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ABSTRACT. This study was underta ken to determine the sources of debris and methods of tra nsportation 
and deposition in a nd on a small cirque glacier. Data were collected on the amount of debris, s tone round­
ness, the presence of striations and polish, and till fabric. Lich enometry gave relative ages of the tills, and 
suggests that the Gannett Peak till is of at least three ages and probably overlies Audubon till. 

Debris originating from subglacia l erosion can be differentia ted from that from rockfall or avalanches on 
stone roundness, polish and stria tions. A m ax imum of 70 % of the present glacial load derives from subglacial 
erosion, as compa red to 88% during the Gannett Peak stade. Rockfall rates are 35-50 m3/yea r at present 
and were 290- 485 m 3 /year during the Gannett Peak stade. D ata on present-day processes and on the volume 
and age of Gannett Peak moraines can b e u sed to make compa risons on present a nd past ra tes of d enudation . 
The denudation r ate in the cirque at present is 95- 165 mm/ l 000 year ; in the past it was 4920- 8 160 mml 
1 000 year. The d enuda tion rate and the glacial effects on d ebris are comparable to rates from other glacia l 
areas and effec ts on d ebris carried by valley glaciers and continental ice sheets. 

REsuME. Origine, transport et depot de blocs sur le Arapaho Glacier, Front Range, Colorado , U.S.A. Cette etude a 
ete entreprise pour connaitre les origines et les modes de transport et de depot d e blocs rocheux sur un petit 
glacier de cirque e t a l'interieur du glacier. Les echantillons ont ete ramasses p a rmi les blocs, pierres polies, 
avec stries et poli glaciaire, en provenance d 'une structure morainique. L 'etude des lychens donne l' age 
relatif des moraines e t suggere que la mora ine de Gannett P eak est du plus p etit des 3 ages glacia ires, et 
probablement recouvre la moraine Audubon. 

Des blocs provena nt d'erosion sous glaciaire peuvent e tre differenties de ceux provenantde chutes de roch ers 
ou d'avalanches p a r la forme arrondie, le poli et les stries. Un maximum d e 70 % du materiel glacia ire 
actuel provient d 'erosion sous-glaciaire alors que pendant la periode Gannett Peak la proportion es t de 88% . 
Le taux de chute d e rochers es t de 35 a 50 m3 par a n a l'heure actuelle, et il etait de 290 a 485 m 3 par an 
p endant la periode Gannett Peak. L es procedes relatifs aux informat ions actuelles, volume et a ge d es 
moraines de la p eriode Gannett Peak, p euvent etre utilisees pour fa ire des comparaisons entre les taux 
d 'erosion du present e t du passe. Le taux d'erosion dans le c irque glaciaire es t a l'heure actuelle de 95 a 
165 mm par 1000 ans. D ans le passe, il e tait de 4920 a 8 160 mm par 1000 ans. Le taux d 'erosion et les 
actions glacia ires sur les blocs de moraines sont corn parables a ux taux d'erosion des autres surfaces glaciaires 
e t aux actions sur les blocs charries par les glaciers de vallee, e t les caloltes glaciaires continentales. 

ZUSAMMENFASSUNG. Ursprzmg, Transport und Ahlagenmg des Schutts am Arapaho Glacier, Front Range, Colorado, 
U .S.A . Diese Untersuchung wurde durchgefiihrt, urn H crkunft sowie Transport- und Ablagerungsweise von 
Schutt in und auf einem kleinen Kargletsch er zu bestimmen . Dabei wurden Beobachtungen iiber die M enge 
d es Schutts, die Abrundung der Steine, das Vorhandensein von Schrammen und Politur und liber die 
Struktur der Ablagerungen angestellt. Flechtenmessungen lieferten Angaben liber d as Alter der Geschiebe; 
sie lassen den Schluss zu, dass die Gannett Peak-Geschiebe aus mindestens 3 P erioden stammen und wahr­
scheinlich iiber Audubon-Geschieben licgen . 

