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ABSTRACT 9 

Although variations in insolation and emergent feedbacks among soil moisture, 10 

vegetation, and soil cohesion are commonly invoked to explain topographic asymmetry that 11 

depends on aspect, few studies have directly quantified the efficiency of regolith transport along 12 

hillslopes of opposing aspect. We utilize meteoric 
10

Be concentrations in regolith (n = 74) to 13 

determine mass flux along equatorial- and polar-facing hillslopes in three forested, upland 14 

watersheds in and adjacent to the Susquehanna Shale Hills Critical Zone Observatory (SSHO) in 15 

central Pennsylvania. In combination with regolith depth measurements and high resolution 16 

topography, these fluxes allow us to evaluate transport rate laws and the efficiency of regolith 17 

creep. Concentrations of meteoric 
10

Be in regolith along six separate transects imply that regolith 18 

flux is similar along all hillslopes, despite differences in topographic gradient and regolith 19 

thickness. Comparison of flux with regolith depth and topographic gradient reveals that transport 20 

depends on regolith depth, and that regolith creep is twice as efficient along low-gradient, south-21 

facing slopes with thin regolith as compared to steep, north-facing slopes mantled with thicker 22 
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regolith. We suggest that the observed topographic asymmetry in these watersheds has evolved 23 

over geologic time as a result of differences in the frequency of freeze-thaw events between 24 

hillslopes of opposing aspect. 25 

INTRODUCTION 26 

Topographic asymmetry that depends on the facing direction, or aspect, of hillslopes is a 27 

common yet enigmatic characteristic of natural landscapes (e.g., Melton, 1960; Hack and 28 

Goodlett, 1960). Global analyses of topographic asymmetry suggest that equatorial-facing 29 

hillslopes are, on average, shallower than polar-facing hillslopes at mid-latitudes (Poulos et al., 30 

2012), although deviations exist in some arid and glacial landscapes (e.g., Gilbert, 1904; Naylor 31 

and Gabet, 2007; Burnett et al., 2008). Aspect-dependent differences in hillslope angles present a 32 

challenge to models that consider transport efficiency to be uniform across landscapes (e.g., 33 

Perron et al., 2009) as they implicate potentially important feedbacks between (micro)climate 34 

and topography. In arid to semi-arid landscapes, differences in insolation are thought to lead to 35 

variations in soil moisture, vegetation, runoff processes, and effective soil cohesion (e.g., 36 

Istanbulluoglu et al., 2008) that in turn influence the efficacy of regolith creep (e.g., Pierce and 37 

Colman, 1986). Recent studies suggest that asymmetry may also evolve in alpine landscapes as a 38 

consequence of thermally-driven differences in frost shattering and creep efficiency (Anderson et 39 

al., 2013). However, no studies have directly measured mass transport rates or efficiency across 40 

asymmetric watersheds and, thus, our understanding of these phenomena remains largely 41 

inferential. 42 

Hillslope gradients reflect the dynamic balance between relative base level fall and 43 

downslope regolith flux (e.g., Culling, 1963; Kirkby, 1971). We define regolith as the layer of 44 

chemically and physically altered material formed from weathered, but intact, parent bedrock. 45 
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The simplest description of downslope regolith flux asserts that transport is linearly proportional 46 

to the local hillslope gradient, which in one dimension is: 47 

 (1) 48 

where q is the volumetric regolith flux per unit width along slope [L
2
 t

-1
], K1 is analogous to a 49 

diffusion coefficient [L
2
 t

-1
] describing the transport efficiency of creep processes (Culling, 50 

1963), and dz/dx is the local hillslope gradient. Equation 1 successfully describes much of the 51 

first-order structure of landscape topography (Perron et al., 2009). Emerging evidence, however, 52 

suggests that a depth-dependent transport rule may be more appropriate for disturbance-driven 53 

regolith creep (Heimsath et al., 2005; Yoo et al., 2007; Roering, 2008; Pelletier et al., 2011). 54 

Considering that the probability of disturbance-driven regolith transport decreases with depth, a 55 

transport law, similar to Equation 1, which considers regolith flux to depend on regolith depth, 56 

local hillslope gradient, and some characteristic mixing depth, can be written as 57 

