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ABSTRACT

Passive margin escarpments are extensively studied around the world, and 
understanding their evolution continues to present one of the more compelling inter-
disciplinary challenges tackled by earth scientists today. Escarpments reflect the mor-
photectonic development of passive margins and can separate regions with different 
climatic histories, but the inferred rapid rates of escarpment retreat have been at 
odds with actual measurements of land surface denudation. In this paper we pres-
ent results from extensive cosmogenic 10Be and 26Al analyses across the escarpment 
of southeastern Australia to quantify the erosional processes evolving the highland, 
lowland, and scarp face landscapes. We document new relationships between soil 
production rates and soil thicknesses for the highland and lowland landscapes and 
compare these soil production functions with those published in our earlier studies 
from the highlands and at the base of the escarpment. Both new functions define 
exponential declines of soil production rates with increasing soil depths, with inferred 
intercepts of 65 and 42 m/m.y. for the highland and lowland sites, respectively, and 
slopes of –0.02. Exposed bedrock at both of the new sites erodes more slowly than the 
maximum soil production rates, at 22 ± 3 and 9 ± 2 m/m.y., respectively, thus suggest-
ing a “humped” soil production function. We suggest that instead of a humped func-
tion, lithologic variations set the emergence of bedrock, which evolves into the tors 
that are found extensively across the highlands and at the crest of the escarpment by 
eroding more slowly than the surrounding soil-mantled landscape. Compared to soil 
production rates from previous work using 10Be and 26Al measurements from two dif-
ferent sites, these results show remarkable agreement and specifically quantify a soil 
production function for the region where soil production rates decline exponentially 
with increasing soil thickness, with an intercept of 53 m/m.y. and a slope of –0.02. 
Erosion rates determined from 10Be concentrations from outcropping tors, bedrock, 
and saprolite from a main spur ridge perpendicular to the escarpment, and sedi-
ments from first- and zero-order catchments draining the main ridges, show a clear 

†E-mail: arjun.heimsath@dartmouth.edu.



174 A.M. Heimsath et al.

linear decline with elevation, from ~35 m/m.y. near the escarpment base to ~3 m/m.y. 
at the escarpment crest. This order of magnitude difference in erosion rates may be 
due to increases in stream incision with distance downslope on the escarpment, or to 
decreases in precipitation with elevation, neither of which we quantify here. The rates 
do agree, in general, with our soil production functions, suggesting that the biogenic 
processes actively eroding soil-mantled landscapes are shaping the evolution of the 
escarpment despite our observations of block fall and debris-flow processes across 
the steep regions near the scarp crest. Our results support recent results from stud-
ies using low-temperature thermochronology, which suggest that the escarpment is 
relatively stable after having retreated rapidly immediately following rifting. Differ-
ences between our rates of surface erosion caused by processes active today and the 
scarp retreat rates needed to place the escarpment in its present position need to be 
explained by future work to untangle the mysteries of escarpment evolution.

Keywords: cosmogenic nuclides, altitudinal transect, tectonic geomorphology, scarp 
evolution.

1965), and eloquently made accessible to a broad audience by 
Carson and Kirkby (1972). This conceptual framework has been 
extensively applied recently to quantify soil production (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 tectonic forcing (e.g., Tucker 
and Slingerland, 1997; van der Beek and Braun, 1999). Specifi-
cally, we are interested in the vertical 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, this is the rate of 
conversion of the underlying weathered bedrock to mobile mate-
rial: the soil production rate. Soil production rates have been 
hypothesized and recently documented to decline exponentially 
with increasing soil thickness in a relationship termed the soil 
production function (Heimsath et al., 1997). Note that soil pro-
duction rates only equal total erosion rates (including solute loss), 
i.e., landscape lowering rates relative to a local datum, if local 
soil thickness is roughly constant over time. This conceptual 
framework applies to upland, soil-mantled landscapes with no 
recent history of glaciation, without significant eolian deposition, 
and only across divergent (convex-up) noses where there is no 
net soil deposition (Dietrich et al., 1995; Heimsath et al., 1997, 
1999). Field verification of this function helps quantify recent 
landscape evolution models (Dietrich et al., 2003), and the local 
steady-state soil thickness assumption was verified at one of the 
field areas used here (Heimsath et al., 2000).

In this paper we present new results from a comprehen-
sive study done across the passive margin escarpment (cf. Great 
Escarpment; Ollier, 1982) of southeastern Australia. We use two 
in situ–produced cosmogenic nuclides, 10Be and 26Al, to quantify 
erosion rates and processes from the low-relief coastal lowlands 
to the highlands above the escarpment. These erosion rates are 
compared with two new, well-defined, soil production functions 
that we present from the highlands at the escarpment crest and 
from the coastal lowlands. These soil production functions illus-
trate differences in the processes eroding the highlands in com-
parison with the coastal lowlands and escarpment base. These 44 

INTRODUCTION

Passive continental margins and the escarpments that are 
typically associated with them have captured the attention of 
much geomorphic study, helping to build the application of 
numerical modeling as well as develop applications of new ana-
lytical techniques in the field of quantitative geomorphology 
(e.g., Bierman and Caffee, 2001; Cockburn et al., 2000; King, 
1962; Ollier, 1982; Summerfield, 1999; Tucker and Slingerland, 
1994; van der Beek and Braun, 1998). Interest in escarpments is 
well founded, as understanding landscape evolution of a passive 
margin escarpment forces an integration of climate, tectonic, and 
surface process studies. Traditional views of escarpment evolu-
tion have suggested high rates of escarpment retreat, parallel to 
the continental margin, in comparison with low rates of denuda-
tion in the low-relief highlands as well as across the more highly 
dissected lowlands.

Despite such long-standing interest in understanding the 
evolution of passive margin escarpments, relatively few data 
actually quantify the rates of surface erosion and long-term 
denudation across these margins to confirm qualitative models 
of rapid escarpment retreat. Recent work using low-temperature 
thermochronology place critical long-term constraints on escarp-
ment denudation (e.g., Brown et al., 2002; Cockburn et al., 2000; 
Persano et al., 2002), while cosmogenic nuclides have defined 
shorter-term surface erosion rates above (Heimsath et al., 2001), 
across (Bierman and Caffee, 2001; Cockburn et al., 2000), and 
below (Heimsath et al., 2000) escarpments in southeastern Aus-
tralia and Namibia. These data refute the traditional models of 
escarpment evolution, and instead suggest that relatively rapid 
rates of postrifting denudation are followed by long periods of 
lower erosion rates and the development of a long-term steady-
state in the topographic form of the escarpment, where relatively 
slow landscape change is occurring.

We tackle the problem of escarpment evolution by apply-
ing the well-developed mass-balance approach initially articu-
lated by Gilbert (1877), quantitatively laid out by Culling (1960, 
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new cosmogenic nuclide data are used with two independent data 
sets published using cosmogenic nuclides and landscape mor-
phology from the base of the escarpment and from the highlands 
above the escarpment to show that erosion rates decrease with 
elevation from escarpment base to crest and that soil production 
rates decrease exponentially with increasing soil thickness. Our 
findings are consistent with recent studies (e.g., Cockburn et al., 
2000; Matmon et al., 2002; Persano et al., 2002; van der Beek et 
al., 2002) that concluded that passive margin escarpments have 
been relatively stable and are not retreating as rapidly as sug-
gested by earlier studies of escarpment evolution. To place our 
results in the context of the extensive work done to understand 
landscape evolution across the southeastern Australia rift margin, 
we begin with a brief review.

