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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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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
(pl. 1A) using the base-map contours. The contours on the
reconstructed ice surface (pl. 14) 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, 1 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 Beartooth 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 km?, 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 Beartooth 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
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shear stress was computed using the formula 1,=Foghsinae. 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 14
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 14, (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 km®. 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
(pl. 1A). 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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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. Farnes
(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

<] F1GURE 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¢ cal/cm?/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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depth of snow on the ground. The stations are in Wyoming unless otherwise noted.

A—Ashton, Idaho

B—Bechler Ranger Station

Cv—Canyon Village (originally
recorded as Grand Canyon)

Cc—Crandall Creek

Cy—Cody

E—East Entrance

Gd—Gardiner, Montana

G1—Gallatin Ranger Station,
Montana

Jd—Jardine, Montana
Jk—Jackson
Lk—Lake Ranger Station
Lm—Lamar Ranger Station

(originally recorded as Buffalo Ranch)
Lv—Livingston, Montana
Ma—Mammoth (commonly recorded

as Yellowstone National Park)
Mn—Moran (in Jackson Hole)
Ne—Northeast Entrance

Ng—Norris Geyser Basin

0—Old Faithful (originally
recorded as Upper Geyser
Basin)

R—Red Lodge, Montana

S—South Entrance (originally
recorded as Snake River)

T—Tower Falls

W—West Yellowstone (includes
Riverside), Montana

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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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, 1
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
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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 1.—Pre-Bull Lake surficial deposits in northern Yellowstone National Park

Deposit Age (m.y.) Location Remarks

Gravel beneath Junction 2 Lower third, Grand Canyon Indicates large stream, at present location of Yellowstone
Butte Basalt. of Yellowstone River. 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.

Gravel beneath Huckle- 2 Mt. Everts ......cccceeveeeernnnnne Indicates local drainage coming from andesitic rocks of
berry Ridge Tuff. Washburn Range. Absence of reworked erratics suggests

no prior extensive glaciation.

Till at Bumpus Butte 1.5 The Narrows near Tower Indicates glaciers about 50 km long reached this area from
and associated grav- Falls. Beartooth uplift. This ice first blocked and then advanc-
els, lake sediments, ed southward up the ancestral Yellowstone River, caus-
and basalts. ing deposition of lake sediments, till, and associated gravel.

Pre-Bull Lake tills on <2 Between Gallatin and Indicate that at least two pre-Bull Lake glaciations in this
(or including frag- and Madison Ranges. area extend further than did Bull Lake or Pinedale gla-
ments of) Huckleberry >0.15 ciers. The older till is deeply weathered and has no con-
Ridge Tuff. structional morphology. The younger one retains some

morainal morphology and associated outwash forms a
terrace 20 m above the Gallatin River.

Diamicton beneath tuff 0.6 Saddle Mountain ........ccoc..... If a till, glaciers may have been small because deposit oc-
of Notch Mountain cures near modern cirques. Faceted stones present, but

neither striations nor erratics were noted.

Gravel beneath basalt 0.6-0.7 Upstream from confluence Indicates an ancient deposit of Yellowstone River of possi-
at Deckard Flats. of Bear Creek and Yellow- ble glacial origin. Very coarse boulder deposits at base of

stone River. gravel 30 m thick suggests a glacial origin.

Gravel beneath Undine 0.6-0.7 Grand Canyon of Yellow- Gravel derived from Eocene rocks of Washburn Range and
Falls Basalt. stone River near Deep local rhyolite flows indicates local drainage through area.

Creek. Its position 120 m above Yellowstone River indicates
that amount of net downcutting since deposition.

Glacial deposits beneath 0.6 Northern Yellowstone area. No definite glacial deposits were found immediately be-
Lava Creek Tuff (not neath the Lava Creek Tuff. This seems anomalous be-
found in study area). cause the ash fall from the Lava Creek eruption (Pearlette

type O) lies on Kansan tills in the western part of the
midcontinent.

Gravel associated with 0.2 Lamar River banks Gravel of possible glacial origin deposited immediatly
Osprey Basalt. 30 km upstream from above or below basalt flows. Lamar River has cut into

the Lamar Canyon. these deposits, but is not significantly below them.

Gravel associated with 0.2 Sheepeater Canyon of Drainage from Gallatin Range flowed through this area.

Osprey Basalt. Gardiner River.

