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ABSTRACT: We report erosion rates and processes, determined from in situ-produced beryllium-10 (10Be) and aluminum-26 
(26Al), across a soil-mantled landscape of Arnhem Land, northern Australia. Soil production rates peak under a soil thickness of 
about 35 cm and we observe no soil thicknesses between exposed bedrock and this thickness. These results thus quantify a well-
defi ned ‘humped’ soil-production function, in contrast to functions reported for other landscapes. We compare this function to a 
previously reported exponential decline of soil production rates with increasing soil thickness across the passive margin exposed 
in the Bega Valley, south-eastern Australia, and found remarkable similarities in rates. The critical difference in this work was that 
the Arnhem Land landscapes were either bedrock or mantled with soils greater than about 35 cm deep, with peak soil production 
rates of about 20 m/Ma under 35–40 cm of soil, thus supporting previous theory and modeling results for a humped soil produc-
tion function. We also show how coupling point-specifi c with catchment-averaged erosion rate measurements lead to a better 
understanding of landscape denudation. Specifi cally, we report a nested sampling scheme where we quantify average erosion 
rates from the fi rst-order, upland catchments to the main, sixth-order channel of Tin Camp Creek. The low (~5 m/Ma) rates from 
the main channel sediments refl ect contributions from the slowly eroding stony highlands, while the channels draining our study 
area refl ect local soil production rates (~10 m/Ma off the rocky ridge; ~20 m/Ma from the soil mantled regions). Quantifying such 
rates and processes help determine spatial variations of soil thickness as well as helping to predict the sustainability of the Earth’s 
soil resource under different erosional regimes. Copyright © 2009 John Wiley & Sons, Ltd.
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Introduction

Quantifying the rates of Earth surface processes across soil-
mantled landscapes is critical for many disciplines (Anderson, 
1994; Bierman, 2004; Dietrich et al., 2003; Dietrich and 
Perron, 2006). Balances between soil production and trans-
port determine whether soil exists on any given landscape, as 
well as how thick it might be. Soil presence and thickness, in 
turn, helps support much of the life that we humans are famil-
iar with, play important roles in the hydrologic cycle, and are 
coupled with processes that impact the atmosphere. As such, 
the near-surface environment that includes soil and its parent 
material has become known as the Critical Zone (CZ) 
(Amundson et al., 2007; Anderson et al., 2004; Anderson et 
al., 2007; Brantley et al., 2007). Over the last 10 years signifi -
cant progress, in the fi eld (e.g. Anderson and Dietrich, 2001; 
Burkins et al., 1999; White et al., 1996; Yoo et al., 2007), 
laboratory (e.g. White and Brantley, 2003), and with modeling 
(e.g. Minasny and McBratney, 2001; Mudd and Furbish, 2006) 
enables a new level in understanding how forces of sediment 
production and transport shape landscapes and help deter-
mine the viability of the Earth’s soil resource (Montgomery, 
2007). Despite this progress, there are signifi cant gaps in our 

understanding of this interface between humans, the atmo-
sphere, biosphere, and lithosphere. One of the most signifi -
cant gaps is quantifying what controls soil thickness (Anderson 
et al., 2007; Brantley et al., 2007), while another is the con-
tinued quantifi cation of the sediment transport relationships 
(cf. Geomorphic Transport Laws, Dietrich et al., 2003; 
Heimsath et al., 2005). We focus this study on a soil-mantled, 
upland landscape in northern Australia to quantify soil pro-
duction and transport rates for a landscape shaped by a very 
different climatic and tectonic regime than any landscape 
used previously for similar landscape process studies.

Here we quantify a ‘humped’ soil production function with 
fi eld-based measurements of cosmogenic beryllium-10 (10Be) 
and aluminum-26 (26Al) in saprolite and rock samples, where 
the peak soil production rate occurs under a thin soil mantle. 
Since Gilbert’s fi rst suggestion that soil production should 
depend on overlying soil thickness (Gilbert, 1877) there has 
been much discussion of both the theory (e.g. Carson and 
Kirkby, 1972; Cox, 1980) and the fi eld evidence (e.g. Heimsath 
et al., 1997; Small et al., 1999; Wilkinson et al., 2005) for how 
sediment production is governed by the overlying soil thick-
ness. Although Small et al. (1999) and Wilkinson et al. (2005) 
report data suggestive of a peak rate beneath fi nite soil depth, 
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both report roughly uniform sediment production rates with 
only the suggestion of a ‘humped’ function as discussed exten-
sively in Wilkinson and Humphreys (2005). Small et al. (1999) 
focus on an alpine summit fl at, above a deep trough carved 
during past glaciations, where the gently sloping landscape is 
punctuated by tors and mantled with nearly constant veneer 
of scree-like sediment. While Small et al. (1999) report uniform 
rates of regolith production, their data are used to support a 
‘humped’ function through a modeling effort by Anderson 
(2002). Wilkinson et al. (2005) focus on the dramatic land-
scape of the Australian Blue Mountains, where rocky spurs 
exhibit bands of exposed bedrock and pagodas. For this land-
scape the dramatic change between soil-mantled and bedrock 
dominated morphology was compared to the Oregon Coast 
Range of Heimsath et al. (2001b) and the south-eastern 
Australia highlands of Heimsath et al. (2001a) to suggest using 
rates from both unweathered bedrock and saprolite to defi ne 
a ‘humped’ function (Wilkinson and Humphreys, 2005). The 
landscape used for this study is, in contrast, a forest-grassland 
region where the convex-up ridges are smoothly soil mantled 
and free from widespread tors or rocky cliffs.

