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A b s t r a c t - - L o n g - t e r m ( > 105 years) weathering can be quantified by measuring microsopic dissolution of
minerals in exposed rock surfaces. Digital backscattered (BSE) electron microscope images of plagioclase
porosity in field exposures of known age resolves weathering at finer scales and over longer time spans
than conventional solute budget and laboratory studies. Rock-based BSE imaging is therefore a potentially
useful tool for quantifying steady-state weathering fluxes occurring over geologic time. Here, we compare
results of the rock-based method against solute-budget and experimental data, using plagioclase weathering
rates from t4C-dated basalt flows on Hualalai Volcano in Hawaii, USA. A rock-based field activation energy
of 26.2 kcal mol -~ is somewhat higher than sohite-budget and laboratory measurements of plagioclase
weathering.
INTRODUCTION

lard, 1985; Velbel, 1985, 1993). Recent work indicates that
basinal solute fluxes reflect short-term (102-103 y) hydrogeochemical steady-states (Gwiazda and Broecker, 1994),
and are sensitive to recent natural and anthropogenic changes
(Probst et al., 1994). Measurement of weathering over longer
timescales may require a sensor with a longer time constant.
An alternative to water-based analyses is to cut out the "middle person" and look directly at the rocks themselves. Here,
we outline a method for quantifying weathering dependencies
in the field using digital processing of BSE images, and apply
it to examine temperature-dependent weathering of basalt
flows from Hualalai Volcano, Hawaii, USA,

Controls on chemical fluxes must be quantified in order to
understand more fully the complex and interlocking biogeochemical cycles which determine habitability of the Earth's
surface. The fluxes most important to global climate control
are those which regulate atmospheric CO2, including outgassing from volcanic activity (Bemer et al., 1983; Urey, 1952),
metamorphic decarbonation (Nesbitt et al., 1995), and the
consumption of CO2 through silicate weathering (Bemer et
al., 1983; Brady and Caroll, 1994; Caldeira, 1992; Lovelock
and Whitfield, 1982; Probst et al., 1994; Raymo, 1994;
Schwartzman and Volk, 1989; Sundquist, 1991; Velbel, 1993;
Walker et al., 1981 ). Weathering is particularly important because, unlike mantle-controlled volcanic and metamorphic activity, silicate consumption of CO2 is controlled by a myriad
of competing and potentially coupled surface factors that include biotic activity, global temperature, extent of glaciation,
elevation, and runoff rates. As a result, over timescales greater
than the mean residence time of HCO3 in the ocean (t > 105
years), the response of silicate weathering to global environmental change is one of the primary determinants of atmospheric CO2 levels, and through the Greenhouse Effect, global
climate.
The effect of temperature on silicate weathering has been
highlighted as one of the more important controls on longterm climate stability (Beruer, 1992; Brady, 1991; Velbel,
1993; Walker et al., 1981 ). A positive temperature sensitivity
of global silicate minerals exposed to weathering would stabilize climate. Historically, the susceptibility of minerals to
chemical weathering has been qualitatively examined by relative abundance in the field (Goldich, 1938). Traditionally,
weathering fluxes have been quantified by analyses of river
solutes, focusing on the output of fluid-rock interactions on
the scale of drainage basins (Drever and Zobrist, 1992; Garrels, 1967; Garrels and MacKenzie, 1967; Paces, 1983; Stal-

STUDY SITE AND METHOD
The field area was chosen to minimize the effects of organic activity (Berthelin, 1988) and differences in moisture, and to measure
a temperature-dependency of weathering which, for the sake of calibration, should be similar to those measured in solute-budget and
experimental studies. Hualalai Volcano, Hawaii, is an ideal site to
study the influence of temperature on weathering rates because chemically, temporally, and mineralogically similar lava flows (Moore et
al., 1987; Moore and Clague, 1991 ) intersect isohyets which bend
uphill to lower mean annual temperatures (Armstrong, 1973; Giambelluca et al., 1986; Fig. 1 ). We sampled 2000-2700-year-old basalt
flows (Rubin et al., 1987) along the 500 mm isohyet (Giambelluca
et al., 1986). These flows retain constructional surfaces (Dorn et al.,
1992; Kurz et al., 1990); thus, ~4Clava flow ages (Moore and Clague,
1991; Rubin et al., 1987) approximate the onset of weathering.
On Hawaii it is possible to "find an area of constant rock type and
climate where one portion of the rock is vegetated and another is
not" (Beruer, 1992, p. 3230). There are three basic types of weathering microenvironments on Hualalai, Hawaii (Wasklewicz, 1994)
that we used to discriminate samples at the millimeter to micrometer
scale: those rich in organic acids released by lichens and other epilithic organisms (Jackson and Keller, 1970); those covered by silica
glaze and other rock coatings (Curtiss et al., 1985; Dorn et al., 1992 );
and the microenvironments we sampled, namely those lacking organisms and rock coatings. At these xeric sites "chemical weathering
is severely limited because introduction of acids to the profiles is
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FIG. 1. Maps of (a) the Hualalai study area, and (b) isohyets (Giambelluca et al., 1986) in relationship to elevation
and study sites.

