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Abstract:
The temporal and spatial relations of late Quaternary valley glaciers and the northern Yellowstone
outlet glacier in Tom Miner Basin, Montana were studied through the mapping of the surficial geology
of the basin. The purpose of the study was to test the hypothesis that late Quaternary (Pinedale) valley
glaciers in Tom Miner Basin were tributary to the northern Yellowstone outlet glacier during maximum
glacial conditions; and that following maximum glacial conditions, valley glaciers receded prior to the
recession of the northern Yellowstone outlet glacier in the basin.

Mapping of the surficial geology of Tom Miner Basin shows no direct contact between moraines of the
northern Yellowstone outlet glacier and local valley glacier deposits in the basin. The local, valley
glaciers did not extend past the mouths of their respective tributaries based upon the locations of
mapped glacial deposits, and the reconstruction of equilibrium line altitudes for the glaciers. The
presence of strandlines, ice-rafted erratics and lacustrine type sediments suggests that the northern
Yellowstone outlet glacier and local valley glaciers were separated by ice-dammed lakes in Tom Miner
Basin. Glaciofluvial deposits leading from the near maximum terminus of former valley ice in Horse
Creek, a basin tributary, cut across deposits of the northern Yellowstone outlet glacier. Therefore, the
northern Yellowstone outlet glacier receded from the basin, while local glaciers were at or near their
maximum extents. 
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ABSTRACT

The temporal and spatial relations of late Quaternary valley glaciers and 
the northern Yellowstone outlet glacier in Tom Miner Basin, Montana were 
studied through the mapping of the surficial geology of the basin. The purpose of 
the study was to test the hypothesis that late Quaternary (Pinedale) valley glaciers 
in Tom Miner Basin were tributary to the northern Yellowstone outlet glacier 
during maximum glacial conditions; and that following maximum glacial 
conditions, valley glaciers receded prior to the recession of the northern 
Yellowstone outlet glacier in the basin.

Mapping of the surficial geology of Tom Miner Basin shows no direct 
contact between moraines of the northern Yellowstone outlet glacier and local 
valley glacier deposits in the basin. The local, valley glaciers did not extend past 
the mouths of their respective tributaries based upon the locations of mapped 
glacial deposits, and the reconstruction of equilibrium line altitudes for the 
glaciers. The presence of strandlines, ice-rafted erratics and lacustrine type 
sediments suggests that the northern Yellowstone outlet glacier and local valley 
glaciers were separated by ice-dammed lakes in Tom Miner Basin. Glaciofluvial 
deposits leading from the near maximum terminus of former valley ice in Horse 
Greek, a basin tributary, cut across deposits of the northern Yellowstone outlet 
glacier. Therefore, the northern Yellowstone outlet glacier receded from the 
basin, while local glaciers were at or near their maximum extents.
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INTRODUCTION

Problem

The late Quaternary was a time of extensive glaciation in the Yellowstone 

National Park region of Montana and Wyoming. Many of the mountain ranges 

were occupied by ice caps, piedmont glaciers, valley glaciers or cirque glaciers. 

During late Wisconsin (Pinedale) time, an icecap on the Beartooth uplift, three 

icecap sources on the Yellowstone plateau, and an icecap on the Gallatin Range 

coalesced to form the northern Yellowstone outlet glacier (Fig. I). A  portion of 

the northern Yellowstone outlet glacier flowed northward down the Yellowstone 

valley approximately 60 km beyond the present Yellowstone National Park 

boundary. In addition to the outlet glacier, glaciers of local origin occupied some 

of the tributary valleys of the upper Yellowstone River.

Pierce (1979) concluded that, following the Pinedale glacial maximum, 

local mountain valley glaciers receded prior to the recession of the northern 

Yellowstone outlet glacier. This conclusion was based on the existence of: 

I) morainal backfills of the northern Yellowstone outlet glacier in Tom Miner 

Basin (Fig. 2); 2) ice-dammed lake sediments in tributary valleys to the upper 

Yellowstone River such as Sixmile and Emigrant Creeks; and 3) northern 

Yellowstone outlet glacier erratics across the mouths of tributary valleys such as
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Mol Heron and Bear Creeks. The morainal backfills, ice-dammed lake sediments, 

and erratics of the northern Yellowstone outlet glacier are in areas presumed to 

have been previously occupied by local valley glaciers. Thus, local glaciers must 

have receded before these features could have been deposited by the northern 

Yellowstone outlet glacier. Pierce (1979) integrated this information into a model

1 1 1 °
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Figure I. Extent of the northern Yellowstone outlet glacier 
(From Porter and others, 1983, Figure 4-25).
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Figure 2. Location of Tom Miner Basin and principal drainages discussed in 
the text.
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of the spatial and temporal relations between source areas of the northern 

Yellowstone outlet glacier and adjacent mountain valley glaciers (Fig. 3). 

According to the model, mountain and plateau icecaps such as those which 

supplied the northern Yellowstone outlet glacier reached full-glacial volume after 

the mountain valley glaciers had reached full-glacial volume. Furthermore, the 

plateau icecaps and the northern Yellowstone outlet glacier maintained their 

maximum or near maximum volumes while the mountain valley glaciers receded. 

The mountain and plateau icecaps thus advanced into the former domains of the 

mountain valley glaciers. The importance of this model lies in the description of 

the late Wisconsin glacial dynamics of the northern Yellowstone region, and its 

relevance to regional differences in late Pleistocene glacial climates as interpreted 

from glacial activity.

Pierce’s model is based in part on his interpretation of the extent of local 

mountain valley glaciers and the northern Yellowstone outlet glacier in Tom  

Miner Basin. His interpretation differs in some respects from those of Weed 

(1893), Horberg (1940), Alden (1932, 1953), Hall (1960a), and Montagne and 

Locke (1989). Therefore, the relations of glacier and nonglacial deposits in Tom 

Miner Basin are a test of Pierce’s model of ice dynamics.



5

IOO
0)

h
Ii
o  O 
-L to
5 5

P
(?

Incursion of mountain and plateau 
icecaps into domain of mountain- 
valley glaciers

/7
____________ y:__________ J._______

\  X  
\ \

x  \  
\ \  

\ \  
\ \

Incursion of mountain- 
valley glaciers into 
domain of plateau icecap

/ / \ \
\ \

------
X  Late V

\  Pinedole *
\  \

Early Glacial Full Glacial
TIME—

Deglaciol

Figure 3. Pierce’s model of ice dynamics in the northern Yellowstone region.
Note the phase relations of the mountain valley glaciers versus the 
plateau icecap and northern Yellowstone outlet glacier (NYOG) 
(After Pierce, 1979, Figure 51).

Hypotheses Tested

This study tests some of the conclusions reached by Pierce (1979) 

concerning the glacial history and dynamics of the northern Yellowstone region: 

I) were late Pleistocene valley glaciers in Tom Miner Basin tributary to the 

northern Yellowstone outlet glacier; and 2) did late Pleistocene valley glaciers in
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Pierce’s Hypothesis and Variation

Pierce hypothesized that ice from Horse Creek, and possibly other basin 

tributaries, was tributary to the northern Yellowstone outlet glacier during 

maximum late Pleistocene glaciation. Over time, local glaciers receded while the 

outlet glacier persisted (Fig. 4). A  variation on Pierce’s hypothesis also tested is 

that local ice from Horse Creek or other basin tributaries was not tributary to the 

northern Yellowstone outlet glacier. However, local glaciers and the northern 

Yellowstone outlet glacier did occupy the same locations at different times 

indicating that local glaciers receded while the outlet glacier persisted in the 

basin.

Alternative Hypothesis

The alternative hypothesis is that Pierce’s model is incorrect. Tom Miner 

Basin ice and the northern Yellowstone outlet ice did not overlap spatially, but 

were separated by an ice-dammed lake or outwash (Fig. 4). Under this scenario, 

Tom Miner Basin ice may still have retreated prior to or subsequent to northern 

Yellowstone outlet glacier ice.

the basin recede prior to the northern Yellowstone outlet glacier following glacial

maximum conditions?
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Figure 4. Hypotheses of glacier relations in Tom Miner Basin.
(NYOG = northern Yellowstone outlet glacier,
TMB = Tom Miner Basin mountain valley glacier).

Study Area

Location and Hydrography

Tom Miner Basin is situated on the eastern flank of the Gallatin Range 

and the northern border of Yellowstone National Park (Fig. 2), in the Middle 

Rocky Mountain Physiographic Province (Fenneman, 1931). There are 18

tributaries to Tom Miner Creek which drain a total of 170 km2 (Fig. 5). 

Elevations in the basin range from a high of 3136 m at Ramshorn Peak to a low 

of 1527 m where Tom Miner Creek flows into the Yellowstone River.
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Figure 5. Hydrography of Tom Miner Basin, Montana.

Climate

The climate in the region of Tom Miner Basin consists of cold winters, 

with daily temperature ranges from -18° C to -40° C during the coldest month of 

January, and mild summers with daytime maximum temperature ranges of 21° C 

to 26° C. Average annual precipitation varies with elevation, but tends to increase 

in a southwestward direction in the Yellowstone region due to the influence of



Maritime Polar and Pacific air masses rising from the Snake River Plain to the 

Yellowstone Plateau (Dirks, 1974; in Pierce, 1979). Mean annual snowfall for the 

southern Gallatin Range, including the study area, has been estimated at 

approximately 760 cm by Fames (1974; in Dirks and Mariner, 1982, Figure. 8) 

with higher snowfall amounts occurring at higher elevations.

Bedrock Geology

The bedrock geology of Tom Miner Basin is important in the 

interpretation of the provenance of glacial deposits. It consists largely of 

Precambrian metamorphic and Tertiary epiclastic volcanic rocks (Fig. 6). The 

Precambrian rocks of Tom Miner Basin and surrounding area consist mostly of 

Archean granitic gneiss, quartz-biotite schist, granulite, quartzite, granitic 

pegmatite, and some amphibolite (Todd, 1969; Burnham, 1982; Guy and Sinha, 

1988; Erslev, 1991). The Eocene volcanic rocks in the basin are mostly andesitic 

and dacitic in composition. They consist of lava flows, well-bedded and crudely 

stratified epiclastic rocks, and intrusive rocks of the Washburn and Sunlight 

Groups of" the Eocene Absaroka Volcanic Supergroup (Todd, 1969; Chadwick, 

1970; Smedes and Prostka, 1972). A  few metamorphic clasts up to 20 cm in 

diameter are found in the epiclastic volcanics (S. Todd, 1969, 1989, written 

commun.; R. Braun, 1989, written commun.). Tertiary-Quaternary rhyolitic ash- 

flow tuffs are exposed at a few locations in the basin (Todd, 1969) and. have been 

assigned to the Huckleberry Ridge Tuff of the Yellowstone Group (Christiansen 

and Blank, 1972; Sollid, 1973).

9
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Figure 6. Bedrock geology of Tom Miner Basin (After Todd, 1969; Montagne 
and Chadwick, 1982; Personius, 1982; Erslev, 1991).
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Structural Geology

Tom Miner Basin and the surrounding area consists of Precambrian, 

Laramide, and Basin and Range structural elements (Personius, 1982). These 

elements are important when considering the locations and elevations of surficial 

deposits and the possibility of postglacial tectonism. Tectonically formed 

landforms and the displacement of surficial deposits by faulting may lead to a 

misinterpretation of the original location and age of a deposit.

The Precambrian structural features of the basin and surrounding area 

consist of foliation trends, strike-slip faults and shear zones. Todd (1969) 

measured foliation strikes of N 30-60 degrees W, and N 50-70 degrees E in 'the 

Precambrian rocks of the basin. Montagne and Chadwick (1982), Burnham 

(1982) and Erslev (1982, 1991) noted a northeast directional trend in the strike of 

foliation in Precambrian metamorphic rocks of the study region. Erslev (1982, 

1991) and Burnham (1982) noted the presence of shear zones in the Precambrian 

rocks exposed near the mouth of Tom Miner Basin and Yankee Jim Canyon. 

These zones may control the elongate geometry of the basin. The Precambrian 

structural trends are thought to have resulted in zones of weakness along which, 

later faulting has occurred (Reid and others, 1975; Personius, 1982).

Laramide-type features in the region consist of low and high angle reverse 

faults and folds (Personius, 1982). The faults and axial plahes of the folds strike 

in a northwest direction and expose Precambrian rocks northwest and southeast of 

the basin (Fig. I). Montagne and Chadwick (1982) inferred that the Gardiner
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fault, which lies to the southeast of the basin and extends in a northwest direction, 

connects with the Spanish Peaks fault to the northwest. Sollid (1973) mapped an 

extension of the Spanish Creek fault into Porcupine' Basin, just west of Tom 

Miner Basin.

Post-Laramide, Basin and Range-type faulting produced visible fault scarps 

in several areas to the north and south of the study area. One such fault, the, 

Deep Creek fault, trends in a northeast direction and is delineated by Quaternary 

fault scarps along the Yellowstone valley (Personius, 1982). Although Tom Miner 

Basin lies on a linear trend with the Deep Creek fault, there is no evidence of 

offset of Precambrian, Tertiary or Quaternary materials along such a trend in the 

basin. Todd (1969) mapped two normal faults in the extreme southern portion of 

the basin, but he attributed these faults to the emplacement of a dacitic intrusion 

nearby and not to a continuation of the Deep Creek fault.

Previous Studies

There have been many studies concerned with the glacial geology of the 

northern Yellowstone region and Tom Miner Basin. Holmes (1881, 1883) and 

Geikie (1881) discussed the past glaciation of the area, including the northward 

flow of ice out of the Park (Pierce, 1979). Weed (1893, Plate I) mapped a line of 

erratics extending into Tom Miner Basin, implying that the lower portion had 

been glaciated. He was uncertain of the extent of local valley glaciers. He also 

noted the presence of high-level canyons along the Yellowstone valley and "great

i
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benches" in the basin. Horberg (1940) identified W eed’s "high-level canyons" as 

ice-marginal channels and suggested that ice flowed out of Horse Creek and into 

the Tom Miner Basin. Alden (1953, Plate I) suggested that ice flowed out of 

the basin, apparently tributaiy to the northern Yellowstone outlet glacier. Hall 

(1960a) recognized a total o f  four stages of glaciation in the area, "well developed 

cirques and troughs" near the head of the valley, and moraines near the mouth of 

Tom Miner Creek. But, he is unclear if the moraines are from local valley 

glaciers or the northern Yellowstone outlet glacier. Fierce (1979) synthesized the 

glacial history and dynamics of the northern Yellowstone region. Concerning 

Tom Miner Basin, he concluded that at "maximum glacial conditions" ice from 

Horse Creek, a tributary of the basin, coalesced with the Yellowstone outlet 

glacier (Fig. 8). Further, when the outlet glacier was at more than 90% of its 

maximum volume, ice from Horse Creek had receded to . less than 50% of its 

maximum volume. This conclusion was supported with the evidence of northern 

Yellowstone outlet glacier morainal deposits found at the mouth of Horse Creek, 

along with the absence of terminal moraines from the Horse Creek glacier cutting 

across the outlet glacier backfill. Pierce concluded that the outlet glacier deposits 

were younger than the Pinedale maximum of the local Horse Creek glacier since 

they occupied the former domain of the Horse Creek glacier and presumably 

covered such deposits. This relationship of backfill deposits in Tom Miner Basin 

was then used ■ as support for a model of local ice recession prior to outlet glacier 

recession. However, no definitive evidence was provided to support the idea.
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Figure 8. Glacial geology of Tom Miner Basin after Pierce (1979, 
Plate I).

Porter and others (1983), Montagne and Chadwick (1982), and Montagne 

and Locke (1986) reiterated the conclusions of Pierce (1979) that the northern 

Yellowstone outlet glacier had flowed into the basin and that local ice had 

receded prior to the recession of the outlet glacier. Montague and Locke (1989, 

Figure 12) however, used topographic maps to infer the former presence of small
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local glaciers in only some of the basin tributaries, none of which coalesced with 

the outlet glacier. The conclusions of these previous studies were tested as 

indicated in the next chapter.
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METHODS

The hypotheses posed in the last chapter were tested by mapping suites of 

landforms.. The relative ages of the landforms were determined through 

stratigraphic and weathering criteria.

Mapping of Surficial Features and Deposits

Introduction

A  map of the surficial geology of Tom Miner Basin (Plate I) was prepared 

. using several methods to locate, describe and identify features and deposits. Map 

units are described in terms of genesis (capital letters), morphology (lower case 

suffix) and materials (lower case prefix). A  preliminary map was produced from 

air photos and topographic maps (Appendix A) using a terrain classification 

system (after Fulton and others, 1975) to classify landforms and materials. The 

landforms were first described by morphology (prefixes; Table I). The map was 

then field checked and textural modifiers such as boulder or sand were added to 

the initial classifications of the deposits (suffixes; Table 2). Finally, the landforms 

were divided into genetic categories (Glacial, Alluvial, Lacustrine, Colluvial, 

Bedrock) based on the interpretation Of the air photo and field results.
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Table I. Morphology of landform units (after Fulton and others, 1975).

Morphology Definition

Eroded-e Dissected by a series of closely spaced gullies, 
or a tightly knit dendritic drainage network.

Fan-f Fan-shaped, similar to a cone cut in half 
lengthwise; Surface may have distributary 
channels.

Hummocky-h Rolling to steep and hilly with roughly 
equidimensional hills and hollows.

Lobate-I Lobe shaped, cats-paw like, irregular hummocks 
and ridges.

Plain-p Flat, undulating rolling.

Ridged-r Rolling to steep and hilly with linear ridges and 
troughs. .

Shaped-s Bedrock that has been rounded, smoothed, may 
have whaleback form.

Terraced-t Relatively flat surfaced and terminated by an 
abrupt change in slope on one or more sides.

Veneer-v Cover roughly 25 cm to 2 m thick..

Glacial

Glacial features and deposits were identified from airphotos, topographic 

maps and field surveys using morphology (Table 3). The textural characteristics 

of mapped units were also used to further define the genetic origin. Due to the 

size of the study area (170 km2), an efficient and systematic approach using air 

photos and topographic maps was developed for the initial identification of 

tributary valleys which may have been glaciated. Potentially glaciated valleys



were identified on the basis of two or more of the features in Table 3, then field 

checked.
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Table 2. Textural modifiers (after Fulton and others 1975).

Material Definition

Boulder-b Material coarser than 256 mm.

Diamict-d Poorly sorted mixture of material which may range 
from boulder to. silt and clay-sized (<  0.0625mm),' 
material may consist of two dominant sizes of 
clasts (diamict).

Gravel-g Mixture of boulder-, cobble-, pebble-, granule and 
sand-sized material (.>256-1 mm).

Rubble-r Angular gravel.

Sarid-s Material that is 0.0625-2 mm in size.

Sand and 
Silt-st

Fine sand and silt sized 0.25-0.0039 mm.

Silt and 
Clay-c

Material finer than 0.0625 mm.

Several transects were made around the basin to record the locations, 

elevations, lithologies, sizes, and weathering characteristics of erratics. Erratic 

boulders usually have a lithology different from the bedrock on which they rest, 

and have been transported to their present location by glacial ice or some other 

process. Elevations were recorded using the American Paulin System altimeter 

(+. 1.5 in) with corrections made for temperature and pressure variations as 

described by Hodgson (1957). A  Paulin Microbarograph was used to record 

atmospheric pressure in the study area for later use in the elevation corrections
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(Hodgson, 1957). Elevations were also recorded at a few locations using a 

Thommen pocket altimeter (+_ 6 m) and from features on the topographic maps 

( ±  20 ft; 6 m). .

Table 3. Morphologic characteristics of glacial features and deposits (After 
"Embleton and King, 1968; Flint, 1971; Andrews, 1975; Fulton and 
others, 1975; Goldthwait, 1988).

Type Characteristics

Erosional
Cirque Arcuate headwall, bowl-shaped basin. 

Associated with aretes, horns, tarns.

Glacial Trough Parabolic u-shaped cross section, irregular 
longitudinal profile, trim lines, bastions, 
hanging valleys, truncated spurs.

Streamlined (shaped) Whalebacks, roches moutonn’ees.

Small-scale
Features

Striations, grooves, lunate fractures, 
concentric gouges, polished surfaces.

Depositional
Lateral and 

. Terminal Moraines
Ridge-like deposit on valley wall, descends 
in elevation towards inner valley, paired 
with similar ridge across valley, hummocky; 
broad, arcuate-shaped ridges across valley 
floor; closed depressions, pitted.

Other Landforms Fluted, hummocky, drumlinoid.

