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Abstract Biotite is a common constituent of silicate bedrock. Its weathering releases

plant nutrients and consumes atmospheric CO2. Because of its stoichiometric relationship

with its transformational weathering product and sensitivity to botanical activity, calcu-

lating biotite weathering rates using watershed mass-balance methods has proven chal-

lenging. At Coweeta Hydrologic Laboratory the coupling of biotite to its transformational

weathering product is only valid if the stoichiometric relationship for the two phases is

known; this relationship is unlikely layer-for-layer. Rates of biotite weathering and

transformation of its secondary weathering product at the Coweeta Hydrological Labora-

tory are comparable with other Appalachian watersheds. The magnitude and sign of the

difference between field- and laboratory-determined biotite weathering rates are similar to

those of other silicate minerals. The influence of major-cation proportions in biomass on

the rates of biotite weathering and transformational weathering product is greatest for

watersheds with high biomass aggradation rates. The watershed with the lowest bedrock

reactivity and highest flushing rate yielded the highest gibbsite formation rate of

*500 mol ha-1 year-1 and lowest kaolin-group mineral formation rates of 4–78 mol

ha-1 year-1. The kaolin-group mineral formation rate increases as bedrock reactivity

increases and flushing rate decreases to a maximum of *300 mol ha-1 year-1, with a

similar minimum gibbsite formation rate. The relative differences in bedrock reactivity and

flux of water through Coweeta Hydrological Laboratory watersheds studied appear to be

invariant over geologic timescales.
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1 Introduction

The ability to accurately quantify mineral weathering is essential for studies of ecosystems,

global geochemical cycles including the carbon cycle, and climate change (e.g., Likens and

Bormann 1995; Berner and Berner 1997; Gaillardet et al. 1999). Small-watershed solute

mass-balance methods are commonly used for identifying weathering reactions in natural

systems (Bricker et al. 2003). Characterizing minerals that weather by simple stoichiom-

etric dissolution may be relatively simple in mass-balance studies. However, other min-

erals such as the micas weather to secondary products by complex crystal-chemical

transformations. Because biotite mica contains appreciable quantities of the plant nutrients

Mg2? and K?, calculation of its weathering rate may be further complicated if the biomass

is actively aggrading or degrading, and/or the nutrient uptake stoichiometry is not accurate.

Therefore, the calculation of biotite weathering rates, including the rates of formation of

biotite’s transformational weathering products, using watershed mass-balance methods has

proven to be very challenging and has never been systematically investigated.

This paper examines natural field-based biotite weathering rates in a series of case

studies inspired by the pioneering work of Owen Bricker and his colleagues. Over the

course of his productive career, Owen Bricker has studied the kinetics of biotite weathering

both experimentally (i.e., Acker and Bricker 1992) and in small-watershed mass-balance

studies of reaction stoichiometries (e.g., Cleaves et al. 1970; O’Brien et al. 1997). This

paper examines Bricker’s views on the mechanism and stoichiometry of biotite weathering

reactions, and nature and rates of formation of secondary weathering products used in

small-watershed solute studies. Several of these approaches were invoked in successive

iterations of research by Velbel and his students in their research at the Coweeta Hydro-

logic Laboratory (CHL) (Velbel 1985a, b, 1986, 1988, 1995; Taylor and Velbel 1991; Price

et al. 2005a; Velbel and Price 2007).

2 Background

2.1 Biotite

Mica weathering is the dominant natural source of K? to terrestrial ecosystems (e.g.,

Fanning and Keramidas 1977; Thomspon and Ukrainczyk 2002) and is capable of affecting

the mobility of certain contaminant species in and through soils (e.g., Smith et al. 1999;

Thomspon and Ukrainczyk 2002). Consequently, mica weathering has long been a topic of

special interest to soil scientists, and much of the research on mica weathering is found in

the soil science literature rather than in the geochemical literature. Micas are a major

constituent of granitic bedrock, with granitic rocks constituting *25 % of the land surface

of the mean upper crust (Oliva et al. 2003). In addition, weathering of granitic bedrock is

responsible for 65–70 % of the global flux of CO2 consumption derived from continental

silicate weathering (Dessert et al. 2003). This discussion is confined to the weathering of

naturally occurring biotite, because it is one of the most abundant, most weatherable, and

best studied micas.

Micas are phyllo- (layer) silicate minerals that contain tightly held interlayer cations

that balance the high layer charge (Fanning and Keramidas 1977). The ideal mica structure

consists of two tetrahedral (T) sheets and one octahedral (O) gibbsite- or brucite-like sheet,

in the T:O = 2:1 (T–O–T) ‘‘sandwich’’ structure. It is customary to deal with mica’s

stoichiometry in terms of the half unit-cell with the anion basis of O10(OH)2
22- formula
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unit. As in all common silicate minerals, tetrahedral sites are occupied by Si4? and Al3?.

The substitution of Al3? for Si4? in one-fourth of the tetrahedral sites in micas gives rise to

a deficiency of positive charge within the 2:1 layer in the amount of one charge per half

unit-cell. This positive layer-charge deficiency is balanced by occupancy of the interlayer

cation site, typically K?.

In biotite, all octahedral sites are occupied, usually with Fe2? or Mg2?, and thus, biotite

is termed trioctahedral, in contrast to dioctahedral micas which have two out of every three

octahedral sites occupied, usually by Al3?. Biotite is the name for a complete solid solution

series of the trioctahedral end members annite (KFe3(Si3Al)O10(OH)2), phlogopite

(KMg3(Si3Al)O10(OH)2), siderophyllite (K2(Fe5Al)(Si5Al3)O20(OH)4), and eastonite

(K2(Mg5Al)(Si5Al3)O20(OH)4). Biotite is common and widespread through a variety of

geologic environments (Deer et al. 1966).

2.2 Compositional Changes During Biotite Weathering

Results of numerous chemical analyses of weathered biotite (including electron probe

microanalyses, for example, Meunier and Velde 1979a) have suggested that mica weathers

to vermiculite by way of a ‘‘simple transformation’’ (Fanning and Keramidas 1977). This

transformation is dominated by exchange of interlayer potassium for hydrated exchange-

able cations and possibly non-exchangeable hydrated Al3?, which gives rise to the fixed

14 Å spacing of ‘‘pedogenic chlorite.’’ This interlayer exchange is often accompanied by

changes in layer charge (Norrish 1973) due in part to oxidation of octahedral Fe2? and to

possible gains and losses of other octahedral cations (e.g., Newman and Brown 1966;

Gilkes et al. 1972). Fanning and Keramidas (1977) suggested that this type of reaction be

termed a ‘‘simple transformation’’ because a considerable portion of the mica 2:1 layer is

retained in the weathering product. The definitive treatment of this phenomenon by

electron microscopy is that of Banfield and Eggleton (1988).