Auf Grund der Abrundung, Politur und Schrammung d er Steine kann der von subglaz ia ler Erosion 
herriihrende Schutt von dem durch Steinschlag oder Lawinen herbeigebraehten unterschieden werden. 
Maximal 70% d er jetzigen Schuttlast d es G letschers geht a uf subglaz iale Erosion zuriick, verglich en mit 
88 % wahrend der Gannett Peak-Periode. Die Menge des Steinschlages betragt gegenwartig etwa 35- 50 m31 
J a hr gegeniiber 290- 485 m 3/J ahr wahrend der Gannett P eak-Periode. Mit Hilfe von Daten tiber gegen­
wa rtige Vorgange und iiber Volumen und Alter der Ganne tt Peak-Moranen k i:i nnen Vergleiche zwischen 
heutigen und friiheren D enudationsgeschwindigkeiten anges te llt werden. Die Denudationsgeschwindigkeit 
im Kar betragt gegenwartig 95- 165 mm/ l 000 J ahre, gegeniiber 4920- 8 160 mm/ l 000 J a hre in d er 
Vergangenheit. Die D enudationsgeschwindigkeit und die Wirkungen des Eises a uf den Schutt lassen sich 
mit d en Werten anderer Gletscherregionen vergleichen, c twa bei Talgletschern und kontinentalen Eisdecken. 

INTRODUCTION 

D etailed studies of existing glaciers have been performed in many areas of the world for 
well over a century. The majori ty of these studies have concentrated on ice movement and 
glacial mass and energy balance, but there has been a general absence of research on 
model'n glacier processes relevant to glacial geology. As a result, theories of transportation 
mechanisms and glacial deposition r est largely on information from studies of till rather than 
on information derived from active glaciers. In addition, studies on existing glaciers have 
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b een mainly con cerned with ice bodies of at least valley-glacier size up to those of ice-cap 
dimensions. There is at present an obvious gap between glacial geology and glaciology. 

This study attempts partially to fill that gap by considering the sources of debris and the 
methods of transportation and deposition of debris of a small cirque glacier at present and 
during the recent past, and to evaluate methods and rates of bedrock erosion. An attempt was 
also made to determine if there had been any ch a nges in source of d ebris, and in the transport 
and deposition of debris, by an analysis and comparison of both the material currently in 
transport by the glacier and the material previously deposited in the neoglacial moraine. 

CONTOU~ INTERVAL 40 FEET 

Fig. I. Arapalzo Glacier area. 
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Arapaho Glacier 

Arapaho Glacier is a small cirque glacier, but the largest in Colorado. It lies in the 
Colorado Front Range and ranges from 4054 to 3 680 m in elevation (Figs. I and 2). 
Crevasses in mid-glacier pen etrate 17 m of ice. 

The climate in the cirque may be approximated with data from the Niwot Ridge weather 
station, 5 km to the north-east. There, the mean annual air temperature is - 3.80 C, the 
ablation season average temperature (june, July, August) is 6.8 0 C, the average annual 
precipitation is 102 cm, and the average wind velocity is 10.3 m/s (Barry, 1972). Snow 
accumulation is much higher in the cirque due to wind-drift accretion in the lee of the 
continental divide. 

Rotational slip probably accounts for most of the glacier m otion, as indicated by the 
changing dip angles of the accumulation layers in the ice and firn . Some internal d eformation 
is indicated by the decrease in ice velocity from 5.2 m /year at the firn line to 1.7 m /year at the 
terminus of th e southern lobe of the glacier (Waldrop, 1964 ; 1960- 61 data) . A lford (un­
published ) measured a mean specific winter balance of + 330 cm H 20, and a mean specific 
summer balance of - 305 cm H 20 , for the 1969- 70 balance year. The high value of mass 
exchange, or the sum of the absolute values of the mean specific winter and summer balances, 

Fig. 2. Oblique air photograph oJ AraJ)aho Glacier cirqlle, showing Arapaho Glacier, its moraines alld Arapaho rock glacier. 
(Photograph by J. D. l ues. ) 
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would appear to indicate that Arapaho Glacier should have a high potential for glacial 
erOSIOn. 

The glacier has undergone extensive retreat in the past 100 years, having lost over 30% 
of its area and having thinned considerably (Waldrop, 1964) . Since about 1960, however, 
it has remained fairly stable, as shown by evidence which indicates that the mass balance of 
the glacier has been zero to slightly positive (Alford, unpublished; personal communication 
from J. B. Johnson, 1973). 

Methods 

The parameters sampled characterized the debris; they included lithology, roundness, 
striations, polish, and surface and sub-surface till fabrics. Debris sampling was done at 26 
sites on the moraines and the glacier for every stone touched by a 20 m long tape laid out 
on the surface; in addition, small pebbles 2- 10 mm in diameter were taken from each site 
and examined under a binocular microscope. 