The source of glacial deposits was identified from the direction of glacial 

flow as interpreted from the gradient of lateral moraines. The source of the 

deposits was also identified through the analysis of clast lithologies in the deposits
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using a method similar to Shetsen (1984). A  6 x 20 m grid was set up at a 

concentration of boulders on a moraine crest and the lithologies of all clasts >20 

cm found within the grid were recorded. Since the bedrock geology of the basin 

is primarily volcanic except for areas near the mouth where the bedrock consists 

of metamorphic rocks, clast lithologies in local glacier deposits should be largely 

volcanic. In contrast, the northern Yellowstone outlet glacier deposits should 

contain abundant metamorphic clasts. y

Alluvial

Glacial and nonglacial alluvial features and deposits were identified mainly 

on the basis of the characteristics noted in Table 4. Features such as terraces and 

channels are quite distinct, although the relative ages of such features is not 

always clear. Deltaic deposits were included under the alluvial classification.

. .

Lacustrine

Lacustrine features were identified mainly on the basis of morphologic 

features such as ridges and terraces, and boulder lag deposits (Table 5). These 

features are commonly found on the margins of modern lakes. The identification 

of such features allows for extrapolation to delineate the lake basin.

Colluvial

Colluvial deposits were defined as material accumulated on or at the base 

of slopes from the action of mass movements (Fulton and others, 1975). When
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possible, the deposits were subdivided into talus, slide and flow based on criterion 

outlined by Varnes (1978) (Table 6).

Table 4. Morphologic characteristics of alluvial features and deposits
(Embleton and King, 1968; Flint, 1971; Fulton and others, 1975; 
Compton, 1985; Collinson, 1986; Elliott, 1986; Blair, 1987).

Type Characteristics

Erosional and 
Depositional

Channels Floodplain, terraces, channels, bars, 
levees, braiding, and riffles.

Fans Fan-shaped, concave-up radial profile, 
convex-up cross profile, intersection 
point, abrupt termination at headland, 
radiating pattern of channels and current 
indicators, decrease in slope from apex.

Deltas May have fan-shaped, gently inclined top 
surface, steeper dipping frontal lobe (up to 
30-35° for ice-contact), convex-up cross
profile, often hummocky if ice contact, 
associated with fluvial system and 
lacustrine.

Bedrock

Land features were identified as bedrock when there was little or no 

covering of vegetation or deposits such as colluvium and soil (Fulton and Others, 

1975).' Bedrock was further classified as volcanic or metamorphic (gneiss or 

schist).
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Table 5. Morphologic characteristics of lacustrine features and deposits
(Gilbert, 1885; Embleton and King, 1968; Flint, 1971; Fulton and
others, 1975; Rudberg, 1986).

Type Characteristics

Erosional and Depositional 
Strandlines 
(basin margin)

Features have horizontal slope markings, 
slight changes in vegetation, series of 
terraces which die out along more resistant 
rock. Frontal margins molded into hills, 
terrace-like features may be pitted and 
scoured from ice wasting. Features 
terminate at ice edge (moraines) for glacial 
systems. Margin may have notched, multi- 
stepped cliffs or funnel-shaped chutes with 
tip pointing up.

Lacustrine Basin Features have level, gently rolling 
topography; mounds and scours on glacial 
lake bottom.

Relative-Age Dating Techniques

Weathering

To determine the relative-ages of glacial deposits, several techniques were 

used. Stratigraphic principles were used to determine the relative-ages of the 

deposits. Quantitative relative dating techniques (measurement of surface boulder 

weathering and moraine morphology) have been used by many workers including 

Blackwelder (1931), Burke and Birkeland (1979), Colman and Pierce (1986), and 

Kaufman and Calkin (1988) to differentiate the ages of glacial deposits. The use 

of relative dating techniques is based upon the premise that some aspects of the.
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weathering of deposits are time dependent, and therefore can be used to 

differentiate deposits of different ages (Burke and Birkeland, 1979).

Table 6. Morphologic characteristics of colluvial features and deposits
(Liang and Bechler, 1958; Vames, 1958, 1978; Fulton and others, 
19.75; Coates, 1977; Mollard, 1977; Compton, 1985).

Type Characteristics

Erosional and 
Depositional

Falls, Almost vertical scarp, irregular pile of debris at base,
Topples, may have a cone shape.
Talus

Slides/Slumps Arcuate headwall, elongate ridge and depression, 
(planar, transverse ridges, ponds at head, shear zones, jumbled
rotational) mass at toe.

Flows Features have arcuate head scarp (slump or slide),
(transitional spatula or pear-shaped; splaying, ragged longitudinal 
from Slides/ ridges; transverse arcuate ridges; bottle neck shape in 
Slumps) upper reaches. Flows may have concave upwards

geometry in upper part, convex upwards in lower part 
with lobate "cat’s paw" morphology in terminal area.

Boulder Weathering. The use of moraine surface boulder characteristics

as a relative dating criterion has been described by many researchers (e.g. Carroll,
‘

1974; Burke and Birkeland, 1979; Colman and Pierce 1986; and Kaufman and 

Calkin, 1988). The frequency and size of boulders on glacial deposits should 

decrease, with an increase in the age of a deposit. Less resistant lithologies should 

become less frequent as age increases (Burke and Birkeland, 1979).
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A 6 x 20 m grid was set up along an identified lateral moraine crest 

parallel to the axial trend for the measurement of boulder weathering 

characteristics. The grid was placed at a location on the moraine crest which 

appeared to have the greatest concentration of boulders. Boulder weathering 

characteristics were then measured using methods similar to those of Burke and 

Birkeland (1979) and Kaufman and Calkin (1988). All clasts within the grid with 

a maximum diameter of 20 cm or greater were counted. The size of each counted 

clast was measured to the nearest I cm and the lithology was noted. The 

weathered state of each clast was noted as fresh, meaning the clast surface was 

smooth to the touch; weathered, meaning the clast surface was rough to the touch; 

or highly weathered, meaning that the clast crumbled to the touch.

Moraine Morphology. The central concept behind the use of moraine 

morphology as a criterion for the relative-age dating of glacial deposits is the 

observation that through time, moraines will generally exhibit a more subdued 

appearance in the form of wider crests and gentler slopes (Burke and Birkeland, 

1979). The use of moraine morphology as a relative dating technique assumes 

that moraines are initially deposited with similar forms and that the rate of post- 

depositional weathering is similar for contemporaneous moraines in a specific 

area (Kaufman and Calkin, 1988). Although these assumptions are not always 

valid since initial forms and rates of erosion can vary, researchers such as Pierce 

(1979), Colman and Pierce (1986) and Kaufman and Calkin (1988) have found
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that the dominant variable controlling moraine morphology within a small area 

appears to be time.

The analyses of moraine morphology included measurement of: I) axial 

crest profiles; 2) crest width one eye-height below the crest; and 3) proximal and 

distal slope angles (Fig. 9). These analyses were used because the measurements 

were able to be made quickly. It was also thought that the moraine 

measurements may be helpful in determining the environments of deposition as is 

the case with push moraines which have an asymmetrical cross-profile, while 

dump moraines have a more symmetrical cross profile (e.g. Andrews, 1975).

A1

Glacial Moraine

4W E lS

Figure 9. Locations of axial (A-A'), proximal (A-C), distal (A -C ) moraine 
slopes, and crest width (B-B').
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The axial gradients of lateral moraines are controlled mainly by the 

gradients of the valleys they are deposited in. However, topographic features on 

the crests should become more subdued with increasing age. Kaufman and Calkin 

(1988) conducted measurements of axial profiles on terminal moraines, which 

were not always identifiable in this study. Therefore, data were collected along 

the crest of lateral moraines by pacing distances between noticeable breaks in 

slope and measuring the slope segment with a clinometer. The measurement of 

the slope angle was conducted by sighting upslope or downslope to a mark on a 

survey staff or tree at eye level and recording the angle from the clinometer of a 

Brunton pocket transit. The profile was surveyed for the total length of the 

moraine unless the presence of thick vegetation prevented it. The beginning and 

end elevations of each profile were measured using a Paulin altimeter (+. 1.5 m). 

Elevations of other features such as cross-moraine channels and terraces were 

also recorded along the axial profile. Kaufman and Calkin (1988) suggest that the 

measurement of slope angle using this technique is generally accurate to within a 

degree, and slope distance to within 10%.

Measurements of moraine crest widths, and distal and proximal slopes of 

the moraines were also made using methods similar to those described by Colman 

and Pierce (1986) and Kaufman and Calkin (1988). The crest width of each 

moraine was measured as the distance paced between two points one-eye height 

below the crest, and on opposite sides of the moraine. The slopes of the distal 

and proximal sides of the moraine were measured with a clinometer using the
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technique described previously for the measurement of axial slope angles. The 

proximal and distal slope angles were measured at a distance of one eye-height 

below the crest. The measurements of crest width and distal and proximal slope 

were taken at the same location as the boulder analysis on each moraine.

Stratigraphy

Stratigraphic principles were also used to determine the relative ages of 

glacial ice in the basin. The horizontal and vertical positions of the deposits were 

noted in the mapping of the basin surficial geology and description of stratigraphic 

sections. This information was used to differentiate which deposits were older or 

younger relative to each other.

Reconstruction of Local Glacier Extents

Following the determination of the relative-ages of deposits, the maximum 

extents and elevations of Pinedale-equivalent glaciers were determined from the 

location of Pinedale-equivalent lateral and terminal moraines. The maximum 

elevations of ice in the cirque headwalls were estimated from trimlines and 

. hanging valleys. When these erosional features were not available, ice thicknesses 

were estimated from the crests of lateral moraines whose gradients were 

extrapolated into the cirques.
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Equilibrium Line Altitude

Following the reconstruction of the former glacier extents, a reconstruction 

of the former Equilibrium-Line Altitudes (ELAs) was made for local glaciers in 

the basin to test the morphologic and stratigraphic interpretations. The ELA is 

the location of mass-balance which separates the zone of accumulation from the 

zone of ablation on a steady-state glacier (Andrews, 1975). Since the mass- 

balance of a glacier is related to macro-, meso- and micro^climatic changes, the 

ELA will change in response to changing climatic conditions (Andrews, 1975). 

The ELAs of local glaciers in the study area were reconstructed, to test the 

reasonableness of the glacier extents determined from mapping the surficial 

geology of th e . basin. The ELA of former ice in the basin was determined using 

several methods including the elevation of the lowest cirque, the highest lateral 

m oraine,. the accumulation area ratio (AAR), and toe-headwall area ratio 

(THAR) (Meierding, 1982).

Lowest Cirque Elevation

The elevation of the lowest cirque floors in the study area was used as a 

maximum estimate of ELA for valley glaciers in the region (Murray and Locke, 

1989; Locke, 1990). This method has been used by several workers including 

Andrews (1975), Meierding (1982) and Locke (1990). to estimate the regional 

ELA of an area. Elevations of lowest cirque floors were estimated from 1:24,000 

topographic maps of the basin (Ji 6 m).
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Highest Lateral Moraines

The flow of glacial ice is typically in a downward direction in the 

accumulation area, while in the ablation area, ice flows upward depositing debris 

(Andrews, 1975; Murray and Locke, 1989). Therefore, the elevation at which 

lateral moraines begin forming should be at approximately the same elevation as 

a glacier’s ELA (Andrews, 1975; Meierding, 1982; Murray and Locke, 1989; . 

Locke, 1990). Due to the steep valleyside slopes, it is likely that portions of 

lateral moraines have been destroyed by mass movements, leaving them as a 

minimum estimate of ELA (Murray and Locke, 1989; Locke, 1990). Minimum 

ELAs for former glaciers in the basin were determined from the highest point on 

lateral moraines associated with maximum (Pinedale-equivalent) glaciation. 

Elevations were determined from topographic maps (1:24,000, _+ 6 m) or from 

readings taken in the field with a Paulin altimeter (+. 1.5 m).

Accumulation-Area Ratio

The Accumulation Area Ratio (area above the ELA/total glacier area; 

AAR) of a glacier has been found to range from about 0.60 to 0.70 in studies of 

modern cirque and valley glaciers (Meierding, 1982). Pierce (1979) concluded on 

the basis of mass balance studies that the best AAR for the northern Yellowstone 

outlet glacier was 0.75, while local valley glaciers had AARs of 0.55 to 0.6. The 

ratios 0.60, 0.65, and 0.70, were used to calculate AARs in Tom Miner Basin 

(Pierce, 1979; Murray and Locke, 1989) using the following technique.
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i

After the extent of glaciation was determined, a grid of I x I mm squares 

was placed over the area outline of each local glacier drawn on a 1:62,500 

topographic map. The total area of each glacier was then calculated by Counting 

the number of squares and partial squares in the outlined area. Once the total 

area of each glacier was determined, area ratios of 0.60, 0.65, and 0.70 were 

calculated by counting squares from the glacier’s head towards its toe. The ELA  

for each ratio was then determined from the topographic map (+_ 6 m).

Toe-Headwall Altitude Ratio

The Toe-Headwall Altitude Ratio (THAR) is based upon an empirical 

relationship between the highest and lowest limits of glacier ice in an area and 

has been used by several researchers (e.g. Meierding, 1982; Murray and Locke, 

1989). The elevation at the toe o f a reconstructed glacier was subtracted from the 

highest elevation of ice in the glacier’s cirque area. Assuming that some 

deposition had taken place behind the moraines marking the terminus of 

glaciation, the toe elevation was taken as the ground elevation immediately down 

valley from the terminus. Next, the difference in elevation was multiplied 

separately by each of the values: 0.35; 0.40; and 0.45; determined by Meierding 

(1982) as the common THAR ratios for cirque and valley glaciers. The resulting 

value was then added to the. elevation of the toe, thus giving values for ELA.
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RESULTS

Landforms

The data collected in this study have been divided into three categories: 

landforms, clast lithologies, and relative dating measurements. To organize the 

presentation of landform data, the study area has been divided into two areas with 

seven sub-areas: The Basin Floor (Lower Basin Floor; Lower-Middle Basin Floor; 

Middle Basin Floor; Upper Basin Floor) and Tributaries (Horse Creek; Southwest 

Basin; Northwest Basin) (Fig. 10).

Basin Floor

Lower Basin Floor. The main features of this area are terraces and.shaped 

bedrock (Plate I). A  total of 13 terraces were identified and mapped along the 

Yellowstone River at the mouth of Tom Miner Basin (Table I). The terrace 

materials consist of stratified gravels composed of metamorphic and volcanic 

clasts (Appendix B). Terrace t9 is distinguished from the other terraces by the 

presence of many large boulders oh its surface. In addition to the terraces, 

shaped bedrock is prevalent in the lower Basin Floor area. The metamorphic 

bedrock near the basin mouth is smooth and rounded with several whale-back



33

shaped forms. Striations and/or grooves and gouges occur on many of the 

bedrock surfaces.

E X P L A N A T I O N
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Figure 10. Study subareas.

Lower-Middle Basin Floor. This area is characterized by shaped bedrock, 

abandoned channels, ridges, hummocks, terraces, fans and lobate deposits (Plate 

I). Shaped metamorphic bedrock is common towards the basin mouth. The
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abandoned channels are floored with a veneer of pebble and granule gravel (Plate 

I, Table 8).

Table 7. Lower Basin Floor terraces (Appendix C).

Terrace Predominant Surface Materials Gradient

t IS metamorphic (met.) and volcanic (vol.) 
cobble gravel

0.02, 0.061

1 U met. and vol. cobble gravel 0.003
In met. and vol. cobble gravel 0.021
t IO met. and vol. cobble gravel 0.01
*9 met. and vol. boulder gravel 0.00

met. and vol. pebble, cobble gravel N /A
t 7 met. and vol. cobble, boulder gravel 0.002
t 6 met. and vol. cobble, boulder gravel 0.003
t 5 met. and vol. cobble gravel 0.03'
t # met. and vol. cobble, boulder gravel 0.03, 0.02'
t3 met. and vol. cobble, pebble gravel 0.02
t 2 met. and vol. cobble, pebble gravel 0.00
t l met. and vol. cobble, pebble gravel 0.01

1 Indicates terrace measurement parallel to Tom Miner Creek. All other 
measurements are parallel to Yellowstone River.

Linear ridges on the north and south sides of the basin descend towards 

the basin floor. The hummocky and bouldery ridges are predominately a tan- 

colored diamict with a sandy silt matrix and many rounded volcanic and 

metamorphic cobbles and boulders. The deposits are matrix-supported, with no 

stratification visible in the outcrops examined. The linear ridges curve towards 

the middle of Tom Miner Basin at the mouth of Horse Creek. Pebble and cobble 

gravel ridges are located along Tom Miner Creek, east of Horse Creek. The 

gravel is massive with interbedded, laminated sand with horizontal stratification.
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There is also some deformation of the laminated layers. Hummocky diamict 

deposits which head in arcuate scarps occur near Merrell and Ferrell Lakes.

Table 8. Elevations of channel floors near basin mouth.

Channel Elevation

Corresponding
elevation Meters Feet

station (+  1.5) (+  5)

none 1633 5360
E4 1831 6007
E3 1839 6033
E5 1842 6043
E2 1845 6053
E l 1849 6066
E6 1935 6348
E9 2053 6735
A l 2138 7014

A series of terraced and planar landforms occur west of Merrell Lake 

(Table 9). These landforms consist mostly of silt and clay with a few boulders on 

their surfaces. These silt deposits (>  4 m thick) are visible in a roadcut south of 

the main road between Horse and Reeder Creeks. Boulder and cobble 

concentrations occur sporadically along the perimeter of the plains, along with 

granule to sand-sized deposits. In addition, a series of elongate gravel fans 

parallel Tom Miner Creek.

A series of large boulders (mostly metamorphic) extend into the basin on 

its southeast margin from an elevation of 2256 + .5  m (7400 ft) to the basin floor. 

Similar boulders are also present near Crystal Cross Mountain at an elevation of
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2195 _+ 5 m or below (7200 ft). The boulders are rounded and have a fresh to 

slightly weathered appearance.

Table 9. Lower Middle Basin Floor terraces (Appendix D).

Terrace Predominant Surface Materials Gradient

t5 cobble, pebble gravel 0.01
t4 cobble, pebble gravel 0.02
t3 cobble, pebble gravel 0.02
L5t silt, clay, isolated met. boulders 0.00
L4I silt, clay, isolated met. boulders 0.00
V silt, clay, isolated met. boulders 0.00

Many hummocky, ridged and lobate deposits with abundant volcanic and 

metamorphic boulders on their surfaces occur on the north-side of the basin. The 

deposits are bottle-neck or pear-shaped with ragged elongate ridges, shallow 

drainage channels and closed depressions. They are poorly sorted diamicts with 

angular clasts and are matrix-supported. These deposits typically head at 

lithologic contacts such as metamorphic-volcanic; volcanic breccia-sandstone, 

siltstone; and volcanic conglomerate-sandstone or siltstone.

Middle Basin Floor. The main features of this area are hummocks, ridges, 

terraces and plains (Plate I). The hummocky deposits are gravel or diamicts with 

a silt matrix. Metamorphic and volcanic boulders are common on the surface. 

The terraced areas are composed of silt-sized materials or coarse volcanic and 

metamorphic gravels as interpreted from well logs and exposures (Table 10, 

Appendbc B). The planar morphologies occur at various elevations along the
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basin floor, and may be bordered by low, horizontal scarps, notched headlands or 

boulder lag deposits. The planar deposits are mostly silt and clay with a few 

boulders and cobbles (mostly 1-5 cm near Reeder Creek) dispersed in the 

deposits and on the surface. Boulder and cobble concentrations occur along the 

perimeter of the plains, along with granular to sand-sized deposits. Massive 

deposits (>  3 m thick) of black and dark gray-colored silt are exposed in a 

roadcut south of the main road between Horse Creek and Reeder Creek. Fans 

present along Tom Miner Creek consist of volcanic and metamorphic cobble and 

pebble gravels (Plate I). Metamorphic boulders are present on the surface of a 

few of the fans.

Table 10. Middle Basin Floor terraces (Appendix D).

Terrace Predominant Surface Materials Gradient

t5 vol. and met. cobble, pebble and boulder 
gravel

0.01

hi sand, silt, and pebble, cobble gravel 0.03
t3 coarse vol. sand, and pebble, cobble gravel 0.04
t2 coarse met. and vol. cobble, boulder gravel 0.01
tl coarse met. and vol. cobble, boulder gravel 0.01

Upper Basin Floor. The dominant landforms of this region consist of fans 

and terraces (Plate I). Coalescing fans at the mouths of Twin Peaks and Skully 

Creeks consist of well sorted, rounded cobbles and pebbles with a sandy matrix. 

