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ABSTRACT

Sediment generation and transport through terrestrial catchments influence soil distribution, geochemical cycling of
particulate and dissolved loads, and the character of the stratigraphic record of Earth history. To assess the spatial
and temporal variation in landscape evolution, we compare global compilations of stream gauge-derived (n = 1241)
and cosmogenic radionuclide (CRN)-derived (predominantly '°Be; n = 1252) denudation of catchments (mm/yr) and
sediment load of rivers (Mt/yr). Stream gauges measure suspended sediment loads of rivers during several to tens of
years, whereas CRNss provide catchment-integrated denudation rates at 10>~10°-yr time scales. Stream gauge—derived
and CRN-derived sediment loads in close proximity to one another (<500 km) exhibit broad similarity (n = 453 stream
gauge samples; n = 967 CRN samples). Nearly two-thirds of CRN-derived sediment loads exceed historic loads
measured at the same locations (n = 103). Excessive longer-term sediment loads likely are a result of longer-term
recurrence of large-magnitude sediment-transport events. Nearly 80% of sediment loads measured at approximately
the same locations exhibit stream gauge loads that are within an order of magnitude of CRN loads, likely as a result
of the buffering capacity of large flood plains. Catchments in which space for deposition exceeds sediment supply
have greater buffering capacity. Superior locations in which to evaluate anthropogenic influences on landscape evo-
lution might be buffered catchments, in which temporary storage of sediment in flood plains can provide stream
gauge-based sediment loads and denudation rates that are applicable over longer periods than the durations of gauge
measurements. The buffering capacity of catchments also has implications for interpreting the stratigraphic record;
delayed sediment transfer might complicate the stratigraphic record of external forcings and catchment modification.

Online enhancements: Excel tables, appendixes.

Introduction

A terrestrial catchment is a topographic unit across  (Allen 1997). Sediment routing across landscapes
which sediment is liberated from bedrock, trans-  influences soil distribution and global geochemical
ferred, and/or deposited over variable spatial and  cycling of particulate and dissolved loads, including
temporal scales within a larger sediment-routing  a role in the carbon budget and the dispersal of
system (Allen 1997). A catchment generally in-  pollutants across continental margins (e.g., Smith
cludes (1) upland sediment source areas, which can et al. 2001; Paull et al. 2002). Perturbations to nat-
be dominated by denudational processes such as  ural background rates of denudation and sediment
hillslope erosion and river incision; (2) a sediment ~ flux, perhaps related to historic anthropogenic in-
transfer zone characterized by a river network; and ~ fluences, might (1) alter soil thickness and coverage
(3) depositional regions along rivers and flood  Withina catchment, with implications for the long-
plains, especially in subsiding sedimentary basins ~ term viability of arable regions, and/or (2) accel-
erate the transfer of sediment, pollutants, and or-

Manuscript received September 8, 2011; accepted October 2, ganic .carbon .tO the Ocee}n’ with implications for
2012. coastline habitats, fisheries, and the global carbon
* Author for correspondence; e-mail: jcek@chevron.com. cycle (Syvitski et al. 2005). Sediment flux also de-
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fines parameter space for forward stratigraphic
models, such as those employed for predictions of
petroleum systems (Burgess et al. 2006).

Because of the importance of understanding rates
of denudation and sediment flux across Earth’s sur-
face, geologists have sought to accurately assess
these rates in a breadth of catchment environments
(Summerfield and Hulton 1994). One approach has
been to compile historic (i.e., generally spanning a
single year to decades during the twentieth to
twenty-first centuries) suspended-sediment loads
from stream gauges and to model loads over longer
periods on the basis of present-day geomorphic and
climatic conditions (e.g., Milliman and Syvitski
1992, Summerfield and Hulton 1994, Syvitski and
Morehead 1999; Syvitski et al. 2003, 2005; Syvitski
and Milliman 2007; Milliman and Farnsworth
2011). However, historic-based observations are in-
herently biased as a result of the influences of an-
thropogenic catchment modification, including
construction of dams and other land-use activities
associated with agriculture, construction, and min-
ing (Wilkinson and McElroy 2007). They are also
biased according to their relatively short time scale
of observation. Sediment gauging-derived loads in-
tegrate only the gauging period and are thought to
not be applicable to longer time scales (Walling and
Webb 1981; Walling 1983; Wittmann et al. 2011).
Short gauging periods and low sampling frequen-
cies could result in over- or underestimates of
longer-term natural loads, depending on whether
significant sediment-transport events were cap-
tured during the period of gauge measurements.

Advances in cosmogenic radionuclide (CRN) dat-
ing provide catchment-integrated denudation rates
and sediment loads at 10>-10°-yr time scales (von
Blanckenburg 2005). CRNs are produced in situ as
secondary cosmic rays interact with rocks within
meters of Earth’s surface; longer exposure to sec-
ondary cosmic rays as a result of slower denudation
produces more nuclides. Sediment can be liberated
from these rocks, mixed in the catchment through
hillslope and fluvial transport processes, and ulti-
mately deposited near the catchment outlet. Ac-
cordingly, the CRN abundance measured in sedi-
ment deposited near the catchment outlet can be
used to divulge the catchment-wide denudation
rate, which is inversely proportional to nuclide
abundance (Brown et al. 1995; Bierman and Steig
1996; Granger et al. 1996). CRN-derived sediment
budgets in large catchments can be complicated as
a result of sediment storage in flood plains or other
depositional sites (Wittmann and von Blancken-
burg 2009). However, recent models of CRN con-
centration variability across a breadth of active
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South American flood plains indicate that long-
lived CRN concentrations, specifically '“Be and
26Al, remain more or less unchanged during the in-
terval of catchment sediment storage (Wittmann
and von Blanckenburg 2009). Thus, a denudation
rate of a hinterland can be determined from sedi-
ment sampled throughout the entire catchment
(Wittmann and von Blanckenburg 2009). CRN-
derived sediment budgets might also be compli-
cated because they can encompass glacial-intergla-
cial climate cycles, which influence the spatial
distribution and rates of denudation (Schaller and
Ehlers 2006; Stock et al. 2009). The degree to which
temporal smoothing across these climate cycles bi-
ases denudation is poorly understood (Schaller and
Ehlers 2006).

Comparison of historic (annual-decadal) to
longer-term (predominantly millennial] CRN-
derived sediment budgets might provide insights
into spatial and temporal variations in landscape
evolution that cannot be independently captured
by either data set (Summerfield and Hulton 1994).
In this contribution, we are motivated by two ques-
tions. First, what is the natural range over which
denudation rates vary? Such baseline information
might be useful for assessing uncertainty of sedi-
ment loads measured over various time scales.
Second, what general geologic and/or geomorphic
characteristics of a catchment, if any, facilitate sim-
ilarity between denudation and sediment loads
measured over decades versus millennia? Further-
more, how might characteristics of a catchment
impact the deposits within sediment-routing sys-
tems and the signals recorded therein? We will ad-
dress these questions by comparing compilations
of historic, stream gauge-derived denudation rates
and sediment loads and longer-term, CRN-derived
measurements (predominantly °Be) of catchment-
averaged rates (tables S1 and S2, available in the
online edition or from the Journal of Geology office;
references cited in these tables are listed in appen-
dixes A and B, respectively, which are also available
in the online edition or from the Journal of Geology
office). We investigate entire catchments that drain
into the ocean as well as smaller tributaries and
subcatchments depending on data availability.