2.3 Determining Biotite Weathering Rates in Nature by Watershed Solute

Mass Balance

Determining rates of natural weathering of silicate minerals by solute mass balance began

with the input–output budgeting ‘‘balance sheet’’ approach of Garrels and Mackenzie

(1967). In this approach, the solute chemistry of a natural water attributable to mineral

weathering is determined by sequentially subtracting quantities of dissolved products in

proportions determined by stoichiometries of mineral weathering reactions. Subtractions of

the mineral weathering contributions continue until only the solute abundances from

atmospheric precipitation remain. Garrels and Mackenzie (1967) explained the composi-

tions of Sierra Nevada spring waters as the consequence of the weathering of plagioclase

feldspar, potassium feldspar, and biotite (using phlogopite as a simplified proxy) to clay

minerals. For the case of deep circulation of water, smectite was invoked as a weathering

product of plagioclase. For all primary minerals in the case of shallow circulation, the

weathering product was kaolinite.

Very soon after the work of Garrels and Mackenzie (1967), Bricker et al. (1968)

performed a similar exercise on data from the Pond Branch watershed in Maryland,

invoking a similar ensemble of weathering reactions. In contrast to relying solely on solute

concentrations as did Garrels and Mackenzie (1967), Bricker et al. (1968) combined

precipitation, stream discharge, and stream-chemistry data to yield input–output budgets

applicable at the watershed scale (Cleaves et al. 1970; Puckett and Bricker 1992). This
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allowed for calculation of elemental fluxes from the watershed and thereby introduced time

and rates into watershed solute mass balance. The silicate weathering reactions invoked by

Bricker et al. (1968) included weathering of plagioclase feldspar to kaolinite and gibbsite,

and weathering of biotite to kaolinite. Cleaves et al. (1970) expanded the interpretation of

solute production by silicate weathering at Pond Branch by using additional hydrologic and

geochemical measurements. After a largely quiet decade, emerging concerns about land-

scape and surface-water acidification by acid deposition stimulated a torrent of papers

beginning in the 1980s using solute-flux-based watershed mass balance to quantify natural

surface-water processes, including mineral weathering rates (e.g., reviews by Bricker et al.

2003; White 2003; Velbel and Price 2007, and primary references therein).

Following widely held views about structurally controlled mica weathering (summa-

rized by Gilkes and Suddhiprakarn 1979a), Cleaves et al. (1970) invoked separate

weathering reactions for biotite weathering to vermiculite and subsequent vermiculite

weathering to kaolinite. In the biotite–vermiculite reaction of Cleaves et al. (1970), three

O20(OH)4 units of biotite weathered to two O20(OH)4 units of vermiculite. In the ver-

miculite-kaolinite reaction, further weathering of two O20(OH)4 units of vermiculite pro-

duced three O5(OH)4 units of kaolinite. In their comparative study of five Mid-Atlantic

watersheds with diverse parent lithologies, O’Brien et al. (1997) document both vermic-

ulite and kaolinite as weathering products. Their mass-balance model results yield much

smaller amounts of vermiculite formed than biotite weathered.

Early linear-/matrix-algebra solutions to systems of simultaneous small-watershed

solute mass-balance equations often needed to reduce the number of unknowns (mineral

weathering rates) in order to equal the number of (mass balance) equations that could be

written for elements with measured solute fluxes (Velbel 1985a, 1986; Taylor and Velbel

1991; Velbel and Price 2007). One approach was to write a weathering reaction by linking

the production rate of a weathering product to the destruction rate of a specific reactant

mineral. Velbel and Price (2007) used the term ‘‘coupling’’ to refer to calculating the

formation rate of a specific clay mineral from that clay’s stoichiometric relationship with

the weathering rate of a primary mineral. For the case of simple, direct transformational

layer-by-layer replacement of biotite by vermiculite (e.g., Fanning and Keramidas 1977;

Banfield and Eggleton 1988), for each mole of biotite weathered, one mole of vermiculite

forms. This approach reduces the number of unknowns in watershed mass-balance cal-

culations by one while retaining the same number of mass-balance equations. This

approach was used in early weathering studies at CHL (Velbel 1985a, 1986; Taylor and

Velbel 1991). Other coupled biotite–vermiculite relationships have also been invoked. For

example, as noted above, three O20(OH)4 units of biotite weather to two O20(OH)4 units of

vermiculite in reaction (4) of Cleaves et al. (1970). Banfield and Eggleton (1988) reported

some evidence of transformation of two biotite layers to one vermiculite layer. For the

Loch Vale watershed, Colorado, Mast et al. (1990) and Mast (1992) invoked 0.87 mol of

smectite–illite forming for every mole of biotite weathered. In contrast, vermiculite pro-

duction was decoupled from biotite-layer destruction in the approach used by O’Brien et al.

(1997) and later at CHL by Price et al. (2005a). Transmission electron microscopic evi-

dence for the decoupling of biotite from its kaolinitic weathering product(s) has been

reported by Banfield and Eggleton (1988), Murphy et al. (1998), and Dong et al. (1998).

Inspired by the pioneering work of Owen Bricker and his colleagues, this paper examines

the influence of stoichiometric coupling of the biotite weathering rate and the formation rate

of its transformation weathering product at the Coweeta Hydrologic Laboratory. The

influence of diverse assumptions about stoichiometric coupling on weathering rates deter-

mined by watershed solute mass balance during the past several decades is investigated.
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2.4 Study Site

The Coweeta Hydrologic Laboratory is located in the southeastern Blue Ridge Physio-

graphic Province of western North Carolina (Fig. 1). The CHL watersheds are well suited for

studies of chemical weathering as they are geomorphically intermediate between transport-

and weathering-limited regimes (Stallard and Edmond 1983). The Coweeta Basin is quite

rugged (average slope of approximately 45 %/23�) and is underlain by the amphibolite facies

metasediments of the mid-Ordovician Coweeta Group (Hatcher 1988; Miller et al. 2000) and

the Upper Precambrian Otto Formation (Hatcher 1980, 1988). The Coweeta Group is

composed of a massive quartz diorite orthogneiss, quartz-feldspar gneisses, pelitic schists,

quartzites, and metasandstones, reflecting protoliths consisting of relatively mature sedi-

ments, including arkoses and quartz arenites (Hatcher 1980). The Otto Formation is derived

from sedimentary protoliths of low compositional maturity (e.g., graywackes) and is pre-

dominantly biotite paragneiss and biotite schist (Hatcher 1980). The greater abundance of

biotite and plagioclase in the Otto Formation makes it significantly more chemically reactive

than the more quartz-rich Coweeta Group. Coweeta Group and Otto Formation rocks are

juxtaposed as a result of thrusting of the premetamorphic Shope Fork Fault (Hatcher 1988;

Fig. 1). Specific characteristics of each watershed investigated are reported in Table 1.