ERODING AND EVOLVING THE ESCARPMENT

The passive continental margin of southeastern Australia 
provides an excellent example of a landscape where the pro-
cesses and rates of evolution have been studied over multiple 
time scales (e.g., Bishop, 1988; Dumitru et al., 1995; Lambeck 
and Stephenson, 1985; Nott, 1992; O’Sullivan et al., 1996; Ollier, 
1995; Persano et al., 2002; Seidl et al., 1996; Stephenson and 
Lambeck, 1985; van der Beek and Braun, 1998; Wellman, 1987). 
This margin is thought to have begun with the rifting between 
the Australian continent and the Lord Howe Rise to the east ca. 
85–100 Ma (Hayes and Ringis, 1973; Weissel and Hayes, 1977). 
While there has been much debate about the subsequent uplift, 
erosion, and evolution of the landscape associated with this rift, 
the large-scale morphology is roughly similar to other passive 
margins around the world (Matmon et al., 2002), although an 
important difference exists in that the drainage divide occurs 
inland of the scarp crest. The highland region of gentle topog-
raphy, low-relief, and relatively slow erosion rates (e.g., Bishop, 
1986; Bishop and Brown, 1992; Bishop et al., 1985; Nott, 1992; 
Ollier, 1978; Pain, 1985; Wellman, 1987) is separated from the 
more deeply incised coastal belt by what was once commonly 
referred to as the Great Escarpment (Ollier, 1982). Modeling of 
the evolution of the escarpment is extensive (e.g., Lambeck and 
Stephenson, 1985; van der Beek and Braun, 1998) and depends 
on field determination of erosion rates, but much modeling of 
this and other escarpments has been done without empirical con-
straints on relevant time scales.

Slow rates of Tertiary erosion were deduced for the south-
eastern highlands, west of the escarpment, in several studies by 
dividing the age of plateau-forming basalt flows into the eleva-
tion difference between the plateau and the channels that had 
incised through the flows (Bishop, 1985; Bishop et al., 1985; 
Wellman, 1979, 1987; Wellman and McDougall, 1974). Because 
of the likely posteruption erosion of the basalt surface, the rates 
calculated were the minimum rates of incision. All of the studies 
deduced rates less than 10 m/m.y., with significant uncertainty, 
for the southeastern highlands, and slight differences depended 
on the time since basalt emplacement. Young (1983) and Young 

and McDougall (1982, 1993) extended the examination of river 
incision through dated basalts to infer slow rates of scarp retreat 
both west and east of the Great Escarpment, suggesting rates as 
low as 18 m/m.y.

The approach of determining long-term denudation rates 
for the region by using low-temperature thermochronology mea-
sured across the southeastern highlands, as well as along the 
present coastline, was pursued relatively early, though often with 
few data (Dumitru et al., 1991, 1995; Foster and Gleadow, 1991; 
O’Sullivan et al., 1995, 1996). These studies were motivated, at 
least in part, by debate over the origin, not the erosion rates, of 
the southeastern highlands. O’Sullivan et al. (1995, 1996) used 
apatite fission-track thermochronology (AFTT) to deduce two 
separate periods of rapid denudation based on distinct periods 
of rapid cooling recorded in the apatite. They suggested that the 
initial continental extension associated with the splitting of the 
Tasman Sea in the mid-Cretaceous resulted in kilometer-scale 
(>2 km) denudation across much of the present-day southeast-
ern highlands, possibly due to rock uplift following underplating 
inland from the rift. The second period of cooling recorded in 
samples from the coastal regions was several tens of millions of 
years later, associated with the continental breakup during the 
Late Cretaceous (ca. 80 Ma) through the Paleocene (ca. 60 Ma). 
These results implied that the highlands that were uplifted and 
highly eroded 90–100 Ma and the more recently eroded coastal 
belt arrived at a position near their present morphologies ca. 60 
Ma. As Bishop (1986) pointed out, most of the models of the his-
tory of the southeast Australian highlands (as opposed to models 
of the evolution of the continental margin) implied a stable con-
tinental divide, which roughly coincided with the Great Escarp-
ment. The inferred tectonic processes leading to the stability of 
this divide and the southeastern highlands were not stated, but 
the conclusions regarding very slow Tertiary denudation rates on 
the highlands were similar to those drawn from a passive iso-
static rebound model as presented by Stephenson and Lambeck 
(1985). Closer examination of O’Sullivan et al.’s research (1995, 
1996) shows few data from potentially anomalous areas, and 
the supposed peak in denudation rates on the coastal strip is not 
supported by numerous data from other regions (Gleadow et al., 
2002; van der Beek et al., 2001). Recent AFTT work (Persano 
et al., 2002) concludes that the highlands have been tectonically 
stable with relatively constant denudation rates throughout con-
tinental breakup, and suggests erosion rates <10 m/m.y. since the 
late Paleozoic–early Mesozoic, similar to findings by Bishop and 
Goldrick (2000) and Moore et al. (1986).

Slow denudation rates are part of the assumed conditions 
used by Thomas (1989a, 1989b, 1995), Twidale (1971, 1985, 
1993), and Twidale and Vidal Romani (1994) to suggest the dif-
ferential weathering processes leading to the formation of relief in 
some landscapes, as well as features such as inselbergs and tors. 
The etching process reported by these authors involves the devel-
opment of a saprolite (chemically weathered rock that retains its 
relict structure but has not been physically transported) resulting 
from the prolonged interaction of groundwater with the underly-
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ing bedrock. The weathering front progresses into the bedrock, 
penetrating into fractures and joints, and weathers the bedrock 
preferentially into saprolite and core-stones. Saprolite may then 
be stripped (for reasons and by processes not specified by these 
authors, but potential mechanisms could include climate change 
to a wetter, more humid period likely to cause higher rates of 
erosion) to expose the differentially weathered bedrock, result-
ing in the formation of relief in the landscape. Depending on the 
spacing of the bedrock fractures and joints, the exposure of the 
core-stones may result in the formation of landscape features as 
diverse as tors, inselbergs, angular turrets, or granite domes.

Seidl et al. (1996) and Weissel and Seidl (1997) focused on 
the mechanisms for propagation of the escarpment inland follow-
ing the splitting of the Tasman Sea. They used a mass-balance 
approach to estimate denudation rates ranging from 0.04 m/m.y. 
to 12 m/m.y. east (downstream, or below) of the escarpment since 
the time of rifting. These rates were consistent with the minimum 
estimates of Dumitru et al. (1991), despite the rough constraints 
on their measurements and their assumption of initial topogra-
phy, which was not substantiated. They also inferred escarpment 
retreat rates (Seidl et al., 1996) by dividing the average distance 
of many gorge heads from the rift margin (200 km) by the period 
since rifting (100 m.y.) to get a long-term average rate of 2 km/
m.y. This rate agreed roughly with retreat rates cited from other 
passive continental margins (Ollier and Marker, 1985), though 
the same simple assumptions were used, and the reasoning was 
not mechanistic.

Weissel and Seidl’s (1998) analyses of cosmogenic nuclide 
measurements from bedrock rivers determined bedrock incision 
rates of ~7 m/m.y. from upstream of the edge of the escarpment 
(which agrees with highland denudation rates of 1–10 m/m.y. for 
the highlands), and greater than 100 m/m.y. inferred from strath 
terraces downstream of the escarpment knickpoint. As they point 
out, their rates were consistent with their models of escarpment 
propagation across the coastal region with very low rates of ero-
sion from the highland region (~4 m/m.y.), higher rates of bed-
rock channel incision near the upper edge of the escarpment than 
from upstream (~20 m/m.y. versus ~7 m/m.y.), and the highest 
erosion rates across the gorge head (~100 m/m.y.). Importantly, 
both studies (Seidl et al., 1996, and Weissel and Seidl, 1998) for-
ward a process-based argument for the propagation of the escarp-
ment. They suggested that as long as there is enough fluvial trans-
port power in the streams, the propagation rate of the escarpment 
is primarily determined by the slope failure mechanisms and the 
mass wasting from the steep rock slopes at the escarpment head 
(also note modeling results of Tucker and Slingerland [1994], 
which suggested that weathering-limited conditions across the 
escarpment knickpoint set the retreat rate of the escarpment).

