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Abstract 
 
 Geologists have long sought to understand the spatial distr ibution of erosion rates 
and thei r relationship to climate, topography, tectonics, and lithology. Since the mid-1980s, 
measurements of 10Be, an in situ produced cosmogenic radionuclide, have been used to estimate 
bedrock outcrop and basin-scale erosion rates at >80 sites scattered non-uniformly around the 
world. Here, we compile and normalize published erosion rate data (n= 1531) in order to 
understand how, on a global scale, erosion rates vary between climate zones, tectonic settings, 
and different rock types. The large sample size allows us to test the relationship between erosion 
rates and a variety of landscape-scale parameters. 

Drainage basins erode more quickly than bedrock outcrops. Outcrops (n=420) erode 
on average 16 ± 2.5 m My-1; the distribution is highly skewed and the median rates is much 
slower, 5.2 m My-1.  On average, drainage basins (n=1111) erode more than 10 times faster than 
bedrock outcrops (209 ± 32.6 m My-1); the median is much less, 53 m My-1. In regions where 
both bedrock outcrop and basin-scale erosion rates have been measured, basins generally erode 
more quickly than outcrops, likely reflecting the acceleration of rock weathering rates under soil. 

Bi-variate analyses indicates only weak correlation between erosion rates and 
landscape parameters on the global scale; correlations are much stronger at local scales. 
Landscape parameters best account for erosion rate variation when they are combined in multiple 
regression analyses. Such combinations explain, in the global data sets, 33% of the variability in 
bedrock erosion rates and 56% of the variability in basin-scale erosion rates.  Basin-scale erosion 
rates are most often related to basin-average slope. Rock type is a major influence on bedrock 
outcrop erosion rates. 

 
Introduction 
 Measuring the rate and spatial distr ibution of erosion on millennial timescales is 
fundamental to understanding how landscapes evolve through time and for placing human 
environmental impacts in context (Hooke, 1994, 2000). Yet, Geoscientists are largely lacking 
both the data and a global model to predict, with any accuracy or precision, the rate and spatial 
distribution of erosion on Earth’s dynamic surface.  We are even less able to predict how erosion 
rates respond to changes in boundary conditions including land use, tectonic, and climatic 
forcing.  Clearly, rates of erosion are set by complex, non-linear feedbacks between multiple 
Earth systems including the solid Earth (tectonic uplift and rock shattering), the hydrosphere 
(rainfall intensity and distribution), and the biosphere (plants and soil biota); yet, these critical 
interactions occur on different temporal and spatial scales meaning that properties and 
relationships dominant at one scale may be unimportant at other scales.   

Through the 20th century, geologists used a variety of tools to measure rates of erosion.  
The most common approach rates of erosion equated sediment yield with erosion rate. For 
example, compiling sparse data, Dole and Stabler (1909) made the first estimates of erosion rates 
for Northern America; later, Judson (1968) took a similar approach on a global scale. Such 
calculations presume that human impact on the landscape is inconsequential – refuted by 
Trimble (1977) – and that short-term measurements of sediment flux are representative of long-
term flux rates – refuted by Kirchner et al. (2001).  

Much of this early work was compiled by Saunders and Young (1983) who 
summarized erosion data from 420 publications.  Erosion rates were estimated using a variety 
of methods in many different settings. The compilation shows that erosion rates differ by climate 
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zone, that there was large variability between sites, and that erosion usually proceeds at less than 
200 m My-1.  Rates varied by the active process and the scale of observation: rock weathering (1-
130 m My-1), chemical denudation (2-200 m My-1), slope and cliff retreat (~100 m My-1), and 
basin lowering (10-1000 m My-1). 

