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ealand, large gradients in precipitation (b1 to 12 m year−1) and rock uplift (b1 to
10 mm year−1) produce distinct post-glacial geomorphic domains in which landslide-driven sediment
production dominates in the wet, rapid-uplift western region, and rockfall controls erosion in the drier, low-
uplift eastern region. Because the western region accounts for b25% of the active orogen, the dynamics of
erosion in the extensive eastern region are of equal importance in estimating the relative balance of uplift
and erosion across the Southern Alps. Here, we assess the efficacy of frost cracking as the primary rockfall
mechanism in the eastern Southern Alps using air photo and topographic analysis of scree slopes,
cosmogenic radionuclide dating of headwalls, paleo-climate data, and a numerical model of headwall
temperature. Currently, active scree slopes occur at a relatively uniform mean elevation (∼1450 m) and their
distribution is independent of hillslope aspect and rock type, consistent with the notion that frost cracking
(which is maximized between −3 and −8 °C) may control rockfall erosion. Headwall erosion rates of 0.3 to
0.9 mm year−1, measured using in-situ 10Be and 26Al in the Cragieburn Range, confirm that rockfall erosion is
active in the late Holocene at rates that roughly balance rock uplift. Models of the predicted depth of frost
activity are consistent with the scale of fractures and scree blocks in our field sites. Also, vegetated, paleo-
scree slopes are ubiquitous at elevations lower than active scree slopes, consistent with the notion that lower
temperatures during the last glacial advance induced pervasive rockfall erosion due to frost cracking. Our
modeling suggests temporally-averaged peak frost cracking intensity occurs at 2300 m a.s.l., the approximate
elevation of the highest peaks in the central Southern Alps, suggesting that the height of these peaks may be
limited by a “frost buzzsaw.”

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Sediment production, transport and storage in mountains are
controlled by tectonics and the relative efficacy of erosional processes.
At the million-year timescale, variations in sediment flux reflect
changes in the tectonic-driving forces or large scale variability of
climate (Zhang et al., 2001). At 10,000-year timescales, sediment
flux can be significantly affected by the response of fluvial, glacial,
periglacial, and hillslope processes to orbitally-forced changes in
global climate (Bull and Knuepfer, 1987; Pan et al., 2003). Under-
standing climate-induced sediment flux variations is particularly im-
portant for rapidly uplifting mountain ranges such as the Southern
Alps, New Zealand, where large outwash plains evolve in accordance
with climate-driven changes in sediment input and long-term va-
riations in foreland basin dynamics (Adams, 1980).

Large west to east gradients in uplift rates (10 to b1 mm year−1,
Wellman, 1979, modified by Adams, 1980) and precipitation rates (12
to b1 m year−1, Griffiths and McSaveney, 1983a) produce strongly
divergent erosional responses on either side of the Southern Alps
+44 2920 874 326.
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(McSaveney,1978;Whitehouse,1988). Modern erosion in thewestern
Southern Alps occurs via fluvial incision (Griffiths, 1979) and shal-
low and deep-seated landsliding (Hovius et al., 1997; Korup, 2005a),
whereas, the eastern Southern Alps erode by a different suite of
hillslope processes, including rockfall, debris flows, debris and snow
avalanches, and fluvial incision (Pierson, 1980; Whitehouse and
McSaveney, 1983; Whitehouse, 1988; Hales and Roering, 2005). The
result is that high denudation rates (a maximum of 12 mm year−1,
Hovius et al.,1997) are typical in thewestern Southern Alps, consistent
with long-term exhumation rates estimated using thermochronology
(Tippett and Kamp, 1993, 1995; Batt, 2001; Little et al., 2005). More
modest denudation rates (b1 mm year−1, Griffiths, 1981; Hales and
Roering, 2005) have been estimated in the areally extensive eastern
Southern Alps. A back-of-the envelope calculation, which assumes a
linear decrease in erosion rate from 10 mm year−1 at the Alpine Fault
to 4 mm year−1 at the Main Divide, yields ∼7×105 m3 year−1 of
sediment from westward draining catchments. Assuming a spatially
averaged erosion rate of between 1.5 and 0.5 mm year−1 across the
eastern Southern Alps, yields between 7×105 and 3×105m3 year−1 of
sediment. This suggests that although erosion rates differ by an order
ofmagnitude, the areally-integrated sediment flux fromwestward and
eastward draining catchments is equal (Fig. 1).
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Fig. 1. Study area. (A) Shaded relief map of the central South Island, New Zealand. Outlined in blue are the eastward-draining catchments contributing sediment to the Canterbury
Plains. The yellow outline represents the westward draining catchments. The white rectangle shows the location of our field area. (B) An oblique aerial photo of the Arahura valley,
West Coast. Note the deeply dissected U-shaped valley form. (C) Photograph of Mt. Binser taken from the Cragieburn Range, showing the extensive scree cover typical of this
landscape. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Post-Last Glacial Maximum (LGM) erosional processes act on the
Southern Alps at rates that depend on the local climatic and tectonic
setting and create disparate looking landscapes (Fig. 1). Precipitation
and base level lowering rate vary significantly on either side of the
main divide (Adams, 1980; Tippett and Kamp, 1995). Western gla-
cial valleys are incised, with fluvial erosion and transport removing
much of the landslide-derived hillslope sediment, such that sediment
storage occurs predominantly in large landslide masses (Griffiths,
1979; Hovius et al., 1997; Korup, 2005b). Eastward-draining catch-
ments act as sinks for hillslope sediment created through a com-
bination of rockfall, debris flows, and rock avalanches, which transport
material derived primarily from mechanical weathering by frost
processes and formed large fans and scree deposits (McSaveney,1978;
Pierson, 1980; Whitehouse, 1983; Whitehouse, 1988; Tonkin and
Basher, 1990; Brazier et al., 1998; Lynn et al., 2002; McSaveney, 2002;
Hales and Roering, 2005).

