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Abstract

In-situ cosmogenic 26Al and 10Be record the residence time of quartz grains near the earth’s surface, and thus can be used
to measure whole-catchment erosion rates averaged over millennial time scales. Quartz is enriched in hillslope regolith by
the dissolution of more soluble minerals; thus, its residence time will be longer than the regolith average. It has been noted
that this introduces a bias into erosion rate estimates derived from cosmogenic nuclide concentrations in regolith or alluvium
w Ž . xGeomorphology 27 1999 131 , but the magnitude of this bias has not previously been measured. The enrichment of quartz
in regolith, and the resulting bias in cosmogenic erosion rate estimates, can be quantified using concentrations of immobile

Ž .elements such as zirconium in bedrock and regolith. Here we show that the erosion rate bias introduced by regolith
dissolution is less than 12%, across 22 granitic catchments that span a wide range of temperate climates. Except in extreme
weathering environments, biases due to regolith dissolution will be a small component of the overall uncertainty in
cosmogenic erosion rate measurements. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction and methodology

Cosmogenic 26Al and 10 Be in quartz can be used
to infer whole-catchment erosion rates from alluvial

Žsediment samples Brown et al., 1995; Bierman and
.Steig, 1996; Granger et al., 1996 . Recent work has

proposed that selective dissolution of relatively solu-
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ble minerals introduces a significant bias in these
Ž .measurements Small et al., 1999 . Quartz is rela-

tively insoluble, so selective mineral dissolution will
enrich it near the earth’s surface, where most cosmo-
genic nuclide production takes place. Selective disso-
lution increases the residence time of quartz in re-
golith compared to the average mineral grain. As a
result, cosmogenic nuclide accumulations in quartz
will not exactly reflect the erosion rate of the re-
golith as a whole, because more time spent in the
regolith also means more time spent exposed to
cosmic radiation. If the effects of regolith dissolution
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on nuclide concentrations in quartz are overlooked,
landscape erosion rates will be underestimated by a

Žfactor of 1rC , with C given by Small et al.,d d
.1999 :

C s f rf q 1y f rf eyh r soil rL , 1Ž . Ž .d soil rock soil rock

where f and f are the concentrations of quartzsoil rock

in regolith and bedrock, respectively; h and r aresoil

regolith thickness and density, respectively; and L is
an exponential decay constant that quantifies how
rapidly nuclide production declines with depth below

the surface. The percentage error that results if quartz
enrichment is overlooked can be quantified as:

%Errors100 E yE rEŽ .uncorrected corrected corrected

s100 1rC y1 . 2Ž . Ž .d

C accurately quantifies the effects of regolith disso-d
Ž .lution on whole-catchment erosion rates if i re-

Ž .golith is well mixed during erosion, ii quartz is
Ž .insoluble, and iii both regolith thickness and ero-

Table 1
Quartz-enrichment correction factors

w x w x w xSample Area Hillslope gradient Zr Zr Zr r h C %Errorsoil rock soil d
Ž . Ž . Ž . Ž . w x Ž .ha mrm ppm ppm Zr cmrock

X X( )Fall RiÕer 39838 N, 121816 W; MAT: 128C; AAP: 145 cmryear; lithology: tonalite
Ž . Ž .FR-2 0.7 0.48"0.03 109"6 13 92"7 15 1.18"0.11 25"4 1.04"0.03 4"3
Ž . Ž .FR-5 2.6 0.62"0.02 150"5 25 119"3 11 1.25"0.05 52"5 1.10"0.03 9"3
Ž . Ž .FR-6 17.8 0.42"0.03 102"3 9 83"5 3 1.24"0.08 41"3 1.08"0.01 6"1
Ž . Ž .FR-8 2.2 0.18"0.01 106"3 9 87"1 3 1.22"0.04 10"5 1.02"0.01 2"1

X X( )Antelope Lake 40810 N, 120838 W; MAT: 88C; AAP: 83 cmryear; lithology: granodiorite
Ž . Ž .AL-4 1.9 0.43"0.02 227"8 9 166"15 4 1.37"0.13 49"8 1.14"0.06 12"5
Ž . Ž .AL-5 4.5 0.34"0.10 211"10 7 165"48 2 1.28"0.38 45"16 1.11"0.15 10"12
Ž . Ž .AL-9 1.1 0.60"0.13 271"18 8 211"25 3 1.29"0.17 49"8 1.11"0.07 10"6
Ž . Ž .AL-10 11.1 0.40"0.06 212"6 26 183"9 10 1.16"0.07 53"7 1.06"0.03 6"3