Until recently, no one method of measuring erosion rates directly was applicable 
world-wide. The development of Accelerator Mass Spectrometry (AMS) and the measurement 
of cosmogenic radionuclides, the concentration of which reflects near-surface residence time and 
thus the speed of many surface processes, has changed everything (Elmore and Phillips, 1987).  
Now, there is a globally applicable method for measuring erosion rates over millennial 
timescales. Geomorphologists have embraced these isotope systems enthusiastically. Since 1986, 
in situ produced cosmogenic radionuclides, most commonly 10Be produced in quartz, have been 
used to model how quickly bedrock outcrops and river basins erode over geomorphically 
meaningful timescales (Bierman and Caffee, 2001; Bierman and Steig, 1996; Granger et al., 
1996; Nishiizumi et al., 1986; Schaller et al., 2001; Small et al., 1997).  Such modeling is based 
on the known behavior of cosmic rays that produce 10Be, an otherwise exceptionally rare isotope, 
within the uppermost several meters of Earth’s surface (Lal, 1991). 

Many of the regional-scale cosmogenic studies, now numbering >80, indicate that 
physical and environmental parameters can influence millennial-scale erosion rates 
although the results are not uniform. In order to understand the relationship between erosion 
rates and metrics quantifying physical environmental parameters (e.g. climate, topography, 
biogeography, and tectonic setting) we compiled all publically available bedrock outcrop and 
basin-averaged erosion rates inferred from measurements of 10Be.  After normalizing the data for 
changes in calculation parameters used by different authors over the last 24 years, we compared 
erosion rates and a variety of physical parameters, both individually and using multivariate 
statistical methods.  The result is a description, at a global scale, of the relationship between 
various environmental parameters and the erosion rate of both bedrock outcrops – and drainage 
basins.  Such relationships can be used to predict erosion rates under different climatic and 
tectonic regimes and in areas where measurements have yet to be made and are thus important 
for understanding the behavior of Earth’s sedimentary system over a variety of spatial and 
temporal scales. 
 
Methods  
 W e compiled all publicly available in situ 10Be erosion rate data generated from 
fluvial sediment and bedrock outcrop samples (F igure 1; Tables 1, 2, & 3 in Data Repository). 
For outcropping bedrock, we included only unshielded samples collected from horizontal or sub-
horizontal surfaces and in areas that had not experienced extensive recent glacial cover.  For each 
sample, we collected all data necessary to recalculate erosion rates including reported 10Be 
concentration, location coordinates, elevation, and the AMS standard (Table 1 in Data 
Repository). In some cases, information was provided in the original publications; in other cases, 
we contacted papers’ authors directly.   

Samples in this compilation required recalculation for two reasons: (1) constraints on 
production rates, neutron attenuation path length, and the 10Be half-life have improved over time 
and values used in individual studies vary; (2) Some publications amend the erosion rate 
equation to correct for location-dependent anomalies such as geometric shielding, glacial history, 
and muon production, making it difficult to observe general global patterns from published 
erosion rates.  
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W e used the C R O NUS on-line calculator for erosion rate estimates (Balco et al., 
2008): http://hess.ess.washington.edu/.  Effective elevation, or the production-rate weighted 
average elevation for a basin, and effective latitude were determined from a MatLab script (see 
Data Repository), enabling us to use the CRONUS calculator for determining basin-wide erosion 
rates. CRONUS-calculated erosion rates for bedrock outcrops and basins strongly and 
significantly correlate to their original published erosion rates (see Data Repository). 

W e compared erosion rates for bedrock outcrop and basin samples to various 
environmental and physical parameters on the global-scale. For outcrop samples, these 
parameters include absolute latitude (°N or °S), elevation (m above sea level), relief (m within a 
5 km radius), MAP (mm/yr), MAT (°C), and seismic hazard (a proxy for tectonic activity). For 
basin samples, we also consider average basin elevation (m above sea level), basin relief (m), 
basin area (km2), mean basin slope (°), and percent vegetation cover (see Table 4 in the Data 
Repository)(Giardini et al., 1999; Hijmans et al., 2005; Peel et al., 2007). Data were extracted 
from global coverage datasets using ArcGIS software. Not all global coverages extend to 
Antarctica. Antarctic climate data was modified from Monaghan et al. (2006); seismicity data 
could not be gathered for Antarctica and so those sites are excluded from some of our analyses.  

