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PRE FACE 

The term "permafrost" is usual ly associated with phenomena 

commonly observed in Siberia and Alaska. In the Alps, however, 

such phenomena occur al so , but within smaller areas and in less 

spectacular ways . They are encountered more frequently today 

due to the increasing activity in construction ~1ork for hi gh

altitude installations such as hotels and houses, roads and 

railways, ski facilities, telecommunication stations and hydro

elec tric power schemes etc. 

One of these phenomena, typical in the Alps and ~1hich has 

fascinated earth scientists for a long time, is the rock gla

c ier. Rock glaciers are morphological expressions of ice-rich 

perennially frozen sediments creeping down mountain slopes. To 

the non-specialist, they appear similar to debris-covered gla

ciers or perhaps rather 1 ike congealed lava streams or mud 

flows. 

The post-war time period has seen intens i fied research into 

rock glaciers with the application of modern sounding and sur

veying techniques. The author of the present report, Dr. Wil

fried Haeberli, has taken an active part in this development, 

and he now tries to critically revie1~ and summarize the data 

collected from the geophysical, photogrammetric and geodetic 

methods employed. The presentation of the results gives an 

overview of methods appl icable in high - mountain permafrost, 

and at the same time forms a ~tate-o 0-the-~ ~epo~ on active, 

inactive and fossil rock gl aciers. 

Prof. Dr. Daniel Vischer 
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INTRODUCTION 

About l ,000 active rock glaciers are known in the Swiss Alps today . 

Were the l arge number of inactive, but stil l intact forms to be added t o 

this figure, then the total number of ice-containing rock glaciers i n the 

Alps i s estimated to be at least as high as t he total number of "real " 

gl aciers (see for instance, Ba rsch l977a , 1978; MUll er et al. 1976 ) . On a 

world-wide scale , a total rock glacier sum in the several millions is not 

unreali stic . It is therefore not surprising that rock glaciers appear very 

often in the l i terature, and that their occurrence is noted in al l high 

mountain ranges of the world where the climate is cold enough and dry 

enou gh (e . g. , Guiter 1972; Haeberli 1983) ; rock glacier li terat ure is cor

respondingly vast. 

The major proportion of rock glacier literature l imits itself to men

tioning the phenomenon and describing i ts occurrence and morphology. How

ever, poor knowledge of the internal structure of rock glaciers has resul

t ed in a number of explanations. The choice of the term "rock glacier" it

self is unfortunat e, since it suggests that the phenomenon is a rock mass 

whi ch developed from a glacier . The concl usion tha t rock glaciers are ne i 

ther a question of "rocks" nor of "glaciers", but of creep phenomena i n 

Alpine permafrost, was finally confirmed through the use of geophysical 

sounding techniques duri ng the post-war peri od . This period of modern rock 

glacier resea rch started in the Swiss Alps with (1) geoelectrical studies 

done (bu t only published much later) by father and son W. Fisch (see Fisch 

et al . 1978) in connection with the construction of hydrolelectric power 

stations , and (2) seismic studies done by D. Barsch (Barsch 1969, 1973). 

Si nce then, experiments in this field have been pursued intensively albeit 

almost exclusively in Switzerland. A much clearer picture as to t he nature 

and significance of Alpine rock glaciers i s thereby emergi ng. 

Rock glaciers, as a few authors (e . g. Jackli 1957; Wahrhaftig and Cox 

1959) had already recognised early on, are, in fact, perennial ly frozen 

debris masses which creep down mountain slopes in some ways similar to the 

behaviour of lava streams. They are, therefore , long- term and large-scale 

natural experiments on the creep behaviour of non -consolidated, i ce-rich 

sediments. Such behaviour has played an important role in connection with 
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Figure 1 Active rock glacier in discontinuous permafrost, Val Muragl, 
Upper Engadin, Grisons, Swiss Alps. This striking example of an 
active rock glacier has already been described by Salomon (1929) 
and Domaradzki (1951). Barsch (lg73) measured active layer thick
ness using shallow seismic refraction, and Barsch and Hell (1976) 
reported seasonal variations of surface velocities. Electrical 
resistivity soundings were done by Barsch and Schneider (unpub
lished). Photogrammetrical studies on the long term development 
were started in 1981 by VAW/ETHZ (cf., Figure 46). Photograph 
taken in August 1972 . 

construction projects in Arctic or hi gh Alpine regions, and al so with ar

tificial freezing in relation to tunnel constructions (e.g., Czurda 1983; 

Huder 1979; Keusen and Haeberli 1983 ; Vyalov 1965). Fossil "melted" rock 

glaciers offer conclusive evidence for the earlier existence of permafrost 

and can be used as temperature indicators for paleoclimatic reconstructions 

(Haeberli 1982, 1983; Kerschner 1978, 1983b). In dry mountain regions, rock 

glaciers are often dominant morphological elements in the landscape above 

the tree line. The flow of rock glaciers is one of the most effective pe

riglacial processes, and may account for about 20% of all high Al pi ne 

mass wasting in Switzerland (Barsch 1977a). The tota l amount of ice incor

porated in rock gla ciers is only a fraction (a few percent) of the total 

perennial ice mass exi sti ng, for exampl e, in Swi tzerland; however, the 
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Figure 2 Active rock glacier in the Chlein Talli, Dischmatal, Grisons , 
Swiss Alps. Discontinuous permafrost distribution was mapped 
in detail by Haeberii (1975) . Destroyed vegetation cover (arrow) 
indicates that part of the rock glacier may have been less ac
tive in the past . Snowbanks at the transition between debris 
cones and the rock glacier are more or less perennial and are 
remnants of ava l anche cones. Photograph taken in August 1972. 

relative fraction gets larger with increasing continentality, and for dry 

mountain ranges with small or even no glaciers, rock glacier permafrost can 

influence the water cycle over a large area {cf . Corte 1978) . 

The fundamental concepts in such areas of study as internal structure 

and flow mechanism of rock glaciers remain little known to date. There are 

indeed reasons for this, one especially being that research into these 

aspects is di fficult, expensi ve and time consuming. In addition, the fact 

that rock glaciers were often believed to be a glaciological phenomenon by 

geomorphologists, and a morphological margin phenomenon by glaciologists 

meant they were never the focus of attention of either discipline. The 

study presented here attempts to col late the information which is available 

today about the internal structure and the movement of r ock glaciers. In 
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the f i rst section, the phenomenon rock glacier, its external form, occur

rence and environmental condit ions for its existence are briefly described. 

In the second section a model wh ich describes the geometry and inner struc

ture of a rock glacier is developed on the bas is of results from geophysi

cal measurements and soundings. Thi s model is the prerequisite for the 

rheol ogical interpretation of measurements done on rock glacier movement. 

The present report confirms and further develops the clear thoughts 

which were reported many years ago by Wahrhaftig and Cox (1959). In doing 

so, it touches the fi el ds of geomorphology, glaciology, geophysics and 

engineering . It is however, not written for specialists in these fields, 

nor does it review all the ideas which have been promoted during the ra

ther intriguing history of rock glacier research. It attempts to compile 

and interpret, us ing an interdi sc ipl inary approach, the surprisingly small 

number of measured parameters coll ected so far . It i s hoped that it con

tributes to improved knowledge about the phenomenon ."rock glacier" - one 

of the most striki ng, most widespread, and most often misunderstood perma

frost phenomena on earth. 

1. WHAT ARE ROCK GLACIERS? 

In order to make the sections on inner structure and flow of rock gla

ciers more eas ily understandable, _some of the most important external cha
racteristics of the phenomenon are outlined here. The main points discus 

sed are the morphology of these perenni ally frozen debris masses and their 

distribution, which in turn is related to the climatological, lithol ogical 

and glaciolog ical phenomena associated with rock glaciers. This s ubsequent
ly leads to a study of the boundary condi t ions which affect the origin, 

the structure and the behaviour of rock glaciers, and to a discussion of 
the most import ant environmental processes involved. 

1 . 1 Morpho 1 ogy 

Figure 1 shows the rock glacier in the Val Muragl, a large and well

developed feature. It is easily seen to be a large debris mass , whose sur 

face topography is reminiscent of pictures of moving viscous materials. 

In their lower parts, rock glaciers, such as this one, are separated from 
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their surroundings by steep slopes and always have convex surface profiles. 

The incli nation of the marginal slopes corresponds to the angle of re

pose of the material. I t is at these steep slopes that the surface layer 

of coarse debris can be seen to be a few metres thick only; underneath 

this top layer is a much thicker layer of fine-grained material . An apron 

of coarse boulders and rocks i s f ound at the foot of the marginal-frontal 

slopes; these rocks obviously or ig inate from the surface layer and have 

slipped down the marginal slopes due to the flow of t he rock glacier. The 

mobility of the marginal slopes makes any growth of vegetation impossible, 

and therefore active rock glaciers have margins which are vegetation

free. In t he case of inactive rock glaciers, or inactive parts of rock 

glaciers , the presence of vegetation on the st eep margins is a common fea

ture {Figure 2) . Also, such rock gl aciers can contain ice, and are grou

ped together with active rock glacier s in the category of "intact" rock 

glaciers . The term "foss il rock glacier" i s used for cases in which the 

ice has melted out and the form has sunk or coll apsed ( Figure 3) . 

Fi gure 3 Fossi l r ock glacier Tsa de Touno , Val d'Anniviers , Wall is, Swiss 
Alps. Di scontinuous permafrost distribution. Obl i que aerial pho
tograph taken by J. Alean , ZUrich, in July 1982 . 
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Figure 4 Morphological model of rock glacier development, modified 
after Haeberli (1975). Early development shows a terrace-
1 ike form at the foot of perennially frozen tal us (often 
called protalus rampart, cf., Figure 5) carrying sometimes 
perennial snow from avalanche cones. Depending on local 
conditions, large rock glaciers or a succession of rock 
gl aciers can form . In some cases, small and partial ly cold 
glaciers can exist on top of creeping rock glacier perma
frost . 



- 13 -

As already mentioned , studies on the morphology of rock glaciers con

stitute the main part of rock glacier literature. Most of these contribu

tions have the notable drawback of considering only large, well-developed 

and often complex features. Speculation about the origin of such complex 

features has inevitably resulted in problems concerning nomenclature and 

definition (e.g. Johnson 1974, 1980). The key , however, to the question of 

the origin of rock glaciers lies in the small, unpretentious and often 

overlooked forms which appear early on in the development. Figure 4 propo

ses a morphological series for their development in which, for most cases, 

the starting point is a perennially frozen debris cone or scree slope, or 

sometimes also a perennially frozen moraine. If the thickness of the debris

ice mixture is large enough, the foot of the slope starts to creep out with 

a rock-glacier-like steep front- a form which is usually termed "protalus 

Figure 5 Features of initial rock glacier development (protalus ramparts) 
at the FlUela Schwarzhorn, FlUelapass, Grisons, Swiss Alps. Dis
continuous permafrost distribution was mapped in detail by Hae
berli (1975). The terrace-like features at the foot of the talus 
cones show all the signs of permafrost creep. A thin and practi
cally inactive cirque glacier covered the area in the foreground 
of the photograph dur ing the last century. Photograph taken in 
August 1972. 
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rampart" in the English literature (Figure 5) . From this embryonic form, 

depending on the duration of the development and the topographical circum

stances, a more lobe-like or tongue-shaped rock glacier develops (Figure6). 

Sometimes entire slopes start moving and then it becoms difficult to dis 

criminate between individual structures {Figure 7). Permafrost which 

creeps in this manner often carries along perennial (avalanche) snow pat

ches and glacierets with a thickness of a few meters. There have been se

veral attempts to classify the mul titude of forms observed on the bas is of 

morphological criteria (e .g., Barsch 1969, Wahrhaftig and Cox 1959; White 

1981), but the usefulness of such classifications remains questionable. 

Wahrhaftig and Cox (1959) produced a detailed analysis of the microre

lief of rock glacier surfaces. This microrelief is generated by a multi tude 

of convex and concave irregularities in the surface boulder layer which are 

the result of two main processes: the production and disappearance of ice 

Figure 6 Protalus ramparts and small rock glaciers in continuous perma
frost, Urumqi river basi n, Tien Shan, Chi na. Permafrost charac
teristics of the area were reported by, e.g . , Qiu et al. (1982) . 
Ice temperature within the nearby Urumq i Glacier No. 1 is well be
l ow 0°C (Huang et a l . , 1982) . Photograph taken in August 1983 . 
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Figure 7 Rock glaciers and rock glaci er-like creep phenomena in discon
t i nuous permafrost , Hungerlital li , Turtmanntal , Wal l is, Swiss 
Al ps . Mean annua l air temperature at t he equi librium line of 
the cirque glacier in the upper l eft corner of the photograph 
(Rot horngletscher) i s about - soc . Obl ique aeria l photograph ta
ken by J. Al ean, ZUrich, i n July 1gs2. 
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at the surface , and the variation of rock glacier flow in space and time. 

Irregular furrows, sink-hol e- like and spoon-shaped depressions occur when 

underground ice melts, producing forms of thermokarst, or when thermal 

erosion takes pl ace under the influence of running meltwater (cf . French 

and Egginton 1973). Regular furrows, and systems of ridges are connected 

to the flow process itself. As is to be expected,longitudinal structures 

develop as a result of extending flow (Figure 50), transverse furrows as a 

result of compressing flow (Fi gure 46). It remains open, however, whether 

this latter phenomenon is caused by viscos i ty variations in space (for in

stance , a decrease in viscosity with depth), or by discontinuities caused 

by shear fracture of the rock glacier. In any case, the structures which 

can be observed on the surfaces of rock glaciers do not directly reflect 

either the actual stress field or any movement due to this stress field , 

but show the resul t of an oft en complex history of deformation. An example 

of this is the well -studied rock gl ac ier near the Grubengletscher (cf. Fi

gure 8 and the enclosed map). The direction of movement of this rock gla

cier was temporarily altered by the hi stori cal advances of the nea rby Gru

bengletscher, wi t h the result that today its surface structures do not 

correspond to the actual direction of flow of the rock glacier. 

Evin and Assier (1 984a) have proposed a method for measuring the 

orientation of surface boulders in order to carry out a quantitative ana

lysis of rock glacier development. The application of this method coul d 

lead to a much better understanding of the ori gi n and history of develop

ment of rock glaciers, and should also make it possible to discriminate 

easily and object ively between debris-covered glaciers and rock glaciers 

on the basis of morphometric criteria. In most cases, however, the diffe

rence is evident anyway, because the debris cover on temperate glaciers is 

often very thin (decimeters) and is predominantly non-structured . And, de

spite the concern often mentioned in the literature, cases where it has 

proven difficult to dis criminate between debris -covered glaciers and rock 

glaciers are rare, and restricted to permafrost regions where relatively 

thin, cold and often very small glaciers may lie on top of thick permafrost 

bodies; in such cases, perennial ly frozen sediments at t he glacier margins 

can show rock-gl acier-like structures. If t he relative amount of movement 

within such a structure is small , and the steep and layered marginal slopes 

are absent, then the feature formed is l i kely to be a push mora ine in the 
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Figure 8 Grubengletscher {below) and Gruben rock glacier {above), 
Saastal, Wallis, Swiss Al ps . 1 to 4 = lakes 1 to 4 (lake 
2 has almost disappeared due to the recent advance of the 
glacier), T = thermokarst lake on rock glacier surface. 
C =core drilling site, P =push moraine. Ice temperature 
at 10 m depth on Grubengletscher tongue is -1 to -2oc, 
thickness of rock glacier permafrost is around 100 m. 
Access road is for construction work in relation to out
bursts of lake 3. Vertical aerial photograph taken in 
September 1983. Reproduced by permission of the Federal 
Directorate of Cadastral Surveys. 
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strict sense (glacio- tectonically deformed , frozen , unconsolidated sedi

ments: Figures 8, 9, cf ., Embleton and King 1968; K~lin 1971). Furthermore, 

such push moraines can be formed in an up-s lope direction, in contrast to 

rock glac iers. In both cases , however, the creep of ice-rich permafrost is 

the predominant process. Al l transitions between push moraines and rock 

glaciers are therefore possible in regions where glaciers and permafrost 

exist in combination (Haeberl i 1979). Actua l transit ions between cold gla

ciers in permafrost regions and rock glaciers are not very plaus i ble and 

are probably much rarer in nature than the literature suggests. The debris

covered , cold tongue of the Grubengletscher (Figure 8), for instance, 

shows a surface structure which may suggest rock-glacier flow, but the 

front and the margins of the glacier lack all the characteristics of a 

rock glacier front; this tongue, therefore, belongs to a debris-covered, 

cold glacier and not to a rock glacier. 

Figure 9 Push moraines (P) and rock glaciers (R) in continuous permafrost 
Axel Heiberg Island, N.W.T., Canada. Location is 800 N/940 W. 
Permafrost temperature is -10 to - 15oc and permafrost thick
ness is several hundred meters (cf., Kalin 1971 ). Airphoto No. 
Al6186-96 taken by Air Photo Di vision, Energy, Mines & Resour
ces, Canadian Government. 
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1.2 Distribution 

Rock glaciers are permafrost phenomena of cold, dry mountain regions. 

They are not found in f lat lowlands nor in mountains with abundant preci

pitation. This notable fact was easily explained once rock gl aciers were 

recognised as creep phenomena in perennially frozen sediments. For its de

velopment, a rock glacier needs debris, permafrost and an incl ined topo

graphy; the slope required l imits the existence of rock glaciers to moun

tain regions. Debris is only found below the equilibrium line of glaciers, 

because above the "snow line", in the accumu lation area of glaciers, only 

rock, firn and ice exist . Rock-glacier-like creep of debris-ice mixtures 

can therefore only take place below the equi l ibrium line on glaciers and 

above the lower permafrost limit. This zone of potential rock glacier dis

tribution is absent in maritime mountain regions, where the equilibrium 

line on glaciers is below the lower boundary of permafrost distribution 

(Figure 10). In dry mountain regions, however, where the equilibrium line 

on glaciers is far above the lower boundary of permafrost distribution, or 

is even above the a l titude of the mountain summits, glaciers may no longer 

mean annual 
air temperature 

® 
- 2500 mm mean annual 

precipitation 

Figure 10 Structure of cryosphere as a function of air temperature 
and precipitation. A= accumulation zone of glaciers, no 
debris can accumulate, B = zone without permafrost, deb
ris can accumulate but is not perennially frozen, C = po
tentia l zone of rock glacier formation, debris accumula
tions exist and can be perennially frozen. From Haeberli 
(1983, Figure 1). 
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exist and only rock glaciers may be evident. Many mountain regions , how

ever, possess transitiona l climates between maritime and continental ; in 

such regions, glaciers and rock glaciers can exist side by side, and some

times even in direct contact with each other . 

The pattern of distribution of rock glaciers in such transitional zones 

has been mapped by several authors (e.g. , Barsch lg69 ; Haeberli 1g75; Jorda 

1983; Kerschner 1983a: cf . Figure 11; Lliboutry 1965; Maisch 1981; Wahrhaf

tig and Cox 1959). These studies cl early show that most rock glaciers occur 

N 

W----11---E 

- 6.-
Crest with 
peak 

i glaciers C
., 
.: around 1850 

rock glaciers u active 

Figure 11 Distribution of rock glaciers in discontinuous permafrost, Ra
durschltal, Austrian Alps, after Kerschner (1983a: map on p. 27). 
Rock glaciers occur on slopes of all expositions, but are lar
gest if exposed to the north or to the west . Contacts between 
rock glaciers and actual or vanished glaciers are the excep
tion rather than the rule. 
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far away f rom glaciers and t hat they develop from scree slopes; however, 

they can also someti mes develop f rom moraines which have been bui lt up by 

glaciers. In Siberi a , a perenniall y frozen debris deposit from an old mine 

seems to have developed creep phenomena very much like rock gl aci er creep 

(Gorbunow 1983 cf ., Sadovsky and Bondarenko 1983) and in the Alps, one or 

another of the high altitude earth dams could have a similar destiny. 

It becomes appa rent that the important factors i n the discussion about 

the origin and characteristics of rock glac iers are the characterist ics 

of the scree slopes t hemselves, as well as the correspondi ng glac iologi

cal and nivological phenomena. Snow avalanches usually occur on the steep 

slopes in winter. The accumul ation of avalanche snow protects the foot of 

the slope against solar radiat ion and favours the formation of permafrost. 

In many cases, such avalanche snow forms perennial snow banks or even gla

cierets which survive the summer; these then migrate on top of th i ck rock 

glacier permafrost, away from the protective influence of the foot of the 

slope, until t hey me l t and disappear. 

Once the snow has disappeared, lichens can st art growing on the rocks . 

Many rock glaciers penetrate the Alpine meadow zone and corresponding ve

getation appears wherever fine material i s present. More rarely , act i ve 

rock glaciers reach t he forested regions. They may then become coloni sed 

by trees, the growth of which is infl uenced , but not hindered by the flow 

of the rock glacier (Foster and Holmes 1965; Shroder 1978). 

There are many instances of south-facing rock glaciers, but such rock 

gl aciers are often small because permafrost is only present at the foot of 

the slopes. For north-facing slopes, where permafrost covers not only t he 

foot but al so t he entire slope , large, striking forms can develop. Since 

the formation and exi stence of permaf rost at the foot of the slope is less 

dependent on solar radiation than on the accumula tion of avalanche snow 

(Haeberli 1975), rock glaciers exposed to the south , al beit smaller, occur 

at only slightly higher al titudes than those which are north-exposed (cf. 

Wahrhaftig and Cox 1959) . 

Rock glaciers are class i cal phenomena of periglacia l geomorphology in 

dry and cold mounta in regions . They occur above the timber line and are 

directly related to the occurrence of permafrost and unconsolidated sedi -
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ments of different kinds. Any relationship with other phenomena (like gla

ci ers or vegetation) is less direct, often reflects a topographical coin

cidence and is sometimes purely acc idental. 

1.3 Boundary conditions and environmental factors 

Active rock glaciers exis t above the lower boundary of permafrost dis

tribution and below the snow line. The lower boundary of permafrost dis

tribution (defined here as the lower boundary of discontinuous permafrost 

distribution) follows, more or less, the -1° to - 2oc mean annual air tem

perature isotherm (cf . Cheng 1983). The snow line (defined here as the 

mean equilibrium line on glaciers, cf . Gross et al. 1977) can occur below 

the lower boundary of permafrost distribution in humid regions which have 

abundant precipitation, and, in extreme cases, is even below the 0°C mean 

annual air temperature isotherm (e.g., in the Cascades, North America); 

it rises with decreasing precipitation and crosses the lower boundary of 

permafrost at around 2,500 mm precipitation. Therefore, !aAge 6cale clima

tological bowufCVt.y c.onciU<.on6 for the existence of active rock glaciers 

are mean annual air temperature below about -1° to -2°C and an annual 

precipitation less than 2 ,500 mm. The minimum slope necessary for rock 

glacier creep is related to the stress distribution in permafrost and to 

the thickness of the perennially frozen sediments; experience has shown 

this to be about so. However, on slopes greater than 30-35° (the angle of 

repose of dry accumulation of unconsolidated sediments), the quantity of 

material necessary for rock glacier formation is basically absent in nature. 

Perennial snow banks and glacierets in the neighbourhood of rock glaciers 

occur in regions with clearly negative mean annual air temperatures. There

fore, only in exceptional cases could they be temperate throughout. 