We compare rates of soil production directly to catchment-
averaged erosion rates to help constrain the erosion rates of a 
landscape used as a proxy for an active uranium mine in 
northern Australia (Hancock et al., 2003; Hancock et al., 
2000). We also compare the ‘humped’ function quantifi ed 
here with the exponential decline in soil production rates with 
increasing soil thicknesses previously reported from south-
eastern Australia (Heimsath et al., 2000; Heimsath et al., 2006) 
to discuss the potential implications of changing climate or 
land use on the soil resource.

Conceptual Framework and Methods

The problem of quantifying landscape evolution is tackled 
here by applying the well-developed mass-balance approach 
initially articulated by Gilbert (1877), quantitatively laid out 
by Culling (1960, 1965), and eloquently made accessible to 
a broad audience by Carson and Kirkby (1972). This concep-
tual framework was extensively applied to quantify soil pro-
duction (e.g. Heimsath et al., 1997, 1999), landscape evolution 
(e.g. Dietrich et al., 1995), as well as model the dynamic 
responses of the land surface to changes in climate and tec-
tonic forcing (e.g. Tucker and Slingerland, 1997; van der Beek 
and Braun, 1999). Specifi cally, we are interested in the verti-
cal lowering rate of the land surface. For a bedrock surface, 
this rate is simply the erosion rate of the surface. For a soil-
mantled landscape in local steady state, this is the rate of 
conversion of the underlying weathered bedrock to mobile 
material: the soil production rate. Soil production rates have 
long been hypothesized and only recently documented to 
decline exponentially with increasing soil thickness in a rela-
tionship termed the soil production function (Heimsath et al., 
1997). Field verifi cation of this function helps quantify recent 
landscape evolution models (Dietrich et al., 2003), and the 
local steady-state soil thickness assumption (soil production 
rates only equal total erosion rates if local soil thickness is 
roughly constant over time) was verifi ed at one of the fi eld 
areas initially explored in south-eastern Australia (Heimsath 
et al., 2000).

The focus here is on hilly soil-mantled landscapes where 
the bedrock is actively converted to a continuous soil mantle 
(also referred to as regolith – the difference being that we 
defi ne soil as the physically mobile layer). Importantly, the 
underlying saprolite, or weathered bedrock, is conceptualized 
as bedrock with the criterion that geomorphic processes do 

not physically mobilize it: it retains relict rock structure. When 
conditions of local steady state are assumed, the soil produc-
tion rate equals the erosion rate and the local soil thickness 
remains temporally constant (Heimsath et al., 1999). The 
bedrock–soil interface lowers spatially at the soil production 
rate, and the soil acts as a continuously dynamic layer of 
locally constant thickness as sediment produced is removed 
whilst that produced upslope is transported downslope such 
that the lowering rate of the bedrock–soil interface is equiva-
lent to the landscape-lowering rate. Importantly, this rate can 
vary across the landscape, as discussed later, such that the 
landscape is not lowering at the same rate everywhere and is, 
therefore, out of the dynamic equilibrium discussed by Ahnert 
(1967, 1987).

Conversely, for bedrock-dominated landscapes, where the 
morphology may not be smoothly convex-up (one of the cri-
teria enabling the steady-state erosion assumption), careful 
fi eld and sample site selection becomes critical. At one 
extreme is a cliff-dominated landscape where the dominant 
process of erosion is massive block failure (e.g. Matmon et al., 
2005). At another extreme is the smooth, low relief, inselburg-
dominated landscape where the erosional processes are 
clearly grain-to-grain spallation (e.g. Bierman and Caffee, 
2002). Rates of erosion can mean different things across such 
extremes, depending on the time-scale of interest and prevail-
ing chemical and physical processes. For example, for cliff-
dominated landscapes, all bedrock surfaces (cliff face, as well 
as fl at-lying bedrock surface above the cliff) are likely to be 
eroding by grain-grain spallation, although the cliff-face will 
also periodically fail catastrophically. The long-term retreat 
rate of the cliff is thus likely to be signifi cantly greater than 
the lowering rate of the overall land surface. Total mass loss 
from the watershed draining such a landscape will include 
some combination of such disparate rates, including solution 
loss through chemical weathering as well as the fl uvial trans-
port of material physically removed from the cliff faces.