Analytical tests and statistics were run using JMP software. Bi-variate analyses were 
carried out for numeric parameters (i.e. MAP, MAT, seismicity, tree coverage, etc.) whereas 
analyses of variance and Student’s t-tests were carried out for nominal data (i.e. climate zone, 
lithology, seismic regime). Forward stepwise regressions were carried out for each global dataset 
and for each subgroup of nominal data categories. Parameters were entered into the test based on 
their ability to statistically improve the regression; if a variable did not significantly improve the 
regression, it was omitted from the test. The parametric statistical tests we use assume a normal 
sample distribution.  Because both bedrock and basin-scale erosion rate distributions are highly 
skewed (Figure 2), we log transformed the erosion rate data before performing statistical tests.  
 
Results 
Bedrock outcrop erosion rates 

Bedrock outcrops (n = 420) erode at an average rate of 15 ± 2.5 m My-1.  The median 
erosion rate is 5.2 m My-1, indicating a skewed distribution (Figure 2a). Outcrop samples in the 
database are not uniformly distributed geographically and come from 4 clusters: the Antarctic, 
South America, southern regions of Africa and Australia, and mid-latitudes of North America 
and Europe (Figure 1). Most sample sites are between 30-40° latitude (Figure 3a). Sampling gaps 
between 50-70° reflect the absence of land in the Southern Ocean and the region of widespread 
glacial activity in the northern hemisphere; few samples have been collected from extremely low 
latitudes. Bedrock erosion rates are unrelated to absolute latitude, outcrop elevation, or 
seismicity (Figures 3a-c).  Outcrops in seismically active regimes erode at 13 ± 1.6 m My-1 (n = 
55), a rate indistinguishable from those in seismically inactive areas 16 ± 2.6 m My-1 (n = 367, 
Figure 3d). There is a weak, but significant correlation of outcrop erosion rates with relief (R2 = 
0.09; p < 0.01; Figure 3e). Outcrops are significantly related to MAP (R2 = 0.15, p < 0.01, Figure 
3f) and though no linear relation is observed with MAT, a peak in erosion rates centers around 
10°C (Figure 3g). 
 An analysis of variance shows that outcrop erosion rates differ by lithology and that 
climate influences bedrock erosion rates. Sedimentary rocks erode at an average rate of 19 
±1.9 m My-1 (n = 106), which is significantly higher than the average erosion rate for 
metamorphic rocks (13 ± 1.7 m My-1; n = 86; p = 0.03) and igneous rocks (8.6 ± 0.9 m My-1; n = 
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232; p < 0.01, Figure 3h). The average outcrop erosion rate in temperate climates (35 ± 5.2 m 
My-1; n = 76) is significantly higher than those in any other climate zone (p < 0.01; Figure 3i).  
Erosion rates for other climate zones also differ: cold (20 ± 4.0 m My-1; n = 111), arid (7.7 ± 1.0 
m My-1; n = 195), tropical (7.2 ± 0.86 m My-1; n = 11), and polar (3.8 ± 0.39 m My-1; n = 31). 
 A forward stepwise regression shows that 33% of the variation of all bedrock 
outcrop erosion rates can be described by five significant parameters (n = 424; R2 = 0.33; 
F igure 5a).  Similar tests were run on bedrock outcrop erosion rates for individual climate zones, 
lithologies, and seismic regimes. Outcrop latitude, 5-km relief, and elevation are the most 
significant regressors. MAT moderately assists the regression of erosion rates in tropical climates 
and seismically inactive regimes. 
  