On a local 6cale, two bourtdCVt.y c.o»ciU<.on6 are most important for the 

origin, existence and development of an individual form: 1) the type of 

the debris source which delivers the material to build up the rock glacier 

and, 2) the thermal condition acting at the surface of the creeping perma

frost mass, which is responsible for the formation and existence of the 

ice . A short , qualitative discussion of these two boundary conditions al

ready gives rise to a simple model of i nternal glacier structure. 
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In most cases, coarse-grained scree s l opes or debris cones are the 

starting points for the development of rock glaciers. A characteristic of 

these debris masses is that they are sorted according to grain size; at 

the foot are the coarse rocks and boulders , whereas the fine mate r ial is 

found on the upper parts of the slopes . If the foot of a perennial ly f ro

zen scree slope starts to creep in a rock- glacier-like manner, the material 

at the foot of the slope is slowly transported away. Fine material from 

the upper part of the scree slope now migrates, also through creep , into 

the foot of the slope where i t is covered by coarse debris which falls 

from the walls. Permafrost develops an active layer of a few meters thick

ness during the summer, and since this layer more or less corresponds to 

the thickness of the coa rse debris, the underlying fine material remains 

frozen and is consequently protected from erosion . During subsequent deve

lopment , this perennially frozen fine material migrates away from the foot 

of the slope and is deformed . Where it reaches the margins of the rock 

glacier , melting occurs during summer . The exposed rock particles lose 

their mutual contact and cohesion and again form a scree slope, the incli

nation of which being determined by the angle of repose of the rock par

ticles. The coarse rocks and boulders, which originally accumulated at the 

foot of the scree slope are carried along on the surface in a passive way. 

The air-filled pore spaces within the coarse surface layer have a low ther

mal conductivity, and they thus help to cool the underlying frozen fine 

material, significantly reducing the effect of summer \~arming. Because the 

maximum velocity in the vertical flow profile i~ at the sUrface, boulders 

which make up the surface layer finally fall down the marginal slopes, 

accumulate as the talus apron of the rock glacier front and are probably 

overridden again by the rock glacier; the relative amount of coarse debris 

at a rock glacier front seems to be constant with time (cf . , White l97la). 

The interior of such a rock glacier can therefore be assumed to con

sist of frozen and deformed fine material from the scre·e slope. Similarly , 

the surface layer is made up of coarse debr is and remains of ice , embedded 

within permafrost, from avalanche snow patches and glacierets which ori

ginated at the foot of the scree slopes. This model has now to be tested 

and quantified using information available from direct and indirect obser

vations on the internal structure of rock glaciers. 
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2. INTERNAL STRUCTURE OF ROCK GLAC I ERS 

In order to understand the f l ow behaviour of a creeping mass, it is 

necessary to understand the actual stress field present, the characteris

tics of the material involved and the stress-strain relat ionships within 

this mater ial. Without any knowledge of t he geometry and internal structure 

of a rock glacier, it is difficult to realise a satisfactory understanding 

of the phenomenon. 

The main reason for the confusion in the literature is the difficulty 

of simply "looking into" a rock glacier. Even today, information about the 

internal structure of rock glaciers remains sparse. An attempt is made 

here, however, to collate the information which is available at the moment . 

Direct, visual observations in natural and artificial outcrops or on cores 

from drillings are most important and, in most cases, unambiguous; however, 

they are also rare and often provide point information only. Indirect evi 

dence from geophysical soundings, which cover l arger surface areas and 

reach greater depths, can, unfortunately, be ambiguous . An attempt has to 

be made, therefore, to combine the information from the various geophysi

cal methods. 

2.1 Direct observations 

The material from the interior of rock glaciers can be studied in a di

rect, visual way in natural and artificial outcrops, or by analysing cores 

from drillings. Outcrops which are easily accessible, widely distributed 

and extended occur at the steep marginal parts of rock glaciers. They re

main permanently exposed by the creep movement . Looking at these margins, 

it is easy to see that the interior of rock glaciers consists of fine se

diments and that the layer of coarse blocks and boulders at the surface is 

thin. But the debris so exposed does not remain frozen during the summer, 

and, therefore, it does not provide any information about the internal ar

rangement of material in a rock glacier. Additional evidence from other 

types of outcrops or from dri Jlings is, unfortunately, rare. 

2.1.1 Outcrops 

Natural outcrops originate via processes of erosion and thermokarst. 

The interior of rock glaciers can sometimes also be observed in freshly-
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opened crevasses. If the noise of running water just under the surface is 

followed, it is often possible to see the ice of the rock glacier perma

frost in the pore spaces of the coarse debris . 

Crevasses are rarely observed in rock glaciers; it seems that either 

strain rates are too sma l l in most cases, or that crevasses are hidden by 

the boulder debris on the surface (Haeberli et al., 1979). Haeberli and 

Patzel t (1983) describe the occurrence of perennially frozen debris with 

a high ice content in a l arge transverse crevasse of the rock glacier in 

the Aeusseres Hochebenkar, Obergurgl, Oetztal Alps, which moves exception

ally quickly. Unfortunately, the danger of rock falls in the extremely un

stable debris did not permit any precise analysis or collection of sampl es. 

Figure 12 Side wall of a gully cut i nto the front (arrow) of a weakly ac
tive rock glacier in the Rottal, Saastal, Wall is, Swiss Alps. 
Discontinuous permafrost distribution. Erosion of the 15 m deep 
gully was caused by the outburst of a small thermokarst lake 
("' 10,000 m3 of water) in 1953. Fine material (silt and sand) is 
absent in the shallow surface layer (active layer of rock gl a
cier permafrost), but abundant underneath the permafrost table . 
Photograph taken in Septemberl980 (from Haeberli 1980: Figure 5). 
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An outcrop in the front of a rock glacier in the Rottal near Saas Alma

gell, Wall is, was produced by the outburst of a small, periglacial lake. 

The outburst involved only around 10,000 m3 water, but it cut about 10-15m 

into the steep rock glacier front (Figure 12). On the sides of the gully 

whi~h resulted, it is possible to see, still today, that the boul der layer 

at the surface is, in fact, very thin and that it covers a thick layer of 

fine material with intermittent large boulders. 

Massive ice in the ground i s especially thermally unstable. If such mas

sive ice melts, sink holes and ponds f orm - phenomena which are known as 

thermokarst (Black 1969). Latent heat exchange, due to the freezing of wa

ter in such ponds, protects the underlying ice from sub- zero temperatures 

in winter and warms the permafrost even more. Hence, a feed-back mecha-

Figure 13 Thermokarst lake in buried ice on the Gruben rock glacier , Saas
tal, Wall is, Swiss Alps. The lake started to form in the la te 
1960's and its surface area increases more or less exponentia l
ly with time. The lake depth is around 5 m and the lake l evel 
remains nearly constant . Near surface temperature of surrounding 
permafrost varies around a mean value of about -lOC (cf., text). 
Photograph taken by H.P. Wachter, ZUrich, in September 1982. 
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nism of melting is induced. An example of such a thermokarst lake, the 

surface area of which increases more or less exponentially with time, has 

been observed at the Gruben rock glacier (Figure 13, cf. Haeberli 1980) . 

Massive ice, which has been exposed through similar processes, has often 

been described as glacier ice in t he l iterature ; however the possibility 

cannot be excluded that such massive ice can in fact also be the remains 

of snow banks or avalanche cones (cf. , for instance , Eugster 1973). There 

is pronounced lack of analysis of grain size, crystal orientation (cf., 

Potter 1972), or isotope content for such massive ice . An intensive study 

of this type is being carried out presently on the Gruben rock glacier 

(J.-M. de Groote, 8ruxelles). This study should show how massive ice can 

appear on the rock glacier surface. 

A very interesting set of results about the age of massive .ice at the 

surface of the Arapaho rock glacier, Colorado Front Range, is gi ven by 

White (197lb) . This ice had been eroded by meltwater. 14 C-dating of orga

nic mater ial from the dirt bands in the ice gave an age of 1000 ± 90 years 

B.P. The ice was found at a distance of about 200 m from the remains of a 

small glacier at the head of the rock glacier. The flow velocity at the 

rock glacier surface in the area surrounding the massive ice was about 

10-20 cm per year. The thickness of this ice was 12 m or more, and it ap

pears that it came from the small glacier, was transported passively near 

the surface of the rock glacier, and was buried and preserved over centu

ries within the rock glacier permafrost . 

Because of the localised occurrence of such massive ice , its existence 

does not "prove" that rock glaciers consist entirely of such ice (cf., 

e.g ., \~halley 1973, 1979). This view is supported by the results of elec

trical resistivity soundings at the Kintole rock glacier , where about lOO m 

of frozen sediments were detected at the base of about 10-20 m of ice from 

a small cirque glacier (Figure 14) . In general, it can be assumed that the 

thickness of the snowbanks, avalanche cones and cirque .glaciers (which flow 

under ext remely low shear stresses (c.f. Maisch and Haeberli 1982)) is 

smaller than the thickness of the underlying permafrost by roughly one or

der of magn itude. 

Some excavations have been made from the surface to the permafrost table. 

Capps (1910), for instance, already found "ice filling the cavities between 
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Figure 14 Buried ice at the surface of the active rock glacier in the 
Kintole, Mattertal, Wall is, Swiss Alps. An electrical resisti
vity profile was measured in the tunnel (a former sub-glacial 
channel?) at the base of the buried ice. This unique sounding 
revealed the existence of a thick permafrost body (at least 
75 m of perennially frozen sediments) underneath the buried ice 
(Fisch et al. 1978). Photograph thought to be taken by W. Fisch 
sen . in 1960 . 

the angular fragments and forming, with the rocks, a breccia with ice as 

the matrix" at depths which increased towards the rock glacier front. Wahr

haftig and Cox (195g) confirm~d this experience of Capps, and observed 

"debris, solidly cemented by interstitial ice" in erosional gullies of 

three rock glacier fronts in Alaska. White (197lb) investigated a 2.5 m 

deep pit, made with the help of explosives, and situated 170 m from the 

front of the Arapaho rock glaciers . He found, below 0. 5 m depth, that "all 

material encountered ... was tightly frozen, and was aggregated of muddy 

sand embedded in clusters of ice granules 1 to 2 cm long". In another pit, 

which was made with a bulldozer in the Galena Creek rock glacier, Wyoming , 

Potter (1972) found ice-cemented debris of at least 0. 5 m thickness at a 

depth of 3.2 m; and in connection with road construction in the Sangre de 

Crista Mounta ins, Colorado , Johnson (1967) observed interstitial ice both 
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during the horizontal excavation 10 m into the rock glacier front, and 

also at a depth of about 3 -6 m from the rock glacier surface, just be

hind its front. 

An especial ly deep excavation was made at the rock glacier near Pra

fleuri, Wall is, during construct ion work for the Grande Di xence dam. Fig

ure 15 shows this artificial outcrop, described by Fisch et al. (1978); it 

seems to be the best photographic documentation of rock glacier permafrost 

available to date. The frozen, unconsolidated sediments, supersaturated 

with ice and having lenses of deformed ice embedded within them, are clear

ly visible . 

The most important outcrop -and perhaps even one of the most important 

pieces of information about the internal structure of rock glaciers - was 

Figure 15 Deep excavation at the front of the active rock glacier Prafleu
ri, Val d'Heremence, Wall is, Swiss Alps. The outcrop shows f~o
zen sediments, rich in ice and f ine material with embedded 1ce 
lenses. Resistivity soundings showed that permafrost is at least 
20 to 30 m thick (Fisch et al. 1978). The studies were carried 
out in connecti on with the construction of the Grande Di xence 
dam. Permafrost around the rock glacier is discontinuous. Pho
tograph taken by W. Fisch sen . , probably in 1956. 
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given by Brown ( 1925). He des cri bed a tunne 1 whi eh was made through a sma 11 

rock glacier for a mining operation (Figure 16). Behind the unfrozen front, 

Brown found about 100 m of frozen sediments which he described as follows: 

"material cemented by ice, but the quantity of rock in the ice varied, as 

did the size of the angular blocks of rock". At the end of the tunnel 30 m 

of "very clean ice" were encountered. In his discussion of this ice , Brown 

writes: "one must consider the possibility that this supposed glacier is 

merely a large snow bank that ~1as covered by rock slides". However, Brown's 

paper has a somewhat unfortunate title -"A probable fossil glacier"- and 

this may have misled several authors (e.g., White 1976; Corte 1976) who 

refer to this paper while attempting to show that rock glaciers can be bu

ried glaciers. Another confusion arose from the reference to a paper by 

Siebenthal (1907), in which he describes a tunnel which crossed the north

ern Blanca Glacier, a cirque glacier at the foot of the north wall of 

the Blanca Peak; Potter (1972) and White (1976) mistakenly cited this tun

nel as a rock glacier tunnel, but, in fact, it did not cross the rock gla

cier in the Huerfano-valley, which Siebenthal also describes in hi s paper. 

~Solid rock ~ Ice-bound rock stream 

D CJean1ce ~::.::] Loose roe k 

Figure 16 Longitudinal section of a cross-cut tunnel through a 
rock glacier in the San Juan region, Colorado, after 
Brown (1925: Figure 1). "Slide rock-cemented by ice" 
(permafrost) is reported to be common in the region. 

2 .1. 2 Drillings 

Only 3 drillings in rock glaciers seem to be known to date. The reason 

for this may be that drilling in permafrost is difficult and expensive. It 
is much easier and cheaper to drill into glacier ice. 
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Johnson (1973 , reference after White 1976 and Ommaney 1976) did not 

find ice below the frozen debris near the surface, but measured negative 

temperatures (- 0.6oc at 9m depth) in a borehol e wi thi n Sheep Mountain r.ock 

glacier, Kluane Range, Yukon Territory. Whilst dr i l ling a 10.4 m deep bore

hole in the rock glacier Murte l I , Oberengadin, Barsch (1977b) saw that 

the ice of the frozen debris often melted during the drilling procedure, 

and t his led to considerable losses of core material . However, from the 

dri lli ng speeds and t he parts which remai ned in the cores, Barsch was able 

to construct a profile which shows t hat this section of the rock glacier is 

Figure 17 Core dr i l l ing operation on Gruben rock gl acier, Saastal, Wa l lis, 
Swiss Al ps . Dril l ing gear "Minuteman" of the Department of Geo
graphy, Un i versity of Heidelberg, allows cores of 40mm diameter 
to be cut (c. f . , Barsch et al., 1979). Photograph taken in June 
1976. 
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composed of frozen sediments , rich in ice, with intermittent ice lenses . 

He estimated the average ice content to be 50-60 %. The greatest thick 

ness of a single (observed) ice lens wa s 30 cm, but the existence of ano

ther ice lens with a thickness of about 1.5 m was suspected. The ice lenses 

consisted of bubble-rich ice with dirt bands . Cavities or unfrozen zones 

were not observed. The mean temperature in the bor ehole appears to have 

been around - lOC (Barsch 1977a) . 

Simila r results were obtai ned during a core drilling to 7 m depth in 

the Gruben rock gl acier (Figures 17 and 18, Barsch et al. 1979) . Again, 

frozen debris with intermittent ice lenses was encountered. The greatest 

observed thickness of a single ice lens was 30 cm , but the existence of 

one with a thickness of 60 cm was not excluded. Three samples from the 

cores were analysed for grain size ; a maximum was observed for fine sands 

(23 - 43 %), but a considerable percentage of silt (15 - 34 %) was also pre

sent . Gravels (around 15 %) and clays (1 - 2 %) were encountered in relati-

Figure 18 Pieces of cores from the core drilling on Gruben rock glacier. 
The recovered materia 1 consisted predominantly of silts and 
sands. Ice content was 50 % by volume and above, but most of the 
ice had me l ted during the drilling operation due to thaw distur
bance (cf. , text). Photograph t aken in J une 1976 . 
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vely small proportions onl y . 50 -70 % of t he material was classifi ed as 

sand (~ = 0.063 to 2.00 mm). Ice crystal s in the ice lenses ra r ely had a 

diameter larger t han 0 . 5 cm . The ice content of the cores was estimated 

visually to be about 60 % by volume . A combination of borehole logs (gamma, 

neutron- neutron, gamma-gamma} confirmed this order of magnitude; moreover, 

it showed that the ice content at a depth of about 2 m (close to the per

mafrost table} was near to lOO % by volume and that this va l ue decreased 

more or less asymptotical ly to about 50-60 % by vo l ume at greater depths 

(Figure lg}. The mean density of f rozen material was calculated to be 

l .5- 1.8 Mgm-3 . The average borehole temperature, based on 6 years of ob

servations, was around - l°C (cf. next section) . No losses of circulating 

water were observed in t he borehole duri ng dri lling, and this points to 
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Figure 19 Resu l ts of radioactive loggi ng at t he borehole within the 
Gruben rock glacier from Barsch et al. (1979: Figure 5}. 
Ice content by volume is calculated from density (gamma
gamma log}and from porosity(neutron- neutron log). z=depth. 
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the fact that the frozen debris of the rock glacier permafrost is practi

cally impermeable to water. 

Relatively small instruments , with their corresponding disadvantages 

(small core diameter, large disturbance of the core material) were employed 

for the drillings described above. In comparison, Figure 20 shows the re

sults from three commercial core drillings carried out in the permafrost of 

the lateral moraine of the Upper Theodulgletscher, dating from the "Little 

Ice Age"; this moraine was studied in relation with cable-car construc

tion to the "Chli Matterhorn" (Keusen and Haeberli 1983) . Its external form 

shows no resemblance to that of a rock glacier, but i t does, however, creep 

at a rate of a few cm per year. (This is, indeed, a clear indication that 

rock glaciers themselves are particularly marked morphological expressions 

~ < snow 

• ice 

0 boulders 

[] frozen sands. silts . 
and gravels 

~ bedrock 

Gruben rock glacier 
rock glacier Murtel 

frozen moraine Theodul 

Figure 20 Stratigraphy of frozen sediments from Alpine core drillings, 
simplified after Barsch (1977b), Barsch et al. (1979), and 
Keusen and Haeberl i ( 1983). Creep of ice ri eh, di scant i nu
ous permafrost has been observed in all cases near the drill 
sites. 
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of a very general process -the creep of permafrost). The cores which were 

recovered from t his moraine , using doub le-walled core tubes, again consi

sted of frozen, silty sands and gravels, with some l arger rocks and ice 

lenses . More than 30 % of the frozen moraine consisted of re latively pure 

ice ( 85 - 95 % i ce by vo 1 ume) , and even sections of frozen moraine without 

macroscopicall y visibl e ice had an ice content of over 60 % by volume . The 

overal l ice content (around 75 %by volume) in the obviously supersatura

ted frozen sediments was t her efore higher than the porosity of comparable 

non- frozen sediments by a factor of two to th ree. 

This summary of di rect observations in outcrops and drillings leads to 

the conclusion that massive ice of l imited extent (remains of avalanche 

cones, perennial snm~ banks and small glaciers) can be .60me..tUne.o encountered 

at the head of rock glaciers; th i s ice i s apparently embedded and sub

sequently preserved within the rock glacier permafrost. In all eaoeo wh ich 

have been studied using appropriate methods, the presence of frozen sedi 

ments, supersaturated with ice and containi ng ice lenses, was observed . 

2.2 Indirect information 

The use of geophysical soundings all ows physical characteristics of the 

ground, like temperature, electrical conductivity, or the velocity of seis

mic and electr omagnetic 11ave propagation to be studied at depth. Ho~1ever, 

conclusions about the properties of the material studied have to be drawn 

on the basis of experience and analogy. Results from the application of a 

s ingle geophysical method can thereby be ambiguous. In order to narrow the 

range of speculation when interpreting geophysical soundings, a combina

tion of different methods has to be employed . A cl assi cal example is the 

combination of seismic and geoelectrical soundings in permafrost . Veloci

ties of seismic wave propagation, determined by refraction techniques, make 

it possible to decide whether or not ice exists in the ground . It may , how

ever, remain uncertain as to what type of ice occurs in the ground, because , 

for example, the veloc i ties in ice-rich debri s and in glacier ice overlap . 

The range of electrical resistivities in unfrozen and frozen debri s may 

also be almost identical . However, resistivities in frozen debris and in 

near-temperate glacier ice di ffer by at least one order of magnitude or 
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~ore. Hence, the combi nation of sei smic and geoelectrical soundi ngs 

enables unambiguous conclus ions to be drawn abou~ the occurrence and char

acteristics of ice in the ground. 

In the following chapter, geothermal, sei smic and geoelectr ica l evi 

dence is combined to devel op a model of the internal structure of a rock 

glacier, a model which is internally consistent and which can be tested 

by another independent method - radio- echo sounding. A few -unfortunately 

rather rudimentary - hydrological observations a re also included in the 

attempt to complete the "puzzle". 

2.2 .1 Geothermal evidence 

The fact that frozen ground is encountered during the summer at depths 

of a few decimeters to a few meters clearly indicates that t his ground i s 

in a permafrost condition. Permafrost or perennially frozen ground i s de

fined by both temperature {below QOC) and time (more than 1 year) excl usi

vely (Brown and Pewe 1973). It is, therefore, a spec ial geothe rmal condi 

tion . Since rock glaciers are permafrost phenomena, discussion of geother

mal conditions is basic to any understanding of thei r internal structure 

and mechanical behaviour. Surprisingly, almost nothing has been done so 

far in this important field . The fo ll owing section summarizes the sparse 

evidence and briefly discusses the most elementary questions of geothermal 

conditions in rock glaciers . Near-surface heat-flow observations with the 

"BTS-method" provide information about the distribution -"the horizontal 

extent" - of rock glacier permafrost. Borehole temperature measurements 

give insight into the quest i on of the surface temperature of the perma

frost and its dependence on some cl imatic variables. Finally, some simple 

theoretical considerations, using these borehole temperatures as sur face 

boundary conditions, help to estimate the th ickness - the "vertical ex

tent" - of the rock glacier permafrost and its sensitivity to past and 

future climatic changes . Figure 21 (see next page) illustrates schematic

ally some commonly used permafrost terms {cf. Washburn 1973, 1979). 

BTS-Me.<:t<~Wt.e.me.lt-U 

Measuring the Bottom Temperature of the winter Snow cover (BTS) is a 

simple and easy way of f inding out whether or not permafrost exists and 

what the thickness of the active layer is. The method was developed in the 
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Figure 21 Common permafrost terms . T = temperature, z = depth bel ow 
surface, ZAA =depth of zero annual amplitude (of tempera
t ure), ha = active layer thickness . 



- 38 -

Alps (Haeberli 1973, 1978; Haeberl i and Patzelt 1983) and has al so success

ful ly been used in Scandinavia (King 1983) and the Rocky Mountains of Co

lorado (Greenstein i983 and persona l commun ication). It uses the fact that 

the winter snow cover, with its l ow therma l conductivity , is a thermal fil 

ter with respect to short -term variat ions of air temperat ure . The BTS then 

is mainly a function of the heat flow from the uppermost part of the ground . 

This heat flow mainly depends on the exist ence or absence of a col d perma

frost body in the ground , and also on the heat stored in the active layer 

during summer . Us i ng sha l low seismic refraction profi les, an empirical re

l ation between BTS and active l ayer thickness ha was found by Haeberl i and 

Patzelt 1983): 
ha(m) = 6. 59 + 0.69 BTS(°C). (1) 

In the same study, the distribution of permafrost was mapped in detail 
usi ng BTS-measurements i n the region of the Hochebenkar rock glac iers (Fig

ure 22). The map clearly showed: (a) that permafrost conditions exist in 
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D 
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glac1ers and snowbanks 

no permafrost 

isollnes of active layer 
th1ckne ss in permafrost 

figure 22 Distribution pattern of permafrost and active layer thickness 
in the region of the Hochebenkar rock glacier s, Oetztal, Aus
trian Alps, after Haeberli and Patzelt (1983). Mapping was 
mainly based on BTS-measurements and shallow seismic refrac
tion sound ings. 
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all the active and inactive rock glaciers studied (b) that a continuity 

can be observed between the permafrost in the debris cones, from which the 

rock glaciers originate and the rock glacier permafrost itself, (c) that 

no continuity exists between a small cirque gl acier and the underground 

ice in the rock glaciers, and (d) that the thickness of the active layer 

of the rock glacier permafrost is in the expected range of less than one 

to a few meters, indicating that thermal condit ions of permafrost are more 

or less in equilibrium with the present climatic conditions. Similar re

sults were obtained in a test region of the Al bul a mountains (Haeberli 

1975), in a study of some rock glaciers in the Swiss Alps (Ki ng et al., in 

preparation) and at the Gruben rock glacier (Haeberl i et al. 1979). The 

pattern of permafrost distribution in these areas studied corresponds to 

a discontinuous permafrost zone. This observation is not surprising in 

view of the climatic condi tions at these altitudes with mean annual air 

temperatures of about -1 to -5oc. 