Above these fans and on either side of the creeks are less distinct, fan-shaped 

deposits which have greater relief and are narrower. These higher fans consist of



well sorted pebble and cobble gravel of predominately volcanic lithologies. A  few 

metamorphic boulders occur on their surfaces. Similar fans parallel other 

tributaries throughout the basin. Terraces consist of cobble and pebble gravel, 

sand and silt (Table 11).
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Table 11. Upper Basin Floor terraces (Appendix D).

Terrace Predominant Surface Materials Gradient

t5 vol. cobble, pebble gravel, sand, silt 0.02
U vol. silt, sand, cobbles 0.03 ■
t3 vol. cobble, pebble gravel 0.01

Tributaries

The morphologies of the tributary valleys of Tom Miner Basin range from 

u-shaped to v-shaped in cross-profile based on topographic maps and airphotos 

(Table 12). ' Many of the valleys also have bouldery ridges along the valley floors 

and walls. In addition, fan-shaped landforms are present at many of the tributary 

mouths.

Horse Creek. Bouldery, linear ridges are present near the mouth of Horse 

Creek (Plate I). Several of these ridges lie side by side, the inner ridges 

descending a greater distance down valley than the outer ones. The ridges are 

predominantly on the east-side of the valley near the mouth of Grizzly Creek, 

with the exception of two similar ridges on the west side of the Horse Creek 

valley. The ridge crests are strewn with exposed, rounded and subrounded
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volcanic boulders and cobbles, and terminate abruptly on both sides of the Horse 

Creek valley near the confluence with Grizzly Creek.. Deposits of subangular to 

angular volcanic pebbles and cobbles occur to the north of the ridge deposits on

Table 12. Basin tributary morphologies.

Tributary Characteristics
Creeks

Wigwam
Schaefer
Grizzly

Horse

Sheep

Walsh

Davis

Tom Miner

Sunlight
Trail
Soldier
Skully
Middle

Twin Peaks

Pine

v-shaped, ridge across mouth 
v-shaped, no cross-valley ridges 
u-shaped, ridges, hanging valleys, arcuate 
head of drainage
u-shaped, ridges, hanging valleys, arcuate 
head of drainage with bowl 
u-shaped, ridges, arcuate head of drainage 
with bowl
u-shaped, ridges, arcuate head of drainage
with bowl, hanging valleys -
u-shaped, ridges, arcuate head of drainage
with bowl, hanging valley
u-shaped, ridges, arcuate head of drainage
with bowl, hanging valleys
v-shaped, ridges
v-shaped, ridges
v-shaped, ridges
v-shaped, arcuate head of drainage 
u-shaped, ridges, arcuate head of drainage, 
hanging valley
v-shaped, ridges, arcuate head of drainage 
with bowl 
v-shaped, ridges

the east side of Horse Creek, at an elevation of greater than 2070 m (Plate I). 

Nested between these large ridges, near their terminus, are hummocky and 

bouldery mounds. Terraced volcanic gravels border Horse Creek, while a large
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fan of subangular boulders extends out of the mouth of Grizzly Creek. Upstream  

from the terminal area of the large ridges discussed above, the valley floor of 

Horse Creek is covered with fine sand and silt. Rubble fans also descend from 

the valley walls.

The upper portion of the Horse Creek drainage consists of bowl-shaped 

basins with several tongue-shaped and lobate rubble deposits located along the 

upper valley walls. There are also many rubble fans and aprons on and at the 

base of the valley walls, with planar areas on the valley floors. The valley floor 

materials consist of volcanic boulders, fine sand, silt and clay.

Southwest Basin. Boulders and ridged, bouldery deposits are present in 

many of the valleys of the Southwest basin (Plate I). Boulders along the valley 

floors and walls of Sheep Creek and other creeks in the region, are faceted and 

rounded. The boulders are predominantly volcanic. However, several 

metamorphic boulders occur on the southeastern slope below Ramshorn Peak and 

the northern slope along Trail Creek. This is the only location in the basin where 

metamorphic boulders are present above 2176 ±  5 m, except near the basin 

mouth. Bouldery deposits in the valleys of Walsh Creek, Davis Creek and Tom  

Miner Creek form arcuate ridges across the valley floors. HummOcky landforms 

composed of boulders and gravel are also present at the confluence of Tom Miner 

Creek with the basin floor.

Aside from the morphologies and materials already mentioned, large 

blocks of bedrock and other materials are separated from the valley walls of Tom



41

Miner Creek and Trail Creek by deep, arcuate scarps (Plate I). Tongue-shaped 

and lobate rubble deposits are also found in many of the bowl-shaped basins at 

the heads of Sheep, Walsh, Davis and Tom Miner Creeks.

Northwest Basin. Predominant landforms of the Northwest Basin area 

include bouldery ridges and hummocky, lobate deposits (Plate I). Hanging valleys 

and bouldery ridges along the lower valley walls of Twin Peaks Creek are in 

contrast to the morphologies and deposits of the other tributaries of the region. 

A  few metamorphic boulders are exposed in the bouldery ridges up Twin Peaks 

Creek. Coalescing gravel fans lie at the mouths of Twin Peaks and Skully Creeks. 

Two ridges immediately to the east of Twin Peaks and Skully Creeks have many 

metamorphic boulders on their surfaces, while the underlying materials are tan- 

gray sandy silt with volcanic pebbles and cobbles, or volcanic bedrock.

Clast Lithologies

As discussed in Methods, clast lithologies were identified and counted on 

moraine-like ridges (Fig. 11). Clasts identified and counted are metamorphic 

(schist and gneiss), volcanic (rhyolite, dacite and andesite), and sedimentary 

(quartz sandstone and travertine) in nature (Fig. 12, Plate I). All of the ridges 

sampled on the basin floor have both metamorphic and volcanic clasts, except for 

relative dating site number one near the mouth of Tepee Creek which had only 

volcanic lithologies. Ridges sampled in tributary valleys of the study area contain 

for the most part only volcanic lithologies.
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As discussed in Methods, relative dating measurements were made on the 

crests of moraine-like ■ ridges occurring in the study area (Figure 11). 

Measurements on these crest were made of surface boulder weathering and ridge 

morphology (Tables 13, 14). Measurements were also made of the elevation, 

diameter and weathering state of isolated boulders throughout the basin floor 

(Plate I, Appendix E). Measurements were not made along Sheep Creek or Twin 

Peaks Creek due to the lack of definite moraine-like ridges.

Boulder Weathering x

Frequency. The frequency of clasts at the relative dating sites ranges from 

less than ten to almost 100 (Table 13). The greatest frequencies of clasts were 

observed on ridge crests of the basin floor and Walsh Creek ridges. A  total of 

644 clasts were measured at relative dating sites, with an additional 231 isolated 

clasts measured throughout the basin (Plate I, Appendix E).

Diameter. The maximum clast diameters at the relative dating locations; 

range from 32-200 cm. The diameters of isolated clasts measured throughout the 

basin were similar to each other, but were generally greater than the maximum 

diameters of clasts at the relative dating sites. j

Relative Dating Measurements
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Weathering State. Most of the clasts measured at the relative dating sites 

and throughout the basin are slightly weathered (rough to the touch), with some 

fresh clasts.

I l l - OO '

EXPLANATION
• 3 Relative dating site

— 45*10'

Scale

Figure 11. Location of clast counts and relative dating measurements in 
Tom Miner Basin.
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Figure 12. Clast lithologies at relative dating sites.

Ridge Morphology

A  wide range of angles was observed in the measurement of proximal, 

distal and axial slopes (Table 14). Proximal slopes range from 8°-30o. The distal 

slope angles range from 4° to 30° among all of the sites. Almost as much 

variation is seen among ridges of the same drainages as between ridges of 

different drainages. Slopes measured along the longitudinal axis of the ridges vary 

greatly (Table 14, Appendk F). As with the slope angles measured, a wide range 

of values (13-57 m) was also observed for the widths of moraine crests.
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Table 13. Boulder relative dating measurements.

Maximum Fresh/
Frequency diameter weathered

Dating site 6 x 20 m area (cm) ratio

I Basin Floor 32 150 0/32
2 95 130 1/94
3 27 125 0/27
4 26 160 0/26
5 20 130 2/18
6 77 140 0/77
I 67 160 2/65
8 Horse Creek 5 160 0 /5
9 3 100 0/3
10 13 80 7 /6
11 22 90 4/18
12 20 32 3/17
13 20 87 0/20
14 Southwest 26 n o 0/26
15 Basin 10 70 0/10
16 8 200 2 /6
17 51 150 1/50
18 45 140 0/45
19 34 100 0/34
20 13 n o 0/13
21 20 HO 1/19
22 10

644 total
55 0/10

Isolated
boulders 231 total 1440

(177 avg.)
16/215
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Table 14. Relative dating morphology measurements.

Dating site

Crest
Width
(m)

Proximal
slope
(degree)

Distal
slope
(degree)

Axial
slope
degree
(mean)

Maximum
axial
slope
(degree)

Standard 
deviation 
of axial 
slopes

I Basin 37 10 9 9.9 25 3.91
2 Floor 31 14 10 8.8 16 6.00
3 18 11 18 7.3 25 6.84
4 22 18 7 6.1 15 4.23
5 57 8 4 5.4 10 2.52
6 24 16 10 5.1 13 2.59
2 21 15 16 6.0 15 3.44
8 Horse 20 8 13 11.9 16 193
9 Creek 16 15 8 12.7 24 6.04
10 26 17 10 9.1 16 3.04
11 40 12 11 8.9 20 2.50
12 N /A N /A N /A N /A N /A N /A
13 N /A N /A N /A N /A N /A N /A
14 South- 13 10 12 7.2 16 3.36
15 west 24 13 8 9.0 17 3.47
16 Basin 31 15 2 8.6 10 1.91
17 13 13 26 7.7 19 5.38
18 18 10 15 6.9 14 3.78
19 16 25 20 7.9 14 2.63
20 18 20 15 6.6 27 6.75
21 13 23 30 N /A N /A N /A
22 N /A N /A N /A N /A N /A N /A
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DISCUSSION

General Interpretation of Landforms and Materials

As noted in the previous chapter, many combinations of morphologies and 

materials were found to occur in the basin. Several different origins have been  

interpreted for these landforms using the criteria discussed in Methods. The 

landforms and their interpreted origins are discussed below.

Eroded Landforms

Eroded landforms are prevalent along the margins of Tom Miner Basin. 

The volcanic bedrock cliffs exposed at the basin margins have been eroded by a 

series of colluvial and alluvial processes common in alpine environments (Rapp, 

1960). These processes include rock topples and falls, avalanches and water 

erosion.

Fan Landforms

Fan-shaped deposits of nibble and gravel are located throughout Tbm 

Miner Basin. These fans are interpreted as talus, alluvial fans and deltas. Rubble 

fans in the basin have the characteristics of talus deposits: a half-cone shape; and 

occur at the base of steep slopes and cliffs (Varnes, 1958; Coates, 1977; Mollard, 

1977; Compton, 1985). Rapp (1960) and Madole (1972) have described similar
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examples of fans (talus) in their studies. The gravel fans are located at the 

mouths of many of the basin tributaries and along the basin floor. If the fans 

terminate abruptly against an upland slope, and have a radiating pattern of 

channels on their surfaces, they -are interpreted as alluvial fans (Bull, 1972; 

Compton, 1985; Collinson, 1986).

Fans in the basin are also interpreted as ice-marginal alluvial deposits 

and/or deltas. If the fans occur adjacent to glacial deposits such as moraines or 

till, they are interpreted as ice-marginal alluvial deposits such as outwash fans or 

deltas. This interpretation is supported by the presence of a kettled topography. 

Goldthwait (1988) described outwash fans formed at glacier margins as having a 

"symmetrical gentle cone, distributary dividing channels; coarsest gravel at head". 

This description is similar to the description of an alluvial fan by Compton (1985, 

p. 199).

The subaerial or subaqueous nature of the gravel fans in Tom Miner Basin 

is difficult to distinguish unless the fan is associated with other lacustrine 

landforms or deposits. If the gravel fans are associated with lacustrine features, 

or had visible dipping foresets and bottomsets, they are interpreted as fan deltas 

or braid deltas (Gilbert, 1885; McPherson and others, 1987). The lacustrine 

features include beach ridges arid horizontal wave-cut terraces (Gilbert, 1885; 

Embleton and King, 1968; Flint, 1971; Gordon and Hanson, 1986). The fans are 

interpreted as fan deltas if they occur at the margin of a highland, and braid 

deltas if they occur on the basin floor and not at the margin of a highland..
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Gravel fans with boulders on their surfaces are also located along the 

perimeter of the basin floor. They are similar to the fans previously described, 

however, they tend to be stratigraphically older based upon their locations, and 

have metamorphic boulders scattered on their surfaces. In this study, they are 

interpreted as subaerial and subaqueous fans. The metamorphic boulders on 

their surfaces are believed to be ice-rafted glacial erratics since the nearest source 

of metamorphic bedrock is near the basin mouth, and the boulders are isolated 

and not adjacent to or within glacial landforms. If the boulders were deposited 

directly by glaciers, the fan morphologies probably would not have been retained.

Hummocky Landforms

Hummocky sand and gravel landforms are located along the floor of Tom 

Miner Basin. The deposits are interpreted as alluvial deposits based on the 

stratification of some of the deposits, material grain sizes and sorting (Compton, 

1985; Collinson, 1986). The hummocky nature of the deposits (kettled surface) 

and their association with other glacial landforms such as moraine-like ridges, 

suggests that they were deposited at the stagnant margin of a glacier, by streams 

flowing from the glacier into a lake or river valley (Church and Gilbert, 1975; 

Collinson, 1986). Hummocks are formed in this type of environment due to the 

melting of debris covered ice to form hummocks and kettles. The landforms and 

deposits are therefore interpreted as glacio-fluvial outwash or kames.

Hummocky landforms composed of diamicts, and sands and silts occurring 

in Tom Miner Basin are interpreted as glacial and mass movement deposits. As
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indicated in the Results chapter, interring laminated silts and clays with 

occasional dropstones make up part of these hummocky deposits. Hummocky 

deposits with these characteristics are interpreted as subglacial and interglacial 

lacustrine deposits associated with stagnant and retreating ice. Conversely, 

hummocky deposits with lobate forms and other morphologies such as arcuate 

scarps and parallel drainages are interpreted as mass movements (Jackson and 

others, 1987).

Lobate Landforms

Lobate boulder and rubble deposits occur in the upper bowl-shaped regions of 

Tom Miner Basin tributaries. These deposits may also have linear flow ridges on 

their surfaces. The deposits with the flow ridges on their surfaces are interpreted 

as rock glaciers (Rapp, 1960; Flint, 1971; Mollard, 1978; Rib and Liang, 1978; 

Pierce, 1979; Vitek and Giardino, 1987; Barsh, 1987; Lundqvist, 1988), while those 

without distinct ridges are interpreted as mass movements. Due to the high 

frequency of gravity movements along the steep valley walls where these deposits 

are located, the lobate landforms are probably composites of glacial and mass 

movement activity in many instances.

Lobate and hummocky diamicts are located along the basin, floor and walls. 

These landforms may also have ridges which parallel the long axis of the 

landform. These lobate deposits are interpreted as flows, many of which head in 

slumps. They have several characteristics associated with mass movements as 

described by Embleton and King (1968), Flint (1971) and Rib and Liang (1978).
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These characteristics include a lobate or hour-glass shape, hummocky terrain and 

ridges on the surface which are parallel to slope in the case of flows. Although 

rock glaciers may exhibit this shape as previously discussed, they are usually 

composed of rubble material. Thus, if the hummocky, ridged material is 

composed of diamict the deposit is assigned a mass movement origin, and if it is 

composed of rubble rock it is of glacial origin.

Plain Landforms

Plain landforms (plains) are located on the floor of Tom Miner Basin 

(Plate I). The materials of the plains are predominantly silt and clay with an 

occasional boulder or smaller-sized clasts on the surface or incorporated with the 

finer-grained materials. Planar morphologies can be representative of several 

features including alluvial flood plains, ground moraine, glacial outwash and 

fluvial deposits, and lacustrine plains (Fulton and others, 1974). The fine-grained 

materials are characteristic of lacustrine deposits and/or overbank deposits 

(Fulton and others, 1974; Miall, 1977; Eyles and others, 1983; Compton, 1985; 

Allen and Collinson, 1986; Shaw, 1987). The incorporated clasts are believed to 

be dropstones because they typically are gneiss and schist lithologies, found only 

near the basin mouth. At a few locations, penetration or deformation of stratum 

is associated with these clasts. Flint (1971), Eyles and others (1983), Thomas and 

Connell (1985) and Shaw (1987) have associated similar characteristics with 

dropstones.
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As previously discussed, metamorphic and some volcanic boulders dot the 

plain regions of the basin. The boulders are interpreted as glacial erratics 

because they commonly parallel morainal-like ridges and other glacial deposits, 

but they are also isolated. In addition, their lithologies are similar to rocks which 

crop out near the basin mouth and Yankee Jim Canyon, which is the direction 

from which glacial ice flowed into the basin. Also, concentrations of erratics are 

located at similar elevations throughout the study area which suggests that the 

boulders are ice-rafted or lag deposits (Flint, 1971; Goldthwait, 1988) (Fig. 13). 

Although such a distribution of erratics could be the result of direct glacial 

transport, there are no glacial landforms in the upper part of Tom Miner Basin to 

support this interpretation.

There was no evidence to support the hypothesis that the metamorphic 

boulders are clasts eroded out of the volcanic bedrock. In his study of the 

bedrock geology of the southern portion of Tom Miner Basin, Todd (1969, p. 13) 

noted that in the volcanic rocks, "nonigneous clasts are rare except near the 

Gallatin-Yellowstone divide where Precambrian (metamorphic) clasts are 

common", especially above an elevation of 2660 m (8720 feet). Metamorphic 

boulders are distributed over most of the basin at elevations _< 2176 .+ 5 m. 

Todd (1990, written comm.) also confirmed that the metamorphic clasts in the 

volcanic epiclastic bedrock were mostly fist-sized (20 cm or less in diameter); the 

boulders interpreted as erratics in this study are much larger than 20 cm in 

diameter. In a separate study Chadwick and Braun (R. Braun, 1983, written
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commun.) counted clast lithologies in the Hyalite Peak and Golmeyer volcanics 

just to the north of the study area. Metamorphic clasts made up at most ten 

percent of the total clasts, and the largest metamorphic clasts measured in the 

study were 25 cm in diameter. In contrast, 76% of the clasts counted in this study 

were metamorphic in composition, and the average diameter of metamorphic 

clasts was 143 cm. This strongly suggests that the metamorphic clasts did not 

come from the volcanic bedrock in the basin and are better interpreted as glacial 

erratics.
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Ridged landforms of diamicts containing boulder, cobble, silt and clay-sized 

materials, occur along the floor and walls of Tom Miner Basin, and the walls of 

U-shaped tributary valleys of the basin. Similar deposits have been interpreted as 

both mass movements and glacial moraines (Curry, 1966; Fulton and others, 1974; 

Rib and Liang, 1978; Edwards, 1986; Eyles and others, 1988). However, the 

metamorphic and volcanic boulders in the diamicts are erratics and not related to 

the local bedrock as would be the case with mass movements. Also, the ridges 

usually do not parallel a channel as is common for debris flow levees associated 

with mass movements. Rather, the ridges descend valley walls diagonally. 

Consequently, ridges with these characteristics in Tom Miner Basin are 

interpreted as glacial moraines. There are some ridge landforms in the basin that 

occur in conjunction with lobate and hummocky landforms and are interpreted as 

mass movement deposits.

Ridged gravels are present along Tom Miner Creek. These deposits are 

well sorted with massive bedding, indicative of a fluvial origin (Church and 

Gilbert, 1975; Compton, 1985). Furthermore, the ridge-shape and hummocky 

nature of the gravels is indicative of glacial esker or kame deposits (Embleton and 

King, 1968; Flint, 1971; Church and Gilbert, 1975; Smith, 1985). The landforms 

are thus interpreted as kame and esker deposits. Pierce reached a similar 

conclusion in his 1979 study which included Tom Miner Basin.

Ridged Landforms

/
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Shaped bedrock occurs near the mouth of Tom Miner Basin and along the 

upper basin walls. The shaping of this bedrock is interpreted to be of glacial 

origin because it is similar to glacial features described by Embleton and King

(1968) , Flint (1971), Andrews (1975) and Pierce (1979). Horberg (1940), Todd

(1969) and Pierce (1979) identified scoured channels in this shaped bedrock as 

ice-marginal and subglacial channels.