Basin average erosion rates 
 On average, sampled drainage basins erode at 209 ± 33 m My-1 (n = 1110). The 
distr ibution is highly skewed with a median erosion rate of 53 m My-1 (F igure 2b). Basins 
selected for cosmogenic analyses are not randomly distributed; rather, sampling is biased toward 
mid-latitudes and temperate climates.  
 Landscape morphology is the strongest bi-variate control on drainage basin erosion 
rates. Basin slope yields the strongest correlation with erosion rates (R2 = 0.33, p < 0.01; Figure 
5a); basin relief and mean basin elevation also have significant positive correlations (R2 = 0.19, p 
< 0.01; and R2 = 0.14, p < 0.01, respectively; Figures 5b-c). Seismicity correlates to basin-scale 
erosion rates (R2 = 0.20, p < 0.01; Figure 5d). The average erosion rate for basins in seismically 
active basins (365 ± 54 m My-1, n = 219) is significantly higher than in seismically inactive 
basins (171 ± 27 m My-1, n = 810, p < 0.01, Figure 5e). MAT has a very weak negative 
correlation (R2 = 0.08, p < 0.01, Figure 5f) with drainage basin erosion rates. There is no 
significant correlation between basin erosion rates and latitude, MAP, or basin area (Figures 5g-
i). 
 Basin-scale erosion rates differ by climate zone (F igure 5j). The average erosion rate 
in polar climates (554 ± 130 m My-1; n = 69) is higher than in all other climate zones (p < 0.01): 
temperate (254 ± 35 m My-1; n = 465), cold (158 ± 21 m My-1; n = 280), tropical (116 ± 17.7 m 
My-1; n = 72), and arid (102 ± 18 m My-1; n = 224). 

Typically, basins are underlain by one dominant lithology, though in some cases, the 
basins are so large, more than one type of lithology is prevalent. Basins in metamorphic 
terrains erode faster than any other lithology (288 ± 45 m My-1; n = 298; p < 0.08, Figure 5k): 
mixed-lithology terrain (226 ± 37.5 m My-1; n = 292), igneous (148 ± 19.6 m My-1; n = 302) and 
sedimentary lithologies (163 ± 27.1 m My-1; n = 218). 
 Forward stepwise regressions of basin erosion rates show that eight parameters 
describe 56% of variability (R2 = 0.56; F igure 4b). Elevation was the only parameter not 
entered into the regression as its initial significance was too low to gain entry into the test. Nearly 
every basin-scale subcategories for which forward stepwise regressions were carried out indicate 
that basin slope is the most significant regressor; this includes the global regression. The 
remaining parameters are highly variable in terms of their regression power. 
 
Discussion 
 Compilation of 1534 measurements of in situ produced 10Be provides the first global 
view of erosion rates determined cosmogenically.  The metaanalysis identifies five important 
themes:  1) Existing 10Be data are nonuniformly distributed and have highly skewed 
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distributions, 2) 10Be erosion rates are consistent with those estimated by other techniques, 3) 
Basins erode more quickly than outcrops implying that regolith cover influences erosion rates, 4) 
Scale determines the degree of bivariate correlation, 5) Environmental and material parameters 
allow better prediction of basinscale than bedrock erosion rates. 
 
1. Distribution of existing samples 

Our compilation is global; however , large portions of Earth remain unsampled 
meaning that the data are non-uniformly distr ibuted (F igure 1a).  There are sampling gaps 
between 50-70° latitude, both north and south. Low latitude samples (0-10° north and south) are 
also rare.  Latitudes with large sample populations, between 30-50° north and south, correspond 
to Europe, the United States, and Australia – easily accessible locations.  Exceptions include 
large sample populations from basins and bedrock outcrops in Namibia and the Bolivian Andes 
(Bierman and Caffee, 2001; Cockburn et al., 2000; Kober et al., 2007; Kober et al., 2009; Safran 
et al., 2005; Wittmann et al., 2009). Refining the relationships presented in this study will happen 
only when these large spatial data gaps are filled. 

Both bedrock and drainage basin erosion rates have highly skewed distributions 
(F igure 2) with most samples indicating relatively slow rates of erosion.  This skewed 
distribution probably reflects the rapidity of erosion in tectonically active zones where mass is 
supplied to orogens by plate convergence and removed by rapid erosion of hillslopes at critical 
angles (Zeitler et al., 2001).  In contrast, only isostatically driven rock uplift supplies mass for 
erosion in the tectonically stable zones that make up most of the world (Hack, 1975, 1979). 