In contrast with the extensive research on the evolution and 
denudation of the southeastern highlands, there is a paucity of 
data addressing the erosional history of the coastal plain, and 
work that has been done appears fraught with equivocation. The 
notable exceptions were the low-temperature thermochronology 
studies that found a discrete period of rock cooling from rock 

samples along the coast (O’Sullivan et al., 1995, 1996; Persano et 
al., 2002). Perhaps one reason there have been few studies simi-
lar to those carried out on the highlands is that the retreat of the 
escarpment has eroded most of the material used in the earlier 
studies, so they must now use datable basalts to infer the evolu-
tion of the highlands from the coastal region. While the highly 
dissected region adjacent to and below the escarpment suggests 
high erosion rates, the actual rates have not been well quantified 
beyond a few recent studies (Heimsath et al., 2000; Persano et al., 
2002; Weissel and Seidl, 1998).

Young (1977) did, however, report mantles of Tertiary sedi-
ment, duricrust, and basalt on the coastal lowlands at the foot of 
the escarpment. Young and McDougall (1982) reported further 
on this work and used datable rock to report K-Ar ages averaging 
ca. 30 Ma from basalt flows that postdate the silcrete formation 
on the lowland sites. They used the basalt ages in relation with the 
silcrete development to conclude that the coastal lowland resulted 
from erosion following an early Tertiary uplift of the highland. 
Similarly, based on terrestrial sedimentary deposits examined 
along the southeastern coast, Nott et al. (1991) concluded that the 
uplift of the highland region and the development of the coastal 
lowland occurred by the early Tertiary. They proposed that a late 
Mesozoic period of deep weathering was followed by an early 
Tertiary period of uplift and erosion. Subsequently, by the early 
Miocene (ca. 22 Ma), global sea-level rise may have led to a 
period of deposition of sediments on the present coastal plain. 
These aggraded sediments were exposed when the drop in sea 
level in the late Miocene to Pliocene (ca. 8 Ma) allowed the inci-
sion of streams into the coastal landscape. There is considerable 
dispute surrounding these lowland studies.

FIELD SITES

To quantify erosion rates and processes across the escarp-
ment, we extended the field area that was used to quantify soil 
production rates with in situ–produced cosmogenic nuclides 
(10Be and 26Al; Heimsath et al., 2000; Figs. 1 and 2). Results from 
the Heimsath et al.’s (2000) study were later compared to soil 
production and erosion rates determined at a site on the high-
lands (Heimsath et al., 2001), but the highland site was roughly 
60 km northwest of the escarpment base site and ~12 km west of 
the escarpment crest. For the study presented here, we directly 
connect the coastal lowland with the escarpment by sampling 
along ridge and river transects (Fig. 3), as well as extensive new 
sampling on the highlands at the escarpment lip and also on the 
coastal lowlands. Sampling at the escarpment lip and on the high-
lands near Brown Mountain was also motivated by the desire to 
couple our quantification of physical erosion rates with recent and 
ongoing work into chemical weathering in the same field region 
(Banfield and Eggleton, 1989; Taunton et al., 2000a, 2000b).

The Nunnock River is a tributary to the Bemboka-Bega 
River, which drains into the Pacific Ocean at Bega (Fig. 1). The 
granite cliffs of the escarpment, downslope from the low-gradient 
headwaters region, and a relatively steep drop off the escarpment 



Figure 1. Location map showing the topography across the escarpment face. Outline of the Bega basin shown by dashed line, with Nunnock 
River shown by NR in the middle of the location rectangle. Topography of the lower panel is with 20 m contour intervals from 1:100,000 digital 
data (Australian Surveying and Land Information Group) from Bega (sheet 8824) map. Locations used for the Heimsath et al. (2000) study are 
shown by: black dot on ridge crest at base of escarpment is where Figure 2 photos were taken from; open square shows approximate location of 
the surveyed area of the Heimsath et al. (2000) study; and black triangle shows stream sediments from Nunnock River used in that study (modi-
fied from Heimsath et al., 2000). Approximate locations of the lowland (Snug) and two highland (Brown Mountain [BM] and Frogs Hollow 
[FH]) sites shown by black dots and labels on map, with the FH site ~20–30 km north of the shown region. Black lines across the escarpment 
topography show the profiles plotted in Figure 3A–B, where the channel line is extended farther here than in the profile data.
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define the drainage area of Nunnock River. Evidence of debris-
flow deposits are found in each of the second-order drainages 
downslope from the escarpment, though scour to bedrock on the 
escarpment face is relatively limited. The exposed cliff region 
across the top of the escarpment is not as dramatic or extensive 
as those from the Weissel and Seidl (1998) study area, but they 
are eroding by block failure across their face and thin exfoliation 
sheet erosion across their tops. There is little sediment accumula-
tion beneath the cliffs, and it appears that the upper region of the 
escarpment is weathering-limited, as are regions of the channels 

Figure 2. Photographs from the ridge crest tor location used to de-
velop the tor erosion model presented in Heimsath et al. (2000). View 
is upslope showing the spur ridge used for elevation transect of this 
study (A), where the “V” visible on skyline is the incision of Nunnock 
River across the escarpment crest. Note tree cover of the escarpment 
and the relatively small region of exposed cliffs, directly above middle 
person’s head, which is not visible from below. (B) View downslope 
to the Pacific Ocean, horizontal skyline roughly 50 km distant, shows 
drop of the higher-relief escarpment slopes to more gently sloping, 
lower-relief coastal lowlands.

Figure 3. Elevation versus distance profiles for the spur ridge used 
to collect samples for this study (A), as well as the long profile of 
Nunnock River (NR) as it traverses the escarpment (B). Note vertical 
exaggeration for both figures and that the distance axes are not at the 
same scale for A and B. Data for both profiles collected by hand off 
the 1:20,000 regional maps using 10 m contour intervals. Ridge profile 
begins where the spur ridge intersects with Nunnock River, shows the 
top of the field site of Heimsath et al.’s (2000) study area, and marks 
sample elevations with the filled black circles. Corresponding sample 
ID numbers are noted adjacent the circles. Profile ends at the scarp 
crest. River profile begins in the low-gradient, swampy meadow head-
waters of the Nunnock River at the farthest upslope extent of the chan-
nel. Catchment area at the channel head is approximately one hectare, 
and the landscape is soil-mantled, dotted with outcropping tors. Small 
catchment sediment sample average elevations are shown on the river 
profile with filled black circles and are marked with the sample ID 
numbers used in Table 1. Nunnock River changes from sand-bed-
ded, relatively incised channel across the low-gradient highlands to 
a steeply dropping, bedrock river across the escarpment with obvious 
fluting and fluvial incision channels. Large boulder deposits are ob-
served beginning near the escarpment base, but are not present in the 
Bega-Bemboka River.
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(the channels are bedrock with the exception of patchy debris-
flow cover). Spur ridges are soil-mantled and perpendicular to 
the escarpment. Slopes are sharply convex across the tops of the 
regions and steepen downslope to the channel (Heimsath et al., 
2000). Between Nunnock River and the coastline, the landscape 
is composed of rolling, granodiorite hills with very few outcrop-
ping tors in comparison with the highland region. The granodio-
rites are Late Silurian to Early Devonian and are part of the Bega 
Batholith Igneous Suite (Lewis and Glen, 1995). Relief is <200 
m across the coastal lowland and increases from the coast inland 
to the escarpment, which rises abruptly for ~800 m directly west 
of the scarp base field site.

Rainfall on the coastal lowlands (~900 mm/yr), and espe-
cially near the escarpment, is considerably higher than on the 
tablelands, though it does fall sporadically throughout the year 
(Richardson, 1976). Rainfall intensities are reportedly higher near 
the escarpment (personal commun. with landowners), though 
this has not been quantified beyond the past 10 yr. Using sta-
tions of the Australian Bureau of Meteorology (www.bom.gov.
au/climate/averages) closest to the field sites, the average rainfall 
ranges from 870 mm/yr for the coastal lowland site (Snug, at 
~200 m elevation), to over 1200 mm/yr at the escarpment base 
(Nunnock River, at 400 m), to 690 mm/yr at the escarpment crest 
(Brown Mountain, at 1000 m), to 720 mm/yr at the highland site 
(Frogs Hollow, at 900 m). Observed vegetation at the escarpment 
base reflects this higher rainfall compared with the relatively dry 
and cold tablelands region, and forest cover is intermediate to wet 
schlerophyll forest with patches of dense understory, especially 
in the valley bottoms. Ferns grow widely on the more humid 
slopes around the Nunnock River field area, but are not observed 
on the slopes nearer the coast at the Snug site.