limited by rainfall" (plant cover and litter is limited) (Nesbitt and
Wilson, 1992, p. 771 ).
Samples were collected from ten different tops of constructional
lava flow features at four different elevations on the 500 mm isohyet
(Fig. 1; Table 1 ). Mean annual temperatures were calculated from
local lapse rates (Armstrong, 1973 ). However, the upper site on Hualalai is usually above the trade-wind inversion (Grubisic, 1995),
resulting in an adjustment of +2-3°C (cf. Armstrong, 1973 ). These
sites receive only precipitation (no runoff), and samples were not
collected from flow structures colonized by lichens or other epilithic
organisms (except bacteria, which are impossible to avoid) and at
least 3 mm distant and upslope from the margins of rock coatings
(Dorn et al., 1992).
Polished cross-sections from each sample were examined with
BSE, which reveals variations in sample composition (Dilks and Graham, 1985). Transects were made in the upper 50 #m of weathering
rinds in each cross-section; the first twenty plagioclase feldspars in a
transect were imaged by BSE, and digitally "cut out." Unweathered
plagioclase grains from different flows have similar compositions
measured by wavelength dispersive electron microprobe of Na20
3.5%, MgO ~ 0.3%, A1203 ~ 29%, SiO2 ~ 49%, K20 ~ 0.3%,
CaO ~ 17, TiO2 ~ 0.2, and FeO ~ 0.7. Digital image processing
was used to measure the cross-sectional area (square micrometers)
of dark dissolved areas and bright unweathered plagioclase for each

grain (Fig. 2). These values were totalled for each section, and averaged for each isohyet position. The methodology of quantifying
weathering with digital image processing of BSE imagery is detailed
elsewhere (Dorn, 1995).

RESULT AND ANALYSIS OF UNCERTAINTIES
The natural temperature sensitivity of plagioclase weathering on ~ 2 0 0 0 - 2 7 0 0 ~4C year-old basalt flow surfaces of
Hualalai, based on data in Table 1, is an E, of 26.2 kcal/mol
(Fig. 3). This value is somewhat higher than the laboratorybased measurement on albite of 21.2 +_ 3.5 kcal/mol (Hellmann, 1994) and watershed-based calculations for plagioclase of ~ 18.4 kcal/mol (Velbel, 1993).
Several complications were encountered that are difficult
to quantify, but may impact the confidence of the reader in
our measurement of plagioclase E,:
1 ) Sample pretreatment can mimic weathering effects
(Cremeens et al., 1987). Therefore, only distilled water and
ultrasonic cleaning were used. Grooves and shallow pits cre-

Table 1. Data on plagioclase weathering on Hualalai, where samples were collected at
different elevations along the 500 mm isohyet (GIAMBELLUCA,1986). Temperature is
based on local lapse rate data and trade-wind inversion (ARMSTRONG, 1973).
Site

Flow2

1t

f5c 07

Age 2
(14C yr)