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, pl. 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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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.
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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 6 X 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 (Farnes 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-
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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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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. 5. Subdivision roadcut in gently sloping moraine on east side of
Horse Butte. Soil affected by colluviation in upper 1.5 m. Grassland.
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Loc. 6. Broad moraine crest adjacent to obsidian-sand plain. Grassland.
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Loc. 7. Madison terminus. Wide crestal area on small moraine. Forest of
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Loc. 9. Cougar Creek area. Bouldery moraine crest inside that of loc. 8. Forest
of lodgepole pine.
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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 ‘“Iowan 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.

{l FIGURE 11(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.
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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-Wiirm 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,' 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, 20, 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 (19786,
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

GEOLOGY OF YELLOWSTONE NATIONAL PARK

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%-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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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 c¢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, pl. 15; fig.
14) probably also transported most of the erratics
south of the Washburn Range. As shown by Howard
(1937, pl. 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, pl. 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.
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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, pl. 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
km? 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; pl. 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 (pl. 14).
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 14, and the interrelations be-
tween icemasses during glacial recession (pl. 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
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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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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 (pl. 1A4).

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,
2,660 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 14 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
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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 (pl. 1A4). Mapping these directional flow
features and contouring of the ice surface (pl. 14)
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 (pl. 14) 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 downvalley from the drainage
divides of the Gallatin River and Grayling Creek.
Westward-flowing ice about 300 m thick scoured seven
passes (pl. 14; 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 (pl. 14). The moraine pattern in
the terminal area is complex and demonstrates that
flow occurred across local drainage divides. (See pl. 14
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
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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 (pl. 14). 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 (pl. 14). 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 (pl. 1A4; fig. 32).
This flow direction and position for the icecap axis
(pl. LA) 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; pl.
14).

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; pl. 14;
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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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 (pl. 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; pl. 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 (pl. 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
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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 (pl. 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
(pls. 1A, 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 km? 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
(pl. 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 (pl. 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 (pl. 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 (pl.
1A) were deposited against the front of ice that oc-
cupied the area now containing the lakes (pl. 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
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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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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 wvelocity 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
(pl. 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 0.841+0.14 bars. (Eight reaches
with only minimum depth values were not included in
these calculations.) Hence, the variation in primary
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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 1A
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 (pl. 14). 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 14. 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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[Values given in English

units because slope and thickness of ice (pl.