The relative age of the debris is based on diameters of Rhizocarpon geographicum (?) , a slow­
growing species with a known growth rate (Benedict, 1967), and Lecanora thompsonii, a fast­
growing species. Lichens were sampled at 63 sites of 25 m 2 on the terminal moraine. Up to 
five large individuals of each species were recorded; only the maximum diameters of the two 
species at each location are presented here. The assumptions upon which lichenometry is 
based and its biological prerequisites and limitations have been discussed by many workers 
(cf. Beschel, 1961; Benedict, 1967; Webber and Andrews, 1973)' 

Suspended sediment in the moraine lake outlet was measured using a Norwegian sediment 
sampler. 

Sand-sized quartz grains were separated from samples collected from several sites on the 
moraine and on the glacier ice. In order to try to differentiate grains that had been trans­
ported in different ways, the surfaces of the quartz grains were examined using a scanning 
electron microscope (Cambridge Stereoscan Model S-4). 

The raw data and detailed descriptions of sampling and laboratory techniques may be 
found in my thesis (Reheis, unpublished). 

Model for derivation and transportation of debris 

The debris Arapaho Glacier carries derives from three sources: rockfall off the cirque 
walls, rock debris contained in avalanches, and glacial quarrying and abrasion of the bedrock. 
It is next to impossible to differentiate debris derived by rockfall from that contributed by 

_ UHROUNDED 

_ ROUNDED 

Fig. 3. Schematic diagram showing sources of debris and possible paths of travel through a small cirque glacier. Solid blocks 
represent unrounded material; solid ovals represent rounded material. Avalanche and rockfall debris is indicated by A - R; 
SUPRA means supraglacial transport; EN means englacial trmlsport; SUB means subglacial transport. 
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avalanches, particularly once the debris has been covered by the next year 's snow accumula­
tion. H ence, avalanche and rockfall material will be considered together as rockfall debris . 

Transport of debris occurs in several ways on Arapaho Glacier. These include subglacial, 
englacial and supraglacial transport, movement along shear planes (probably negligible), and 
rockfalls or avalanches which carry material across the glacier directly to the moraine. 
Interplay among the various sources of d ebris and the m odes of transportation is complex 
(Fig. 3). 

RELA TIVE AGE OF MORAINE AREAS 

The moraine fronting Arapaho Glacier (Fig. 2) has generally been considered as Ganne tt 
Peak, or no more than about 300 years old (Benedict, 1968). Benedict has mapped the north­
eastern part of the moraine as an Audubon (1850- 950 years B.P.) rock glacier, and has mapped 
the extreme northern edge as an Audubon lateral moraine. Lichenometry was used to test 
these age assignments and to see if Gannett Peak debris r epresents one or more different age 
groups and hence depositional episodes. 

Six age groups are recognized on a basis of similarity oflichen diameters (Fig. 4). Applica­
tion of the non-parametric K olmogorov- Smirnov test (Campbell , 196 7) for significant 
differences in the populations from which the lichen diameters were drawn indicated that the 
groupings are valid for L. thompsonii, but were generally invalid for R . geographicum (?). This 
result merely indicates that slow-growing R . geographicum ( ?) li chens are not useful for making 
fine age distinctions on very young deposits. 

Tills of different ages form the moraine south of survey point A (Fig. 4). The li chen data 
support at least three (groups I , 2 and 3 and /or 4) and not more than five intervals of deposi­
tion during the Gannett P eak stade. Three is probably the more accurate figure in considera­
tion of the effects of snow kill and the instability of the substra te on the steep morainal slopes. 

The lich en diameters in group 6 are decidedly larger than those in any of the other groups. 
R . geographicum ( ?) diameters range up to 30 mm and the L. thompsonii diameters up to 1 13 mm. 
The north-eastern area of the moraine fall s within group 6 and is classed as Audubon by 
Benedict ( 1968). Two additional areas of group 6 lie on the southern boundary of the till 
on the distal slope. The lichens in those two areas were m easured on large angular boulders 
with a relatively high percentage lichen cover as compared to the surrounding debris. If these 
lichen-covered boulders are not of rockfall origin off the cirque walls, they could be Audubon 
till partially masked by Gannett Peak till. If so, the accumulation of till in the moraine 
fronting the glacier could have occurred over 1 200 years rather than only 300 years; this 
may help to explain how a small glacier like Arapaho Glacier could produce the tremendous 
volume of d ebris in its moraine. 

CHARACTERISTICS OF THE T ILL 

A major problem was to find some means of determining the various sources and trans­
portation m echanisms which affected rock fragments in the till. During glacial transport, 
rock fragments may be rounded, striated , polished or not affected at all ; the effect produced is 
dependent on the mode of transportation and the lithology of the stones. In a cirque glacier 
which rotates as a rigid body, stones must be moved relative to bedrock to become polished, 
striated or rounded. In addition, till fabri c may provide clues on the transporting mechanism. 