Elev. Mean
(In) Annual
Temp
(*C)
2200-2300 20
23.3

Total
Area3
281,500

Percent
Percent
Dissolved Dissolved
Weighted Mean 10
Mean4
sections
2.48
2.43

Percent
Weathered
per 103 yr
1.08+_0.07

2

f5d p9.2 2140+-100

100

22.8

308,500

2.21

2.22

0.99L-0.06

3

f5d c8.2

2030+-80

500

20.6

303,000

1.64

1.63

0.72_+0.07

4

f5e b0.7

26705:80 2380

12.5

306,000

0.48

0.45

0.20-20.06

las identified on Fig. 1
2from MOORE and CLAGUE(1991)
3in square micrometres of 200 plagioclase crystals
4average weighted by area of plagioclase crystals in each section
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FIG. 2. Matrix plagioclase in weathering rinds on Hualalai Volcano, Hawaii, USA, weathers by dissolution--rather
than alteration to secondary products. Scale bars in micrometres. (a) BSE images of polished cross section from the f5d
c8.2 flow (Moore and Clague, 1991), where smaller arrows identify plagioclase grains. The large arrow identifies the
locale of a typical electron microprobe analysis of the unweathered section of the plagioclasc grain: Na20 3.48; MgO
0.26; A120327.84; SiO2 48.45; K/O 0.32; CaO 16.28; TiO2 0.18; MnO 0.00; FeO 0.86. (b) BSE image of a broken (not
polished) weathering rind from the same site as A. Arrows identify plagioclasecrystals (determinedby EDS analysis).

ated by submicron aluminum polishing grit are seen with secondary electrons (SE), but do not affect the BSE images-although they can be seen on SE images. Thus, it is possible
to determine the difference between pitting made by polishing
and natural dissolution using both SE and BSE.
2) Scale effects. Porosity values can vary at different magnifications. Our solution was to apply the magnification
(2000x) necessary to resolve the smallest plagioclase pores
in our samples that we could observed with BSE. Still, we
cannot account for pores below the --0.1 #m limit of resolution for detecting pores with BSE (Krinsley et al., 1993).
3 ) Potential misidentification of altered vs. fresh minerals.
This was tested with the electron microprobe for pores and
adjacent fresh plagioclase; probe totals dropped from >95%
to <15% (X-rays generated from pore wails) when the

boundary between bright unweathered plagiocase and dark
dissolved areas was crossed. A related issue is the nature of
plagioclase weathering. The larger phenocrysts of plagioclase
weather by congruent dissolution, as well asthe formation of
clay mineral secondary weathering products. The smaller plagioclase grains within basalt matrix weather only by dissol u t i o n - m a k i n g "holes." Clay minerals are not seen in these
pores. Although the reason for this dichotomy is unclear, the
"style" of weathering of the matrix plagioclase is to make
"holes." Our observations are similar to those of Cochran
and Berner (1993) and Wasklewicz (1994), who also worked
in Hawaii. This begs the question of whether this style is at
all representative of weathering in general. We have used BSE
to examine of the surface weathering rinds of basalts from
Manna Kea and Haleakala (Hawaii, USA ), the Cima volcanic
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FIG. 3. Rock-based activation energy for plagioclase weathering
trends along the 500 mm isohyet on Hualalai, collected from flows
that range in age from 2000 to 2700 14C years (Moore and Clague,
1991). Organic-poor microenvironments, away from acid-secreting
organisms and away from rock coatings, are the only microsites studied. Data are from Table 1. The line is the Arrhenius fit to the data
as per
%Weatheredr2
[E,(1
1)]
%Weatheredr, - exp -~ ~ - ~ ,
where %Weatheredr is the percent of the plagioclase surface weathered per thousand years at the subscripted temperature. T is temperature (K), and R is the gas constant.

from the highest elevation site (coldest) and lowest elevation
site (warmest). They were weighed. These ten samples were
placed outside (in Arizona, at ambient temperatures) and 2
mm water was sprinkled on them. Samples from the lowest
site (most porosity) returned to their air dry weight faster than
the samples from the highest site (least porosity)L The experiment was conducted again with four millimeters and six millimeters of simulated precipitation, with the same results. This
preliminary study suggests that a positive feedback, due to
more water retention, probably does not occur for our sampies. We suspect that this is because our samples were collected from topographic highs (pinnacles) in basalt flows.
Water drains well in these places, and capillary water evaporates more rapidly from the larger holes, just like water evaporates more rapidly from a sandy soil than a clay soil.
6) Mesoscale climatic values may not necessarily approximate moisture and temperature conditions. We used available mean annual isohyet and lapse-rate data in Table 1, but
these values may not portray seasons when more weathering
occurs, or true hydraulic and thermodynamic conditions of
weathering (Pope et al., 1995 ). Boundary-layer microclimatic
research is in progress to refine the moisture and temperature
variables for the sampled sites, but the values we report are
best available approximations at this time.
PALEOCLIMATIC SIGNIFICANCE

