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Abstract

We used cosmogenic nuclide and geochemical mass balance methods to measure long-term rates of chemical
weathering and physical erosion across a steep climatic gradient in the Santa Rosa Mountains, Nevada. Our study
sites are distributed along a 2 km ridgeline transect that spans 2090 to 2750 m in altitude, and encompasses marked
contrasts in both vegetative cover and snow depth, but is underlain by a single, roughly uniform, granodiorite
bedrock. Cosmogenic nuclides in colluvial soils reveal that denudation rates vary by less than a factor of 1.4 (104-144
t/km?/yr) along this transect. Bulk elemental analyses indicate that, relative to the parent rock, soils are less intensively
weathered with increasing altitude, and show little evidence of weathering-related mass losses near the top of the
ridge. Chemical weathering rates decrease rapidly with increasing altitude, both in absolute terms (from 24 to 0 t/km?/
yr) and as a fraction of total denudation rates (from 20 to 0%). Thus these results indicate an increasing dominance of
physical erosion with altitude. The observed decrease in chemical weathering rates is greater than one would predict
from the decrease in mean annual temperature using simple weathering kinetics, suggesting that weathering rates
along our transect may also be affected by the progressive decline in vegetative cover and increase in snow depth with
increasing altitude. These results, considered together with weathering rate measurements for a wide range of climates
in the Sierra Nevada, USA, suggest that chemical weathering rates may be particularly sensitive to differences in
climate at higher-altitude sites. Consistent with this hypothesis, chemical weathering rates fall virtually to zero at the
highest sites on our transect, suggesting that sparsely vegetated, high-altitude crystalline terrain may often be
characterized by extremely slow silicate weathering rates.
© 2003 Elsevier B.V. All rights reserved.
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house effect over geologic timescales. Hence,
quantifying how chemical weathering rates de-
pend on both climatic and non-climatic factors
is essential for understanding Earth’s long-term
climatic evolution (e.g., [1,2]).

Field studies indicate that chemical weathering
rates are affected by climatic factors such as run-
off [3,4], altitude [5], vegetation [6-8], precipita-
tion [9,10], and temperature [10]. Field evidence
also indicates that chemical weathering rates are
often tightly coupled with physical erosion rates
(e.g., [11-16]), which regulate the supply of weath-
erable minerals by setting the rate that rock is
broken down and incorporated into soils. If
chemical weathering rates depend strongly on
rates of physical erosion, site-to-site variations in
erosion rates can obscure the dependence of
chemical weathering on climate [13,16]. However,
in previous studies of climatic effects on weath-
ering, the potentially confounding effects of var-
iations in erosion rates have been largely ignored,
because reliable measurements of rates of chemi-
cal weathering and physical erosion have rarely
been located together.

Measurements of long-term physical erosion
rates have recently become much more widely
available through cosmogenic nuclide techniques
(e.g., [17-22]). Moreover, it has now been shown
that long-term chemical weathering rates can also
be readily measured in eroding landscapes using
cosmogenic nuclide measurements of denudation
rates, in combination with a geochemical mass
balance in which dissolution losses are inferred
from the rock-to-soil enrichment of insoluble ele-
ments [13,16,23]. Hence, using these cosmogenic
nuclide and geochemical mass balance methods
together, it should now be possible to determine,
with unprecedented resolution, the relative impor-
tance of climatic and non-climatic factors in reg-
ulating long-term chemical weathering rates [16].

We used this new, cosmogenic/mass balance ap-
proach to measure rates of chemical weathering
and physical erosion at six sites along a 2 km long
ridge in the Santa Rosa Mountains. This steep
ridge provides an ideal setting for measuring cli-
matic effects on chemical weathering, because its
high relief creates large differences in climate over
a short distance, thus minimizing lithologic differ-

ences among our sites. By remaining within a sin-
gle lithology, and explicitly measuring physical
erosion rates (using cosmogenic nuclides), we
can at once minimize and effectively account for
any site-to-site differences in rates that fresh min-
erals are supplied to soils. Our ridgeline transect
spans 2090 to 2750 m in altitude (corresponding
to 3.6 to —0.4°C in mean annual air temperature),
and encompasses marked contrasts in both vege-
tative cover and snow depth. Our measurements
indicate that denudation rates (and thus rates of
mineral supply from conversion of rock to soil)
do not vary systematically along the altitude tran-
sect, but chemical weathering rates decrease rap-
idly with increasing altitude, declining to almost
zero near the top of the ridge. These results sug-
gest that variations in climate, and corresponding
variations in vegetation, can have pronounced ef-
fects on chemical weathering rates at high alti-
tudes.

2. Field site

The Santa Rosa Mountains fault block of the
northern Basin and Range, Nevada rises between
the Quinn River basin and Paradise Valley, with
peak elevations in the central granodioritic por-
tion reaching as high as 2966 m and standing
roughly 1400 m above the valley floors. Spur
ridges of the Santa Rosa Mountains provide ideal
locations for studying climatic effects on chemical
weathering rates, because their high relief and
steep slopes impose sharp climatic contrasts over
short distances. Many of these ridges thus encom-
pass a wide range of climates, while remaining
within a single lithology, and thus minimize
potentially confounding variations in bedrock
weathering susceptibility. Here we report mea-
surements from six locations spanning 660 m in
relief along a granodioritic spur ridge separating
the North and South Forks of Hanson Creek
(Fig. 1).

