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FRONTISPIECE. Glaciation of Yellowstone National Park was more extensive and involved more interaction of ice from multiple sources 
than previously recognized. The drumloid topography (arrows) was formed by ice about 600 m thick flowing oblique to the Gallatin 
Range front; it shows that glacial flow from the valleys in the Gallatin Range was diverted northward by a thick icecap on the plateau 
east of the range. Thus the northern Yellowstone glaciation must be considered in terms of coalescing icecaps that covered almost the 
entire landscape rather than just as valley and piedmont glaciers emanating from the main ranges. Aerial photograph by NASA (Na­ 
tional Aeronautics and Space Administration), 1969.
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Yellowstone National Park, the oldest of the areas 
set aside as part of the national park system, lies 
amidst the Rocky Mountains in northwestern 
Wyoming and adjacent parts of Montana and 
Idaho. Embracing large, diverse, and complex 
geologic features, the park is in an area that is 
critical to the interpretation of many significant 
regional geologic problems. In order to provide basic 
data bearing on these problems, the U.S. Geological 
Survey in 1965 initiated a broad program of com­ 
prehensive geologic and geophysical investigations 
within in the park. This program was carried out 
with the cooperation of the National Park Service, 
and was also aided by the National Aeronautics and 
Space Administration, which supported the gather­ 
ing of geologic information needed in testing and in 
interpreting results from various remote sensing 
devices. This professional paper chapter is one of a 
series of technical geologic reports resulting from 
these investigations.
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[SI, International System of Units, a modernized metric system of measurement]
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STATEMENT ON MEASUREMENT UNITS AND STRATIGRAPHIC NOMENCLATURE

Measurements made during field work for this report were in U.S. 
Customary units. With the exception of altitudes, all values have 
either been converted or remeasured, and are reported in metric (SI) 
units, rounded off to express the appropriate degree of accuracy. 
Where the measurement is of altitude, the altitude in feet is also 
given in parentheses following the value in SI units, because the 
base-map contours are in feet. Thus if I refer to glacial striations at 
an altitude of 2,750 m (9,000 ft) on Specimen Ridge, the altitude in 
feet is given so the reader can readily locate the feature on the map 
(pi. I A] using the base-map contours. The contours on the 
reconstructed ice surface (pi. 1A) are in U.S. Customary units 
because they are derived directly from the topographic base maps. 
This allows the reader to readily determine the control for the ice- 
surface contours, as well as their accuracy, by examining them in 
conjunction with the altitudes shown on the base map.

If this study were initiated in 1979, rather than 1965, I would 
recommend defining new stratigraphic names for the local surficial

geologic units in the northern Yellowstone area. I would recommend 
this because deposits of the Bull Lake and Pinedale Glaciations can­ 
not be traced by continuous mapping or by lithologic 
characteristics from their type areas on the flanks of the Wind 
River Mountains to northern Yellowstone. Also, compared to the 
Wind River area, glacial deposits in the northern Yellowstone area 
are constructed from different rock types, have different particle 
size distributions, and have experienced a generally wetter climate, 
making interpretation of relative-age parameters uncertain. Never­ 
theless, the terms Bull Lake and Pinedale were already in use in 
Yellowstone at the start of this study, and these terms have been 
used in more than 25 maps and reports published as a result of the 
U.S. Geological Survey study of the entire Yellowstone area. In 
spite of my misgivings about the appropriateness of using these 
stratigraphic terms in northern Yellowstone, I do so in this con­ 
cluding report because of their use in earlier published reports of 
this study, and because introduction of new names at this time 
would require extensive revisions and additions to this report.



GEOLOGY OF YELLOWSTONE NATIONAL PARK

HISTORY AND DYNAMICS OF GLACIATION IN THE 
NORTHERN YELLOWSTONE NATIONAL PARK AREA

By KENNETH L. PIERCE

ABSTRACT

Large masses of ice formed in northern Yellowstone National 
Park during the Bull Lake and Pinedale Glaciations. Bull Lake ter­ 
minal morains of the northern Yellowstone icemass occur only on 
the park's western margin, in the West Yellowstone area. The Bull 
Lake Glaciation here is about 150,000 years old as dated by com­ 
bined obsidian hydration and K-Ar methods. Bull Lake ice advanc­ 
ed into the West Yellowstone basin largely through lowlands later 
filled by the West Yellowstone rhyolite flow. The moraines 
deposited by this advance are bulky, loess mantled, and have the 
muted but clearly glacial constructional morphology typical of the 
Bull Lake elsewhere in the Rocky Mountains. Bull Lake glaciers ex­ 
tended 20 kilometers beyond Pinedale glaciers west of the park; but 
north of the park, Pinedale glaciers overrode and obliterated Bull 
Lake terminal moraines. This difference is attributed to emplace­ 
ment of large rhyolite flows in the western part of the park in the in­ 
terval between the Bull Lake and the Pinedale maxima. These 
rhyolite flows have K-Ar ages between 70,000 and 120,000 years 
old. They did not affect the flow of Bull Lake ice but diverted 
Pinedale flow by blocking westward flow and shunting it to the 
north.

Just downvalley from the Pinedale terminus of the outlet glacier 
in the Yellowstone valley are moraines of both Bull Lake and 
Pinedale age deposited by local glaciers. The location and degree of 
preservation of these moraines demonstrate that if any outlet 
glacier existed larger than the Pinedale one, it was of pre-Bull Lake 
age.

At some time between the Pinedale and Bull Lake glacial maxima, 
ice from the Bear tooth uplift advanced southward beyond the 
Washburn Range and dammed the Yellowstone River, leaving er­ 
ratics of Precambrian crystalline rocks.

During Pinedale time, major ice streams from four sources con­ 
verged near Gardiner, Mont., to form the northern Yellowstone 
outlet glacier. This outlet glacier then flowed 60 km down the 
Yellowstone valley to the Eightmile terminal moraines, and 
although it was joined by several tributary glaciers along the way, 
the main outlet glacier dominated ice flow.

The northern Yellowstone outlet glacier and its accumulation area 
together constituted the northern Yellowstone glacier. This glacier 
covered 3,400 km2 , averaged more than 700 m in thickness, and in­ 
cluded a flow line 146 km long. Five interconnected icecap sources 
contributed to the northern Yellowstone glacier: an icecap on the 
Gallatin Range, an icecap on the plateau between the Gallatin and 
Washburn Ranges, an icecap on the plateau south of the Washburn 
Range, an icecap on the Bear tooth uplift, and an icecap in the upper 
Lamar drainage basin (numbered I-V in fig. 5).

The ice divides along the crest of these icecaps defined the outer 
boundary of the northern Yellowstone glacier. Across these divides, 
from the northern Yellowstone glacier, glacial flow was toward the 
other glacial termini, generally tens of kilometers away. The ice 
divides were generally offset toward the northern Yellowstone 
glacier from the present drainage divides. Thus, some ice flowed 
outward from the Yellowstone drainage into adjacent basins where 
ice levels were lower.

Obsidian hydration methods date Pinedale terminal moraines 
near West Yellowstone as about 30,000 years old. Pinedale glaciers 
probably remained near full-glacial size until 15,000 to 20,000 years 
ago, and deglaciation of the Pinedale icecap on the Yellowstone 
plateau was largely completed by 13,000 to 14,000 radiocarbon 
years ago.

During Pinedale recession, ice from different sources did not 
diminish at the same rate. The northern Yellowstone outlet glacier 
was still near its maximum volume when tributary mountain-valley 
glaciers had receded and were contributing little or no ice to it. 
Lakes formed where the outlet glacier blocked these tributary 
valleys. In Tom Miner Basin the outlet glacier advanced upvalley 
and deposited moraines and erratics within a few kilometers of the 
local cirques. Elsewhere it transported erratics at high levels across 
the mouths of valleys, such as Mol Heron and Bear Creeks, defining 
boundaries across which local ice did not advance.

At a later phase in the Pinedale recession, here termed the 
Deckard Flats readjustment, glaciers from the Gallatin Range and 
Beartooth uplift advanced into terrain previously occupied by the 
icecap on the Yellowstone plateau. Crossed striations and distribu­ 
tion of erratics indicate that their direction of flow was at angles of 
60°-130° to the flow under full-glacial conditions.

A late Pinedale readvance of mountain-valley glaciers in the 
Gallatin Range left as many as three moraines 0.5-8 km from the 
cirques. At the same time, the icecap on the Beartooth uplift paused 
in its recession and left extensive moraines near Junction Butte.

Along the Yellowstone River in the Gardiner area, longitudinal 
and midchannel bars and flood-ripped fronts of alluvial fans indicate 
the occurrence of at least two separate floods, with waters 60 m and 
45 m deep. Two additional, younger floods down the valley of the 
Yellowstone River resulted from the breach of a landslide dam in 
Yankee Jim Canyon and from release of a lake in the Grand Canyon 
of the Yellowstone.

Calculation of glaciological parameters, especially basal shear 
stress and mass balance, provides independent means for 
evaluating the glacial reconstruction based on field studies. Basal

Fl
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shear stress was computed using the formula Tb =FQghsina. Because 
this formula ignores the effect of longitudinal stress gradients, its 
calculated value is called primary basal shear stress. Calculations 
were made for 50 contiguous reaches of lengths of 5-15 km along 
the main flow paths of the northern Yellowstone glacier and of 
several other glaciers heading on the same ice divide. The calculated 
values are all between 0.6 and 1.5 bars and are consistent with the 
range of 0.5-1.5 bars observed for modern glaciers. Much of the 
variation in primary basal shear stress is related to differing flow 
patterns. Primary basal shear stress averaged 1.21 ±0.12 bars for 
reaches with strongly extending flow lines, 1.04±0.16 bars for 
reaches with nearly uniform flow, and 0.84±0.14 bars for reaches 
with strongly compressing flow. These calculated values probably 
do not indicate actual differences in shear stress at the base of the 
glacier, but do suggest that the variation in primary basal shear 
stress is strongly related to flow pattern, especially convergence in 
plan view, and to ablation.

Basal shear stress calculations can also be used as an independent 
parameter in evaluation of alternate glacial reconstructions. In par­ 
ticular, an alternate reconstruction published for Yellowstone 
shows Pinedale ice levels 430 to 730 m lower than shown on plate IA 
in the Washburn Range, but at the same altitudes towards the ice 
margin. This reconstruction results in basal shear stress values be­ 
tween 0.05 and 0.15 bars, as much as an order of magnitude lower 
than that observed for modern glaciers. Thus, in addition to being 
incompatible with the field observations reported in this paper, this 
alternate reconstruction appears glaciologically unreasonable.

The mass balance of the reconstructed northern Yellowstone 
glacier is calculated using (1) the area-altitude distribution shown 
on plate 1A, (2) an equilibrium-line altitude of 2,835 m as approx­ 
imated by the glaciation limit, and (3) curves of specific net balance 
from modern glaciers. These values result in an annual net balance 
in which both net accumulation and ablation are equal to about 
3 km3 . Because the calculated values of accumulation and ablation 
are approximately equal, this glacial reconstruction can meet mass- 
balance requirements.

The accumulation-area ratio (AAR) of the reconstructed northern 
Yellowstone glacier is 0.75. Although this value is high, the mass- 
balance calculations show that because of its area-altitude distribu­ 
tion, a high AAR is required for the northern Yellowstone glacier.

The discharge of the outlet glacier was approximated by three 
flow models. The discharge required by mass-balance data suggests 
that for the outlet glacier, flow by bed-slip was much greater than 
flowage within the glacier.

The mass-balance data when combined with very rapid rates of 
recession, or meltback, indicate that the increase in discharge of the 
Yellowstone River owing to meltback would be less than 9 percent 
of the discharge during the Pinedale glacial maximum. The paucity 
of both outwash and recessional moraines upvalley from the 
northern Yellowstone terminal moraines also indicates that exten­ 
sive recession did not result in outwash deposition due to greatly in­ 
creased discharge and sediment load.

General models, devised to show the relations in space and time 
among the various source areas of the northern Yellowstone outlet 
glacier, demonstrate the differing size and efficiency of these source 
areas for generating ice under full- and waning-glacial conditions 
(figs. 50, 51). The waxing and waning of each source area did not oc­ 
cur in unison, and field relations documenting incursions of ice from 
some sources into areas previously occupied by ice from other 
sources demonstrate this lack of unison. This lack of simultaneous 
phase relations for the growth and recession of northern 
Yellowstone ice masses implies that end moraines deposited 
elsewhere for example, by large icecaps and small mountain-valley 
glaciers are not of the same age.

INTRODUCTION

Late Pleistocene glaciation of northern Yellowstone 
National Park (figs. 1, 3) had several salient aspects. 
First, glaciers dating from the last major glaciation 
(Pinedale) were much larger than previously thought 
(pi. IA). Most of the ice was 700-1,200 m thick and one 
continuous glacial-flow line, 146 km long, was prob­ 
ably the longest glacier in the conterminous United 
States, except for those originating in Canadian 
icecaps.

Second, the relative size of glaciers from several ad­ 
jacent source areas changed with time, resulting in 
changes in flow direction of as much as 130°. Stria- 
tions and directions of erratic transport, for example, 
show that ice in the area of the Washburn Range 
moved northward during full-glacial conditions but 
southward during deglaciation. Relations among 
glaciers from different source areas can be approx­ 
imated; for example, during deglaciation the 
Yellowstone outlet glacier still retained at least 90 per­ 
cent of its maximum volume at a time when local 
mountain glaciers had lost more than half their 
volume.

Third, multiple floods accompanied late Pleistocene 
glaciation in this area. Glacial-outburst floods prob­ 
ably helped build the extensive obsidian-sand plain 
along the Madison River near West Yellowstone. Dur­ 
ing deglaciation, multiple floods rushed down the 
Yellowstone valley when glacially dammed lakes 
released suddenly; the largest flood had a depth of 
about 60 m.

Fourth, the ice-distribution patterns were 
significantly different between Bull Lake and Pinedale 
time. Bull Lake moraines are far outside those of 
Pinedale age west of the park, but to the north they 
were overridden by Pinedale ice. Emplacement of large 
rhyolite lava flows between Bull Lake and Pinedale 
time blocked westward movement of Pinedale ice and 
resulted in larger glacial flow to the north in Pinedale 
time than during Bull Lake time.

The main body of this report the Bull Lake and 
Pinedale glacial histories is organized in narrative 
form. Factual material not essential to reconstructing 
the glacial history is not included here but can be 
found in map-reports on northern Yellowstone 
National Park. (See fig. 2 for index of reports.) These 
map-reports show the distribution of more than 40 
surficial-geologic deposits at a scale of 1:62,500, 
describe the physical characteristics of the deposits, 
and give stratigraphic sections, soil profiles, flow 
features, and location and kind of erratics.

Finally, the high relief in northern Yellowstone made 
it possible to define and contour the altitude of the ice
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FIGURE 1. Yellowstone National Park region. Hachured lines, outer limits of end moraines of probable Pinedale age; line labeled with B's, 
outer margin of probable Bull Lake moraines. Moraine positions in the West Yellowstone Basin are modified from Alden (1953), Rich­ 
mond (1964a), Pierce (1973a), Waldrop and Pierce (1975), and Waldrop (1975a). Moraines north of the park along the Yellowstone valley 
are modified from Weed (1893) and Montagne (1970); also see this report (pi. 1A; fig. 12). Moraines along both forks of Rosebud Creek 
and Rock Creek are from Ritter (1967). Moraines along the South Fork of Shoshone River are from Pierce and Nelson (1969). Moraines 
in Jackson Hole are from Love and Reed (1971). Moraines southwest of the park are from Richmond (1973a). Shaded-relief base map 
made from photograph of Army Map Service pressed-relief maps.
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FIGURE 2. Locations of surficial and bedrock maps of Yellowstone 
National Park, at a scale of 1:62,500. A, Bedrock geology (also 
shown at a scale of 1:125,000 (U.S. Geol. Survey, 1972b)). B, Sur­ 
ficial geology (also shown at a scale of 1:125,000 (U.S. Geol. 
Survey, 1972a)).

surface. Contours on the ice surface are the key 
parameter needed in both the basal shear stress and 
mass-balance calculations.

PREVIOUS WORK

Magazine articles published by Geikie (1881) and 
Holmes (1881) stated that the Yellowstone Park area 
had been extensively glaciated. Geikie concluded that 
a glacier thousands of feet thick had flowed northward 
from the park down the Yellowstone valley. Holmes 
(1881; 1883) determined, mainly on the basis of glacial 
erratics, that ice had covered much of the Yellowstone 
plateau. Weed (1893) provided the first detailed map 
and description of glaciation in the Yellowstone valley 
north of the park; his reconstruction of the northern 
Yellowstone glacier north of the park is essentially the 
same as that presented here for Pinedale full-glacial 
conditions. Howard (1937) made an award-winning 
study of the glacial features and history of the Grand 
Canyon of the Yellowstone. The terminal moraine area 
of the Yellowstone valley was studied by Horberg 
(1940). Miner (1937) wrote a thesis on the Mammoth 
area, dealing mainly with features of the Pinedale 
deglaciation. Alden (1928), in a naturalist's guide for 
interpreting Yellowstone to the public, appears to have 
clearly understood the main elements of the last two 
glaciations of Yellowstone, and later (1953, p. 177-179) 
he formally published a study of the glacial geology of 
the West Yellowstone area. Hall (1960, 1961) studied 
the glaciation of the area just northwest of the park. 
Love (1961) described widespread faulting of Quater­ 
nary deposits in Yellowstone. John Montagne worked 
extensively in the Yellowstone valley and in the 
Gallatin Range (1968, 1970); although much of his 
work is not yet published, I was able to benefit from 
his knowledge through numerous field trips and 
discussions. As one result of these discussions, we con­ 
cluded in 1970 that the Chico and Eightmile moraines 
in the Yellowstone valley were both of Pinedale age.

Following the Hebgen Lake earthquake of 1959, 
the U.S. Geological Survey made a study of West 
Yellowstone area: Richmond (1964a) mapped and 
described the surficial geology of the area and estab­ 
lished the precedent for the Bull Lake-Pinedale 
nomenclature used in the ensuing U.S. Geological 
Survey reports. Richmond and Hamilton (1960) 
recognized that the rhyolite flow now called the West 
Yellowstone flow is younger than the nearby Bull Lake 
moraines.

As part of the present U.S. Geological Survey study 
of Yellowstone Park, surficial geologic maps at a scale 
of 1:62,500 with accompanying texts have been 
prepared by G. M. Richmond, H. A. Waldrop, and 
K. L. Pierce; these map-reports are indexed in figure 2.
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PHYSICAL FEATURES RELEVANT TO GLACIATION
REGIONAL TOPOGRAPHY

The northern Yellowstone area consists of high 
mountains, plateaus, and deep valleys (figs. 1, 3).

The high mountains north and northeast of the park 
are here referred to as the Beartooth uplift (fig. 3; pi. 
LA; fig. 5), which is a large, relatively coherent struc­ 
tural and geographic block. The eastern part of the 
uplift forms the Beartooth Mountains. The western 
part previously has been called the Snowy Range 
(Hague, 1912; Alden, 1928; Howard, 1937), the Bear- 
tooth Mountains (Foose and others, 1961), and is now 
officially designated as part of the Absaroka Range.

The term Absaroka Range is restricted in this report 
to the mountains so named south from the Cooke City, 
Mont., area to the southern boundary of the northern 
Yellowstone National Park area (fig. 3; pi. LA; fig. 48). 
It does not include mountains of the Beartooth uplift. 
The Gallatin Range extends, and widens, northward 
from the northwestern part of the park.

The Washburn Range, Specimen Ridge, and Mirror 
Plateau form uplands in the north-central part of the 
park; the rest of the area, here called the Yellowstone

plateau, is mostly an undulating upland at an elevation 
of 2,400±200 m (8,000±600 ft).

All of northern Yellowstone National Park drains 
eastward toward the Mississippi River; the Continen­ 
tal Divide passes through the southern part of the 
park. The Yellowstone River and its tributaries drain 
the eastern three-quarters of the park. The 
Yellowstone River rises southeast of the park, flows 
out of the north end of Yellowstone Lake, across 
Hayden Valley, and then through its Grand Canyon 
and Black Canyon. The eastern boundary of the park is 
a high divide that separates the Yellowstone drainage 
from the Clark's Fork of the Yellowstone drainage and 
the Shoshone River drainage. The western quarter of 
northern Yellowstone is drained by the Madison and 
Gallatin Rivers.

BEDROCK TYPE AND DISTRIBUTION

A great many bedrock types occur in the northern 
Yellowstone area (pi. 2). Earlier studies include those 
of Hague and others (1899); Hague (1904; 1912); 
Howard (1937); Seager (1944); Brown (1961); Boyd 
(1961); Hall (1961); Fraser, Waldrop, and Hyden (1969); 
and Witkind (1969). Recent mapping by U.S. 
Geological Survey geologists is referenced in figure 2; 
recent bedrock reports include those on the Gallatin 
Range by Ruppel (1973), on the Quaternary volcanics 
by Christiansen and Blank (1972), on the Eocene 
volcanics by Smedes and Prostka (1972), and on the 
Beartooth uplift by Wedow and others (1975).

The bedrock types differ markedly in the degree to 
which they preserve evidence of glaciation. For exam­ 
ple, Precambrian granitic rocks form and clearly retain 
evidence of glacial erosion, but they unfortunately are 
not very common in northern Yellowstone National 
Park. The two most widespread rock types Quater­ 
nary rhyolite (both flows and welded tuffs) and Eocene 
andesitic volcanic rocks of the Absaroka Volcanic 
Supergroup (breccias, conglomerates, sandstones and 
mudstones) do not normally preserve evidence of 
glacial erosion. Moreover, till derived from these rocks 
is difficult to identify as such. These are probably the 
main reasons the magnitude of Pinedale Glaciation of 
northern Yellowstone has not been recognized 
previously.

CLIMATE

The climate of Yellowstone is severe. Mean annual 
temperatures on the Yellowstone plateau are less than 
1°C, and snowfall is deep (see section "Specific net 
balance estimates") and covers the ground about half 
the year. Figure 4 shows the temperature, snowfall,
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and precipitation for stations in and near Yellowstone.
Precipitation is strongly related to altitude. Also, for 

a given altitude, precipitation increases toward the 
southwest part of the park. This increase results from 
the rise from the Snake River Plain to the Yellowstone 
plateau of Maritime Polar and Maritime Pacific air- 
masses (Dirks, 1974, p. 32). The prevailing winds are 
from the southwest.

All the weather stations are below an altitude of 
2,400 m (fig. 4); consequently, estimates of the 
precipitation on the higher parts of the Yellowstone 
plateau and on all the mountain ranges must be based 
on study of snow-survey and streamflow records, and 
on vegetation associations. For the mountain ranges in 
northern Yellowstone, isohyets drawn by P. E. Fames 
(in Dirks, 1974, fig. 3) show that precipitation at higher 
altitudes commonly exceeds 100 cm. The following are 
representative values for the higher altitudes in the 
different ranges of northern Yellowstone: Gallatin 
Range at 2,900 m (9,500 ft), 150 cm; Washburn Range 
at 2,700 m (8,850 ft), 100 cm; Specimen Ridge at 
2,800 m (9,200 ft), 130 cm; and Beartooth uplift at 
3,400 m (11,150 ft), 180 cm.

The climate is cold enough to preserve or form per­ 
manent ice (permafrost) in the ground at favorable 
sites. Local permafrost occurs as low as 2,100 m (6,800 
ft) on a north slope near Tower Junction (Good, 1964), 
at 2,600 m (8,500 ft) in Sylvan Pass, and at 2,400 m 
(7,800 ft) in the Gallatin Valley.

EFFECT OF GEOTHERMAL FEATURES ON GLACIATION

The heat produced by Yellowstone's famous geother- 
mal features affected glaciation. The hot springs and 
geysers of the Lower, Midway, and Upper Geyser

FIGURE 3. Northern Yellowstone area, including source areas and 
terminus of the large icemass that covered almost all of northern 
Yellowstone National Park. Unshaded area was mapped in detail 
at a scale of 1:62,500 (Pierce, 1973a, b; 1974a, b; Waldrop and 
Pierce, 1975). Diagonal line pattern area includes the following 
supplemental areas containing parts of the northern Yellowstone 
icemass: (1) The glacial geology along the Yellowstone River 
valley north of the Park is based on studies by Weed (1893), 
Horberg (1940), Montagne (1968, 1970, and written commun., 
1972), and my own reconnaissance and local detailed studies. (2) 
That for the Beartooth uplift is based on air-photo interpretation 
of more than 450 sites of glacial-scour features and reconnais­ 
sance field studies by me, and on discussions with J. E. Elliott, F. 
S. Simons, D. L. Gaskill, W. G. Pierce, and H. J. Prostka, all of 
whom have recently mapped bedrock geology in this area. (3) 
That south and west of the Madison Canyon is based on studies 
of Waldrop (1975a,b) and Waldrop and Pierce (1975). (4) That 
northwest of West Yellowstone, is based on studies by Alden 
(1953), Richmond (1964a), and myself. (5) And that in the 
southwestern part of the upper Lamar drainage is based on 
studies of Richmond and Waldrop (1972).

Basins produce enough heat annually to melt ice 5 m 
thick over the entire area of the geyser basins, or 0.3 m 
thick if averaged over the entire Firehole River 
drainage (Fournier and others, 1970). In comparison to 
melting at a glacier's surface, 0.3 m of basal melting is 
about equivalent to the increase in surface melting 
that accompanies a 30-m decrease in altitude in a 
glacier's ablation area (see fig. 49). The thermal areas 
evidently were unable to melt ice as fast as it was sup­ 
plied, for all the major thermal areas were covered by 
ice during the last glaciation (U.S. Geological Survey, 
1972a). But when glacial recession resulted in the ice 
margin being just beyond thermal areas, geothermal 
heat commonly melted holes or embayments into the 
ice in which lake and stream deposits accumulated. 
The Upper, Midway, and Lower Geyser Basins are 
ideally located to melt an embayment into the western 
margin of the Yellowstone icemass, forming a lake 
behind an ice dam near Madison Junction (Waldrop 
and Pierce, 1975). The sudden release of such lakes 
may be responsible for the obsidian-sand plain near 
West Yellowstone.

Normal heat flow of 1.5X10'6 cal/cm2/sec is capable 
of annually melting a thickness of about 7 mm of ice 
from the bottom of a glacier. Heat flow inside the 
Yellowstone caldera (Christiansen and Blank, 1972) 
may be several times this amount and hence capable of 
melting several centimeters of ice per year.

PATTERNS OF ICE ACCUMULATION, 
MOVEMENT, AND ABLATION

The glaciation of northern Yellowstone cannot be 
understood unless one considers the several different 
sources and their interrelations through time. Under 
full-glacial conditions (when glaciers were at or near 
their maximum sizes), ice bodies from various sources 
merged and the position of their shared boundary was 
defined by the combined flow pattern. During reces­ 
sion, ice from some sources receded more rapidly than 
that from others, commonly resulting in movement of 
ice from the more persistent sources into places 
previously occupied by ice from the less persistent 
sources.

Although size and elevation of source areas were 
probably the most important factors influencing the 
productivity of glacial-source areas, geographic loca­ 
tion with respect to incoming snowstorms was also 
very significant. Many storms probably moved 
eastward up the Snake River Plain and dropped great 
amounts of snow when the air masses rose over the 
icecaps on the Yellowstone plateau.

The following paragraphs describe the geometry of 
the various sources and flow outlets and their
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Lv Livingston, Montana 
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as Yellowstone National Park) 
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characteristics through waxing-, full-, and waning- 
glacial conditions. The final section of this report con­ 
tains graphical models (figs. 50, 51) of the ice sources in 
both space and time. Although these figures represent 
conclusions, the reader will find them helpful in 
understanding the attributes of the major sources.

MAJOR ICE SOURCES AND DRAINAGEWAYS

The major ice sources and drainageways are 
diagrammatically shown in figure 5. The sources 
responded differently to the glacial climatic cycle. 
These differences in response are a major theme of this 
report.

The major source areas supported icecaps. About 
half of the flow from these icecaps converged to form 
the northern Yellowstone outlet glacier. The boundary 
separating flow toward the northern Yellowstone 
outlet glacier from flow away from it was generally 
near, but seldom coincident with the present drainage 
divides.

INTERACTION BETWEEN GLACIERS FROM DIFFERENT 
SOURCES THROUGH TIME

The volume of ice from the different source areas did 
not increase or decrease in the same relative propor­

tions during changes in climate. Small mountain- 
valley glaciers seem to have responded much more 
quickly to climatic change than did glaciers from large 
source areas such as the Beartooth uplift; this effect is 
analogous to inertia. The icecap on the Yellowstone 
plateau illustrates a threshold-type effect that was 
self-amplifying as full-glacial conditions were ap­ 
proached. Low- to intermediate-glacial conditions were 
probably not sufficient to initiate an icecap on the 
Yellowstone plateau, but they probably were sufficient 
to maintain one; during deglaciation the plateau icecap 
rapidly stagnated.

Other second order, time-related effects were also 
probably involved. As the icecap on the Yellowstone 
plateau thickened and expanded, it caused more and 
more orographic snowfall on its surface, and thus 
reduced snowfall in the Absaroka Range and Bear- 
tooth uplift downwind from the icecap.

In describing the change in ice flow and ice occupa­ 
tion of an area, this report will use a domain concept: 
domain is referenced to the areas occupied by ice from 
various sources under full-glacial conditions. If ice 
from one source moves into what was the full-glacial 
domain of another source area this is an "incursion." 
By use of the domain concept flow directions and 
relative ice-productivity of different source areas can 
thus be related through time.
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FIGURE 5. Major full-glacial ice-sources and drainageways of northern Yellowstone National Park. Light and dark shading, accumulation 
and ablation areas of northern Yellowstone galcier. This glacier (heavier shading) terminated in the Yellowstone valley and was fed by 
parts of interconnected icecaps from five main source areas (open stipple). The short-dashed lines separate the source area of this glacier 
into five flow components that head on: (I) the Gallatin Range, (II) the plateau between the Gallatin and Washburn Ranges, (III) the 
plateau south of the Washburn Range, (IV) the Beartooth uplift, and (V) the upper Lamar drainage. Double-point arrows on heavy 
dashed lines represent flow away from ice divides. Broad, open arrows, major ice drainageways more than 800 m deep; small arrows, 
flow directions; hachured lines, Pinedale terminal moraines in the northern Yellowstone area. Outline of ablation area dashed where 
uncertain.

DISCUSSION OF METHODS

Most methods employed in this study are standard 
and are described more completely in texts such as 
Flint (1971). The methods discussed in detail here in­

clude only those which are either not widely known or 
that require reevaluation with regard to their 
usefulness in this study. Many others are briefly 
described where relevant in the section on glacial 
history.
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INDICATORS OF AGE

The following criteria were used to determine age 
relations of glacial features in northern Yellowstone:
I. Indicators of the relative magnitude of age difference 

A. Weathering criteria
1. Extent of soil development
2. Thickness of weathered rinds on stones
3. Degree of muting of morphologic expression
4. Weathering and pitting of rock surface
5. Presence and thickness of loess mantle 

B. Radiometric age determinations (K-Ar, 14C) 
C. Obsidian-hydration dating 
D. Geometric relations to deposits of known age 
E. Amount of offset along the same fault 
F. Relation to volcanic ash beds 
G. Pollen profiles from overlying lacustrine or bog sediments

II. Indicators of relative age which are independent of the 
magnitude of age difference 
A. Cross-cutting relations in plan view

1. Moraines
2. Cross-cutting striations
3. Cross-cutting scour features
4. Ice dams, backfills, changes in erratic-transport

directions 
B. Sequence relations

1. Position relative to ice source
2. Stratigraphic sequence
3. Age relations required by reconstruction of geologic 

history

SOIL DEVELOPMENT

The degree of development of relict soil profiles has 
been used in the Rocky Mountains to group glacial 
deposits by age (Richmond, 1962a). A major effort was 
expanded in northern Yellowstone to do the same. Un­ 
fortunately, the great variability of parent materials 
there complicates matters to the extent that soils 
could not be used as an unambiguous age-criterion.

The degree of soil-profile development is most readi­ 
ly estimated by the amount of clay enrichment, the ex­ 
pression of soil structure, and the thickness of the 
B-horizon. Soil development is generally aided in 
northern Yellowstone by a wet climate and a signifi­ 
cant amount of clay in the parent material.

Relict soils on Bull Lake deposits generally show 
stronger development than those on Pinedale deposits, 
although the amount of variability in development of 
soils on Pinedale deposits overlaps that on Bull Lake 
deposits. Before ages can be assigned to soil profiles, 
one must account for the effect of factors such as 
parent material, completeness of preservation of the 
profile, susceptibility to illuviation, topographic ef­ 
fects, and climate on soil development. Thus, although 
degree of soil development is useful as an age criterion, 
like most other Quaternary relative-age criteria, it 
necessitates subjective judgments.

Variation in parent material alone complicates the

use of relict soils in northern Yellowstone. For exam­ 
ple, post-Pinedale soils developed on sandy till derived 
from rhyolite are poorly developed compared to those 
on till containing moderate amounts of clay.

Moreover, it is generally not possible to distinguish 
primary from inherited characteristics. Some soils 
start with what might be called a "stacked deck," in 
terms of their ability to exhibit a significant amount of 
soil "development" in a short time. In some cases, this 
may be literally a "stacked deck" consisting of a fine­ 
grained layer containing easily mobilized clay overly­ 
ing a moderately porous layer: the clay may be readily 
washed down into the underlying deposit, forming a 
B-horizon enriched in clay. However, such a B-horizon 
is not made up of clay-minerals formed by in-place 
weathering. A similar condition is produced when fine­ 
grained airborne silt and clay are deposited on the sur­ 
face and washed down into the soil profile.

Some clays, apparently of the swelling type, readily 
form well-developed soil profiles, when mixed with 
coarser material in the approximate ratio of one-third 
clay to two-thirds coarser material. Some clays derived 
from Paleozoic or Mesozoic shales or Eocene mudstone 
seem to migrate readily downward in soil profiles, 
perhaps as a result of expansion and contraction of the 
clays during wetting and drying cycles. Such cycles 
are characteristic of northern Yellowstone, where soils 
deeply saturated by snowmelt are dry by late summer. 
The clay moves from the upper part of the soil into the 
B-horizon where it forms a textural B-horizon. In this 
instance, the amount of clay in the B-horizon is not a 
function of mineral-grain weathering, but merely the 
movement of clay. Wetting and drying of a clayey 
B-horizon also promotes development of soil struc­ 
ture in a relatively short time.

OBSIDIAN HYDRATION

The thickness of hydration rinds has been used to 
date obsidian artifacts and rhyolite flows in the time 
interval from several hundred to several hundred thou­ 
sand years ago (Friedman and Smith, 1960; Friedman, 
1968). A fresh surface of obsidian (nonhydrated 
volcanic glass of rhyolitic composition) will absorb 
water from the air or soil, and this water will slowly dif­ 
fuse into the obsidian at a rate that is independent of 
humidity, but dependent mainly on temperature and 
the composition of the obsidian. The diffusion front is 
sharp and can be recognized by the abrupt change in 
refractive index at the hydration interface. The hydra­ 
tion rate relative to temperature has been experimen­ 
tally determined (Friedman and Long, 1976).

Experimental evidence and data from archeological 
material indicate that the thickness of the hydration 
rind increases linearly with the square root of time:
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thickness = constant x (time) 1 ' 2 or
(thickness)2 <* time.

Hydration will start whenever a fresh surface of obsi­ 
dian is exposed, such as when an obsidian pebble is 
abraded, a rhyolite flow cracks during cooling, or an 
obsidian artifact is manufactured. Experimental deter­ 
mination of hydration rates with variable water 
pressure, and inspection of hydration rinds on obsidian 
from archeological sites in "wet" and "dry" en­ 
vironments both show that relative humidity is unim­ 
portant in the hydration process (Friedman and Smith, 
1960). In order to minimize annual or diurnal 
temperature changes, samples for dating should be col­ 
lected from at least 1.5 m below the natural ground 
surface. Thermal areas are not appropriate for sam­ 
pling because of abnormally high ground 
temperatures.

Various thicknesses of rinds are commonly noted on 
thin sections of obsidian pebbles from a glacial deposit. 
The thickest rinds develop adjacent to the original 
cooling cracks; they generally occur beneath smooth 
arcuate surfaces and around phenocrysts and vesicles. 
Thinner rinds date from times when an obsidian frag­ 
ment was glacially abraded, and the thickness of these 
rinds may be used to date glacial deposits (Pierce and 
others, 1976).

Two forms of cracks not related to cooling are com­ 
mon in obsidian from glacial deposits. Scallop cracks 
are subparallel to the pebble surface and are thought to 
be produced when the pebble was forcibly dragged 
across another hard object. Pressure cracks occur in 
groups that extend from the clast surface toward like 
fingers; they are thought to result from intense 
pressure on a small area of the obsidian clast in contact 
with another hard object (Pierce and others, 1976, 
fig. 2).

DETERMINING DIRECTION OF GLACIAL FLOW

Erratics. Glacial erratics are one of the most com­ 
monly used indicators for reconstructing directions of 
ice movement. In northern Yellowstone, where multi­ 
ple ice sources did not necessarily function in unison 
and multiple glaciations are involved, erratics may 
have been carried in different directions at different 
times during a single glaciation, or they may have been 
carried in one direction during one glaciation, and in a 
different direction during subsequent glaciation. Con­ 
sequently, erratics that do not make up a significant 
portion of a glacial deposit are used only to indicate net 
transport direction and are not used to indicate flow 
direction during any specific phase of glaciation unless 
supported by other evidence.

Rat tails. Glacial pavement on rocks of varying 
resistance, especially conglomerates containing hard

pebbles, commonly display rat tails. These are 
streamlined forms on the down-ice side of resistant 
clasts that stand higher than the surrounding rock 
(figs. 6A, 1A). Rat tails are probably the most ob­ 
vious and certain indicator of the direction of glacial 
flow. Unfortunately, the main conglomerates present 
in northern Yellowstone, from the Eocene Absaroka 
Volcanic Supergroup, are so poorly indurated that 
glacial pavement is seldom preserved on them, even on 
cirque floors.

