the reactant
to product mineral phases (Velbel, 1993). In addition,
natural silicate surfaces may become occluded by
organic precipitates (Tisdall and Oades, 1982). With
time, these effects produce slower diffusion-limited
transport of reactants to and products from the reac-
tive substrate. The development of such transport-
limited boundaries is suggested by the exponential
decrease in the weathering rates with time (Figs. 6-9),
which approximate a parabolic diffusion-controlled
mechanism.

5.3.2. Extrinsic weathering properties

Changes in large-scale extrinsic features such as
climate and biology can affect weathering rates over
the long time spans associated with natural weathering
(White and Blum, 1995; Moulton and Berner, 1998).
However, such processes are not expected to lead to
the systematic decreases in reaction rates with time
documented in the present study. Rather, the most
likely candidates include extrinsic differences in
short-term experimental and long-term natural weath-
ering conditions or changes produced by increases in
natural weathering intensities with time.

Specific solute species, such as hydrogen ion, Al,
Na and organics, have been shown to directly impact
silicate weathering rates by aiding or retarding ligand
exchange processes at silicate surfaces (Welch and
Ullman, 1993; Oelkers et al., 1994; Stillings and
Brantley, 1995; Chen and Brantley, 1997). The influ-
ence of solute compositions on silicate weathering rates
can also be related to their control on the thermody-
namic saturation state of the solid phase. Studies
involving experimental dissolution of feldspars (Burch
et al., 1993; Oclkers et al., 1994; Taylor et al., 2000a)
have shown correlations between decreases in dissolu-
tion rates as solutes approached to thermodynamic
saturation with respect to the reacting phase.

The relationship between weathering rate R and
saturation state can be quantitatively expressed using
transition state theory (Lasaga, 1998)

AG\*
R=—k {1 — exp<n 7 T> ]
AG\1”

—ky {lexp< R’T)} (10)

AG, (kcal) is the reaction affinity that describes the
extent to which the solute is in thermodynamic dis-
equilibrium which respect to the solid phase, i.e.,
AG,=— RTlog 1AP/K; where IAP is the ionic activity
product and K is the solubility constant. The weath-
ering rate R is the sum of two parallel reactions. The
first term in Eq. (10) contains the rate constant ki,
which defines fast dissolution far from equilibrium.
This reaction is proposed to be driven by the devel-
opment of etch pitting at dislocation outcrops on the
mineral surface (Lasaga and Blum, 1986). The second
term, i.e., k,, describes the slower rate as the solution
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approaches equilibrium and the reaction becomes
controlled by the bulk dissolution of the mineral
surface.

The transition from far to close to equilibrium
reactions has importance ramifications as to the role
of fluid transport on chemical weathering. For dilute
conditions, Eq. (10) predicts reaction rates are inter-
face-limited and independent of fluid concentrations
and rates of solute transport. This situation is gener-
ally confirmed for experimental batch reactors with
high fluid to mineral ratios in which the weathering
rate is independent of the fluid stirring rate.

In contrast, at low reaction affinities, as solute
concentrations approach equilibrium, rates will be
transport-limited. Increasing flow rates will decrease
solute concentrations and saturation states and increase
the weathering rate. In general, column experiments
employ significantly lower fluid to mineral ratios than
batch reactors. van Grinsven and van Riemsdikj
(1992) made the case for transport-controlled weath-
ering in soil columns by showing that reaction rates

increased with the increasing percolation rate of solu-
tion. Clow and Drever (1996) also found that weath-
ered plagioclase reacted an order of magnitude slower
in column experiments than in fluidized bed reactors
(Table 4, #21 versus #31) and attributed this difference
to stagnant flow regimes in the columns in which
mineral surfaces were effectively isolated and were
saturated with respect to the reacting mineral.
However, a case of transport-controlled reaction
cannot be made for the present Panola column study
because of inverse correlations between flow rate and
solute concentration as reactions approach steady-
state (Fig. 2). This resulted in a relative consistent
reaction rate that appeared not to be transport-limited.
This conclusion is supported by the observation that
column effluents remained far from thermodynamic
saturation with respect to plagioclase (Fig. 10).
Hydrologic heterogeneity becomes greater as sili-
cates weather in natural environments. A number of
workers have attributed variations in natural weather-
ing rates to differences in the hydrologic environment
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Fig. 10. Saturation states for albite (IAP/K;) and Gibbs free energy of dissolution for effluents from the fresh and weathered columns versus
experimental reaction times. Also plotted, as a time-independent parameters, are the Panola groundwater saturation states (from White et al.,
2001). Thermodynamic conditions are based on the dissolution reaction NaAlSi;08 — Na' + Al(OH), + 3H,SiO,.
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(Schnoor, 1990; Swodoba-Colberg and Drever, 1993;
Velbel, 1993). Fluid flow becomes highly differentiat-
ed with rapid movement through macropores and
much slower movement through micropores in the
soil matrix (Hornberger et al., 1990). Also, with
continued soil weathering, progressively more intense
argillic horizons are formed which effectively slow
water movement (Smeck and Ciolkosz, 1989), thus
increasing solute concentrations and decreasing reac-
tion affinities. Cyclic wetting and drying may cause
intermittent rather than continuous weathering and
may enhance the irreversible binding of organic poly-
mers to silicate surfaces (Letey, 1984). Finally, mass
redistributions produced from chemical weathering
substantially impact regolith porosities and water con-
tents, potentially changing unsaturated conductivities
and fluid residences by orders of magnitude (Stone-
strom et al., 1998).

