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Earth's dynamic surface undergoes a continuous cycle of mountain building and denudation. One of the impor-
tant links in this cycle is the break-up and comminution of the rocks that allows for effective transportation of
debris by surface processes. The starting and end points in this transformation arewell known: bedrock andboul-
ders on one end and silt and clay on the other. However, the existing knowledge of the rates and processes re-
sponsible of the intermediate steps is currently limited. To fill this gap in knowledge we studied boulders and
their weathering products in the McMurdo Dry Valleys, Antarctica, that have been weathering for hundreds of
thousands of years sub-aerially exposed at the ground surface. Our study boulders of locally distinct lithology
have trails of rock fragments leading downhill revealing the rate of weathering and subsequent transport rate
of the fragments. The rock fragments emanate from the source boulder anddecrease in size as the distance down-
slope increases. We measured the fragment sizes and distances for various lithologies on varying slope angles.
We found that large fragments up to 0.4 m in diameter can be transported up to 60 m downslope by unknown
processes. The total length of the fragment trail increaseswith the slope angle. Themaximum transport distances
of sandstone boulders are approximately 10 times longer than other lithologies, which may be explained by
the larger observed fragment sizes of the sandstones. On the other handmeasurements of the smaller, generally
less than 0.04 m diameter fragments that are transported by wind, revealed much shorter transport distances
(b10 m). To gain insights of the boulder and resulting fragment weathering rates we constructed a boulder
weathering-fragment transport computer model. The model is based on simple rules and probabilities that de-
scribe the weathering and transportation. The model is constrained by the observed fragment size distribution,
fragment distribution in space, fragment size/distance relationship, and other observed properties of the frag-
ments. Thismodel allows us to determine theweathering rates of the source boulder and the resulting fragments
on the ground, and the fragment size dependent transport rate that are consistent with the observations. Our
modeling suggests that the boulders on average spall a fragment over 250 times more often than the resulting
fragments re-break and that the currently observed fragment transport rate is consistent with our modeled
long term average transport rate.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

As generally recognized by geologists, boulder comminution is a nec-
essary part of the rock cycle. The rocks and boulders need to disintegrate
for effective transport to take place. Especially in the arid areas where
fluvial and glacial transport events are rare the comminution is a prereq-
uisite for transporting the surficial mineral matter by eolian processes.

The processes that are responsible of the physical weathering have
been studied for over a century and several theories have been set
forth (e.g. Washburn, 1979, pp. 73–79). The effects of hydrofracturing
and explosive frost shattering are found to be important in the Arctic
n).
where water is abundant (e.g. Mackay, 1999). In arid areas thermal
stresses induced by uneven temperature distribution in the rock can
lead to either deep cracking (McFadden et al., 2005) or granular disinte-
gration or spalling of a thin surficial layer (Hall, 1999; Hall and Andre,
2003; Hall et al., 2008; McKay et al., 2009; Eppes and Griffing, 2010).

Much disagreement still exists on the primary physical weathering
process in arid environments and its effectiveness. It is suggested
that the weathering rate is clast size dependent as a finite thickness is
required to develop a thermal gradient inside the clast. The smallest
clasts would be isothermal due to relatively high thermal diffusivity of
rock. Only larger clasts would develop large enough thermal gradients
due to external temperature variations, driven by radiation, clouds,
rain, and wind (McFadden et al., 2005). Therefore the expectation
is that in an environment where thermally induced cracking is the pri-
mary weathering agent the rate of fragmentation is significantly slower
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Fig. 1. Short fragment trail formed of fragments that broke off the sandstone source boulder.
After breaking off the fragments have been transported downhill on the ground.
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for small clasts (diameter ~ b0.1 m) than it is for boulders (diameter
~ 0.5 m).

Long term, size-dependent rock sorting has been recognized in
arid and semi-arid environments and has been attributed to both trans-
port and further comminution of the fragments (e.g. Melton, 1965;
McGrath et al., 2013). However, no direct observations of long term
(~100’s kyrs) weathering of individual boulders and fragments exist.
We present field observations aided by simple computer modeling of
boulder and clast weathering rates over 600 kyrs from a hyperarid
cold desert, the McMurdo Dry Valleys, Antarctica. The field site
offers unique opportunities for studying surface processes due to the
slow rate of sediment transport and degradation of the landscape
(Putkonen et al., 2008a,b; Morgan et al., 2010a,b).