Differences between soil-mantled and bedrock-dominated 
landscapes become especially important when applying the 
methodology that we use here: in situ-produced cosmogenic 
nuclides (10Be and 26Al). These nuclides are used extensively 
to quantify point-specifi c bedrock erosion (e.g. Lal, 1991; 
Nishiizumi et al., 1991), soil production (e.g. Heimsath et al., 
1997; Small et al., 1999; Wilkinson et al., 2005), and spatially 
averaged regional rates of erosion (e.g. Bierman and Steig, 
1996; Brown et al., 1995; Granger et al., 1996). Concentrations 
of these nuclides accumulate in materials at or near the Earth’s 
surface as cosmic rays bombard atoms, such as silicon (Si) and 
oxygen (O) target atoms in quartz and other minerals in rock 
and sediments (Lal and Arnold, 1985; Lal and Peters, 1967) 
resulting in in situ formation of 26Al and 10Be, respectively. 
Cosmic ray production of nuclides is offset by radioactive 
decay of the nuclides in surfaces that are not eroding and by 
removal of the target material in eroding surfaces. At secular 
equilibrium production balances loss via erosion and decay, 
such that saturation concentrations of cosmogenic nuclides 
are effectively determined by the magnitude of the erosion 
rate. Application of cosmogenic nuclides to understanding 
landscapes is well and extensively reviewed (e.g. Bierman, 
1994; Cockburn and Summerfi eld, 2004; Gosse and Phillips, 
2001; Lal, 1988; Nishiizumi et al., 1993).

Nuclide concentrations measured in quartz refl ect the expo-
sure history of a sample collected from the Earth’s surface, and 
are dependent on the production and decay rates of the 
nuclide, as well as the erosion rate of the sample (Lal, 1988; 
Lal and Arnold, 1985; Nishiizumi et al., 1991; Nishiizumi et 
al., 1986). Similarly, nuclide concentrations accumulated in 
river or catchment sediments are used to infer catchment-
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averaged steady-state erosion rates assuming relatively short 
transport times and relatively homogeneous catchment lithol-
ogy (e.g. Granger et al., 1996; Bierman and Steig, 1996). We 
determine erosion rates in three different ways. (1) For exposed 
bedrock showing fi eld evidence of eroding by grain-grain 
spallation or by exfoliating in thin sheets we sample the out-
ermost centimeter or two. The nuclide concentration in these 
samples quantify the steady-state erosion rate of the exposed 
bedrock surfaces assuming that samples have had simple 
exposure histories and have been eroding at nearly constant 
rates. (2) For soil production rates, we follow the typical geo-
morphic transect from bedrock exposed at convex ridge crests 
onto the soil-mantled part of the landscape and dig soil pits 
to sample the top centimeter or two of saprolite or weathered 
bedrock directly beneath different depths of the relatively thin 
(< 1 m) soil cover. Nuclide concentrations from these samples 
are used with a corrected nuclide production rate that accounts 
for the shielding by the soil mantle above the sampled layer, 
and the local slope of the sample site, to yield a soil produc-
tion rate, which is equivalent to a landscape-lowering rate (for 
details see Heimsath et al., 1999). (3) We also collect stream 
and creek sediments and use the nuclide concentrations to 
infer a catchment-averaged erosion rate. Each of these appli-
cations depends on careful geomorphic site selection such 
that the assumptions and simplifi cations detailed in the earlier 
referenced studies are met.

Field Site

Work for this study was done to expand on previous work 
across an extensively examined fi eld site adjacent to Tin Camp 
Creek. We collected bedrock, saprolite, and catchment sedi-
ment samples to determine the spatial variability of erosion 
rates across a landscape used to model landscape evolution 
in the context of the uranium mining industry interests in the 
region (Hancock and Evans, 2006; Hancock et al., 2008a; 
Hancock et al., 2008b) (Figure 1). The presence of Energy 
Resources Australia Ranger Mine (ERARM) for uranium in a 
catchment with similar geology, hydrology and erosional 
history as the Tin Camp Creek region has driven much research 
in Tin Camp Creek in order to establish a natural baseline of 
erosion rates and geomorphic processes for the area. The 
region typically receives seasonal rainfall of about 1400 mm/y 
between October and April, with short, high-intensity storms 
that are normal for the tropical environments of northern 
Australia.