Striations. Glacial striations may indicate either 
regional or local flow patterns. They establish the line 
of flow, but do not necessarily indicate which direction 
the ice moved. If the striations occur on a peak or ridge 
crest well above other nearby topographic features, 
they closely reflect the direction of regional flow and 
parallel the direction of slope of the ice surface. If they 
occur within a valley and parallel the valley, their 
orientation may be controlled by local topography. But 
striations and other flow features that trend across the 
topographic grain tend to indicate regional flow and, 
thus, the direction of slope of the ice surface.

Some striations can be used to determine the se­ 
quence of glacial flow directions. For example, a set of 
glacial striations may cut across an older set. Or stria­ 
tions with different orientations may occur on high 
and low parts of the same ridge crest; the higher stria­ 
tions indicate an earlier flow direction and the lower 
ones a later direction.

Striations and polish on bedrock protub­ 
erances. The preferential development of polish and 
striations on the up-ice side of a bedrock protuberance 
compared to that on the down-ice side is a common in­ 
dicator of the direction of flow. Clasts 0.2-1 m across 
in the Eocene bedrock form protuberances that com­ 
monly show such preferential development of stria­ 
tions and polish. This is the result of compressive flow 
as the base of a glacier crowds around the pro­ 
tuberance (figs. 6 and 7). Striations indicate the aline- 
ment of flow, and the distribution of polish and stria­ 
tions shows the direction of flow along this alinement.

Polish on treads and not on risers. Ice flow in some 
places was across a stairstep-like set of benches. Where 
the risers face the direction of flow, striations and 
polish are developed on the outer portions of the steps 
and are absent on the risers (figs. 6C, IB).

Low-angle friction cracks. Fractures sometimes 
form in bedrock when it is overridden by ice and its in­ 
corporated debris. A variety of "chatter marks" iden­ 
tified by their shape in plan view have been described 
(Gilbert, 1906; Harris, 1943; Okko, 1950; Flint, 1971). 
In the present study, only low-angle friction cracks 
were used as a directional indicator (figs. 6D, 1C).
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FIGURE 6. Some small-scale features used in this study to deter­ 
mine direction of glacial flow. These features are particularly im­ 
portant in the Washburn Range-Specimen Ridge area, where 
they indicate full-glacial flow northward toward the outlet glacier 
at Gardiner. A, Rat tail; B, Striations and polish on upflow side of 
protuberance; C, Striations and polish on tread and not on riser; 
D, Low-angle friction crack. Heavier lines in cross sections in­ 
dicate places of glacial polish and striations.

These cracks dip in the direction of ice-flowage. They 
seem to be analogous to tension gashes found along 
fault surfaces, with the contact between the debris- 
laden glacier and bedrock being analogous to the fault 
surface. Flint (1971, p. 97; 1955, p. 59) and Dreimanis 
(1953) concluded that not all friction cracks dip in the 
direction of flow and cited examples of cracks inclined 
in the opposite direction at angles of 50°-90° to the 
rock surface. Cracks inclined at an angle of more than 
35° to the rock surface were not used as flow-direction 
indicators in this study so as to eliminate the problem 
of high-angle friction cracks.

RECONSTRUCTION OF THE ICE SURFACE

A reconstruction of the shape of the glacier surface 
in northern Yellowstone was a major objective of this 
study; such a reconstruction is possible in detail only 
for the last (Pinedale) glaciation (pi. 1). Areas covered 
by ice during the last glaciation are defined by end 
moraines, lateral moraines, erratics on glacially 
scoured terrain, large-scale glacial-scour features (ap­ 
parent on aerial photographs and on the ground), and 
fresh glacial striations and polish. In transects that ex­ 
tend from glaciated to unglaciated terrain, it is com­ 
monly possible to determine the altitude of the ice sur­ 
face within 30 meters.

Under equilibrium conditions in temperate latitudes, 
about two-thirds of the surface area of an ice mass is in 
the glacier accumulation area above snowline and 
about one-third is in the ablation area below snowline. 
Glacial deposition near the ice margin occurs only in 
the ablation area. Thus, in determining the maximum 
height of a glaciation, only erosional features are to be 
expected over most of a former glacial system, with 
the exception of recessional glacial deposits along 
valley floors in the source area.

The best places for determining ice-surface altitudes 
are provided by nunataks. The minimum height of ice 
of the last glaciation is indicated by the highest fresh 
evidence of glaciation. The maximum height of ice is 
more difficult to determine accurately: it is approx­ 
imated by the lowest altitude where fresh evidence of 
glaciation was not observed, but should have been 
preserved had the area been glaciated. If all the high 
places in a given area were covered, as was commonly 
the case in northern Yellowstone, the glaciated high 
points only indicate the minimum altitude of the ice 
surface.

The orientation of contours on the ice surface and the 
direction of surface slope can be determined if ap­ 
propriate glacial scour or other features are observed. 
With these form lines, the surface altitude of the ice 
can then be projected laterally from places where the 
actual altitude of the ice has been determined from 
field observations on nunataks, or where a minimum 
altitude has been determined on glaciated high points. 
One needs to be able to infer that glacial scour features 
relate to full-glacial flow and not to some anomalous 
local topographic or recessional effect. Striations on 
ridge crests near the upper limit of glaciation provide 
the best indicators of the direction of full-glacial flow.
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FIGURE 7. Directional glacial-scour features. A, Rat tails on 
downflow sides of conglomerate pebbles. Flow to the left parallel 
to striations. Locality on north side of Mount Washburn at 
altitude of 2,560 m (8,400 ft). B, Polish on tread, T, and not on 
riser, R. Riser facing to the left is not polished, indicating flow to 
left parallel to striations. Locality on east side of Mount 
Washburn at altitude of 2,620 m (8,600 ft). C, Photomicrograph of

small friction cracks. Flow parallel to striations and toward the 
left. Sample collected from summit area of Mount Washburn and 
coated with thin white film for photographic enhancement. D, 
Photomicrograph of striations rounding a protuberance, summit 
area of Mount Washburn. Polish on upflow side of corner. The 
hackly area just left of center is part of a friction crack.
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THE BULL LAKE-PINEDALE PARADIGM

Following Blackwelder's (1915) original description 
of end-moraine sequences in the Wind River Range, in 
which older, more muted Bull Lake moraines were 
typically succeeded upvalley by fresher Pinedale ones, 
many geologists have mapped similar morainal succes­ 
sions elsewhere in the Rocky Mountains. This Bull 
Lake-Pinedale succession has been so widely recogniz­ 
ed that one normally expects to find it, and it has 
become a widely accepted paradigm for the subdivision 
of glacial deposits in the Rocky Mountains. From ex­ 
perience in Yellowstone and elsewhere, I think the Bull 
Lake-Pinedale paradigm tends to produce a similar 
pattern of age assignments, regardless of the actual 
age of the deposits.

In studies of end-moraine sequences, a common pro­ 
cedure is to examine a sequence for differences in 
boulder abundance, preservation of original mor­ 
phology, soil development, and other relative-age 
characteristics. For the purposes of correlation with 
the standard Rocky Mountain sequence, one looks to 
the outer moraines as possible candidates for a Bull 
Lake age assignment, and to sequentially younger 
moraines as candidates for a Pinedale age assignment. 
The problem then becomes to determine if relative-age 
criteria indicate this age difference. Quantitative 
measures of this difference are uncommon, and are 
quite incomplete in the type areas.

Such a relative-age difference is not one of absolute 
values that are comparable from range to range or 
valley to valley, mainly because of differences in 
climate, rock type, and texture of the deposits. Thus, 
in the absence of numerical dates, the differences 
within a morainal sequence are entirely relative. 
Whether or not the relative-age differences are of the 
Bull Lake-Pinedale magnitude is a subjective decision. 
Also, the observations are commonly subjective; a ma­ 
jor age criterion is the visual evaluation of moraine 
morphology. Examination of almost any end-moraine 
sequence produces some differences in relative-age 
criteria. Seldom are statistical measures employed to 
determine if the differences are meaningful. The re­ 
searcher normally is motivated to find differences, 
because concluding that he can find no significant age 
differences in a moraine sequence would be failing to 
find what others have commonly found. Therefore, 
there is a bias toward looking for differences, and an 
expectation that the differences found might be of the 
magnitude of the Bull Lake-Pinedale contrast.

However, if one considers the relative size of the Bull 
Lake and Pinedale Glaciations as commonly mapped, 
an alternative hypothesis should be entertained. In 
many places in the northern Rocky Mountains (for ex­ 
ample, western Mount Cowen, fig. 12), Pinedale 
glaciers were at least 95 percent as long as the 
preceding Bull Lake glaciers. Thus only a 5 percent (or 
less) increase in size of Pinedale glaciers would result in 
overrunning and obliterating Bull Lake terminal 
moraines. In some places where both Pinedale and Bull 
Lake moraines are identified, Pinedale glaciers were 
clearly longer than Bull Lake ones, and Bull Lake 
moraines are preserved only because Pinedale ice flow­ 
ed in a different direction in the terminal area (for ex­ 
ample, Strawberry Creek, fig. 12). It is likely that in 
some places Pinedale glaciers have overridden and 
obliterated Bull Lake moraines, leaving an end 
moraine sequence only of Pinedale age.

Other considerations also complicate the application 
of the Bull Lake-Pinedale paradigm. Recent studies 
suggest that in some areas Pinedale deposits differ in 
age by a factor of 2 or more (Pierce and others, 1976; 
S. M. Colman, written commun., 1977). Thus, ap­ 
propriately sensitive relative-age criteria may show 
significant age differences within a succession of 
Pinedale age. Therefore, even if an end moraine se­ 
quence is all of Pinedale age, it is possible to find some 
relative age criteria indicating an age difference. Also 
because one normally anticipates a downvalley in­ 
crease in age, it is difficult not to bias sampling and 
visual impressions toward older-looking localities 
downvalley and younger-looking localities upvalley. 
Thus, because of the expectation of finding older 
moraines downvalley, because of the subjective nature 
of the judgment of the magnitude of the age-difference 
expected, and because of possible age differences 
within the Pinedale, it may be quite possible to sub­ 
divide a morainal sequence into parts inferred to be 
correlative with the Bull Lake and Pinedale Glacia­ 
tions, even if moraines only of Pinedale age are pre­ 
sent. Because of the fact that the age of the Pinedale 
end moraines may differ by more than a factor of 2, 
even statistically valid relative-age differences within 
the Pinedale could easily be misconstrued as represen­ 
ting the Bull Lake-Pinedale difference.

If no break judged to be of the magnitude of the Bull 
Lake-Pinedale difference is recognized, then yet 
another potential pitfall exists. Because the outer 
moraines are commonly identified as Bull Lake, the 
whole end moraine complex may be assigned to the
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Bull Lake, and the Pinedale limit relegated to a canyon 
area or to some recessional moraines well upvalley, 
commonly half-way upvalley from the end moraines to 
the source area.

If relative-age criteria do not indicate clear age dif­ 
ferences in an end moraine complex, considerations of 
regional equilibrium-line altitudes suggest that in nor­ 
mal cases it is more reasonable to infer Pinedale 
glaciers were slightly larger than Bull Lake ones, 
rather than that Pinedale glaciers were much smaller, 
say only about half the size of Bull Lake ones. Of 
course, special circumstances may negate this reason­ 
ing, but the similarity in size of most glaciers of Bull 
Lake and Pinedale age indicates that their equilibrium- 
line altitudes were only slightly different.

Because of its Quaternary volcanic history, the 
Yellowstone area offers a particularly confusing glacial 
history if one is strongly influenced by the Bull 
Lake-Pinedale paradigm. West of the park, moraines 
with Bull Lake characteristics have long been recogniz­ 
ed as being well outside Pinedale ones. Therefore, it 
seems logical to expect Bull Lake moraines outside 
Pinedale ones on the northern margin of the same 
"Yellowstone" icemass. Consequently, in the early 
years of this study, I accepted the assigment by 
previous workers of the outer moraines in the 
Yellowstone valley, north of the park, to the Bull Lake 
Glaciation. After mapping in the Yellowstone valley, I 
was forced to conclude that the outer moraines have 
neither relative-age characteristics indicating an older 
age than moraines upvalley nor the general 
characteristics typical of Bull Lake moraines 
elsewhere, and that, therefore, moraines of only 
Pinedale age occur at the surface there. Changes in the 
topography of the source area due to volcanism be­ 
tween the Bull Lake and Pinedale Glaciations (fig. 47) 
furnished an explanation for the differences in relative 
glacier extent north and west of the park of Bull Lake 
and Pinedale glaciers.

In conclusion, it is obvious that Pinedale glaciers 
may locally have overridden and obliterated Bull Lake 
terminal moraines. The Pinedale-Bull Lake paradigm 
that I and others have used in subdividing end moraine 
sequences tends to ignore this hypothesis.

OUTLINE OF PRE-BULL LAKE 
SURFICIAL DEPOSITS

Table 1 gives the age and location of pre-Bull Lake 
surficial deposits in northern Yellowstone and remarks

on their geologic significance. Knowledge of the 
pre-Bull Lake history is far more fragmentary than for 
the younger glaciation, but those interested in these 
deposits can find further information in Pierce (1973a, 
b; 1974a, b), Christiansen and Blank (1972), Richmond 
and Waldrop (1972), Brown (1961), and Boyd (1961).

BULL LAKE GLACIATION

The type area of the Bull Lake Glaciation is on the 
east flank of the Wind River Mountains in central 
Wyoming (Blackwelder, 1915; Richmond and Murphy, 
1965). It is defined by well-developed end moraines 
outside the moraines of the last major (Pinedale) 
glaciation (Blackwelder, 1915, p. 324-328). Although 
the Bull Lake has been subdivided into an early and 
late stade (Richmond and Murphy, 1965; Richmond, 
1965a), this report refers only to inner and outer 
moraines. Moreover, the Bull Lake moraines are 
described only at one place on the margin of the 
northern Yellowstone icemass. Pinedale glaciers over­ 
ran and presumably obliterated Bull Lake moraines in 
the Yellowstone valley and in the valleys of the 
Gallatin River and Grayling Creek.

WEST YELLOWSTONE BASIN

A large lobe of ice of Bull Lake age advanced 
westward from the park into the West Yellowstone 
Basin, nearly filling the basin and depositing bulky 
end moraines (figs. 8 and 9). These moraines can be 
traced almost continuously over a distance of about 40 
km from east of Grayling Creek to the south shore of 
Hebgen Lake and mostly occur between altitudes of 
2,000 and 2,100 m (6,500 and 6,800 ft). This large lobe 
of ice appears to have flowed into the basin mostly 
through an area now occupied by the West 
Yellowstone rhyolite flow south of the present 
Madison Canyon (fig. 8). Glacial streaming just south 
of Cougar Creek and also west of Mount Haynes on the 
south side of the Madison River shows that ice flowed 
northwesterly into the basin (fig. 8). Northwesterly 
flow also transported obsidian erratics, probably deriv­ 
ed from the Cougar Creek rhyolite flow, to the 
moraines north of Gneiss Creek.

The flow of Bull Lake ice into the West Yellowstone 
Basin occurred prior to emplacement of the West 
Yellowstone rhyolite flow. South of Madison Canyon,
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TABLE I. Pre-Bull Lake surficial deposits in northern Yellowstone National Park

Deposit Age (m.y.) Location Remarks

Gravel beneath Junction 
Butte Basalt.

Gravel beneath Huckle­ 
berry Ridge Tuff.

Till at Bumpus Butte 
and associated grav­ 
els, lake sediments, 
and basalts.

Pre-Bull Lake tills on 
(or including frag­ 
ments of) Huckleberry 
Ridge Tuff.

Diamicton beneath tuff 
of Notch Mountain

Gravel beneath basalt 
at Deckard Flats.

Gravel beneath Undine 
Falls Basalt.

Glacial deposits beneath 
Lava Creek Tuff (not 
found in study area).

Gravel associated with 
Osprey Basalt.

Gravel associated with 
Osprey Basalt.

0.6

0.6-0.7

0.6-0.7

0.6

0.2

0.2

Lower third, Grand Canyon 
of Yellowstone River.

Mt. Everts

1.5 The Narrows near Tower 
Falls.

<2 Between Gallatin and 
and Madison Ranges. 

>0.15

Saddle Mountain

Upstream from confluence 
of Bear Creek and Yellow- 
stone River.

Grand Canyon of Yellow- 
stone River near Deep 
Creek.

Northern Yellowstone area.

Lamar River banks 
30 km upstream from 
the Lamar Canyon.

Sheepeater Canyon of 
Gardiner River.

Indicates large stream, at present location of Yellowstone 
River. Position of gravel 120 m above Yellowstone 
River indicates that amount of net downcutting by river 
in last 2 m.y., but several cycles of filling and cutting are 
involved.

Indicates local drainage coming from andesitic rocks of 
Washburn Range. Absence of reworked erratics suggests 
no prior extensive glaciation.

Indicates glaciers about 50 km long reached this area from 
Beartooth uplift. This ice first blocked and then advanc­ 
ed southward up the ancestral Yellowstone River, caus­ 
ing deposition of lake sediments, till, and associated gravel.

Indicate that at least two pre-Bull Lake glaciations in this 
area extend further than did Bull Lake or Pinedale gla­ 
ciers. The older till is deeply weathered and has no con­ 
structional morphology. The younger one retains some 
morainal morphology and associated outwash forms a 
terrace 20 m above the Gallatin River.

If a till, glaciers may have been small because deposit oc- 
cures near modern cirques. Faceted stones present, but 
neither striations nor erratics were noted.

Indicates an ancient deposit of Yellowstone River of possi­ 
ble glacial origin. Very coarse boulder deposits at base of 
gravel 30 m thick suggests a glacial origin.

Gravel derived from Eocene rocks of Washburn Range and 
local rhyolite flows indicates local drainage through area. 
Its position 120 m above Yellowstone River indicates 
that amount of net downcutting since deposition.

No definite glacial deposits were found immediately be­ 
neath the Lava Creek Tuff. This seems anomalous be­ 
cause the ash fall from the Lava Creek eruption (Pearlette 
type O) lies on Kansan tills in the western part of the 
midcontinent.

Gravel of possible glacial origin deposited immediatly 
above or below basalt flows. Lamar River has cut into 
these deposits, but is not significantly below them.

Drainage from Gallatin Range flowed through this area. 
Gardiner River has cut canyon about 150 m since this time.

features produced by Bull Lake glacial scour occur im­ 
mediately northwest of the West Yellowstone rhyolite 
flow (fig. 8; Waldrop, 1975a). Farther west Bull Lake 
glacial deposits extend to the rhyolite flow, but are not 
on it (Richmond and Hamilton, 1960; Richmond, 
1964a; Waldrop, 1975a; U.S. Geol. Survey, 1972a). 
Pinedale ice did not advance across the northern crest 
of the flow, inasmuch as the top of the rhyolite there is 
unglaciated (fig. 8; Richmond, 1964a, fig. 115, pi. 5; 
Waldrop and Pierce, 1975; U.S. Geol. Survey, 1972a).

South of the Madison Canyon, Bull Lake glaciers 
were more extensive than Pinedale glaciers, probably 
owing to a combination of two related factors. First, 
Bull Lake but not Pinedale ice could enter the basin 
through an area about 15 km wide now occupied by the 
West Yellowstone rhyolite flow (Richmond, 1964a, fig. 
115; Hamilton, 1960, p. 98; Waldrop and Pierce, 1975). 
Second, the center of mass of the Bull Lake icemass 
was probably nearer the West Yellowstone Basin than 
was that of the Pinedale icemass (fig. 47).
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1 ft = 0.3048 m

EXPLANATION
Area covered by Bull Lake end moraines (shaded) and scour 

features and ground moraines (lined) beyond Pinedale 
limit

West Yellowstone rhyoliteflow(emplaced after deposition
of Bull Lake moraine) 

Pinedale outwash (includes obsidian-sand plain')

Limit of Pinedale ice Dashed where buried by alluvium 

Soil localities described in figures 10 and 11 

Glacial scour features of Bull Lake age

FIGURE 8. Map showing extent of Bull Lake glaciers near West Yellowstone, Mont. Outlines dashed where limits 
uncertain. Bull Lake ice extended as far west as Horse Butte, about 20 km west of limit of Pinedale ice. See figure 3 
for location of this map area. Mapping of surficial deposits near West Yellowstone modified from Alden (1953), Rich­ 
mond (1964a), Pierce (1973a), Waldrop and Pierce (1975), and Waldrop (1975a). Mapping of West Yellowstone flow 
modified from Richmond and Hamilton (1960), Hamilton (1964), and R. L. Christiansen (written commun., 1972). 
Base from AMS 1:250,000 Ashton, Idaho, Mont., 1955.
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The Bull Lake ice lobe entering the West 
Yellowstone Basin from the southeast was joined by 
ice flowing westward between the south end of the 
Gallatin Range and the north rim of the Madison 
Canyon (fig. 8). Erratics from the south end of the 
Gallatin Range occur in Bull Lake moraines as far 
south as Horse Butte. These erratics were either car­ 
ried directly by ice from the Gallatin Range or derived 
from older glacial and alluvial deposits.

Although the ice lobe south of the Madison Canyon 
was much larger during Bull Lake time than during 
Pinedale time, the amount of overflow across the 
divide between the south end of the Gallatin Range 
and the north rim of the Madison Canyon was similar 
during each glaciation. On The Crags (west of Mount 
Holmes, fig. 8), the limits of Bull Lake and Pinedale ice 
converge upwards and merge at an altitude of about 
2,560 m (8,400 feet). South of Cougar Creek the upper 
limit of recognizable glaciation is thought to represent 
the limit of Bull Lake Glaciation. It is about 100 m 
(300 feet) higher than the Pinedale terminal moraines. 
Eastward up Cougar Creek, the Pinedale limit rises 
and merges with the upper limit of recognizable glacia­ 
tion, suggesting that the Bull Lake was no higher than 
the Pinedale there. The reason for the differences in 
flow of Bull Lake and Pinedale ice is discussed in the 
concluding section of this report.

RELATIVE-AGE CRITERIA

Assignment of the moraines near West Yellowstone 
to the Bull Lake Glaciation is based upon the degree of 
contrast with nearby Pinedale moraines and their 
similarity to Bull Lake moraines elsewhere in the 
region. The main factors considered are: (1) degree of 
preservation of original morphology, (2) position in the 
moraine sequence, (3) degree of breaching by streams, 
(4) loess mantle, (5) weathering rinds, and (6) soil 
development.

The moraines of the Bull Lake Glaciation have re­ 
tained most of their overall shape in plan view, as 
shown by the horseshoe-shaped end moraines north of 
Horse Butte (fig. 9). Moraine crests can be traced for 
kilometers. The moraines do not exhibit the pronounc­ 
ed hummockyness, steep slopes, or conical undrained 
depressions characteristic of the Pinedale moraines, 
but they do have the muted morphology typical of the 
Bull Lake (fig. 9). A few poorly drained areas between 
morainal highs occur just northeast of Horse Butte.

The moraines still retain vestiges of their original fine- 
scale hummockyness (fig. 9). Slopes on the moraines 
are gentle, generally not exceeding 20°. The moraines 
are bulkier and broader than those of Pinedale age; 
Richmond (1965a, p. 220-221) has noted that Bull 
Lake moraines tend to be bulkier than Pinedale ones 
elsewhere in the Rocky Mountains. Because these 
moraines were deposited by a large, unconfined pied­ 
mont ice lobe and the Bull Lake Till is rich in fines and 
poor in large boulders, the original morphology of 
these moraines was probably never as strong as that of 
moraines deposited by typical Rocky Mountain valley 
glaciers from granitic terrain. Also, a thin loess mantle 
covers the till surface, burying most of the stones and 
smoothing the morainal morphology.

No end moraines of intermediate age occur between 
the Bull Lake and Pinedale moraines. In the Madison 
Junction quadrangle, Waldrop (Waldrop and Pierce, 
1975) mapped deposits of sandy kame gravel and 
cemented kame gravel that overlie the West 
Yellowstone rhyolite flow and are mantled by surficial 
deposits of Pinedale age. No buried soils were found 
between the kame deposits and the overlying Pinedale 
deposits. Nonetheless, the kame deposits were assign­ 
ed to the "late(?) stade of the Bull Lake(?) Glaciation" 
because their deposition required the presence of 
glaciers, and they are stratigraphically older than the 
mantling Pinedale deposits and younger than the West 
Yellowstone flow which postdates the Bull Lake end 
moraines. In the absence of weathering criteria in­ 
dicating a Bull Lake age, I consider assignment to 
either the Pinedale or to a previously unrecognized 
glaciation equally as reasonable as assignment to the 
Bull Lake. The moraines assigned to the Bull Lake and 
Pinedale (fig. 8), however, appear to be a sequence 
typical of the Rocky Mountains.

The Bull Lake moraines near West Yellowstone are 
generally widely breached by the local streams. Com­ 
monly a segment of moraine an order of magnitude 
wider than the breaching stream has been removed. 
The width of stream-cut gaps through Pinedale 
moraines is only about three times greater than the 
width of the breaching stream.

The Bull Lake moraines are generally covered with 
about 0.5-1 m of windblown silt. This loess has been 
mixed with the underlying Bull Lake glacial deposits, 
and on slopes both have moved downslope by colluvial 
processes. The source of the eolian silt on the Bull Lake 
moraines may be from glacial outwash plains, arid
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basins to the west, or a combination of both. Loess is 
widely distributed over thousands of square 
kilometers at the upper end of the Snake River Plain. A 
mantle of eolian silt is not restricted to Bull Lake 
deposits. Commonly 10 to 30 cm of eolian silt mantles 
Pinedale deposits, although this mantle is usually 
masked by mixing and by soil development.

In two studies, weathering rinds were measured on 
basalt cobbles from the Bull Lake and Pinedale 
moraines. In the first study, about 15 cobbles were col­ 
lected from 14 sites by H. A. Waldrop from the 
B-horizon of the soil profile. I measured the rinds to 
the nearest quarter mm with a ruler. Average 
thicknesses for nine sites from the main morainal belt 
around the basin ranged between 0.7 and 1.0 mm and 
averaged 0.8 mm. For five sites 4 to 8 km southwest of 
West Yellowstone, the average thicknesses ranged 
from 0.95 to 1.35 mm and averaged 1.15 mm.

In a second study, S. M. Colman, aided by myself 
and R. M. Burke, measured rinds to the nearest 
0.1 mm using a comparitor with 6X magnification. For 
162 basalt stones from three localities on the morainal 
belt on the north side of the basin, rind thickness 
averaged 0.78±0.19 mm (Colman, 1977). For 64 basalt 
stones from two localities 4-5 km southwest of West 
Yellowstone, the average is 0.99±0.18 mm. In com­ 
parison, rinds from Pinedale end moraines average 
0.40 ±0.22 mm. These two studies show that com­ 
parable results can be obtained by the two methods; 
however, comparitor measurements are more precise. 
In addition, both studies show that the rinds are 
significantly thicker in the slightly higher area 
southwest of West Yellowstone towards Reas Pass. 
This increase in rind thickness probably results from 
increased moisture, for the vegetation there suggests 
moister soils, and snow survey records indicate 70 per­ 
cent more moisture in the April 1 snowpack in this 
area than at West Yellowstone (Fames and Shafer, 
1975, p. 169-170).

On comparable parent materials, relict soils on 
deposits of Bull Lake age are generally better 
developed than on those of Pinedale age. Because of 
local variation in soil development it is difficult to deter­ 
mine which soil profiles represent the age of a given 
deposit. Three different studies of the soils on the Bull 
Lake moraines have been made. The first soils descrip­ 
tion is that of G. M. Richmond (1964a, p. 226), sum­ 
marized on the left side of figure 10. A soil that I con­ 
sidered representative of the amount of soil develop­

ment that has occurred since deposition of the 
moraines is shown on the right side of figure 10 and 
also given in Pierce (1973a, soil profile T). This profile 
shows somewhat better development than Richmond's 
generalized profile and is probably composite, with a 
weakly developed soil in loess mantling a better 
developed soil in mixed loess and till. The 7.5 YR col­ 
ors in the buried B&A horizon and the clay films, and 
the increase in stickiness in the buried B&A horizon, in 
particular indicate better development than the soil in 
Pinedale Till or Pinedale(?) loess.

After the field studies and several drafts of this 
report were completed, R. M. Burke, S. M. Colman, 
and I examined a number of sites in the West 
Yellowstone Basin to better document the weathering 
characteristics of the Bull Lake and Pinedale moraines. 
I am indebted to R. M. Burke for providing the soils 
data shown in figure 11 (written commun., 1976). All 
sites except locality 5 were on flat crestal areas of 
moraines, or "ideal" sites.

On the right side of each graph of figure 11, the soil 
colors are plotted, in order of increasing intensity of 
oxidation, as estimated by R. R. Shroba (written com­ 
mun., 1976). I have combined some colors to con­ 
solidate the diagram, combining colors recorded only 
once or colors where the estimate of the oxidation dif­ 
ference was judged to be small.

Localities 5 and 6 have the thickest loess mantle, and 
also have a buried textural (argillic) B horizon beneath 
the loess. The soil formed in the loess is less developed 
than the buried soil, having only a weak cambic (color) 
B horizon. At locality 6 the magnitude of the clay peak 
in the IIB2b horizon may be somewhat exaggerated, 
owing either to the textural variability of the parent 
material or to the lower permeability of the underlying 
compact till, which impedes deeper infiltration of clay 
particles. The soil profile on the Pinedale moraines is 
more weakly expressed than that on the surface loess, 
probably because the loess has more original clay and 
weatherable grains than the rhyolitic till.

The soil at locality 3 has the thickest profile and the 
greatest amount of apparent development of the sites 
examined. However, the location in a gentle swale, the 
absence of a loess mantle, and the parent material 
change from a diamicton to a gravel are different from 
the other profiles. The diamicton may be colluvium or 
flow till. The following explanation was given in the 
field by A. D. Southard (oral commun., 1971) for the 
solum being thicker and essentially coincident with the
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Loam, gray

Sandy silt, light-brown (7.5YR6/4) to light- 
yellowish-brown (10YR6/4). Nonsticky, 
nonplastic. Moderate medium angular 
blocky structure. Compact. pH 6.0-6.5

Fresh till, light-gray (10YR7/2) to very pale 
brown (10YR7/3). Compact but friable
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Soil horizons and description

A11 Loam, very dark brown (10YR2/2). Very 
slightly sticky, nonplastic. Weak fine 
crumb structure

Loam, very dark grayish brown (10YR3/2). 
Very slightly sticky, slightly plastic. Strong 
medium platy structure. Hard

Weak stone line

Gravelly loam, mottled yellowish-brown to 
dark-brown (10YR5/4-3/3). Slightly sticky, 
slightly plastic. Very compact. Very hard. 
Silt coats on stones and peds

Gravelly clay loam, dark-grayish-brown 
(7.5YR3/2) to (10YR3/2). Sticky, plastic, 
some clay films. Strong medium subangu- 
lar blocky structure. Very hard

Gravelly clay loam, dark-grayish-brown 
(10YR4/2) to dark-gray (10YR4/1). Brown 
(7.5YR4/4) clay films on widely spaced 
cracks. Sticky to slightly sticky plastic to 
slightly plastic. Moderate medium platy 
structure

Gravelly clay loam, very dark grayish brown 
(10YR3/2). Sticky to slightly sticky, plastic 
to slightly plastic. Moderate medium platy 
structure

B

FIGURE 10. Descriptions of soil profiles on Bull Lake moraines near West Yellowstone. Patterns in surficial-materials column indicate 
stones (circles), sand (dots), and silt and clay (dashes). A, Relict soil as generalized from Richmond (1964a). B, Soil on moraine crest at 
locality no. 2 (fig. 8). Vegetation, grassland with widely scattered trees. Colors are for moist soil. A buried soil occurs below 30 cm. The 
modern soil is developed through a mantling loess into the buried soil. Measured with Clifford Montagne in 1970 and A. D. Southard in 
1971.

diamicton layer. With the annual snowmelt, the entire 
diamicton layer is wetted to capacity before water can 
move downward into the gravel. In thicker deposits of 
similar texture, capillary tension would have 
facilitated movement of water to greater depths and 
the moisture content of the upper 1.4 m would be less. 
Thus, the diamicton layer is wet and dried, or

"worked" as a unit, thereby giving a unity to its oxida­ 
tion state and clay content. This seasonal wetting and 
the well-drained gravel beneath the diamicton 
facilitated stronger development of oxidation colors. 
The clay may either be original, be from infiltrated 
loess, or result from colluviation of loess-rich soil be­ 
tween two moraine crests.
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Loc. 9. Cougar Creek area. Bouldery moraine crest inside that of loc. 8. Forest 
of lodgepole pine.

Loc. 5. Subdivision roadcut in gently sloping moraine on east side of 
Horse Butte. Soil affected by colluviation in upper 1.5 m. Grassland.



HISTORY AND DYNAMICS OF GLACIATION, NORTHERN YELLOWSTONE NATIONAL PARK F23

The soils on the Pinedale moraines at the mouth of 
the Madison Canyon and just to the north along 
Cougar Creek are developed in such different parent 
material that comparison with the Bull Lake soils is 
misleading. Where post-Pinedale soils are developed in 
parent material more comparable to the Bull Lake Till, 
such as on both sides of the Gallatin Range (discussed 
in the section on the Gallatin Valley glacier), a cambic 
B horizon (or Cox) extends to a depth of about 0.8 m; 
no evidence was found in the field of a textural (or 
argillic) B horizon. These areas were deglaciated as 
recently as about 15,000 years ago. (See "Age of the 
Deckard Flats readjustment.")

DISCUSSION OF AGE ASSIGNMENT

The moraines flanking the West Yellowstone Basin 
were assigned to the Bull Lake Glaciation or to ages 
considered correlative with the Bull Lake by all studies 
completed before obsidian-hydration dating of these 
moraines. Alden (1953, p. 176) mapped these moraines 
and assigned them to the "lowan or the Illinoian 
glaciation," a designation he considered (p. 86) 
equivalent to "Blackwelder's (1915, p. 324-328) Bull 
Lake stage of glaciation." Later studies by Richmond 
(1964a, 1965a, 1965b) subdivided these moraines into 
the early and late stades of the Bull Lake Glaciation.

FIGURE ll(facing page). Grain sizes and colors of soil profiles on 
Bull Lake and Pinedale deposits in the West Yellowstone Basin. 
These profiles were described and analyzed by R. C. Burke (writ­ 
ten commun., 1976) with assistance in the field by myself and S. 
M. Colman. Numbered localities appear in figure 8. The Bull Lake 
moraines (localities 1, 3-6) are mantled by loess of Pinedale age 
and perhaps some older loess, but only at localities 5 and 6 is it 
clear that the upper loess buries a soil with a textural B horizon. 
Even though localities 1 and 4 are on broad moraine crests, the 
soils are less well developed, possibly because they have been 
truncated. See text for discussion of locality 3.

The post-Pinedale profiles (localities 7-9) cannot be compared 
directly with the post-Bull Lake profiles because the till of 
Pinedale age is rather inert rhyolite sand and silt, whereas the till 
of Bull Lake age has more primary clay and weatherable rock and 
mineral grains, and primary clay is also available from the loess 
mantle on the Bull Lake deposits. Colors arranged in order of in­ 
creasing oxidation. Clay and silt, percent of < 2mm fraction.

Witkind (1969, p. 55) assigned these moraines to the 
Bull Lake, as did Waldrop (1970, 1975a), Waldrop and 
Pierce (1975), Pierce (1973a), and Fred Nails (oral com­ 
mun., 1972). On the surficial Geologic Map of 
Yellowstone National Park (U.S. Geological Survey, 
1972a) compiled by G. M. Richmond, K. L. Pierce, and 
H. A. Waldrop, these moraines were assigned by G. M. 
Richmond to the late stade of the Bull Lake Glaciation.

Since about 1960, the Bull Lake has been widely ac­ 
cepted as being of early Wisconsin age (Richmond, 
1965a, table 2; 1970, fig. 6; Scott, 1965, table 1; Mor- 
rison, 1965, table 1). In fact, this correlation became so 
well accepted that when the Bull Lake-Pinedale se­ 
quence was correlated with the Riss-Wurm sequence of 
the Alps, the Riss was therefore inferred to be of early 
Wisconsin age (Richmond, 1970a). This implies that no 
interglacial time or soil formation of interglacial 
magnitude, 1 such as the Sangamon, occurred between 
either the Riss and Wiirm Glaciations, or the Bull Lake 
and Pinedale Glaciations.

The first numerical dating of moraines assigned to 
the Bull Lake Glaciation was orally presented at the 
1972 meetings of the American Association for 
Quaternary Research, and published 4 years later 
(Pierce and others, 1976). The Bull Lake moraines near 
West Yellowstone are stratigraphically older than the 
West Yellowstone flow now dated as 117,000±8,000 
years old (weighted means of 4 dates, 2ox, J. D. 
Obradovich, written commun., 1979, using K-Ar con­ 
stants of Steiger and Jager, 1977). Obsidian hydration 
measurements on glacially abraded stones from the 
moraines compared with cooling cracks on the K-Ar

'The concept of the duration of interglacial times has undergone major revision recently, 
most convincingly as a result of studies of the marine Pleistocene record. Rather than in­ 
terglacial climates being "normal," punctuated by shorter glacial episodes, we now know 
that times as warm as the present have averaged only about 10,000 years in duration, and 
that 90 percent of the last half-million years has been more glacial than the present 
(Emiliani, 1972). Thus, in the stratigraphic record, soils and other evidence of the last in­ 
terglacial need not indicate an order of magnitude more time than the post-glacial or 
Holocene. First the peculiar concept of soil-forming intervals needs to be placed in proper 
perspective (Birkeland and Shroba, 1974); then the soil formed during the culmination of 
the last interglacial should look rather similar to the post-Pinedale soil, because this inter­ 
val (isotope stage 5e) was similar to the Holocene, in both duration and extent of global 
deglaciation (Emiliani, 1972; Shackleton and Opdyke, 1972, p. 46). Of course, the soil form­ 
ed during all of isotope stage 5, which may represent the full time-span of the last in- 
terglaciation, would probably be significantly better developed than the post-Pinedale soil, 
for this interval lasted about 50,000 years, from about 125,000 to about 75,000 years ago.
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dated West Yellowstone and Obsidian Cliff rhyolite 
flows (1977 constants) indicate that the average age of 
glacial cracking is about 150,000 years old, with most 
cracks dating between 135,000 and 160,000 years old. 
These ages are rounded off from a graphical solution 
like that in Pierce and others (1976, fig. 4) but modified 
by increasing the K-Ar control ages by 2.6 percent.