In our researchwe are not concernedwith the particularweathering
process (including hydrofracturing, thermally induced fragmentation,
salt weathering, etc.), insteadwe observe andmodel the source boulder
break-up rate and compare that with the fragmentweathering rate, and
related transport over their lifespan. By using the simplest possible
model assumptions, and independent dating data, we reproduce the
fragment size and spatial patterns and draw conclusions of the process-
es and rates.

In this paper we aim to describe our observations of the fragment
size and spatial distribution patterns in the field, and analyses of these
data with the help of a computer model that obeys simple probabilistic
rules and clast size patterns. And finally we askwhat these patterns can
tell us collectively of the boulder weathering, clast transportation, and
clast re-breaking in a cold desert environment.

2. Methods

All the boulders we studied are on sloping surfaces. As the source
boulders, which were all approximately a meter in diameter with
a few exceptions, weather on a slope, the resulting rock fragments
fall on the base of the boulder. Over time the fragments are being
transported downhill from the source boulder. This results in a trail
of rock fragments on the downhill side of the source rock that is some-
times visible from hundreds of meters away. We call such a fragment
pattern a fragment trail (Fig. 1).

In order to determine how far the individual fragments have been
transported from the source boulder, we chose boulders that were of
distinct lithology compared to themajority of the boulders and pebbles
in a given location and slope. For example on a slope that was littered
with dolerites we chose a sandstone source rock which was distinct in
color and the weathered fragments could be effectively located.

Fragment trails can be found in other parts of the Earth as well. For
example in the eastern Sierra Nevada (USA) we have observed short
and sparse fragment trails. It appears that in more humid and geologi-
cally active environments theweathered fragments are relatively quick-
ly transported away, further re-broken, or otherwise are not nearly as
conspicuous as they are in the field area in Antarctica.

In our field area in the McMurdo Dry Valleys we encountered two
types of fragment trails: 1) long trails that are 10–60m long and include
fragments that are up to 0.4 m in diameter, and 2) short trails that are
b10m long and typically contain fragments that are b0.04 m in diame-
ter. Three different approaches were used to characterize the fragments
and their relative locations in the field. All of these methods account
only for exposed fragments on the surface, however, this area is
known to degrade over long periods of time (Putkonen et al., 2008a)
and thus the burial of the fragments is unlikely.

Method 1 for detailed analyses of the short trail fragments we mea-
sured the intermediate dimension of each fragment, coming
from the source boulder, that was found in the fragment
trail. Simultaneously, the 2-dimensional location of the
fragment was recorded in the coordinate system consisting
of 20 cm by 20 cm squares. This allowed us to determine
the size and the location of each individual fragment that
originated from the given source boulder.

Method 2 detailed analyseswith a tapemeasure. The tapemeasurewas
laid down downslope from the source boulder along the
highest concentration of the fragments. The location and
intermediate dimension of every fragment touching the
tape were logged. Then a second tape was laid perpendicular
to the initial direction at the base of the source boulder and
every full meter thereafter downhill from the source boulder.
This created a baseline and spokes pattern that allowed for
economic characterization of the fragment plume.

Method 3 analyses of the trails were done with a tape measure that
was laid down straight along the highest concentration
downhill from the source boulder.We then proceeded to re-
cord the distance and intermediate axis of every fragment
that touched the tape measure. This method allowed us to
collect data on large number of source boulders but only
allowed for estimation of the total fragment population.
However, we used these data to determine the maximum
transport distances on a given slope angle and source boul-
der lithology. For these purposes the technique is adequate.

In two field seasons (2004–2005, and 2005–2006) we measured
eight short trails and over fifty long trails in the McMurdo Dry Valleys.
The data consist of paired location and size data for all recorded rock
fragments. We also determined the lithology, location and the dimen-
sions of the source rock (Table 1).

Withmethods 1 and 3 the fragment travel distances weremeasured
to the nearest 5 mm, with method 2 within 20 cm brackets. The frag-
ment dimensions were measured with 1 mm accuracy. We measured
only fragments whose intermediate dimensions were equal or larger
than 5 mm.



Table 1
Source rock identification number, general location and coordinates, dimensions (cm) and lithology of the analyzed boulders.