Terraced Landforms

Terraced gravels paralleling the drainages of Tom Miner Basin are 

interpreted as glacio-fluvial and fluvial in origin. This interpretation is based On 

the classification system of Fulton and others (1974). The terraces have few if any 

large erratics on their surfaces although many erratic boulders are exposed in 

drainages which cut the deposits. This suggests that the terraces were formed 

after the deposition of the erratics and glacial deposits. The terraces are 

discussed more fully later in this chapter.

Horizontal terraces of primarily fine-grained materials (fine sand, silt and 

clay) are also present in Tom Miner Basin. These terraces are interpreted as 

lacustrine strandlines because of their similarity to the strandlines discussed by 

Gilbert (1885), Embleton and King (1968), Flint (1971) and Gordon and Hanson 

(1986). These similarities include horizontality, fine-grained materials and

Shaped Landforms

isolated boulders.
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Veneer landforms in the basin consist of rubble, gravel, diamict or silt and 

clay veneers. Rubble or diamict veneered landforms are interpreted as glacial or 

colluvial deposits depending upon their locations and the lithologies of clasts in 

the deposits (Fulton and others, 1975). Veneered rubble or diamict deposits on 

valley floors which exhibit other glacial characteristics such as a u-shaped cross 

profile and glacial moraines are interpreted as glacial till. If the glacial 

characteristics are not present, then the deposits are interpreted as a colluvial 

veneer. Gravel veneer present on alluvial fans in the basin is interpreted as 

alluvial gravel.

Interpretation of Landforms and Materials in the Basin Areas

The interpretation of Tom Miner Basin landforms and materials is shown 

in Plate I and discussed below by sub-area (Fig. 10).

Basin Floor

Lower Basin Floor. The thirteen terraces of the Lower Basin Floor area 

are interpreted as either glacio-fluvial terraces or postglacial fluvial terraces. 

Terraces I1, t2, t3 and t4 parallel the present day Yellowstone River in glacially 

streamlined terrain. The terraces are adjacent to the down-gradient side of ice- 

marginal channels (Horberg, 1940) which are near the mouth of Tom Miner 

Basin. The terraces are interpreted to have- been deposited along the margin of

Veneer Landforms
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the northern Yellowstone outlet glacier due to their proximity to other glacial 

features such as sculpted bedrock and erratics. The elevations of the terraces are 

also similar to the reconstructed surface elevations of the northern Yellowstone 

outlet glacier (Pierce, 1979). The lower terraces (t5-t13) were probably formed on 

the side of the Yellowstone valley (Lower Basin Floor) following the. retreat of 

the northern Yellowstone outlet glacier. The terraces have been mapped as 

Quaternary post-glacial alluvial terraces because the terraces occupy the former 

domain of the northern Yellowstone outlet glacier (Montague and Chadwick, 

1982).

Terrace t9 which has many boulders on its surface was probably formed by 

a high magnitude flood event. This flood event was the result of the failure of a 

landslide dam which occupied Yankee Jim Canyon (Good, 1982). Pierce (1979) 

and Locke and Montagne (1990) interpreted the terrace and its megaripples as 

flood deposits produced from the failure of this landslide dam which occupied 

Yankee Jim Canyon less than 5000 years before the present (Hall, 1960b; Good, 

1982).

- Lower-Middle Basin Floor. The ridged and hummocky deposits on the 

Lower-Middle Basin Floor are interpreted as glacial till, and have been divided by 

age into four units (Gyi-Gy4) (Table 15). The boulders in these deposits are 

fresh, faceted and striated, and thus are interpreted as Pinedale in age. The 

ridged deposits and boulders descend diagonally up Tom Miner Basin, and are 

interpreted as lateral moraines of an outlet glacier (Gyi) which flowed into the
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basin. Portions of the moraines are flat-crested and may have been eroded by 

ice-marginal streams as noted on crests west of Merrell Lake. The strong 

morphology of these moraines indicates that they were formed by advancing ice. 

Gyi deposits further in the basin are veiy subdued in comparison and are within 

lacustrine plains with ice-rafted boulders. Therefore, these more subtle glacial 

deposits probably formed in an ice calving and Stagnant environment.

Table 15. Lower-Middle Basin Floor and Middle Basin Floor glacial deposits.

Glacial age 
(4 = youngest)

Morphology Position Materials Explanation

GY4 hummocky basin floor boulders, 
diamict, silt, 
sand

stagnant, ■ 
recessional, ■ 
may be 
subaqueous

Gy3 hummocky, 
short moraine 
ridges

basin floor boulders, 
diamict, silt, 
sand

recessional 
stagnant, may 
be subaqueous

Gy3 sharp-crested
moraines,
hummocky

basin walls and 
floor

diamict,
boulders

advancing, 
recessional, 
calving front, 
subaqueous

Gyi broad-crested
moraines,
isolated
mounds,
hummocky

high on basin 
walls and floor

boulders,
diamict,
gravel

advancing,
stagnant,

• calving front, 
subaqueous

Similar’ but smaller Gy2 morainal deposits present towards the middle of 

the Lower-Middle Basin Floor have the same bouldery makeup as the Gyi
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deposits, and are interpreted as lateral and terminal moraines. Their subdued 

morphology and position adjacent to strandlines and lacustrine deposits suggests 

that they were deposited by recessional or stagnant ice in a subaqueous setting 

(Plate I). However, the morphology of the moraines does not have the irregular 

cross-profile of subaqueously deposited moraines described by Barnett (1974) and 

Andrews (1975).

Hummocky diamicts without morainal ridges in this area are interpreted as 

glacial deposits and mass movements (slides/slumps). The hummocky deposits on 

the basin floor are interpreted as glacial till because of their location between 

moraines with similar textures and clast lithologies. Near Merrell Lake, the 

hummocky deposits are interpreted as slumps because they head in an arcuate 

scarp which forms the southern boundary of the lake. The slumped materials are 

for the most part glacial till, based on their similarity with the other glacial 

deposits in the basin, and the presence of erratic boulders. Laminated silt and 

clay with occasional cobble and boulder-sized clasts are visible in roadcuts near 

the eastern boundary of this area. The hummocky diamict with the silt and clay 

indicate a stagnant ice environment with interspersed glacial lakes.

Both lacustrine and fluvial terraces are present in the Lower-Middle Basin. 

Terraces t3, t4 and t5 in this area are fluvial terraces based on their gradients 

which slope towards the basin mouth, and the presence of massive, unstratified 

gravels. The terraces cut the glacial deposits Gyi and Gy2, and are therefore 

younger than the glacial deposits. The other terraces (L3I-L5I) in this area are



60

interpreted as lacustrine in origin based on the horizontality of their surfaces. 

The terrace materials consist of silt with some sand and cobbles. Such materials 

are often associated with strandlines and lacustrine environments, but may be 

associated with fluvial systems (Gilbert, 1885; Embleton and King, 1968; Flint, 

1971; Fulton and others, 1975; Smith and Ashley, 1985; Gordon and Hanson, 

1986; Rudberg, 1986). Weed (1893, p. 34) recognized these terraces as "benches" 

lying within the glacial drift, but did hot interpret them as glacial in origin. The 

fact that the terraces lie between glacial moraines suggests that they were formed 

after ice had retreated. However, the presence of metamorphic boulders on the 

terrace surfaces suggests ice-rafting. The terraces were therefore formed by an 

ice-dammed lake in Tom Miner Basin.

A  total of 10 lake levels are recognized from horizontal terraces, erratic 

boulder concentrations, and eroded headlands in the study area (Table 16). The 

highest lake level, one, is present above Gyi moraines on the south side of the 

basin. A  few erratics are located at a similar elevation throughout the basin 

(Plate I). The lake levels have been divided into seven different ages.

Lake level two features are similar to lake level one features, but occur at 

a lower elevation near the head of the basin. Lake level three is interpreted from 

the high concentration of erratics at this elevation, and several delta-like fan 

deposits at that same elevation. Lake levels four and five were interpreted from 

horizontal terracettes identified in airphotos. The terracettes occur east of Horse 

Creek. However, the terracettes may also be the result of soil creep. Lake levels
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six, seven and eight are interpreted from the prominent horizontal terraces 

immediately west of Merrell Lake. The strandlines of lake levels nine and ten are 

veiy prominent near the mouth of the basin. A ll of the lake levels identified are 

interpreted as ice-dammed lakes except for Level nine. Lake level nine probably 

formed when a slump near Merrell Lake blocked Tom Miner Creek.

The channels which occur near the eastern edge of the Lower-Middle 

Basin Floor were interpreted by Horberg (1940) and Todd (1969) as ice-marginal 

channels. Many of these channels lead into kame terraces and were undoubtably 

ice-marginal at one time. However, due to the sculpting of the adjacent bedrock 

and presence of glacial erratics at equivalent and higher elevations than the 

channels, they are probably also subglacial in origin. Therefore, in this study the 

channels are interpreted as glacial-fluvial except for the channel which dissects the 

slump near Merrell Lake and is associated with lake level nine (Table 16). A  

comparison of the channel elevations with the elevations of the interpreted lake 

levels (Fig. 14) shows that most of the channels are lower than the lake levels and 

may have served as outlets for the lakes. The erratic elevations compare well 

with the interpreted lake levels, except for the elevations of a few erratics which 

were surveyed near the basin mouth and Ramshorn Peak.

The fan-shaped and lobate sand and gravel landforms along Tom Miner 

Creek are interpreted as subaerial and subaqueous fan deposits. The coarseness 

of the gravels in these landforms, and the presence of an occasional metamorphic 

boulder suggests that the materials were originally deposited proximal to outlet

I
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Table 16. Interpreted lake levels in Tom Miner Basin.

Strandline
level

(map unit)

Elevation
meters
(feet)

Prominence 
+ + + = very 
+ + = some 
+ = subtle Position

Erratic
Boulders

I ( L 1) 2176 ±  5 
(7140 ±  20)

+ + east of Horse 
Cr.

yes

Z (L 1) 2145 _+ 5 
(7040 +. 20)

+ near Twin 
Peaks mouth

yes

3 (W 2072 ±  5 
(6800 +_ 20)

+ + near Twin 
Peaks

yes

4 W 2048 _+ 6 
(6720 ±  20)

+ east side 
Horse Cr.

yes

S M 2000 +. 6 
(6560 ±  20)

+ east side 
Horse Cr.

no

6 (L ,) 1876 + 5 
(6155 ±  17)

+ + + west of 
Merrell Lk.

yes

7 (L ,) 1859 ±  5 
(6098 ±  17)

+ + + west of 
Merrell Lk.

yes

S M 1812 + 5 
(5946 ±  17)

+ + 4* west of 
Merrell Lk.

yes

9(L?) 1770 +. 6 
(5800 ±  20)

+ + + west of 
Merrell Lk.

yes

10 (L6) 1720 ±  6 
(5640 ±  20)

+ + basin mouth yes

glacier ice in the basin. Reworking of these deposits has probably occurred, since 

no glacial erratics are visible on the landform surfaces, but are abundant on 

surrounding lacustrine terraces and within the deposits. A comparison of the
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elevations of sand and gravel fans in Tom Miner Basin with the elevations of 

interpreted lake levels indicates that they are similar (Fig. 15). This suggests that 

the fan deposits may be braid deltas formed where a braided stream system flows 

into a standing body of water (McPherson and others, 1987).
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Figure 14. Comparison of channel elevations with interpreted lake level 
elevations and erratic elevations (Note that each erratic indicated in 
the graph equals 1-4 erratics).

The fan-shaped and lobate landforms may also be glacio-fluvial deposits 

which have since been dissected by fluvial and mass movement activities. Several 

of the more lobate or lozenge-shaped gravel landforms are similar to longitudinal
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fluvial bars described by Church and Jones (1982) and Smith (1985). In many 

proglacial environments with braided outwash streams, lobate-shaped gravel bars 

are common (Smith, 1985).
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Figure 15. Comparison of channel, lake and fan elevations. The fan elevations 
indicate the approximate midpoint of the fan.

Middle Basin Floor. The main features of this region are hummocky, 

ridged, planar, and terraced deposits. The hummocky deposits are either gravel 

or diamict with metamorphic and volcanic boulders. The hummocky gravels 

display characteristics of an ice-marginal system including kettles and morainal 

ridges (Flint, 1971; Andrews, 1975; Smith, 1985). The gravel ridges in this area
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are somewhat continuous a n d ' parallel Tom Miner Creek. The internal 

sedimentary characteristics range from massive gravels to cross-bedded and 

laminated sand. The horizontally bedded and laminated sands are contorted and 

faulted in places. - These deposits are interpreted as glacio-fluvial kame or esker 

deposits because of their positive, topography, proximity to other glacial features 

such as moraines, coarse gravels, and horizontally bedded sands with post 

depositional deformation.

Plain landforms in the Middle Basin Floor area have a smooth, but 

undulating landscape. They consist of fine sand, silt, and clay with metamorphic 

and volcanic boulders dispersed on the surface. The landform deposits are 

interpreted as lacustrine sediments with iceberg-rafted erratics.. Erratics are 

widespread throughout the area, but do not follow the general elevation trends of 

the glacial moraines in the same region (Plate I). The plains are also bordered at 

various locations by horizontal terraces or lag deposits of erratics, supporting the 

interpretation that the plains are lacustrine in origin.

Terraced deposits in the Middle Basin Floor area are interpreted as kame 

and alluvial terraces. The terraced deposits I1 and t2 are kame terraces as 

interpreted from their location on the inside of the oldest outlet glacial deposits in 

the basin (Gyi) and the presence of erratic boulders in the deposits. The terraces 

are not matched with similar terraces on the south side of Tom Miner Basin.

The terraced deposits along Horse Creek, t3, are difficult to interpret due 

to their complex morphology and materials. In addition to being terraced, the
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deposits are hummocky and ridged, and have a slight fan-shaped geometry. They 

consist of well sorted sand and gravel. The upper apex of t3 begins where the 

valley of Horse Creek begins to widen as it meets the floor of Tom Miner Basin. 

The terrace is paired across Horse Creek and fans out slightly onto the basin 

floor. The hummocky nature of t3, its proximity to glacial moraines, and other 

glacial deposits strongly suggests that it is a glacio-fluvial terrace. The surface 

gradient of t3 is 0.04. If this surface gradient is extrapolated up valley, the terrace 

surface would lie at an elevation similar to deposit GA3, suggesting that the two 

deposits are related (Fig. 16, Plate I ) . . Therefore, terrace t3 was probably 

contemporaneous with Ga2 and Ga3 as indicated by its trend and hummocky 

nature. Terrace t3 is important in determining the temporal relationship of glacial 

deposits in Tom Miner Basin, and is discussed in further detail in the correlation 

section.

Upper Basin Floor. The main features of the Upper Basin are gravel fans, 

and gravel and silt terraces. These fans are interpreted as alluvial fans and fan 

deltas based on their form, location at the base of headlands, and association with 

interpreted lake levels. The fans with metamorphic erratics on their surfaces are 

no longer active, but correspond with the elevations of the interpreted lake levels. 

The elevations of these fans, 2170-2030 m (7120-6660 ft), are comparable to the 

elevations of erratics concentrated at various lake levels throughout the basin.

The terraces in this region are composed of moderately to well sorted 

coarse gravels and silts. They are interpreted as fluvial in origin because of their
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gradients (not horizontal) and well sorted gravels. Terraces t2 and t3 were formed 

from glacial outwash as interpreted by their location immediately downstream 

from glacial moraines.
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Figure 16. Comparison of local moraines Ga2 and GA3, and terrace t3 near 
mouth of Horse Creek.

Tributaries

Horse Creek. The dominant features of this region are the large, diamict 

ridges which terminate abruptly on the walls of Horse Creek valley (Plate I). 

Other prominent features include terraced gravels, and ridged and lobate deposits.
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The diamict ridges on the walls of Horse Creek valley are interpreted as glacial 

moraines. Hummocky glacial deposits have been recognized in the valley and 

other tributary valleys of Tom Miner Basin, and are interpreted as ground 

moraine (Table 17).

Table 17. Alpine glacial characteristics and interpretations.

Glacial age 
(young-old)

Morphology Position Materials Interpretation

Ga5 tongue-shaped,
lobate

cirques rubble,
boulders

rock glaciers

Ga4 arcuate ridges, 
tongue-shaped

cirques rubble,
boulders

cirque and rock 
glaciers

Ga3 hummocky 
mounds, veneer

valley floor boulders,
diamict

advancing and 
recessional, 
grounded valley 
glaciers

Ga2 sharp-crested
ridges,
hummocky

valley walls boulders,
diamict

advancing valley 
glaciers, calving

Gai subdued ridge,
hummocky,
boulders

high on valley 
walls

boulders,
diamict

advancing, 
stagnant, 
recessional 
valley glaciers

The abrupt downslope terminations of the lateral moraines near the mouth 

of Horse Creek are interpreted as ice calving margins. Modern examples of 

glaciers which terminate in a body of water include: Carroll glacier, Alaska (Smith 

and Ashley, 1990); Briksdalsbreen glacier, Norway (McManus and Duck, 1988);
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Austerdalsisen glacier, Norway (Theakstone and Knudsen, 1986); and Fyles 

glacier, British Columbia (Gilbert and Deslodges, 1987a). The lateral moraines of 

the Horse Creek valley glacier are similar to the lateral moraines of these modern 

glaciers in their abrupt termination in appearance and location. The Horse Creek 

valley glacier moraines are also adjacent to lacustrine features on the basin floor 

and sides such as strandlines and ice rafted erratics.

The interpreted lake levels in the basin suggest that the ice-marginal lake 

would have been deep enough at some point in time to produce calving at the 

locations where the Horse Creek moraines abruptly terminate. The position of 

the lateral moraines of Horse Creek relative to the valley floor, would stabilize at 

the position where water depth was, equal to 109 m (358 ft, 0.9 x ice thickness of 

122 m). Thus, lake levels one, two and three would have had adequate depth to 

allow calving of the Horse Creek glacier.

The moraine crests of the Horse Creek glacier extend further down-valley 

with decreasing stratigraphic age. This age relationship is determined by the 

stratigraphic principle of superposition, whereby the younger moraines are 

bracketed by moraines stratigraphically older in age. The position of the 

moraines may represent a decreasing lake level into which the glacier calved. The 

calving rate of a glacier should decrease as the water depth at the calving margin 

decreases. As the water depth decreases, the upward stress on the glacier toe 

should decrease since there is less water for buoyancy, therefore less ice is lost to 

calving. The glacier would therefore proceed further downvalley. Consequently,
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younger moraines would be deposited between older moraines, but further down- 

valley.

Other possible interpretations of the abruptly terminating moraines and 

their positions include erosion, surging, and confluence of the Horse Creek glacier 

with the outlet glacier on the basin floor. However, each of these hypotheses can 

be eliminated. Postglacial erosion of the terminus does not explain the position 

of younger Horse Creek glacier m oraines' further down-valley than the outer 

moraines. The terminal regions of surging glaciers tend to thicken (Paterson, 

1981), so preservation of inner moraines lower in elevation than the outer 

moraines would not be possible in a surge setting. Confluence with the northern 

Yellowstone outlet glacier is also unlikely. An examination of the cross-valley 

topographic profiles of the Horse Creek valley shows that the valley profiles are 

u-shaped up valley from the moraine terminus and v-shaped down valley 

(Appendix G). The valley cross profiles do not support the hypothesis that alpine 

ice extended past the location of the moraines in Horse Creek. Therefore the 

Horse Creek glacier was not confluent with the outlet glacier.

Pierce (1989, pers. comm.) found one metamorphic erratic at 2060 m 

(6760 ft) on the west side of Horse Creek. He interpreted this erratic as an 

indicator that the outlet glacier had extended up Horse Creek and was confluent 

with local alpine ice, or at least occupied the former domain of local ice. This 

erratic is well below the interpreted maximum lake levels and has been
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interpreted in this study as an ice rafted erratic, not directly deposited by the 

outlet glacier.

The lobate and hummocky morphologies of rubble deposits in the upper 

bowl areas of Horse Creek are similar to Alaskan rock glaciers discussed by 

Wahrhaftig and Cox (1959) and are interpreted as rock glaciers. Hall (1960a) and 

Pierce (1979) and Shaw (1988) discussed the presence of similar rock glaciers in 

other parts of the Gallatin and nearby Madison ranges at similar elevations 

(>  2286 m, 7500 ft).