The fi eld site is part of the Ararat Land System (Story et al., 
1976), where the landscape is developing by the retreat of the 
Arnhem Land escarpment over the last few million years. Our 
study region is essentially a basin carved into the rocky high-
lands of this ancient sandstone with a main ridge, about as 
high as the surrounding highlands, bisecting the basin. Our 
sampling scheme was to traverse this ridge, sampling both 
exposed and unweathered bedrock as well as collecting 
weathered rock from below a range of soil depths to test the 
soil-production conceptual framework across such a radically 
different geographic region compared to previous work on soil 
production and landscape evolution. Soils are mostly red 
loamy earths and shallow gravelly loams with some mica-
ceous silty yellow earths and minor solodic soils on the allu-
vial fl ats (Riley and Williams, 1991). We focused on the 
upland, soil-mantled hillslopes, where soils were either greater 
than about 30 to 40 cm thick or absent (Figure 2). Bedrock 
outcropping across the hills was competent and signifi cantly 
less weathered than the saprolite beneath the soil mantle 
(Wells et al., 2008), although we did not collect samples for 

chemical weathering studies. Vegetation is an open dry-
sclerophyll forest with abundant seasonal grassland inter-
spersed throughout.

Burrowing native animals did not seem as abundant as they 
are in the Bega Valley escarpment region (Heimsath et al., 
2000; Heimsath et al., 2006), but previous studies examining 
gullies (Hancock et al., 2000; Riley and Williams, 1991; 
Saynor et al., 2004; Townsend and Douglas, 2000) highlight 
the potential role of feral water buffalo and pigs in disrupting 
the soil mantle, as well as frequent fi re due to Aboriginal 
burning over the last 40 000 years or so (Figure 3) leading to 
increased tree throw processes of soil production and trans-
port. The area is also subject to intense cyclonic activity and 
in April 2006 a Category fi ve cyclone occurred in the catch-
ment resulting in considerable tree-throw. The majority of 
these fallen trees die and are burnt or are eaten by termites in 
subsequent seasons. An extensive study in the region and also 
in the study catchment found that trees when pushed over 
exposed pits on average 30 cm deep (σ = 18 cm) and 67 cm 
wide (σ = 56 cm) (Staben and Evans, 2008; Saynor et al., 
2009). Despite the shallow slumping shown in Figure 3, and 
the low gully initiation thresholds found by Hancock and 
Evans (2006), we were able to focus our soil production rate 
sampling strategy entirely on smoothly convex-up soil-
mantled hillslopes similar to that shown in Figure 2 that fi t the 
conceptual framework summarized earlier. The surface stone 
lag visible in the two photographs suggests that post-fi re over-
land fl ow might winnow away fi ne surfi cial sediments, but the 
absence of fl ow deposits and the convex-up morphology of 
the hillslopes leads us to infer that overland fl ow is not the 
dominant sediment transport processes for this landscape. 
Instead, when combined with our observations of quartz clasts 
throughout the soil profi les examined for this study, we infer 
that bioturbation results in a homogenization of the soil pro-
fi les and a downward transport of soils as well as quartz clasts, 
similar to that discussed by Wilkinson and Humphreys (2005), 
reviewed in Gabet et al. (2003), and quantifi ed by Kaste et al. 
(2007) for other landscapes.

Results and Discussion

We collected 23 samples for cosmogenic 10Be and 26Al analy-
ses from across the study area (Figure 1C, Table I). Bedrock, 
soil and sediment samples were prepared following the 
methods reported by Child et al. (2000) and measured at the 
Accelerator Mass Spectrometry (AMS) ANTARES facility at 
ANSTO (Fink and Smith, 2007). 10Be results given in Table I 
for this work have been normalized using the NIST SRM 4325 
standards with a nominal value of 30 200×10−15 and for 26Al 
using PRIME 26Al standards Z93–0221 with a nominal value 
of 16 800×10−15. We report concentrations for both 10Be and 
26Al because sample lithology and exposure history were not 
previously constrained. The availability of 26Al data can 
provide confi rmation of assumptions of continuous exposure 
for bedrock samples, and in some cases identifi cation of 
samples undergoing complex exposure or burial (e.g. long-
term storage of stream sediments or surface stripping followed 
by soil mantling) (Nishiizumi et al., 1993). Site-specifi c pro-
duction rates computed from scaling factors and calibration 
production rate values for sea-level and high latitude (SLHL) 
were recently revised and summarized (Balco et al., 2008). In 
addition, new values were reported for both the 10Be half life 
and 10Be/9Be ratios of calibration standards used in AMS for 
10Be measurements. (Nishiizumi et al., 2007; Fink and Smith, 
2007). For the data in Table I, we used the scaling scheme of 
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Figure 1. (A) Field map of the region in Australia’s Northern Territory showing the location of the Tin Camp Creek (TCC) site in relation to the 
Energy Resources Australia Ranger Mine (ERARM) for uranium. The Arnhem Land Plateau is shaded in grey, showing the regional erosion into 
the stony plateau typifi ed by our fi eld area. (B) Shaded relief map of the region immediately surrounding the study area, showing the prominence 
of the main ridge where the bedrock samples were collected and the relation of the soil-mantled, upland landscapes of this study to the rocky 
highlands of the surrounding Arnhem Land Plateau, indicated with grey. Black outline delineates area shown by topography in (C). (C) Topographic 
map of the area surrounding our fi eld site. Contour intervals are 10 m and are generated from the one-second digital elevation model (DEM) of 
the region provided by the Defense Imagery and Geospatial Organization. Sample locations shown by black dots labeled with TC sample number.