*
2 1 1

*

h
h

h dz
q K e

h dx

  
     

  
 (2) 58 

where K2 is a diffusion coefficient [L
2
 t

-1
], h is the creeping regolith thickness [L], and h* is the 59 

characteristic mixing depth [L] of processes driving downslope regolith creep such as freeze-60 

thaw and/or bioturbation (e.g. Anderson, 2002). In contrast to some depth-dependent models that 61 

consider transport to be linearly dependent on the product of regolith depth and slope (e.g., 62 

Roering, 2008; Heimsath et al., 2005), this formulation acknowledges that regolith depth and the 63 

base of a mobile layer need not be coincident (Anderson, 2002). 64 

During the past two decades, the application of meteoric 
10

Be to the study of earth surface 65 

processes (e.g., Monaghan et al., 1992; McKean et al., 1993; Jungers et al., 2009; West et al., 66 

2013) has allowed direct estimates of downslope regolith flux on eroding hillslopes, provided 67 

1

dz
q K

dx
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that the delivery rate of 
10

Be can be estimated (Willenbring and von Blanckenburg, 2010; Graly 68 

et al., 2011). Accounting for the mass balance of meteoric 
10

Be in creeping regolith, the 69 

volumetric downslope flux (q) of regolith [cm
2
/yr] can be calculated as: 70 

0( )a
x

re re

Dm
q x x

C 
   (3) 71 

where D is the meteoric 
10

Be delivery rate [at/cm
2
 y], ma is the atomic mass of 

10
Be, Cre is the 72 

concentration of 
10

Be in regolith [g/g sample], re is the depth-averaged bulk density of regolith, 73 

and x-x0 represents the distance between the sample location and the ridgetop (Monaghan et al., 74 

1992; McKean et al., 1993; West et al., 2013). 75 

In this study, we use meteoric 
10

Be to explore the origin of asymmetric regolith-mantled 76 

hillslopes within three first-order watersheds in and adjacent to the Susquehanna Shale Hills 77 

Critical Zone Observatory (SSHO), located in central Pennsylvania. During the late Pleistocene, 78 

the terminus of the Laurentide ice sheet lay ~75 km due north, and the SSHO experienced a 79 

periglacial climate (Clark and Ciolkosz, 1988). Hillslopes in and adjacent to SSHO are 80 

characterized by convex-up ridgetops, planar mid-slopes, and concave-up toe slopes (West et al., 81 

2013). All three watersheds have a central channel oriented approximately east-west, and all 82 

exhibit steeper north (polar)-facing hillslopes than south (equatorial)-facing hillslopes (Fig. 1). 83 

Bedding strikes at a high angle to the axis of the catchments (~50°) and dips steeply to the NW 84 

(~50°), thus, the topographic asymmetry is not a direct reflection of dipping strata. Although 85 

previous studies note this asymmetry (Ma et al., 2013; West et al., 2013), the cause of its 86 

development remains unknown. 87 

METHODS 88 

This work builds upon an initial study of West et al. (2013), who presented data for two 89 

hillslopes within the SSHO watershed. Our expanded data set includes 44 new meteoric 
10

Be 90 
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measurements from four additional hillslopes (two N-facing and two S-facing); collectively, the 91 

six hillslopes span a range of average gradients from ~10° – 25° (SSHO range: 15° – 20°, Fig. 1). 92 

Regolith samples were collected with a 5 cm diameter hand auger until refusal in a 5 x 5 grid on 93 

planar hillslopes in each watershed (Fig. 1A). Sample locations were spaced ~5 m across slope 94 

and ~20 m downslope.  Samples at each site were amalgamated by depth.  We further mixed 95 

samples to the east and west of the central transect, so that at each position along the slope, three 96 

samples were analyzed for 
10

Be.  At the upper slope and lower slope positions, all five depth-97 

amalgamated samples were mixed to one representative sample for those positions.  Previous 98 

work showed that measured meteoric 
10

Be inventories are not impacted by amalgamation (e.g., 99 

Jungers et al., 2009; West et al., 2013); we therefore use an amalgamation approach in this study. 100 