Id Coordinates Size (cm) Lithology

Arena and Beacon Valley
1 S 77 51.417′, E 160 57.765′ 40 × 25 × 4 Granite
2 S 77 51.323′, E 160 58.072′ 10 × 16 × 3 Granite
3 S 77 51.315′, E 160 58.113′ 4 × 26 × 0 Granite
9 S 77 50.424′ E 160 56.877′ 20 × 30 × 10 Granite
10 S 77 50.414′ E 160 56.911′ 200 × 300 × 100 Granite
11 S 77 49.642′ E 160 41.230′ N/A Granite
4 S 77 51.525′, E 160 57.874′ 60 × 80 × 32 Sandstone
5 S 77 51.526′, E 160 57.867′ 80 × 70 × 30 Sandstone
6 S 77 51.578′, E 160 57.822′ 70 × 90 × 40 Sandstone
7 S 77 51.452′, E 160 57.657′ 40 × 60 × 15 Sandstone
8 S 77 50.458′, E 160 56.788′ 80 × 60 × 50 Sandstone
13 S 77 49.424′ E 160 41.589′ N/A Sandstone

Hart and Meserve Glaciers
24 S 77 30 587′ E 162 22.431′ 15 × 10 × 8 Granite
32 S 77 30.532′ E 162 20.388′ 37 × 38 × 3 Granite
34 S 77 30.504′ E 162 20.476′ 52 × 27 × 20 Granite
35 S 77 31.347′ E 162 17.133′ 40 × 20 × 4 Granite
37 N/A Granite
38 S 77 31.328′ E 162 16.913′ 24 × 15 × 2 Granite
39 S 77 31.312′ E 162 16.919′ 40 × 25 × 2 Granite
41 S 77 31.295′ E 162 16.970′ 17 × 42 × 1 Granite
48 S 77 31.066′ E 162 18.769′ 40 × 30 × 3 Granite
50 S 77 31.047′ E 162 18.785′ 30 × 55 × 2 Granite
51 S 77 31.043′ E 172.18.808′ 60 × 35 × 25 Granite
52 S 77 31.031′ E 162 18.833′ 70 × 75 × 2 Granite
55 S 77 31.024′ E 162 18.610′ 16 × 30 × 12 Granite
56 S 77 31.007′ E 162 18.632′ 35 × 30 × 3 Granite
59 S 77 30.979′ E 162 18.694′ 50 × 60 × 3 Granite
60 S 77 30.977′ E 162 18.687′ 100 × 110 × 20 Granite
61 S 77 30.872′ E 162 18.250′ 140 × 80 × 10 Granite
64 S 77 30.747′ E 162 18.652′ 110 × 170 × 10 Granite
65 S 77 30.752′ E 162 18.615′ 90 × 60 × 7 Granite
66 S 77 30.794′ E 162 18.313′ 80 × 90 × 25 Granite
67 S 77 30.701′ E 162 17.875′ 20 × 38 × 2 Granite
69 S 77 30.681′ E 162 17.842′ 50 × 35 × 5 Granite
70 S 77 30.671′ E 162 17.886′ 85 × 80 × 10 Granite
29 S 77 30.530′ E 162 22.325′ 50 × 20 × 1.5 Granite
19 S 77 30.588′ E 162 22.394′ 130 × 110 × 15 Metamorphic
20 S 77 30.531′ E 162 22.355′ 35 × 20 × 15 Metamorphic
21 S 77 30.506′ E 162 22.263′ 50 × 65 × 15 Metamorphic
22 S 77 30.503′ E 162 22.244′ 35 × 40 × 5 Metamorphic
23 S 77 30.543′ E 162 22.325′ 20 × 30 × 3 Metamorphic
27 S 77 30.552′ E 162 22.319′ 60 × 100 × 15 Metamorphic
28 S 77 30.537′ E 162 22.298′ 25 × 20 × 2 Metamorphic
30 S 77 30.526′ E 162 22.309′ 130 × 120 × 2–8 Metamorphic
31 S 77 30 547′ E 162 20.322′ 20 × 15 × 2 Metamorphic
36 S 77 31.360′ E 162 17.073′ 48 × 52 × 6 Metamorphic
40 S 77 31.292′ E 162 16.978′ 35 × 55 × 2 Metamorphic
42 S 77 31.300′ E 162 17.018′ 47 × 32 × 4 Metamorphic
43 S 77 31.308′ E 162 17.064′ 90 × 70 × 35 Metamorphic
44 S 77 31.216′ E 162 17.365′ 37 × 22 × 0 Metamorphic
46 S 77 31 070′ E 162 18.740′ 30 × 28 × 4 Metamorphic
47 S 77 31.071′ E 162 18.746′ 60 × 40 × 7 Metamorphic
48 S 77 31.066′ E 162 18.769′ 40 × 30 × 3 Metamorphic
49 S 77 31.046′ E 162 18.753′ 37 × 10 × 15 Metamorphic
58 S 77 30.980′ E 162 18.689′ 58 × 50 × 5 Metamorphic
62 S 77 30.850′ E 162 18.464′ 42 × 54 × 5 Metamorphic
63 S 77 30.825′ E 162 18.577′ 60 × 70 × 10 Metamorphic
68 S 77 30.680′ E 162 17.842′ 50 × 40 × 1 Metamorphic
71 S 77 30.674′ E 162 17.866′ 40 × 30 × 3 Metamorphic
72 S 77 30.674′ E 162 17.866′ 25 × 18 × 2 Metamorphic
73 S 77 30.675′ E 162 17.843′ 35 × 30 × 4 Metamorphic
74 S 77 30.678′ E 162 17.827′ 33 × 26 × 3 Metamorphic
75 S 77 30.673′ E 162 17.805′ 22 × 15 × 2 Metamorphic