Background

Steady versus Intermittent Sediment Flux. Sum-
merfield and Hulton (1994) demonstrated that for
large catchments (in excess of 5 x 10° km?} sedi-
ment load correlates strongly with catchment re-
lief. They inferred that relief is the primary control
on sediment flux rates for large regions and that
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sediment flux measured at catchment outlets
should be insensitive to the time scale of obser-
vation. Of course, elevation and catchment area
cannot have a causal link with denudation and sed-
iment load; rather, area and elevation are strongly
correlated with other topographic factors that are
causally related to sediment flux, namely, gradient
and tectonic activity (Milliman and Syvitski 1992,
Summerfield and Hulton 1994; Milliman and
Farnsworth 2011). The hypothesis of steady sedi-
ment flux is contrary to some seminal work on the
magnitude and frequency of forcings related to
landscape evolution: Wolman and Miller (1960)
provided examples of terrestrial catchments in
which the majority of sediment is transported dur-
ing less frequent flows, particularly the 5-yr storm
discharge. This begs the question: what is the im-
pact of the centennial or millennial storm on sed-
iment load and denudation measured over different
time scales?

Other researchers have demonstrated that epi-
sodic phenomena play a key role in landscape evo-
lution in high-standing islands of the southwest
Pacific Ocean (Milliman and Meade 1983; Milli-
man and Syvitski 1992; Lyons et al. 2002; Dadson
et al. 2003; Milliman and Farnsworth 2011). These
islands include New Zealand, Taiwan, Indonesia,
Malaysia, Papua New Guinea, and the Philippines,
which collectively make up only ~3% of Earth’s
landmass. However, the short lengths and steep
gradients of the streams and the high variability of
rainfall on these islands enable water and sediment
to be quickly routed from hinterlands to the ocean
(Milliman and Syvitski 1992). Consequently, these
high-standing islands might contribute as much as
~35% of the total sediment annually entering the
world’s oceans (Milliman and Meade 1983; Milli-
man and Syvitski 1992; Lyons et al. 2002; Milliman
and Farnsworth 2011). The sensitivity to external
perturbations of catchments across these high-
standing islands requires that annual or decadal
sediment budgets do not accurately reflect millen-
nial trends, at least in some settings. One reason
for the apparent contrasts in the tempo of landscape
evolution from one setting to the next may be the
contrasting spatial scales at which these studies
occur, and we aim to explore this issue with our
global compilations of historic and longer-term sed-
iment loads.

Sediment Buffering. One process that may mask
the geomorphic processes that govern the tempo of
denudation in high-relief hinterlands is the storage
of sediment in intercatchment sinks, herein re-
ferred to as catchment buffering (e.g., Métivier and
Gaudemer 1999; Castelltort and Van Den Dries-

VARIATIONS IN LANDSCAPE EVOLUTION 37

sche 2003; Wittmann et al. 2011). Buffering capac-
ity refers to the degree to which a catchment post-
pones sediment transfer from hinterland source
areas to outlet points in response to an external
perturbation (Métivier and Gaudemer 1999; Cas-
telltort and Van Den Driessche 2003; Allen 2008;
Wittmann et al. 2011). Postponement of sediment
transfer can result from alluviation in flood plains.
The larger the proportion of sediment that is se-
questered in a catchment during a period of obser-
vation, the smaller the sediment flux at the outlet
and the smaller the signal of catchment-integrated
denudation during that period. In this way, catch-
ment buffering refers to both temporal and spatial
lags in sediment transfer. Sediment storage in
catchments can persist long enough for lithifica-
tion, reflected by sedimentary rocks of alluvial or-
igin preserved in the stratigraphic record. Sediment
can also be temporarily stored in catchments. Tem-
porary storage can range from 1 x 10°-3 x 10° yr
in extensive catchments that drain large continen-
tal areas (e.g., the Indus River; Clift and Gaedicke
2002) to as brief as decades, centuries, or millennia
in smaller catchments with short, steep streams
and high variability of rainfall (e.g., high-standing
islands of the southwest Pacific Ocean; Milliman
and Syvitski 1992; spatially restricted, tectonically
active catchments of Southern California; Covault
etal. 2010, 2011). Longer-duration sediment storage
in larger catchments generally corresponds with
greater buffering capacity, and we aim to define the
characteristics that favor development of inter-
mediate sediment sinks (e.g., space for deposition
in flood plains).

Data and Methods

We compiled historic (annual-decadal) suspended
sediment loads (Mt/yr) through catchment outlets
predominantly from the global river stream gauge
compilation of Milliman and Farnsworth (2011;
774 samples; table S1; figs. 1, 2). Milliman and
Farnsworth’s (2011) compilation includes rivers
that discharge directly into the ocean, rather than
tributaries and their subcatchments. Their com-
pilation of rivers includes catchment areas >100
km?. Potential problems with their database in-
clude uneven geographic distribution of rivers, un-
even data quality, analytical and reporting errors,
inadequate gauging duration to provide a reason-
able estimate of average historic suspended-sedi-
ment discharge, fewer up-to-date measurements as
a result of diminished gauging in recent years, and
relatively few dissolved- and bed-load measure-
ments (Milliman and Farnsworth 2011). Milliman
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Figure 1. Location maps of stream gauge and cosmogenic radionuclide (CRN) samples. a, Samples relative to Global
Land One-kilometer Base Elevation Digital Elevation Model (GLOBE DEM; Hastings and Dunbar 1999). b, Samples
relative to mean monthly precipitation (mm; 1950-2000; Global Historical Climatology Network-Daily 2011). Ele-
vation and precipitation categories follow those of Milliman and Farnsworth (2011).

and Farnsworth (2011) elaborate on these lim-  nual suspended sediment load from the U.S. Geo-
itations. logical Survey National Water Information System
To include catchments <100 km? in our compi-  (spanning annual-decadal time scales; USGS Water

lation, we added 219 measurements of average an-  Data for the Nation 2011; table S1; figs. 1, 2). We
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Figure 2. Historic, stream gauge-derived sediment load (a) and denudation (b) versus catchment area (n = 1241;
table S1, available in the online edition or from the Journal of Geology office). Minimum values are total suspended
sediment measurements. Maximum values assume a bed load equal to 50% of the total sediment load. Dashed black
lines are best-fitting power functions. Solid black lines define geometric standard deviation envelopes. Histograms
of samples are binned according to orders of magnitude of sediment load and denudation. Dissolved loads are not

included.

only sampled catchments <100 km? from within
the 50 states of the United States, the District of
Columbia, Puerto Rico, the Virgin Islands, Guam,
American Samoa, and the Commonwealth of the
Northern Mariana Islands. These samples predom-

inantly include tributaries and subcatchments,
rather than larger catchments that discharge di-
rectly into the ocean. Moreover, many of these U.S.
small-river data are from either lowland (0-500 m
elevation) or upland (>500-1000 m elevation) riv-
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ers, which potentially obscures comparison with
smaller catchments, including both lowland and
upland components, for example, in Taiwan (Mil-
liman and Farnsworth 2011). Many of the problems
identified above and elaborated by Milliman and
Farnsworth (2011) apply to our sampling of the U.S.
Geological Survey database. In particular, >100
gauging stations have been closed annually in the
United States since the early 1990s, and sediment
discharge measurements of U.S. rivers can be as
many as 40 yr old (Lanfear and Hirsch 1999; Mil-
liman and Farnsworth 2011). Additional sources of
suspended sediment load data (248 measurements)
include publications with companion CRN-derived
catchment-integrated denudation rates and two
publications of Taiwanese and Nepalese sus-
pended-sediment loads (table S1).