Using these meteoric 
10

Be measurements, we evaluate transport rate laws and coefficients using 101 

gradients determined from a high-resolution, LiDAR-derived digital elevation model.  102 

RESULTS 103 

Our results reveal that regolith thickness at SSHO varies systematically with hillslope 104 

aspect (Fig. 1E, F). Along low-gradient, S-facing hillslopes, augerable regolith is relatively 105 

uniform (30 – 40 cm), with thicker (~80 cm) regolith present only at the toe of the slope. In 106 

contrast, augerable regolith is thicker (40 – 60 cm) along N-facing slopes and exhibits 107 

considerable variability in both the downslope and cross-slope directions (Fig. 1F). Observations 108 

from hand excavations and soil pits within the SSHO watershed suggest that this variability 109 

reflects the presence of a buried 1 – 1.5 m thick layer of angular colluvium on the N-facing 110 

hillside that mantles fractured bedrock (West et al., 2013). Within soil pits, we observe a distinct 111 

stratigraphy on the N-facing hillslope; massive, poorly structured regolith overlies a clast-112 

supported framework of shale fragments up to 5 – 10 cm in diameter (Figure S1). In contrast, the 113 
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augerable, poorly structured regolith along S-facing hillslopes directly overlies weathered 114 

bedrock, and no coarse underlying colluvial material is present (Figure S1). 115 

Meteoric 
10

Be concentrations in regolith are similar across all hillslopes and do not vary 116 

systematically with hillslope position, amalgamation technique, or aspect (Table S1). Combining 117 

meteoric 
10

Be concentrations with depth-averaged regolith densities and an assumed meteoric 118 

10
Be delivery rate of 1.8 × 10

6
 at/cm

2
y (Graly et al., 2011), we estimate regolith flux (Eq. 3). Our 119 

results suggest that regolith flux increases linearly with distance from ridgecrests, and does not 120 

appear to vary with hillslope aspect (Fig. 2A). Rather, the similarity of flux patterns along 121 

sample transects appears to be consistent with spatially uniform lowering of the landscape at 122 

rates of ~20 – 30 m/My over the past 10 – 15 ka (West et al., 2013).  This similarity between 123 

regolith flux along N- and S-facing hillslopes suggests that 
10

Be is retained in the upper regolith 124 

and is not lost to deep colluvium.  125 

To evaluate the applicability of geomorphic transport laws used to describe creeping 126 

regolith (eq. 1 and 2), we plot measured regolith flux against topographic gradient and mean 127 

regolith depth (Fig. 2). Along N-facing hillslopes, downslope regolith flux correlates with local 128 

topographic gradient (Fig. 2B), consistent with a slope-dependent transport rule (eq. 1). This 129 

correlation is poor along S-facing slopes (Fig. 2D), suggesting that such a rate law does not 130 

completely describe regolith creep. The correlation between regolith flux and a characteristic 131 

mixing depth model (eq. 2) is significantly stronger along both N- and S-facing slopes (Fig. 2C, 132 

E). Thus, our data imply that regolith flux depends on both regolith thickness and local gradient 133 

at this field site. 134 

Our data also imply that the efficiency of creep (the coefficients K1 and K2), varies among 135 

hillslopes of opposing aspect (Fig. 2). Assuming a characteristic mixing depth of 100 cm, 136 
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consistent with the depth of root and frost penetration (Gaines et al., 2013; NSIDC, 2013), the 137 

diffusion coefficient K2 on N-facing slopes ranges from ~46 – 98 cm
2
/yr (Fig. 2C), whereas K2 138 

values on S-facing slopes are nearly twice as high, ranging from 81– 187 cm
2
/yr (Fig. 2E). This 139 

difference is also apparent in the linear transport model; K1 varies from 27 – 56 cm
2
/y on N-140 

facing slopes but from 60 – 123 cm
2
/y on S-facing slopes (Fig. 2B, D).  Moreover, the difference 141 

in transport efficiency between hillslopes of opposing aspect is greater than variability in 142 

transport efficiency among hillslopes of similar aspect (Fig. 2B-E).  That the apparent 143 

asymmetry in transport efficiency does not depend on the form of the transport rule suggests the 144 

difference in efficiency between polar- and equatorial-facing slopes is a robust result of our 145 

study. 146 

DISCUSSION 147 

Several lines of evidence suggest that the deep colluvial material along the N-facing 148 

slope of SSHO does not presently participate in downslope creep or in the transport of meteoric 149 

