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ABSTRACT. Weathering rates of rock-forming silicate minerals in
natural forested watersheds can be calculated using a system of
geochemical mass balance equations constructed and constrained by
petrologic, mineralogic, hydrologic, botanical, and aqueous geo-
chemical data. Solving the systems of equations for the weathering
rates of biotite mica, almandine garnet, and oligoclase—andesine
plagioclase feldspar in deeply weathered (saprolitized) schists and
gneisses of a study area (the USDAFS Coweeta Hydrologic Labera-
tory, near Otto, N.C.) suggests that: (1) The rate at which the
weathering front penetrates into the fresh rock (3.8 em/1000 yrs)
agrees well with the ‘““average” denudation rate for the southern
Appalachians (4 em/1000 yrs) determined by a variety of different
methods. (2) When normalized to the estimated mineral surface
area in the watersheds, rates of garnet and plagioclase weathering
are approximately one to two orders of magnitude slower than rates
determined in laboratory experiments under similar hydrogeochem-
ical conditions. Two possible sources of this discrepancy are (A) the
character of artificially-treated mineral surfaces, which renders them
more reactive than their natural counterparts, and/or (B) diffi-
culties in estimating reactive mineral surface area in natural systems.
(3) Present rates of primary mineral weathering and secondary
mineral neofermation at Coweeta appear to be sufficient to neutral-
ize present levels of atmospheric hydrogen ion input. The relatively
good accord between field and laboratory geochemical and geo-
morphologic results suggests that present sources of error may not
be large, that mass-halance models provide quantitative estimates of
rates of important environmental processes, and that refinement
of laboratory kinetic data and field surface area determinations
should rank high among future research priorities.

INTRODUCTION

A tremendous literature on kinetics of mineral dissolution in the
laboratory exists. To date, however, studies of mineral weathering kinetics
in nature have been less numerous. Most geochemical research on natural
weathering has been oriented toward explanations of the chemical com-
position of soil- and groundwaters that drain areas of active rock-water
interactions. Some notable examples are Feth, Roberson, and Polzer
(1964), Garrels (1967), Garrels and Mackenzie (1967), Bricker, Godfrey,
and Cleaves (1968), Helgeson, Garrels, and Mackenzie (1969), Cleaves,
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Godfrey, and Bricker (1970), Cleaves, Fisher, and Bricker (1974), Drever
(1971), Marchand (1971, 1974), Fritz (1975), and Pates (1978). These
studies attempted to interpret the composition of groundwater (and re-
sulting streamwater) in terms of chemical reactions between parent
minerals and weathering products in near-surface weathering environ-
ments. The studies suggest or necessarily assume that soil- and ground-
waters are in equilibrium with observed or inferred weathering products
or with hypothetical metastable phases. However, a study undertaken in
the Absaroka Mountains by Miller and Drever (1977) has demonstrated
that stream waters there are not in equilibrium with weathering products
found in the nearby soil. Miller and Drever suggest, after Paces (1973,
1976), that these waters reflect deep incipient alteration of large volumes
of rock and that the composition of deep weathering waters is controlled
not by equilibrium with weathering products, but by the relative rates of
dissolution, precipitation, and water movement through the deep weath-
ering zone. This represents a significant departure from the mainstream
of much past geochemical thought on chemical weathering, both in its
emphasis on non-equilibrium (kinetic) factors and in its emphasis on the
deep sub-soil portion of the weathering profile.

The theoretical literature on geochemical kinetics in natural silicate-
weathering systems is small but growing (Paces, 1973, 1976, 1978; Berner,
1978, 1981; Lasaga, 1981a, b, ¢, 1984), but relatively little has been done
to relate laboratory kinetic data to natural weathering situations, with a
few exceptions (Claassen and White, 1979; White and Claassen, 1980;
White, Claassen, and Benson, 1980; Paces, 1983; Siegel, 1984). The pur-
pose of this paper is to calculate rates of mineral weathering in the
natural environment using a refined geochemical mass-balance model.
Rates calculated for natural weathering are then compared with rates
determined in laboratory studies and with other theoretical and observa-
tional work on rates and mechanisms of rock and mineral weathering.

Mass-balance studies are widely considered the most reliable means
for making quantitative determinations of elemental transfer rates in
the Earth’s surface environment (Clayton, 1979). Studies of watershed
geochemical mass-balances (input-output budget models) were largely de-
veloped and implemented by Garrels (1967; Garrels and Mackenzie, 1967)
and Cleaves and Bricker (Bricker, Godfrey, and Cleaves, 1968; Cleaves,
Godfrey, and Bricker, 1970; Cleaves, Fisher, and Bricker, 1974). The
following discussion is based on their work.

Garrels” work involved modeling changes in solution concentration,
giving results with units of moles of mineral reaction per liter of water.
Cleaves and his coworkers modeled changes in solute fluxes (determined
by measuring concentrations and flow rates over the study period); their
results are expressed as mass of mineral reaction (number of moles of a
stoichiometric weathering reaction) per acre of watershed per duration
of the study (equivalent to moles of reaction per area of watershed per
time, for example, years). Cleaves, Godfrey, and Bricker (1970) were
thereby able to calculate chemical weathering rates for the landscape
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and the weathering rates of individual minerals in the weathering profiles
of their study area.

Cleaves, Godfrey, and Bricker (1970) recognized that weathering
reactions in a forested watershed produce larger quantities of mineral
nutrients (especially calcium and potassium) than are observed in streams,
and that these excess quantities are probably taken up by the forest biota.
Likens and others (1977) also recognized that weathering products derived
from the breakdown of soil minerals leave the weathering profile both
via streams and via biomass uptake, and that estimates of weathering rates
(that is, mineral breakdown rates) based only on stream fluxes might be
as much a factor of two lower than the actual value which includes
biotic uptake.

The model developed herein extends previous studies of geochemical
mass balances in two ways. First, in contrast to the studies cited above,
in which mineral compositions and reaction stoichiometries were assumed
to be nearly ideal (essentially estimated from geological occurrence and
standard mineralogy texts), mineral compositions in this study were
determined empirically, and compositional data were combined with
petrographic (micromorphological) data to arrive at the mineral weath-
ering reactions used in the mass-balance equations. Secondly, botanical
uptake of three major mineral nutrients (potassium, calcium, and mag-
nesium) is explicitly included in the mass-balance expressions, permitting
biomass uptake to be solved directly rather than by difference.

In this investigation coexisting saprolites and streamwater have been
studied in a small area (of known climate) in the southern Appalachians,
the Coweeta Hydrologic Laboratory of the U.S. Department of Agricul-
ture Forest Service. To minimize the influence of biomass state on the
mineral nutrient budgets (for example, Likens and others, 1977), emphasis,
in this study, is placed on control (undisturbed) watersheds as much as
possible. Watersheds were chosen for detailed study on the basis of
management history, amount of hydrogeochemical data available from
the Forest Service, bedrock type, mean annual discharge, and proximity to
pre-existing cores and wells. Major characteristics of the study watersheds
are summarized in table 1. Emphasis is placed on deep saprolites (C
horizon), rather than surficial soils, in order both to minimize problems
associated with biological processes such as bioturbation, aluminum and
iron chelation by organic acids, and biogeochemical cycling of nutrients
(for example, see Likens and others, 1977; Graustein, 1976, 1981), and to
provide material that has weathered in place, thereby inheriting the
original textures of the parent rock. The saprolite accounts for some
95 percent (5.8 m; 19 ft) of the thickness of the average weathering profile
at Coweeta (6.1 m; 20 ft — Berry, 1976, Douglass and Swank, 1975).

