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Glossary
Bioturbation The process of soil mixing driven by any

biotic process.

Creep The process of downslope soil movement driven by

a range of processes.

Freeze–thaw The process of soil mixing and downslope

transport driven by the expansion and contraction caused

by freezing and thawing of the soil.
imsat, A.M., Jungers, M.C., 2013. Processes, Transport, Deposition and

ndforms: Quantifying Creep. In: Shroder, J. (Editor in Chief), Marston,

A., Stoffel, M. (Eds.), Treatise on Geomorphology. Academic Press, San

ego, CA, vol. 7, Mountain and Hillslope Geomorphology, pp. 138–151.

Treatise on Geomo8
Linear transport When soil flux is linearly proportional to

hillslope gradient.

Nonlinear transport When soil flux is proportional to a

function of hillslope gradient divided by a threshold

gradient term.

Shrink–swell The process of soil mixing and downslope

transport driven by expansion and contraction caused by

the wetting and drying of the soil.
Abstract
Hilly upland landscapes are cloaked in a thin layer of soil derived primarily from the underlying parent material and

transported by diverse processes. Creep subsumes soil transport processes assumed to be linearly proportional to slope and

the authors examined a range of studies that have attempted to quantify these processes. This chapter thus provides a short
overview of the conceptual framework, as well as some of the field-based methods, used in these studies. Colluvial soil is

also termed regolith and although creep sensu stricto may occur across a wide variety of landforms and sediment types, the

authors focus on hilly landscapes in this chapter.
7.13.1 Introduction

Soil creep is the most widespread and perhaps the most poorly

understood process of erosion on soil-mantled hillslopes. Soil

is slowly ‘stirred’ by burrowing creatures and uprooting vege-

tation; particles are also displaced in wetting–drying and

freezing–thawing cycles. These actions can cause gravity-

driven, downslope creep by processes that are considered to be

analogous to particle diffusion (Culling, 1963; Kirkby, 1967;

Roering, 2004; Foufoula-Georgiou et al., 2010; Tucker and

Bradley, 2010). Other possible transport mechanisms moving

soil off smoothly convex-up landscapes include shear and

viscous-like creep, such that a precise characterization of the

entire process appears to require the tracing of labeled soil
grains (Heimsath et al., 2002). Hillslope soils are typically

produced from weathering breakdown of the underlying

bedrock (Carson and Kirkby, 1972; Dietrich et al., 1995;

Heimsath et al., 1997), and in areas free from glacial and

aeolian processes, these parent-material-derived soils contrib-

ute sediment to channels and provide habitat for much of the

Earth’s biota. Setting aside landslides, which are likely to

dominate soil erosion in steep terrain, soil moves slowly

downhill by creep and slope wash. It is especially important to

acknowledge that the colluvial soils that are the focus of this

chapter differ significantly from the pedogenic soils of low-

lying and flat landscapes that are the focus of other studies

(Figure 1). Quantifying the processes of soil creep on hilly and

mountainous landscapes, both in terms of the best math-

ematical representation of the process and in terms of the

actual rates of transport, is the focus of this chapter.

Early thinking about how hilly, upland landscapes evolve

with time recognized that landscape morphology likely reflects

the long-term dominant process shaping the landscape (Davis,
rphology, Volume 7 http://dx.doi.org/10.1016/B978-0-12-374739-6.00158-5
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Figure 1 (a) Photograph of typical soil-mantled hillslope used for studies such as those covered in this chapter. This one is from Point Reyes,
CA, during the late summer dry season. (b) Photograph of the well-mixed colluvial soil that mantles the same landscape enriched with organic
matter and quite moist during the winter rains. Note the well-defined boundary between the physically mobile soil (dark layer) and the underlying
weathered bedrock that retains relict rock structure and is considered to be in place. Holes are from bulk density sampling. (c) Photograph of the
bent-trunk trees thought to be qualitatively indicative of creeping soils as illustrated in (d). Photograph is of a steep, stony slope in the San
Gabriel Mountains, CA. (d) Cartoon adapted from typical introductory geomorphology text showing the various qualitative clues that have been
used to designate creep as a dominant process. Adapted with permission from Selby, M.J., 1993. Hillslope Materials and Processes. Oxford
University Press, Oxford, 451 pp.
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1892; Gilbert, 1909). Specifically, the observation that smooth

hillslopes tended to steepen with increasing distance from the

drainage divide led to the assumption that sediment transport

flux, which must increase with increasing distance from the

divide, is proportional to the topographic gradient. This led to

the linear transport relationship, which became known as the

‘diffusion equation’ because of its similar form to Fick’s Law of

heat diffusion. Because creep processes were considered to be

responsible for transport that could be modeled as ‘diffusive,’

the term ‘diffusion’ became synonymous with creep. Recently,

more accurate terms such as ‘diffusion-like’ or ‘linear transport

relationship’ have been favored since soil particles are not

actually diffusing downhill. They are, however, moving in a
creep-like way as gravitational force imparts a downslope

preference to any physical disruption of the soil.