10
Be.  First, the rooting depth of large woody vegetation (Gaines et al., 2013) and the scale of pit-150 

and-mound topography associated with tree throw events appear to be on the order of ~1 m, near 151 

the top of the buried immobile colluvium.  Similarly, average freezing depths reach ~1 m in 152 

central Pennsylvania (NSIDC, 2013), suggesting freeze-thaw does not presently activate motion 153 

in the buried colluvium.  Additionally, the colluvial mantle itself retains a crude clast alignment 154 

reminiscent of structure in periglacial deposits (e.g., grèzes litées).  Finally, meteoric 
10

Be data 155 

from S-facing hillslopes, where the depth to refusal directly coincides with the boundary between 156 

disaggregated regolith and mechanically intact (but fractured) rock, yields identical fluxes as 157 

those along N-facing hillsides suggesting that these data capture most, if not all, of the mobile 158 

regolith transport.  159 
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The observation that regolith flux is equivalent on N- and S-facing slopes despite 160 

systematic differences in regolith depth and topographic gradient on opposing hillslopes provides 161 

quantitative evidence that microclimate variations associated with hillslope aspect influence the 162 

efficiency of regolith transport on soil mantled hillsides. Although the total regolith flux from N- 163 

and S-facing hillslopes in our studied watersheds is equivalent within uncertainty (Fig. 2A), the 164 

differences in gradient and regolith depth along these hillslopes require more efficient regolith 165 

transport on S-facing hillslopes. In all three watersheds, the transport coefficient (K1 or K2) is 166 

approximately a factor of two greater along the S- (equatorial-) facing hillslopes than along the 167 

N- (polar-facing) slopes (Fig. 2B-E).  168 

Our tests of transport rules at SSHO suggests that considering the probability distribution 169 

of disturbance with regolith depth (e.g., Anderson, 2002; Anderson 2013) provides a better 170 

characterization of regolith transport and erosion on hillslopes than a first-order rate law that 171 

depends solely on gradient. Our study thus bolsters a growing body of evidence in support of 172 

rules that incorporate regolith depth and/or velocity gradients into landscape evolution models 173 

(e.g., Heimsath et al., 2005; Pelletier et al., 2011). 174 

Tree species, tree density, and rooting depths are similar across the watershed (Gaines et 175 

al., 2013), suggesting no difference in bioturbation on N- and S-facing slopes. However, heave 176 

during freeze-thaw cycles may be controlled by aspect at SSHO. Variations in stable isotope 177 

ratios in modern soil waters at the SSHO suggest enhanced snow-melt and infiltration on S-178 

facing hillslopes (Thomas et al., 2013), as regolith on N-facing hillslopes remains frozen and 179 

shielded under snow pack for a greater fraction of the winter. Thus, these proxy data suggest the 180 

possibility that greater insolation on the S-facing hillslopes is associated with more frequent 181 

freeze-thaw and wetting-drying events. Because these processes are associated with slope-182 
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normal volumetric expansion and gravitational collapse of regolith that drive downslope creep 183 

(e.g., Anderson et al., 2013), we suggest that they provide a ready explanation for both the depth-184 

dependence of regolith transport and the variability in transport efficiency. 185 

If we further consider that transport largely occurs during frost heave, we can relate 186 

transport to the contribution of freeze-thaw events.  In this case, the transport efficiency of frost 187 

heave reflects the frequency and magnitude of freeze-thaw events, and K2 is then transformed to  188 

2

2

1
*

2
K f h  (4) 189 

where f is the frequency of freezing events (t
-1

), β is the strain associated with regolith expansion 190 

during freezing, and h* is the maximum frost penetration depth (Anderson, 2002).  Assuming 191 

that frost penetration depth and freezing strain do not change with aspect, freeze-thaw events 192 

must be twice as frequent on S-facing hillslopes than N-facing hillslopes at SSHO in order to 193 

account for the differences in transport efficiency.  Therefore, the transport efficiencies observed 194 

at SSHO suggest freeze-thaw frequencies of 0.1 – 0.2 y
-1 

for N-facing slopes and 0.2 – 0.4 y
-1 

for 195 

S-facing slopes.  These values are consistent with modeled return periods of frost penetration to 196 