In recent years, many workers (K rinsley and Donahue, 1968; Margolis and Kennett, 
1971 ; Brown , 1973) have attempted to use electron microscopy to determ ine the depositional 
histories of quartz sand grains based on surface textures ch aracteristic of various transporta­
tional processes. This technique was attempted here on quartz grains collected from moraines 
and glacier ice, including subglacial, englacial , supraglacial and rockfall sites. However, 
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type 
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Fig. 4. Relative age groups of debris on the terminal moraine, based on lichen diameters. L.t. stands for L. tilOmpsonii, R.g. 
for R. geographicum ( ?) . 

features diagnostic of glacial textures and of chemically weathered textures were found on 
grains from all sites. It was concluded that electron microscopy on grains in the till could 
give no conclusive evidence concerning the amounts of material contributed to a glacier by 
various sources. 

Preliminary observations on debris in different parts of the moraine and g lacier indicated 
varying d egrees of rounding and occurrences of striations and polish. These three characters 
are closely associated; it is worthwhile to note that polish and striations were never found on 
stones with a roundness of only 0.1. To examine these characteristics in greater detail , two 
maps were constructed: one showing the average roundness of stones and the percentage of 
stones rounded > 0.1 at each sampling site, and one showing the percentages of striated and 
polished stones at each site (Fig. 5). The sampling sites were divided into four groups on the 
basis of these characteristics. These four groups were tested for differences in populations 
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using the Kolmogorov- Smirnov test (Campbell, 1967) and were found to be significantly 
different for a ll characteristics at a 5 % confidence level. 

Group A shows the least amounts of polish, striations and degree of rounding, and includes 
sites on the Audubon rock glacier, on the northern limb of the moraine, and on the ablation 
m oraine and the glacier. The site on the northern limb receives talus from the cirque wa ll 

MEAN OF GR OUP 

AVE . ROUNDNESS .17 
% OF STONES 

ROUNDED) 0 .1 84 

EXPLANATION 

Lake I 
Bedrock b 
Talus t 
Glacial debris d 

MEAN OF GROUP 

STRIATED STONES 3.5 
POLISHED STONES 2.0 

GLACIAL DEBRIS CHARACTERIST ICS 

Fig. 5· Glacial characteristics of the debris are compared ill two maps, one with two aspects of roundness and one with percetltages 
of striated and polished stones. These characters were used to divide the moraine into fo ur areas representing debris which 
exhibits varying amounts of the effects of subglacial transportation. 
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above. That area and the rock glacier down-valley were deposited by the northern lobe of the 
glacier , suggesting that that lobe had less effect on the material it carried than did the southern 
lobe of the glacier. Sites on the ablation moraine and the glacier probably consist largely of 
englacial material (Fig. 3) . 

One site on the ablation moraine and, in general, the northern half of the bilobate moraine 
comprise group B. Debris in the ablation moraine lies partly on the bedrock knob which 
might induce rounding, striations and polish. Data from the other sites support the notion 
above that the northern lobe of the glacier was generally less active than the southern one. 

The highest degree of rounding and the most polish and striations are exhibited by sites 
in the southern half of the moraine (groups C and D ) . This suggests that the southern ice lobe 
contributed more subglacial material to the terminal moraine. 

The amount of roundness, and occurrences of striations and polish , might significantly be 
controlled by lithology (Holmes, 1960). In order to test this hypothesis, a study was made of 
the relative proportions of rounding, striations and polish among pegmatites, schists, coarse­
grained gneisses, fine-grained gneisses and hornblendites in the moraines . Contingency 
tables were constructed for comparison of the occurrence of polish and striations, and the 
amount of rounding (range 0.1 - 0.6 on the Powers scale), with these lithologic types. At a 5 % 
level of confidence, the results showed that the fine-grained hornblende-gneisses and the 
hornblendites proportionally exhibit significantly greater amounts of striations, polish and 
rounding than do the coarser-grained gneisses, p egmatites and schists. However, the fine­
grained rocks should have little effect on the data because they constitute only 6 % of the 
sampled debris. 

