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Abstract—Present-day elemental and mineral weathering rates based on solute fluxes are compared quanti-
tatively to past long-term rates determined from solid-state elemental fractionation in a saprolitic granite re-
golith at Panola, Georgia, USA. Saturated fluid flow across a low-permeability kaolin duripan controls the
rate of steady-state unsaturated flow in the underlying saprolite. Water and Cl mass balances and experimen-
tal conductivities produce a minimum fluid flux density of 8x102 m yr! and a fluid residence time of 12
years. Solute Si flux, based on pore water concentrations and infiltration rates, is 27 mmoles yrl, compared
to a long-term flux rate of 17 mmoles yr'!, based on regolith Si loss and reported 36Cl dating of the regolith
surface. Similarities in short- and long-term fluxes imply that parameters influencing silicate weathering, in-
cluding precipitation, temperature, and vegetative cover, while not necessarily constant, have not signifi-
cantly impacted Si leaching rates during the last several hundred thousand years.

Linear decreases in solid-state Mg with decreasing regolith depth permit the calculation of the long-term
biotite weathering rate under isovolumetric steady-state weathering conditions. A rate constant of 3x 10717
moles m™?s!is up to 5 orders of magnitude slower than that reported for experimental dissolution of biotite,
implying very different reaction kinetics during natural weathering. Short-term biotite weathering fails to
produce expected increases in solute Mg and K concentrations with increasing depth and fluid residence
times in the regolith. This discrepancy indicates that ion exchange disequilibrium and open-system biologic
uptake in an aggrading forest ecosystem are of sufficient magnitudes to overwhelm solute fluxes resulting

from biotite weathering.

1. INTRODUCTION

The quantification of natural silicate weathering
rates has important implications in a diverse range of
geochemical issues, including the neutralization of
acid precipitation, the release rates of macronutrients
such as K and Ca in forested catchments, and the link-
age between weathering rates, CO, draw-down, and
long-term climate change. In addressing these issues,
extensive efforts have been directed at determining
silicate weathering mechanisms and rates based on
detailed experiments that involve generally well-
characterized silicate minerals. In many cases, the
success of these efforts has surpassed our present
ability to verify their applicability to natural weather-
ing processes.

Most quantitative estimates of natural silicate
weathering rates are derived by simple input-output
models, which fall conceptually into two categories
(White, 1995). Short-term reaction rates are calcu-
lated from solute fluxes derived most commonly from
rates of regolith infiltration (Swodoba-Colberg and
Drever, 1993; Murphy et al., 1998), watershed solute
balances (Velbel, 1985; Pades, 1986), and from solute
increases observed along ground water flow paths
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(White and Claassen, 1978; Kenoyer and Bowser,
1992). The determination of such rates commonly re-
quires an extensive monitoring network characteriz-
ing fluid flow and solute compositions. In such
studies, it is commonly difficult to document the in
situ parameters that control silicate reaction rates, in-
cluding reactive mineral surface areas and hydrologic
flow paths and heterogeneities. Such monitoring ef-
forts are commonly short-term, one to several years,
which may or may not approach the actual fluid resi-
dence times in these systems. Extrapolation of such
short-term rates to longer times, therefore, is suscep-
tible to effects of changing climate, vegetation, and
anthropogenic influences.

Long-term reaction rates are calculated from dif-
ferences between elemental or mineral compositions
in the initial protolith and the weathered regolith.
While extensive data in the soil literature document
such compositional differences, relatively few studies
have tied these changes to quantitative mineral weath-
ering rates (Sverdrup and Warfvinge, 1995; White et
al., 1996; White et al., 2001). These rates are averages
for the duration of protolith weathering, commonly
tens of thousands to millions of years. Studies con-
fined solely to the solid-state provide minimal infor-
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Fig. 1. Location map showing the ridge top sampling site in the Panola watershed. Dashed area repre-

sents outcrop areas of the Panola Granodiorite.

mation of long-term hydrochemical processes that
have led to observed weathering rates. Weathering
rates can change over long times due to the decreas-
ing availability of reactive surfaces and increasing
secondary clay and oxide phases which alter perme-
ability, wetted mineral surface areas, and mineral re-
action affinities.

Additional insights into natural weathering are de-
rived from direct comparisons of present short-term
and past long-term rates for the same regolith. Signifi-
cant differences imply errors in the assumptions used
in calculating weathering rates and/or fundamental
changes in the actual rates over time (White, 1995).
Current silicate weathering rates, based on watershed
solute fluxes in post-glacial watersheds (< 1 x 10* yrs)
in North America and northern Europe, are estimated
be up to a factor of 3 times faster than long-term past

weathering rates based on cation and mineral deple-
tions in watershed soils (April et al., 1986; Kirkwood
and Nesbitt, 1991; Land et al., 1999). These differ-
ences are attributed to the impacts of acidic precipita-
tion on contemporary weathering rates.

In comparing long-term weathering rates for much
older saprolites (>10° years) with watershed solute
discharge in the Piedmont of the eastern USA,
Cleaves (1993) concluded that present interglacial
weathering rates are 2-5 times faster than for past
periglacial periods. This difference is attributed to
past periods of lower precipitation, colder tempera-
tures, and lower soil gas CO,. In contrast, Pavich et
al. (1995) concluded that long-term rates of saprolite
formation in the Virginia Piedmont are comparable
with current-weathering rates based on stream solute
fluxes. Rates of saprolite formation are also found
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similar to current weathering rates based on water-
shed discharge in the Luquillo Mountains of Puerto
Rico, an area which has been subject to only minor
long-term climate fluctuations (White et al., 1998).
The present study details methods for deriving
both short-term weathering rates based on present-
day soil water fluxes and past long-term weathering
rates calculated from changes in regolith composi-
tion. These approaches are applied to a saprolitic
weathering environment in the Georgia Piedmont of
the eastern USA. The importance of heterogeneous
permeabilities in estimating solute fluxes is investi-
gated. Dissolution rates of biotite, derived from
solid-state elemental distributions with depth in the
regolith, are compared to experimental rates and
rates determined for other natural systems. Finally,
the impacts of biologic fluxes and cation exchange
reactions on pore water chemistry, used to calculate
contemporary weathering rates, are assessed.

2. FIELD SETTING AND METHODOLOGY

Panola Mountain Research Watershed is a 41-
hectare watershed within the Panola Mountain State
Conservation Park located in the Piedmont province
of Georgia, USA (Fig. 1). Chemical weathering in
the Panola watershed has been addressed in a num-
ber of studies (Grant, 1975; Nixon, 1981; Burns,
1998; Stonestrom et al., 1998; Schroeder and Me-
lear, 1999; White et al., 1999a,b; White et al. 2001).
The average annual precipitation is 1.24 m and the
mean annual air temperature is 18 °C. Land use
records indicate the original forest was cut in the
early 1800’s and was farmed until the early 1900’s
(Huntington, 1995). The watershed is currently cov-
ered with a mixed deciduous/coniferous forest. Tree
root densities are greatest within the upper meter of
regolith, with a sparser distribution of roots pene-
trating to the bedrock surface.

The focus of the present study is a ridge top in the
western quadrant of the watershed (Fig. 1), which is
underlain by the 320 M yr old Panola Granite, de-
scribed as a biotite-muscovite oligioclase-quartz-
microcline granodiorite (Higgins et al., 1988). The
ridge-top is an old erosion surface comparable in
age to granodiorite surface exposures in the water-
shed dated at between 200-500 kyrs by 36Cl (Bier-
man et al., 1995). The ridge-top soils are highly
weathered ultisols developed in situ from bedrock
residuum and consist of a dense, dark red, unstruc-
tured clay-rich A horizon (~0.5 m thick), underlain
by a less dense orange-brown B-horizon (~1 m
thick). The underlying porous saprolite (~2-3 m
thick) retains the original granodiorite texture and
grades from friable saprock to competent bedrock

over an interval of several cm at a depth of 4.7 m.

