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This dissertation discusses the evolution of mountains, particularly the interaction 

between uplift, which is controlled by horizontally-directed plate tectonic and vertically-

directed isostatic forces, and erosion, which encompasses glacial, periglacial, fluvial and 

hillslope processes.  

Eruption of the Columbia River Basalts (CRB) in northeastern Oregon is 

coincident with rapid uplift of the Wallowa Mountains. I mapped the modern distribution 

of CRB flows to quantify the amount of post-eruptive uplift in northeastern Oregon, 

which creates a broad “bull’s eye” pattern centered on a large granitic pluton. Rapid 

Wallowa Mountain uplift appears to be related to delamination of dense lower crust 

beneath the Wallowa batholith and is the likely cause of flood basalt volcanism at ~17 

Ma B.P. 
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Rapid rockfall erosion rates in high mountains create extensive talus slopes. Parts 

of the Southern Alps, New Zealand, are dominated by kilometer-scale scree-mantled 

slopes which reduce hillslope gradients and decrease drainage densities. Field and aerial 

photograph-based analysis of scree slopes (i.e. rockfall deposits) reveal a peak in the 

areal extent and rate of scree slope formation in the eastern Southern Alps. This spatial 

distribution precludes earthquakes, post-glacial stress release, and rock type as primary 

rockfall triggering mechanisms. Instead, scree slopes occupy a narrow elevation range 

across the New Zealand Alps and the mean elevation of scree slopes is consistent with a 

theory for rockfall initiation by frost cracking and segregation ice growth, a process that 

breaks rocks through surface interactions at the ice/rock interface. Supported by data 

from the Southern Alps and other mountainous areas, I propose a simple numerical heat 

flow model to predict the climatic conditions and rock fracture spacing required for frost 

cracking. This model suggests that in highly fractured rocks the ultimate elevation of 

mountain peaks may be governed by the efficacy of frost action. This dissertation 

includes both my previously published and co-authored material. 
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5.6.1. Segregation Ice Growth and Rock Fracture 

For segregation ice growth to be an important geomorphic agent it must be 

efficient at fracturing bedrock. Rocks typically contain fractures formed by a number 

of topographic, depositional and tectonic processes, which commonly provides most 

of ths primary porosity and permeability of a rock mass [Selby, 1982]. Both porosity 

and permeability are important parameters in segregation ice growth as pores in rock 

provide sites for the nucleation and growth of ice crystals, and permeability controls 

the efficiency with which water can be drawn from warmer parts of the rock. The 

model results described above show that segregation ice growth is most efficient 

above 300 cm for positive MATs and above 700 cm for negative mean annual 

temperatures. These results suggest that rocks with significant porosity and 

permeability above these depths may be subject to weathering via the segregation ice 

mechanism.  

While it is not clear if frost processes create primary fractures or if they 

enlarge existing fractures, ice growth is thought to correlate with fracture properties 

such as permeability, porosity, and fracture spacing [Hallet et al., 1991; Murton et al., 

2001; Walder and Hallet, 1985]. The shear strength and orientation of fractures 

controls the overall strength of rocks [Deere and Deere, 1988; Hoek, 1983; Selby, 

1982]. The shear strength of a fracture is controlled by its roughness, cohesion from 

intermolecular bonding and the amount of clay minerals present within the joint. 
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Segregation ice growth reduces the shear strength of fractures by creating a tensional 

stress, which can break intermolecular bonds, dilate the rock mass, and reduce the 

effectiveness of joint roughness. As such, rock fractures are relevant to mountain 

erosion via frost processes because they serve as the loci of ice growth as well as 

provide planes of weakness over which failure can occur.  In porous systems, 

particularly soils, heaving pressures associated with water migration may exceed 20 

MPa, ample pressure to cause rock fracture [Walder and Hallet, 1985]. Walder and 

Hallet [1985] coupled a model of segregation ice growth with a rock fracture model 

of stress in “penny-shaped” cracks, and showed that new fractures propagate up to 10-

7 m/s at an ice pressure of 10-12 MPa. Experiments of frost cracking in unfractured 

sandstones confirmed these theoretical predictions [Hallet et al., 1991].  An important 

assumption in these models is that ice growth controls the development of new 

fractures which we view this assumption as an end-member in a natural system. 

We suggest fracture spacing may provide a simple, easily measured proxy for 

determining how susceptible a rock mass is to erosion by segregation ice growth. 