All of our sampling sites are on or near the
crest of the spur ridge, with minimal contributing
areas (<1 ha). Soils are derived from underlying
bedrock or transported from within tens of meters
upslope, lack visible horizonation, and are uni-
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Fig. 1. Map (top, with contour interval =30 m) and picture
(bottom, taken from Paradise Valley, NV) showing sampling
sites (circles) along the Hanson Creek spur ridge of the Santa
Rosa Mountains. Note that all sites are at or near the top of
the ridgecrest. Hence, even the study sites that are not lo-
cated directly on the ridgeline (SR-10, 3 and 4) encompass
very small catchments, with contributing areas <1 ha.

formly thin (<60 cm), mantling coherent sapro-
lite that retains much of the bedrock’s structure
and mechanical strength. Soils from the higher
sites along the transect generally exhibit a de-
crease in the amount of visible organic matter
and increasingly abundant proportions of fresh-
looking mineral grains. During rainstorms at a
similar, sparsely vegetated, granitic site, also in
the Basin and Range nearby, we have observed
abundant detachment and transport of surface

material due to the impact of rain, suggesting
that rainsplash may also be an important sedi-
ment transport process at the Santa Rosa Moun-
tains sites. Abundant burrows on slopes attest to
active excavation and downslope transport of the
grussy soils by insects and animals, which possibly
also help incorporate saprolite into soil, although
no unequivocal evidence of this was observed.
During a site visit in late winter 2003, we ob-
served a noticeable decrease in the density of sur-
face material underfoot, compared to what we
observed the summer before, presumably due to
freeze—thaw-related heave and transport of soil.
Shallow landsliding is likely to be locally impor-
tant in steep, convergent areas, but less important
on the relatively gentle, convex ridges and small
catchments such as those considered here.

Using a lapse rate of —6°C/km, along with 55
years of temperature data from nearby Winne-
mucca, Nevada, we infer that mean annual tem-
peratures at the base and top of the transect are
3.6 and —0.4°C, respectively. In situ soil temper-
ature probes, logged at half-hour intervals and
averaged over a recent 7 month period, indicate
that temperatures at the soil/saprolite boundary
decline by roughly 4.3°C from the bottom to the
top of the transect, roughly consistent with the
assumed air temperature lapse rate. Average an-
nual precipitation, based on isoheyetal maps in-
terpolated from nearby weather station data [24],
ranges from approximately 65 cm/yr at the base
to 85 cm/yr at the top of the Santa Rosa Moun-
tains transect. Orographic effects lead to signifi-
cant variability in the extent and depth of snow
cover in Basin and Range mountains, and
although this is difficult to quantify specifically
for the Santa Rosa Mountains in the absence of
long-term monitoring data, we observed that
snow depths ranged from 0-10 cm near the base
to >2 m in hollows near the top of the transect
during early March, 2003 (see photograph in Fig.
1). Moreover, our soil temperature data indicate
that soils thaw progressively later with increasing
altitude (by as much as 3 months later at the top
of the transect than at the bottom), suggesting
that freezing temperatures and snow cover persist
longer on average at higher altitudes. The ob-
served differences in snow cover and timing of
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spring thaw could be due to differences in the
absolute amount of precipitation, differences in
the proportion of precipitation that falls as
snow, differences in rates of sublimation and
snowmelt, or a combination of all three.

Vegetation varies both in type and density,
from sparse decimeter-high sagebrush (Artemisia)
near the top, to a mixture of dense, 1 m high
Artemisia and Ceanothus and 2-3 m tall aspen
(Populus tremuloides) near the base of the tran-
sect. Evidence of cattle grazing on slopes and
ridges implies that vegetation distribution and
density may have been altered somewhat by re-
cent land use, and therefore may not exactly re-
flect conditions that have applied over the long
(i.e., 10° year) timescales of our cosmogenic nu-
clide measurements. Although we cannot precisely
quantify the likely extent of land-use-induced veg-
etation changes along the transect, we expect that
the lower sites have probably been affected most,
because they are more accessible to cattle for a
greater part of the year (due to the differences
in snow cover). Hence, if anything, we expect
that the progressive, altitudinal decline in vegeta-
tion density over the long term may have been
even sharper than what we observe today. In
any case, the observed, inferred and implied dif-
ferences in vegetation, temperature, precipitation,
snow cover and timing of thaw together suggest
that climatic conditions for weathering and ero-
sion vary significantly along our transect.

3. Measuring long-term chemical weathering rates
in eroding landscapes

3.1. The relationship between chemical weathering
rates and immobile element enrichment in
eroding landscapes

Long-term chemical weathering rates have typ-
ically been estimated using a mass balance ap-
proach [25,26], in which chemical weathering out-
puts are inferred from the changes wrought in
parent material as it is converted to weathered
soil. Geochemical mass balance methods infer
chemical weathering losses by measuring the en-
richment of immobile elements in the weathered

material. Elements that are immobile during
chemical weathering become enriched as other el-
ements are removed by dissolution; the greater
the mass lost through dissolution, the greater
the relative enrichment of the immobile elements
that are left behind. Soil mass balance approaches
based on immobile element enrichment have typ-
ically only been applied to non-eroding soils of
known age. However, recent work has shown
that they can also be applied in mountainous set-
tings where soils are undergoing significant phys-
ical erosion [13,16,23].