As the result of these hydrologic processes, thermo-
dynamic calculations show that a significant number of
soil and groundwaters approach thermodynamic satu-
ration with respect to primary silicate minerals
(Gislason and Arnorsson, 1990; White, 1995; Ste-
fansson, 2001). In addition, Lee et al. (1998)
proposed that the time dependence of weathering
reactions is further enhanced by the fact that natural
weathering, which occurs closer to equilibrium, is
more dependent on structural heterogeneities, which
continue to dissolve relatively close to saturation.

5.4. Interpretation of the Panola plagioclase rate data

At the end of column experiments, fresh plagioclase
weathers more than an order of magnitude faster than
weathered plagioclase (10~ %% versus 10~ '*¢ mol
m~ 2 s~ ). This difference in rates occurs in spite of
identical experimental conditions and after normaliz-
ing for mineral content and specific surface area. In
addition, the experimental rate of weathered plagio-
clase is an order of magnitude faster than the field rate
for the same granitic material (10~ '>* mol m~%s™ ';
White et al., 2001). These differences between exper-
imental weathering rates and between experimental
and field rates can only be explained by a combination
of both intrinsic and extrinsic weathering controls.

White et al. (2001) made a strong case for near-
thermodynamic saturation of groundwaters associated
with feldspar weathering in the Panola Granite. Cal-

culations showed that K-feldspar was essentially sat-
urated (IAP/K;=0), and albite, assumed to thermody-
namically approximate Panola oligoclase, was slightly
undersaturated (log IAP/K;=—1 to —2). These data
are plotted in Fig. 10 both as functions of saturation
indices and reaction affinities. These conditions are
compared to albite saturation in column effluents
calculated using the PHREEQE speciation code (Par-
khurst, 1997). As indicated in Fig. 10, initially, the
fresh plagioclase effluent is closer to thermodynamic
saturation than is the weathered plagioclase effluent
due to higher solute concentrations. At progressively
longer times, the saturation states of both effluents
become comparable and, compared to field conditions,
were strongly undersaturated with respect to plagio-
clase (log IAP/K < — 10).

The final saturation states of the column effluents,
calculated as reaction affinities AG,, are plotted against
the corresponding reaction rates in Fig. 11. Also plotted
is the average value for the Panola groundwater and the
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Fig. 11. Reaction rates for fresh and weathered Panola Granite
experiments and the field rate for the Panola regolith versus Gibbs
free energy of albite dissolution. Solid lines are fits of Eq. (10) to the
experimental data. Intersection of dashed times denotes zero
reaction rate at thermodynamic equilibrium. For fresh plagioclase
ki=1.17x10"" k, =1.00x 10~ ' n=8. For weathered plagio-
clase, k;=1.64x10" "%, k,=4.6x10""> and 5.0 x 10~ '°. For
both fits, n=8 x 10~ 7, m,; =15 and m, = 1.45, which are the same
values used by Burch et al. (1993).
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best fits for Eq. (10) through the experimental rate data.
This plot is equivalent to those produced by Burch et al.
(1993) and Taylor et al. (2000a) to describe the satura-
tion state effects on experimental plagioclase dissolu-
tion. The parameters used to fit the Panola data are
listed in the figure caption (Fig. 10). The most sensitive
parameter in Eq. (10) is the far-from-equilibrium rate
term k; which is 1.7x 10" ' and 4.6 x 10~ !> mol
m~ 2 s !, respectively, for the fresh and weathered
plagioclase. These values closely approximate the
respective experimental rates, indicating the lack of
saturation control in the column experiments.

The reaction affinities for the column effluents
(AG,=—13.3 and — 15.6 kcal) are significantly below
the threshold energy of — 10 kcal, a value at which
inhibition of etch pit formation is proposed to occur
(Burchetal., 1993; Taylor et al., 2000a). In contrast, the
free energy of dissolution for groundwater in contact
with the Panola Granite is much closer to equilibrium
(— 2.6 kcal/mol), suggesting slower reactions on the
mineral surface not characterized by nucleation and
growth of etch pits. This difference in the saturation
state and reaction affinities between experimental and
field conditions can explain the differences in respec-
tive laboratory and field rates for the weathered feld-
spar. Since both mineral phases are presumed to be
similar in terms of surface area, leached and product
layers and other intrinsic features; the large difference
in rates is attributed to extrinsic controls, i.e., differ-
ences in solute concentrations and saturation states.
Presumably higher saturation states in field settings are
related to hydrologic and chemical characteristics of in
situ weathering over long times.