Rock fractures that intersect our predicted zone of segregation ice growth are 

therefore susceptible to frost cracking. We suggest that coupling our model with field 

measurements of the fracture spacing may provide a first-order understanding of 

likely sites of rockfall erosion. 
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5.7. Comparison to Previous Studies 

In an attempt to provide some initial constraints on our simple model, we 

compare our modeled results with three different datasets from the literature.  

5.7.1. Timing of Rockfall Erosion 

A test of the applicability of our model is to compare our estimates of the 

timing of segregation ice growth with the timing of rockfall erosion. Our model 

predicts that rockfalls are more likely in the autumn and early winter for locations 

with a positive MAT and in the spring and summer for locations with a negative 

MAT (Figs 5-2 & 5-3).  Two rockfall inventories in the Canadian Rockies counted 

the number of rockfall events in a small alpine drainage basin and showed that 

rockfall frequency peaked in the spring, with a smaller peak in the autumn [Gardner, 

1983; Luckman, 1976]. While no accurate temperature data exists for the sites 

considered, interpolation of MAT from nearby temperature recordings coupled with a 

lapse rate of 0.6oC/100m show that both sites have a MAT of less than 0oC. A study 

of the volume of rockfall debris falling onto a snow covered talus slope in a cirque in 

the Japanese Alps (MAT of ~-2oC), showed a similar pattern of rockfall frequency, 

with a large peak in the spring, and a smaller peak in the autumn [Matsuoka and 

Sakai, 1999]. These field observations appear to support a peak in rockfall activity 

during spring thawing periods for rocks found in areas with a MAT < 0oC, however 

the also show a peak in activity in the autumn, which is not consistent with our 
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model. A study of the amount of rockfall debris collected over the between December 

1983 and April 1984 in the Niagara Escarpment, Canada (MAT of 6oC), showed a 

peak in rockfall activity in the February and March [Fahey and Lefebure, 1988]. The 

peak in these data is also not entirely consistent with predictions made in our model 

(we would predict rockfall earlier in the winter. The discrepancies between our model 

predictions and the timing of rockfall may reflect the influence of diurnal temperature 

fluctuations, which will particularly affect densely fractured rock masses. 

5.7.2. Southern Alps, New Zealand 

Hales and Roering [2005] attempted to understand the rate and distribution of 

rockfall erosion in the Southern Alps by mapping rockfall deposits (scree slopes) in a 

transect across the orogen. Scree slopes in the Southern Alps are well preserved by 

the geometry of the glacial valleys in which they are deposited and thus accurately 

preserve a record of rockfall erosion. The authors showed that the fractional area of 

scree-covered slopes peaked in the eastern part of the range, which precluded 

earthquakes, topographic unloading, and rock type from being the dominant rockfall 

generation mechanism. Instead, scree slopes were found within a narrow elevation 

range with a mean of ~1500 m and a standard deviation of ~250 m, coincident with 

elevations immediately below the frost cracking window. 

We used their dataset to test our model by comparing the predicted elevations 

of maximum intensity segregation ice growth with the elevations of observed rockfall 
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erosion. We calculated the annual temperature variation  and MAT as a function of 

elevation and using 7 climate stations, found between 42.5 and 44oS latitude and 

covering an elevation range of 762 to 1554 m over 20 to 99 years [NIWA, 

unpublished data, 2004]. All climate stations showed a narrow annual temperature 

variation of 12oC (Ta=6oC) and MATs that varied between ~8.5 and 3.7oC, with a 

lapse rate of 0.6oC/100 m (Fig. 5-8A). 

Initial model runs at an elevation of 1550±250 m (MAT=2.5±1.5oC, Ta=6oC) 

showed that cracking is likely to occur, but these elevations were not coincident with 

modeled maximum cracking intensities. Scree slopes form as rockfall deposits at the 

base of rock headwalls [Rapp, 1960], and so do not directly coincide with the location 

of maximum frost action. Scree slopes in the Southern Alps are typically 200-300 m 

in length [Hales and Roering, 2005], suggesting that the location of rock headwalls is 

a few hundred meters above the average scree slope elevation. To account for this 

observation, we recalculated our model with a mean elevation of 1800±250 m 

(MAT=1±1.5oC, Ta=6oC) (Fig. 5-8B). In this case, the maximum predicted 

segregation ice depths range from 27 cm at an elevation of 1550 m to 219 cm at an 

elevation of 2000 m. The intensity depth profiles show that the peak cracking 

intensity is felt at the surface and peak temperature gradients range from 1.95 to 