Saprolite mantles the landscape at CHL, although bedrock crops out locally, especially

near ridge crests. The average weathering profile (saprolite and soil) at CHL is

Fig. 1 Map of Coweeta Hydrologic Laboratory showing control watersheds investigated in this study, the
location of Core 17, and bedrock geology
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approximately 6 m thick (Berry 1976; Yeakley et al. 1998), with a maximum thickness of

18 m (Berry 1976; Ciampone 1995). Soils (mostly Ultisols and Inceptisols) constitute the

uppermost 30 cm of the profile (Velbel 1985a, 1988). The minerals involved in weathering

at CHL are allanite, plagioclase feldspar, garnet, biotite, vermiculite, kaolinite, and gibbsite

(Velbel 1985a; Taylor and Velbel 1991; Price et al. 2005a). An extensive ground water

aquifer has not been shown to exist at CHL (Hewlett 1961). Instead, nearly all stream water

passes through the soil and saprolite mantle, with continuous base flow to perennial

streams resulting from water draining from pore space in the unsaturated zone (Hewlett

1961; Hewlett and Hibbert 1963; Velbel 1985b). Velbel (1985b) demonstrated that the

streams at CHL are samples of subsurface water which have undergone no significant

change after leaving the saprolite to enter the streams, except re-equilibration with

atmospheric gases which affect pH.

3 Methods

3.1 Petrography

Thin sections of bedrock were prepared following standard methods. Friable soil and

saprolite were impregnated with epoxy prior to thin sectioning. Regolith was often sampled

using a chrome tube to preserve the fabric of the material. Material within the tube was

impregnated with epoxy prior to removal for thin section preparation.

3.2 Electron Microprobe Analyses (EMPA)

Electron microprobe analyses of bedrock biotite and regolith fresh and weathered biotite in

thin section were completed at the University of Michigan’s Electron Microbeam Analysis

Laboratory (EMAL), using a wavelength dispersive Cameca SX 100 electron microprobe

analyzer. Accelerating voltage and beam current were 15 keV and 10 nA, respectively, and

a 2 lm beam diameter. Calculation of the stoichiometric formula for primary minerals

from the EMPA data followed conventional methods. The stoichiometric formulae of the

biotite weathering products were calculated using a method that assumes that the alumi-

nosilicate layers have not been altered during the transformation of biotite to vermiculite

(Newman 1987; Velbel 1984a, 1985a).

3.3 X-Ray Diffractometry (XRD)

Separation into the clay-size fraction was performed by gravity settling, with the clay-size

fraction being separated with a pipette, and the aliquots being filtered onto a 0.45 lm

Table 1 Characteristics of the control watersheds of Coweeta Hydrologic Laboratory investigated in this
study, with data from Swank and Crossley (1988), Swank and Waide (1988), and Swift et al. (1988)

Watershed Bedrock Area
(ha)

Precipitation
(cm year-1)

Mean
elevation
(m)

Temperature
(oC)

Discharge
(m3 ha -1

day-1)

SiO2 Flux
(mol ha-1

year-1)

2 Otto Formation 12 177 857 11.7 25 1,277

34 Otto Formation 33 201 1,025 10.6 35 1,321

27 Coweeta Group 39 245 1,258 9.1 51 1,083
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MilliporeTM filter following rapid-suction mounting techniques (production of oriented

mounts; also termed the MilliporeTM Filter Transfer Method of Drever 1973). This method

is well described by Moore and Reynolds (1997). In order to ensure homogeneity of the

clay cakes on the filter, the clay solution was stirred during suction. The filter cake was

transferred to standard petrographic slides without rolling after inverting onto the glass

slide (Moore and Reynolds 1997). Rolling the filter may cause segregations of clay min-

erals in the cake, disrupting the homogeneity.

The most effective method of identifying and characterizing the minerals of weathering

profiles is X-ray diffraction (Hughes et al. 1994). The XRD used belonged to the

Department of Geological Sciences at Michigan State University and was a Rigaku

Geigerflex that used CuKa radiation. A nickel foil filter was used to ensure monochromatic

radiation and low background count. Analyses were conducted on samples collected at all

levels in the weathering profile (including bedrock), using divergence, receiving, and anti-

scatters slits of 1/2�, 0.3 mm, and 2�, respectively, a step size of 0.02� 2h, and count times

of 20 s.

Identification of diffractogram peaks followed Brown and Brindley (1984), Wilson

(1987), Eslinger and Pevear (1988), and Moore and Reynolds (1997). The 10 Å peaks on

XRD patterns are herein referred to as ‘‘mica,’’ because both biotite and muscovite are

present in the CHL bedrock. No baseline correction was applied to diffractograms.

3.4 Scanning Electron Microscopy Secondary (SEM) and Backscattered Electron

Imaging (BSE)

Polished and carbon or gold-coated thin sections, and SEM stubs of CHL bedrock and

regolith were prepared for examination by SEM and analyzed by energy dispersive X-ray

spectroscopy (EDS) for element composition. Imaging and analyses were performed at

Michigan State University’s Center for Advanced Microscopy (CAM) using a JEOL JSM-

35CF SEM with EDS and BSE capabilities.

3.5 Biotite Weathering Reactions and Rates from Watershed Mass Balance

Calculation of mineral weathering rates by watershed mass-balance methods has been

adapted from Plummer and Back (1980) and formally presented by Velbel (1986). For a

system assumed to be in steady-state:

Xu

j¼1

ajbc;j ¼ Dmc c ¼ 1; . . .; n

Where, u = number of unknowns; the number of transforming phases j; a = the trans-

formation rate of phase j [units of a flux (mol ha-1 year-1)]; b = the stoichiometric

coefficient of species c in phase j; Dmc = the total change in mass of species c [units of a

flux (mol ha-1 year-1)]; n = number of mass-balance equations.