X X( )Adams Peak 39853 N, 120807 W; MAT: 48C; AAP: 58 cmryear; lithology: granodiorite
Ž . Ž .AP-3 3.3 0.46"0.03 135"3 20 111"2 8 1.21"0.03 27"9 1.06"0.02 6"2
Ž . Ž .AP-4 1.9 0.67"0.05 115"4 9 108"1 3 1.07"0.04 34"5 1.02"0.01 2"1
Ž . Ž .AP-5 7.4 0.34"0.04 129"7 9 112"3 4 1.14"0.07 34"5 1.04"0.02 4"2
Ž . Ž .AP-11 0.4 0.10"0.01 129"5 4 109"6 2 1.18"0.08 34"5 1.06"0.02 6"2
Ž . Ž .AP-13 0.4 0.21"0.03 131"3 4 112"5 2 1.17"0.06 34"5 1.06"0.02 6"2

X X( )Fort Sage 40805 N, 120804 W; MAT: 128C; AAP: 25 cmryear; lithology: granodiorite
Ž . Ž .A1 2.1 0.25"0.01 118"5 5 112"3 2 1.06"0.05 26"2 1.01"0.01 1"1
Ž . Ž .A2 4.8 0.30"0.01 135"5 24 118"3 7 1.14"0.05 20"3 1.03"0.01 3"1
Ž . Ž .A3 11.7 0.39"0.01 136"4 40 116"3 11 1.18"0.04 24"2 1.04"0.01 4"1
Ž . Ž .A4 13.2 0.41"0.01 138"3 62 117"2 17 1.18"0.03 24"2 1.04"0.01 4"1

X X( )Nichols Peak 35837 N, 118813 W; MAT: 158C; AAP: 22 cmryear; lithology: granodiorite
Ž . Ž .NP-1 1.1 0.44"0.02 160"10 19 127"7 7 1.28"0.10 33"6 1.08"0.04 7"3
Ž . Ž .NP-18 0.7 0.24"0.02 285"15 14 203"19 5 1.40"0.15 29"2 1.10"0.04 9"3

X X( )Sunday Peak 35847 N, 118835 W; MAT: 98C; AAP: 105 cmryear; lithology: granite
Ž . Ž .SP-1 9.3 0.55"0.05 252"7 23 225"12 11 1.12"0.06 61"12 1.06"0.03 6"3
Ž . Ž .SP-3 5.6 0.45"0.05 245"16 9 238"12 3 1.03"0.08 61"12 1.01"0.04 1"4
Ž . Ž .SP-8 2.2 0.21"0.05 278"7 8 244"13 4 1.14"0.07 61"12 1.06"0.03 6"3

Ž . Ž . Ž .Site characteristics include average annual precipitation AAP Rantz, 1972 , and mean annual temperature MAT .
Ž .Ls160"10 grcm Brown et al., 1992; Nishiizumi et al., 1994 .

Ž . 3Regolith density r is assumed to be 1.6"0.3 grcm .soil
Ž .Regolith thickness h was measured between five and 38 soil pits in at least one catchment at each of the six sites. For catchments where

Ž .no regolith thickness measurements are available, we use the average in italics from other catchments at the same site.
Ž .All values are reported as means"standard errors with number of samples in parentheses for Zr concentrations .
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sion rate are in steady state over the time scale of
Ž .nuclide accumulation Small et al., 1999 .

Ž .Small et al. 1999 showed that the bias intro-
duced by regolith dissolution is potentially large, if

Ž .the degree of quartz enrichment f rf is high.soil rock

Thus, it is important to determine whether, in typical
weathering environments, quartz enrichment is high
enough to introduce significant bias into cosmogenic
erosion rate estimates. To this end, we quantified Cd

Ž .for each of 22 small 0.4–0.18 ha catchments at
six sites in the Sierra Nevada, CA. Bedrock at these
sites consists of granites, granodiorites, and tonalites,
with quartz concentrations ranging from ;10% to

Ž .roughly 40% Hietanen, 1976; Oldenburg, 1995 .
Our six study sites span a wide range of climates,
with mean annual temperatures ranging from 48C to
158C and average precipitation spanning 22–145

Ž .cmryear Table 1 . The individual study catchments
also span a wide range of geomorphic settings, from
fault scarps and river canyons to slowly eroding,

Ž .low-relief surfaces Riebe et al., 2000 , with average
hillslope gradients ranging from 0.10 to 0.67. Thus,
our study catchments are representative of a broad
range of geomorphic and climatic settings in which
erosion rates might be inferred from cosmogenic
nuclides.