field (California, USA), the Sierra Pinacate volcanic field
(Sonora, Mexico), and San Francisco Peaks volcanic field
(Arizona, USA). For all these samples, the matrix plagioclase
weathers by dissolution with the product of dark holes (Fig.
2), readily quantified by digital image processing of BSE imagery.
4) Assumptions regarding environmental change. Our in
situ samples record weathering over 2000-2700 14C years,
which we assume integrates climatic variability. While the
late Holocene has been a relatively stable climatic period
globally (Bryson, 1993; COHMAP, 1988), and perhaps in
Hawaii (Gavenda, 1992), we can only assume that contemporary isohyet and isotherm relationships were valid for this
period. It is likely that surface microenvironments have
changed, for example by changes in rock coating (Dorn et al.,
1992) and the growth of epilithic organisms (Jackson, 1971 );
we assume that the sampled microenvironments have remained constant, or have experienced changes of similar magnitude and direction, for the last 2700 t4C years on Hualalai.
Lastly, we assume that our average measurement for two hundred grains at ten outcrops is truly representative of the general state of plagioclase dissolution for the late Holocene-and not an artifact of some environmental change or sitespecific factor (White and Hochella, 1992).
5) A positive feedback may occur to amplify our measurement, because more pores should retain more water, which in
turn would result in even more weathering. Little data, however, exist on this topic. The only quantitative study we know
of on in situ weathering of basalts over time scales similar to
our study is an examination of weathering rinds over 103 to
10 s years, showing a decrease in weathering rates over time
(Colman, 1982). This relationship should not occur if a positive feedback occurs by this mechanism. To test a positive
feedback, we examined samples from five different outcrops