TABLE 4.— Values for basal shear calculations

1) are from contours that are in English units]
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Thickness Half Drop in feet Slope Effective  Basal
No. Midpoint of reach h width ¥ £ Distance Gradient (a) thickness shear Flow
(ft) (ft) in miles (ft/mi) in degrees (f-h) stress type®
1 Glacier terminus=====—- 650 18,500 28 0.98 500/ 2.6 192 2.086 644 0.62 4
2 Emigrant————————-- 1,100 14,500 13 .93 500/ 3.6 139 1.507 1,023 .72 C
3 Sixmile Creek~-- 1, 500 18,500 12 .93 500/ 4.15 120 1.307 1,395 .85 C
4 Big Creek=—-——=-~~ 1,900 18,500 10 .92 400/ 3.7 108 1.173 1,748 .95 c
5 Donahue Creeke—-===—=e—- 2,300 7,000 8 .90 300/ 3.3 91 .986 2,070 .95 4
6 Tom Miner Creek=—————=— 2,550 14,000 5.7 .86 300/ 3.3 91 .986 2,193 1.00 C
7 Yankee Jim Canyon-==-=-=- 2,750 8,000 2.9 .74 300/ 2.0 150 1.628 2,035 1.54 E
8 Slip and Slide Creek=-- 3,200 17,000 5.3 .85 300/ 4.5 67 .723 2,720 .91 C
9 Corwin Springs=—-—~- 3,300 14,000 4.2 .82 200/ 3.1 65 .700 2,706 .88 4
10 Little Trail Creek 3,600 18,500 5.1 .84 300/ 5.6 54 .581 3,024 .82 U
11 Black Canyon—--——=====w- 3,550 125,000 7 .88 500/ 6.8 74 .800 3,124 1.16 E
12 Little Cottonwood~- 3,800 132,000 8.4 .90 400/ 5.4 74 .804 3,420 1.27 E
13 Buffalo Creek—=-—-— 3,900 142,000 11 .92 300/ 4.5 67 .723 3,588 1.20 E
14 Lamar R.S.=—————==———m- 3,900 132,000 8.5 .90 500/15 33 .362 3,510 .59 U
15 Amphitheater Creek~-~-- 3,800 115,000 4 .81 250/ 5.5 45 .493 3,078 2,71 U
16 NE. Entrance=———~====—n- 3,600 110,000 2.7 .72 550/ 9 61 .663 2,592 2,79 u
17 Broadwater Lake-—-- 2,600 130,000 12 .93 400/ 4.5 89 . 964 2,420 21.08 u
18 Slough Creek C.G.==——=- 4,000 140,000 10 .92 500/ 9 56 .603 3,680 21.03 E
19 Slough Creek Ranch==-—- 4,150 130,000 7 .88 500/10. 4 48 .522 3,652 2 .89 i}
20 Buffalo Fork——==-=—=—-- 3,050 125,000 8 .90 500/ 6.3 79 .861 2,745 1.10 E
21 Hellroaring Creek-—--—- 3,300 130,000 10 .92 450/ 6 75 814 3,036 21.04 E
22 do 3,050 118,000 6.0 .87 350/ 5.4 65 .703 2,650 .86 U
23 Mammoth=—=~=———emmee——— 3,300 21,000 6.4 .87 400/ 4.9 82 . 886 2,871 1.18 E
24 Blacktail Plateau=——--- 2,550 140,000 16 .95 400/ 4.4 91 .986 2,422 1.11 E
25 Tower Cr. amphitheater- 1,900 110, 000 5.3 .85 800/10 80 .868 1,615 2 .65 U
26 Lava Creekm———=—rm————- 2,750 125,000 9 .91 500/ 5.9 85 .920 2,503 1.07 E
27 Upper Lava Creek-- 1,850 135,000 19 .95 500/ 4.8 104 1.130 1,758 .92 i]
28 Swan Lake Flat—-—=—=——- 2,200 130,000 14 .94 400/ 3.8 105 1.142 2,068 1.09 E
29 Winter Creek=-~~—-===v-- 2,550 135,000 14 .94 300/ 2.9 103 1.122 2,397 1.25 i}
30 Gardners Hole=——====——m 2,100 135,000 17 .95 500/ 4.2 119 1.292 2,016 1.21 E
31 Fawn Creek==--- 1,800 110, 000 5.6 .86 500/ 2.8 179 1.937 1,548 1.39 E
32 Specimen Creek—-——=—=——- 320 1,500 4.7 .83 500/ 1.05 476 5.153 265 .63 c
33 Upper Specimen Creek--- 900 3,000 3.5 .78 500/ 1.4 357 3.870 702 1.26 u?
34 do 750 8,000 10 .92 500/ 1.5 333 3.612 690 1.15 E
35 do 1,000 110,000 10 .92 500/ 1.8 278 3.011 920 1.28 E
36 Fan Creek, overflow=—~-- 800 4,300 5.4 .85 500/ 1.7 294 3.188 680 1.01 U
37 Lower Gallatin--—===~=—- 550 2,100 3.8 .80 500/ 1.3 385 4.166 440 .85 C
38 do 1,000 7,000 7 .88 500/ 2.1 238 2.582 880 1.05 U
39 do 1,500 6,000 4 .81 1,000/ 4.8 208 2.259 1,215 1.27 E
40 Grayling Creek———=—w—m— 450 3,500 8 .90 500/ 1.5 333 3.612 405 .68 C
41 do 800 3,000 3.8 .80 500/ 1.4 357 3.870 640 1.15 [¢
42 Gneiss Creek————<==—==— 500 2,100 4.2 .82 500/ 1.3 385 4.166 410 .79 C
43 Cougar Creek~=—=——mmm=m 650 8,000 12 .93 1,000/ 3.4 294 3.188 605 .89 C
44 Tuff Creek 800 113,000 16 .95 1,000/ 3.4 294 3.188 768 1.14 i)
45 Xmas Tree Park--—=—w=———— 950 116,000 17 .95 500/ 2.2 227 2,464 903 1.03 U
46 Madison Canyon, mouth-- 500 4,200 8.4 .90 500/ 1.3 384 4.166 450 .87 [¢
47 Mount Haynes=——=—m=—==-- 1,000 2, 400 2.4 .70 500/ 2.4 208 2.260 700 .73 c
48 Madison Junction-- 1,450 6,800 4.7 .83 500/ 3.4 147 1.595 1,204 .89 U
49 Gibbon River————-—- 1,750 115,000 9 .91 300/ 2.0 150 1.627 1,592 1.20 E
50 Canyon Creek=~———=———w=- 2,050 120,000 10 .92 400/ 3.0 133 1.446 1,886 1.26 U

'Half width based on projection of valley walls to ice surface.
?Minimum value for basal shear stress because ice thickness is a minimum value.