8011.elto£.e .tempeJta;tu.Jte 

Johnson (cited after Ommaney 1976 and Barsch 1977) reported borehole 

temperatures of -0.5 to -20C in rock glacier permafrost which are typical 

for discontinuous permafrost. This means that rock glaciers can already 

form in relatively warm permafrost, but they can, of course, also occur in 

colder regions with continuous permafrost distribution and ground tempera

tures below -5oc (e .g. Ommaney 1976). 

~1ore extensive measurements of boreho 1 e tempera tu res in rock g 1 aci er 

permafrost were carried out at the active Gruben rock gla cier at depths of 

1.5 to 3 m. The observations from the first two years were discussed by 

Barsch et al . (1979); these observations were subsequen t ly continued by 

the present author into the summer of 1982 . The following discussion is 

limited to the temperature at 3 m depth, because the thermistor at 2. 5 m 

depth developed a short circuit in 1980. In addit i on , the thermi stor at 

1.5 m depth was within the active layer of the permafrost, it reacted to 

short-term variations of surface conditions and may be less representative 

of average conditions. During the observation period (1976 to 1982), sum

mer air temperatures ~1ere, in general, a few tenths of a degree too cold 

compared to the mean of the period 1901 - 1960, winter air temperatures 

~1ere too 1~arm by about the same amoun t and thus the annual means of air 
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temperature corresponded closely t o the mean of the 1901 - 1960 period. 

Winter precipitation at the nearby station of Saas Almagall was above the 

average of the 1934 to 1982 period by about 30 %. 

Figure 23 shows borehole temperatures at 3 m depth (T3) and winter snow 

cover thi ckness (SH) during the whole observation period. It is evident 

that the temperature always remained below ooc . Therefore , by defi nition, 

the rock glacier is in a permafrost condition. The lowest temperatures were 

observed in February 1979 and 1981 (around -4°C ), and in November the tern-

SH 

2m 

Figure 23 Temperature at 3 m depth measured in the borehole in the Gru
ben rock glacier (T3) and snow cover thickness at the drill 
site ( SH}. 

perature sometimes came very close to ooc. Figure 24 gives two extreme 

temperature profi l es and illustrates the approximate range of observed 

temperatures. The following mean temperatures were calculated from the re

sults of the six year study period: 

November - o. 13°C ± 0.070C 
February - 2. l?OC ± 1.690C 
May -1. 800C ± l.Ol0C 
August -0. 34oc ± o. 13°C 

Table 1 Mean borehole temperatures at 3 m depth in the rock glacier near 
the Grubengletscher between November 1976 and August 1982. 
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Figure 24 Temperature extremes observed in the borehole in the Gruben 
rock glacier between 1976 and 1983. T = temperature, 
z = depth below surface. 

The mean temperature for the period 1976 to 1982 calculated from these 

monthly means is -1.1°C . It is interesting to note that by far the largest 

variability of temperatures occurred in winter and spring (February and 

~1ay) . Temperatures remained almost constant in summer and autumn (August 

and November). The annual mean of the observed permafrost temperatures 

therefore depends primarily on winter conditions. A very good correlation 

is found between the arithmetic mean of TJ in February and May and the 

arithmetic mean of the snow cover th ickness in November and February , 
SH (NF) : 

T3(FM) = -5.195 + 3. 893 SH(NF), r=0.9797 ... (2) 

An increase of about 8 cm in the average snow cover thickness between 

November and February results in an increase in the mean annual perma

frost temperature of about 0.15oc (Figure 25). If it is assumed that the 

mean annual permafrost temperature is related to the mean annual air tem

perature and sno~1 depth according to (cf. N.A. Grave, reference after Wash

burn 1979): 
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Figure 25 Correlation bet1~een a) mean temperature at 3 m depth (T3) 
in February/May and mean snow cover thickness (SH) in No
vember/ February, and b) mean annual temperature at 3 m 
depth (T3) and sno~1 cover thickness in November/February. 
Measurements are from the borehole in the Gruben rock gla
cier (cf., text) . 

~nr 
V "Kt 

c = e (3) 

where Ts = mean annual permafrost temperature , TA = mean annual air tempe

rature, am = annual ampl itude of mean monthly air temperature, z = t hi ck

ness of winter snow cover , K = thermal diffusivity of snow and t 1 year ; 

good agreement bet~1een the observed and ea 1 cu 1 ated permafrost tempera tu res 

can be reached by selecting "best f it"-values for K . 

Figure 26 illustrates the development of mean annual air temperatures, 

winter snow cover thickness and permafrost temperature nea r Gruben rock 

glacier during the past lOO years. Reconstruction of this time series is 

based on the assumption that effects of winter snow cover are superimposed 

on effects of mean annual air temperature variations (cf . equation 3), on 

highly significant linear relations between (1 ) mean annual permafrost tem

perature at 3 m depth in the borehole within Gruben rock glacier and win

ter snow cover thickness at the same place, and (2) winter snow cover thick

ness at Gruben rock glacier and winter precipitation at the nearby station 

of Saas Almagell, and on temperature and precipitation data from other 

nearby weather stations to complete the observations in Saas Almagell. If 
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Figure 26 Deviation of annual air temperature on the Santis (TA), of 
snow cover thickness in November/February on Gruben rock 
glacier (SH), and of near surface temperature at Gruben 
rock glacier (Ts) from the mean of the period 1880/81 -
1979/80. Reconstruction of SH i s based on winter precipi
tation at the nearby weather stations Saas Almagell and 
Reckingen . Ts is cal culated using a relation between Ts, 
mean annual air t emperature and ~1inter snow cover t hick
ness (cf . , text) . 

this approach i s cons idered to be acceptable f or establishing general 

trends, Fi gure 26 indicates that the rise i n both air temperature and win

ter prec ipitation (winter snow cover thickness) has lead to a pronounced 

increa se of permafrost t emperatures in the Alps. Ts, the surface tempera 

ture of Alpine rock glaciers, seems to have increased by about 0.5°C since 

the beginning of the 20th century . It is al so reasonable to assume that 

permafrost condit ions existed during the whole lifetime of the Gruben rock 

glacier, estimated to be several thousand years old with interruptions in 

exceptionally hot and wet years only (cf. , paleotemperature curves given 

by Patzel t 1977a, 1977b, Rudloff, 1982). 

The influence of clima te and climatic changes on the thickness of per

mafrost is complex (cf., e.g., Gold and Lachenbruch 1973) . ~lith regard to 

the scarcity of geothermal data about rock gl ac ier permafrost, only some 
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very rough approximations can reasonably be made. Even these basic thoughts, 

however , can greatly he l p the understanding of the most fundamental charac

teristics of rock glacier permafrost . 

Firstly , rock glacier permafrost may be assumed to be in equilibrium 

with thermal conditions at the earth's surf ace. The permafrost th ickness 

hp i s then given by : 
· 6z hp ~ -To hl , (4) 

where T0 ~mean annual surface temperature, z ~ depth below surface, T ~ 

temperature, q ~ geothermal heat flow and k thermal conductivity of the 

frozen material (q and k are assumed to be constant) . With typical values 

of q/k"' 0.025 - 0 .03ooc;m, 6z/6T is around 30 to 40 m/°C. With a mean 

surface temperature of about -1 to -1 .5°C such as it was observed and esti

mated in the borehole of the Gruben rock glacier, permafrost thickness 

should be expected to be around 30 to 60 m. 

Taking into account past variations of su rface temperature in the orderof 

± 0.5oc, past changes of permafrost th ic kness shoul d not have been greater 

than about 20 m. However , changes in thermal conditions at the surface do 

not produce an instantaneous change in the permafrost thi ckness . Response 

takes place only slowly compared to the frequency of changes in surface 

temperature, and this reduces thickness changes even further . Moreover, 

processes of latent heat exchange slow down thermal di ffus ion cons iderably 

if the permafrost is saturated or even supersaturated with ice. Osterkamp 

(1983) has done some calculations t o estimate t he potent ial impact of C02-

induced warming on permafrost in Alaska , by modelling the heat balance at 

the permafrost base: 
dhp dT 

Ln --= q - k-
dt dz 

(5) 

where L = volumetri c latent heat of permafrost and n = poros i ty, and by 

taking into account transient effects of ground temperature changes. The 

results clearly demonstrate that melting at the base of ice rich perma

frost, after a step- like increase in the surface temperature, increases 

more or less linearly duri ng a time period t < tc, and asymptot ically rea

ches a value around 1 cm year-1 for time t > tc. tc is a time constant and 

depends on the permafrost thickness (hp) and the thermal diffusivity of 

the frozen materia l: hp2 
tc = 4K (6) 
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It is in the order of a few years for thin permafrost and centuri es for 

thick permafrost (Figure 27 ). Hence, the t hickness change of rock glacier 

permafrost due to changes in surface temperatures is around lm/century, 

and even ta kes place after a time lag of decades if hp is 50 to l OO m. This 

means that the thickness of rock glac ier permafrost is essentiall y insen

sit ive to variations of surface temperatures with wave lengths smal ler 

t han a century. Var iations of the mean annual surface temperature with an 

ampl i tude of around ± 0.5°C and a wave length of around 500 year s may have 

occurred during postglacia l t i me (Patzelt 1977b ; Haeber li et al., 1984). 

and probably didn ' t cause thickness changes of rock glacier permafrost any 

greater than ± 5 m. 

tc 
(years} 

200 

150 
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50 

discontinuous -permafrost 

- continuous 
permaf rost 

Figure 27 

Time (tc) after whi ch marked 
changes in the position of 
the permafrost base start to 
take place in response oto 
step-l ike changes in surf ace 
temperature, as a function of 
permafrost thickness (hp) for 
the case of ice-rich perma
frost (cf. , text). 

~~--~--~--~--~--L---~~--ho 
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The per~afrost thickness in rock glaciers is not likely to be in equi

librium with present day surface temperatures. Haeberl i and Patzelt (1983) 

and Barsch et al . (1979) have discussed this equation by introducing a 

yield stress criter ion for creeping rock glaciers (cf . , Wahrhaftig and Cox 

(1959)) . 

, inact i ve rock glaciers < 1 bar < < active rock glaciers (7) 

where ' i s the shear stress (see below) at the base of the rock glacier 

permafrost. Based on equation (7) and a combination of (4) and (25): 

- To = 
l (8) 

Pp g si na 
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where Pp = density of the frozen material, g = acceleration due to gra

vity and a= surface inclination of the rock glacier averaged over about 

5 to 10 times hp, they found that hp in rock glaciers is probab ly more or 

less in equilibrium with surface temperatures which are 0. 5 to l.ooc col 

der than temperatures today and which may represent average conditions 

during the time of the "Li ttle Ice Age". Borehole temperatures in the 

rock glacier near the Grubengletscher (-1 to -1.5°C) seem, in fact , to be 

about 0.5 to 1°C too warm if compared to the hp- value of around 80 m esti

mated from radio-echo sounding (see below) if q/k is taken as 0.0280C/m 

for steady state conditions. 

One major complication, especially for the study of rock glacier me

chanics, is the fact that the base of frozen sediments does not necessa

r i ly coincide with the ooc-isotherm in the ground. This temperature dif

ference between the base of the ice- bearing permafrost and the ooc-iso

therm is the freezing point depression (Tf) of the soil's pore water 

Tf = Tp + Tc + Ts (9) 

where Tp, Tc and Ts are the freezing point depressions caused by pres

sure, chemical and soil particle effects respectively. A brief discus

sion of these effects was given by Osterkamp and Payne (1981). Pressure 

can be assumed to be hydrostatic providing there is not much melting or 

freezing; in this case Tp is around 0.070C/100 m. Ts, in coarse-grained 

soils, is around O.Ol°C and only Tc needs to be considered for rough ap

proximations in relatively thin permafrost. Unfortunately, Tc may range 

from almost ooc to more than 1.8°C. High salinity may especially occur at 

or near the base of ice-bearing permafrost. These layers of increased sa

linity occur when salts are expelled at the freezing front of growing 

permafrost. They may indicate the extent of previously thicker permafrost 

(Kononova 1978) and could reduce thickness changes of ice-bearing perma 

frost even further by influencing Tf at a certain depth . For Al pine rock 

glaciers with substantial subpermafrost groundwater flow or with perma

frost reaching into bedrock, salinity effects may be small and Tf may be 

almost negligible. 

Another interesting question is the one about the time required for 

complete melting of rock glacier permafrost if surface temperatures 
rise above 0°C. W.D. Harrison (in Haeberli et al. 1984) has derived a 
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simple approach to this probl em by neglecting the relatively unimportant 

contribution of sensible heat and by assuming that melting mainly proceeds 

from the surface . The thaw time (ttfl for ice-rich permafrost with an ini 

tial thickness h0 then becomes 

ttf = q T s [ l + C2 ~~ - V l + 2 C2 ~~ J (10) 

with Ts being the "new" surface temperature (>0) , and 

LK 
Q2" 2200 years I oc ( 11) 

c2 = q ::: K 0 . 028 °C I m (12) 

Figure 28 gives some results . With a step-like transition to a temperature 

Ts, which is around 3oc warmer t han today's, the permafrost of the active 

r ock glacier near the Grubengletscher, e.g., woul d have melted only after 

more than 1000 years. During this time, it may have conti nued its creep 

movement by hundred meters or more and the rock glacier front would have 

6 

4 
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discontinuous -permafrost 

continuous - permafrost 
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0 50 100 150 200 (m) 

Figure 28 Time (ttfl required for complete thawing (or freezing) of 
ice- rich permafrost after the surface temperature has in
creased above (dropped below) the freezing point in a step
like change, as a function of initial (final) permafrost 
thickness (h0 ) and of different positive (negative) sur
face temperatures after the change . 
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penetrated considerably below its actual position. Similar developments 

may have taken place in cases of fossil rock glaciers at the end of the 

last Ice Age. The time ttf can also be considered to be the time necessary 

for the formation of ice rich permafrost with a final thickness h0 . It 

becomes evident that perennially frozen moraines which show rock- glacier

like creep must have been in a permafrost condition for much longer than 

a century or two and , therefore, probably do not date from the end of the 

"Little Ice Age", but must be (much) older. 

2 . 2 . 2 Seismic soundings 

As result of deep seismic soundings in 1968, D. Barsch found that the 

rock glacier Macun I in the Swiss Alps consisted of "nearly 80 m of frozen 

talus and ice below a 6 m bouldery mantle" (Barsch 1971, p 205). This stu

dy marks the historical point when scientific rock glacier research star

ted to use modern geophysical methods to investigate the internal struc

ture of these phenomena. Around the same time, Potter (1972) employed a 

portable hammer seismograph to determine the thickness of the unfrozen 

surface layer. Usinq the same method, Barsch (1973) was able to show that 

the thickness of the active layer of rock glacier permafrost was within 

the typical range generally observed in permafrost regions. More detailed 

studies using the same shallow seismic refraction technique, carried out 

by Haeberli et al. (1979) and Haeberli and Patzelt ( 1983) in Switzerland 

and Austria, made it possible to discuss the characteristics of the layer 

immediately below the permafrost table, and to estimate the ice content 

of the permafrost in many places. 

In 1g71, Barsch carried out another deep seismic sounding on the rock 

glacier Murtel I (Barsch and Hell 1976) . The results of his two deep 

soundings on the rock glaciers Macun I and Murtel I belong, still today, 

to the most important information available for interpreting t he geometry 

of rock glacier permafrost. However, the vertical distribution of P-wave 

velocities is not as clear as has been assumed to date, and, consequently 

there is considerable doubt as to the real depths of the permafrost base 

and the bedrock surface for these two rock glaciers. Deep seismic refrac

tion soundings can only be correctly interpreted in combination with ad

ditional information from other methods. 
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The early sound ings by Potter (1972) and Barsch (1973) clearly showed 

that a high-velocity refractor i s encountered in active rock glacier s 

1~ i thin a few meters below the surf ace, i.e . , with in the typical range of 

active layer th ickness in permafrost. Barsch also noted that the depth of 

this high-veloci ty layer was greater than about 4. 5 m near the fron ts of 

inactive rock glaciers . He interpreted t his as being evidence for the fact 

that the fronts of inactive rock glac iers l i e out side the l ocal permafrost 

boundary today. Barsch assumed that the high- velocity l ayer was frozen 

debris, but was unabl e to perform a detailed analysis of the velocit i es 

observed because most of his profiles were measured in one direction only. 

Values for the velocities in the second layer (V2) 1~ere between 2900 and 

3900 m/ s and the profi 1 es were 25 - 55 m 1 ong. Potter ( 1972) gives va 1 ues 

of V2 bet1~een 2440 and 3350 m/s; his profiles were 30 - 40 m long and were 

measured in both directi ons . 

Figure 29 shows a detailed prof i le of shall ow seismic refraction sound

ings. It was measured near the front of t he Gruben rock glacier (Profile 

11 in Haeberl i et al. 1979) and is typical for prof iles on active rock 

glaciers . The 100 m long profile 1~as measured in both di rections. P-wave 

velocity in layer 1 (Vl) was around 550 m/s, whereas V2 was determined to 

be 3180 ± 130 m/ s by averaging the two refracted branches of the time

dist ance graph (cf., Haeberli and Patzel t 1983, for details of the metho

do logy). The depth of the V2 l ayer , (z2) , ~1as calculated using the "criti

cal distance" method (Bentz 1961) for the geophone points. The "plus minus" 

method (Hagedorn 1959) was used for individual hammer points. Values f or 

the depth of the refracting l ayer vary between about 1 and 2 m. Figure 29 

also gives an alternative interpretation of V2-values along the profile 

and corresponding ice contents, as ca l culated from equation (13). 

Table 2 summarizes the present l y avai l able data from detai l ed shallow 

seismic refraction soundings on intact rock glaciers a~d push moraines of 

the Alps . Values for V1 range between 425 and 925 m/s, with a mean of 

around 600 m/s. As suggested by Haeberli and Patzelt ( 1983 ), there is 

a slight tendency for v1- va l ues to decrease with decreasing altitude, or 

perhaps rather with increasing transportation distance from the point of 

origin of the rock glacier, but this effect needs more detailed investi-
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Figure 2g Example of a shallow seismic refraction profile measured 
on the Gruben rock glacier. V2 =mean velocity of the two 
refracted branches, ms = milliseconds, z = depth below 
surface. The horizontal axis is the distance along the 
profile in meters. Indicated velocities are P-wave velo
cities. 
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Table 2 Sha l low sei smic r efraction soundings on intact rock gl aciers. 

gation. V2 - val ues cover a broad range between 2550 and 4270 m/s, a nd are 

assumed to be accura t e within ± 4 to ll %. The scatter of V2- values is 

atypica l for glacier i ce ; the obser ved velocities, hmvever, correspond very 

well with velocities reported from frozen sands , gravels o r morai n ic mate

rial (cf ., Rothlisberge r 1972). P-wave velocities in Alpine glaciers are 

kno1•n to range from 3350 m/ s, for very sma 11 glaciers ( Ste i nha user 1974) , 
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to about 3800 m/s (Rothlisberger 1972). P-wave velocity in the slightly 

cold ice of the Grubengletscher was measured to be 3740 ± 155 m/s by Hae

berli et al. (1979); this value was obtained for comparison , using the 

same technique as that employed on rock glaciers. More than 50 % of the 

soundings represented in Table 2 show V2-values which are well outside the 

range of P-wave velocities for glacier ice; the refracting layer in these 

cases can therefore be interpreted as frozen ground without .too much un

certainity. In the remaining cases, P-wave velocities averaged over long 

distances do not give unambiguous results, since the values for frozen 

ground and glacier ice overlap. A more detailed analysis of the vertical 

velocity distribution within the refracting layer, however, shows that 

glacier ice was probably not encountered, or, if it were, then in exceptio

nal cases only (see below). 

Table 2 also shows considerable and non-systematic scatter in sin~ 

(~ being the critical angle of refraction), where ~ = V1/V2. This indica

tes that V] and V2 vary more or less independently of each other. A possib

le (and plausible) explanation for this could be that V] depends mainly on 

the grain size of the rock particles in the unfrozen active layer, whereas 

V2 is primarily a function of the ice content of the frozen ground. The 

thickness of the active layer of the rock glacier permafrost is typically 

around 2 m on active rock glaciers, and may be more than 4 m on inactive 
rock glaciers. 

Several attempts have been made to explain the wide scatter of P-wave 

velocities in permafrost, using models which consider the relative amounts 

of the ice and rock matrix respectively . Rothlisberger (1972) has dis

cussed theoretical models and empirical relations(cf.,Figure 30). The em

pirical relation after Muller (ref. after Rothlisberger 1972) for frozen 
quartz sand is: 

l ni l - ni 
Vp 2500 + 6250 (13) 

where Vp is P-wave velocity in the permafrost layer, and ni = ice content 

by volume (volume ratio of ice to total volume). This relation is general

ly cri tisized to give values of Vp whi ch are too low for pure ice; it 

does, however, cover the range of observed velocities very well. This is 
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Fi gure 30 

Ice content of ice-rock mixtur es 
as a function of seismic P - wave 
ve locity (Vp} after Rothli sber ger 
(1972): 

a) range of theoretical models, 

b) ~1Uller's empirical relation 
f or frozen sands. 

5 6 km/s 

not the case for the theoretical models ; they are not able to explain ve

locities below about 3500 mls, 1~h i ch constitute more than 50 % of the va

l ues occurri ng in nature. Theoret ical models and t he empirical re lation 

(equation 13) show relatively good agreement with each other on ly in the 

high velocity I low ice- cont ent range of val ues . The empirical re lation 

alone is realistic for the low ve locity I high ice-content range, but may 

be doubtful for pure ice . It can be used in rock glacier studies, how

ever, because pure ice is probably only encountered in exceptional cases . 

The following considerations are not va l id for these exceptional cases. 

Ice content values (i n % by volume) f or the detailed seismic refrac

tion soundings measured so far on the rock glaciers have been calcu lated 

using equation (13) and are summari sed in Table 2. Values range between 

about 30 and 90 %, the lowest ice contents occurring in the smallest and 

least-developed rock glaciers and protalus ramparts . The average ice con

tent is 50 - 60 % by volume. Equation (13) is valid for frozen sands, but 

rock glacier permafrost al so contains gravels. Because P-wave vel ocity 

increases with increasing particle size of the rock matrix (Rothlisberger 

1972}, the ice content va l ues given in Table 2 ·can be assumed to represent 

lower-bound estimates . I t is obvious that the ice content of rock glacier 

permafrost is higher than the porosity of the same material in an unfrozen 

state, somet i mes by a factor of 2 or even 3. Ana lysis of P-wave velocities 

from seismic refraction therefore confirms, in general, that rock glacier 

permafrost is supersaturated in ice. 
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Haeberli et al. (1979) and Haeberli and Patzelt (1983) have pointed 

out that P-wave velocity in rock glacier permafrost increases with depth. 