Studies with a large number of samples in one region (Bierman and Caffee, 2002; 
DiBiase et al., 2010; H enck et al., In Review; Safran et al., 2005; Schaller et al., 2001) are 
helpful in creating large sample populations for statistical analyses; however, sample 
adjacency leads to biases in data interpretation because of the scale dependance of correlation.  
For example, bedrock outcrops in cold climates come from numerous locations, geographically 
(n = 111) and the stepwise multivariate regression accounts for only 11% of the variability of 
erosion rates whereas 52% of variability of erosion rates in polar regions is explained. This high 
correlation is most likely the result of all 31 polar outcrop samples coming from a single, small 
geographic area. 

 
2.  Consistency of 10Be erosion rates 

Bedrock outcrop and basin-wide erosion rates determined cosmogenically are 
within the range of previously used techniques of quantifying erosion or denudation rates.  
Compiled bedrock outcrop erosion rates are slow (mean = 16 m My-1; median = 5 m My-1) and, 
with the exception of rare cases (Chappell et al., 2006), do not exceed 140 m My-1, similar to 
rock weathering rates measured in the past which range from 2 – 200 m My-1 (Saunders and 
Young, 1983). Compiled basin-scale erosion rates (mean = 209 m My-1; median = 5.2 m My-1) 
also fall within previously published ranges as quantified by measuring chemical, bed, and 
suspended loads within rivers: 2-1000 m My-1 (Saunders and Young, 1983) and 4-690 m My-1 
(Summerfield and Hulton, 1994), though in rare cases exceed these rates (Binnie et al., 2006; 
Binnie et al., 2008; Finnegan et al., 2007; Ouimet et al., 2009; Reinhardt et al., 2007; Vance et 
al., 2003; Wittmann et al., 2009; Wittmann et al., 2007); all of these extreme erosion rates are in 
seismically active regions (e.g. San Bernardino Mountains, Spanish Sierra Nevada) or in polar 
climates (e.g. Tibetan Plateau, Swiss Alps). 
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 Drainage basin studies are ideally done in catchments where human impact is not 
obvious; however, as the human population increases, its role as a geomorphologic medium is 
more pronounced than ever (Hooke, 2000; Wilkinson and McElroy, 2007). As humans interact 
with larger areas of drainage basins, the natural sedimentation rates of drainages are altered and 
measuring the suspended load of a drainage basin no longer represents natural sedimentation or 
erosion rates (Kirchner et al., 2001; Syvitski and Milliman, 2007; Syvitski et al., 2005; Trimble, 
1977). 
 
3. Basins erode more rapidly than bedrock outcrops 

Taken at face value, average bedrock outcrop erosion rates are more than ten times 
slower (16 m My-1) than those infer red from basin-scale studies (209 m My-1).  Comparison 
of median values (5.2 versus 53 m My-1) shows a similar relationship. Within each seismic 
regime, climate zone, and lithology, drainage basins are eroding more rapidly than bedrock 
outcrops. While it is possible that the location of bedrock versus basin-scale samples accounts 
for this bias, we consider such sampling bias unlikely because there are 19 regions around the 
world where both bedrock outcrop and basin erosion rates have both been measured (Figure 6). 
At all but 5 of those sites, drainage basins erode faster than bedrock outcrops. The five sites 
where bedrock outcrops erode faster than drainage basins are situated in stable regions such as 
passive continental margins (e.g. Shenandoah National Park, Blue Ridge Escarpment, and Great 
Smoky Mountain National Park in the United States) and inner-continental cratonic rocks 
(Flinders Range, Australia). However, not all sites along passive continental margins follow this 
pattern: for example, studies done in the Susquehanna River Basin (Reuter et al., 2006) and the 
Sri Lankan escarpment (von Blanckenburg et al., 2004) indicate that drainage basins are eroding 
more rapidly than bedrock. Large discrepancies between sample sizes for each of these regions 
produce average erosion rates which may not be representative of the region.  