Many studies have discussed the important role of weathering via
frost processes in New Zealand (McSaveney,1978;Whitehouse, 1988).
Here, we investigate the potential impact of this process on the
evolution of the eastern Southern Alps based on segregation ice
weathering theory (Taber, 1929; Walder and Hallet, 1985; Hallet et al.,
1991;Wettlaufer andWorster,1995;Wilen andDash,1995;Wettlaufer
et al., 1996; Worster and Wettlaufer, 1999; Zhu et al., 2000; Murton
et al., 2001; Rempel et al., 2004;Murton et al., 2006; Dash et al., 2006).
This paper is driven by a number of key research questions: What
is the potential effect of periglacial erosion on the evolution of a
mountain range? How will frost-driven weathering processes affect
the likely pattern of erosion and deposition? How do variations in
global climate control the efficacy of frost weathering and control the
evolution of topography? Our study uses air photo and topographic
analysis of scree slopes, cosmogenic radionuclide and weathering
rind dating of headwalls, paleo-climate data, and a numerical model of
headwall temperature.
2. Study site: Southern Alps

The Southern Alps are formed by oblique continental collision
between the Pacific and Australian plates (Walcott, 1998). Geologic
evidence suggests that uplift is concentrated along the Alpine Fault, a
narrow zone of NNE–SSW oriented oblique thrust faults (Norris and
Cooper, 2000). Interseismic strain measured using 3.5 years of con-
tinuous global positioning system data suggests that the highest
vertical deformation rates occur 10 km southeast of the Alpine Fault
(Beavan et al., 2004). Thermochronometric data have suggested that
the magnitude of slip on the Alpine Fault varies along strike with
highest rates of rock uplift corresponding with the greatest topo-
graphic relief, around Aoraki (Mount Cook) (Little et al., 2005).

The Southern Alps intersect a major pattern of westerly airflow
formed between 40oS and 60oS (Henderson and Thompson, 1999).
This results in a strong orographic precipitation gradient across the
Southern Alps, with up to 15 m year−1 of precipitation falling on the
western side and between 4 and 1 m year−1 falling on the east
(Griffiths and McSaveney, 1983a).

The record of glacial advance and retreat in the Southern Alps has
been constrained primarily from the mapping and dating of moraines
(much of the early work is summarised in Suggate, 1990). The timing
of glacial advance is based on relative chronologies (Gage, 1958;
Suggate, 1990), weathering rind ages (Chinn, 1981), detrital 14C ages
(Suggate, 1990) and cosmogenic surface exposure ages (e.g. Ivy-Ochs
et al., 1999; Schaefer et al., 2007) of morainal material. The Otiran
glaciation is the youngest, regionally continuous glacial advance and
has been correlated to the Last Glacial Maximum (Marine Oxygen
Isotope Stage 2), with the greatest glacial extent at ∼18 ka and rapid
deglaciation beginning at ∼14 ka (Suggate, 1990).

The Southern Alps are almost exclusively composed of inter-
bedded sandstones and mudstones of the Torlesse Supergroup. Tor-
lesse turbidites formed in a Jurassic–Cretaceous accretionary prism
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complex (Wandres et al., 2004). After deposition, twomajor orogenies
(Rakaia and Kaikoura) metamorphosed, uplifted and deformed the
rocks, producing complex sets of tectonic joints with no obvious pre-
ferred orientations. Tectonic activity has also obfuscated any dis-
cernible pattern in bedding orientation or thickness across the range
(MacKinnon, 1983). Perhaps the only consistent change in rock type is
the increase in grade of regional metamorphism from east to west
across the orogen, a function of differences in rock uplift rate and
exhumation close to the Alpine Fault (Batt and Brandon, 2002).
Within 20 km of the Alpine Fault there is a dramatic change frommild
pumpellyite–prehnite facies metamorphism to garnet–greenshist and
amphibolite facies metamorphism (Grapes, 1995).

2.1. Western Southern Alps

Erosional processes in the western Southern Alps have received
considerable attention, with sediment yield studies (Griffiths, 1979;
Thompson and Adams, 1979; Adams, 1981; Griffiths, 1981; Griffiths
and McSaveney, 1983b, 1986; Basher et al., 1988), bedrock landslides
inventories (Korup and Crozier, 2002; Korup, 2004a,b; Korup et al.,
2004, 2005; Benn, 2005; Korup, 2005a,b,c; Korup, 2006a,b), and a
shallow landslide inventory (Hovius et al., 1997) constraining the
spatial and temporal pattern of erosion in the region. Initially, analysis
of sediment yields highlighted veryhigh rates of erosion in thewestern
Southern Alps (Griffiths, 1979, 1981). These studies show a power-law
relationship between precipitation and erosion rate and estimated a
spatially averaged erosion rate of 10 mm year−1 for west-draining
catchments (Griffiths andMcSaveney,1986; Basher et al.,1988), which
corresponded with uplift rates of 12 mm year−1 (Wellman, 1979).
Hovius et al. (1997) used a shallow landslide inventory to compare
sediment yields produced by shallow landslides and those derived
from river-based measurements. The strong correspondence between
these estimates suggested that shallow landslides may be responsible
for virtually all of the short-term sediment flux in the western
Southern Alps. Recent mapping of landslide deposits and landslide
dams show that bedrock landslides affect a large portionof thewestern
Southern Alps (Korup, 2005a,b). Large landslides are persistent
features and morphometric analysis suggests that they may limit the
total relief (Korup, 2006b), but the lack of datable material and their
inaccessibility have resulted in difficulties constraining estimates of
landslide frequency and sediment production (Korup, 2004a; Korup
et al., 2004; Korup, 2005b).