This age is older than the last interglacial of the 
marine record, and it indicates that the moraines are of 
pre-Wisconsin age. Following this first age-dating of 
moraines assigned to the Bull Lake Glaciation, their 
Bull Lake age was questioned by Richmond (1976, 
p. 373), who stated that "the surficial weathering 
characteristics of till 5 [same map unit as Bull Lake 
moraines of this report] suggest correlation with the 
broad smooth moraines of the late stade of the 
Sacagawea Ridge Glaciation, but do not exclude the 
possible correlation with the broad smooth moraines of 
the early stade of the Bull Lake as locally developed at 
Bull Lake. This distinction is easily made in the Wind 
River Range because moraines of the Sacagawea Ridge 
Glaciation are related to a much higher outwash ter­ 
race than those related to the Bull Lake moraines."

The properties of the moraines flanking the West 
Yellowstone Basin fit rather well the relative-age and 
stratigraphic criteria generally recognized as the basis 
for the assignment of Bull Lake age (Blackwelder, 
1915; Richmond, 1962a, 1965a, 1965b; Richmond and 
Murphy, 1965). The basic stratigraphic framework for 
the younger part of the Quaternary sequence in the 
Rocky Mountains has been outlined as follows (Rich­ 
mond, 1962a, 1965a, 1970):

Immature zonal, or moderately developed soil 
Deposits of Pinedale age

Mature zonal, or strongly developed soil 
Deposits of Bull Lake age, late stade

Mature zonal, or strongly developed soil 
Deposits of Bull Lake age, early stade

Very strongly developed soil, may be partly 
stripped.

The deposit-and-soil sequence on the Bull Lake 
moraines near West Yellowstone is shown in profiles 5 
and 6 (fig. 11), and is as follows: (1) a moderately 
developed soil in Pinedale loess, (2) less weathered 
Pinedale loess, (3) strongly developed soil in till, and (4) 
unweathered till. Using the above stratigraphic 
framework, the till would fit the position of the late 
stade of the Bull Lake Glaciation.

An important parameter reflecting the degree of soil 
development is the accumulation of clays in the B 
horizon. A simple way to quantify the amount of clay 
increase is shown in table 2, where the increase in clay 
is calculated as an equivalent thickness of clay in cen­ 
timeters. The moraines flanking the West Yellowstone

Basin have a clay increase estimated in the range of 1.1 
to 3.3 cm (averaging 2.2 cm), and the Bull Lake 
deposits from the other areas listed have a clay in­ 
crease estimated in the range of 1.1 to 2.7 cm (averag­ 
ing 2.1 cm). These data suggest the Bull Lake assign­ 
ment of the moraines near West Yellowstone is 
reasonable.

In terms of end-moraine sequence, the only moraines 
still preserved that are possible candidates for the Bull 
Lake in the West Yellowstone Basin are those flanking 
the basin. In the Rocky Mountains, Bull Lake 
moraines are normally found beyond Pinedale 
moraines. Pinedale glaciers could have overridden and 
obliterated Bull Lake moraines, but if so, this requires 
an explanation separate from the one advanced near 
the end of this report ("Comparison of Bull Lake and 
Pinedale Glaciations") for the absence of Bull Lake 
moraines in the Yellowstone valley and the presence of 
moraines of Bull Lake character at West Yellowstone.

Weathering rinds can be used to compare the West 
Yellowstone sequence with other typical Rocky Moun­ 
tain sequences. Weathering rinds on basalt cobbles 
from the Bull Lake moraines of the West Yellowstone 
Basin are twice as thick as those on nearby Pinedale 
moraines. (See section titled "Relative-age Criteria.") 
At McCall, Idaho (Schmidt and Mackin, 1970; Fryxell 
and others, 1965, p. 91), weathering rinds on basalts 
from Bull Lake moraines are four times thicker than 
those from the Pinedale moraines (Colman, 1977, fig. 
11). Thus, the weathering rind data suggest that the 
West Yellowstone moraines are no older than moraines 
of typical Bull Lake character at McCall.

Richmond (1976) appeared to favor correlation of the 
moraines flanking the West Yellowstone Basin with 
those of the Sacagawea Ridge Glaciation. Type 
deposits of the Sacagawea Ridge Glaciation are pre­ 
sent only in stratigraphic section on the west side of 
Dinwoody Lake, Wyo., where they are buried beneath 
younger glacial deposits (Richmond, 1962b, 1964b). 
According to Richmond (oral commun., Feb. 22, 1977), 
in the type area, moraines of Sacagawea Ridge age are 
2.4 km east of the north end of Dinwoody Lake, ap­ 
proximately centered on sections 22, 23, 26, and 27, T. 
5 N., R. 5 E., on the Wilderness, Wyo., 7 1/2-minute 
quadrangle. These moraines are graded to the "upper" 
Sacagawea Ridge terrace, 150 m (500 ft and bounded 
by the 6,800-ft contour) above the Wind River 
(Richmond, 1964b; 1976, p. 358; oral commun., 1977). 
The "upper" but not the "lower" Sacagawea Ridge ter­ 
race is well represented in the area of the type 
Sacagawea Ridge Till. Six kilometers upvalley from 
the "type" Sacagawea Ridge moraines is a deposit of 
mainstream terrace gravel from the Wind River con­ 
taining volcanic ash (Richmond, 1976, p. 360)
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TABLE 2. Estimated clay increase in B-soil horizon in deposits of Pinedale, Bull Lake and pre-Bull Lake age

Place

West
Yellowstone,
Montana.

Rocky Mountains;
Wyo., Colo.,
N.M.

Denver, Colo.,
area, type
Louviers
Alluvium.

Age and 
locality 
(fig. 8)

Pinedale,
loc. 8.

Bull Lake,
loc. 5.

Bull Lake,
loc. 6.

Bull Lake,
(average of
four areas).

Pre-Bull Lake
(1 locality).

Bull Lake,
loc. 8.

Bull Lake,
loc. 9.

Soil Thickness 
Horizon in cm

B
IIBs

IIB2t
IIB3

IIB16
IIB2tb

Bt

Bt

B2t

B22t
IIB3t

6
10

30
45

15
15

40

90

30

20
18

Percent 
clay

6
4

22
9

19
29

17

28

18

26
12

Percent 
original 

clay 
estimated '

4-6
2-4

12-17
5-8

15-17
15-20

5-9

5-7

8-10

15-19
6-8

Percent 
clay 

increase

0-2
0-2

5-10
1-4

2-4
9-14

8-12

21-23

8-10

7-11
4-6

Percent 
Percent of 

of clay 
sample increase, 
<2 mm whole 

sample

70 0-1.4
60 0-1.2

70 3.5-7.0
65 0.65-2.6

^80 1.6-3.2
-V70 6.3-9.8

-v50 4-6

-V60 12.6-13.8

^90 7.2-9.0

-vSO 5.6-8.8
-V50 2-3

Equivalent 
thickness 
of clay 2 

in cm

(0-0.1)
(0-0.1)

(0-0.2)
(1.0-2.1)
(0.3-1.2)

1.3-3.3
(0.2-0.5)
(0.9-2.8)

1.1-3.3
1.6-2.4

11-12

2.2-2.7

(1.1-1.8)
(0.4-0.5)

References and remarks

R. C. Burke, written
commun., 1966.

Do.

Do.

R. R. Shroba (1976),
includes type Bull
Lake deposits.

Do.

Machette and others
(1976a, b). Both lo­
calities on type Lou­
viers Alluvium.

1.5-2.3

1 This estimate is based on profile descriptions and plots of particle sizes with depth. Because the estimate requires subjective judgments, it is the least reliabl
2 Numbers in parentheses indicate subtotals where B horizon is subdivided.

le part of the calculation.

discovered by J. F. Murphy (his locality number 
C-14-53). The ash was subsequently recollected by R. 
E. Wilcox (loc. 65W74). Richmond (1976, p. 360) 
reported that "According to G. Izett (oral commun., 
1975) this ash has the petrographic characteristics of 
the Pearlette type-O volcanic ash." Superhydration 
dating studies by V. Steen Mclntyre (Richmond, 1976, 
p. 360) also indicate an age similar to the type-O from 
Wascana Creek, Saskatchewan. The Pearlette type-O 
is about 600,000 years old, and related to the eruption 
of the Lava Creek Tuff from the Yellowstone area 
(Naeser and others, 1973). The ash locality discussed 
above occurs about 140 m above the Wind River, 
slightly less than the main Sacagawea Ridge terrace in 
the Dinwoody Lake area. Assuming the ash is correct­ 
ly identified as related to the Lava Creek eruption, the 
Wind River was at or below the level of the Sacagawea 
Ridge terrace 600,000 years ago. The type Sacagawea 
Ridge moraines, which are graded to this terrace, are 
probably about 600,000 years old.

The moraines flanking the West Yellowstone Basin 
are about 150,000 years old. Consequently correlation 
of these moraines with the Sacagawea Ridge Glacia- 
tion seems unreasonable, for "type" Sacagawea Ridge 
moraines are more than 400 percent older than those 
near West Yellowstone. On the other hand, Richmond 
maintained (1977b) that the oldest part of the Bull 
Lake Glaciation is about 115,000 years old, only 25 
percent younger than the obsidian-hydration age of the 
West Yellowstone moraines. The relative-age criteria

available for delimiting Bull Lake deposits are not, in 
my opinion, capable of distinguishing a 25 percent dif­ 
ference in age, but they should be capable of 
distinguishing a 400 percent difference.

The foregoing evidence seems to strongly favor 
retention of the Bull Lake age assignment for the 
moraines at West Yellowstone, and to strongly argue 
against introduction of a Sacagawea Ridge age assign­ 
ment. I do not wish to imply that all moraines assigned 
to the Bull Lake Glaciation are about 150,000 years 
old; indeed some may be significantly younger and 
others significantly older. Because no age differences 
are apparent within the main belt of Bull Lake 
moraines at West Yellowstone and because of the am­ 
biguities of previous usage of "early" and "late" 
designations (Pierce and others, 1976, p. 709), assign­ 
ment to one subdivision or the other does not seem ap­ 
propriate at this time.

GLACIERS ON WESTERN MOUNT COWEN

No Bull Lake end moraines are recognized for the 
northern Yellowstone outlet glacier, presumably 
because they were overrun by the Pinedale outlet 
glacier. Nevertheless, it is possible to compare Bull 
Lake and Pinedale moraines in the Yellowstone valley, 
because just downvalley from the terminus of the 
Pinedale outlet glacier, Bull Lake and Pinedale 
moraines deposited by local valley glaciers are pre­ 
served. Because all the glaciers between Elbow Creek
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and Pine Creek headed on Mount Cowen, they are 
referred to collectively as the western Mount Cowen 
glaciers (fig. 12).

End moraines of the western Mount Cowen glaciers 
as mapped by Horberg (1940) and Montagne (1968, 
1970, written commun., 1973) indicate that the Bull 
Lake and Pinedale glaciers were nearly the same size. 
Along Strawberry Creek (fig. 12), the Pinedale glacier 
was larger, but Bull Lake moraines were not 
obliterated because the Bull Lake glacier flowed in a 
northwesterly direction as it entered the Yellowstone 
valley, whereas the Pinedale glacier flowed north­ 
easterly. Here the Bull Lake moraines can be subdivi­ 
ded into an outer and inner moraine; the outer moraine 
bifurcates to form two ridges.

The Bull Lake moraines of the western Mount 
Cowen glaciers are more subdued, less bouldery and 
hummocky, and broader crested than those of Pinedale 
age. Exposures along a logging road across the Bull 
Lake moraines of Strawberry Creek reveal that oxida­ 
tion extends to a depth of more than 1.2 m, and a 
slightly clayey B-horizon is present. The surface 
boulders of granitic rocks on Bull Lake moraines are 
generally deeply pitted and lack glacial polish.

The relative difference in the amount of fault offset 
along range-front faults that bound each side of the

110°45' 110°30'

45°30'?

10 KILOMETERS

CONTOUR INTERVAL 200 FEET 
1 ft = 0.3048 m

FIGURE 12. Map of Bull Lake and Pinedale end moraines of west­ 
ern Mount Cowen glaciers in Yellowstone valley (modified from 
Horberg, 1940; Montagne, 1968, 1970, written commun., 1973). 
Two distinct ages of moraines are recognizable for these local 
glaciers, b, Bull Lake, and p, Pinedale, but a similar contrast is 
not apparent among the moraines of the northern Yellowstone 
outlet glacier. Base from AMS 1:250,000 Bozeman, 1965.

Shorthills Block (fig. 12) of Montagne (1968) is an in­ 
dication of the relative age of Bull Lake and Pinedale 
moraines. Field studies and preliminary photointer- 
pretation by John Montagne, W. B. Hall, and myself 
suggest that along the fault system offset of Bull Lake 
moraines is roughly five times greater than offset of 
Pinedale moraines. If the rate of fault movement is 
roughly constant for the time intervals involved, this 
relative offset provides an index of the relative ages of 
these deposits.

BULL LAKE DEPOSITS WITHIN THE AREA 
COVERED BY PINEDALE ICE

At a few localities in the northern Yellowstone area, 
glacial deposits are tentatively correlated with the 
Bull Lake Glaciation, largely because they predate 
Pinedale deposits. The age of these deposits is inferred 
primarily from their relation to the deposits and flow 
patterns of Pinedale ice. My assignment of these 
deposits to the Bull Lake first required an understan­ 
ding of the Pinedale Glaciation.

NORTHERN YELLOWSTONE OUTLET GLACIER

Evidence is meager of a glaciation more extensive 
than the Pinedale terminus at the Eightmile moraines 
(pi. 1.4). In many months of fieldwork John Montagne 
(oral commun., 1971) found no evidence of any glacia­ 
tion more extensive than the Pinedale on the north­ 
west side of the valley. However on the southeast side 
a few deposits containing erratics (not necessarily of 
glacial origin) may indicate that a larger outlet glacier 
existed during pre-Bull Lake time (Montagne, 1968, 
1970).

The Bull Lake and Pinedale moraines of the western 
Mount Cowen glaciers impose two constraints on the 
size of the northern Yellowstone outlet glacier during 
Bull Lake time. First, no Bull Lake outlet glacier could 
have advanced downvalley as far as Strawberry Creek, 
for it would have obliterated the local Bull Lake 
moraines there (fig. 12). Second, the degree to which 
the local Bull Lake moraines retain constructional 
topography makes it quite improbable that moraines 
of the same age deposited by an outlet glacier would 
not be recognized.

A sizeable northern Yellowstone outlet glacier surely 
existed in Bull Lake time, but the Pinedale was simply 
more extensive. Buried deposits of possible Bull Lake 
age found in a few places seem to corroborate this ex­ 
planation. Thick gravels beneath the large Pinedale 
outwash fan (fig. 16, pi. L4) commonly show a distinct 
morphologic break about halfway between the river 
level and the surface of the fan. The gravels below the 
break may be Bull Lake in age.
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Deposits of inferred Bull Lake age are exposed in 
bluffs along the Yellowstone River 3 km upstream 
from Emigrant, Mont. The section is:

Thickness 
(meters)

Pinedale till, not exposed at top of section, but forms 
the pronounced morainal topography farther upslope.

Gravel, tan; probably fan gravel from Emigrant Creek; 
more angular, finer grained, and not as well sorted as 
that below ......................................

Gravel, gray, well-sorted; Yellowstone River outwash 
of inferred Bull Lake age .........................

Covered, probably gravel...........................
Lake sediments, gray, laminated, compact silt with 

some sand ......................................

4.5
10

The well-sorted gray gravel looks like normal out- 
wash, and by stratigraphic position it is either older 
Pinedale or late Bull Lake in age. In either case the 
underlying lake sediments probably date from the Bull 
Lake Glaciation. They probably formed when a Bull 
Lake morainal dam located several km downstream 
backed water up into this area. Pinedale ice subse­ 
quently overrode and compacted these lake sediments.

NORTHERN YELLOWSTONE NATIONAL PARK

As explained in figure 13, the contrast in Gardners 
Hole between the erratics in the surface till and those 
in a buried Bull Lake(?) Till suggest that the Bull Lake 
glacier was smaller than the Pinedale glacier there.

In the upper Lamar drainage, lake sediments and 
associated gravel and till that occur beneath deposits 
of Pinedale age are probably of Bull Lake age. Their 
position and character indicate an origin similar to 
that of nearby Pinedale sediments, which accumulated 
when base level was raised by ice-damming 
downstream.

TRANSPORT OF BEARTOOTH ERRATICS SOUTHWARD PAST 
THE WASHBURN RANGE

At some time after deposition of the Bull Lake 
moraines near West Yellowstone and before full-glacial 
Pinedale time, ice from the Beartooth uplift pushed 
southward between Mount Washburn and Specimen 
Ridge to the Canyon Village area carrying erratics of 
Precambrian rocks (fig. 14). Although not abundant, 
these erratics are conspicuous on the rhyolite terrain. 
Since first recognized by Holmes (1881), these erratics 
have served to prove extensive glaciation of the 
northern Yellowstone area. Although these erratics do 
require large glaciers in northern Yellowstone, such 
glaciers were probably not as large as those during 
Pinedale full-glacial time (pi. IA). Under Pinedale full- 
glacial conditions, flow was northward across the 
Washburn Range (pi. IA), but when icecaps on the

110*45'

44045'

10 KILOMETERS

CONTOUR INTERVAL 200 FEET 
1 ft = 0.3048 m

FIGURE 13. Features east of the Gallatin Range suggesting Bull 
Lake glaciers there to be smaller than those of Pinedale age. Ar­ 
rows represent flow direction of Pinedale ice as indicated by 
drumloid topography (frontispiece). Shaded area, Precambrian er­ 
ratics in Pinedale Till; dash dot line, northwest limit of Precam­ 
brian erratics in Pinedale Till. Black area, sources of Precambrian 
erratics. Erratics indicate that Gallatin Range ice from the Indian 
Creek valley was pushed northward by an icecap to the east (fron­ 
tispiece). X indicates where Pinedale Till overlies a smeared-out 
soil(?) developed on till inferred to be of Bull Lake age. At the X 
and to the dash-dot line 1.5 km to the northwest, Pinedale Till 
contains erratics of Precambrian rocks, whereas the underlying 
Bull Lake(?) Till does not. Instead, it contains debris from a more 
westerly and less southerly source than the Pinedale. This dif­ 
ference in erratics suggests that the Pinedale icecap east of the 
Gallatin Range was larger than the Bull Lake one. Base from 
AMS 1:250,000 Ashton, Idaho, Mont., 1955.

Yellowstone plateau were small or absent, both before 
and after Pinedale full-glacial time, glacier flow was 
southward from the Beartooth uplift.

Previous explanations of these erratics mostly 
assumed a simple history of southward transport dur­ 
ing the last major glaciation (Holmes, 1881; Howard, 
1937, pi. 15), with the noteworthy exception of Alden 
(1928, p. 63), who considered the main glacial flow in 
the area to have been northward and postulated ice- 
rafting to explain the erratics.
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It should be noted that a conglomerate exposed over 
a limited area south of the Washburn Range provides a 
source for small erratics of Precambrian crystalline 
rocks and quartzite. One sizeable exposure 5 km 
northeast of Canyon Village (fig. 14; Howard, 1937, 
table 10; Pierce, 1974a; Prostka, Ruppel, and Chris- 
tiansen, 1975a) contains no clasts larger than 20 cm in 
diameter. A number of the small erratics of Precam­ 
brian crystalline rocks probably came from this source, 
but boulders more than 30 cm across probably were 
carried southward by ice from the Beartooth uplift.

More than 100 erratics of Precambrian rocks have 
been found in the Canyon Village and Hayden Valley 
areas, and on the slopes of Mount Washburn below an 
altitude of about 2,600 m (8,550 ft) (fig. 14; Howard, 
1937, fig. 15, table 10, p. 85-90; Pierce, 1974a; Rich­ 
mond and Waldrop, 1975, Richmond, 1977a). The er­ 
ratics are much less common than in Pinedale reces­ 
sional moraines from the Beartooth uplift. Oddly, few 
erratics can be found between the Canyon Village area 
and their source (fig. 14). This distribution of erratics 
suggests a history more complicated than a simple 
southward advance during the most recent glaciation.

The glacier that dammed the Yellowstone River for­ 
ming Hayden Lake of Howard (1937, p. 98, pi. 15; fig. 
14) probably also transported most of the erratics 
south of the Washburn Range. As shown by Howard 
(1937, pi. 15), a glacier advancing from the north form­ 
ed a northwest-southeast-trending dam just southwest 
of Canyon Village; the sediments deposited in the lake 
that resulted are assigned a "late Bull Lake" age (U.S. 
Geological Survey, 1972a; Richmond, 1977a). These 
lake sediments are considerably younger than the Bull 
Lake moraines near West Yellowstone dated as about 
150,000 years old, for they overlie the Hayden Valley 
rhyolite flow (Richmond, 1977a) dated as about 
100,000 years old (J. D. Obradovich, written commun., 
1974). Howard (1937, p. 99) suggested that the "scat­ 
tered granite boulders in these clay-silts were probably

FIGURE 14. Transport of Beartooth erratics southward past the 
Washburn Range. Before Pinedale full-glacial time, Beartooth ice 
advanced southward and blocked the Yellowstone River near 
Canyon Village, forming "Hayden Lake" in the Hayden Valley 
area (Howard, 1937, pi. 15). The area of abundant erratics from 
the Beartooth uplift indicates this glacier terminated in a lake 
just east of Canyon Village. The resulting lake sediments are 
assigned to the "late stade" of the Bull Lake Glaciation (U.S. 
Geol. Survey, 1972a; Richmond, 1977a). The area of abundant er­ 
ratics at the site of the ice dam of Hayden lake shows an initial 
concentration there, but some erratics from this area were recy­ 
cled westward to the Central and Solfatara Plateaus by full- 
glacial flow of Pinedale ice. The location of erratics south of the 
northern Yellowstone area (fig. 3) are from Howard (1937; fig. 15), 
Richmond and Waldrop (1975), Richmond (1977a), and Waldrop 
and Pierce (1975). Base from AMS 1:250,000 Ashton, Idaho, 
Mont, 1955.

ice-rafted to their present positions" from the glacier 
that dammed the lake.

Granitic erratics are concentrated just southwest of 
the inferred ice dam in the area of lake sediments of 
"late Bull Lake" age (fig. 14). For example, 30 erratics 
were found in a 90-minute search in the area of lake 
sediments about 3 km south of Canyon Village where 
Howard (1937, pi. 15) showed his ice dam for Hayden 
lake, and 5 were found in 45 minutes in the area of lake 
sediments northwest of the Lower Falls. In addition, 
erratics of andesitic volcanic rocks, probably from the 
Washburn Range (also to the north), are common both 
on the surface of these lake sediments and as stone 
bands in roadcuts. In contrast, no Precambrian er­ 
ratics were found during 5 days of traverses over 200 
km2 east of the Yellowstone River between the area of 
lake sediments and Deep Creek (fig. 14). This is a 
remarkable lack, because the latter area is closer to the 
source of erratics and the ice that transported them 
southward must have passed across that terrain. 
Pinedale glaciers apparently removed the erratics in 
this area, and probably reworked most of the erratics 
found south of the Washburn Range. Although 
Pinedale ice flowed northward over the Washburn 
Range, apparently only minor scour occurred at the 
ground surface south of the range (fig. 27). However, 
Pinedale ice has scoured to bedrock and apparently 
removed nearly all the erratics of Precambrian rocks 
from the area between the Washburn Range and 
Specimen Ridge, because no topographic obstacle im­ 
peded northward flow.

Southwest of Canyon Village, erratics of Precam­ 
brian rocks are found in the Mary Mountain area (Cen­ 
tral Plateau) at altitudes as high as 2,600 m (8,550 ft) 
(Howard, 1937, table 10). West of Mary Mountain, one 
large erratic occurs along Nez Perce Creek just east of 
the Lower Geyser Basin, and two large erratics occur 
near the western limit of Pinedale ice west of the 
geyser basin (Waldrop and Pierce, 1975). If the erratics 
were carried southward from the Beartooth uplift by 
direct flow of Pinedale ice, normal relations between 
ice thickness and surface slope (fig. 48; pi. 4) would re­ 
quire an ice surface well above 3,400 m (11,000 ft) over 
Specimen Ridge and above 3,200 m (10,500 ft) on 
Mount Washburn. These altitudes for southward- 
flowing ice seem excessive, for erratics of Precambrian 
rocks are absent above 2,750 m (9,000 ft) on Specimen 
Ridge and above 2,620 m (8,600 ft) in the Washburn 
Range, and striations above these altitudes indicate 
flow to the northwest, rather than southwest (pi. I A). 
Thus, these erratics were probably carried south of the 
Washburn Range by late Bull Lake or early Pinedale 
ice and then westward by Pinedale ice.

The transport of these erratics to south of the
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Washburn Range is discussed in the section on Bull 
Lake Glaciation primarily because this is the age 
assigned to the lake sediments, which also require flow 
of ice from the Beartooth uplift. To my knowledge no 
relative age or stratigraphic evidence requires a late 
Bull Lake age rather than an earliest Pinedale age for 
either the lake sediments or for the emplacement of the 
erratics; emplacement during glacial buildup in early 
Pinedale time seems equally possible.

PINEDALE GLACIATION

The last major glaciation of the Yellowstone area, 
the Pinedale, left the most visible record; most sur- 
ficial deposits in Yellowstone date from this glaciation. 
This section focuses primarily on the full-glacial condi­ 
tions portrayed on plate I A, and the interrelations be­ 
tween icemasses during glacial recession (pi. 2).

ICE ACCUMULATION PRIOR TO FULL-GLACIAL 
CONDITIONS

Little evidence has been obtained on the buildup of 
Pinedale ice in northern Yellowstone. According to 
glacial studies in the Great Lakes-St. Lawrence 
Lowland area and studies of the cores from the deep 
sea, global ice volumes may have built up by about 
75,000 years ago and maintained at least 60 percent of 
maximum until deglaciation about 14,000 years ago 
(Gadd, 1971; Dreimanis and Karrow, 1972; Emiliani, 
1966; Broecker and van Donk, 1970, p. 184; Shackleton 
and Opdyke, 1973, p. 45).

By analogy with this record, sizeable glaciers may 
have existed in Yellowstone in the interval from 75,000 
to 14,000 years ago. The only radiocarbon dates from 
the Rocky Mountains relevant to this problem are 
from the southern part of Yellowstone Park (Birkeland 
and others, 1971, p. 219). Two dates on samples I col­ 
lected there from lake sediments beneath Pinedale 
alluvial deposits yield infinite radiocarbon age dates 
(>38,000 (W-2012), >45,000 (W-2411); Meyer Rubin, 
written commun., 1968; Richmond, 1970a; Birkeland 
and others, 1971, p. 219). Three dates on samples col­ 
lected by G. M. Richmond from sediments immedi­ 
ately beneath either Pinedale Till or Pinedale kame 
deposits also have yielded infinite C-14 dates (>42,000 
(W-2264), >42,000 (W-2197), >29,000 (W-2582); Meyer 
Rubin, written commun., 1969, 1970, 1971; Richmond, 
1970a; Birkeland and others, 1971, p. 219, Richmond, 
1972, p. 320). Sample W-2582 was reported to be 
29,000 years old (Richmond, 1972, p. 320), but should 
have been reported to be >29,000 years (Meyer Rubin, 
written commun., 1973). No samples have yielded 
finite ages in the 15,000 to 35,000 year range. These

age determinations suggest the Pinedale Glaciation 
started >40,000 years ago. Hydration rinds on obsi­ 
dian from the Pinedale terminal moraines near West 
Yellowstone indicate an average age of glacial abrasion 
of about 30,000 years, and that some Pinedale glacial 
abrasion occurred more than 40,000 years ago (Pierce 
and others, 1976, fig. 4).

GLACIERS FROM THE BEARTOOTH UPLIFT

A glacier advancing down the Black Canyon of the 
Yellowstone River from the Beartooth uplift blocked 
and dammed the Gardner River just south of Gardiner, 
Mont. On the west side of MacMinn Bench (Pierce, 
1973b, section 3), well-bedded lake sediments grade up­ 
ward into contorted lake sediments containing lenses 
of till, which in turn grade into a thick section of till 
containing erratics of Precambrian rocks (probably 
from the Black Canyon of the Yellowstone); next in the 
series is till containing erratics, probably from the 
Gallatin Range. These relations suggest that ice from 
the Beartooth uplift dammed a lake and then overrode 
the sediments deposited in it before glaciers coming 
down the Gardner River from the Gallatin Range 
reached this area.

Several beds of angular coarse gravel immediately 
underlie the lake sediments. These gravel beds display 
openwork texture (lacking fine-grained matrix) and 
contain boulders with percussion spalls; they fill a pre- 
Pinedale valley of the Gardner River and apparently 
conformably underlie the lake silts. A prominent bed 
that contains abundant basalt boulders more than 
1.5 m across can be traced upstream from the north 
end of MacMinn Bench for about 3 km to where it 
crops out beneath alluvial fans on the west side of 
Mount Everts and is clearly visible from the 
Mammoth-Gardiner road. These gravels probably in­ 
dicate floods caused by sudden release of a succession 
of lakes similar in origin to the one in which the overly­ 
ing lake sediments were deposited.

Ice from the Beartooth uplift advanced southward 
probably against and possibly past Specimen Ridge 
and the Washburn Range in early Pinedale time. Such 
an advance is postulated as the early glacial analog to 
the deglacial Deckard Flats readjustment, which will 
be discussed in a later section. During partial-glacial 
conditions, the Beartooth uplift appears to have been a 
more important ice source than the Yellowstone 
plateau.

Glaciers from the Beartooth uplift descended Soda 
Butte Creek and first blocked and then ascended the 
upper Lamar drainage, forming ice-dammed lakes. 
Several stratigraphic sections along the Lamar River 
and Cache Creek (Pierce, 1974b, sec. 8, 9, 10, 12) in­ 
dicate ponding and deposition of sand and silt prior to
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the arrival of Pinedale ice. Along South Cache Creek, 
till exposed in a thick section (Pierce, 1974b, sec. 8) is 
rich in tuff of the Pleistocene Yellowstone Group, 
which crops out only downstream; ice that deposited 
this till carried tuff up South Cache Creek before 
glaciers advancing down the creek reached this local­ 
ity.

LOCAL ICECAP ON THE WASHBURN RANGE

A local icecap existed on the Washburn Range prior 
to full-glacial time. Most evidence for this icecap has 
been obliterated by flow during full-glacial conditions, 
except for striations on top of Observation Peak 
(southwesternmost peak of Washburn Range) in­ 
dicating flow to the southwest, which are truncated by 
striations indicating flow to the north (fig. 15). Both 
sets of striations are equally fresh. The sequence is 
established by geometric relations, such as physical 
superposition. Also striations show southwest flow on 
the north sides of knobs bearing the northerly stria­ 
tions; this pattern indicates a sequence of southwest­ 
erly flow followed by northerly flow. This southwester­ 
ly flow is responsible for at least some of the Eocene 
volcanic erratics from the Washburn Range that are 
common on the rhyolite plateau just south of the 
Washburn Range.

K-f-^^>   * *. I--'
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Flow "shadow" during 
younger flow

A PROFILE SECTION A'

FIGURE 15. Crossed striations on basalt of Observation Peak, 
altitude 2,864 m (9,397 ft). Both sets of striations are equally 
fresh and date from phases of the same glaciation. The younger 
striations enter into the edge of the area displaying the older 
striations but do not obliterate them, apparently because of the 
flow-shadow effect illustrated on the profile section (no scale).

ICECAPS ON THE YELLOWSTONE PLATEAU 
AND GALLATIN RANGE

A large icecap formed on the Yellowstone plateau in 
the southern part of the study area (pi. I A). This icecap 
might have evolved from piedmont glaciers advancing 
onto the plateau from the adjacent ranges. However, it 
is also possible that permanent snow and ice began ac­ 
cumulating on the plateau surface itself. This is not 
unreasonable, for if the Pinedale glacial climate was 
6°C colder than at present (Flint, 1971, p. 416; 
Heusser, 1965, p. 479), the plateau would have had a 
mean annual temperature of about   5°C (present 
MAT being approximately 1°C, fig. 4).

Once an icecap became established, it would tend to 
be self-amplifying: accumulation of ice would increase 
the elevation of the surface, which would increase 
orographic snowfall. An icecap on the Yellowstone 
plateau was in a very favorable position to intercept 
moisture from storms moving eastward up the Snake 
River Plain.

In the Gallatin Range, glacial buildup first produced 
mountain-valley glaciers of early Pinedale age prior to 
the formation of the full-glacial icecap there.

FULL-GLACIAL CONDITIONS

A reconstruction of the northern Yellowstone area 
under full-glacial conditions is shown on plate I A, 
"full-glacial" here meaning when the main glaciers in 
the northern Yellowstone area were at or near their 
maximum volumes. During full-glacial conditions, 
most ice in northern Yellowstone National Park flowed 
toward terminal moraines in the Yellowstone valley. 
Although this report emphasizes the glaciation of 
northern Yellowstone National Park, it includes source 
areas and the main terminal area, which are outside the 
park. The terminal area of northern Yellowstone 
glacier is first described, followed by a description of 
the glacier up the valley of the Yellowstone to the park. 
Convergence of four wedge-shaped ice streams forming 
the accumulation area of the northern Yellowstone 
glacier is described and the wedge-shaped ice streams 
followed to their heads at ice divides. Finally, the full- 
glacial flow on the opposite side of these ice divides is 
discussed.

TERMINAL AREA OF THE NORTHERN 
YELLOWSTONE GLACIER

PINEDALE OUTWASH FAN AND ICE-MARGINAL CHANNEL

The Pinedale terminus of the northern Yellowstone 
outlet glacier lay 55 km north of the park boundary (pi. 
I A), in an 8-km-wide part of the valley floor of the 
Yellowstone River. There melt water from the glacier 
formed two major fluvial features a large outwash
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FIGURE 16. Outwash fan of the northern Yellowstone glacier displaying detailed, essentially unmodified, braided-channel morphology. 
Melt waters from a glacial system 3,400 km2 in extent built this thick outwash fan. As shown by the dashed and dotted line, Pinedale 
ice reached as far north as the center of the photograph and stagnated, leaving ice-disintegration moraines. Photograph by U.S. 
Geological Survey, 1949.

fan and a deep ice-marginal channel. The Yellowstone 
River drained about 3,400 km2 of glacial ice, and 
discharged large volumes of melt water.

The excellent preservation of braided-channel mor­ 
phology on the large outwash fan (fig. 16) indicates 
that the fan is of Pinedale age. At its head, the fan sur­ 
face is 45 m above the Yellowstone River; 10 km 
downvalley it is only 10 m above it; and 16 km 
downvalley it has merged with the present flood plain. 
Consequently the fan head owes its height above the 
river to the accumulation of outwash on the valley 
floor and the subsequent trenching of these uncon- 
solidated deposits by the Yellowstone River.

Therefore, the amount of incision of the outwash and 
end moraines does not necessarily indicate a pre- 
Pinedale age as inferred by Horberg (1940, p. 297), 
because the depth of incision here does not result from 
the same factors as the general increase in age with 
height above modern base level noted elsewhere in the 
Rocky Mountains.

On the northwest slopes of the Yellowstone valley, 
the edge of the outlet glacier is well delimited by a deep 
ice-marginal channel (pi. LA). This channel has a gra­ 
dient of about 35 m/km (Montagne, 1970, p. 15). Weed 
(1893, p. 27-30) observed this channel and similar 
channels farther downslope and described them as 
follows:
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FIGURE 17. Eightmile terminal moraines of Pinedale age with well-preserved glacial morphology. The area in the photograph beyond 
the Pinedale moraines (beyond dashed line) exhibits no evidence of a pre-Pinedale northern Yellowstone outlet glacier, although the ter­ 
rain there is locally favorable for preservation of such evidence if it did exist. Oblique aerial photograph, looking east, by W. B. Hall.

Foothill canyons. A most curiously interesting feature of the 
drift-covered area is the presence of transverse canyons cut in the 
breccias directly across the slopes of the foothills. Their constant 
relation to the ice margin suggests that they had their origin during 
the period of glacial occupancy of the valley. They are of con­ 
siderable length, sometimes presenting several miles of unbroken 
walls. Their general direction is a most striking anomaly in the 
general structure and topography of the neighborhood, for the can­ 
yons cut across the slopes sometimes in apparent indifference to 
deeply trenched drains and rocky spurs alike * * *. Sometimes there 
are two or even three parallel canyons, in which case the highest is 
the largest and longest.

* * *the slopes west of the outermost canyon were bare of drift, 
and had not been covered by ice this was positively established;, in 
only one instance was any drift observed west of the cutting, and 
the boulders formed a strip but a few yards wide* * *. The slopes 
east of the canyon are heavily mantled with drift* * *.

Although Weed recognized the channels and de­ 
duced that the outermost one delimited the extent of 
glaciers from Yellowstone, he refrained from con­ 
cluding that they were formed by ice-marginal 
streams. He did not think such ice-marginal streams 
would have flowed long enough to have cut 30 m into 
bedrock.

END MORAINES

Pinedale end moraines floor most of the Yellowstone 
valley for about 25 km upvalley from the outwash fan. 
An outer set of these moraines (fig. 17) forms a large 
horseshoe-shaped mass about 10 km across and 11 km
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long (Weed, 1893; Horberg, 1940; Montagne, 1968, 
1970), and are here called the Eightmile moraines, after 
Eightmile Creek, which crosses the northern margin of 
the moraines. An inner set lying 7 km upvalley are call­ 
ed the Chico moraines (Horberg, 1940; Montagne, 
1970). Their outer margin lies along a major outwash 
channel in which Chico Hot Springs and the main road 
to the springs are located (pi. 2).