Although total mass load comprises suspended,
bed, and dissolved loads, historic catchment-inte-
grated denudation can be estimated using only sus-
pended load (Milliman and Syvitski 1992; Milliman
1997; Burbank 2002; Milliman and Farnsworth
2011). Historic bed load is difficult to measure sat-
isfactorily, and global patterns of river bed-load
transport are poorly understood (Allen 1997). Be-
cause of the difficulty of measuring bed load, it is
common to assume that it is <15% of the sus-
pended load (Milliman and Meade 1983; Summer-
field and Hulton 1994; Allen 1997; Burbank 2002).
Turowski et al. (2010) suggested that the bed-load
fraction of steep, mountainous streams might be
30%-50% of the total sediment load (Galy and
France-Lanord 2001; Burbank 2002); however, sup-
porting data from a global distribution of rivers are
scarce and of varying quality. We report historic
sediment loads as ranges, with the recorded sus-
pended load as a minimum value and up to a 50%
bed-load fraction of total sediment load as a max-
imum (cf. Milliman and Meade 1983; Walling and
Webb 1987; Summerfield and Hulton 1994; table
S1; fig. 2). That is, we doubled suspended loads to
place upper bounds on the range of total sediment
loads.

The average annual global delivery of dissolved
solids is less than the total sediment load: ~20%
of the global budget for suspended sediment (Mey-
beck 1976; Milliman and Farnsworth 2011). Mil-
liman and Farnsworth (2011) provide estimates of
average total dissolved solid loads for only 304 riv-
ers (table S1). We do not include the limited and
tenuous measurements of dissolved loads in plots
of stream gauge-derived historic sediment load and
denudation (Ferrier et al. 2005). We likely overpre-
dict the bed-load component of total sediment load,
and the total mass load, including suspended, bed,
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and dissolved loads, is likely accounted for in the
ranges we report (table S1; fig. 2).

If total mass load at a point is known, an average
denudation rate (mm/yr) for the upstream catch-
ment can be calculated by normalizing the total
load relative to catchment area and converting from
mass to length assuming an average rock density
of 2.7 t/m? (Burbank 2002). We calculate ranges of
historic denudation on the basis of ranges of sedi-
ment loads, including only suspended loads and up
to a 50% bed-load fraction of total sediment load
(table S1; fig. 2b).

Literature review provided 1252 longer-term,
commonly millennial-scale (90% of samples) mea-
surements of catchment-integrated denudation
from CRN abundances (predominantly '°Be; table
S2; fig. 3). These samples include entire catchments
that drain into the ocean as well as smaller tribu-
taries and subcatchments, depending on the par-
ticular study. Longer-term mass load is the product
of CRN-derived denudation rate, catchment area,
and an average rock density of 2.7 t/m®. A funda-
mental assumption of CRN analyses is steady state
isotopic equilibrium (Bierman and Steig 1996;
Brown et al. 1998). Such equilibrium is likely never
strictly achieved in many catchments, but changes
in sediment generation rates over time are assumed
to be well buffered by the soil mantle, where grains
might reside for millennia before entering a river
(Bierman and Steig 1996; Brown et al. 1998). Fur-
thermore, there is assumed to be no long-term de-
position nor change in sediment storage within a
catchment (Bierman and Nichols 2004). A sample
of sediment at a catchment outlet is also assumed
to include CRN abundances representative of the
entire catchment as a result of mixing by natural
fluvial and hillslope transport processes (von
Blanckenburg 2005). Cosmogenic radionuclide pro-
duction within a catchment (left-hand side below)
is balanced by transport out (right-hand side below),
as follows:

dMm
RAA = -G, (1)

where P, is the catchment-integrated (or average)
production rate (atoms/yr/g), A is the cosmic ray
absorption mean free path (at which the intensity
of cosmic rays is reduced by a factor of 1/e by in-
teraction with material; g/m?), A is catchment area
(m?), dM/dt is mass flux (g/yr), and C is concentra-
tion (atoms/g; von Blanckenburg 2005). Equation
(1) can be rearranged to provide catchment-inte-
grated mass flux
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Figure 3. Longer-term, cosmogenic radionuclide (CRN)-derived mass load (a) and denudation (b) versus catchment
area (n = 1252; table S2, available in the online edition or from the Journal of Geology office). Dashed black lines
are best-fitting power functions. Solid black lines define geometric standard deviation envelopes. Histograms of
samples are binned according to orders of magnitude of sediment load and denudation.

dM  PAA
dt ~ C 2]
and denudation
_ kA
- Cp 7 (3)

where p is the density of the catchment substrate
material, generally assumed to be 2.7 t/m* (Por-
tenga and Bierman 2011).

The majority of data (1097 samples) were from
Portenga and Bierman (2011) and references
therein. The remaining samples were extracted

from the literature, and data were standardized
with the CRONUS-Earth online calculator (Balco
et al. 2008), following Portenga and Bierman (2011).
Unless otherwise specified in the published studies
and their supplementary materials, sample thick-
nesses were assigned a value of 1 c¢cm, geometric
shielding factors were assigned a value of 1, and
densities were assigned a value of 2.7 g/cm?® (see
Portenga and Bierman 2011). Measurement errors
were, on average, <15% of the calculated denuda-
tion rates (table S2). Assuming an e-folding depth
of ~60 cm (Afp = 160 g/cm?/2.7 g/em?®; Lal 1991;
von Blanckenburg 2005), only 129 data points of
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Figure 4. Historic, stream gauge-derived sediment load
(a) and denudation (b) versus catchment area, colored
according to the maximum catchment elevation cate-
gories of Milliman and Farnsworth (2011; n = 822).

our CRN compilation represent less than a millen-
nium of denudation.