2.2. Eastern Southern Alps

The eastern Southern Alps is an areally extensive geomorphic domain
over which a diverse range of geomorphic studies have been conducted
(Suggate andWilson,1958; Arthur,1975;McSaveney,1978; Pierson,1980;
Whitehouse, 1981; Birkeland, 1982; Burrows and Gellatly, 1982; Mosley,
1982; Burrows, 1983; Whitehouse, 1983; Whitehouse and Griffiths, 1983;
Whitehouse and McSaveney, 1983; O'Loughlin et al., 1984; McArthur,
1987; Tonkin andBasher,1990; Blair,1994; Kirkbride andMatthews,1997;
Brazier et al., 1998; Orwin, 1998; Lynn et al., 2002; McSaveney, 2002; De
Scally and Owens, 2004; Smith et al., 2006). Screes dominate hillslopes
while valleys are filled with broad alluvial systems containing braided
rivers (Fig.1B). Large valleys in the eastern Southern Alps are bounded by
large faults and are of dominantly structural origin (Adams, 1980). These
valleys contained large glaciers which extended to the eastern range
front during the last glacial maximum (Speight, 1916; Gage, 1958; Gage
and Suggate, 1958; Porter, 1975; Suggate, 1990). In smaller catchments,
the history of glaciation varies systematically with more deeply incised,
U-shaped catchments found close to the Main Divide (Kirkbride and
Matthews, 1997; Brocklehurst and Whipple, 2004; Brook et al., 2006).

In the eastern Southern Alps, postglacial erosional processes have
produced a large volume of sediment that is temporarily stored in
screes and valley fill. Fission tracks are unreset, and thus cannot pro-
vide accurate estimates of exhumation related to the current orogeny;
however, these measurements suggest that exhumation rates are no
faster than 1.3mmyear−1 (Tippett and Kamp,1993).Measurements of
spatially-averaged erosion rates in the eastern Southern Alps include
sediment yields from the major eastward-draining rivers (b0.68 mm
year−1, Griffiths, 1981; Jacobson and Blum, 2003), volumetric
measurements of large landslides (∼0.05 mm year−1, Whitehouse,
1983), and volumetric measurements of alluvial and debris fans
draining first and second order drainage basins (∼1mmyear−1; Hales
and Roering, 2005). Although there are complications in directly
comparing spatially-integrated, modern denudation rates with esti-
mates from small basins dominated by few erosional processes (either
large landsliding or rockfall), it is interesting to note that rockfall-
driven erosion rates are considerably higher than modern sediment
yield estimates. This suggests that rockfall is contributing sediment to
channels more rapidly than other processes; this notion is supported
by observations of erosion in eastern Southern Alps catchments
(Mosley, 1980).

Studies of mass movements in the eastern Southern Alps have
concentrated on two extremes ofmassmovement; very large (N106m3)
rock avalanche deposits (Burrows, 1975; Whitehouse, 1981, 1983;
Whitehouse and Griffiths, 1983; Orwin, 1998; Smith et al., 2006) and
small (b104m3) rockfall events that create scree-mantled slopes (Harris,
1975; Whitehouse and McSaveney, 1983; Hales and Roering, 2005).
Analysis of large landslides focus on the slide mechanics of specific
events (Burrows, 1975; Orwin, 1998; Smith et al., 2006) or regional
mapping analysis (Whitehouse, 1983; Whitehouse and Griffiths, 1983).
Large landslides arewell preserved in this landscape due to thewidth of
theflood plains of the braided river systems,which limits post-landslide
fluvial transport (Orwin, 1998). Aerial photograph-based mapping
of landslides identified 40 large landslides (N106 m3), east of the
Main Divide between theWaimakariri and TasmanRivers (Whitehouse,
1983). Volume estimates of these 40 landslides were combined with
radiocarbon andweathering rindages to estimate the frequencyof these
large events and a spatially averaged erosion rate of ∼0.05 mm year−1

(Whitehouse, 1983). Although a re-estimate of landslide frequency has
increased this rate (McSaveney, 2002), it is still considerably lower than
other erosion rate estimates for this area (Griffiths, 1981; Hales and
Roering, 2005). The predominant trigger for these events is thought to
be large earthquakes, although storms may also trigger slides (White-
house, 1983). Two major studies have highlighted the importance of
smaller rockfall events: one used detailed study and dating of individual
screes (Whitehouse and McSaveney, 1983), while the other took a
regionalmapping approach (Hales and Roering, 2005).Whitehouse and
McSaveney (1983) dated boulders on three screes in the eastern
Southern Alps using the weathering rind technique. They noticed a
polymodal age distribution of boulders on the scree related to modi-
ficationduring and afterdepositionby rockfall, debrisflow, dry ravel and
snow avalanching processes. Hales and Roering (2005) mapped screes
from aerial photographs for the transect across the Southern Alps. Our
mapping showed that the screesweremost common in the eastern part
of the mountain range (occupying up to 75% of hillslope area) and least
common in the western part of the range, likely due to either lack of
terrane with suitable elevation or preservation potential issues. The
distribution of screes suggested that earthquakes, rock strength, and
topographic unloadingwere not the primary agents for creating rockfall
in the Southern Alps. Instead scree slopes have a relatively consistent
mean elevation (∼1450±250 m; the range is one standard deviation)
that was immediately beneath the predicted zone of active periglacial
erosion by segregation ice weathering (detailed discussion of the
mechanism can be found inWalder and Hallet, 1985; Dash et al., 2006).

3. Field-based and geographical information systems methods

We quantified the spatial distribution of screes through aerial
photograph mapping in a 40 × 80 km field area oriented
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perpendicular to the Alpine Fault, extending to the range bounding
Porters Pass–Amberly Fault Zone in the east, and bounded by the
Waimakariri River to the northeast and the Wilberforce and Rakaia
Rivers to the southwest (Fig. 1).

We used the active and vegetated scree maps of Hales and Roering
(2005), which were based on orthorectified 1:25,000 scale aerial
photographs (Fig. 2A,B). Active slopes could be readily identified by
their light grey color, slope parallel fabric, and consistent 30° slope. In
the field, these slopes contain both fresh, grey blocks and more
weathered, oxidized boulders. The presence of relatively fresh scree
blocks and sporadic vegetation attests to active accumulation on the
slopes. Vegetated scree has a similar slope angle to active slopes, but is
largely covered in plants (although it may contain small, identifiable
patches of lighter-colored scree). In the field, these slopes could be
readily identified as having a blocky surface covered by tussock grasses
(Poa sp.) and sub-alpine shrubs (e.g. Discaria toumatou). While much
of our field area is grassland, some forested areas may contain
Fig. 2. Distribution of screes across the Southern Alps, New Zealand. (A) The mapped distrib
the eastern part of the range. (B) Minimum (orange squares) and maximum (red squares)
Hales and Roering, 2005). The black line represents the elevation of peaks across the transec
(dashed line with error bars) elevations. This plot shows that the consistent elevation of s
references to colour in this figure legend, the reader is referred to the web version of this a
relatively fresh accumulations of scree that cannot be distinguished in
aerial photographs. Screes aremappedwith an accuracy of b50m,with
uncertainty derived chiefly from orthorectifying photos in the steep
relief (N1000 m in a single aerial photograph). Scree aspect and
elevation distributions were derived from a 25-m digital elevation
model.

