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Abstract

Accurate estimates of watershed denudation absent anthropogenic effects are required to develop strategies for
mitigating accelerated physical erosion resulting from human activities, to model global geochemical cycles, and to
examine interactions among climate, weathering, and uplift. We present a simple approach to estimate predevelopment
denudation rates using in-situ-produced cosmogenic °Be in fluvia sediments. Denudation processes in an agricultural
watershed (Cayaguas River Basin, Puerto Rico) and a matched undisturbed watershed (Icacos River Basin) were compared
using °Be concentrations in quartz for various size fractions of bed material. The coarse fractions in both watersheds
bear the imprint of long subsurface residence times. Fine material from old shallow soils contributes little, however, to the
present-day sediment output of the Cayagués. This confirms the recent and presumably anthropogenic origin of the modern
high denudation rate in the Cayaguéas Basin and suggests that pre-agricultural erosional conditions were comparable to
those of the present-day Icacos. [0 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Drainage-basin mass bal ances represent the clas-
sic approach to quantitative examination of weath-
ering [1]. These are inherently time-consuming and
problematic because of the highly episodic nature
of fluvia transport, and difficulties in quantifying
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groundwater fluxes. Furthermore, anthropogenic dis-
turbance of watersheds can increase physical erosion
rates by orders of magnitude, precluding the use
of mass balance for direct estimation of long-term
denudation rates[2]. Based on successin utilizingin-
situ-produced beryllium-10 (1Be, t;, = 1.5 Ma) in
river-borne quartz to determine equilibrium erosion
rates in the humid tropics [3], we have developed an
approach that uses °Be to examine pre-agricultural
denudation rates in a devel oped tropical basin.
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Denudation may be examined using the accu-
mulation of in-situ-produced cosmogenic nuclides
in mineral lattices of rock and soil close to the
ground surface [4-6]. Previous field studies [3,7]
have shown that the in-situ-produced °Be concen-
tration of sediment discharged by a river represents
the average value for the basin as a whole if: (1)
the near-surface distribution of the analyzed min-
eral phase (typically quartz) is relatively uniform
throughout the basin; (2) erosion is sufficiently rapid
that loss of cosmogenic nuclidesis primarily through
erosion rather than radioactive decay (erosion greater
than ~1 mm ka™* for 1°Be); (3) long-term (millen-
nial scale) sediment storage is minimal. These con-
ditions lead to an expression relating the long-term
mean denudation rate of the basin to the measured
average concentration °Be:
PL

N )
Here P represents the average production rate (atoms
gt al), weighted according to the hypsometric
curve of the basin, ¢ is the denudation rate (g cm=2
al), L isthe effective attenuation length of cosmic
rays penetrating rock or soil (150 to 170 g cm™2),
A is the radioactive decay constant (a1), and t is
the time since initiation of surface exposure (a). In
this work, we utilize production rates calculated for
the altitude and latitude of our site based on the
semi-empirical polynomials of Lal [4]. We assume a
20% uncertainty in these rates. Various size fractions
must be analyzed to calculate a discharge-weighted
average concentration [3]. We emphasize that this
averaging requires only the relative contributions of
the size fractions.

The relation between grain size and °Be con-
centration provides information about geomorphic
processes. High concentrations of °Be (relative to
the discharge-weighted average) for a given size
classimply that the material comes from a shallower
or more slowly eroding setting than is typica for
the basin as awhole. Conversely, relatively low con-
centrations imply a deeper origin or a more rapidly
eroding source. Our previous work in an undevel-
oped river basin [3] showed that the average °Be
concentration of coarse size fractions of river sedi-
ment is much lower than that of the fine fractions.
The coarse material appears to have been largely
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derived from deep within soil profiles, being mobi-
lized by energetic processes such aslandslides, while
fine material appears to be derived dominantly from
near-surface soil.

In most developed basins, anthropogenic erosion
primarily removes near-surface soils through pro-
cesses including surface removal and shallow soil
dips [2]. Typical denudation rates for agricultural
land, such as those tabulated by Meade et a. [8],
when applied over a century, give average depths of
anthropogenically induced erosion that are compara-
ble to the apparent attenuation length for cosmogenic
nuclide production (~500 mm [9,10]). As discussed
in Refs. [3,7,11], this implies that the cosmogenic
nuclide concentration of river sediments, and the as-
sociated apparent denudation rate, should retain a
memory of predevelopment conditions (Fig. 1). In
addition, it is likely that such erosion would tend
to remove fine material from surface horizons. The
fine sediments remaining in the basin, derived from
deeper within the soil profile, would have lower °Be
concentrations. However, such erosion would have
less effect on the °Be content of coarse sediments,
which are generally present at greater depth in soil
profiles.

2. Sampling and methods

The purpose of the present study is the compari-
son of the relationship between erosional processes
and cosmogenic nuclide accumulation at a relatively
pristine site with that at an adjacent watershed
severely affected by human activity. We examined
two sites in northeastern Puerto Rico: the minimally
perturbed upper 3.26 km? of the Icacos River Basin
[3,12] and the nearby Cayaguas River Basin (26.4
km?), ageologically similar site strongly affected by
conversion to agriculture since the mid-19th century
(Fig. 2). Both watersheds have granodioritic bedrock
and similar relief. Neither has canyons or similar
incisions that would be localized sources of deep
sediment, low in 1°Be.