3C, 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 100-
400 m (Dstrem, 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
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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; @strem, 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 14 is 0.75
(2,555 km?/3,405 km?; 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 0.6X0.05 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
0.61+0.05 and given the area-altitude distribution from
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TABLE 5.— Values used in calculations of mass balance

Altitude interval

Low estimate

Best estimate High estimate

Specific Volume Specific Volume Specific  Volume
Meters Thousand Area net net net
feet (km?) balance (km®*) balance (km®) Dbalance (km?®)
(m) (m) (m)
3,658-3,505 12.0-11.5 33.70 1.2 +0.04 +1.70 +0.06 +2.10 +0.07
3,505-3, 353 11.5-11.0 185.29 1.15 .21 1.55 .29 1.90 .35
3,353-3,200 11.0-10.5 746.51 1.0 .75 1.42 1.06 1.70 1.27
3,200-3,048 10.5-10.0 968. 50 .8 .78 1.10 1.06 1.30 1.26
3,048-2,896 10.0-9.5 454,78 .5 .23 .62 .28 .75 .34
2,896-2,835 9.5-9.3 166.02 .15 .02 .25 .03 .25 .04
Total above ELA-- 2,554.8 +2.03 +2.78 +3.33
2,835-2,743 9.3-9.0 163.01 -0.31 -0.05 -0.41 -0.07 -0.5 -0.08
2,743-2,591 9.0-8.5 200.31 -1.17 -.23 -1.51 -.30 -1.85 -.37
2,591-2,438 8.5-8.0 128.72 -2.24 -.29 -2.88 -.37 -3.85 -.50
2,438-2,286 8.0-7.5 82.41 -3.31 -.27 -4.25 -.35 -5.80 -.48
2,286-2,134 7.5-7.0 63.37 -4.37 -.28 -5.62 -.36 -7.75 -.49
2,134-1,981 7.0-6.5 68.58 -5.44 -.37 -7.00 -.48 -9.70 -.66
1,981-1,829 6.5-6.0 58.95 -6.51 -.38 -8.37 -.49 -11.70 ~.69
1,829-1,676 6.0-5.5 36.10 =7.57 -.27 -9.74 -.35 -13.65 -.49
1,676-1,524 5.5=5.0 42.11 -8.64 -.36 -11.11 -.47 -15.65 -.66
1,524-1,372 5.0-4.5 7.82 -9.71 -.08 -12.48 -.10 -17.70 -.14
Total below ELA-- 851. 38 -2.58 -3.34 -4,56
Total area—--—----- 3,406.18

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 ¢m/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 (@strem, 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, pl. 5;
Tangborn and others, 1977, pl. 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 (@strem,
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.



F178

TABLE 6.—Summary of results of the mass balance calculations

Balance estimates

Mass balance

Low Best High
Total net balance above the ELA  +2.0 km?® +2.8 km® +3.3 km?
Total net balance below the ELA —2.6 km® —3.3 km® —4.5 km?
Apparent net balance .......... —0.6 km® —0.5 km®* —1.2 km?®

—(0.0 km?)

Specific net balance

Mean of values in accumulation
area.

Mean of values in ablation area. —3.03m —3.92m

'1f the ELA is lowered about 50 m, accumulation and ablation are equal.

+0.79m +1.09m +1.30m
—5.36 m

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 km® and the estimates
of total net balance below the ELA range from —2.6 to
—4.5 km?® 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 km?, 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 km’ or as low as 2.6 km?, 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 km? 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
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distribution above or below the ELA (fig. 49; pl. 1A4)
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?;
ice-surface slope, 0.72°]

Model A! Model B? Model C
(based on (based on (based on
analogy flow-law discharge
to modern, and basal required
smaller sliding by net
glaciers) calcula- ablation
tions) down~
glacier)
Centerline velocity (km per year)
Resulting from flowage within ice-- -— $0.065(0.190) *0.065(0.190)
Resulting from basal sliding—------ -— 3 .0767 67 .63
Total 0.2 P14 (0.27) .69 (0.82)

Average velocity (km per year)

Resulting from flowage within ice-- -—-
Resulting from basal sliding-—-—--- —
Total: 0.1-0.15

*0.04(0.12) * %0.04(0.12)
7 .057 ¢ .62
+09(0.17) +46(0.54)

Glacial discharge (km’ per year)

Resulting from flowage within ice-- -— 0.2(0.6) 50.2(0.6)
Resulting from basal sliding--——=-- -—= .25? f2.1
Total, 0.5-0.7 +45(0.85) *2.7

‘Only totals given; other data generally not available.

