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Understanding the dynamics of sediment generation and transport on hillslopes provides important con-
straints on the rate of sediment output from orogenic systems. Hillslope sediment fluxes are recorded by or-
ganic material found in the deposits infilling unchanneled convergent topographic features called hollows.
This study describes the first hollow infilling rates measured in the southern Appalachian Mountains. Infilling
rates (and bedrock erosion rates) were calculated from the vertical distribution of radiocarbon ages at two
sites in the Coweeta drainage basin, western North Carolina. At each site we dated paired charcoal and silt
soil organic matter samples from five different horizons. Paired radiocarbon samples were used to bracket
the age of the soil material in order to capture the range of complex soil forming processes and deposition
within the hollows. These dates constrain hillslope erosion rates of between 0.051 and 0.111 mm yr−1.
These rates are up to 4 times higher than spatially-averaged rates for the Southern Appalachian Mountains
making creep processes one of the most efficient erosional mechanisms in this mountain range. Our hillslope
erosion rates are consistent with those of forested mountain ranges in the western United States, suggesting
that the mechanisms (dominantly tree throw) driving creep erosion in both the western United States and
the Southern Appalachian Mountains are equally effective.
+44 2920874326.
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1. Introduction

Most of the sediment exiting soil-mantled orogens are derived from
hillslopes. Hillslope processes are diverse and measurements of the
rates of key processes, including hillslope creep, are still relatively rare
(Reneau et al., 1989; McKean et al., 1993; Heimsath et al., 2001; Roering
et al., 2002). Unchanneled, zero-order valleys or hollows (Hack and
Goodlet, 1960) provide a record of hillslope erosionwithin the stratigra-
phy of soil deposited in their axis. Soil eroded from divergent noses and
planar side slopes accumulates in hollows,where it accumulates until re-
moved by shallow landsliding (Dietrich and Dunne, 1978). Radiocarbon
dates from organic material preserved within the hollow stratigraphy
can be used to estimate the hillslope sediment flux between landslide
events (Reneau et al., 1986, 1989; Reneau and Dietrich, 1990, 1991). As
landslides recur at millennial timescales, hollows provide estimates of
hillslope creep across the Holocene (Reneau and Dietrich, 1990; Eaton
et al., 2003a).

Convergent hollow topography concentrates shallow groundwater
flow that periodically evacuates accumulated soil material by shallow
landsliding (Dietrich and Dunne, 1978). After an initial period of rapid
slope adjustment that adds material to the base of the hollow, emptied
hollows progressively fill with colluvial material derived fromhillslopes
immediately adjacent to the hollow (Reneau et al., 1989). The initially
rapid local slope response adds soil and carbon to the base of the hollow.
When dated, this material can provide an estimate of the age of the
landslide event. After this initial infilling (that can deposit a maximum
of tens of centimetres of soil in the hollow) the hollow then accumu-
lates eroded hillslope material (Reneau and Dietrich, 1990). For short
hillslopes, soil creep is the primary erosional mechanism recorded
within hollowdeposits. Creep can bedriven by a suite of climatically de-
pendent processes, such as biogenic activity (Roering et al., 2002; Gabet
et al., 2003; Yoo et al., 2005), wetting and drying cycles (Carson and
Kirkby, 1972), or freeze–thaw (Matsuoka, 1998). The individual events
controlling creep are stochastic (e.g. tree throw events typically occur at
a decadal-centennial scale), making them difficult to measure at short
timescales (Schumm, 1967). Methods that average across multiple
sediment transport events particularly those that utilise in situ and
meteoric cosmogenic radionuclides (McKean et al., 1993; Heimsath
et al., 2001) and radiocarbon (Reneau and Dietrich, 1991) provide
an integrated estimate of hillslope creep.

We have calculated creep erosion rates in the southern Appalachian
Mountains, North Carolina by measuring hollow deposition rates. The
Appalachian Mountains are a tectonically quiescent, 2600 km long
mountain range that crosses a large latitudinal and climatic gradient.
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The effect of the climatic gradient wasmost pronounced during the last
glacial maximum (LGM), when the northern Appalachians were exten-
sively glaciated while the southern Appalachians were a mixture of
periglacial uplands and boreal-temperate evergreen forests. Active peri-
glacial conditions created solifluction deposits, felsenmeer, scree slopes
at high elevations (Delcourt et al., 1982; Clark and Ciolkosz, 1988;
Braun, 1989; Eaton et al., 2003a; Taylor and Kite, 2006; Nelson et al.,
2007). Large debris accumulations in topographic hollows have been
described within the geomorphic literature, mostly in the central and
northern Appalachians (Mills, 1982, 1983; Mills and Allison, 1995)
and are commonly thought to represent relict periglacial sedimentation
(Hack et al., 1960; Eaton et al., 2003a). The only significant periglacial
blockfield in the Southern Appalachian Mountains is found at N1500 m
elevation in the Great SmokyMountains (Nelson et al., 2007), suggesting
that periglacial erosion may have been of restricted extent in these
mountains. Today, the whole range is soil-mantled and the climatic gra-
dient controls the ecological makeup of forests. Southern Appalachian
forests have transitioned through three main assemblages since the
LGM: boreal forests on upper slopes during the LGM, northern hardwood
forests (dominated by sugar maple and oaks) at the highest elevations
today, and cove hardwoods (dominated by chestnut, hemlock, and
tulip poplar) in lower elevations today (Delcourt et al., 1982).

