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The McMurdo Dry Valleys of Antarctica are today a hyper-arid, polar desert. Prior work has identified several in
situ volcanic ashes (6–11Myr old) resting on the surface regolith that suggests the persistent stability of the reg-
olith surfaces and climate. However, our field observations of characteristic regolith bulges above and cavities
below boulders that are lodged in the hillslope (braking blocks) contradict the apparent preservation of the reg-
olith surfaces. To quantify the regolithmobilitywemodeled the downslope regolith transport around large boul-
ders in the Dry Valleys using a finite difference regolith-transport model. To guide our modeling effort, we
surveyed the detailed topography around one large boulder in the field. Model results fit the observed topogra-
phy well and allow for the calculation of the minimum volume of regolith per unit width of slope that was mo-
bilized (>4 m3/1 mwidth). To assess the general applicability of the braking block analysis on random boulders
on hillslope we surveyed the topographic characteristics adjacent to 997 boulders on 10 separate hillslopes. The
bulge-cavity development appears to be sensitive to: 1) the adjacent obstructions that restrict the free move-
ment of the regolith around the given boulder, and 2) the inherent surface roughness. Even though, theoretically
boulders of all sizes should have a cavity-bulge pair surrounding them, the signal to noise ratio prevented us from
extracting such measurements reliably on boulders whose diameter was smaller than about 1 m, on boulders
that sat on bedrock covered by a thin veneer of regolith, and on boulders that were part of an actively aggrading
talus. The limitingminimum topographic diffusivitywas found to be 10−6 m2/yr. Over timeperiods ofmillions of
years this is enough to rework the surfaces and highlights the intriguing contradiction between the preserved
ashes and the observed regolith transport.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The McMurdo Dry Valleys of Antarctica (hereafter Dry Valleys) are
the largest ice-free area in the continent and are located about
80 miles west of McMurdo research station, themain U.S Antarctic Pro-
gram (USAP) logistical hub on Ross Island (Fig. 1). The mean annual air
temperature in the field area is−24 °C (Putkonen et al., 2003). Precip-
itation occurs only as falling snowor as snowdrifting from the ice sheet.
The typically small amount of snow that precipitates annually subli-
mates directly into the air or melts on solar-heated rocks, then evapo-
rates. Small amounts of water wet the regolith surface infrequently
(Hagedorn et al., 2007). In the alpine valleys (>1000 masl) running
water is seldom seen, although we have observed small active rivulets,
and small, dry, recently eroded channels and related small sediment
fans.

Prior research has revealed a number of 40Ar/39Ar dated volcanic
ashes that are preserved in their primary depositional locations cov-
ering regolith in the Dry Valleys (Marchant et al., 1993a, b, 1996;
+1 701 777 4449.
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Sugden et al., 1995; Marchant and Denton, 1996; Lewis et al., 2006,
2007). The oldest of these ashes ranges between 6.4 and 11.3 M yrs
old, suggesting almost perfect preservation of regolith surfaces. Here
we call regolith “… the loose, incoherent mantle of rock fragments,
soil, glacial drift, blown sand, etc. that rests upon solid bedrock”
(Whitten and Brooks, 1987).