Observations from convex hills do show that soil thickness

decreases with increasing topographic curvature, supporting the

view that creep occurs by diffusion-like processes with sediment

flux linearly proportional to surface slope (Young, 1960;

Carson and Kirkby, 1972; Heimsath et al., 1999). Such move-

ment of individual soil grains could be caused by burrowing

creatures (worms, ants, gophers, etc.) and by tree throw (trees

uprooted, typically by high winds, commonly carry soil and

bedrock attached to the root wad) coupled with localized rain

splash and slope wash, but field observations and laboratory

studies showed that nondiffusive processes may also occur,

MAC_ALT_TEXT Figure 1
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including shear- and depth-dependent viscous-like flow

(Young, 1960; Carson and Kirkby, 1972; Fleming and Johnson,

1975; Selby, 1993), as well as freeze–thaw processes (Anderson,

2002). Furthermore, the relationships observed between soil

depth and slope curvature on linear and compound slopes are

incompatible with a simple linear relationship between sedi-

ment flux and surface slope alone (Roering et al., 1999;

Heimsath et al., 2000; Braun et al., 2001).

Rods, blocks, and flexible tubes inserted into the soil have

been used to estimate creep processes (Young, 1960; Fleming

and Johnson, 1975), but are too cumbersome to examine

grain-scale sediment transport, which requires the use of

labeled particles (Selby, 1993). Insertion and detection of

labeled grains throughout a soil mantle with microscale pos-

itional measurements would be a massive undertaking (Cox

and Allen, 1987; Cox, 1990; Nichols, 2004). Assuming, how-

ever, that grains brought to the surface by bioturbation and tree

throw are buried again, vertical mixing at the grain scale may

be determined by measuring the time since individual soil

grains last visited the surface. This was done by single-grain

optical dating, which is based on an optically stimulated lu-

minescence (OSL) signal that accumulates within buried

quartz grains and is reset to zero by exposure to sunlight

(Heimsath et al., 2002). The resource intensity of using OSL to

track soil movement led to the recent application of fallout-

delivered, short-lived isotopes (137Cs and 210Pb) to quantify

creep processes across upland landscapes (Kaste et al., 2007;

O’Farrell et al., 2007; Dixon et al., 2009). In addition, fallout-

delivered (or garden variety) 10Be can be used to quantify

hillslope sediment transport processes over longer timescales

(Monaghan et al., 1983; McKean et al., 1993; Jungers et al.,

2009). This chapter will explore conceptual models for creep as

well as the methods used to quantify the rates and physical

processes resulting in downslope soil movement on hillslopes

thought to be eroding by creep. Landscape evolution models

using creep as the dominant process are deliberately not

examined here as these have been explored elsewhere (see, e.g.,

Kirkby (1971), Dietrich et al. (1995), Fernandes and Dietrich

(1997), and numerous papers since then).
7.13.2 Conceptual Models for Creep

There is little need for a detailed description and elaboration

on early models for creeping soil because of the lucidity of

textbook presentations (Carson and Kirkby, 1972; Selby,

1993). The conceptual framework used here is based on the

equation of mass conservation for physically mobile soil

overlying its parent material (Carson and Kirkby, 1972;

Dietrich et al., 1995). Typically, the boundary between soil

and the underlying weathered (or fresh) bedrock is abrupt and

can be defined within a few centimeters (Figure 1(b)). Soil is

produced and transported by mechanical processes, and soil

production rates decline exponentially with depth (Heimsath

et al., 1997, 2005). The transition from soil-mantled to

bedrock-dominated landscapes occurs when transport rates

are higher than production rates (Anderson and Humphrey,

1989) and two transport functions are typically used to model

landscape evolution (Braun et al., 2001; Dietrich et al., 2003).

The slope-dependent transport law has its basis in the
characteristic form of convex, soil-mantled landscapes as-

sumed to be in equilibrium and has some field support (e.g.,

McKean et al., 1993; Roering et al., 2002). A nonlinear, slope-

dependent transport law also has its roots in morphometric

observations and has recent support, given the veracity of

assuming landscape equilibrium (Roering et al., 1999), ex-

perimental constraints (Roering et al., 2001b), or postfire ravel

(Gabet, 2003; Roering and Gerber, 2005).