For a soil undergoing steady-state formation,
erosion, and weathering (such that the mass of
weathered material in storage as soil on the land-
scape is approximately constant through time)
conservation of mass implies that the soil produc-
tion rate will be equal to the total denudation
rate. For such soils, it can be shown [13,16] that:

v=n(-i) ®

where W is the chemical weathering flux from the
soil as a whole and D is the total denudation flux
(i.e., the sum of the physical erosion and chemical
weathering fluxes), both in units of mass per area
per time, and [Zr];ocx and [Zr]s,; are the concen-
trations of an immobile element (in this case zir-
conium) in rock and soil. In Eq. 1, the denudation
rate D is expressed as a mass flux for dimensional
consistency with the weathering flux. Denudation
rates are often reported in the literature in units
of length per time, reflecting rates of landscape
lowering. These can be straightforwardly scaled
by parent material density to yield the denudation
mass flux used in our analysis.
Eq. 1 can be rearranged to yield:

W (l_mﬂ

— 5 > = CDF (2)

o=
where CDF, the ‘chemical depletion fraction’, is
the fraction of total denudation that is accounted
for by chemical weathering [13,16].

Conservation of mass equations can also be
written for individual elements in the rock and
soil, yielding equations for weathering rates of
individual elements:
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[Zr]rock
WX =D ([X] rock [X]soﬂ [ZI‘} woil > (3)
where [X]iock and [X]soii are the concentrations of
an element X in rock and soil, and Wx is its
chemical weathering rate [13,16,23].
The weathering rate Wx can be expressed in
non-dimensional form as:

(1 Ko [
Do\ Kook 2o

where CDFx, the CDF of element X, expresses
the element’s chemical weathering rate as a frac-
tion of its total denudation rate [16]. Note that
CDFx also corresponds to the negative of the
mass transfer coefficient for weathering of element
X in the approach of Brimhall et al. ([27,28], see
also [14,26,29]).

The Appendix! includes additional details on
the derivation of Egs. 1-4.

> = CDFy (4)

3.2. Quantifying denudation rates with cosmogenic
nuclides

The geochemical mass balance of Eqs. 1-4
yields chemical weathering rates of soils and their
component elements from measurements of im-
mobile element enrichment, concentrations of
constituent elements in rock and soil, and total
denudation rates. Denudational mass flux rates
(i.e., D in Egs. 1-4) can be measured, over time-
scales comparable to those of soil formation, us-
ing cosmogenic nuclide methods. Because these
methods have come into widespread use only in
the past few years, geochemical mass balance
methods have only recently become applicable
to eroding landscapes [13,16,23].

0Be is produced in quartz grains near the
Earth’s surface by cosmic ray neutrons and
muons (e.g., [17]). Because quartz grains at depth
are shielded from cosmic radiation, cosmogenic
10Be concentrations in quartz grains reflect their
near-surface residence times, and can be used to
infer long-term average rates of outcrop erosion
[17], landscape denudation [18-20], and soil pro-
duction [21,30]. Denudation rates from cosmogen-

! See online version of this article.

ic nuclides are averaged over roughly the time-
scale required to erode 160 g/cm? of material, or
about 60 cm for rock with density 2.6 g/lcm?. For
a soil of density 1.3 g/cm?, 160 g/cm? corresponds
to an equivalent soil thickness of about 120 cm,
which is more than two times greater than typical
soil depths in the Santa Rosa Mountains. Hence,
denudation rates from cosmogenic nuclides will
typically be averaged over at least two soil resi-
dence times and are therefore well suited for
quantifying soil formation rates. Details of how
cosmogenic nuclide measurements can be used to
infer denudation rates (D) for use in Egs. 1-4
have been presented in previous work (e.g.,
[16,31]) and are included in the electronic appen-
dix.

3.3. Sampling and analysis

We collected widely distributed samples of soil
and parent material (each roughly 0.5 kg) from
0.5-1.0 ha areas at six sites along our Santa
Rosa Mountains climate transect (Fig. 1). Our
aim was to capture any local variability in chem-
ical weathering at each of these sites, and to avoid
sampling from single, potentially anomalous
points on the landscape, while still sampling a
narrow elevation range at each site, so that each
site would represent a distinct set of climatic con-
ditions. We sampled soils both from surfaces and
also from depth, in order to account for potential
biases due to vertical sorting by physical process-
es. Outcrops were sampled to represent the parent
material from which the local soils were formed.
This should be a valid approach for sampling par-
ent material, given that mineral alteration in out-
crops at the Santa Rosa Mountains transect is
generally limited to slight discoloration and oxi-
dation staining (and is therefore unlikely to entail
significant chemical weathering mass losses). In all
we obtained 49 samples of soil, six samples of
saprolite (from the bases of several soil pits),
and 28 samples of parent rock.

We dried the samples at ~110°C for 12 h, then
used sample splitters to subsample ~30 g each
for analysis by X-ray fluorescence (XRF). Each
subsample was powdered in a tungsten carbide
grinding mill for ~5 min (resulting grain size:



426 C.S. Riebe et al. | Earth and Planetary Science Letters 218 (2004) 421-434

e Boa-S. o ~ 50 um) and ignited in a muffle furnace at 550°C
Sgoc—=323S2S33 . 9 o . . .
NEEEE HESSISSRSy for 12 h, thus eliminating any organic material.
_|23|8%34889539z832 Concentrations of Si, Al, Ca, Fe, Na, K, Ti, and
g = ! . .
3 o a other major rock-forming elements were mea-
—mn =St 0 =3 n .
8 S23ggE38gE3gS., sured from homogeneous glass disks that were
S HoAH H o g gy .
zlzlze838naz2ggs2a fused from mixtures of 0.5 g powdered sample
w1 @ | = O T NO e~ — O OO A~ e~ . . . .
- - and 3.5 g Li;B4O7 flux in platinum crucibles at
[ (=3 .
§38-383558=-38¢q ~1000°C [32]. Concentrations of Zr and other
+_+,+_+_HJ_+,+_+_H+_+,HJ_+_ﬂ H H ﬁ Qﬁ) Q
ylefddoiiiafaoty race elements were measured from pressed, pow-
3 Bl Dt dered samples (~ 3 g each, encased in boric acid
= z g bi :
2 coz_SazzSa,. = inder). Element concentrations were measured
I7e] S T2
Sl |55 sHeRRESRHS Y by XRF using a Phillips model PW 2400.
Tl owvw TS e e St
Bl3|22362325255852. The denudation rates used in our weathering
ren Bedmow o rate estimates (in Eqgs. 1 and 3) need to be spa-
S-S S23T w2 . . .
cSSs m SSshss MY tially representative of our sampling areas, to en-
2183822358523 223 7 sure consistency with our CDF measurements
o | = O TN O~ 00O =N o~ - b
= = - which are averaged over 0.5-1.0 ha scales. Several
g v ., 3ge=-3wvec . .
2lS-88g828sss%2, studies [18-20,31] have shown that cosmogenic
clhngtgh ety li i i 11-mi i
Eledgzigrnigscoy nuclide concentrations in well-mixed sediment
DO TN O == OO =~ == . .
B = = can be used to infer the average denudation rate
N S38-338333=2 of the sediment’s source area, if denudation rates
Q SO oo SO C S Sy —
u +o+H + o+ o+ .I3+_3 : :
Iz gz8ateszEesg0s are fast enough that .Hma_omo:,\o decay can be
slelmeymemdsemEy o ignored. To apply this approach at our Santa
s 222_282258259q Rosa Mountains climate transect, where half of
- Sococos oo o S — S . .
5 MR R R our sampling sites were steep catchments and
R .
g = fl-e<¥me-des—RETTw half were flatter, crestal areas, we sampled sedi-
Elg A S ments from hollows (in two of the three catch-
| SceSmceea32n T . . . .. .
5 < SSSS : SSaHS m e 8 ment sites) and from widely distributed soil surfa-
Ll o9waaatonowo S — 5] . .
5|3 |2232SS5222¢e53 m ces (in two of the three ridgecrest areas) for
= - 8 © e analysis of denudation rates by cosmogenic nu-
] o S < <
. 92 _2=z8=z2 = . .
g m m m s3 m m m s m m WS " clide methods. Sediment from the hollows should
o o =] . . . . .
o |E|Egdz388328d¢gx & .l g be spatially representative of eroding material in
= = 5 o g the contributing area, as should manually mixed
N 2|358z52583S828 |2 sediment from multiple soil surfaces on ridgetops.
5 slfgiigsassangiy | ¢ To measure cosmogenic nuclide concentrations
SIS i in quartz from our soils and sediments, we first
- g — [ ﬁ >
4|8 |s23-85235S5350%< = isolated and purified the quartz in each sample
-3 S3S3SSs§ES33E3S -1 < e . . . . .
2le Jhangiiacad-dn |2 using magnetic separation and selective mineral
S |3 TR " 0S 2% : I} . . .
A |Bl 8|S sHSs - -REE S| g dissolution techniques [33,34], and then took sub-
=} m s
_ o .
m szz_SzazSz_2. 2 samples of pure quartz (typically ~40 g) and
= SRRRNRRRIRRHYD €4 added small amounts of °Be (typically ~0.5
8 8555228833357 |2 :
S| _|g|=2%4dS=2dd3232d2.|5 & mg). We then dissolved the subsampled quartz,
8|k 2 2 5 S extracted and purified its Be using ion exchange
=2 882aS38838eqa =i . s -
5|8 SSSefcSsSShsdiden | 20 chromatography and selective precipitation, ig-
5|2|z|5=508ss=%8z08z23 (88 nited the Be at 750°C to create BeO, and mixed
S|1818|2383dS3=23333ggmsa %om b h Nb nww b
-0 < 3 the BeO with Nb. Be targets prepared from these
en | = oo R
2 m - o zn mixtures were analyzed by accelerator mass spec-
= = oy o
£<l2 ZEZZAEMOEZER G5>8% =~ o trometry (AMS) on the tandem accelerator at



C.S. Riebe et al. | Earth and Planetary Science Letters 218 (2004) 421-434 427

Lawrence Livermore National Laboratory
(LLNL), thus yielding measurements of '°Be/’Be
[35]. °Be concentrations were calculated by multi-
plying the '°Be/’Be ratios from AMS by the °Be
concentrations determined from initial masses of
quartz and added °Be.

4. Results and discussion

Average element concentrations for each of the
sampling sites are reported in Table 1. Bedrock
specimens and their element concentrations (Ta-
ble 1) indicate that lithology is roughly uniform
across the transect. However, the two highest sites
along the transect, SR-3 and SR-10, have slightly
higher concentrations of Si, K and Rb and
slightly lower concentrations of Ca, Mg, Fe, Mn,
Ti, Sr and Zr, indicating that there is some com-
positional zoning within the Santa Rosa granodi-
orite.

Characteristics such as altitude and average
temperature along the transect are listed in Table
2, along with cosmogenic nuclide data, denuda-
tion rates, CDFs, chemical weathering rates and
physical erosion rates. Our results show that
CDFs decrease rapidly with increasing altitude
(Fig. 2A), dropping from 0.20 at the base of the
transect to near 0.0 at the top, above the upper
limits of aspen and woody brush (indicated by the
gray bands marked ‘tree line’ in Fig. 2).