This preservation of ashes on regolith surfaces and the existence of
millions of years old ash avalanche (mixed ash and regolith) deposits
on relatively steep 28° slopes imply unprecedented stability of rego-
lith surfaces. However, several lines of evidence suggests general mo-
bility and disturbance of the regolith in the same field area: the
modeling of resurfacing time of patterned ground (Sletten et al.,
2003), direct measurements of current sediment transport
(Putkonen et al., 2008a), fluvial erosion by meltwater channels
(Atkins and Dickinson, 2007), and re-interpretation (Ng et al., 2005)
of a published cosmogenic depth profile (Schäfer et al., 2000) near
one Miocene age ash deposit in Beacon Valley (Sugden et al., 1995).
Moreover, cosmogenic isotope profiles in Dry Valleys have revealed
a persistent surface degradation on average of 1.2 m/Ma (Putkonen
et al., 2008b; Morgan et al., 2010a, b). Therefore ample motivation ex-
ists to better understand the rates and geomorphological processes
that shape the Dry Valleys landscape.
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Fig. 1.Map of the McMurdo Dry Valleys region with an inset map of Antarctica. Snow and ice are white and ice-free areas are gray. Braking blocks were measured in the areas repre-
sented by the black dots.
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Our recent field work in the Dry Valleys revealed a large number
of boulders on hillslopes with a characteristic bulge of regolith piled
against the uphill side of the boulder and a corresponding cavity on
the downhill side of the boulder. These features (Fig. 2A, B) have
been previously reported in the Arctic and have been called braking
blocks by several authors (Höllerman, 1964; Graf, 1976; Washburn,
1979; Åkerman, 1980). We agree with those authors' conceptual
model: the regolith is moving past the boulder down the hill while
the boulder is stationary or travels at a relatively slower speed than
the regolith surrounding it. Although typically found and described
in the Arctic, these braking blocks can be found in other climates
and parts of the world as well (Fig. 2C). We suggest that in environ-
ments where minimal or no regolith transport is expected, these
braking blocks may be used as clear indicators of regolith mobility.

In the Dry Valleys we know that all the regolith transport is limit-
ed to the very surface of the soil (~1 cm) as the published cosmogenic
isotope profiles attest of no mixing of the regolith below about 1 cm
from the surface (Putkonen et al., 2008b; Morgan et al., 2010a, b).

In the following sections we use our field observations of braking
blocks with a numerical model in an attempt to constrain the mini-
mum amount of regolith that is transported downhill on a hillslope.
We seek to establish if the regolith-transport rate is consistent with
the apparent extreme preservation of the surfaces and deposits that
are found on relatively steep slopes. As a byproduct of this quest,
we will determine the corresponding limiting minimum topographic
diffusivity for this environment.

2. Model and methods

Based on our own field experience in Antarctica, the braking
blocks are ubiquitous and the simplest interpretation of their pres-
ence suggests mobility of the regolith. We surveyed one large braking
block and its surroundings in the field to compare the characteristic
topography with the modeled topography of a regolith transported
past a stationary obstacle.

The detailed topography around one representative large braking
block was surveyed just east of the Koenig Valley mouth at an altitude
of about 1500 masl in western Wright Valley (McMurdo Dry Valleys,
Please cite this article as: Putkonen, J., et al., Regolith transport quantifie
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Antarctica). The boulder is located in the undifferentiated colluvium
whose minimum age in the Asgard Range has been determined to be
12Myr (Marchant et al., 1993a). The regolith topography and boulder
dimensions were determined by manual surveying of profiles down
the steepest slope and across slope. Typical horizontal node spacing
along the survey lines was 0.25 m (uncertainty +−0.025 m). The rela-
tive surface elevations were rounded to closest 0.005 m (uncertainty +
−0.01 m).

In addition to recording a detailed topography of one large repre-
sentative boulder, we also surveyed 10 transects on hillslopes in sev-
eral valleys to cover a selection of slope aspects, slope angles, and
types of slopes (scree under a vertical cliff, thinly mantled bedrock
slope, and thick regolith away from cliff faces). On these transects
we followed a path of steepest descent down the representative seg-
ment of the slope. Every boulder larger than 0.5 m in diameter within
a 2.25 m wide swath down the slope was analyzed for the following
attributes: cavity/no cavity, bulge/no bulge, maximum cavity depth
below general slope, maximum bulge height above general slope,
boulder width (cross slope direction), boulder length (down slope di-
rection), boulder height above general slope, and local slope angle.
These transects were about 500 m long. A clinometer, handheld
GPS, and a tape measure were used to determine the general slope
along the transect, position of the boulder, and the dimensions of
the boulder, bulge, and cavity. The measurement accuracies are gen-
erally within a few cm for dimensions and about 1° for the slope.
However, the generally bouldery surfaces forced us to decide whether
to place the tape measure on top of a surface rock or between rocks
when measuring for example the cavity depth. This issue will be vis-
ited again in the discussion section. Table 1 shows the coordinates for
the starting point (upper end) and the type of slope for each transect.