Mechanistically, soil transport should depend on soil

thickness as well as slope, as suggested by quantification of

freeze–thaw (e.g., Anderson, 2002; Matsuoka and Moriwaki,

1992), shrink–swell (e.g., Fleming and Johnson, 1975), viscous

or plastic flow (e.g., Ahnert, 1967), and bioturbation processes

(e.g., Gabet, 2000). In each of these cases, the physical dis-

turbance processes influence the mobile soil thickness and

modulate soil transport by setting the magnitude of slope-

normal displacement. The topographic gradient, or slope, in-

fluences the downhill component of the gravitational driving

force. Depth-dependent flux is also suggested by the velocity

profiles from segmented rod studies and modeling (Roering,

2004; Young, 1960, 1963b). The proportionality of flux to the

depth-slope product is an idea that has only recently been

tested despite being suggested almost 40 years ago (Ahnert,

1967; Heimsath et al., 2005; Roering et al., 2007). The differ-

ences between these potential models for creeping soil are ex-

pressed in the mathematical representation of the specific

process. Each hypothesized relationship between sediment

transport flux and the parameters considered to govern it yields

a different equation that can be used in any model.

The form of the relationship between flux and slope, depth-

slope, or slope divided by a threshold slope (i.e., nonlinearly

slope-dependent) becomes important in the context of a mass

balance approach to modeling landscape evolution. The de-

velopment and application of this conceptual framework is

well reviewed (Dietrich et al., 2003) and only summarized here

to help establish how the different expressions for the flux term

play a role in such models. In general, landscapes such as those

shown in Figure 1 can be represented by a conceptual model

illustrated in Figure 2 and can then be modeled using a mass

conservation expression for a vertical column of soil, h, such as

rs

qh

q t
¼ � rr

q zb

q t
�r ~qs ½1�

where the vertical lowering rate of the soil-bedrock boundary,

� qzb/qt, at any point on the landscape is equivalent to the

slope-normal soil production rate times the secant of the slope

angle (Heimsath et al., 2001). The densities of the parent

material, rr, which can be rock or saprolite, and soil, rs, are

based on field measurements. If local steady-state conditions

apply, that is, assuming that soil thickness at any point is

constant (i.e., qh/qt¼0), then eqn [1] reduces to a simple re-

lationship between vertical soil production and the divergence

of sediment transport,

rr

q zb

q t
¼ �r ~qs ½2�

It is this simple relationship that highlights the importance

of the transport term. It should be noted, however, that this

solution depends on the generally well-justified assumption of
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Figure 2 (a) The conceptual framework as used by Heimsath et al. (1997) studies for vertical soil depth, h showing how the slope-normal
depth, H, is equal to the vertical depth times the secant of the slope angle. The change in soil mass in a column of soil with time is equal to the
vertical production of soil from the underlying bedrock less the divergence of sediment transport, as described by eqn [1] in the text. (b)
Idealized displacement profile (a) showing how soil particles might move from a to b in a ‘laminar flow’ path envisioned by Fleming and Johnson
(1975) and sketched here in the text by Selby (1993). The inset (b) shows Selby’s sketch of the commonly recognized ‘chaotic’ flow path of soil
particles that may be mixed while the soil profile is shrinking and swelling from changing water content.
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a steady state and that there are many soil-mantled upland

landscapes where this assumption may not hold (Phillips

et al., 2005; Phillips, 2010). Naturally, if the transport flux is a

simple, linear function of slope as initially suggested by Gil-

bert and Davis and subsequently assumed by almost a century

of work, then eqn [2] simplifies to the expression that led to

the shorthand expression ‘diffusion’ when describing creep

processes. Namely, flux is written to be proportional to slope,

~qs ¼ � rsKr z ½3�

where K is the transport coefficient with dimensions L2T�1

and z is the ground surface elevation. When eqn [3] is
substituted into eqn [2], the familiar ‘diffusion’ expression is

derived:

q zb

q t
¼ � rs

rr

Kr 2z ½4�

The form of eqn [4] would differ significantly depending on

the most appropriate expression for the transport term, eqn [3],

as well as the expression for the soil production term on the left-

hand side of the equation (Roering et al., 2001a; Heimsath et al.,

2005, 2009; Roering, 2008). The simplicity of these equations

explains why so much effort is expended into quantifying the

form of both the transport flux term and the soil production

MAC_ALT_TEXT Figure 2
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term for this mass conservation approach. Despite the analytical

simplicity, the sketch for potential paths taken by grains of soil

shown in Figure 2(b) illustrates how complex a complete

understanding of creeping soil is likely to be (Heimsath et al.,

2002). In the case shown here, where sediment transport flux is

linearly proportional to slope and the local soil thickness is

considered to be temporally constant, one critical result ex-

pressed by eqn [4] is that the rate of soil production, which is

equivalent to the rate of land-surface lowering, is a simple

function of topographic curvature. For this reason alone, the

linear transport function, analogous to creep, was widely as-

sumed and extensively used in analytical and numerical models

of landscape evolution (Culling, 1960, 1963; Kirkby, 1967,

1971; Armstrong, 1987; Koons, 1989; Kooi and Beaumont,

1994; Tucker and Slingerland, 1994; Dietrich et al., 1995).