The soil mantle that formed during the Holocene promotes hillslope
creep and shallow landsliding within the Southern Appalachian Moun-
tains (Fig. 1; Clark, 1987;Wieczorek et al., 2004;Witt, 2005; Wooten et
al., 2007). Extensive inventories of shallow landsliding, particularly
within North Carolina, provide an estimate of short term landsliding
rates (Fig. 1; Clark, 1987; Witt, 2005; Wooten et al., 2006, 2008,
2009); however, due to the stochastic nature of the large storms
that trigger most landslides, erosion rate estimates based on these
figures are strongly biassed by extreme events. Other forms of hill-
slope erosion, particularly creep, represent an important and as yet
unquantified component of Appalachian erosion. This study at-
tempts to understand the role that late Pleistocene to modern hill-
slope erosion plays in the development of Southern Appalachian
hillslopes. We measured the rate of hillslope sediment deposition
into hollows using detrital and soil radiocarbon based on the method
Fig. 1. Southern Appalachian Mountains. (A) Digital elevation model of the North Carolina App
slides mapped by the North Carolina Geological Survey (Witt, 2005). The NCGS mapping effor
Historical events are dominated by extreme tropical storm precipitation, the largest events in
within Coweeta. (B) Photograph of the Peek's Creek debris flow track, North Carolina. The
pioneered by Reneau et al. (1989). This method is ideally suited to esti-
mating erosion rates in the southern Appalachians because highly pro-
ductive hardwood forests provide large reserves of soil carbon and
relatively frequent fires produce large amounts of detrital carbon (Field
et al., 1998; Fesenmeyer and Christensen, 2010).

2. Methods

2.1. Field location and sampling methods

We estimated hillslope erosion rates for two hollows within the
Coweeta Hydrologic Laboratory, North Carolina, U.S.A. The Coweeta
basin is located on the steeper, eastern side of an asymmetrical escarp-
ment (locally called the Nantahala Mountains Escarpment; Wooten et
al., 2008) with considerable relief (~900 m over the 5 km length of
the basin) and a strong orographic precipitation gradient (amean annu-
al precipitation range of 1800 to 2300 mm; Swift et al., 1988). The basin
topography is characterised by the nose and hollow topography typical
of Appalachian uplands (Hack et al., 1960). The Coweeta basin has a
considerable number of hollows that have failed catastrophically in
the past (Hursh, 1941),most recently during the destructive Hurricanes
Frances and Ivan (Fig. 1; Wooten et al., 2007, 2008). We sampled hol-
lows within the steep upper section of the catchment, at the transition
between cove hardwood and northern hardwood forest associations
within one of the most productive parts of the Coweeta forest (Hwang
et al., 2009).

We dated soil and charcoal from two locations in the upper part of
the catchment that were excavated as part of a previous study of land-
slide susceptibility; Pit 13 at 1204 m and Hollow Trench at 1375 m
(Hales et al., 2009) (Fig. 2). Both hollows were identified in the field
as areas of convergent topography in unchanneled valleys. The Hollow
Trench (Fig. 2A) is located in Coweeta Watershed 28, ~200 m below
the main escarpment ridge, in a broad hollow (maximum width of
70 m) containing ~40 year old trees of the Northern Hardwood forest
association (Hales et al., 2009). The Hollow Trench was excavated by a
backhoe to 2 m depth revealing a colluvial soil composed of three major
horizons, a 0.4 m A horizon, a 0.8 to 1.0 m B horizon, containing angular
A B

alachian Mountains with points showing the locations of initiation zones of historic land-
t has concentrated on three North Carolinian counties (Macon, Watauga, and Buncombe).
1940, 1977, and 2004 are highlighted. Inset shows location of field sites (orange squares)
debris flow occurred in a soil mantled landscape, with distinctive ridges and hollows.



A

B

C

D

Fig. 2.Map and photograph of each hollow analysed in this study. Gradient and contourmap
(2m contour interval) of (A) Pit 13 (located by the blue square) and (B)Hollow Trench. Pho-
tographs of the pit walls showing the sample locations (white circles) in (C) Pit 13 and the
(D) Hollow Trench. The irregular soil boundaries in the Hollow Trench that distinguish the
A, B, and C horizons are shown by the dotted lines. Maps are both in UTM coordinate system.