Although Horberg (1940) and Alden (1953, p. 185) 
referred the Eightmile moraines to the Bull Lake and 
the Chico moraines to the Pinedale, there is little basis 
for this large an age difference. As noted by John Mon­ 
tagne (1970) and Cliff Montagne (oral commun., 1970), 
soil profiles examined on both sets of moraines are 
similar and weakly developed; a B-horizon, if present, 
is weakly developed and less than 15 cm thick. Com­ 
parison of places where glacial morphology is best 
developed on both sets of moraines indicates equally 
strong and hummocky morphologic expression, with 
steep-sided, cone-shaped, closed depressions. The 
Chico moraines seem to contain more boulders and 
hence their surface is locally more bouldery.

Horberg (1940, p. 297) following Alden (1932, p. 123) 
separated the Yellowstone valley moraines into "early 
and late Wisconsin substages," which he correlated 
with the Bull Lake and Pinedale Glaciations, "largely 
upon the fact that the late Wisconsin terminal moraine 
descends into the inner post-early Wisconsin valley of 
the Yellowstone about 2 miles [3 km] north of 
Emigrant." But later statements by Alden (1953, 
p. 186) are indefinite on whether the Chico moraines 
descend into the inner valley. The bouldery ridges I ex­ 
amined in the inner valley are probably not moraines, 
but flood deposits. (See end of section on late Pinedale 
and younger floods.) The argument for a base level 
change between deposition of the two moraines does 
not hold water, for the flood of the main melt-water 
channel from the Chico moraines merges with an ex­ 
tensive outwash plain lying 45 m above the 
Yellowstone River, the same height above the river as 
the outwash fan from the Eightmile moraines.

A huge complex kettle in the Chico outwash plain ex­ 
tends more than a mile beyond the front of the Chico 
moraine (Montagne, 1968, p. 5). This kettle is more 
than 20 m deep, and formed by melting of the ice that 
advanced to the Eightmile moraines; but before ice 
melted to form the kettle, it was buried with outwash 
from ice at the Chico moraines. Therefore, the Chico 
and Eightmile moraines date from the same glaciation.

Although loess is generally thin or absent on 
Pinedale deposits, loess as much as 5 m thick occurs 
locally in drifts in the lee of some morainal ridges in the

Chico moraines downwind (east) from the Yellowstone 
River.

Horberg's observations (1940, p. 298) also suggest 
that both the Eightmile and Chico moraines may be 
Pinedale. He implied that the evidence for differen­ 
tiating the moraines of the west Mount Cowen glaciers 
into Bull Lake and Pinedale was much better than that 
for separating the moraines of northern Yellowstone 
outlet glacier. Alden (1932, p. 123) also expressed 
doubt that the Eightmile moraines are of Bull Lake 
age, and suggested the possibility that they might 
date from an early phase of the last glaciation.

Washing by abundant melt water appears to be 
responsible for the subdued morphology common on 
most of the Eightmile moraines. Locally, the morainal 
deposits show doughnut shapes (fig. 16) similar to 
those described by Gravenor (1955) and Clayton (1967, 
p. 32) as ice-stagnation features. Melt water was less 
abundant on the southeast side of the valley; hence, 
strong glacial topography (fig. 17) is locally well 
displayed in the form of sharp-crested morainal ridge 
and steep-sided depressions.

At Elbow Creek, the Eightmile moraine truncates 
local moraines correlated with the Pinedale (John Mon­ 
tagne, written commun., 1973).

NORTHERN YELLOWSTONE OUTLET GLACIER FROM ITS 
TERMINUS TO GARDINER

It is important to know the relative importance of ice 
sources contributing to the northern Yellowstone 
outlet glacier between the terminus and Gardiner com­ 
pared with that from sources upstream from Gardiner. 
The evidence indicates that both under full-glacial con­ 
ditions and during Pinedale recession, flow from 
tributary glaciers was minor or insignificant compared 
with outflow from sources upstream from Gardiner. 
(See also section entitled, "Phase relations between 
areas feeding the northern Yellowstone outlet glacier 
in pre-Deckard Flats time.") The importance of this 
point is that the relative size of the glacier in the 
Yellowstone valley is therefore directly related to the 
extent of glaciation in its primary source areas 
upstream from Gardiner. Establishing the primary 
source for the outlet glacier near Gardiner then 
becomes fundamental to resolution of a difference of 
opinion concerning the height of Pinedale ice in the 
source area of the northern Yellowstone glacier in 
Yellowstone National Park, where one published 
reconstruction (Richmond, 1969, fig. 2; U.S. Geol. 
Survey, 1972a) indicates the surface of Pinedale ice as 
much as 750 m lower than that defined by this study.

Between the outlet-glacier terminus and Gardiner, 
ice flow from about 10 tributary valleys that join the 
Yellowstone valley produced only minor effects on the
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flow of the outlet glacier in the Yellowstone valley. 
Glacial erosion features, even on high interfluves be­ 
tween large tributary valleys, parallel the Yellowstone 
valley, indicating dominance of outlet glacier flow over 
that from the tributary glaciers (pi. IA).

The Pinedale outlet glacier left well-preserved scour 
and depositional features along the valley walls where 
the topography and bedrock were favorable. Part of 
the outlet glacier flowed across Precambrian 
crystalline bedrock in the saddle high on the east side 
of Dome Mountain more than 600 m above the 
Yellowstone River. Scouring of the Precambrian 
bedrock there into whale-back forms (fig. 18) indicates 
vigorous ice flowage; the freshness of these features 
suggests a Pinedale age.

On the west side of Dome Mountain, Yankee Jim 
Canyon (pi. I A) is the narrowest constriction in the 
glaciated part of Yellowstone valley. In 1881, Ar­ 
chibald Geikie described glacial features in Yankee 
Jim Canyon as follows (1881, p. 7-8):

The rocky sides * * * are smoothly polished and striated from the 
bottom up apparently to the top. Some of the detached knobs * * * 
were as fresh in their ice polish as if the glacier had only recently 
retired from them. * * * There could be no doubt now that the 
Yellowstone glacier was massive enough to fill the second canon to 
the brim. * * * The ice had perched blocks of granite and gneiss on 
the sides of volcanic hills not less than 1,600 feet [500 m] above the 
present plain of the river, and it not merely filled the main valley, 
but actually over-rode the bounding hills so as to pass into some of 
the adjacent valleys.

Between Yankee Jim Canyon and Gardiner much of 
the Yellowstone valley is either steep slopes underlain 
by soft rocks where landsliding and erosion have 
obliterated most glacial features, or bottom lands 
where late-glacial flooding and postglacial alluviation 
have covered the valley floor. But in gently sloping 
areas high on the valley walls, glacial features are well 
preserved (figs. 18-20). Weed (1893, p. 15-18, pi. IA) 
noted abundant evidence of glaciation, including 
features supporting the conclusion that flow of the 
outlet glacier was dominant over local tributary 
glaciers. As shown on plate 2, erratics from Cinnabar 
Mountain were carried northwestward parallel to the 
Yellowstone valley and deposited at an elevation of 
2,250 m (7,400 ft) near Cottonwood Creek (Weed, 1893, 
pi. 1, p. 17). This indicates that glaciers flowing down 
Mol Heron and Cinnabar Creeks did not cross the line 
defined by the source of the erratics and site of deposi­ 
tion, and that augmentation of the outlet glacier by 
local glaciers was of minor importance. (See p. F54). 
Glacial erosional features between Cinnabar Mountain 
and Cottonwood Creek also indicate flow parallel to the 
Yellowstone valley rather than from the tributary 
valleys.

FIGURE 18. Glacial scour features on Dome Mountain divide, 600 m 
above the Yellowstone River. The northern Yellowstone outlet 
glacier filled Yankee Jim Canyon (pi. IA) and spilled across the 
high pass in upper right and flowed towards left side of 
photograph. Note drumloid topography formed on scoured 
bedrock of Precambrian gneisses and Eocene volcanic rocks. 
Glacial polish is still apparent on roches moutonnees on the 
divide. Oblique aerial photograph by W. B. Hall.
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FIGURE 19. Erratics on glacial pavement high above the Yellow- 
stone River near Gardiner, Mont. These fresh glacial features in­ 
dicate that the ice was at least 1,100 m thick and that flow was 
parallel to the Yellowstone valley rather than outward from 
tributary valleys. Photograph by Cliff Montagne.

Five km north of Gardiner a deep melt-water channel 
(Pierce, 1973b) and fresh glacial pavement bearing 
scattered erratics (fig. 19) at an altitude of 2,700 m 
(8,800 ft) indicate Pinedale ice at that height. Directly 
across the Yellowstone valley on the north spur of 
Sepulcher Mountain, erratics, fresh striations, and ice- 
scoured bedrock (fig. 20.A, B) show that Pinedale ice 
was at an altitude of 2,700 m (8,800 ft). On the north 
spur of nearby Electric Peak, fresh glacial scour in­ 
dicates northwestward flow at an elevation of 2,800 m
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FIGURE 20. Glacial-scour features on the north spur of Sepulcher 
Mountain. A, Oblique aerial photograph showing glacial scouring 
of Eocene bedrock. Scour extends to the top of the grassy area 
along the ridge crest, 1,100 m above the Yellowstone valley floor. 
Arrow indicates ice flow from right to left. Photograph by W. B. 
Hall. X, site of B, Photomicrograph of striated and polished 
bedrock outcrop showing degree of preservation of striations and 
polish.

(9,200 ft), higher here probably due to the influence of 
local ice from cirques on Electric Peak.

The soft bedrock in the section of the Yellowstone 
valley between Yankee Jim Canyon and Gardiner was 
glacially scooped out, forming a bedrock basin 
upstream from the resistant bedrock threshold at 
Yankee Jim Canyon. Water wells in this section of the 
valley are still in fine-grained sediment (R. Miller, oral 
commun., 1972) at depths 15 m below the level of 
bedrock farther downvalley in Yankee Jim Canyon.

From Gardiner to the terminal moraines, the 
northern Yellowstone outlet glacier descended at the 
gradient shown on plates IA and 4, as determined by 
observation of erratics and glacial scour features.

ICECAP SOURCES FEEDING THE NORTHERN YELLOWSTONE 
OUTLET GLACIER

During full-glacial conditions, ice from four main 
sources converged toward Gardiner to form the north­ 
ern Yellowstone outlet glacier (pi. LA). The converging 
ice streams are differentiated somewhat arbitrarily in­ 
asmuch as they formed a continuous icemass. These 
streams are defined by directions of scour features and 
transport of erratics under full-glacial conditions and 
are designated as the Gallatin Range icecap, the 
plateau icecap between the Gallatin and Washburn 
Ranges, the plateau icecap overriding the Washburn 
Range-Specimen Ridge area, and the Beartooth-uplift 
icecap. The northern Yellowstone outlet glacier and 
the ice from these icecaps that fed it together con­ 
stituted the northern Yellowstone glacier.

Figure 21 illustrates the convergence of ice streams 
to form the northern Yellowstone outlet glacier.

GALLATIN RANGE ICECAP

The westernmost of the four wedge-shaped ice- 
streams headed in an icecap on the Gallatin Range, 
flowed northeast along the Gallatin Range front and 
streamed around Sepulcher Mountain (pi. IA). The 
glacial streaming, molding, and scouring features pro­ 
duced by this flow are well displayed in Gardners Hole 
(frontispiece, fig. 22), where parallel drumloid ridges 
cover some 40 km2 of meadowland. Two features in­ 
dicate that the direction of flow was northeasterly 
rather than southwesterly along the drumloid trend 
(fig. 22). First, the trend of drumloid features is oblique 
to the mountain front (frontispiece, pi. IA). Ice at the 
base of a glacier would not have formed such features if 
it flowed into the front, but could have formed such 
features by flowing down and obliquely away from the 
front. Second, as noted in figure 13, erratics from the 
south end of the Gallatin Range were carried in a north­ 
erly direction parallel to the drumloid terrain.

Fresh glacial-scour features delimit the approximate 
altitude of the Pinedale ice-surface at the north end of 
the Gallatin Range ice-stream (pi. IA). These features 
(fig. 20) extend up to an altitude of 2,700 m (8,800 ft) on 
the north side of Sepulcher Mountain and to about 
2,750 m (9,000 ft) on the south side (pi. IA). No 
evidence was found to indicate that the higher parts of 
Sepulcher Mountain (altitude 2,942 m or 9,652 ft) were 
ever glaciated. Southeast of Sepulcher, ice-scoured 
travertine and erratics from the Gallatin Range are 
scattered over Terrace Mountain (altitude 2,442 m or 
8,011 ft). Southwest of Sepulcher Mountain, at 
altitides of about 2,900 m (9,500 ft), the upland flats of 
Quadrant and Little Quadrant Mountains are glacially 
scoured and smoothed, but no erratics are present; ap-
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FIGURE 21. Convergence of ice streams towards Gardiner to form the northern Yellowstone outlet glacier. 1, Drumloid topography in 
Gardners Hole (also frontispiece) and adjacent areas formed by northeasterly to northerly flow from the Gallatin Range icecap and the 
plateau icecap between the Gallatin and Washburn Ranges. 2, Northerly flow between Obsidian and Lava Creeks left striations and 
basalt erratics on Bunsen Peak. 3, Striations and scour features cross the crest of the northwestern part of the Washburn Range. 4, 
Glacial-scour features on Mount Everts and adjacent uplands indicate flow swinging from westerly to northwesterly. Dot in arrow in­ 
dicates striations observed on the ground. High-altitude aerial photograph by NASA, 1969.

parently flow was outward from, rather than toward 
these mountains. These observations indicate that the 
ice surface was above 2,900-3,000 m (9,500-10,000 ft) 
in the Gallatin Range. Consequently, ice east of the 
front of the Gallatin Range was 600-700 m thick.

A variety of other evidence supports the conclusion 
that ice east of the Gallatin Range front was hundreds 
of meters thick. First a ridge of Eocene volcanic rocks 
trends northwest across Gardners Hole. Although the 
ridge projects 90-180 m above Gardners Hole, scour
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FIGURE 22. Oblique view northwest over drumloid topography in Gardners Hole. Flow direction is from left to right. A weakly developed 
soil of Pinedale age is developed on the surface till, but a clayey reddish weathering zone on an underlying till of inferred Bull Lake age 
is exposed where the Gardiner River has cut into the core of some drumlins. Photograph by W. B. Hall.

and flow features (frontispiece, fig. 22, pi. 1,4) trend 
undeflected across it. Second, drumloid features across 
the mouths of valleys at the Gallatin Range front 
(especially Panther and Indian Creeks, and an unnam­ 
ed creek north of Winter Creek) indicate that the ice on 
the flats to the east was as high as that in the valleys 
of the Gallatin Range, where well-preserved evidence 
of glaciation extends more than 600 m above the valley 
floors. Third, the drumloid features themselves in­ 
dicate formation by ice probably more than 500 m 
thick.

PLATEAU ICECAP BETWEEN 
THE GALLATIN AND WASHBURN RANGES

A wedge-shaped ice-stream 600-900 m thick flowed

northward from the plateau between the Gallatin and 
Washburn Ranges (pi. LA). Near its north end the 
icecap overtopped Bunsen Peak (altitude 2,610 m; 
8,564 ft); abundant basalt erratics and coarse glacial 
striations there indicate northward flow. On the upper 
part of Bunsen Peak, erratics of Gallatin Range rocks 
(andesitic intrusives, gneiss, quartz, limestone) are 
either absent or very much less abundant than they are 
below an altitude of about 2,300 m (7,500 ft). Although 
hundreds of basalt erratics, some well polished and 
striated, were noted above 2,450 m (8,000 ft) on 
Bunsen Peak, only one erratic of intrusive rock from 
the Gallatin Range was found, indicating that full- 
glacial flow was not easterly from the Gallatin Range. 
The basalt erratics were primarily derived from the 
Pleistocene Swan Lake Flat Basalt which underlies ex-
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tensive areas to the south, about 300 m below Bunsen 
Peak (pi. IB; U.S. Geol. Survey, 1972b). Thicknesses of 
weathered rinds on 13 surface erratics of sugary- 
textured basalt suggest a Pinedale age: five had 
weathered rinds 0-0.25 mm thick on glacially abraded 
surfaces and five had rinds 0.25-0.5 mm thick. The 
basalt erratics indicate that northward flow was 
vigorous enough to lift erratics 300 m above the 
altitude of their origin (fig. 27). These features require 
an ice mass more than 400 m thick just south of 
Bunsen Peak; northward flow features show that the 
ice surface continued to rise for about 16 km south of 
Bunsen Peak (fig. 27).

PLATEAU ICECAP OVERRIDING THE 
WASHBURN RANGE AND SPECIMEN RIDGE

Striated bedrock at more than 100 localities along 
the crest of the Washburn Range and on Specimen 
Ridge reveals that the last glacial flow across these 
mountains was towards Gardiner (pi. I A). These stria- 
tions occur on the highest parts of the ridge crest, 
which is locally above 3,000 m (10,000 ft) in altitude 
and generally above 2,700 m (9,000 ft). Prior to this 
study, evidence for regional glaciation had not been 
found as high as 2,700 m (9,000 ft) in ths area. At about 
2,530 m (8,300 ft), Alden (1928) observed a glaciated 
rock surface with rat tails indicating flow to the north. 
A. D. Howard noted polished and striated bedrock as 
high as 2,690 m (8,825 ft).

Glacial striations and polish discovered on the crest 
of the Washburn Range in 1967 were first thought to 
be of Pinedale age. But Richmond (1969, fig. 2) con­ 
cluded that the upper limit of Pinedale ice was near the 
base of the range (at the position mapped on plate 2 as 
the Deckard Flats limit), and it was determined 
therefore, that the glaciation of the crest was pre- 
Pinedale (Pierce, 1968). Further mapping and study of 
the glacial system forming the northern Yellowstone 
outlet glacier (pi. I A) indicated to me, however, that a 
Pinedale age was more likely. Because this difference 
of opinion is still unresolved (U.S. Geological Survey, 
1972a), considerable detail is given in this section.

The form of the Washburn Range (fig. 23) suggests 
that ice overrode the entire range. Its smooth and 
rounded appearance contrasts markedly with other 
mountainous terrain underlain by similar volcanic 
rocks of the Absaroka Supergroup. H. J. Prostka map­ 
ped the Absaroka rocks in the northern Yellowstone 
area and also noted this difference; he concluded the 
morphologic distinctness of the Washburn Range is 
not due to its bedrock geology (oral commun., 1973). 
Remarkably little surficial debris exists on much of the 
upland terrain; my observations as well as those of W.

B. Hall (written commun., 1973) and H. J. Prostka 
(oral commun., 1973) suggest that bedrock is common­ 
ly present within 0.3 m of the surface.

The evidence of Pinedale full-glacial conditions in the 
Washburn Range consists primarily of scour features, 
for ice accumulation and abrasion prevailed at 
altitudes above 2,700 m (9,000 ft).

Flow across the crests of the Washburn Range and 
Specimen Ridge was northward towards Gardiner and 
not southward from the Beartooth uplift (fig. 24). The 
most commonly observed feature demonstrating this 
flow direction is the concentration of glacial striations 
and polish on the upflow side of bedrock protuberances 
(figs. 6, 7). In addition, low-angle friction cracks (fig. 6) 
consistently dip to the north. Where risers face north, 
striations and polish occur on treads but not on risers, 
showing northward flow (figs. 6, 7). Rat tails on con­ 
glomerate between altitudes of 2,530 and 2,740 m 
(8,300 and 9,000 ft) in the eastern part of the 
Washburn Range near Dunraven Pass clearly 
demonstrate ice flow to the north. The rat tails and 
striations do not trend down the west slope of Mount 
Washburn but are subhorizontal and indicate a thick 
glacier flowing and shearing horizontally along the 
side of the mountain.

Most of the striations occur on ridge crests. 
Therefore the flow that produced them was not af­ 
fected by higher local topographic features. Conse­ 
quently, these striations indicate relatively precisely 
the direction of flow and the surface slope of the ice.

Although most of the Absaroka volcanic rocks are so 
friable that they do not generally display striations, 
striations do locally occur on individual clasts of dense, 
very dark gray andesite in the volcaniclastic bedrock. 
These striations and the associated polish are very 
fresh (figs. 25 and 26). Photomicrographs (fig. 7) show 
that the striations are very fine, linear, parallel scrat­ 
ches, some less than 0.1 mm across. The rock surface 
shows some postglacial pitting where chemical or 
mechanical weathering, or both, has removed parts of 
individual rock grains, but on polished surfaces little 
or no weathering has occurred since glaciation. When 
the rock is broken perpendicular to the polished sur­ 
faces, usually no rind can be observed with the naked 
eye, indicating that a rind, if present, is generally less 
than 0.25 mm thick. Thin sections perpendicular to the 
striated surface show no clear rind, but a slight 
lightening of the groundmass and reddish staining of 
some ferromagnesian minerals occur to a depth of 0.5 
mm.

Figure 27 shows that the lower part of the icemass 
south of the Washburn Range was nearly static. No er­ 
ratics of rhyolite from the plateau were found high on 
the southern Washburn Range, and scour features are 
mostly restricted to an altitude above 2,700 m (9,000
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Mount Washburn

FIGURE 23. Oblique view, looking northward, of the southeastern part of the Washburn Range, showing its smoothed and rounded appear­ 
ance. This form is thought to reflect overriding of the entire range by a Pinedale icecap whose axis lay just south of the range (pi. 1A). 
Bedrock is commonly present within 0.3 m or so of the surface at altitudes above 2,680 m (8,800 ft), and fresh striations indicating 
glacial flow to the north occur all along the range crest. Dunraven Pass has a glacially rounded, U-shaped form, and striations on the 
north side of the pass indicate flow northward through the pass. Photograph by W. B. Hall.

ft). Thick colluvium locally occurs on the southern 
slopes of the Washburn Range, also suggesting lack of 
glacial scour. This lack of scour and transport is at­ 
tributed to: (1) the height of the range being con­ 
siderably greater than where such shearing and 
transport have been noted elsewhere in the park 
(Bunsen Peak, Gardners Hole ridge) and (2) the axis of 
the icecap being probably only a few kilometers south 
of the Washburn Range, thus requiring too great a cur­ 
vature of shear planes.

Amethyst Mountain (altitude 2,930 m or 9,614 ft) at 
the crest of Specimen Ridge displays striations and 
glacial polish (fig. 28), which indicate northwesterly

flow during full-glacial conditions (fig. 29; pi. LA). Such 
a flow direction here is particularly important because 
it indicates that during Pinedale full-glacial time, the 
plateau icecap was at the same height as ice from the 
Beartooth uplift. The resultant direction of flow be­ 
tween these two abutting icemasses was northwestward 
along their common boundary and toward the outlet 
glacier at Gardiner.

BEARTOOTH UPLIFT ICECAP

The largest and most obvious ice stream that con­ 
tributed to the northern Yellowstone outlet glacier was
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FIGURE 24. Orientation of striations and direction of ice movement 
in the western part of the Washburn Range. All the 41 striation 
localities found above an altitude of 2,700 m (8,800 ft) are shown. 
Some systematic variation occurs along the range crest, but local 
variations are small. Dot, locality; line, striation orientation; ar­ 
rowhead, flow direction.

FIGURE 25. Glacial polish and striations formed on vertical face 
at Observation Peak, southwest corner of the Washburn Range. 
Arrows indicate direction of full-glacial flow northward up and 
over this peak. Bedrock is Quaternary basalt.

from a large icecap on the Beartooth uplift. This 
stream flowed southwestward to the Lamar- 
Yellowstone drainage, then northwestward toward the 
outlet glacier.

On Palmer Mountain near Gardiner, at the downflow 
end of this mapped ice stream (pi. IA), the altitude of 
the ice surface was about 2,770 m (9,100 ft). The upper 
several hundred feet of Palmer Mountain (altitude 
2,853 m or 9,359 ft) consists mostly of frost rubble, and 
no evidence of glaciation was found. South of the 
mountain crest, evidence of glacial scour is common on 
the bench at an altitude of 2,700 m (8,800 ft). Ice-flow 
lineaments on this bench parallel the Yellowstone 
valley and are at a high angle to the drainage from 
local cirques.

Northeast of Palmer Mountain, towards the icecap 
on the Beartooth uplift, fresh glacial striations and 
scoured bedrock on uplands and ridgecrests indicate 
that the ice surface was above an altitude of 2,900 m 
(9,600 ft).

The upper limit of ice under full-glacial conditions is 
difficult to determine east of Palmer Mountain,
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FIGURE 26. Striations and glacial polish on breccia clast in Eocene 
bedrock at Prospect Peak (altitude 2,930 m or 9,525 ft) in the 
northern part of the Washburn Range. Note how Striations and 
polish round upper edge of boulder and then disappear. About 10 
similarly striated clasts protruding from the bedrock were found 
on the peak, each polished and striated on the southeast side, in­ 
dicating flow to the northwest (to the upper right). Photograph by 
Cliff Montagne.

because all of the high ridges and peaks for the next 
50 km are intensely glaciated to their summits of 
2,400-3,000 m (8,000-10,000 ft); the highest of these is 
Mount Hornaday, 37 km upvalley, at an altitude of 
3,059 m (10,036 ft).

Within this 50-km interval, pervasive scour features 
indicate that an icemass flowed southwestward into 
the trench occupied by the Lamar-Yellowstone 
drainage. This icemass had a relatively flat upper sur­ 
face but an irregular lower surface that conformed to 
the high relief of the present terrain. Its main flow- 
channels were the valleys of Hellroaring Creek, Buffalo 
Creek, Slough Creek, and Soda Butte Creek (pi. I A). 
Figure 30 illustrates southward flow from the 
Hellroaring Creek drainage into the large westward- 
moving glacier in the Lamar-Yellowstone drainage.

Some of the highest mountain tops in the northeast 
corner of Yellowstone National Park display nearly flat

Basalt and 
| obsidian 

(Quaternary)

Obsidian (Quaternary)

Common transport of erratics of basalt to 
Bunsen Peak area, about 300 m higher

Andesitic rocks
(Eocene)

^ (Quaternary)

Transport of some erratics 
of tuff to Folsom Peak 
area, about 200 m higher

Andesitic rocks (Eocene)

No transport of erratics from 
rhyolite flows to Dunraven 
Pass area, about 150 m higher
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VERTICAL EXAGGERATION 5 X

FIGURE 27. Glacial flow across topographic obstacles. A, Flow 
over Bunsen Peak. Basalt boulders were carried upward about 
300 m by ice from Swan Lake Flat to the top of Bunsen Peak 
(both south of Gardiner, pi. 1). No obsidian was found there, 
perhaps because the area of obsidian outcrop was overlain by 
nearly static ice along the axis of the icecap. B, Flow across the 
Washburn Range. Because of the height of the range and its prox­ 
imity to the icecap axis, erratics of flow rhyolite were not carried 
high onto the southern part of the range. But farther north in the 
Folsom Peak area, which was neither as high nor as near the 
icecap axis, erratics of tuff from the Tower Creek area were lifted 
about 200 m above their place of origin.

terrain mantled with thick colluvium and show no 
evidence of glacial scour. On these small uplands above 
the ELA, snow apparently was blown away. The 
lowest altitude of these flat, apparently unglaciated 
upland surfaces are as follows: Abiathar Peak, 3,260 m 
(10,700 ft); Amphitheater Peak, 3,230 m (10,600 ft); 
and Cutoff Mountain, 3,200 m (10,500 ft). Below these 
uplands are cliffs of eroding bedrock where postglacial 
erosion has obliterated the upper limit of the Pinedale 
Glaciation.

An ice stream about 900 m thick and 6 km wide, 
heading near lower Aero Lake just outside the north-
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FIGURE 28. Photomicrograph of striated and polished surface of 
Eocene bedrock on top of Amethyst Mountain (altitude 2,930 m; 
9,614 ft), the highest peak on Specimen Ridge. Flow to northwest 
is indicated by arrow. Note tailing out of striations in direction of 
flow, and polish on tread (T) and not on riser (R) across stepdown 
in bedrock surface to the northwest. Similar striations and polish 
were found on about 10 boulders in the volcaniclastic bedrock.

east corner of the park, entered the Yellowstone 
drainage from the headwaters of Clarks Fork and, join­ 
ing local ice, flowed down the valley of Soda Butte 
Creek. Thus, a continuous glacier 146 km long (pis. I A, 
4) extended from the head of Clarks Fork to the glacier 
terminus at the Eightmile moraines. This was prob­ 
ably the longest glacier in the United States, excluding 
those originating from the Canadian or Alaskan 
icecaps.

ICE IN THE UPPER LAMAR DRAINAGE BASIN

Evidence of the extent of ice in the upper Lamar 
drainage basin is most convincingly displayed along 
its headwaters along the east park boundary. There at 
more than 20 localities, glacial scour features, in­ 
cluding striations, occur as high as 3,050 m (10,000 ft), 
and indicate flow eastward across the drainage divide. 
Downstream from the mouth of the upper Lamar, 
glacial scour features indicate that ice levels were 
equally high. Within the upper Lamar drainage basin, 
uncommon glacial flow features (pi. L4; Pierce, 1974b) 
and the rounded character of the terrain also suggest 
that ice filled the drainage basin to altitudes above 
3,050 m (10,000 ft).

Interpretation of the glaciation of the upper Lamar 
is complicated by the differences in flow between early

44°55'

FIGURE 29. Orientation of striations (arrows) along the crest of 
Specimen Ridge. Dots are localities of observation. Above an 
altitude of 2,750 m (9,000 ft) directional indicators (figs. 5, 28) in­ 
dicate flow to the northwest. Below the 9,000-foot contour, 
geometric relations indicate that southerly striations are younger 
than the northwesterly ones. Also, erratics of Paleozoic limestone 
and Precambrian rocks below the 9,000-foot contour indicate an 
incursion of ice from the north, which occurred during the 
Deckard Flats readjustment. Base from U.S. Geological Survey 
1:62,500 Tower Junction, 1959.

glacial, full-glacial, and late glacial times. Both before 
and after full-glacial time, ice from the Beartooth uplift 
flowed up the Lamar, formed ice-dammed lakes, and 
deposited till and erratics of Precambrian and 
Paleozoic rocks on the Eocene volcanic bedrock. The 
distribution of erratics from the Beartooth uplift (pi. 
1-4) indicated that Beartooth ice advanced only into 
the lower parts of the upper Lamar drainage. If ice 
from the Beartooth uplift had advanced up the Lamar 
and over the divide along the headwaters, then erratics 
from the Beartooth uplift should be widely distributed
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FIGURE 30. Aerial view of glacial scouring, streaming, and molding features produced by ice from the Beartooth uplift as it flowed south­ 
ward into the Yellowstone valley. Note strong convergence of flow with other ice coming down the Lamar-Yellowstone drainage. 
Photograph by NASA, 1969.

throughout the Lamar; they are not. Thus during full- 
glacial time, the upper Lamar was filled with ice as 
much as 900 m thick that accumulated there and flow­ 
ed both eastward away from, and westward into, the 
northern Yellowstone glacier.

The absence of good evidence for glacial scour of 
most of the upper Lamar terrain may be explained by 
three factors. First, the Eocene volcanic bedrock in the 
upper Lamar generally displays evidence of glaciation 
poorly. Glacial scour is also uncommon on similar 
bedrock along the valley of Soda Butte Creek; this 
valley was occupied by a glacier more than 1,100 m 
thick coming from the Beartooth uplift. Second, the 
thicker and more active glaciers from the Beartooth

uplift impeded outflow from the upper Lamar, 
resulting in thickening of the ice there. This thick ice 
probably flowed more by internal deformation than by 
basal slip, thus leaving little evidence of glacial scour. 
Third, this thickening also resulted in overflow of the 
divide along the east park boundary, thus displacing 
the ice-divide westward from the drainage divide (pi. 
IA). East of this ice divide, scour features are to be ex­ 
pected only along the drainage divide. West of this 
divide, scour features may not occur within several 
kilometers of the icecap axis (fig. 27).

Although evidence of glacial scour (basal sliding) is 
poor, mass-balance considerations suggest that 
outflow from the upper Lamar area should have been
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of the same magnitude per unit area as from other 
icecaps in northern Yellowstone. The average altitude 
of the ice surface in the upper Lamar was at least 
3,100 m, about 300 m above the estimated equilibrium- 
line altitude in northern Yellowstone. Substantial ac­ 
cumulation must have occurred at this altitude, and 
total outflow to both the east and west would be a 
function of this accumulation multiplied by the surface 
area of the icecap in the upper Lamar (fig. 49).

The part of the northern Yellowstone glacier con­ 
sisting of ice from the upper Lamar could not be traced 
by field observations of glacial scour or glacial erratics 
downstream from the upper Lamar. Downstream from 
the confluence of the upper Lamar with Soda Butte 
Creek, ice from the upper Lamar is for convenience in­ 
cluded with ice from the Beartooth uplift (pi. L4).

AGE OF THE HIGH-LEVEL SCOUR FEATURES

A reconstruction of the Pinedale Glaciation of 
Yellowstone indicates that most of the high-level 
glacial-scour features of the Washburn Range and 
Specimen Ridge are above the limit of Pinedale ice 
(Richmond, 1969, fig. 2; U.S. Geological Survey, 
1972a). This reconstruction shows the altitude of the 
Pinedale limit at 2,740 m (9,000 ft) on Specimen Ridge, 
2,560 m (8,400 ft) on the northwest side of the 
Washburn Range, and as low as 2,440 m (8,000 ft) on 
the south side of the Washburn Range. Unfortunately, 
the basis for these pre-Pinedale age assignments is not 
published.

Within the source area of the northern Yellowstone 
outlet glacier, the following points summarize my prin­ 
cipal reasons for assignment of all the observed, well- 
preserved glacial-scour features to the last major, or 
Pinedale, glaciation:

1. The largest northern Yellowstone outlet glacier to 
deposit end moraines that retain morainal topography 
was of Pinedale age. Therefore Pinedale ice levels in 
the source area of this outlet glacier should have been 
as high as any previous glaciation that might have left 
fresh glacial-scour features in the source area. If the 
upper 300-600 m of fresh glacial features were formed 
by pre-Pinedale northward flow, then this glacier 
would have been much thicker, but shorter than 
the Pinedale.

2. The ice-surface profiles shown on plates IA and 4 
between the Pinedale terminal moraines and the high- 
level scour features on the Washburn Range and 
Specimen Ridge are consistent with the known rela­ 
tions between ice-surface slope and ice thickness. (See 
basal shear stress discussion and fig. 48.) Differing 
reconstructions of the extent of Pinedale ice (U.S. 
Geological Survey, 1972a) yield unreasonably low

basal shear stress values. (See section "Basal shear 
stress and alternate glacial reconstructions.")

3. The relation between the orientation of scour 
features and contours on the ice surface requires the 
ice surface to be at similar altitudes in adjacent ice 
streams (pi. I A). Mapping these directional flow 
features and contouring of the ice surface (pi. I A) 
shows that the upper ice limit in the Gallatin Range, 
Beartooth uplift, Washburn Range, and uplands near 
Gardiner are all the same age.

4. No relative-age boundaries of major significance 
are apparent from the valley floors to the highest 
glacial features. For example, all the striations on 
dark-gray andesites and basalts along the crest of the 
Washburn Range and on valley floors are equally 
fresh, and most weathering rinds are less than 0.5 mm 
thick, indicating only one general age.

5. Most striations on rocks of the Washburn Range 
and Specimen Ridge are on 0.3-1-m boulders in the 
volcanic bedrock. These striated boulders are equally 
well preserved both above and below the "Pinedale 
limit" of the reconstruction of Richmond (1969, fig. 2) 
and U.S. Geological Survey (1972a). Since they were 
formed, the matrix around these clasts has weathered 
so that most could be readily dislodged, regardless of 
whether they are high or low in the terrain. In places, 
striations from the highest glacial phase are crossed by 
those of a lower glacial phase (Pierce, 1973b, 1974a). If 
the glacial scouring that formed the two sets of stria­ 
tions were separated by a nonglacial weathering inter­ 
val, it seems likely that weathering and frost action 
during such an interval would have loosened the 
boulders so that the later glaciation would have 
dislodged them.

6. Soil-profile development since deglaciation does 
not indicate that the high glacial terrain is significant­ 
ly older than the last glaciation. As summarized in 
Pierce (1974b), profiles related to the highest levels (T 
and M) are weakly developed. Similar development of 
profiles is found above and below the Deckard Flats 
boundary. (Deckard Flats is the late phase of the reces­ 
sional Pinedale, discussed later.) Some profiles below 
the Deckard Flats limit are deep and show clay films 
(Pierce, 1973b, profile L). All soil profiles possibly 
relating to a high-level glaciation are within the limits 
of variability of profiles at lower levels and thus do not 
indicate any significant age difference.

7. Ice levels and ice thicknesses great enough to 
overtop the Washburn Range are not unreasonable, for 
there is agreement that only 30 km south of the 
Washburn Range in the Yellowstone Lake area a large 
Pinedale icecap reached an altitude of 3,200 m (10,500 
ft) (Richmond and Pierce, 1968; Richmond, 1969). The 
main difference of opinion is whether or not the
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Pinedale ice surface decreased by more than 600 m be­ 
tween the Yellowstone Lake area and the Washburn 
Range (Richmond, 1969), or maintained an altitude of 
about 3,200 m in a northerly direction along its axis. In 
addition to arguments based on field relations, the 
600 m decrease in ice surface altitude seems excessive, 
for such a drop would result in basal shear stresses 
greater than 2.5 bars, well above general range of 
0.5-1.5 bars observed on glaciers. (See p. F67.)

ICE DIVIDES AND FLOW AWAY FROM THE 
NORTHERN YELLOWSTONE GLACIER

Ice divides existed on the icecaps at the heads of the 
four ice streams just described. Most of these ice 
divides were not coincident with drainage divides; 
hence ice flowed across almost all of the present 
drainage divides. The icemasses on the far side of 
icecap divides are complementary to the northern 
Yellowstone glacier, and a reconstruction of the upper 
limits of the Pinedale icemass (pi. I A) must be confor­ 
mable across these divides.

GALLATIN RANGE

Under full-glacial conditions, ice west of the icecap 
axis flowed westward across passes along the crest of 
the Gallatin Range and around the south end of the 
range. This flow augmented local glaciers, which ad­ 
vanced about 15 km down valley from the drainage 
divides of the Gallatin River and Grayling Creek. 
Westward-flowing ice about 300 m thick scoured seven 
passes (pi. I A; fig. 31), most of which are at altitudes 
just above 2,750 m (9,000 ft.)