Southwest Basin. The most prominent features of this region are ridged 

diamict deposits and hummocky deposits (Plate I). These deposits are 

interpreted as both glacial and colluvial in origin. Glacial till was deposited in 

both active and stagnant ice environments as indicated by the sharp moraine 

crests and hummocky and kettled topography. The oldest deposits (Gai) present 

at the mouths of Sheep Creek and Walsh Creek consist of isolated volcanic 

boulders. The elevations of these boulders exceed the maximum elevation of the 

interpreted lake levels, and thus could not have resulted from ice calving. They 

may be remnants of eroded volcanic bedrock which have moved downslope. 

However, their faceted shape, positions along the tributary valley walls, and 

proximity to other glacial deposits strongly suggest a glacial origin. The classic 

arcuate, nested Ga2 moraines of Walsh and Davis Creeks represent the frontal 

terminus of their respective glaciers. The sharp-crested shape of these moraines 

and the absence of a large number of kettles suggests an active ice environment



72

during their deposition. Outwash deposits form fans of coarse angular gravels 

which extend from the moraine fronts.

Glacial deposits, Ga2, located in the upper Tom Miner Creek valley are 

more hummocky and gravelly than the deposits just discussed. The Tom Miner 

glacier deposits represent a more stagnant terminal environment with melting or 

calving ice forming a kettled moraine. Metamorphic erratics located on these 

terminal moraines were deposited by ice rafting. Examination of roadcuts in the 

moraine indicate no metamorphic clasts within the deposits. The erratics were 

probably deposited on the moraines after the Tom Miner glacier had receded.

Also in the Southwest Basin, at the base of Specimen Ridge, is a very large 

slump block, identified by its arcuate scarp and hummocky terrain. The slump is 

over four square kilometers in area, and consists of volcanic bedrock overlain by 

surficial deposits. The bedrock in the Southwest Basin area varies from volcanic 

breccia to epiclastic conglomerates and interbedded sandstone and mudstone. 

The finer grained sandstone and mudstone layers are often soft and erode to form 

hoodoos with groundwater seeps. Groundwater sapping probably contributed to 

the creation of this large slump. Similar conditions exist throughout the study 

area as indicated by the many undercut cliff faces. Eartliquake activity may also 

have contributed to the slumping of such rock masses.

Northwest Basin. The dominant features of the Northwest Basin area are 

hummocky, lobate, and ridge-shaped diamicts with metamorphic boulders. These 

landforms have been interpreted as both glacial and colluvial in origin. The
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ridged deposits have the arcuate morphologies associated with glacial and 

colluvial deposits as previously discussed. Twin Peaks Creek valley is the only 

valley of this region with identifiable glacial moraines. Much o f the Northwest 

Basin is occupied by colluvial deposits. Most notable are large earthflows and 

slumps which cover much of the north side o f Tom Miner Basin. These deposits 

are identified by their large scarps, and hummocky and lobate forms.

Several factors contribute to the abundance of slumps, slides and flows in 

this area. First, many of the scarp/failure planes occur at contacts between 

varying types of volcanic rocks, or volcanic and metamorphic rocks near the basin 

mouth. These areas are potential zones of weakness which contribute to the 

failure of slopes. Second, earthquake activity of the region may have triggered 

many of the mass movements. Finally, the nature of the silt and clay matrix of 

the diamicts allows for the materials to flow when sufficient moisture is present.

Metamorphic boulders are present up Trail Creek and near the crest of 

Ramshorn Peak at elevations of 2360 and 3030 m .(7740 ft and 9940 ft). The size 

of the boulders (>  50 cm in diameter) suggests that they are not clasts which have 

weathered out of the surrounding volcanics. These boulders occur well above the 

erratics found throughout the rest of the basin, and could not have been deposited 

by the glacial calving and iceberg activity previously discussed. The boulders may 

represent more extensive glaciation than indicated by glacial deposits on the basin 

floor. Hall (1960a) interpreted high level metamorphic boulders located west of 

Ramshqrn Peak as glacial erratics of the Marble Point Stage. They may also be
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remnants of past debris flows since metamorphic bedrock is present in the 

adjacent Porcupine drainage. However, determining their exact origin is beyond 

the scope of this study.

Provenance of Glacial Deposits

The provenance or source of glacial deposits in Tom Miner Basin can be 

interpreted from both the general trend of moraine crests and clast lithologies. 

Moraines near the mouth of Tom Miner Basin and in the Main Basin Floor area 

slope into the basin from the Yellowstone River valley (Plate I). This general 

trend indicates a direction of ice flow from east to west. Moraines in the tributary 

valleys also descend toward the basin floor and indicate that the ice which 

deposited them flowed from the upper regions of the tributaries.

Metamorphic rocks in Tom Miner Basin crop out only near the basin 

mouth and in the vicinity of Yankee Jim Canyon. Small (<  20 cm) metamorphic 

clasts are also present in the volcanic rocks of the Northwest Basin of the study 

area (Todd, 1969). The six glacial moraines near the basin mouth (relative 

dating sites 2-7) all contain large (_> 20 cm) metamorphic clasts (Table 18). The 

presence of the metamorphic clasts and the slope of the moraines into the basin, 

indicate that the source of the clasts is Yankee Jim Canyon or the upper 

Yellowstone River valley. The moraines were therefore deposited by the northern 

Yellowstone outlet glacier.
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Table 18. Provenance of glacial deposits as interpreted from clast lithologies 
and moraine locations.

Site #
Percent

metamorphic
Percent
volcanic

Percent
sedimentary Total Provenance

I Basin 00.00 100.00 0.00 32 YJC1, YV2
2 Floor 65.26 34.74 0.00 95 YJC, YV
3 25.93 74.07 0.00 27 YJC, YV, 

TMB3
4 76.92 23.08 0.00 26 YJC, YV
5 85.00 15.00 0.00 20 YJC, YV
6 93.51 6.49 0.00 77 YJC, YV
7 79.10 19.40 1.49 67 YJC, YV
8 Horse 0.00 100.00 0.00 5 TMB
9 Creek 0.00 100.00 0.00 3 TMB
10 0.00 100.00 0.00 13 TMB
11 0.00 100.00 0.00 22 TMB
12 0.00 100.00 0.00 20 TMB
13 0.00 95.00 5.00 20 TMB
14 South- 0.00 100.00 0.00 26 TMB
15 west 0.00 100.00 0.00 10 TMB
16 Basin 0.00 100.00 0.00 8 TMB
17 0.00 100.00 0.00 51 TMB
18 0.00 100.00 0.00 45 TMB
19 0.00 100.00 0.00 34 TMB
20 0.00 100.00 0.00 13 TMB
21 0.00 100.00 0.00 20 TMB
22 30.00 70.00 0.00 10 YJC, YV, 

TMB
Erratics 94.00 2.09 3.91 231 YJC, YV

1 Yankee Jim Canyon,2 Upper Yellowstone valley, 3 Tom Miner Basin.

The moraine (relative dating site I) highest in elevation on the south side 

of Tom Miner Basin did not have any metamorphic clasts yet the trend of this 

moraine is into the basin. This moraine was deposited by northern Yellowstone 

outlet glacier based on its trend. The reason no metamorphic clasts are present 

in the deposit is probably because the bedrock type directly south and east of the
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moraine is volcanic. The trend of the moraine is through volcanic bedrock, while 

the trend of the lower moraines is through metamorphic bedrock (Fig. 6). Several 

metamorphic clasts are present on the moraine crest at the mouth of upper Tom  

Miner Creek (relative dating site 22) and were probably ice-rafted due to their 

large size and position on top of the moraine deposits.

Isolated erratics identified throughout the basin were dominantly 

metamorphic. The percentage of isolated metamorphic clasts versus volcanic 

clasts exceeds the percentage of metamorphic clasts measured in the basin 

epiclastic volcanics and adjacent volcanics. A  few travertine and sandstone 

erratics were also mapped in the basin. Therefore, transportation of the erratics 

into Tom Miner Basin from the northern Yellowstone outlet glacier by ice or ice

rafting is likely.

Relative Dating of Glacial Deposits

The relative ages of the glacial deposits were determined based on 

stratigraphic position, boulder weathering characteristics and moraine morphology. 

Relative dating measurements from deposits within a drainage were compared 

with each other, and with deposits of other drainages. The data were statistically 

analyzed to determine if the outlet and local glacial deposits were of significantly 

different age.

The primary objective of this study was to determine the relative age of 

local glacial deposits and the northern Yellowstone outlet glacier. Terraced
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deposit t3 at the mouth of Horse Creek cuts Gyi and Gy2 deposits near the mouth 

of Horse Creek, and is therefore stratigraphically younger than Gyi and Gy2. 

Also, t3 deposits were probably formed as outwash from the glaciers which formed 

Ga2 or Ga3 deposits as indicated by its position and hummocky nature (Fig. 16). 

Therefore, Ga3 and possibly Ga2 deposits in the Horse Creek valley are relatively 

younger in age than outlet glacier deposits Gyi and Gy2. In addition, alpine 

glacial deposits Ga2 are probably similar in age to lacustrine deposits L2 and L3 

based on the position of terrace t3 relative to the lacustrine deposits (Plate I). At 

the same time, lacustrine strandlines of L3 cut across Gy2 deposits on the basin 

floor. Therefore, lacustrine deposits L3 must have been formed as Gy2 was 

receding or had receded from the basin. This is further evidence that glacial 

deposits Ga2 and Ga3 in Horse Creek are relatively younger than Gyi and Gy2 

deposits.

Relative dating measurements collected throughout the study area were 

analyzed by comparing the measurements and their variation. This variance was 

examined using a one-way analysis of variance (ANOVA). The ANOVA model 

was used to determine if there were statistical differences (p = 0.05) between 

relative dating sites within each drainage, and dating sites in other drainages. The 

ANOVA model compares the variations of the means among several groups wfth 

the variations of means within the same group to test the null hypothesis that all 

means are equal (Moore and McCabe, 1989). In this case, the null hypothesis
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was- that all relative dating data are similar, regardless of the dating site. A  

comparison of the standard deviations of axial moraine slopes was also made.

U se of the ANOVA model assumes that the groups are normal in 

distribution and that the variances are similar. Concerning the normality of the 

groups in this study, some of them have low sample numbers (n), therefore it was 

difficult to determine if the groups have normal distributions or not. This is 

particularly true of such measurements as clast frequency, maximum diameter, 

weathering ratio, moraine width, and proximal and distal slopes. Only one 

measurement for each of the above categories was made at a dating site. The 

number in each group was increased by adding data together from sites of equal' 

stratigraphic age within a drainage, such as paired moraines (Appendix H). On 

the other hand, the data groups of clast diameters and axial moraine angles are 

larger in group size (n) and were therefore compared on an individual and paired 

basis. Many of the groups also have unequal variances; however, the ANOVA  

model is fairly insensitive to different variances, therefore it was used (Moore and 

McCabe, 1989). Aside from the assumptions already listed, the data were 

collected at sites subjectively chosen as the area with the highest apparent 

concentration of boulders on a moraine surface.

Comparisons (Appendix H) of the data were made using the computer 

statistical package MSUSTAT version 4.10 developed by R.E. Lund, Montana 

State University (1988). If a statistical difference was found between all the 

means, they were compared against each other using a Student’s t-test to
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determine which means were different based on the least significant difference 

(LSD) with a probability of p = 0.05.

Boulder Weathering

Comparisons were made of the frequencies, diameters, and roughness 

characteristics of clasts sampled on glacial moraine crests (Table 19, Appendix H). 

A  review of Table 19 shows that the clast frequencies, diameters and fresh to 

weathered ratios (roughness) are not significantly different from each other based 

on a significance level of p = 0.05. The clast measurements therefore do not 

separate the deposits into significantly different groups. Based on these 

measurements, the moraines are probably all of a similar age. Unlike other 

studies such as Drain (1986), Burke and Birkeland, (1979) and Colman and Pierce 

(1986) in which predominantly granitic clasts were present, this study depended on 

the use of volcanic clasts for the measurement of weathering because of the 

absence of granitic bedrock in the basin.

The maximum diameters of volcanic clasts measured on moraine crests 

were significantly different (p = 0.05), and an attempt was made to determine 

which moraine groups of maximum clast diameters were different using Student’s 

t-test (p = 0.05). Four groups of maximum clast diameters were isolated, however, 

many of the groups overlapped, so a distinct separation could not be achieved 

(Appendix H).
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Table 19. ANO VA table of boulder weathering characteristics 
(MSUSTAT 4.00, Appendix H).

Measurement Degrees Freedom  
(between groups) 
(within groups) 

(total)

F-Value p-value

Clast 9 1.26 0.3659
frequencies 9

18
Clast 18 1.54 0.0743
diameters 347
(volcanic) 365
Maximum 9 6.69 0.0052
clast diameters 9 ■■
(volcanic) 18
Roughness 9 1.01 0.4953
(fresh/ 9
weathered) 18

Moraine Morphology

A  statistical comparison was made of the variances of moraine crest 

widths, proximal slopes, and distal slopes (Table 20). The crest widths of the 

moraines measured are not significantly (p=0.05) different from one another. 

There does not appear to be any trend in moraine widths versus age for this 

study. The analysis of variance for proximal and distal slopes does not indicate a 

significant difference between the moraines measured. .

A  comparison of moraine axial slopes indicates an apparent difference 

between moraines of the northern Yellowstone outlet glacier deposited on the 

basin floor (Appendix F). The moraines of relative dating sites one apd two 

appear to be smoother than the moraines of relative dating sites three, four, five,
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six and seven. The moraine axial profiles of sites three, four, five, six and seven 

undulate up and down more than the other sites and are also greater in length. A  

comparison of the standard deviations of the axial moraine slopes however, 

indicates that the surface undulations are actually greater in variation on the 

moraines of relative dating sites two and three than the others (Appendix H). 

This is misleading due to the fact that although the few slope changes noted on 

the profiles of relative dating sites two and three were greatest in difference, the 

number of slope changes is fewer than the many slope changes on the other 

moraines. The moraines of relative dating sites one and two are stratigraphically 

older than the other five moraines on the basin floor based on the principle of 

superposition. Thus, the axial profiles appear to distinguish a difference between 

the moraines of sites one and two and the remaining five moraines on the floor of 

Tom Miner Basin.

A  comparison of the tributary valley moraine axial profiles does not 

distinguish much of a difference between the moraines. The moraines of the 

Horse Creek glacier (relative dating sites 8, 9, 10, 11) are similar except for the 

axial profile of site nine. The profile for site nine is steeper in slope and has a 

greater standard deviation of slope angles than the other moraines. As with the 

basin floor moraines, this difference is misleading and may be more representative 

of the fewer measurements collected than an actual difference in slope roughness. 

The axial profiles of moraine sites 19 and 20 of the Davis Creek glacier show an 

increase in the standard deviation of slope angles with a decrease in stratigraphic
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age (Appendix H). However, a comparison of the rest of the moraine axial 

profiles does not distinguish a clear difference among the moraines.

Table 20. ANOVA table of moraine morphology measurements 
(MSUSTAT 4.00, Appendix H).

Measurement Degrees Freedom  
(between groups) 
(within groups) 

(total)

F-Value p-value

Crest widths 9 0.88 0.5752
9 -
18

Proximal 9 2.53 0.1031
slopes . 8

17
Distal slopes 9 1.73 0.2119

9
18

Late Quaternary History of Tom Miner Basin 

Glacier Extents and Interactions

The interpreted maximum extents of local alpine glaciers and the northern 

Yellowstone outlet glacier in Tom Miner Basin indicate that local ice was neither 

tributary to the outlet glacier, nor occupied the same location as the outlet glacier 

(Fig. 17). .The extents, as interpreted from the location of glacial deposits 

contradicts Pierce’s hypothesis that local ice in the basin was tributary to the 

northern Yellowstone outlet glacier. It also contradicts the hypothesis that local 

ice and the northern Yellowstone outlet glacier had occupied the same domain at
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different times. Moraines from local alpine glaciers terminate at or before their 

valley mouths.

Figure 17. Maximum Pinedale-equivalent extent of glaciers in Tom Miner 
Basin. Lake levels one (7140 ft) and two (7040 ft) shown.

Local moraine morphologies, the distribution of erratics, horizontal 

terraces and markings, and basin floor morphology and materials, imply that the 

outlet glacier and local alpine glaciers were separated by an ice-dammed lake.
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The elevation of the moraines decreases basin-ward, while the elevations of the 

highest erratics remain fairly constant. Many of these erratics are at the same 

elevations as horizontal terraces. Much of the basin floor has a muted 

morphology and fine-grained materials commonly found in lacustrine 

environments. Each of these features could have been produced by other 

processes, however as a whole they are best explained by ice-dammed lakes.

, The timing and duration of ice-dammed lakes in Tom Miner Basin was 

dependent on the behavior of the outlet glacier. When GYi and Gy2 ice blocked 

the basin, ice-marginal lakes formed below 2176 m (7140 ft) as indicated by the 

horizontal terraces and boulders east of Horse Creek. Erratic boulders at similar 

elevations were also mapped to the west of Horse Creek (Plate I). Lacustrine 

deposits and features L1 and L2 were formed by Gyi or GY2 ice in the basin as 

indicated by the locations and elevations of the identifiable lacustrine features. 

Subsequent lacustrine features (L3-L5) cut GY2 deposits and lie between the 

moraines, so are younger in age.

During and\or following recession of the outlet glacier in the study area, 

the local Horse Creek glacier advanced or remained near the mouth of the creek. 

The position of Ga3 deposits near the Ga2 maximum may represent a change in 

equilibrium associated with a decreasing water level, therefore this relationship is 

not necessarily regional.

The spatial and temporal relationships of the northern Yellowstone outlet 

glacier and local valley glaciers in Tom Miner Basin have been examined based



on the interpretation of surficial deposits. Glacier extents and elevations have 

been determined from the locations of. the mapped deposits. As a further test of 

the mapping and glacier reconstructions, the Equilibrium Line Altitude (PT A) of 

each reconstructed glacier was estimated using several different techniques. The 

ELAs were then compared with the ELAs of other regional studies.

Equilibrium Line Altitudes. The calculated ELAs o f the local valley 

glaciers range from 2190 m to 2360 m based on the elevations of highest lateral 

moraines, toe-headwall altitude ratio (THAR), accumulation-area ratio (AAR) 

and lowest cirque basins (Table 21). The ELAs estimated from highest lateral 

moraines are minimum estimates due to mass wasting of moraines, while the

ELAs estimated from lowest cirque basins are maximum estimates since valley
\  ■ -

glaciers extend out o f the cirques (Murray and Locke, 1989). ELAs estimated

from THAR and AAR in this study are probably better estimates since they lie  

between the minimum and maximum estimates. ELAs calculated using a THAR  

of 0.35 and an AAR of 0.60 are within 20 m of each other, for the glaciers of 

Grizzly Creek, Walsh Creek, Davis Creek and Tom Miner Creek. Therefore, 

these ratios provide a good estimate of ELAs for the individual glaciers. The 

ELAs of the chosen THAR and AAR values are averaged to provide one 

estimate of ELA for each glacier (Table 21).

ELAs calculated using a THAR of 0.40 and AARs of 0.65 or 0.70 are 

within 20 m of each other for the Horse Creek glacier and Twin Peaks glacier.

85
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Table 21. Estimates of Equilibrium Line Altitude (m). Final ELA estimates
are the average of the bolded THAR and AAR estimates.

Method
Lowest
cirque
elev.

maximum
(feet)

THAR AAR
Highest
lateral

Tributary
glacier
ELA 0.35 0.40 0.45 0.60 0.65 0.70

moraine
elevation

(minimum)

Grizzly Cr. 
2450 m

< 2695 
(8840)

2460 2490 2520 
(8060,8170,8270)

2440 2415 2400 
(8000,7920,7880)

>2290
(7520)

Horse Cr. 
2360 m

< 2660 
(8740)

2320 2360 2400 
(7600,7740,7880)

2500 2380 2340 
(8200,7800,7680)

> 2280 
(7480)

Sheep Cr. 
2450 m

< 2645 
(8680)

2380 2420 2455 
(7810,7940,8060)

2585 2490 2440 
(8480,8160,8000)

> 2290 
(7520)

Walsh Cr. 
2445 m

< 2660 
(8720)

2450 2490 2525 
(8040,8160,8340)

2440 2390 2365 
(8000,7840,7760)

> 2300 
(7530)

Davis Cr. 
2435 m

< 2620 
(8600)

2430 2460 2495 
(7970,8080,8190)

2440 2415 2390 
(8000,7920,7840)

> 2275 
(7460)

Miner Cr. 
2360 m

< 2670 
(8760)

2360 2400 2440 
(7740,7870,8000)

2360 2340 2315 
(7740,7680,7600)

> 2190 
(7190)

Twin Peaks 
Cr.