The solution of n equations in u = n unknowns is mathematically unique, regardless of

the stoichiometric coefficients used, and/or whether some additional process in addition to

those described by the stoichiometric coefficients have been ignored (Taylor and Velbel

1991). The elemental flux out of a watershed is calculated by multiplying stream discharge

by the elemental concentration of the stream water and dividing by watershed area (e.g.,

Creasey et al. 1986; Velbel 1985a, b); elemental flux into a watershed is similarly cal-

culated from precipitation amounts and its chemical composition (Swift et al. 1988).
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Balanced biotite weathering reactions that invoke coupling with its weathering product

assume complete conservation of the biotite silicate sheet in the weathering product. By

doing so, there is no gain or loss of Si4? during weathering, but it may require import of

Al3? when a hydroxy-interlayer forms. When biotite weathering is decoupled from for-

mation of its weathering product, there may be loss of both Al3? and Si4? as both the

silicate sheet and the interlayer region may dissolve.

The coupling of biotite and its weathering product at CHL was used by Velbel (1985a)

and Taylor and Velbel (1991). In such a scenario, the stoichiometric coefficients (b) for a

given species c for biotite weathering becomes the difference between its stoichiometry in

the biotite and its weathering product (Table 2). When biotite and its weathering product

are coupled, the seven unknowns in the mass-balance calculations are the weathering or

formation rates of allanite, plagioclase, garnet, biotite, kaolin-group minerals, gibbsite, and

biomass. The term ‘‘kaolin-group minerals’’ is used herein to denote any clay mineral with

the formula Al2Si2O5(OH)4, which could be either kaolinite or halloysite. Such termi-

nology is also consistent with recent chemical weathering work in the region (i.e.,

Schroeder et al. 2000; Velbel et al. 2009). For the seven unknown mineral weathering

rates, the stream fluxes for SiO2, Al3?, Mg2?, Ca2?, K?, Na?, and La3? were used (after

Price et al. 2005a). The eight weathering rates determined for the decoupled scenario (the

same seven as in the coupled scenario, with the addition of vermiculite production) use flux

values for the same seven elements as in the coupled scenario, but also included Dy3? for

Watersheds 2 and 34, and Nd3? for Watershed 27 (after Price et al. 2005a). Price et al.

(2005a, b) provide a detailed justification for the inclusion of rare earth elements (REE) in

mass-balance calculations of CHL mineral weathering rates. Rare earth elements have been

reported to fractionate between the solid- and solute-phases in streams (e.g., Ingri et al.

2000; Aubert et al. 2001; Gammons et al. 2005). However, sensitivity analyses indicate

that the specific REE flux exerts relatively little influence on the calculated CHL mineral

Table 2 Chemical formulae for biotite and its weathering product at Coweeta Hydrologic Laboratory,
North Carolina (modified from Price et al. 2005a)

Location Phase Structural/stoichiometric formula

Watersheds
2 and 34

Biotite K0.88Na0.041Ca0.001

(Mg1.42Fe1.05Mn0.01Al0.32Ti0.097)(Al1.25Si2.75)O10(OH)2

Biotite Weathering Product of
hydroxy-interlayered smectite
(HIS)

K0:48Na0:032Ca0:026La0:000506Dy0:0000734 Mg1:54ð
FeII

0:27FeIII
0:55Mn0:005Al0:33Ti0:07Þ Al1:25Si2:75ð ÞO10

OHð Þ2�0:04Al6 OHð Þ15

Stoichiometric difference
between biotite and its
weathering product reflecting
conservation of the silicate
sheet (coupling)

K0.40Mg-0.12Ca-0.025Na0.009Al-0.25La-0.000506

Watershed
27

Biotite K0.91Na0.028

(Mg1.31Fe1.16Al0.33Ti0.093)(Al1.25Si2.75)O10(OH)2

Biotite weathering product of
hydroxy-interlayered smectite
(HIS)

K0:13Na0:030Ca0:017Mg0:17La0:000286Nd0:000359

Mg0:80FeII
0:55FeIII

0:79Mn0:006Al0:33Ti0:12

� �
Al1:25Si2:75ð ÞO10

OHð Þ2�0:05Al6 OHð Þ15

Stoichiometric difference
between biotite and its
weathering product reflecting
conservation of the silicate
sheet (coupling)

K0.78Mg0.34Ca-0.017Na-0.002Al-0.30La-0.000286
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weathering rates (results not shown). This is due to the mass-balance calculations being

dominated by a long-term data set ([20 years) of 6 major element flux values. For the

mass-balance calculations used in this study, the plagioclase, and concomitantly allanite,

dissolution rates are determined by the Na? flux, the biotite weathering rate is determined

by the K? flux, the garnet dissolution rate is determined by the Ca2? and/or Mg2? fluxes,

and the kaolinite and gibbsite weathering rates determined by the SiO2 and Al3? fluxes,

respectively.

Major element proportions in biomass are treated here as stoichiometric proportions, in

keeping with the ‘‘fictive-phase’’ approach formally expressed by Bowser and Jones

(2002). In the absence of a widely accepted term for biomass as a fictive phases, the phrase

‘‘biomass stoichiometry’’ is used here in the interest of brevity because the fictive-phase

concept allows such compositional proportions to be used in the same manner as stoi-

chiometric coefficients. The same concept has been embraced by the Critical Zone and

marine biologic communities using the phrases ‘‘biologic stoichiometry’’ and ‘‘elemental

stoichiometry,’’ respectively (Quigg et al. 2003; Brantley et al. 2011). The weathering rates

were also calculated using two different deciduous forest biomass macronutrient uptake

stoichiometries. The first is from Velbel (1985a) and was determined from net primary

production (NPP) values for CHL biomass published by Day and Monk (1977) and Boring

et al. (1981). Velbel (1995) systematically investigated of the use of NPP-derived decid-

uous forest stoichiometries in Appalachian watershed mass-balance determinations of

mineral weathering rates. The second deciduous forest biomass macronutrient uptake

stoichiometry was calculated from seasonal changes in stream concentrations for a

watershed developed on unreactive quartzite bedrock (Price et al. 2012). The quartzitic

watershed is that of Bear Branch located in the northern Blue Ridge Physiographic

Province, approximately 885 km northeast of CHL. Both CHL and the Bear Branch

watershed have similar oak-hickory forest stands (Boring et al. 1981; Rice and Bricker

1995).

4 Results

4.1 Petrography

Fresh biotite at CHL is usually dark brown or green and strongly pleochroic in thin section.