The field area of Heimsath et al. (2001) is representative of 
the low-relief plateau of the highlands above the escarpment, 
but is northwest of the Nunnock River portion of the escarp-
ment leading to the coastal lowlands focused on here, motivating 
sampling another highland area around Brown Mountain. This 
highland site is the same region studied by Banfield and Egg-
leton (1989) and Taunton et al. (2000a, 2000b). The highlands, 
in general, are between ~800 and 1500 m above sea level. Bed-
rock varies between Ordovician metasediments and Devonian 
granites across the region (Richardson, 1976). Morphology of 
the highlands directly above the Nunnock River site (i.e., Brown 
Mountain) is similar and is characterized by low-relief hillslopes 
(<100 m) that are gently sloping (<25°) and are soil-mantled, but 
punctuated frequently by tors. These tors are typical examples 
of the more coherent bedrock that outcrops through a saprolitic 
granite landscape (e.g., Linton, 1955; Twidale, 1985; Williams et 
al., 1986). The weathered nature of the soil-mantled saprolite is 
exposed in numerous road cuts around the field areas. These road 
cuts also reveal the prevalence of core-stones, some fraction of 
which are likely to emerge sometime in the future as tors.

The climate of the southeastern highlands is relatively cool, 
averaging ~18–22 °C in the summer and 3–5 °C in the winter. 
There are periods of freezing temperatures and snow in the win-

ter, but these rarely last long. Rainfall is not distinctly seasonal 
and, with the exception of drought periods, does not vary much 
from ~550–750 mm/yr (McAlpine and Yapp, 1969; Richardson, 
1976). Forest cover, where it occurs, is typically dry schlero-
phyll, with very little understory. Grassland and rolling savanna 
woodland vegetation are also widespread across this region of the 
tablelands. Climate changes during the Pleistocene and during 
the Pleistocene–Holocene transition (Bryant et al., 1994; Chap-
pell, 1991; Dodson, 1977, 1987; Dodson and Wright, 1989; Har-
rison, 1993; Kershaw et al., 1991) probably affected the biotic 
communities and therefore the dominant soil production and 
transport processes. These processes were likely similar to the 
Nunnock River site since the biota are similar, but the drier and 
colder climate may reduce the frequency of the bioturbation at 
the highland sites. Potential impacts of historic agriculture were 
avoided by selecting protected areas for our work.

Soil production and transport is observed to be primarily due 
to biogenic processes across all field areas, although there is some 
evidence of overland flow, especially during storms following 
fires that remove any vegetative understory. Burrowing wombats 
were the most obviously disruptive biota and were observed to 
occupy all parts of the landscape except where soil thickness was 
less than ~30 cm, and their burrows extend into the weathered 
bedrock in places. Other observed biogenic processes included 
burrowing echidnas and shallow burrowing lyre-birds, worms 
(worm trails extended into the saprolite and worm castings in 
the soil included quartz crystals that could have been conveyed 
up from the underlying saprolite), and tree throw (Fig. 4). Ant or 
termite mounds revealed significant quartz grains and pieces of 
unweathered granodiorite, but we did not observe ant burrows 
extending into the saprolite; therefore, we infer that such micro-
fauna contribute to transport rather than production of the soil.

METHODS

In situ–produced cosmogenic nuclides (e.g., 10Be and 26Al) 
are used increasingly to quantify bedrock erosion (e.g., Lal, 1991; 
Nishiizumi et al., 1991), soil production (e.g., Heimsath et al., 
1997; Small et al., 1999), and spatially averaged 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 Earth’s surface as cosmic rays bombard atoms, such as 
Si and O in quartz and other minerals in rock and sediments (Lal 
and Arnold, 1985; Lal and Peters, 1967). Cosmic-ray production 
of nuclides is balanced by radioactive decay of the nuclides in 
surfaces that are not eroding and by removal of the target material 
in eroding surfaces. Application of cosmogenic nuclide analysis 
to understanding landscapes is extensively and well-reviewed 
(Bierman, 1994; Cockburn and Summerfield, 2004; Gosse and 
Phillips, 2001; Lal, 1988; Nishiizumi et al., 1993) and will only 
be summarized here.

Nuclide concentrations measured from quartz have been 
shown to reflect the exposure history of the sample and are depen-
dent on the production and decay rates of the nuclide, as well as 
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the erosion rate of the sample (Lal, 1988; Lal and Arnold, 1985; 
Nishiizumi et al., 1986, 1991). As shown by Lal (1991), and 
neglecting muon effects, the nuclide concentration, C, depends 
on the production of the nuclide at an exponential depth, z

x
, func-

tion of the surface production rate, P
0
, and its radioactive decay 

constant, λ,

 
dC
dt

P e Czx= −−
0

µ λ ,  (1)

where µ is the absorption coefficient (equal to material density 
divided by the mean attenuation length for cosmic rays, Λ, where 
Λ ~165 g cm–2), and λ = ln2/t

1/2
, where t

1/2
 = 1.5 × 106 yr for 10Be 

and t
1/2

 = 7.01 × 105 yr for 26Al). If erosion, ε, is assumed, based 

on geomorphic examination, to be constant over the exposure 
history of the sample, equation 1 can be solved analytically (Lal, 
1991), yielding,

 C c e P Ht= +
+







−
0

1λ θ
λ µε

( , )   (2)

at secular equilibrium, when t >> (λ + µε)–1, where P(H, θ) is the 
nuclide production rate (atom g–1yr–1) at the soil-bedrock bound-
ary under slope-normal soil depth, H, and on a surface with 
slope θ, and C

0
 is the initial concentration of the nuclide. P(H, θ) 

is calculated as a factor of the surface nuclide production rates 
(e.g., Dunne et al., 1999). Under steady-state conditions, where 
local soil thickness is relatively constant with time, soil produc-
tion, ε

s
, equals erosion, ε, at the surface, which is also equal to 

the rate of lowering of the soil-saprolite interface (Heimsath et 
al., 1997) and can therefore be equated to the local denudation 
rate. Equation 2 can therefore be solved to yield steady-state soil 
production or erosion rates. Nuclide concentration accumulated 
in river or catchment sediments can be interpreted by equation 
2 to infer catchment-averaged steady-state erosion rates, assum-
ing relatively short transport times and relatively homogeneous 
catchment lithology (e.g., Granger et al., 1996; Bierman and 
Steig, 1996).

We apply this methodology to determine erosion rates in 
three different ways. Most simply, we sample the outermost 
centimeter or two of exposed bedrock (tor tops as well as the 
top of the cliff region of the escarpment) that shows field evi-
dence of eroding by grain-grain spallation or by exfoliation of 
thin sheets. Concentrations of 10Be and 26Al in these samples 
yield the inferred steady-state erosion rate of the exposed bed-
rock surfaces, assuming that samples have had simple exposure 
histories (e.g., no significant burial or shielding that is now not 
evident) and have been eroding at nearly constant rates (i.e., not 
by large block failure or landsliding). For soil production rate 
determination, we followed the typical geomorphic transect from 
bedrock exposed at convex ridge crests onto the soil-mantled part 
of the landscape and dug 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. Concentrations of 
nuclides from these samples were used with a corrected nuclide 
production rate that accounts for the shielding of the soil mantle 
above the sampled layer to yield a soil production rate, which is 
equivalent to a landscape-lowering rate relative to a local datum 
(Heimsath et al., 1999). Finally, we collected stream and creek 
sediments or sediment from zero-order catchments, measured the 
concentrations of the nuclides, and used the nuclide concentra-
tions to infer a catchment-averaged erosion rate (e.g., Granger 
et al., 1996). Each of these applications depends on careful geo-
morphic site selection, such that the numerous assumptions and 
simplifications detailed in the above studies are met.