Stone (2000) with a SLHL production rate of 5⋅1 and 31⋅1 
atoms/g/y for 10Be and 26Al respectively. A comparison of 
results for paired 10Be and 26Al erosion rates are in agreement 
and internally consistent within one-sigma errors [apart from 
Tin Camp sample number 12 (TC-12)]. For samples where 
excessive boron contamination was measurement we applied 
correction factors to account for this and as a conservative 
measure we have applied an additional 10% error to their 10Be 
data. 10Be data for sample TC-19 was rejected due to unac-
ceptable boron contamination, which was not available for 
correction using our normal procedures. Three samples for 
26Al (TC-3, 5, and 21) failed to provide a usable ion-source 
beam for AMS measurement. Calculation of fi nal soil produc-
tion, bedrock erosion rates and basin-averaged rates are 
based, where available, on linear averages of the two nuclide 
results for each sample.

First, nuclide concentrations from samples noted as BRK (for 
bedrock) in Table I are used to infer steady-state erosion rates, 
ranging from 5 to 11 m/Ma, from exposed bedrock surfaces. 
Second, concentrations measured in the weathered bedrock 
directly beneath an actively eroding upland soil mantle, with 
depths noted in Table I, are used to infer steady-state soil 
production rates. Soil production rates inferred from these 
samples range from 23 to 11 m/Ma with depths from 35 to 
70 cm. Finally, concentrations from stream sediments, noted 
as Sed in Table I, are used to determine average erosion rates 
from drainage basins of different sizes, from the ephemeral 
fi rst-order drainages off the main ridge in the study area to the 
entire catchment drained by Tin Camp Creek, and range from 
4 to 31 m/Ma. Rates inferred from these sediment samples 
from various locations refl ect the average of all processes 
active in the basin contributing to the sample point.
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Soil production and bedrock erosion

Seven samples of weathered bedrock beneath different local 
soil depths follow an exponential decline of soil production 
rates with increasing soil thickness (Figure 4). Using these 
samples alone (TC-9–TC-15) to quantify a soil production 
function results in a variance-weighted function that is remark-
ably similar to the function quantifi ed in south-eastern Australia 
(Heimsath et al., 2000; Heimsath et al., 2006):

 SPR e= ±( ) − ⋅ ± ⋅( )47 15 0 020 0 007 H  (1)

where SPR is the soil production rate (in m/Ma), H is the 
overlying soil thickness (in centimeters), and the fi tted con-
stants have units of m/Ma and cm−1, respectively.

Specifi cally, when the rates of exposed bedrock erosion are 
considered, averaging about 8 ± 2 m/Ma (Figure 4, Table I, 
samples TC-1–TC-5 and excluding TC-16 which is discussed 
later), then the shape of the soil production function is more 
reasonably defi ned as being ‘humped’ (after Carson and 
Kirkby, 1972; Cox, 1980). These data thus confi rm a hypoth-
esized soil production function with only limited empirical 
support [see discussions in Wilkinson and Humphreys (2005) 
and Humphreys and Wilkinson (2007)]. Following the initial 
intuition of Gilbert (1877), there are only two fi eld-based 
studies apart from Heimsath and colleagues (Heimsath et al., 
2001a; Heimsath et al., 2001b) that we know of that show 
support for soil production rates reaching a maximum under 
a fi nite soil cover. Small et al. (1999) use 10Be to show that 
sediment production beneath 90 cm of scree-like sediment is 
about twice as great as the erosion rates of bare bedrock sur-
faces for their alpine landscape in the Wind River Range of 
Wyoming, USA. Wilkinson et al. (2005) also use 10Be concen-
trations from samples across a heath and forested landscape 
of the Blue Mountains of Australia to suggest higher rates 
under thin heath soil than for exposed bedrock although the 
corrected data (see Erratum associated with the study) show 
that rates are roughly similar across the landscape. The sug-
gestion of a ‘humped’ function was only possible by introduc-
ing a hypothetical soil cover that was stripped before 10 ka 
(Wilkinson et al., 2005). Thus, although a robust quantifi ca-
tion of a ‘humped’ function was elusive, discussion of their 
results (Wilkinson and Humphreys, 2005), as well as the 
modeled results of Anderson (2002), have furthered the 
hypothesis that maximum soil production rates occur beneath 

some fi nite soil depth rather than from exposed bedrock. Our 
data offer support for this model, and are strengthened by the 
morphology of the site.