100 cm in bare soil (no snow) for central Pennsylvania (DeGaetano et al., 1996). 197 

Finally, the asymmetric topography in our study area suggests that the difference in 198 

transport efficiency has been sustained over geologic time. The location of the SSHO in the mid-199 

latitudes, where annual fluctuations in temperature allow freeze-thaw processes to be relatively 200 

efficient, and the slow erosion and lowering of the Appalachian landscapes (Portenga et al., 201 

2013), appear to have conspired to allow microclimatic differences to be expressed in 202 

topography (e.g., Poulos et al., 2012). The proximity to the terminus of the Laurentide ice sheet 203 

would have enhanced frost-heave mediated transport during Pleistocene climate variations, 204 

potentially setting the stage for the modern observed aspect-related topographic asymmetry. Our 205 
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data imply that topographic asymmetry observed at SSHO, and perhaps elsewhere in the mid-206 

latitudes, represents an equilibrium solution to aspect-related microclimate differences even 207 

under conditions of uniform lowering and erosion over geologic time. 208 
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FIGURE CAPTIONS 304 

Figure 1. A) Topographic gradient of watersheds in and adjacent to SSHO. Histograms show the 305 

distribution of gradient from the sampled regions of planar hillslopes (solid black boxes) along 306 

the N-facing (orange) and S-facing (blue) hillslopes in NV1, SSHO and SV1 (B, C and D, 307 

respectively). E) Depth to refusal for hand auger along S-facing (open symbols) and F) N-facing 308 

hillslopes (closed symbols) for NV1, SSHO and SV1. Error bars in A and B represent one 309 

standard deviation of the mean auger depth at each position. 310 

Figure 2. A) Scatter plots of regolith flux with distance from the ridge crest. Error bars represent 311 

one standard deviation from the mean flux at each position. Regolith flux increases linearly with 312 

position downslope in all 3 watersheds and is similar between N-facing (closed symbols) and S-313 

facing (open symbols) hillslopes.  Regression line passes through zero at the ridgecrest where 314 

flux sums to zero. B and C) Scatter plots of regolith flux with slope and the product of slope and 315 

transport profile for N-facing and D, E) S-facing hillslopes. A transport rule that considers 316 

regolith depth is a better predictor of measured regolith flux on all hillslopes. Variations in the 317 

slope of linear regressions show that transport efficiencies are consistently a factor of two higher 318 

on S-facing hillslopes. 319 
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SUPPLEMENTAL INFORMATION 1 

Sampling and Analytical Methods 2 

Meteoric 
10

Be 3 

Regolith samples were collected with a 5 cm diameter hand auger until refusal in a 5 x 5 4 

grid on a representative, planar north- and south-facing hillslope in each watershed (Figure S1).  5 

Sample locations were spaced ~ 5 m in the cross-slope direction and ~ 20 m in the downslope 6 

direction (Figure S1).  For sample locations along the center line of the grid, regolith was 7 

sampled at 10 cm intervals throughout the entire augerable thickness.  Using a Riffle splitter, 1/8 8 

splits from each aliquot were amalgamated in the lab to a single depth-averaged sample for each 9 

hillslope position.  This approach was tested by West and others (2013) who showed that 10 

meteoric 
10

Be inventories calculated using individual aliquots from depth profiles were 11 

equivalent to physically amalgamated samples.  At all other sample locations, the entire 12 

thickness of augerable material was amalgamated in the field to one representative depth-13 

averaged sample for each location.  14 

Our previous work at SSHO demonstrated that meteoric 
10

Be depth profiles are 15 

characteristic of addition from the surface by precipitation and dry-fall; concentrations of 
10

Be 16 

are highest at the surface and decline to the depth of auger refusal (West et al., 2013).  Moreover, 17 