The first optical indication of biotite weathering is a change of pleochroism from green and

strong to a weaker orange pleochroism, along and parallel to cleavage, and at biotite grain

boundaries. At this stage of study, no preference of edge weathering over layer weathering,

or vice versa, can be established. With increased weathering, cleavage traces are stained

reddish brown, especially near grain boundaries. As weathering continues, lamellae of low

pleochroism extend the entire length of the crystals, giving rise to interdigitation of high-

and low-pleochroism lamellae. Weathered biotite with lowered pleochroism is usually pale

yellow or orange in plane-polarized light. Occasionally, colorless first-order gray lamellae

or lenses appear, as do lamellar or lenticular masses of reddish opaque material. Also, iron-

stained ‘‘haloes’’ appear around some weathered biotites, suggesting that at least some of

the iron in biotite is released and mobilized by weathering. The petrographic characteristics

of biotite weathering at CHL are similar to those described elsewhere by numerous

workers including Wilson (1966, 1970), Basham (1974), Bustin and Mathews (1979),

Gilkes and Suddhiprakarn (1979a, b), Eswaren and Heng (1976), Meunier and Velde

(1979a, b), Meunier (1980), and Bisdom et al. (1982).
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4.2 Electron Microprobe Analyses (EMPA)

Individual electron microprobe analyses for both the biotite and its transformational

weathering product are reported in Price et al. (2005a), with the compositions for each

watershed reported in Table 2. The biotite weathering product for CHL has historically been

refered to as vermiculite (e.g., Velbel 1985a; Price et al. 2005a). However, with a layer

charge between 0.2 and 0.6, the biotite weathering products in Table 2 are technically

smectite. Being hydroxy-interlayered, these smectites do not expand when magnesium-

saturated samples are glycolated, thereby eliminating the widely used criteria for identifying

smectite by XRD. The biotite weathering product reported in Table 2 reflects the compo-

sition of the most weathered trioctahedral mica from soil and is refered to herein as hydroxy-

interlayered smectite (HIS). It is possible that early stage biotite weathering products may be

vermiculitic with continued weathering resulting in the lower layer-charged smectite. In the

absence of chemical analyses from which layer charge could be determined, the CHL biotite

weathering product will be refered to as hydroxy-interlayered material (HIM).

The compositions of CHL biotite and its weathering product reported in Table 2 suggest

that biotite weathering at CHL, as in most natural weathering environments, occurs by a

‘‘simple transformation’’ (Fanning and Keramidas 1977), in which the primary silicate

structure is conserved. The composition of the biotite layer inferred from XRD and EPMA

data is very similar to the biotite compositions analyzed by similar methods and reported

from other watershed mass-balance studies on a variety of biotite-bearing parent rocks

(e.g., O’Brien et al. 1997; Murphy et al. 1998).

4.3 X-Ray Diffraction

XRD patterns of clay-size fractions of regolith from several Coweeta watersheds (Fig. 2)

show discrete 14 Å vermiculite or smectite peaks, 12 Å peaks, 10 Å mica peaks, 7.2 Å
´

kaolin-group mineral peaks, and 4.85 Å
´

gibbsite peaks. The 12 Å peak reflects a regularly

interstratited 14 and 10 Å phase and may reflect either primary chlorite and biotite, and/or

secondary vermiculite and biotite. In the case of the latter, similar d-spacings have been

reported in soils of the southeastern USA as ‘‘mica-intermediate,’’ which may be hydroxy-

interlayered hydrobiotite (Rebertus et al. 1986).

4.4 Scanning Electron Microscopy Secondary (SEM) and Backscattered Electron

Imaging (BSE)

Weathering initially starts on the edges of the biotite (Fig. 3a, b) and is followed by

weathering along cleavages planes that results in exfoliation (Fig. 3c). Parent biotite is

gradually replaced by a transformational weathering produce of vermiculite and/or smectite

(Fig. 3d). In the advanced stage of weathering, the transformational weathering product

becomes replaced by neoformed kaolin-group minerals and/or gibbsite (Fig. 4a), although

small quantities of the 2:1 phyllosilicate biotite weathering products remain (Fig. 4b). The

features observed in Figs. 3 and 4 reflect dissolution of the 2:1 biotite sheets and replacement

by kaolin-group minerals and/or gibbsite. Such textures provide evidence that the biotite

silicate sheet is not entirely conserved during chemical weathering and that the assumption of

a layer-for-layer stoichiometric relationship between biotite and its weathering product (e.g.,

Velbel 1985a; Taylor and Velbel 1991) is not justifiable. Therefore, decoupling biotite from

its weathering product may be preferable in mass-balance calculations of mineral weathering

rates (e.g., Cleaves et al. 1970; Price et al. 2005a).
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4.5 Biotite Weathering Reactions and Rates from Watershed Mass Balance

The rates of biotite weathering and formation of its weathering product determined from

mass-balance methods are partly a function of whether reactant and product phyllosilicates

are coupled or decoupled as defined above. Following Velbel (1985a, 1988), and Taylor

and Velbel (1991), and using the compositions from Table 2, the coupled biotite weath-

ering reactions for regolith developed on the Otto Formation and Coleman River Forma-

tion are written as follows:

Watersheds 2 and 34 (Otto Formation):

K0:88Na0:041Ca0:001 Mg1:42Fe1:05Mn0:01Al0:32Ti0:097ð Þ Al1:25Si2:75ð ÞO10 OHð Þ2þ0:20 H2O

þ 0:35 O2 þ 0:025 Ca2þ þ 0:12 Mg2þ þ 0:000506 La3þ þ 0:25 Al OHð Þþ2
þ 0:13 HCO�3 ! K0:48Na0:032Ca0:026La0:000506 Mg1:54FeII

0:27FeIII
0:35Mn0:005Al0:33Ti0:070

� �

Al1:25Si2:75ð ÞO10 OHð Þ2�0:04Al6 OHð Þ15þ0:40 Kþ þ 0:0090 Naþ þ 0:027 TiO2

þ 0:43 FeOOHþ 0:005 MnO2 þ 0:13 CO2 ð1Þ

Watershed 27 (Coleman River Formation):

K0:91Na0:028 Mg1:31Fe1:16Al0:33Ti0:093ð Þ Al1:25Si2:75ð ÞO10 OHð Þ2þ0:002Naþþ0:017Ca2þ

þ0:000286La3þþ0:94CO2þ0:31H2Oþ0:16O2þ0:18Fe OHð Þþ2 þ0:027Ti OHð Þ4
þ0:30Al OHð Þþ2!K0:13Na0:030Ca0:017Mg0:17La0:000286 Mg0:80FeII

0:55FeIII
0:79Mn0:006Al0:33Ti0:12

� �

Al1:25Si2:75ð ÞO10 OHð Þ2�0:05Al6 OHð Þ15þ0:78Kþþ0:34Mg2þþ0:94HCO�3 ð2Þ

Fig. 2 Representative X-ray diffractograms for the watersheds investigated. Measurements above peaks are
in Å. All samples are untreated and collected from the lower saprolite. The Watershed 34 sample is from
Core 17 (Fig. 1). M = mica, K = kaolin-group, and G = gibbsite. The 12 and 14 Å peaks are not labeled
as their specific mineralogy is not determined
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The weathering rates of biotite and the formation rates of HIS for each watershed are

provided in Table 3. Because they are coupled, their rates must be equal in magnitude, and

opposite in sign as one is being consumed, while the other is produced.