A critical instability exists for a humped soil production 
function, as discussed lucidly by Carson and Kirkby (1972) 
and shown in the modeling results of Dietrich et al. (1995). 
Although Wilkinson and Humphreys (2005) question the 
validity of this modeling effort, using the argument of a non-
uniform diffusivity parameter noted by Anderson (2002), the 
morphologic signature of this instability appears to be sup-
ported at some study areas. Namely, that if there is a decline 
of soil production rates from the peak under some fi nite soil 
cover to a lower rate for exposed bedrock, then the landscape 
is either going to have outcropping bedrock or soil depths 
greater than the fi nite depth defi ning the maximum soil pro-
duction rate. Heimsath et al. (2001a) showed a suggestion of 
this pattern across the highlands of south-eastern Australia and 
built on the modeling effort of Dietrich et al. (1995) to model 
the emergence of tors across the landscape and conclude that 
the widespread outcropping bedrock surfaces were incipient 
tors. From a very different fi eld location in the Oregon Coast 
Range, Heimsath et al. (2001b), also reported lower rates of 
erosion from exposed bedrock samples. That study concluded, 
however, that an exponentially declining soil production func-
tion was most appropriate for the landscape because of how 
chemical weathering segregated the landscape into unweath-
ered outcropping sandstone ridge crests and a highly weath-
ered saprolite being physically mobilized to a colluvial soil 
(Anderson and Dietrich, 2001). Furthermore, the study sug-
gested a long-term steady-state in landscape erosion for the 
region because of the similarity in erosion rates between the 
catchment-averaged rates, the low rates from exposed bedrock, 
and the range of soil production rates from weathered sapro-
lite samples. In such a steady-state scenario soil production 
rates from different weathered states of bedrock are roughly 
equal, providing empirical support for the hypothesized equi-
librium scenario modeled, for example, by Ahnert (1987).

The shallowest soil thickness that we measured across the 
Tin Camp Creek fi eld site was about 35 cm, not including the 
very thin soils near outcropping bedrock patches. Although 
we do not have extensive soil depth measurements mapped 
across the landscape (e.g. Heimsath et al., 2001a; Heimsath 
et al., 2001b), our observations do support the suggestion 
given earlier that a landscape governed by a humped soil 

Figure 2. Photograph showing the typical convex-up hillslope 
of the soil mantled upland landscape of the study area. Landscape 
is barren as photograph is taken soon after a local fi re. View 
shows the rocky cliffs on the horizon that mark the edge of the 
Arnhem Land Plateau. This fi gure is available in colour online at 
www.interscience.wiley.com/Journal/espl

Figure 3. Photograph showing shallow slump feature in a 
concave-up, unchanneled swale soon after the same fi re that 
denuded the landscape shown in Figure 2. Discussed in Hancock 
and Evans (2006). Stony lag of colluvial quartz clasts visible on 
the soil surface (see text). This fi gure is available in colour online at 
www.interscience.wiley.com/Journal/espl
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production function is roughly divided between outcropping 
bedrock and soil thicknesses greater than the depth defi ning 
the maximum soil production rate. Erosion rates from the 
outcropping bedrock samples reveal an interesting pattern and 
suggest that local soil stripping events can punctuate land-
scape evolution of this landscape despite the relatively smooth 
morphology. Five samples from bedrock exposed across the 
bedrock dominated ridge crest of the fi eld area (TC-1–TC-5) 
all defi ne low soil production rates, averaging about 8 m/Ma 
(locations on Figure 1, plotted as boxed plus symbols on 
Figure 4, rates listed in Table I).