Figure 31 is a time-distance graph averaging all refracted branches avail 

able to date from lOO m profiles on rock glaciers. P-wave velocity, in 

fact, increases from about 2600 m/s at the start of this artificial pro

file (at the permafrost table) to around 3600 m/s at its end . Thi s veloci

ty increase can be interpreted as a change in ice content with depth, by 

using equation (13) . A 3-layer approach for depth calculations was used 

(Ben tz 1961 ) . 

t 
lms l 

20 

10 

0 10 30 50 70m 

Figure 31 P-wave velocity in rock glacier permafrost. Average of all 
refracted branches from lOO m- profi les on rock glaciers 
(cf. , Table l ). Indicated depth (z) is below permafrost 
table . 

Figure 32 shows the resu l ts in comparison with those from radioactive 

borehole loggi ng in the shallow borehole of t he Gruben rock glacier . The 

results from the two independent methods show good agreement, and indicate 

that the somewhat hyperbola-like decrease in ice content in the rock gla

cier permafrost below the permafrost table is not a local phenomenon in 

the borehole observed, but is a common feature in Al pine rock glaciers . 

The depth reached in the l OO m refraction profiles is around 20 m. If i n

versions of the vertical velocity profile within the rock glacier perma

frost are excluded (no low velocity layer exi sts at depth), then results 

from shal l ow seismic ·refraction confi rm that the ice content of the rock 

glacier permafrost shows a maximum of around 90 % by volume at the perma

frost table , it then decreases more or less asymptotically within a few 

meters to a value of around 50 to 60 % by vol ume, and it remains within 
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Figure 32 Decrease of ice content with depth (z) in rock glacier per
maf rost : comparison of values from borehole logging on the 
Gruben rock ~l acier wi t h those from seismic P-wave velocity 
measurements on various Alpine rock glaciers (see text). 

this range down to at least 20 m. The pronounced velocity change with 

depth, as well as the low velocity at the permafrost table, excl ude the 

possibility that buried glacier ice was encountered. Pronounced vertical 

variation in ice content, however, seems to be quite typical for permafrost. 

Simi lar observations have been reported for permafrost in arctic regions 

by several authors (e.g. BUdel 1969; Sel l mann et al . 1975). 

Ve.e.p J.>ouncU.ngJ.> 

The two deep soundings done by Barsch (1971) , Barsch and Hel l (1976) on 

the rock glaciers Macun I and Murtel I seem to be the only available seis

mic investigations of the deeper structure of rock glaciers, i .e . , below 

the depth of around 20 m reached by the hammer technique. In the case of 

the rock glacier Murtel I , a combination of wide angle reflection and re

fraction of waves generated directly at the bedrock surface in front of 

the rock glacier was used. The thickness was cal culated to be around 60 m 

in the centra l part of the rock glacier, and about 30 m just behind the 

front (Figure 33, note that the vertical scale of the original drawi ng by 

Barsch and Hell is incorrect). Apparent ly a two- layer structure was assumed, 
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Figure 33 Resu l ts of deep seismic sounding on the rock glacier Murtel I, 
modified after Barsch and Hell (1976; Figure 3). Indicated 
velocities are P-wave velocities in permafrost and bedrock. 

with V] = 3500 m/s for the rock glacier permafrost and Vz = 4700-5200 m/s 

for the underlying bedrock . No detailed descriptions seem to have been 

published about the sounding on the rock glacier Macun I. The same two

layer model was probably assumed in this case. 

As has been pointed out by Fisch et al . (1978), on the basis of their 

results from geoelectrical resistivity soundings, an unf rozen subperma

frost layer can exist between the rock glacier permafrost and the bedrock 

surface. A pronounced velocity inversion would then occur, making the de

termination of bedrock depth very uncertain. Bentz (1961) gives some exam

ples of this problem. A velocity inversion, and correspondi ng velocity 

a noma 1 i es have been obser ved in a perennially frozen debris cone by 

Haeberli (1975); in this cone, permafrost thickness was around 30 m or 

more, and the permafrost base probably reached bedrock in places. If the 

velocity inversion is very pronounced, however, it should be detectable 

from the rapid decay of the refracted signal with distance (cf. Hunter 

1973). Velocity inversions were not reported for the rock glaciers Macun I 

and Murtel I. This wou ld mean that the permafrost base, in these cases, is 

below or very close to the bedrock surface, i.e., that the minimum perma

frost thickness is 80 m and 60 m respectively. 

For other cases,unfrozen subpermafrost material is likely to exist and 

velocities in this layer have to be estimated from other sources. Figure 

34 indicates values for unfrozen, rock glacier-l i ke material with and 

without groundwater. Velocities for unfrozen material without groundwater 

were calculated from the values given in Figure 5 of Haeberl i et al. (1979), 
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and by using a three layer approach for depth determinations. The velocity 

range indicated for unfrozen material containing groundwater is based on 

soundi ngs by Haeberl i (1975) at the Schottensee near the FlUelapass , Swiss 

Alps. Because the density of ice rich permafrost does not di ffer much from 

the density of unfrozen material wi th air filled pore spaces, the overbur

den load in unfrozen and frozen material is almost identical. Velocity va

lues from unfrozen materia l near the surface can therefore be extrapolated 

fo r estimations of velocity values in unfrozen subpermafrost sediments. 

These values are 1000 - 1500 m/s for unfrozen material without groundwater 

and with a permafrost thickness of 30 to 60 m, and more than 2000 m/s for 

a subpermafrost layer containing groundwater. 

2 . 2 .3 Geoelectrical resistivity 

Geoelectrica l resistivity measurements provide information about the 

electrical resistivity of subsurface material . The method is commonly used 

in scientific and applied permafrost research (cf., Barnes 1965; Keusen 

and Haeberl i 1983; Scott et al . 1979). Soundi ng techniques using a fixed 

array and variable spacing of electrodes are used in most cases, whereas 
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mapping techniques incorporating a moving array and fixed spaci ng of elec

trodes are less common. D. C.-measurements were standard until relatively 

recently, but now A. C.-measurements have become more and more popular 

(e.g. Ferrians and Hobson 1973). 

Resistivity soundings on mountain glaciers have been carried out in a 

few cases only (Rothlisberger and Vogtli 1967). Soundings in temperate and 

near-temperate glacier ice face two problems : a) the extremely high resis

tivity of the ice making penetration to large depths impossible with short 

arrays and, b) the correspondingly high resist ivity contrast at the gla

cier bed introducing large uncertainties in the depth calculations {Roth

lisberger 1967). By analogy, neither the resistivity nor the thickness of 

buried glacier ice can be easily determined, because only the ascending 

branch of the resistivity curve is often measured {cf. ~strem 1964). 

It appears that resistivity soundings on rock glaciers have only been 

carried out in the Alps. This is rather surprising since the method is 

relatively inexpensive and gives by far the best insight into the internal 

structure of rock glaciers. Resistivity soundings give a clear answer to 

the question of whether glacial ice exi sts in a rock glacier or not, and 

even allow the investigation of nonfrozen subpermafrost material, undetec

table by seismic refraction. The early soundings done by father and son 

W. Fisch proved the existence of discontinuous permafrost in rock glaciers 

already 30 years ago, but their results entered the scientific literature 

only relatively recently {Fisch et al. 1978). Because of the complex in

terrelation of temperature, ice content and electrical resistivity near 
the freezing point, determination of the base of rock glacier permafrost 

must remain somewhat diffuse, even using this method. 

Electrical D.C. resistivity in non-polar glacier ice ranges between 10 

and about 500 Mn m (Rothlisberger and Vogtli 1967). Lower resistivity va

lues have been observed in polar ice sheets, but even cold ice at the Jung

fraujoch, Swiss Alps, showed values in the Mnm - range. Slightly lower va

lues (1-10 Mn m), based on laboratory studies, were reported for perennial 

snowbank ice (~strem 1967). 
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Resistivity data for frozen ground have been compiled by Hoekstra and 

McNeill (1973). In general, resistivity increases with decreasing subzero 

temperature and increasing ice content. Figure 35 illustrates this fact 

and also points to the infl uence of lithology. The main factor influenc ing 

the resistivity of ice-rock mixtures is the unfrozen water content (Ander

son and Morgenstern 1973) which increases considerably near the freezing 

point of the frozen material . This is the main reason why the resitivity 

does not necessari ly increase immediately after a material passes through 

the freezing point. The resistivity difference between the frozen and non

frozen states of a material can reach l to 2 orders of magnitude . It is, 

B10ttte Gran.te 

Saturated 
Sand Gravel 

-----~---7 

Clay 

101 ~--~----~----L---~L---~----~_.- T 

-10 0 1o•c 

Figure 35 Electri cal resistivity of different materials as a func
tion of temperature, modified after Hoekstra and McNeill 
(1973: Figure 1). Shaded area indicates material which is 
most likely to occur in rock glaciers . 
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however, not always possible to discriminate between frozen and non-frozen 
ground by resistivity measurements alone, because, for example, a frozen 

silt may have a lower resistivity than a non-frozen sand . 

Naturally occurring sediments sometimes show electrical resistivities 

varying within about 1 or 2 orders of magnitude . However, even with this 

variability, frozen sediments cannot, in genera l , be misinterpreted as .g la

cier ice, because the resistivity difference between the two materials re

mains about 1 order of magnitude at least. Only the resistivities of ex

tremely ice-rich permafrost and buried snowbank ice may come close to each 

other. Pure ice at the surface, with its high resistivity, may, however, 

so dominate the resistivity curve that any underlying frozen ground, with 

its low resistivity becomes undetectable. This is a fundamental problem 

of soundings in rock glaciers, because temperature increases with depth 

and, hence, electrical resistivity is likely to decrease with depth . Late

ral effects of variable ice content and thus variable resistivity are li

kely to occur in most cases, but are not usually taken into account. 

Geoelectrical D.C. resistivity soundings have been carried out by Fisch 

et al. (1978) on two active rock glaciers in the Wall is Alps, by Barsch and 

Schneider (unpublished) on a number of fossil, inactive and active rock 

glaciers in the Alps of Grisons , and by Evin (1983) on rock glaciers in 

the French Alps. King et al . (in preparation) discuss more recent results 

of D.C. resistivity and radio-echo soundings on rock glacier permafrost in 

the Swiss Alps. The Schlumberger configuration has been used most fre

quently, but Fisch et al. (1978) used, in addition, a single-probe prospect

ing configuration with one fixed current electrode, one fixed potential 

electrode, one semi - fixed current electrode on the operation line and one 

movable potential electrode on the operation line. This latter configura

tion smoothes out irregularities in the resistivity curve and furnishes 

better values for the lowest layer. Short profiles usually give rather in

complete 2 to 3-layer curves, whereas long profiles indicate that 4-layer 

curves are probably more typical. Penetration depth depends on the length 

of the measured profiles and ranges between a few decameters to several 

hundred meters. Figure 36 gives three typical examples of measured resis

tivity curves after Fisch et al. (1978). 
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All profiles measured up to now show a shallow layer near the surface 

with a resistivity of 102 to 104 nm. Values around 3·103 nm are most ty

pical and the thickness of this surface layer on active rock glaciers is 

in the order of a few meters. The great scatter of the observed resistivity 

values does not allow an exact definition of the characteristics of this 

material by resistivity soundings alone to be made. However, as already 

explained, the evidence from geothermal and seismic measurements leaves 

no doubt about the fact that this first layer is the active layer of the 

rock glacier permafrost. 

The second layer encountered in resistivity profiles is thicker than 

the first layer by one order of magnitude or more and it also exhibits 

resistivity values which are higher than those of the first layer by one 

to two orders of magnitude, or even more. Resistivity values between 104 

and 106 nm have been measured and thickness values between 20 and 120 m 

have been estimated . Both the resistivity and thickness of this second 

layer are very typical for frozen unconsolidated sediments (sand, gravel, 

morainic material, cf . Hoekstra and McNeill 1973, Keusen and Haeberli 

1983) near their freezing point (discontinuous permafrost). Buried glacier 

and snowbank ice with resistivity values above 106 nm were encountered in 

exceptional cases only (Gruben, Kintole) . In these cases, the remnants of 

small glaciers and snowbanks rest on top of a thick layer of perennially 

frozen sediments. This fa~t has been demonstrated by a unique sounding 

carried out by Fisch et al. (1978) on the rock glacier in the "Kintole" 

Wall is Alps. (cf., Figure 14 and Figure 36). On the Gruben rock glacier, 

radio- echo soundings and geothermal observations and estimations confirm 

that such buried glacier ice is indeed embedded within thick permafrost. 

Typical thickness values are 5 to 20 m of buried glacier ice on top of 40 

to lOO m of frozen sediments. However , the thickness of rock glacier per

mafrost cannot be determined accurately because frozen sediments near 

their freezing point, which have almost the same resistivity as unfrozen 

sediments are likely to exist at depth in permafrost. It is therefore rea

sonable to assume that some "warm, low-resistivity" permafrost, existing 

deeper down, is overlooked in resistivity profiles. Fisch et al. (1978) 

have speculated that the effective thickness of rock glacier permafrost 

could well be twice the thickness of the observed high-resistivity layer. 
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All rock glacier soundi ngs with long profiles have revealed the exis 

tence of a third layer with a resistivity of 0.5 to 5·1 03 nm. Similar va

lues have been observed in fine grained, subglacial sediments containing 

groundwater at the Grubengletscher (Haeberli and Fisch, in preparation). 

Layer 3, ~lith its low resistivity, is most probably a subpermafrost ground

water layer. Its thickness was estimated t o more than l OO m for the active 

rock glaciers "Prafleuri" and "Kintole/Chessi" by Fisch et al. (1978). 

Again, this thickness determination is rather uncertain because of the 

difficulty of determining the boundary bet1veen 1 ayer 2 (the rock g 1 aci er 

permafrost) and layer 3 (the subpermafrost groundwater layer). The thick

ness of layer 3 may therefore have been overestimated; this however, is 

less important than the fact that layer 3 indeed exists, since it means 

that rock glacier permafrost is not necessarily in direct contact with the 

underlying bedrock. 

Layer 4 can only be observed in very long profiles and undoubtably re

presents bedrock with a typical resistivity of around 104 nm in Gneiss 

rocks . Bedrock depth has been estimated at more than 200 m below the sur

face for the rock glaciers "Prafleuri" and "Kintole/Chessi" (Fisch et al. 

1978). These values are not surprising if compared with overdeepenings 

within bedrock beneath real glaciers and their subglacial sediments (Suss

trunk 1951; Haeberli and Fisch, in preparation) and in formerly glaciated 

regions. Fisch et al. (1978) have also pointed to the fact that bedrock 

depth under rock glaciers appears to be related to rock glacier length. 

This could be an important surmise, because the total thickness of the 

sediment cover may, in fact, be related to the length of the rock glacier 

or -more probably- to the length of the time period during which uncon

solidated sediments have accumulated under the protective cover of slowly 

creeping and advancing rock glacier permafrost. However, much more infor

mation is needed to clarify this point. 

2 . 2 .4 Radar i nfo r ma tion 

Impulse radar or radio-echo sounding is a well established technique 

f or measuring the thickness of ice bodies, and it has been successfully 

used in fresh-water ice a few decimeters thick as well as in polar ice 

sheets several thousand meters .thick. Until relatively recently, probing 

of temperate, water-containing glaciers remained difficult because of ab-
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sorption and scattering effects (Robin 1975). During the past few years, 

however, low frequency instruments have been developed (Watts and England 

1976; Watts and Wright 1981), which overcome this problem. Thickness de

termination in temperate and cold mountain glaciers has thus become very 

easy. 

Propagation of electromagnetic waves is much more complicated in rock

ice mixtures than in pure ice. Radio-echo sounding of permafrost has there

fore remained a seldom used technique. The main probl em is the strong 

attenuation, which reduces the penetration depth to a few decameters in 

most cases (Scott et al. 1979). Another problem concerns the variability 

Figure 37 
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of the electrical properties of permafros t material and , thus, the varia

bility of the velocity of electromagnetic wave propagation. 

So far, rad io-echo soundings on rock gl aciers have onl y been carried 

out in the Swiss Al ps (Haeberl i et al. 1982; King et al. , in preparation). 

These soundings have given only somewhat uncertain i nformation about the 

thickness of the ice body studied . However, they provide important evidence 

about the property of the material under study and can be used to check 

results from seismic and geoelectric soundings ; impulse rada r is an easy 

method t o use when s tudying the quest ion of whether a rock glacier consists 

of buried glacier ice or of frozen rocks. 

E!ec..tltoma.gne..ti.c. wa.ve p!topa.ga.Uon -i.n -<.c.e a.nd peJuna.61LOI.>.t 

Part of t he signal which is radiated as an el ectromagnetic impu l se by 

impulse radar systems i s reflected at boundaries where the electrical pro

perties of the underground material changes. In ice , with a dielectric con

stant of 2.3 and an attenuat ion of about 0.1 dB/m, penetration depth is 

main ly a function of the strength of t he impulse emitted, the thickness of 

the ice body and the background noise from, for example, radio or televi 

sion broadcast ing. The US Geological Survey-Monopulse ice radar f or tempe

rate and cold glaciers can, for example, measure ice more than 600 m thi ck 

i n Alaska , but in the densely popula ted Alps it can only measure thicknes

ses less than about 400 m (Haeberli et al . 1982). At the glacier bed, chan

ges in the dielectric constant of one order of magnitude and more (e.g. , if 

water is present) us ually give large reflection coefficient s and clear re

turn signal s (Fi gure 38) . Moraine covers which are a few meters thick do 

not di sturb soundings on debris-covered glac iers if low freq uenci es are 

used (1 to 10 .MHz). Low frequency soundings,on the other hand, have to be 

limited to glaci er s which are more than about 20 to 25 m thick, because 

the return signal merges with the emitted signal when the ice is thinner . 

Higher frequencies have been used successfu l ly in thin ice even ~hen the 

ice is temperate (Fri t zsche and Osterer 1978). 

The dielectric constant of naturally- occurring materials, as observed 

11ithin the frequency range of 1 to 1000 MHz, is primarily determined by 

their unfrozen water content and is only sl ightly dependent on other vari-
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Figure 38 Examples of radio-echo soundings on debris-covered glacier ice 
(Grubengletscher, Wallis, Swiss Alps). Time scale (horizontal 
grid width) is 0.5 ~s per grid unit. Arrow points to echo from 
the glacier bed. Ice thickness is 65 m (left) and 40 m (right). 
Photographs taken in June 1981. 

ables. It has been determined by deploying the radar in wide angle reflec

tion and refraction sounding modes and in combination with time-domain re

flectometry. 

Dielectric constants in the order of 2 to 5 for dry or frozen sands, 

and 10 to 50 for wet, unfrozen soils are fairly typical (Annan and Davis 

1976 , 1978); the values for well-frozen sands with some excess ice differ 

only slightly from that of ' pure ice (Scott et al. 1979). As mentioned be

fore, the unfrozen water content in frozen materials depends on l ithology 

and temperature, and increases considerably near the freezing point (Ander

son and Morgenstern 1973, cf. Figure 37). For rock glacier permafrost (fro

zen sands and gravels ) of the discontinuous permafrost zone, the unfrozen 

water content can be estimated to be about 5 to 10 % by volume near the 

surface, asymptotically increasing to values around 15 %above the base of 

the permafrost layer (Haeberli et al. 1982). A basal zone of steadily in

creasing unfrozen water content may be typical for permafrost (e.g. Oster

kamp and Payne 1981) and probably greatly increases scattering and reduces 

the reflection coefficient because of the smooth transition from lower to 

higher values of the dielectric constant . This is in contrast to glacier 

ice, in which the change in water content (- 1 to 3 % by volume in tempe

rate ice) and dielectric constant can be assumed to take place without a 

major transition at the glacier bed. The emitted radar signal is further 



- 67 -

reduced in permafrost by absorption and scattering effects. Attenuation 

is especially high in low- resistivity materials, particularly in fine 

grained sediments such as clays and silts. Specific absorption in ice- rock 
mixtures increases with increasing frequency and has been observed to be 

up to one order of magnitude higher in natural permafrost than in pure ice 

(Bogorodskiy et al. 1978). Depth determinations in permafrost are there

fore limited to coarse grained sediments not thicker than a few decameters. 

The difference in attenuation, scattering (due to the heterogeneous nature 

of the material and to unfrozen water) and reflection coefficient, however, 

can be used to study changes in the type of subsurface ice. 

RacUo-e.c.ho .~>ouncUng on JLOc.k g!a.U.eM 

The US Geological Survey-Monopulse ice radar (Hodge 1978) has been used 

in the Swiss Alps to study rock glaciers (Figure 39). A number of tests 

were carried out on the Gruben rock glacier using variable length and spac

ing of the antennas. The frequency range studied was 1 to 10 MHz. Test 

soundings were also carried out on debris-covered glaciers for comparison 

(Figure 38). Soundings were made during summer and winter to study the ef

fects of the active layer. The main goal of the study was to investigate 

the properties of rock glacier ice. In addition, there was some hope of 

getting information about the thickness of this ice in favourable cases. 

Figure 39 Examples of radio-echo soundings on rock glacier permafrost (in
active rock glacier near the FlUelapass, Grisons, Swiss Alps). 
Weak return (arrow) from shallow permafrost base deforms emit
ted pu lse (left, arrow); no return is visible in the other case 
(right). Time scale = 1 )JS per grid unit, Permafrost thickness 
is around 30 to 40 m. Photographs taken in December 1983. 
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The test soundings in debris-covered temperate glacier ice (Rossboden

gletscher), as wel l as in sli ghtly cold gl ac i er i ce (Grubengletscher, ice 

temperature around -l oc, cf . , Haeberli 1976), clearly showed that ef fects 

caused by the presence of an unfrozen surf ace layer of debris were practi

cally negl i gible. Transmitted pulses were clear and reflected si gnals were 

strong. Ice thickness values ranged between 25 and 70 m and much thicker 

ice would probably have been easily measured. The situation 1~as very dif

ferent on rock glaciers. Return signals wer e either undetectabl e or extre

me ly small. The difference in the ampl itude of the return signa l coming 

from the beds of debr i s covered glaciers and rock gl aciers was one order 

of magnitude or more in all cases. I t can therefore be concluded that ab

sorption and scattering are much stronger i n rock glaciers than in debri s 

covered glaciers. Concerning material properties, results from radi o-echo 

soundings are therefore in perfect agreement with results from resistivity 

soundings and seismic refraction measurements in that they indicate the 

presence of frozen sediments and the absence of major masses of glacier 

ice. 

Information about the thickness of rock glacier permafrost is much l ess 

concl usive . No return signal was detected at all in permafrost over 100 m 

thick near the front of the Gruben rock glacier. Very small , but relati 

vely clear return signals were obtained at the borehole in t he same rock 

glacier (0 . 8 ~s), and al so in the vicinity of the nearby thermokarst l ake 

(0.4 ~s). The latter soundi ng is especial ly interest ing, because it was 

carried out on top of some high resistivity buried ice {cf., previous sec

tion). The sma ll return signal here indicates that this buried i ce mass i s 

thin and that it l ies on top of permafrost which absorbs the signal strong

ly; the thickness of this buried ice mass is probably less t han about 20 m, 

otherwise a detectable return signal wou l d have been recorded. Using a 

value of~ 3 for the dielectric constant, around 30 m and 40 m of perma

frost are likely t o exist near the borehole a.nd the thermokarst l ake re

spectively. Probing permafrost of more than 100 m seemed to be impossible 

with the equipment used . 

Additional soundings were carried out on the rock glacier Murtel I. 