2570 m

< 2890 
(9480)

2530 2560 2590 
(8300,8400,8500)

2585 2575 2560 
(8480,8440,8400)

> 2360 
(7750)

These ratios provide a better estimate of ELA for these individual glaciers than 

the ratios of 0.35 (THAR) and 0.60 (AAR). Similarly, a THAR of 0.45 and AAR  

of 0.70 provide the closest estimates (within 15 m) of ELA for the Sheep Creek 

Glacier. The higher THARs and AARs for the Horse Creek and Sheep Creek 

glaciers may be due to the influence of ice from the Gallatin icecap and the fact
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that the Horse Creek glacier and possibly the Sheep Creek glacier were calving 

into an ice-dammed lake (Fig. 17). The higher THARs and AARs for the Twin 

Peaks glacier may be due to the fact that the glacier had a southeast orientation 

which would provide for greater insolation and possibly higher rates of ablation
X

(Andrews, 1975). More importantly, there was little field evidence for the extent
)

of glaciation in the Twin Peaks Creek valley due to mass movements, thus the 

reconstruction of glacier extent may be skewed. ELA estimates were not made 

for the inferred Sunlight Creek glacier or the Skully Creek glacier since their 

extents were not based on direct field evidence.

The estimated ELAs of glaciers in Tom Miner Basin are fairly similar 

except for Horse Creek, Tom Miner Creek and Twin Peaks Creek glaciers (Table 

21). Horse Creek glacier and Tom Miner Creek glacier have lower estimated 

ELAs (2360 m) due to the larger size of their accumulation areas in comparison 

with the other glaciers (Fig. 17). The estimated ELA (2570 m) for the Twin 

Peaks glacier is probably higher than the ELAs of the surrounding glaciers due to 

the southeast orientation of the valley which would provide for greater insolation 

(Andrews, 1975). Excluding Horse Creek, Tom Miner Creek and Twin Peaks 

glaciers, an average ELA for Pinedale glaciers in Tom Miner Basin is 2445 m 

(8020 ft). ' .

A  comparison of estimated ELAs with other regional studies indicates that 

estimates for this study are similar to Murray and Locke’s (1989), but lower than 

Pierce’s (1979) and Locke’s (1990) for the region (Table 22). Pierce’s (1979)
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estimate is based on the northern Yellowstone outlet glacier, while valley glacier 

ELAs may be 100 to 400 m lower. Locke’s (1990) ELA estimates are general 

trends based on the interpretation of maximum glacial extents from topographic 

maps of the region. Consequently, estimates of glacier extents may not be as 

accurate as those determined from field mapping. With this in mind, the ELA 

estimates for Tom Miner Basin in this study, and Pierce’s (1979) and Locke’s 

(1990) estimates for the area are within 200-300 m. Therefore, the glacier 

reconstructions of this study based upon glacial deposits are probably reasonable.

Table 22. Comparison of regional ELAs with this study.

Study
ELA

Lowest cirque 
elevation 

(m) THAR AAR

This study (0.35)
2445’

(0.60)
2440’Tom Miner 

Basin 
2445 m 

Pierce (1979)

<2620

NYOG  
2835 m 

Murray and

N /A 2 N /A N /A

Locke (1989) (0.40) (0.65)
Big Timber 

glacier 
2240 m 

Locke (1990; 
F ig .3)

2432 2241 2231

Southwestern 
Montana 

2700-2800 m

2700-28003 2700-28003 2700-28003

’Average of Grizzly, Walsh and Davis Creek glaciers. 2Not available. 3ELA 
estimates are based on weighted average of THAR, AAR and lowest cirque 
elevations.
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The estimates of local ELAs for the region of southwest Montana (Pierce, 

1979; Murray and Locke, 1989; Locke, 1990; Murray, 1990) are consistent with the 

conclusion that local ice in the Tom Miner Basin was probably not tributary to 

the northern Yellowstone outlet glacier. If local ice (Horse Creek glacier) was 

tributary to the outlet glacier, and had flowed to the basin mouth, the ELA would 

decrease significantly in elevation from, the estimates listed above. Calculation of 

the ELA (THAR of 0.40, 2895 m headwall elevation, 1524 m glacier toe 

elevation) for a Horse Creek glacier confluent with the northern Yellowstone 

outlet glacier at the mouth of Tom Miner Basin, yields an ELA of 2073 m. This is 

incompatible both with the results of this study and Pierce’s estimate of ELA.

Correlation of Glacial Deposits

-Local Alpine Glaciers. Correlation of local alpine glaciers (Plate I) is 

based on moraine morphologies and boulder weathering states. Although glacial 

conditions in each of the tributary valleys varied due to valley geometry, elevation 

and orientation, the glaciers are believed to have had similar reactions to 

changing climatic conditions due to their comparable sizes and locality. Relative 

dating measurements did not conclusively separate alpine glacial deposits by age 

except for two of the Davis Creek glacier moraines (dating sites 19, 20). 

However, the local glacial deposits probably represent a variety of glacial ages, 

based on their position and a comparison of their gross morphology with other 

studies. Glacial deposits Gai are qualitatively similar in age to Pierce’s (1979)
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Bull Lake or Richmond’s (1986a) Eowisconsin deposits as indicated by their 

position and muted morphology. Glacial deposits Ga2 and Ga3 are most likely 

equivalent to Pierce’s (1979) Middle and Late Pinedale deposits due to their 

"fresh" morphologies (sharp-crested moraines, frequency of boulders, hummocky 

nature). Deposits Ga4 and Ga5 are probably Holocene in age as indicated by 

their positions in cirque basins, and are similar to Pierce’s (1973) Temple Lake 

and Gannett Peak deposits in Yellowstone National Park.

Northern Yellowstone Outlet Glacier. Relative dating measurements in 

this study did not distinguish different ages for the outlet glacier deposits except 

for the measurements of axial profiles. These profiles distinguished the upper two 

outlet glacier moraines (dating sites I, 2) from the rest. The moraine profiles of 

relative dating sites one arid two are certainly different than the remaining outlet 

glacier moraines in Tom Miner Basin. This difference, may be the result of age. 

However, it may also be the result of the environment under which the moraines 

formed since glacial-dammed lakes occupied the basin at different times. Since 

the rest of the relative dating measurements did not distinguish between the 

deposits, the outlet glacier deposits in the basin were probably all formed during 

the same glacial period. Pierce (1979) had also indicated a Pinedale-equivalent 

age for the deposits based on morphology, and the weakly developed soil profiles 

on till, kame gravel and lake sediments in the basin. All of the outlet moraines 

had distinct crests, unlike the Gai deposits which were indistinct.
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Correlations in the Study Area. . Age correlations between the alpine 

glaciers of Tom Miner Basin and the northern Yellowstone outlet glacier are 

based primarily on known stratigraphic settings in the field, as well as 

morphostratigraphic relationships with other regional study results (Table 23). 

Alpine glacier deposits (GA1, Ga2 and Ga3) do not intersect with or join deposits' 

of the northern Yellowstone outlet glacier. However, terrace t3 at the mouth of 

Horse Creek cuts Gyi and Gy2 deposits and is stratigraphically younger than those

deposits. Also, based on its gradient, position and hummocky nature, terrace t3 is
:

interpreted to have been deposited at the margin of local alpine glaciers up Horse 

Creek, specifically Ga3 and possibly Ga2. Therefore, Ga3 deposits are younger 

than Gyi and Gy2 deposits.

The metamorphic erratics on the surface of alpine glacial moraines at the
' •)

mouth of Horse Creek (Ga2) and upper Tom Miner Creek (Ga2) indicate that 

local ice had receded from that position prior to deposition of the ice-rafted 

erratic. Thus, Ga2 ice had receded, while the northern Yellowstone outlet glacier 

was still occupying the basin. •

Regional Correlations. Correlation of the glacial deposits on a regional 

basis is possible based on gross morphologies, relative positions of deposits, and 

boulder weathering characteristics (Table 24). Morphostratigraphically, glacial 

deposits Gyi , GY2, GY3 and Gy4 correlate well with Richmond’s (1986a,b) Late 

Wisconsin (Pinedale) and Drain’s (1986) Nurse’s Lake deposits. The deposits 

consist of "fresh" appearing moraines on the basin floor which are irregular and
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hummocky. Hall (1960a) interpreted these deposits as Sawmill stage, and Pierce 

(1979) interpreted them as Pinedale in age due to their fresh appearance and the 

lack of soil development.

Table 23. Correlation of local alpine glaciers and the northern Yellowstone 
outlet glacier via terrace t3 at the mouth of Horse Creek.

Time divisions Alpine glacier Terrace 
(Horse Creek)

Northern
Yellowstone outlet 

glacier
Gannett Peak 
HOLOCENE  
Temple Lake

Ga5

LATE
WISCONSIN

Pinedale
Equivalent

O9 t3
Gy4

Gy3

Ga2
Gy2
Gy1

EO WISCONSIN 
or

Bull Lake

Ga1

The alpine glacial deposits of the tributaries of Tom Miner Basin (GA1, 

Ga2, Ga3, Ga4 and Ga5) correspond well morphologically with the glacial deposits 

of Hall (1960a), Pierce (1973, 1979), Drain (1986), and Richmond (1986a). Gai 

deposits have a very subdued morphology similar to Richmond’s ( 1986a,b) Late 

Eowisconsin deposits, and Pierce’s (1973, 1979) Bull Lake-equivalent moraines.



Table 24. Regional correlation of glacial deposits in Tom Miner Basin.

Tim e Divisions D rain
(1986)

Shaw
(1988,1990)

Hall
(1960)

Pierce
(1979)

Richmond
(1986)

T his study 
N. Yellow stone 

ou tle t glacier

This study 
Local alpine 

glaciers

H O L O C E N E
Tim e scale 

(years) 
10,000 yr

T alus I, II 
Rock G lacier

Youngest

G annett
Peak

Youngest
Cirque

°A 5

I, II
C irque

Tem ple
Lake

O ldest
Cirque

g A4
N ear C irque

Late Pinedale Lam ar Valley

D eckard Flats D eckard Flats g A3

Late N urses Lake ° Y 4

(stade II) Sawmill Middle Pinedale M iddle Pinedale g Y3

W isconsin (stade I)
g Y2

g Y I g A2

I 35,000 yr Early Pinedale M adison Canyon
U

I M iddle W isconsin 
65,000 yrg

S E ady W isconsin 
79,000 yr

5 Eowisconsin

122,000 yr Late Bull Lake Late Bull Lake
g A I?

Sangam on 
132,000 yr

Illinoian McLeod Interm ediate Bull Lake Rock Point Till 
H orse B utte Till

g A I?

M arble Point

8
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The positions of deposits Gyx2 and Ga3 are very similar to the Pinedale 

moraines of Pierce’s (1973, 1979) study. This is especially true concerning the 

well defined end moraines of Walsh Creek and Davis Creek, which have several 

nested moraines. The Ga4 and Ga5 deposits are very similar to Richmond’s 

(1986a) description of cirque glaciers and Pierce’s (1973, 1979) Neoglacial 

deposits. The lack of vegetation on Ga5 deposits and their fresh appearance and 

locations are similar to Gannett Peak-equivalent deposits in Yellowstone National 

Park, and Ga4 deposits are similar to Temple Lake equivalent deposits.

The isolated erratics mapped near Ramshorn Peak were not classified as 

glacial deposits in this study, however the deposits are similar to Hall’s (1960a) 

Marble Point stage deposits and Montagne and Chadwick’s (1982) Pre-Illinoian 

deposits. Metamorphic erratics are located west of the Yellowstone-Gallatin 

divide, yet clasts of similar size and lithology have not been described in the 

surrounding volcanics. Hall (1960a) and Montagne and Chadwick (1982) 

discussed a large Pre-Illinoian glacier as a source for similar erratics located to 

the west of Ramshorn Peak, and on the east side of the Yellowstone River valley, 

respectively.. However this hypothesis was not tested in this study.

A  comparison of moraine morphology measurements indicates a similar 

age for Colman and Pierce’s (1986) Pilgrim/McCall stage and GY1, GY2 and Ga2 

deposits based on proximal slopes. Mean proximal slopes comparisons between 

Ga1, Ga2, Gyi and GY2, and Drain’s (1986) Nurse’s Lake and. McLeod deposits 

are similar. Crest widths and distal slopes do not compare well as relative age
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indicators between this study and other regional studies. Based on the 

morphostratigraphic indicators and proximal moraine slopes discussed above, 

three distinct ages of glacial deposits are interpreted in Tom Miner Basin. The 

regional age relationships are similar to the interpreted glacial ages of Pierce 

(1973, 1979) and Richmond (1986a,b).

Pierce’s Model

The model of glacial dynamics in the northern Yellowstone region as 

discussed by Pierce (1979) indicated various phase relationships. "At full-glacial 

conditions, the Horse Creek glacier joined the outlet glacier and was probably 

more than 300 m thick" (Pierce, 1979, p. 56). The results of this study do not 

support this interpretation. Local glaciers did not extend further than the mouths 

of their respective valleys. At the same time, there is no indication that the outlet 

glacier occupied the former domain of local ice in Tom Miner Basin. Similarly, 

other valley glaciers in the region were also probably not tributary to the northern 

Yellowstone outlet glacier. Pierce noted that glaciers in the Sixmile and Emigrant 

Creek valleys "contributed little'to the trunk glacier" (Pierce, 1979, p. 56; after 

Montagne, 1970). The valleys of Rock Creek and Big Creek also do not indicate 

confluence of local glaciers with the outlet glacier. Thus the revised 

interpretation of the present study is more consistent with other regional data 

• than is Pierce’s (1979) interpretation.

The results of this study indicate that the local Horse Creek glacier had 

thinned some, but was at or near its maximum extent after the outlet glacier had



96

receded from its Gyi and GY2 positions in the basin. The Horse Creek glacier 

had not receded to less than 50% in volume before Ga3 deposits were emplaced. 

Pierce’s (1979) model of the recession of local glaciers is based partly on the 

assumption that local glaciers in Tom Miner Basin and other tributary basins (e.g. 

Emigrant, Sixmile, Mol Heron) of the Yellowstone valley extended to their 

respective basin mouths. The results of this study do not support that conclusion.
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CONCLUSION

Hypotheses Tested

Several hypotheses were tested in this study concerning the interaction of 

the northern Yellowstone outlet glacier and local alpine glaciers in Tom Miner 

Basin (see Introduction). These hypotheses were tested by the location and 

nature of deposits mapped , in the basin. Pierce’s (1979) hypothesis that local ice 

from Horse Creek and possibly other basin tributaries was tributary to the 

northern Yellowstone outlet glacier during maximum late Pleistocene glaciation, 

and that local glaciers receded prior to the recession of the outlet glacier, is 

rejected by this study. All indications are that the Horse Creek glacier did not 

extend beyond the valley mouth of Horse Creek based on the locations of mapped 

glacial deposits, and theoretical glacier reconstructions. In addition, terraced 

glacial outwash deposits which lead from the maximum position of the Horse 

Creek glacier cut across deposits of the northern Yellowstone outlet glacier. 

Therefore, local ice was at or near maximum extent while the northern 

Yellowstone outlet glacier had receded from its maximum position in Tom Miner 

Basin. The variation of Pierce’s hypothesis that local glaciers and the northern 

Yellowstone outlet glacier overlapped spatially is also rejected for the same 

reasons.
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The alternative hypothesis that local Tom Miner Basin ice and the 

northern Yellowstone Outlet glacier were separated by an ice-dammed lake or 

glacial outwash, and that local ice receded prior to the recession of the northern 

Yellowstone outlet glacier, is partially rejected by this study. The mapping of 

surficial deposits in the basin indicates that one or more ice-dammed lakes 

occupied the basin, separating the outlet glacier from local alpine glaciers (Fig. 

18). The duration of the lakes is not known. However, the stratigraphic relations 

of outwash terraces, lacustrine strandlines, and deposits of local alpine glaciers 

and the northern Yellowstone outlet glacier reject the hypothesis that local ice 

receded first. The variation of this hypothesis that local glaciers had receded after 

the recession of the northern Yellowstone outlet glacier from the basin is not 

rejected by this study.

Tom Miner B a s i n  G l a c i a t i o n

Y2-4

NYOG ice

D i s t a n c e

Figure 18. Alternative hypothesis and conclusion of glacial setting in 
Tom Miner Basin during Pinedale time.
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Local glaciers were not confluent with the outlet glacier nor did they 

occupy the former domain of the outlet glacier during Pinedale equivalent (Late 

Pleistocene) age in Tom Miner Basin. Instead, the glaciers were separated by 

lacustrine and fluvial environments. Local glaciers had thinned or receded some 

while the outlet glacier was still in the basin. However, local ice had not receded 

to 50% of maximum volume while the outlet glacier was still at 90% of volume as 

inferred by Pierce (1979). Nor do the basin deposits confirm that local ice had 

receded prior to the recession of the outlet glacier from the basin. Therefore, 

Pierce’s model o f the dynamics o f Pinedale equivalent glaciation in the northern 

Yellowstone region is not supported in Tom Miner Basin.

This conclusion can also be extended to include Emigrant, Sixmile, and Big 

Creek valleys. The presence of deposits o f the northern Yellowstone outlet 

glacier at the mouths of these valleys and the absence of local glacial deposits 

does not confirm that local ice had receded prior to the outlet glacier. The v- 

shaped profiles of these valleys in their lower reaches does not support the 

advancement of local ice to the Yellowstone valley. Pierce’s (1979) model is 

therefore revised to include the detailed evidence from Tom Miner Basin (Fig. 

19).
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Suggestions for Future Study

Relative Dating of Glacial Deposits

As discussed in Methods, relative dating measurements were not collected 

on all of the glacial deposits in Tom Miner Basin, only those on the basin floor 

and near the tributary valley mouths. Relative dating measurements should be
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collected on all of the mapped glacial sequences in each valley, to define the 

glacial sequence in more detail. Although axial moraine profiles tentatively 

separated the ages of glacial moraines on the floor of Tom Miner Basin, other 

measurements did not confirm this. Other relative dating methods such as soil 

profiling may provide a more accurate indication of relative ages. The location 

and radiocarbon dating of organic material from glacial deposits would help; to 

place absolute ages on the glacial events in the basin.

Sedimentology of Materials

More detailed analysis of sediments along the basin floor is necessary to 

develop the glacial and postglacial history of Tom Miner Basin in further detail. 

Many of the stream bank areas were covered due to slumping, so exposures were 

lacking. The excavation of backhoe pits or auger borings could help to describe 

the sedimentary characteristics in more detail. The detailed descriptions could 

include the measurement of clast orientations, and sedimentary structures present. 

The detailed descriptions could therefore be compared with suggested lithofacies 

models (e.g. Miall, 1978; Eyles and others, 1983; Shaw, 1987).

Terrace Correlation

A  more detailed survey of the terrace sequences is necessary to correlate 

them more definitively. The present study used topographic maps and a Paulin 

altimeter. A  detailed survey of the terraces using a theodolite would provide 

more precise and accurate profiles of the terraces.



102

REFERENCES CITED



Il

Alden, W.C., 1932, Physiography and glacial geology of eastern Montana and 
adjacent areas: U.S. Geological Survey Professional Paper 174, 133 p.

Alden, W.C., 1953, Physiography and glacial geology of western Montana and 
adjacent areas: U.S. Geological Survey Professional Paper 231, 200 p.

Allen, P A . and Collinson, J.D., 1986, Lakes, in Reading, H.G., ed.: Sedimentary 
Environments and Facies, Oxford, England, Blackwell Scientific 
Publications, 2nd ed. p. 63-94.

Andrews, J.T., 1975, Glacial systems, an approach to glaciers and their 
environments: North Scituate, MA, Duxbury Press, 191 p.

Ashley, G.M., 1989, Classification of glaciolacustrine sediments, in Goldthwait, 
R.P. and Matsch, C.L. eds., Genetic Classification of Glacigenic Deposits: 
Rotterdam, A. A. Balkema, p. 243-260.

Barnett, D.M., 1974, Origin, morphology, and chronology of sublacustrine 
moraines, Generator Lake, Baffin Island, Northwest Territories, Canada: 
Canadian Journal of Earth Science, v. 11, p. 380-408.