The term “saprolite” was proposed by Becker (1895) “as a general
name for thoroughly decomposed, earthy, but untransported rock.” Over
the years the definition has come to mean a residual soil developed on
crystalline rocks in which some or all of the primary minerals have been
extensively transformed in situ to weathering products. The weathering
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products are usually pseudomorphous after the parent minerals, resulting
in the preservation of rock textures, fabrics, and structures in the saprolite.
Preservation of parent rock textures permits positive identification of
parent material and provides a framework against which the spatial
redistribution of the constituents of solid weathering products can be
measured. This greatly simplifies the interpretation of alteration textures.

THE STUDY AREA

At first the earth was flat and very soft and wet. The animals were
anxious to get down, and sent out different birds to see if it was dry
yet, but they found no place to alight and came back again to Galun-
lati. At last it seemed to be time, and they sent out the Buzzard and
told him to go and make ready for them. This was the Great Buzzard,
the father of all the buzzards we see now. He flew all over the earth,
low down near the ground, and it was still soft. When he reached the
Cherokee country, he was very tired, and his wings began to slap and
strike the ground, and wherever they struck the carth there was a
valley, and where they turned up again there was a mountain. When
the animals above saw this, they were afraid that the whole world
would be mountains, so they called him back, but the Cherokee coun-
try remains full of mountains to this day.

Cherokee Origin Myth (Mooney, 1900)

The Coweeta Hydrologic Laboratory of the U.S. Forest Service is
located in the Nantahala Mountains 15 km (10 miles) southwest of
Franklin, N.C. The laboratory area comprises approximately the south-
east quarter of the U.S. Geol. Survey Prentiss, N.C., 714’ quadr. (fig. 1).

Topography and climate—The physiographic Coweeta Basin totals
some 1625 hectares, ranging in altitude from over 1585 m (5200 ft) at its
western limit to about 670 m (2200 ft) in the valley of Coweeta Creek in
the east. Slopes within individual watersheds average about 45 percent

TABLE 1
Summary of important characteristics of Coweeta watersheds

Watershed ~ Rock Cores Management  Water  Sampled for
no. type*  Discharge** available sumimary datas this study?
2 TF 1.09 — Control P.L,S Yes
14 CG/TF 1.40 C5(TF) Control PS Yes
18 TF 1.25 — Control r.S Yes
27 CG 2.10 C9,C15 Control} P,LS Yes
32 CG 1.82 — Control PSS No
34 TF 1.52 — Control P.S No
36 TF/CG 2.06 C17 Control P.S No

* Dominant rock type. Where two are present in subequal amounts, both are in-
dicated, with areally dominant shown first.
TF — Tallulah Falls Formation
CG — Coweeta Group
** Area meters
*x* P _ Precipitation chemistry from Swank and Douglass (1977)
S — Stream chemistry from Swank and Douglass (1977)
L — Lysimeter data from Coweeta archives (unpub.)
W — Well data from Coweeta archives (unpub.)
+ Control watershed recovering from partial defoliation by infestation by fall
cankerworm.
Rock type from Hatcher (1980), cores from Berry (1976; samples courtesy of John L.
Berry and the Coweeta Hydrologic Laboratory), all other data from Swank and Doug-
lass (1977).
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(27°). Average annual rainfall is among the highest in eastern North
America, ranging from 170 cm (80 in.) at lower elevations to 250 cm (100
in.) on the upper slopes; this corresponds roughly to decreasing rainfall
with distance east from the western boundary of the Laboratory. Less
than 5 percent of the annual precipitation falls as snow. The mean
annual temperature is 12.8° Celsius (55°F); average maxima and minima
are 33°C (92°F) and —17°G (1°F), respectively. Physiographic and climatic
data are from Swank and Douglass (1975), Douglass and Swank (1975),
and Hewlett and Douglass (1968).

The area was occupied by Cherokee Indians until the appearance of
white settlers in 1842 (Johnson and Swank, 1973). “Contrary to popular
opinion, many parts of the Southeast were not virgin forest when Euro-
peans first arrived. The Indians actually modified the forest cover far
out of proportions to their numbers. They repeatedly burned off large
portions of the forest to create grazing lands, artificially stimulating the
number of deer” (Hudson, 1976). Most of this sort of environmental
manipulation occurred in the Piedmont, however (Hudson, 1976); Cher-
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Fig. 1. Map of the Coweeta Hydrologic Laboratory.
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okees in the Appalachian Summit region did not apparently alter their
environment to the same extent (Keel, 1976). From 1909 to 1923, con-
trolled selection logging was conducted in valleys and more accessible
lower slopes. No fires or cutting operations have been conducted in
control watersheds since the Forest Service acquired all rights to the area
in 1924 (Johnson and Swank, 1973). Quercus (oak) species, Carya species,
and red maple (dcer rubrum L) dominate the multistoried hardwood
stand (Johnson and Swank, 1973; Douglass and Swank, 1975; Swank and
Douglass, 1975).

Bedrock geology.—Two major lithostratigraphic units occur in the
study area. The Tallulah Falls Formation (Hatcher, 1971) consists of
metagraywackes, pelitic schists, and metavolcanic rocks, derived mainly
from sedimentary protoliths of low mineralogical maturity (for example,
graywackes). The Coweeta Group (Hatcher, 1974, 1979) consists of biotite
gneisses, metaarkoses, metasandstones, quartzites, and pelitic and biotite
schists, which were derived predominantly from sedimentary protoliths
of intermediate to high mineralogical maturity (for example, arkoses,
quartzarenites). Similar assemblages of rock-forming minerals characterize
both units. Major minerals present are quartz, muscovite and biotite
micas, plagioclase feldspar, and almandine garnet; accessory minerals
include chlorite, kyanite, epidote, clinozoisite, magnetite, staurolite, silli-
manite, and, locally, microcline, hornblende, zircon, apatite, sphene, and
tourmaline (Hatcher, 1976, 1979). One small watershed (#3) is underlain
by plagioclase-hornblende rocks of the Carrol Knob Mafic Complex
(Hatcher, 1980).

The older Tallulah Falls Formation was thrust eastward over the
younger Coweeta Group rocks along the Shope Fork Fault (Hatcher, 1976,
1978; fig. 1). Amphibolite-facies metamorphism associated with the Ordo-
vician Taconic Orogeny created the mineral assemblages outlined above
(Hatcher, 1976, 1979; Hatcher and Butler, 1979). For the purposes of this
study, the qualitative difference between the two main lithostratigraphic
units must suffice; the heterogeneity of rock types, combined with the
extreme structural complexity of the area, makes it exceedingly difficult to
estimate quantitatively the absolute or relative abundance of the different
minerals and rock types. Some (hydrothermal?) alteration, probably
synmetamorphic, affected rocks near the Shope Fork Fault. All rocks, and
the Shope Fork Fault, were then folded about northeast-trending fold
axes, creating the Coweeta Syncline and determining the present outcrop
pattern (Hatcher, 1979, 1980; fig. 1).

There is another world under this, and it is like ours in everything —
animals, plants, and people — save that the seasons are different. The
streams that come down from the mountains are the trails by which
we reach this underworld, and the springs at their heads are the
doorways by which we enter it, but to do this one must fast and go
to water and have one of the underground people for a guide. We
know that the seasons in the underworld are different from ours,
because the water in the springs is always warmer in winter and
cooler in summer than the outer air.