Fig. 3. Plot of radiocarbon age of physical and chemical fractions of soil relative to true
age of deposit. Absent bioturbation, charcoal provides a maximum age. Varying quan-
tities of roots or recalcitrant charcoal can cause wide range of age of bulk SOM. sSOM is
typically dominated by recalcitrant C and thus eliminates most contamination from
roots, here we show range of different chemical fractions of the sSOM. In this study
we dated charcoal and both humic acid and humin portions of the sSOM.
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cobbles of saprolitic material, and an irregular C horizon (Fig. 2D). In this
location, there is no significant accumulation of cobbles or boulders at the
base of the hollow, suggesting that there has been no significant accumu-
lation of periglacialmaterial since the last evacuation event. One litre bags
of soil were extracted using a trowel at 0.4 and 0.9 m, and also at the soil–
saprolite contact at 1.4 m. Pit 13 (Fig. 2B) is located at a lower elevation in
a long, narrow hollow ~300 m downslope from the rim of the Nantahala
Mountains Escarpment, in Watershed 36. The pit was excavated by hand
to 1.8 mdepth, close to the stability limit of our pit walls. At this site the A
horizon transitioned to an AB horizon at a depth of ~80 cm, but the soil–
saprolite contactwasnot reached.Wesampled soil and charcoal at depths
of 0.7 and 1.4 m.

2.2. Radiocarbon analysis

Obtaining a “true” age of a soil is challenging because soils consist
of a mix of carbon sources that accumulate and degrade by complex
chemical and biological processes (Marschner et al., 2008). In order
to capture effect of these processes on the estimated age of a soil, it
is common practice to isolate and date different physical and chemi-
cal fractions of the soil (Fig. 3; Trumbore and Zheng, 1996; Bird et al.,
2002). One of the most common physical separations is to date indi-
vidual pieces of charcoal (N1 mg) from the soil (Reneau et al., 1989;
Pessenda et al., 2001). In principle, charcoal should provide a maxi-
mum age of soil formation due to the delay between burning of the
plant and burial in the soil. Documentation of stratigraphic consistency
of charcoal dates (i.e. deeper samples are older) is commonly used to
argue that transport times and bioturbation wereminimal (e.g. Scharer
et al., 2007). Other physical separations avoid problems due to episodic
delivery of charcoal (limited by local fire frequency) and date the soil
more directly. One of the most common physical separations is simply
bulk soil organic material (SOM). SOM provide minimum ages because
juvenile radiocarbon is continually added at the surface from leaf litter
and other surficial carbon sources, and then mixed into the soil column
by ecologic and geomorphic activity. Unfortunately, contamination
with young roots and biological activity can result in SOM ages that
are so much younger than the soil (Wang et al., 1996; Pessenda et al.,
2001). A third physical separation is the isolation of the silt fraction of
the SOM (sSOM). A significant body of work in the past decade has
shown that carbon in the sSOM, especially pyrogenic C and lignin, has
a long residence time and thus can provide another estimate of the
maximum age (Gleixner et al., 2001; Ponomarenko and Anderson,
2001; Skjemstad et al., 2002; Heim and Schmidt, 2007; Marschner,
2008). Pyrogenic C includes a wide spectrum of material from con-
densed aromatic black carbon to partially burnt plant material and is
fairly resistant to biochemical degradation. Lignin is the second most
abundant constituent of wood, and should be prevalent in Appalachian
soils because the slopes have been forested throughout the late Quater-
nary (Delcourt, 1979). However, while lignin production is continuous
(unlike pyrogenic C, which is limited by fire frequency), lignin is more
prone to degradation than pyrogenic C and may not be preserved over
long periods in the sSOM (Marschner et al., 2008). In summary, lignin
and pyrogenic C contribute to sSOM ages that are usually maximum
ages of the soil; if pyrogenic C is prevalent, the sSOMcan be significantly
older than the age of the soil itself whereas if lignin provides a greater
contribution, the resultant date will provide a better estimate of the
time since the soil was at the surface.

Chemical fractions of organic material are used to further isolate or
eliminate different humic substances from soils, principally fulvic acid,
humic acid, and humin, based on their solubility (Trumbore, 2000;
Wershaw, 2000; Scharer et al., 2007). Fulvic acids are soluble in most
pH conditions and are normally removed in radiocarbon samples be-
cause they can include atmospheric sources of young carbon. Humic
acids are base soluble and thought to result from the degradation of lig-
nin and other organic substances (Stevenson, 1982; Shevchenko and
Bailey, 1996). Humin is not soluble under natural pH conditions and is
possibly an early product of the soil forming process. Humin is isolated
by removal of humic acid and fulvic acid thought a series of acid and
base chemical pretreatments; in effect lignin and other resistant organic
materials such as fine pyrogenic C and pollen remain the humin
fraction.



Fig. 4. Schematic diagram of hollow showing the parameters used to calculate hollow
volume. The yellow box shows the area between two dated horizons (w1 and w2) at
depths z1 and z2. Erosion rate is calculated using Eq. (3).
Modified from Reneau et al. (1989).
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Due to these complications, we dated paired sSOM and charcoal
samples to explore the contributions of various carbon sources, to pro-
vide improved understanding of the age of hollow evacuation and refill-
ing, and to track transport of older material into the hollow from the
side slopes. Physical separation into the sSOM followed procedures out-
lined in similar studies (e.g. Trumbore and Zheng, 1996; Bird et al.,
2002). Approximately 500 cm3 of each sample was soaked in deionized
water to disaggregate and then wet sieved through #10, #60 and #230
sieves. The fine fraction (b63 μm) was dried in a covered Pyrex dish
(either in an oven or on a hot plate, neither exceeded 60 °C), and sub-
mitted to the Lawrence Livermore National Laboratory for chemical
pretreatment. Isolation of the humin fraction of the sSOMwas achieved
by standard acid–alkali–acid pretreatment (1 N HCl, 1 N NaOH) before
combustion. We also collected the base soluble portion of the sSOM in
order to date the humic acid fraction of both deep (140 cm) samples. In-
dividual charcoal fragments (N2 mg) were collected from the coarse
fractions of the soils and chemically pretreated following standard
acid–alkali–acid pretreatment.