2.1. Regolith-transport processes

It is not known what specific geomorphic processes move the reg-
olith, mineral particles and pebbles, down slopes in the Dry Valleys
over periods of millions of years. The field area is known today for
strong winds which are well represented in the characteristic wind
statistics that we recorded at the Beacon Valley: mean daily wind
d by braking block, McMurdo Dry Valleys, Antarctica, Geomorphol-
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Fig. 2. A) A braking block with the characteristic convergence of material above the boul-
der, creating the bulge, and the corresponding divergence of material below the boulder,
creating a cavity. B) The surveyed topographic profile downslope through the middle of
the boulder shown in (A). The diamonds are the surveyed heights at 0.25 m horizontal
spacing. The black line represents the average slope for area surrounding the braking
block. C) A braking block on a moraine near Mono Lake, CA. In all panels the regolith is
moving downhill from left to right.
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speed was 4.2 m s−1 (all data for the period 1/1/2001–12/31/2003),
mean of maximum daily 15 min wind speeds is 7.6 m s−1, and the
max 15 min wind speed is 22 m s−1. We speculate that typically
strong winds in the area may toss pebbles and sand in random direc-
tions, but due to the gravity the particles are most likely to travel to
the downslope direction which results in the net mass transport
down the steepest local slope. Wind erosion may also destabilize larg-
er particles by removing the smaller particles that support them, after
which the large particles would roll down the steepest local slope.
This type of regolith movement would be restricted to the thin sur-
face layer (~1 cm) leaving all partially buried rocks firmly anchored
in the regolith. This conceptual model is supported by a cosmogenic
Please cite this article as: Putkonen, J., et al., Regolith transport quantifie
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isotope profile from a hillslope in Arena Valley that shows no soil
mixing in the regolith below the surface for approximately the last
2 Myr and steady degradation (loss of mineral matter) at the surface
(Putkonen et al., 2008b). Additional support is provided by repeat
photography in the same field area that has shown individual pebbles
moving predominantly downhill over the course of one year and ac-
cumulating in the regolith traps that were set up (Putkonen et al.,
2008a).

Although reported in another part of the Antarctic continent, frost
heave seems unlikely to move the regolith at this site as we know that
the movement is restricted to the soil surface. Daily frost heave cycles
of up to a maximum of 3.4 mm were recorded (Matsuoka and
Moriwaki, 1992) when the regolith moisture content exceeded 5%.
The heave was suggested to have contributed to the downslope
movement of surficial regolith at a rate of up to 0.015 m/yr.

The regolith moisture content at our field site has not been mea-
sured. However, the age of the undifferentiated colluvium where the
surveyed braking block is situated is more than 12 Myr (Marchant et
al., 1993a). Bockheim (2002) found that the dry permafrost (as opposed
to ice cemented) is pervasive on drifts older than 1 Myr. Campbell et al.
(1998) report average moisture contents ranging from 1.5% in the Bea-
con Heights to 3% in the Coombs Hills and Convoy Range, which are lo-
cated in or adjacent to the Dry Valleys, and are comparable in
topography and climate to our site. For these reasons we suggest that
frost heave is unlikely to be active at our field site today, but we cannot
rule it out from having occurred in the past.

2.2. Numerical regolith-transport model

Next we will mathematically formulate the model that relates the
rate of regolith movement downhill to the local slope angle. In the
model it is assumed that the regolith is preferentially transferred
downslope due to unspecified geological processes over the period
of the braking block formation, such as wind, freeze/thaw cycles,
and running water.