To confirm the previously observed altitudinal clustering of scree
deposits (Hales and Roering, 2005), we tested the null hypothesis that
the mean and standard deviation of scree elevation is the same as that
for randomly sampled hillslopes. The distribution of scree elevation
was measured by superimposing mapped scree polyons with the
South Island digital elevation model. We also generated a random,
uniformly-distributed dataset (that sampled the same number of
pixels as sample scree) of hillslope (terrain with slope angles N15%)
elevations from the same dataset (Fig. 2C). For each 2×40 km swath
segment, we calculated the mean and standard deviation of elevation
for our scree and generic hillslope dataset. If the means were similar
ution of active (orange) and vegetated (red) screes. Note the large amounts of screes in
estimates of fraction of hillslopes mantled by scree across our transect (modified from
t. (C) Plot of the mean and standard deviation of scree (gray shaded zone) and hillslope
crees is statistically significant from a random distribution. (For interpretation of the
rticle.)
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(i.e. you cannot reject the null hypothesis) it would imply either that
screes are randomly distributed on a slope or that they occupy all of
the available hillslope relief. This methodology avoids bias created by
interpreting the apex or centroid of a particular slope.

To understand the role of aspect-driven variations in rockfall
distribution, we calculated the aspect (the compass direction of the
steepest slope) of all screes in each 2×40 km segment of our transect.We
filtered the results usingaGaussian lowpassfilter that removedartifactual
Fig. 3. Rose diagrams showing the aspects of screes and hillslopes across the Southern Alps
within a 2×40 km rectangle oriented parallel to the Alpine Fault at (A and B) 20 km, (C and D
the data have been smoothed using a random uniform distribution to remove calculation a
aspect measurements, the result of using discrete elevation data in our
calculation of slope values. We then compared the aspect distribution of
scree-mantled slopes with the aspect distribution of all hillslopes (Fig. 3).

We alsomeasured rock strength at 32 sites along our transect using
the Rock Mass Strength (RMS) and Rock Quality Designation (RQD)
methods. These were located along the Cragieburn Range and in the
Otira Valley. Previous studies in the Aoraki (Mount Cook) area have
used the Rock Mass Strength (RMS) classification as a geotechnical
. Each rose diagram represents data collected from mapped screes or hillslopes found
) 40 km, and (E and F) 60 km. Aspect measured from a 25-m digital elevation model and
rtifacts from measuring aspect using integer data.



Table 1
Cosmogenic 10Be and 26Al surface exposure data and weathering rind ages for a bedrock
headwall in the Cragieburn Range, New Zealand.

Sample TC2 TC10 TC11 TC12 TC13

Latitude −43.0934 −43.09348 −43.09348 −43.09348 −43.09348
Longitude 171.75815 171.7581 171.7581 171.7581 171.7581
Elevation (m) 1314 1297 1297 1297 1297
Shielding factor 0.5849 0.5749 0.3043 0.3043 0.3043
10Be conc. (atm g−1) 26695 9017 – 16075 3550
10Be error (atm g−1) 5291 3278 – 3252 3227
Exposure age (year) 3063 1065 0 3477 767
Age uncertainty (year) 663 398 700 766 701
26Al conc. (atm g−1) 230155 69455 44441 142947 57941
26Al error (atm g−1) 52847 21653 21119 23494 13715
Exposure age (year) 4297 1333 1550 4994 2021
Age uncertainty (year) 1060 425 737 945 511
Maximum erosion rate
(mm year−1)

0.30 0.86 – 0.33 –

Weathering rind age
(year)

931 304 247 324 811

Error (year) 174 114 113 116 315

Fig. 4. Block size and fracture spacing data for the Cass area, Southern Alps. (A) Histogram
of the length of all block axesmeasured at the top of a scree above Lake Pearson, Southern
Alps (43.09348°S, 171.75810°E). (B) Histogram of fracture spacing measured on the
bedrock surface at the location above.
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measure of Southern Alps rock strength (Selby, 1980; Moon, 1984;
Augustinus,1995). The RMSmethod accounts formany rock properties
including intact rock strength, amount of chemical weathering of the
joint surface, joint orientation relative to the orientation of the slope,
joint width, joint continuity, and amount of groundwater outflow (the
methodology is discussed in Selby, 1993). After combining these
measures, an RMS score between 0 (weak) and 100 (very strong) is
assigned to the rockmass. Generally, SouthernAlps bedrockheadwalls,
composed primarily of Torlesse terrane sandstones and argillites have
little variation in the intact rock strength, amountof chemicalweather-
ing, joint width, joint continuity, and groundwater flow. Most of
the variation is in the joint orientation and spacing. Therefore, we
supplemented our RMS measurements with a variation of the Rock
Quality Designation (RQD) technique (Deere and Deere, 1988), which
is a measure of the intensity of jointing. RQD is a common engineering
rock strength technique that measures the percentage of a 200 cm
rock core with segments greater than 10 cm. We adapted it by taking
scanline measurements of 200 cm sections of rock headwalls.

We augmented our measurements of in situ rock strength, with
measurements of block size on active screes. This method is less
reliable than the RQD method as there is a stratification of block sizes
on any one scree related to the relative roughness of the slope
(Statham and Francis, 1986) and blocks tend to break apart when they
impact the scree surface (although they tend to break along fractures,
the relative amount of new fracture creation is unclear).