Koenig valley
14 S 77 36.758′ E 160 47.139′ 100 × 200 × 100 Sandstone
15 S 77 36.635′ E 160 44.920′ 450 × 230 × 300 Sandstone
16 S 77 36.555′ E 160 45.051′ 500 × 400 × 250 Sandstone
17 S 77 36.963′ E 160 46.989′ N/A Sandstone
18 S 77 30.716′ E 162 17.637′ 200 × 170 × 140 Sandstone
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Table 1 (continued)

Id Coordinates Size (cm) Lithology

Other areas
25 S 77 30.579′ E 162 22.384′ 15 × 8 × 2 Sandstone
26 S 77 30.567′ E 162 22.326′ 25 × 45 × 7 Sandstone
53 S 77 31.028′ E 162 18.774′ 22 × 35 × 3 Sandstone
54 S 77 31.024′ E 162 18.609′ 12 × 14 × 2 Sandstone
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2.1. Field area

McMurdo Dry Valleys is located approximately 100 km West of
McMurdo station, the largest permanent residence in Antarctica. The
Dry Valleys have a cold desert climate that receives less than 100 mm
precipitation in the form of snow a year. The mean annual air tempera-
ture varies with altitude and ranges from about−21 °C (Fountain et al.,
1999) to −24 °C in the higher elevations (Putkonen et al., 2003). Run-
ningmelt water is typically observed at lower altitudes and occasionally
witnessed in the alpine valleys above 1000 masl.

Based on glacial geology, ash chronology, and cosmogenic isotopes
the field area has been ice free for millions of years (Denton et al.,
1993; Marchant et al., 1993a,b, 1996; Marchant and Denton, 1996;
Putkonen et al., 2008a; Morgan et al., 2010a,b). The ice free hyper arid
cold desert has some of the slowest recorded surface transport rates
on Earth (Putkonen et al., 2008b) which enabled us to observe the
rock fragments that have been in transport for hundreds of thousands
of years. On par with the slow surface transport is the generally
slow regolith degradation of about 1 m/Myr (Putkonen et al., 2008a;
Morgan et al., 2010a,b) and longevity of surficial boulders (Brown
et al., 1991; Brook et al., 1993, 1995; Schäfer et al., 1999, 2000; Staiger
et al., 2006; Nicola et al., 2009).

The boulders that we observed in the field area (Table 1) were
identified as granite, metamorphic, dolerite, or sandstone. Granitic
rocks crop out in the lowest elevations of the Wright Valley, however,
themajority of our observations come from higher elevation alpine val-
leys and therefore we suspect that our study boulders originate from
outside of the currently ice free McMurdo Dry Valleys area as noted
for example by Sugden et al. (1995). Abundant sandstone and dolerite
are found locally in Devonian Beacon Supergroup, as well as a lesser
volume of Precambrian metamorphic rocks of the Koettlitz group
(Gunn and Warren, 1962).
2.2. Model

To gain insights into theboulderweathering, fragment transport and
subsequent further breakup of the fragments we constructed a simple
probabilistic computer model that allows for rigorous evaluation
of relationships and effects of various parameters and drivers on the
resulting fragment size and spatial patterns.