One hundred three measurements of denudation
and sediment load from stream gauges and CRNs
were compiled from approximately the same lo-
cations for direct comparisons (fig. 1). Our CRN
compilation lacks data from high-standing islands
of the southwest Pacific Ocean—New Zealand, Tai-
wan, Indonesia, Malaysia, Papua New Guinea, and
the Philippines, which collectively contribute a
significant proportion of sediment to the world’s
oceans (as much as 35%; Milliman and Meade
1983; Milliman and Syvitski 1992; Lyons et al.
2002; Milliman and Farnsworth 2011). Our com-
pilation includes only eight long-term CRN mea-
surements of sediment load and denudation from
a single high-standing island of the southwest Pa-
cific Ocean, Taiwan (Siame et al. 2011; table S2),
whereas we compiled 227 historic stream gauge

A. COVAULT ET AL.

measurements from high-standing islands of the
southwest Pacific Ocean (table S1).

Following Milliman and Farnsworth (2011), we
attempted to bin sediment-load samples according
to maximum catchment elevation: coastal plain (0O
100 m), lowland (>100-500 m), upland (>500-1000
m), mountain (>1000-3000 m), and high mountain
(>3000 m; figs. 4-7). Eight hundred twenty-two his-
toric stream gauge samples included maximum
catchment elevation data, whereas 1115 longer-
term CRN samples included elevation data. We
also calculated mean monthly precipitation for all
catchments (mm; 1950-2000; Global Historical
Climatology Network-Daily 2011; figs. 6, 7). The
distribution of historic stream gauge loads is
skewed to larger values relative to the distribution
of longer-term CRN loads; however, the distribu-
tions of denudation rates are similar for both stream
gauge and CRN data (fig. 8). The distribution of
catchment areas is skewed to larger values for
stream gauge samples (fig. 8).
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1.00E+04 7
__ 1.00E+02 1
&
) 1.00E+00 A
8 1.00E-02 A
ﬁ ©High mountain (>3000 m)
@ 1.00E-04 1 ©Mountain (>1000-3000 m)
= 1 00E-06 - ©Upland (>500-1000 m)
( ©Coastal & lowland (<500 m)
1.00E-08 T T T T
7 7 7 7 7
‘%, %, ‘%, % ‘%,
6\-0 @X )‘o 6\)‘ &x
< % > % %
Catchment area (km#2)
0 High mountain (>3000 m)
@ 1.00E+02 - © Mountain (>1000-3000 m)
< © Upland (>500-1000 m)
E 1.00E+00 1 © Coastal & lowland (<500 m)
EF
2
o
= 1.00E-02 A
c
-]
®
E 1.00E-04 1
a
1.00E-06 T
7 7 7 7 7
% % ‘@, ‘% %
2 2, %, %, 8,
2 % % %
Catchment area (km*2)
Figure 5. Longer-term, cosmogenic radionuclide

(CRNJ-derived mass load (a) and denudation (b) versus
catchment area, colored according to the maximum
catchment elevation categories of Milliman and Farns-
worth (2011; n = 1115).
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Figure 6. Nonparametric distributions of historic, stream gauge—derived sediment load and denudation by maximum
catchment elevation (q; n = 822), mean monthly precipitation (b; n = 1241), and catchment area (c; n = 1241; table
S1, available in the online edition or from the Journal of Geology office). Elevation (a) and precipitation (b) categories
follow those of Milliman and Farnsworth (2011). Transparent gray curves in the background are similarly categorized
distributions of longer-term, cosmogenic radionuclide (CRN)-derived sediment loads and denudation rates for com-

parison (see fig. 7).

Sediment Loads and Denudation of Catchments

Historic, Stream Gauge-Derived Sediment Flux.
Historic, stream gauge-derived sediment loads
range from ~1 t/yr to nearly 10 Gt/yr in catchments
that range from <1 to nearly 1 x 107 km? (table S1;
figs. 2a, 6¢, 8). Historic denudation rates range from
~107° to ~10> mm/yr (table S1; figs. 2b, 6¢, 8). His-
toric sediment loads generally increase with catch-
ment area (figs. 24, 6¢). Denudation is measured to
be most rapid in catchments between ~10* and ~10°

km? (figs. 2b, 6¢). These rapid denudation rates are
predominantly from high-standing islands of the
southwest Pacific Ocean. The standard deviation
from best-fitting power functions is approximately
plus or minus an order of magnitude for both his-
toric loads and denudation (fig. 2). Figure 4a shows
that coastal, lowland, and upland catchments
(<1000 m elevation) are generally more areally re-
stricted, with smaller sediment loads, relative to
more mountainous catchments (see also cumula-
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Figure 7. Nonparametric distributions of longer-term, cosmogenic radionuclide (CRN)-derived sediment load and
denudation by maximum catchment elevation (¢;n = 1115), mean monthly precipitation (b;n = 1252), and catchment
area (c; n = 1252; table S2, available in the online edition or from the Journal of Geology office). Elevation (a) and
precipitation (b) categories follow those of Milliman and Farnsworth (2011).

tive distributions of fig. 6a). Denudation also ap-
pears to be slightly more rapid in mountainous
catchments, but the relationship is less clear (figs.
4b, 6a). There does not appear to be a clear rela-
tionship between mean monthly precipitation and
sediment load; however, more rapid denudation ap-
pears to correspond with increasing precipitation
according to cumulative distributions of denuda-
tion defined by precipitation categories (fig. 6b).
Longer-Term, CRN-Derived Sediment Flux. CRN-
derived mass loads range from ~1 t/yr to ~1 Gt/yr
in catchments that range from ~1 x 107 to nearly
1 x 107 km?* (table S2; figs. 3a, 7c, 8). Similar to

stream gauge loads, CRN loads increase with catch-
ment area. CRN-derived denudation rates range
from ~107% to ~10 mm/yr (figs. 3b, 7¢, 8). The stan-
dard deviation from best-fitting power functions is
approximately plus or minus a factor of five for both
CRN loads and denudation (fig. 3). Similar to
stream gauge data, figure 5a shows that coastal,
lowland, and upland catchments are more areally
restricted, with smaller sediment loads, relative to
more mountainous catchments (see also cumula-
tive distributions of fig. 7a). CRN-derived denu-
dation also appears to be more rapid in mountain-
ous catchments (fig. 5b). There does not appear to
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in the online edition or from the Journal of Geology
office).

be a clear relationship between mean monthly pre-
cipitation and sediment load (fig. 7b). The cumu-
lative distributions of denudation defined by ele-
vation, precipitation, and catchment area cat-
egories appear to cluster tightly (fig. 7).

Figure 9 shows the best-fitting power functions
and standard deviation envelopes for both stream
gauge and CRN sediment loads and denudation rates
versus catchment area. Historic and longer-term sed-
iment loads appear to overlap and increase with in-
creasing catchment area. However, the range of his-
toric sediment loads is larger than the range of
longer-term loads. Historic and longer-term denu-
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dation rates are also broadly similar, although his-
toric rates are more variable and exhibit a slight neg-
ative relationship with catchment area.