Cherokee Origin Myth (Mooney, 1900)
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Hydrology.—As its name implies, the Coweeta Hydrologic Labora-
tory is a major focus of hydrologic research. Nutrient cycling research
was added to the research repertoire in 1968 (Monk and others, 1977).
Although an overview of the important findings made at Coweeta is
beyond the scope of this review, several hydrologic findings of the on-
going research bear directly on this study.

Base flow is apparently sustained by prolonged drainage of moist but
unsaturated soil and saprolite (Hewlett, 1961; Hewlett and Hibbert, 1963).
During the “hydrologic survey” of Coweeta in the early 1930’s, 28 wells
were dug to bedrock (by hand) to depths of 1.5 to 11 m (5-35 ft); regolith
depth at Coweeta averages around 6.1 m (20 ft; Douglass and Swank,
1975; Swank and Douglass, 1975). When pumped dry, 21 failed to recover
until heavy rains occurred. From this behavior, it was concluded that
water in these wells reflected “cistern” storage rather than water levels in
an areally extensive aquifer. The remaining 7 wells were located near
stream channels or in mountain flood plains and may be connected to
local bodies of “groundwater.” Hewlett (1961) concluded that a saturated
groundwater-table-like aquifer does not exist to supply base flow to
Coweeta streams. Hewlett (1961) also presented and discussed evidence
that fissures in the bedrock are also not major sources of base flow.

In a simple and elegant experiment designed to test a hypothetical
source of base flow, Hewlett (1961) and Hewlett and Hibbert (1963)
constructed giant concrete troughs, which were filled with “subsoil” (C
horizon soil), packed to approximately its natural bulk density; moisture
tensiometers and neutron-scattering probes were emplaced, as was a
“spigot” at the lower end. The experimental hillslopes were then sat-
urated with water to simulate intense precipitation, covered to prevent
evaporation, and permitted to drain under the influence of gravity. The
results suggested that drainage continued long after the pores became
unsaturated, and that the unsaturated soil zone could contribute sufficient
water to sustain observed rates of base flow even after 60 days without
recharge. Recharge is usually much more frequent at Coweeta than in
the experiment. Hewlett concluded that prolonged drainage of unsat-
urated pores is the primary source of base flow to Coweeta streams. There
is no evidence that the mountain streams of Coweeta are fed by water
from the permanently-saturated water-table.

Storm flow at Coweeta is also dominated by drainage in the un-
saturated zone. Hewlett and Hibbert (1966) attribute the “flashy” response
of Coweeta streams to storms as a result of “subsurface translatory flow,
or the rapid displacement of stored water by new rain” (p. 275). “Above
the zone of saturation, we may regard such movement as due to thickening
of the water films surrounding soil particles and a resulting pulse in water
flux as the saturated zone is approached. The process under rainfall is
varying everywhere in a most complex way, but such movement can be
verified in an elementary manner by allowing a soil column to drain to
field capacity in the laboratory and slowly adding a unit of water at the
top. Some water will flow from the bottom almost immediately, but it
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will be apparent that it is not the same water added at the top” (p. 279).
Hewlett and Hibbert (1966) cite experimental work using tritium-labelled
water (Horton and Hawkins, 1964) to support this notion. Horton and
Hawkins found that 87 percent of the water originally held in pores was
“pushed” out of the soil by a plug of tritium-tagged water before any
tritium appeared in the effluent. High-runoff episodes therefore involve
“the rapid displacement of stored water by new rain” rather than inter-
flow or overland flow. Observations on hydrogen, oxygen, and radon
isotopes in natural systems led Sklash and Farnvolden (1982) to the same
conclusion regarding the major contribution of subsurface water in high-
runoff episodes. Winner (1977) determined that similar subsurface flow
characteristics probably apply to much of the North Carolina Blue Ridge.

A large body of observation, experiment, and theory, based on work
at Coweeta and elsewhere, suggests that both base flow and storm flow are
sustained by water from depth in the subsurface (saprolite), and that
neither overland flow nor interflow contributes directly (or significantly)
to the streams.

MINERAL WEATHERING REACTIONS

The transformation of rock to saprolite at Coweeta is primarily due
to the weathering of three minerals: biotite mica, almandine garnet, and
sodic plagioclase feldspar. Other major rock-forming minerals are present
in abundances too small to affect major-element budgets or are not
detectably weathered.

Biotite weathers by a mechanism in which the primary phyllosilicate
lattice is conserved; compositional change during weathering is due
largely to removal and partial replacement of interlayer cations, with
minor changes in octahedral sites (Velbel, 1984a and in preparation).
The main weathering product in saprolite is hydrobiotite, a regularly-
interstratified biotite-vermiculite (Velbel, 1984a and in preparation).
Continued weathering in soils produces vermiculite and/or ““pedogenic
chlorite.” The stoichiometric expression for the biotite weathering reac-
tion, based on the aforementioned constraints and electron probe micro-
analysis (EPMA; Velbel, in preparation) is*:

Ko.ssNao.oz(l\IgL2Fell1.3A10.45)VI(A11.2Si2.e)IV010(OH)2 +

0.190, + 0.078H+ + 0.31H,O + 0.016Ca++ + 0.04Na+ +

0.35AI(OH)2(OQ)+ + 0.3Fe(OH)2(aq)+ - (1)
Ko.25Nao.o»;cao.016(MgL1Feno.5Fe"I1.1)VI(A11.zSiz.s)wow(OH)z * 0'133A16<OH)15

+ 0.6K+ + 0.1Mg++

*In this and all other reactions, dissolved species were determined on the following
bases: (1) Alkali and alkaline earth species in the very-low-ionic-strength waters of
Coweeta were estimated by the method of Berner (1971), and complexation was found
to be negligible. (2) Fe and Al specics chosen are those that dominate in the pH range
(—~ 5-6; Velbel, 1985, table 1) of Coweeta soil and subsurface solutions; speciation data
used are those of Lindsay (1979) and Drever (1982).



912 Michael Anthony Velbel—Geochemical mass balances and

The weathering of biotite to hydrobiotite releases a significant proportion
of the potassium and some of the magnesium present in the parent
mineral and results in the removal of a small amount of calcium and
sodium from the ambient soil- or groundwater.

Almandine garnet in saprolite is transformed by congruent break-
down of the parent garnet, localized reprecipitation of most of the iron
(as goethite) and some of the aluminum (as gibbsite), and removal of the
remaining constituents in solution (Velbel, 1984b). The gibbsite-goethite
layer which forms in the saprolite is apparently a protective surface layer,
governing reaction rates by limiting the rate of reactant and/or product
transport (Velbel, 1984b). Organic chelating agents in soils prevent the
localized precipitation of iron and aluminum, and all constituents are
removed from the garnet microenvironment, leaving unprotected garnet
surfaces which are vulnerable to surface-controlled weathering reactions
(Velbel, 1984b). The garnet weathering reaction for Tallulah Falls For-
mation rocks can thus be written as:

Ca, Mg, sMnT, ,Fell, | A1,Si,0,, + 0.6250, + 2.5H+ + 8.351,0 —
2FeOOH (goeqnite) + 0.1Fe(OH),,  + + AI(OH), ot @)
AI(OH),, + + 8H,Si0, | + 0.5Mg++ + 0.2Ca*+ + 0.2MnO,(s)

1(aq)

Garnet in the Coweeta Group has about half the calcium of Tallulah
Falls garnet. The weathering of almandine contributes significant quan-
tities of silica, calcium, and magnesium to the soil and groundwaters.
Plagioclase feldspar weathers by selective attack at defects in the
lattice (a surface-controlled reaction), which are often more abundant in
one set of albite twin-lamellae than in the other (Velbel, 1983). The
weathering of plagioclase feldspar at Coweeta is a two-step process. Dis-
solution voids (vacuoles, etch pits) are usually empty in early stages of
weathering, indicating that the dissolved constituents derived from the
congruent breakdown of the primary feldspar lattice are removed from
the loci of weathering and reprecipitated elsewhere from the ambient
solution (Velbel, 1983). Feldspar weathers according to the reaction:

CayNa_)Al140Sis_xOs + (6 — 2x)H,O + (2 + 2x)H+ — ®)
xCat+ 4 (1 —x)Nat + (8 —x)H,SiO,, , + (1 + x)Al(OH)

+
taq) 2(aq)

where x = 0.25 for rocks of the Coweeta Group and x = 0.32 for rocks of
the Tallulah Falls Formation (determined by EPMA).