The guiding principles for this computer model are to keep it as
simple as possible, make the fewest and simplest possible assumptions,
incorporate no physics, and have it constrained by observations. The
model operation and the parameters are described in the following
paragraphs.

Boulder break rate is a prescribed probability that describes how
often the source boulder breaks and produces a fragment. At every
time step of themodel (100 yrs) theprescribed boulder break rate prob-
ability (a number between 0 and 1) is checked against a randomly gen-
erated number in the model (between 0 and 1) which then is used
to determine whether or not a fragment is generated at this time. The
probability is constrained by the fit between the model generated and
the observed fragment spatial and dimensional distributions.

Fragment break rate is a prescribed probability (between 0 and 1)
that describes how often the rock fragment re-breaks while in transport
on the ground. At every time step each existing fragment is addressed
and a randomly generated number in the model (between 0 and 1) is
checked against the prescribed fragment break probability to determine
whether or not that particular fragment is re-broken at this time step.
The probability is constrained by the fit between the model generated
and the observed fragment spatial and dimensional distributions.

Fragment transport rate describes how fast the fragments are being
transported on the ground. The fragments are being transported down-
hill based on their size and the local slope angle:

L ¼ Dmax−Dfragment

� �
� dy=dxð Þ �M � dt ð1Þ

where L (m) is the distance the fragment of a given size is transported a
given time step, Dmax is the max size of a fragment that is transported
(0.1 m), Dfragment is the intermediate diameter of the fragment in
question (m), dy (m) is a vertical distance the surface is raised over a
horizontal distance dx (m) and therefore dy/dx describes the slope gra-
dient, M is the transport parameter (yr−1), and dt is the length of the
model time step (yrs).

It has been previously established that the regolith transport in
Dry Valleys is by eolian processes and no depth distributed creep has
taken place for millions of years (Putkonen et al., 2008a). It is well
known that eolian processes move the particles based on their size.
Moreover smaller particles move more readily and more often than
larger particles (Bagnold, 1941). However, we have observed fragment
movement in the field that involves just a few pebbles per squaremeter
per year (Putkonen et al., 2008b) therefore it is unclear what would be
the most appropriate relationship between the wind speed and the
fragment transport and how this would translate into total transport
per given time period. For these reasons we used a simple linear rela-
tionship between fragment size and transport rate. The fragment trans-
port is assumed to be zero for fragments with intermediate diameter
≥100 mm and highest (the value reported in Table 1) for fragments
whose intermediate diameter is 5 mmwhich is the smallest tracked di-
ameter in the model. At every time step in the model all the fragments
are transported based on their size and the slope angle. Although the
model treats the fragment transport as a constant and continuous pro-
cess, it can be viewed as a model representation of a long term average
transport of intermittent, and on short time span, chaotic movement of
surficial fragments.

Maximum model time describes what is the time span that the
source boulder has been shedding fragments. It has been shown that
Dry Valleys have remained ice free for millions of years (Putkonen
et al., 2008b; Morgan et al., 2010a,b). Therefore the surface deposits
generally originate from the last ice excursions into the valleys that
took place millions of years ago and that have been dated by Ar/Ar on
related ash deposits (Marchant et al., 1993a,b, 1996) and the accumula-
tion of the cosmogenic isotopes in the bulk samples of the drift itself
(Morgan et al., 2010a,b).

Although surficial boulders in the mid and northern latitudes
degrade relatively rapidly, it is not uncommon to find boulders of
great antiquity in the Antarctica. Some of the boulders that are found
on the drifts in Dry Valleys have been independently dated by the in
situ accumulation of cosmogenic nuclides. All researchers dating boul-
ders in the Dry Valleys have found boulders whose exposure ages are
in millions of years although younger boulders have been found on
the youngest drifts (Brook et al., 1995; Ivy-Ochs et al., 1995; Schäfer
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et al., 1999, 2000; Margerison et al., 2005; Staiger et al., 2006; Swanger
et al., 2011). Although boulders are known to survive for millions of
years it is also conceivable that individual boulders and deposits
may originate from local rockfalls, landslides, or unstable boulders
eventually rolling down the hillslopes. Therefore an exposure age of a
given boulder is not obvious. The exposure histories of the particular
boulders that we measured have not been determined. However, it
has been determined by cosmogenic nuclides in bulk sediments that
the surficial pebbles (1–2 cm thickness of the regolith at the ground sur-
face) carry a distinctly different exposure signature from the ancient
glacial drifts (Morgan et al., 2010a,b). Therefore we assign an exposure
age of 600 kyrs to our modeled boulders/fragments based on actual
measured exposure ages of surficial pebbles in the same field area
(Morgan et al., 2010a,b).