These soundings again gave results which are in perfect agreement wi th the 

information from geoelectrical and sei smic refraction studies. Return sig

nals were again extremely weak and often even doubtful. Thi ckness estima-
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tions of t he rock gl ac i er permafrost, us i ng a dielectric constant of ~ 3, 

gave va l ues whi ch are ve ry close to the bedrock depth determi nat ions from 

seismi c soundings (40 -60 m cf., Barsch and Hell 1976) . Thi s may indicate 

that, for this case , there is no thick layer of unfrozen sediments between 

the base of the rock glacier permafrost and the underlying bedrock . Sound

i ngs were also carried out i n a fossil rock glacier (La Veduta near J ul ier

pass) and this did not give any return signals . However, weak return sig

na l s within the emitted pulse were observed in an inactive rock glacier 

near the FlUelapass (cf., Figure 39). 

2 .2. 5 Rock g l acier hydrology 

Water emerges from the fronts of many rock glaciers. This water carr ies 

information about their internal structure because it has obviously tra

velled within the bodies themselves. Run-off from rock glaciers may be eco

nomically important in high-mountain reg ions with low precipitation . In 

Fi gur e 40 
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Thermokarst pond (arrow) on a rock glacier/push mora ine near 
Gornergrat , Wallis, Swiss Al ps . Only the left side of t he 
frozen debri s mass is a moving rock glacier , the ri ght si de 
is a push mora i ne formed in an upslope direction. An inac t ive 
rock glacier is vi s ible in the background. Doscontinuous per
mafrost 1~as mapped i n detail by C. Bucher (unpubli shed). 
Photograph taken in October 1g79. 
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such regions, glaciers can be absent and so discharge from rock glaciers 

can contribute significantly to the total run-off from a high a l titude 

catchment basin (e .g.,Corte 1978). 

Despite these facts, and in contrast to the great number of detailed 

hydrological glacier studies (e.g., Baker et al. ]g82 , Collins 1980) , only 

very few and somewhat preliminary studies have been carried out on the 

hydrological aspects of rock glaciers. With regard to the scarcity of pre

sently available results and the simplicity of the techniques used, only 

rough first order approximations are made here when interpreting the obser

vations. These observations already show some characteristic features of 

rock glacier hydrology, and significant contrasts to glacier hydrology. 

However, much more work could and should be done. Rock glacier hydrology 

remains an almost untouched field of scientific investigations. Such stu

dies may possibly provide the key to the question why the residence time 

of water in high altitude catchment basins with a continental climate and 

a great number of rock glaciers, is so astonishingly long {Martinec et al. 
1983) . 

The main parameters which have been measured to date are water tempera

ture, discharge and discharge variation, sediment load and electrical re

sistivity. Residence time of rock glacier water has been studied in one 

case (Evin and Assier 1983b) and snow cover data were coll ected dur

ing a six-year period on the Gruben rock glacier by the present author. 

Simple, sometimes even semi-quantitative methods have been used in all ca

ses. 

Discharge of springs at the foot of rock glacier fronts was measured in 

1/second or even 1/minute. Exact numbers do not seem to be available, but 

. 1 to 10 1/sec is the range typical ly observed in nature. Because several 

sources may exist at the front of single rock glaciers, total discharge 

can sometimes be as high as about 10 or 20 1/sec for a large rock glacier. 

Discharge usually drops to 0 during winter. t~any rock glacier sources form 

icings at the beginning of winter. During summer, run- off does not normally 

show daily variations, such as would be typical for glacier run-off, but 

exhibits seasonal changes with high discharge in spri ng and a tendency to

wards lower discharge in summer and autumn (Evin and Assier 1983 b). 
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Figure 41 illustrates the run-off of the streamlet emerging from the 

front of the Gruben rock glacier. Measurements were made duri ng an 8-day 

period in August 1982, when discharge was already much reduced compared to 
that in spring. Only precipitation seemed to i nfl uence run-off in any ob

vious way. The water of th i s streamlet was always clear, in contras t t o 

the hi gh turbidity observed in the nearby glacier streams of t he Gruben

gletscher. 

wl 

Bern 

6 

4 

2 

11. 12. 13. 14. 15. 16. 

August 1982 

Figure 41 Water level (wl ) variations in the streamlet emerging f rom the 
front of Gruben rock glac ier duri ng an 11-day period in summer 
1982 . Temperature (T) and precipitation (P) were measured at a 
nearby temporary weather station. Discharge was in the order 
of a few liters per minute. Arrow: heavy thunders torm. 

~v in und Assier (1983 b) and Haeberli and Pa tzel t (1983) confirm this 

observation; high sediment load and short-term variat ions in the di s

charge from rock glacier springs have only been observed in cases where 

the rock gl acier hydrology i s influenced by t he hydrol ogy of a (small ) 

glacier behind or on top of a rock glacier . Evin and Ass ier ind icate that 

the time of run-off maximum observed at such glaciers is delayed by seve

ral hours by the time it appears at the rock glacier fronts . Tracer ex

periments (fluorescein) at the rock glaciers Marinet in the French Alps 

(Figure 42) have shown that travel time of such glacial meltwater through 

a rock glacier is 3 to 20 hours, corresponding to a f low velocity of 0.5 

to 5 m/min. These values are lower than values known for subglacia l chan

nels by about one order of magnitude . In another case which was not infl u-
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Figure 42 Tracer experiments at the rock glacier Marinet I and II, 
modified after Evin (lg83: Figure 95). Triangles show lo
cations of tracer i nput, circles show test locations: 
filled-in circle - fluorescein concentration was measu
red, empty circles - no fluorescein detected. 
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enced by glacial melt1~ater, tracers did not reappear within short time 

periods. 

The electrical resistivity of the water from rock glacier springs 

seems to be significantly smaller than that of glacier water (Evin and 

Assier, 1983 b) . The water temperature of rock glacier springs is 0 to 2oc 

for intact (active and inactive) rock glaciers , and warmer in the case of 

fossil rock glaciers. This water temperature does not seem to change mar

kedly, be it in seasonal cycles or even in time periods of deacades (Hae

berly 1975; Haeberli and Patzelt 1983). Running water and sometimes small 

ponds can be observed on the surface of rock glaciers {Figure 40). This 

clearly indicates that the rock glacier body is not highly permeable to 

water. Near the borehole in the Gruben rock glacier, snow cover thickness 

in May was observed to be 1.35 ± 0.6 m over a six year period. This probably 

closely corresponds to the winter precipitation (~ 0.6 m water) accumula

ted between November and May when no melting occurs. In the surroundings 

of the same rock glacier, Haeberli et al. (1979) have estimated -on the 

basis of seismic soundings and lake level observations- the groundwater 

level to be significantly higher than the base of the rock glacier perma

frost; in the same case, the groundwater level probably exhibits large 

seasonal variations also , being more than 10 m lower during winter than 

during summer. 

The following model can be used to interpret the rather non-systematic 

observations described above (Figure 43). Water from snow melt and liquid 

precipitation travels along the permafrost table, in channels within or at 

the base of the rock glacier permafrost and in the subpermafrost aquifer, 

the existence of which being clearly indicated by the results of geoelec

trical resistivity soundings. All observations indicate that groundwater 

flow is a predominant component of water flow in rock glaciers. However, 

the link between surface (suprapermafrost) and subpermafrost water is not 

known at present. 

The situation may be special in cases where small glaciers exist on top 

of rock glaciers. Glacial meltwater streams which travel through and emerge 

from rock glaciers display relatively high turbidity, a short residence 

time and slightly delayed response to input variations. These effects 
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Figure 43 Model of rock glacier hydrology . The links between supra
and subpermafrost water are not known (cf. , text) . 

are probably best interpreted by the picture of water flowing along the 

table of rock glacier permafrost in meandering channels which form at the 

boundary of the frozen fine material and the overlying course debris layer . 

In the other cases, which are far more frequent, run-off may take place at 

the permafrost table as well as into and within the subpermafrost aquifer. 

The low sediment load, slight run-off variation, long residence time, low 

electrical conductivity and near 0°C- temperature indicate that water pre

dominantly flows within the subpermafrost aquifer in close contact with 

the permafrost base. If it is assumed, in a first order approximation, 

that all other run-off paths are unimportant, and that melting and freez 

ing in the active layer and at the permafrost base is negligible, some 

rough estimates as to the characteristics of saturated flow beneath rock 

glacier permafrost can be made. 

Discharge Q following Darcy's law is given by: 

6Ha 
Q = K. Fa la (14) 

where K =coefficient of permeability of the aquifer, Fa its cross sectio

nal area, la its length along the flow path and 6Ha the hydraulic pressure 

difference in it. For a typical, medium- sized rock glacier, la = 1000 m, 

Fa z 100 to 500 m2 (assuming that water flow mainly takes place within 
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about l m of the permafrost base) liHa ::: la tga (a= inc l inat ion of the 

rock glacier surface) ::: 250 m and K ~ 104 to 106 m/sec for si l ty sands , 

sands and gravels. Q then becomes lo-2 to 10 l /sec. Observed val ues for Q 
correspond well with t he orders of magnitude calculated i n this way. 

Q is also given by 
Q = (P-E) Fs (15) 

wi t h (P-E) = annual precipitation minus annua l evaporation, and Fs = sur

face area of the rock gl acier . Agai n for a medium- sized Alpi ne rock gla

cier, (P-E) ~ 0.5 to 1. 5 m and Fs ~ 1-5 ·105m2 , givi ng an annual aver age 

f or Q of about l to 25 l/sec . If run-off during winter is 0, summer run

off is estimated to be 2 t o 50 l/sec. As explained above , a subpe rmaf rost 

aquifer of unfrozen silts, sands and gravels is capabl e of discharging a 

considerable part of th i s vol ume of water. 

Travel time ta in this aqui f er is 

la 
t a = V";, Q Va = --na Fa (16) 

\~here V a is the flow ve locity in t he a qui f er and na its porosity ( S 35) . 

Using t he numbers given above, Va i s in the order of l0- 3 to lo-8 m/sec , 

and ta , for l a = 1000 m, comes out t o be weeks or even many years . This 

simple calculation i ll ust rates t hat it is only possible to esti mate orders 

of magnitude at present. However , i t is not sur prisi ng that a mixture of 

ol d and young water has been f ound in some preli minary , tritium analysis 

of rock glacier water (Barsch, personal communication); nei ther is it so 

strange that tracers disappear in rock glaciers. It is wor th noting tha t 

in the Dischmatal, where rock glaciers are abundant, the average residence 

time of water has been est imated to be 4 years on the basis of detai led 

isotope analys i s (Martinec et al. 1983). 

The obser vat ion that run-off from rock glacier springs start s at the 

beginni ng of the snow me l t season, when groundwater levels around rock 

gl aciers rise quickly, together with t he fact that t he spri ng at the front 

of the Gruben rock glac ier reacted quickly to precipitation events in late 

summer, after the snow had disappeared, are part icularly noteworthy; the 

response of saturated flow under neath impermeable permafrost to variations 

in water input and hydrau lic gradients is fas t , despite the long res i dence 

times of subper maf rost wat er . 
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2.3 A model of internal rock glacier structure 

By putting together all the evidence from direct and indirect informa

tion, an attempt can be made to construct a model of the internal struc

ture of active rock glaciers. This model cannot consider one single "real" 

rock glacier but looks at a "generalized" rock glacier. It can be consi 

dered to be the best possible approximation to "typical" conditions in na

ture. Of course, deviations and exceptions can never be complete1y excluded. 

The most important systematic restriction to the model is the fact that it 

represents active rock glaciers in discontinuous permafrost only. The main 

reason for this is that information about rock glaciers in continuous per

mafrost is still almost completely non-existent today . It should, however, 

not be too difficult to construct analogous models of rock glaciers in con

tinuous permafrost which have colder surface temperatures and larger per

mafrost bodies. 

The parameters discussed in the model of internal rock glacier struc

ture are represented as a function of depth below surface in Figure 44. 

Figure 45 illustrates the proposed model in a qualitative way. 
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Figure 44 Geophysical model of internal rock glacier structure. z =depth 
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Figure 45 

Proposed development 
of i nternal rock 
glacier structure 
(cf. Figure 44 and text). 

The uppermost l ayer of a rock glacier i s the active layer of the rock 

glacier permafrost . Its thi ckness varies between 0 and 4 to 5 m. Coarse 

debris from rock falls, scree slopes and moraines predomi nate because fine 

materia l has been washed away. The temperature of th is debris l ayer i s 

above its freezing point during summer and below ooc du ring winter. The 

mean annual sur face temperature is typica l ly around -10 to - 20C. The l ayer 

is hi ghly permeable to water and i ts pore space never get s compl etely 

filled with ice during the col d season. Sei smic P-wave velocity is only 

slightly higher than the P-wave velocity in air, and electrical resistivi

ty is in the order of 103 nm. Thermal conductivi t y of the active layer of 

rock glacier permaf rost has never been determined, but i t must be an im

portant factor for the existence of rock glacier permafrost. Lichen cover 

on boulders indicate that movement of the surface l ayer i s pass ive and re

lative displacements of rocks are infrequent and/or slow . However, boul

ders of the active l ayer are arranged in patterns which refl ect the cumu

lative strain history of the rock gl acier sur face and therefo re lend them

selves to structura l analysis and interpretation of pas t rock glacier de

velopment. 
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The permafrost table is the top of the permafrost body within rock gla 

ci ers . Only i n exceptional cases is it visible at depth between the coarse 

debris. Its depth below surface ranges from almost 0 m near perennial 

snowbanks, up to 4 or 5 m near the fronts of active rock glaciers . Temper

ature conditions are similar to those in the active layer, but the ampli 

tude of annual temperature variations is reduced to a few degrees . The 

permafrost table is impermeable to 1·1ater and supersaturated in ice. Ice 

content values around 90 % by volume are not unusual. Seismic P-wave velo

city varies greatly, but its average is around 3000 m/s or even less. Bore

hole logging and excavations indicate that fine material starts to be the 

dominant part of the rock matrix at the permafrost table, and perhaps also 
slightly above it. Electrical resistivity at the permafrost table must be 

extremely high because of the high ice content and - in winter - also 

because of low temperatures . 

Only drillings and deep excavations give direct access to the perma

frost body of rock glaciers. Its thickness depends mainly on the surface 

temperature and typically ranges from a few decameters to more than a hun
dred meters. It consists of perennially frozen unsaturated silts, sands 

and gravels . 

Roughly the top 10 m, which are above the depth of zero annual ampli

tude of temperature (ZAA), exhibit annual cycles of temperature variations 
but always remain below ooc. Within this upper layer of the permafrost 

body, ice content decreases from the extremely high va l ue at the perma

frost table and reaches a mean va l ue of about 50 % near the depth of ZAA. 

Seismic P-wave velocity correspondingly increases to values around 3500 

to 3700 m/s . Electrical D.C. res i stivity is in the range 104 to 106 nm. 

The frozen, unconsolidated sediments contain pore ice and ice lenses , the 

unfrozen water content being around 5 % by vol ume . The high amount of un

frozen water causes strong attenuation of electromagent ic waves. Mean 

annual temperature rises only by abou t .025 °C/m to . 030 oc;m or less wi th 

increasing depth . 
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Inf ormation is much more uncertain for the permafrost body bel ow the 

depth of ZAA . Deep soundings wi th seismic refraction indicate that P-wave 

velocity and, hence, ice content remai n more or less constant at about 

3500 m/s and 50 % by volume respectively . Electrical O.C.resistivity pro

bably decreases with increasing depth and increasing temperature and may 

even reach l ow values similar to those observed in non- frozen materia l s 

near the permafrost base, where the temperature approaches the freezing 

point and the unfrozen water content is very high. 

Massive ice -in most cases the remains of avalanche cones, perennial 

snowban ks and sma 11 g 1 ac i ers - can sometimes be embedded wi thin the per

mafrost body. Radio-echo soundings and electrical D.C. resistivity measure

ments , however, show that this type of buried ice is only a very minor part 

of rock glaciers and seems to be restricted to the near-surface layer of 

the rock glacier permafrost. Brown (1925), however, observed some massive 

ice of unknown (but probably not glacia l) origin in a tunnel made in a 

rock glacier at the base of the rock glacier permafrost; this is, so far, 

the only case of this type recorded. 

The location and characterist ics of the base of t he rock gl acier perma 

frost have never been determined accurately to date . The permaf rost base 

may not be a sharp boundary bet~1een t he permafr ost body and t he underly

ing, non- frozen subpermafr ost sedi ments, but rather a complex transition 

zone, the th ickness of which being in the order of a few meters or even 

decameter s (cf . , Osterkamp and Payne 1981 ). The unfrozen wat er content in 

the frozen sedi ments reaches values similar t o those for unfrozen sedi

ments in the zone where the temperatu re approaches t he freezi ng poi nt . Cor

respondingly smooth changes in e lectrical resistivi ty and die lectric con

stant make t he permafrost base more or less "invis i bl e" t o resistivity and 

radio-echo soundi ngs . The most abrupt change may take place wi t h seismic 

velocities , but because this change i s from higher to l ower veloci t i es , 

the permafrost base cannot be explored by seismic refracti on. Se i smi c re

f lection wou l d be an appropri ate t echnique , but i t is l imited t o t hi cknes

ses greater t han about 60 m (cf . , Rothlisberger 1972) . Melting and freez

i ng of rock glacier permaf rost can t ake pl ace at the permafrost base . Cor

responding displacements of the permaf rost base, however, due t o cl imatic 
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changes during historic and postglacial times are very small(::: 1 cm/year). 

Comparison of measured surface temperature with rough determinations ofthe 

depth of the permafrost base indicate that the thickness of rock glacier 

permafrost is not in equilibrium with today's surface temperatures but 

seems rather to correspond to the somewhat colder temperatures of past cen

turies . Freezing or melting at the permafrost base is not easily calcula

ted because of the effects of fri ctional heating due to rock glacier flow, 

and also heating due to saturated flow in the underl yi ng subpermafrost 

aquifer. 

The existence of non-frozen subpermafrost sediments is indicated by the 

l ow electrical resistivity (slightly above 103 Qm) encountered in resisti

vity soundings below the permafrost base . Even though electrial resistivity 

does not provide unambiguous evidence and determination of the depth of the 

permafrost base is relatively inaccurate, the exi stence of non-frozen se 

diments is not questionable in principle; in many cases , geothermal con

siderations clearly exclude the possibility of relatively warm permafrost 

reaching bedrock at depths of several hundred meters. Hydrological obser

vations on run-off characteristics or lake levels furnish strong evidence 

that the sediments below the rock glacier permafrost are saturated with 

water, and that they represent an effective subpermafrost aquifer. Silt, 

sand and gravels are most likely to make up the rock matrix and ~1ould, in 

fact, have appropriate pore space and permeability to account for the ob

served discharge rates at rock glacier fronts . Seismic P-wave ve locity can 

be assumed to be around 2000 to 2500 m/s if the sediments are saturated 

with water and somewhat more than 1000 m/s if not. 

Be.dJt.oc.k 

Bedrock depth can be in the order of several hundred meters below the 

surface of large rock glaciers and could perhaps be a function of rock gla

cier length (age?) . Permafrost in bedrock is likely to exist where the rock 

glacier permafrost is in direct contact with surrounding rock walls. At 

greater depths, however, bedrock is very probably not in a permafrost state 

in most cases. P-wave velocities in bedrock are usually close to 5000 m/s, 

whereas electrical resistivity is highly variable, being dependent on the 

physical and chemical properties of the material encountered. 
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3, FLOW OF ROCK GLACIERS 

Rock glacier flow is a natural, large-scale experiment on the long-

term creep behaviour of supersaturated permafrost. It is a function of the 

stress field within the rock glaci er permafrost and the stress-strain rel a

tionship of perennially frozen, supersaturated sediments. Neither of these 

is well known nor easily studi ed . Determination of stresses in rock gla

ciers encounters the problem that the location of the permafrost base and 

the bounda ry conditions there are st i ll not known accurately. Stress-strain 

relationships for frozen materials have in most cases been stud ied in the 

laboratory using small samples and li mited time periods and, hence, cannot 

be easily extrapolated to represent large- sca le and long-term behaviour of 

naturally creeping permafrost. The practical importance of improved know

ledge about l arge- scale and long- term creep of ice- rich permafrost in con

nection with arctic and high mountain construction work, would, however, 

seem to be reason enough for intensifying studies on rock glacier mechanics. 

Given the present incomplete state of the data on the geometry of rock 

glacier permafrost, only first order approximat ions for a better under

standing of rock glacier flow can reasonably be made. The section which 

follows presents information from studies on rock glacier movement and dis

cusses it in the light of present-day knowledge about the rheology of ice 

and ice- rock mi xtures. Many questions, howeve~ remain open; rock glacier 

mechanics is still an almost untouched field of scientific investigation. 

3.1 Rock glac ier movement 

Many authors have measured the movement of rock glaciers. It soon be

came obvious t hat rock glacier movement involves velocities which are or

ders of magnitude smaller than those usually measured on glaciers. Various 

techniques have been used. Photogrammetrica l studi es give an overall pic

ture of the rock glacier topography and its changes with time, the distri

bution of surface velocities and the relation between f low patterns and 

surface structures . Geodetic (theodol ite) observations have long been the 

standard method. They furnish important pieces of information about velo

city changes with time over different time scales. Other methods, li ke 

precise wire measurements or rock fall studies at rock glacier fronts, 
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observations of changes in the position of rock glacier fronts , age dating 

of rock glacier surfaces by lichenometry and studies of the orientation of 

surface boulders, all give supplementary information on the history of de

velopment and recent activity of active rock glac iers. 

3.1.1 Photogrammetry 

Photogrammetric rock glacier studies seem to have been limited to the 

Alps. Early large-scale maps using terrestria l and aerial photography have 

been produced for the Val Sassa and Hochebenkar rock glaciers (cf . Eugster 

1973; Pi l lewizer 1957) . Messerli and Zurbuchen (1968) may have been the 

first authors to ana lyse surface displacements and thickness changes of 

two active rock glaciers i n the Swiss Alps by comparing aeria l photographs. 

A simi lar study was done by Barsch and Hel l (1976) for the active rock gla

cier Murtel I, using aerial photographs taken in 1932 , 1955 and 1971. Sur

face movements of push moraines and rock glaciers have also recently been 

determined in the French Alps (Evin and Assier 1982, Evin 1983). A. Flotron 

(in Haeberli et al . 1979) measured the surface movement of the Gruben rock 

glacier by direct comparison of two aerial photographs taken at different 

times . The results of these studies can be discussed with regard to topo

graphy and volume changes, distribution of surface velocities, and the re

l ationship between structures and flow patterns on rock glacier surfaces. 

Topog!Ulphy and vo.twne c.hartge6 

Large- scale topographical ma ps are now available for several rock gla

ciers in the Alps (e.g., Hochebenkar: Pillewizer 1957, Haeberli and Pat

zelt, 1983; Val Sassa: Eugster 1973; Weissmies and Grosses Gufer: Mes

serli and Zurbuchen 1968; Macun : Barsch 1969; Murtel I: Barsch and Hell 

1976; Gruben: Haeberli et al. 1979). Figure 47 is another example of a re

cent rock glacier map. I t represents the active rock glacier in the Val 

Muragl (Upper Engadin , Al ps of Grisons) . An aeria l photograph of this rock 

glacier is given in Figure 46 . This example illustrates well the basic 

features of rock glacier topography such as they appear on all the above 

mentioned maps. The shape, as a whole, has a f orm like a "water drop" with 

a convex surface profile - at l east in the main part of the "permafrost 

drop". Smooth depressions may somet i mes exist at the head of rock glaciers, 

where the "permafrost drop" has evidently left the debris source, but mo-
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Figu re 46 Active rock glacier in the Val Muragl, Upper Engadin, Grisons, 
Swiss Alps, cf. Figure 1 and 47. Aeria l photograph taken on 
September 7, 1981 . Reproduced by permission of the Federal 
Directorate of Cadastral Surveys. 

raine-like features are not usually observed. The surface is regularly 

structured. Surface roughness is high on a scale of meters but low on a 

scale of decameters. Rock glaci er topography, in fact, closely resembles 

the topography of lava streams; it has nothing in common with the topogra

phy of debris covered glaciers with their often erratic surface structures, 

their concave surface profiles and their large lateral mora ines . 