The second stage of the plagioclase weathering reaction is the pre-
cipitation of some of the dissolved constituents (released by the dissolution
of the feldspar in the first stage of the reaction) as clay minerals, which
may occur either very close to the original site of dissolution (forming
clay-mineral pseudomorphs after the feldspar) or after transport (as clay-
mineral fracture-linings) some microns to millimeters or more from the
original site of dissolution (Velbel, 1982, 1983, in preparation). The
clay-mineral products of plagioclase feldspar weathering in the soils and
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saprolites of Coweeta are gibbsite and kaolinite, which precipitate by
reactions:

AI(OH)‘-’(aq)+ + H.0— AI(OH)3(gibbsite) + H+ ©
and
2AI(OH).,,* + 2Si02(aq) + H.O — ALSi,O,(OH), + 2H+ ()

The presence of these cation-depleted clay minerals in the saprolites of
Coweeta could indicate either prolonged weathering (that is, that the
weathering profile of Coweeta is extremely old) or very intense weathering
over a shorter time scale, with the relative depletion of alkali and alkaline
earth cations due to extremely rapid flushing of water through the weath-
ering profile. Given the extremely high rainfall and the persistence of
primary rock-forming minerals in the soils and saprolite of Coweeta, it
appears that the kaolinite—gibbsite mineralogy of the soils and saprolites
is due more to the intensity of weathering at Coweeta than to the an-
tiquity of the weathering profile (Velbel, 1982, 1983, 1985, in preparation).
As is discussed below, present day rates of mineral and chemical weather-
ing of Coweeta rocks could produce the observed thickness of saprolite in
several hundred thousand years, suggesting that the Coweeta landscape
may be much younger than many kaolinitic—gibbsitic landscapes beneath
multi-million year-old “peneplains.” Other clay minerals form in incip-
iently weathered bedrock below the saprolite and in outcrop, but as is
shown in the section on hydrology (above), these subsaprolite weathering
microenvironments involve minimal quantities of the subsurface water
relative to the saprolite (which contributes the bulk of the streamflow)
and therefore do not contribute measurably to the dissolved load of sur-
face or subsurface waters.

Most streamflow at Coweeta is fed by subsurface water percolating
through the soil and saprolite (for example, Hewlett and Hibbert, 1966);
as a consequence, only the weathering reactions taking place within the
soil and saprolite influence the composition of streamwaters leaving
Coweeta watersheds. The close correspondence between the geochemical
character of the streamwaters and the clay mineralogy of the saprolite (as
opposed to the incipiently weathered bedrock; Velbel, 1982, 1985, in
preparation) is consistent with what is presently known regarding the
importance of saprolite as the principal source of stream flow at Coweeta
(see section on hydrology, above). The amount of water percolating into
and through fractures in the bedrock is apparently extremely small relative
to the amount flowing through the saprolite, and mineral-water inter-
actions taking place within these small bedrock fractures leave no detect-
able imprint on the geochemistry of Coweeta waters. Because only mineral
transformations taking place within the soil and saprolite influence the
measured output fluxes via Coweeta streams, only these reactions need
to be considered in geochemical modeling of input-output budgets in
small watersheds, and the reactions taking place within the bedrock are
quantitatively insignificant.
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GEOCHEMICAL MASS BALANCE

The total standing stock of “available dissolved nutrient” in a
forested watershed (the “mineral nutrient reservoir” of fig. 2) can be
augmented and depleted in a number of ways. Atmospheric precipitation
can add nutrients, as can the weathering of primary minerals. The
formation of weathering products removes elements, possibly including
nutrient elements; plant growth can remove nutrients, and elements can
be permanently removed from the watershed in the dissolved load of
streams. A net accumulation of soil moisture or groundwater would
represent an additional budgetary output for elements, as would sub-
surface leakage out of the watershed, whereas net depletion of subsurface
water (which would presumably ultimately appear as stream discharge, if
the basin is hydrologically “tight”) would have to be treated as an
additional input term to the overall hydrogeochemical budget.

For the purposes of this study, the control watersheds of Coweeta are
considered to be at steady-state. This is probably a safe approximation.
The dissolved flux data of Swank and Douglass (1977), which are used
in making all the following calculations, span a time interval of 4 to 7 yrs
for the alkalis and alkaline earths. This is sufficiently long that it reflects a
reasonable average of seasonal and annual variations (Likens and others,
1977), yet short enough that long-term ecological or climatological trends
have not had an appreciable effect. (This does not mean, necessarily, that
the biomass is fixed, only that its rate of nutrient uptake, that is, “growth,”
has not changed appreciably over the duration of the data acquisition
period). See Velbel (1985) for a detailed discussion of the hydrogeochem-
ical data used in this study.

Chloride is approximately in balance in all watersheds (Swank and
Douglass, 1977), so groundwater storage, depletion, or leakage are neg-
ligibly small and can therefore be ignored for the remainder of this study.

Because precipitation input and stream output fluxes are known
from Swank and Douglass (1977), and “‘groundwater” change or losses are
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Fig. 2. Diagramatic watershed mass balance model (sce text for discussion).
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negligible, only six sources and sinks must be determined by mass balance
modeling; three primary-mineral weathering reactions (plagioclase, garnet,
and biotite; reactions 1 to 3); two clay-mineral neoformation reactions
(gibbsite and kaolinite, reactions 4 and 5), and biomass uptake. Neo-
formation of smectite in incipiently weathered bedrock is insignificant,
because only a small fraction of the water passing through a watershed is
ever involved in smectite-forming reactions, and this small quantity of
water does not appreciably affect stream flow or solute budgets (Velbel,
1982, 1985, and in preparation). Also, none of the major mineral nutrients
(potassium, calcium, magnesium) or sodium is consumed by the formation
of gibbsite or kaolinite. As a consequence, only four source or sink terms
affect potassium, calcium, magnesium, and sodium.

Following the formalism of Plummer and Back (1980), the mass-
balance relations can be summarized as follows:

¢
Eajﬁc‘j:Amc (6)
j=1 c=1....n

Where 8. ; is the stoichiometric coefficient of element ¢ in reaction j
(units are moles of ¢ per mole of weathering reaction j, except for biomass
for which units are moles of ¢ per kilogram of annual “new growth”
biomass; positive for products, negative for reactants): Am, is the net flux
of element c¢ (stream output minus rain input), from Swank and Douglass
(1977) expressed as moles/ha/yr, positive for net efflux: and «; is the
number of moles of weathering reaction j (or kilograms of biomass growth)
which occurs per hectare per yr, positive when reactions 1 to 3 proceed
forward as written, and when biomass is produced.