The single erosion rate inferred from an exposed rock 
sample from the region where we collected the soil produc-
tion rate samples is three times as fast, 24 m/Ma (TC-16, Table 
I), and is roughly equal to the maximum soil production rate 
from beneath about 38 cm of soil (TC-14; 23 m/Ma). We dif-
ferentiate this bedrock sample from the others and plot its rate 
with the same black fi lled circle as the soil production samples 
to suggest the potential for recent stripping of the soil cover 
that may have once mantled this sample. If there had been, 
for example, 35 cm of soil covering this sample until relatively 
recently, then the depth-corrected soil production rate inferred 
from the nuclide concentrations would be about 18 m/Ma, in 
line with the peak soil production rates. We emphasize that 
this suggestion is purely speculative, as we did not observe 
evidence of recent stripping events for the sampling site. 
Nonetheless, the nuclide concentrations measured in TC-16 
emphasize that if a critical instability exists due to a ‘humped’ 
soil production function, then there are likely to be both 
exposed bedrock and soil mantled areas that have recently 
experienced or are currently experiencing locally transient 
rather than steady-state conditions.

When we compare the Tin Camp Creek soil production 
rates with those measured across the south-eastern Australia 
escarpment (Heimsath et al., 2006) we fi nd remarkable simi-

larity (Figure 5). Namely, that the rates from the two dramati-
cally different regions, climatically as well as tectonically, 
overlap almost entirely. Rates from south-eastern Australia are 
from two fi eld sites above the escarpment [Brown Mt. and 
Frogs Hollow (FH)], one at the base of the escarpment 
[Nunnock River (NR)], and on the coastal lowlands (Snug), 
and include outcropping bedrock across the face of the 
escarpment (BRK) (Heimsath et al., 2000, 2001a; Heimsath et 
al., 2006). The only site that appears to unequivocally support 
a simple exponential decline of soil production with increas-
ing soil thickness is the escarpment base at NR (Heimsath et 
al., 2000). The absence of tors, or extensive patches of out-
cropping bedrock at that site, as well as the morphological 
support for a local steady-state soil production and transport 
model are striking differences between NR and the other sites 
across the escarpment or Tin Camp Creek.

Average erosion rates

Nine samples of stream and creek sand quantify catchment-
averaged erosion rates from across the study area (TC-6–TC-88 
and TC-17–TC-23). Five samples from fi rst- and second-order 
drainages off the main ridge bisecting the region (TC-6, 7, 8, 
17 and 18; Figure 1C; Table I) quantify rates that average 
about 13 ± 2 m/Ma and are lower than the two draining the 
entire soil-mantled upland study area (TC-20 and TC-21) 
(Figure 6). TC-20 and TC-21 average ~25 m/Ma, suggesting 
that the highest rates of soil production are spatially wide-
spread across the upland region and that the sediment samples 
refl ects these rates. The near-factor-of-two difference in 
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erosion rates from the prominent ridge to the low-relief 
uplands also suggests the creation of relief in the landscape 
especially when we consider the two samples from the main 
drainage of Tin Camp Creek (TC-22 and TC-23). These two 
samples yield the lowest rates from the study area, equaled 
only by the slowest soil production rate beneath the thickest 
soil cover and lowest bedrock erosion rates, averaging about 
5 m/Ma. Without a detailed examination of the contributing 
area for these samples, which is beyond the scope of this 
study, we cannot fully quantify the sediment contributions 
resulting in such low rates. Modeling of the landscape evolu-
tion of the study region has produced landscape-lowering 
rates very dependent on the numerical model used and its 
parameterization (i.e. the SIBERIA and CAESAR models 
produce lowering rates of 70–170 m/Ma and 8–9 m/Ma 
respectively) and therefore long-term rates are speculative at 
present using such models (Hancock et al., in press).

We can, however, posit two relatively straightforward 
explanations that are likely to be acting in concert. First, sedi-
ment contributions from a much larger drainage area eroding 
at average rates lower than 5 m/Ma are averaged with the 
sediment contributions from the relatively small area of our 
study. Given the clear agreement between the soil production 
and bedrock erosion rates and the corresponding sub-catch-
ment average rates from the study area, this seems to be a 
plausible explanation. Specifi cally, we know that sediment 
draining the study area and contributing to the sediment in 
Tin Camp Creek records an average erosion rate of about 
25 m/Ma as recorded by TC-20 and TC-21 (Figure 1C and 
Figure 6). We also know that it is likely that some of the sedi-
ment produced from the more slowly eroding main ridge, as 
recorded by samples TC-6, 7, 8, 17 and 18, is making it to 
the main channel. When all of this sediment recording rates 
between about 10 and 25 m/Ma is mixed with sediment being 
contributed from the rocky highlands drained by the main 
channel of Tin Camp Creek, then the average rate drops to 
about 5 m/Ma, as recorded by TC-22 and TC-23. Erosion rates 

from the rocky highlands must, therefore, be signifi cantly 
lower than 5 m/Ma. The conclusion of this fi rst explanation 
is, therefore, that a slowly eroding stony highland is being 
eroded into by the more rapidly eroding landscape character-
ized by the soil-production samples of our study area.