The terminal moraines of the glacier in the Gallatin 
valley lie in a gently sloping area between the Gallatin 
and Madison Ranges (pi. IA). The moraine pattern in 
the terminal area is complex and demonstrates that 
flow occurred across local drainage divides. (See pi. IA 
and fig. 37.) As discussed later (p. F51), the moraine 
crests inside the terminal moraine of the Gallatin River 
valley glacier form an important Pinedale recessional 
sequence.

Along Grayling Creek (fig. 37) about 2.4 km 
upstream from U.S. Highway 191, large multicrested, 
bouldery moraines mark the margin of Pinedale ice. 
The moraines are as bouldery and sharp crested as 
Pinedale moraines formed from granitic debris 
elsewhere in the Rocky Mountains. Their well- 
developed constructional topography and boulderiness 
result from large blocks of Precambrian gneiss sup­ 
plied from an area aptly named "The Crags." The 
glacier in this valley was 450 m thick and was much 
too large to have been derived solely from several small

low-altitude cirques in The Crags and one poorly defin­ 
ed cirque at the head of the valley. However, several 
glacial scoured divides at the head of Grayling Creek 
reveal one additional source of ice (pi. IA). However, 
this addition was probably not as large as that from 
around the south end of the range. On the upland adja­ 
cent to the poorly defined cirque between the two forks 
of Grayling Creek, the bedrock is glacially rounded and 
scoured, and striations and scour features indicate 
northwestward flow towards Grayling Creek.

GLACIATION SOUTH OF THE GALLATIN RANGE

The axis of the plateau icecap lay just north of the 
southeast end of the Gallatin Range (pi. IA). Beneath 
the ice divide, flow features are not apparent because 
the immediately overlying ice was nearly static (fig. 
27). Several kilometers to the southwest, however, 
abundant glacial-scour features and erratics demon­ 
strate that flow was to the southwest (pi. IA; fig. 32). 
This flow direction and position for the icecap axis 
(pi. I A) are complemented by that determined from its 
north side, where the well-developed glacial-flow fea­ 
tures in Gardners Hole fade out east of Dome Mountain 
and erratics of Precambrian rocks and Tertiary intru- 
sives from Mount Holmes demonstrate northward 
flow from as far south as Indian Creek.

Ice flowing southwest from the icecap axis toward 
the West Yellowstone Basin had to flow over an 
escarpment 150-300 m high that extends southward 
from the Gallatin Range to the Madison Canyon (fig. 
32). The direction of glacial scour and striations on this 
rim and down the tuff dipslope on its west side in­ 
dicates that the ice surface sloped southeast (fig. 32; pi. 
1A).

Bouldery, hummocky moraines along the south side 
of Cougar Creek and along the north side of Maple 
Creek represent the terminus of ice flowing over this 
escarpment. As shown in fig. 33, glacial streaming 
features on the north side of Cougar Creek indicate 
southwesterly flow oblique to Cougar Creek, a direc­ 
tion confirmed by abundant erratics of Precambrian 
gneiss and Tertiary intrusive rocks from the Mount 
Holmes area to the northeast.

Moraines north of Maple Creek are fresh, locally 
bouldery, and remarkably continuous (fig. 34; pi. IA; 
Pierce, 1973a; Waldrop, 1975a); they can be walked for 
about 10 km to the northeast from near the Cougar 
Creek-Maple Creek confluence, to where a lobe of ice 
went down a tributary of Gneiss Creek (fig. 34). The 
moraines are not traceable for the next 2 km across a 
steep talus of Eocene volcanic rock. Farther north, in a 
flat-bottomed valley, several horseshoe-shaped, sharp 
morainal crests, with closed depressions containing
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FIGURE 31. Oblique aerial view west through Fawn Pass in the Gallatin Range. The broad U-shaped pass was shaped by ice spilling west­ 
ward across the range. Pinedale terminal moraines lie 11 km west of the pass (pi. 1A) beyond the low meadows visible through the pass. 
The sedimentary bedrock at lower right was smoothed by glacial scour. Photograph by W. B. Hall.

ponds, occur just inside the Pinedale ice margin.
The contrast between terrain last occupied by Bull 

Lake ice and that last occupied by Pinedale ice can be 
observed along the Gneiss Creek trail between 
Madison Canyon and Gneiss Creek. The Bull Lake ter­ 
rain is subdued, loess mantled, and not bouldery; 
grasses and sagebrush commonly dominate trees (figs. 
33, 34). The Pinedale terrain, on the other hand, is 
primarily forested and has sandy soils, and boulders 
are common at the ground surface.

Soil profiles on Pinedale moraines range from ones so 
weak that the C-horizon occurs at a depth of 15 cm (see 
fig. 10, Iocs. 8 and 9) to those profiles in which a cambic 
B-horizon extends to depths of 0.4 to 0.6 m but in 
which little or no texture or soil structure has 
developed.

Melt-water channels extend from the Pinedale 
moraines well out onto the flats of West Yellowstone 
Basin. At Maple Creek they breach morainal ridges in 
several places; one channel about 200 m wide can be 
traced for 3 km from the moraines. Another outwash 
channel extends southward from the southernmost 
margin of the Cougar Creek moraines (fig. 33). The up­ 
per end of this channel (fig. 33) terminates at a steep, 
north-facing ice-contact escarpment 30 m high, below 
which are slightly younger, sharp, small to medium- 
sized morainal ridges. The downstream end of this 
channel forms an outwash fan similar to and abutting 
the fan emanating from the Pinedale terminal 
moraines of the Madison River lobe to the south (fig. 
33); it shows the age equivalence of these moraines.

The absence of Pinedale terminal moraines between
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FIGURE 32. Oblique aerial photograph looking south, showing 
glacially scoured uplands south of Gallatin Range, indicating ice 
flow southwest toward the West Yellowstone Basin. Arrows in­ 
dicating direction of ice flow are nearly at right angles to the 
strike of the sedimentary bedrock, which is from lower right to 
upper left.

Maple Creek and Cougar Creek is attributed to burial 
by Pinedale and younger alluvium along an active 
downwarp. At the mouth of the Cougar Creek valley, 
sandy alluvium is presently burying marsh vegetation, 
and Pinedale moraine crests become inundated by 
modern alluvium as they are traced down Cougar 
Creek. Swamps on the floor of the West Yellowstone 
Basin just west of Cougar Creek and in Madison 
Canyon suggest that the area has been downwarped 
below the water table. The course of Cougar Creek sug­ 
gests it is flowing along an active downwarp, for it 
flows northward near the base of a dipslope on tuff. If 
downwarping were not occurring, alluviation from the 
streams flowing off the dipslope would be expected to 
build west-sloping fans, displacing the creek westward 
from its present course. This subsidence is probably 
part of the same structural process that has tilted the 
600,000-year-old tuff into the West Yellowstone Basin.

At the mouth of Madison Canyon, the western bound­ 
ary of Pinedale ice is delimited by terminal moraines 
(pi. 1A, fig. 33; Alden, 1953; Richmond, 1964a; 
Waldrop and Pierce, 1975). These moraines are less 
bouldery than those along Cougar and Maple Creeks, 
probably because they are composed almost exclusive­ 
ly of rhyolite. Several moraine crests are broken in 
places by melt-water channels, which can be traced for 
about 3 km onto the alluvial plain of the West 
Yellowstone Basin. Soils are weakly expressed in the 
rhyolitic parent material of these moraines (fig. 11).

GEOLOGY OF YELLOWSTONE NATIONAL PARK

OBSIUIAN-SANU OUTWASH PLAIN

A large alluvial deposit covers about 250 km2 of the 
West Yellowstone Basin and is reported to average 
about 25 m in thickness (Richmond, 1964a, p. 227). 
This deposit has been variously described as a large 
terrace postdating the moraines described here as Bull 
Lake (Alden, 1953, p. 178), as having formed during 
the Bull Lake-Pinedale interglacial interval (Rich­ 
mond, 1964a; U.S. Geol. Survey, 1972a), and as Bull 
Lake outwash (Witkind, 1969, p. 58). I believe these 
deposits to be Pinedale outwash, deposited principally 
by glacial-outburst floods3 upon release of ice-dammed 
lakes.

Glacial-outburst floods are not only possible but like­ 
ly, given the topography and the distribution of 
Pinedale ice and thermal areas in the western part of 
the park (L. J. Muffler, oral commun., 1970). Ice advan­ 
cing against the bedrock buttress formed by National 
Park Mountain at the northeast end of the West 
Yellowstone rhyolite flow may have temporarily dam­ 
med lakes in the geyser basins (fig. 35). Geothermal 
waters in the Upper, Midway, and Lower Geyser 
Basins now supply enough heat to melt 4.5 m of ice a 
year over the entire area of the Geyser Basins (Four- 
nier and others, 1970). Geothermal heat could have 
formed a lake 100 km2 in area and 100 m deep by 
melting glacial ice there. Failure of the ice dam by 
either floating or melting would have resulted in 
catastrophic flooding down the Madison Canyon and 
out into the West Yellowstone Basin (fig. 35).

Obsidian-rich rhyolite forms nearly all the bedrock in 
the west-central part of the park. This rhyolite breaks 
down to sand and fine gravel, and was the main source 
for the detritus forming the obsidian-sand plain. As 
the floodwaters spread out into the West Yellowstone 
Basin, either a flood-fan or flood-delta formed at the 
upstream end of the basin. Without ponded waters in 
the West Yellowstone Basin, a flood-fan would ac­ 
cumulate. A possible dam for holding waters in the 
West Yellowstone Basin is the glacier that deposited 
the youthful-looking moraines across the Madison 
valley at Beaver Creek just 1-5 km downstream and 
about the same altitude as Hebgen Dam. Another 
possible ponding mechanism is hydraulic damming at

3Although this suggested origin of the obsidian-sand plain has not been published 
previously, a number of geologists, including W. B. Myers in his field studies in 1959, and 
L. J. P. Muffler, W. B. Hall, and G. D. Eraser (oral commun., 1973) have considered it. 
Discussions with them and with D. E. Trimble, H. E. Malde, R. L. Christiansen, and W. B. 
Hamilton provided incentive for presenting this interpretation. At a field conference in 
1960, G. M. Richmond (written commun., 1973) discussed a glaciovolcanic-flood origin 
associated with emplacement of the West Yellowstone rhyolite flow.
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FIGURE 33. Pinedale terminal moraines along Cougar Creek and the Madison River. As shown in figure 10 (Iocs. 8 and 9), a thin soil with 
little or no loess is present on the Pinedale moraines, PM. Arrows, ice flow direction. Note glacial-scour features indicating Pinedale flow 
to the southwest, oblique to Cougar Creek. Outwash channel, OC, is bracketed by single-barb arrows and extends southwestward from 
Pinedale moraine. BM, large meadow area, Bull Lake ground moraine and kame gravels mantled by loess. Along Madison River, 
Pinedale terminal moraines are locally breached by melt-water channels that extend for at least 3 km west of the moraines. Stereo-aerial 
photographs by AMS, 1954.

the narrow outlet of the basin near Hebgen Dam (fig. 
35). In either case, the obsidian-sand plain could then 
have accumulated as an extensive, low-gradient flood- 
delta similar to that in the Pocatello and Portland 
areas (Trimble and Carr, 1961; Malde, 1968; Trimble, 
1963). Hydraulic damming does not appear realistic 
upon comparison of the probable volume of a lake in 
the geyser basins with the size of the West 
Yellowstone Basin (fig. 35).

The obsidian-sand plain grades headward into 
Pinedale outwash displaying channels that emanate 
from a Pinedale terminal moraine complex. Thus, it 
ties physically to Pinedale outwash. Contours show 
that at the mouth of Madison Canyon a large fan slop­ 
ing up to 1° heads in Pinedale moraines and grades 
northwest into a nearly planar surfaced sand plain 
sloping only 0.1° (fig. 35). The deposit is dominantly 
obsidian clasts from rhyolite flows in the Madison
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FIGURE 34. Pinedale terminal moraine on north side of Maple Creek. Outer margin of Pinedale ice shown by dashed line. Note outwash 
channel, OC, from Pinedale moraine 1.6 km west of terminus. The moraine protrudes down a melt-water channel, MC, into the Gneiss 
Creek drainage. Stereo-aerial photographs by AMS, 1954.

River drainage, especially the West Yellowstone 
rhyolite flow. Grains of quartz and sanidine and 
fragments of stony rhyolite from both flows and tuffs 
accompany the obsidian clasts. The deposit coarsens 
eastward toward Madison Canyon. The fan gradient is 
so low that Alden (1953, p. 178) thought that it 
might have been deposited in ponded water. This 
low gradient apparently relates to exceptionally 
large discharges and velocities and perhaps ponded 
waters in the West Yellowstone Basin at the time of 
deposition.

Along Cougar Creek and to the north, the proportion 
of obsidian diminishes, and stony rhyolite from the 
tuff immediately to the east becomes dominant. Ap­ 
parently, Cougar, Maple, and Gneiss Creeks aggraded 
in response to the rise of base level as the Madison 
River built the obsidian-sand plain.

Sedimentary characteristics of the obsidian-sand 
deposit suggest rapid deposition by sheet-flood. In 
several areas where bedding could be observed, the 
deposit consists of sheetlike beds 15-60 cm thick in 
which planar cross-strata are inclined at both high and 
low angles to the bedding (fig. 36). Most of the deposit 
is fine gravel to coarse sand, but silt-impregnated 
zones 2 cm or so thick commonly separate crossbedded 
layers. Away from the fan head, the deposit contains 
remarkably little coarse gravel, suggesting that not 
much coarse material was available; what little coarse

gravel was present evidently was deposited within a 
few kilometers of the fan head.

Two other sedimentary characteristics distinguish 
the obsidian-sand plain from many other alluvial 
deposits. First, the crossbeds of fine gravel generally 
have openwork structure, similar to that in flood 
deposits of the channeled scablands of Washington 
(Baker, 1973, p. 36, fig. 26). The voids between the 
clasts are not filled with finer material and the deposit 
has very little cohesion. On both artificial and natural 
exposures, the deposit has generally slumped, and bed­ 
ding characteristics are difficult to observe or 
photograph. Second, the well-developed cut-and-fill 
sedimentary structures common in most alluvial 
deposits are less developed, a characteristic also 
observed in historic flood deposits (McKee and others, 
1967, p. 832).

One problem with a flood origin for the obsidian- 
sand plain is the lack of conspicuous large boulders 
protruding from the surface of the deposit. However, 
no exposures were observed from the fan head almost 
to U.S. Highway 191, where the largest boulders would 
be expected. "Pudding stones" and cobbles occur in 
the sand 15-20 km from the fan head. The bedrock 
source of the deposit tends to disintegrate into mostly 
fine gravel, sand, and silt; perhaps the scarcity of 
boulders is due to this characteristic of the bedrock.

Cracks in obsidian pebbles collected from 2 to 12 m 
below the surface of the obsidian-sand plain have
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FIGURE 35. Major elements in a glacial-flood hypothesis for the origin of the obsidian-sand plain. As shown by generalized con­ 
tours, the obsidian-sand plain is a very gently sloping fan that steepens towards its source at the mouth of the Madison Canyon. 
Mapping of the Pinedale glacial limit from Pierce (1973a) and Waldrop and Pierce (1975). Mapping of the obsidian-sand plain is 
from Richmond (1964a), Pierce (1973a), Waldrop and Pierce (1975); and Waldrop (1975a). Forty-foot contours generalized from 
U.S. Geological Survey 1:62,500, West Yellowstone, Madison Junction, 1958. Base from AMS 1:250,000 Ashton, 1960.

hydration rinds of the same thickness as those in the 
Pinedale terminal moraines. The character of the 
cracking is also the same as that in the terminal 
moraines.

Soil profiles developed on the obsidian-sand plain are 
weak and are similar to those on other sandy deposits 
of Pinedale age. More silt occurs in the upper 50 cm 
than at greater depths, in part probably because wind­ 
blown silt has been washed down into the deposit.

EAST-WEST ICECAP AXIS ABOVE THE OBSIDIAN CLIFF FLOW

Between the Gallatin and Washburn Ranges the axis 
of the plateau icecap trended east-west, crossing the 
southern third of the Obsidian Cliff rhyolite flow near 
Lake of the Woods (pi. 1^4). The evidence for locating 
this ice divide seems equivocal at first, for as one ap­ 
proaches the ice divide or "ice source," the evidence for 
glaciation, such as scour features, erratics, and glacial
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FIGURE 36. Obsidian-sand-plain sediments. Horizontal beds about 
15 cm thick have both subhorizontal and steeply inclined 
crossbedding. The inclined crossbeds of pea-sized gravel are 
generally openwork (have no matrix). Scale is 18 cm long. 
Photograph by W. B. Hamilton, 1959.

deposits, becomes weaker and weaker, and the terrain 
has a less freshly glaciated appearance. But this less 
glaciated aspect of the terrain may be explained if one 
considers the conditions prevailing beneath an icecap 
axis (fig. 27). Little or no flow occurs immediately 
beneath an icecap axis where terrain is nearly horizon­ 
tal, so scour features would not be formed. Erratics 
would be absent, for the outward-flowing icemass 
would prevent their introduction. Erratics are ex­ 
tremely rare east from the Obsidian Cliff flow to the 
brink of the Lava Creek Canyon. They are more than 
two orders of magnitude less common than in moraines 
from ice sources in the Gallatin Range, Washburn 
Range, or Beartooth uplift. Glacial scour features on 
the Obsidian Cliff flow show an interesting progres­ 
sion. On the southern part of the flow, original flow-top 
depressions form small marshes in the lodgepole pine 
forest. Northward the marshes disappear and faint 
evidence of scour becomes apparent. Further north, on 
the Crystal Springs flow (pi. L4), scour features are 
better expressed.

Southward from the location of the icecap axis, 
glacial scouring, streaming, and molding features 
become apparent just north of Norris Geyser Basin, 
where glacial flow features are alined toward the 
southwest (pi. IA). Flow from this region was directed 
toward the north rim of Madison Canyon.

Near its axis the icecap was as much as 800 m thick, 
as determined by projecting the ice surface from either 
known or minimum heights of ice in the Gallatin 
Range to the west, in the Washburn Range to the east, 
and on nunataks to the north and south.

The history of fracturing of the Obsidian Cliff flow 
furnishes some unique and independent information 
regarding the Pinedale icecap (Friedman and others, 
1973). Hydration rinds on fractures appear to cluster 
into three groups, averaging 16.2, 14.5, and 7.9 mm in 
thickness. The oldest generation of cracks (thickest 
hydration) was formed during cooling of the flow, 
which is dated by K-Ar as 183,500±3,000 years old (J. 
D. Obradovich, written commun., 1979, 1977 K-Ar 
constants). The thickness of the rinds on the other two 
sets of cracks corresponds closely with that on glacial­ 
ly induced cracks in obsidian pebbles in Bull Lake and 
Pinedale end moraines of the West Yellowstone area. 
These two sets of fractures in the Obsidian Cliff flow 
are postulated to be due to glacial loading by Bull Lake 
and Pinedale icecaps. The Pinedale icecap is thought to 
have been thicker than that of the Bull Lake in the 
northern Yellowstone area (fig. 17), so that its load 
would have been greater than that of the Bull Lake, 
and would have caused new fracturing of the flow.

ICE DIVIDE SOUTH OF THE WASHBURN RANGE

During full-glacial conditions an ice divide existed 
south of the Washburn Range. The nearly due north 
direction of flow across the range indicates that the 
icecap had an east-west-trending axis. This axis span­ 
ned the area from Wolf and Grebe Lakes to just north 
of Canyon Village. The northeasterly trending topo­ 
graphic grain apparent on aerial photographs north­ 
east of Canyon Village is probably due to glacial flow 
around the east end of the Washburn Range (fig. 27).

From Canyon Village, the icecap axis trended easter­ 
ly to the Mirror Plateau. As shown on plate IA above 
the Mirror Plateau, the east-west axis of this icecap 
abutted both the north-south axis of the icecap over 
Yellowstone Lake and the southwesterly axis of the 
icecap in the upper Lamar drainage.

ICE DIVIDE IN THE UPPER LAMAR DRAINAGE

The exact location of the upper Lamar ice divide is 
uncertain (pi. I A) because of the absence of glacial- 
scour features except along the drainage divide itself. 
Glacial-scour features along the east boundary of the 
park at the headwaters of the Lamar River indicate 
that ice flowed eastward across the present drainage 
divide into the drainages of the Clarks Fork and 
Shoshone Rivers.

Large-scale scour features along the drainage divide 
are best recognized on wide flats such as the grassy 
uplands southeast of Hoodoo Peak, at Bootjack Gap, 
and at Canoe Lake (an ice-scoured rock basin on the 
divide (pi. 1A', Pierce, 1974b)). All the striations noted 
were on the Eocene volcanic bedrock. The amount of
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postglacial weathering, frost activity, and the 
freshness of glacial scour are all similar to Pinedale 
features observed elsewhere.

ICE DIVIDE ON THE BEARTOOTH UPLIFT

The ice divide of the large icecap on the Beartooth 
uplift was mostly south of the present drainage divide 
(pi. L4). Aerial photographs show all the passes along 
this drainage divide to be intensely scoured by ice. 
Ground examination of the divide revealed glacial 
striations and scour features showing northward flow. 
Geographic relations also suggest that the ice divide 
was south of the topographic divide. First, the 
distance to low elevations is less north of the divide 
than to the south, thus providing both a steeper gra­ 
dient and faster melting for glaciers flowing north 
from the divide. Second, the congestion caused by the 
nearly centripetal flow of ice from the different sources 
of the northern Yellowstone glacier (pi. IA; fig. 5) 
would lead to higher ice levels south of the divide on 
the Beartooth uplift.

ICE DIVIDE BETWEEN SODA BUTTE 
AND CLARKS FORK GLACIERS

The mountain mass culminating in Pilot and Index 
Peaks constituted a "prow" between the Clarks Fork 
and Soda Butte glaciers. The location of the ice divide 
there was estimated by plotting the flow directions of 
about 50 glacial-scour features, and then drawing a line 
between diverging directions of flow separating ice 
flow down Soda Butte Creek from that down Clarks 
Fork (pi. IA).

The source area for the ice flowing down Soda Butte 
Creek and Clarks Fork was a large spoon-shaped 
upland above 3,050 m (10,000 ft) in altitude rising to 
Granite Peak, the highest point in Montana, at an 
altitude of 3,901 m (12,799 ft). The glacier that went 
down the Clarks Fork terminated at the mouth of the 
Clarks Fork Canyon about 70 km from its icecap 
source (W. G. Pierce, 1965a, b).

CHANGING GLACIAL DYNAMICS DURING 
WANING GLACIAL CONDITIONS

Because thick icemasses from different source areas 
abutted against each other during full-glacial condi­ 
tions (pi. LA), deglaciation of the northern Yellowstone 
area did not consist simply of glacial recession, inter­ 
rupted by temporary halts and moraine building. 
Relative differences in source-area productivity under 
waning glacial conditions resulted in flow of ice from 
some sources into the full-glacial domain of other ice

sources. As the ice was generally on relatively open ter­ 
rain rather than confined by valley walls, flow could oc­ 
cur in a variety of directions. This section first 
describes glaciers that receded in a relatively un­ 
complicated manner and then discusses the complex 
interrelations of icemasses which formed the northern 
Yellowstone outlet glacier.

SIMPLE UPVALLEY RECESSION
GALLATIN VALLEY GLACIER

The Gallatin Valley glacier is a good example of 
relatively simple "normal" recession. The unusually 
well developed moraine sequence on the valley floor of 
the Gallatin River shows at least five standstills or 
readvances during a general recession from the Pine- 
dale maximum prior to late Pinedale time, each with 
associated outwash deposits (fig. 37).

All moraines in this sequence are assigned to the 
Pinedale on the basis of weathering rinds, preservation 
of morainal morphology, degree of soil development, 
and degree of breaching by the Gallatin River. Also, a 
layer of volcanic ash 0.5 cm thick lies 0.5 m above the 
base of a core 5 m long, which was taken from 
sediments in the kettle pond inside the outermost pair 
of end moraines. (See figure 37.) R. E. Wilcox (written 
commun., 1971) reported that the ash has the 
petrographic properties of either the Glacier Peak ash, 
dated as about 12,000-13,000 years old (Fryxell, 1965; 
Mudge, 1967), or ashes from Mount St. Helens, dated 
as between 8,000 and 12,000 years (Mullineaux and 
others, 1972). Pollen from the lower 1.5 m of core in­ 
dicates a cold climate similar to that during deglacia­ 
tion elsewhere in the Yellowstone area in the interval 
13,500-11,500 years B.P. (R. G. Baker, oral commun., 
1972). The ash occurs in the lower part of this pollen in­ 
terval. The association of the ash with a typical 
deglacial pollen sequence indicates an age of >11,500 
years for the ash. Thus the ash is either the Glacier 
Peak ash or the older one of the suite of Mount St. 
Helens ashes.

The fact that this kettle was undrained and only 
partly filled with sediment indicates that it is no older 
than the last major glaciation the Pinedale. Although 
an area of about 2 km2 drains into this kettle, which is 
150 m in diameter, it is less than half filled.

Weathering rinds on andesitic intrusive rocks deriv­ 
ed from the Gallatin Range were measured to ascertain 
differences from the outer to the inner moraines. The 
rinds are better developed beneath places where 
lichens are growing or where the effects of glacial abra­ 
sion are not apparent, so the following procedure was 
used in measuring rinds: stones of andesitic intrusive 
rock well imbedded in soil along a moraine crest were



F54 GEOLOGY OF YELLOWSTONE NATIONAL PARK

FIGURE 37. Aerial photograph showing glacial features on the 
west side of the Gallatin Range. Ice flowing through passes along 
the Gallatin Range divide (open arrows) combined with glaciers 
from local cirques (at lower right) to form a glacier in the Gallatin 
valley large enough to spill northward and block Fan Creek. The 
main stem of the glacier moved down the Gallatin valley to the 
trench followed by U.S. Highway 191, whereupon one lobe flowed

downstream (north) and another moved south into the drainage of 
Grayling Creek. Along the Gallatin River valley well-defined 
moraines delimited by dashed lines show six subdivisions of 
Pinedale moraines downvalley from moraines of late Pinedale age. 
All the moraines have about the same morphologic expression, 
degree of soil development, thickness of weathering rinds, and 
degree of breaching by streams. Photograph by NASA, 1969.

pried out and broken, then rinds were measured on the 
underside of the stones inward from smooth, convex 
surfaces having a glacially abraded appearance. From 
the outermost to the innermost major moraine crest 
shown in figure 37, most of the rinds measured were 
thinner than 0.5 mm the minimum thickness I could 
clearly measure on rock of this texture.

Sites can be found on each of the moraines, from the 
innermost to the outermost in both the Gallatin River 
and Fan Creek drainages, where the strongest mor­ 
phological expression is approximately the same in 
terms of boulderiness, steepness, and hummockiness. 
However, much of the moraine morphology 
throughout the sequence is subdued, apparently
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because the till contains a large amount of fine-grained 
material from shaly bedrock and only a few large 
boulders.

Soil profiles were examined in 15 soil pits 1.2-1.8 m 
deep on the moraine crests and outwash of the Gallatin 
valley Pinedale moraines, from the outermost to the 
late Pinedale. The tills in these moraines are about one- 
fourth clay and are calcareous. In an initial search for 
Bull Lake moraines in the area, differences in soil 
development were thought to represent the 
Pinedale-Bull Lake age difference. Weakly to 
moderately developed soil structure and leached 
B-horizons about 0.6 m thick were found in the soils in 
the outer three moraines, while soils in moraines far­ 
ther upvalley appeared to be less developed. However, 
more detailed investigation revealed soils comparable 
to those on the outer moraines on all of the upvalley 
moraines, including those of late Pinedale age. Thus, 
the soils data are consistent with the morphology of 
the moraines and indicate that the moraines are all of 
Pinedale age. The stronger than normal development 
of post-Pinedale soil profiles in the Gallatin valley 
seems to be related to moderate clay and carbonate 
content, combined with saturation by heavy snowmelt 
and a lush grassland vegetation. Soils on similar, 
weakly consolidated Pinedale deposits east of the 
Gallatin Range also have similar profile characteristics 
(Pierce, 1973a).

GLACIERS IN THE VALLEYS OF 
COUGAR, MAPLE, AND GRAYLING CREEKS

Along Cougar and Maple Creeks no significant 
morainal deposits occur from the end moraines for 
about 15 km up the tuff dipslope to the top of the 
dipslope. The top of this dipslope formed a threshold 
across which ice only about 300 m thick flowed under 
full-glacial conditions. When the ice level was lowered 
by only about 200 m (one-third of its full-glacial 
thickness on the plateau), flow across the threshold ef­ 
fectively ceased. Thus ice west of this threshold 
retreated more rapidly than normal.

A similar threshold existed at the head of the Gray­ 
ling Creek glacier. Most of the ice forming the 11-km- 
long glacier in the valley of Grayling Creek entered the 
drainage around the southwestern flank of the Gallatin 
Range and through several gaps along the Gallatin 
Range crest (fig. 1). Several end moraines were formed 
in the valley of Grayling Creek during full-glacial con­ 
ditions when ice was as much as 450 m thick. But ex­ 
tensive kame-gravel deposits, which extend for a 
distance of about 10 km upvalley, suggest that after 
the end moraines were deposited the glacier abruptly

stagnated. This stagnation occurred because the 
glacier was dependent upon inflow from the nearby 
icecap, which effectively ceased when the ice surface 
was lowered by about 200 m.

PHASE RELATIONS BETWEEN AREAS FEEDING
THE NORTHERN YELLOWSTONE OUTLET GLACIER

IN PRE-DECKARD FLATS TIME

The northern Yellowstone outlet glacier flowed near­ 
ly undiminished down the Yellowstone valley while 
glaciers in tributary valleys were significantly 
diminished. A similar relation on a larger scale occur­ 
red in Puget Sound lowland of Washington State dur­ 
ing the last major glaciation, where by the time a 
glacial lobe from a large Canadian icecap reached its 
maximum, local alpine glaciers in the Cascades had 
already greatly decreased in size or disappeared 
(Crandell, 1965, p. 346). Something similar occurred in 
the southern Rocky Mountain trench of British Colum­ 
bia, where in the later part of the last glaciation, trunk- 
glacier ice advanced into tributary valleys that had 
previously supplied ice to the trunk glacier (Clague, 
1975).

BACKFILL IN TOM MINER BASIN

By the time the outlet glacier pouring through 
Yankee Jim Canyon had thinned only 20 percent from 
its full-glacial thickness (900 m to 720 m), local glaciers 
in Tom Miner Basin had already largely disappeared. 
The outlet glacier backfilled into Tom Miner Basin and 
deposited multiple moraines that slope into this basin 
(fig. 38). Kame gravels and ice-dammed lake sediments 
were deposited in the central part of the basin where 
the local drainage was blocked by the outlet glacier. 
The continuity of moraines and abundant erratics of 
Precambrian rocks show that the outlet glacier extend­ 
ed into the basin for a distance of 9 km from the 
Yellowstone River. Precambrian bedrock does not oc­ 
cur in Tom Miner Basin; hence, these erratics were 
mostly derived from the Precambrian outcrops in 
Yankee Jim Canyon.

Although the backfill in the Tom Miner Basin 
generally has moderate to subdued morphology 
characteristic of the wet environment of backfills, the 
morainal morphology is quite strong in places, with 
steep slopes and undrained conical depressions.

A reconstruction of glacier gradients at the time of 
maximum backfilling of Tom Miner Basin indicates 
that the northern Yellowstone outlet glacier ter­ 
minated down the Yellowstone valley at or near the 
Chico moraines.
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FIGURE 38. Oblique view to south of morainal backfill in Tom 
Miner Basin. Moraines sloping from left to right into Tom Miner 
Basin were deposited by the northern Yellowstone outlet glacier 
where it debouched from Yankee Jim Canyon (left of photograph). 
The outlet glacier carried erratics of Precambrian rocks far into 
Tom Miner Basin. When the highest level of the backfill was 
deposited, glaciers in Horse Creek valley, which lies beyond the 
right side of the photograph, had retreated well upvalley. 
Photograph by W. B. Hall.

Horse Creek drains northward into the east end of 
Tom Miner Basin. Glaciers flowing down Horse Creek 
received ice both from five cirques at the head of Horse 
Creek and from a Pinedale icecap on the upland (pi. I A) 
at the head of this drainage. The distribution of er­ 
ratics and moraines indicates that the outlet glacier 
pushed across and up Horse Creek to a position only 
5 km downvalley from the cirques. No end moraines 
from Horse Creek occur on the backfill deposits, and 
no end moraines were noted along Horse Creek to 
within about 3 km of the cirques. Because no terminal 
moraines from the Horse Creek glacier are present on 
top of the outlet glacier moraines, the backfill is 
younger than the Pinedale maximum of Horse Creek. 
At full-glacial conditions, the Horse Creek glacier join­ 
ed the outlet glacier and was probably more than 
300 m thick (pi. I A). Subsequently, when Horse Creek 
was largely deglaciated, the outlet glacier was still 
nearly at its full-glacial size. I estimate that when the 
northern Yellowstone outlet glacier was still at more 
than 90 percent of its maximum volume, Horse Creek 
glacier was at less than 50 percent of its maximum 
volume.

Soils also indicate a Pinedale age for the till, kame 
gravels, and lake sediments backfilling Tom Miner 
Basin. Most have weakly developed profiles, generally 
only a cambic B-horizon 0.2-0.5 m thick over a weakly 
to moderately developed Cca horizon 0.2-0.4 m thick.

Soil structure and clay enrichment of the B-horizon 
generally are absent to weakly developed.

The Pinedale backfill in Tom Miner Basin is impor­ 
tant in evaluating criteria for the size of the Pinedale 
outlet glacier near Gardiner. In 1968 I thought that 
the Deckard Flats ice margin (a Pinedale recessional 
phase) (pi. 2) represented the limit of Pinedale ice. This 
interpretation was based mainly on well-developed soil 
profiles, two of which are located and briefly described 
in Pierce (1973b, profiles A and B) that seemed to re­ 
quire a Bull Lake age for glacial deposits located above 
the Deckard Flats limit north of Gardiner, Mont. But 
in 1970 I found that the Pinedale moraines that 
backfilled Tom Miner Basin reached an altitude of 
more than 2,200 m (7,200 ft) on the downvalley side of 
Yankee Jim Canyon, which is higher than the 
anomalous soil profiles near Gardiner. Thus, the well- 
developed soil profiles occur in an area glaciated by 
Pinedale ice, and do not demonstrate a pre-Pinedale 
age of the underlying deposits. Apparently soil 
development was enhanced by swelling clays in these 
deposits.

OTHER TRIBUTARY GLACIERS 
NORTH OF YELLOWSTONE NATIONAL PARK

The lower parts of both Emigrant and Sixmile 
Creeks were free of ice when the northern Yellowstone 
outlet glacier had receded no more than 5 km from its 
terminus. Unconsolidated, horizontally bedded lake 
sediments in the lower parts of these valleys show that 
both valleys contained lakes blocked by the outlet, or 
piedmont glacier (Montagne, 1970, p. 15; pi. 2). The 
valley shapes of Emigrant and Sixmile Creeks also 
suggest that glaciers from these valleys contributed 
little to the trunk glacier. As noted by John Montagne 
(1970, p. 15),
Strangely, Sixmile and Emigrant Creeks emanate from the Bear- 
tooth front in deep "V" shaped canyons, showing little glacial 
modification * * *. Because these valleys lie beneath towering peaks 
with apparent ice gathering potential, it is possible that piedmont 
ice floated the valley ice here thus preventing erosion. Major valleys 
beyond the piedmont terminus show normal glacial profiles.

Cinnabar Creek and Mol Heron Creek, south of Tom 
Miner Basin (pi. I A), drain a section of the glaciated 
crest of the Gallatin Range about 13 km long. Glacial 
flow from the valleys of these creeks was dominated by 
the outlet glacier throughout recession. Weed (1893, p. 
18, pi. 1) observed erratics high on the slopes of the 
southern portal of Yankee Jim Canyon, "whose only 
source is Cinnabar Mountain." Subsequent field 
studies in the area have confirmed the position and 
probable source of these erratics (John Montagne, oral 
commun., 1972). As shown on plate 2, the flow trajec­ 
tory of the outlet glacier represents a boundary across
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which local glaciers did not flow when the erratics were 
emplaced, thus indicating the dominance of the outlet 
glacier over the local glaciers. The erratics occur about 
180 m below the upper limit of Pinedale ice, and were 
probably emplaced slightly after full-glacial time. The 
flow trajectory shown by the erratics is consistent 
with glacial scour features that parallel the 
Yellowstone valley. Recessional lateral moraines of the 
outlet glacier extend back into the drainage of Cin­ 
nabar Creek at altitudes between 2,200 and 1,890 m 
(7,200 and 6,200 ft).

In the Bear Creek area, large erratics of Precambrian 
granitic rocks occur north of the Yellowstone River, as 
high as 900 m above the river, at localities such as 
Palmer Mountain, Parker Point, and the southern spur 
of Sheep Mountain (pi. 2). These erratics were not 
deposited by ice from Bear Creek, for no granitic 
source is known there (Seager, 1944, p. 37; Wedow and 
others, 1975; G. D. Eraser, H. J. Prostka, and D. L. 
Gaskill, oral commun., 1972). Their likely source is the 
Black Canyon of the Yellowstone or areas farther 
upstream. This flow trajectory establishes a boundary 
across which Bear Creek ice did not flow at the time 
the erratics were emplaced (pi. 2). Thus when the 
Pinedale outlet glacier was at least 70 percent of its 
maximum thickness, it flowed across the valley of 
Bear Creek. At this time, any outflow from the Bear 
Creek glacier could only have been high on the valley 
wall above the position of the granitic erratics.