For the three mineral weathering reactions, all stoichiometric co-
efficients are known from petrographic and mineralogical analysis (Velbel,
1982, 1983, 1984a, b, 1985, and in preparation). The “stoichiometry” of
calcium, potassium, and magnesium uptake by biomass can be determined
from the data of Day (from Day and Monk, 1977), as reproduced in
Boring, Monk, and Swank (1981). Sodium is taken up in small quantities
by biomass (Likens and others, 1977), but to a much lesser extent than
the other three cations; in the absence of biomass data for sodium at
Coweeta, it is assumed that biomass is not a sink for sodium.

Eq 6 now represents a system of n = 4 equations (the mass balances
for K, Ca, Mg, and Na) in ¢ = 4 unknowns (the number of moles of
plagioclase, garnet, and biotite weathered, and the kilograms of biomass
“growth,” all per hectare per yr); all 16 stoichiometric coefficients are
known. Eqgs 6 were solved algebraically, and the result coded in BASIC
for microcomputer use; the algebraic result was verified by use of a stan-
dard linear-algebra matrix-solving routine. Weathering rates of plagioclase,
biotite, and garnet, and the rate of biomass “uptake” of mineral nutrients,
were calculated for seven Coweeta control watersheds (including both
those studied in detail, and others that are lithologically similar), four
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on Tallulah Falls Formation rocks and three on Coweeta Group rocks,
assuming that the biomass composition is identical for all seven. Mineral
weathering rates are plotted as a function of long-term average discharge
in figure 3.

It is apparent from figure 3 that the calculated rates of plagioclase
and biotite weathering vary between rock types, whereas the garnet
weathering rate is largely independent of rock type. Furthermore, these
differences are not merely artifacts of using different plagioclase and garnet
compositions for the two rock types; a test set of calculations determined
that, even if there were no differences in mineral composition between
the two rock types, plagioclase and biotite weathering rates in Coweeta
Group watersheds would still be lower than those for Tallulah Falls
watersheds. The mass-balance calculations strongly suggest that there is
“more” feldspar and biotite weathering in Tallulah Falls rock than
Coweeta Group rocks. Either comparable amounts of both minerals
weather more quickly in Tallulah Falls than in Coweeta Group water-
sheds, or, more likely, there is just more plagioclase and biotite in the
Tallulah Falls than in the Coweeta Group, weathering at comparable
rates, precisely as would be expected given what is known about the
comparative lithology of the two rock types. This is entirely consistent
with the observations and speculations of Swank and Douglass (1977)
regarding elemental concentrations in streams as a function of rock type.

RATE OF SAPROLITE FORMATION

Modal analysis gives the volume of a given mineral per unit volume
of rock; the molar volume permits us to estimate how much primary
mineral (by volume) is weathered per hectare per yr, by using the rates
determined from geochemical mass-balance calculations. The amount of
time required to convert a unit volume of rock to saprolite (that is, the
amount of time required completely to weather a given primary mineral
out of a volume of rock) is therefore easily obtained.
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Fig. 8. Mineral weathering rates versus discharge.
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TABLE 2
Modal petrography of Coweeta Group Rocks
Watershed 27 (N=18)

Quartz 61.6
Biotite 11.6
Garnet 1.9
Muscovite 12.9
Plagioclase 8.3
Opaques 14
Epidote 1
Staurolite 9
K-spar? 6

Watershed 27 and two nearby cores were chosen for much of the
following analysis for two reasons: First, the two cores permit better
two-dimensional control (that is, more samples from depth to complement
the outcrop samples): second, watershed 27 is the farthest removed from
the Shope Fork Fault and its associated alteration, making it the best for
modal petrographic analysis of unaltered Coweeta Group rocks. Petro-
graphic analyses of 18 Coweeta Group samples from watershed 27 and
cores 9 and 15 are summarized in table 2.

At the present rate of weathering, it would take about 40,000 yrs to
deplete 6.1 m (20 ft) of rock of all of its garnet, 140,000 yrs to transform
all biotite to hydrobiotite, and 160,000 yrs to weather all the oligoclase.
A time scale of around 100,000 yrs is all that is required to transform
6.1 m (20 ft) of rock to 6.1 m (20 ft) of saprolite. It is possible that the
saprolites of Coweeta formed relatively quickly at some time in the distant
past and that they are “relicts” of a past weathering episode, which have
persisted since that time, but this is not likely for two reasons. First,
erosion on the steep slopes of Coweeta is fairly rapid, so that “relict”
saprolite would probably not survive very long; therefore, saprolite would
not occur at Coweeta unless it formed relatively recently, or is forming
now. Secondly, clay-mineral weathering products are compatible with
present-day climatic conditions (Velbel, in preparation). Either ‘“relict”
weathering profiles experience rapid mineralogical adjustments to changes
in climatic conditions, or the mineral assemblages have formed under
modern conditions. The former is unlikely; witness the widely docu-
mented persistence of relict weathering mineral assemblages that are
clearly not related to modern climatic conditions (for example, Tarzi
and Protz, 1978; Thiry and Schmitt, 1983; Guendon and Parron, 1983).
Whether the 100,000-yr time-scale is an “age” for the profile or a “response
time” is largely irrelevant; what is significant is that the saprolites of the
southern Blue Ridge need not be relict deep weathering profiles of
Tertiary age.

The “saprolitization rate” calculated in this study is 3.8 to 15.0 cm/
1000 yrs, depending on which mineral must be completely transformed
or destroyed before the weathered material is called saprolite; if complete
transformation or destruction of all primary minerals is required, the
slowest rate prevails (3.8 cm/1000 yrs). Because saprolitization is iso-
volumetric, this rate does not reflect the rate of denudation or landscape
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reduction (Cleaves and Costa, 1979; Costa and Cleaves, 1984); chemical
weathering in the formation of saprolite only causes the weathering front
to penetrate the fresh rock, leaving the volume of the landform (and the
altitude of the land surface) unaffected. The actual rate of landscape
reduction in deeply-weathered saprolitic landscapes is the volume rate of
solid erosion (physical erosion and sediment export; for example, Biidel,
1982). If the landscape is in dynamic equilibrium and the weathering
profile is steady-state (constant thickness; a highly debatable question;
Berry, 1976; Cleaves and Costa, 1979; Costa and Cleaves, 1984), the land-
scape reduction rate equals the saprolitization rate (3.8 cm /1000 yrs). This
yields a rate that is a factor of four to an order of magnitude higher than
that estimated for Coweeta by Berry (1976, 1977); the disparity with
Berry’s rates is probably due, at least in part, to the fact that Berry did
not include botanical uptake of mineral nutrients in his calculations,
which means that his rates are-a minimum estimate only (for example,
Likens and others, 1977). The results of the calculations presented here
suggest a “saprolitization rate” of about 3.8 ¢cm/1000 yrs. If dynamic
equilibrium of the landscape is assumed, then the rate of landscape
lowering by (physical) erosion of the top of the weathering profile equals
the saprolitization rate. The excellent accord between the modern chem-
ical saprolitization rate and the long-term average denudation rate of
4 ¢cm /1000 yrs for the southern Appalachians (Hack, 1980) suggests that
modern chemical weathering rates are not significantly different from
long-term average denudation rates, and that, in the long term, dynamic
equilibrium between chemical weathering and physical denudation by
erosion exists. In the short term, however, physical erosion is much more
sporadic (episodic) and discontinuous. In order for dynamic equilibrium
to exist in the short term, sediment export rates from watersheds should
equal 600 kg/ha/yr (assuming a soil bulk density of 1.5 g/cm?). Published
sediment export rates in the study area range from about 30 kg/ha/yr for
undisturbed forested watersheds to around 255 kg/ha/yr for a watershed
clearcut and replanted with grasses (Monk, 1975). The ‘“normal” erosional
load is therefore only about 5 to 45 percent that required to maintain
dynamic equilibrium (steady state with respect to chemical weathering).
Some 50 to 95 percent of the short-term physical erosion in the study area
must occur as high-magnitude, low-frequency events (for example, severe
storms, landslides) if long-term dynamic equilibrium is maintained. These
results are consistent with the results of Grant (1983 and in press) regard-
ing the importance of debris avalanching in the geomorphic evolution of
the southern Blue Ridge. Further work on geomorphic implications
of chemical weathering in the southern Appalachians is required.