To more meaningfully compare sediment loads
and denudation rates measured over vastly different
time scales, figures 10 and 11 exhibit plots of mea-
surements from similar regions and approximately
the same catchment outlet points (i.e., stream
gauge and CRN samples are from the same geo-
graphic locations). Figure 10 includes stream gauge
and CRN samples within 500 km of one another.
As a result, >100 stream gauge samples from high-
standing islands of the southwest Pacific Ocean are
omitted. Moreover, we chose to omit all Taiwanese
samples. There are nearly 30 times more stream
gauge samples from rapidly denuding Taiwan,
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Figure 9. Comparisons of best-fitting power functions
and geometric standard deviation envelopes of all
stream gauge-derived (based on all 1241 samples) and
cosmogenic radionuclide (CRN)-derived (based on all
1252 samples) sediment loads (a) and denudation rates
(b). The standard deviation envelopes of stream gauge
data are plotted on top of those of CRN data, which are
colored gray. See figures 2 and 3 for scatter plots of all
sample data with best-fitting functions and standard
deviations.
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which obscures comparison to the few CRN sam-  and denudation rates measured over vastly different
ples. Figure 11 shows stream gauge and CRN mea-  time scales: 81 of 103 sites exhibit stream gauge
surements from the same catchment outlet point.  sediment loads that are within an order of magni-
There is broad similarity between sediment loads  tude of CRN loads (fig. 9).

This content downloaded on Fri, 4 Jan 2013 11:36:15 AM
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

Q

1.00E+04 1

nQ B Bierman etal. (2005)
Q

l\ .
NS Dadson etal. (2005)/Siame etal. (2011)
y\ .

1.00E+02
B Clapp etal. (2003)

Ferrier etal. (2005)

1.00E+00
Hewawasam et al. (2003)

B Kirchneretal. (2001)
1.00E-02
B Warrick & Farnsworth (2009)/Covaultetal. (2011)

B Meyeretal.(2010)
1.00E-04

B Schalleretal. (2001)

Historic, stream-gauge sediment load (Mt/yr)

B Wittmannetal. (2009)

1.00E-06 ’ y :
‘% ‘9, % ‘% ‘%, %q,. W Wittmannetal. (2011)
] o ® S % S
% % 2 2 Q
Longer-term, CRN mass load (Mt/yr)
N
b | 1.00E+04 1 Q
5 ﬁ
= |
s
< 1.00E+02 - RS 0
S 0@‘ o/ U
€ 9 .
8 PN %
£ 1.00E+00 1 4
3 A ®0-10 km"2
: >10-100 km*2
S 1.00E-02 - >100-1000 kmA2
: >1000-10000 kmA2
o 0>10000 kmA2
@ 1.00E-04 | J = 0.5805x.126
5 R? = 0.9181
®
T 1.00E-06 : ; ' . .
7 7 7 7 7 7
100 .% .% '00 -00 -00
X 2 %, & 2, 2,
% G 2 % % G

Longer-term, CRN mass load (Mt/yr)

Figure 11. Stream gauge and cosmogenic radionuclide (CRN) samples from approximately the same locations
(n = 103). See figure 1 for sample locations. a, Sediment loads are colored according to publication source. The
vertical height of data points represents the range of historic, stream gauge—derived sediment load. b, Sediment
loads are colored according to catchment area. The midpoints of the ranges of historic, stream gauge-derived
sediment loads are plotted. The dashed black line represents a best-fitting power function.

This content downloaded on Fri, 4 Jan 2013 11:36:15 AM
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

48 J.

Discussion

Sediment Load, Denudation, and Catchment Geo-
morphology. Historic, stream gauge—derived and
longer-term, CRN-derived sediment loads gener-
ally increase with catchment area (Milliman and
Syvitski 1992; Milliman and Farnsworth 2011; figs.
2-5, 6¢, 7c). This positive relationship likely occurs
because larger catchments afford greater surface
area for sediment generation and denudation by
fluvial-incision, hillslope-erosion, and sediment-
transport processes. For example, the Amazon
River is the world’s largest fluvial system in terms
of catchment area and exports 1.2 x 10° Mt/yr of
suspended sediment to the Atlantic Ocean during
historic time frames (Milliman and Farnsworth
2011; Wittmann et al. 2011). Wittmann et al. (2011)
calculated the mass flux through the distal reach
of the Amazon River near Obidos to be 0.8 x 10°
Mt/yr from CRN abundances, which is remarkably
similar to the gauging-derived total suspended-sed-
iment load (figs. 11, 12). In contrast, smaller catch-
ments in tectonically active Southern California
exported ~0.3 Mt/yr of total suspended sediment
to the Pacific Ocean during historic time frames
(Warrick and Farnsworth 2009; figs. 11, 12). Co-
vault et al. (2011) calculated the mass flux through
the same Southern California catchments from
CRN abundances to be ~1.6 Mt/yr.

There are a number of exceptions to the gener-
alization that larger catchments correspond with
larger sediment loads (Milliman and Farnsworth
2011). Our compilation shows that both stream
gauge—derived and CRN-derived sediment loads
can vary by several orders of magnitude for a given
catchment area (figs. 2, 3, 6¢, 7¢). Milliman and
Farnsworth (2011) showed that the Waiapu River
of New Zealand, which has a catchment area of
1.7 x 10® km? discharges ~26 times more sedi-
ment than the much larger Murray-Darling River
(1.1 x 10° km?) during a historic period of stream
gauging. The Sio Francisco and Brahmaputra
Rivers drain similar-sized catchments—6.4 x 10°
and 6.7 x 10° km?, respectively—but have vastly
different historic annual sediment fluxes: 6 and 540
Mt/yr, respectively (Milliman and Farnsworth
2011).

The disparity in sediment loads for a given size
of catchment is at least partially attributed to dif-
ferences in maximum elevation of the catchment
(Milliman and Syvitski 1992; Bierman and Nichols
2004; Milliman and Farnsworth 2011, figs. 4a, 5a,
6a, 7a). In general, mountainous catchments (>1000
m elevation) exhibit larger sediment loads (figs. 44,
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5a, 6a, 7a). Of course, elevation and catchment area
cannot have a causal link with sediment load;
rather, area and elevation are correlated with other
topographic factors that are causally related to sed-
iment flux, namely, gradient and tectonic activity
(Milliman and Syvitski 1992; Summerfield and
Hulton 1994; Bierman and Nichols 2004). The
global CRN-derived catchment denudation com-
pilation of Portenga and Bierman (2011) shows that
combined environmental parameters, including
latitude, precipitation, temperature, and vegetation
cover in addition to topographic factors, account
for variation in denudation, with average catch-
ment slope being the most significant regressor (ta-
ble S2).

There does not appear to be a clear relationship
between mean monthly precipitation (1950-2000)
and either historic or longer-term sediment loads
(figs. 6b, 7b). The impact of mean precipitation on
sediment load and denudation is contentious (see
the discussion on p. 35-38 in Milliman and Farns-
worth 2011; Ahnert 1970). Mean monthly precip-
itation measured during the twentieth century
might not be applicable to longer-term millennial
sediment loads or denudation. Over shorter historic
time scales, mean monthly precipitation or annual
precipitation alone might not be useful in predict-
ing sediment load. Rather, a measure of precipita-
tion seasonality, which considers deviations from
mean precipitation (e.g., Walsh and Lawler 1981),
combined with vegetation and geomorphic char-
acteristics of a catchment might more meaning-
fully correlate with sediment load and denudation
(Milliman and Farnsworth 2011).