ICE IN CENTRAL NORTHERN 
YELLOWSTONE NATIONAL PARK

As the outlet glacier terminus receded towards Gard- 
iner, changes in flow pattern accompanied lowering of 
ice heights. Once the plateau icecap had diminished to 
the extent that it could not flow over the Washburn 
Range (pi. IA), an incursion of ice from the Beartooth 
uplift pushed around the northwest flank of the range 
and flowed to the southwest, leaving erratics of 
Precambrian rocks and striations below an altitude of 
2,700 m (8,800 ft) (pi. 2). Striations on the ridges 
northwest of Cook Peak show that the flow direction 
during this incursion of Beartooth ice was 130° dif­ 
ferent from full-glacial flow. This near reversal in flow 
probably occurred because the major icecap on the 
Beartooth uplift could sustain glaciers under a waning 
glacial climate better than the icecap on the plateau 
600 m lower. Nearly stagnant ice seems to have re­ 
mained on the plateau between the Gallatin and 
Washburn Ranges, inasmuch as erratics of Precam­ 
brian rocks are absent in the heart of that area, 
although they do occur near its margin (pis. IA, 2).

At altitudes of about 2,300 m (7,500 ft), ice-dammed 
lake sediments and kame gravels along Lava Creek

(Pierce, 1973b) and erratics of Precambrian rocks just 
west of Lava Creek (pi. 2) indicate continued incursion 
of ice from the Beartooth uplift into the full-glacial do­ 
main of the plateau icecap.

The domain previously occupied by the plateau 
icecap between the Gallatin and Washburn Ranges 
was also invaded by ice from the Gallatin Range. As 
ice levels receded below Bunsen Peak, the flow chang­ 
ed from northerly to northeasterly. Erratics below an 
altitude of 2,450 m (8,000 ft) on Bunsen Peak indicate 
that ice from the Gallatin Range was able to advance 
eastward against a much-diminished icecap between 
the Gallatin and Washburn Ranges.

DECKARD FLATS READJUSTMENT

The Deckard Flats readjustment is defined by 
moraines and other glacial features that formed when 
the northern Yellowstone icemass had diminished to 
between 30 and 50 percent of its full-glacial volume. 
The term readjustment is used because an important 
aspect of this phase is that the icecaps on the 
Yellowstone plateau had receded to the point where 
they ceased to have an effect on the northern 
Yellowstone glacier. Thus the Deckard Flats readjust­ 
ment apparently is different from a normal glacial 
readvance or standstill. The Deckard Flats ice margin 
(pi. 2) lies well beyond the moraines of late Pinedale age 
(pi. 3) and was mapped in detail, for it was once 
thought to be the limit of Pinedale ice. The boundary 
was mapped from Deckard Flats (pi. 2) nearly con­ 
tinuously for 40 km southeast to Specimen Ridge and 
for 30 km south to the Twin Lakes area. The position 
of this boundary is less certain around the south side of 
the Washburn Range and around the south end of the 
Gallatin Range.

YELLOWSTONE VALLEY

The type moraines of the Deckard Flats readjust­ 
ment lie against the valley slopes at the margin of 
Deckard Flats, a basalt-floored bench about 350 m 
above the Yellowstone River 5 km east of Gardiner (pi. 
2; fig. 39). A set of continuous morainal ridges extends 
for about 3 km downvalley to Bear Creek where melt- 
water channels lie outside each of the moraines. 
Deckard Flats ice dammed Bear Creek, resulting in the 
deposition of 60 m of lake silts and overlying gravels 
(Pierce, 1973b; Fraser and others, 1969, p. 59). At this 
time, the Bear Creek glacier had receded upvalley past 
Jardine.

At Deckard Flats, and also on the travertine bench 
just to the north (pi. 2), Deckard Flats moraines are 
commonly about 10 m high and are studded with er-
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FIGURE 39. Type area of the Deckard Flats readjustment. Several 
morainal ridges can be seen along the northeast margin of the 
bench known as Deckard Flats. At Deckard Flats time the north­ 
ern Yellowstone glacier was blocking Bear Creek resulting in 
deposition of silt, sand, and gravel within the area bordered by 
dotted lines. The receding northern Yellowstone glacier that dam­ 
med Bear Creek was 350 m thick, whereas the local Bear Creek 
glacier had receded upvalley past Jardine, within 7 km of the Bear 
Creek cirques. Ice flow during full-glacial conditions (arrows) was 
parallel to the Yellowstone valley. Half-arrows indicate melt- 
water channels occupied during Pinedale recession. Aerial 
photograph by NASA, 1969.

ratics of Precambrian rocks, many more than 2 m in 
diameter. The nearest and most logical source for these 
granitic erratics is the Black Canyon of the 
Yellowstone (pi. 2).

Across the Yellowstone valley from the type locality, 
the Deckard Flats boundary is defined by thick 
morainal deposits at the base of the northern spur of 
Sepulcher Mountain (Pierce, 1973a, b). These deposits 
contain granitic erratics probably derived from the 
Black Canyon of the Yellowstone and carried 
westward across the Gardner River valley. Conse­ 
quently, it appears that glaciers from the Gardner 
River valley (pi. 2) did not contribute much ice to the 
Deckard Flats terminus.

Deckard Flats end moraines on the Yellowstone 
valley floor apparently were obliterated by floods as 
much as 60 m deep that rushed down the valley in late 
Pinedale time. (See section entitled "Late Pinedale and 
younger floods.") However, the position of the lateral 
moraines indicates that the Deckard Flats terminus 
was near Reese Creek. The thick flood deposits on the

south side of the river just upstream from Reese Creek 
may be Deckard Flats end moraines partly reworked 
by floodwaters.

From Deckard Flats, large lateral moraines can be 
traced up the north side of the Black Canyon of the 
Yellowstone River to the Crevice Creek area (pi. 2). 
Just east of Crevice Creek glacially polished and 
striated schist 150 m above the Deckard Flats limit is 
identical in appearance to that below the limit, sug­ 
gesting that the duration of Deckard Flats time was 
short. On Mount Everts (a nunatak surrounded by 
Deckard Flats ice), the prominent scour features form­ 
ed under full-glacial conditions trend northwesterly 
across the entire area of the mountain and are little 
modified where they cross the Deckard Flats limit, 
also suggesting that Deckard Flats time was short.

GLACIERS FROM THE GALLATIN RANGE

Deckard Flats ice from the Gallatin Range poured 
northward into the lowlands near Mammoth (pi. 2). 
This ice apparently joined but contributed little to the 
glacier in the Yellowstone valley, for, as described 
earlier, erratics probably derived from the Black 
Canyon of the Yellowstone River were carried across 
the mouth of Gardner River valley.

The extensive kame deposits around the hot springs 
at Mammoth formed just inside the Deckard Flats ice 
margin (pi. 2). Capitol Hill, just south of Mammoth, 
and other conical hills to the southeast and northeast 
are probably "thermal kames" formed where glacial 
sediments accumulated in holes and embayments 
melted in the ice by hot springs.

Well-developed end moraines just south of Mam­ 
moth (pi. 2) (Alden, 1928, p. 67) record a younger stand 
of Deckard Flats ice as it receded up the Gardner 
River. These end moraines, here named the Gardner 
River Bridge moraines, are characterized by hum- 
mocky terrain with steep slopes, morainal ridges, and 
numerous undrained depressions. They superficially 
resemble the landslides that are magnificently 
developed on the western valley-slopes of Mammoth 
hole from Bunsen Peak to north of Gardiner. Some 
landslide movement also has occurred in the end- 
moraine area, but the bulk of the area has not slid, 
probably because the general slope is low in this area.

At the time the Gardner River Bridge moraines were 
built, nearly all the ice from the Gallatin Range flowed 
down Sheepeater Canyon of the Gardner River and 
only a little came through the narrow notch at Golden 
Gate. Ice from the Beartooth uplift spilled down Lava 
Creek leaving a sharp-crested lateral moraine just 
below the road about halfway between Sheepeater
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Canyon bridge and Undine Falls (Pierce, 1973b). Late 
in the construction of the Gardner River Bridge 
moraines, Gallatin Range ice pushed up the lower part 
of Lava Creek valley leaving morainal ridges that are 
convex upvalley, showing that ice from the Beartooth 
uplift had already receded from the mouth of Lava 
Creek.

At the Deckard Flats maximum, ice from the 
Gallatin Range formed a piedmont glacier on the 
plateau to the east. This glacier carried erratics 
eastward to just beyond Obsidian Creek (pi. 2). As in­ 
dicated by the transport direction of these erratics and 
by minor scour features, a 60°-80° change of flow 
direction occurred in this area between full-glacial and 
Deckard Flats time. The eastward flow of the Gallatin 
Range piedmont glacier could not have been either 
strong or long lived, for its scour features are poorly 
developed and the strong northerly drumloid terrain 
formed under full-glacial conditions was scarcely 
modified even at valley mouths (fig. 22; frontispiece). 
About 2.4 km south of Swan Lake, crossed striations 
indicate northeasterly flow followed by easterly flow 
(Pierce, 1973b; pi. 2). Along the valley of Winter Creek, 
easterly glacial scour and streaming features transect 
the stronger topographic features formed by the 
previous northerly flow at nearly right angles.

The eastward limit of abundant erratics from the 
Gallatin Range defines the eastward limit of the 
Deckard Flats ice. The abundance of these erratics 
decreases by at least one order of magnitude within 
several hundred meters outside the Deckard Flats 
boundary, and by at least two orders of magnitude 
within a kilometer. The distribution of erratics in this 
area illustrates the point that a few scattered erratics 
do not necessarily indicate a single-cycle flow pattern 
for transport of erratics. For this area, a single-cycle 
flow pattern is demonstrated only by abundant er­ 
ratics that constitute a significant volume of the till 
and that occur continuously back to the source. Ice- 
flow patterns similar to that of Deckard Flats time 
probably occurred during earlier times of glacial 
buildup and recession. Erratics transported eastward 
at such times were subsequently reworked and 
redistributed in full-glacial times, resulting in the 
sparse scattering of erratics outside the Deckard Flats 
limit.

Southeast from the Gallatin Range, thick till em­ 
bankments and moraines lying against a gentle, 
northeasterly facing escarpment represent the 
Deckard Flats margin (pi. 2). Abundant erratics from 
the Gallatin Range were carried southeast by Deckard 
Flats ice as far as Twin Lakes. Gallatin Range erratics 
are also quite common southwest of the Deckard Flats 
limit, but till thickness and the abundance of erratics

are clearly greater inside the Deckard Flats limit. The 
Gallatin Range erratics outside the Deckard Flats 
boundary were probably emplaced as follows: during 
either glacial buildup or deglaciation prior to Pinedale 
full-glacial time, erratics were transported 
southeastward, similar to Deckard Flats transport, 
and were then reworked towards the southwest during 
Pinedale full-glacial time.

When ice levels east of the Gallatin Range receded 
50-100 m below the Deckard Flats maximum, 
moraines were draped around emerging nunataks be­ 
tween Indian and Winter Creeks (pi. 2), and around a 
150-m-high ridge of Eocene volcanic rocks on the 
northeast side of Gardners Hole.

GLACIERS FROM THE BEARTOOTH UPLIFT

Moraine embankments, erratics, and glacial scour 
show that ice from the Beartooth uplift flowed 
southward during Deckard Flats time into areas oc­ 
cupied by northward-flowing ice in full-glacial time 
(pis. I A, 2). This incursion can be explained by relative­ 
ly rapid deglaciation of the Yellowstone plateau and 
relatively slower deglaciation of the Beartooth uplift, 
and requires no necessary buildup of glaciers in the 
Beartooth uplift.

Ice from the Beartooth uplift poured westward 
around the north end of Prospect Peak and deposited a 
nested set of moraines composed of till and kame 
gravels over an area of about 40 km2 of the Blacktail 
Deer Plateau. Melt-water channels there indicate as 
many as 10 successive ice-margin positions during 
Deckard Flats time.

This Beartooth ice also flowed southward into the 
drainage of Tower Creek and across the flats of 
Antelope Creek, carrying erratics of Precambrian 
crystalline rocks and Paleozoic limestones up to 
altitudes of 2,620 m (8,600 ft) on the Washburn Range 
(pi. 2). It also left poorly developed southeasterly tren­ 
ding striations at an altitude of nearly 2,620 m on the 
north spur of Mount Washburn. The flow was at right 
angles to that during full-glacial conditions.

Specimen Ridge is favorably positioned to record the 
changes in flow between full-glacial and Deckard Flats 
time. By Deckard Flats time, the icecap on the plateau 
was considerably more diminished than the Beartooth 
uplift icecap, resulting in a southward incursion of ice 
from the Beartooth uplift. A younger set of glacial 
striations on Specimen Ridge transect the north­ 
westerly full-glacial striations and indicate flow to the 
south at altitudes as high as 2,750 m (9,000 ft). Er­ 
ratics of Precambrian crystalline rocks and of 
Paleozoic limestone also indicate southerly flow of ice 
up to altitudes of 2,750 m.
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Remnants of the Yellowstone plateau icecap evident­ 
ly prevented flow of Beartooth ice into the area be­ 
tween Mount Washburn and Amethyst Mountain. Er­ 
ratics of Precambrian rocks are common between 
Specimen Ridge and the northern rim of the Deep 
Creek canyon, but none could be found in several days 
of traverses from Deep Creek south almost to Canyon 
Village (pi. 2). Erratics are common farther south in 
the Canyon Village area, but they were probably car­ 
ried south of the Washburn Range before Pinedale 
full-glacial time. (See end of section on Bull Lake 
Glaciation.)

Ice from the Beartooth uplift seems to have poured 
southward across parts of Mirror Plateau during 
Deckard Flats time. As shown by the slope of moraine 
crests there, the ice surface sloped southward at an 
altitude of about 2,800 m (9,200 ft). At this time 
Amethyst Mountain was probably a nunatak, with ice 
from the north pouring around it into an area of nearly 
stagnant ice south of Specimen Ridge.

PLATEAU ICECAP SOUTH OF THE WASHBURN RANGE

During Deckard Flats time, a glacier stood against 
the southern base of the Washburn Range (pi. 2). The 
margin of this glacier can be traced to the southeastern 
end of the Washburn Range where it is at the same 
altitude as the Deckard Flats limit of Beartooth ice. It 
can also be traced westward to the Norris area where it 
is at the same altitude as the Deckard Flats limit of 
Gallatin Range ice. Along the southern margin of the 
Washburn Range this ice margin is generally 
represented by inwash alluvium and mass-movement 
deposits, which were piled against the inferred 
Deckard Flats ice front. Just north of Grebe and Wolf 
Lakes, thick kame sands composed of Quaternary 
rhyolitic tuff derived from the terrain to the north (pi. 
I A) were deposited against the front of ice that oc­ 
cupied the area now containing the lakes (pi. 2). Far­ 
ther east along the lower slopes of the Washburn 
Range, escarpments 5-15 m high composed of clayey 
volcanic debris from the Washburn Range (Pierce, 
1974a) can be traced rather continuously. Here the 
sediment is commonly neither sorted nor stratified; it 
was deposited by mudflow and debris avalanches from 
steep slopes underlain by poorly indurated volcanic 
debris from the Washburn Range. Red clays occur in 
the bedrock and are incorporated into the poorly sorted 
deposits along the base of the range. These clays ap­ 
parently account for the moderately good soil 
"development" in this area. Clay films are found to 
depths of 1.2 m in both the Deckard Flats deposits and

in postglacial mass movement deposits probably less 
than a few thousand years old.

By Deckard Flats time, the icecap axis connecting 
Gallatin Range ice with that of the Washburn Range 
had lost its definition. The unrestricted movement of 
Deckard Flats ice eastward from the Gallatin Range 
and the southwestward flow at the northwest end of 
the Washburn Range indicate that the icecap between 
the Gallatin and Washburn Ranges had greatly 
diminished or entirely disappeared.

RECESSION FOLLOWING THE DECKARD FLATS
READJUSTMENT

Glaciers from the Gallatin Range. After Deckard 
Flats time, ice east of the Gallatin Range receded 
rapidly into individual valleys. Recessional deposits 
and erosional features marking this recession are scant 
and consist mainly of kame gravels at the margins of 
the main topographic lows and some melt-water chan­ 
nels and eskers in the middle of Gardners Hole 
(frontispiece).

Glaciers from the Beartooth uplift The best reces­ 
sional features developed after the Deckard Flats read­ 
justment are between Blacktail Deer Plateau and 
Junction Butte. The most prominent features are deep 
ice-marginal melt-water channels, such as the one 
which contains Phantom Lake. The old Mammoth- 
Tower road traverses an exceptionally well developed 
ice-marginal channel known as "the cut" (fig. 40). 
Although the channels are prominent, glacial moraines 
associated with them are minor, if present at all. The 
positions of kame terraces and melt-water channels in­ 
dicate simultaneous channel cutting across bedrock 
salients and kame gravel deposition in reentrants. The 
channels were probably first eroded into bedrock dur­ 
ing pre-Pinedale glaciations and flushed out and 
deepened during the Pinedale recession.

The southward flow of Deckard Flats ice into the 
Tower Creek amphitheater and Antelope Creek area 
seems to have reversed to northerly when the moraines 
150-305 m below the Deckard Flats limit were 
deposited. Although abundant erratics of Precambrian 
rocks from the Beartooth uplift indicate a northern 
source, some of the lateral morainal ridges slope to the 
north rather than south. A possible explanation for 
this is a glacial surge to the south, followed by a lower­ 
ing of ice levels in the Yellowstone valley and 
northward flow out of a basin here called the Tower 
Creek "amphitheater." The main reason for sug­ 
gesting a glacial surge is that it provides a mechanism 
that could both push ice into the Tower Creek am­ 
phitheater and, before this ice melted, draw down the 
level of ice in the Yellowstone valley enough so that the
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Prospect Peak

FIGURE 40. Oblique view south along a melt-water channel known 
as "the cut." The channel transects ice-streaming, molding and 
scouring features (left to right lineation of topography) formed 
during full-glacial time. The channel is as much as 60 m deep and 
was occupied by the ice-marginal Yellowstone River as the glacier 
receded from the Deckard Flats position. Extensive deglaciation 
had occurred by the time ice-marginal melt waters flowed through 
"the cut", for the ice surface was more than 600 m higher when it 
striated Prospect Peak. (See also fig. 26.)

"stranded" ice could flow back out of the Tower Creek 
amphitheater. A glacial advance from the north follow­ 
ed by one from the southwest might also account for 
these features, but is considered less likely for it in­ 
volves a separate advance for which no end moraines 
have been observed.

When the Beartooth ice margin had receded to the 
Tower Falls area, the Grand Canyon of the 
Yellowstone was ice free but was blocked at its lower 
end by the southwest margin of Beartooth ice (fig. 41). 
This dam formed a lake approximately 180 m deep at 
an altitude of 2,070 m (6,800 ft) called "Retreat Lake" 
by Howard (1937, p. 131-137). A stable outlet for the 
lake was provided by a melt-water channel around an 
unnamed knob and through a channel now occupied by 
Lost Lake. This channel is mostly just below 2,070 m 
and can be traced nearly continuously for 10 km. 
Retreat lake nearly filled with silt before the Beartooth 
ice receded. When the ice receded enough so that the 
Lost Lake channel was abandoned, lower ice marginal 
channels such as the one now occupied by the road be­ 
tween Tower Junction and Tower Falls (altitude of 
about 1,950 m or 6,400 ft) were occupied. As pro­ 
gressively lower outlets were used and "The Narrows" 
canyon was cut, the lake sediments that had nearly fill­ 
ed retreat lake were incised by the Yellowstone River, 
leaving several gravel-mantled terraces cut into these 
sediments.

In terms of the standard Rocky Mountain glacial se­ 
quence (Richmond, 1965a), the Deckard Flats readjust­ 
ment is probably of late middle Pinedale age. The 
Deckard Flats is older than carbonaceous deposits 
from the base of the Swan Lake depression dated at 
13,530±130 years old (WIS-432). However, this age 
may be as much as 1,000 years too old due to incor­ 
poration of old carbon from nearby limestones. Two 
other carbon dates indicate that the Yellowstone 
plateau was mostly deglaciated by 13-14,000 years 
ago; ages of 14,360±400 years from the bottom of a 
bog (W-2780, Waddington and Wright, 1974) and 
13,140±700 years from lake sediments (W-2037; Rich­ 
mond and Pierce, 1972) were determined from samples 
collected 140 and 110 m respectively above 
Yellowstone Lake. Although no maximum dates have 
been obtained for the Deckard Flats, it is probably no 
older than the time of major deglaciation, dated be­ 
tween 15,000 and 11,000 years for mountain glacia- 
tions. Thus, the age of the Deckard Flats end moraines 
is estimated to be between 15,000 and 13,000 years 
old.

No differences in the degree of soil development were 
noted between the Pinedale terminal moraines and the 
deposits of Deckard Flats age. Thus the soils indicate 
no major relative-age difference.

On the other hand, weathering rinds on basalt cob­ 
bles from the B-soil horizon in Deckard Flats deposits 
are only one-fourth as thick as those from Pinedale ter­ 
minal moraines in a similar weathering environment. 
Deckard Flats deposits on Swan Lake Flat have rinds 
that average 0.10 ±0.07 mm in thickness; Pinedale 
moraines near West Yellowstone have rinds that 
average 0.40±0.22 mm in thickness (Colman, 1977, p. 
195). A conservative evaluation of this rind thickness 
data suggests that the Deckard Flats is less than 
15,000 years old, or less than half the age of the 
Pinedale end moraines, which are dated by obsidian 
hydration as about 30,000 years old (Pierce and others, 
1976).

Obsidian occurs in recessional Deckard Flats 
deposits along Obsidian Creek (Mammoth quad­ 
rangle). The thickness of hydration rinds indicates that 
they were glacially abraded 10,000 to 15,000 years ago 
(Pierce and others, 1976, fig. 4).

LATE PINEDALE ADVANCE OR STANDSTILL

End moraines located farthest upvalley, excluding 
Neoglacial cirque moraines, are classified as of late 
Pinedale age in Yellowstone Park. Soil profiles and 
other weathering characteristics of these deposits
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FIGURE 41. "Retreat lake" in the lower Grand Canyon of the Yellowstone River dammed by ice from the Beartooth uplift. Retreat 
lake filled with about 180 m of sediments, which are mostly silty but coarsen where the Yellowstone River and Tower Creek 
entered the lake. The rock threshold at Lost Lake stabilized the level of the lake. Ice-marginal channels occupied both before 
and after Retreat lake drained through the Lost Lake channel are shown by half arrows. Larger arrows, flow direction of ice. 
Base from U.S. Geological Survey 1:62,500 Tower Junction, 1959.
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are similar to the full-glacial and recessional Pinedale 
deposits (Richmond, 1968). Moraines of the late 
Pinedale are poorly expressed or absent downvalley 
from most poorly developed or southerly facing 
cirques.

GALLATIN RANGE GLACIERS

Three distinct, horseshoe-shaped end moraines 
about 10 m high occur on valley floors 1.5-10 km from 
the headwalls of well-developed cirques in the Gallatin 
Range (pi. 3; fig. 46; Pierce, 1973a). They represent an 
advance of local mountain-valley glaciers. An outwash 
terrace extends downstream from the outermost of 
these moraines in the valleys of the Gallatin River and 
Indian Creek, and probably also in the valleys of Pan­ 
ther and Fawn Creeks.

ICECAP ON THE BEARTOOTH UPLIFT

No clear-cut late Pinedale advance was recognized 
for Beartooth ice. No end moraines with well-defined 
outer limits occur between the cirques and Junction 
Butte, but, as noted by Alden (1928, p. 62), well- 
developed morainal topography is present in the Junc­ 
tion Butte area just east of Tower Junction (fig. 42; pi. 
3). Strong morainal topography with abundant depres­ 
sions and numerous large boulders of Precambrian 
rocks is evident from Junction Butte for about 6 km up 
the Lamar valley. The lack of a clearly defined outer 
limit for this morainal topography is inferred to signify 
that here the late Pinedale ice only paused in its overall 
recession.

RECESSION FROM THE LATE PINEDALE POSITION
GALLATIN RANGE GLACIERS

Several moraines were deposited during pauses in the 
recession of glaciers from their late Pinedale stands. 
Along the Gallatin River, three sets of low moraines are 
rather evenly spaced between the end moraines of late 
Pinedale age and the valley head. Along the east side of 
the range, several recessional moraines were deposited 
upstream from the late Pinedale terminus in flat- 
bottomed valleys (Pierce, 1973a).

GLACIERS FROM THE BEARTOOTH UPLIFT

During recession of the late Pinedale Beartooth icecap 
from its Junction Butte position, trunk glaciers in the 
valleys of Slough Creek and Soda Butte Creek contin­ 
ued to flow while the glaciers from cirques in tributary 
valleys stagnated and disappeared. As described in the 
following sections, these changes provide evidence of 
phase relations similar to those already described be­ 
tween the northern Yellowstone outlet glacier and the 
local tributary glaciers.

Slough Creek glacier. Large erratics of Precam­ 
brian rocks, along with lateral moraines whose crests 
slope up the Lamar valley, indicate that a glacier flow­ 
ing down the valley of Slough Creek advanced up the 
valley of the Lamar River, probably after the late 
Pinedale maximum. These features are best displayed 
in the Jasper Creek area just upstream from Lamar 
Canyon. An abundance of large subangular boulders of 
Precambrian rocks in moraines above Lamar Canyon 
was observed by John Good (written commun., 1972), 
who noted the similarity in general appearance be­ 
tween these moraines and those near Junction Butte. I 
concur with his conclusion that the source of the er­ 
ratics is the lower reaches of Slough Creek only 3 km 
distant, rather than the Beartooth Mountains east of 
Cooke City 41 km away (pi. 3). The fact that erratics 
become much less common up the Lamar and Soda 
Butte valleys, toward any Beartooth source, supports 
this conclusion.

The Lamar valley is flat bottomed and about 1.5 km 
wide for 10 km upstream from Lamar Canyon; almost 
no bedrock is exposed in this area. In full-glacial times, 
ice scoured a rock basin in the readily credible Eocene 
volcanics upvalley from the resistant Precambrian 
rocks in Lamar Canyon. This rock basin is now filled 
with an unknown thickness of glacial sediments.

Lake silts and sands on the downstream side of 
Lamar Canyon (Howard, 1937, p. 145) indicate that as 
the Slough Creek glacier receded, the ice dam it had 
formed in the Lamar River valley receded to below 
Lamar Canyon. These lake sediments are poorly expos­ 
ed, for they are mantled by a veneer of gravel (Pierce, 
1974a). The sudden release of temporary lakes formed 
behind this dam are thought to be the cause of 
catastropic floods along the Yellowstone-Lamar 
drainage, where Slough Creek enters the Lamar valley, 
a nested set of kame terraces (fig. 43) indicates pro­ 
gressively lower ice levels as the Slough Creek glacier 
receded.

Soda Butte glacier.  The glacier in Soda Butte Creek 
probably joined the Slough Creek glacier in late

Pinedale time and then separated from it sometime 
during late Pinedale recession. No end moraines were 
noted between Cooke City and the moraines of late 
Pinedale age near Junction Butte. The main Soda 
Butte glacier was augmented by glaciers from local, 
well-developed cirques. The glacier from the icecap on 
the Beartooth uplift continued to flow down the valley 
of Soda Butte Creek longer than the tributary glaciers 
from either Pebble or Amphitheater Creeks. Kame 
deposits more than 30 m thick occur in the lower parts 
of these two valleys (Pierce, 1974b).

The distribution of erratics also shows that ice from 
the Beartooth icecap outlasted glaciers from local 
cirques in the Cooke City area. Erratics of Precambrian
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FIGURE 42. Pond and large erratics in moraines of late Pinedale age near Junction Butte. View is to the southeast; glacier source mostly
out of sight in the left distance. Photograph by W. R. Keefer.

trance, erratics of Precambrian rocks were carried 
from Soda Butte Creek over the low divide into the 
Pebble Creek drainage (pi. 3). On the floors of several of 
the high valleys south of Cooke City, erratics of 
Precambrian rocks occur in areas once occupied by late 
Pinedale glaciers from the local cirques. No Precam­ 
brian bedrock occurs in the local cirques, however, so 
the only likely source for them is the Beartooth uplift 
northeast of Cooke City. For example, just outside the 
local cirque moraines between Abiathar and Am­ 
phitheater Peaks, is found a Precambrian granitic er­ 
ratic 1 m in diameter (Pierce, 1974b). This suggests 
that the Soda Butte glacier was 400 m thick when the 
late Pinedale glacier from this large, high local cirque 
was less than 0.7 km long. Similar relations exist in 
high valleys to the east. For example, in the valley of 
Republic Creek, W. G. Pierce (written commun., 1972) 
reported erratics of Precambrian rocks to altitudes of 
2,500 m (8,200 ft), 220 m above Soda Butte Creek; and 
in the valley of Hayden Creek, he reported similar er­ 
ratics to altitudes of 2,600 m (8,600 ft), 250 m above 
Soda Butte Creek.

FIGURE 43. Sequence of six nested kame deposits from oldest 
(A) to youngest (F) at mouth of Slough Creek. These deposits con­ 
sist of ice-contact stratified drift of gravel and sand. Note 
numerous kettles and kettle-lakes. The glacier flowing southward 
along Slough Creek blocked the Lamar River during deposition of 
units A, B, and C; lake sediments veneered by gravel show that 
ice-dammed lakes were present. Photograph by U.S. Geological 
Survey, 1954.

crystalline rock carried by the Soda Butte glacier occur 
as much as 1.5 km up Amphitheater Creek (pi. 3). 
Three kilometers west-northwest of the Northeast En-

AGE LIMITS OF THE LATE PINEDALE 
ADVANCE OR STANDSTILL

The radiometric age of glacial deposits of late 
Pinedale age in northern Yellowstone Park is known 
only within broad limits. On the east side of the 
Gallatin Range, several miles outside the late Pinedale 
limit, organic material at the base of the broad Swan 
Lake depression has a 14C age of 13,530±130 years
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(WIS-432). It should be noted that this age may be as 
much as 1,000 years too old due to "dead" carbon from 
nearby limestones being taken up by plants growing 
underwater. This sample is several miles outside end 
moraines of late Pinedale age and seems to closely 
postdate deglaciation. Thus, the late Pinedale is 
probably younger than 13,500 years old and perhaps 
younger than 12,500 years old.

In the Eagle Peak quadrangle (Richmond and Pierce, 
1972, section 14), gravel of inferred late Pinedale age 
overlies peaty material collected by the author and 
dated as 13,140±700 years B.P. (sample W-2037; 
Meyer Rubin, written commun., 1969).

An age for the late Pinedale no younger than about 
11,000 years is indicated by the climate inferred from 
the pollen record, which suggests that from about 
11,000 to 5,000 years ago the climate was no cooler 
than that of the Neoglacial during the last 5,000 years 
(Baker, 1970, 1976; Bright, 1966; Waddington and 
Wright, 1974). Because late Pinedale glaciers were 
much larger than Neoglacial ones, the late Pinedale 
climate was probably at least as cool as the Neoglacial. 
Thus these bracketing ages suggest that the late 
Pinedale maximum occurred between 13,000 and 
11,000 years ago.

Another aspect of the age of the late Pinedale is its 
relation to the major warming and deglaciation in­ 
dicated in deep-sea cores (Broecker and others, 1960) 
that occurred about 11,000 years ago. It seems likely 
that it is older than the warming and deglaciation and 
is probably related to oscillations noted on various 
climatic curves in the 13,000-10,500-year interval.

LATE PINEDALE AND YOUNGER FLOODS

The occurrence of catastrophic floods during the 
Pleistocene (Bretz and others, 1956; Malde, 1968) has 
only recently been demonstrated to the general 
satisfaction of many geologists. Criteria developed to 
indicate the occurrence of these floods include giant 
flood bars, giant ripples, scablands, fluvial transport of 
huge boulders, and percussion-split and -spalled 
boulders. The hydraulic geometry along the flood path 
must be considered in order to understand the distribu­ 
tion of scour features, flood bars, and deposits of fine 
sediment. Scour occurs in valley constrictions, 
bouldery bars are deposited downstream from con­ 
strictions and from valley spurs, and fine sediment is 
deposited in areas of hydraulic damming upvalley from 
constrictions.

At least two large floods with waters 45-60 m deep 
rushed down the Lamar-Yellowstone drainage in late 
Pinedale time. The most impressive evidence of 
flooding can be seen 5 km northwest of Gardiner, along

the south side of the Yellowstone River within 0.65 km 
of the park boundary. There between the road and the 
river is a midchannel bar 20 m high and 450 m across, 
whose surface is covered by giant current ripples (fig. 
44). Arcuate ridges about 2 m high and 15 m apart 
trend across the bar. Ridgecrests are covered with 
boulders as much as 2 m in diameter (fig. 44). The 
ridges are slightly asymmetric and boulders are con­ 
centrated on the downstream sides of their crests (fig. 
44). A massive longitudinal flood bar (figs. 44, 45) oc­ 
curs to the southwest at the same altitude as the mid- 
channel bar. Other elongate bouldery ridges parallel to 
the valley axis can be traced for as much as a

FIGURE 44. Giant current ripples on midchannel flood bar north 
of Gardiner, Mont. A, Oblique aerial photograph showing form of 
bar and pattern of giant current ripples. Flood bar is about 500 m 
across and 20 m high. Crests of ripples (fig. 45) are about 2 m high 
and about 15 m apart. Flow was towards the camera. A 
longitudinal flood bar is shown in the upper right of the 
photograph. Photograph by J. S. Shelton, 1970. B, Ridges of 
boulders forming giant current ripples on the midchannel flood 
bar. The boulders are concentrated on the downstream (right) side 
of the crest.
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kilometer; the midchannel flood bar is about 1.5 km 
long. The material in this flood bar was probably large­ 
ly reworked from Deckard Flats end moraines.

The best evidence for both the height of flooding and 
the occurrence of multiple floods is at the truncated 
fronts of alluvial fans at the mouth of Reese Creek, 
along the park boundary (fig. 45). The fans are cut by 
abrupt east-facing escarpments 3-15 m high that 
parallel the Yellowstone River. On and below the 
escarpments, evidence of flooding exists in the form of 
longitudinal bars, ranging in length from 3 to 300 m. 
As shown in figure 45, at least two floods, the first 
reaching 60 m and the second reaching 45 m above the 
present Yellowstone River, are indicated by the con­ 
figurations of flood-ripped fan fronts.

Upstream from the Reese Creek fans, flood deposits 
are well displayed on the south side of the Yellowstone 
River near Gardiner. Three kilometers northwest of 
Gardiner, the downstream end of a long, cigar-shaped 
flood bar emerges from beneath a Holocene earthflow. 
Gardiner High School is built partly on a midchannel 
bar, whose bouldery crest resembles a Pinedale 
moraine. However, the concave downvalley trend of 
some of the crest lines on the bar suggest that it is a 
flood feature. The interior of this flood bar and another 
bar about half a kilometer downvalley are well exposed 
in railroad cuts. Although boulders are concentrated 
on the bar surfaces, their interiors locally are mostly 
sand. The flood deposits are moderately well sorted. 
Boulders of fine-grained rocks such as basalt often 
show percussion spalls, especially on angular corners, 
due to collisions of boulders during flood transport.

Along the Yellowstone River near the mouth of Bear 
Creek, a jet of floodwater from the Black Canyon of the 
Yellowstone River eroded bedrock into scablands and 
left bouldery flood deposits to heights of about 60 m 
above the present river.

Just west of the north entrance station to the park, 
floodwaters appear to have ripped the upper surface of 
a gravel terrace and eroded a scarp into it in a manner 
similar to that of the fans at the mouth of Reese Creek. 
The terrace is underlain by glacial gravels derived 
mostly from the Mammoth Hot Springs-Gallatin 
Range area. The northern end of this bench is a flood- 
eroded escarpment mantled by small cigar-shaped bars 
that are littered with abundant boulders of Precam- 
brian rocks from the Black Canyon of the Yellowstone.

In the Black Canyon of the Yellowstone, flood 
features are not as obvious as in the Gardiner area. On 
the south side of the river, just upstream from Crevice 
Lake, flood deposits surround a low knob of bedrock 
with a scabland appearance. The origin of the depres­ 
sion now occupied by Crevice Lake (pi. 3; Pierce,

1973b) is an enigma. Since the deposits enclosing the 
lake are streamlined and appear to be flood gravels, the 
lake may be either an ice-block depression in flood 
debris, or an erosional feature formed by a flood vortex 
caused by the configuration of the canyon.

Farther upstream, near the confluence of the Lamar 
and Yellowstone Rivers, flood deposits accumulated in 
the wider parts of the valley, both in deceleration areas 
below constrictions and in hydraulically dammed areas 
above the constrictions (fig. 46).

Erosional and depositional features caused by floods 
occur along the Lamar valley at least as far upstream 
as Slough Creek (pi. 3). Deposits apparently formed by 
floods continue upstream as far as Lamar Canyon, but 
they are not as well expressed nor as high above 
present drainage as those downstream from Slough 
Creek. The paucity of flood features in this area may 
result from the presence of the snout of the Slough 
Creek glacier, over which the flood waters may have 
debouched. As mentioned previously, the presence of 
glacially dammed lakes is indicated by lake sediments 
along Lamar valley above Slough Creek. Catastrophic 
release of these ice-dammed lakes appears to have pro­ 
duced the largest flood flows down the Lamar- 
Yellowstone drainage. Howard (1937, p. 144-145) an­ 
ticipated the interpretation presented here by con­ 
cluding that "Lamar lake" was dammed by the Slough 
Creek glacier and "may have drained rapidly."

Flood deposits along the Yellowstone River above 
its confluence with the Lamar indicate that waters 
about 25 m deep coursed through The Narrows some 
time after the deepest floods went down the Lamar- 
Yellowstone drainage. Flood deposits about 15 m 
above the river on the point at the Yellowstone-Lamar 
confluence contain abundant percussion-spalled 
boulders of basalt. The topograpic form of the deposits 
indicates flow down the Yellowstone. Also, the only 
reasonable source for the basalt is along the 
Yellowstone in The Narrows area; no concentrations of 
basalt are present for many kilometers up the Lamar. 
The location of this deposit in the path of the larger 
floods down the Lamar but well below their upper limit 
indicates that this flood was younger and smaller than 
those that came down the Lamar.