Nested porous cup suction water samplers were in-
stalled at the bottom of holes augered to depths of 0.1
to 4.6 m in the ridge-top regolith and sampled bi-
weekly to monthly from December 1991 to April of
1993. The site was also sampled during a LiBr tracer
test in 1995 (Huntington et al., 1994). Water samples
from the suction samplers were filtered in the labora-
tory, pH and alkalinity determined, and chemistry an-
alyzed using ion chromatography and direct current
plasma spectroscopy. Porous tip tensiometers with
analogue gauges were installed at selected depth in-
tervals at the site. Moisture samples were taken using
a soil corer and measured for gravimetric water con-
tent. Soil and saprolite cores, taken at depths ranging
from 0.78 to 2.35 m, were measured in the laboratory
for saturated hydraulic conductivities using a falling
head permeameter (Klute and Dirksen, 1986; Stone-
strom et al., 1998).

Surface areas of bulk soil and saprolite, in addition
to individual mineral separates, were determined by
single point BET measurements using N,. Mineral
separates were split and sieved to retain the <2 mm
fraction. Clay-size particles (<4 pm) were subse-
quently removed by centrifugation. Fe oxides were re-
moved from 4 um-2 mm silt-sand fraction using
citrate-bicarbonate-dithionite extractions and organics
were removed using hydrogen peroxide (Mehra and
Jackson, 1960). K-feldspar was separated from quartz
using heavy liquid mixtures of bromoform and ace-
tone. Muscovite was paramagnetically separated from
biotite using a Franz magnetic separator. Exchangeable
cations and cation exchange capacity measurements
were made on soil and saprolite samples using un-
buffered 1 NH,CI (Huntington et al., 1990). Selected
soil and saprolite samples were powdered and ana-
lyzed using X-ray fluorescence spectrometry and X-
ray diffraction. Thin sections were prepared and
characterized optically using an electron microprobe
and scanning electron microscopy

3. RESULTS

3.1. Solid State Chemistry and Mineralogy

Average mineralogy of the fresh Panola granodior-
ite, determined from point counts (Table 1), indicates
a preponderance of plagioclase, quartz, K-feldspar,
biotite, and muscovite, with much lesser amounts of
hornblende (<2%). Accessory minerals included ap-
atite, zircon and calcite. Major mineral stoichiome-
tries based on microprobe data are also included in
Table 1. Bulk oxide data indicate strong elemental
fractionations in the soils and saprolite compared to
the fresh granodiorite composition (Table 2). Na and
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Table 1. Mineral compositions and distributions in the unweathered Panola granodiorite.
Mineral formulas based on microprobe analyses!. Weight percentages based on point counts?
Mineral Formula Wt %2
Quartz Sio, 27.5
Plagioclase Nayg 77 Cag o3 Al; 3 Si, 77 Og 31.9
K-feldspar Nag o3 K gg Al gy Sip g9 Og 20.6
Biotite K 00 Mgy 78 Fe(D)3 o5Aly 5, Tig 30)(AL, 46515 60)059(OH), 12.8
Muscovite K 62( Mgy o5 Fe(lD)g 44Al; 04Tig 19)(Al, 94515 46)0,0 (OH), 72
' Sampled from a depth of 11.55 m at Ridge-top site
2 Average analyses reported by William Kelly, NY Geological Survey
Table 2. Chemical compositions of the Panola regolith.
Sample Depth  Density Sio, ALO; Fe,0; MgO CaO Na,O K,0 Tio,
m gom? Wi%
"A" soil 0.10 2.34 81.1 8.8 274 021 0.14 0.44 3.05 1.91
"B"soil 0.30 1.86 71.7 11.8 312 031 0.12 0.35 3.40 1.50
0.48 1.86 64.0 19.9 583 050 0.11 0.31 2.81 1.38
0.74 1.83 60.4 21.1 6.37  0.39 0.07 0.25 3.05 1.07
0.84 173 59.9 21.7 6.76 044 0.06 0.23 2.63 1.21
1.07 1.81 63.7 20.9 6.60 049 0.06 0.20 2.52 1.26
1.27 1.83 60.3 22.3 695 048 0.06 0.20 2.61 1.16
1.52 1.78 58.9 22.1 7.08 045 0.06 0.22 2.14 1.08
Saprolite 1.83 1.80 61.3 22.1 7.13  0.39 0.05 0.16 2.65 1.20
2.16 1.72 61.7 23.1 6.18 053 0.06 0.19 3.15 121
2.51 1.99 62.6 22.1 6.58  0.74 0.06 0.14 3.20 131
2.84 2.25 66.0 20.6 6.05  0.81 0.07 0.23 4.41 1.33
3.23 1.97 69.8 16.7 6.26 1.18 0.06 0.21 4.93 1.49
3.73 2.00 65.5 214 5.31 1.06 0.05 0.20 4.01 1.22
3.99 1.98 65.7 19.7 568 098 0.05 0.22 4.18 1.27
4.29 1.92 63.6 21.0 480 090 0.05 0.23 3.06 1.00
4.52 1.98 67.4 19.1 539 092 0.07 0.21 3.96 1.27
4.65 2.00 69.4 18.4 532 1.09 0.06 0.20 4.13 1.26
4.79 1.93 60.9 18.7 4.95 1.10 0.08 0.47 5.48 1.08
Granodiorite! 11.55 2.65 66.5 14.7 4.34 1.01 241 3.16 4.75 0.90

1 Sample obtained from drill core described by White et al. (2001)

Ca are essentially absent in the saprolite and soil due
to the near-complete weathering of plagioclase to
kaolinite in the upper 6 m of the bedrock underlying
the saprolite (White et al., 2001). K and Mg concen-
trations decrease upwards in the saprolite. Si concen-
trations are highest and Al and Fe concentrations are
lowest in the shallow soil.

3.2. Weathering Characteristics

The kaolin minerals, kaolinite and halloysite, and
amorphous Fe-oxyhydroxides, goethite, and
hematite, are the principal secondary minerals in the
soil/saprolite profile (Schroeder and Melear, 1999). In
the saprolite and soil, both biotite and K-feldspar

weather to kaolinite, as evident in backscattered elec-
tron SEM images (Fig. 2). As biotite loses Fe, K, and
Mg, and forms kaolinite, the mean atomic number is
lowered and the image appears darker. Fig. 2A shows
two “biotite grains”, one of which shows the layered
biotite structure becoming replaced with darker zones
of kaolinite. A second, more highly weathered “bi-
otite” grain exhibits no residual biotite, consisting of
complete pseudomorphic replacement to layered
kaolinite with additional box-like kaolinite structures
on the grain surface. Similar epitaxial conversion of
biotite to kaolinite has been observed in other sapro-
lites (Murphy et al., 1998; Jeong, 1998; Dong et al.,
1998). Biotite weathering is often initiated along
cleavage planes, causing the expansion, or fanning of
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Fig. 2. SEM backscattered photomicrographs of silicate
grains at a depth of 2.8 m in the Panola saprolite. (A). Left
grain is partially weathered biotite. Bright segments corre-
spond to unaltered biotite and gray areas correspond to epi-
taxial replacement by kaolinite. Right grain is completely
kaolinized biotite with surficial box work structure. (B)
Upper right biotite grain exhibits fanning and initial epitax-
ial replacement with kaolinite. Lower left grain is partially
weathered K-feldspar with voids aligned along crystallo-
graphic axes.

the biotite grain (Fig. 2B). This morphology is de-
scribed for other weathered biotites (Kretzschmar et
al., 1997; Jeong, 1998; Lee and Parsons, 1999). A
highly weathered K-feldspar is also included in Fig.
2B, which exhibits extensive voids and etch pits
aligned along selective crystallographic planes.
Muscovite grains from the saprolite and soil appear
pristine in thin section. The differences in the intensity
of biotite and muscovite weathering are substantiated
by compositional differences determined by micro-
probe analysis (Fig. 3). For single weathered “biotite”
grains, the Al/Si ratios for individual dark and light in-
terlayers range between 0.5, representative of fresh bi-
otite, to 1.0, representative of kaolinite (Table 1). The
increase in Al/Si ratios correlates with loss of K and
Mg from interlayer sites due to the oxidation of octa-
hedral Fe (Fig. 3). Similar composition ranges in epi-

taxic kaolinite-biotite are reported by Jeong (1998).
Muscovites have higher Al/Si ratios than biotite, re-
flecting less substitution of Mg and Fe into the struc-
ture (Fig. 3). Muscovite shows no discernible trend in
elemental compositions and has essentially the same
compositions as in the fresh granodiorite.