More recently, the linear transport model for creeping soil

was used to help test the hypothesis that soil production de-

creased with increasing overlying soil thickness (Heimsath

et al., 1997). Equation [4] sets the rate of soil production equal

to a function of the topographic curvature. Detailed measure-

ments of the topography of numerous soil-mantled landscapes

(Figure 3(a)) were used to calculate curvature across these

landscapes (Figure 3(b)). The thickness of the physically mo-

bile soils was measured in pits, locations shown for an example

by the black circles on Figure 3(a). Plotting curvature against

soil depth (Figure 4) helped test the relationship between soil

production and soil thickness. Morphology and a simple

function for creeping soil thus helped support the soil pro-

duction function, which was fully quantified using in situ

produced cosmogenic nuclides. The fully quantified soil pro-

duction function, combined with the most appropriate trans-

port equation (e.g., eqn [3]), enables solving the governing

mass balance equation and is commonly used to model land-

scape evolution (e.g., Dietrich et al., 1995, 2003).
N
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Figure 3 (a) Topographic map, 2 m contour intervals by laser total station
Heimsath et al. (2005). Creek drains right to left at page bottom, and elevat
area calculated using the methods of Heimsath et al. (1999): blue represent
the other soil-mantled sites used by Heimsath et al. (1997, 1999, 2000).
7.13.3 Quantifying Creep

7.13.3.1 Physical Tracers

An innovative and not often repeated study attempting to

quantify soil creep using physical tracers was published in

Nature over half a century ago (Young, 1960). The study rec-

ognized the importance of quantifying rates and processes of

hillslope denudation and set about doing this by initially in-

serting metal pegs into the ground surface at regular intervals

downhill from a bedrock outcrop, noting the distances care-

fully (Figure 5(a)) and tracking the surface movement of

clasts over time. The uncertainty involved with peg surface

displacement was huge, and the problem with discerning

surface transport from downslope movement occurring within

the soil profile led to a modification of the method to develop

what became known as a ‘Young Pit.’ In the first style of pit,

reference pegs are inserted into the immobile rock beneath the

mobile soil and a line of 10 cm metal rods is inserted into the

soil profile, normal to slope, exposed on the side of the pit

(Figure 5(b)). The second style of pit inserts the metal rods

relative to a plumb bob suspended from the surface of the pit

(Figure 5(c)). In both cases, the pit must then be filled in and

the soils must be ‘allowed’ to erode by creep for some length

of time. The pit must then be excavated and the position of the

pegs carefully measured relative to the known reference frame.

Despite two publications in Nature (Young, 1960, 1963a), few

studies have followed the lead of this challenge (e.g., Schumm,

1967; Finlayson, 1981; Clarke et al., 1999), including a

modified approach (Richards and Humphreys, 2010) that

yielded results no less equivocal. Even the results of Schumm

(1967), often cited as one of the few field-based studies con-

firming the linear transport relationship of eqn [3], show

considerable scatter and were collected over a 7-year period,
N

0 20 40 m

(b)

survey, showing soil pit locations for the Pt. Reyes, CA, site of
ion of the crest is 195 m. (b) Curvature map for the same surveyed
s convex and red represents concave topography. Similar maps for
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Figure 4 Negative curvature vs. vertical soil depth. Curvature calculated as in Heimsath et al. (1999) and is a proxy for soil production if the
local soil depth is constant with time. (a) Black circles from individual soil pits at Pt. Reyes with an exponential negative curvature axis. (b) Black
circles (as in a) with open gray diamonds that are from Nunnock River, southeastern Australia (Heimsath et al. (2000). Tennessee Valley data
from Heimsath et al. (1997, 1999) overlay Nunnock River data values and range and are not included here for plot clarity. The black dashed line
separates divergent from convergent topography.
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longer than most are willing to devote to a single study, to say

nothing of a student’s PhD project. Given the results (or lack

thereof) from the two most recent studies (Clarke et al., 1999;

Richards and Humphreys, 2010), few others have attempted to

follow Andrew Young’s inspirational lead.