The general regolith-transport model that mathematically describes
the evolution of a was originally formulated by Culling (1960, 1963,
1965) and since then has been widely used (e.g. Carson and Kirkby,
1972; Nash, 1980; Hanks et al., 1984; Hallet and Putkonen, 1994;
Fernandes and Dietrich, 1997; Heimsath et al., 1997; Roering et al.,
2001; Putkonen and Swanson, 2003; Putkonen and O'Neal, 2006;
Putkonen et al., 2008c). The general formulation can be applied to the
regolith that surrounds a braking block by inserting an obstruction to
the regolith flow into the model domain. The only effect induced by
the obstruction to the regolith flow is to restrict the transport of regolith
into the domain occupied by the obstruction. The boundary between
the obstruction and the regolith is assumed to have the same properties
as any boundary between two adjacent regolith model cells. The hill-
slope model has an initially smooth and straight profile with one pro-
truding boulder located in the center. This initial condition seems
reasonable in view of the typical rectilinear slopes observed in the
field area today (Selby, 1971). The model domain boundaries are de-
fined adiabatic which mimics the effect of an infinitely long hillslope
so that the upper and the lower boundaries do not affect the results.
This is a reasonable convention given the typical length of the slopes
of 100 s of meters and the assumed slow regolith-transport rate. The
mathematical formulation given below generally follows the derivation
that was clearly presented by Hanks et al. (1984) and Fernandes and
Dietrich (1997) both based on original ideas by Culling (1960).

Typically, the regolith transport on a hillslope is viewed as result-
ing from progressive and intermittent downslope motion of the rego-
lith. Both components of the total regolith flux (qx and qy [kg/m yr])
in two orthogonal horizontal directions x, and y are proportional to
the transport coefficient (k) expressed in (kg/m yr) and the corre-
sponding slope inclination, ∂z/∂x or ∂z/∂y, where z is vertical dimen-
sion (m) and x and y are horizontal dimensions (m). The simplest
d by braking block, McMurdo Dry Valleys, Antarctica, Geomorphol-
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Table 1
Survey details of the ten transects surveyed for the occurrence of braking blocks. The starting locations of the transects are given and from there the transect follows a path of stee-
pest descent down the slope for approximately 500 m. Cavity statistics are reported for only those boulders that had measurable cavities.

# Site Lat (S)
degrees

Long
degrees

Mean cavity
depth (cm)

Max cavity
depth (cm)

Standard deviation
of cavity
depth (cm)

Mean boulder
width (cm)

Standard deviation
of boulder
width (cm)

Mean boulder
length (cm)

Standard deviation
of boulder
length (cm)

Missing
data

1 Arena Valley 77.87282 160.93338 14.6 30 7.6 106.8 52.3 50.1 31.8 Yes
2 Arena Valley 77.85567 161.01373 5.3 10 4.2 65 5 35 7.1 Yes
3 Arena Valley 77.86555 160.8157 7.9 21 3.7 85.5 31.2 60.4 37.4 No
4 Arena Valley 77.8288 160.9733 13.4 23 3.7 84.4 34 59.1 17.9 No
5 Arena Valley 77.84312 160.99818 7.7 11 1.9 78.7 24.9 60.6 27.4 No
6 Beacon

Valley
77.83933 160.72957 10.1 16 3.1 68.4 20.1 56.7 26.3 No

7 Wright
Valley

77.57615 160.8138 8.8 21 2.8 67.1 18.7 54.8 20.3 No

8 Western
Olympus
Range

77.49048 160.97182 32.7 41 7.2 171.7 75.9 98.3 20.2 No

9 Western
Olympus
Range

77.46052 160.829 6.9 10 1.7 95.6 69.7 62.8 33.2 No

10 Western
Olympus
Range

77.471 160.81078 9.7 20 4.2 76.1 30.9 54.5 24.9 No
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relation expressing the general increase in regolith flux with slope
steepness is:

qx ¼ −k
∂z
∂x ð1Þ

and

qy ¼ −k
∂z
∂y ð2Þ

where qx is the regolith flux in x-direction and qy is the regolith flux
to y-direction, k is assumed to be constant through space and time.
The transport Eqs. (1) and (2) relating regolith flux to local slope, to-
gether with the expression for the conservation of mass lead to an ex-
pression relating the rate of change of the local surface elevation, ∂z/
∂t, to the divergence of local mass flux:

∂z
∂t ¼

1
ρs

−∂qx
∂x −

∂qy
∂y

 !
ð3Þ

where ρs is regolith bulk density (kg/m3), and t is time (yr). This re-
lation is applicable for any regolith-transport process, but excludes
such complications as solute transport, weathering of the matrix, ae-
olian deposition or deflation, and time-dependent changes in regolith
density.

Combining Eqs. (2) with 3 leads to a diffusion equation for topo-
graphic evolution in two dimensions:

∂z
∂t ¼ κ

∂2z
∂x2

 !
þ κ

∂2z
∂y2

 !
ð4Þ

where κ (m2/yr) is k/ρs. With proper boundary conditions this equation
can readily be solved numerically with a finite difference approximation.

2.3. Conceptual description of the topographic evolution

This section describes qualitatively the evolution of the regolith
topography adjacent to a braking block from an initially straight
slope to fully developed bulge/cavity topography.

The hillslope in the model has an initially straight profile at an
angle of 24° (the observed general slope angle around the surveyed
large braking block) that is interrupted only by a half-exposed
Please cite this article as: Putkonen, J., et al., Regolith transport quantifie
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spherical boulder in the middle of the slope whose radius (r) matches
the observed braking block in the field (2 r=4.4 m). This initial
model state resembles a step change or an instantaneous disturbance
in the sense that the regolith that is being transported downhill adja-
cent to the boulder is not in a steady-state configuration with the
boulder. This initial state can be thought to represent the hillslope
soon after it was exposed by a receding ice sheet.

The regolith is transported down the steepest local slope at a rate
that is proportional to the local slope angle. This continuous flux of reg-
olith down the hill is obstructed by the stationary boulder in themiddle
of the slopewhich forces the regolith tomove either around or onto the
boulder. Initially, the local slope immediately above the boulder be-
comes gentler, which facilitates the net deposition of regolith in that do-
main. However, as regolith ramps against and above the boulder
(creating the bulge), the local lateral slopes on both sides of the boulder
slowly increase in steepness. These side slopes will eventually grow
steeper than the original slope to effectively shed all the regolith that
is redirected sideways from the bulge directly above the boulder.

The cavity immediately down slope of the boulder reflects the ini-
tial discrepancy between the unimpeded regolith flux downhill out of
the cavity area and the lack of incoming regolith flux into the cavity
due to the obstruction by the boulder. As the cavity deepens the
side slopes will become steeper and start shedding regolith more ef-
ficiently into the cavity. This will eventually lead into a dynamic bal-
ance where the regolith flux from the steeper side slopes will exactly
match the outflow of regolith from the cavity.

When the final steady-state topography surrounding the boulder is
compared to the initial straight and rectilinear regolith surface the fol-
lowing differences are noted: 1) upslope of the boulder a ramp has
formed whose top surface is almost flat, however, the side slopes of
the ramp are steep, 2) down slope of the boulder an almost flat floored
cavity has been formed, and 3) the regolith surface on both sides of the
boulder (looking downhill) has become steeper than theywere initially.
This is because the ramp above the boulder has advanced partially over
the boulder and the cavity below the boulder has partially undercut the
boulder. These steeper than initial side slopes allow the transportation
of an increased amount of regolith per unit width of the slope that is
now skirting the boulder.

2.4. Model time and topographic diffusivity

For short slopes, κ typically ranges between 10−1 and
10−4 m2 yr−1 (Hanks et al., 1984; Fernandes and Dietrich, 1997;
d by braking block, McMurdo Dry Valleys, Antarctica, Geomorphol-
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Hanks, 2000; Oehm and Hallet, 2005) and between 10−4 and
10−5 m2 yr−1 today in the Dry Valleys (Putkonen et al., 2008a). The
model yields topographic evolution through time, including the forma-
tion of the bulge above and cavity below the stationary boulder. The
resulting surface topography is uniquely dependent of the combination
of elapsed time and topographic diffusivity until the model reaches
steady state.