Repeated large-scale mapping opens up the possibility of studying volu

me changes of rock glaciers. Examples have been given by Messerli and Zur

buchen (1968) and Barsch and Hell (1976). Unlike volume changes of glaciers 

(cf., Kasser 1967, 1972; MUller 1977), vo l ume changes of rock glaciers are 

extremely sma ll ; in many cases , the changes may even remain withi n the er

ror limi ts of the survey. Messerli and Zurbuchen repor ted the rock glacier 
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Figure 47 Topography of the active rock glacier in the Val Muragl, Upper 
Engadin, Grisons, Swiss Alps, cf. Figures l and 46. Photogram
metrical analysis by R. HUbscher, Swiss Federal Directorate of 
Cadastral Surveys. Date of flight : September 7, 1981. The ori
ginal map has a seal e of l : 2000 and has 2 m- contours on the 
rock glacier. 

Weissmies to have lost about 50,000 m3 between 1958 and lg64. Distributed 

over a surface of nearly 100,000 m2, this corresponds to a thickness change 

of 0.5 m, or less than 0 . l m/year . Thickness loss was mainly observed in 

the upper-central part, whereas thickening occurred in the margina l parts 

of the active rock glacier. Mass gain was also observed in the upper parts 

of the steep marginal slopes. No volume change was observed in the case of 

the rock glacier Grosses Gufer between 1950 and 1962. 8arsch and Hell mea

sured vertical displacements of surface boulders of about -1.4 m (-.06 m/ 

year) at t he rock glaci er Murtel I between 1932 and 1955, of about+ 0. 3m 

(+.02 m/year) between 1955 and 1971, and of - .02 m/year between 1971-1973. 

Changes of greater significance have not been observed to date and the 
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observations indicate that the volumes of rock glaciers change very little. 

The losses cited above are probably even greatly overestimated. In the case 

of the rock glacier Weissmies (Messerli and Zurbuchen 1968), the outer li

mit of the rock glacier surface was drawn at the margins of the talus apron, 

and changes of the rock glacier surface area were incorrectly assumed to 

be negligible . Barsch and Hell (1976), on the other hand, considered ver

tical displacements of bou lders at the surface of the rock glacier Murtel I, 

but applied neither corrections (6X tga) for the flow component, which is 

parallel to the rock glacier surface and which does not lead to any thick

ness changes, nor took into account the more important aspects of extend

ing/compressing flow and changes in surface area. No mass loss of any sig

nificance seems to have been measured accurately and beyond error limits 

up to now. 

Melting or freezing at the permafrost base remains in the order of 1 or 

2 cm/year, even with drastic climatic changes (cf ., discussion of geother

mal condit ions). Mass gain by rock fall or accumulation of morainic mate

rial at the head of rock glaciers produces a corresponding thickness change 

of mm/year. Thinning due to the removal of fine grained sediments suspen

ded in the water which comes out of rock glaciers is probably in the same 

order of magnitude, observing the low sediment load and the limited water 

discharge of rock glacier sources. Thinning due to extending flow is com

pensated by surface gain or by thickening due to compressing flow in other 

places , and vice versa. The only possible source of major volume changes 

is a change in active layer thickness due to melting or ice formation at 

the permafrost table. Active layer thickness, however, seems to be rather 

constant with time (Haeberli and Patzelt, in press) and even with ice con

tents of almost lOO t by volume near the permafrost table , corresponding 

thickness changes are 1 imited to about ± 2 m as long as the rock glacier 

remains within the permafrost zone. It is, therefore, not surprising that 

rock glaciers exhibit only minor and very slow changes of mass and volume. 

On the other hand,changes in shape and surface area do occur and are ef

fected by the flow of the ice-rock mixture of the rock glacier permafrost. 

Aerophotogrammetrical determinations of rock glacier flow patterns have 

been carried out in several instances. The common procedure i s to identify 
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distinct objects (e.g., large boul ders) on rock glacier surfaces and to 

measure their displacements over a time period defined by the dates of the 

stereopairs taken. Obvious problems include the limited accuracy of target 

identification with changing il l umi nat ion and irregul ar movement of indi

vidual targets (rocks); this occurs independently of the rock glacier move

ment as a whole, and is especially prevalent near the steep slopes of fur

rows and ridges or in zones of extending flow, where the arrangement of 

surface boulders is loosened. Barsch and Hell (1976) have discussed error 

limits. Their values for the vector determination on the rock glacier Mur

tel I were around± 0.5 m for vertical and ± 0. 7 m for horizontal displace

ments. Vector determinations over periods of a few years or decades , there

fore, often rema i n within error limits for the amount of movement most of

ten encountered 0n the order of cm/year). Flotron (in Haeberli et al. 1979) 

has used a less expensive and more precise method; he looked simultaneous

ly at two pictures taken on two different days and analysed the "false to

pography" created by the displacements of the rock glacier surface. The 

technique is commonly used in terrestrial stereophotogrammetry of glaciers . 

Flotron (1979) gives detai l s of the procedure for interpreting aerial pho

tographs in this way. The method can be applied if the scale and quality 

of the two aerial photographs are not too different, and if surface condi

tions (e.g., snow cover) are comparable on both dates. 

Horizontal velocities observed are in the range of cm/year to around 

1 m/year. A few decimeters per year may be taken as a typical average for 

the surface velocity of rock glaciers. With typical surface inclinations 

of 5 to 300 (Haeberli 1975; Kerschner 1976), the vertical flow component 

due to movement parallel to the surface is in the order of 10 to 60 % of 

the horizontal displacement. For the period 1932-1955, about 25 % of the 

phot ogrammetrica ll y determined and previously discussed vertical displace

ments of boulders on the surface of the rock glacier Murtel I can be ex

plained by flow parallel to the surface; i f this is taken into considera

tion, t he thinning rat e obser ved decreases to about 4.5 cm/year . Simil arly , 

if corresponding corrections are made for the period 1955-1971, the thicken

i ng rate observed on this rock glacier i ncreases to about 3 cm/year. These 

val ues show tha t t he rock gl acier Murtel I, which has the longest record of 

vertical surface displacement measurements , very probably had a balanced or 

even s l ightly positi ve cumul at ive budget i n the middle of the 20th cent ury, 

' 
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taking into account that the rock glacier is active and, hence, has a 

steadily increasing surface area . 

The direction of the measured vectors indicates where the flowing mass 

comes from and where it tries to go to . As a good first order approxima

tion, it can be ~aid that the flow direction more or less follows the ge

neral slope and that flow vectors are, in most cases, perpendicular to the 

contour lines of the rock glacier surface. Haeberli et al . (1979) construc

ted flow lines on the Gruben rock glacier . In other cases of reported mea

surements, the net of vectors is not regular and not complete enough for 

such an analysis, but the situation can nevertheless be interpreted semi 

quantitatively for the rock glaciers Weissmies, Grosses Gufer, and Murtel I. 

(cf., Figures 48- 53) . In all these cases, it is evident that mass flows out 

of debris cones and scree slopes which accumulated and sti ll accumulate 

underneath rock walls or in lateral moraines (Weissmies) . Flow lines are 

not interrupted by inactive zones within the rock glacier and are more or 

less directed towards the rock glacier front. Because transmission of l on

gitudinal stresses in non-frozen debris is not possible over distances 

greater than a few meters due to the lack of coherence, it can be conclu

ded that frozen debris mus t flow steadily out of the corresponding talus 

cones and scree slopes. Rock glacier permafrost and permafrost in these 

debris accumulations thus form a continuum. The fact that rock glacier flow 

starts and occurs in purely periglacial environments excludes the possibi

lity that the influence of metamorphic ice from snowbanks or glaciers ge

nerally is of any major importance. 

Velocity changes in space and time can also be determined by photogram

metric analysis. Longitudinal strain rates have been determined on the 

Gruben rock glacier to be lo-3 to lo-4 per year, and critical strain rates 

for the formation of visible crevasses in rock glacier permafrost are esti

mated to be less than about 2·1 0- 3 per year. These values are much lower 

than those found in pure (glacier) ice (Haeberli et al. lg79). Velocity 

patterns have been mapped for the Gruben rock glacier and the rock glacier 

Macun (see enclosed map and Barsch 1969). In both cases, maximum speed 

occurred in the central part of the rock glacier tongue and velocity de

creased towards the lateral and frontal margins (Figure 53). The rock gla

ciers Weissmies and Grosses Gufer exhibit the same general picture; flow is 
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Macun 1965-67 

0 lOOm 

Macun 1965-67 

Figure 52 

Flow pattern of the active 
rock glacier Macun, Lower En
gadin, Grisons, Swiss Alps. 
Discontinuous permafrost. 
Flow lines were constructed 
using geodetically determi
ned flow vectors pub 1 i shed 
by Barsch (1969: Figure 3). 

Figure 53 

Velocity distribution at the 
surface of the active rock 
glacier Macun (cf. Figure 
52). Mod i fied after Barsch 
(1969: Figure 10, theodoli 
te measurements). Numbers 
are cm/2a. 
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extending at the head, reaches a maximum in the central part and becomes 

compressing towards the front of the rock glaciers. Velocity is not a sim

ple function of local surface slope but rather depends on surface slopes 

averaged over distances of hundreds of meters, thus indi cating that perma

frost thickness is in fact, measured in decameters and strongly influences 

the flow 'pattern (Haeberli et al 1979). By integrating the measured velo

cities over the length of the flowlines, a minimum value for the age of a 

rock glacier can be obtained. This approach tacitly implies that rock gla

cier flow is due to sliding at the permafrost base only and that the spa 

tial velocity pattern has remained unchanged. True age can therefore be 

much greater. The observed vel ocities confirm that the age of large rock 

glaciers is in the order of thousands of years. 

Barsch and Hell (1976) indicated that the horizontal surface velocity 

of the rock glacier Murtel I was markedly higher during the time period 

from 1g32 to 1955 (7.1 cm per year on average) as compared to the period 

1955 to 1971 (3 .2 cm per year) . With an error of± 0.7 m, however, the cor

responding difference between the measured vectors (1 .63 and 0.51 m respec

tively) is not significant. The same is not true for the difference bet

ween vertical displacements (-1.4 m and + 0.3m for the two periods respec

tively). It remains open, however, what relative contributions to this dif

ference come from changes in velocity of flow parallel to the surface, from 

thinning due to extension of the surface or from actual melting. In any 

case, photogrammetric studies do not indicate any significant amount of 

permafrost aggradation or degradation in Alpine rock glaciers, despite the 

marked changes in air temperature during the period of observation - a re

sult which agrees with the geothermal considerations discussed in sub-sec

tion 2. 2.1. 

The surface structure of many rock glaciers gives the impression that 

lava-stream-like movement of a viscous material takes place or has taken 

place. Superficial interpretation of surface structures can, however, lead 

to misleading results. The existence of ogive-like transverse furrows and 

ridges is not characteristic of rock glaci er flow in general, but of com

pressing flow in rock glaciers. Many rock glaciers without these features 
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(because they predominantly exhibit extending flow) may not have been re

cognised as rock glaciers. Especially the smal l initia l forms of rock gla

cier formation are in a state of extending flow, for obvious reasons. These 

forms have been called "protalus ramparts " but i n many cases are nothing 

more than rock glaciers in their i nitial stage of flow acceleration. (The 

terms "compressi ng flow" and "extending flow" refer to an increase or de

crease in the length of a block in the direction of f low, whi ch must be 

compensated by a corresponding change in its height or width (Paterson 

1981)). In this context, it is logi ca l that the formation of ogive-like 

transverse ridges and furrows near the ma rgins of rock glacier fronts is 

accompanied by a loca l thickening of the rock glacier permafrost (surface 

rise, cf., Messerli and Zurbuchen, 1968 and Fi gure 48), because increased 

friction at the rock glacier margins leads to strongly compressing f l ow 

there. On the other hand , smooth depressions usually form where flow is ex

tending and permafrost i s t hinning (surface drop, cf., Figures 48 and 49). 

There is, therefore, no reason to assume that such depres sions always in

dicate that a glacier has vanished, or even to call such rock glaciers 

" ice cored rock glaciers" (cf., Potter 1g72; White 1976). 

The situation is, however, more compl icated than this. Flow lines are 

often para 11 el rather than perpendicular to the "ogi ve- l i ke" features and 

the flow seems even to be weakly compressi ng only. It is more reasonable, 

therefore, to assume that the formation of surface structures is a result 

of a l ong, and perhaps also rather complex strain history. Surface struc

tures of the rock glaciers Weissmies and Murtel I sugg~st that the cumula

t ive effects of strains along the flow paths have deformed st ructures which 

origina l ly may have been perpendicular to t he general direction of flow, 

and which may have formed over more or less rythmic time periods (lateral 

moraine of a glacier in the case of the rock glacier Wei ssmies , ta l us in 

the case of the rock glacier Mu rtel I ) . Evin (1983 ) gives some examples of 

prel imina·ry analysis of strain histories; the rock glaciers "Loup" and 

"St. Anne" clearly illustrate that complications and changing stress fiel ds 

have to be expected. The rock glacier "Loup" is even an example of a rock 

glacier which blocks the devel opment of another one ("Loup adjacent" ) . The 

predominant movement in t he blocked rock glacier is thickening (surface 

rise) due to compressing f low. 
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Extreme complications can occur in cases where an advancing glacier has 

influenced the flow of a pre-existing rock glacier . The stress field of the 

Gruben rock glacier, for example, was markedly changed by the advances of 

the Grubengletscher during the "Little Ice Age" . As a result, the surface 

structures of this rock glacier still reflect the cumulative stra ins of 

this time of glacier advance and do not correspond at all to its actual 

direction of flow. Flow may even be reversed in the case of push moraines. 

Evin and Assier (1982) give an example near Pie d'Asti, French Alps, where 

a small glacier forced the sub- or proglacial permafrost to creep in an up

slope direction, forming a push moraine. Today, the glacier has melted away 

and the permafrost is creeping back in the downslope direction. A similar 

observation was made in the lateral moraine of the upper Theodulgletscher 

(Keusen and Haeberli 1983) in the Swiss Alps. This confirms that indeed 

all transitions may occur between push moraines and rock glaciers in pla

ces where glaciers are in contact with perennially frozen sediments (cf. 

also Figures 48 and 49). 

3 . 1.2 Geodetic measurements 

Geodetic surveys have been the standard technique for earlier studies 

on rock glacier movement . A common procedure was to measure the displace

ments of painted boulders from an initial profile which was installed with 

the aid of a theodolite. Error limits of this technique were estimated at 

at ± 0.002m by White (197lb). During the last few years, electro-optical 

distance measurement instruments have greatly facilitated precise surveys 

of the slow rock glacier movement. However, the main problems with such 

observations remain; the movement of a surface boulder does not necessarily 

reflect the movement of the permafrost body , and for determinations of 

boulder movements, high accuracy is still fundamental and mainly depends 

on the question of how well a target can be identified and resurveyed. 

These problems limit the possibilities of interpretation in some cases. 

General aspects of the observed movements and movement changes can never

theless be discussed with regard to long and short time periods. 
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Annual mov~ne~ and movement change6 

Average annual velocities of rock glacier surfaces, obtained from 

measurements over time periods of a number of years, have been determined 

by several authors . Kerschner (1976) has compiled the data from the liter

ature. His sample of 29 cases gives velocity values between 0.05 and 3.57 

m/year, with a mean of about 0. 75 ± 0. 75 m/year. The average surface in

clination of these rock glaciers was 150 ±so with extremes of so and 270. 

These results are in good agreement with photogrammetrically determined 

values and, hence, indicate that the observations are probably representa

tive for rock glaciers in general. Geodetic measurements also confirm that 

the velocity profiles across an active rock glacier take a more or less 

parabolic form (e.g., Pillewizer 1957) and that the highest velocities are 

observed in the central part of rock glacier tongues (Barsch 1969). The 

Hochebenkar rock glacier in the Austrian Alps has the highest observed 

surface velocities and exhibits spectacular crevasses which are obviously 

due to strongly extending flow down a slope of increasing inclination 

(Pille1~izer 1957; Vietoris 1973; Haeberli and Patzelt 1983) . 

White (197la) and Barsch and Hell (1976) have discussed changes in an

nual velocities. In both cases, not only the amount but also the direction 

of the displacements of surface boulders changed significantly within time 

periods of years. However, velocities were small in both cases and survey

ing accuracy may have been critical for any far-reaching interpretations. 

Moreover, no correl ation could be seen between changes of one rock glacier 

and corresponding changes of a nearby rock glacier during the same period . 

l~hite, for example, notices that the Arapaho rock glacier moved downvall ey 

50 % faster in 1964 to 1966 than it seemed to between 1961 and 1964, where

as the Taylor rock glacier slowed down by 27 % in the same period . The ve

locity changes observed by Vietoris (lg73) on the fast moving Hochebenkar 

rock glacier may be more realistic. The fact that erratic -sometimes even 

upvalley-movements- were usually accompanied by small total displacements 

(cf., especially "Abb. 6'' in Barsch and Hell 1976) indicates that limita

tions to the surveying accuracy have sometimes been of major importance, 

rather than irregular creep or sliding of the permafrost body itself . Short

term variations in rock glacier flow do however occur and can be measured 

correctly . 
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SeMona.t c.hangu o6 Jtoc.k. g.ta.c..i.Vt movenren-U 

A study of short-time velocity fluctuations on the Gruben rock glacier 

illustrates the possibilities of such investigations. Great care was taken 

to insure the highest possible accuracy of the observations. The array of 

surveyed targets is illustrated in t he enclosed map. 

Targets were 2m long aluminium poles which had been fixed by concrete 

in small boreholes, drilled into the surfaces of very large boulders (Fi

gure 54). Selection of the boulders was based on three principles: 

l. They had to be arranged along one of the major flowlines -as determined 

by previous photogrammetric analysis- to facilitate analysis of results . 

2. They had to be covered by large lichens or to occur in zones with a 

stable surface as determined by L. King (in Haeberl i et al. 1g79) to avoid 

the danger of measuring erratic movements not representative of the flow 

of the ·rock glacier permafrost (lichens are very sensi tive to changes 

in orientation to the sun and thus only grow on stable surfaces) . 

Figure 54 

Survey pole for precise 
survey of seasonal velo
city variations of Gru
ben rock glacier 
(cf. text) . Photograph 
taken in February 1980. 
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3. They had to be as large as possible t o further reduce the problem of 

erratic movements by loose surface boul ders. Most select ed boul ders are 

probably larger than t he thickness of the active layer of the rock gla

cier permafrost and, hence , may be assumed to r emain f i xed to the frozen 

sediment body of the rock glacier. 

Survey markers and reflect ors for electro- optical distance measure

ments were centered precisely on top of the aluminium poles, and sur vey mar

kers were also fixed on overhanging rock wal ls of the surroundi ng ci rque 

crests to serve as reference points. Angles and di stances were measured 

once every t hree months from two survey stations. One of these sur vey sta

t ions was not on solid bedrock but on top of the hi storical l ateral moraine 

of the nearby Grubengletscher. The posit ion of this survey stat ion was de

termined by multip le resection for each survey of the poles and did not 

change significantly duri ng the observat ion period, apart from a very 

sli ght trend towards a sh i ft in the X-posi t ion in the order of about 1 cm/ 

1000 days. Survey instruments (Wil d T2 and DI4) were mounted on fi xed sur

vey mon ument s at the survey stations . Coord inates of the poles were over

determined by using triangulation and foresi ght techniques. Pol es 153 to 

Pole !J.Z 6Z -
Ys-Vsmin 6XY a Vs Vsmin 

number 6XY 
[cm] [cm] [ 0] [cm/a] [cm/ a] Vs 

150 - 8 89 -0 .09 5. l 31 22 0. 29 

151 - 11 66 -0.02 0.9 31 15 0.52 

152 -1 0 108 -0.09 5.3 38 17 0.55 

153 -71 254 -0.28 15 .6 80 62 0.23 

154 -72 213 -0.34 18.7 72 53 0.26 

155 -1 9 236 -0.08 4.6 80 58 0 .28 

156 -68 260 -0 .26 14.7 85 58 0 . 32 

157 -109 255 -0.43 23.1 87 63 0 .28 

: 110 0 . 34 mean 
mean inclination of rock glacier 

- 10° 
± 0.12 

along surveyed flow line 
: 

difference : insignificant 

Table 3 Total movements of surveyed poles on Gruben rock glacier. 
Observation period 16.8. 1979 t o 8.8.1982 . 
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157 remained totally free of snow even during winter. Results of this de

tailed survey are illustrated in Table 3 and in Fi~ure 55. 

Amount and direction of observed velocities are in good agreement with 

the photogrammetrically determined values . The velocity ratio 

Ys- Vsmin 

Vs 
( 17) 

where Vs = mean annual surface velocity and Vsmin = minimum observed sea

sonal surface velocity, is usually assumed in studies of glacier flow to 

be a good approximation of the relative amount of the mean annual sliding 

Vs I m/o) 

6 

150 4 

6 

151 4 

152 4 

154 .7 ~------_r--~~ 

.5 

1.0 

155 8 1:--------------I~ 

gap -

ULn 10 [ 

156 8 [6---------..J 
.6 

8112581125811258 

1979 1980 1981 1982 t 

Figure 55 Seasonal velocity variations at Gruben rock glacier. See en
closed map for location of survey poles. Errors of velocity 
determinations are within ± 0.01 m/a . 
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velocity {Yb) at the ice-rock interface {cf., Bindschadler et al. 1977). 

It ranges between 0.23 and 0. 55 on the Gruben rock gl acier, and has a mean 

va lue of 0.34. As wil l be discussed late r, t his means , on the basis of the 

8 survey poles observed, more than 34 % of the annual displacement measu

red ~t the surface cou ld be due to some sort of sliding at the base of the 

rock glacier permafrost. 

Vertical displacements are negative {downward) and amount to 0.02 to 

0.43 times the horizontal displacements of the corresponding poles. This 

ratio is an expression of the inclination of the measured vectors. Its 

mean value of 11° almost perfectly corresponds to the mean surface incli 

nation of the rock glacier, such as it can be measured on the detailed to

pographical map (enclosed). This means that, in general, the movement of 

the poles was almost perfectly paral lel to the rock glacier surface, and 

that there was no significant thickness change due to any mass gain or mass 

loss at the surface or at the base of the rock glacier permafrost. Local 

surface inclination, however, cannot be exactly determined . The reasons 

for this are the extreme roughness of the rock glacier surface in the wave

length range of the length of the measured vectors, and the unknown value 

of the critical distance, over which the deforming ice or ice-rock body 

"averages" the surface inclination . Variations of a in Table 3 seem to cor

respond qualitatively to variations of surface inclination averaged over a 

length of several decameters or even a few hundred meters ; this corresponds 

to several times the thickness of the creeping permafrost body. It is there

fore probable that rock glacier flow indeed is parallel to the surface. It 

has been discussed earlier that only effects of longitudinal strain rate 

gradients (extending and compressing flow) are likely to be a source of 

major thickness changes. It is noticeable that longitudinal strain rate 

gradients were small and remained almost unchanged during the observation 

period with one striking exception : between the poles 152 and 153, flow 

always remained extending but strain rate gradients varied by a factor of 

about 3. 