Fortunately, geochemical methodological advances have

enabled the direct quantification of creep processes and rates

with significantly less uncertainty and physical effort. Before

covering the various geochemical methods used to quantify

creep, another innovative approach that requires using a

physical tracer and does not involve anthropogenic disturb-

ance (i.e., the digging of numerous Young Pits) is worth

summarizing. Of course, this physical tracer method also in-

volves using geochemistry, as the studies rely on relatively

precise geochemical dating (using calibrated 14C dating) of

tephra deposits in upland soils. Two recent studies docu-

mented profiles of tephra concentrations in hillslope soils and

combined a detailed mapping of these concentrations with

topographic derivatives to quantify soil transport processes

(Roering et al., 2002; Walther et al., 2009). In both cases, one

on a series of incised fluvial terraces along the Charwell River,

South Island, New Zealand (Roering et al., 2002), and the

other along a hillslope transect in the Blue Mountains, SE

Washington state, USA (Walther et al., 2009), the tephra de-

posits are well dated and are treated as marker beds in the

hillslope soils. Both studies involved extensive sampling of

soil pits and auger profiles to quantify tephra distributions in

the hillslope soils. Because the sample locations were located

along profiles characterized by the topographic properties

supporting linear transport relationships (Figure 6), the

topographic derivatives were used with tephra distribution

and concentration to provide calibrated transport relation-

ships for each field site. Given the paucity of such field-based

data supporting transport relationships, these studies are es-

pecially important. Given how difficult it is to find such ideal
field locations where there are both well-dated tephras and

hillslopes of characteristic form, such an innovative method is

unlikely to be broadly used.
7.13.3.2 Fallout Short-Lived Isotopes

A technically less cumbersome approach involves using short-

lived isotopes measured in bulk soil samples that can be col-

lected without any disruption (i.e., by inserting tracers) and

without any special site characteristics (i.e., dated tephra lay-

ers). These fallout-derived radionuclides are used extensively in

erosion and sediment transport studies on both agricultural

and forested landscapes. Atmospherically delivered 210Pb and

weapons-derived 137Cs can be used alone or simultaneously to

quantify and trace erosional processes (Wallbrink and Murray,

1996; Walling and He, 1999a,b; Whiting et al., 2001). The

relative rates of soil mixing can be evaluated through meas-

urements of nuclide activities in soil profiles (Dorr, 1995; Tyler

et al., 2001; Kaste et al., 2007; Dixon et al., 2009). Because these

isotopes are deposited at the soil surface, mixing processes can

increase the dispersion of nuclides with depth and the overall

downward transport rate. For example, on agricultural land-

scapes, where tilling homogenizes the soil to the depth of the

plow layer, a unique, well-mixed 137Cs profile captures the

process (Walling and He, 1999a). By measuring the vertical

distribution of fallout radionuclides in soils and calculating

diffusion-like coefficients, the sediment transport mechanisms

and mixing rates are quantified over 10–100-year timescales.

The techniques of relating fallout radionuclide profiles and

inventories to absolute and relative erosion rates rely on

finding a ‘noneroding’ reference location to compare to

eroding or aggrading sites (Lowrance et al., 1988). Measured
210Pb and 137Cs nuclide activities are plotted with depth in the

soil profile and are used with the calculated total inventories
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Figure 5 Concept sketch of the field techniques used to measure
soil creep rates and processes ((a–c) as well as the contribution of
slope wash (d) by Young (1960). The initial attempt to measure soil
creep involved detailed mapping of surface clasts derived from a
bedrock outcrop using pegs placed at known distances downslope
from the outcrop (a). Obvious difficulties with surface disruption and
peg movement led to the development of the Young Pit, which used
profiles of metal rods inserted slope-normally (b) or -perpendicularly
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carefully and re-excavated after a long duration of time. The metal
rods would be located and their displacement would be mapped
carefully relative to either pegs placed in the underlying bedrock or
saprolite (b) or relative to the vertical plum line (c).
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to gain an insight into mixing rates (e.g., Kaste et al., 2007;

Dixon et al., 2009) and the dominant erosion mechanisms

(e.g., Kaste et al., 2006; O’Farrell et al., 2007; Dixon et al.,

2009). The nuclide profile depth was defined as the soil depth
at which 495% of the cumulative nuclide activity, or inven-

tory, was obtained. Nuclide profiles determine the degree of

physical mixing, and a mixing coefficient can be determined

by the best-fit exponential curve to an advection–diffusion

equation (Kaste et al., 2007).

Two examples for how this method can be used will help

illustrate its applicability to quantifying soil transport pro-

cesses and rates. First, Kaste et al. (2007) measured depth

profiles of 210Pb across undisturbed hillslopes previously pre-

dicted (Heimsath et al., 2000, 2005) to be eroding by transport

processes dominated by creep. Different shapes of the 210Pb

profiles quantified how soil transport transitioned from

mixing-dominated across the convex crests to overland-flow-

dominated near the unchanneled valley axes (Figure 7). Spe-

cific fits of the advection–diffusion equation enable mixing

timescales to be determined for profiles, like Figure 7(a), de-

termined to be dominated by mixing that are typically near the

crests of convex-up hillslopes. Conversely, for profiles in pits

approaching (Figure 7(b)) or in (Figure 7(c)) the convergent

swale, the proportion of sediment likely to be removed by

overland flow processes can be quantified by comparing the

profile in Figure 7(c) with the profile shown in Figure 7(a), for

example. Furthermore, using short-lived isotope profiles such as

the ones shown in Figure 7, along with longer (i.e., millennial)

timescale measurements of erosion rates, supported the tem-

poral steady-state assumption for three well-studied field sites

(Kaste et al., 2007).