When biotite and its weathering product are decoupled, their stoichiometric relationship

will be determined by their respective weathering rates (Table 3). Balanced weathering

reactions for the decoupled scenario when the CHL NPP biomass stoichiometry is used are

as follows:

Watershed 2 (Otto Formation):

K0:88Na0:041Ca0:001 Mg1:42Fe1:05Mn0:01Al0:32Ti0:097ð Þ Al1:25Si2:75ð ÞO10 OHð Þ2þ1:2 CO2

þ 1:57 H2Oþ 0:017 Ca2þ þ 0:000359 La3þ þ 0:0000521 Dy3þ

! 0:71 K0:48Na0:032Ca0:026La0:000506Dy0:0000734 Mg1:54FeII
0:27FeIII

0:35Mn0:005Al0:33Ti0:07

� �

Al1:25Si2:75ð ÞO10 OHð Þ2�0:04 Al6 OHð Þ15þ0:28 Al OHð Þ3þ0:54 Kþ

þ 0:018 Naþ þ 0:32 Mg2þ þ 0:047 TiO2 þ 0:47 FeOOHþ 0:0064 MnO2 þ 1:2 HCO�3
þ 0:79 H4SiO4 ð3Þ

Watershed 34 (Otto Formation):

Fig. 3 SEM images of biotite in various stages of weathering. a Onset of weathering. b Inset of portion of
biotite grain indicated in a. c Exfoliating weathering biotite. d Heavily weathered biotite with remnant of a
biotite layer
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K0:88Na0:041Ca0:001 Mg1:42Fe1:05Mn0:01Al0:32Ti0:097ð Þ Al1:25Si2:75ð ÞO10 OHð Þ2þ2:8 CO2

þ 6:8 H2Oþ 0:25 O2 þ 0:0060 Ca2þ0:000137 La3þ þ 0:0000198 Dy3þ

! 0:27 K0:48Na0:032Ca0:026La0:000506Dy0:0000734 Mg1:54FeII
0:27FeIII

0:35Mn0:005Al0:33Ti0:07

� �

Al1:25Si2:75ð ÞO10 OHð Þ2�0:04 Al6 OHð Þ15þ0:75 Kþ þ 0:032 Naþ þ 1:0 Mg2þ þ 1:1 Al

OHð Þ3þ2:8 HCO�3 þ 0:83 FeOOHþ 0:0087 MnO2 þ 0:078 TiO2 þ 2:0 H4SiO4 ð4Þ

Watershed 27 (Coleman River Formation):

K0:91Na0:028 Mg1:31Fe1:16Al0:33Ti0:093ð Þ Al1:25Si2:75ð ÞO10 OHð Þ2þ3:0 CO2 þ 4:0 H2O

þ 0:12 O2 þ 0:18 Fe OHð Þþ2 þ0:0070 Ca2þ0:000177 La3þ þ 0:000223 Nd3þ

! 0:62 K0:13Na0:030Ca0:017Mg0:17La0:000286Nd0:000359 Mg0:80FeII
0:55FeIII

0:79Mn0:006Al0:33Ti0:12

� �

Al1:25Si2:75ð ÞO10 OHð Þ2�0:05 Al6 OHð Þ15þ0:83 Kþ þ 0:0095 Naþ þ 1:2 Mg2þ

þ 0:42 Al OHð Þ3þ3:0 HCO�3 þ 0:019 TiO2 þ 1:1 H4SiO4 ð5Þ

For the decoupled mass-balance results that used the Bear Branch biomass nutrient

uptake stoichiometry, the stoichiometric relationship between biotite and HIS changes to

0.44, 0.11, and 0.56 vermiculite formula units per biotite formula unit for Watersheds 2,

34, and 27, respectively (Table 3).

Fig. 4 Images of extensively
weathered biotite grains. a SEM
image of epitaxial neoformed
secondary weathering products
on heavily exfoliated biotie
visible in the lower right. Sample
from saprolite in Watershed 2.
b BSE image of exfoliated
weathering biotite with
intercalated neoformed
weathering products. Sample
from A-horizon in Watershed 2
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Regardless of whether the weathering reactions reflect coupling or decoupling, the

initial compositional changes during weathering are due largely to removal of interlayer

K?, as shown in reactions (1–5) above. There is also partial replacement of the released K?

by gibbsite-like layers or aluminum-hydroxide ‘‘pillars.’’ Biotite weathering in all water-

sheds in all scenarios requires uptake of Ca2? and La3? by the HIS, with the Ca2? being

available from allanite, plagioclase, or garnet, and the La3? being derived from the allanite

(Price et al. 2005b). Plagioclase serves as the predominant source of Na?, a small amount

of which is needed for the product in Watershed 27 as seen in the coupled scenario of

reaction (2). Iron and Mg2? may derived from the weathering of garnet (Velbel 1985a;

Velbel et al. 2009). Therefore, biotite weathering at CHL is capable of influencing the base

cation concentrations of ambient soil and/or groundwater.

A significant difference in the results for the coupling and decoupling scenarios is that

when biotite and HIS are coupled, there is only consumption of Al3?, and no release of

H4SiO4 as the silicate sheet is entirely conserved in the HIS. In contrast, when the biotite

and HIS are decoupled, destruction of the silicate sheet yields both Al3? and H4SiO4. The

Al3? is then available for uptake during gibbsite precipitation, and both Al3? and H4SiO4

are available for uptake during kaolin-group mineral precipition. The HIS formation rate is

lower than that of the biotite weathering rate regardless of biomass stoichiometry used

(Table 3); this indicates that some of the silicate sheet of the biotite is being destroyed

during weathering. Because the biotite is the only source for the Si4? in tetrahedral sheets,

it is not possible to have a HIS formation rate higher than that of the biotite weathering

rate; that the calculations yield this geochemically reasonable outcome suggests there are

no obvious or major flaws in the assumptions underlying the calculations.