KINETICS OF MINERAL WEATHERING AND COMPARISON OF NATURAL
AND LABORATORY WEATHERING RATES
It is apparent from figure 3 that there is no systematic variation in
any mineral weathering rate with discharge, within a given rock type.
This reflects the fact that transport through the solutions is not the rate-
limiting step in any weathering reaction at Coweeta. The flushing rate is
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already so high, relative to the reaction rate, that increasing the flushing
rate has no effect on reaction rate (Berner, 1978).

How do the rates of mineral weathering determined in this study
compare with rates determined by laboratory studies? Having determined
the rates from the mass balance calculations of the previous sections, it
should be a relatively simple matter to convert rates in moles of mineral
per hectare per yr to moles of mineral per square meter of mineral surface
per sec, the dimensions commonly reported in laboratory mineral weath-
ering studies. To do this, the amount of mineral surface area per unit
area of watershed must be estimated, which can be done as follows:

A “grain size” of 1 mm was chosen as characterizing rocks and
saprolites of the study area. Quantitative crystal-size distributions were
not attempted, but numerous observations using hand lens, optical com-
parator, and binocular and petrographic microscopes indicate that the
chosen value of 1 mm is the correct order of magnitude; in other words
the order-of-magnitude average grain size is probably not 0.1 mm or
10 mm. Furthermore, at constant modal mineral abundance, the surface-
area-normalized rate varies linearly with grain size, so that errors in the
normalized rate due to errors in the grain size estimate are probably not
more than one order of magnitude high or low. Grain geometry for each
of the three weatherable minerals was chosen to reflect their natural
habit; garnets are modeled as 1 mm-diameter spheres, plagioclase as cubes
1 mm on a side, and biotite as cylindrical discs 1 mm in diameter and
0.2 mm thick. The surface area and volume of each particle can be
calculated, permitting calculation of the ratio of particle surface area to
particle volume. The particle volume of a given mineral per unit volume
of rock is given by modal analysis (table 2). Finally, the total volume of
material affected by weathering per unit area of watershed is given by the
thickness of the saprolite (20 ft, 6.1 m). Consequently, the reactive surface
area of a given mineral can be estimated from the particle size and
geometry and the modal petrographic analysis.

In actual application, this technique is fraught with uncertainties.
The particle size estimate, while based on petrographic observations, is
only an estimate of the order of magnitude of the “average” grain size
and does not reflect an actual particle-size distribution. Using the modal
petrographic abundances assumes that the collected thin sections ac-
curately reflect the rock types in the basin; this is especially problematical
for schists, which weather preferentially and are therefore almost certainly
under-represented in the thin-section collection. Because the relative pro-
portion of rock types (the various schists, gneisses, metasandstones, et
cetera, of Hatcher) are unknown, it is assumed that the thin sections do
in fact accurately sample the various rock types, and the following cal-
culations are based on simple arithmetic averages of point-count analyses.
The estimated weathering rates will not, however, vary by more than one
order of magnitude either way on account of errors in estimating the
“average” rock composition. Modal biotite averages around 10 percent in
the chosen watershed (table 2); it is highly unlikely that the actual com-
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position is 1 or 100 percent biotite. As the reactive surface area is directly
proportional to the modal abundance (at constant grain size), errors in
weathering rates due to errors in sampling or point-counting cannot be
larger than one order of magnitude either way.

Finally, of course, it is not fresh rock interacting the most with
groundwater, but saprolite. The saprolite does, however, contain the same
minerals as the fresh rock (although the abundances are different), and
some weathering must be occurring along the rock-saprolite interface, so
using “fresh” rock modal analyses is a reasonable first attempt. One
further point should be noted; the lesser abundance of primary minerals
in the saprolite does not necessitate a reduction in the reactive surface
area. Weathering may open up internal fractures in garnet, or expand
biotite, resulting in the exposure of more surface area; the etch-pitting of
feldspar (Velbel, 1983) and soil garnet (Velbel, 1984b) also create larger
surface areas than the original unweathered grain possessed (this phe-
nomenon was demonstrated for olivine by Grandstaff, 1978). As a first
approximation, it is assumed that the weathering-induced increase in
surface area cancels the effect of decreased absolute mineral abundance
brought about by mineral destruction during weathering.

Rates calculated by the above method are shown in table 3. In order
to determine how closely these rates correspond to rates determined in the
laboratory, it is necessary to find laboratory data that were acquired under
conditions similar to the natural conditions at Coweeta. The three most
important conditions are: (1) The pH of the weathering environment;
mineral dissolution rates vary with pH (for example, Lasaga, 1984), so the
pH’s should be similar. (2) The “openness” of the system (that is, closed-
system laboratory experiments are not appropriate for comparison to
natural, open systems); Lin and Clemency (1981; Clemency and Lin, 1981)
found experimentally that the dissolution rate of phlogopite varied by
nearly three orders of magnitude depending on whether the experiment
was performed in a closed or open system. Berner (1978) has also shown
the dependence of dissolution rate on flushing rate. (3) The character and
area of the mineral surfaces; Berner and his coworkers (Holdren and
Berner, 1979; Schott, Berner, and Sjéberg, 1981), and several others (for
example, Grandstaff, 1980), have shown that much of the kinetic behavior
of minerals during laboratory weathering depends upon how the samples
were prepared. Crushing and grinding create large quantities of fine
particles, which dissolve at accelerated rates, and which would not exist
in naturally fractured rock (although the results might be more directly
applicable to weathering of glacial till; R. Raiswell, personal commun.).
Furthermore, the surface area of the experimentally weathered mineral
must be determined empirically or estimated geometrically.

One additional characteristic that useful laboratory data should
possess is mutual consistency; sample pretreatment, flushing rate, and the
like should be the same for all minerals of interest. This requirement
makes it very difficult to use dissolution rates determined by different
workers, as there is no accepted standard procedure for laboratory rate
determinations.
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No laboratory data sets exist that meet all the above requirements.
The only published paper that comes close is that of Nickel (1973), who
performed open-system dissolution experiments on a large number of
crushed and size-sorted minerals (including albite, muscovite, and the
only published rate data for almandine garnet), at various pH’s, including
5.6. Surface areas were measured by nitrogen adsorption. All other studies
were performed either at pH’s significantly outside the range of Coweeta
subsurface waters (5.0-6.0) or on a limited group of minerals which require
“interlaboratory comparisons.” Several such studies were chosen as addi-
tional bases for comparison (table 3).