Consistent with previous compilations of global
sediment yield (t/km?/yr) or denudation (e.g.,
Milliman and Syvitski 1992), figure 2b shows a neg-
ative best-fit relationship with catchment area.
Milliman and Syvitski (1992) link the negative re-
lationship between yield or denudation and catch-
ment area to steeper gradients and less space avail-
able for deposition and storage of sediment within
smaller catchments. However, denudation is
shown to be most rapid in catchments between
~10* and ~10° km?* (figs. 2b, 6¢). These rapid de-
nudation rates are predominantly from high-stand-
ing islands of the southwest Pacific (table S1). Re-
cent studies have revealed inconsistent trends of
sediment yield or denudation versus catchment
area for a variety of reasons, including spatial and
temporal variability in climate, lithology, topog-
raphy, dominant erosion processes, and human
land use (for a review, see de Vente et al. 2007;
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Saunders and Young 1983; Bierman and Nichols
2004).

Historic versus Longer-Term Sediment Fluxes. Al-
though historic and longer-term data exhibit a
broadly similar trend of increasing sediment load
with catchment area, historic sediment loads are
skewed to larger values relative to longer-term
loads (figs. 2, 3, 8a). The skew of the distribution
of historic sediment loads to larger values is likely
because historic data are sampled from larger catch-
ments (fig. 8c).

The standard deviation from best-fitting power
functions is approximately plus or minus an order
of magnitude for both historic loads and denudation,
whereas the standard deviation is approximately
plus or minus a factor of five for longer-term CRN
loads and denudation (figs. 2, 3). The greater varia-
tion of the distribution of historic sediment loads
likely occurs because (1) historic data span a greater
geographic region and, thus, a greater breadth of geo-
morphology and climate (fig. 1) and (2) CRN data
average over longer time periods (von Blanckenburg
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2005; Ivy-Ochs and Schaller 2010). Regarding the
second point, the assumption of isotopic as well as
geomorphic steady state over long periods (10>-10°
yr) is a prerequisite of CRN analyses (von Blancken-
burg 2005; Ivy-Ochs and Schaller 2010). However,
catchment denudation can vary over shorter periods,
and the influx of CRNs into the catchment often is
in disequilibrium with the flux out of the catch-
ment. In this common situation, the CRN-derived
denudation rate can lag behind variations in catch-
ment denudation, which have changed over time.
As a result, changes in denudation over time are
smoothed in rates derived from CRN abundances
and an average, integrated denudation rate is re-
ported, which might be higher or lower than a
shorter-term denudation rate (Ivy-Ochs and Schaller
2010). In particular, cosmogenic budgets of sediment
flux that span glacial-interglacial cycles (i.e., 41-100
k.yr.) might overestimate background rates (Schaller
and Ehlers 2006). Sediment accumulation rates
along the Chilean continental margin suggest that
catchment-wide denudation might be ~3 times more
rapid during glacial times than during interglacial
times (Hebbeln et al. 2007). However, empirical evi-
dence describing the amplitude of fluctuations of
denudation and sediment flux across various tec-
tonic and climatic settings remains relatively lim-
ited. The point is that longer-term CRN sediment
budgets are likely susceptible to similar pitfalls as
shorter-term historic budgets, and the steady state
assumption over millennia might not always be
valid.

Stream gauge and CRN samples within 500 km
of one another exhibit similar distributions of sed-
iment load and denudation, even though these data
represent landscape evolution spanning vastly dif-
ferent time scales (fig. 10). The standard deviation
from best-fitting power functions is approximately
plus or minus a factor of eight for both historic
loads and denudation, whereas the standard devi-
ation is approximately plus or minus a factor of
four for longer-term CRN loads and denudation
rates (fig. 10). The similarity in best-fitting func-
tions and variation of stream gauge and CRN sed-
iment loads and denudation is likely a result of
geographic proximity, with broadly similar geo-
morphic (e.g., catchment area and elevation) and
climatic conditions (e.g., latitude, precipitation,
and seasonality; fig. 10). However, climatic condi-
tions, such as long-term precipitation patterns and
seasonality, can considerably vary from one decade,
century, or millennium to another.

Sediment Loads at the Same Locations. Figure 11
shows that sediment loads spanning vastly differ-
ent time scales can vary by greater than an order
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of magnitude at approximately the same location.
Nearly two-thirds of CRN-derived sediment loads
exceed historic loads measured at approximately
the same locations (fig. 11). Nearly 80% of sedi-
ment loads measured at the same locations exhibit
stream gauge loads that are within an order of mag-
nitude of CRN loads (fig. 11). However, data from
tropical highlands in Sri Lanka (Hewawasam et al.
2003), a hyperarid catchment in southern Israel
(Clapp et al. 2000), and a semiarid, arroyo-domi-
nated catchment in New Mexico consistently ex-
hibit larger historic sediment loads (only 17 of 103
sites; Bierman et al. 2005; fig. 11). In Sri Lanka,
excessive historic sediment load has been attrib-
uted to anthropogenic acceleration of erosion in
agricultural regions. Using CRNs to benchmark
natural denudation, Hewawasam et al. (2003) cal-
culated that soil is historically lost 10-100 times
faster than it is produced in anthropogenized catch-
ments (fig. 11). These measurements from Sri
Lanka exhibit the most excessive historic sediment
loads relative to longer-term CRN loads, which
demonstrate significant human impact on land-
scape evolution in Sri Lanka and possibly analogous
anthropogenized catchments. Imbalances between
historic and longer-term sediment loads in arid ba-
sins of southern Israel and New Mexico were in-
terpreted to indicate that these catchments are not
in steady state (Clapp et al. 2000; Bierman et al.
2005; fig. 11). Rather, alluvium that has been tem-
porarily stored in catchments is historically evac-
uated (Clapp et al. 2000; Bierman et al. 2005). Al-
though these catchments exhibit relatively large
historic sediment loads, they exceed CRN-derived
measurements of sediment load only by factors of
~2-4 (fig. 11). In New Mexico, imbalance between
sediment loads is interpreted to be a result of land
use and human impact (Gellis et al. 2004) as well
as historic high-frequency release of sediment
through natural arroyo processes (Bierman et al.
2005).