2.3. Calculating hillslope erosion rates

Our data can be used to estimate the volumetric infilling rate in each
hollow. These data can, in turn, be used to estimate bedrock erosion
rates for slopes contributing material to the hollow. If we assume that
all of the material deposited in a hollow is derived from soil pro-
duced and transported within the catchment upslope of the hollow,
it is possible to create a conservation of mass expression for the
hillslope-averaged bedrock erosion rate in a catchment (E):

ρb

ρs
E ¼ I þ ΔSþ Vout ð1Þ

where I is the volumetric infilling rate of soil in the hollow, ΔS is any
change in the volume of soil stored in the hillslopes (i.e. a change in
average soil thickness through time), Vout is any soil material re-
moved from the hollow by landsliding or soil creep, and ρb and ρs

are bedrock and soil densities respectively. We measure the infilling
rate by dating horizons in each hollow. ΔS cannot be measured, so
we assume that there has been no significant change in average soil
thickness over the Holocene. The lack of evidence for a periglacial
contribution to hollow sedimentation, the low elevation of our
sites relative to periglacial deposits in the Great Smoky Mountains
(Nelson et al., 2007), and the early- to mid-Holocene age of our basal
dates suggest that a forested landscape has existed in the catchments
studied during the infilling of the hollows. Therefore, themost parsimo-
nious assumption is that there has been no significant change in soil
thickness with time. Thus Eq. (1) can be rewritten:

E ¼ 1
A
ρs

ρb

dVh

dt
þ dVout

dt

� �
ð2Þ

where A is the contributing drainage area, t is the radiocarbon-derived
time interval over which soil was deposited, and Vh is the volume of
soil in a hollow between two dated horizons (Reneau et al., 1989). Esti-
mating volume ofmaterial deposited in a hollow requires knowledge of
the bedrock geometry of the hollow, which is difficult to measure. Our
sampleswere collected on a vertical pit face, inwhich it is possible to es-
timate thewidth and depth of the deposit. This allows the problem to be
reduced to two dimensions, where the change in cross sectional area of
the pit per unit time reflects the erosion rate of the length of hillslope
that contributes directly to the sample locations minus any material
that is removed. In the two-dimensional case, the gradient of the hollow
is considered constant immediately upslope and downslope of the ex-
cavated pit face. As the erosion rate attributable to creep is dependent
on slope (Davis, 1892; Gilbert, 1909; McKean et al., 1993) no change
in gradientmeans that anymaterial eroded down the axis of the hollow
is replaced by material immediately upslope (a more detailed deriva-
tion of this method can be found in Reneau et al., 1989). This means
that there is no net loss (or gain) of soil from the hollow axis and accu-
mulation of material in the hollow is solely due to input from the two
side slopes immediately adjacent to the hollow axis (l1 and l2, respec-
tively),

E ¼ ∑zn
zn−1

∫ wzdz
dt

ρs

ρb l1 þ l2ð Þ ð3Þ

where zn is the depth of each dated horizon, and wz is the depth inte-
grated width (Fig. 4).

We report maximum and minimum erosion rates for each of our
dated horizons using Eq. (3). Maximum erosion rates were estimated
by assuming the youngest possible age for the deposit, with mini-
mum rates derived from the oldest possible ages. The most significant
sources of uncertainty in our data are associated with the different
dating methods (as noted in Section 2.2) and our estimates of the
width and depth of the hollow. We assessed the magnitude of uncer-
tainty in hollow geometry and radiocarbon dating using a Monte
Carlo simulation. In the simulation, deposit width, hillslope length,
deposit thickness, soil and bedrock density, and radiocarbon age
were randomly sampled from uniform distributions bounded by the
maximum and minimum estimated values. Hillslope length and de-
posit width were estimated from a LiDAR derived digital elevation
model flown for North Carolina with a grid spacing of 20 ft (~7 m)
(http://www.ncfloodmaps.com; Fig. 2). Hillslope length was calculat-
ed as the maximum upslope flowpath length based on the D8 flow al-
gorithm (using the Whitebox Geospatial Analysis Tools algorithm,
http://www.uoguelph.ca/~hydrogeo/Whitebox/index.html). Hollow
width was estimated as the transition between concave and planar
topography as shown on a map of profile curvature. For both the
length and width of the hollows the primary source of uncertainty
is in the quality of the LiDAR data. For both length and width esti-
mates we have assumed an uncertainty of one pixel (±7 m) for
both the hillslope length and hollow width. We measured deposit
thickness directly in the Hollow Trench, but estimated the thickness
of Pit 13 as a minimum of 1.4 m and a maximum of 3.0 m, based on
the maximum thickness of hollow soils observed in road cuts in the
Coweeta Basin. Soil and bedrock densities were estimated as varying
between 1600 and 1800 kg m−3 and 2600–3000 kg m−3 (Turcotte
and Schubert, 2002). A relatively constant production of charcoal
and pyrogenic C is assumed based on the prevalence of Holocene
charcoal in the southern Appalachians (Fesenmeyer and Christensen,
2010). Without a priori knowledge of the charcoal production rate
through time, we use the uniform distribution as the most parsimoni-
ous attempt to estimate dating errors. We ran the Monte Carlo simu-
lation 10,000 times to encapsulate the full range of uncertainties in all
parameters and have reported the uncertainty as a standard deviation
in calculated erosion rates.