Depending upon geomorphic setting and hydrogeology,
natural weathering can be termed "bare rock," "regolith covered," or some combination. Bare-rock weathering occurs
when physical erosion exposes unaltered minerals at a rate
faster than the latter can be weathered. Solute-fluxes (and CO2
consumption) tend to reflect the mineralogical abundance of
the most-rapidly dissolved components (Stallard, 1985).
Regolith-covered weathering happens when high rates of soil
formation lead to burial of primary minerals whose dissolution is subsequently limited by the transport of the reactants
into, and products out of soil profiles. Hydrologic processes
control solute fluxes in the endmember case of regolith-limited weathering (Stallard, 1985 ).
The distinction between weathering-limited landscapes
(bare rock) and transport-limited landscapes (regolith covered) has long been recognized as an important dichotomy in
geomorphology (Gilbert, 1877). An important question is:
Which limiting case best describes weathering globally? In
the transport-limitedregime, hydrologic factors outweight the
specific weathering susceptibilities of the minerals. In other
words, the weathering dependencies we measure in Hawaii,
where there is no regolith, can only be used in global carbon
cycle models if bare-rock weathering consumption of CO2
dominates globally (Lasaga et al., 1994).
Weathering-limited geomorphic regimes are likely to be
extremely important in the consumption of CO2. Lithologic
susceptibility to weathering varies by orders of magnitude; in
the laboratory, cation-rich olivines weather over 1000 times
faster than cation-poor kaolinite and quartz (Brady and
Walther, 1989). This is important because dissolution of Caand Mg-silicates is the primary means of CO2 removal (Urey,
1952; Berner, 1992), and these minerals are continuously exposed to weathering solutions when erosion dominates. In the
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transport-limited regime, the same minerals will dissolve out
in their exposed proportion. Therefore, if the field is analogous to the lab, there must be substantially greater acidity
consumption in the weathering-limited regime. This analysis
assumes that the exposed surface area and mineralogy of the
rock being weathered are the same. Obviously, there will be
much more surface exposed in the thick regolith of a transport-limited geomorphic regime. However, the transport-limited soil should possess an appreciably smaller proportion of
cation-rich minerals because of the aforenoted instability. For
these reasons we apply our "bare r o c k " results from Hualalai
to consider weathering controls on climate.
Our long-term ( 2 0 0 0 - 2 7 0 0 14C years) in situ measurement
of plagioclase E~ (--26.2 kcal/mol) is somewhat higher than
the short term (a few years) watershed study ( ~ 1 8 . 4 kcal/
mol) of Velbel (1993) and the laboratory study of albite Ea
(21.2 _ 3.5 kcal/mol) by Hellmann (1994). These three studies exemplify measurement of E~ in very different conditions:
in the laboratory (e.g., Brady, 1991 ); in situ examination of
bare-rock weathering (this study); and watershed studies of
flow through a regolith-covered landscape (Velbel, 1993).
These three E, measurements are appreciably higher than
activation energies used in climate models (Berner, 1991,
1993; B e m e r et al., 1983; Brady, 1991; Lasaga et al., 1994;
Schwartzman and Volk, 1989; Volk, 1987; Walker et al.,
1981 ) indicating that weathering has a somewhat tighter control over climate than previously thought. If we use our in situ
measurement of ~ 2 6 . 2 kcal/mol, a substantial effect is shown
in Fig. 4, where our results are used as input in the global
carbon cycle model of Berner ( 1991 ) to calculate CO2 levels
over the past 80 million years. To put these numbers in perspective, a temperature change of 20(2 was sufficient to trigger
the most recent ice age, and at that time atmospheric CO2
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FIG. 4. Calculated global temperatures and atmospheric pCOz values as a function of weathering input function using the global carbon
cycle model of Berner (Berner, 1991). We have used all of the geophysical forcing functions of the latter and varied only the temperature dependency of weathering. 15 kcal/moi is the weathering function used by Berner (1993) and based on Brady (1991). The temperature dependency derived in this study of plagioclase weathering is
26.2 kcal/mol. The 10 kcal/mol value is shown to illustrate the importance of the temperature dependence.
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levels were only one-third less than those at present (Berner
et al., 1979).
Our results are preliminary, for the foregoing reasons. Nevertheless, there are areas critical to the accurate modeling of
climate evolution where field measurements are lacking and
lab measurements are inappropriate. Obvious directions to apply rock-based measurements of weathering are to quantify
the temperature dependence of weathering by organic acids,
and the temperature dependence of Mg-silicate weathering, a
large component of weathering-induced CO2 consumption.
Because the rock-based approach we propose is focused on
the reactivity of specific mineral surfaces, we should be able
to better link mineralogy and organic activity to CO2 consumption by weathering in the field over geological timescales. This approach may also assist in establishing the extent
to which the transition from bare-rock weathering to regolithcovered weathering affects the consumption of CO2 by global
silicate weathering.
Acknowledgments Thanks to R. A. Berner, Anthony Brazel, Kathy
Nagy, Greg Pope, Bill Ullman, Thad Wasklewicz, Henry R,
Westrich, and an anonymous reviewer for comments; J. Clark for
assistance in BSE and microprobe work; Richard Moore and Frank
Trusdell for introducing us to Hualalai; a U.S. NSF PYI Award and
ASU Sabbatical Support (Dora); and DOE contract DE-ACO494AL87000 and to DOE/BES-Geosciences (Brady).
Editorial handling: J. D, Macdougall
REFERENCES