Roughly 500 g of bedrock, saprolite, or sediment from each 
sample were crushed, sieved to separate particles <1 mm size, and 
chemically purified following the procedure of Kohl and Nishi-
izumi (1992) to yield ~50 g of quartz, from which Be and Al were 

Figure 4. Photos showing the more dramatic of the biogenic processes 
acting across each of the field areas. Tree throw of the Eucalyptus sp. 
is common and typically shows uprooted granitic saprolite clinging 
to the roots (A). Here the fan-shaped, light-colored deposit from the 
uprooted tree was observed to be primarily quartz grains from the sap-
rolite, which were penetrated by the roots prior to uprooting. Wombat 
burrows (B) commonly penetrate the saprolite, such that the downslope 
deposits from the burrows are mixtures of saprolite and soil, similar to 
the observations of gopher burrowing by Gabet (2000). Tape measure 
for scale shows burrow diameter to be ~30 cm, with the trowel handle 
at the approximate location of the soil-saprolite interface.
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extracted. For results reported here we only measure concentra-
tions of 10Be, because sample lithology and exposure history were 
similar to those reported in Heimsath et al. (2000, 2001) and did 
not warrant the test for steady-state exposure history enabled by 
measuring 26Al (e.g., Nishiizumi et al., 1993). Samples for 10Be 
measurement were spiked with a 9Be carrier solution calibrated 
by a Be atomic absorption standard that differed by <2% from the 
Be carrier used for the Nishiizumi et al. (1989) analyses. Prepa-
ration and chemistry on these samples were done at Dartmouth 
College as well as at the Research School of Earth Sciences at 
the Australian National University (ANU). We measured con-
centrations of 10Be at the Lawrence Livermore National Labora-
tory, Center for Accelerator Mass Spectrometry (LLNL-CAMS) 
facility (Davis et al., 1990) as well as at the ANU Nuclear Phys-
ics facility and Purdue University’s PRIME Lab, and standard-
ized the measurements to the ICN (ICN Biomedical, Inc.) 10Be 
standards. By doing the chemistry on these samples in two very 
different labs and measuring the nuclide concentrations on three 
very different accelerator mass spectrometers, we also have an 
excellent test for the potential analytical uncertainties in the cos-
mogenic nuclide methodology used for geomorphic studies.

Production rates for 10Be and 26Al in quartz were based on the 
sea-level and high-latitude production rates of 6 and 36.8 atoms 
g–1 yr–1 (Nishiizumi et al., 1989), rescaled to 5.1 and 31.1 atoms 
g–1 yr–1, respectively (Stone, 2000), and were corrected for lati-
tude and altitude effects (Lal, 1991), as well as for the slope and 
shielding of the sample (Dunne et al., 1999; Masarik and Vanya, 
2000; Nishiizumi et al., 1989). These production rates were used 
for consistency with previous reports of erosion rates or exposure 
ages, despite the growing debate over production rates (Clark 
et al., 1995; Dunai, 2000; Nishiizumi et al., 1996; Stone et al., 
1998a) and the potential contribution of muons to nuclide con-
centrations under moderate and high erosion rates (e.g., Granger 
and Smith, 2000; Stone et al., 1998b).

RESULTS AND DISCUSSION

The Highlands

Results from the new nuclide analyses are reported here 
for 10Be concentrations, with the erosion rates or soil production 
rates determined from them (Table 1). Table 1 does not distin-
guish between samples prepared at different laboratories or mea-
surements made at different accelerators. The results presented 
below incorporate these differences and agree so well that we 
believe the soundness of our methodology is maintained. Seven 
samples from directly beneath the actively eroding soil mantle 
define a soil production function for the highland landscape at 
Brown Mountain (Fig. 5A). Two samples from bedrock exposed 
at the soil surface yield steady-state erosion rates and suggest 
that maximum soil production rates occur under some finite soil 
mantle (Ahnert, 1987; Carson and Kirkby, 1972; Dietrich et al., 
1995; Gilbert, 1877), such that the soil production function could 
have a “humped” form (Cox, 1980). Measured nuclide concen-

trations were corrected for observed soil depths (Heimsath et al., 
1999), and steady-state erosion rates, calculated with equation 2, 
define an exponential decline of apparent soil production rates 
with increasing soil depths for the saprolite samples. The vari-
ance-weighted best fit to these points, excluding the bedrock 
points, is

 ε( ) ( . . )H e H= ± − ±65 15 0 020 0 003 ,  (3)

where the soil production rate, ε(H), is the vertical lowering 
rate in Table 1 in m/m.y., and H is in cm. Comparison of these 
data with the soil production and exposed bedrock erosion rates 
reported for the highland site of Heimsath et al. (2001) shows 
remarkable similarity in rates and form despite the sites being 
nearly 60 km apart and the samples being collected and analyzed 
about four years later in a different laboratory (Heimsath et al., 
2001, analyses were done at the University of California, Berke-
ley; Fig. 5B). The apparent soil production function reported by 
Heimsath et al. (2001) was fit to five samples using both 10Be 
and 26Al from beneath soil thicknesses from 25 to 65 cm and had 
a dramatically steeper slope to it, such that the function defined 
an intercept that was unreasonably high for any rates measured 
across the highlands:

 ε( ) ( . . )H e H= ± − ±143 20 0 042 0 003 .  (4)

Arguably, the combined soil production data from the highland 
sites (Fig. 5B) would define a humped soil production function, 
as first articulated by Carson and Kirkby (1972) and also dis-
cussed by Cox (1980). This is discussed below, after presentation 
of all the soil production data.

Similarities in morphology between the two highlands sites 
suggest that the conclusions reached by Heimsath et al. (2001) 
are applicable to the escarpment crest region. Specifically, that 
extensive outcropping tors are found at both sites and that the 
weathering profiles visible in the road cuts, and analyzed at a site 
very close to our Brown Mountain site by Banfield and Eggleton 
(1989) and Taunton et al. (2000a, 2000b), support the notion of a 
propagating weathering front into the relatively stable highlands. 
Their measurements suggest considerable erosion by solute pro-
cesses, while our cosmogenic nuclide–determined lowering rates 
are recording a total lowering rate with no differentiation between 
chemical and physical weathering processes. It is clear from the 
weathering profiles that solute processes are significant, and it 
is also clear from the active bioturbation across the landscape 
that physical soil production and transport are significant. At this 
point, we cannot resolve the relative roles that both play, though 
it is clear that they are coupled as Riebe et al. (2001, 2003) found 
elsewhere, and we are examining the problem with a detailed 
look at how the extent and rate of weathering varies across the 
landscape (Burke and Heimsath, 2003).