By contrast, denudation rates, inferred from
10Be concentrations at four of the six sites, span
a range of only 104-144 t/km?/yr (average=117
t/km?/yr) and show no clear trends with elevation
(Fig. 2B). Hence, the supply rate of fresh minerals
from denudation appears to be relatively uniform,
compared to the CDFs, which show that soils are
much less intensively weathered at higher alti-
tudes. Hence, chemical weathering rates must be
slower at higher altitudes, because significantly
less-weathered soils are being produced under

Table 2
Study location characteristics and rates of denudation, chemical weathering and physical erosion®
ID Average  Estimated mean  Average 10Bec Denudation CDF® Chemical Physical
altitude air temperature®  hillslope rated weathering rate erosion rate'
gradient
(m) (°C) (m/m) (10° at/g)  (t/km?/yr) (t/km?/yr) (t/km?/yr)
SR-10 2749 —0.4 0.55 N.AE 117+12¢ —0.02£0.05 —-2%6 119£13
SR-3 2580 0.6 0.52 3.57+£0.20 13214 0.00+0.02 0£3 132+ 14
SR-1 2377 1.8 ridgetop® 447+0.25 10611 0.07+0.02 7%3 99+11
SR-4 2350 2.0 0.48 326+0.19 144%15 0.10+£0.02 15%£5 129+ 14
SR-6 2180 3.0 ridgetop” 4541025 10411 0.16+£0.03 16%£5 87+10
SR-7 2086 3.6 ridgetop® N.A2 117+128 0.20+0.06 24%7 93+12

4 Uncertainties are standard errors.

b Temperatures based on a lapse rate of —6°C/km and mean annual temperatures from nearby weather monitoring stations.

¢ 10Be calculated from '"Be/’Be measured by AMS at LLNL, and standardized against ICN “Be prepared by K. Nishiizumi
(personal communication).

4" Details of our methods for estimating denudation rates from °Be concentrations (including nuclide production rates and scal-
ing factors used here) are provided in the electronic appendix. To adjust cosmogenic nuclide production rates for attenuation by
snow cover we assume that snow density =0.4 g/cm?, that snow cover increases linearly from 0 at SR-6 to 2 m at SR-3, and that
it persists 4 months per year. Neglecting snow cover completely leads to denudation rates that are at most only ~ 15% higher
than those listed here. Hence errors in our assumptions about density, depth, and average duration of snow cover would not
lead to significant errors in denudation rates. Moreover, because CDFs decline rapidly with altitude, small errors in denudation
rates near the top would have little effect on the pattern of chemical weathering rates shown in Fig. 2C.

¢ Calculated from 1—[Zr];ock/[Zr]soii using data from Table 1.

' Calculated from D[Zt]rock/[Z1]soil-

€ No cosmogenic data are available for SR-7 or SR-10; denudation rates are assumed to be the average of the other four loca-
tions (see text).

b Ridgetop gradients are difficult to define precisely because surfaces are curved, but we estimate them to be 0.00 m/m, within
uncertainties (*0.03 m/m).
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Fig. 2. CDFs, denudation rates and weathering rates plotted against altitude (lower axes) and temperature (upper axes). Vertical
bar (labeled ‘tree line’) marks upper limits of aspen (Populus tremuloides) and woody brush (Ceanothus). Temperature-altitude re-
lationship is based on a lapse rate of —6°C/km and mean annual temperatures from nearby weather monitoring stations. CDFs
decrease from 0.2 to 0.0 (A), whereas denudation rates vary by a factor of < 1.4 across the site (B), consistent with an increase
in the dominance of physical erosion and decrease in chemical weathering rates (C) with increasing altitude. Lines through data
in A and C are linear regressions. For calculating weathering rates at the highest and lowest sites (where no cosmogenic measure-
ments are available), denudation rates were assumed to be the average of the other four sites. Note that because the CDF is 0
within error at the highest site, the weathering rate there must also be 0 within error, independent of the denudation rate (see

text and Eq. 1).

roughly the same rates of supply of unweathered
material. This is illustrated in Fig. 2C, which
shows that chemical weathering rates drop off
rapidly with increasing altitude, and are negligible
above the upper limits of aspen and woody brush.

Note that, for calculating weathering rates at
the highest and lowest sites (where no cosmogenic
data are available), denudation rates were as-
sumed to be the average of the other four sites.
This should be reasonable; the consistency of de-
nudation rates at the middle four sites and ab-
sence of obvious knickpoints in Hanson Creek
together seem to imply that denudation rates
along the transect are uniformly adjusted to a
common baselevel lowering rate. Note also that
because the CDF is 0 within error at the highest
site, the weathering rate there must also be 0, in-
dependent of the denudation rate (see Eq. 1).
Hence, the analyses and conclusions that follow
would be unaffected in the unlikely case that de-
nudation rates at the highest site were signifi-
cantly higher or lower than what is assumed here.

Our cosmogenic nuclide and geochemical mass
balance measurements are consistent with increas-
ing dominance of physical erosion with increasing
altitude, and indicate that chemical weathering is
almost completely shut off in the sparsely vege-

tated areas at the top of the transect (Fig. 2). The
negligible weathering rate at the highest sites is
indicated by the lack of discernible Zr enrichment
at SR-3 and SR-10 (Table 1), and is consistent
with the observation that soils from the higher
sites exhibit increasingly abundant proportions
of fresh-looking mineral grains. The shutoff in
chemical weathering above the vegetation transi-
tion also coincides with the transition to a more
Si- and K-rich bedrock, as noted above from Ta-
ble 1. Hence we cannot rule out the possibility
that lithologic differences contribute to the pat-
terns observed in Fig. 2A,C. However, the down-
ward trends in CDFs and weathering rates would
still be evident even if the highest sites were ex-
cluded from the analysis. Thus we can be reason-
ably certain that the sharp decline in weathering
rates observed along the Santa Rosa Mountains
transect arises largely from non-lithologic factors
such as decreases in temperature, increases in the
extent and depth (and thus duration) of snow
cover, and changes in the density and type of veg-
etative cover.