 
4. Influence of scale on erosion rates 

Scale appears to determine which parameters influence both bedrock outcrop and 
drainage basin erosion rates because cor relations observed on the local scale are often not 
observed or are much weaker on the global scale. For example, in Australia, the lowest 
measured bedrock outcrop erosion rate from sampling sites on Australia’s Eyre Peninsula and in 
central Australia correlate well with MAP (R2 = 0.98) (Bierman and Caffee, 2002). On the global 
scale, however, there is little correlation; MAP does not factor into the multivariate analysis for 
bedrock outcrop erosion in arid regions.  On a basin-scale, erosion rates have been shown to 
correlate well with average basin elevation in individual studies (Heimsath et al., 2006; Palumbo 
et al., 2009). This relationship is only weakly seen at the global scale with mean basin elevations 
(R2 = 0.14) and elevation is neither a dominant regressor in any of the multivariate regressions 
(Figure 5c). We suspect the scale-dependance of bivariate correlation is caused by the variety of 
other factors affecting erosion rates such as bedrock structure and strength. 
 Mean basin slope is the one parameter that influences basin-scale erosion rates 
significantly at both the local and global level.  For example, mean basin slope produced the 
strongest bi-variate correlation with drainage basin erosion rates at the global scale (R2 = 0.33, 
Figure 5a).  At local scales, the correlation can be even better and many drainage basin erosion 
rate studies show a positive relationship between erosion rate and slope (Matmon et al., 2003; 
Palumbo et al., 2009; Reuter et al., 2006; Sullivan et al., accepted; von Blanckenburg et al., 
2004). In the multivariate analyses, slope was the predominant regressor in nearly every 
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subdivision of categorical data (Figure 4b), and was the predominant regressor for the global 
basin-scale multivariate regression. 
 
5. Influence of material and environmental parameters on erosion rates 

L ithology strongly influences the rate of bedrock erosion. Outcrops of sedimentary 
rock erode faster than both igneous and metamorphic outcrops, a difference that may be due to 
inherent weaknesses between sedimentary units, along bedding planes, and between individual 
grains. Crystalline rocks are naturally stronger as they are comprised of interlocking crystal 
grains; however, metamorphic rocks erode more quickly than igneous rocks, perhaps due to 
weaknesses along foliations. The influence of lithology on a basin scale erosion rates is different. 
Basins underlain by metamorphic rocks are eroding more quickly than basins underlain by 
igneous or sedimentary rocks.  Most likely the control here is at least partially tectonic; 
metamorphic rocks often crop out in tectonically active zones. 

Many studies (REF) indicate a coupled relationship between relief or slope and 
precipitation, indicating higher erosion rates in mountainous or steep terrain controlled by 
orographic processes, but these relationships are not apparent on a global scale (Figure 7). 

 Drainge basin erosion rates are clearly related to topographic metrics (relief and 
slope).  On the global scale, relief and slope both produced a strong bivariate correlation with 
drainage basin erosion rates and is significant in numerous multivariate analyses including 
regressions for cold, tropical, and temperate climates, basins of mixed lithology, and seismically 
active regimes. On the local scale, relief and erosion rate co-vary in basins of the Tibetan Plateau 
(Finnegan et al., 2007; Palumbo et al., 2009) but other studies find no correlation of erosion rates 
with basin relief, such as in the Great Smoky Mountains of Tennessee and North Carolina 
(Matmon et al., 2003) and the Western French Alps (Delunel et al., 2010).  Slope is related to 
erosion rates in most, but not all drainage basin studies (Riebe et al., 2001). 

Other environmental parameters exert at most a weak control on outcrop and 
drainage basin erosion rates. MAP is frequently cited as a parameter controlling erosion rates 
and a relationship is often observed in local and regional studies of both bedrock and drainage 
basins (Bierman and Caffee, 2002; Bierman and Caffee, 2001; Henck et al., In Review; von 
Blanckenburg et al., 2004). However strong a correlation MAP produces at the local scale, 
globally only weak correlations are observed and multivariate analyses suggest MAP does not 
play an important role in explaining erosion rates for either outcrops or basins. 