Table 3 compares the rate of silica release from plagioclase and
garnet calculated in this study with rates from Nickel (1973) and other
workers, assuming that the laboratory rates reflect linear kinetics. The
phyllosilicate weathering rates are shown as moles of mica weathered,
rather than moles of silica released, because the weathering reaction of
biotite at Coweeta is a solid-solid transformation in which silica is not
released.

TABLE 3
Comparison of natural and laboratory weathering rates

Silica release rates (moles/m*/sec)

pH System
Albite 5.6 Open 3.12X10—2 Nickel, 1973
45-5.1 Closed 441X10—= Busenberg and Clemency, 1976
6 Closed 1.26X10— Holdren and Berner, 1979
5.1 Open 151 x10— Chou and Wollast, 1985
5 Closed 2.16X 10— Holdren and Speyer, 1985
Oligoclase 8.9 X10—* This stud
Almandine 1.1 X101 Nickel, 1973

3.8 X10—* This study

“Total” weathering rate (imoles mineral/m?/sec)
Phlogopite* 2.0 X10—° Clemency and Lin, 1981
Biotite 1.2 X10— This study

*pH 3 to 4.6

Given that mineral compositions are probably not identical in any
of the tabulated cases, and that mineral surface areas for the natural
system at Coweeta are only estimates which may be subject to errors of
several orders of magnitude, the fact that natural and laboratory rates for
plagioclase and garnet weathering compare so favorably (within about
one order of magnitude) is remarkable; in fact the results of field and
laboratory weathering rate determinations are probably identical within
the limits of error. The higher laboratory rates could be due to any of a
number of factors. Adhering fine particles created by crushing during
sample preparation would render artificial mineral surfaces more reactive
than their natural counterparts, a phenomenon demonstrated and dis-
cussed by Holdren and Berner (1979) and Schott, Berner, and Sjoberg
(1981); neither Nickel (1973) nor most other workers summarized in
table 3 employed any pretreatment to remove such artificial fines. Further-
more, if sample preparation generated similar quantities of fines for both
minerals, both laboratory rates should be increased by approximately the
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same proportion, so that the ratio of the reaction rates in nature (surfaces
without fines) is similar to that in the laboratory (with fines). The ratio
of garnet weathering rate to plagioclase is around 4.2 in nature, as
compared to 3.6 in the laboratory. Almandine garnet apparently weathers
about four times faster than plagioclase under similar conditions. Alter-
natively, sample preparation may affect the density and/or distribution
of defects, which would in turn affect dissolution rates (for example,
Holdren and Speyer, 1985).

A third possible source of the discrepancy between natural and
laboratory estimates of weathering rates is error in estimating reactive
surface area in the natural system. As noted above, active reactive mineral
surface areas in the saprolites of Coweeta could be greater or less than the
values estimated using modal abundance and geometry. If the mean grain
size is actually less than 1 mm, or if fracturing or etch-pitting expose
additional surface area not taken into account in estimating the bulk
surface area from grain geometry, then the actual surface area could be
greater than that estimated above; this would magnify the discrepancy
between laboratory rates and the estimates of this study by increasing the
surface area thereby reducing the surface-area-normalized rate. Alter-
natively, weathering in the saprolite may have depleted the absolute
modal abundance of primary minerals to amounts significantly lower
than the amounts estimated from modal analysis of bedrock samples; this
would reduce the actual surface area relative to the estimated value and
bring the surface-area-normalized rates into closer agreement with the
laboratory rates. In nature, the aforementioned factors compete with one
another, with grain size diminution, exposure of fractures, and etch-
pitting acting to increase surface area while destruction of primary
minerals acts to decrease the absolute abundance of mineral material
available to contribute to the surface area. In this study, these competing
effects are assumed to cancel one another out, but it is clear that this is
only an approximation.

The much greater disparity between the rate numbers for micas
could have any of several causes: (1) Phlogopite is the iron-free end-
member of biotite, yet the oxidation of iron during weathering has
profound effects on biotite weathering (for example, Velbel, 1984a, for a
review of this subject); therefore, comparing phlogopite with biotite is
probably not representative. (2) Clemency and Lin’s (1981) experiments
were performed at pH 8 to 4.7, one to three units lower than natural
waters at Coweeta; this could account for orders of magnitude difference
in rates. (3) The “rate” calculated for biotite weathering at Coweeta is for
the transformation of biotite layers to vermiculite layers; Clemency and
Lin’s (1981) rate is for dissolution of phlogopite (that is, breakdown of
the tetrahedral lattice). The reactions are radically different, again ren-
dering direct comparison of rates inappropriate.

To the extent that reaction mechanisms are similar in laboratory and
natural settings (in this study, plagioclase and garnet meet this criterion),
it appears that laboratory rates mimic natural rates to within about
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an order of magnitude, even in the absence of specifically-determined
flow rates.

Recently, Paces (1983) performed a similar mass-balance calculation
for sodium only and used it to calculate the rate of plagioclase weathering
in his study area. He found that natural rates average about one to three
orders of magnitude lower than laboratory rates and attributed the
difference to (1) the difference between natural and artificial mineral
surfaces and (2) difficulties in estimating the reactive surface area of
minerals in the natural environment, both factors discussed above. Still
more recently, Siegel (1984) calculated approximately equal (bulk) rates
of olivine and plagioclase feldspar weathering in a mafic watershed of
northeastern Minnesota, despite the fact that the feldspar:olivine ratio in
the watershed is about 25:1. Siegel noted, however, that the implied
25-fold preferential destruction of olivine relative to feldspar compares
favorably with laboratory kinetic data for the same minerals (Siegel and
Pfannkuch, 1984).

Mutual consistency between mass balance studies is also evident as
table 4 shows. Table 4 shows rates of plagioclase feldspar weathering
calculated in four different published geochemical mass balance studies of
eleven different watersheds. Despite differences in computational methods,
parent lithology, and climate, rates of plagioclase weathering in small
watersheds calculated by geochemical mass balance models agree within a
factor of five. Normalizing the watershed-averaged rate to the modal
abundance of plagioclase (to allow for the possibility that the variations
merely reflect the different abundance of plagioclase per unit watershed
area in the different cases) does not narrow the range substantially
(table 4), but the grain size and reactive surface area (among other factors)
are probably much more important than modal abundance in determin-
ing how much plagioclase is able to interact with percolating solutions,

‘TABLE 4
Plagioclase weathering rates from watershed mass balance studies

Rate Normalized rate
Watershed (moles/ha/yr) Modal ¢, feldspar  (moles/ha/yr/9, feldspar)
Coweeta 2 Thisstudy 613
18 453
34 497
36 732
14 274
27 305 8.3 36.7
32 308
Pond Branch Cleaves and
others, 1970 148 10.6 14.0
Trnavka X-O Paces, 1983 210 (19) 11.1
X-9 550 14 39.3
Filson Creek Siegel, 1984 235
. Rateg,. Normalized rate,,,
Ratio 5 ———— =4.95 Ratio =3.54

Rate,,, Normalized rate,, ,




924 Michael Anthony Velbel—Geochemical mass balances and

so the scatter of table 4 is not surprising. The major source of uncer-
tainty in any normalization of field rate data is the reactive surface area
of the mineral in the weathering profile, as noted above.

Given the potential uncertainties, the general accord of the results
of these independent mass-balance studies with each other and with
laboratory studies lend credence to the idea that mass-balance studies are
a reliable method of estimating mineral weathering rates in nature

(Clayton, 1979).