http://www.ncfloodmaps.com
http://www.uoguelph.ca/~hydrogeo/Whitebox/index.html
image of Fig.�4
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3. Results

3.1. Radiocarbon dates

We dated three horizons in the Hollow Trench and two in Pit 13
(Fig. 5, Table 1). At each site, the charcoal dates considered alone
are stratigraphically consistent, and the sSOM dates, with one excep-
tion, are equal or older than the charcoal date at any given horizon.
Overall stratigraphic consistency suggests that significant mixing of
the soil column (i.e. below the active soil depth at any time) did not
occur over the course of hollow refilling. We have paired charcoal
and sSOM dates from four horizons. Of these, one of the most signif-
icant results is the ages obtained from 140 cm in Pit 13 (P140), in
which the charcoal piece and both humic acid and humin fractions
of the sSOM produced a similar age (~6000 year BP). Because humic
acids are produced from the degradation of lignin and other sub-
stances, they are typically younger than the humin fraction of the
soil (Rethemeyer et al., 2005). Given the range of organic sources in
these samples, similarity of the P140 dates suggests that ~6000
(+/−230)years provides a good estimate of the time since this ho-
rizon was at the ground surface. The P140 dates also show that the
sSOM date from 70 cm in Pit 13, which is ~2000 years older but
70 cm higher, likely contained a significant fraction of recalcitrant
carbon and provides a measure of the amount of variability (1000s
of years) of available carbon sources from any given horizon. Since
the charcoal ages are stratigraphically consistent and thus bioturba-
tion is limited to the active soil horizon (~top 30 cm), we infer that
recalcitrant pyrogenic C also contributed to the sSOM age 40 cm in
the Hollow Trench (H40), which is 5000 years older than a charcoal
date from the same horizon. Unfortunately, the sSOM from 140 cm
(H140) was loamy sand that contained no utilisable humic acids,
so we have no date for this fraction in the Hollow Trench.
3.2. Hillslope erosion rates

We calculated erosion rates for each dated horizon; a maximum
erosion rate using the youngest age of each horizon and where avail-
able, a minimum using the oldest age at each horizon (Table 2). Var-
iation in calculated rates is less for Pit 13 than the Hollow Trench,
largely due to the young piece of charcoal at 40 cm in the Hollow
Trench. Overall erosion rates show a consistent pattern through
time; starting low at ~0.01 mm yr−1 between basal and intermediate
horizons, and then increasing during the filling of the upper half of
the hollows (since about 2 to 3 ka) to 0.03 to 0.4 mm yr−1.
Fig. 5. Stratigraphic plot of radiocarbon results. Calibrated uncertainties are smaller than di
ception, equal to or younger than the sSOM ages.
In Pit 13, basal ages determined from three different types of car-
bon varied between 5733 and 6272 years old and put a tight con-
straint on the potential age of material. When the total variability in
these ages is included in the Monte Carlo simulation, we calculate
an average erosion rate of 0.042±0.003 mm yr−1 at that interval.
Uncertainty in these erosion rates is primarily derived from the as-
sumed geometry of the hollow, in particular, the hollow width and
depth. This uncertainty has a non-linear effect on the estimate of ero-
sion rates and justifies the use of the Monte Carlo approach. The min-
imum rate from 70 cm in Pit 13 (0.031±0.002 mm yr−1) is based on
a sSOM date that is stratigraphically inconsistent with dates below.

A wider distribution of dates exists for the Hollow Trench and re-
quires a careful interpretation of the erosion rates. At 140 cm two
~24 ka pieces of charcoal are considerably older than any other mate-
rial found within either hollow. The Hollow Trench is located just
below a relatively flat region above the Nantahala escarpment
(Fig. 2), so we suggest that long residence time on the plateau or in-
complete evacuation of the hollow during the previous landsliding
event explains why the basal charcoal samples are significantly
older than the sSOM and stratigraphically higher charcoal samples.
Possibilities for increasing the residence time include incomplete
evacuation of material during previous landsliding events, or head-
ward erosion of the basin into plateau sediments that contain older
charcoal. Incomplete hollow evacuation was observed in the Peek's
Creek landslide that evacuated during the storms of 2004 (Wooten
et al., 2008). The total headward erosion of the basin over
20,000 years of erosion is less than 50 cm, so incorporation of very
old charcoal derived from this plateau seems unlikely. Due to these
concerns about the genesis of the charcoal, the younger sSOM age is
our best estimate of the last evacuation of the Hollow Trench
(Fig. 3). The mean erosion rate calculated using the humin-fraction
of the sSOM at 1.40 m suggests that the hillslopes around the Hollow
Trench erode at ~0.1 mm yr−1. Humin-derived rates from 0.40 m in
the Hollow Trench are similar (0.122 mm yr−1). These rates are brack-
eted by the range of charcoal-derived dates (0.008–0.824 mm yr−1),
highlighting the possible episodic delivery of soil and colluvium to the
hollow.