0.8oC/cm (Fig. 5-8B). As such, the mean rock headwall elevation (1800 m) 
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Figure 5-8. Yearly atmospheric temperature variation in the Southern Alps (A) and the 
predicted depth of segregation ice growth determined by our model (B). (A) Annual air 
temperatures from the Cragieburn Range (1554 m) and Mount Cook (762 m). (B) The depth 
of segregation ice growth at an elevation of 1800±250 m in the Southern Alps 
(MAT=1±1.5oC, Ta=6oC). 
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coincided with the most intense cracking predicted by our model (between 2 and 

0oC). We predict elevations above 2000 m (or below the 0oC isotherm) to have 

considerably lower frost cracking intensities [coincident with the “high and frozen” 

condition ofHales and Roering, 2005], while elevations below 1600 m will have low 

frost cracking intensities. 

We also compared the depth penetration of segregation ice growth with 

measures of rock strength and fracture spacing in the Southern Alps. The Torlesse 

Supergroup rocks that are pervasive (sandstones and argillites) are weak and highly 

fractured, with a mean joint spacing <20 cm [Augustinus, 1995b; MacKinnon, 1983]. 

Our model results predict a maximum cracking depth of 27-219 cm and there is a 

high likelihood of fractures intersecting the zone of segregation ice growth.  

5.7.3. Utah Rockfall Inventory 

Lastly, we compared the elevation of predicted maximum segregation ice 

growth to a rockfall inventory dataset collected by the Utah Department of 

Transportation [Pack and Boie, 2002]. This dataset was gathered to understand road 

hazards from rockfall. Rockfall frequency (expressed as rockfalls/year) and block size 

data were combined with measures of rockfall susceptibility (e.g. the presence of 

geotechnical structures that reduce amount of road failures) to create a rockfall hazard 

rating [Pack and Boie, 2002]. We focused on the relationship between rockfall 

frequency and elevation. Rockfall frequency was calculated by recording of the  
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Figure 5-9. Elevation and frequency of rockfall events on roads in Utah [Pack and Boie, 
2002]. (A) There is a distinctive peak in rockfall frequency above 2000 meters elevation 
reflecting the first influence of segregation ice growth. (B) Annual temperature curves for 
three temperature stations in Utah (Callao, Coalville, and Electric Lake) that were used to 
create predictions of frost cracking depths used for comparison with the rockfall frequency 
data. 
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number of times a road crew had to collect debris from a section of road. This 

provides a sample of rock headwalls adjacent to roads. Elevations were measured at 

the road with a median hillslope length of 156 m (with and interquartile range of 96-

283 m). Rockfall frequency varies between 0 and 160 falls/year, with a peak in 

rockfall intensity at road elevations between 2100 and 2800 m (Fig. 5-9A). 

 Because this dataset was collected across the state of Utah, it covers a range 

of rock types and climatic regimes. Nonetheless, high mountains are mostly found in 

the center and northwest sections of the state. We estimated the relationship between 

elevation and frost penetration adopting a similar technique to that used for the 

Southern Alps dataset, first comparing atmospheric temperature measurements from 

10 sites in the northwest and center of the state (representative temperature data are 

presented in Fig 5-9B) to attain a lapse rate (0.55oC/100m). The annual temperature 

variation at most Utah sites is ~12oC. The zone of maximum rockfall frequency 

corresponds to MATs between 3.5 and -0.5oC. Model results for these MATs and a 

Ta of 12oC show that 400 cm is the deepest to which frost action will penetrate and 

exploit any fractures at shallower depths, given high cracking intensities (Fig 5-7C). 

Our model predicts that the most intense cracking occurs at elevations just above the 

0oC isotherm. The coincidence of the most the highest rockfall frequencies and 

temperatures close to the 0oC isotherm supports a segregation ice origin for the high 

frequencies. At higher elevations (lower MAT) frost action may penetrate deeper, but 

the maximum cumulative gradient is approximately an order of magnitude less. The 
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number of roads decreases at elevations above 3000 m and the small sample size may 

also be the cause of the drop in rockfall frequencies at these elevations. Given the 

heterogeneity of rock types and fracture spacing across Utah, the coincidence of the 

most intense predicted cracking intensity and the highest rockfall frequencies, 

suggests that the cumulative temperature gradient is important. Unlike the relatively 

simple New Zealand example, rock type, rock fracture spacing, earthquake frequency, 

and time since deglaciation, vary considerably across the state. Despite these 

complications, a first-order relationship appears to exist between temperature and 

rockfall frequency. 