Armstrong R. W. (1973) Atlas of Hawaii. Univ. Hawaii Press.
Bemer E. K. and Berner R. A. (1987) The Global Water Cycle.
Geochemistry and Environment. Prentice-Hall.
Bemer R. A. ( 1991 ) A model for atmospheric CO2 over Phanerozoic
time. Amer. J. Sci. 291, 339-376.
Bemer R. A. (1992) Weathering, plants and the long-term carbon
cycle. Geochim. Cosmochim. Acta 56, 3225-3231.
Berner R. A. (1993) Paleozoic atmospheric CO2: Importance of solar
radiation and plant evolution. Science 261, 68-70.
Berner R. A., Lasaga A. C., and Garrels R. M. (1983) The carbonatesilicate geochemical cycle and its effect on atmospheric carbon
dioxide over the past 100 million years. Amer. J. Sci. 203, 641683.
Berner W., Stauffer B., and Oeschger H. (1979) Past atmospheric
composition and climate, gas parameters measured on ice cores.
Nature 275, 53-55.
Berthelin J. (1988) Microbial weathering processes in natural environments. In Physical and Chemical Weathering Cycles (ed. A,
Lerman and M. Meybeck), pp. 33-59. Kluwer.
Brady P. V. ( 1991 ) The effect of silicate weathering on global temperature and atmospheric CO2. J. Geophys. Res. 96(B), 18,101B18,106.
Brady P. V. and Caroll S. A. (1994) Direct effects of CO2 and temperature on silicate weathering: possible implications for climate
control. J. Geophys. Res. 58, 1853-1856.
Brady P. V. and Walther J. V. (1989) Controls on silicate dissolution
rates in neutral and basic pH solutions at 25°C. Geochim. Cosmochim. Acta 53, 2823-2830.
Bryson R. A. ( 1993 ) Simulating past and forecasting future climates,
Environ. Cons. 20, 339-346.
Caldeira K. (1992) Enhanced Cenozoic chemical weathering and the
subduction of pelagic carbonate. Nature 357, 578-581.
Cochran M. F. and Berner R. A. (1993) Enhancement of silicate
weathering rates by vascular land plants: quantifying the effect.
Chem. GeoL 107, 213-215.
COHMAP (1988) Climatic changes in the last 18,000 years: Observations and model simulations. Science 241, 1043-1052.

2852

R.I. Dorn and P. V. Brady

Colman S. M. (1982) Chemical weathering of basalts and andesites:
evidence from weathering rinds. USGS Prof. Paper 1246.
Cremeens D. L., Darmody R. G., and Jansen I. G. (1987) SEM analysis of weathered grains: pretreatment effects. Geology 15, 401404.
Curtiss B., Adams J. B., and Ghiorso M. S. (1985) Origin, development and chemistry of silica-alumina rock coatings from the
semiarid regions of the island of Hawaii. Geochim. Cosmochim.
Acta 49, 49-56.
Dilks A. and Graham S. C. (1985) Quantitative mineralogical characterization of sandstone by back-scattered electron image analysis. J. Sediment. Petrol. 55, 347-355.
Dorn R. I. (1995) Digital processing of backscatter electron imagery:
A microscopic approach to quantifying chemical weathering. GSA
Bulletin 107 (in press).
Dorn R. I. et al. (1992) Rock varnish on Hualalai and Manna Kea
Volcanoes, Hawaii. Pacific Science 46, 11-34.
Drever J. I. and Zobrist J. (1992) Chemical weathering of silicate
rocks as a function of elevation in the southern Swiss Alps. Geochim. Cosmochim. Acta 56, 3209-3216.
Garrels R. M. (1967) Genesis of some ground waters from igneous
rocks. In Researches in Geochemistry (ed. P. H. Abelson), pp.
405-420. Wiley.
Garrels R. M. and MacKenzie F. T. (1967) Origin of the chemical
composition of some springs and lakes. American Chemical Society Advance in Chemistry Series 67, 222-242.
Gavenda R. T. (1992) Hawaiian Quaternary paleoenvironments: a
review of geological, pedological, and botanical evidence. Pacific
Science 46, 295-307.
Giambelluca T. W., Mullet M. A., and Schroder T. A. (1986) Rainfall Atlas of Hawaii. Department of Land and Natural Resources.
Gilbert G. K. (1877) Geology o f the Henry Mountains. U.S. Geological and Geographical Survey.
Goldich S. S. (1938) A study of rock weathering. J. Geol. 46, 1758.
Grubisic V. (1995) Mountain waves and mountain wakes in stratified
airflows past three-dimensional obstacles. Ph.D. dissertation, Yale
Univ.
Gwiazda R. H. and Broecker W. (1994) The separate and combined
effects of temperature, soil pCO2, and organic activity on silicate
weathering in the soil environment: formulation of a model and
results. Global Biogeochem. Cycles 8, 141-155.
Hellmann R. (1994) The albite-water system: Part I. The kinetics of
dissolution as a function of pH at 100, 200, and 300°C. Geochim.
Cosmochim. Acta 58, 595-611.
Jackson T. A. (1971) A study of the ecology of pioneer lichens,
mosses, and algae on recent Hawaiian lava flows. Pacific Science
25, 22-32.
Jackson T. A. and Keller W. D. (1970) A comparative study of the
role of lichens and "inorganic" processes in the chemical weathering of recent Hawaiian lava flows. Amer. J. Sci. 269, 446-466.
Krinsley D., Nagy B., Dypvik H., and Rigali M. (1993) Microtextures in mudrocks as revealed by backscattered electron imaging.
Precamb. Res. 61, 191-207.
Kurz M. D., Colodner D., Trnll T. W., Sampson D. E., Moore R. B.,
and O'brien K. (1990) Cosmic ray exposure age dating with in
situ produced cosmogenic He-3: results from young Hawaiian lava
flows. Earth Planet. Sci. Lett. 97, 177-189.