Average erosion rates from 10Be concentrations from stream 
sediments taken from small catchments draining to Nunnock 
River above the escarpment range from 13 ± 1.7 to 20 ± 2.5 m/m.y. 
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TABLE 1. EROSION RATES FROM COSMOGENIC NUCLIDE CONCENTRATIONS 

Sample Depth† Type‡ PROD. Elev. Wt. Be 10Be ± ± % 

 (cm)  factor§ (m) (g) (mg) 106 atoms/g (m/m.y.) error 
Cosmogenic nuclide concentrations from small catchment sediments
NR-32  Avg 0.9 940 20.89 0.451 0.258 0.012 15.47 1.50 9.7 
NR-33  Avg 0.9 940 19.40 0.447 0.251 0.012 15.88 1.55 9.8 
NR-38  Avg 1.0 980 21.04 0.434 0.307 0.023 13.43 1.69 12.6 
NR-58  Avg 0.9 450 48.79 0.455 0.153 0.011 27.79 3.42 12.3 
NR-60  Avg 0.6 478 51.30 0.524 0.082 0.004 29.20 3.04 10.4 
NR-61  Avg 0.6 525 47.69 0.542 0.064 0.007 35.87 5.64 15.7 
NR-62  Avg 1.2 570 25.89 0.513 0.175 0.011 27.12 3.02 11.1 
NR-65  Avg 0.4 800 48.86 0.489 0.092 0.007 20.13 2.51 12.5 
Cosmogenic nuclide concentrations from brown mt. saprolites
NR-34 60 BM 1.5 950 19.80 0.437 0.354 0.056 18.08 4.68 25.9 
NR-36 0 BM 1.2 950 22.12 0.445 0.213 0.019 22.21 3.11 14.0 
NR-37 25 BM 1.4 965 20.30 0.441 0.186 0.021 31.65 6.77 21.4 
NR-39 55 BM 1.0 970 22.38 0.442 0.250 0.020 16.70 2.99 17.9 
NR-41 50 BM 0.9 1033 21.24 0.435 0.149 0.018 26.59 5.87 22.1 
NR-42 100 BM 0.4 1033 20.33 0.436 0.192 0.016 6.23 1.15 18.4 
NR-43 70 BM 0.7 1066 21.69 0.435 0.195 0.024 16.05 3.58 22.3 
NR-45 73 BM 0.8 1091 21.32 0.438 0.519 0.052 6.79 1.37 20.1 
NR-50  Rdg 1.3 1015 23.70 0.443 0.400 0.017 12.44 1.15 9.2 
Cosmogenic nuclide concentrations from ridge crest samples
NR-51  Rdg 1.0 912 20.98 0.443 0.241 0.012 16.20 1.58 9.8 
NR-53  Rdg 1.4 710 22.12 0.445 0.212 0.010 20.84 2.01 9.6 
NR-54  Rdg 0.7 606 20.30 0.441 0.078 0.012 32.90 6.60 20.0 
NR-55  Rdg 0.6 566 21.04 0.434 0.085 0.005 31.00 3.50 11.3 
NR-56  Rdg 0.7 517 22.38 0.442 0.089 0.006 33.56 3.96 11.8 
NR-57  Rdg 1.1 468 19.79 0.440 0.110 0.009 36.27 4.76 13.1 
NR-59  Rdg 1.1 470 34.68 0.530 0.108 0.011 32.67 5.01 15.3 
NR-63  Rdg 1.4 660 49.21 0.508 0.206 0.009 25.33 2.43 9.6 
NR-64  Rdg 1.3 680 48.82 0.499 0.210 0.011 19.95 2.03 10.2 
Cosmogenic nuclide concentrations from tor samples
NR-30  Tor 2.0 1125 23.70 0.443 1.963 0.071 3.26 0.28 8.6 
NR-31  Tor 2.0 1125 20.98 0.443 1.692 0.064 3.78 0.33 8.8 
NR-35  Tor 1.8 950 23.90 0.442 0.396 0.018 14.19 1.35 9.5 
NR-40  Tor 1.9 1033 19.79 0.440 0.317 0.021 18.80 2.16 11.5 
NR-44  Tor 1.9 1071 20.46 0.438 1.470 0.072 4.18 0.41 9.9 
NR-52  Tor 1.5 819 23.90 0.442 0.245 0.010 20.01 1.83 9.1 
Cosmogenic nuclide concentrations from lowland site, SNUG
NR-101 85 Snug 1.2 212 31.88 0.453 0.090 0.020 11.13 2.66 23.9 
NR-102 27 Snug 1.1 214 31.15 0.456 0.1 0.01 24.51 2.50 10.2 
NR-103 70 Snug 1.1 215 30.24 0.391 0.1 0.1 9.75 1.30 13.3 
NR-104 90 Snug 1.1 216 31.28 0.325 0.13 0.02 9.48 1.53 16.2 
NR-105 70 Snug 1.2 217 30.61 0.370 0.21 0.04 4.19 0.88 21.0 
NR-106 45 Snug 1.1 220 30.94 0.456 0.16 0.01 11.43 0.73 6.4 
NR-107 38 Snug 1.2 221 30.20 0.454 0.12 0.01 17.27 1.47 8.5 
NR-108 60 Snug 1.2 222 29.63 0.359 0.13 0.01 11.30 0.89 7.9 
NR-109 50 Snug 1.1 223 30.67 0.406 0.03 0.02 57.38 6.92 12.1 
NR-110 70 Snug 1.2 227 29.68 0.368 0.177 0.027 7.01 1.13 16.2 
NR-111 0 Snug 1.1 228 29.97 0.377 0.421 0.081 8.72 1.79 20.6 

Note: All errors are propagated to soil production or erosion rate, .
†Average soil density: 1.2 g/cm2.
‡Avg are catchment averaged, Rdg are Spur ridge crests. 
§Production factor scales nuclide production for slope, soil depth, elevation, and latitude. Location of site at escarpment 

base: 36.62 S Lat, 149.5 E Long. 26Al and 10Be concentrations scaled from sea-level production rates of 36.8 and 6 atoms 
g–1 yr–1.
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(Table 1; Fig. 3B). These rates are at the low end of the escarpment 
erosion rates discussed below, but agree well the highland soil pro-
duction rates shown in Figures 5A and 5B. This is encouraging 
support for the use of small catchment sediments to quantify 
average erosion rates for a landscape, as the processes of soil 
production and transport are the dominant geomorphic forces 
shaping the highlands. Landslides and extensive gullying are 
only observed where there is a clear link between overgrazing by 
livestock and local degradation of the land surface following 
increases in rainfall. Tor erosion rates are slower, as discussed in 
Heimsath et al. (2000, 2001), and by quantifying the sediment 
budget for the catchment, the interpretation of the nuclide con-
centrations in the sediment samples reflects well the proportional 
contributions of tor erosion and soil production from the saprolite 
(Granger et al., 2001; Heimsath et al., 2001). The overlap between 
average and point specific rates supports the suggestion that the 
highlands may have reached a steady-state since emerging from 
the last glacial cycle, when periglacial processes were likely to be 
dominant, a suggestion that was raised in the “Departures from 
Steady State: (II) Soil Production” section of Heimsath et al. 
(2001, p. 180–181).

The Lowlands

Ten samples from the saprolite-soil boundary at the coastal 
lowland site (Snug) define soil production rates for soil depths 
between 27 and 90 cm (Fig. 6A). No intermediate soil depths 
were observed, and the sample from bedrock exposed at the soil 
surface led to a lower soil production rate than the sample from 
beneath the shallowest soil, a finding similar to the highland 
sites. Analyses of the nuclide concentrations followed procedures 
outlined above, correcting for overlying soil thickness to infer 
steady-state soil production rates. Using the saprolite soil produc-
tion rates to determine a variance-weighted best fit for the soil 
production function, we determine that,

 ε( ) ( . . )H e H= ± − ±42 5 0 020 0 002 ,  (5)

where the variables are the same as defined previously. With the 
exception of sample NR-109, which determined an especially 
high soil production rate and is likely to be an outlier due to local 
disturbance of the long-term average soil thickness (i.e., if soil 
thickness had been locally stripped, due to anthropogenic activ-
ity or local burrowing, then the long-term nuclide production 
rates would not be correctly scaled for depth and the inferred 
soil production rate would be anomalously high), the Snug data 
complement and extend the function defined at the base of the 
escarpment (Nunnock River) by Heimsath et al. (2000). The 
notable difference between the Snug and Nunnock River sites 
was the absence of intermediate soil thicknesses, and further 
investigation is required to decided whether this is true across 
the coastal lowland region, as we observe it to be for the high-
lands, or if there is the potential for human impact that may have 
left a plow layer. A plow layer is a surficial layer of soils with 