5.7.4. Implications for Mountain Range Evolution 

We have presented a predictive model for the production of segregation ice in 

rock masses. For a given mountain range, our model shows that segregation ice 

weathering may be concentrated in a small elevation range. Having intense 

weathering concentrated within a small elevation range may affect the relief and 

absolute elevation for mountains with rock types that are susceptible to segregation 

ice induced rockfall erosion. For mountains with weak, highly fractured rock masses 

(e.g. Southern Alps, New Zealand (Fig. 5-1)), peak elevations may be coincident with 

the frost cracking window. In contrast, areas with strong, coherent rock masses (e.g. 

Sierra Nevada Mountains, California) may be less susceptible segregation ice 

weathering, allowing them to maintain higher peak heights. In the Southern Alps, 
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frost-driven rockfall erosion dominates within a narrow elevation band between 1550 

and 2000 m [Hales and Roering, 2005] and less than 0.5% of the area of the range is 

greater than 2000 m. Conversely, the peak elevations of the Sierra Nevada (Mt. 

Whitney, 4421 m) are approximately 1000 m higher than the 0.001oC isotherm, 

where frost cracking is most efficient. Mt Whitney granodiorite has a large fracture 

spacing [Stock et al., 2006] and is likely less affected by segregation ice weathering.  

An interesting result of our modeling is the dramatic change of behavior 

across the 0oC isotherm, from rapid segregation ice growth close to the surface to a 

more diffuse ice growth at depth. In our model, this dramatic change in behavior is 

consistent with a change in water availability in the subsurface (the result of a 0oC 

condition for frost cracking).  We suggest that this transition is important in 

mountainous landscapes as it controls the upper boundary of the frost cracking 

window described above. At elevations with a MAT above 0oC, only seasonal ice 

exists, allowing for water to be drawn readily from both the surface and groundwater. 

As a result, segregation ice growth is rapid and efficient, generating high rates of frost 

cracking. At MATs below 0oC, segregation ice growth rates are an order of 

magnitude slower, resulting in a high and frozen condition. 

Our prediction of an elevation-dependent zone of segregation ice weathering 

has implications for rockfall erosion on glacial-interglacial timescales. Our model 

predicts that the elevation range of effective frost processes will be affected by major 

changes in MAT caused by global warming and cooling events. For high mountains, 
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such as the Himalaya, a warming climate will push the zone of maximum frost 

cracking up in elevation, potentially affecting the amount of rockfall in high mountain 

passes. For low, vegetated mountains, such as the Appalachians, a cooling climate 

may lower the zone of maximum frost cracking erosion, potentially increasing the 

rate of mechanical weathering. A cooling climate is commensurate with expansion of 

glaciers and apparently enhanced glacial erosion  [called a glacial "buzzsaw"; 

Brozovic et al., 1997]. Our model suggests that the elevation of the frost cracking 

zone is lowered in concert with the expansion of ice masses. Thus global cooling may 

increase the intensity of segregation ice weathering in glaciated areas and aid in the 

rapid erosion of mountain peaks (a rockfall “buzzsaw”?).  

5.8. Conclusions 

The rate of periglacial erosion in mountainous landscapes is a largely 

unknown quantity, with much debate existing about its role relative to fluvial, glacial 

and hillslope processes. We have attempted to quantify the role of ice-driven erosion 

through the use of a simple one dimensional heat flow model. We use this model to 

predict the depth and intensity of segregation ice growth in rocks using mean annual 

atmospheric temperature and annual temperature variations. We predict that 

segregation ice will grow in this model when three simple criteria are met: (1) the 

rock temperature is between -3 and -8oC, (2) one of the boundaries has a temperature 

above 0oC, meaning that water is freely available to the system, and (3) the water is 
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drawn from warmer to colder parts of the system. The growth rate of segregation ice 

in this system is dependent on the temperature gradient. We show that intense 

segregation ice growth occurs close to the surface of the rock mass for MATs above 

0oC, while at negative MATs segregation ice forms at depths below 50 cm from the 

surface. Changes in MAT are manifest by changes in the rate and depth of 

segregation ice growth, while changes in Ta primarily affect the depth of ice 

penetration. For areas of seasonal ice growth (temperatures above 0oC), intense frost 

action occurs close to the surface during the autumn and winter, while weaker 

segregation ice growth in the presence of permafrost occurs mostly in the spring. We 

suggest that our predictions of the depth and intensity of segregation ice growth can 

be related to the fracture spacing of a rock mass to predict the susceptibility of a 

mountain range to frost action. Examples from the Southern Alps and Utah show that 

predicted maxima in the intensity of segregation ice growth coincide with maxima in 

rockfall erosion rates. 
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