3.3. Pore Water Hydrology

Soil porosity and gravimetric water content meas-
urements are used to calculate hydraulic saturation of
the soils and saprolite (Fig. 4A). The extent of satura-
tion varies temporally above the saprolite/soil interface
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Fig. 3. Changes in Mg and K mole percentages and Al/Si
ratios in biotite and muscovite as functions of regolith
weathering. Arrows denote composition trends resulting
from the progressive epitaxial replacement of biotite by
kaolinite.
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Fig. 4. Soil water hydrology of Panola ridge top. (A) Hydraulic saturation as a function of regolith
depth for dates indicated. Values < 100% correspond to unsaturated conditions. (B) Soil tensions as a
function of regolith depth. Lines correspond to individual samplings conducted between 8/11/91 and
10/12/93. Zero tension corresponds to hydraulic saturation and progressively higher tensions correspond

to increasing undersaturation.

at 1.6 m. In the vicinity of this interface, the regolith is
saturated or nearly saturated year-around. In contrast,
the underlying saprolite is unsaturated. Field tensiome-
ter readings measure capillary and adsorptive forces
produced by the interaction of water with soil mineral

surfaces. Tension is zero at fully saturated conditions
and increases with decreasing saturation, thus explain-
ing the inverse relationship between saturation and ten-
sion shown in Fig. 4. In the soil zone, low moisture
tensions occur from November to March (Fig. 5), cor-
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responding to periods of forest dormancy and low
evapotranspiration (ET) (Cappellato et al., 1993). High
tensions occur during active forest growth and high ET
from April to October. Superimposed on this seasonal
trend in shallow soil tensions are specific precipitation
events such as the intense June 1992 storms shown in
the precipitation record in Fig. 5. These events tem-
porarily decreased the matric potential, even during
seasonally high rates of transpiration. Moisture ten-
sions below 1.6 m in the saprolite were essentially un-
affected by these storm events or longer term seasonal
trends in ET.

The soil/saprolite interface (1.6 m) is a zone of
consistent pore water saturation and near-zero ma-
tric potentials (Fig. 4). These conditions are indica-
tive of “perched water” which overlays a low-
permeability duripan consisting of a 10-cm thick
layer of relatively competent clay. Duripans serve as
aquitards, which restrict the downward percolation
of water. Duripans at soil/saprolite boundaries are
commonly observed in the southeastern Piedmont of
the U.S.A. (Simpson, 1986; Buol and Weed, 1991).
From observations in thin sections, O’Brien and
Buol (1984) concluded that low hydraulic conduc-
tivity is related to the absence of continuous pores
due to the formation of thick cutans of clay translo-
cated from the overlying soil. While cyclic wetting
and drying occurs in the overlying soil horizons, the
underlying saprolite maintains nearly constant
moisture contents that are dampened to responses to
individual storm events and longer-term trends in
seasonal ET (Fig. 5).
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3.4. Pore Water Chemistry

Representative pore water solutes obtained from the
suction water samplers in soil and saprolite are tabu-
lated in Table 3. Also included are data for open fall
and through fall precipitation, surface water, and
ground water. Na and Cl are moderately concentrated
relative to average precipitation above the duripan and
strongly concentrated below the duripan (Fig. 6). The
shallow solutes reflect the direct influences of seasonal
ET, which concentrates Na and Cl due to selective ex-
clusion by vegetation. Perched water directly above the
duripan undergoes significantly greater ET due to
longer residence times. Subsequent slow leakage of
this water into the upper saprolite explains the high Na
and Cl concentrations. This effect may also be exag-
gerated by sampling bias. During dry periods, the air
entry potentials for the porous cup samplers in the shal-
low soils become very high compared to the potentials
in the wetter saprolite (Fig. 4B), thus preventing the
sampling of highly evaporated waters. Na/Cl ratios are
similar to precipitation (Table 3). The granodiorite is
essentially devoid of Cl, and Na, which is associated
primarily with plagioclase, is effectively weathered
from the underlying bedrock (White et al., 2001).

Solute Si, directly below the duripan, is less con-
centrated than Na and Cl, suggesting non-conserva-
tive behavior related to the incorporation of Si into
ongoing kaolinite formation in the duripan. Si in-
creases in the deeper saprolite, particularly near the
bedrock interface, thus indicating silicate weathering.
Pore water Ca, Mg, and K concentrations exhibit sig-

Table 3. Representative chemical concentrations of pore water, precipitation,
stream water, and ground water in Panola watershed (umole-I'h).

Pore
Waters!

Depth 0.30 091 1.83 3.00 4.62
pH 5.80 5.54 5.39 5.37 5.58
Na 24.3 40.0 202 206 163

K 41.0 36.2 43.7 17.7 12.9
Ca 559 255 24.1 12.5 14.5
Mg 30.4 81.7 66.5 56.4 352
Al 4.6 4.0 0.9 2.3 4.7
Si02 75.1 92.9 201 189 372
Alk 86.9 63.4 30.8 254 55.6
Cl 27.6 34.1 251 319 174
NO; 1.4 1.1 23.8 2.8 2.1
SO4 47.9 439 10.3 1.6 6.1

Wet? Thru? Surface? Ground®
Precip. Fall Water Water
na na na 2.5
483 4.05 5.09 5.29
11.4 10.6 42.1 117.2
1.8 10.6 8.7 14.5
33 32.0 18.4 17.2
1.7 19.2 12.1 19.0
na na 9.5 34
na na 76.8 182.2
0.0 0.0 0.0 59.4
14.1 20.6 30.2 67.3
31.6 19.3 0.0 0.7
36.8 42.7 51.0 36.5

1Sampled 1/21/93

2 Average of precipitation events 2/82 -7/88
3Cappellato et al., 1993

“4Upper gauge, sampled 1/23/93

SWell 700 sampled 1/23/93
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Fig. 5. Seasonal variations in soil tensions and precipitation events for 1992. Also indicated are the ap-
proximate periods of forest growth and dormancy. (dates: mo/day/yr)

nificantly greater seasonal variability in the soil than
do Na, Cl, and Si. This indicates that, in addition to
the effects of ET, these elements are being selectively
added and/or removed by biologic cycling by
throughfall, leaf fall, and root uptake. In the underly-
ing saprolite, Ca, Mg, and K concentrations are con-
sistently lower than in the soils. The lack of
concurrent cation increases along with Si indicates
that silicate weathering is not the dominant control on
solute Ca, Mg and K in the saprolite.

3.5. Mineral Surface Areas

Bulk regolith BET surface areas increase with in-
creasing depth in the lower soil and upper saprolite
(Table 4 and Fig. 7A), corresponding to increasing Al
and Fe concentrations and more abundant kaolinite
and Fe-oxides (Table 2). These phases decrease in the
underlying saprolite, thus accounting for a decrease
in bulk BET surface areas. Specific mineral surface
areas are also tabulated in Table 4 and plotted versus

depth in Fig. 7B. Kaolinite surface areas range be-
tween 11.1 and 28.5 m? g'1, which correspond to a re-
ported range for kaolinite (6 to 39 m? g-1; Dixon and
Weed, 1977). Fe-oxide surface areas calculated from
the difference in bulk surface area before and after
dithionite extraction range from 10.7 to 38.3 m2 g'!
and approach values reported for goethite (32 to 71
m? g'l; Buffle, 1988).

The weathered primary silicates exhibit signifi-
cantly lower specific surface areas than do the second-
ary clay and Fe oxyhydroxides (Table 4 and Fig. 7B).
Mean average silicate grain sizes varied between 0.27
to 0.54 mm with depth in the regolith. Biotite surface
areas range between 1.25 and 7.2 m? g'1, which is sim-
ilar to that reported for epitaxially-weathered biotites
in saprolites in Puerto Rico (Murphy et al., 1998).
These values are much higher than surface areas of
fresh biotite (0.24 m? g'1; Acker and Bricker, 1992)
and, in part, reflect the kaolinite intergrowths replac-
ing biotite (Fig. 2A). The K-feldspar surface areas are
also high (2.3 to 8.1 m? g'!) and may reflect interstitial
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Table 4. Surface areas of regolith and specific minerals with depth (m2-g™1).