A marked change in the pattern of velocity vari at ion with time also 

took place between the pol es 152 and 153. The poles 153 to 157 in the lo~ 

wer part of the rock glacier clearly exhibited simultaneous velocity chan

ges with faster movements in autumn (1981) and early summer {1982) and 

slower movements in winter and early spring. The poles 150-152 in the upper 
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part of the rock glacier showed velocity variations which were less simul 

taneous than those in the lower part, but peaks appeared in early spring 

(1982) and minima in winter (1981/82)and in early summer (1982). This type 

of movement somewhat resembl es that of an earth1~orm which advances its 

anterior end first and then pulls up its posterior end. Comparabl e obser

vati ons have been made on temperate glaciers (Hodge 1974). 

3.1.3 Other measurements related to rock glacier flow 

Several other methods have been tried for the quantitative study of 

rock glacier f l ow. Most of these interesting techniques are not fu lly ex

ploited yet. Girsperger (unpublished) made detailed observations of the in

clination changes of poles fixed within the surface layer of the Val Sassa 

rock glacier. He concluded that the surface indeed moved passively with the 

rock glacier and that the moving mass was between 10 and nearly 50 m th ick, 

depending on the vertical vel ocity profile assumed. White (197lb) measured 

strain rate gradients between severa l points on Arapaho rock glacier using 

a steel tape. Observed strain rate gradients changed markedly with time, 

in some cases even from compress ion to extension and vice versa. Trans

verse ridges and furrows, however, generally occurred within zones which 

showed velocity decrease. The method proposed by Evin and Assier (1983a) 

of measuring the orientation of surface boulders in relation to the direc

tion of flow, deserves more thorough quantification and wider application. 

Other experiments have dealt with detailed observations at rock glacier 

fronts and attempts to date rock glacier surfaces. Resulting estimates of 

rock glacier movement cover time periods ranging from days to millenia . 

S.tucU.u on .the. move.me.n.t and aW.vU.y o6 .tc.Oc.R g£.ac.ie..tc. n.tc.oi'Lt6 

Detailed observations on the vertical velocity profile of an active 

rock glacier front were carried out over a period of 7 days in 1982 at the 

Gruben rock glacier using the "cryocinometer" described·, for example, by 

Mercanton (1935). This technique, which is often used in soil and rock me

chanics, uses a 0.1 mm diameter invar-wire under constant tension to mea

sure the distance changes between a fixed and a moving point. Distance 

changes can be measured to within a few tenths of a millimeter (theoreti

cally to less than 0.1 mm) on a clock-like type of instrument (Figure 56). 
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Accuracy is mainly limited by the effects of temperature variations on the 

length of the wire (1 to 1 .5· lo-6 °c-l) and by internal friction of the 

guiding roller for the wire at the instrument . The locations of the measu

rement points are indicated on the enclosed map . The 1~ires were fixed by 

pitons (Figure 57) driven into big boulders within the moving rock glacier 

front. The results are presented i n Figure 58. All displacements were cor

rected for wire inclination to give horizontal components and for tempera-

Figure 56 Clock-like instrument for wire measurements of rock gla
dier movement ("cryocinemetre"). 

Figure 57 Fixation of wire on a large boul der of Gruben rock gla
cier for direct measurements of rock glacier movement . 
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Figure 58 Displ acement variations at the front of Gruben rock gla
cier from direct wire-measurements. Indicated discharge 
is va l id for the streamlet emergi ng from the rock gla
cier front {cf., Figure 41 ). 
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ture variations to give values at +10°C air temperature (measurements from 

a nearby temporary weather station were used) . 

After a few days with erratic movements and interruptions due to the 

wires breaking, the instruments started to work well. Even then , however, 

velocities did not remain constant. Hourly or daily variations in velocity 

may be assumed to be due to frictional effects but despite these, a pro

nounced velocity decrease could be observed. If high frequency irregulari

ties were caused by the fact that the wire only fully reacted to the 

applied tension after a certain time {because of the influence of sma l l 

"knot-like" irregularities in the wire which cannot easily be removed), 

only the end of the observation period may have given reliable results. 

During the last 3 days, the point on the rock glacier surface moved at a~ 

average speed which was slightly higher than the velocity determined geo

detically at the nearby pole 157. Absolute values of velocity are, however, 

less important than relative changes in the vertical profile of the front. 

During the same 3 days at the end of the observation period, velocity half 

way up the rock glacier front was close to 50 % of the surface velocity 

and no significant movement of the rock glacier base was observed beyond 

the error limits of the method. Continuous basal sliding in the order of 

30 % of the surface velocity should have been detectable. No simple corre

lation was found between velocity variations and runoff at the nearby rock 

glacier source. Velocity changes were not simultaneous at the 3 observed 

points; they may not, however, be representative of the actual changes but 

influenced by the technical problems involved in this type of high-preci

sion measurement. 

White (1976) has estimated the discharge of material through the fron

tal cross section of Arapaho rock glacier to be about 240 m3 of rocks per 

year. He also showed {White 197la) that the amount of debris fall at the 

front of this rock glacier corresponded directly to surface movement. He 

used painted rocks and photographs taken at a "monumented photo site". 

Debris falls seemed to be spasmodic; pathways used to remain active for 

years but eventually clogged and became idle. Surface boulders accumulated 

at the base of the front as the talus apron. Average talus height over the 

whole front was close to 50 % of the total front height. Wahrhaftig and 

Cox (1959) have explained that this va l ue is highly indicative of the type 
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of flow which rock glaciers have . Figure 59 illustrates the concept. The 

mean velocity of the front is found at the upper limit of the talus apron . 

No talus at all should accumulate if rock glacier f low is due to basal 

sliding alone and the whole front should be covered by coarse boulders from 

the surface if movement is due to a "solifluction"-type of surface flow 

only. In nature , talus height usually varies between 10 and 70 % of the 

front height , with average values around 30 % (cf. Evin 1983; Wahrhaftig 

and Cox 1959 and White 1971 b). Thi s indicates that rock glacier flow is nei-
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Figure 59 Morphology of rock glacier fronts as a function of vertical 
velocity distribution within rock glaciers. Modified after 
Wahrhaftig and Cox (1959: Figure 8). ht-values are rough 
approximations based on a value of 3 for the flow-law expo
nent m, and a constant value for the flow-law coefficient A 
(see text). 
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ther due to surface flow nor to basal sliding exclusively, but probably to 

some type of internal deformation and sometimes also to basal sliding of 

the body of rock glacier permafrost. However, because the vertical profile 

of velocity distribution which controls the morphology of rock glacier 

fronts is a rather complicated function of f l ow parameter s and basal slid

ing processes, no exact evidence can be expected from analysis of the mor

phology of rock glacier fronts. Qualitatively, however, it can be said 

that low values of talus heights are indicative of strong velocity gradi

ents at and near the base of rock glaciers, whereas high values point to 

a more even distribution of veloc i ty changes throughout the whole thickness 

of the rock glacier permafrost. The observation that talus height is a con

stant fraction of the front height of actively advancing rock glaciers de

monstrates that active rock glaciers re-incorporate their surface boulders 

by overriding the frontal ta lu s apron . 

Advanc.e and age o6 11.oc.k. g.f.ac..<.eJU 

Rock glaciers move faster at the surface than lower down . The rate of 

advance of a rock glacier, therefore, is not simply equal to the surface 

speed. If basal sliding is negligible and slope-parallel velocity varies 

linearly with depth, then the rate of advance is 0.5 times the surface 

speed. In cases with high velocity gradients at depth, the rate of advance 

is hi gher. In any case, the annual rate of advance, x is given by 

(18) 

~here Vs = mean annual surface speed parallel to the slope and ht = ratio 

of tal us height to total front height (cf., Wahrhaftig and Cox 1959 and 

Figure 59). The main problem with directly measuring rock glacier advance 

is to exactly define the position of the rock glacier front. Jackli (1980) 

has summarized long-term observations of rock glacier advance in the Val 

da 1 'Acqua (Swiss National Park). The Val da 1 'Acqua rock glacier steadily 

advances at a practically constant rate. Because ht remained more or less 

unchanged during the observation period (1921-1979), surface speed near the 

front must also have remai ned more or l ess constant, despite marked chan

ges in air temperature. This confirms that the thi ckness and flow of rock 

glacier permafrost is not influenced much by temperature changes over time 

periods of decades or even centuries. 
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Rock glacier flow seems even to be more or l ess constant over much lon

ger time periods . This is indi cated by the results of lichenometric age 

dating of rock glacier surfaces. Birkeland (1973), Miller (1973) and espe

cially King (in Haeberli et al . 1979) have discussed methodologica l aspects 

and problems. Growth rates can be much slower in dry regions and at high 

altitudes than in more humid regions and at low al titudes . Lichen growth 

may be interrupted by rock instabi li ty in zones of extendi ng rock glacier 

f low and can even be imposs i ble at pl aces wi th l ong snow-cover duration. 

This aspect i s espec ial ly i mportan t at the head of rock glaciers where fl ow 

is slow and extending and where snow-cover durat ion tends to be long or 

even perenn ial. On many rock gl acie rs , theref ore, lichens only start to 

grow on surfaces which may be 1000 years old or so (cf., White 1975). In 

al l cases, lichenometry tends to great ly underestimate the true age of mov

ing rock glacier surfaces , but reasonable approximations of mimimum age may 

be obtainable for rock glaciers exhibiting mainly compressing flow. Mi l ler 

(1973) seems to have studied such rock glaciers in the Rocky Mountains. 

He concluded that rock glacier development in different cirques was nearly 

synchronous during the last several thousand years. Oldest surfaces were 

more than 4000 years old. Corresponding mean surface velocities must have 

been 0.05 to 0.2 m per year in all studied cases and do not seem to have 

been different during the time period between about 4000 BP and today; 

0.08 to 0. 13 m per year was the actually measured surface velocity of the 

New York rock glacier. If ht is assumed to have been around 0.3 , and some 

periods and initial zones wi thout lichen growth are taken into account, it 

is easy to support the view that rock glac ier formation has occurred over 

a time which is comparabl e to the whol e postgl acial period. The same idea 

has been concluded by Haeberli et al . (1979) on the basis of analysis of 

actual flow patterns on the Gruben r ock glacier. From data given by Barsch 

(1969), Barsch and Hell (1976), Messerli and Zurbuchen (1968) and White 

(l97lb) it ca n easily be inferred that medium size rock glaciers are, in 

general, many thousands of years ol d. Figure 60 represents a semi - schematic 

model for the age distribution in an active rock glacier like Murtel I. For 

simplicity,velocity is assu~ed to decrease linearly with depth and "basal 

slidi ng" is assumed to be 50% of t he surface velocity . This very simple 

first-order approximation already shows that ice from the whole postglacial 

time period is incorporated in the rock glacier permafrost and that t he 
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Figure 60 Age distribution in a typical medium- size rock glacier . Geo
metry and velocity data are comparable to those of the rock 
glacier Murtel I (Barsch and Hell 1976). Basal sliding is as
sumed to be 50% of the surface velocity. Velocity is assumed 
to decrease 1 i nearly with depth. I sochrones (dashed 1 i nes) 
give ages in 103 years. 

oldest parts are to be found near the base, beh ind the front. There remains 

no doubt, that many rock glac iers must have developed during most of t he 

Holocene time, and tha t they still today conti nue to advance at a sl ow, but 

almost constant rate, barely influenced by postglacial -type climat i c chan

ges . A more detailed interpretation , however, will only be poss ibl e on the 

basis of improved knowledge about the mechanical behaviour of rock glacier 

permafrost . 

3.2 Rheology of rock gl acier permafrost 

Deeper understanding of the evol ution and f l ow of rock gl aciers is only 

possible on the basis of improved knowledge about the rheology of rock gla

cier permafrost. Almost nothi ng has been done so far in this fi el d, how

ever . Ma inly physicists have investigated the creep of ice and the sliding 

and deformation of glaciers. Due to t he practical importance of permafrost 

creep, mainly engineers have carried out research in this field. Rock gla

ciers have not been understood as creep phenomena of ice rich permafrost 

by either side and therefore fall between the interests of both, phys icists 
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and engineers . Improved knowl edge about the mechanical behaviour of rock 

glacier permafrost would certainly fill an important gap in our understand

ing of long term creep of ice-rock mixtures. The following section tries 

to establish some starting points by combining techniques used in glacier 

studies with ideas about creep of ice-rock mixtures, such as they have 

evolved from laboratory studies . The scarcity of basic information , deal

ing mainly with questions about the geometry of rock glacier permafrost , 

only allows rough first order approximations to be applied at present. 

3. 2 . 1 Creep of ice and ice-rock mixtures 

The following briefly summarizes some fundamenta l ideas about the creep 

behaviour of ice and ice-rock mixtures, as far as it seems to be necessary 

for an understanding of the flow characteristics (sliding and deformation) 

of rock glaciers. More detailed information and additional references are 

to be found in the excellent reviews by Paterson (1981) about glaciers and 

by Anderson and Morgenstern (1973) about permafrost. 

The flow law of ice is known to be non-l inear . Laboratory experiments 

have established the form of the flow law and how the deformation rate de

pends on temperature, but factors such as the size and the orientation of 

ice crystals or the presence of impurities also exert an influence. Strain 

rate experiments under constant stress in the intermediate stress range 

typical for glaciers (0 . 5 to 2 bars or 50 to 200 kPa), usually give a 

creep curve (Figure 61) which shows the following: an initial elastic de

formation fol lowed by a period of primary creep with decreasing strain 

rates, then a period with constant strain rates known as secondary creep . 

After this, strain rates start to increase - a period called tertiary creep . 

Most glaciers are thought to be in a permanent state of secondary creep. 

Exceptions may perhaps be found in glacier surges, or in instabilities con 

nected with steep hanging glaciers during their period of acceleration, 

before the release of ice avalanches (e .g. , Rothlisberger 1981). 

The commonly used flow law of ice relates the secondary creep rate to 

the applied stress. In the stress range of 0.5 to 2 bars this flow law has 

~efurm 
( 19) 
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Figure 61 General creep curves for ice and ice-rock mixtures, 
modified after Paterson (1981) . 

time 

where £ is the shear strain rate, T the shear stress, m = constant and A, 

the flow law coefficient , mainly depends on ice temperature, size and ori 

entation of crystals, and impurity content. In the literature, values for 

A and n vary widely (e.g., Hodge 1972). Raymond (1980) has shown that stan -~ 

dardized techn iques os stress calculation greatly reduce the scatter of the 

measured strain rates for a given stress and temperature. Va lues of A de

pend on several factors, but the influence of temperature (T) alone can be 

assessed quantitatively: 
(20) 

where A0 is the part of A which is independent of temperature, R is the 

gas constant (8.314 J mol-1°K-l) and OE is the activation energy for creep 

(139 kJ/mol for 0°C > T > JOOC) . Based on a careful review of results from 

borehole-tilt and tunnel closure in glaciers and spreading of ice shelves, 

Paterson (1981) proposed the use of equation (20) and a value of 
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A 1.6·10-2 a-1 bar-3 (5.2·1016 s-1 (kPa}) at T =- 10°C together with 

m= 3 (equation 19), in order to calculate ice deformation. Crystals which 

are randomly oriented near the surface, but which recrystallise and favor

ably orientate for deformation in the direction of the shear stress at 

depth, lead to an increase of A0 with depth. Hooke et al. (1972) found 

that once the volume fraction of fine sand dispersed in ice exceeded 0. l, 

the creep rate decreased with increasing sand concentration. There was no 

clear relationship for concentrations below 0.1 but, in some cases, the 

creep rate was even greater than that in clear ice. 

Sblengt:h and CJLeep otl .i.c.e-Jt.oc.k. m.i.x.t.ult..u 

The phenomena that control the mechanical behaviour of frozen ground 

are complex. In discussing the geotechnical properties of such materials, 

it is convenient to distinguish between the elastic, strength and creep 

properties. Elastic effects are not important if long term behaviour is 

studied. 

Deformation of frozen soils can be attributed to (Sayles and Haynes, 

1974): 

- pressure melting of ice in the soil at points of soil grain contact, 

migration of unfrozen water to regions of lower stress, 

- breakdown of the ice and structural bonds to the soil grain, 

- plastic deformation of pore ice, 

- readjustement in the particle arrangement. 

During the creep process there is both a strengthening due to denser pack

ing of soil particles and a weakening caused by reduction in cohesion, and 

an increase in the amount of unfrozen water in the frozen material. Strength 

and deformation characteristics of frozen soils therefore depend directly 

or indirectly upon the type of soil, its structure, density, amount of ice, 

mineral type and temperature, and the magnitude and type of loading. 

The nature of the deformation process depends on the stress level 

(Vyalov 1965, 1978); at low stress levels creep is attenuating (~ pri

mary creep). In other words, creep rate will tend towards zero at stress 

l evel s below some criti cal value (the long term strength}. For practi cal 

purposes, it is extremely important to determine if such threshold stres-
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ses exist for a particular material (Thompson and Sayles 1972). Under mo

derate stress conditions, steady state creep is dominant . Many materials 

can undergo large creep deformation during this period of secondary creep 

without any apparent loss of strength. At high stress levels, proqressive 

flow at an increasing rate (tertiary creep) leads to failure. 

The strength of frozen soils is, in part, a response to the technique 

used to measure it (McRoberts and r~orgenstern 1974). Ultimate or long term 

strength can be defined as "the maximum stress that the frozen soil can 

withstand indefinitely and exhibit either zero or continuously decreasing 

strain rate with time" (= damped creep, Sayles 1968). It is generally ac

cepted that the concept of long-term strength does not apply to ice and 

ice-saturated soils, because these materials creep under extremely low 

stress levels. For practical purposes a discrimination between a "seconda

ry creep model" for saturated soils and a "long-term strength model" for 

non-saturated, "structured" soils (Vyalov 1965) seems to be justified. The 

long-term ultimate creep strength of non- saturated soils is basically a 

function of the strength of the intergranular contacts, which are in turn 

governed by the angle of internal resistance. The ice matrix is strength

ened with increasing strain rate and decreasing temperature. Compressive 

and tensile strengths generally decrease with increasing unfrozen water 

content (Haynes 1978) . 

Studies on the mechanics of rock-ice mixtures have given, over the past 

years, renewed attention to the problems of size effects, anisotropy and 

representative sampling, and to the relation between laboratory studies 

and the behaviour of materials in nature (Anderson and Morgenstern lg73) . 

The interpretation of field results is often made using simple theories, 

s ince the data seldom warrant the application of complex models. The empha

s is on field studies has resulted in a greater awareness of the limitations 

of both laboratory and theoretical studies in practice and in increased re

liance on "in situ" test procedures. 

The study of Thompson and Sayles (1972) on the "in situ" creep of natu

rally frozen silts and gravels in the permafrost tunnel of USA/CRREL (cf., 

Figure 62) may have been the first comparison in the western hemisphere 

between long term fi eld measurements and laboratory data. These observa

tions confirmed that the stress-strain relationship of frozen materials 
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Figure 62 Deformed ice- rich silt in the CRREL-Permafrost 
tunnel, Fairbanks , Alaska. Photograph taken in 
October 1978. 

during secondary creep is identical to the prototype .behaviour of pure ice 

(equation 19) . Flow law components of 3 and 4 gave the best fit to the 

data, and at temperatures around -2°C, supersaturated si l t (90 % ice by vo

lume) deformed almost two orders of magnitude faster than non-saturated gra

vels (10 % ice by volume). Over a time interval of l year and within the 

stress range of 0 to 6 .2 bar , creep rate was nearly independent of strain 

and time . Ice-rich silt deformed 3. 3 times faster in the field than in the 

laboratory - a rate which appears to be faster than that characteristic of 

pure ice a lone. 

More recently, a very interesti ng piece of information has arisen f rom 

observations on the f l ow behaviour of frozen waste heaps accumul ated in 
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connection with m1n1ng operations in Russia . Sadowsky and Bondarenko (1983) 

report that the "structured" material had temperatures of -0.6 to -loc, 

surface slopes of 370 to s1o and a slope height of 170 to 400 m. After 

the volume of the mass increased to a certain value, movement started . As 

a rule a period of deformation preceeded the failure, and creep with con

stant speed lasted from 3 to 8 months. Movement was composed of "sliding 

of the whole mass along rocky slopes" and creeping inside the mass. The 

shear resistance along the contact surface was assumed to be less than that 

within the creeping mass at any given time . Shear stress of 400 kPa led 

to a constant contact stra in rate, but at the same time strains within the 

moving mass were gradual ly damping. Contact strain rates seem to have been 

heavily influenced by temperature and to have followed a high power stress

strain relationship . Time unt il rupture was proportional to strain rate. 

Failure therefore occurred when deformation reached a definite value. At 

this stage, tertiary creep had probably taken place because of flow-in

duced thickening and, hence, increased stresses within the moving mass. 

3 . 2.2 Sliding and deformation of rock glacier permafrost 

Rock glaciers are masses of perennially frozen sediments, which are su 

persaturated in ice and creep down mountain slopes at an almost constant 

speed for long time periods . Geometry and temperature of the rock glacier 

permafrost only change slightly and slowly with t ime . Rock glaciers are 

therefore phenomena of long term (secondary) creep of ice-rich permafrost 

under nearly constant stresses , strain rates and temperatures. Even the 

fundamenta l problem of anisotropy may be of less importance, because the 

size of the whole deforming mass is larger than the size of single irregu

larities (e.g., ice lenses) by orders of magnitude . In analogy to glacier 

studies, a major drawback of field experiments is, however, that stresses 

cannot be measured; they have to be calculated on the basis of some simpli

fied model . This problem is much more serious in rock glacier studies than 

in glacier studies, because the geometry of rock glacier permafrost is 

much less easily determinated than the geometry of glaciers. 

Glacier studies have shown that it is useful to understand the velocity 

measured at the surface (Vs) as the sum of a component resulting from in

ternal deformation (Vd) and another component resulting from some sort of 
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sli ding at the base of the moving mass {Vb): 

Vs = Vb+Vd (21) 

This means that permafrost creep can on ly be analyzed if the velocity com

ponent at the base of the frozen sediments is known or can be estimated. 

For a rheological interpretation of rock glacier flow, it is therefore ne

cessary to discuss sliding and deformation separately, even though the pro

cesses involved may not always be different in principle . 

To say that the sliding of rock glaciers is poorly understood is an 

over-estimation - it is not understood at all . The situation is worse than 

~1ith glacier studies, where there is also no theory whi ch provides a reali

stic basal boundary condition f or the glacier flow probl em (Paterson 1981 ); 

but, for glaciers, there is at least some evidence which illustrates the rela

tive importance of parameters like water pressure, bed roughness or basal 

shear stress (cf., !ken 1982, !ken et al . 1983 , Lliboutry 1979, Weertman 1979). 

Moreover, the class ical concept about glacier sl iding -l i ke enhanced de

formation in connection with regul ation processes around bedrock obstacles, 

or water pressure effects in cavities forming in low pressure zones -can 

not easily be applied to rock glacier sliding because of the small veloci 

ties involved and the unprecisely known characteristics of the interface 

at the base of the deforming frozen sediments. A discussion of rock glacier 

sliding , therefore, remains a fiel d of almost pure speculation. r~easure

ments and observations related to thi s problem are urgently needed to nar

rm~ the range of such speculations. Fortunately, the existence of marked 

talus aprons at rock glacier fronts clearly indicates that, in genera l , 

sliding is not the predominant process associated with rock glacier mot ion. 