A finite difference approximation of Eqs. (4) is used to model the
time-dependent evolution of the regolith topography around a par-
tially exposed boulder. In this scheme it is not possible to solve simul-
taneously for the two unknowns: elapsed model time (ttot) and the
topographic diffusivity (κ). However, by describing the initial (as-
sumed) and final surface topographies (measured in the field) it is
possible to find a unique combination (product) of the time and topo-
graphic diffusivity that results in the best fit between the observed
and modeled topographies. We stress that the absolute value of nei-
ther parameter can be obtained, but their product can be.

For example if the absolute value of the topographic diffusivity in the
model is decreased the regolith topographywill evolve slower. Howev-
er, to reach the same final topography the total elapsed time needs to be
increased, which will allow the topography to evolve longer and the
unique product of κ ttot is maintained. If the product of κ ttot is the
same, but with a high topographic diffusivity and a short elapsed
model time, the same final topography is achieved. This is to say that
the resulting topography is independent of the chosen parameter
values as long as the unique product remains constant.

2.5. Definition of the steady state

The diffusive response to an instantaneous disturbance or a step
change is typically asymptotic in nature. The new equilibrium is
approached at a decreasing rate of change. It therefore becomes neces-
sary to unequivocally define a point where the model has reached an
adequate approximation of the steady state. Ahnert (1987) and
Fernandes and Dietrich (1997) suggested that when the model surface
has reached 90% of themaximumpossible change in surface elevation it
would be an adequate approximation of the steady-state topography. In
our modeling we track the depth of the cavity and the height of the
bulge, which are the features that experience the largest elevation
change. The maximum change in height or depth was defined as the
maximum elevation change that the bulge or cavity reached when the
model was allowed to run for millions of years.When both of these fea-
tures have reached 90% of their maximum height or depthwe are satis-
fied that the model has reached an adequate approximation of the
steady state. Later in the paper we will discuss the sensitivity of the re-
sults to this choice.

2.6. Total regolith transport past the boulder

To calculate the total regolith transport, Qtot (m2, or rather cubicme-
ters per 1 m width of the slope) Eqs. (5), we divide Eqs. (1) by regolith
bulk density ρs (kg/m3) and multiply it by total elapsed time ttot (yr).

Q tot ¼ ttotqn: ð5Þ

Combining Eq. (1) in general n-dimension with Eq. (5) results in:

Q tot ¼ ttotκ
∂z
∂n : ð6Þ

Thus, if we know the unique combination of κttot required to form
the bulge-cavity topography and the local slope (dz/dn) then we can
calculate the total regolith transport required to form the final steady-
state topography.
Please cite this article as: Putkonen, J., et al., Regolith transport quantifie
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2.7. Braking blocks on slope transects

To facilitate the analyses and presentation of the large number of
cavity depths from the hillslope transects a dimensionless cavity
size, Lc, is defined:

Lc ¼
dc
Wb

ð7Þ

where Wb is boulder width (m), dc is cavity depth (m).

3. Results

3.1. Steady-state profiles

The model tracks the absolute differences between three modeled
and observed topographic profiles A–A′, B–B′, and C–C′ (Fig. 3A, B,
and C). The qualitatively close match between observed and modeled
profiles suggests that the model captures the essence of the regolith
transport. The least difference and therefore the best fit between
modeled and observed surface elevations for all profiles are found at
modeled steady state, which suggests that the observed topography
has reached steady state. Therefore, it is possible that much more reg-
olith has been transported past the braking block since it reached the
steady state. Thus, we can only calculate the minimum regolith trans-
port required to create this bulge and cavity pair. The analysis yields a
conservative estimate of the regolith mobility.