Depth Bulk Kaolinite
m Regolith
0.10 2.68 12.9
0.20 3.56 11.0
0.38 13.5 20.5
0.48 20.3 26.7
0.56 21.4 28.5
0.74 12.8 15.6
0.84 16.3 11.1
1.52 17.9 15.6
1.83 14.2 11.0
2.84 7.78 12.6
3.23 5.64 11.8
353 4.90 13.3
3.99 7.33 23.3
4.29 8.28 12.8
4.52 8.10 12.1

Fe-oxide Qtz Biotite K-spar
nd 0.15 nd 2.35
10.7 0.18 nd 4.65
12.6 0.14 1.70 4.64
12.5 0.19 1,25 3.83
431 0.20 1.64 3.61
41.7 nd nd nd
38.3 0.16 1.47 4.41
224 0.11 4.62 8.20
22.2 0.11 2.88 7.10
26.5 nd nd nd
324 0.22 4.43 1.72
10.9 0.42 7.19 7.23
11.8 0.27 6.58 8.13
11.2 0.23 6.76 nd
16.4 0.24 4.09 nd

nd = not determined.

Table 5. Exchangeable cation concentrations (mM kg!) and
cation exchange capacities (CEC) in mEq kg1

Depth Na K Mg Ca Al CEC
0.05 0.25 0.91 070 235 1.77 126
0.15 0.09 0.88 088 282 1.11 117
0.25 0.30 1.80 1.55 3.67 265 205
0.34 0.23 2.59 239 573 226 258
0.46 0.38 3.01 468 836 148 339
0.52 0.44 2.66 509 727 343 312
0.61 0.63 3.15 4.00 4.17 852 457
0.70 0.53 2.27 442 330 743 405
0.79 0.56 2.04 4.09 215 8.06 393
0.88 0.56 2.16 391 135 2236 803
1.03 0.54 2.51 3.00 0.71 1756 63.1
1.22 0.29 2.29 227 026 550 241
1.49 0.24 2.15 135 007 556 219
1.78 0.12 1.71 1.18 0.06 554 209
2.11 0.34 1.89 .13 0.10 8.87 313
2.46 0.13 0.51 1.13  0.03 6.09 212
2.78 0.21 0.84 0.89 0.09 2266 71.0
3.16 0.33 0.99 0.82 0.05 1444 464
347 0.21 0.75 092 003 263 107
3.58 0.26 0.90 1.03 006 3.01 124
3.68 0.56 1.33 1.08 006 990 339
3.86 0.50 0.84 175 0.05 47.83 148

4.05 033 0.85 1.98 0.19 53.53 166
4.20 0.25 0.78 2.08 0.18 83.93 257
434 0.19 0.57 1.67 0.19 3345 105

4.46 0.24 0.74 1.14 022 3925 121
4.58 0.25 072 093 020 1738 554

kaolinite. Quartz has the lowest specific surface areas
in the regolith (0.11 to 0.42 m? g'1), which is consis-
tent with weathered quartz surface areas reported else-
where (0.10 to 0.23 m? g1, White et al., 1996; 0.15 to
0.40 m? g1, Schulz and White, 1999).

The contributions of specific minerals to the bulk
regolith surface areas are calculated based on the wt
% of each mineral present (Fig. 7C). At the shallow-
est soil depths, almost all of the bulk surface area is
attributed to kaolinite. With increasing soil depth,
Fe-hydroxides contribute equally to the bulk surface
areas. In the underlying saprolite, increasing percent-
ages of primary minerals dominate the bulk surface
area. The line plotted on the far right of Fig. 7C is the
sum of the surface areas contributed by the individ-
ual minerals. These calculated percentages are only
slightly higher than the bulk regolith surface area
(100%), implying that the removal of secondary min-
erals by chemical extraction and sonification does
not expose significant additional primary mineral
surface areas.

3.6. Cation Exchange

Except in the shallowest soil horizons, Al is the
dominant cation produced by NH 4Cl extraction
(Table 5 and Fig. 8A). Maximum extractable base
cations occur between 0.5 and 1.0 m in the soil; Ca
dominates, with lesser amounts of Mg and K, and
very low concentrations of Na (Fig. 8B). In the deeper
soil (>1.0 m) and in the underlying saprolites, base
cations are significantly less abundant, with higher
proportions of Mg and K that reflect the diminished
role of biological cycling and increased effects of
weathering of biotite and K-feldspar.

Cation exchange occurs principally on secondary
kaolinite and Fe-oxides in the Panola regolith. Cation
exchange also occurs with soil organic matter at shal-
lower depths. The average cation exchange capacity
(CEC) for Piedmont kaolinite is 40 meq kg™! (Jardine
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etal., 1985; Levy et al., 1988; St. Pierre et al., 1992)
and the average CEC for goethite is 100 meq kg™
(Al-Kanani and MacKenzie, 1990). The expected
CEC for the Panola regolith is calculated based on
these average CEC values and wt % kaolinite and
goethite present in the Panola regolith. This distribu-
tion with depth is then compared to the measured
total CEC (Fig. 8D). Kaolinite and Fe-oxide concen-
trations are low in the shallowest soils (<0.5 m) due
to translocation and dissolution by high concentra-
tions of organic acids (Fig. 8C). Consequently, the
total cation exchange capacity is low (Fig. 8D).
These phases reach maximum concentrations be-
tween 0.5 to 1.0 m in the soil, which correspond to
the zone of maximum base cation exchange (Fig.
8B). Decreases in the proportions of kaolinite and
Fe-oxyhydroxides in underlying saprolite correlate
with increases in primary silicates and decreases in
base cation exchange.

Base cation saturation (BS), defined as the ratio of
sum of exchangeable base cations to the sum of total
cations, including Al (Driscoll et al., 1985), ranges
from between 85% in the shallow soil to 2% in hori-
zons with very high extractable Al concentrations at
depths of 0.8, 2.8, and 4.2 m (Fig. 8D). Unlike for
base cations, these Al “spikes” do not correspond to

kaolinite and goethite increases in the regolith (Fig.
8C). The discrepancy between calculated and meas-
ured CECs (Fig. 8D) implies that only a small portion
of extractable Al reflects true cation exchange, with
the remainder derived from dissolution of a readily
soluble aluminum phase (Shanley, 1992). The highest
extractable Al occurs near the saprolite/bedrock inter-
face, suggesting that readily soluble Al-containing
phases, such as amorphous Al hydroxides or allo-
phane, are forming as the result of extensive K-
feldspar weathering at this interface.

4. DISCUSSION

The mineralogical changes and elemental mobility
observed in the Panola regolith have resulted princi-
pally from long-term fluid flow through the regolith.
Solute transport must supply reactants, principally
carbonic acid, and organic acids in the shallower soil
horizons, that promote weathering reactions. In turn,
solute transport is responsible for removing reaction
products from the weathering environment. It is this
latter transport which forms the basis for evaluating
current weathering rates in the Panola regolith, and
permits comparison with past long-term rates based
on elemental and mineralogical changes.