Idaho mountain catchments exhibit longer-term,
CRN-derived sediment loads as many as 30 times
more rapid than minimum historic fluxes during
10-84 yr of stream gauging (Kirchner et al. 2001;
fig. 11). The imbalance between longer- and
shorter-term sediment loads is interpreted to result
from extremely intermittent sediment delivery,
which is dominated by infrequent, large-magnitude
sediment-transport events (Kirchner et al. 2001).
Heightened longer-term sediment loads are also
calculated for spatially restricted, tectonically ac-
tive catchments of the Peninsular Ranges of South-
ern California (Warrick and Farnsworth 2009;
Covault et al. 2011). There, CRN-derived measure-
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ments of sediment flux can exceed historic mea-
surements by as many as two orders of magnitude
(Warrick and Farnsworth 2009; Covault et al. 2011;
figs. 11, 12). Southern California catchments are
also characterized by intermittent, large-magnitude
sediment transfer. The entire annual sediment load
of a Southern California river can be discharged in
<25 days, which indicates negligible sediment
transport over 90% of the annual gauging time
(Warrick and Farnsworth 2009). Inman and Jenkins
(1999) highlighted the strong correspondence be-
tween intermittent El Nifno-Southern Oscillation—
induced precipitation and heightened sediment
flux during a historic period of stream gauging (re-
garding sediment fluxes during millennia of El
Nifio-Southern Oscillation cyclicity, see also Ro-
mans et al. 2009; Covault et al. 2010). Moreover,
Southern California catchments are extensively an-
thropogenized (Inman 2008; Warrick and Farns-
worth 2009). Damming of Southern California riv-
ers is interpreted to have universally reduced
sediment discharge by ~45% (Inman 2008; Warrick
and Farnsworth 2009). In these extremely sensitive
catchments, historic stream gauging evidently is
not able to capture the signal of infrequent, large-
magnitude sediment-transport events that recur
over centennial to millennial time scales (figs. 11,
12). As a result, historic measurements of sediment
flux are deficient relative to longer-term records
(Inman and Jenkins 1999; Kirchner et al. 2001; figs.
11, 12).

Twenty-eight sites exhibit broad similarity of
rates—that is, historic sediment loads are within a
factor of two of longer-term loads (figs. 11, 12).
These sites are predominantly from larger catch-
ments and subcatchments of the Amazon Basin of
South America (Wittmann et al. 2011). In the Am-
azon Basin, historic and longer-term sediment
loads exhibit broad similarity attributed to limited
long-term sediment storage in route to catchment
outlets and the buffering capacity of the large flood
plain (Wittmann et al. 2011). As introduced above,
buffering capacity refers to the degree to which a
catchment postpones sediment transfer in response
to an external perturbation. This postponement can
dampen intermittent, large-magnitude sediment-
transport events and signals of external forcings
(e.g., climatic variability in sediment source areas
and anthropogenic soil erosion) at catchment outlet
points (Wittmann et al. 2011). Catchment buffering
is discussed below.

Measurements of sediment loads at the same lo-
cations are expected to significantly vary (Bierman
et al. 2005); however, 81 of 103 sites exhibit historic
sediment loads that are within an order of magni-
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tude of longer-term loads (fig. 11). As discussed in
the context of the ranges of historic and longer-
term loads, a single large-magnitude sediment-
transport event, such as those prone to occur in
highly anthropogenized catchments (e.g., Hewa-
wasam et al. 2003), can overwhelm the average his-
toric record and yield excessive measurements of
historic sediment load and denudation (Bierman
and Nichols 2004). This appears to be less common,;
only 17 sites from anthropogenized catchments
consistently exhibit excessive historic sediment
loads (fig. 11). Alternatively, if the recurrence of
large-magnitude sediment-transport events ex-
ceeds the period of stream gauging, CRN-derived
measurements of sediment flux and denudation are
expected to appear excessive (e.g., Kirchner et al.
2001; Schaller et al. 2001; Bierman and Nichols
2004; Nichols et al. 2005). This is the most com-
mon situation evident in figure 11, with longer-
term, CRN-derived sediment loads exceeding max-
imum historic fluxes at nearly two-thirds of sites.

Figure 11b shows historic and longer-term sedi-
ment loads colored according to catchment area.
As shown in figures 2 and 3, sediment loads are
greater in larger catchments. A best-fitting power
function is also displayed, which indicates that the
ratio of historic to longer-term sediment loads
trends from excessive longer-term, CRN-derived
loads (1 : 10 ratio) to approximately balanced loads
measured over vastly different time scales (1 : 1 ra-
tio; fig. 11b). This trend also generally follows the
transition from small to larger catchments (fig.
11b), which suggests that the buffering capacity of
flood plains within large catchments might pro-
mote broad similarity in loads measured over dif-
ferent time scales. Historic and longer-term sedi-
ment loads measured at the same locations were
not colored according to other geomorphic and cli-
matic variables, such as maximum elevation, dis-
tributions of gradients, and mean monthly precip-
itation, because they were not available for all 103
sample sites.

Buffering Capacity of Catchments. The role of in-
termittent extreme events in driving landscape evo-
lution remains contentious. Whereas some studies
show centimeters of denudation in response to a sin-
gle storm (e.g., smaller, rapidly uplifting Taiwanese
catchments; Dadson et al. 2003), others suggest that
historic (annual-decadal) sediment loads broadly
match longer-term fluxes (e.g., major global catch-
ments; Summerfield and Hulton 1994; Métivier and
Gaudemer 1999; Wittmann et al. 2011). We posit
that the buffering capacity of catchments strongly
determines the balance between historic and longer-
term measurements of sediment load.
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The buffering capacity is determined by the con-
tribution of sediment supply, driven by external per-
turbations, relative to intracatchment accommoda-
tion for deposition, especially flood plains (fig. 12).
Diminished buffering capacity of catchments would
be characterized by dominance of intermittent ex-
treme events, resulting in orders-of-magnitude im-
balances between historic and longer-term sediment
fluxes, which are rare in our compilation (figs. 11,
12). This is reactive sediment-routing behavior, in
which sediment and signals of external perturba-
tions are rapidly transferred from source areas to out-
lets (Allen 2008; fig. 12b). These imbalances are typ-
ically weighted to excessive longer-term sediment
loads, in which extreme sediment-transport events
are likely preferentially recorded. Shorter-term his-
toric records likely miss these extreme events.
Small, tectonically active, steep catchments drain-
ing the Peninsular Ranges of Southern California
exhibit as many as two orders of magnitude larger
CRN-derived sediment loads relative to historic,
stream gauge-derived loads (fig. 12).