2Queried entries indicate great uncertainty in basal sliding calculations.

3See text for calculations. Value in parentheses is maximumum limit.

*Estimated from velocity distribution diagrams of Nye (1965, fig. 8a).

SFlow-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.

7For basal sliding, the average velocity is estimated by me to be about two-
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 centerline 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 km?) of about 0.5 to 0.7 km? per year.

Model B uses flow law and basal sliding relations
derived from laboratory and field study of glaciers.®
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:

v=A1"

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, u,, is given by integrating v
from the surface to the bed of the glacier, thus

u,=2Aht(n+1)".
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 v and u,/k according to an empirical relation
(Budd and Jenssen, 1975, p. 271):

u,/h=0.08567%",
For the Cedar Creek transect, u,=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

5 The calculations and text for model B are by Mark Meier (written commun., 1977).
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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, km? per year) are clearly less
than 1 km?* 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 km? 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 km® 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 km?® 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 c¢m, 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 km? per
year. This estimate compares favorably with the 3 km?
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:

GEOLOGY OF YELLOWSTONE NATIONAL PARK

“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.

“Surgingglaciers 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,
670X10°m?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 km? 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 ret balance below
the ELA indicated by the “best’ estimate of specific
net balance is 3 km? 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 km?, The total volume of the
glacial system of the northern Yellowstone outlet
glacier is approximated by multiplying the area (3,400
km?) 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 km? 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 (pl. 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 14 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
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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 (pl. 14) 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 14
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,
I1I) 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 ELA.
As can be seen from column C, the icecaps on the
plateau (11, I1I) somehow expanded to large size, from
terrain with little or no altitude estimated above the
long-term ELA. 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 (11, I1I)
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
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F1GURE 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, pl. 1A4), 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

[Values in parentheses in columns B, H, and I are the contribution of each source area, in percent, tc the total for that column.
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).
estimates in columns E and F based on my ranking of the relative differences between source areas.

For relative ice preductivity,
Subjective
In addition to the relative productivity of the different

source areas indicated by mapping (pls. 1, 3, and 4), these estimates are alsoc based on the average altitude of the different source areas and the locaticn of

the source areas relative to sources of precipitation]

Buildup to full-glacial conditions

Relative ice productivity under full-glacial and waning glacial climate

A B c D Relative thickness of accumulation, Relative indices of ice output
entire source area
Source areas of the northern Area in km* Area in km?*  B/A=Index Orographic- E F G H I J
Yellowstone glacier of present of icecap to glacial snowfall Full- Waning Sustaining BxE-= BxF = Incursion
terrain surface buildup effect? glacial glacial factor Index of Index of wan- factor
above above ELA conditions conditions F/E full glacial 1ing glacial percent I/
2,835 m in full- productivity productivity percent H
(9,300 ft) glacial time
I. Gallatin Range icecap-=====--- 35 120 (&) 4 Self-amplify- 10 5 0.5 1,200 (5) 600 (6) 1.2
(south of Electric Peak). ing.
1I. Plateau icecap between the---—- 4] 235 (9 - Strongly self- 9 2 .2 2,115 (9) 470 (5) .6
Gallatin and Washburn Ranges. amplifying.
I11. Plateau icecap flowing across 15 600 (22) 40 Strongly self- 9 2 .2 5,400 (24) 1,200 (12) .5
the Washburn Range-Specimen amplifying.
Ridge area.
1V. Beartooth uplift icecap-—----- 230 1,425 (52) 6 Self-amplify- 8 5 .6 11,400 (51) 7,125 (73) l.4
ing.
V. Ice in the upper Lamar-------- 120 180 (7) 2 In snow shadow 7 2 .3 1,260 (6) 360 (4) .7
drainage basin. of plateau
icecaps.
Local glaciers tributary to the-- 50 150 (6) 3 Little effect 8 0.5 .05 1,200 (5) 75 (1) o2
northern Yellowstone outlet
glacier.
Totals-===—====== 450 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 ELA, 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, I1I) 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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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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