For Watersheds 2 and 34, the mineral weathering rate results are geochemically

unreasonable when the biotite and HIS rates are coupled (Table 3). This scenario yields

calculated rates for allanite, garnet, and biotite weathering that are negative, indicating

formation of these primary minerals during weathering, which is geochemically unrea-

sonable. The formation of these phases at Earth’s surface conditions is not thermody-

namically and/or kinetically favorable, and these results may indicate that coupling biotite

with its weathering product in geochemical-balance calculations of mineral weathering

rates is not valid.

5 Discussion

With the exception of Watershed 2 which is known to have relatively high chemical

weathering rates, the range of coupled biotite weathering rates reported in Table 3 are

within the range of biotite weathering rates (36–200 mol ha-1 year-1) calculated by

O’Brien et al. (1997). O’Brien et al. (1997) did not incorporate biomass uptake of K? or

Mg2? into their mass balance. Taylor and Velbel (1991) showed that neglecting the bio-

mass term in CHL watershed mass-balance calculations can cause mineral weathering rates

to be underestimated by up to a factor of almost four relative to rates calculated to include

biotic influence. The biotic effects were largest for biotite (Taylor and Velbel 1991), the

weathering rate of which is calculated from the dissolved fluxes of K?, the most important

plant nutrient among the major rock-forming elements. If the biotite weathering rates in the

watersheds studied by O’Brien et al. (1997) are actually faster (by virtue of unaccounted

for uptake of K? by biomass) than the rates calculated without considering biomass uptake

of K? as published by O’Brien et al. (1997), then the range of biotite weathering rates

calculated by O’Brien et al. (1997) may overlap the range calculated by Velbel (1985a),
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Taylor and Velbel (1991), and Price et al. (2005a) (Table 3). Forest biomass within the

Mid-Atlantic USA is known to be significantly aggrading and, therefore, capable of

influencing calculated biotite weathering rates. When comparing different CHL watersheds

on the same bedrock unit, the biotite weathering rate is found to be independent of stream

discharge, at least over the range of discharges represented at CHL (Velbel 1985a).

Biotite weathering rates calculated for Coweeta watershed 27 in multiple mass-balance

studies by Velbel (1985a; assuming a coupled biotite–vermiculite reaction), Taylor and

Velbel (1991; assuming a coupled reaction, and invoking different long-term average

solute fluxes), and Price et al. (2005a) and this study (assuming decoupled biotite-product

reaction) were 187, 84, and 112 mol ha-1 year-1, respectively. When normalized to the

estimated geometric surface area of biotite, the CHL biotite weathering rate from water-

shed 27 as calculated by Velbel (1985a) is 1.2 9 10-13 mol m-2 s-1 (log10 rate = -12.9).

The most recently mass-balance-determined biotite weathering rate for watershed 27,

112 mol ha-1 year-1 (Price et al. 2005a; Table 3) is 60 % of the corresponding rate

estimated by Velbel (1985a); 60 % of Velbel’s (1985a) surface-area-normalized rate is

7.2 9 10-14 mol m-2 s-1 (log10 rate = -13.1). Although the three Coweeta watershed 27

biotite weathering rate estimates range over a factor of 2.2 (\0.4 log10 units), any of these

values is at the fast end of the range of natural surface-area-normalized biotite weathering

rates compiled and tabulated by White (2002). The range of surface-area-normalized

biotite weathering rates determined from natural systems (-13.0 [ log10 rate [ -16.5;

White 2002) are zero to six orders of magnitude slower than similarly normalized rates

determined in laboratory experiments (including those of Acker and Bricker 1992, com-

piled and tabulated by White 2002). This difference between laboratory and field biotite

weathering rates is identical in sign (field rates are slower) and similar in magnitude to the

laboratory–field discrepancy long acknowledged and widely recognized in other rock-

forming silicate-mineral groups (e.g., Velbel 1993; White and Brantley 2003).

As coupled reactions (1) and (2) are written, the formation rate of HIS layers equals the

destruction rate of biotite layers (Table 3). Kaolin-group minerals and gibbsite are

observed and form at CHL, but in the coupled scenario would have to form from Al3? and

Si4? released by congruent dissolution of aluminosilicates other than micas (Velbel

1985a). In contrast, Price et al. (2005a) found that uncoupling all primary and secondary

phases (including uncoupling HIS formation rate from biotite destruction rate) yields finite

rates of HIS, kaolin-group minerals, and gibbsite production by weathering, all indicating

that all are currently forming in the regolith at CHL. The HIS formation rate is lower than

the biotite destruction rate in all watersheds investigated (Table 3), indicating that some

HIS is being further weathered to kaolin-group minerals, and/or gibbsite, and solutes.

Progressive destruction of earlier formed HIS to form kaolin-group minerals and/or

gibbsite at CHL is consistent with the findings of Cleaves et al. (1970) at Pond Branch and

elsewhere by O’Brien et al. (1997).

Coupling in mass-balance studies is justifiable if the structural and/or stoichiometric

relationship between the parent biotite and its weathering product is known. In reactions

(3–5) above and Table 3, the stoichiometric relationship between biotite and HIS are

shown. If these stoichiometric relationships could be established prior to performing mass-

balance calculations, then the number of unknowns would be reduced by one. For example,

for the Loch Vale watershed, Colorado, Mast et al. (1990) and Mast (1992) invoked

0.87 mol of smectite–illite forming for every mole of biotite weathered.

The distribution and occurrence of weathering products is related to the reactivity of

the bedrock and rapidity of water movement through the watersheds (Velbel 1985b). With

the metagraywacke Otto Formation being mineralogically immature relative to the
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metasandstone Coweeta Group, the formation rates of the secondary weathering products

may be investigated as a function of bedrock reactivity. Similarly, a large precipitation

gradient occurs across CHL, with relatively high precipitation occurring in the western

portion of the basin (Table 1; Fig. 1). Watershed 2 represents relatively low flushing of

relatively high reactivity silica-releasing bedrock (Table 1; Fig. 5) and is characterized by

the highest kaolin-group mineral formation rates and lowest gibbsite formation rates.

Watershed 27 represents the opposite extremum, with relatively high flushing, relatively

low rock reactivity, and the lowest SiO2 flux of the three watersheds investigated (Table 1).