Catchments in which accommodation for depo-
sition exceeds sediment supply have greater buffer-
ing capacity, which is reflected in broad similarity
of rates measured over vastly different time scales
(e.g., Métivier and Gaudemer 1999; Wittmann et al.
2011; fig. 12). Larger catchments can retain sediment
for longer periods as a result of more accommodation
for sediment storage and consequent resistance to
complete source-to-outlet sediment transfer in re-
sponse to short-term, small-magnitude external per-
turbations, such as relatively brief and local storms
or earthquakes (fig. 12b). As a result, signals of ex-
ternal perturbations to a catchment can be destroyed
or severely diluted upon reaching its outlet. Sedi-
ment that is deposited in flood plains or other in-
termediate reaches of catchments can be eroded and
exported to outlet points. Métivier and Gaudemer
(1999) suggested that rivers and flood plains propor-
tionally adjust to climate changes and upstream de-
nudation in buffered catchments in which sediment
loads are approximately balanced over different time
scales. That is, if upstream denudation is reduced,
the river might incise its flood plain to keep the
sediment flux at the outlet constant (Métivier and
Gaudemer 1999). Conversely, if climate changes
force greater upstream denudation, the river will use
the increased sediment load to recharge its previ-
ously excavated flood plain (Métivier and Gaudemer
1999). In this way, the steady transfer of reworked
flood-plain sediment to an outlet can be maintained
over a range of time scales (Métivier and Gaudemer
1999; Clapp et al. 2000; Phillips 2003; Phillips and
Slattery 2006; Wittmann et al. 2011; fig. 11a).
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Characteristics of these buffered catchments
include prolific alluviated regions separating hinter-
land from outlet, generally larger size, and predom-
inantly smaller gradients (fig. 12b). These geomor-
phic characteristics are present within the Amazon
River catchment, which exhibits similar historic
and longer-term sediment loads (Wittmann et al.
2011; fig. 12a). There is at least one prominent ex-
ception to the relationship of approximately bal-
anced historic, stream gauge-dervied and longer-
term, CRN-derived sediment loads; one site includes
a nearly two orders of magnitude larger CRN sedi-
ment load (fig. 12a). This discrepancy highlights a
challenge of applying CRN-derived denudation to
calculations of the mass load of an entire catchment
(Wittmann and von Blankenburg 2009; Wittmann et
al. 2011). Under most conditions of flood-plain stor-
age within large catchments, sediment conserves the
CRN concentration of the eroding source area,
where the CRNs have predominantly accumulated
(Wittmann et al. 2011). Thus, denudation rates are
applicable only to the source area in which the sed-
iment was generated, not the entire, relatively large
catchment (Wittmann and von Blankenburg 2009;
Wittmann et al. 2011). For consistency in calcula-
tions of mass load from CRN-derived denudation,
we calculated mass load as the product of a CRN-
derived denudation rate, an entire catchment area,
and an average rock density of 2.7 t/m*. We did not
encounter many obvious problematic mass load cal-
culations following this methodology, especially in
smaller catchments in which sediment is generated
in close proximity to outlet points. However, the
aforementioned data point of excessive CRN-
derived mass load is a result of integrating a denu-
dation rate across an entire catchment area rather
than the more local source area (fig. 124). In any case,
the majority of the Amazon River catchment sam-
ples and their mean sediment loads indicate ap-
proximately balanced loads measured over historic
and longer time scales. The anomalous data point
expands the standard deviation envelope of the dis-
tribution of Amazon River catchment sediment
loads.

Buffered catchments might be superior locations
in which to evaluate anthropogenic influences on
landscape evolution. Sediment buffering can provide
relatively meaningful historic, stream gauge-based
measurements of sediment load and denudation.
Moreover, significant imbalances between rates
measured over different time scales, with excessive
historic rates, might indicate human impact in a
characteristically buffered catchment. That is, such
a catchment might be large with evidence of signif-
icant alluviation, but historic sediment loads mea-
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sured during a period of significant anthropogenic
modification might be large relative to longer-term
natural loads.

Implications for the Stratigraphic Record. Under-
standing the buffering capacity of catchments also
has implications for predictions of depositional ar-
chitectures across sediment-routing systems and the
utility of stratigraphic records in deciphering Earth
history. A characteristically buffered catchment
might contain larger tracts of alluvium relative to a
more reactive catchment dominated by intermittent
extreme sediment transport. Longer residence of sed-
iment in buffered catchments might promote weath-
ering, producing more texturally mature sediment.
This sediment can be sequestered within the catch-
ment or dispersed beyond to another segment of a
land-to-ocean routing system, eventually coming to
rest in accommodation across a continental margin.

The postponement of sediment transfer in buf-
fered catchments also has implications for the prop-
agation of signals of external forcings from source
to sink. Jerolmack and Paola (2010) proposed that
sediment transport through large, buffered routing
systems can act as a nonlinear filter that destroys
short-term, small-magnitude external signals of
stratigraphic forcing (e.g., climatic and/or tectonic
fluctuations). Stratigraphic records within and be-
yond the outlets of such catchments might not rep-
resent the timing and magnitude of forcings. Rather,
signals will reflect longer time periods and smaller
magnitudes (Métivier and Gaudemer 1999; Castell-
tort and Van Den Driessche 2003). This potentially
complicates the meaning of stratigraphic records
across continental margins seaward of major fluvial
systems.

However, research from tectonically active, spa-
tially restricted sediment-routing systems of South-
ern California has demonstrated that continental
margin deposition can reflect millennial changes in
terrestrial catchments (Romans et al. 2009; Covault
et al. 2010). This is because land and deep-sea com-
ponents of small Southern California systems can
be consistently linked, and there is limited accom-
modation for sediment sequestration in route to ma-
rine depositional sites (Covault et al. 2010). High-
latitude marine depositional systems are also
sensitive to climatic variability associated with gla-
cial to interglacial transitions, during which cata-
strophic floods can rapidly transport sediment
thousands of kilometers from terrestrial source to
deep-sea sink. Examples of high-latitude sediment-
routing systems include the Columbia River-to-
Astoria deep-sea depositional system and the Lau-
rentian Channel and other high-latitude systems of
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the eastern Canadian margin (Brunner et al. 1999;
Zuffa et al. 2000; Normark and Reid 2003; Piper and
Normark 2009). Similar to the smaller Southern Cal-
ifornia systems, higher-latitude systems can, at least
temporarily, rapidly transport sediment from source
to sink. That is, the extreme sensitivity to subglacial
conditions and resultant sedimentary processes of
high-latitude systems temporarily facilitate rela-
tively efficient sediment transport to the deep sea.
These sediment-routing systems have been charac-
terized as reactive, in which the land- and seascapes
rapidly respond in concert to a perturbation (Allen
2008). As a result, changes in the rates and magni-
tude of marine deposition might faithfully reflect
changes in the terrestrial source area (Covault et al.
2010).

Conclusions

Compilations of historic, stream gauge—derived and
longer-term, CRN-derived sediment loads and de-
nudation in a global breadth of catchment outlets
provide insights into the spatial and temporal vari-
ability of landscape evolution. Trends of increasing
sediment load with catchment area are likely a re-
sult of greater surface area for liberation of sediment
from the land surface and its transfer to outlets. Sed-
iment loads and denudation in similar regions and
at approximately the same locations exhibit broad
similarity measured over different time scales. How-
ever, longer-term, CRN-derived sediment loads ex-
ceed historic loads at the majority of sites. Excessive
longer-term loads at the same locations likely are a
result of longer-term recurrence of large-magnitude
sediment-transport events. Nearly 80% of historic
sediment loads are within an order of magnitude of
longer-term loads at the same locations, likely as a
result of the buffering capacity of large flood plains.
Buffered catchments might exhibit historic, stream
gauge—derived measurements of sediment load and
denudation that are applicable over longer time
scales. The buffering capacity of catchments also has
implications for interpreting the stratigraphic rec-
ord: delayed sediment transfer might complicate sig-
nals of external forcings recorded in stratigraphy.
Conversely, rapid sediment transfer through catch-
ments might result in marine deposits that reflect
changes in the terrestrial source area.
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