It is important to note that the model contains no adjustable pa-
rameters that affect the steady-state topography. The only parameter
that is allowed to vary in addition to the total time is the topographic
diffusivity. The only effect of this parameter is to dictate how fast the
regolith is transported across the landscape. It ultimately affects only
the time that it takes to reach the steady state. Given this simple na-
ture of the model we find it remarkable that the steady-state topogra-
phy is qualitatively very close to the observed topography.

3.2. Total regolith transport past the boulder

For this braking block on a general slope (∂z/∂n) of 0.44 (or 24°),
the unique product of κ ttot that results the steady-state topography
is 10 m2. When these values are inserted into Eqs. (6) the result is
the minimum total transport of 4.4 m3 of regolith per 1 m width of
the slope over the entire lifespan of the hillslope.

3.3. Topographic diffusivity

The minimum limiting age for the undifferentiated colluvium
where the boulder is embedded has been determined to be 12 Myr
(Marchant et al., 1993a). A minimum estimate of the topographic dif-
fusivity can be calculated if this knownmaximum limiting age (ttot) is
inserted into the κ ttot=10 m2. This results in a minimum estimate
for the topographic diffusivity of 10−6 m2/yr. This limiting minimum
value is one to two orders of magnitude smaller than any previously
reported value for topographic diffusivity elsewhere on Earth or in
the Dry Valleys (Hanks et al., 1984; Fernandes and Dietrich, 1997;
Hanks, 2000; Oehm and Hallet, 2005; Putkonen et al., 2008a).

3.4. Braking blocks on slope transects

In the ten slope transects we counted a total of 997 boulders and
found measurable cavity-bulge pairs on 190 of these boulders. An ad-
ditional 265 boulders had a faint cavity and/or bulge that could not be
accurately measured.

We found that although numerous on the slopes the boulders
whose diameter were less than 1 m had in theory and practice cavi-
ties that were too small for us to measure them with high enough
d by braking block, McMurdo Dry Valleys, Antarctica, Geomorphol-
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Fig. 3. All three figures compare the measured topographic profile to the modeled pro-
file. The open diamonds are the points measured in the field and the asterisks con-
nected by a line are the model results. A) The downslope survey through the middle
of the boulder compared to the center line model results. The horizontal distance in
the figure increases upslope. Both profiles show only the deviation from the general
slope. B) Across-slope profile surveyed upslope of the boulder showing the bulge of
the braking block. C) Across-slope profile surveyed downslope of the boulder showing
the cavity of the braking block.
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accuracy to produce meaningful results. Therefore the rest of the
analysis is based on the boulders whose diameter is more than 1 m.

In Fig. 4 the relationship between the modeled dimensionless cav-
ity size (Eqs. (7)) and the slope angle is shown (bold black line). For a
given slope angle, the model predicts that the cavity depth scales
with the boulder width, so that regardless of the boulder diameter
the dimensionless cavity size is constant. The dimensionless cavity
size predicted by the model increases linearly with the slope angle.

The expectation is that if all the measured cavities in the field are in
steady state, and the measurements are accurate, then all the observa-
tions will plot on the modeled steady state line in Fig. 4. The data that
plot below themodel line have a cavity that is shallower than predicted
for the measured slope angle and boulder width and vice versa.

To investigate the effect of measurement uncertainty on the calcu-
lated cavity sizes the data was separated into two groups based on the
boulder width (Wb): 1 m≤Wbb2 m, and Wb≥2 m. Fig. 4 indicates
that for large boulders (Wb≥1 m) with larger cavities, we expect that
the effects of the surface roughness will have a smaller relative error.
The large boulders generally plot below themodel line in Fig. 4, indicat-
ing that they have a shallower cavity depth than predicted by the
model. Because larger braking blocks will take a longer period of time
to fully form the bulge and cavity features (for a given topographic dif-
fusivity), it is possible that steady-state has not yet been reached for
these boulders and that the cavity, as measured, is not yet fully formed.
It is also possible that as the cavity forms, it may undercut the boulder,
allowing the boulder to move forward into the cavity, thus partially fill-
ing in the cavity.