The characters of till, discussed above, are also a function of the distance of glacial trans­
port. Goldthwait (1971 ) stated that rounding of stones will increase from 0.1 to 0.5 in the 
first mile of transport; till of Arapaho Glacier has been carried slightly over 0.5 mile (0.8 km), 
and the maximum roundness of stones was found to be 0.6. Drake (1971 ) r eported that 
basally deposited continental till, similar in lithology to Arapaho Glacier till , has roundness 
(0 .48) and per cent of stones striated (2.9) that are comparable to the till in this study. A 
maximum average roundness of 0.39 and 13 % of stones striated was found on the Arapaho 
Glacier moraine. An average of 0.1 % striations was reported for a continental ablation till 
(Drake, 1971 ) and this is comparable to stria tion frequency on englacial debris from the glacier 
and the ablation moraine (Fig. 5). 

Rounding, striations and polish are, in summary, three associated characters which can 
be used to differentia te subglacially derived and transported stones from those derived from 
other sources and carried in other ways. Striations and polish , however, occur on a very 
small proportion of the debris (Fig. 5) and this is probably a function of the predominantly 
coarse-grained li thologies present. 

PRESENT SOURCES AND TRANSPORTATION OF DEBRIS 

Estimates of the contributions of the various sources and transportation mechanisms can 
be made based on the percentage of rounded stones. A stone is considered rounded if its 
roundness is greater than 0.1. It is assumed that debris which shows even a slight degree of 
rounding has been subglacially transported at some time during its history, while completely 
angular debris was derived from rockfall and has undergone only englacial, supraglacial, 
rockfall or avalanche transport (Fig. 3). The complex interplay of rockfall and avalanche 
accretion with englacial and supraglacial transport precludes the possibility of identifying 
material moved by an individual mechanism , so these types of transportation will be con­
sidered together. H ence, discussions that follow will attempt to differentiate between material 
that has been carried subglacially at some time and material th'it has undergone only englacial 
transport. 
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Estimates of the present contributions of various sources of debris, and on the modes of 
transport, were derived from five sampling sites located on the ablation moraine and on the 
ice immediately to the south in the central part of the glacier (Fig. 5 ). Two complicating 
factors are present. ( I ) The bedrock knob below the ablation moraine may be forcing the ice 
behind it to behave as if it were in a small sub-cirque, while the presence of this bedrock high 
would induce more rounding. (2) The fact that the samples used for the estimates are from 
the central part of the glacier means that they cannot be wholly representative of the total 
glacial product. 

Taking Waldrop 's (1964) figure of 0.9 m for the average thickness of the ablation moraine, 
and assuming that this d eposit has been produced in a time span of 30- 50 years during the 
rapid retreat of the glacier, I obtain a volume of 470 m 3 and an average rate of production 
of9.4-15.7 m 3/year (these and all subsequent volumes and rates have been adjusted to allow 
for 40 % pore space in the moraine). Of that amount, rounded debris (subglacially eroded and 
transported) comprises 35 % or 3.3- 5.5 m 3 /year, and unrounded debris (rockfall or avalanche 
material carried englacially or supraglacially) comprises 65 % or 6.1- 10.'2 m 3/year. The area 
of ice which contributes d ebris to the ablation moraine is approximately 20 % of the entire 
glacier. Assuming that the debris production of this portion of ice is r epresentative of the 
entire glacier, I obtain rates of 15- 30 m 3/year (30-60 mm/ I 000 year) for rounded material 
and 35- 50 m 3/year (70-95 mm/ I 000 year) for unrounded material. The latter figure is 
equivalent to a rockfall rate for the cirque. 

The ablation moraine lies at a position a little more than half the distance from the 
head wall to the main part of the terminal moraine. Stones in the ablation moraine have 
therefore been carried only about half as far as stones in the terminal moraine. A reasonable 
assumption might be that transporting material from the headwall to the moraine could result 
in twice the number of rounded stones that occur in the ablation moraine. This assumption 
yields a present approximate production of 70% subglacially transported d ebris and 30% 
rockfall d ebris carried englacially or supraglacially. 

To obtain the present rate of debris transport by Arapaho Glacier, an estimate of the 
volume of debris in the ablation moraine was combined with suspended sediment measure­
ments made in mid-July and late August of 1972 at the moraine lake outlet on the east shore. 
The bedload of the stream may safely be ignored because all drainage occurs through the 
moraine. Error in the amount of suspended sediment load may be quite high, owing to the 
short time span covered by measurements, and the probable existence of other subterranean 
drainages. In addition, discharge records for the summer of 1972 were irregular owing to 
repeated malfunctions of the stream-level recorder. Accordingly, the following figures for 
rates and volumes from suspended sediment data must be taken as minimum estimates. 