Agriculture in the Cayaguas watershed resulted
in rapid erosion that stripped off the upper layer
of unconsolidated soil. Subsequent denudation rates
probably decreased with the exposure of more sta-
ble saprolite at the surface. Agricultural land use
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Fig. 1. Model of variations of °Be-based denudation rates under highly variable erosional conditions. To show the potential of this
approach, we present the denudation rate one would calculate from the 1°Be content of average sediments (dotted line) exported from
a site subject to drastic step-wise changes in erosion (solid line). Initially, the model assumes steady-state conditions with a denudation
rate of 50 mm ka~1. This rate is increased to 5000 mm ka~! at year 50, and returns to 50 mm ka~! at year 250. During times of
enhanced erosion, the 1°Be content of sediments decreases as highly irradiated surface material is removed. On time scales of decades,
the associated increases in 1°Be-based erosion rates are small relative to increases in the instantaneous denudation rate. This is because
the enhanced erosion brings about soil mass losses that are less than the effective attenuation length for 1°Be production. Even after
periods of enhanced erosion of 50, 75 and 100 years (resulting in 250, 375, and 500 mm of soil loss), the 1°Be content of exported
sediments corresponds to steady-state erosion rates of 70, 85, and 100 mm ka1, respectively.

66°00° 6830’ The average Cayaguas solids yield is considerably
less than the rate of upland erosion associated with
landslides, 10,000-18,000 Mg km~2 a™! averaged
over seven decades, suggesting that considerable
landslide-related material has remained in valley bot-

toms [13]. Maximum instantaneous rates of surficial
wauuo erosion off bare soil (construction sites) in near_by
FOREST watersheds [14] are less than the these landdide
yields. Moreover, maximum instantaneous yields are
only reached occasionaly, and only a small fraction
of the basin is bare soil at any time. These obser-
vations imply that landslides, rather than surficia
erosion, are the predominant erosion mechanism re-
moving soil from uplands. The Cayaguéas lowering
rates are, in turn, far greater than mean denudation
rates for the minimally developed Icacos watershed
where values of 75 + 38 and 43 + 15 mm ka* have
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Fig. 2. Map of eastern Puerto Rico showing sampling locations.

peaked in the 1940s, more recently, forests have
partially regrown, thereby stabilizing landforms. The
present-day solids yield for the Cayaguas watershed
is 2000 + 1000 Mg km~2 a~* [13]. Ignoring solute
trangport, this corresponds to a lowering rate of ~
7504350 millimeters per thousand years (mm ka1).

been reported, based on major constituent analyses
of water samples [15] and '°Be distributions [3], re-
spectively. The denudation rate in the Icacos River
Basin is close to a model steady-state denudation
rate for tropical rivers on young igneous bedrock [2].

In the Icacos Basin, we sampled bed materia
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Table 1
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Sample descriptions and analytical results

Sample ID Sample description 10Be (1000 atoms g~ 1) Uncertainty (1)
GAB 0.063 Gabion landdlide material, 0.063-0.125 mm 36.0 12.7
GAB 0.125 Gabion landdlide material, 0.125-0.25 mm 39.9 8.3
GAB 0.5 Gabion landdide material, 0.5-1.0 mm 250 33
GAB 1.0 Gabion landdide material, 1.0-2.0 mm 13.6 53
GAB 2.0 Gabion landdide material, 2.0-4.0 mm 224 2.8
GUA 0.063 Guaba river-borne sediment, 0.063-0.125 mm 198 19
GUA 0.125 Guaba river-borne sediment, 0.125-0.25 mm 195 17
GUA 0.25 Guaba river-borne sediment, 0.25-0.50 mm 138 14
GUA 0.5 Guaba river-borne sediment, 0.5-1.0 mm 101 7
GUA 1.0 Guaba river-borne sediment, 1.0-2.0 mm 65.0 11.8
GUA 2.0 Guaba river-borne sediment, 2.0-4.0 mm 57.1 6.4
GUA 4.0 Guaba river-borne sediment, 4.0-8.0 mm 46.6 75
CAY 0.063 Cayaguas river-borne sediment, 0.063-0.125 mm 82.8 105
CAY 0.125 Cayaguas river-borne sediment, 0.125-0.25 mm 80.6 9.4
CAY 0.25 Cayaguas river-borne sediment, 0.25-0.50 mm 80.3 114
CAY 0.50 Cayaguas river-borne sediment, 0.5-1.0 mm 64.0 7.9
CAY 1.0 Cayaguas river-borne sediment, 1.0-2.0 mm 39.9 4.6
CAY 2.0 Cayaguas river-borne sediment, 2.0-4.0 mm 50.7 9.8
CAY 4.0 Cayaguas river-borne sediment, 4.0-8.0 mm 25.9 9.8
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Fig. 3. Variability of grain-size dependence of 1°Be concentrations in quartz isolated from stream sediments collected in various erosional
environments. Horizontal error bars represent grain size fractions. Data are presented for samples from the mainstream of the unperturbed
Icacos River, from a tributary of the Icacos in which little evidence of landslide activity has been observed (the Guabd), from materia in
the Icacos basin recently mobilized by mass wasting (Gabion Slide), and from the Cayaguas River, which has been disturbed by human
activity. Data for the samples from the |cacos mainstream and for two of the samples from the Gabion dide are from Ref. [3].