The second example used a similar approach for analyzing

the short-lived isotope profiles, but combined them with

longer timescale measurements of soil production and average

erosion rates using in situ produced cosmogenic 10Be. Dixon

et al. (2009) used both 210Pb and 137Cs to quantify the differ-

ences in erosional processes and rates across two sites at the

climatic extremes in the Sierra Nevada Mountains of California.

Penetration depths of both nuclides increased linearly in soils

with burrowing activity at both sites, suggesting that bio-

turbation redistributes nuclides to depth in the soil. Assuming

nuclide profiles form primarily by diffusion-like, (i.e., creep)

processes, the average mixing coefficients of soils at the low-

elevation, oak-grassland sites were significantly higher than at

the high-elevation, alpine site. Total 210Pb inventories did not

vary across the low-elevation site; however, at the high-

elevation, snow-dominated site, inventories were lowest where

slopes are steepest and had the greatest upslope contributing

area. The strong correlation of nuclide inventory with the

upslope contributing area suggested that overland flow plays an

important role at the higher elevation site (Figure 8), where

snowmelt and the relative absence of vegetation were likely to

shift the dominant creep process away from bioturbation-

driven soil mixing. The results from both these studies, and

others like them that use short-lived isotopes to track sediment

transport, led to significant advances in understanding and

calibrating creep processes, but they all rely on the use of ex-

pensive instruments and careful processing of the isotopic data.
7.13.3.3 Meteoric 10Be

Meteoric 10Be is a cosmogenic radionuclide well suited for use

as a tracer of soil creep over geomorphic timescales. Spallation
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of oxygen and nitrogen in the Earth’s atmosphere produces

the majority of 10Be present in natural systems (Lal and Peters,

1967). Following production, 10Be is delivered to the Earth’s

surface at a rate most significantly proportional to regional

precipitation fluxes (Graly et al., 2011). A smaller, but not

insignificant, inventory of 10Be falls from the atmosphere ad-

sorbed to terrestrial dust (Willenbring and von Blackenburg,

2010; Graly et al., 2011). The timescale over which any

radioactive tracer is useful is a function of the rate at which the

isotope is produced and delivered to the natural system of

interest and of the rate at which the radionuclide decays. 10Be

has a half-life of 1.39�106 years (Korschinek et al., 2010),

making it especially useful as a tool for quantifying rates of

Earth surface processes that take place over thousands to

millions of years. Additionally, 10Be adsorbs quickly and

strongly to soil particles (You et al., 1989), and a soil mantle’s
total 10Be inventory can reliably be accounted for if samples

integrate from the soil–atmosphere interface to the contact

between soil/saprolite and unweathered bedrock (Graly et al.,

2010). Naturally, it follows that landscapes with relatively thin

(0–150 cm) soil mantles are most amenable to the task of

capturing complete 10Be inventories (Figure 9).

Monaghan et al. (1992) measured meteoric 10Be depth

profiles within 1–2-m-thick clay-rich soils mantling convex

hillslopes of coastal California. In addition to being convex,

this study’s hillslopes showed no evidence for erosion by

overland flow, and evidence for landsliding was present only

low on the slopes. In such a landscape, the dominant mech-

anism for hillslope sediment transport is soil creep, and ero-

sional processes should abide by transport laws similar to the

linear diffusion model outlined earlier in this chapter. Mona-

ghan et al. (1992) thus considered their results in the context of
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Gilbert (1909) and investigated whether the rate of regional

uplift is in equilibrium with local rates of bedrock-to-soil

conversion coupled to the rate of the dominant soil transport

mechanism, soil creep. Soil residence times inferred from
the10Be inventories of hillslope soils were two orders of mag-

nitude lower than the soil residence times on geochemically

comparable stable surfaces. The authors attribute this difference

to the steady removal of mass and 10Be from eroding surfaces
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via soil creep. Assuming steady-state erosion, Monaghan et al.

(1992) used a mass and isotope balance to show that rates of

bedrock-to-soil conversion (g cm�2 yr�1) may be calculated

using the ratio of 10Be delivery to the system (atoms cm�2 yr�1)

to the concentration of 10Be removed by soil creep (atoms g�1).