Assuming that discharge through the moraine occurs only in the summer for an average 
of 100 d /year, the yearly load of suspended sediment carried by the outlet stream ranges from 
1.0 to 4.7 m 3. Because the area of the cirque is 514740 m2, a denudation rate of 2- 9 mm / 
1 000 year is obtained. A rate of 9.4- 15.7 m 3/year for the production of the debris in the 
ablation moraine was given previously. If the area of ice contributing material to the ablation 
moraine constitutes 20 % of the total glacier area and is r epresentative of the whole glacier, 
present d eposition occurs at 48- 82 m 3 /year or a denudation rate of 93- 155 mm/ I 000 year. 
Combining the figures obtained from the ablation moraine with those on suspended sediment, 
a total denudation rate of between 95 and 165 mm/ I 000 year is obtained. 

PAST SOURCES, TRANSPORTATION AND DEPOSITION OF DEBRIS 

Data on stone roundness for the Gannett Peak moraine (Figs. 4 and 5) can be used to 
calculate past relative contributions of the various sources and of the various transportation 
mechanisms. If an es timate of 15- 25 m is used for the average thickness of the moraine, and 
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its area is 80945 m2, a total of 728 000-1 214000 m3 is obtained for the volume of Gannett 
Peak debris in the terminal moraine. Assuming the Gannett Peak stade lasted approximately 
300 years, the rate of production of debris was 2 430- 4050 m3 /year. Data from 16 sampling 
sites on the moraine indicate that 88% of the debris is rounded, and thus derived and/or 
carried subglacially; the remainder is unrounded and thus derived by rockfall, and carried 
englacially or supraglacially. These data yield a production rate for rounded debris of 
2 140- 3560 m 3/year and for unrounded debris of 290- 485 m3 /year. 

Calculation of the total volume of Gannett Peak material deposited by Arapaho Glacier 
should give an estimate of the rate of debris transport and deposition over the last 300 years. 
The volume of the Gannett Peak part of the end moraine was given as 728000- 1 214 000 m3. 
If the average thickness of the ground moraine beneath the lake is 3- 5 m, its volume is 
32000- 53000 m 3. The volume of the ablation moraine is approximately 785 m 3. Over the 
whole of Gannett Peak time, transport of debris occurred at 2500-4200 m 3/year for a 
denudation rate of 4920- 8 160 mm/ l 000 year. 

Deposition of glacial debris is the process which forms the link between debris sources and 
transportation methods on the one hand, and till deposits, which frequently constitute the only 
remaining evidence of former glaciation, on the other. Data on deposition are derived from a 
study of till fabric. It is recognized that the stones in an undisturbed till usually possess a 
fabric best shown as preferred orientations and dips of the stones. Boulton (1970, 1971 ) 
pointed out that either transverse or parallel preferred stone orientations may be exhibited 
by ablation, melt-out or lodgement till, depending on a number of factors. Without collecting 
exhaustive data, it seems impossible to differentiate between the three types of till in Arapaho 
Glacier cirque except in a very general way. 

Data on surface and sub-surface till fabrics allow some division of sampling sites. The till­
fabric strength at each of 26 sites was calculated by applying the X2 test, assuming that if the 
stones were not orientated, the numbers of stones should be equally distributed in all directions 
(Reheis, unpublished). Surface sites with relatively strong till fabrics are, in general, those in 
the southern half of the moraine, plus one site on the ablation moraine. Areas on the moraine 
with relatively weak till fabrics are generally those in which subsequent movement of material 
by surficial processes is expected, such as the steep down-valley side of the moraine, and in the 
northern tal us-fed area. 

Till fabrics combined with information on plunge, taken from below the moraine surface, 
provide the best information about the deposition of debris (site locations are shown on Figure 
6) . At site 3 the preferred orientation is down-slope, which could indicate a strong component 
of mass movement. However, all the stones plunged down at an angle 10° less than the dip 
of the moraine slope; therefore, this orientation may represent the original one parallel to the 
direction of glacial movement and later modified by mass movement. If so, site 3 consists 
either of melt-out till or lodgement till, probably the latter. At site 5, the stones have a plunge 
equal to the slope angle, suggesting a combination of melt-out and ablation till. Stones at 
site 7 nearly all plunge down into the moraine slope, representing either melt-out or lodgement 
till. There is a predominance of stones at sites 10 and 13 pointing down-slope with a plunge 
equal to the slope dip; ablation till seems to have been deposited here, along with talus 
material. Site 16 shows no preferred orientation as expected from its location on the rock 
glacier. 