Slope in the model is the local measured slope angle. The actual
slope angles were measured next to the modeled boulders and are
used in the model.

Initial fragment size distribution describes the size distribution of
fragments that break off from the source boulder. Our observations of
fragments found next to the source boulders suggest that smaller
grain sizes are more abundant than larger grain sizes. However, large
variation exists between populations. To avoid biasing the model with
a too finely tailored grain size distribution we used an exponential
grain size distribution. The initial fragment size distribution is described
by the following function:

y ¼ x2−2xþ 1 ð2Þ

where y is between 0 and 1 and x is between 0 and 1. In the model a
randomly generated number (between 0 and 1) is entered for x in the
above function. This yields the length of the intermediate axis when
the resulting y is multiplied with pertinent maximum fragment size.
This scheme produces fragments randomly between 5 mm and the
maximum assigned fragment size. However, due to the functional de-
pendency that is given above the smaller grain sizes are statistically
more prevalent than larger grain sizes.

The following paragraphs describe conceptually the structure and
operation of the computer model. The model consists of an execution
loop that represents the progression of time. During every time step
various functions are applied. These functions generate fragments
from the source boulder, move the fragments forward on the ground,
and re-break the fragments based on simple rules. These rules, as de-
scribed above, are designed to reproduce the essential patterns that
are observed in the field and in particular reveal the rates of weathering
and surface transport. This model is not based on rock physics or obser-
vations of rock physical properties. However, this model attempts
to capture the rates of primary processes by looking at the resulting
fragment patterns regardless of what those processes are. By doing
this we hope to gain insights of the weathering and surface transport
in the cold desert of which little is known currently.

The computermodel progresses through following segments (A and
B explained below) at 100 model year time steps. This means that
for the 600 kyrs modeled surface the model will run through following
sections 6000 times.

A) For the starter the model generates a random number (between
0 and 1)which is compared to the source boulder breakprobabil-
ity (between 0 and 1). If the random number is smaller than the
Table 2
The parameters that yielded the best fit between the observations and model. Parameter statis

Mean St. dev

Transport parameter (yr−1) 1.91 * 10–4 1.95 * 10–4

Boulder break probability (%) 5.33 * 10–2 4.95 * 10–2

Fragment re-break probability (%) 1.95 * 10–4 1.84 * 10–4
break probability a fragment is generated. To determine the
length of the intermediate axis of the freshly broken fragment a
second random number is generated by the model. Based on
the original fragment size distribution (described in prior para-
graphs) this random number is entered into the function that
returns the corresponding fragment size (between 0 and 1).
This in turn yields the length of the intermediate axis when
multiplied by the maximum allowed fragment size. The distance
of the fresh fragment from the source boulder is set to zero. In
other words the fragment falls at the base of the source boulder.
At a given time step a maximum of one fresh fragment may be
produced.

B) Within the same time step the program then proceeds to process
all the existing fragments that are lying on the ground (generated
during prior time steps). Every existing fragment is visited one at
a time. As an example the procedure is here described in detail
for one pre-existing fragment. First the fragment ismoveddown-
hill based on the prescribed transport coefficient and the local
slope angle. After the downhill transport a fresh random number
(between 0 and 1) is generated. This random number is evaluat-
ed against the fragment re-break probability. If the random
number is smaller than the re-break probability the fragment is
re-broken. The existing fragment is randomly broken into two
fragments whose combined intermediate axis length equals
the original single fragment intermediate axis length. The two
new fragments are assigned the same distance from the source
boulder as the single fragment had prior to re-breaking. If at
any time a fragment intermediate axis becomes smaller than
5 mm it is removed from the database and no longer tracked
by the model (5 mm is the smallest fragment size observed in
the field).