48 A.F White et al.
0 T T T T Uﬁl T '\.I T T T T T
I A Ko 0T B
! X4 —O0-q = =0 .
., P
o | '
1 é e Soil ]
, or\ ) 1 9/ c Saprolite
’E‘ ® * o X
S ./ / /é/ M |
= ~ g —0—Mg
! ®
>3 1 LA *—Ca -
=} /. ?ﬁ OXX —>x—K
8o K Na ]
o 1 ate X i
e X
/O/
. e o |
5 T T T T T T T T T T T T
0 20 40 60 80 100 1 2 3 4 5 6 7 8 9
; -1
Exchangeable Al (mMoles kg-1) Exchangeable Cations (mMoles kg )
0 X"&l e T (9 T 0 7\ue\'o T T —7/F v T T
s O% o\‘... C | ] @\ﬂ\. D |
— 4/
1T ] e |
./@4’/—/
. Soll
X o) . I, (TS ® O S ]
T NN ° \O """" Saprolite 7]
X O proiite
5%4L " bk 17 o g
T | Ty o
E=] \ Primary O ®
Q. X ] Q
3 ili . 34 / .
8 >I< o/ ijgf;ﬁe \o Q /0/ —@—Measured CEC
¥ o |-e—Kaolnte | © % R —0—Calculated CEC 4
X o ~ e S
4 X\o;>' Y . 44 = .
R p 8 T
% % oc o0 .
S 3 5 o ‘
5 T T T T 5 £ T L T ¥ T ///I i T T
0 20 40 60 80 100 0 25 50 75 250 275
Minerals (Wt%) Cation Exchange Capacity (mEq kg”)
Fig. 8. Cation exchange versus regolith depth. (A) Exchangeable Al. (B) Exchangeable base cations.
(C) Wt % of primary silicates and secondary minerals. (D) Comparison of measured cation exchange ca-
pacities (solid circles) and calculated CEC based on percentage of mineral phases present.
4.1. Characterization of Solid State Mobility . &
Jw r 1
. — = —= —— (I+ 1)
The data presented in the preceding sections are Cjip Py (g:+ 1) ¥ (1

sufficient to construct mass balances describing ele-
ment mobility in the Panola saprolite (White et al.,
2001). Briefly, quantitative gains or losses of an ele-
ment or mineral j, due to weathering, can be ob-
tained from the regolith concentration ijw ratioed
against the concentration C.  in the underlying un-
weathered protolith. This ratio Cj’W / Cj’p is depend-
ent on three parameters as defined in Eqn. 1
(Brimhall and Dietrich, 1987)

The ratio of the density of the protolith to regolith, Py
/p,,» is associated with the dissolution and precipita-
tion of mobile elements. The volume ratio V,,,/ Vp’ re-
sulting from soil compaction or expansion,
determined for a conservative chemical species i, is
described by the strain factor 1/(g;+1), where g; =
v,/ Vp - 1. Together, density and volume changes de-
scribe closed-system contributions, which occur
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volumetric weathering. (B) Elemental changes with regolith depth. A value T. = 0 denotes no elemental

loss, Tj

without movement of the component under consider-
ation. The mass transfer coefficient T is an open-sys-
tem contribution that describes mobility of
component j across a unit volume of regolith.

The density ratios Py /p,, in Eqn. 1 are calculated
directly from the bulk density measurements in the
weathered regolith and an assumed granodiorite den-
sity of 2.6 g cm3. The volumetric strain can than be
determined from the ratios of densities and concen-
trations of an inert element i in the soil and protolith
(Eqn. 1) to give
P P Ci, p
PCiw 2
Positive values of €; indicate expansion of the regolith
and negative values indicate collapse. A value of ;=
0 is indicative of isovolumetric weathering.

The extent of volumetric changes in the regolith is
best established by considering a suite of inert ele-
ments. Except for the shallowest soils, which may have
undergone volume increases due to bioturbation and
the introduction of organic matter, &; values calculated
from Zr, Ti, and Nb soil concentrations center close to
zero (Fig. 9A), indicating that weathering is essentially
iso-volumetric. Isovolumetric weathering is commonly

E; =

-1 indicates complete elemental loss, and 7> 1 denotes elemental additions.

observed for saprolites developed on granites and
gneisses in the Piedmont of southeastern United States
(Cleaves, 1993; Markewich and Pavich, 1991).

Elemental mobility during regolith weathering is
characterized by the mass transfer coefficient . (Eqn.
1), which is computed from density and chemical
composition data in combination with volume change
derived from the strain calculations.

PwCjw

(g;i+ 1) -1
ppCj,P !

= ©)
The following calculations assume that Ti is conser-
vative. When 7, = -1, element j is completely re-
moved during weathering. If 7, = 0, the element is
immobile during weathering with respect to the vol-
ume of regolith considered.

Ca and Na are almost completely mobilized in the
saprolite and soil relative to the fresh bedrock (Fig.
9B, TNaCa = -1). This is attributed to near-complete
weathering of plagioclase to kaolinite in the upper
Panola bedrock (White et al., 2001). The significant
losses of K (7g = -0.33) and Si (1g; = -0.29) at the
bedrock/saprolite interface correspond to extensive
K-feldspar weathering (Fig. 9B). Mg loss, attributed
to biotite weathering at this interface, is less (TMg =
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—0.16). Mg decreases more rapidly than K upwards in
the saprolite and is strongly depleted in the soil A
horizon (TMg =-0.89). Fe and Al are also strongly de-
pleted in the upper A soil horizon (7, =-0.67 and 7,
=-0.70 at 0.1 m), but are significantly enriched rela-
tive to fresh bedrock concentrations in the underlying
B-horizon and in the upper saprolite (7, =+0.45 and
7,;=+0.30 at 1.6 m). This distribution is indicative of
downward Fe and Al mobilization and subsequent re-
precipitation as goethite and kaolinite.

The elemental loss or gain AMJ (moles) in the
saprolite and soil, normalized to unit regolith surface
area (m?), are calculated from the expression (Chad-
wick et al., 1990; White et al., 2001):

AM; ;= (p @xlo‘*] ZTE(T- YdZ

=\ P, 2 s )
in which an interval of regolith thickness is defined as
AZ (m), p, is density (cm™), and w; is the atomic
weight of element j. Table 6 indicates that significantly
more K than Mg is lost during the conversion of
bedrock to saprolite, but that on a percentage basis the
losses of K and Mg are comparable. These base
cations are effectively removed from the regolith
through solute transport. Si is partly removed from the
regolith, with the remainder re-precipitated as kaolin-
ite. Although Fe and Al are mobilized in the upper soil
zone (Table 6), their total percentages in the total
thickness of regolith increase slightly relative to the
protolith due to re-precipitation of Fe and Al as Fe-
oxyhydroxides in the lower soil and saprolite (Fig. 9).

4.2. Characterization of Solute Fluxes

The mass loss Amj (moles) of an element j from the
regolith is related to the rate of pore water movement
through a unit surface area of regolith (m2) by the ex-
pression (White et al., 1996):

Am; = 1000 Ac; q,t ®)

where Ac; is the change in the molar aqueous con-
centration and ¢ is time (s). The fluid flux density g,

Table 6. Elemental mobilities (moles m™) and
% total loss in the Panola regolith.

Saprolite Soil % loss
Depth 1.2-47m 0.0-1.6m

Si -5520 -160 22.7
K 3360 120 43.1
Mg 630 -20 43.8
Fe -120 540 -8.9
Al -2030 1780 -10.7
Na 670 -90 94.6
Ca 40 -14 97.9

(m s1), which is the rate of fluid transported over
unit area in Eqn. 5, is given by

qn = -KVH (©6)

where K is the hydraulic conductivity and VH is the
hydraulic gradient. For unsaturated flow, which domi-
nates in the Panola regolith, VH is also dependent on
variations in regolith saturation. The change in head
with depth can be described such that (Hillel, 1982)
dH dhg dhp
87 = 208 2P
dz dz dz @)
where £, is the gravitational head at any point and % is
the head related to the matric potential of the soil min-
eral surfaces. Determinations of fluid, and conversely
chemical fluxes, based on Eqns. 6 and 7, are difficult
for most unsaturated conditions due to the non-linear
dependence of conductivity and head potentials on
moisture content. Special cases for Eqns. 6 and 7 are
discussed by Stonestrom et al. (1998) in which con-
stant matric potentials or tensions exist within a verti-
cal section of a weathering regolith (i.e., dhp/dz =0).
The duripan at the soil/saprolite interface in the
Panola regolith produces a unique hydrology con-
ducive to estimating unsaturated flow in the underly-
ing saprolite. Although LiBr tracer studies have
demonstrated significant ET and lateral flow off the
ridge top above the duripan (Huntington et al., 1994),
negligible lateral flow is assumed to occur in the
saprolite beneath the duripan. If evapotranspiration is
minor at depth, the mass of water can be assumed to
be conservative and the unsaturated flux density g,
due to drainage anywhere in the saprolite, will approx-
imate the saturated flux density in the overlying duri-
pan. Under saturated conditions hp = 0 and
dh e /dz =-1 (Eqn. 7). The flux density is approximated
as the inverse of the saturated hydraulic conductivity

= 'Ksat ®)

The solute transported in the unsaturated saprolite
can be directly calculated if the saturated hydraulic
conductivity of the duripan is known.