Fig. 2A indicates that the fraction of denuda-
tion that is accounted for by chemical weathering
decreases with increasing altitude and conse-
quently that the fraction of denudation accounted
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for by physical erosion increases over the same
interval. This suggests that the effectiveness of
physical erosion has increased as the effectiveness
of chemical weathering has decreased. Field ob-
servations suggest that freeze-thaw-induced soil
creep is an important sediment transport process
along our transect, and it seems plausible that the
observed increase in physical erosion rates (Table
2) could be at least partly accommodated by
changes in freeze—thaw cycling, which one would
expect to be more effective at higher (and thus
wetter and colder) elevations. Due to increasingly
sparse vegetative cover, other physical processes
(such as rainsplash and shallow landsliding) could
also be more effective at higher elevations. Hence,
the increasing dominance of physical over chem-
ical denudation with increasing altitude is gener-
ally consistent with what we might expect from
field observations of erosional processes and cli-
matic conditions along our transect.

Along our Santa Rosa Mountains transect,
confounding variability in mineral supply from
erosion of rock is minimal, because denudation
rates vary by only a factor of 1.4 (Fig. 2B). This
will not be the case everywhere. For example,
previous work in the Sierra Nevada Mountains
of California examined localities where denuda-
tion rates can vary by more than an order of
magnitude within several kilometers, in response
to local base-level forcing. In these localities, rates

Mean annual temperature (C)

Mean annual temperature (C)

of chemical weathering and physical erosion are
often tightly coupled, presumably because erosion
controls the rate at which mineral surfaces are
made available for chemical attack [13]. Results
from our temperate Sierra Nevada sites [13] and
tropical Rio Icacos [16] suggest that site-to-site
differences in denudation rates can often obscure
relationships between climate and chemical
weathering rates [16]. However, our cosmogenic/
mass balance approach is well suited for disentan-
gling erosional effects from other factors, such as
climate, because rates of chemical weathering and
total denudation are measured together as part of
the method. To the extent that supply rates of
fresh minerals regulate chemical weathering rates,
analysis of CDFs should provide a rational
framework for quantifying climatic effects on
chemical weathering rates of soils [13,16], as indi-
cated by inspection of Egs. 2 and 4. For example,
CDFx values calculated via Eq. 4 express elemen-
tal weathering rates that are normalized by the
supply rate of element X to the soil (equal to
the product of the overall denudation rate D
and the concentration [X]i.ck of the element in
the parent material). Hence, differences in a
CDFx across a series of sites should largely reflect
factors such as climate, and not variations in rates
of mineral supply, even if bedrock compositions
and denudation rates vary substantially from
place to place.

Mean annual temperature (C)
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Fig. 3. CDFs of Si (A), Na (B) and Ca (C) plotted against altitude (lower axes) and temperature (upper axes). Dashed lines
show altitudinal declines predicted by Arrhenius reaction kinetics (Eq. 6, with AEx =60 kJ/mol). Weathering rates decline faster
than one would predict from Eq. 6, based on the decrease in air temperature alone. The CDF of an individual element is its
weathering rate normalized by its supply rate to the soil. Hence, trends in A, B and C should largely reflect effects of differences
in non-supply-related factors, such as temperature, precipitation, and vegetation cover.
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At the Santa Rosa Mountains transect, the
CDFs of Si, Na, and Ca all decrease with increas-
ing altitude and thus decreasing temperature (Fig.
3). Na and Ca at the highest locations are slightly
depleted in soils, relative to rock, indicating that
Na and Ca weather there (Fig. 3B,C), although
the total mass loss is insufficient to significantly
enrich zirconium concentrations in the soils (Fig.
2A).

How much of this decrease in chemical weath-

ering rates can be attributed to the decrease in
temperature as altitude increases? Silicate mineral
weathering kinetics are conventionally modeled
[10,36] using the Arrhenius equation:
Wx = A exp [—%] (5)
where A4 is an empirical constant that subsumes
the effects of surface area and surface reactivity,
AEx is the activation energy for the weathering
reaction that releases element X, R is the univer-
sal gas constant, and 7 is absolute temperature
in Kelvin. Although the Arrhenius equation is
strictly applicable to the weathering kinetics of
individual minerals, it has nevertheless been ap-
plied to elemental weathering rates as well [10,37],
under the assumption that the weathering flux of
an individual element will be dominated by disso-
lution of a single mineral, and thus will have a
single activation energy. If we further assume that
the pre-exponential factor A is proportional to the
rate of mineral supply by denudation, we can es-
timate the effects of temperature on the CDFs at
two different locations as:

CDFx AEx (1 1

cora 2 (77| )
where CDFx; and CDFx, are the CDFs of ele-
ment X (from Eq. 4) at temperatures 7 and 7>
(both in Kelvin), respectively. Typical activation
energies for silicate mineral weathering in granitic
rock are near 60 kJ/mol [10], implying that over
the estimated 4 K temperature range for our San-
ta Rosa transect, CDFs should decline by roughly
32%, roughly two to three times less than what we
observe (Fig. 3A-C). Hence, the normalized
weathering rates plotted in Fig. 3 exhibit greater
temperature dependence than one would predict

from simple reaction kinetics using typical activa-
tion energies for silicate weathering.

The unexpectedly steep declines in CDFs (Fig.
3) suggest that weathering rates at Santa Rosa
Mountains may also be affected by factors other
than temperature, such as the progressive decline
in vegetative cover and increase in snow cover
and duration of freezing with altitude, which
one might expect to be accompanied by significant
changes in soil chemistry and soil microbiology.
The fact that chemical weathering rates fall virtu-
ally to zero above the transition to sparse sage-
brush (marked as ‘tree line’ in Figs. 2 and 3) is
consistent with this hypothesis.