This concludes one model loop which is also one time step. At this
point the model execution returns to the beginning (section A above),
themodel time is advanced by one time step (100yrs) and the sequence
of above sections is rerun. This loop is redone until the model time
reaches theprescribed surface age atwhichpoint the resulting fragment
statistics are compared to the observed fragment statistics.

2.2.1. Best fit model parameters
To find the combination of model parameters for each of the eight

short trails that produced the best fit between the observed and
modeled boulder fragments we determined the least squared differ-
ences between: 1)modeled and observed average fragment sizes versus
transport distance, 2) modeled and observed fragment size distribu-
tions, and 3) modeled and observed fragment counts versus distance
from source. In order to construct a single least squared value each of
the three least square differences was normalized to its respectivemax-
imumvalue and the resulting three valueswere averaged. Due to differ-
ent units of all three least squares the resulting number has no concrete
meaning and is considered dimensionless. However, a smaller number
reflects a better overall fit and this guided our determination of the
below listed parameters (Table 2).

The model parameters that were varied to optimize the fit between
observations and corresponding model results are: boulder break rate
(how fast the source boulder breaks down), fragment re-break rate
(how often the fragments laying on the ground re-break), maximum
fragment diameter (the length of the intermediate axis of the largest
tics for all eight short trails.

Median Min Max

7.97 * 10–5 4.12 * 10–5 5.71 * 10–4

4.01 * 10–2 1.75 * 10–2 1.70 * 10–1

1.31 * 10–4 7.80 * 10–5 6.44 * 10–4
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possible fragment), and fragment transport coefficient (coefficient that
describes the average annual rate of movement of a fragment on the
ground when combined with the fragment size and the local slope
angle).

3. Results

We run the parameter optimizing scheme separately for all eight
short fragment trail boulders that were measured in the field. These
runs yielded the best fit combinations of the above listed parameters.

3.1. Long trails

Wemeasured a total of over 70 long trails that include trails up to
60m long and include fragments that are up to 0.4m indiameter. A linear
trend through the trail lengths versus slope angles suggests that the
lengths increase with increasing slope angle within a given lithology
(Fig. 2).Moreover, the longest of themaximum trail lengths for sandstone
fragments were approximately ten times longer than metamorphic or
granitic trails.

The fragment size distributions for metamorphic and granitic rocks
were nearly identical. However, the sandstone fragments were on aver-
age about twice the size of metamorphic or granitic fragments (Fig. 3).

3.2. Short trails

We made detailed measurements of a total of eight short trails that
are b10 m long and the fragments are mostly b40 mm in diameter.
The measured boulders include four sandstones, two metamorphic,
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onedolerite, and one granitic source boulder. The small fragments relat-
ed to the short trails are intermittently transported by wind (Lancaster,
2002; Putkonen et al., 2008b; Gillies et al., 2012). Our modeling of the
fragment size and spatial distributions suggests that themean fragment
transport rate is 1.9 ∗ 10−4 yr−1 (Table 2). The resulting fragment size
distributions and transport patterns closely mimic the observations
(Fig. 4).

Boulder break rate determines the frequency that the new frag-
ments are broken off the source boulder. The modeling suggests that
the boulders break at an annual break-up probability of 5.3 ∗ 10−2%.
Mean annual fragment re-break probability is 1.9 ∗ 10−4%.

The local slope angles for the short trails ranged from 10.5° to 27.0°.
Themaximum transport distances do not correlatewith slope angles for
the eight short trails.
4. Discussion

In addition to the detailed observations on short trails (b10 m) we
also measured long trails in the field, but assume that the processes
responsible of the much larger fragment sizes and longer transport dis-
tances than found with the short trails must include more effective
means of transport than just wind. We don't attempt to explain how
or when the fragments were transported and generally concentrate on
the short trails and the smaller fragments found there.

The model results suggest that the boulder break rate is over 250
times faster than the fragment re-break rate. This finding can be logically
confirmed. If fragments were re-breaking at a same rate as the source
boulder, there would be no fragments anywhere to be found. They
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would quickly disintegrate and turn into sand. This would be dictated by
the fact that the fragment destruction would be faster than the produc-
tion of new fragments. Therefore the fact that the fragments are abundant
in thisfield area proves that the fragment break-up rate is slower than the
initial source boulder break-up rate.