4.3. Estimates of Fluid Fluxes and Residence Times

Saturated hydraulic conductivities K, (m sh
measured on core material, inclusive of the duripan
(0.78 to 2.35 m), vary between 1.3x10° to 5.0x10°°
m s (Table 7 and Fig 10). These conductances are
comparable to those measured in soil/saprolites else-
where in the southeastern United States (Vapraskas
and Williams, 1995; Schoenberger et al., 1995). A
minimum conductivity of K, = 1.3x10° m sL corre-
sponds to an infiltration rate of 4.1x10"2 m yr! in the
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cluded are estimated infiltration rates based on Cl mass and watershed water balances.

shallow soil (Fig. 10). This rate is clearly contradicted
by rapid soil moisture and tension responses to pre-
cipitation events (Figs. 4 and 5). Water movement in
the shallow soil at Panola occurs as macropore flow,
principally along root channels and worm borrows
(Flury and Fluhler, 1994). This macropore flow short-
circuits the much slower matrix flow measured in the
small-scale hydraulic conductivity experiments pre-
sented in the present study.

Deeper in the regolith, isovolumetric conditions
(Fig. 9A) denote a lack of extensive bioturbation and
macropore flow. The measured K, in the duripan is
1.4x10® m s or 0.44 m yr'! (Fig. 10). This low per-
meability is responsible for near-saturated to saturated
conditions which prevail at the soil/saprolite interface.
Due to increased porosity, higher saturated conductiv-
ities occur in the saprolite directly beneath the duri-
pan. A maximum value of K, = 5.0x10%ms 1 at2.35
m (Table 7) corresponds to an infiltration rate of >150
m yr1, thus explaining the lack of saturated conditions
in the saprolite (Fig. 4A). Unsaturated conductivities
K,,,.cq: decrease exponentially with decreases in re-
golith water content (Stonestrom et al., 1998). There-

fore, K, can be several orders of magnitude lower

than K, In the Panola regolith, the assumption of
water conservation beneath the soil horizon requires
that unsaturated flow in the saprolite must equal satu-
rated infiltration through the overlying duripan.

Experimental conductivities (Table 7) can be com-
pared against independent estimates for field infiltra-
tion. Average precipitation P in the Panola watershed
is 1.15 m yr'! and average runoff, normalized to wa-
tershed surface area, is 0.34 m yr'1 (Huntington et al.,
1993). The resultant water loss due to ET is 71% . As-
suming that the remaining runoff infiltrates through
the saprolite, the resulting conductivity for the water-
shed would be 1.2x10°® m s’!, which is essentially
identical to the experimental hydraulic conductivity
for the duripan (1.4x10°® m s™1). This is a maximum
estimate for the fluid flux because negligible lateral
flow is assumed to occur above the saprolite.

An additional method for estimating field flux den-
sity is based on ET-corrected precipitation using CI as
a conservative tracer (Erikkson and Kunakasen, 1969)

®

where Clp and CI_ are the respective Cl concentra-
tions in precipitation and in the pore water. Average

g, =P (CL/CI)
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Table 7. Saturated hydraulic conductivities
in Panola and comparable regoliths.

Depth K,
(cm) (ms1)

Granodiorite, Panola, Georgia, USA!
B horizon 0.78 1.34x10°
B horizon 1.19 1.58x 108
B horizon 1.48 3.16x 108
B horizon 1.75 1.39x 108
B/Saprolite 1.85 8.84x 108
Saprolite 2.35 5.08x 10
Quartz Diorite, North Carolina, USA2
Saprolite 2.0 1.03x 107
Felsic Gneiss, North Carolina, USA3
B horizon 0.28 1.62x10°
B/Saprolite 0.6 7.00x 108
Saprolite 1.87 8.10x 107
Quartz Diorite, Luquillo Mtns., PR4
Saprolite 0.68 55x 106

! This study, 2Vapraskas & Williams (1995),
3 Schoenberger et al., 1995, “White et al. (1998).

Cl in precipitation is 14 uM (Table 3) and average
pore water Cl in the saprolite is 200 uM (Fig. 6). The
resultant flux density is 2.6x102 m 571, or about a fac-
tor of 6 less than the saturated conductivity K, of the
duripan (1.4x108 m s1).

The residence time of pore water in the saprolite
can be calculated from the relationship

osd

t,="—
" g GHD

where ¢ is the average saprolite porosity (0.45), s is the
average fractional saturation (0.7), and d is the sapro-
lite thickness (3.0 m). The average pore water resi-
dence time is 3.6x108 s (12 years), based on the
minimum Cl-derived flux density (2.6x107 m s1).
These residence times are long when compared to hill
slope waters which have been age-dated in the water-
shed (Burns et al., 1998). Unlike the hillslope flow,
which responds rapidly to individual storm events
through macropore flow, the deeper ridge-top saprolites
are much less responsive to individual or even longer-
term season patterns in precipitation and ET (Fig. 5).

4.4. Comparison of Short- and
Long-Term Rates of Silica Weathering

Of the major elements associated with silicate
weathering, only Si exhibits consistent pore water in-
creases with depth in the saprolite (Fig. 6). Assuming
that the present short-term weathering flux rg; (moles
m2 s71) is comparable to past long-term weathering
flux Rg; (moles mZ s71), the relationship can be de-
veloped

_Amg _ AMg; _

Yeo: = .
Si P ¥ Si

1n
where Amg; (Eqn. 5) is the Si loss over the fluid resi-
dence time ¢ (s) and AM; (Eqn. 4) is the solid-state Si
loss over the duration of saprolite weathering (¢*). The
maximum pore water residence time is 12.6 yrs (Eqn.
10) and the average increase in pore water Si in the
saprolite is Acg; =255 UM (Fig. 6). Therefore the pres-
entday Si flux g, (Eqn. 11) is 2.0x10~2 moles m™2yr-1.

Bierman et al. (1995) measured 3°Cl concentra-
tions in surface outcrops of granodiorite within the
Panola watershed and calculated exposure ages of be-
tween 250-500 kyrs. These distributions produced a
mean model erosion rate of 7 m my™!, which is in
agreement with steady-state chemical weathering
rates calculated from solute fluxes. The time span re-
quired to produce 3 m of saprolite is estimated to be
4.3% 10° yrs. The long term Si loss is AMg, =5.5x 103
moles (Eqn. 4 and Table 6). The resulting long-term
Si flux is Rg; = 1.3x10"2 moles m2 yr'! (Eqn. 11),
which is similar to the present day rates based on Cl
balances (rg; = 2.0x102 moles m2 yr'h).

The effect of infiltration rates on estimates for
solute weathering is emphasized by plotting weath-
ering trajectories (White et al., 1998). The mass loss
AM; resulting from long-term regolith weathering
is plotted in Fig. 11. The upward trending lines are
weathering trajectories calculated by the extrapola-
tion of solute loss Amg; to long times based on Eqn.
5 and various rates of infiltration. Sustained satu-
rated flow in the saprolite replicates total Si loss in
less than 2x103 years, an unreasonable time span.
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Fig. 11. Comparison of short- and long-term Si weathering rates for the Panola saprolite. The solid
symbol corresponds to regolith mass loss AMj; calculated from changes in chemistry and profile age
(Eqn. 4). Lines correspond to extrapolated weathering trajectories calculated from solute mass loss Amg,

(Eqn. 5) and the indicated infiltration rates.

Slower unsaturated flow in the saprolite, estimated
from watershed balances and from the saturated
conductivity of the overlying less-permeable duri-
pan produce trajectories that are more realistic,
overestimating the Si loss from the saprolite by less
than a factor of 10 (Fig. 11). Estimated Si fluxes
based on Cl balances most clearly agree with long-
term Si mobility (Fig. 11). An infiltration rate of
4x107 m 57! over 3x10° years produces a calculated
total Si loss of Amg; = 7.6x10% moles m2, which is
comparable to the measured long-term loss of
5.5%103 moles m™2.