Floodwaters debouching from The Narrows of the 
Yellowstone formed a flood bar just upstream from the 
highway bridge across the Yellowstone River. This bar 
extends from a spur and forms a ridge separated from 
the valley wall by a dry trough about 7 m deep. 
Although the surface of the bar is rather smooth and 
not remarkably bouldery, exposures in the bank of the 
Yellowstone River at the upstream end of the bar 
reveal abundant boulders more than 1.6 m across, and
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FIGURE 45. Stereopair of aerial photographs showing evidence of two flood episodes along the Yellowstone River near Reese Creek. The 
inferred sequence of events is: (1) alluvial fan (Ai) was built by Reese Creek; (2) flood of water about 60 m deep eroded much of that fan 
and left a flood-ripped fan front (Ri) close to the valley wall; (3) younger alluvial fan (A2> was built by Reese Creek; and (4) younger flood 
of water about 50 m deep eroded that fan and left a flood-ripped fan front (R2) with longitudinal flow features along and below the fan 
front. The height of the second flood is indicated by modification of the fan surface up to about 10m above the top of the fan front. The 
midchannel flood bar of figure 44 (MC) can be seen 1.3 km southeast of Reese Creek, flanked by a longitudinal flood bar (LB) to the south 
and west. Aerial photographs by U.S. Geological Survey, 1954.

one boulder of locally derived basalt 10 m across.
The upstream source of this flood is unknown. No 

definite flood deposits were recognized above The Nar­ 
rows, but hydraulic damming by The Narrows would 
reduce upstream flood velocities and make it difficult 
to separate flood deposits from the deposits of 
"Retreat lake," described earlier. Inasmuch as this 
flood occurred after the late Pinedale floods down the 
Lamar-Yellowstone drainage, it probably is not related 
to ice from the Beartooth uplift. It seems likely that 
the flood resulted from failure of a landslide dam either 
in The Narrows area or in the Grand Canyon of the 
Yellowstone River upstream from the main area of 
"Retreat lake" sediments.

Evidence of floodwaters from the park boundary 
down the Yellowstone to Yankee Jim Canyon consists 
mainly of longitudinal bars, such as the one at the base 
of Cinnabar Mountain directly across from Corwin

Springs. This bar, about 1.5 km long, resembles a ter­ 
race, but its streamlined form and the absence of an 
undercut scarp at its outer edge show that it is not a 
normal stream terrace.

The history of late Pinedale flooding from Yankee 
Jim Canyon downvalley is complicated by the younger 
Yankee Jim flood (pi. 3). Good (1965) recognized that a 
large landslide on the west side of Dome Mountain had 
dammed the Yellowstone River to a depth of about 
55 m. Presumably, when the landslide dam was over­ 
topped, rapid erosion of the spillway released the 
Yankee Jim flood. Immediately below the landslide 
dam and 15 m above the river, a large flood deposit 
contains huge blocks of locally derived Precambrian 
bedrock. Channel morphology shown on aerial 
photographs suggests that this deposit is a fan-like ac­ 
cumulation derived from the landslide.

Downvalley from Yankee Jim Canyon the Yankee
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FIGURE 46. Oblique aerial view of flood deposits below the junction 
of Lamar River with the Yellowstone. Floodwaters more than 50 
m deep from the Lamar River left deposits in the wider parts of 
the Yellowstone valley. A bedrock constriction at the 
downstream edge of the photograph caused hydraulic damming 
of the floodwater, resulting in lower velocities and deposition of 
floodgravels, especially against the valley walls and downstream 
from spurs. A shallow channel on the flood deposits parallels the 
near side of the Yellowstone River. Photograph by W. B. Hall, 
1970.

Jim flood seems to have reached about half as high as 
the highest late Pinedale flood. The fan-like flood 
deposit immediately below the Dome Mountain land­ 
slide would have been obliterated or modified by the 
higher floodwaters of the Lamar floods, so the Yankee 
Jim flood is dated as younger than the main floods 
down the Lamar-Yellowstone drainage. At the 
downstream end of Yankee Jim Canyon, flood 
deposits, probably formed by the Yankee Jim flood, 
underlie the boulder-strewn flats 15 m above the 
Yellowstone.

Longitudinal flood bars 60 m above the Yellowstone 
River occur downvalley from the spur at the north­ 
eastern end of the canyon. They are probably related to 
the largest floods that came down the Lamar- 
Yellowstone drainage.

In the Chico end moraine area 4 km downstream 
from Emigrant (pi. 2), stony deposits in the "inner 
valley" of the Yellowstone were once thought to repre­ 
sent terminal moraines of the late Wisconsin (Pinedale) 
(Alden, 1932, p. 123; Horberg, 1940, p. 297). These 
deposits are within the area covered by floods and ap­ 
pear related primarily to them. The deposits are hum- 
mocky on a small scale but have a streamlined form 
parallel to the valley axis and locally slope upvalley. 
On the east side of the valley, they grade into a surface

that lies about 10 m above the river and resembles a 
giant flood bar. This alluvial surface terminates 
downstream in a delta-like front perpendicular to the 
direction of flow, indicating that it is not a normal 
stream terrace.

GLACIAL DYNAMICS INFERRED 
FROM GEOLOGIC STUDIES

This final section concerns subjects derivative from 
the field reconstruction of the late Pleistocene glacia- 
tions. It deals with three main topics: (1) the dif­ 
ferences in the relative extent of the Bull Lake and 
Pinedale icemasses north and west of the park and the 
reasons for these differences, (2) quantitative evalua­ 
tions of the Pinedale reconstruction (pi. IA) by calcula­ 
tion of basal shear stresses and mass balance, and (3) 
the phase relations between the different kinds of 
glacial source areas throughout a glacial cycle.

COMPARISON OF BULL LAKE AND 
PINEDALE GLACIATIONS

In the West Yellowstone area, Bull Lake glaciers 
from Yellowstone Park extended about 20 km west 
beyond the Pinedale ones (fig. 9). Southwest of the 
park, G. M. Richmond (1976, fig. 7) mapped the outer 
boundary of moraines of possible Bull Lake age about 
20 km beyond those of Pinedale age. However, the 
outlet glacier flowing north from Yellowstone was 
larger in Pinedale time than during the Bull Lake 
Glaciation. A Pinedale age is indicated for both the 
Eightmile and Chico end moraines by their mor­ 
phology, soils, boulder weathering, morainal backfills, 
ice-dammed lake sediments, and relations to outwash 
deposits. Nearby moraines of the western Mount 
Cowen glaciers (fig. 12) provide examples of the con­ 
trast between Bull Lake and Pinedale moraines and 
the nearly equivalent size of local Bull Lake and 
Pinedale glaciers. This similarity suggests that a 
minor increase in the size or change in the flow direc­ 
tion of Pinedale glaciers could easily result in oblitera­ 
tion of Bull Lake moraines.

Thus, although the Bull Lake Glaciation was more 
extensive than the Pinedale on the west side of the 
park, it was less extensive on the north (fig. 47). The 
most likely reason for this difference is the eruption of 
large rhyolite flows after the Bull Lake and before the 
Pinedale glacial maxima (fig. 47).

Southward from Madison Canyon, a continuous 
string of rhyolite flows all have K-Ar ages indicating 
their emplacement between the Pinedale and Bull Lake 
glacial maxima. According to combined obsidian- 
hydration and K-Ar dating, the Bull Lake glacial max-
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imum near West Yellowstone occurred about 150,000 
years ago and the Pinedale about 30,000 years ago 
(Pierce and others, 1976). For rhyolite flows from 
Madison Canyon southward, John Obradovich (writ­ 
ten commun., 1979) reported the following K-Ar ages 
(in years): West Yellowstone flow, 117,000±8,000; 
Summit Lake flow, 110,000±25,000; and Bechler 
River flow, 117,000±7,000 (all weighted means of 
multiple runs, and weighted standard deviation, 2ox); 
and Pitchstone Plateau flow, 70,000±2,200 (la, in­ 
strumental error only). Field relations independently 
show that the West Yellowstone flow was emplaced 
between the Pinedale and Bull Lake glacial maxima.

Emplacement of these flows resulted in a major 
topographic change, adding a constructional volcanic 
landform that averages about 150 m in thickness and 
extended from Madison Canyon 55 km southward to 
the Pitchstone Plateau. This volcanic landform acted 
as a diversion dam to flow of Pinedale ice, restricting 
westward flow relative to flow during the Bull Lake 
glaciation, and increasing flow to the north.

Between Pinedale and Bull Lake time, the eruption 
of several lava flows increased the altitude of the 
plateau surface just southwest of the Washburn Range 
(fig. 47). This increase in altitude favored development 
of a larger Pinedale icecap in this area, adding to the 
size of the northern Yellowstone glacier as well as the 
glaciers near the southern end of the Gallatin Range.

QUANTITATIVE EVALUATION OF THE 
RECONSTRUCTED ICEMASS

The reconstruction of the full-glacial icemass of 
Pinedale age (pi. L4) is based on field observations. 
Glaciology offers methods for independent evaluation 
of this reconstruction; the only assumption necessary 
is that former glaciers obeyed the same physical laws 
and were affected by the same physical processes as 
modern glaciers.

BASAL SHEAR STRESS

Calculation of basal shear stress is a powerful tool in 
evaluating the plausibility of reconstructions of former 
icemasses. The two parameters that together specify 
the shape of a reconstructed glacier ice thickness and 
surface slope are also the primary variables that 
determine basal shear stress.

The formula for determining basal shear stress of an 
icecap (Nye, 1952) is -tb=Qgh sina. Where Tfc=basal shear 
stress in bars, g=density, G=acceleration of gravity, 
h=the ice thickness, and a=slope of the ice surface. For 
the vast majority of modern glaciers, empirical obser­ 
vations indicate that the basal shear stress is between

0.5 and 1.5 bars and tends to be constant for any 
relatively homogeneous segment of an icecap or valley 
glacier (Nye, 1952; Paterson, 1969, p. 91). In addition, 
calculated basal shear stress for well-studied 
Pleistocene glaciers also generally4 falls within these 
limits (Mathews, 1967; Clark, 1967).

Some reasons for the narrow range of values for 
basal shear stress are well stated by Mathews (1967, 
p. 151):

From laboratory tests it has been inferred that if the thickness or 
surface slope of an ice sheet somehow became so great that basal 
shear stress greatly exceeded this fixed value, the basal ice could be 
deformed so easily that the sheet would very rapidly spread out un­ 
til its thickness or slope was significantly reduced. Conversely, if 
because of combination of thinness and flatness in an ice sheet the 
basal shear stress was very low, movement would virtually cease 
until accumulation of more ice increased thickness or slopes or both, 
and these in turn increased the basal shear stress.

The comparison of glacial flow rates to the variables 
that determine basal shear stress explains in part why 
the values of basal shear stress tend to vary within 
narrow limits. Rates of flow and glacial discharge are 
functions to the cube or higher power of the same vari­ 
ables that determine basal shear stress. In laboratory 
experiments, Glen (1955) determined that the effective 
shear strain rate (v) of polycrystalline ice is proportion­ 
al to the power n of the applied stress T, or tfccT«. For 
stresses between 0.8 and 5.5 bars, the exponent n is 
between 2 and 4.5; some observations on modern gla­ 
ciers suggest a value of 3 for the exponent n is appro­ 
priate (Nye, 1965, p. 662). The volume of ice passing 
through a given cross section in unit time is a function 
of the slope a to the power n and of the thickness h to 
the power n+2 (Nye, 1952, p. 84). Assuming a value of 
3 for n, a doubling of either the slope or thickness 
would only double basal shear stress, but would in­ 
crease discharge by a factor of 8 or 32, respectively.

A shape factor F modifies the equation for basal 
shear stress when glacial flow is affected by drag 
against valley walls (Nye, 1965; table 3, this report). 
As shown by Nye (1965), this shape-factor depends 
primarily on W, the ratio of the half-width of the 
glacier to its maximum thickness, and to a lesser ex­ 
tent on the shape of the valley cross section. The

4Mathews (1974) determined values of basal shear stress below 0.2 bars for some lobes of 
the Laurentide Ice Sheet. He noted (p. 41) that the anomalously low values of basal shear 
stress were associated with the ice lobes on terrain with low relief, and that the low basal 
shear stress may be related to water confined under high hydrostatic pressure at the base 
of the glacier. All the areas for which he calculated anomalously low basal shear stresses 
are underlain by impermeable shale. The shale would have acted as a seal that prevented 
escape of water from beneath the glacier, thereby permitting fluid pressures approaching 
that of the "icesostatic" pressure of the overriding ice. Compared to the sites studied by 
Mathews, the northern Yellowstone area differs because it has much more rugged 
topography, much narrower glaciers, and no extensive terrane underlain by impermeable 
shale.
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EXPLANATION
Area covered by Pinedale ice (nunataks not 

shown)

Rhyolite flows emplaced between the Bull Lake 
and Pinedale maxima (commonly more than 
150 m thick)

Area covered by Bull Lake ice beyond Pinedale 
terminal moraines

  H-   Axis of Pinedale icecaps

 - Inferred axis of Bull Lake icecap

 *- Direction of ice flow, defined by glacial scour 
features

FIGURE 47. Comparison of Bull Lake and Pinedale icemasses in the 
northern Yellowstone area. West of the park, Bull Lake moraines 
extend as much as 20 km beyond those of Pinedale age. Between 
the Bull Lake and Pinedale maxima, large rhyolite flows were 
emplaced in the central and western part of the park. The rhyolite 
flows blocked westward flow of Pinedale ice and diverted it to the 
north. Pinedale ice overran Bull Lake terminal moraines in the 
valley of the Yellowstone River.

TABLE 3. Shape factor (F) for parabolic valley profiles
[Shape factors for W from 1 to 4 are from Nye (1965, table 4); shape factors for W greater 

than 4 are extrapolated from Nye]

W

1
2
3
4

F

0.45
.65
.75
.81

w

6
8

16
CO

F

0.87
.90
.95

1.00

glaciated valleys in Yellowstone have parabolic cross 
sections and W was between 3 and 16, resulting in F 
values between 0.75 and 0.95 (table 3).

Thus, for glaciers flowing in valleys, the equation for 
basal shear stress is modified to: 

rb=F-Qgh sina
For the purposes of this paper, the result of the 

above formula is called primary basal shear stress. 
With uniform flow, primary basal shear stress and 
total basal shear stress are the same, but with strongly 
extending or compressing flow, longitudinal or trans­ 
verse normal stress gradients can make significant 
contributions to the total shear stress. The calculation 
of these generally secondary factors is beyond the 
scope of this section, but discussions of the differential 
equations involved are given in Nye (1959, p. 505-506), 
Paterson (1969, p. 102-104), and Meier (1968).

I sos ta tic deformation due to glacial loading would 
have depressed the central glaciated area of northern 
Yellowstone relative to the glacial margins. If we use 
the isostatic deformation of Lake Bonneville as a 
model (Crittenden, 1963), about 100 m of central 
depression is possible for ice averaging 600 m in 
thickness. This is about 5 percent of the altitude dif­ 
ference from the terminus to the ice divides of the nor­ 
thern Yellowstone glacier. This isostatic effect, not ac­ 
counted for in the glacial reconstruction, would reduce 
reconstructed values for glacial slopes and calculated 
basal shear stress by only about 5 percent.

Figure 48 shows a simple way of both calculating 
and graphically displaying the relations between ice 
thickness, surface slope, and primary basal shear 
stress. The design of this plot is modified from that 
made for rock glaciers by Wahrhaftig and Cox (1959, 
fig. 10). In figure 48, calculated basal shear stresses are 
shown as straight lines. The equation for this relation 
between effective thickness and the cosecant a is deriv­ 
ed by deleting the values Q and g which are constant, 
thereby giving:

Tfcccsin a-F'h 
and then converting sin a to 1 /cosecant a giving:

cosecant a
The value of the numerator of the last equation (F- h) is 
here called the "effective thickness." The last equation 
illustrates that a constant value of primary basal shear 
stress will plot as a straight line when the effective 
thickness is plotted against cosecant a.

Figure 48 graphically shows the primary basal shear 
stress of 50 reaches covering most of the northern 
Yellowstone area. Each reach is between 5 and 15 km 
long and was selected to have a consistent flow pattern 
throughout its length. (Location and length of reaches
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are given in table 4.) This use of relatively long reaches 
apparently eliminated most of the local variations in 
primary basal shear stress calculated for shorter 
reaches (Clark, 1967; Meier, 1960, p. 49; Meier and 
others, 1974, p. 210). Because the reaches are mostly 
end to end, the calculations simulate an integral 
calculation for the icemass. The slopes or thicknesses 
of one reach cannot be changed without affecting the 
basal shear stress of contiguous reaches.

The values of primary basal shear stress fall between 
0.6 and 1.5 bars (fig. 48; table 4), consistent with 
modern glaciers where "the great majority of values 
are between 0.5 and 1.5 bars" (Patterson, 1969, p. 91).

Reaches of a glacier are classified on the basis of 
their flow pattern. If the velocity increases 
downstream, the flow is extending (or accelerating 
with distance downstream). The following conditions 
promote extending flow: (1) downflow convergence of 
glacier margins in plan view, (2) downflow thinning 
over bedrock prominences (convex longitudinal valley 
profile), and (3) addition of ice in the accumulation 
area.

If the velocity decreases downstream, the flow is 
compressing (or decelerating with distance 
downstream). The following conditions promote com­ 
pressing flow: (1) downflow divergence of glacier 
margins in plan view, (2) downflow increase in ice 
thickness (concave longitudinal valley profile), and (3) 
removal of ice in the ablation area.

As shown by the different symbols in figure 48, 
higher values of primary basal shear stress occur in 
areas of extending (accelerating) flow, such as the 
northward convergence to form the northern 
Yellowstone outlet glacier (fig. 21). Lower values of 
primary basal shear stress occur in areas of compress­ 
ing (decelerating) flow, which are located mostly below 
the 2,590 m (8,500 ft) contour in the ablation area. The 
50 reaches that together cover all the main flow paths 
of the total icemass in the northern Yellowstone area 
(pi. 1A) are classified into reaches with strongly exten­ 
ding flow, reaches with nearly uniform flow, and 
reaches with strongly compressing flow (fig. 48; table 
4). The primary basal shear stress for 15 strongly ex­ 
tending (accelerating) reaches averaged 1.21 ±0.12 
bars; the 11 nearly uniform reaches averaged 
1.04 ±0.16 bars; and the 16 strongly compressing 
(decelerating) averaged 0.84±0.14 bars. (Eight reaches 
with only minimum depth values were not included in 
these calculations.) Hence, the variation in primary

basal shear stress is strongly related to flow pattern, 
especially to convergence in plan view, and to ablation. 

The reconstructed glacial system shown on plate \A 
has values of primary basal shear stress that are both 
internally consistent, and consistent with the values of 
primary basal shear stress of modern glaciers. This 
glaciological evaluation supports the validity of the 
reconstruction based on the glacial geologic studies.

BASAL SHEAR STRESS 
AND ALTERNATE GLACIAL RECONSTRUCTIONS

On the Surficial Geologic Map of Yellowstone Na­ 
tional Park (U.S. Geol. Survey, 1972a), two alter­ 
natives are shown or implied for the size of the 
Pinedale icemass. Major differences in the height or ex­ 
tent of Pinedale ice are shown in the areas of the 
Washburn Range, Specimen Ridge, and south of the 
Gallatin Range. For reasons described here and earlier 
in this report, I conclude that Pinedale ice formed the 
fresh striations on the crests of the Washburn Range 
and Specimen Ridge when it flowed over these sum­ 
mits which reach altitudes of 2,925 to 3,122 m (9,600 to 
10,243 ft). The Surficial Geologic Map of Yellowstone 
National Park shows a boundary near the base of the 
Washburn Range labeled "PL," for "maximum * * * 
extent of early Pinedale ice." This "Pinedale limit"is 
450-700 m lower than the limit of Pinedale ice I have 
determined (pi. L4). This lesser value for ice thickness 
in the source area on the Yellowstone plateau would 
reduce both the glacial thickness and surface slope to 
about half the values determined from the reconstruc­ 
tion shown on plate I A. Calculations of values of 
primary basal shear stress for this "Pinedale limit" 
yield basal shear stress values between 0.05 and 0.15 
bars. Calculations of values of primary basal shear 
stress based on the boundary marked "PL" on the Sur­ 
ficial Geologic Map of Yellowstone National Park in 
other areas in northern Yellowstone, such as the area 
west of the Washburn Range and the area south of the 
Gallatin Range, result in values between 0.0 and 0.1 
bars. The lower option for the altitude of Pinedale ice 
(U.S. Geological Survey, 1972a) yields unreasonably 
low values of primary basal shear stress. Moreover, as 
argued earlier, the field relations also indicate that the 
lower option is not the Pinedale limit but represents 
phases in the recession of Pinedale ice.
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TABLE 4.  Values for basal shear calculations 

[Values given in English units because slope and thickness of ice (pi. 1) are from contours that are in English units]

No.

1 
2 
3 
4 
5

6 
7 
8 
9 

10

11 
12 
13 
14 
15

16 
17 
18 
19 
20

21 
22 
23 
24 
25

26 
27 
28 
29 
30

31 
32 
33 
34 
35

36 
37 
38 
39 
40

41 
42 
43 
44 
45

46 
47 
48 
49 
50

Thickness 
Midpoint of reach h 

(ft)

Slip and Slide Creek   

Lamar R.S.            
Amphitheater Creek    

Slough Creek Ranch     

     do             

Tower Cr. amphitheater-

Fawn Creek           

Upper Specimen Creek    
     do             
      do             

Fan Creek, overflow    

     do             

Tuff Creek           

Madison Canyon, mouth  

650 
1,100 
1,500 
1,900 
2,300

2,550 
2,750 
3,200 
3,300 
3,600

3,550 
3,800 
3,900 
3,900 
3,800

3,600 
2,600 
4,000 
4,150 
3,050

3,300 
3,050 
3,300 
2,550 
1,900

2,750 
1,850 
2,200 
2,550 
2,100

1,800 
320 
900 
750 

1,000

800 
550 

1,000 
1,500 

450

800 
500 
650 
800 
950

500 
1,000 
1,450 
1,750- 
2,050

Half 
width 
(ft)

18,500 
14,500 
18,500 
18,500 
7,000

14,000 
8,000 
17,000 
14,000 
18,500

1 25, 000 
'32,000 
 42,000 
'32,000 
 15,000

'10,000 
'30,000 
'40,000 
'30,000 
'25,000

'30,000 
'18,000 
21,000 

'40,000 
'10,000

'25,000 
'35,000 
'30,000 
'35,000 
'35,000

'10,000 
1,500 
3,000 
8,000 

'10,000

4,300 
2,100 
7,000 
6,000 
3,500

3,000 
2,100 
8,000 

'13,000 
' 16,000

4,200 
2,400 
6,800 

1 15,000 
'20,000

W_

28 
13 
12 
10 
8

5.7 
2.9 
5.3 
4.2 
5.1

7 
8.4 

11 
8.5 
4

2.7 
12 
10 
7 
8

10 
6.0 
6.4 

16 
5.3

9 
19 
14 
14 
17

5.6 
4.7 
3.5 

10 
10

5.4 
3.8 
7 
4 
8

3.8 
4.2 

12 
16 
17

8.4 
2.4 
4.7 
9 

10

f_

0.98 
.93 
.93 
.92 
.90

.86 

.74 

.85 

.82 

.84

.88 

.90 

.92 

.90 

.81

.72 

.93 

.92 

.88 

.90

.92 

.87 

.87 

.95 

.85

.91 

.95 

.94 

.94 

.95

.86 

.83 

.78 

.92 

.92

.85 

.80 

.88 

.81 

.90

.80 

.82 

.93 

.95 

.95

.90 

.70 

.83 

.91 

.92

Drop in feet
Distance Gradient 
in miles (ft/mi)

500/ 2.6 
500/ 3.6 
500/ 4.15 
400/ 3.7 
300/ 3.3

300/ 3.3 
300/ 2.0 
300/ 4.5 
200/ 3.1 
300/ 5.6

500/ 6.8 
400/ 5.4 
300/ 4.5 
500/15 
250/ 5.5

550/ 9 
400/ 4.5 
500/ 9 
500/10.4 
500/ 6.3

450/ 6 
350/ 5.4 
400/ 4.9 
400/ 4.4 
800/10

500/ 5.9 
500/ 4.8 
400/ 3.8 
300/ 2.9 
500/ 4.2

500/ 2.8 
500/ 1.05 
500/ 1.4 
500/ 1.5 
500/ 1.8

500/ 1.7 
500/ 1.3 
500/ 2.1 

l.OOO/ 4.8 
500/ 1.5

500/ 1.4 
500/ 1.3 

l.OOO/ 3.4 
l.OOO/ 3.4 
500/ 2.2

500/ 1.3 
500/ 2.4 
500/ 3.4 
300/ 2.0 
400/ 3.0

192 
139 
120 
108 
91

91 
150 
67 
65 
54

74 
74 
67 
33 
45

61 
89 
56 
48 
79

75 
65 
82 
91 
80

85 
104 
105 
103 
119

179 
476 
357 
333 
278

294 
385 
238 
208 
333

357 
385 
294 
294 
227

384 
208 
147 
150 
133

Slope 
(«0 

in degrees

2.086 
1.507 
1.307 
1.173 
.986

.986 
1.628 
.723 
.700 
.581

.800 

.804 

.723 

.362 

.493

.663 

.964 

.603 

.522 

.861

.814 

.703 

.886 

.986 

.868

.920 
1.130 
1.142 
1.122 
1.292

1.937 
5.153 
3.870 
3.612 
3.011

3.188 
4.166 
2.582 
2.259 
3.612

3.870 
4.166 
3.188 
3.188 
2.464

4.166 
2.260 
1.595 
1.627 
1.446

Effective 
thickness 

(f_.h.)

644 
1,023 
1,395 
1,748 
2,070

2,193 
2,035 
2,720 
2,706 
3,024

3,124 
3,420 
3,588 
3,510 
3,078

2,592 
2,420 
3,680 
3,652 
2,745

3,036 
2,650 
2,871 
2,422 
1,615

2,503 
1,758 
2,068 
2,397 
2,016

1,548 
265 
702 
690 
920

680 
440 
880 

1,215 
405

640 
410 
605 
768 
903

450 
700 

1,204 
1,592 
1,886

Basal 
shear 
stress

0.62 
.72 
.85 
.95 
.95

1.00 
1.54 
.91 
.88 
.82

1.16 
1.27 
1.20 

2 .59 
2 .71

2 .79 
2 1.08 
2 1.03 
2 .89 
1.10

2 1.04 
.86 

1.18 
1.11 

2 .65

1.07 
.92 

1.09 
1.25 
1.21

1.39 
.63 
1.26 
1.15 
1.28

1.01 
.85 

1.05 
1.27 
.68

1.15 
.79 
.89 
1.14 
1.03

.87 

.73 

.89 
1.20 
1.26

Flow
type 1

C 
C 
C 
C 
C

C 
E 
C 
C 
U

E 
E 
E 
U 
U

U 
U 
E 
U 
E

E 
U 
E 
E 
U

E 
U 
E 
U 
E

E 
C 
U?
E 
E

U 
C 
U 
E 
C

C 
C 
C
U 
U

C 
C
U 
E 
U

'Half width based on projection of valley walls to ice surface.
2 Minimum value for basal shear stress because ice thickness is a minimum value.
'C, compressing (decelerating) flow; U, uniform flow; E, extending (accelerating) flow. Queried where uncertain.
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EQUILIBRIUM-LINE ALTITUDE

The ELA (equilibrium-line altitude), approximately 
the same as snowline, separates the accumulation and 
ablation areas of a glacier. There are several ways of 
estimating the full-glacial ELA. In the following 
discussion, the results of several methods are describ­ 
ed and their relevance to the ELA of the northern 
Yellowstone glacier given; it is concluded that the 
glaciation limit provides the best estimate of the ELA 
for the Yellowstone icecap situation.

A method of estimating the ELA on mountain-valley 
glaciers is by assuming it to be the same as the altitude 
of the floors of the lowest cirques. In the areas im­ 
mediately west of the northern Yellowstone icecaps, 
that altitude is 2,620 m (8,600 feet); this provides only 
a minimum value for the Yellowstone icecap because 
the ELA for valley glaciers is lower, generally 1 GO- 
400 m (0strem, 1966a, p. 137), than that appropriate 
for nearby icecaps; this is due to shading by the cirque 
and valley walls and greater accumulation due to wind 
drift of snow.

A rather crude method assumes that, along the sides 
of the glacier, the ELA lay below dominantly erosional 
glacial features and above depositional glacial 
features. In the Gardiner area the flanks of nunataks 
show only features of glacial erosion at altitudes above 
2,680 m (8,800 ft), whereas a scattering of erratics are 
found up to that altitude.

Still another method assumes that the altitude of the 
lowest uplands that supported local icecaps is the 
altitude of full-glacial snowline. The lowest local 
icecaps in the northern Yellowstone area formed on the 
uplands in the headwaters of Specimen Creek between 
2,710-2,860 m (8,900-9,400 ft ft) in altitude.

The AAR (accumulation-area ratio) method depends 
upon determining the area covered by a former glacier 
and assuming a specific AAR (Meier and Post 1962; 
Porter, 1975). Porter (1975) summarized data in­ 
dicating that the equilibrium AAR's for maritime 
glaciers in western North America is between about 
0.55 and 0.65 Meier and Post (1962, p. 70) cautioned 
that because piedmont glaciers and icecaps have very 
asymmetric area-to-altitude distributions, their AAR's 
may differ greatly from mountain-valley glaciers. The 
AAR method of estimating the ELA was not used 
because Yellowstone was glaciated by icecaps rather 
than by mountain-valley glaciers, and the area-altitude 
distribution of the northern Yellowstone glacier dif­ 
fered in having both a greater altitude range and 
detailed shape from the kinds of glaciers used to 
establish the relation between ELA and ARR.

I think that the ELA on icecaps such as the northern 
Yellowstone glacier is best approximated by the 
glaciation limit the average altitude of the lowest

nearby peaks that supported glaciers and the highest 
nearby peaks that did not. On the one hand, for valley 
glaciers, the ELA is commonly 100 to 400 m below the 
glaciation limit, largely due to shading and wind drift 
into cirques. On the other hand, on small mountain 
icecaps, the ELA may be slightly above the glaciation 
limit (Andrews, 1975, fig. 4-1C), because of wind defla­ 
tion of snow. On large mountain icecaps, where the ef­ 
fects of shading and wind drifting are not important, 
the ELA should approach the altitude of the glaciation 
limit. If one assumes the ELA on icecaps is the same 
as the altitude of the climatic snowline, then the ELA 
may be about 100 m lower than the glaciation limit 
(Charlesworth, 1957, p. 11; 0strem, 1966, p. 129). 
Because the difference, if any, between the local glacia­ 
tion limit and the ELA on adjacent icecaps is not well- 
established, I have assumed glaciation limit to be the 
same as ELA for purposes of mass-balance and 
accumulation-area-ratio calculations in northern 
Yellowstone.

The altitude of the glaciation limit in northern 
Yellowstone is as follows: northwest of Gardiner, 
Mont., and adjacent to the northern Yellowstone 
glacier, 2,830 m (9,300 ft); west and south of the 
Gallatin Range, 2,740-2,770 m (9,000-9,100 ft); and 
15 km southwest of the map area, 2,620 m (8,600 ft). 
The glaciation limit shows a decrease toward the 
southwest, which is presently, and was probably in the 
Pleistocene, the direction of incoming winter storms, 
and also increasing snow depth on the Yellowstone 
plateau.

ACCUMULATION-AREA RATIO

The AAR (accumulation-area ratio) is the ratio of a 
glacier's accumulation area to its total area (Meier and 
Post, 1962, p. 70). The AAR for the northern 
Yellowstone glacier as portrayed on plate IA is 0.75 
(2,555 km2/3,405 km2 ; table 5). This AAR is also shown 
graphically on the left side of figure 49 by the ratio of 
the area above the ELA to the total area. This AAR of 
0.75 is higher than the 0.6±0.05 range of values that 
Porter (1975, p. 35) concluded was representative of 
mountain glaciers in New Zealand. This difference 
probably results both from the fact that the northern 
Yellowstone glacier was fed from icecaps and from the 
fact that it had a strongly skewed distribution of area 
with altitude, as shown on left side of figure 49. The ef­ 
fect of this skewed area-altitude distribution on the 
AAR is more completely evaluated by calculation of 
net balance in the next section.

Another way of appreciating this difference in range 
of AAR is to calculate the apparent ELA for the 
northern Yellowstone glacier, assuming an AAR of 
0.6±0.05 and given the area-altitude distribution from
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plate IA (table 5; fig. 49). This results in an apparent 
ELA of 3,010±50 m (9,875±150 ft) and places the 
ELA 180 m above the glaciation limit, which is not 
reasonable. A more fundamental way of examining the 
relations between the accumulation and ablation areas 
of the northern Yellowstone glacier is to calculate 
volumes, or mass balance, rather than areas (fig. 49). 

The smaller glaciers in the northern Yellowstone 
area had more typical area altitude distributions, and 
their AAR's are as follows:

Gneiss Creek-Cougar Creek glacier .... 0.6
Gallatin River glacier ................ 0.55-0.6
Fan Creek glacier .................... 0.55-0.6
Specimen Creek glacier ............... 0.6

MASS BALANCE

A fundamental parameter for evaluating the ELA, 
the AAR, and the glacial reconstruction itself (pi. LA) 
is the estimated net balance on an annual basis of the 
northern Yellowstone glacier. The net balance of a 
glacial system can be estimated given the following: (1) 
the area-altitude distribution, (2) the ELA, and (3) the 
specific net balance as a function of altitude above or 
below the ELA. The area-altitude distribution can be 
derived from the ice-surface contours (pi. I A); it is 
shown by the hypsometric bar graph on the left side 
of figure 49. The ELA on the surface of the icecap, as 
approximated by the glaciation limit, is 2,835 m 
(9,300 ft).

The point of this section on quantitative evaluation 
is to apply independent checks from modern gla- 
ciological studies to the field reconstruction of the 
glacial system in Pinedale time (pi. IA). Because exact 
values for the specific net balance for the Yellowstone 
area cannot be inferred from studies of modern 
glaciers, I have used the following approach: the range 
of likely values are bracketed by estimates of the 
highest and lowest reasonable values of specific net 
balance, and an intermediate curve is drawn giving my 
best estimate of the specific net balance. These 
estimates were made from study of mass balance 
estimates in the literature, from consultation with col­ 
leagues, especially Mark Meier, and from examination 
of modern climatic data, especially snow-survey 
measurements. These estimates of specific net balance, 
when applied to the glacial reconstruction, represent a 
kind of sensitivity analysis that can be considered 
from two points of view. First, given the range of 
values, does the total net balance below the ELA 
cancel that above the ELA for the reconstructed 
northern Yellowstone glacier? Second, what were the 
actual volumes of total net balance above and below 
the ELA, and what do these mean in terms of ice and 
melt-water discharge?

SPECIFIC NET BALANCE ESTIMATES

Although the estimates are presented as three 
curves, they are discussed in six parts because the 
segments of each curve above and below the ELA re­ 
quire separate consideration. It is not intended that, 
for example, the low estimate for the ablation area 
must connect with the same curve for the accumula­ 
tion area.

The "high" estimate (fig. 49) is a generalized curve 
by S. C. Porter (written commun., 1976), and extended 
by me. It is drawn by visually averaging the specific 
net balance curves of nine maritime glaciers in the 
Pacific Northwest; many of these curves of specific net 
balance used for this generalization are shown in Meier 
and others (1971, fig. 1). Although appropriate for 
evaluating maritime glacial reconstructions, the net 
balance gradient below the ELA of  125 cm/100 m 
probably represents a maximal value for the continen­ 
tal climate of Yellowstone.

For the high estimate of specific net balance above 
the ELA (fig. 49), a maximum value of + 2 m seems 
high but not impossible for the Yellowstone area. 
Modern snow survey measurements provide some in­ 
sights into the moisture regimen of this area. In 
the southwest corner of Yellowstone Park, on the 
Pitchstone Plateau, at an altitude of only 2,630 m 
(8,640 ft), the snowpack on April 1 contains about 170 
cm water. For the western Beartooth uplift and the 
western Absaroka Mountains of the Yellowstone area, 
the April 1 snowpack at altitudes of about 2,800 m 
(9,100-9,400 ft), the highest stations observed, con­ 
tains about 100 cm of water (Peak and Clagett, 1973, p. 
67, 135, and 186). For the northern Yellowstone area, 
projection of altitude-moisture trends to 3,280 m 
(10,750 ft) suggests 170-cm water content in the 
snowpack the same as that derived from the "high" 
estimate of specific net balance (fig. 49; table 5). For a 
given altitude, the snowpack in the northern 
Yellowstone area has about three times as much water 
as the snowpacks in the Bighorn Mountains and the 
Wind River Range. Thus, although far inland, the 
Yellowstone uplands are (and probably were) uncom­ 
monly wet, apparently because the Snake River Plain 
serves as a low-altitude conduit permitting moisture- 
laden storms to reach the Yellowstone area.

The "low" estimate of specific net balance below the 
ELA describes a net balance gradient of  70 cm/ 
100 m. For glaciers whose ablation is not reduced by 
orographic shading, northerly slope, debris mantling or 
occurrence at high latitudes, net balance gradients be­ 
low the ELA lower than  70 cm/100 m are uncommon, 
with gradients averaging about 90 cm/100 m (Meier 
and others, 1971, fig. IA; 0strem and Liestol, 1964; 
Pytte and Ostrem, 1965; 0strem, 1966b; Mercanton,
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FIGURE 49. Mass balance of the northern Yellowstone glacier, which terminated in the Yellowstone valley and headed at ice divides on 
icecaps in and near the park. On the left is a hypsometric bar graph showing the area-altitude distribution of the surface of the icemass 
defined on plate L4. The ELA (equilibrium-line altitude) is inferred to be the same as the glaciation limit, 2,835 m (9,300 ft). The AAR 
(accumulation-area ratio) of 0.75 is derived from the areas of the accumulation area and total area given in table 5. The high and low 
estimates of specific net balance indicate the probable range of Pleistocene values. On the right side of the figure, the net balance is the 
product of the area of each altitude increment multiplied by three estimates of specific net balance. For example, for the altitude inter­ 
val 3,353-3,200 m, the area (746.5 km2) multiplied by specific net balance (+1.0 m) equals the total net balance (0.75 km3) (table 5). Net 
balance is in terms of water equivalent.