To constrain the frequency of rockfall events for several headwalls
in the Cragieburn Range (43.093°S, 171.758°E), we measured the
surface age of bedrock headwall segments from weathering rinds
(using the technique detailed in McSaveney, 1992), and in-situ 10Be
and 26Al. For both approaches,we sampledbedrock from5of the oldest
headwall outcrops in our study area to establish a maximum headwall
age and test the effectiveness of these surface dating techniques for
active Southern Alps headwalls. We determined the oldest headwalls
by choosing outcrops with the most highly-altered, lichen-colonized
surfaces and thickest weathering rinds in our field area.

We accurately measured the weathering rind age in the laboratory
using calipers on rinds treated with dilute hydrochloric acid (McSa-
veney,1992). The technique iswell-calibrated in the Southern Alps and
provides an absolute age. The concentration of in-situ 10Be and 26Al
extracted from intact bedrockheadwall outcropsweremeasured at the
PRIME laboratory in Purdue University (Table 1). Samples were all
taken from headwalls with at least 45° slope to limit the potential
for snow cover to distort the sample age. The shielding factor was
calculated based on measurements of the angle to the horizon for
every 45° increment (these have been converted to a shielding factor
in Table 1). Measured ratios of cosmogenic nuclides from the PRIME
laboratory were adjusted to the standards of Nishiizumi (2002, 2004)
and exposure ages and erosion rates calculated via the exposure age
calculator of Balco et al. (2008). Exposure ages calculated using this
method are relatively unreliable as the mean block size at failure is
smaller than the attenuation length of the radionuclides, thus ages
likely reflect some component of inheritance (Muzikar, 2007).

4. Field-based and geographical information systems results

The mean and standard deviation of scree pixel elevations is
relatively consistent (∼1450±250 m) across our Southern Alps
transect. When compared with a random sample of hillslope pixel
elevations, it is possible to reject the null hypothesis that these datasets
derive from the same distribution except between 15 and 25 km along
our transect. More importantly, the trend across the Southern Alps is
significantly different between the twodatasets.Mean scree elevations
are uniform and consistently higher than the mean of the generic
hillslope dataset in the eastern part of the range (Fig. 2C). The standard
deviation of the hillslope dataset is also consistently higher than for
observed screes.

Aspect varies widely across the study area with no consistency in
the mean orientation with distance from the Alpine Fault. Most sites



Fig. 5. Plot of bedrock headwall and scree ages, Southern Alps. (A) Plot of the bedrock
headwall ages in the Cragieburn Range (43.09341°S, 171.75815°E) calculated using 10Be
and 26Al cosmogenic exposure ages. (B) Scree surface ages from four slopes in the
Cragieburn Range, calculated using the weathering rind technique (modified from
Whitehouse and McSaveney, 1983).
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show no preferred orientation, suggesting that scree production is not
biased with respect to slope orientation. At 20 km from the Alpine
Fault, screes are strongly oriented towards the southeast, reflecting
the dominant orientation of major ridgelines (Fig. 3A). Fig. 3E repre-
sents the area that appears to be the most biased by aspect. However,
the scree aspect is biased not only to the south, but to the west,
suggesting that this signal is not simply related to climate.

The fracture spacing of bedrock headwalls and block size data from
scree slopes havemean values of 7.9 cm (median of 6.0 cm) and 4.7 cm
(median of 4.0 cm), respectively, and are strongly right-skewed (with
skewness values of 1.9 and 1.3, respectively) (Fig. 4). The smaller
mean, dispersion, and skewness of the block size data may be rela-
ted to rock breakage due to impact and stratification during scree
formation. RMS values of Torlesse terrane sandstones and argillites
vary between 60 and 95 (moderate to very strong, Moon, 1984).
Similarly, RQD measurements show wide variability from 5% to 79%
(very poor to good rock quality, Deere and Deere, 1988). Our data
show high local variability in rock strength, but no regionally
consistent trends. The high variability in both geotechnical parameters
reflects differences in strength between weak, highly fractured
argillite layers and stronger sandstone layers. However, when
considering only sandstones, there is no systematic variability
between sites. Similarly, there is no systematic variation in the
thickness of the sandstone and argillite layer across the Southern Alps
(MacKinnon, 1983). The variability of rock strength parameter values
suggests that changes in scree production rate cannot simply be
attributed to systematic rock strength patterns.

10Be ages for samples of bedrock headwall age vary between
767±701 years and 3477±766 years; 26Al ages are generally older,
varying between 1333±425 and 4994±945 years (Fig. 5A). Modeled
erosion rates between 0.30 and 0.86 mm year−1 are calculated
assuming a constant erosion rate (Balco et al., 2008). However, the
reliability of these ages and rates is questionable given the narrow
fracture spacing. Small rockfall events that have a block size less than
the attenuation length of the nuclide of interest will expose bedrock
that contains a component of inherited nuclides, thus these dates
are likely to be biased towards older ages and the erosion rates are
likely to be maximum values (Muzikar, 2007). Weathering rind ages
vary between 250 and 1000 years (Table 1).

5. Spatial modeling methods

We created a numerical model that predicts the intensity of
frost activity based on two inputs, the mean annual air temperature
(MAAT) and the annual temperature variation (Hales and Roering,
2007). For each day of the year, we calculated the temperature of the
rock mass assuming conductive heat transfer in the presence of a
sinusoidal (annual) temperature cycle. The magnitude of the sinusoid
was constrained using monthly air temperature data from the
Cragieburn Range (Hales and Roering, 2007). Frost cracking intensity
reflects the likelihood of heaving by the growth of lenses of segre-
gation ice, which occurs when rock temperatures are between −3
and −8 °C and water is available for lens growth (Hales and Roering,
2007). For sub-zeroMAAT values, relatively weak frost cracking occurs
at depths N1.5 m (Fig. 6B), whereas for positive MAAT values, intense
frost cracking tends to occur close to the surface (Fig. 6A). To gene-
ralize these depth-dependent model predictions, we calculated the
depth-integrated frost cracking intensity for the range of elevations
(and therefore MAAT) associated with the Cragieburn Range (Fig. 6C).
The integral of frost cracking intensity with depth provides a simple
measure of the potential frost cracking intensity for a given MAAT
value.