This study concludes that present day Si fluxes in
pore waters are indistinguishable from long-term av-
erage Si fluxes derived from saprolite weathering
over the last several hundred thousand years. This im-
plies that parameters influencing Si weathering rates,
such as precipitation, temperature, and vegetative
cover, while not necessarily constant, have not varied
enough to significantly impact Si leaching rates dur-
ing this time. Similar close agreements between
short- and long-term weathering fluxes have been re-
ported for other saprolitic regoliths (Velbel, 1985;
Pavich et al., 1995; White et al., 1998).

4.5. Rates of Biotite Weathering

Dissolved Si in the pore waters of the Panola re-
golith is derived principally from silicate weathering
reactions. The extent to which primary silicates are
weathered can be calculated from mass balance con-
siderations (White et al., 2001). The mass of weath-
ered plagioclase is first calculated based on
plagioclase stoichiometry, fresh bedrock Na concen-
trations (Table 2 ), and 1y, values for the regolith
(Fig. 9B). Next, all of the Mg is similarly partitioned
into the mica phases. It is not possible to distinguish
computationally between muscovite and biotite be-
cause each mineral contains the same set of elements,
ie., K, Mg, Fe, Ti, Si, and Al, although at different
concentrations. Based on petrographic and chemical
evidence (Figs. 2 and 3), muscovite is assumed to be
unreactive in the regolith and equal in concentration
to that in the fresh bedrock. The change in Mg in the
regolith is thereby apportioned solely to biotite (Vel-
bel, 1985). The final step of the calculation is to dis-
tribute the remaining K into the K-feldspar phase.

Computations show that the amount of plagioclase
lost in the saprolite is essentially constant with depth
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and equal to the initial amount of plagioclase present
in the unweathered Panola Granite (Fig. 12A, vertical
line). Plagioclase is nearly completely converted to
kaolinite at the weathering front in the underlying
bedrock and is unavailable as a reactant in the overly-
ing soil and saprolite (White et al., 2001). Approxi-
mately half of the K-feldspar weathers at the
bedrock/saprolite interface (Fig. 12B), thus account-
ing for most of the K loss tabulated in Table 6. Losses
of K-feldspar vary significantly in the overlying
saprolite and soil. This may, in part, be an artifact at-
tributable to compounding errors in the mass balance
calculations, which first must distribute K into the
muscovite and biotite phases before the mass of resid-
ual K-feldspar can be calculated. The overall trend in
the data suggests that residual K-feldspar continues to
weather, albeit at a slower rates in the overlying
saprolite and soil.

Biotite losses can be calculated based on Mg distri-
butions (Table 2 and Fig. 9B), which decrease consis-
tently with decreasing depth in the regolith (Fig.
12C). Based on the biotite stoichiometry determined
by microprobe analysis (Table 1), the epitaxial reac-
tion of biotite to kaolinite can be written as follows

K, (Mg, 7gFe(Il); osAly 51Tig 30)(Al 40515 50)O59
(OH), +5.56 H* +0.76 O, + 4.98 H,0 —

2K* +1.78 Mg?* + 2.67H,SiO0, + 0.73
A1,8i,0,,(OH)g +3.05 FeOOH +0.30 TiO, (12)

This reaction assumes that all of the Fe in the biotite
is in the ferrous state, which is in accord with charge-
balance constraints. For every mole of Mg lost, 0.56
moles of biotite have reacted. The diagonal line in

Fig. 12 C corresponds to a linear regression fit for
depth versus biotite loss (slope b = 1.74x10"2 m*
moles! and 72 = 0.90). Under isovolumetric condi-
tions, the mineral weathering rate is inversely propor-
tional to the slope of the mineral distribution with
depth; the shallower the slope, the more rapid the
weathering reaction (White et al., 2001). The long-
term dissolution rate constant for biotite, ky; ...,
(moles m2 s1), can be derived from this relationship,
such that

- _ Wreg 1
Biotite =
tome b pregfbiotiteSbiotite 13)

where w,,,, (m s‘l) is the rate of regolith formation, es-
timated to be 7 m/10% yrs based on 30Cl age dating
(Bierman et al., 1995). The terms in parentheses de-
fine the volumetric surface area of biotite (m?m™).
The average saprolite density p, ap = 1.85x106 g m™
(Table 2). The average volume fraction of biotite f;, .
1ite Present during regolith weathering is assumed to
be 0.05, or one-half the fraction of biotite found in the
fresh bedrock (Table 1). The specific surface area of
the biotite is taken as the average of the BET analyses
reported in Table 4 (5.0 m? g'1). The resulting long-
term biotite dissolution rate constant is ky, .., =
2.8x10717 moles m™2sL.

The dissolution rate constant for long-term biotite
weathering in the Panola saprolite k; ... is compared
to both natural and experimental dissolution rates re-
ported elsewhere in the literature (Table 8). Reported
pH ranges, methods of surface area determination,
and elemental basis for the biotite rate constants are
also tabulated. The Panola rate is the slowest yet
recorded for biotite weathering and is almost 5 orders

Table 8. Weathering rates of biotite measured in field and laboratory studies

log rate R pH Location or
moles m2s’! experiment
Field
-16.4 5.0-55 Panola, GA USA
-15.0 4.5 Luquillo Mtn., PR
-14.0 4.5 Bear Brook, MA USA
-13.0 6.0 Coweeta, NC USA
Laboratory
-11.9 4.5 experimental
-11.5 4.0-45 experimental
-11.4 4.5 experimental
-10.7 5.0 experimental

Surface Basis of rate

area determination

BET Mg regolith loss  This study

BET Mg solute flux Murphy et. al., 1998

Geometric  Si solute flux Swoboda-Colberg &
Drever (1993)

Geometric Mg release Velbel (1985)

BET Cation release Kalinowski & Schweda
(1996)

BET K & Mgrelease  Sverdrup and Warfvinge
(1995)

Geometric K release Swoboda-Colberg &
Drever (1993)

BET Mg release Acker and Bricker

(1992)
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Fig. 12. Masses of primary silicates reacted in the Panola
regolith. Vertical lines correspond to the initial protolith
compositions. Diagonal line is the linear regression fit to the
biotite weathering data

of magnitude slower than the fastest experimental
rates, recorded by Acker and Bricker (1992).

In general, experimental rates of biotite weather-
ing are faster than the natural weathering rates, as is
commonly observed for most silicate minerals
(White and Brantley, 1995; and papers therein).
Much of the variation in reported rates are inevitably
due to differences in methodologies used in the
weathering studies. One of the most sensitive vari-
ables is specific surface area. Field studies by Velbel
(1985) and Swodoba-Colberg and Drever (1993)
used geometric surface areas, which in the case of
naturally weathered silicates, have been shown to be
1 to 2 orders of magnitude less than BET surface
areas (White and Peterson, 1990; Brantley et al.,
1999). The only other natural biotite-weathering rate
using BET surface areas was that for the Luquillo
watershed in Puerto Rico (Murphy et al., 1998). This
biotite rate, based on present day solute transport
rates of Mg and K, is about 25 times faster than that
at Panola. At least a part of this difference can be at-
tributed to accelerated silicate weathering under sig-
nificantly wetter and warmer climatic conditions in
Puerto Rico (White et al., 1998).

4.6. Solute Fluxes Related to
Cation Exchange and Biotic Cycling

Biotite and K-feldspar weathering mobilizes Mg
and K in the Panola regolith as indicated by long-term
losses from the saprolite (Table 6). However, the
solute concentrations of these elements decrease as
functions of depth and residence times in the saprolite
(Fig. 6), implying that significant sinks for these ele-
ments exist in the regolith. The roles of ion exchange
and biological cycling are often neglected in attempts
to explain such apparent discrepancies in weathering
processes. The assumption most often made is that
ion exchange is at equilibrium and no net gain or loss
of cations occurs in the solute phase (White and
Blum, 1995). Over long-term weathering, this as-
sumption is clearly incorrect because the exchange
capacity of the regolith increases as the percentage of
clays and secondary oxides increase (Fig. 8). On a
short-term basis, cation exchange disequilibrium can
occur due to external perturbations, such as changes
in climate, deforestation, and acid precipitation, all of
which can potentially impact the pore water solutes in
the Panola regolith.