Barsch, D., 1987a, Rock Glaciers, in Giardino, J.R. and Shroder, J.F. and Vitek, 
J.D., eds., Rock Glaciers: Boston, Allen and Unwin, p. 41-44.

Barsch, D., 1987b, Rock glaciers, an approach to their systematics, in Giardino, 
J.R., Shroder, J.F. and 'Vitek, J.D., eds., Rock Glaciers: Boston, Allen and 
Unwin, p. 45-53.

Beaty, C.B., 1989, Great bouldefs I have known: Geology, v. 17, p. 349-352.

Blackwelder, E., 1931, Pleistocene glaciation in the Sierra Nevada and Basin 
Ranges: Geological Society of America Bulletin, No. 42, p. 865-922

Blair, T.C., 1987, Sedimentary processes, vertical stratification sequences, and 
geomorphology .of the Roaring River alluvial fan, Rocky Mountain 
National Park, Colorado: Journal of Sedimentary Petrology, v. 57, p. 1-18.

Boulton, G.S., 1978, Boulder shapes and grain-size distributions of debris as 
indicators of transport paths through a glacier and till genesis: 
Sedimentology, v. 25, p. 773-799.

103



104

■ Bull, W. B., 1972, Recognition of alluvial fan deposits in the stratigraphic record, 
in Rigby, J. K., and Hamblin, W. K., eds., Recognition of ancient 
sedimentary environments: Society of Economic Paleontologists and 
Mineralogists Special Publication 16, p. 63-83.

Burke, P.W. and Birkeland, P.W., 1979, Reevaluation of multiparametric relative 
. dating techniques and their application of glacial sequence along the 

eastern escarpment of the Sierra Nevada, California: Quaternary Research, 
v. 11, p. 1-52.

Burnham, R.L., 1982, Mylonitic zones in the crystalline basement rocks of Six 
Mile Creek and Yankee Jim Canyon, Park County, Montana (Unpublished 
Masters Thesis): Missoula, University of Montana, 93 p.

Carroll, T., 1974, Relative age dating techniques and a late Quaternary 
chronology, Arikaree Cirque, Colorado: Geology, v. 2, p. 321-325.

Chadwick, R A ., 1970, Belts of eruptive centers in the Absaroka-Gallatin volcanic 
province, Wyoming-Montana: Geological Society of America Bulletin, v. 
81, p. 267-274.

Christiansen, R.L. and Blank, H.R., 1972, Volcanic stratigraphy of the Quaternary 
Rhyolite Plateau in Yellowstone National Park: U.S. Geological Survey 
Professional Paper 729-B, 18p.

Church, M. and Gilbert, R., 1975, Proglacial fluvial and lacustrine environments; 
in Jopling, A.V. and McDonald, B.C., eds., Glaciofluvial and 
Glaciolacustrine Sedimentation: Society of Economic Paleontologists and 
Mineralogists Special Publication 23, p. 22-100.

Church, M. and Jones, D., 1982, Channel bars in gravel-bed rivers, Hey, R.D. and 
Bathurst, J.C. and Thorne, C.R., eds., Gravel-bed Rivers; London, Wiley, p.
291-338.

Coates, D.R., 1977, Landslide perspectives, in Coates, D. R., ed., Landslides 
review in engineering geology: Boulder, Co., Geological Society of 
America, v. 7,
p. 3-28.

Collinson, J.D., 1986, Alluvial Sediments, in Reading, H. G. ed., Sedimentary 
Environments and Facies: Oxford, England, Blackwell Scientific
Publications, p. 20-62.



105.

Colman, S. and Pierce, K., 1986, Glacial sequence near McCall, Idaho: weathering 
rinds, soil development, morphology, and other relative-dating criteria: 
Quaternary Research, v. 25, P. 25-42.

Compton, R.R., 1985, Geology in the field: New York, John Wiley and Sons, p. 
197-221.

Curry, R.R., 1966, Observation of alpine mudflows in the Tenmile Range, Central 
Colorado: Geological Society of America Bulletin, v. 77, p. 771-776.

Dirks, R A ., 1974, Climatological studies of Yellowstone and Grand Teton 
Nationalv Parks: Laramie, Wyo., University of Wyoming, Dept, of 
Atmospheric Science, 37p.

Dirks, R A . and Mariner, B.E., 1982, The climate of Yellowstone and Grand 
Teton National Parks: U.S. Dept, of the Interior, National Park Service, 
National Park Service Occasional Paper No. 6, 26p.

Drain, V., 1986, Glaciation of the Boulder River area, Southcentral Montana 
(Masters thesis): Bozeman, Montana, Montana State University, 109 p.

Edwards, M., 1986, Glacial environments, in Reading, H.G., ed., Sedimentary 
Environments and Facies: Oxford, England, Blackwell Scientific
Publications, 2nd ed. 
p. 445-470.

Elliott, T., 1986, Deltas, in Reading, H. G. ed., Sedimentary Environments and 
Facies: Oxford, England, Blackwell Scientific Publications, 2nd ed., p. 113- 
154.

Embleton, C. and King, C.A.M., 1968, Glacial and Periglacial Geomorphology: 
New York, St. Martin’s Press, 608 p.

Erslev, E., 1982, the Madison mylonite zone: a major shear zone in the Archean 
basement of southwestern Montana: Wyoming Geological Association 
Guidebook, Thirty-third Annual Field Conference, p. 213-221.

Erslev, E., 1991, Precambrian geology and ductile normal faulting in the southwest 
corner of the Beartooth uplift, Montana, in Mogk, D.W., ed.: Proceedings 
of the International Basement Conference



106

Eyles, N. and Eyles, G.H. and Miall, A.D., 1983, Lithofacies types and vertical 
profile models: an alternative approach to the description and
environmental interpretation of glacial diamict and diamictite sequences: 
Sedimentology, v. 30, p. 393-410.

Eyles, N. and Eyles, C.H. and McCabe, A M ., 1988, Late Pleistocene subaerial 
debris-flow facies of the Bow Valley, near Banff, Canadian Rocky 
Mountains: Sedimentology, v. 35, p. 465-480.

Fames, P.E., 1974, Preliminary analysis of mean annual precipitation and mean 
annual snowfall for Yellowstone National Park.: Bozeman, Montana, Soil 
Conservation Service.

Fenneman, N.M., 1931, Physiography of the western United States: New York, 
McGraw Hill, Inc., 524 p.

Flint, R.F., 1971, Glacial and Quaternary geology: New York, John Wiley and 
Sons, 892 p.

Fulton, R.J., Hodgson, D. A. and Minning, G. v., 1975, Inventory of Quaternary 
geology, Southern Labrador: a model for Quaternary geology-terrain 

. studies in undeveloped areas: Geological Survey of Canada Paper 74, v. 46, 
p. 1-14.

Geikie, A , 1881, The geysirs of Yellowstone: McMillians Magazine, October,
1881, p. 1-16.

Gilbert, G.K., 1885, Topographic features or lake shores: Annual Report, U.S. 
Geological Survey, no. 5; p. 75-123.

Gilbert, R. and Deslodges, J.R., 1987, Sediments of ice-dammed, self-draining 
Ape lake, British Columbia: Canadian. Journal of Earth Sciences, v. 24, p. 
1735-1747.

Goldthwait, R.P., 1988, Classification of glacial morphologic features in 
Goldthwait, R.P. and Matsch,' C.L. eds., Genetic Classification of 
Glacigenic Deposits, Final Report of the Commission on Genesis and 
Lithology of Glacial Quaternary Deposits of the International Union for 
Quaternary Research (INQUA): Rotterdam, A. A. Balkema, p. 267-278.

Good, J.M., 1982, The Yankee Jim Canyon landslide, Park County, Montana: 
Thirty-third Annual Field Conference, 1982 Wyoming Geological 
A sociation  Guidebook, p. 53-54



107

Gordon, J.E. and Hanson, J.D., 1986, Beachforms and changes associated with 
retreating glacier ice, South Georgia: Geografiska Annaler, A  . 68, p. 15-24.

Guy, R.E. and Sinha, A.K., 1988, Petrology and geochemistry of A chean  
basement lithologies in the Yankee Jim and Lamar Canyon areas, Montana 
and Wyoming, in Lewis, S.E. and Berg, R B ., eds., Precambrian and 
Mesozoic Plate Margins: Montana Bureau of Mines and Geology Special 
Publication 96, p. 53-68.

Hall, W.B., 1960a, Multiple glaciation in the Madison and Gallatin Ranges, 
Southwestern Montana in Campau, D.E, and Anisgaard, H.W., eds., West 
Yellowstone Earthquake A e a : Billings Geological Society Guidebook Ilth  
A n u a l Field Conference, p. 191-199.

Hall, W.B., 1960b, Mass-gravity movements in the Madison and Gallatin Ranges, 
Southwestern Montana, in Campau, D.E. and Anisgaard, H.W., eds., West 
Yellowstone Earthquake A e a : Billings Geological Society Guidebook Hth  
Annual Field Conference, p. 200-206.

Hodgson, R A ., 1957, Precision altimeter survey procedures: Los A g e le s , 
American Paulin System, 59 p.

Holmes, W.H., 1881, Glacial phenomena in the Yellowstone Park: American 
Naturalist, v. 15, p. 203-208.

Holmes, W.H., 1883, Report on the geology of the Yellowstone National Park, in 
Hayden, F.V., A  report of progress of the exploration in Wyoming and 
Idaho for the year 1878: U.S. Geologic and Geographic Survey of the 
Territory, 12th Annual Report, pt.-2, p. 1-87.

Horberg, L., 1940, Geomorphic problems and glacial geology of the Yellowstone 
Valley, Park County, Montana: Journal of Geology, v. 48, p. 275-303.

Jackson, L. E. and Kostaschuk, R. A. and MacDonald, G. M., 1987, identification 
of debris flow hazard on alluvial fans in the Canadian Rocky Mountains, in 
Debris flows/avalanches: process, recognition, and mitigation: Boulder, Co, 
Geological Society of America, Reviews in Engineering Geology, v. 7, p. 
115-124.

Kaufman, D.S. and Calkin, P.E., 1988, Morphometric analysis of Pleistocene 
glacial deposits in the Kigluaik Mountains, northwestern A aska, U .S.A: 
A c tic  and A p in e Research, v. 20, p. 273-284



108

Liang, T. and Bechler, D J., 1958, Airphoto interpretation, in Eckel, E.B., ed., 
■ Landslides and engineering practice: Washington, D.C., National Academy 

of Sciences, National Research Council, Highway Research Board Special 
Report 29, p. 69-92.

Locke, W.W., 1990, Late Pleistocene glaciers and the climate of western Montana, 
U.S.A.: Arctic and Alpine Research, v. 22, no. I, p. 1-13.

Lund, R.E., 1988, MSUSTAT statistical analysis package, version 4.10: Bozeman, 
Montana State University.

Lundqvist, J., 1988, Glacigenic processes, deposits, and landforms, Goldthwait, R. 
and Matsch, C., eds., Genetic Classification of Glacigenic Deposits, Final 
report of the commission On genesis and lithology of glacial Quaternary 
Deposits of the International Union for Quaternary Research (INQUA): 
Rotterdam, A.A. Balkema, p. 3-16.

Madole, R.F., 1972, Neoglacial facies in the Colorado Front
Range: Arctic and Alpine Research, Vol. 4, No. 2, pp. 119-130.

McManus, J. and Duck, R., 1988, Localized enhanced sedimentation from 
icebergs in a proglacial lake in Briksdal, Norway: Geografiska Annaler, 70 
A., p. 215-223.

McPherson, J.G., Shanmugam, G., and Moiola, R.J., 1987, fan-deltas and braid- 
deltas: varieties of coarse-grained deltas: Geological Society of America 
Bulletin, v. 99, p. 331-340.

Meierding, T., 1982, Late Pleistocene equilibrium-line altitudes in the Colorado 
Front Range: a comparison of methods: Quaternary Research, v. 18, p. 
289-310

Miall, A.D., 1977, A  review of the braided river depositional environment: Earth 
Science Reviews, v. 13, p. 1-62.

Miall, A.D., 1978, Lithofacies types and vertical profile models in braided river 
deposits: a summary, in Miall, A.D., ed., Fluvial .Sedimentology: Canadian 
Society of Petroleum Geologists, Memoir 5, Calgary, Canada, p. 597-604.

Mollard, J.D., 1977, Regional landslide types in Canada, in Coates, D. R., ed., 
Landslides review in engineering geology: Boulder, Co., Geological Society 
of America, v. 7, p. 29-56.



109

Montague, J., 1968, Geomorphology and Cenozoic history of the Yellowstone 
valley south of Livingston, Montana, Geological Society of America, Rocky 
Mountain Sec. guidebook, Field trip no. 5, 9 p.

Montagne, J., 1970, Highlights of the Quaternary geomorphic history of the 
Yellowstone valley between Gardiner and Livingston, Montana [abs.]: 
American Quaternary Association, Abstract supplement, First meeting, p. 
14-15..

Montagne, J. and Chadwick, R A ., 1982, Cenozoic history of the Yellowstone 
Valley south of Livingston, Montana: Geological Society of America, 
Rocky Mountain Section Guidebook, Field trip no. 4, 67 p.

Montagne, J. and Locke, W.W., 1986, The Pleistocene evolution of the 
Yellowstone Valley in Locke, W:W., ed., Quaternary Evolution of the 
Yellowstone Region: Friends of the Pleistocene Rocky Mountain Cell 
Guidebook, p. 1-39.

Montagne, J. and Locke, W.W., 1989, Trip 7 road log, Cenozoic history of 
Yellowstone Valley between Livingston and Gardiner, Montana: Montana 
Geological Society 1989 Field Conference Guide Book, v. 2, p. 502-521.

Moore, D.S. and McCabe, G.P., 1989, Introduction to the practice of statistics: 
New York, W.H. Freeman and Company, p. 713-766

Murray, D.R., 1990, Late Pleistocene glacier dynamics of southwestern Montana 
and adjacent Idaho and paleoclimatic implications (Masters thesis): 
Bozeman, Montana, Montana State University, 160 p. '

Murray, D.R. and Locke, W.W., 1989, Dynamics of the Late Pleistocene Big 
Timber glacier, Crazy Mountains, Montana, U .S.A: Journal of Glaciology, 
v. 35, no. 120, p. 183-190.

Paterson, W.S.B., 1981, The Physics of Glaciers: Oxford, England, Pergamon 
Press, 2nd ed., 380 p.

Personius, S.F., 1982, Geologic setting and geomorphic analysis of Quaternary 
fault scarps along the deep Creek Fault, Upper Yellowstone Valley, South- 
Central Montana (Masters Thesis): Bozeman, Montana, Montana State 
University, 78 p.



n o

Pierce, K.L., 1973, Surficial geologic map of the Mount Holmes Quadrangle and 
parts of the Tepee Creek, Crown Butte and Miner Quadrangles, 
Yellowstone National Park, Wyoming and Montana: Miscellaneous 
geologic Investigations, Map 1-640, U.S. Geologic Survey.

Pierce, K.L., 1979, History and dynamics of glaciation in the northern Yellowstone 
National Park area: U.S. Geological Survey Professional Paper 729-F, 90.p.

Porter, S.C. and Pierce, K.L. and Hamilton, T.D., 1983, Late
Wisconsin mountain glaciation in the western United States in the Late 
Pleistocene, v. I, in Wright, H.E. and Porter, S.C., eds., Late Quaternary 
Environments of the United States: Minneapolis, University of Minnesota 
Press, v. I, p. 71-111

Rapp, A., 1960, Recent development of mountain slopes in Karkevagge and 
surroundings, northern Scandinavia: Geografiska Annaler, v. 42, p. 71-200.

Reid, R.R., McMannis, W.J. and Palmquist, J.L., 1975, Precambrian geology of 
the north Snowy Block, Beartooth Mountains, Montana: Geological Society 
of America Special Paper 157, 135 p.

Rib, H.T. and Liang, T., 1978, Recognition and identification, in Robert L, and 
Krizek, R.J., eds., Landslides, analysis and control: Washington, D.C., 
Transportation Research Board, National Research Council, National 
Academy of Sciences Special Report 176, p. 34-80.

Richmond, G.M., 1986a, Stratigraphy and chronology of glaciations in Yellowstone 
National Park, in Sibrava, v., and Bowen, D.Q., and Richmond, G.M., eds., 
Quaternary Glaciations in the Northern Hemisphere: Quaternary Science 
Reviews, v. 5, p. 83-98.

Richmond, G.M., 1986b, Stratigraphy and correlation of glacial deposits of the 
Rocky Mountains, the Colorado Plateau and the ranges of the Great Basin, 
in Sibrava, V., and Bowen, D.Q., and Richmond, G.M., eds., Quaternary 
Glaciations in the Northern Hemisphere: Quaternary Science Reviews, v. 5, 
p. 99-127.

Rudberg, S., 1986, Present day geomorphological processes in Prins Oscars land, 
Svalbard: Geografiska Annaler, A. 68, p. 41-63.

Shaw, C., 1988, Late Pleistocene and Holocene geologic history of the Taylor- 
Hildegaard portion of the southern Madison Range, southwest Montana 
(M.S. Thesis): Moscow, University of Idaho.



I l l

Shaw, G , 1990, Cirque/near-cirque moraines and rock glaciers in the southern 
Madison Range, southwestern Montana, in Hall, R. ed., Quaternary 
geology of the western Madison Range, Tobacco root Range, and Jefferson 
Valley: Rocky Mountain Friends of the Pleistocene August 15-19, 1990 
Fieldtrip Guidebook, p. 167-179

Shaw, J., 1987, Glacial sedimentary processes and environmental reconstruction 
based on lithofacies: Sedimentology, v. 34, p. 103-116.

Shetson, I., 1984, Application of till pebble lithology to the differentiation of 
glacial lobes in southern Alberta: Canadian Journal of Earth Sciences, v. 
21, p. 920-933.

Smedes, H.W. and Prostka, H J., 1972, Stratigraphic framework of the Absaroka 
Volcanic Supergroup in the Yellowstone National Park region: U.S. 
Geological Survey Professional Paper 729-C, 33 p.

Smith, N.D., 1985, Proglacial fluvial environment, in Ashley, G.M., Shaw, J., and 
Smith, N.D., eds, Glacial Sedimentary Environments: Society of Economic 
Paleontologists and Mineralogists Short Course No. 16, p. 85-134.

Smith, N.D. and Ashley, G., 1985, chapter 4, proglacial lacustrine environment, in 
Ashley, G.M., Shaw, J., and Smith, N.D., eds, G lacial. Sedimentary 
Environments: Society of Economic Paleontologists and Mineralogists 
Short Course No. 16, p. 135-216.

Smith, N.D and Ashley, G, 1990, The effects of glacial surging on sedimentation 
in a modern ice-contact lake, Alaska: Geological Society of America 
Bulletin, v. 102, p. 1393-1403.

Sollid, S.A., 1973, Surficial geology of the Porcupine drainage basin, Gallatin 
County, Southwestern, Montana (M.S. Thesis): Bozeman, Montana, 
Montana State University, 100 p.

Theakstone, W.J. and Knusdsen, T., 1986, recent changes of a calving glacier, 
Austerdalsisen, Svartisen, Norway: Geografiska Annaler, 68 A., p. 303-316.

Thomas, G.S. p. and Connell, R.J., 1985, Iceberg drop, dump and grounding 
structures from Pleistocene glacio-lacustrine sediments, Scotland: Journal 
of Sedimentary Petrology, v. 55, no. 2. p. 0243-0249.



112

Todd, S.G., 1969, Bedrock geology of the southern portion of the Tom Miner 
Basin, Park and Gallatin Counties, Montana (M.S. Thesis): Bozeman, 
Montana, Montana State University, 63 p.

Varnes, D. J., 1958, Landslide types and processes, in Eckel, E. B., ed., Landslides 
and engineering: Washington, D.C., Highway Research Board Special 
Report no. 29, p. 20-47.

Varnes, D J.,. 1978, Slope movement types and processes, in Schuster, R.L., and 
Krizek, R.J., eds., Landslides analysis and control: Washington, D.C., 
National Academy of Sciences, Transportation Research Board Special 
Report 176, p. 11-33.

Vitek, J.D. and Giardino, LR., 1987, rock glaciers: a review of the knowledge 
base, in Giardino, LR., Shroder, J.F. and Vitek, J.D., eds., Rock Glaciers, 
Boston, Allen and Unwin, p. 1-26.

Wahrhaftig, C. and Cox, A., 1959, Rock glaciers in the Alaska Range; Geological, 
Society of America Bulletin, v. 70, p. 383-436.