Our cosmogenic nuclide and geochemical mass
balance techniques measure average rates of de-
nudation and weathering over the millennial time-
scales of soil development, whereas instrumental
records of climate measures span only years to
decades. Climate averaged over the last several
thousand years will differ from climate averaged
over the last few years or decades. However, for
several reasons, this discrepancy should have a
relatively small effect on the results from our
study. First, the differences in climate across the
Santa Rosa Mountains transect are larger than
plausible shifts in climate over the erosional time-
scales considered here; mean annual temperatures
vary by up to 4°C across our climate transect,
whereas, by comparison, in the White Mountains,
nearby in the western USA, Late Holocene warm-
ing has only been about 2°C [38]. Second, while
our climate data may not precisely reflect the
long-term average climate, we can be certain the
site-to-site differences in climate on which the
analysis is based have been largely preserved, be-
cause the topography, lapse rates and other oro-
graphic effects that create them could not have
not changed substantially. Third, climatic varia-
tions are unlikely to have had a large effect on
the rate of fresh mineral supply to soils, given
that hillslope denudation rates appear to be rela-
tively insensitive to differences in climate, as indi-
cated by cosmogenic nuclide data from a series of
granitic catchments in the nearby Sierra Nevada
Mountains, California [39]. Finally, changes in
climate over the Holocene may have had a larger
effect on soil development, but will be less impor-
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Table 3
CDFs from Santa Rosa Mountains and six granitic sites in the Sierra Nevada?®
Site name Altitude Estimated mean air temperature CDF

(m) O]
Santa Rosa Mountains (41.50°N; 2387 m; 65-85 cm/yr; 1.6°C; average CDF =0.07 £ 0.04)°
SR-10 2749 —04 —0.02+0.05
SR-3 2580 0.6 0.00+0.02
SR-1 2377 1.8 0.07+£0.02
SR-4 2350 2.0 0.10+£0.02
SR-6 2180 3.0 0.16£0.03
SR-7 2086 3.6 0.20+0.06
Sunday Peak, Sierra Nevada, USA (35.78°N; 2340 m; 105 cm/yr; 9.4°C; average CDF =0.10£0.04)
SP-8 2423 8.9 0.12+0.05
SP-3 2329 9.5 0.03+0.08
SP-1 2273 9.8 0.11+0.06
Adams Peak, Sierra Nevada, USA (39.83°N; 2106 m; 60 cm/yr; 4.2°C; average CDF=0.14£0.02)
AP-11 2254 3.3 0.15+0.06
AP-4 2193 3.7 0.06+0.04
AP-3 2141 4.0 0.17+£0.02
AP-5 2048 4.5 0.12+0.06
AP-13 1894 5.5 0.14+0.04
Antelope Lake, Sierra Nevada, USA (41.17°N; 1760 m; 85 cm/yr; 7.8°C; average CDF =0.18 £0.05)
AL-9 1799 7.6 0.22+0.11
AL-10 1799 7.6 0.14+0.05
AL-4 1744 7.9 0.27+0.07
AL-5 1691 8.2 0.22+0.23
Fort Sage, Sierra Nevada, USA (41.17°N; 1490 m; 25 cm/yr; 12.2°C; average CDF =0.15%0.03)
Al 1530 12.0 0.06 £ 0.05
A2(s) 1510 12.1 0.15+0.04
A3(s) 1480 12.3 0.18+£0.05
Ad(s) 1450 12.5 0.16£0.03
Nichols Peak, Sierra Nevada, USA (35.55°N; 1150 m; 20 cm/yr; 15.4°C; average CDF =0.25%0.06)
NP-18 1184 15.2 0.29+£0.08
NP-1 1122 15.6 0.22+0.06
Fall River, Sierra Nevada, USA (39.67°N; 865 m; 145 cm/yr; 11.9°C; average CDF =0.19%0.02)
FR-8 1056 10.7 0.18+£0.03
FR-2 927 11.5 0.15+£0.08
FR-6 869 11.9 0.19+£0.05
FR-5 597 13.5 0.21+0.03

2 Sierra Nevada data are from Riebe et al. ([13], their table 1).

b Site descriptions include average values for latitude, altitude, precipitation, temperature and CDF. Average CDF is weighted

by inverse variance.

tant where soils are thinner and denudation rates
are faster, because soil turnover times (measured
by soil depth divided by denudation rate) will be
shorter; for the average Santa Rosa Mountains
denudation rate of 117 t/km?/yr, a soil thickness
of 60 cm (maximum) corresponds to a turnover
time of only 6700 years (maximum), assuming a
soil density of 1.3 g/cm?, indicating that soils in
the Santa Rosa Mountains never experienced full
glacial conditions. Taken together these observa-
tions suggest that the sharp decline in chemical

weathering rates observed along the Santa Rosa
Mountains transect is not a relict of past climate,
but instead can be readily associated with the site-
to-site climatic contrasts that are observed today.