RELATIONSHIP OF TILL FABRIC TO GLACIAL-DEBRIS CHARACTERISTICS 

An investigation was made to determine if those till fabrics with the strongest preferred 
orientations might be associated with debris which exhibited the most effects of glacial 
transportation: that is, rounding, striations and polish. The range of values for each para­
meter- vector strength, percentage of striated stones, percentage of polished stones, average 
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GROUP I D 

V 
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GROUP 3 CIill 
GROUP 4 H"::,,:I 
GROUP 5 EIJ 
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TILL FABRIC, STRIATlONS, 

POLISH, AND ROUNDING 

100 
I METERS 

EXPLANATION 

Lake I 
Bedrock ' b 
Talus t 
Glac ial debr is d 
Sampl ing site \22 

Fig. 6. Map showing groups of sampling sites based on glacial characteristics of stones (ineluding till fabric, polish, striations 
and rounding ) using the GRAPH computer program. Note the similariry to the maps in Figure 5 . Ranking of the groups is 
subjective and is based on the known values of glacial characteristics fou nd at the sampling sites. 

roundness and percentage of stones rounded > 0. I- was arbitrarily divided into six groups. 
The 26 moraine sites were each assigned a set of five characters according to these groups. 
A computer analysis resulted in the division of the moraine sites into five clusters (Estabrook, 
1966) (Fig. 6). Since the characters are believed to represent effects of glacial transportation, 
each cluster of sites reflects an amount of such glacial characteristics, the amount increasing 
with the group number (Fig. 6). 

Membership in the clusters was then considered to be a sixth character. A computer 
program called CHARAN AL, developed by Estabrook ( 1967), showed that all characters 
were significantly associated with each other, with one exception. The percentage of stones 
rounded > o. I is not significantly associated with till-fabric strength, or with percentages of 
striate :! and polished stones. The association between percentages of polished stones and 
average roundness is borderline. In general, the glacial characteristics do associate signifi ­
cantly with the clusters of characters for each sampling site in Figure 6. Strong till fabrics are 
present at sites with high rounding of stones, polish and striations. 
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COMPARISONS OF PAST AND PRESENT PROCESSES 

There is a large difference between the p ercentages of rounded material produced over 
the last 50- 100 years ( 70 %) compared with that produced during the whole of the Gannett 
Peak stade (88% ) (Table I ) . Accordingly, a tentative es timate of a 10- 20 % increase in 
erOSlve power of Arapaho Glacier during the Gannett Peak stade is proposed. 

TABLE 1. DATA ON AREAS, VOLUMES AND RATES PERTAINING TO THE ARAPAHO GLACIER AREA 

Parameter 

Cirque area 
G lacier area 
Maximum velocity 
Moraine volume: minimum 

maximum 
Gannett Pea k debris volume: minimum 

maXImum 
Estimated subglacial contribution 
Rockfall rate 
Denudation rate from suspended sediment load 
Denudation rate from ablation moraine 
Glacial denudation rates 
Denudation rates corrected for ice a rea, minimum 

debris thickness, possible Audubon age of p a rt of 
terminal moraine 

Past 

368250 rn' 
8.4 m /year 

Present 

5 14740m' 
250900 m' 
5.2 m/year 

728000 m" 
I 214000 m" 
761000 m" 

I 268000 m" 
88% 

290- 485 m 3 /year 

4 920-8 160 mm/ I 000 year 
I 260- 2 040 mm/ I 000 year 

70 % 
35- 50 m3/year 

2- 9 mm/ I 000 year 
93- 155 mm/ I 000 year 
95- 165 mm/ I 000 year 
140- 235 mm/ I 000 year 

This estimated increase in erosive power is seconded by the figures for rate of rockfall. 
Rockfall rate was observed to have diminished from 290- 485 m 3/year during the Gannett 
Peak stade to 30- 50 m 3/year at present (Table I ). 

It is apparent that well over an order of magnitude difference exists between present 
(95- 165 mm/ I 000 year) and past (4920- 8 160 mm/! 000 year) denudation rates by Arapaho 
Glacier (Table I ) . Several factors that may account for this difference can be introduced 
into the calculations in an effort to see if present and past rates could have been comparable. 
The present denudation rate was calculated using the present ice area; if this rate is adjusted 
for the area at the Gannett Peak maximum, I obtain a rate of approximately 140- 235 mm/ 
I 000 year for the present. In addition, the estimates of average thickness of morainal debris 
may be too large. If the terminal moraine is only an average of 10 m thick, and the ground 
moraine under the lake only! m thick, the d enudation rate in the past would be 3 560 mm/ 
I 000 year. Even with these adjustments, there is still more than an order of magnitude 
difference in the denudation rates. 