The boulder and fragment break rates are dependent on the
modeled boulder age. Althoughwe find the 600 kyrs to be the best esti-
mate based on direct measurements of surficial pebbles in the same
field area it is possible that the boulders are significantly older as boul-
der ages and glacial drifts in the area generally show. The older than
modeled boulder and pebble ages would make our boulder and pebble
break rates the minimum estimates, but importantly, would not affect
the relative rate of boulder break rate being over 250 times faster than
the fragment re-break rate.

As the model used in this study is descriptive and does not incorpo-
rate any physics it is prudent to consider if these results are non-unique.
First, to assess if the observed grain size distribution in the field is
inherited from the original breaking of the source boulder and not
altered after deposition on the ground. We analyzed the grain size
distribution of fragments next to the boulder and fragments at the far
downslope end of the transported plume. It was clear that the largest
grains are lost and the distribution is skewed towards smaller grain
sizes. Therefore, we suggest that the fragments are further broken on
the ground.

Second, our modeled boulder weathering rate (fragment break off
rate of the source boulder) applied to a typical boulder of 0.5m interme-
diate diameter would lead to a total disintegration of the source boulder
in few tens of millions of years. Although such a time span is excessive
when compared to boulders in more temperate and humid regions
this boulder lifespan is consistent with boulder ages in millions of
years that have been obtained in this field area (Brown et al., 1991;
Brook et al., 1993, 1995; Schäfer et al., 1999, 2000; Staiger et al., 2006;
Nicola et al., 2009).

Third, as the fragment size, count, and spatial distributions are
controlled by fragment production rate (source boulder break-up
rate) and the fragment destruction rate (fragment re-break rate) is
it possible to maintain the same fragment count and transport distance
withmuch higher rates of both fragment production and destruction? It
turns out that eithermuch higher rates ormuch lower rates of fragment
production and destruction produce amuchworse fit between observa-
tions and modeled patterns. High rates lead to either too many
fragments or too short transport distances. Low rates lead to lack of
fragments.

The long term fragment transport rates reported here are orders of
magnitude smaller than the modern particle creep values determined
in the Wright Valley (McMurdo Dry Valleys) gravel dune field (Gillies
et al., 2012). However, the long term transport rates are similar to the
modern transport rates determined in the same field locations where
the fragment trails were studied (Putkonen et al., 2008b). This differ-
ence may be simply explained by the short observation periods of
both abovementioned studies and year to year variations in the eolian
transport at a given field location.
5. Conclusions

Our observations and computer modeling of the boulder and frag-
ment weathering and fragment transportation showed that fragment
transport in the McMurdo Dry Valleys, Antarctica is dependent on the
slope. On average the fragments have traveled farther on steeper slopes
than on gentle slopes although large variability exists between individ-
ual fragment trails. Those observations also showed that the sandstone
fragments had traveled almost 10 times the distance that themetamor-
phic and granitic fragments had traveled. This may be partially ex-
plained by the fact that the sandstone fragments were found to be on
average about twice the size of the metamorphic or granitic fragments.
The computer modeling of short fragment plumes (b10 m) where
our most detailed data comes from suggests that the source boulders
break and produce a rock fragment over 250 times more often than
the resulting fragment re-breaks. This finding is supported by the fact
that if the source boulders were breaking at a same rate as the resulting
fragments there would be no fragments anywhere to be found as the
fragments would disintegrate into sand faster than being replenished
by breaking of the source boulder. Based on our modeling the source
boulder breaks and produces a fresh fragment on average once in
every 1.9 kyrs, whereas the existing fragments re-break on average
only once in 510 kyrs.

These results are consistent with the thermally induced boulder
break-up model (e.g. McFadden et al., 2005; Warren et al., 2013).
When a sufficiently large boulder (~0.5 m in diameter) is forced by
diurnal orweather related changes in the ambient temperature and sur-
face heating it develops domains that are in greatly different tempera-
tures. This leads into internal strains and stresses that can fracture the
boulder. The concurrent differences in the internal temperatures are
explained by sufficient size of the boulder and relatively small thermal
diffusivities as shown by thermal modeling and field observations
(Warren et al., 2013). On the other hand a small fragment (smaller
than about 0.1 m in diameter) has small volume and is therefore almost
isothermal even when ambient thermal forcing is changing and there-
fore the fragment is much less likely to re-break due to thermally
induced stresses.
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