MAAT in mountains varies primarily as a function of elevation
(Linacre and Geerts, 1997), so we can determine the spatial dis-
tribution of depth-integrated frost cracking intensities using a digital
elevationmodel (DEM). By assigning a depth-integrated frost cracking
intensity to elevation values we were able to use a geographical
information system (GIS) to map predicted zones of frost cracking
along active headwalls. We use this technique to highlight two pos-
sible applications of this model. The first simulates the change in
MAAT during the late Pleistocene–Holocene that may account for the
difference in elevation between vegetated and active screes. In the
Southern Alps, screes were preserved once glaciers started to retreat
at ∼14 ka at the range front and ∼10 ka close to the Main Divide
(Suggate, 1990; Ivy-Ochs et al., 1999). Thus the maximum extent of
vegetated screes reflects a combination of the temperature conditions
at the time of initial glacial retreat and the available accommodation
space in glacial valleys.

Our second simulation looks at the last 25 ka of sea surface
temperatures from the Chatham Rise (Pahnke et al., 2003) as an input
to predict cumulative frost cracking intensity experienced during the
last glacial–interglacial cycle. The sea surface temperature record is
derived from planktonic foraminifera and provides a centennial-scale
record of climate change for New Zealand (Pahnke et al., 2003). To
determine the extent of frost weathering at a particular elevation
through the last 50 ka, we created a MAAT time series for every 100 m
elevation increment in the Southern Alps by taking the current MAAT



Fig. 6. Plot ofmodeled frost cracking intensity as a function ofmean annual air temperature for the eastern Southern Alps. (A) The distribution of frost cracking intensity as a function of
depth from the surface for a rock exposed to aMAAT value of 1 °C and an annual temperature variation of 6 °C (equivalent to the temperature variation of the Southern Alps). (B) Frost
cracking intensity with depth for a MAAT value of −3 °C and annual temperature variation of 6 °C. (C) Depth integrated frost cracking intensities for a range of MAAT found in the
Southern Alps. These data assume an annual temperature cycle of ±6 °C, consistent with data collected at climate stations in the Cragieburn Range.
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value at the 1554 m Cragieburn Ski Field (3.5 °C) and using the lapse
rate of 0.6 °C per 100 m based on air temperature records from
the Cragieburn Range (Hales and Roering, 2005). We then calculated
the cumulative frost cracking intensity at each 50-m elevation bin by
summing the depth-integrated frost cracking intensity for each time
interval (Fig. 7B).
Fig. 7. Integrated frost cracking intensities for the Southern Alps over the past 25-ka. (A) 25-
record (Pahnke et al., 2003). (B) Integrated frost cracking for the 25 ka period represented by
shows the potential impact of segregation ice growth at elevations in the Southern Alps, an
result from a frost buzzsaw mechanism.
6. Spatial modeling results

Our analysis of the current elevation distribution of predicted frost
cracking intensity shows that the highest elevations in the Cragieburn
Range coincide with the zone of optimal frost cracking (Fig. 8A). The
highest predicted current frost cracking intensities also coincide with
ka temperature record for the South Island, based on a centennial benthic foraminifera
the foraminiferal temperature record as a function of elevation in the Southern Alps. This
d suggests that the relatively consistent peak heights in the eastern Southern Alps may



Fig. 8. Distribution of frost cracking intensity across the Cragieburn Range. Frost cracking intensity varies from high (∼700 °C m−1, red colors) to low rates (b100 °C m−1, yellow
colors). Areaswithout color are representative of areas of no predicted frost cracking. (A) The current distribution of frost cracking intensity across the Cragieburn Range. (B) Samemap
as (A), butwith the current distribution of active screes (grey, cross-hatched areas) superimposed. The elevation distribution of frost crackingprocessesmoves to lower elevationswith
changes in mean annual temperature of −2 °C (C), and −4 °C (D). Lowering MAAT by 4 °C causes the frost cracking window to roughly correspond with the maximum extent of
mapped scree slopes (white lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the distribution of active screes (Fig. 8B).WhenMAAT is lowered by 2 °C
from the current value, the zone of intense frost processes moves
downslope, leaving the peaks within a zone of predicted low frost
cracking intensity (Fig. 8C). This is consistent with low rates of frost
processes due to the limited availability of water in permanently frozen
ground, and is manifest as low modeled frost cracking erosion rates
between 0 and−2 °C (Fig. 6C).WhenMAAT is lowered by 4 °C from the
current value, zone of intense frost processes moves further downslope
and begins to interact with lower side slopes and valley floors (Fig. 8D).
Predicted low cracking intensities occur midslope, while the peaks are
susceptible to low–medium intensity frost cracking. The increase in frost
cracking intensity at these elevations relates to the coincidence of
optimal predicted rock temperatures (−3 to−8 °C) and water derived
from the active layer (Hales and Roering, 2007). The result is an increase
in predicting frost cracking intensities at temperatures below −2 °C
(Fig. 6C). Cooling of 4 °C also lowers the zone of most intense frost
cracking towhere it intersects themaximum extent of vegetated screes.

While the analysis described above assesses the spatial variability
in frost cracking intensity, we also attempted to quantify the temporal
variability in frost cracking processes by calculating the predicted
frost cracking intensity at each elevation based on the variability
in MAAT over the past 25 ka (Fig. 7). The results represent the total
frost cracking intensity for each elevation over 25 ka. Areas of high
intensity, around 2300m, have been subject to frost erosion for almost
the entire post-LGM history. Elevations lower than 2300 m, require
climates that are cooler than the mean to be susceptible to intense
cracking, whereas higher elevations are often too cold to experience
significant frost cracking processes.