At Santa Rosa Mountains transect, several cli-
matic factors apparently complement one another
such that CDFs decline sharply over a short dis-
tance (Figs. 1-3). However, CDFs decline much
less strongly with elevation across several lower,
but climatically diverse, granitic sites in the Sierra
Nevada Mountains (Table 3, after [13]). The Sier-
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ra Nevada sites span 20-145 cm/yr in annual pre-
cipitation and 4-15°C in mean annual tempera-
ture, and consequently their vegetation densities
and compositions vary widely as well. Yet Table
3 shows that, despite their diverse climates, their
average CDFs range only between 0.10 and 0.25,
whereas at the Santa Rosa Mountains transect,
we observe a systematic decline from 0.20 to 0
along a much narrower climatic gradient. The
sharp decline in CDFs observed along the Santa
Rosa Mountains transect may be related to its
high-altitude setting. Consistent with this conjec-
ture is the observation that among the Sierra Ne-
vada sites, the highest average altitude corre-
sponds to the lowest average CDF (Sunday
Peak, with average altitude =2340 m and average
CDF =0.10£0.04; see Table 3). Moreover, when
CDFs are plotted against altitude for the entire
data set (Fig. 4), a sharp altitudinal decline is only
apparent above ~2 km (including the two high-
est sites from the Sierra Nevada). The patterns
shown in Fig. 4 suggest that chemical weathering
rates may be particularly sensitive to differences in
climate above a certain threshold altitude (in this
case roughly 2 km), where changes in tempera-
ture, vegetation and snow cover apparently
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Fig. 4. CDF as a function of altitude for our Santa Rosa
Mountains transect (open circles) and six locations in the
Sierra Nevada (closed circles are location-wide averages and
smaller, shaded circles are individual catchments; see Table
3). Lines are linear regression fits to average CDFs (data in
clear and shaded regions were analyzed separately). Below
2.1 km (clear area), CDFs are not strongly correlated with
altitude, despite wide variations in climate across the sites.
Higher-elevation sites (shaded area) exhibit a steep decline in
CDFs, consistent with increasing dominance of physical ero-
sion. Chemical weathering rates appear to be particularly
sensitive to altitudinal differences in climate above a thresh-
old altitude of ~2.1 km.

work together to enhance physical erosion while
simultaneously retarding chemical weathering.
The altitude of such a threshold would presum-
ably vary from mountain range to mountain
range, depending on latitude, local vegetation dis-
tributions, and topographic factors (including rain
shadow effects, and orientation relative to prevail-
ing storm patterns).

Documenting and quantifying the relative im-
portance of the individual mechanisms that regu-
late chemical weathering rates across our transect
is not the focus of this analysis (which aims to
quantify the decrease in weathering rates itself).
However, we can identify several plausible ave-
nues for further research along these lines. For
example, given that vegetation may contribute
to mineral weathering in several ways — by retain-
ing moisture, by altering soil acidity, by rooting
into bedrock and thus helping to disaggregate it,
or by supporting soil microbial communities that
promote weathering of mineral surfaces — we sug-
gest that measurements of soil moisture, acidity
and microbial communities might be useful for
explaining the unexpectedly sharp decline in
weathering rates with altitude. Alternatively, if
plants are sparse at the top of the transect because
mineral weathering is slow, making rock-derived
nutrients scarce, then measurements of soil solu-
tion chemistry and nutrient levels might provide
more insight into the association between sparse
vegetation and slow mineral weathering near the
top of the transect. In any case, given the impli-
cations for chemical weathering rates of crystal-
line mountain ranges, the mechanisms underlying
the sharp altitudinal decrease in chemical weath-
ering rates measured here merit further study both
in the Santa Rosa Mountains, and in other high-
altitude settings where the phenomenon may also
be important.

5. Conclusions and implications

Steep mountain ranges provide ideal settings
for studying climatic effects on chemical weather-
ing rates, because high relief and sharp differences
in aspect will maximize site-to-site differences in
climate, while minimizing the potentially con-
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founding effects of differences in bedrock weath-
ering susceptibility. Using cosmogenic nuclides in
combination with a geochemical mass balance of
soils and rock, as we did at the Santa Rosa
Mountains transect, it is now possible to measure
rates of physical erosion and chemical weathering
together, and thus effectively account for site-to-
site differences in the rates that minerals are sup-
plied to soils by erosion of rock. Hence, our anal-
ysis of chemical weathering rates at the Santa
Rosa Mountains transect at once effectively max-
imizes differences in the factor of interest (in this
case, climate), while minimizing or accounting for
potentially confounding variability in other fac-
tors (in this case, mineral supply rates).

Across our climate transect at the Santa Rosa
Mountains transect, chemical weathering rates de-
cline rapidly, from 24 to 0 t/km?/yr, with increas-
ing altitude, whereas denudation rates are much
more uniform, varying by only a factor of 1.4.
This is consistent with increasing dominance of
physical erosion with increasing altitude, and in-
dicates that chemical weathering is negligible at
the top of the transect, above the upper limits
of aspen and woody brush. As altitude increases,
the CDFs of Si, Na and Ca decrease much more
than one would expect from the decrease in aver-
age temperature alone, based on simple reaction
kinetics. This implies that factors other than tem-
perature — such as changes in vegetation type and
density, and possibly also snow cover and depth —
may play important roles in the sharp decline in
chemical weathering rates at the Santa Rosa
Mountains transect.

Previous measurements from six climatically di-
verse granitic sites in the Sierra Nevada Moun-
tains indicate that average CDFs there span a
range of only 0.10-0.25 [13], whereas at the Santa
Rosa Mountains transect, we observe a systematic
decline from 0.20 to 0.0 across a much narrower
range of climatic conditions. The relationship be-
tween CDF and altitude for the combined set of
Sierra Nevada and Santa Rosa data suggests that
chemical weathering rates may be particularly
sensitive to differences in elevation at higher sites,
possibly due to climatic factors such as snow cov-
er and vegetation. CDFs fall virtually to zero
above the upper limits of trees and woody brush

at the Santa Rosa Mountains transect, suggesting
strong coupling between biological processes and
chemical weathering rates in high-altitude crystal-
line terrain.
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