With a wide range of erosion rate estimates for different combi-
nations of horizons, the challenge is how to interpret these data.
For the maximum erosion rate estimates, calculated using the mini-
mum ages, the range of calculated ages varies between 0.008 and
0.824 mm yr−1. The range is not an accurate representation of the
results as it highlights the anomalously high and low erosion rates.
We consider the central tendency and variability of the rate estimates
as a better way to represent these results. For the maximum calculated
ameter of symbols. The charcoal ages are stratigraphically consistent, and with one ex-



Table 1
Radiocarbon ages and hollow geometries for each of our samples.

Site
name

Sample
ID

Lab ID Deposit width
(wd) (m)

Contributing
basin width
(m)

Distance below
western ridge
(m)

Distance below
eastern ridge
(m)

Depth of
14C (m)

Uncalibrated
14C age
(years)

Error
(years)

Calibrated
14C age
(years)

Error
(years)

Hollow Trench H-40-m 137313 30 70 85 73 0.4 3835 30 4278 129
Hollow Trench H-40-c 137314 30 70 85 73 0.4 525 30 569 61
Hollow Trench H-90-c1 * 135623 30 70 85 73 0.9 2100 30 2071 76
Hollow Trench H-140-m-aaa * 135618 30 70 85 73 1.4 8080 30 8960 162
Hollow Trench H-140c2 * 135621 30 70 85 73 1.4 23,990 120 23,989 238
Hollow Trench H-140-c3 135622 30 70 85 73 1.4 23,540 130 23,546 265
Pit 13 13-70-c 135624 14 56 103 201 0.7 2840 40 2964 112
Pit 13 13-70-m 137315 14 56 103 201 0.7 7230 35 8065 95
Pit 13 13-140-m-hu* 135730 14 56 103 201 1.4 5350 35 6137 136
Pit 13 13-140-m-aaa * 135619 14 56 103 201 1.4 5055 30 5818 85
Pit 13 13-140-c 135620 14 56 103 201 1.4 5270 40 6058 123
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erosion rates from both hollows the mean is 0.171 mm yr−1 (with a
standard error of 0.091 mm yr−1) and the median is 0.046 mm yr−1.
We argue that the charcoal at 40 cm depth in the Hollow Trench is
unreliable as it is at a depth that is prone to bioturbation and pro-
duces anomalous results (both the minimum and maximum rates
are calculated using that age). The mean erosion rate calculated
when you exclude those calculations that use the anomalous age
changes to 0.111 mm yr−1 (with a standard error of 0.060 mm yr−1)
and the median is 0.069 mm yr−1. The average minimum erosion rate
is 0.051 mm yr−1 (with a standard error of 0.025 mm yr−1). Alter-
nately, it is possible to consider the most reliable ages as those esti-
mated across the longest time span, from the basal age to the
present (Pit 13 at 0.042±0.003 mm yr−1 and the Hollow Trench at
0.106±0.006 mm yr−1). The inclusion of the single age at 40 cm in
the Hollow Trench affects the data considerably, whereas its removal
produces a mean erosion rate that is consistent with erosion rates
measured at the longest timescales. These mean erosion rates are de-
rived from multiple independent estimates and we suggest they are
more reliable than quoting any single erosion rate. As a result, we
consider the average maximum erosion rate, excluding the erroneous
value at 40 cm in the Hollow Trench as the most reliable estimate.
Thus we quote the 0.111 and 0.051 mm yr−1 erosion rates as the
most robust estimates of the maximum and minimum erosion rates.

4. Discussion

4.1. Dating colluvial soils

Organic material in soil accumulates and degrades by complex
pathways related to particle size, soil chemistry, and unknown contri-
butions of both “old” and “young” carbon. Because residence times
(or turnover rates) for each organic compound can vary (Glaser,
Table 2
Estimates of hillslope erosion rates (in mm yr−1) for our two hollows.

Horizon Average
maximum
rate

Standard deviation
(max. rate)

Average
minimum
rate

Standard deviation
(min. rate)

Hollow Trench
0–40 0.824 0.068 0.122 0.007
0–90 0.401 0.023 – –

0–140 0.106 0.006 0.047 0.003
40–90 0.046 0.003 – –

40–140 0.008 0.000 0.004 0.001
90–140 0.010 0.001 – –

Pit 13
0–70 0.096 0.005 0.031 0.002
0–140 0.042 0.003 – –

70–140 0.011 0.001 – –
2005; Heim and Schmidt, 2007), no single method exists to deter-
mine the age of a progressively buried soil and the best approach is
to date a wide variety of materials such that the range of possible
ages brackets this complex process (Fig. 3). In this study, we com-
pared sSOM and charcoal ages to determine the timing of soil forma-
tion as the hollows progressively infilled. The humin fraction of the
sSOM typically represents maximum ages because it tends to accu-
mulate recalcitrant carbon, especially pyrogenic C attached to silt
and clay (Trumbore and Zheng, 1996; Marschner et al., 2008).