7. Discussion

7.1. The effects of aspect on scree formation

Screes in the Southern Alps appear to form independent of their
aspect. This contrasts with other observations of scree aspect, which
suggest preferential development on shaded slopes (Olyphant, 1983;
Curry and Morris, 2004). Typically slopes that face the sun receive
considerably more solar energy, resulting in higher maximum
temperatures, lower minimums, and a higher mean surface tempera-
ture (Coutard and Francou, 1989; Matsuoka, 1994; Anderson, 1998). In
contrast, non-sunlit faces receive very little of the Sun's radiation,
resulting in relatively small changes in surface temperature, more
consistent with air temperatures (Matsuoka and Sakai, 1999). These
effects can result in differences in mean annual rock surface
temperature of up to 6 °C (Coutard and Francou, 1989). Observations
of aspect dependence on the location of rockfall and screes are also
found in the literature (Rapp, 1960; Luckman, 1976; Gardner, 1980).
The main difference between the Southern Alps and these other
locations is the highly fractured rocks and favorable climatic conditions
that lead to high erosion rates at all aspects. The combination of these
factors may cause the elevation-dependent trend to dominate, while
aspect-driven effects are subdued.

7.2. Implications for a paraglacial response in the eastern Southern Alps

While our data do not provide direct evidence of changes in
sediment yield in the Holocene, our maximum headwall erosion rates
provide some constraint onwhether basin-wide postglacial denudation
rates reflect changes in bedrock erosion rate or changes in headwall
availability. Post-glacial sediment yield in mountainous environments
has been proposed to decrease exponentially from very high rates
immediately after glaciation to relatively low present-day rates.
Evidence for rapid post-glacial sediment accumulation in alpine
environments has been interpreted using the volume of slopes preser-
ved in protalus ramparts in Scotland (Ballantyne and Kirkbride, 1987),
development of paleosols on debris fans (McArthur, 1987), and the
relatively low activity on modern screes (Ballantyne and Eckford, 1984;
Hinchliffe and Ballantyne, 1999). Commonly this effect has been
ascribed to changes in bedrock erosion rates related to the fracture
and breakup of rock during the topographic unloading and debuttres-
sing of slopes after glaciation (Augustinus, 1995; Brook and Tippett,
2002). Headwalls affected by the unloading response, should be highly
fractured close to the surface, leading to rapid weathering rates. These
should decrease through time, as the fractured material is eroded. Our
new, cosmogenically-derived, headwall erosion rates are not signifi-
cantly different from basin-averaged bedrock erosion rates estimated
fromdebris–fan volumes (Hales and Roering, 2005). These data suggest
that a paraglacial response due to glacial unloading is unlikely to explain
the distribution screes in the eastern Southern Alps. An alternative
hypothesis is that bedrock erosion has been relatively constant since
Holocene glacial retreat. If correct, basin-averaged sediment yields should
decrease through time, because of progressive mantling of bedrock with
screes (Statham and Francis, 1986). The paucity of bedrock outcrops in
mountains with significant screes (e.g., Cragieburn Range) suggests that
nearly all of the available headwall has been buried, and that there would
be an expected reduction in the sediment yield with time.

Whitehouse and McSaveney (1983) measured the age of scree
slope clasts using the weathering rind technique. Their data show a
peak age of ∼500 years, with a maximum age of 4000 years. This peak
in scree block age is similar to our measurement of the cosmogenic
and weathering rind ages of bedrock headwalls (Fig. 5). Given that
weathering rind ages from scree boulders reflect a combination of
weathering at the surface and weathering in situ, their data support
the hypothesis that headwall erosion is rapid in these alpine areas. We
suggest that this results from the combination of highly fractured
rocks and efficient weathering via the segregation ice mechanism.

7.3. Spatial and temporal distribution of frost processes in mountains

The current distribution of screes coincides with the frost cracking
zone identified using current air temperature estimates (Fig. 8A,B).We
also show the position of three alternative frost cracking zones related
to range-wide temperature decreases of−2 °C and−4 °C (Fig. 8C,D),
reflecting possible climatic conditions during the LGM. Unsurprisingly,
as temperatures decrease, the zone of maximum frost cracking moves
down in elevation. With a decrease in temperature of 4 °C, the
elevation of the frost crackingwindowdrops by 500m and the second,
low temperature frost crackingwindowcoincideswith peaks (Fig. 8D).
This drop in temperature of 4 °C causes the frost cracking window to
coincide with the maximum estimated extent of vegetated screes in
the Southern Alps (white lines, Fig. 8D). This calculation suggests that
during the LGM, rates of rockfall erosionwere high at lower elevations
and possibly at the peak elevations, with a zone of low rockfall erosion
along midslope elevations.

Our estimate of the cooling required to produce the distribution of
vegetated screes suggests that these deposits may provide a crude
estimate of paleoclimates. The areal distribution of screes results from
a combination of scree preservation potential, the length and steep-
ness of headwalls, and the position of the frost cracking window. The
preservation potential of screes inmountains is determined by the size
and shape of valleys and the local stream power. Most screes in the
Southern Alps are preserved on the sides of glacial valleys, so their
maximum extent is dictated by the elevation of the base of the glacial
valley floor. The slopes are commonly isolated from the main river
channel by an area of low slope, thus preserving the slopes. Thus one
could argue that the distribution of vegetated screes simply reflects the
minimum valley floor elevation. Similarly, because screes form by
rockfall from steep headwalls, the maximum extent of screes could
also reflect themaximumdistance a clast may be able to bounce or roll
as governed by hillslope geometry. If changes in climate did not play a
role in the formationof vegetated screes, then the distribution of screes
would be limited to areas that have bedrock headwalls capable of
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rockfall erosion and available accommodation space. Instead, abun-
dant bedrock outcrops found at low elevations in areas with suitable
accommodation space (e.g. Ribbonwood drainage basin, Cragieburn
Range) produce relatively little scree.While someof the estimatesmay
be biased in forested areas (where small scree accumulationswould be
covered in forests), it appears that bedrock headwalls located at higher
elevations create the vast majority of screes. In the Cragieburn Range,
vegetated screes extend well beyond the limit of current active screes
(Fig. 8D). Our spatial modeling suggests that a cooling of MAAT of
between 3 and 4 °C would be sufficient to generate this distribution.