The second relatively simple explanation for the divergence 
in rates between the study area and the main, Tin Camp Creek 
basin-averaged rates is that the samples leading to the higher 
erosion rates (especially TC-20 and TC-21) may contain sedi-
ments exhumed from recent gullying, or more rapid erosion 
of the study area caused by post-fi re stripping events. If this 
were the case, then it is possible that sediments contributing 
low 10Be concentrations because of exhumation from depth 
would lead to the inference of high erosion rates. While we 
know that shallow slumping occurs, as suggested by Figure 3 
and the study of Hancock and Evans (2006), we also made an 
effort to sample for our soil production rates from regions with 
no evidence of shallow landsliding or other disturbances. 
Nonetheless, the contributing areas for TC-20 and TC-21 are 
large enough that our fi eld survey and exploration did not 
cover the region entirely. Furthermore, an assessment using 
the fallout environmental radioisotope caesium-137 (137Cs) 
(Hancock et al., 2008a), as well as the overall denudation 
rates for the area (10–40 m/Ma), determined using stream 
sediment data from a range of catchments of different sizes in 
the general region (Cull et al., 1992; Erskine and Saynor, 
2000), suggest that these results are reasonable.

In either scenario, or both acting together, the average 
erosion rates from stream sediments reported here are not 
unreasonable and fi t well with the point-specifi c soil produc-
tion and bedrock erosion rates to quantify how erosion rates 
vary across the landscape. With minimum exposure ages 
ranging from about 20 to 120 ka (Table I), these samples are 
integrating the role of erosional processes operating over sig-
nifi cant climate variations for the region. This would raise 
concern over the assumption of steady-state processes for 
other landscapes where we have applied this methodology, 
but this tropical upland landscape of northern Australia is 
unlikely to have changed drastically during the last hundred 
thousand years. Even if there were signifi cant changes in 
dominant erosional processes during the shift from the Last 
Glacial Maximum to the present, the agreement between 
average and point-specifi c rates and the well-defi ned soil pro-
duction function suggest that the cosmogenic 10Be and 26Al 
concentrations have attained a steady state refl ecting the cur-
rently dominant processes. Comparison with short-term rates 
from the same catchment, quantifi ed using fallout-derived 
137Cs (Hancock et al., 2008a), suggest local variations in 
erosion rate can exceed a factor of 10 (assuming an average 
saprolite bulk density of 2⋅0 g/cm3 and converting our nuclide-
based lowering rates to sediment yield rates), such that high 
local variability of process is captured well by the long-term 
signal of using cosmogenic 10Be and 26Al.

Conclusions

Sediment production rates across the upland, soil-mantled 
landscape in Arnhem Land, Australia defi ne a ‘humped’ soil 
production function, where the maximum rate of about 20 m/
Ma is from beneath 35–40 cm of soil. Bedrock is exposed 
across the steeper uplands, but does not form signifi cant topo-
graphic steps as it does on other soil-mantled landscapes. 
Sediment production rates from this exposed bedrock are sig-
nifi cantly slower and average about 8 m/Ma. When we 
compare soil production rates from this tropical landscape to 
the temperate region of south-eastern Australia we fi nd 
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remarkable similarity in both the magnitude of the soil produc-
tion rates, as well as the form of the exponential decline of 
the rates with increasing soil thickness. This agreement sug-
gests that very different processes of soil production (tree 
throw versus burrowing wombats as the potential dominant 
process, respectively) can lead to similarity in the decrease of 
soil production with increasing soil depth. While there is no 
signifi cant animal burrowing at Tin Camp Creek, tree throw 
and the resultant shallow pit-mounds as a result of cyclonic 
activity is a potentially signifi cant driver of soil production and 
transport. A logical next step to further resolve both the shape 
of the soil production function for a tropical landscape with 
no tectonic forcing, as well as gain understanding into why 
the rates are roughly equal to rates from a temperate landscape 
with clear tectonic forcing, is to pursue a detailed study of the 
chemical weathering of soils and saprolite across the Tin 
Camp Creek fi eld area. Combining this with measurements 
of fallout-derived isotopes in the soils will help expand 
our understanding of sediment production and transport 
processes.

Catchment-averaged rates from small catchments draining 
directly the soil-mantled slopes agree well with the soil pro-
duction rates, while rates from the main drainage of Tin Camp 
Creek include the stony highlands and are much slower at 
about 5 m/Ma. We also show agreement between the more 
slowly eroding bedrock ridge crest of the main ridge bisecting 
the study area and the catchment averaged rates from small 
basins draining directly from this ridge. By coupling point-
specifi c with catchment-averaged sampling we therefore gain 
a more complete understanding for the erosional processes 
active across this northern region of Australia.
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