1916, p. 87; Schul'tz, 1962, p. 180; Meier and Post, 
1962). Net balance gradients less than  70 cm/100 m 
have been observed (Schytt, 1967; Meier and others, 
1971; Pytte and 0strem, 1965) but these low values are 
for glaciers where I infer that total ablation has been 
reduced by orographic shading, insulation by debris 
mantle, northerly slope, or location at high latitude.

The "low" estimate of specific net balance above the 
ELA approaches a high value of +1.2 m (fig. 49). Near­ 
ly all sizeable glaciers in near-equilibrium conditions 
have maximum accumulation values of at least +1 m 
(Meier and others, 1971, fig. 1; 0strem and Liestol, 
1964; Pytte and 0strem, 1965, fig. 28; 0strem, 1966b). 
Modern snowcourse studies suggest that present the

northern Yellowstone area is easily capable of pro­ 
viding the precipitation required by the "low" 
estimate.

I based the "best" estimate for the specific net 
balance below the ELA on analogy with the Saskat­ 
chewan Glacier of Alberta and the Fedchenko Glacier 
of the Pamirs of central Asia, because these are the 
most analogous and the best studied large continental 
glaciers at temperature latitudes. These glaciers have 
net balance gradients below the ELA slightly greater 
than  90 cm/100 m over total altitude intervals of 
800 m and 1,500 m respectively (Meier and others, 
1971, fig. 1; Meier, 1960, fig. 7; Schul'tz, 1962, p. 180; 
Budd and Jenssen, 1975, fig. 7).

Other glaciers approximate the Yellowstone situa-
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TABLE 5.  Values used in calculations of mass balance

F77

Altitude interval

Meters

3,658-3,
3,505-3,
3,353-3,
3,200-3,
3,048-2,
2,896-2,

505
353
200
048
896
835

Thousand 
feet

12.0-11.5
11.5-11.0
11.0-10.5
10.5-10.0
10.0-9.5
9.5-9.3

Total above ELA  

2,835-2,
2,743-2,
2,591-2,
2,438-2,
2,286-2,
2,134-1,
1,981-1,
1,829-1,
1,676-1,
1,524-1,

743
591
438
286
134
981
829
676
524
372

9.3-9.0
9.0-8.5
8.5-8.0
8.0-7.5
7.5-7.0
7.0-6.5
6.5-6.0
6.0-5.5
5.5-5.0
5.0-4.5

Total below ELA  

Total arCd

Area 
(km2 )

33.
185.
746.
968.
454.
166.

2,554.

163.
200.
128.
82.
63.
68.
58.
36.
42.
7.

851.

3,406.

70
29
51
50
78
02

8

01
31
72
41
37
58
95
10
11
82

38

18

Low estimate
Specific 

net 
balance 

(in)

1.2
1.15
1.0
.8
.5
.15

-0.31
-1.17
-2.24
-3.31
-4.37
-5.44
-6.51
-7.57
-8.64
-9.71

Volume 

(km3 )

+0.04
.21
.75
.78
.23
.02

+2.03

-0.05
-.23
-.29
-.27
-.28
-.37
-.38
-.27
-.36
-.08

-2.58

Best estimate
Specific 

net 
balance 

(m)

+1.70
1.55
1.42
1.10
.62
.25

-0.41
-1.51
-2.88
-4.25
-5.62
-7.00
-8.37
-9.74

-11.11
-12.48

Volume 

(km 3 )

+0.06
.29

1.06
1.06
.28
.03

+2.78

-0.07
-.30
-.37
-.35
-.36
-.48
-.49
-.35
-.47
-.10

-3.34

High estimate
Specific 

net 
balance 

(m)

+2.
1.
1.
1.

 

 

-0.
-1.
-3.
-5.
-7.
-9.

-11.
-13.
-15.
-17.

10
90
70
30
75
25

5
85
85
80
75
70
70
65
65
70

Volume 

(km 3 )

+0.07
.35

1.27
1.26
.34
.04

+3.33

-0.08
-.37
-.50
-.48
-.49
-.66
-.69
-.49
-.66
-.14

-4.56

tion to a lesser degree because they differ from the 
northern Yellowstone glacier in size, orographic situa­ 
tion, and latitude. The Gulkana Glacier of central 
Alaska has a net balance gradient of  90 cm/100 m 
over an altitude interval of 350 m in its ablation area 
upglacier from its debris-mantled snout (Meier and 
others, 1971, fig. 1). Where not highly shaded, the 
Peyto Glacier of Alberta has a net balance gradient of 
 90 cm/100 m in its ablation area (0strem, 1966b, fig. 
14).

Values for the "best" estimate of net balance above 
the ELA are more difficult to infer, because of the 
paucity of data. Where data do exist, wind drift and 
shading by headwalls complicate comparison with the 
open, nearly horizontal upper surface of the vast 
northern Yellowstone glacier. For the open, nearly 
horizontal upper basins of the Gulkana Glacier of in­ 
terior Alaska in 1966 and 1967, the net accumulation 
averaged a maximum of about +1.4 m at an altitude of 
500 m above the ELA (Meier and others, 1971, pi. 5; 
Tangborn and others, 1977, pi. 4E). In interior Canada, 
net accumulation on the Peyto Glacier is +2 m at 
heights 250-450 m above the ELA, and on the 
Woolsey Glacier it is +1.0 m and +1.3 m at heights of

70 and 200 m, respectively, above the ELA (0strem, 
1966b). For both the Peyto and Woolsey Glaciers, wind 
drift is of some importance; and the glaciers are more 
northerly and the Woolsey is less continental than the 
Yellowstone. The source area of the Saskatchewan 
Glacier in the Columbia Icefields is of similar form to 
the Yellowstone icecaps. As much as +3 m net ac­ 
cumulation is shown for this area (Meier and others, 
1971, fig. 1), but this amount appears anomalous com­ 
pared to more maritime areas; and the value is based 
only on one snow pit at one time and may not be 
representative (M. F. Meier, written commun., 1976). 
In summary, the basis for the "best" estimate of the 
specific net balance in the accumulation area of 
northern Yellowstone was the Gulkana Glacier, the 
Peyto and Woolsey Glaciers (minus a little to account 
for wind drift), and a median between the "high" and 
"low" estimates (fig. 49). This curve is not in excess of 
the moisture predicted by plots of present spring 
snowpack data against altitude discussed earlier 
(p.73). M. F. Meier (oral commun., 1976) considers a 
likely value for average accumulation to be about 
+ 1 m; table 6 shows that the "best" estimate yields an 
average of +1.09 m.
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TABLE 6. Summary of results of the mass balance calculations

Mass balance Balance estimates
Low Best High

Total net balance above the ELA +2.0 km3 +2.8 km3 +3.3 km3 
Total net balance below the ELA -2.6 km3 -3.3 km3 -4.5 km3 
Apparent net balance .......... -0.6 km3 -0.5 km3   1.2 km3
________________________ -(0.0 km3 )

Specific net balance___________________________________ ____

Mean of values in accumulation +0.79 m +1.09 m +1.30 m
area. 

Mean of values in ablation area .  3.03 m  3.92 m  5.36 m
'if the ELA is lowered about 50 m, accumulation and ablation are equal. 

MASS BALANCE RESULTS

The high, low, and best estimates of specific net 
balance, multiplied by the area-altitude distribution, 
yield the volume of annual accumulation and ablation 
for each altitude interval. These values are shown by 
the dashed, solid, and dotted lines on the right side of 
figure 49, and given in tables 5 and 6. Under 
equilibrium conditions at the Pinedale glacial max­ 
imum, the total net balance above the ELA should 
equal the total balance below the ELA. As shown by 
table 6, the estimates of total net balance above the 
ELA range from +2.0 to +3.3 km3 and the estimates 
of total net balance below the ELA range from  2.6 to
 4.5 km3 . The "best" estimate yields a total net 
balance above the ELA of +2.8 km3 and a total net 
balance below the ELA of  3.3 km3 a difference of
 0.5 km3 , or 15 percent. The reconstructed northern 
Yellowstone glacier can be balanced well within the 
tolerances of the calculations. For example, within the 
limits of the estimates, each may have been as high as 
3.3 km3 or as low as 2.6 km3 , a range of 25 percent, and 
still have balanced each other. Based on the "best" 
estimate, total net balance above and below the ELA 
equal to about 3 km3 is the most reasonable.

The most significant uncertainty in the mass balance 
calculation is the ELA estimate. If the ELA were 
lowered by only about 50 m, then accumulation would 
exactly balance ablation in the case of the "best" 
estimate of specific net balance. The ELA estimate is 
based on the glaciation limit, which itself can be deter­ 
mined to only about ± 50 m; in addition some think the 
ELA for icecaps is 100 m lower than the glaciation 
limit. Thus, by changing the ELA well within permissi­ 
ble limits, an exact balance between accumulation and 
ablation can be obtained.

The results of the mass balance calculation also 
shows that the apparently high AAR (0.75) poses no 
problem. In fact, if the ELA is placed 50 m lower in 
order to achieve an exact balance between accumula­ 
tion and ablation, then the AAR is increased to 0.78.

This calculation of mass balance does not provide as 
critical a test of the glacial reconstruction as does 
basal shear stress, but it does show that the 
reconstruction is reasonable. If the area-altitude

distribution above or below the ELA (fig. 49; pi. IA) 
were changed by 25 percent, or if the ELA were chang­ 
ed by about 200 m, then the calculations would not 
produce a reasonable balance.

GLACIER ICE DISCHARGE

As outlined by models A, B, and C in table 7, three 
different approaches may be used to estimate the 
discharge and velocities of former glaciers. A reach 
was selected for these calculations to see how 
discharges based on different lines of reasoning com­ 
pared. The best reach of the northern Yellowstone 
outlet glacier for discharge calculations is the rather 
uniform reach centered about 5 km upstream from 
Yankee Jim Canyon, here called the Cedar Creek 
transect.

For flow within a glacier, a velocity distribution 
shown diagrammatically by Nye (1965, fig. 8a) was 
used to estimate the relation between centerline veloci­ 
ty and average velocity. For basal sliding, the 
centerline velocity due to basal sliding is the same as 
the average velocity along the centerline of the glacier 
surface. But where the ice thins towards the sides of a 
glacier, the amount of basal sliding apparently 
diminishes considerably. This decrease produces 
strong shear stress gradients and the crevasses com­ 
mon on glaciers whose movement is dominated by 
basal sliding (fast glaciers and surging glaciers). This

TABLE 7. Glaciological values for flow at the Cedar Creek transect

[Reconstructed glacial parameters at the Cedar Creek transect: Ice surface 
altitude, 2,500 m (8,200 ft); bedrock altitude at center line, 1,525 m 
(5,000 ft); thickness, 975 m; width, 9.7 km; cross-sectional area, 5 km 2 ;
ice-surface slope, 0.72°]

Model A1
(based on
analogy
to modern,
smaller
glaciers)

Centerline velocity (km pe

Re
Re

Re
Re

suiting
suiting

suiting
suiting

Resulting
Resuiting

from flowage within ice  
from basal sliding       -

Average vel

from flowage within ice  
from basal sliding       

Glacial disc

from flowage within ice 
from basal sliding       -

  

ocity (km per

  

harge (km3 per

  

Model B2
(based on
flow-law
and basal
sliding
calcula­
tions)

r year)

S 0. 065(0. 190)
3 .076?

year)

-0.04(0.12)
7 .05?

year)

0.2(0.6)
.25?

Model C
(based on
discharge
required
by net
ablation
down-
glacier)

S 0. 065(0. 190)
6 7 .63

- S 0. 04(0. 12)
5 .42

S 0.2(0.6)
6 2.1

'Only totals given; other data generally not available.
'Queried entries indicate great uncertainty in basal sliding calculations.
3 See text for calculations. Value in parentheses is maximumum limit.
-Estimated from velocity distribution diagrams of Nye (1965, fig. 8a).
'Flow-law calculation is assumed to approximate value.
'These values calculated from difference between discharge based on down- 

glacier net ablation and maximum value discharge estimated to result from flow- 
age within the ice.

7 For basal sliding, the average velocity is estimated by me to be about tw 
thirds the sliding velocity along the centerline.

'Net ablation down glacier, from table 5.
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basal-sliding-velocity gradient was incorporated in my 
estimates of the contribution of basal sliding to 
discharge (table 7).

Model A is based on analogy to modern glaciers. For 
three well-studied modern glaciers with nearly horizon­ 
tal basal surfaces in their ablation area, the ratio of an­ 
nual center-line velocity to depth is smaller than 1:4. 
Actual values are 1:6-7.5 for the Saskatchewan 
Glacier (Meier, 1960); 1:4.5-9 for the Athabasca 
Glacier (Paterson, 1970); and 1:5-8 for the Fedchenko 
Glacier (as reported in Budd and Jenssen, 1975, fig. 7). 
An extrapolation of this data predicts a centerline 
velocity no greater than 215 m (1/4.5X975 m) per year 
at the Cedar Creek transect. As shown in table 7, this 
would result in average velocities of about 0.1 to 0.15 
km per year and glacial discharges through the cross- 
sectional area (5 km2 ) of about 0.5 to 0.7 km3 per year.

Model B uses flow law and basal sliding relations 
derived from laboratory and field study of glaciers. 5 
Hodge (1972) evaluated flow-law parameters deter­ 
mined from studies of a number of different temperate 
glaciers. In most cases a simple power-low relation 
holds:

i>=Ain
where v is the effective shear strain rate and A and n 
are the flow-law parameters (Nye, 1953). According to 
Hodge's analysis, the original estimates of Nye (1953) 
that A is 0.173 and n is 3.07 are close to the mean 
values of 17 different experiments or analyses, and the 
estimates of Shreve and Sharp (1970), that A is 0.55 
and n is 3.3, represent the least viscous cases (pro­ 
ducing most rapid flow). The speed of glacial flow due 
to internal deformation, ud, is given by integrating v 
from the surface to the bed of the glacier, thus

For the Cedar Creek transect, the flow due to internal 
deformation is 65 m per year, using the parameters of 
Nye (1953); the most rapid value is 189 m per year us­ 
ing the parameters of Shreve and Sharp (1970). 
Another analysis using data from many glaciers 
related T and udlh according to an empirical relation 
(Budd and Jenssen, 1975, p. 271):

ud//i=0.0856r 25 . 
For the Cedar Creek transect, ud=68 m per year.

It is difficult to provide a good estimate of basal 
sliding. Paterson (1970) and Hodge (1972) have shown 
that existing theories do not seem to match observed 
values. Paterson (1970, p. 62) showed a possible em­ 
pirical relation between sliding velocity and ice 
thickness, but states that "such a relation cannot be 
true everywhere." His relation, extended beyond the 
field of his data points, yields a sliding velocity at the

1 The calculations and text for model B are by Mark Meier (written commun., 1977).

Cedar Creek transect of 76 m per year, but the 
resulting value cannot be considered reliable.

Thus for model B (table 7), the centerline velocity 
(140 m, not exceeding 270 m, per year), and discharge 
(0.45, not exceeding 0.85, km3 per year) are clearly less 
than 1 km3 per year.

Model C is based on the volume of ice required to 
flow across the Cedar Creek transect to replenish the 
ice lost downglacier by net ablation. The "best" 
estimate indicates this amount was about 2.7 km3 per 
year (total net balance below 2,500 m, table 5, fig. 49). 
The net ablation is affected by (1) the downglacier area- 
altitude distribution, (2) the ELA, and (3) the curve of 
specific net balance. Use of my estimates for the 
minimum likely value for each of the above yields net 
ablation downglacier of 1.9 km3 per year, a reduction of 
30 percent. The flow-law calculations, even using the 
"most rapid" observed parameters, show that 
discharge due to flowage within the glacier is only a 
small fraction of this. In order to meet the discharge re­ 
quired by downglacier ablation, basal sliding in the 
order of half a kilometer per year is required (table 7). 
Thus, if the mass balance values are accurate within a 
factor of 2, then basal sliding exceeding the velocity 
due to flow within the glacier is required (model C, 
table 7).

In order to better appreciate whether basal sliding 
may have been dominant, the following estimate of 
water balances is made from modern streamflow 
measurements to see if these independent data support 
the mass balance conclusion that ice discharges at the 
Cedar Creek transect of several cubic kilometers per 
year are reasonable. The streamflow from that part of 
the present Yellowstone River drainage that was oc­ 
cupied by the northern Yellowstone glacier is closely 
approximated by the difference between the annual 
streamflow measured just upstream from the Cedar 
Creek transect at Corwin Springs and that at the 
outlet from Yellowstone Lake (U.S. Geological Survey, 
1974, p. 427, 436). This value is 1.58 km3 per year, and 
it represents an average runoff of 38 cm from the area 
of the watershed. The present evaporation and 
transpiration losses from this kind of terrain are about 
an additional 38 cm per year (Leaf, 1975, p. 3), in­ 
dicating average precipitation of about 76 cm per year. 
During full-glacial time the ice surface averaged about 
600 m higher than the present land surface. A common 
equation for the increase in precipitation with altitude 
is about 6 cm per 100 m (Landsberg, 1958, p. 176), or 
an additional 36 cm, for this increase of 600 m. If one 
assumes that values of precipitation during glacial 
times were similar for a given altitude in northern 
Yellowstone to those at present, then the estimated 
average annual precipitation was about 112 cm. This
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assumption is not unreasonable, for pluvial lakes were 
widespread in the western United States during glacial 
times, and water balance calculations for these lake 
basins indicate that precipitation was not significantly 
reduced (G. I. Smith, oral commun., 1977). From about 
6 to 9 cm of water is lost by evaporation from present 
Rocky Mountain seasonal snowpacks (Leaf, 1975, 
p. 16); assuming annual losses from the Pleistocene 
icecap were between two and three times this amount, 
about 20 cm annual loss would result. Thus, based on 
these estimates, the average precipitation minus the 
loss by evaporation equals 92 cm or 2.4 times the 
modern runoff. This would yield a total discharge of ice 
and water at the Cedar Creek transect of 3.8 km3 per 
year. This estimate compares favorably with the 3 km3 
per year estimate of glacial discharge beneath the ELA 
(table 5; fig. 49), and it supports the conclusion that an­ 
nual discharge was of the magnitude of several cubic 
kilometers and not just a fraction of a cubic kilometer, 
as required by the velocity calculations of models A 
and B, table 6.

BASAL SLIDING

A persistent problem in glacial geology and 
glaciology is the amount of basal sliding of glaciers. 
Flow within the glacier is relatively well defined by the 
flow laws of ice, but quantification of basal sliding re­ 
mains elusive, as is dramatically shown by the problem 
of surging glaciers. With regard to the Yellowstone 
reconstruction, the fact that the discharge of the outlet 
glacier was about four times larger than that predicted 
by velocity calculations may not represent a serious 
problem. Put simply, the problem is whether the 75 
m/yr estimate of basal sliding (table 7, model B) ac­ 
curately represents the Yellowstone situation, or 
whether basal sliding was actually as much as 600 m a 
year (model C).

Some glaciers smaller than the Yellowstone outlet 
glacier with rather normal surface slope-thickness 
relations may surge periodically with basal sliding 
rates of several kilometers per year for short periods, 
more than an order of magnitude faster than the rate 
required for the northern Yellowstone glacier by the 
mass balance estimates. Some outlet glaciers in 
Greenland flow continuously at speeds of several 
kilometers per year; it is presumed that most of this 
speed is due to basal sliding. Thus, the crux of the prob­ 
lem of quantitatively evaluating the northern. 
Yellowstone glacial discharge rests with the uncertain­ 
ties of determining basal sliding.

W. F. Budd (1975, p. 3, fig. 2) concluded that three 
classes of glaciers exist because two different modes of 
flow exist:

"Ordinary" glaciers do not have sufficient mass flux, for the 
given bedrock profile, to go beyond the "slow mode" in which the 
basal stress and velocity increase together as the glacier builds up 
to steady state.

"Fast" glaciers have sufficient flux to remain continuously in the 
"fast mode" with high velocities and relatively low basal stress.

"Surging"glaciers have sufficient flux rate to reach the fast mode 
but not sufficient to maintain it, and thus develop a periodically 
oscillating state between the fast and slow modes with gradual 
buildup and rapid drainage.

For fast glaciers, Budd (1975, fig. 2) plots 21 
centerline velocity measurements that range from 300 
to 4,000 m a year, and average about 1,500 m a year. 
The boundary between fast- and slow-mode glaciers 
lies between 150 and 400 m per year. Only for glaciers 
in the slow mode does he find that velocity is 
systematically related to thickness and slope. The 
thickness and slope of the reconstructed northern 
Yellowstone glacier place it either in the very upper 
limit of the field of slow glaciers or in the field of fast 
glaciers. The flux rate (centerline thicknessX velocity) 
of the reconstructed Yellowstone glacier, 
670X103m2/yr (model C), is clearly in Budd's field for 
fast glaciers.

This exercise in checking the discharge computed 
from downvalley ablation against flow rates determin­ 
ed by ice thickness, slope, and cross section suggests 
that basal sliding dominated the total flow. Both a sen­ 
sitivity analysis of the melting in the downstream 
ablation area and the discharge calculated from 
modern records of streamflow, evaporation, and 
change in precipitation with altitude indicate flows of 
at least 1.9 km3 . Thus the reach of the reconstructed 
northern Yellowstone outlet glacier between Gardiner 
and Yankee Jim Canyon is a good candidate for a 
"fast" glacier in the sense of Budd (1975). The scour­ 
ing of bedrock to form a closed basin upstream from 
Yankee Jim Canyon requires considerable basal 
sliding. This basin would also restrict escape of 
subglacial water and thereby facilitate basal sliding. 
The hot springs between Gardiner and Corwin Springs 
would engender abundant subglacial water and 
thereby also favor basal sliding.

ESTIMATE OF MELT-WATER VOLUMES

It is commonly thought that rapid recession from a 
glacial maximum produces large quantities of melt 
water and concomitant outwash deposits. The calcula­ 
tion of ice discharge provides a method of evaluating 
the magnitude of increase in melt-water discharge ac­ 
companying rapid glacial recession. The effect of melt- 
water discharge on outwash deposition is more dif­ 
ficult to evaluate, for it depends in large part on the 
ratio of sediment supply to melt water; this discussion
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does not address this ratio but only the relative 
volumes of melt water. The annual net balance below 
the EL A indicated by the "best" estimate of specific 
net balance is 3 km3 for the northern Yellowstone 
glacier (table 6). Based on comparisons with modern 
drainages containing glaciers, the total annual runoff 
from the northern Yellowstone glacier including 
melting in the accumulation area, precipitation on the 
ablation area, and nonglacial runoff from the basin, 
was probably at least twice the net balance below the 
ELA. For the Gulkana Glacier, total runoff was four 
times the net balance below the ELA (Tangborn and 
others, 1977, p. B18). If runoff is at least twice the net 
balance below the ELA, then the Yellowstone River 
discharge was at least 6 km3 . The total volume of the 
glacial system of the northern Yellowstone outlet 
glacier is approximated by multiplying the area (3,400 
km2 ) by the estimated average thickness (0.6 km). This 
yields a total of about 2,000 km3 . Glacial recession 
rapid enough to melt half this glacial system in only 
2,000 years would add an additional 0.5 km3 annually 
to the runoff. This addition is less than 9 percent of the 
estimated annual runoff during the glacial maximum. 
Thus, rapid meltback of the northern Yellowstone 
outlet glacier from the terminus to probably well 
beyond the Deckard Flats position near Gardiner (pi. 2) 
would produce only a small increase in runoff. Put 
another way, the normal full-glacial runoff dwarfs any 
addition to runoff due to rapid glacial recession. Most 
of the outwash of the northern Yellowstone outlet 
glacier is graded to the Eightmile and Chico end mor­ 
aines (p. F29-F33; fig. 16); this also supports the con­ 
clusion that most of the outwash deposition occurred 
at or near full-glacial time, rather than during glacial 
recession.

SUMMARY OF QUANTITATIVE EVALUATION

Given a reconstruction of a glacial system based on 
field studies, calculations of basal shear stress and net 
budget provide independent checks of such a 
reconstruction, demonstrating whether a reconstruc­ 
tion is or is not physically reasonable.

Calculated values for primary basal shear stress of 
the glacial reconstruction shown on plate \A range 
between 0.6 and 1.5 bars (fig. 49; table 4). These values 
are within the general limits observed on modern 
glaciers. The variation of the calculated values for the 
Yellowstone icemass is largely related to extending, 
uniform, or compressing flow.

Basal shear stress can be used to evaluate different 
glacial reconstructions of the same area. The lower of 
two alternative limits shown for Pinedale ice (U.S. 
Geological Survey, 1972a) yields values of primary

basal shear stress between 0.0 and 0.15 bars. This is 
well below the normal range of 0.5-1.5 bars observed 
on modern glaciers, thus indicating that the lower 
alternate is not reasonable.

The accumulation area ratio (AAR) for the glacial 
system contributing to the northern Yellowstone 
outlet glacier (pi. I A) is 0.75, about 0.1 higher than 
observed for mountain-valley glaciers. Because the 
Yellowstone system was an icecap and had a different 
area-altitude distribution than most mountain-valley 
glaciers, a calculation of net balance was made, partly 
to determine if the high AAR could be explained as a 
result of this area-altitude distribution.

The net balance is a function of the area-altitude 
distribution, the equilibrium-line altitude (assumed for 
large icecaps to be the same as the glaciation limit), 
and the specific net balance. A curve of specific net 
balance was constructed using curves of modern con­ 
tinental glaciers (fig. 49). The net balance determined 
by these parameters yields a glacial system for which 
net ablation is approximately equal to net accumula­ 
tion the condition necessary during a stable glacial 
maximum. These net-balance calculations indicate the 
plausibility of the reconstruction shown on plate IA 
and suggest that the high AAR results from the area- 
altitude distribution of the northern Yellowstone 
glacier.

The net balance calculations were used to estimate 
the glacial discharge through the Cedar Creek transect 
of the northern Yellowstone outlet glacier. This 
discharge is several times that calculated for "normal" 
glaciers from flow-law formulas (table 7). Because the 
value of downvalley ablation is probably accurate 
within 30 percent, the alternative is that basal sliding 
dominated the flow of the Yellowstone outlet glacier.

Another ramification of the net balance and 
discharge calculations is that the relative increase in 
melt-water volume that would accompany rapid glacial 
recession would increase the estimated melt-water 
volume by less than 9 percent.

MODEL OF SPATIAL AND TEMPORAL RELATIONS
BETWEEN SOURCE AREAS OF THE 

NORTHERN YELLOWSTONE GLACIER

The northern Yellowstone area offers an unusual op­ 
portunity to study the interrelations of glacial source 
areas of different character through time. This section 
attempts to model, by graphical and relative numerical 
means, the response of the different sources of the 
northern Yellowstone glacier through a glacial cycle. 
Most of the field information relates to full-glacial and 
deglacial times; information on the glacial buildup and 
oscillations near full-glacial times were generally
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obliterated by conditions during the last full-glacial 
stand. However, glacial buildup was somewhat 
analogous, in reverse, to deglaciation.

Table 8 attempts to show in a semiquantitative 
fashion the relations between source areas of the 
northern Yellowstone glacier. Figure 50 shows the 
relative sizes and spatial relations of the different 
source areas. Column A of table 8 includes the area 
within each source region that is in the present 
drainage of the Yellowstone River whether or not it 
contributed to the northern Yellowstone glacier in full- 
glacial times. The values in column B are measured 
directly from plate 1A. The percent each source area 
makes up of the total source area of the northern 
Yellowstone glacier is also given in column B. The 
icecap on the Beartooth uplift formed just over half the 
source area of the northern Yellowstone glacier, 
whereas the icecaps on the Yellowstone plateau (II, 
III) together formed about 30 percent.

In column C, the ratio of B to A indicates the number 
of times larger the full-glacial source area was than the 
area of the present terrain above the full-glacial EL A. 
As can be seen from column C, the icecaps on the 
plateau (II, III) somehow expanded to large size, from 
terrain with little or no altitude estimated above the 
long-term EL A. Glacial buildup on the Yellowstone 
plateau was aided by inflow of ice from nearby ranges, 
thereby increasing the surface altitude. Also, the ELA 
may have dropped for short intervals significantly 
below the estimated full-glacial altitude of 2,835 m, 
and ice accumulated on higher parts of the plateau sur­ 
face itself.

The particular spatial relations between the source 
areas of the northern Yellowstone glacier fostered 
glacial buildup and consequent increase in the area 
above the ELA. The ice divide at the head of the 
northern Yellowstone glacier outlines a rectangle that 
is closed except where the outlet glacier exits through 
its northwest corner. This almost centripetal flow pat­ 
tern resulted in a general congestion that inhibited 
outflow of ice to the outlet glacier and promoted the 
buildup of ice surface to higher levels, thus adding to 
the glacial area above the ELA.

The orographic-snowfall effect (table 8, column D) is 
included to show the degree to which glacial buildup 
was self amplifying. The icecaps on the plateau (II, III) 
had strongest self-amplifying effect because they lay 
in the path of moisture-laden airmasses rising up onto 
the Yellowstone plateaus from the Snake River Plain. 
As ice built up on the plateau the resultant increase in 
altitude caused increasingly greater amounts of 
snowfall. This orographic-snowfall effect applies main­ 
ly to the time of glacial buildup.

Columns E and F of table 8 give my estimate of the

10 20 KILOMETERS
J____|

FIGURE 50. The northern Yellowstone glacier, showing its major 
source areas and its outlet glacier. Heavy dashed line with double- 
headed arrows indicates ice divides. Smaller arrows, direction of 
ice flow. Boundary between areas II and III is dotted to indicate 
these two areas are both part of the plateau icecap.

relative productivity per unit area of the various 
source areas under full-glacial and waning glacial con­ 
ditions. The differences in the magnitude of the 
numbers is intended to reflect the relative annual 
thickness of ice accumulation averaged over the full- 
glacial source areas (column B). Under full-glacial con­ 
ditions the highest value is arbitrarily set at 10; under 
waning glacial conditions at 5. Waning glacial condi­ 
tions refers to the situation in the recession about two- 
third of the way from the full-glacial to the Deckard 
Flats ice position. These numbers and the numbers 
derived from them (columns G, H, I, and J) are of 
course not quantitatively precise and are given only to 
aid the reader in understanding my conception of the 
relation between source areas, especially the changes 
from full-glacial to waning glacial times. For full- 
glacial conditions, two factors are most important to 
relative difference in average accumulation (column E): 
the altitude of the source area above the ELA (topo­ 
graphic contours, pi. 1A), and the position of the 
source area relative to source of moisture. But, under 
waning glacial conditions the altitude of the terrain 
becomes increasingly important to the sustaining of 
glaciers. The most important factor is the size of the 
area above the ELA relative to the size of the full- 
glacial source area (column B).
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TABLE 8. Numerical model of the spatial and temporal relations among the source areas of the northern Yellowstone glacier

F83

[Values in parentheses in columns B, H, and I are the contribution of each source area, in percent, to the total for that column. For relative ice productivity, 
size of source areas same as in column B; relative thickness of accumulation on arbitrary scale of 1 (low) to 10 (highest full glacial conditions). Subjective 
estimates in columns E and F based on my ranking of the relative differences between source areas. In addition to the relative productivity of the different 
source areas indicated by mapping (pis. 1, 3, and 4), these estimates are also based on the average altitude of the different source areas and the location of 
the source areas relative to sources of precipitation]

Buildup to full-glacial conditions

Source areas of the northern
Yellowstone glacier

I. Gallatin Range icecap          
(south of Electric Peak).

II. Plateau icecap between the    
Gallatin and Washburn Ranges.

III. Plateau icecap flowing across
the Washburn Range-Specimen
Ridge area.

IV. Beartooth uplift icecap      

V. Ice in the upper Lamar       
drainage basin.

Local glaciers tributary to the  

A

Area in km2
of present
terrain 
above
2, 835 m 
(9,300 ft)

35

0

15

230

120

50

B

Area in km2
of cecap

abo e EL A
in ull- 
gla ial tir

120 (4)

235 (9)

600 (22)

1,425 (52)

180 (7)

150 (6)

C

B/A=Index
to glacial
buildup

ae

4

 >

40

6

2

3

Relative ice productivity under full-glacial and

D Relative thickness of accumulation,

Orographic-
snowfall 
effect 1

cc

Self-amplify­
ing.

Strongly self-
amplifying.

Strongly self-
amplifying.

Self-amplify­
ing.

In snow shadow
of plateau
icecaps.

Little effect

E
Full-

glacial 
>nditions

10

9

9

8

7

8

entire source area

F G
Waning Sustaining

conditions F/E

5 0.5

2 .2

2 .2

5 .6

2 .3

0.5 .05

Relative in

H
B x E =

full glacial

1,200 (5)

2,115 (9)

5,400 (24)

11,400 (51)

1,260 (6)

1,200 (5)

waning glacial climate

dices of ice output

I J
B x F = Incursion 

Index of wan- factor
ing glacial percent I/

600 (6) 1.2

470 (5) .6

1,200 (12) .5

7,125 (73) 1.4

360 (4) .7

75 (1) .2
northern Yellowstone outlet 
glacier.

Totals       2,710 (100) 22,575 (100) 9,830 (100)

'Based on position relative to moisture sources and my assessment of the way the area acted during a glacial cycle.

The sustaining factor (column G), the ratio of the 
values in column F to those in column E, provides a 
measure of the relative ability of the different source 
areas to sustain glaciation under a waning glacial 
climate. The Beartooth uplift ranks highest because it 
contains the most high terrain, and also because the 
snowshadow effect of the plateau icecaps on the Bear- 
tooth uplift would have diminished as the plateau 
icecaps downwasted. The plateau icecaps have low 
values because they were located mostly on terrain 
with altitudes below 2,500 m, well below the waning 
glacial EL A, which is estimated to have risen from full- 
glacial ELA of 2,830 m to altitudes of above 3,000 m. 
The icecaps on the plateau probably deglaciated by 
general downwasting rather than recession, for they 
had no high source areas towards which they could 
recede.

An estimate of the relative output from each source 
area is given in column H for full-glacial conditions and 
in column I for waning glacial conditions. These values 
are calculated by multiplying the area of each source 
by the relative thickness of accumulation under both 
full-glacial and waning glacial conditions. The point of 
the calculation is to be able to approximate the percen­ 
tage contribution of each source to the total. For full- 
glacial conditions (column H), these percentages show 
that the Beartooth uplift provided about half and the 
icecaps on the plateau (II, III) provided about a third 
of the ice of the northern Yellowstone glacier. Under 
waning glacial conditions (column I) the Beartooth 
uplift provided about three-fourths of the ice, with this 
relative increase being largely due to more rapid reces­ 
sion of the icecaps on the plateau.

The "incursion factor" (column J) is the ratio of the 
percent values in column I to those in column H. Under 
waning glacial conditions, ice from the source with the 
higher value in column J will tend to move into the full- 
glacial domain of adjacent source areas that have 
lower values. Thus ice from the Gallatin Range and 
from the Beartooth uplift (factors 1.2 and 1.4, column 
J) will tend to move into the full-glacial domain of the 
plateau icecaps (factors of 0.5, column J), as indeed it 
did, most notably during the Deckard Flats readjust­ 
ment. Ice from the Beartooth uplift will also tend to 
move into the full-glacial domain of ice in the upper 
Lamar drainage basin, as it did in late Pinedale time 
(pl 3).

Figure 51 is a plot of the ice-volume changes of 
various source areas through time. The glacial cycle is 
considerably simplified and is based on relations dur­ 
ing the Pinedale Glaciation. A sine-type curve is 
assumed for purposes of presentation. The two small 
perturbations shown near the end of the curve repre­ 
sent the Deckard Flats readjustment and the late 
Pinedale advance or standstill. Actual history prob­ 
ably involves more oscillations, and the buildup curve 
probably did not have the same slopes as the deglacial 
curve.

The vertical scale of figure 51 is the percent of the 
full-glacial volume of each icemass relative to itself 
only; the size of the different ice masses relative to one 
another is a different factor (table 8, columns H and I). 
Much of the information for the plot is based on field 
observation of the incursions of ice into the areas 
previously occupied by ice from another source.
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100

INCURSION OF BEARTOOTH 
UPLIFT ICECAP INTO DOMAIN 
OF GALLATIN RANGE ICECAP

I INCURSION OF MOUNTAIN-VALLEY GLACIERS AND 
MOUNTAIN ICECAPS IN' '0 DOMAIN OF PLATEAU ICECAP

INCURSION OF MOUNTAIN AND PLATEAU 
ICECAPS INTO DOMAIN OF 
MOUNTAIN-VALLEY GLACIERS

INCURSION OF MOUNTAIN ICECAPS INTO 
DOMAIN OF PLATEAU ICECAP

INCURSION OF MOUNTAIN-VALLEY 
GLACIERS INTO DOMAIN OF PLATEAU 
ICECAP

INCURSION OF 
BEARTOOTH UPLIFT 
ICECAP INTO LOCAL 
CIRQUES

EARLY GLACIAL

TIME

FIGURE 51. Inferred phase relations between the several ice masses in the northern Yellowstone area. The vertical axis is for each ice mass 
relative to its full-glacial volume. The point where one curve crosses another is determined from field observations of incursions of ice 
from one source area into the full-glacial domain of another source area, as noted by the labeled arrows above the curves. The plateau 
icecap had a stronger "peaking" response than the other ice sources, as indicated by the narrower base of this curve. Left half of the 
diagram is shaded to emphasize paucity of field relations to control interrelations of curves there.

In summary one can draw the following conclusions 
from figure 51: (1) the plateau icecaps had stronger 
"peaking" responses than the other ice sources; (2) the 
larger mountain and plateau icecaps grew toward max­ 
imal values more slowly but remained longer near max­ 
imal ice volumes than the smaller mountain-valley 
glaciers; (3) the icecaps built on higher terrain, such as 
the Beartooth and Gallatin icecaps, both started 
earlier and remained longer than the icecaps built on 
lower terrain, such as the plateau icecaps; and (4) the 
relative change in volume of ice among the different 
source areas varied during both glacial buildup and 
recession; this lack of simultaneous phase relations in­ 
dicates that terminal and recessional moraines 
deposited by glaciers from different kinds of source 
areas are likely not to be of exactly the same age.
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