Screes in the Southern Alps provide a crude measure of warming that
has occurred since the LGM, because their development is most sensitive
to temperature (and modified by accommodation space) and relatively
insensitive to other climate variables. This contrasts with glaciers which
advance in response to both changes in precipitation and temperature
(Rother and Shulmeister, 2005; Anderson and Mackintosh, 2006).
Separating the effects of these two factors is important in the Southern
Alps as the it is unclearwhether glacial advance during the LGM is related
to a change in global temperature (Pahnke et al., 2003; Anderson and
Mackintosh, 2006) or change in precipitation (McGlone, 1995; Shulme-
ister et al., 2004). Predictions of cooling necessary to create LGM glacial
advances in the Southern Alps include cooling of 4–5 °C (Porter,1975),1–
4 °C (Rother and Shulmeister, 2005), and 3–4 °C (Anderson and
Mackintosh, 2006). Sea surface temperature (SST) measurements based
on δ18O andMg/Ca ratios inplanktonic foraminifera shells suggest cooling
up to5 °C (Pahnkeet al., 2003) consistentwith anapproximately 6 °C LGM
cooling in the Vostok ice core (Petit et al.,1999). Our estimate of a 3 to 4 °C
cooling is similar to these published values and highlights the potential
utility of vegetated screes for informing paleoclimatic studies.

When our depth-integrated frost cracking intensity data are
temporally integrated over the last 50 ka (Fig. 7B), the elevation of
peak frost cracking intensity corresponds with peak elevations in the
eastern Southern Alps. While the mean elevation of the eastern
Southern Alps varies between 1400 and 650 m from the Main Divide
to the eastern rangefront, the maximum elevation remains relatively
constant at∼2000m. The eastern Southern Alps are uplifting at∼1mm
year−1 (although short-term GPS-based rates suggest up to 3 mm
year−1 of uplift may occur in the eastern Southern Alps, Beavan et al.,
2004) with this value increasing to 5–6 mm year−1 at the Main Divide
(Wellman,1979;Adams,1980; Tippett andKamp,1995). Peak elevations
follow this pattern and increase rapidly from ∼2000 to 2500 m at the
Main Divide. This pattern of maximum elevation is not consistent with
critical wedge-based models of Southern Alps development (e.g.
Beaumont et al., 1996; Willett, 1999). This pattern of maximum peak
elevation could possibly be related to uplift of blocks, represented by the
main N–S ranges in the eastern Southern Alps (e.g. Cragieburn, Ben
Ohau, and Two Thumb). An alternative explanation is that when peaks
reach an elevation of N2000 m they come under attack from efficient
frost-driven erosional processes. Thus, high rates of frost processes may
constitute a “frost buzzsaw,”whichmaintains a constant peak elevation
in these low uplift areas (Tarr, 1898). The relatively long preservation
timeofflat summits is supported by thick soil profiles formed from loess
accumulation (Lynn et al., 2002). Close to the Main Divide, uplift rates
increase rapidly and erosion via frost processes is not sufficient to limit
peak elevation. This suggests that themountains have penetrated above
the frost crackingwindowand thepredominant style of erosion changes
from one of rockfall erosion to one dominated by other erosional
processes, possibly large landslides (e.g. 1991 Aoraki rock avalanche;
McSaveney, 2002).

7.4. Canterbury Plains sedimentation on glacial–interglacial timescales

The predominant processes eroding eastward-draining catchments
through time differs strongly from those eroding westward-draining
catchments. In the western Southern Alps, the glacial–interglacial cycle
is reflected by periods of glacial incision and downcutting and periods of
fluvial incision and landsliding. In the east, interglacial periods are
marked by considerable hillslope sediment production and storage,
usually of rockfall material in the Southern Alps (Hales and Roering,
2005), while little deposition occurs in the Canterbury Plains and
offshore basins (Leckie, 2001; Carter, 2005). Glacial periods are marked
byaccumulation of sedimenton theCanterbury Plains,which is typically
assumed to be produced primarily by glacial processes, such as plucking
and abrasion (Leckie, 2001). Currently, limited sediment is transported
to theCanterburyPlains through the steep, bedrockgorges thatmark the
exit of the major river valleys (Thompson and Adams, 1979; Griffiths,
1981). Moraine sequences on the Canterbury Plains and pasted along
the margins of these bedrock gorges show that glaciers periodically
extended beyond these gorges during the last glacial period (Suggate,
1990). This suggests thatduringperiods of glacial advance sedimentwas
rapidly transported from the mountains to the Canterbury Plains, much
of which may be reworked scree slope and alluvial fan material created
during interglacial times. Thus the increase in sedimentation rate during
glacial periods may reflect the efficiency with which glaciers transport
sediment rather than how efficiently they erode bedrock.

Where glaciers currently exist in western Southern Alps (such as
the Fox and Franz Josef valleys), high rates of rockfall erosion occur
causing significant valley alluviation. Where glaciers are not present, a
highly efficient fluvial system can remove material and vegetation
growth increases root cohesive strength, reducing rockfall potential.
While rockfall still occurs in this section of the Southern Alps, it has
not been quantified; studies of other hillslope processes, such as deep
and shallow landsliding (Hovius et al., 1997; Korup, 2005b), suggest
that much of the modern denudation rate is associated with these
processes. Interestingly, despite the dramatically different processes
acting on each side of the Southern Alps, at glacial/interglacial time-
scales the overall sediment flux from either side of the range appears
to be approximately equal (Adams, 1980).

8. Conclusions

Measurements of the distribution of screes and peak elevations in
the eastern Southern Alps suggest that bedrock erosion is driven by
a temperature-dependent process, such as segregation ice growth.
Based on these observations we have presented new 10Be and 26Al
analyses that show headwall erosion rates of between 0.3 and 0.9 mm
year−1 in areas susceptible to the growth of segregation ice, close to
the rate of rock uplift. To assess the potential importance of these frost
processes on the evolution of the eastern Southern Alps, we have
applied a simple, conduction-based heat flow model to predict the
potential intensity of frost-driven erosion in space and time. Currently,
the predicted areas of most intense frost erosion occur in accordance
with active screes and areas of high headwall erosion rates. Estimates
of temporally-average frost cracking intensity for the last 25,000 years
suggest that the peak intensity occurs at 2300 m, slightly above the
current elevation of mountain peaks, suggesting that frost processes
may act as a “frost buzzsaw.”
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