This watershed is characterized by the lowest kaolin-group formation rates and high

gibbsite formation rates (Fig. 5). Watershed 34 is intermediate, with relatively high

flushing of relatively high reactivity bedrock, and the highest SiO2 flux of the three

watersheds investigated (Table 1). The kaolin-group formation rate for Watershed 34 is

intermediate between that of Watersheds 2 and 27, but Watershed 34 still exhibits a

gibbsite formation rate comparable to that of Watershed 27 (Fig. 5). This is consistent with

the clay mineral distributions among Coweeta watersheds reported by Velbel (1984b), and

their relation to the solute abundances and mineral-solution thermodynamic relations

reported by Velbel (1985b). High flushing rates result in rapid silica removal, limiting

kaolin-group mineral production and retaining most Al3? released by aluminosilicate

weathering in gibbsite. Low flushing rates result in slower silica removal, more Al3?

released by aluminosilicate weathering reactions is retained in kaolin-group minerals, and

less Al3? remains uncombined with silica as gibbsite. The more reactive rock types

undergo more aluminosilicate weathering for a given flushing rate than the less reactive

rock types, releasing more silica into the same amount of solution and thereby favoring

kaolin-group mineral production over gibbsite. Solute concentrations and degree of evo-

lution of solution compositions toward thermodynamic mineral-solution equilibrium show

the same relationships (Velbel 1985b).

The diffractograms in Fig. 2 reflect clay mineral formation occurring integrated over

geologic timescales (Price et al. 2005a), and the stream water solute chemistry reflects

geochemical processes operating for the multi-decadal period of sampling (Velbel 1985b).

The comparability between the clay minerals identified in the diffractograms and the

calculated mineral weathering rates may be interpreted to indicate that the relative envi-

ronmental differences (environmental gradients) between the three watersheds investigated

are invariant over geologic time.

Fig. 5 Matrix showing the influence of bedrock reactivity and discharge (flushing rate) on clay mineral
neoformation rates. All rates reflect decoupling of biotite from its weathering product with the range
reflecting the different biomass stoichiometries used
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Not surprisingly, the effects of the chosen biomass stoichiometry on calculated biotite

and HIS weathering rates are most significant for Watershed 2 which exhibits the highest

rate of biomass nutrient uptake (Table 3). The differences in the biotite weathering rate for

Watershed 2 for the two biomass stoichiometries investigated is 30 %. For the other two

watersheds, this difference does not exceed 11 %. However, the difference in the HIS

formation rate can be dramatic depending on the biomass stoichiometry used, with dif-

ferences of 56 and 63 % for Watershed 2 and Watershed 34, respectively. Additional work

is needed in the determination of an appropriate biomass nutrient uptake stoichiometry for

application to watershed mass-balance studies.

6 Conclusions

The watershed mass-balance-calculated weathering rates of biotite and its transformational

weathering product have been investigated for Coweeta Hydrological Laboratory. These

values may vary dramatically depending on (1) whether the biotite rate is stoichiometri-

cally coupled to its transformational weathering product and (2) the biomass stoichiometry

used. The findings of this study are consistent with transmission electron microscopic

observations that show the biotite silicate sheet dissolving and yielding Al3? and Si4?

available for uptake during precipitation of neoformed clays. Coupling of biotite and its

transformational weathering product is valid only if the structural and/or stoichiometric

relationship of the two phases is explicitly known.

Rates of biotite weathering and transformation of its secondary weathering product at

CHL are comparable with other Appalachian mass-balance studies in which the destruction

and production reactions of these two minerals are decoupled. When normalized to the

estimated surface area, the biotite weathering rates calculated for CHL are lower than those

measured in the laboratory. The magnitude of this laboratory–field discrepancy is similar to

that for other primary silicate minerals. The influence of biomass stoichiometry on the rates

of biotite weathering and transformational weathering product is highest for watersheds

with high biomass aggradation rates.

The distribution and occurrence of neoformed kaolin-group minerals and gibbsite is a

function of bedrock reactivity and the rapidity of water movement through the watersheds.

Relatively high bedrock reactivity and relatively high rates of water movement yield

intermediate rates of formation of both kaolin-group minerals and gibbsite. The opposite

scenario of relatively low bedrock reactivity and relatively low rates of water movement

yield relatively low rates of kaolin-group mineral formation and relatively high rates of

gibbsite formation. A watershed developed on relatively high bedrock reactivity and rel-

atively high rates of water movement yields intermediate kaolin-group mineral formation

rates, but relatively high gibbsites formation rates. The similarity between the calculated

rates and relative abundances determined from X-ray diffractograms indicates that the

relative environmental differences between the watersheds investigated are invariant on

geologic timescales.
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Gaillardet J, Dupré B, Louvat P, Allègre CJ (1999) Global silicate weathering and CO2 consumption rates
deduced from the chemistry of large rivers. Chem Geol 159:3–30

Gammons CH, Wood SA, Nimick DA (2005) Diel behavior of rare earth elements in a mountain stream with
acidic to neutral pH. Geochimi Cosmochim Acta 69:3747–3758

Garrels RM, Mackenzie FT (1967) Origin of the chemical compositions of some springs and lakes. In:
Stumm W (ed) Equilibrium concepts in natural water systems. American Chemical Society Advances
in Chemistry Series 67, Washington, DC, pp 222–242

Gilkes RJ, Suddhiprakarn A (1979a) Biotite alteration in deeply weathered granite. I. Morphological,
mineralogical, and chemical properties. Clays Clay Miner 27:349–360

Gilkes RJ, Suddhiprakarn A (1979b) Biotite alteration in deeply weathered granite. II. The oriented growth
of secondary minerals. Clays Clay Miner 27:361–367

Gilkes RJ, Young RC, Quirk JP (1972) The oxidation of octahedral iron in biotite. Clays Clay Miner
20:303–315

Hatcher RD (1980) Geologic map of Coweeta Hydrologic Laboratory, Prentiss Quadrangle, North Carolina.
State of North Carolina, Department of Natural Resources and Community Development, in Coop-
eration with the Tennessee Valley Authority, scale 1:14,400

Hatcher RD (1988) Bedrock geology and regional geologic setting of Coweeta Hydrologic Laboratory in the
Eastern Blue Ridge. In: Swank WT, Crossley DA Jr (eds) Forest hydrology and ecology at Coweeta.
Springer, New York, pp 81–92

Hewlett JD (1961) Soil moisture as a source of base flow from steep mountain watersheds. Southeastern
Forest Experiment Station Paper 132, U.S. Department of Agriculture-Forest Service, Asheville, NC

Hewlett JD, Hibbert AR (1963) Moisture and energy conditions within a sloping soil mass during drainage.
J Geophys Res 68:1081–1087

Hughes RE, Moore DM, Glass HD (1994) Qualitative and quantitative analysis of clay minerals in soils. In:
Amonette JE, Zelazny LW (eds) Quantitative methods in soil mineralogy. Soil Science Society of
America Miscellaneous Publications, Madison, pp 330–359
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