Figure 5. Soil production (m/m.y.) plotted as a function of overlying 
soil depth (cm). Solid black circles in A are rates derived from 10Be 
concentrations (Table 1) in samples from the highland site near Brown 
Mountain (BM), and error bars represent all errors propagated through 
the nuclide calculations, i.e., uncertainty in Be carrier concentrations, 
accelerator mass spectrometry, bulk densities, and soil depth measure-
ments, and attenuation length of cosmic rays. See text equation 3 for 
variance-weighted best fit to the soil production data. Black squares 
plotted at zero depth are erosion rates of bedrock (BRK) exposed at 
ground surface. Comparison with the soil production and bedrock ero-
sion rates reported in Heimsath et al. (2001) from both 10Be and 26Al 
is shown in B, where the open diamonds are soil production rates and 
crosses at zero depth are exposed bedrock samples at the ground sur-
face from that site, Frogs Hollow (FH). See text equation 4 for the soil 
production function from Frogs Hollow.
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near-uniform thickness that would be present if any plowing of 
the site had homogenized soils down to a finite depth, typically 
~30 cm. The soil production function defined from Nunnock 
River, at the base of the escarpment, was from both 10Be and 26Al 
concentrations measured in 15 samples of saprolite and bedrock 
and showed the following very well-defined exponential decline 

of soil production rates with increasing soil thicknesses (Heim-
sath et al., 2000):
 ε( ) ( . . )H e H= ± − ±53 3 0 020 0 001 .  (6) 

Plotting the two data sets together shows nearly identical relation-
ships despite the offset of the intercept between the two functions 
(Fig. 6B). This overlap is surprising, as the coastal lowlands have 
lower relief and are more gently sloping than the soil-mantled 
slopes adjacent to the escarpment base. Conventional wisdom 
would suggest that the lowlands and highlands would be erod-
ing more slowly than the escarpment base, yet our cosmogenic 
nuclide data suggest otherwise.

If we plot soil production rates from all four of the field sites 
from lowland to highland, the overlap becomes especially clear 
(Fig. 7). Indeed, using all these data, again with the exception of 
the exposed bedrock samples that are eroding more slowly (dis-
cussed below), to determine a variance-weighted soil production 
function tightens the relationship of equation 6 such that

 ε( ) ( . . )H e H= ± − ±53 2 0 022 0 001 .  (7) 

Figure 6. Soil production (m/m.y.), plotted as a function of overlying 
soil depth (cm). Solid black circles in A are rates derived from 10Be 
concentrations (Table 1) in samples from the lowland site (Snug) be-
tween the Nunnock River (NR) site of Heimsath et al. (2000) and the 
town of Bega. Comparison with the soil production function reported 
in Heimsath et al. (2000) from both 10Be and 26Al is shown in B, where 
the open diamonds are from Nunnock River. Calculation details are the 
same as above; see text equation 5 for the variance-weighted best fit to 
the soil production data of A, while the fit to the Nunnock River data is 
in the text as equation 6. BRK—bedrock.

Figure 7. Soil production rates plotted for all four field sites discussed 
here. The two new sites, Brown Mountain and Snug, are the same data 
as Figures 5A and 6A, respectively, while the data from the Heimsath 
et al. (2000, 2001) studies are the same as plotted with Brown Moun-
tain and Snug data in Figures 5B and 6B, respectively. Erosion rates of 
bedrock exposed (BRK) at the soil surface are plotted for all sites with 
different symbols. Variance-weighted best fit to all the soil production 
data plotted here is reported in the text as equation 7. NR—Nunnock 
River; FH— Frogs Hollow.
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That landscapes with such different climates and tectonic his-
tories show such similar soil production functions is surprising, 
but may support the notion of a rapid achievement of steady-
state to current conditions. If biota are the dominant force in 
producing and transporting soil, then the differences between 
the sites are not dramatic. All sites have burrowing organisms, 
trees, and receive roughly similar rainfall rates, though there 
is a nearly twofold decrease in precipitation with elevation, as 
documented in the site descriptions. Frost conditions have not 
been quantified, but are likely to be minimal on the highland 
sites, as temperatures below freezing are not common.

That exposed bedrock at the highland and lowland sites 
appears to be eroding more slowly than the maximum soil pro-
duction rates determined under relatively thin depths of soil 
raises an important distinction between soil production functions 
(Carson and Kirkby, 1972; Cox, 1980; Dietrich et al., 1995). 
Specifically, if lithology is uniform beneath the actively erod-
ing soil layer, then lower rates of erosion for exposed bedrock 
document the hypothesis articulated by Gilbert (1877) from his 
observations that weathering processes attributed to frost and 
solute processes would occur most rapidly beneath a thin soil 
cover. A thin soil cover would enable moisture retention at the 
soil-rock interface, such that chemical and physical weathering 
processes could occur. Dietrich et al.’s (1995) modeling yielded 
an unreasonable modeling prediction of the spatial variation of 
soil thickness using such a humped soil production function. 
Specifically, they used both humped and exponentially declin-
ing soil production functions in a model predicting spatial pat-
terns of soil thickness at the same soil-mantled field site in 
northern California, which was used subsequently by Heimsath 
et al. (1997, 1999). Using the humped function predicted wide-
spread bedrock exposure not observed in the field, while using 
the exponential decline predicted soil depths consistent with 
observations. Carson and Kirkby (1972) explained that having 
maximum soil production rates beneath a finite soil thickness 
would lead to landscapes with either exposed bedrock, or soil 
thicknesses greater than the finite depth, with no intermediate 
soil depths. This suggestion was documented for the highland 
site of Heimsath et al. (2001), where modeling spatial varia-
tion of soil depth led to a better prediction of soil thickness 
when the exponential decline function was used, and Small et 
al. (1999) presented similar findings for an alpine landscape. 
Ahnert’s (1987) modeling presented a different perspective, 
which was that variations in the underlying bedrock could lead 
to soil depth variations across a hypothetical landscape eroding 
at the same rate everywhere. Importantly, variations in lithol-
ogy documented at the highland site may help to explain why 
the soil production functions from the highlands and lowlands 
are different from those presented from the escarpment base and 
northern California (Heimsath et al., 1997, 1999), emphasizing 
the importance of knowing the chemical weathering story by 
quantifying both the extents and rates of chemical weathering 
across all sites following, for example, methods of Riebe et al. 
(2001, 2003).

Across the Escarpment

Eight samples define catchment-averaged erosion rates from 
small, first- and zero-ordered streams draining the escarpment to 
Nunnock River, while ten samples from a main spur ridge define 
point-specific erosion rates for an altitudinal transect along a 
main spur ridge from coastal lowland to the Brown Mountain 
site (BM; Table 1). We include tops of three granite tors from 
the escarpment crest, near Brown Mountain, as well as three 
samples from the tops of outcropping granite faces along the 
steep escarpment face, where the only cliff exposures are found 
for this region of the escarpment (plotted as Tor Top). Together 
these 24 samples, along with average soil production rates from 
the scarp base site and the lowland site (plotted as separate ridge 
crest points), yield a striking trend of erosion rates as a function 
of elevation (Fig. 8), from 3.26 ± 0.28 m/m.y. at the scarp crest 
to an apparent peak of 36.3 ± 4.8 m/m.y. near the scarp base and 
declining to 24.5 ± 2.5 m/m.y. across the coastal lowlands. Local 
agreement between the rates determined for different processes 

Figure 8. Erosion rate data from the ridge crest (filled black circles), 
small catchment averages (open squares), and tor tops (open diamonds) 
plotted as a function of elevation across the escarpment face. For most 
of the samples, the ridge crest and small catchment samples were ad-
jacent and relatively nearby (within one to two hundred meters) for 
similar elevations. Ridge crest samples were from a single spur ridge 
leading directly up the escarpment from the study area of Heimsath et 
al. (2000), except for the NR-50 sample at 1015 m, which was from the 
ridge crest draining to the highest elevation small catchment sample, 
NR-38, with an average elevation of 980 m. The three tor tops from the 
highest elevation are from ridge crests draining to and near the head-
waters of Nunnock River, while the tor top at 1033 m is from the top of 
a small granite cliff near the escarpment lip. Average values for the soil 
production rates at the scarp base (NR) and the coastal lowland (Snug) 
sites are included as additional two ridge crest samples.
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suggests local steady-state between soil production, bedrock 
erosion, and small channel incision.