At shallow soil depths, exchangeable Ca dominates
over lesser amounts of Mg and K, and very low con-
centrations of Na (Fig. 8B). The regolith contains very
little Ca due to the near-complete weathering of pla-
gioclase at depth in the bedrock. High concentrations
of exchangeable Ca in the shallow soils reflect the
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preferential cycling and retention of Ca during biolog-
ical cycling. Wet precipitation, which is relatively en-
riched in Ca (Table 3), is the ultimate source of much
of this recycled Ca (Huntington et al., 2000). In the
deeper soils and saprolite (>0.5 m), the proportions of
Mg and K are much higher than Ca, a trend reflecting
the diminished role of biological cycling and the in-
creased role of chemical weathering. Exchangeable
Mg is derived principally from biotite and K is derived
from both biotite and K-feldspar (Fig. 12).

Total exchangeable Mg and K in the Panola re-
golith are 1.9 moles and 1.4 moles per m? of land sur-
face, respectively (Fig. 8B). Based on the biotite
weathering rate (k*,;,;,, = 2.8x10"17 moles m2 s°1),
the time intervals required to replace this exchange-
able Mg and K are 270 and 180 years, respectively.
The actual replacement time for K is expected to be
less due to an additional contribution from K-feldspar
weathering. In contrast, pore water Mg and K concen-
trations produced by biotite weathering are limited to
the fluid residence time in the regolith, which at a
maximum is calculated to be 12 years (Eqn. 10). Re-
sulting total solute Mg and K in pore waters, 0.083
and 0.093 moles per m? of land surface respectively,
are correspondingly much less than the exchangeable
Mg and K. The magnitude of these differences im-
plies that solute concentrations are significantly im-
pacted by even small perturbations in the cation
exchange reservoir. Historically, the Panola water-
shed has been subjected both to past agricultural de-
velopment (Huntington et al., 2000), and more
recently, acidic precipitation (Shanley, 1992). Long-
term cation exchange re-equilibration in response to
these impacts could serve as a significant sink by
which solute Mg and K, produced by silicate weath-
ering, are effectively removed.

In many mass-balance studies in pristine water-
sheds, the forest ecosystem is assumed to be steady
state, i.e., there is neither degradation nor aggradation.
As discussed by Taylor and Velbel (1991) and Velbel
(1995), the neglect of botanical factors in geochemical
estimates of weathering stems from the misunder-
standing of steady-state conditions in terms of tempo-
ral and spatial scales. On a watershed scale, biological
cycling generally removes inorganic nutrients such as
K, Mg, and Ca from the system, resulting in an under-
estimation of weathering rates by a factor 2 to 5 for
these elements. Part of this net biologic loss can be at-
tributed to net erosional loss of particulate organic
matter that is not considered in solute mass-balance
calculations. In addition, as discussed by Huntington
(1995), the Panola watershed is considered an aggrad-
ing ecosystem in which the forest cover is recovering
from logging and agricultural practices employed up
to the earlier part of the twentieth century.

On the smaller regolith scale, the concept of
closed- and open-system interaction between weath-
ering and biologic uptake is also important (Burn-
ham, 1989). In a closed system, biologic uptake of
solutes resulting from mineral weathering is negligi-
ble. Forest fertility is maintained by low level atmos-
pheric inputs and by efficient retention and recycling
of these nutrients in near-surface soil horizons. This
is the case for Ca cycling in the Panola soil (Hunting-
ton et al., 2000), and is demonstrated for Mg and K
cycling in a parallel study of the tropical regolith in
the Luquillo Mountains in Puerto Rico (White et al.,
1998; Murphy et al., 1998). As at Panola, solute Mg
and K levels are high in shallow Luquillo soil and
low in the underlying shallow saprolite. However
with increasing depth in the Luquillo saprolite,
solute K and Mg increased linearly, denoting contri-
butions from their stoichiometric release from biotite
over progressively longer residence times. The
deeper Luquillo regolith is closed to biological up-
take of K and Mg produced by weathering due to the
shallow rooting depth of the rainforest vegetation.
This closed system cycling is consistent with other
tropical environments in which soil mineral nutrient
balances for vegetative covers are shown to be spa-
tially consistent over differing bedrock types (Ham-
dan and Burnham, 1996).

In contrast to Luquillo, the Panola regolith is an ex-
ample of an open system in which base cations, prin-
cipally K and Mg released from biotite weathering in
the saprolite, are removed due to biological uptake. In
the Panola regolith, tree roots predominate in the soil
horizon, but a lower density of roots is also observed
to penetrate to the bedrock. The uptake by this deeper
rooting system, coupled with the shallower thickness
of saprolite, is sufficient to quantitatively remove
mineral nutrients. Based on the biotite weathering

Table 9. Annual fluxes in the Panola Watershed
(mmoles m?2 yrl)
Si K Mg Ca Na

‘Wet Precipitation
0.0 0.1 0.18 0.08 6

Weathering of biotite in saprolite

48 25 23 0.0 0.0

Vegetative Fluxes
Through fall! na 365 72 129 66
Stem flow! na 21 06 09 05
Foliar runoft! na 149 833 112 2.6
Stream Discharge 67.6 1.8 82 121 32

ICappellato et al. (1993) & Cappellato and Peters (1995).
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rate (K*y; sire = 3.9x10"17 moles m2 s1), the annual
solute flux of Mg and K from biotite weathering is 2.0
and 2.3 mmoles m2 yr'!, respectively (Table 9). The
annual export from the forest canopy to the soil sur-
face in the forms of through fall, stem flow, and foliar
deposition are also summarized in Table 9. The sum
of the Mg and K fluxes are respectively 36 and 75
greater than are the corresponding fluxes from biotite
weathering. At most, on an annual basis, biotite
weathering can contribute 1 to 3% of the total K and
Mg cycled through the biosphere. Soluble K and Mg,
made available during chemical weathering of sili-
cates, are immediately included in biologic uptake,
which explains the lack of Mg and K in the saprolite
pore waters.

5. CONCLUSIONS

The Panola regolith possesses unique features that
optimize the comparison of past long-term weathering
rates, based on solid-state compositions, with present
short-term weathering rates based on solute fluxes.
Unlike soils developed on bedrocks exposed to peri-
ods of relatively recent glaciation, the long duration of
in situ isovolumetric weathering at Panola has pro-
duced a thick regolith, which has undergone signifi-
cant mineral weathering and elemental mobility.
These conditions are ideal for applying mass-balance
constraints using conservative elements such as Zr, Ti,
and Nb. The use of cosmogenic 30Cl to estimate the
steady rate of regolith propagation permits the deter-
mination of long-term elemental and mineral weather-
ing rates. As demonstrated, the weathering rate
constant for biotite can be directly calculated from the
rate of mineral loss with regolith depth. This rate is up
to 5 orders of magnitude slower than rates for experi-
mental biotite dissolution, implying significantly dif-
ferent reaction mechanisms and/or conditions.

Long-term weathering has led to the development
of significant regolith structure that influences present
day weathering, in particular, the duripan at the
soil/saprolite boundary which strongly attenuates
both fluid flow and mass transfer into the underlying
saprolite. Such steady-state conditions permit charac-
terizing solute fluxes based on pore water concentra-
tions and regolith permeability determined from
experimental conductivities and water and Cl mass
balances. Fluid residence times on the order of a
decade are contrasted to time spans of several hun-
dred thousands of years for regolith weathering.
However, when the respective Si losses in the regolith
and pore waters are normalized with respect to these
times, the Si weathering rates differ by less than a fac-
tor of two. This similarity in Si rates implies that past
changes in the watershed, including climate, vegeta-

tion, and anthropogenic influences have not signifi-
cantly influenced the rates of chemical weathering.
The calculation of mineral dissolution rates based on
increases in solute cation concentrations is not possi-
ble because, unlike the solid phases, these species de-
crease with depth and residence times in the regolith.
When the magnitude of the weathering rates are com-
pared to cation exchange capacities and biologic cy-
cling, it is apparent that small variations in these
parameters can effectively eliminate the solute cation
weathering signature.
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