Notably, the average rates of soil production were B0.2

mm yr�1, which is in agreement with coastal uplift rates of

B0.3 mm yr�1 (McLaughlin et al., 1983), strengthening their

argument for steady-state conditions. Holding soil density and

soil mantle thickness constant, the authors calculated an aver-

age, creep-driven soil transit time from hillcrest to hollow of

B12 500 years for this landscape.

McKean et al. (1993) built directly upon the methodo-

logical foundation established by Monaghan et al. (1992), but

they added the explicit consideration of hillslope gradient in

their study in order to further test the conceptual model of

hillslope sediment transport according to a linear diffusion-

like transport law. These authors collected meteoric 10Be pro-

files in three pits along a one-dimensional topographic

transect from hillcrest to midslope. Soil flux via soil creep

increased with increasing surface gradient (i.e., distance from

the hillcrest because the hillslope was convex), and a diffusion

coefficient of 360755 cm3 yr�1 cm�1 defined the relation-

ship. A noteworthy reviewer’s comment by Robert Anderson

written at the end of McKean et al. (1993) regarded this study

as ‘‘The first direct test of the applicability of a long-revered

analysis of Gilbert’s.’’

Jungers et al. (2009) traced hillslope sediment transport

using both meteoric and in situ produced 10Be in the Great

Smoky Mountains, NC. The dominant transport mechanism
on this study’s hillslope was soil creep driven by stochastic tree

throw events. Millennial scale mixing of the soil mantle by tree

throw is supported by nearly uniform in situ 10Be depth pro-

files to B60 cm, the average thickness of tree throw rootwards.

The authors quantified sediment transport velocities by com-

paring soil pit 10Be inventories to maximum particle path

distances inferred from a 1 m resolution DEM derived from an

airborne light detection and ranging data set. This approach

yielded estimates for soil creep rates of 1.2–1.7 cm yr�1 from

meteoric 10Be and 1.1–1.3 cm yr�1 from in situ produced 10Be.

These rates translate into soil transit times of 24 000–36 000

years from the hillcrest to the bounding stream, which agrees

well with soil residence times of 22 000–33 000 years inferred

from meteoric 10Be inventories.
7.13.3.4 OSL Dating

OSL became the established successor to thermoluminescence

(TL) as the means for measuring the time elapsed since a

mineral grain’s last exposure to sunlight (e.g., Aitken, 1985,

1994; Huntley et al., 1985; Duller, 1996; Roberts et al., 1990,

1997). The OSL measurements from quartz and feldspar

grains focus on the most light-sensitive electron traps, less

readily measurable than TL. Although exposure ages can be

measured from both minerals, quartz is the dosimeter of

choice because the microdosimetry in feldspar grains is com-

plex and the stored dose decays unpredictably (Murray et al.,

1995). The OSL dating initially used gram-sized samples of

thousands of sand grains. The second stage of development

involved the ‘small aliquot’ methods, which used a few tens to

a few hundred mineral grains per sample. The most recent and

still ongoing stage of OSL development is the ‘single grain’

method of dating, which uses a pixel-based optical scanning

system to measure the age of each grain or each very small

group of grains.

Although most applications of OSL have been for dating

human artifacts and sedimentary deposits, the methodology can

readily be used to quantify hillslope sediment transport rates

and to distinguish between different transport processes. Op-

tical ages of grains from different depths depend on transport

processes: For example, grains moving in a surface layer would

intermittently be exposed to sunlight, whereas grains never ex-

posed at the surface should show ‘infinite’ ages. Alternatively,

mixing throughout the entire soil column would lead to finite-

aged grains from the soil surface to its base, the boundary with

the underlying saprolite, and the source of the mobile soil.

Downhill movement of any soil grain resolves into slope-

normal and slope-parallel components. Only the slope-normal

velocity of a grain can be derived from its optical age. Such

methods cannot assess the slope-parallel velocity of individual

grains, but the depth-averaged velocity can be calculated if the

rate of soil production from rock weathering is known at all

points and if the topography of the site is well constrained. Soil-

production rates were previously determined from measure-

ments of the in situ cosmogenic nuclides 10Be and 26Al

(Heimsath et al., 2000) and were then used in a new way by

Heimsath et al. (2002) to derive slope-parallel velocities. Add-

itionally, modeling of the landscape evolution of the site

(Braun et al., 2001) highlighted the need for a more detailed
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field understanding of the sediment transport processes active

on soil-mantled landscapes. Unfortunately, the resource inten-

sity of using OSL to date individual soil grains and the attempt

to fully quantify soil transport processes proved to be a sig-

nificant hurdle. To date, the Heimsath et al. (2002) paper is the

only application of OSL to quantifying known creep processes.
7.13.3.5 Integrating Soil Production Rates