There are at least two mechanistic reasons to predict this 
order of magnitude decline in erosion rates, which are not 
entirely intuitive, because conventional wisdom might suggest 
increases in erosion rate with elevation. Firstly, observations 
that precipitation decreases with elevation across this escarp-
ment would help explain the decline in erosion rates with ele-
vation if there were a clear process link. At this stage we can 
simply suggest that higher precipitation at the escarpment base 
may support higher densities of biota, which are, in turn, likely 
to be more active across the landscape, potentially leading to 
higher erosion rates. While this suggestion is extremely specu-
lative and needs field testing, it is critical that a process-based 
explanation be determined. Interestingly, the order of magni-
tude decrease of denudation with a <1000 m rise in elevation 
reported here is nearly the opposite of the less than a factor of 
1.4 difference in rates reported by Riebe et al. (2004) across a 
<700 m altitudinal transect used as a steep climatic gradient in 
the Santa Rosa Mountains of Nevada. Their observations sug-
gest a sharp decline in chemical weathering with altitude by 
coupling precipitation with total denudation, which may play 
a role here. We are currently testing this hypothesis. Secondly, 
both increasing stream power with distance downslope and 
increasing relief at the escarpment base would predict higher 
erosion rates with lower elevations across our field areas. Mor-
phometrically, the correlation shown in Figure 8 fits with the 
low relief and gently convex-up ridges near and upslope of the 
scarp crest, as well as across the coastal lowlands, in compari-
son with the much higher relief and sharply convex ridge crests 
downslope on the scarp and onto the escarpment base site of 
Heimsath et al. (2000; see inset topographic map of Fig. 1). 
That is, lower erosion rates would be expected at the top of 
the escarpment and out on the coastal lowland based on the 
morphology, which is what the data show (note Fig. 6A, the soil 
production and bedrock erosion rates from Snug at an eleva-
tion of just over 200 m). The highest rates shown by Figure 
8 are from the sharply convex-up ridge crest across and just 
upslope of the Heimsath et al. (2000) study area and from small 
catchments draining that ridge. Local relief, i.e., elevation dif-
ference between main spur ridge and the second- and third-
order tributary draining the escarpment to Nunnock River, is 
greater at these sample sites than it is anywhere else on the 
escarpment, on the order of 50–60 m, and we observed debris-
flow deposits in the main tributaries.

Increases in both slope and drainage area (a proxy for 
discharge) to the main tributaries draining the escarpment, of 
which Nunnock River is one example, with distance from the 
headwaters would predict the highest stream incision rates near 
the base of the escarpment. While the higher relief and over-
steepened slopes adjacent to the streams at lower elevations at 
the escarpment base would suggest that stream incision rates 
are greater than ridge crest lowering rates, the lower elevation 
samples plotted in Figure 8 show similarity between the rates, 

within error. Importantly, the open boxes are average rates of 
first- and zero-order catchments draining from the spur ridges 
into the main tributaries, and are therefore not measures of the 
incision of Nunnock River or of the other main incision dis-
secting tributaries. We specifically chose the small catchments 
to avoid input of sediments or bedrock eroded by debris flows 
or landslides, such that the nuclide concentrations in the sedi-
ments would reflect average denudation rates of the upslope 
contributing area (Granger et al., 1996; Bierman and Steig, 
1996). That ridge crest and basin averaged rates are similar 
suggests that the biogenic processes driving hillslope erosion 
are keeping up with the increased fluvial incision at the escarp-
ment base, such that there is the suggestion for local steady-
state where these rates are nearly equal.

Recent studies using low-temperature thermochronology 
and cosmogenic nuclides inferred denudational histories for 
passive margin escarpments, including a transect across the 
same field area that we are using here, and concluded that rift 
escarpments experience most of their erosion and retreat soon 
after rift development (Cockburn et al., 2000; Matmon et al., 
2002; Persano et al., 2002). These studies provide important 
new constraints for the denudational histories of escarpments, 
which are used in modeling efforts that had previously pre-
dicted the same finding (Gilchrist et al., 1994; van der Beek 
and Braun, 1998). The mechanism suggested by Cockburn et 
al. (2000) and predicted by the above modeling studies, is that 
a major inland drainage divide fed rivers that rapidly eroded 
the newly formed escarpment shortly after formation. Stud-
ies from the southeastern Australia escarpment further north 
of our study area focused on the mechanisms of escarpment 
propagation, but could not resolve the greater than two orders 
of magnitude difference between inferred retreat rates of ~3 
km/m.y. and denudation rates of 0.04–12 m/m.y. estimated 
since the time of rifting (Seidl et al., 1996; Weissel and Seidl, 
1997, 1998). Rates of surface processes reported here and in 
Heimsath et al. (2000) are more than an order of magnitude 
lower than the inferred local escarpment retreat rate of ~500 
m/m.y. (dividing the roughly 50 km distance between the coast 
and scarp lip by 100 m.y., the rough time since rifting), high-
lighting the need to resolve the discrepancy between inferred 
and observed rates of escarpment retreat. If, instead of using 
the gross estimate of horizontal retreat obtained by dividing 
distance from the coast by time since rifting, we use the geo-
metric relationship between lowering rates and retreat rates 
(where retreat rate equals lowering rate divided by the tangent 
of the mean escarpment angle), then a contemporary retreat 
can be estimated. Specifically, lowering rates range from ~12 
to ~36 m/m.y. (excluding tors) across the scarp with an average 
gradient of 0.25, suggesting an average retreat rate between 
~40 and 140 m/m.y., which is an order of magnitude slower 
than the rate required to retreat the escarpment from the coast-
line at a continuous pace since rifting. If escarpments such as 
the one studied here did indeed retreat rapidly soon after rift-
ing and then settle into a period of relative erosional stability, 
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as our measurements and the above thermochronology studies 
suggest, then a geomorphic mechanism needs to be discovered 
that can accomplish the initial rapid retreat.

CONCLUSIONS

Our study used 44 new measurements of the in situ–pro-
duced cosmogenic nuclide, 10Be, combined with two previously 
published studies using 46 measurements of both 10Be and 26Al, 
all measured from bedrock, saprolite, and stream sediments, to 
enable a comprehensive quantification of the erosion rates and 
processes across the passive margin escarpment of southeastern 
Australia. These rates further our understanding of the surface 
processes shaping landscapes with different climatic and tec-
tonic histories. Specifically, we have documented two new rela-
tionships between soil production and the overlying soil thick-
ness, termed the soil production function. These two new func-
tions, from the coastal lowlands and from the highlands near 
the study areas used for previous studies, agree remarkably well 
with the earlier findings. We then connect the lowlands with the 
highlands by reporting erosion rates from samples taken from 
two different transects across the escarpment face. The first tran-
sect samples the convex-up ridge crest leading upslope from the 
study area at the escarpment base to the highlands above the 
escarpment lip. The second transect begins near the headwa-
ters of the major escarpment-dissecting river and samples small 
catchments draining the spur ridges from the highlands to just 
upslope of the scarp base study area. Rates from these transects 
define a linear decrease in erosion rate with elevation across 
the face of the escarpment, with an apparent peak in denuda-
tion rate at the scarp base, and agree with the rates determined 
by our soil production studies. We conclude that biogenic pro-
cesses of soil production and removal are keeping up with other 
observed processes of debris flows and bedrock landsliding 
(that we did not quantify here) across the escarpment to set the 
overall rate of escarpment retreat. This rate is at least an order 
of magnitude less than previously inferred, long-term scarp 
retreat rates long suggested by workers focusing on the prob-
lem and therefore calls for the need to resolve the discrepancy 
between observed rates of landscape denudation and inferred 
rates of scarp retreat.
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