Lasaga A. C., Soler J., Ganor J., Butch T., and Nagy K. (1994)
Chemical weathering rate laws and global geochemical cycles.
Geochim. Cosmochim. Acta 58, 2361-2387.
Lovelock J. E. and Whitfield M. (1982) Lifespan of the biosphere.
Nature 296, 561-563.
Moore R. B. and Clague D. A. (1991) Geologic map of Hualalai
Volcano, Hawaii. U.S. Geological Survey Miscellaneous Investigation Series Map 1-2133, (Scale 1:50,000).
Moore R. B., Clague D., Rubin M., and Bohrson W. A. (1987) Hualalai Volcano: A preliminary summary of geologic, petrologic and
geophysical data. USGS Prof. Paper 1350, 571-585.
Nesbitt B. E., Mendoza C. A., and Kerrick D. M. (1995) Surface
fluid convection during Cordilleran extention and the generation
of metamorphic CO2 contributions to Cenozoic atmospheres. Geology 23, 99-101.
Nesbitt H. W. and Wilson R. E. (1992) Recent chemical weathering
of basalts. Amer. J. Sci. 292, 740-777.
Paces T. (1983) Rate constants of dissolution derived from measurements of mass balance in hydrologic catchments. Geochim.
Cosmochim. Acta 47, 1855-1863.
Pope G., Dorn R. I., and Dixon J. (1995) A new conceptual model
for understanding geographical variations in weathering. Annals
of the Association of American Geographers 85, 38-64.
Probst J. L., Mortatti J., and Tardy Y. (1994) Carbon river fluxes and
weathering CO2 consumption in the Congo and Amazon river basins. Appl. Geochem. 9, 1- 13.
Raymo M. E. (1994) The Himalayas, organic carbon burial, and
climate in the Miocene. Paleoceanography 9, 399-404.
Rnhin M., Gargulinksi L. K., and McGeehin J. P. (1987) Hawaiian
radiocarbon dates. USGS Prof. Paper 1350, 213-242.
Schwartzman D. W. and Volk T. (1989) Biotic enhancement of
weathering and the habitability of Earth. Nature 340, 457-460.
Stallard R. F. (1985) River chemistry, geology, geomorphology, and
soils in the Amazon and Orinoco Basins. In The Chemistry of
Weathering (ed. J. I. Drever), pp. 293-316. Reidel.
Sundquist E. T. ( 1991 ) Steady- and non-steady-state carbonate-silicate controls on atmospheric CO2. Quaternary Sci. Rev., 283-296.
Urey H. C. (1952) The Planets, Their Origin, and Development. Yale
Univ. Press.
Velbei M. A. (1985) Geochemical mass balances and weathering
rates in forested watersheds of the southern Blue Ridge. Amer. J.
Sci. 285, 904-930.
Velbel M. A. (1993) Temperature dependence on silicate weathering
in nature: how strong a negative feedback on long-term accumulation of atmospheric CO2 and global greenhouse warming? Geology 21, 1059-1062.
Volk T. (1987) Feedbacks between weathering and atmospheric CO2
over the past 100 million years. Amer. J. Sci. 287, 763-779.
Walker J. C. G., Hays P. B., and Kasting J. F. ( 1981 ) A negative
feedback mechanism for the long term stabilization of Earth's surface temperatures. J. Geophys. Res. 86, 9776-9782.
Wasklewicz T. (1994) Importance of environment on the order of
mineral weathering in olivine basalts, Hawaii. Earth Surface Processes and Landforms 19, 715-735.
White A. F. and Hochella M. F., Jr. (1992) Surface chemistry associated with the cooling and subaerial weathering of recent basalt
flows. Geochim. Cosmochim. Acta 56, 3711-3721.