CLAY MINERAL FORMATION AND RATES OF HYDROGEN ION CONSUMPTION

The mutual consistency of calculated mineral weathering rates with
results of short- and long-term geomorphic studies, other mass-balance
studies, and laboratory kinetic studies suggests that rates of important
geological and geochemical processes are accurately quantified by the
mass balance method. In addition to demonstrating that different lines of
investigation indicate comparable rates, however, one further objective
of geochemical modeling is to make potentially useful (and testable)
predictions about natural phenomena. Two areas in which useful quan-
titative predictions might be made on the basis of geochemical mass
balance models like the above are: (1) calculation of rates of biomass
accumulation within a watershed from mass balance budgets, and (2) de-
termining the rate at which inorganic transformations in the weathering
profile consume hydrogen ion, thereby contributing to the amelioration
of acid precipitation effects. This study’s calculated botanical uptake rates
are only now being evaluated, so no conclusions can be safely drawn at
present regarding the possible ecological significance of the model results.
Net consumption of hydrogen ion by the sum of the mineral transforma-
tions can, however, be evaluated and compared with atmospheric loading
on these watersheds.

The overall weathering reactions taking place within the weathering
profiles of Coweeta are summarized in eqs 1 to 5 above; rates for the first
three have been calculated and discussed above, and the consumption of
hydrogen ion by these three primary-mineral weathering reactions is easily
determined. However, hydrogen ion is also involved in the neoformation
reactions of gibbsite and kaolinite (eqs 4 and 5), so estimating net acid
consumption requires that clay mineral formation rates be estimated
as well.

Rates of kaolinite and gibbsite neoformation are estimated as follows:
three control watersheds for which dissolved silica efflux data are avail-
able are used. The amount of silica released by the weathering of primary
minerals is calculated from the results of the mass balance calculations
(shown in fig. 4) and the stoichiometries of reactions 1, 2, and 3. Bo-
tanical uptake of silica, like that of sodium, is assumed to be negligible.
The net efflux of silica from the watersheds (stream efflux minus precip-
itation input, from Swank and Douglass, 1977) is then subtracted from
this estimated amount of silica released by primary-mineral weathering,
giving the amount of silica retained in the weathering profiles which is
not accounted for in reactions 1, 2, and 3 —in other words, the silica
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retained by kaolinite formation, reaction 5. This determines the kaolinite
formation rate.

Similar methods are used to determine the amount of aluminum
released by the primary mineral weathering reactions. Because no data
exist on dissolved aluminum fluxes through Coweeta watersheds, two sets
of assumptions are made, resulting in two different scenarios for the
behavior of aluminum. One scenario assumes no atmospheric input of
aluminum, no botanical cycling of Al, and no dissolved export. In this
scenario, all aluminum released by primary-mineral weathering that is
not consumed by formation of kaolinite is assumed to be retained within
the weathering profile as gibbsite. In the second scenario, organic chela-
tion (for example, Graustein, 1981) drives Al solubility to such high levels
that all Al not combined with silica to form kaolinite is exported from the
watersheds via streams. Because gibbsite is almost ubiquitous in Coweeta
watersheds, this scenario is not realistic, but it represents the most extreme
allowable degree of Al mobility, so it is included for completeness.

The mass balances constructed for each watershed using the method
discussed above permit estimation of kaolinite and gibbsite formation
rates and their contribution to the hydrogen ion budget using the stoi-
chiometries of reactions 4 and 5 above. Results of the calculations for
three Coweeta control watersheds are shown in table 5.

TABLE 5
Net inorganic hydrogen ion consumption (moles/ha/yr)

Scenario/Watershed 2 18 27
1. Al retention 367 700 283
2. Total Al release 558 1340 752

Data for the pH of rain in watersheds 2 and 27 are not available.
However, the data of Swank and Douglass (1977) for watershed 18 indi-
cate that, for the period 1972 to 1976, average annual rainfall was 223 cm,
with a weighted mean hydrogen ion content corresponding to a pH of
4.44, giving an atmospheric hydrogen ion influx of around 810 moles/
ha/yr. It can be seen from table 5 that mineral weathering reactions in
watershed 18 are occurring rapidly enough to consume at least 70 percent
of the atmospherically deposited acidity. Given that comparable silicate
mineral weathering rates seem to obtain in other Coweeta watersheds and
other geologic and geographic regions as well (table 4), the role of silicate
bedrock weathering in ameliorating the effects of acid precipitation may
be considerably greater than is presently believed. Unfortunately, data do
not presently exist that would permit evaluation of non-atmospheric acid
sources in the overall hydrogen ion budget.

CONCLUSIONS

Weathering of metamorphic rocks in the U.S. Forest Service Coweeta
Hydrologic Laboratory of the southern Blue Ridge has produced a deeply-
weathered residuum (saprolite) with an average thickness of 6.1 m (20 ft)
capped with about 30.5 cm (1 ft) of soil. The transformation of rock to
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saprolite is due to the weathering of three minerals, biotite mica, alman-
dine garnet, and sodic plagioclase feldspar. Other major rock-forming
minerals, including quartz, muscovite, kyanite, sillimanite, and staurolite,
are not detectably weathered.

Published data on the elemental composition of forest biomass in the
study watersheds, elemental fluxes via rain and streams in the study
watersheds, and stoichiometries of (petrographically determined) min-
eralogic transformations can be combined to construct and constrain a
geochemical mass balance for an individual forested watershed. Rates of
weathering for each of the three major weatherable minerals can then be
calculated, as can the rates of mineral nutrient uptake by the forest biota.
These calculations yield several interesting results: (1) The time required
to deplete completely 6.1 m (20 ft) of rock of its biotite, garnet, and
plagioclase is around 1.6 X 10° yrs under present conditions, suggesting a
time scale of around 10° yrs for the formation of 6.1 m (20 ft) of saprolite.
The “weathering front” penetrates the rock at a rate of around 3.8 cm
(0.125 ft) per thousand yrs. If the rate of physical removal of weathered
regolith is equal to this rate (that is, if the saprolite thickness is steady-
state) the denudation rate determined here is in excellent accord with
the ““average” denudation rate for the Appalachians. (2) Relationships
setween concentration and discharge (flushing rate) and the results of
the mass-balance calculations confirm that there is no flushing-rate de-
pendence (stirring dependence of Berner, 1978) in the natural weathering
system at Coweeta. (3) When normalized to the estimated mineral surface
area in the watersheds, rates of garnet and plagioclase weathering are no
more than approximately one to two orders of magnitude slower than
rates determined in laboratory experiments under similar hydrogeochem-
ical conditions. Two possible sources of this discrepancy are (A) the
character of artificially-treated mineral surfaces, which renders them more
reactive than their natural counterparts, and/or (B) difficulties in esti-
mating reactive mineral surface area in natural systems.

The results of geochemical mass-balance calculations are quantita-
tively consistent with laboratory studies of mineral weathering and geo-
morphological studies of regional denudation rates. The relatively good
accord between field and laboratory geochemical and geomorphologic
results suggests that refinement of laboratory kinetic data and field surface
area determinations should rank high among future research priorities.
Future work linking natural and laboratory observations of geochemical
and ecological processes and products by way of integrated, theoretically-
based mass-balance models may produce unified biogeochemical models
of considerable explanatory and predictive value for problems of acid
precipitation effects, forest regeneration rates, land and ecosystem manage-
ment, and the geochemical and geomorphic history of the Earth’s surface.
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