Although we have dated only two sites, our results have implica-
tions for the utility of radiocarbon for studies of hillslope erosion. First,
overall stratigraphic consistency suggests that these Appalachian hol-
lows fill progressively, a pattern not always seen in accumulating soil
sequences (e.g. Carcaillet, 2001; Gavin, 2003). Second, there is a large
reservoir of stable carbon in southern Appalachian forest soils. Charcoal
is particularly common, and as shown in other studies (e.g., Fesenmeyer
and Christensen, 2010), 4000 year old and even earliest Holocene char-
coal can be found in modern soils. These observations underscore the
availability of recalcitrant carbon in active soil horizons. Recalcitrant
carbon available in the active soil horizon may contribute to sSOM
dates that are older than the associated charcoal (at P70 and H40) and
the Pleistocene charcoal samples at H140. In total, by examining differ-
ent fractions of the buried soils and the availability of charcoal in the
system, we ascertain that the oldest age at any horizon provides a ro-
bust maximum age of the soil at that level, and convergence of the
humic acid, humin sSOM and charcoal age of P140 suggests that the
youngest charcoal ages provide a good minimum estimate for these ac-
cumulation rates.

4.2. Hillslope erosion rates in the Appalachian context

There is a large amount of erosion rate information available for
the Appalachian Mountains, at a range of spatial (individual hillslopes
to orogen-averaged scales) and temporal (101 to 107 years) scales.
Accounting for the caveats associated with over-interpreting small
datasets, we will attempt to put our hillslope creep erosion rates in
the wider context of orogenic erosion. Erosion rates calculated at in-
dividual sites have focused on the understanding processes of fluvial
incision, periglacial erosion, shallow landsliding, and mechanical
weathering of bedrock. Our data are collected in hollows and reflect
erosion of short, shallow hillslopes, primarily by creep processes.
These rates contrast periglacial erosion rates of between 0.1 and
0.3 mm yr−1, estimated fromvolumeof scree and talus slopes or debris
fan deposits (Hack, 1965; Braun, 1989; Eaton et al., 2003a). Fluvial inci-
sion rates in Appalachian river systems are an order ofmagnitude lower
than periglacial rates and 1.5–4 times lower than hillslope erosion
rates at ~0.03 mm yr−1 (Granger et al., 2001). Bedrock weathering
rates estimated using cosmogenic radionuclide dating of flat upland
bedrock surfaces are an order of magnitude lower again at 0.002–
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0.0095 mm yr−1 (Granger et al., 2001; Hancock and Kirwan, 2007).
When put in the context of these other data, our average minimum
and maximum erosion rate estimates fall between the periglacially-
derived bedrock erosion rates and fluvial incision rates (Hack, 1965;
Braun, 1989; Granger et al., 2001). This suggests that the processes driv-
ing hillslope erosion are decoupled from the fluvial boundary condition,
an observation that is supported by the evidence for large alluvial plains
separating hillslopes from the larger channels. In areas of steeper relief,
such as in the Coweeta Hydrologic Laboratory channels incise into bed-
rock, suggesting that hillslope erosion in these areas is soil production
limited. This is something that could be tested in greater detail with a
larger dataset. Rate comparisons between periglacial and hillslope ero-
sion suggest that scree and talus slope production is slightly more effi-
cient than the creep processes that infill the Coweeta hollows.

Hillslope erosion rates are up to two orders of magnitude higher
than catchment-scale erosion rates estimated in the Southern Appala-
chians. Sediment yields for the major catchments that drain the South-
ern Appalachians suggest short-term (b50 years) denudation rates of
0.006 to 0.039 mm yr−1 (Judson and Ritter, 1964; Hack, 1979; Conrad
and Saunderson, 1999). Much of the sediment contributing to these
rates (up to 63%) is derived from debris flows initiated in hollows
(Eaton et al., 2003b). Cosmogenically-derived catchment erosion rates
of 0.025 to 0.030 mm yr−1 from the Great Smoky Mountains (Matmon
et al. 2003a,b) are similar to the short-term rates. Our minimum aver-
age erosion rates are similar to the maximum catchment erosion
rates; however, the central tendency of these datasets is different
enough to suggest a disconnect between hillslope sediment production
and the processes controlling catchment sediment yield.
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Fig. 6. Comparison of hillslope erosion rates for forested mountains in the United
States. (A) Comparison of erosion rates determined by similar approach as whisker
and box plots (Reneau et al., 1986, 1989; Reneau and Dietrich, 1990). The boxes repre-
sent the interquartile range of erosion rate estimates with the bold line in the centre
representing the median erosion rate. The lines represent the 95% and 5% values. (B)
The frequency distribution of slope angles within the southern Appalachians, Oregon
Coast Range, and Olympic Mountains derived from 30 arc sec GTOPO30 digital eleva-
tion models.
4.3. Comparison with estimates of hillslope creep