Two factors remain which could resolve the discrepancy in present and past denudation 
rates. One is that rockfall rates and glacial erosion were greatly accelerated during the times 
of maximum extent of Arapaho Glacier. The second factor involves the presence of Audubon­
aged debris on the south-eastern boundary of the till. If these areas truly represent Audubon 
till and are not relict rockfall boulders, it is probable that a substantial proportion of the 
terminal moraine actually consists of Audubon till covered by Gannett Peak till. Since 
Audubon time lasted approximately 900 years, the terminal moraine could have been pro­
duced in I 200 years rather than in only 300 years. This results in a denudation rate of 
1 260- 2040 mm/ I 000 year and reduces the discrepancy be tween past and present denudation 
rates to an order of magnitude. Carrying this analysis one step further, suppose that between 
the Audubon and Gannett Peak stades, Arapaho Glacier shrank considerably but did not 
disappear, and in fact maintained its present denudation rate. Allowing the present rate of 
transport to extend over 2 000 years results in a theoretical volume of d ebris of 142 000-

242000 m 3 as compared to the actual amount of 761 000-1 268000 m 3• The calculated 
volume is smaller than the actual volume by a factor of 5. 
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Having made all imaginable allowances for variables affec ting the estimates of debris­
production rates, it seems justifiable to state that during the p eriods of maximum extent of 
Arapaho Glacier the combined contributions of rockfall and glacial erosion of the bedrock 
to the glacial load increased by at least a fac tor of 5. Similar conclusions were given by 
Broecker and others (1958) for late Wisconsin deep-sea clay sedimentation rates, and by 
Church and Ryder (1962) in a review on denudation rates world-wide. 

The amount of time required to erode Arapaho Glacier cirque below the h eight of its 
surrounding arete may be calculated from the data in Table I , assuming the cirque floor 
extends out to the terminal moraine. U sing the adjusted Gannett Peak denudation rate, 
200000-300000 years are required. Only 40 000- 70 000 years, however, are required if the 
unadjusted Gannett Peak rate is employed. This may have important implications concerning 
the duration of cirque and valley glaciation in the Colorado Front Range, and suggests the 
possibility that some of the older Pleistocene glaciations may have been represented by ice-cap 
glaciers. 

Past and present denudation rates in Arapaho Glacier cirque have been calculated as 
1 260- 2 0 40 mm/ I 000 year and 140- 2 35 mm/ I 000 year, respectively. Thc denudation rate 
for Arapaho Glacier in Audubon and Gannett Peak times is quite comparable to rates quoted 
for other glaciers (Table II ), even though all the data presented are derived from valley 
glaciers except for that of Andrews (197 1) and Andrews and L eMasurier (1973) . Even the 
lower rate of present erosion for Arapaho Glacier is within the range of figures quoted. 
Perhaps glacial d enudation rate is relatively constant without regard to the size of the glacier. 

TABLE n. A SUMMARY OF SOME D ENUDATION RATES FROM BOTH GLACIAL AND NON- GLACIAL AREAS 

Area 

World 

Norway 

G lacial- periglacial 
Alps, Norway, I cela nd 
Iceland 
Baffin Island 
British Columbia 10 000-6 000 years B.P. 

Baffin Island 
R ocky Mounta ins National Pa rk (RMNP) 
Baffin Island a nd RMNP 
Marie BYI'd Land 

St. Sorlin Glacier (France) 

Arapaho Glacier: past 
present 
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Erosion rate 

mmJ1 000 year 
50- 100 

1.05- 1. 28 

6 15 
700 

640, 5500 
280-300 

25- 7 300 
25- 90 

2000- 8000 
100-2000 
360- 460 

7700 

140 - 2 35 
I 260- 2040 

M ethod 

River loads lowering 
on granite 

River loads lowering 
on granite 

Stream load 
Suspended load 
River load 

M oraine volum e 
'Moraine volume 
Cirque volum e 
Cirque volume 

Suspended load and 
moraine volume 

Suspended load and 
moraine volume 

R iference 

Dahl (1967) 

Corbel (1959) 
Flint (1971 , p. (20) 
Okko (1955, p . 32 ) 
Church a nd Ryder (1972) 
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Andrews ( 197 I ) 
Andrews (197 1) 
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Andrews and L eMasurier 

(1973) 
Corbel (1962) 
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