from a tributary of the Icacos River, the Guab4, that
drains an areawith little evidence of recent landslide
activity. We aso collected sediments eroded from
the face of anearby landdide (‘ Gabion Slide’ of Ref.
[3] or ‘Road-Related Slide 51" of Ref. [16]). Samples
were sieved into various size fractions, each of which

was separately analyzed. These data (Table 1), cou-
pled with our previously reported results from soils
within the basin and from the | cacos mainstream [ 3],
provide a basis for evaluating °Be distributions in
size fractions of stream sediment samples from the

Cayaguas (Fig. 3).
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Because °Be produced in the atmosphere may
present a source of contamination for these samples,
rigorous cleaning procedures were followed [17—
19]. After dissolution of cleaned quartz in HF and
addition of 0.350 mg °Be carrier, Be was purified
by solvent extraction. All °Be determinations were
made at the Tandétron Accelerator Mass Spectrom-
etry Facility, Gif-sur-Y vette, France [20,21]. Analyt-
ical uncertainties (1lo) are based on counting statis-
tics and conservative assumptions of 5% variability
in machine response and 50% uncertainty in blank
correction. Although the blank correction was less
than 5% for most samples, it was the mgjor source
of analytical uncertainty for some low-concentration
landslide samples (Table 1).

3. Discussion and conclusions

The ratio of the °Be concentration in fine rela-
tive to coarse fractions reflects the style of erosion
within the undevel oped watersheds. We assume that
the ratio increases with an increasing contribution of
processes, such as landslides, that bring large quanti-
tiesof coarse material to the surface from substantial
depth. We determined ratios of ~5 to 6 for the Ica-
cos Basin as a whole, but only ~3.5 in the Guaba
subbasin where fewer active landslides have been ob-
served (Fig. 3). Coarse sediment in the Guaba must
be from shallower soil horizons than in the Icacos
as awhole. The °Be size relation for the Cayagués
is flatter till, with a ratio of ~2 to 3, indicating
that the fines and coarse materia come from an
even narrower range of depths in the soil. Although
the analytical uncertainties for the low-concentration
samples (~10* at. g~1) from the Gabion Slide make
guantitative comparisons difficult, the Cayagués is
intermediate in character between the Icacos and the
Slide. Assuming that Cayaguéas soils were once like
those of the Icacos, this is consistent with removal
of the original highly irradiated fine-grained surface
soil, perhaps by landdlides, leaving thin soil that had
been at the base of thicker profiles and containing
amix of coarse and fine materials. This preferentia
removal of fine material could be enhanced by size
fractionation during fluvial transport.

In the Icacos watershed, flux-weighted average
10Be concentrations of sediments from both the

mainstem [3] and the Guaba subbasin indicate an
average denudation rate of 43 4+ 15 mm ka™!, con-
sistent with values derived from mass balances. A
steady-state denudation rate calculated from °Be in
Cayaguas sediments corresponds to ~85 mm ka2, a
denudation rate much lower than that presently ob-
served through measurements of sediment discharge:
750 mm ka 1. This contradiction demonstrates that
erosion in the Cayaguas watershed has not been
steady and continuous, and is consistent with a re-
cent anthropogenic origin of the current high rate of
denudation. The model in Fig. 1 indicates that after
a century of rapid erosion, the apparent denudation
rate of ~85 mm ka~* could be as much as afactor of
two greater than the pre-agricultural rate, thusimply-
ing original conditions comparable to those presently
observed in the lcacos. The similarity of °Be con-
centrations in the coarse fractions of bed materia
from the Icacos and the Cayaguas rivers (Fig. 3)
suggests similar irradiation and erosional historiesin
the two basins. If pre-anthropogenic erosional condi-
tions had been identical in the two basins, the two-
to three-fold lowering of °Be concentrations in fine-
sizefractions of Cayaguas stream sediments (relative
to the present-day |cacos) implies an average basin-
wide loss of soil and saprolite of approximately
500 mm.

The methods discussed in thiswork provide an ef-
ficient quantitative approach for determination of the
extent of erosion induced by human activity and for
examination of erosional processes on geologically
significant time scales. Because the effective atten-
uation length for cosmogenic nuclide production is
comparable to (or greater than) typical basin-wide
average erosiona losses induced by human activ-
ity over the past century, cosmogenic nuclide con-
centrations can reflect pre-anthropogenic erosiona
conditions in perturbed basins. In addition, the ra-
tio of cosmogenic nuclide concentrations in fine and
coarse sediments can be used to determine the style
of erosion acting in abasin.
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