4. Discussion and conclusions

The preservation of millions of years old volcanic ashes and glacial
moraines at or near the soil surface in the Dry Valleys of Antarctica
has contributed to the impression of almost total stability of the land-
scape since deglaciation (e.g. Marchant et al., 1993a; Lewis et al.,
2007). On the other hand braking blocks, are ubiquitous in the
McMurdo Dry Valleys and suggest mobility of the regolith. A good fit
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Fig. 4. The bold black line shows the modeled relation of the cavity size (dimensionless,
see Eq. 7 for definition) to the slope angle in degrees. The bold black line divides the
figure in two separate domains: the cavity depths below the line are deeper than pre-
dicted by the model at steady state and above the line they are shallower. The squares
and diamonds denote dimensionless cavity depths on individual boulders that were
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between modeled and measured braking block topography suggests
that the model captures the essence of the regolith transport and
shows that the topography surrounding the surveyed boulder has
reached the steady state. Based on the transport model the minimum
regolith transport past the boulder, is 4.4 m3/1 m width of the slope.
The corresponding topographic diffusivity >10−6 m2/yr is one to two
orders of magnitude smaller than reported in Dry Valleys or elsewhere
on Earth. We note that it is likely that the actual topographic diffusivity
is larger than this because the bulge-cavity topography has reached
steady state; the topography is therefore not sensitive to more regolith
streaming by.

It is not obvious what the geomorphic process responsible for the
regolith transport in this cold, arid environment might be assuming
that the climate has remained unchanged for millions of years as sug-
gested by Marchant et al. (1993b) and more recently by Lewis et al.
(2007). Running water seems the least likely transport agent, because
no rain is observed in this area today and only few signs of surface run-
off have beenwitnessed, mainly frommelting snow packs. The thermal
contraction cracking of the ice-cemented regolith is active today and
the resulting cracks can open and close totaling a movement of about
10 mm/year (Sletten et al., 2003). The resulting patterned ground is
widespread in the area, and is found on some of the slopes where the
braking blocks occur. However, it is not currently known if the annual
contraction/expansion cycle of the dry regolith (as opposed to ice-
cemented regolith) is enough to induce grain movement down the
steepest local slope. Perhaps the most likely agent to move the regolith
on the slopes is the wind as shown by Putkonen et al. (2008a).

To investigate the spatial variation in braking block properties a
total of 997 boulders were measured on ten slope transects separated
by 1–40 km. The smaller boulders (diameterb1 m) on the gentle
slopes (slope angleb15°) revealed especially large scatter in dimen-
sionless cavity depth as compared to the corresponding modeled
steady-state dimensionless cavity depth (Fig. 4).

It is interesting to note that the cavity size on the one braking
block that was chosen for the detailed survey falls very close to the
modeled steady state for the given slope angle. It is assumed that
the good fit between the model and observations is a result of the
somewhat unusual conditions at that particular field site: 1) the mea-
sured boulder was unusually large (diameter=4.5 m) which ensures
that small measurement errors are a relatively small fraction of the
total dimensions, 2) the measured boulder is located several meters
away from all adjacent large boulders, ensuring that the measured
bulge and cavity have evolved without interference from adjacent
boulders, and braking blocks, 3) the hillslope has a deep regolith
cover, providing a steady supply of sediment. All these conditions
were seldom met on the measured transects where every boulder
with a diameter >0.5 m was measured regardless of its surroundings
to ensure a representative and unbiased sample population.

We conclude that the braking blocks are sensitive indicators of reg-
olith transport and are especially useful in an environment where little
or no transport is expected. However, the development of the charac-
teristic braking block topography in the terrain surrounding the boulder
can be significantly affected by the surface roughness (frequency of sur-
face boulders), and adjacent braking blocks. Therefore the surveys
should be concentrated on slopes where relatively few large boulders
impede the downhill transport of finer grains (Fig. 2C).
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