Ž .Quantifying the dissolution correction factor Cd

for each catchment requires estimating f rf , thesoil rock

enrichment of quartz in the regolith. Zirconium is
highly immobile in most weathering environments,
because zircon is insoluble, except in the presence of
strong, oxidizing acids. Assuming that quartz and
zircon are equally insoluble, the quartz enrichment

Ž .factor f rf in Eq. 1 can be approximated bysoil rock
w x w xthe zirconium enrichment factor Zr r Zr ,soil rock

w xwhich can be estimated using Zr measured by
X-ray fluorescence. Quartz dissolution can be signif-
icant in extreme weathering environments, such as

Ž .the tropics Schulz and White, 1999 , but should be
minor in the young catchment soils and temperate
climates considered here. If some quartz has dis-
solved during weathering in our catchments, then our

w xestimates of quartz enrichment are maximums. Zr soil
w xand Zr values used here are catchment-widerock

w x Žaverages of Zr in regolith sampled from at least
four and as many as 62 widely distributed hillslope

. Žsurfaces and soil pits and bedrock sampled from at
least two and as many as 17 widely spaced outcrops

.and saprolite horizons . Soil profiles revealed in pits
and roadcuts show little or no horizontal zonation,
indicating that regolith is well mixed, as required in

Ž .Eq. 1 .

2. Results and discussion

Across our 22 study catchments, the zirconium
w x w xenrichment ratio Zr r Zr averages 1.19, rang-soil rock

Ž .ing from 1.03"0.08 to 1.40"0.15 Table 1 . Ne-
glecting quartz enrichment at these sites would result
in underestimating their erosion rates by an average
of 6%, with the percent error at individual sites

Ž .ranging from 1"1% to 12"5% Table 1 .
These erosion rate biases are too small to substan-

tially affect results of previous cosmogenic nuclide
studies of whole-catchment erosion rates. For exam-

Ž .ple, at Fort Sage one of our six study sites , Granger
Ž .et al. 1996 showed that whole-catchment erosion

rates inferred from cosmogenic nuclides agreed
Ž .within ;20% with long-term erosion rates mea-
sured from fan sediment accumulation, thus validat-
ing the nuclide technique. Quartz enrichment by
regolith dissolution at Fort Sage affects the cosmo-

Žgenic nuclide inferred erosion rates by 1–4% Table
.1 , too little to warrant any reassessment of Granger

Ž .et al.’s 1996 conclusions.
Quartz enrichment could be more significant in

tropical environments, where regolith weathering is
more intense. For example, at Rio Icacos, Puerto
Rico, soil profile data reveal that zirconium is en-
riched in eroding material by a factor of ;1.7, with

Ža total depth to bedrock of 850 cm White et al.,
.1998 , implying that quartz enrichment would affect

cosmogenic erosion rate estimates by roughly 50%.
This suggests that in tropical environments subject to
intense chemical weathering, the consequences of
quartz enrichment will need to be quantified as part
of cosmogenic erosion rate studies. Fortunately,
where regolith is thick, accurate estimates of the

Ž .dissolution correction factor C may not required
Ž .measurements of regolith depth and density. Eq. 1

shows that C approaches f rf , independent ofd soil rock

regolith depth and density, whenever the regolith is
deep compared to the cosmogenic penetration depth
Ž .that is, hr 4L .soil

The importance of quartz enrichment biases should
be evaluated by comparison with other significant
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sources of uncertainty in cosmogenic erosion rate
measurements. For example, estimates of sea-level,
high-latitude production rates for 10 Be in quartz range

Ž . y1from ;4.6 Stone et al., 1998a to ;6.0 at g
y1 Ž .year Nishiizumi et al., 1989 , with ongoing de-

Žbate over the sources of the discrepancy see discus-
sions in Clark et al., 1995; Nishiizumi et al., 1996;

. 10 26Stone et al., 1998a . Furthermore, Be and Al
production by cosmic ray muons has recently been

Ž .reassessed Heisinger, 1998; Stone et al., 1998b ; in
eroding minerals, the muogenic fraction of nuclide

Ž .production can exceed 20% Heisinger, 1998 , much
Ž .higher than previous estimates of ;3% Lal, 1991 .

Scaling factors for the latitude and altitude depen-
dence of production rate have also been reassessed;

Ž .analyses presented by Dunai 2000 indicate that
erosion rates based on the production rates scaling

Ž .factors of Lal 1991 may be in error by up to 30%.
Nuclide production rates remain the largest source of
uncertainty in cosmogenic nuclide studies of erosion
rates, introducing uncertainties of order 20–30%,
much larger than the error introduced by quartz

Ž .enrichment at our study sites Table 1 .
Our analysis shows how quartz enrichment, and

its consequences for cosmogenic erosion rate esti-
mates, can be quantified using zirconium concentra-
tions in regolith and bedrock. Calculating the dis-

Ž .solution correction factor C requires measuringd
w xregolith thickness, regolith density, Zr , andsoil

w xZr , all of which require significant investmentsrock

of time and effort both in the field and in the lab.
The decision to make this investment in any individ-
ual case will depend on whether the enrichment
effect is expected to be significant, compared to the
other sources of uncertainty. Our measurements sug-
gest that, in typical temperate weathering environ-
ments, the bias introduced by quartz enrichment is
relatively small. At tropical sites subject to intense
chemical weathering, quartz enrichment effects are
potentially large compared to other sources of uncer-
tainty, and therefore merit the effort required to
quantify them.
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