Globally, other individual landscape and climatic parameters yield only weak 
bivariate correlations with both outcrop and drainage basin erosion rates, but when 
combined, thei r ability to account for variability in erosion rate increases for individual 
groups of categorical data.  For example, in cold climates, relief, slope, percent tree cover, 
basin area, MAP, seismicity, and latitude significantly account for 75% of variability in basin 
erosion rates. Among sedimentary rocks, seismicity, relief, mean annual precipitation, mean 
annual temperature, and elevation significantly account for 48% of variability in bedrock outcrop 
erosion rates (Figure 4a). 

 
Implications for landscape evolution 

The ten-fold offset between rates of bedrock outcrop erosion and those of drainage 
basins suggests that ridgelines, where bedrock outcrops are common , erode less rapidly 
than the surrounding basins. The offset between outcrop and basin-scale rates of erosion 
implies that relief is increasing in many study areas as ridges are lowered less rapidly than 
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basins. Of course, this offset cannot continue forever. Ridgelines will eventually be consumed 
from their margins.  

Bedrock and basin scale erosion rates are controlled by different processes and 
occur in different physical, chemical, and hydrological environments. Bedrock outcrops are 
situated above the landscape and exposed to a limited suite of largely ineffective sub-aerial 
erosion processes that both physically and chemically wear away exposed rock. The stability of 
bedrock outcrops is likely due to the xeric microclimate they create as precipitation rapidly runs 
off exposed rock surfaces. The conversion of bedrock to regolith through several linked chemical 
and physical processes include hydrolysis, weathering induced by organic acids, and the ability 
of soil to hold water over longer periods between precipitation events.  A thin mantle of soil 
appears to create conditions most favorable for the conversion of bedrock to soil – the “humped” 
soil production function (Heimsath et al., 1997b, 1999).   

Cosmogenic data show that spatial gradients of climate influence millennial-scale 
erosion rates. Thus, substituting time for space, glacial-interglacial climate cycles probably 
changed erosion rates and thus the flux of sediment shed off the landscape.  E rosion rates 
are generally highest for both bedrock outcrops and basins in temperate and cold climate 
zones, peaking where the MAT is ~ 10°C (Figures 3g and 5f). Temperatures in these zones 
fluctuate throughout the year with numerous freeze-thaw cycles that may facilitate frost cracking 
on outcrops and cryoturbation on basin hillslopes (Delunel et al., 2010; Hales and Roering, 
2007).  This hypothesis is testable.  Paleo-erosion rates should be higher than modern rates in 
areas where warmer climates cooled significantly during the Pleistocene. 

 
Future Prospects 

Compiling more than 20 years of cosmogenic analyses clearly shows thei r value in 
measuring background rates of erosion around the world and thus predicting long-term 
sediment generation rates at a variety of spatial scales; yet, the same compilation 
demonstrates spatial biases in the existing data set, providing both justification and guidance for 
filling in substantial data gaps.  Most 10Be measurements have been done in quartz-rich rocks 
and sediment because quartz retains in situ 10Be, has a simple composition so nuclide production 
rates are easily calculated, and because it is a ubiquitous.  However, 10Be can be extracted from 
other minerals allowing 10Be studies to be carried out in a variety of lithologies (Ivy-Ochs et al., 
2007; Nishiizumi et al., 1990) and thus expanding the geographical area where erosion rates 
could be measured.  Application of other isotope systems (such as 21Ne, 3He and 36Cl) offer the 
potential to constrain better the effect of lithology on erosion rates (Kober et al., 2009);  
however, uncertainties in cross-calibration of production rates between different isotope systems 
would introduce biases into the data analysis. 

Accurate, global prediction of background erosion rates is critical because erosion is the 
means by which sediment is generated, fresh rock is exposed to CO2-consuming weathering 
reactions, soil is created, landforms change over time, and mass is moved from the continents to 
the oceans and eventually recycled via the process of subduction and volcanism.  Earth’s ability 
to support billions of inhabitants depends critically on the resiliency of the soil system and the 
purity of surface waters, both of which erosion affects directly.  The compilation presented here 
indicates that such predictive capabilities are within our reach. 
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F igures 