In contrast, these extrinsic controls cannot explain
why the fresh Panola plagioclase weathers faster than
weathered plagioclase in the laboratory since the satu-
ration states are comparable (Figs. 10 and 11). The
difference in experimental rates implies intrinsic differ-
ences in the plagioclase minerals undergoing weather-
ing. These features may include isolation of the reactive
surface by development of leached layers, decreased
access to dislocation outcrops on the mineral surface
after long-term natural weathering or increased dislo-
cation density caused by grinding of fresh surfaces. In
summary, a combination of both time-dependent in-
trinsic and extrinsic controls are required to explain
chemical weathering of the Panola Granite over a range
of experimental and natural conditions.

6. Conclusion

In conducting the longest running experiment of
silicate weathering reported to date (>6 years), this
study demonstrated that the reaction of freshly crushed
Panola plagioclase never reached steady-state reaction
rates. Rather, rates were described by a power function,
predicting an essentially parabolic decrease with time.
In contrast, experimental reaction of previously weath-
ered granite exhibited relatively constant rates after
several months. These results indicate that pre-condi-
tioning by natural weathering significantly decreases
both magnitude of the subsequent experimental rate as
well as any decrease in rate with additional reaction
time. Extrapolation indicates that several thousand
years of experimental reaction is required to achieve
similar rates for the fresh and weathered samples. Even
after such extended reaction, these rates would remain
an order of magnitude slower than previously deter-
mined field rates for the Panola Granite regolith.

The Panola plagioclase rates are placed in the
context of other experimental and field plagioclase
rates reported in the literature which spanned time
periods ranging from several days for experimental
weathering to millions of years for field-based weath-
ering. In order to reconcile significant differences in
reported rates to the normalizations by either BET- or
geometric-based surface areas, a curve describing the
change in roughness with time was generated. Multi-
plying the geometric surface area by this roughness
factor, which reflects increases in etching and pitting
with increasing weathering intensities and time, pro-
duced corrected geometric rates that were comparable
to BET-normalized rates.

A power function, describing the correlation be-
tween reaction rates and times from more than 40
experimental and field studies, was very similar to that
describing experimental weathering of fresh Panola
plagioclase. The nature of this rate—time relationship
predicts that rates will initially decrease rapidly during
the initial stages of weathering as was observed
experimentally for the fresh Panola Granite. However,
at long times, the change in weathering is much less,
which explains why experimental reaction of the
previously weathered Panola Granite exhibited pseu-
do-steady-state rates.

Construction of similar rate—time relationships for
other minerals common to granite rocks, i.e., K-
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feldspar, hornblende and biotite, also produced similar
trends. These similarities indicated that the time
effects on silicate weathering is comparable, both over
a large range in the durations of weathering, as well as
for a variety of silicate minerals. The exponential
decrease in rates with time also explains why silicate
minerals persist in the natural weathering environment
far longer than predicted by experimental studies.

The time-dependent nature of silicate reaction rates
reflects a number of processes reflecting both intrinsic
characteristics of the mineral as well as extrinsic
features of the weathering environment. Intrinsic
effects include increases in physical surface area due
to surface roughening, concurrent decreases in reac-
tive surface area due to diminishing compositional
and structural heterogeneities, and physical occlusion
by secondary precipitates and leached layers. A com-
parison in changes in surface roughness with time
indicates that about a third of the decrease in reaction
rate with time is attributed to increases in the intrinsic
physical surface area.

Extrinsic features include processes that impact
chemical weathering rate over time but are external
to the silicate substrate. As such, these factors are the
most difficult to re-create in laboratory experiments.
The differences in reaction affinities are one important
reason for lower natural weathering rates compared to
experimental rates. Experimental rates are measured
with high fluid/mineral ratios reacted over short times.
These laboratory experiments produce solutions that
are far from thermodynamic saturation with respect to
the reactive phase as was shown for the Panola experi-
ments. In contrast, natural weathering involves much
lower fluid/mineral ratios reacted over much longer
times. This produces pore and groundwaters closer to
thermodynamic saturation as previously determined
for the Panola regolith. For natural weathering, large
increases in time continue to increase weathering
intensities and further decrease permeabilities and
reaction affinities, leading to further declines in natural
weathering rates with time. For weathering under
close-to-equilibrium conditions, such as occurring in
many field settings, transport control will become
important for weathering.

The different reaction rates observed for plagioclase
in the Panola Granite illustrates that weathering is a
combination of both intrinsic and extrinsic processes.
The fact that naturally weathered granite reacts in the

laboratory orders of magnitude slower than in the field
points to an extrinsic control, which this study has
related to differences in thermodynamic saturation of
column effluents relative to natural groundwater. In
contrast, the reaction rate of the weathered Panola
plagioclase is an order of magnitude slower than the
fresh granite under essentially identical laboratory
(extrinsic) conditions. This difference must be attrib-
uted to intrinsic differences in the minerals, related to
differences in defect densities and the presence of
surface coatings. The sum effect of these phenomena
produces trends in Panola plagioclase weathering rates
with time that can be described in a consistent manner
by a power function. The fact that similar functions
describe a group of different silicate minerals over
much longer time periods suggest commonality of
such processes and their usefulness in predicting the
effect of time on rates of silicate weathering.
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