10
Be inventories in the upper decimeters of a bedrock core were < 10 – 15 % of regolith 18 

inventories, suggesting effective sequestering of 
10

Be in clay-rich regolith.  Total measured 19 

meteoric 
10

Be inventories in depth profiles were similar to average samples of bulk regolith and 20 

to amalgamated samples along cross-hillslope transects (West et al., 2013).  Guided by these 21 

results, we use an amalgamated sampling approach along the four additional hillslopes to 22 

determine mean 
10

Be concentrations (Figure S1).  23 



For meteoric 
10

Be analyses, the depth-amalgamated samples from the center ridgetop 24 

(RT), midslope (MS), and valley floor (VF) of each hillslope were analyzed as individual 25 

samples (Figure S1).  Again, using a Riffle splitter, 1/8 splits of each field-amalgamated sample 26 

to the east and west of the center samples were mixed (the 2 samples to east were mixed and the 27 

2 samples to west were mixed), producing 3 analytical samples for each RT, MS, and VF 28 

position.  At positions between the RT and MS and VF positions (US and LS, respectively), 1/8 29 

splits from all 5 collected samples were amalgamated, producing one representative sample for 30 

analysis at each position, totaling 11 analyzed samples per hillslope. 31 

Sample preparation and analytical techniques used in this study are described in detail in 32 

West et al. (2013).  However, beryl-derived 
9
Be carrier was used during 

10
Be extractions from 33 

samples collected from the watersheds adjacent to SSHO, and a second precipitation step was 34 

completed out of nitric acid after cation columns were used to remove boron, an isobar of 
10

Be. 35 

10
Be/

9
Be ratios were measured at the Center for Accelerator Mass Spectrometry, Lawrence 36 

Livermore National Lab and normalized to standard 07KNSTD3110 with a reported 
10

Be/
9
Be 37 

ratio of 2850x10
-15

 (Nishiizumi et al., 2007).  Meteoric 
10

Be concentrations measured in this 38 

study are listed in Table S1. 39 

 40 

SUPPLEMENTAL FIGURE CAPTIONS 41 

Figure S1.  Sample and amalgamation strategy for hillslopes adjacent to SSHO.  Open symbols 42 

indicate locations of samples collected in 10 cm intervals.  1/8 splits of these aliquots were 43 

mixed for a depth-amalgamated sample at each location.  Closed symbols indicate samples that 44 

were mixed in the field; the entire augerable thickness was collected as one sample for each 45 



location.  1/8 splits of samples within bounding boxes were amalgamated to one analytical 46 

sample per box, resulting in 11 meteoric 
10

Be analyses per hillslope. 47 

 48 

Figure S2.  Photographs of soil pits excavated at mid-slope positions on the south-facing (A) and 49 

north-facing (B) hillslopes of SSHO.  Regolith directly overlies bedrock on the south-facing 50 

hillslope of SSHO.  On the north-facing hillslope of SSHO, augerable regolith overlies a thick 51 

colluvial layer comprised of large, interlocking shale clasts.  Red lines show the approximate 52 

depths to hand auger refusal.  Pictured hammer is ~ 35 cm tall. 53 
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Table S2. Measured flux, hillslope gradient, and regolith thickness

Hillslope position Flux (cm2/y) slope mean regolith depth (cm)
NV1NPRT 0 0 31
NV1NPUS 8.63 0.21 33.8
NV1NPMS 16.99 0.35 34.4
NV1NPLS 16.76 0.33 47.4
NV1NPLS 28.31 0.29 58
NV1SPRT 0 0 39.8
NV1SPUS 6.98 0.24 22.4
NV1SPMS 11.56 0.41 46.6
NV1SPLS 15.53 0.47 58.6
NV1SPVF 21.48 0.35 61.2
SV1NPRT 0 0 38.7
SV1NPUS 9.82 0.13 39.6
SV1NPMS 13.94 0.2 44
SV1NPLS 21.31 0.2 56.2
SV1NPVF 42.68 0.18 88.8
SV1SPRT 0 0 45.7
SV1SPUS 8.88 0.25 47
SV1SPMS 16.17 0.36 38
SV1SPLS 27.04 0.42 47.4
SV1SPVF 28.65 0.46 55.6

Flux, slope and depth values for SSHO are found in West et al. (2013)
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