 
Figure 1. Global distribution of locations (A) of drainage basin (B) and bedrock outcrop (C) 
erosion rates have been derived using measurements of 10Be (Abbühl et al., 2010; Albrecht et al., 
1993; Belmont et al., 2007; Bierman et al., 1998; Bierman and Caffee, 2001; Bierman et al., 
2001; Bierman et al., 2007; Bierman et al., 2005; Binnie et al., 2006; Binnie et al., 2008; Brown 
et al., 1994; Brown et al., 1998; Brown et al., 1995; Clapp et al., 2002; Clapp et al., 2001; Clapp 
et al., 2000; Cockburn et al., 2000; DiBiase et al., 2010; Duxbury et al., accepted; Ferrier et al., 
2005; Granger et al., 1996; Granger et al., 2001; Hancock and Kirwan, 2007; Heimsath et al., 
2006; Heimsath et al., 2000, 2001a; Heimsath et al., 1997a, 1999, 2001b; Insel et al., 2010; 
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Kirchner et al., 2001; Kober et al., 2007; Kober et al., 2009; Matmon et al., 2003; Nichols et al., 
2005a; Nichols et al., 2007; Nichols et al., 2005b; Nichols et al., 2006; Nichols et al., 2002; 
Nishiizumi et al., 1986; Perg et al., 2003; Placzek et al., 2010; Portenga et al., 2010; Reuter et al., 
2003; Riebe et al., 2003; Riebe et al., 2000; Small et al., 1997; Stock et al., 2009; Sullivan et al., 
accepted)(Belton et al., 2004; Bierman and Caffee, 2002; Bierman et al., 2009; Chappell et al., 
2006; Cox et al., 2006; Cyr and granger, 2008; Delunel et al., 2010; Faure and Nishiizumi, 1994; 
Finnegan et al., 2007; Guralnik et al., 2010; Heimsath et al., 2006; Heimsath et al., 2000, 2001a; 
Henck et al., In Review; Hewawasam et al., 2003; Jakica et al., 2010; Lal et al., 2003; Morel et 
al., 2003; Norton et al., 2010; Norton et al., 2008; Ouimet et al., 2009; Palumbo et al., 2009; 
Quigley et al., 2007a; Quigley et al., 2007b; Reinhardt et al., 2007; Safran et al., 2005; Schaller 
et al., 2001; Tomkins et al., 2007; Vanacker et al., 2007; Vance et al., 2003; von Blanckenburg et 
al., 2004; Ward et al., 2005; Weissel and Seidl, 1998; Wittmann et al., 2009; Wittmann et al., 
2007) 
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Figure 2. Distribution of bedrock outcrop and drainage-basin erosion rates. Cumulative 
probability plot illustrates the >10-fold difference between outcrop and basin erosion rates. 
NOTE. THIS IS A TEMPORARY FIGURE AND WILL BE UPDATED.  
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Figure 3. Bivariate analyses of outcrop erosion rate by numerical data and oneway analyses of 
outcrop erosion rate by nominal data categories. FIGURES ARE NOT IN FINAL-DRAFT 
FORM. PLEASE EXCUSE THE ROUGHNESS! 
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Figure 4a. Results of Forward stepwise regressions for bedrock outcrops. Colored tiles rank the 
significance of entered parameters. Numeric values in each grid cell represent the amount of 
improvement to the total R2 value each parameter provides. 
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Figure 4b. Results of Forward stepwise regressions for drainage basins. Colored tiles rank the 
significance of entered parameters. Numeric values in each grid cell represent the amount of 
improvement to the total R2 value each parameter provides. 
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Figure 5. Bivariate analyses of drainage basin erosion rate by numerical data and oneway 
analyses of outcrop erosion rate by nominal data categories. FIGURES ARE NOT IN FINAL-
DRAFT FORM. PLEASE EXCUSE THE ROUGHNESS! 
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Figure 6. Bar plot comparing bedrock outcrop and drainage basin erosion rates at sites where 
both have been measured. 
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Figure 7. Drainage basin erosion rates plotted by relief (A) and slope (B) and symbolized by 
mean annual precipitation. No relationship is seen between higher amounts of relief or slope and 
mean annual precipitation. 
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