Quantifying rates of specific erosional processes at geomorphic
timescales is challenging, as is reflected the relatively small number
of process rates found within the literature. Our calculations use the
unique geometry of hollows, which contain material that can only
be derived directly from the hillslopes above. For relatively short hill-
slopes, such as those used in this study, creep erosion dominates. For
forested landscapes, creep erosion is thought to be driven by tree
throw and, potentially, burrowing animals (Roering et al., 2002;
Hales et al., 2009). It follows that hillslope creep erosion rates from
forested landscapes should be controlled by the distribution of root
biomass and its penetration into rock (Roering et al., 2010). Compli-
cated relationships exist between root biomass and climate, ecology,
soils, and geology within different geographical regions (Jackson et
al., 1996) that could possibly create large discrepancies between ero-
sion rates measured in different regions. However, this variability is
not as significant as the difference between the deeply penetrating
root systems of trees and shallow grassland roots (Roering et al.,
2002). The hillslope erosion rates presented here, collected in a tem-
perate deciduous forest, can be readily compared with data collected
using the samemethods in the temperate coniferous forests of the Pa-
cific Northwest (Fig. 6). Southern Appalachian hillslope erosion rates
of between 0.051 and 0.111 mm yr−1 are consistent with the rates
derived from these forest ecosystems, despite dramatically different
geology, climate, and ecology (Dietrich and Dorn, 1984; Reneau et
al., 1989; Reneau and Dietrich, 1990, 1991). Fig. 6A shows the distri-
bution of hillslope erosion rates measured for the three mountain
ranges where hillslope erosion is estimated by dating hollow fill
(Reneau et al., 1989; Reneau and Dietrich, 1990). There is a consistent
median erosion rate of ~0.1 mm yr−1 for each of the three mountain
ranges, suggesting that tree throw and other mechanisms driving
hillslope erosion in forested landscapes may operate at relatively con-
sistent rates across a wide range of environmental conditions. Consis-
tent hillslope erosion rates for the Western U.S. and the southern
Appalachian mountains, despite the wide range of environmental
conditions, suggest that erosion is dominated by tree-related process-
es rather than the ecology or geology of an area.

These similar hillslope erosion rates occur within landscapes that
have a difference in long-term spatially-averaged erosion rates of
two orders of magnitude (Pazzaglia and Brandon, 2001; Matmon et
al., 2003a). This suggests that while hillslopes are eroding at the
same rate in each landscape, hillslope erosion is of reduced impor-
tance in the overall sediment budget of the Appalachians when com-
pared to the Oregon Coast Range and the Olympic Mountains. Such
contributions are reflected in the topography of each mountain
range; long-term erosion rates correlate with the distribution of hill-
slope area (Fig. 6B). The Olympic Mountains contain long hillslopes
that contribute sediment directly to steep rivers as is shown by the
distribution of slopes within the mountain range, which have a medi-
an of 21%. A greater proportion of steep slopes suggests that the hill-
slopes are more closely connected to the fluvial system and there is a
greater number of hillslopes contributing sediment to the fluvial sys-
tem. Long-term erosion rates in this mountain range are considerably
higher than the creep rates suggesting that landsliding and other
non-linear processes may contribute significantly to the sediment
budget (Montgomery and Brandon, 2002). The slope distribution for
the Oregon Coast Range is significantly different from that of the
Olympic Mountains. The Oregon Coast Range has a median slope of
10% and a right-skewed slope distribution (Fig. 6B). Hillslopes in
this landscape tend to be shorter than the Olympic Mountains, with
rivers carving relatively broad floodplains. Erosion rates measured
at many spatial scales in this landscape (Heimsath et al., 2001) are
consistent with hillslope erosion rates measured in hollows (Reneau
et al., 1989; Reneau and Dietrich, 1991). This suggests that hillslope
creep is an important and possibly dominant erosional process in
this mountain range. The southern Appalachians have the lowest me-
dian slope (6%) and long-term erosion rates are much lower than hill-
slope erosion rates. The southern Appalachian have hillslopes that are
concentrated in escarpment-like mountains separated by wide river

image of Fig.�6
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valleys, and hillslope sediment liberated from hollows has long resi-
dence times on floodplains (Leigh and Webb, 2006). Thus the rela-
tively small area of Appalachian hillslope means that spatially-
averaged erosion rates are lower than those for other mountains.
5. Conclusions

We present estimates of hillslope erosion rates for steep, colluvial
hollows in the Southern Appalachian Mountains, North Carolina. We
determined the stratigraphic distribution of sediment age within
each hollow by radiocarbon dating pieces of charcoal and the silt frac-
tion of soil organic material. Both fractions can be equal to or older
than the soil age, but in combination can be used to understand the
transport history of material into the hollow. We use these different
estimates to bracket the soil age and accommodate uncertainty in
dating progressively filled hollows. We calculate hillslope erosion
rates by estimating the accumulation of soil contributed from the
side slopes between each stratigraphic horizon. Hillslope erosion
rate estimates of for the two hollows are 0.051 and 0.111 mm yr−1

since ~8 ka and represent the first hillslope creep rates estimated
for the Appalachian Mountains. These rates are consistent with
other estimates of hillslope erosion in forested mountains with faster
long-term erosion rates. Our results suggest that long term erosion in
the Southern Appalachians is governed by the transfer of sediment
from the relatively small, steep hillslopes to the sedimentary system,
and that this process is fairly efficient.
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