To test and further refine the mathematical model for creeping

soil, Heimsath et al. (2005) used high-resolution topography,

hundreds of soil-depth measurements, and previously quan-

tified soil production functions to quantify soil flux across

three landscapes. They specifically used field-based data to test

the hypothesis that sediment transport is proportional to the

product of soil depth and topographic gradient (rather than

the gradient alone, as in eqn [3]). Using soil production rates

quantified with in situ produced 10Be and the mass-balance

approach of eqn [1], Heimsath et al. (2005) plotted depth-

integrated flux against the depth-slope product across three

different field areas to test the nonlinear transport law em-

bodied by the depth-slope product (Figure 10(a)). They
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observed linear increases of soil flux with increasing depth-

slope product for both the Nunnock River and the Tennessee

Valley field sites, offering strong support for the depth-

dependent transport relationship. Data from Nunnock River

support a depth-slope transport coefficient, Kh, equal to

0.55 cm yr�1. Roughly equating this coefficient to the linear

‘diffusivity’ with an average soil thickness for Nunnock River

of 65 cm yields a coefficient of 36 cm2 yr�1, which is re-

markably similar to the 40 cm2 yr�1 reported by Heimsath

et al. (2000). Reversing the process for the Tennessee Valley

and Point Reyes data, which have independently determined

linear ‘diffusivities’ of 50 and 30 cm2 yr�1 and average soil

thicknesses of 30 and 50 cm, yields depth-dependent trans-

port coefficients of 1.7 and 0.6 cm yr�1, respectively. Using the

data from Tennessee Valley and Point Reyes, Kh values of 1.2

and 0.4 cm yr�1 were determined.

This comparison of transport coefficients places the depth-

dependent transport flux within the context of the more fa-

miliar slope-dependent (i.e., creep in the traditional sense)

transport framework and supports the applicability of a linear

transport law for low-gradient, convex landscapes. However,

plotting flux against gradient showed that a linear relationship
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does not reflect all the data. Their test for depth-dependent

transport thus involved two sets of complementary plots:

Figure 10(a) plots depth-integrated flux, Hqs, versus the

depth-slope product, HS, whereas Figure 10(b) plots

HqsðHSÞ21 versus downslope distance, X. If a depth-slope

product equation for eqn [3] is correct, the first plots

(Figure 10(a)) would show a linear increase, with the slope of

the relationship equal to Kh and having a zero origin – in the

absence of covariance of H or S with distance X. However,

because Hqs must (by definition) increase with distance, X, the

plots might exhibit a spurious covariance with the depth-slope

product. Thus, the importance of the plots in Figure 10(b) was

to remove any such covariance such that the data should be

homoskedastic about a flat line equal to Kh (dashed line) to

support the depth-slope equation. Heimsath et al. (2005)

observed, instead, an increase with distance close to the ridge

crests, followed by a tendency to flatten roughly around the Kh

values. Potential explanations for the increase include the

unknown role of chemical weathering or a nonconstant,

covariant transport coefficient. They concluded their analyses

by suggesting that it is incorrect to think of landscapes eroding

by processes termed to be diffusive, and they suggested that

future landscape evolution modeling efforts more completely

couple spatial variations in soil depth with soil production

and transport processes.
7.13.4 Conclusion

Creep, as described in typical geomorphology textbooks, may

be applied widely to describe erosional processes active across

upland, soil-mantled landscapes. Quantifying creep processes

and rates proves, however, to be much more difficult and re-

source intensive than the basic mathematical framework used

to describe its conceptual framework would lead one to be-

lieve. This chapter focuses on the field-based measurements

used to quantify creep after summarizing the conceptual

framework and introducing the mass balance approach used

to derive the mathematical analyses applied in landscape

evolution models. From the incredibly physically challenging

Young Pits to the incredibly expensive use of in situ and me-

teoric cosmogenic nuclides, the methods all pose challenges to

those interested in peering inside the relative black box of a

creeping soil. Anthropogenically introduced physical tracers

used in Young Pits yield perhaps the most difficult and time-

consuming results that are also likely to be the most equivocal.

Use of careful mapping of dated tephras may have great po-

tential and is a relatively inexpensive method, but the need for

an ideal field site is extremely limiting. Short-lived isotopes

rely on expensive and carefully calibrated equipment, but the

measurements and sample preparations are easy and can be

applied broadly. The results are promising, but the isotopic

analyses are likely to be a significant hurdle for extensive ap-

plication. The same is likely to be true, with the added chal-

lenge of a rather significant sample analyses expense, for

cosmogenic nuclide as well as OSL applications. Despite all of

these challenges, quantification of creep remains an important

and worthwhile endeavor for a greater understanding of how

the Earth’s surface is evolving. Perhaps the greatest motivation

for quantifying creep is the importance of being able to predict
how the critical zone that is home to most of the Earth’s ter-

restrial biota is likely to change under the changing climatic

driving forces.
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