Defined as a marked discontinuity in the velocity profile at t he base 

of the moving rock glacier body, sliding can occur at the interface be

tween (1) frozen sediments and negative temperature bedrock, {2) frozen 

sediments and positive temperature bedrock , and (3) frozen and non-frozen 

sediments (Figure 63). 

Sliding at the interface between frozen sediments and negative tempera

tu re bedrock can occur in places where permafrost thickness is greater than 
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unfrozen sediments 

Figure 63 Sliding processes in rock glaciers. Interfaces: A= frozen 
sediments I negative temperature bedrock, B = frozen sedi
ments I positive temperature bedrock, C = frozen I unfrozen 
sediments. 

the thickness of sediments whi ch cover bedrock, i .e., where the sediment 

cover is t hin or where permafrost is cold and thick. Sadovsky and Bondaren

ko (1983) have discussed this type of shear displacement. They suggest that 

the process of deformation along the contact surface proceeds like the pro

cess of deformation within the mass of frozen sediments, but that the shear 

resistance along the contact surface is less than within the frozen sedi

ments. Creep at the contact surface can then be assumed to start under 

smaller loads than creep within the frozen sediments. In reality, loads are 

even higher at the contact surface than within the overlying sediments. Sa

dovsky and Bondarenko described the relationship between the angular strain 

rate (y) and the shear stress within the loaded boundary by: 

1 
y=-(T-T) 

I) "' 
(22) 

where 11 = viscosity coefficient, T = acting shear stress and T"' = long

term shear strength of the frozen sediments. Viscosities seem to be simi lar 

within the sediments and at the contact surface, but long-term shear strength 

is different in the case of non-saturated frozen sediments . This is the main 

point of difference between rock glaciers and the frozen waste heaps studied 

by Sadovsky and Bondarenko. Long-term shear strength of supersaturated fro

zen sediments , typical for rock glacier permafrost, is 0. It can therefore 
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not be smaller at the contact surface than within the sediments and, hence, 

if there is no change of material properties near the contact surface, 

sliding is not very likely to occur at all. 

Marked changes in material properties are, however, likely to occur in 

places where the base of the moving rock glacier body coincides with the 

interface between frozen sediments and positive temperature bedrock. At 

first, if effects of movement are disregarded, this condition seems to be 

an extraordinary case because it requires that the geothermally controlled 

permafrost thickness equals the geologically controlled thickness of the 

sediment cover. However, rock glacier flow by itself may make this situa

tion commoner than would be expected on the basis of consideration of sta

tic conditions. If ice-rich rock glacier permafrost obeys a power-type 

creep law, it means that the highest velocity gradients with depth occur 

close to the base of the deforming mass. As a consequence, most of the fric

tional heat produced by the rock glacier movement is applied to the basal 

layers and especially to the basal boundary itself. The frictional heat in 

rock glaciers (Qf) is given by: 

(23) 

where < basal shear stress, Vs = surface velocity, k = thermal conducti

vity of the permafrost, J = mechanical equivalent of heat. Since Qf can 

easily be estimated to be in the same order of magnitude as the geothermal 

heat, its effect is not negligible. If melting temperature (phase equilib

rium, c.f., Harrison 1975) is reached exactly at the sediment-bedrock in

terface, 1 a rge changes in unfrozen water content and, hence, in viscosity 

(or, more precisely, in the flow law coefficient) are likely to occur at 

the contact surface, and dicontinuities of the velocity gradient may result. 

Variations in the amount of water available and in the amount of frictional 

heating could also interact in a complicated 1~ay. 

If geothermal and frictional heat cause melting of frozen sediments, 

then the base of the moving rock glacier permafrost is displaced away from 

the bedrock-sediment contact, and separates frozen from non-frozen sedi

ments . At this interface, both sides are now deformable. Boulton and Jones 

(1979) have considered the case of deformable glacier beds. If an analogy 

1~ith glacier beds is made, the shear strength (S) of subpermafrost sedi

ments can be estimated by 
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S = C+(Pp g hp-Ps) tancj> (24) 

where C = cohesion, cj> = angle of internal friction and Ps = pressure of 

pore water in the subpermafrost sediments, Pp= density of permafrost, 

g = acceleration due to gravity , and hp = thickness of permafrost. C = 0 

for non-cohesive materials like silts, sands and gravels, and the shear 

strength of subpermafrost sediments then mainly depends on the difference 

between the overburden and the pore water pressure (Pp g hp- Ps)· Boulton 

and Jones (1979) used a "perfect plasticity" approach as a first order ap

proximation to the questions of whether deformat ion of non-frozen sediments 

is likely to occur or not . The critical ratio T/5 , with T = basal shea r 

stress, then indicates whether or not the non-frozen sediments are "softer" 

than the overlying ice or ice-rock mixture. Because Pp > 1, hydraulic heads 

must be very high and even artesian in the case of the deformation of sub

permafrost sediments . Observation of lake and groundwater levels around 

the Gruben rock glacier do not indicate such a possibility. In reality, 

ice and frozen sediments are even softer t han cal culated on the basis ofa 

yield stress criterion, but , on the other hand, they are not infinitely 

soft at high stresses either. Deformation of subpermafrost sediments under 

high shear stresses and high pore water pressures can, therefore, not be 

excluded as a possible mechanism for rock glacier sliding. 

The amount of water available at the base of a rock glacier would, in 

any case, play a major ro l e. The relatively few field observations which 

are related to this problem indeed confirm these thoughts. In the case of 

the rock glacier Murtel I, Muragl (Barsch and Hell 1976) and Gruben (Fig

ure 55) , seasonal velocity changes in rock glacier movement have been ob

served , velocities being generally higher during the melt season than dur

ing cold periods with no surface water flow. In a dendrogeomophological 

study on a rock glacier-li ke boulder deposit on the Table Cliffs Plateau, 

Utah, Shroder (1978) found a long term correlation between precipitation 

and movement. Precipitation was also the main factor influencing runoff 

from subpermafrost groundwater during the snow- free summer season at the 

Gruben rock glacier (Figure 41). 

All this seems to point to a process which involves variations in water 

input from the surface, variations in the hydraulic head within subperma

frost groundwater or at the interface between bedrock and frozen sediments , 
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variations in the deformability of subpermafrost sediments or of basal 

rock glacier layers and, hence, variations in the amount of "sliding" (or 

"enhanced deformation"). 

Only very rough approximations can be made with respect to the amount 

of sliding. Velocity ratios measured at the Gruben rock glacier indicate 

that sliding may account for about 35 % ± 20 % of the total rock glacier 

movement. This is the same order of magnitude as observed in non-surging 

glaciers (Paterson 1981). The existence of talus aprons, which constitute 

up to 50 % of rock glacier fronts, confirms that the amount of sliding is, 

in general, equal to or less than the amount of deformation within the rock 

glacier permafrost (cf., Figure 59). 

The lack of information about sliding is only one basic difficulty met 

in the investigation of creep rates of rock glacier permafrost. Determina

tion of acting shear stresses within and at the base of the deforming body 

is another serious problem. The base stress equation: 

T = f Pp g hp sin a (25) 

where T = basal shear stress, f = shape factor, Pp= density and hp= thick

ness of the deforming permafrost body, and a= surface inclination, is ap

plicable in its simplest form on a large scale only, where hp and a are 

averaged over horizontal distances of 20 hp or more (cf., Paterson 1g81 ). 

On an intermediate or small scale with distances averaging about 1 to 5 hp, 

corrections should be made for the effects of longitudinal stress gradi

ents. This, ho~1ever, ~10uld require detailed information about surface strain 

rates (which would, in fact, be available), about the form of the flow law 

and its parameters, and about local variations in hp (none of which are 

available). It is therefore only possible to compare averages of surface 

velocities and basal shear stresses for entire rock glaciers. At present, 

estimates of base-stress values can be made for six rock glaciers. These 

rock glaciers are the only ones for which thickness determinations by means 

of tunnelling or geophysical soundings have been made so far (note that the 

thickness of a rock glacier is greatly underestimated if believed to cor

respond to the height of the rock glacier front). Comparison of measured 

velocities and calculated shear stresses are possible in three cases only. 
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Only for the Gruben rock glacier has an attempt been made to determine the 

amount of sliding. In the other two cases surface velocities have to beta

ken as upper boundary values for the velocity component due to deformation 

(Vd)· The creep rate of the rock glacier permafrost is best expressed re

lative to the creep rate of glacier ice by using the ratio Ap/Ai, i.e., the 

ratio between the flow law coefficient for permafrost (Ap) and for ice(Ai). 

The flow law for both ice and ice- rich permafrost is assumed to have a 

form like that in equation (19), the exponent m being 3. The shape factor 

f can be assumed to be 1, because rock glaciers are convex forms and fric

tion at the valley sides is probably negligible in most cases. The flow law 

coefficient for rock glacier permafrost is then calculated (cf., Paterson 

1981): 

(26) 

Table 4 gives a compilation of the data which are available today. Fig

ures for permafrost thickness are thought to be lower bound values in the 

case of geoelectrical sound ings and upper bound values if determined seis-

( 1) (2) (2) (3) ( 4) (5) 
Hurricane Kintole Prafl euri Macun Murtel Gruben 

lr (m] 125 1575 855 600 275 1000 

liH [m] 45 600 255 145 75 150 

a [0] 20 21 15 14 15 9 

hp 
* * ** *** *** (m] 25 > 50 > 30 ~ 80 ::: 50 ::: lOO 

- * * ** *** * 
zb (m] 25 200-300 ::: · 150 ::: 80 ::: 50 100-200 

1' [bar] > 1. 25 > 2.5 > 1.1 $ 3.5 2- 2. 5 ::: 2.5 

ijd [m/a J s 0.5 s 0.1 ::: 0 .3 

Ap/Ai ::: 10-2 ::: 1 o- 2 :; lo-2 

(1) = Brown ( 1925) * = geoelectrical resistivity soundings 
(2) = Fisch et al . (1978) •• = deep seismic soundings 
(3) = Barsch ( 1969, l971) *** = various soundings combined 
(4) = Barsch and Hell ( 1976) 
(5} = Haeberli et al. ( 1979) and this report 

Table 4 Basal shear stresses and creep rates of active rock glaciers. 
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mical ly. Permafrost thickness and bedrock depth are assumed to be best con

firmed for the rock glacier Murt!l I, where various sounding techniques 

have been used in combi nation. Reference distances for averaging hp, a and 

Vd equal more or less the length of the consi dered rock glaciers (lr} and 

are between about 4 hp and 20 hp. Bedrock depth ( ~b) is conside rably grea

ter than permafrost thickness with the exception of the rock glaciers 

Hurricane and Murt!l I . Even in the la tter case, however, seasonal velo

city changes have been observed {Barsch and Hell 1976 ). Sliding is there

fore likely to occur in most cases , but its amount can only be estimated 

in the case of the Gruben rock glacier . The resu l ti ng Ap/Ai rati os there

fore represent orders of magnitude only . 

A striking fact in the data compilation in table 4 is that basal shear 

stresses are well above l bar and could, in some cases, be as high as 3 

bars or even more. An average va lue of about 2.5 bar seems to be the most 

reasonable. Glaciers with similar altitudinal extent flow under shear 

stresses well below 0.5 bar (Maisch and Haeberli 1981 ). This means that 

shear stresses in rock gl acier permafrost are hi gher than in glaciers of 

comparable si ze by almost one order of magnitude. If one considers the 101~ 

velocities observed at rock glacier surfaces , it is therefore not surpris

ing that creep rates of rock glacier permafrost are much smaller than those 

of glacier ice. The three rock glaciers Macun, t·1urtE!l I , and Gruben for 

which creep rates can be determined, may all have average permafrost tem

peratures of about -l oc . Thus, a correction for temperature effects should 

be applied if comparison with temperate ice is made {cf., equation 20) . 

However, even a relatively large correction does not change the fundamen~l 

fact that perennially frozen rock glacier sediments, rich in ice, deform 

at a rate which is about two orders of magnitude smaller than the rate of 

deformation in naturally occurring polycrystalline (glacier) ice. 

Two basic questions no~1 seem to have been ans1~ered: 

l. Ice-rich rock glacier permafrost shows long term steady state (seconda

ry ) creep behaviour under almos t constant temperatures, stresses and 

strain rates. 

2. The creep rate {the "flow law coefficient") of such permafrost at a gi

ven stress and temperature is smaller than the creep rate of pure ice 

by at least one t o two order s of magnitude. 
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So far the information available is based on observations of active 

rock glaciers in discontinuous Alpine permafrost exclusively. Studies of 

inactive, but stil l intact rock glaciers and of rock glaciers in continu

ous ("cold") permafrost could furnish important information about the creep 

behaviour of ice-rich permafrost under di fferent temperatures, stresses and 

strain rates. But these are not the only problems which remain unsolved. 

It may appear appropriate to choose a va l ue of 3 for t he f l ow l aw expo

nent m. However, the existence of tal us aprons at rock glacier fronts , co

veri ng 50 % and even more of the frontal height indi cates that verti cal 

changes of velocity gradients could be very small in some cases and m could, 

correspondingly, be close to 1. If it is taken into account that the flow 

law coefficient Ap probably increases near t he base of the permafrost, be

cause of high temperatures and favorably oriented ice crysta l s, it becomes 

even more difficult to explain small vertical changes in the velocity gra

dients of rock glaciers. It is therefore an extremely rough approach to 

regard Ap as being constant throughout the rock glacier and to determi ne 

a "bulk creep rate" for rock glacier permafrost . If m> 1, then effects 

have to be found which compensate for the increase of Ap with depth. A de

creasing ice content with depth could be such an effect. Another one may 

be that brought about by coarse debris material which fa ll s off the top of 

active rock glac ier fronts, is subsequently overridden, and may t hen form 

a relatively "sti ff" basa l l ayer of rock glaci er permafrost. More informa

t ion f rom dri ll ings and geophys i cal sound ings is needed to clear up t hese 

questions. 
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SUMMARY AND CONCLUSIONS 

Rock glaciers are perennia lly frozen debr i s masses which slowly creep 

down mountain slopes. They occur between the lo~1er boundary of discontinu

ous permafrost and the equi l ibrium line on glaciers , i.e., in regions where 

the mean annual air temperature is bel ow · -1 to - 2°C and annual precipi

tation i s less t han about 2500 mm. The most important local boundary con

ditions are the characteristics of the debris source (scree slopes, some

t i mes morai nes) and the t herma l condition at the rock glacier surface (per

mafrost). All transitions exist between rock glacier s and push moraines , 

the two most stri king phenomena of permafrost creep. Re lationsh i ps between 

rock glaciers and other phenomena, such as l ands l ides or glaciers, are 

indirect, accidental or non-existent. 

Presently available evidence for the internal structure of rock glacier s 

comes from drillings, outcrops, and excavations , from geothermal , seismic, 

geoelectric and radio-echo soundings and measurements, and from hydrologi

cal observations. Below the coarse boulders of the active layer, perenni

ally frozen fi ne-gra ined sediments are present . These sediments are super

saturated in ice, the ice content decreasing from nearly 100 % by volume 

at the permafrost table to typical values around 50 % a fe1~ meters below 

it . Permafrost thickness is measured in decameters to more than hundred 

meters and is almost insensit i ve to short- term climatic changes . In many 

cases, non- frozen sediments exist underneath rock glacier permafrost. Sa

turated flow wi thin this subpermafrost aquifer seems to contribute signifi

cantly to the run- off process . 

Photogrammetric and geodetic surveys, together wi t h other observations 

(e.g., lichenometry), furnish information about the characteristics of rock 

glacier f low . . Rock glaciers flow and advance at almost constant rates for 

decades, centuries and even thousands of years. Mass changes within the 

20th century were too sma 11 to be detectab 1 e by photog·rammetri c methods. 

Pronounced var iations in surface speed are detectable, however, on a time 

scale of seasons. This indicates that some sort of sl iding, influenced by 

the effects of pore water pressure, may occur at the base of rock glacier 

permafrost. Deformation of the perennially frozen sediments within rock 

glacier permafrost takes place under relatively high basal shear stresses 
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(around 2.5 bar) and evidently exhibits a secondary (steady state) creep 

mode. Strain rates in rock glacier permafrost are lower than strain rates 

in pure ice by at least one order of magnitude. 

A number of important questions remain open. Hydrological measurements, 

for example , are urgent ly needed and require no soph isti cated equipment. 
On the other hand, information about the exact position and the characteri 

stics of t he base of rock glacier permafrost is fundamental to a better 

understanding of rock glacier flow, and this may eventually be furnished 

by expensive drilling projects only. A great deal of work remains to be 

done, and it is hoped the present report provides some stimulus to not only 

hel p, but also to encourage further studies of rock glaciers and permafrost 

creep ·in the future. 

ZUSAMMENFASSUNG 

Kriechen von Gebirgspermafrost : 

Innerer Aufbau und Fliessverhalten 
von alpi nen Blockgl etschern. 

Blockgletscher si nd dauernd gefrorene Schuttmassen , die langsam Berg
hange hinunterkriechen . Sie existieren zwischen der Untergrenze der dis

kontinuierlichen Permafrostzone und der Gleichgewichtslinie auf Gletschern, 

d.h. in Gebieten mit Jahresmitteln der Lufttemperatur unter -1 bis -20C 

und Jahresniederschlagen unter etwa 2000 mm . Die wichtigsten lokalen Rand

bedi ngungen sind die Eigenschaft en der Schuttquelle (Schutthalden, gele

gentlich Moranen ) und die thermischen Bedingungen an der Blockgletscher

oberflache (Permafrost) . Zwischen Blockgletschern und Stauchmoranen , den 

zwei auffalligsten Kr iechphanomenen im Permafrost, gibt es alle Uebergange. 

Beziehungen zwischen Blockgletschern und anderen Phanomenen wie etwa Berg

sturzen oder Gletschern sind indirekt , zufallig oder inexistent. 

Evidenz uber den inneren Aufbau von Blockgletschern stammt zur Zeit von 

Aufschlussen , Grabungen und Bohrungen , von geothermischen, seismischen, 

geoelektrischen und Radarmessungen und von hydrologischen Beobachtungen. 
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Unter der grobblockigen Auftauschicht befinden sich dauernd gefrorene fein

kornige Sedimente. Der Eisgehalt sinkt von annahernd lOO Volumenprozent am 

Permafrostspiegel auf typische Werte um 50 Volumenprozent einige Meter da

runter. Der Blockgletscherpermafrost ist daher als "eisUbersattigt" zu be

zeichnen . Die Permafrostmachtigkeit liegt bei Zehnern von Metern bis Uber 

100 m und reagiert kaum auf kurzfristige Klimaanderungen. Unter dem Block

gletscherpermafrost konnen ungefrorene Sedimente existieren. Dieser tief

liegende "Grundwasserkorper" scheint das Abflussgeschehen wesentli ch zu 

beeinflussen. 

Photogrammetrie und geodatische Vermessungen geben zusammen mit anderen 

Beobachtungen (z.B. Flechtenstudien) Aufschluss Uber das Fliessverhalten 

von Blockgletschern. Blockgletscher rUcken mit praktisch konstanter Ge

schwindigkeit Uber Jahrzehnte, Jahrhunderte, ja Jahrtausende vor. Massen

veranderungen im 20. Jahrhundert waren dabei so klein, dass sie mit photo

grammetrischen Methoden nicht ausgemacht werden konnten. Ausgepragte Vari

ationen der Oberflachengeschwindigkeit konnen jedoch im Lauf der Jahres

zeiten gemessen werden. Dies deutet darauf hin, dass an der Basi s des Block

gletscherpermafrostes unter dem Einfl uss hoher Porenwasserdrucke eine Art 

Gleitbewegung stattfinden konnte . Innerhalb des Blockgletscherpermafrostes 

werden die dauernd gefrorenen Sedimente unter relativ hohen Schubspannun

gen (um 2.5 bar an der Basis) deformiert , wobei offensichtlich sekundares 

("steady state") Kriechen auftritt. Verformungsgeschwindigke i ten im Block

gletscherpermafrost sind um mindestens eine Grossenordnung kleiner als Ver

formungsgeschwindigkeiten im reinen Eis. 

Wichtige Fragen bleiben offen. So besteht etwa ein dringender Bedarf an 

hydrologischen Messungen. Solche Messungen erfordern keine hochentwi ckel te 

AusrUstung. Auf der anderen Seite dUrften Informationen Uber die exakte La
Lage und die Charakterist ik der Permafrostbasis ein - fundamentaler Aspekt 

fUr ein verbessertes Verstandnis des Blockgletscherfliessens - letztl ich 

nur Uber auf1~endige Bohrprojekte erhal tl ich sein. Viel bleibt zu tun. 

Die vorliegende Arbeit tragt hoffentlich dazu bei, dass Blockgletscher 

und Permafrostkriechen in Zukunft vermehrt und intensiver studiert werden. 
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SYMBOLS 

A coefficient in flow laws for ice and saturated frozen soils 

A0 temperature independent part of A 

Ai A for pure ice (glacier ice) 

Ap A for rock glacier permafrost 

(A) August 

BTS bottom temperature of winter snow cover 

C cohesion of unconsolidated, non-frozen sediments 

E annual evaporation 

Fa cross sectional area of subpermafrost aquifer 

Fs surface area of rock glaciers 

(F) February 

H altitude 

Ha hydraulic head in subpermafrost aquifer 

J mechanical equiva lent of heat 

K coefficient of permeability in subpermafrost aquifers 

L volumetric latent heat of frozen materials 

(M) May 

(N) November 

P annual precipitation 

Q discharge 

OE activation energy for creep of ice 

Qf frictional heat 

S shear strength of unconsolidated, non-frozen sediments 

SH snow cover thickness 

TA mean annual air temperature 

Ti temperature at depth i 
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T0 Ts in steady state permafrost 

Ts mean annual surface temperature of permafrost 

Tf 

Tc 

Tp 

Ts 

V; 

freezing point depression in permafrost 

Tf due to chemical effects 

Tf due to pressure effects 

Tf due to soil particle effects 

seismic P-wave velocity in layer 

Va velocity of water flow in subpermafrost aquifers 

Vb annual velocity at the permafrost base or at glacier beds 

Vs annual surface velocity of rock glaciers and glaciers 

Vsmin. mi nimum value of Vs during an annual cycle 

X,Y,Z coordinates 

x annual rate of advance of rock glaciers 

ZAA depth of zero annual temperature amplitude in permafrost 

am annual amplitude of mean monthly air temperature 

Ci constants 

f shape factor in ice flow calculations 

g acceleration due to gravity 

h0 thickness of steady state permafrost 

ha thickness of active layer in permafrost 

hp thickness of permafrost 

ht fraction of talus height to total front height of rock glaciers 

k thermal conductivity 

la length of subpermafrost aquifer along flow path 

lr rock glacier length 

m exponent in flow laws for ice and saturated frozen soils 
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n porosity (volume ratio) 

na porosity (volume ratio) of subpermafrost aquifer 

ni ice content (volume ratio) of frozen materials 

Ps pore water pressure in subpermafrost groundwater 

q geothermal heat fl01~ 

t time 

ta residence time of water in subpermafrost aqu i fer 

tc t i me constant in aggrading or degrading permafrost 

ttf time necessary for complete melting or f reezi ng of permafrost 

z depth bel ow sur face 

Zb depth of bedrock below surf ace 

z; depth of layer i with V; in seismic soundings 

a surface incl ination of rock glaciers and glaciers 

y angular shear strain rate 

£ stra in rate in ice and permafrost 

n viscosity 

K thermal diffusivity 

p density 

Pp density of frozen material 

1 basal shear stress in rock glac iers and glaciers 

1
00 

long· term shear strength of struct ured frozen soils 

~ angle of i nternal friction of non-frozen sediments 

~ critical angle of refraction in seismic soundings 