Weed, W.H., 1893, The glaciation of the Yellowstone Valley north of the Park: 
U.S. Geological Survey Bulletin 104, p. 1-41.



APPENDICES



114

APPENDIX A

TOPOGRAPHIC MAPS AND AIRPHOTO INDEX

)



115

Table 25. U.S. Geological Survey topographic maps used for base map and 
glacier reconstructions.

Name Scale Year

Crown Butte, 1:62500 1955
Mt-Wyo.

Miner, Mt.-Wyo. 1:62500 1955
Big Horn Peak, Mt.1 1:24000 1986
Miner, Mt.1 1:24000 1986
Ramshorn Peak, Mt.1 1:24000 1986
Sportsman Lake, Mt.- 1:24000 1986
Wyo.1

'Provisional Edition

Table 26. Airphotos used for mapping and glacier reconstructions.

Roll Exposures Date Scale

DWW-A-2 76-78 9-19-56 1:15840
EIO-8 105-117 9-14-61 1:15840
EIO-9 105-116 9-14-61 1:15840
EIO -Il 175-180 7-9-62 1:15840
EIO-15 111-114 8-8-62 1:15840
DWW-4FF 151-158 8-14-65 1:20000
DWW-4FF 195-206 8-14-65 1:20000
DWW-4FF 216-228 8-14-65 1:20000
DWW-4FF 238-248 8-14-65 1:20000
DWW-5FF 171-184 8-31-65 1:20000
DWW-5FF 202-211 8-31-65 1:20000
611110-180 55-56 7-15-81 1:24000
611110-280 127-132 7-15-81 1:24000
611110-580 205-209 7-28-81 1:24000
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DRILLERS WELL LOGS AND M EASURED SECTIONS
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Figure 20. Location of wells and measured stratigraphic sections.
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Table 27. Drillers well logs.

Well log num ber
M ontana D epartm en t o f  N atural 

R esources and C onservation num ber Well log (feet below  surface)

I 033846 0-76 sand, gravel, bou lder 
sta tic  w ater level 50 ft

2 024394 0-85 sand, gravel and clay 
85-105 hard  pan
105-240 bedrock, in term itten t clay 
sta tic  w ate r level 42 ft

3 024397 0- 1 topsoil
1- 18 gravel 
18-193 granite
static w ater level 153 ft

4 024398 0-3 gravel and clay 
3-64 boulders and gravel 
64-102 brown sand and silt 
102-290 b lue sand and w ater 
290-300 hard  yellow rock 
sta tic  w ate r level 30 ft

5 033849 0-23 boulders and gravel 
23-59 claybound gravel, occasional boulders 
59-76 sand and gravel, w a te r heaves 72-76 
76 shale
sta tic  w ater level 52 ft

6 033851 0-40 clay and granite boulders 
40-104 quick sand 
104-106 granite bedrock 
sta tic  w ater level 30 ft

7 033850 0-13 large boulders and gravel
13-78 d irty  sand and gravels, a few boulders
78-83 coarse quick sand (heaves)
static w ater level 14 ft

8 033852 0-30 gravel, small boulders 
30-95 sand with w ater 
95-100 hard  rock, fractured rock 
100-120 hard rock with w ater 
sta tic w ate r level 100 ft

9 033940 0-30 topsoil, sand, gravel 
30-50 sand, gravel 
50-80 sand 
80-100 sand, gravel 
100-110 soft fractured rock 
110-280 hard  rock 
sta tic  w ater level 60 ft

10 C65435 0-25 boulders and gravel 
25-63.5 sand and gravel, good w ater 
63.5-68 sand and som e clay, not much w ater 
sta tic  w ater level 48 ft
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Table 27. (continued).

M ontana D epartm ent o f  N atural 
W ell log num ber Resources and C onservation num ber

Well log
(feet below  surface)

11 024400 0-42 gravel and large boulders 
42-205 bedrock, granite 
sta tic  w ate r level 35 ft

12 049757 0-15 boulders and gravel
15-22 decom posed granite
22-65 hard  granite
65-100 granite  and quartz
100-188.5 granite with decom posed spots
sta tic  w ate r level 20 ft

13 033846 0-31 topsoil, clay, little gravel 
31-69 sand, gravel, cobbles 
69-170 clay, sand, gravel and boulders 
sta tic w ater level 69 ft

14 03853, 027965 0-40 clay and chipped gravel 
40-95 gravel

Table 28. Measured sections.
M easured section Lithology

(cm below  surface)

I 0-40 top  soil
40-110 subangular andesite and dacite clasts (1-15 cm) in a tan, brow n-colored silt matrix 
110-145 horizontally  lam inated, tan-colored fine sand, subangular, m oderately  sorted , with a 

few pebble and cobble-sized volcanic clasts

2 0-15 top  soil
15-100 clast-supported pebble and cobble gravel, poorly  sorted , with a m edium  sand matrix, 

clasts are  subrounded to  rounded  andesite  and dacite 
100-240 clast-supported pebble gravel, good sorting, with a m edium  sand m atrix 
240-340 m ore pebble gravel, less sand 
340-500 m edium  sand with a few pebble-sized clasts

3 0-30 top  soil
30-45 clast-supported  pebble and cobble gravel, clasts arc  rounded and m ostly volcanic, 

coarse sand m atrix
45-60 m edium  sand with som e pebble-sized clasts
60-100 clast-supported  pebble gravel with a m edium  sand m atrix, clasts arc  m ostly volcanic
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APPENDIX C

LOWER BASIN FLOOR TERRACES



121

I

if
22

I 80 p

1 75 - 

1.70 - 

1.65 — 

1.60 -

Ye I Io w sto n e  R
1.50 -

t1

12

13

1 45 -

1.40 — 
0 00

I
1.00 2.00 3.00 4 00 5.00

(T h o u sa n d s]  
D is ta n c e  (m )

Figure 21. Lower Basin Floor terraces.
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APPENDIX D

LOWER-MIDDLE, MIDDLE AND UPPER BASIN FLOOR TERRACES
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APPENDIX E

ERRATIC MEASUREMENTS AND LITHOLOGIES
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Table 29. Erratic elevations and sizes (m) Tom Miner Basin, Montana ( qtz. 
s.s. = Quartz sandstone, vol. brec. = volcanic breccia).

Erratic Lithology Size
(cm)

Weathering
smooth/rough

Elevation Notes
(m)

I gneiss
2 gneiss
3 gneiss 120 rough 2188
4 gneiss 90 rough 2147
5 gneiss 95 rough 2118
6 gneiss rough 2188
7 gneiss 160 rough 2113
8 gneiss 120 rough 2128
9 gneiss 130 rough 2108

10 gneiss 170 rough 2061
10 gneiss 200 rough 2061
11 gneiss 115 rough 2091
12 pegmatite 220 rough 2067
13 gneiss 150 rough 2182 72 m
14 andesite 55 rough 2182
15 gneiss 45 rough 2182
16 gneiss 100 rough 2182
17 gneiss 35 rough 2182
18 gneiss 100 rough 2182 end
19 gneiss 740 rough 2146
20 gneiss 90 rough 2181 29 m
21 andesite 30 rough 2181 strandline?
22 gneiss 60 rough 2181
23 andesite 15 rough 2181
24 andesite 25 rough 2181
25 andesite 28 rough 2181
26 andesite 25 rough 2181
27 gneiss 23 rough 2181
28 andesite 25 rough 2181
29 gneiss 24 rough 2181
30 gneiss 35 rough 2181
31 andesite 15 rough 2181
32 andesite 17 rough 2181
33 gneiss 42 rough 2181
34 andesite 22 rough 2181
35 gneiss 16 rough 2181
36 pegmatite 34 smooth 2181
37 andesite 15 rough 2181
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Table 29. (continued).

Erratic Lithology Size
(cm)

Weathering
smooth/rough

Elevation Notes
(m)

38 gneiss 15 rough 2181
39 gneiss 25 rough 2181
40 gneiss 14 rough 2181
41 andesite 16 rough 2181
42 schist 28 rough 2181
43 gneiss 20 rough 2181
44 andesite 17 rough 2181
45 andesite 15 rough 2181
46 gneiss 22 rough 2181
47 rhyolite 15 rough 2181
48 dacite 15 rough 2181
49 andesite 13 rough 2181
50 gneiss 25 rough 2181
51 andesite 30 rough 2181
52 gneiss 90 rough 2181 end transect
54 gneiss 1250 rough 1946
55 gneiss rough 1977
55 gneiss rough 1977
55 gneiss rough 1977
55 gneiss rough 1977
55 gneiss 290 rough 1977 30 m
55 gneiss rough 1977
55 gneiss rough 1977
55 gneiss rough 1977
55 gneiss rough 1977
56 gneiss 1000 rough 1932
57 gneiss 650 rough 1984
58
59
60 qtz. s.s. 30 smooth 2079
61 qtz. s.s. 100 smooth 2079
62 gneiss 400 rough 2115
63 qtz. s.s. 20 smooth 2103 striated
63 qtz. s.s. 18 smooth 2109 striated
64
65 gneiss 2060
66 vol. brec. 900 rough 2073
67
68 gneiss 420 rough 1940 concentric gouges
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Table 29. (continued).

Erratic Lithology Size Weathering
smooth/rough

Elevation Notes
(m)

69 gneiss 1440 rough 1955 gouges
70
71
72
73 gneiss 290 rough 1966 gouges
74 gneiss 530 rough 1973 gouges
75
76
77
78 gneiss 140 rough 1958
79 gneiss rough 2071
80 gneiss rough 2073
81
82
83 travertine 15 rough 2134
84 gneiss 160 rough 2149
84 qtz. s.s. 20 smooth 2149
84 dacite 100 rough 2149
84 gneiss 170 rough 2149
85 gneiss 100 rough 2161
86 gneiss rough 2188
87 gneiss 260 rough 2113
87 gneiss 400 rough 2113
87 gneiss 130 rough 2113
88 gneiss 60 rough 2076
88 gneiss 85 rough 2076
88 gneiss 85 rough 2076
88 gneiss 65 rough 2076
89
90 travertine 55 rough 2112
90 travertine 80 rough 2112
91 travertine 50 rough 2060
91 travertine 85 rough 2060
92 gneiss 100 rough 2152 boulders
93 gneiss 120 rough 2128
94 gneiss 210 rough 2129
95 gneiss 150 rough 2163
95 gneiss 100 rough 2163
95 gneiss 100 rough 2163
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Table 29. (continued).

Erratic Lithology Size Weathering
smooth/rough

Elevation Notes
(m)

96
97
98
99

100

gneiss 150 rough 2176

101 schist 230 rough 2078
102 gneiss 170 rough 2109
103 gneiss 100 rough 2124
104 gneiss 200 rough 2097
105 gneiss 50 rough 2097
106 gneiss 100 rough 2097
107 gneiss 270 rough 2103
108 gneiss 210 rough 2095 29 m
109 gneiss 30 rough 2095
HO gneiss 160 rough 2095
111 quartzite 90 rough 2095
112 travertine 30 rough 2095
113 dacite 90 rough 2095 end transect
114 gneiss 130 rough 2031
115 gneiss 230 rough 2117
115
116

gneiss 100 rough 2117

117 gneiss 70 rough 2031
118 granulite 130 rough 2007
119 gneiss 50 rough 2039
120 schist 190 smooth 2036
121 gneiss 80 rough 2020
122 gneiss 60 rough 2024
122 rhyolite 170 rough 2024
123 gneiss 330 rough 2101
124 gneiss 380 rough 2122
125 gneiss 140 rough 2103
126 gneiss 170 rough 2098 55 m transect
127 gneiss 90 rough 2098
128 gneiss 160 rough 2098
129 gneiss 60 rough 2098
130 granulite 30 rough 2098
131 gneiss 45 rough 2098
132 gneiss 80 rough 2098
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Table 29. (continued).

Erratic Lithology Size Weathering
smooth/rough

Elevation Notes
(m)

133 gneiss 150 rough 2098
134 schist 40 rough 2098 end transect
135 quartzite 100 smooth 2102
136 schist 100 rough 2030 92 m transect
137 quartzite 90 rough 2030
138 gneiss 35 rough 2030
139 pegmatite 75 smooth 2030
140 gneiss n o rough 2030
141 schist 60 rough 2030
142 gneiss 30 rough 2030
143 granulite 130 rough 2030
144 gneiss 45 rough 2030
145 gneiss 50 rough 2030
145 granulite 90 rough 2030
145 gneiss 70 rough 2030
145
146
147
148

pegmatite 30 rough 2030 end transect

149 gneiss 70 rough 2037
150 gneiss 180 rough 2039
151 gneiss 80 rough 2036 11 x 6 m
152 schist 80 rough 2036
153 gneiss 120 rough 2036
154 gneiss 70 rough 2036
155 gneiss 120 rough 2036
156 gneiss 80 rough 2036
157 gneiss 85 rough 2036
158 gneiss 80 rough 2036
159 gneiss 35 rough 2036
160
161

gneiss 140 rough 2036 end transect

162 gneiss 100 rough 2104
162 gneiss 150 rough 2104
163 gneiss 135 rough 2111
163
164

gneiss 140 rough 2111 11 x 6 m
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Table 29. (continued).

Erratic Lithology Size Weathering Elevation Notes
smooth/rough (m)

165
166
167
168
169
170
171 andesite 400 very rough 2238 possible float
172 andesite 380 rough 2193
173
174
175
176
177 vol. brec. 280 rough 2095
178 gneiss 140 rough 2106
179 gneiss 60 rough 2085
180
181
182
183 gneiss 85 rough 2107
184 quartzite 100 rough 2145 20 m
185 gneiss 50 rough 2145
186 quartzite 30 rough 2145
187 pegmatite 25 rough 2145
188 gneiss 35 rough 2145
189 quartzite 50 rough 2145
190 gneiss 80 rough 2145
191 gneiss 60 rough 2145
192 gneiss 35 rough 2145
193 schist 35 rough 2145
194 gneiss 30 rough 2145 end transect
195
196
197
198
199
200 
201 qtz. s.s. 15 smooth 2135
202 Dacite 170 rough 2113
203 gneiss HO rough 2164
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Table 29. (continued).

Erratic Lithology Size Weathering
smooth/rough

Elevation Notes
(m)

204 gneiss 100 smooth 2134
205 pegmatite - rough 2134
205 pegmatite - rough 2134
206 schist - rough 2164
206 schist - rough 2164
207 quartzite 50 smooth 2256 58 m
208 gneiss 180 smooth 2286
209 gneiss 100 smooth 2292
210 schist 150 smooth 2359
211 gneiss 120 rough 2359
211 gneiss 20 smooth 2365
212 gneiss <50 cm smooth 2365 78 m
213 gneiss <50 cm smooth 2365
214 gneiss <50 cm smooth 2365
215 gneiss <50 cm smooth 2365
216 gneiss <50 cm smooth 2365 end transect
217 gneiss - smooth 3042
218 gneiss - smooth 3036
219 gneiss - smooth 3042
220
221
222
223
224
225 gneiss 400 rough 2195
226 gneiss 320 rough 2185
227 gneiss - rough 2192
228 gneiss 430 rough 2158
229 gneiss rough 2171 several erratic
230 gneiss 230 rough 2181
231 gneiss 75 rough 2071
232 gneiss 200 rough 2052
233 andesite n o smooth 1978 47 transect
234 gneiss 120 rough 1978
235 gneiss 70 rough 1978
236 gneiss 130 rough 1978
237 gneiss n o rough 1978 end transect
238
239

gneiss
gneiss <40 rough

2188
2121
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Table 29. (continued).

Erratic Lithology Size Weathering
smooth/rough

Elevation Notes
(m)

240 gneiss 190 rough 2097
241 quartzite 280 smooth 2033
242 gneiss 65 rough 2104
243 schist 50 rough 2104
244 gneiss 100 rough 2121
245 gneiss 60 rough 2121
246 gneiss 60 rough 2145
247 gneiss 100 rough 2062
248 quartzite 150 rough 2065 many boulders
249 vol. brec. 280 smooth 2085
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APPENDIX F

AXIAL MORAINE PROFILES
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HORSE CREEK CROSS-VALLEY PROFILES
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APPENDIX H

RELATIVE DATING STATISTICS
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Table 30. Frequency of boulders on moraines one-way analysis of variance
(MSUSTAT 4.10).

Relative dating site N Means Within mean square

1,2 2 63.50 1985.0
3-7 5 44.60 781.8
8 I 5.000 0.0000
9, 10 2 8.000 50.00
11 I 21.00 0.0000
14, 15 2 18.00 128.0
16 I 8.000 0.0000
17, 18 2 48.00 18.00
19 I 34.00 0.0000
20, 21 2 16.50 24.50

Overall 19 31.53

Analysis of variance:

Source DF1 S.S.2 M.S.3 F-value P-value

Between groups 9 6740.5 748.9 1.26 0.3659
Within groups 9 5332.2 592.47
Total 18 12073.

1Degrees of freedom, 2Sum of squares,3 Mean square
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Table 31. Moraine volcanic boulder diameters one-way analysis of variance
(MSUSTAT 4.10).

Relative dating site N Means Within mean square

1 32
2 39
3 20
4 6
5 3
6 5
7 12
8 5
9 3
10 13
11 22
14 26
15 10
16 8
17 51
18 45
19 34
20 13
21 20

Overall 366

47.16 946.8
31.49 181.1
37.60 258.1
40.00 101.6
38.33 158.3
34.40 46.80
37.58 240.3
72.00 3270.
53.33 1633.
37.85 310.3
41.43 295.4
44.23 604.4
34.20 186.4
56.25 3505.0
48.10 620.3
46.22 759.3
47.06 485.0
45.38 689.4
47.75 659.1
43.63

Analysis of variance:

Source DF S.S. M.S. F-Value P-value

Between groups 18 17019. 945.52 1.54 0.0743
Within groups 347 0.21332E06 614.75
Total 365 0.23034E06
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Table 32. Maximum diameter of volcanic boulders one-way analysis of
variance (MSUSTAT 4.10).

Relative dating site N Means Within mean square

1,2 2 140.0 200.0
3-7 5 141.0 305.0
8 I 160.0 0.0000
9,10 2 90.00 200.0
11 I 90.00 0.0000
14,15 2 90.00 800.0
16 I 200.0 0.0000
17,18 2 145.0 50.00
19 I 100.0 0.0000
20,21 2 110.0 0.0000

Overall 19 126.6

Analysis of variance:

Source DF S.S. M.S. F-value P-value

Between groups 9 16533. 1837.0 6.69 0.0052
Within groups 9 2470.0 274.44
Total 18 19003.

Multiple Comparisons Based on LSD (Student’s t):

SE for mean = 16.57 
SE for dif. = 23.43
LSD (cal by t)=  53.00 
DIF 0.9 power = 85.93 
Signif. level = .0500 
Count per mean= I

Replication varies across treatments. Statistics above on 
precision use the harmonic mean of counts (rounded to an 
integer). All multiple comparisons use the actual counts.



142

Table 32. (continued).

Treatment 
Dating Sites N Means

Non-signif. 
different sets

11 I 90.00 A
14, 15 2 90.00 A
9, 10 2 90.00 A
19 I 100.0 AB
20, 21 2 110.0 AB
1 ,2 2 140.0 BC
3-7 5 141.0 BC
17, 18 2 145.0 BC
8 I 160.0 DC
16 I 200.0 D

Table 33. Moraine volcanic boulder weathering one-way analysis of
variance (MSUSTAT 4.10).

Relative dating site N Means Within mean square

1 ,2 2 0.5000E-02 0.5000E-04
3-7 5 0.2800E-01 0.2270E-02
8 I 0.0000 0.0000
9, 10 2 0.5850 0.6844
11 I 0.3600 0.0000
14, 15 2 0.0000 0.0000
16 I 0.3300 0.0000
17, 18 2 0.1 OOOE-OI 0.2000E-03
19 I 0.0000 0.0000
20, 21 2 0.25 OOE-OI 0.1250E-02

Overall 19 0.1095

Analysis of variance:

Source DF S.S. M.S. F-value P-value

Between groups 9 0.70066
Within groups 9 0.69503
Total 18 1.3957

0.77852E-01 1.01 
0.77226E-01

0.4953
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Table 34. Moraine crest widths one-way analysis of variance
(MSUSTAT 4.10).

Relative dating site N Means Within mean square

1,2 2 34.00 18.00
3-7 5 28.40 260.3
8 I 20.00 0.0000
9, 10 2 21.00 50.00
11 I 40.00 0.0000
14, 15 2 18.50 60.50
16 I 31.00 0.0000
17, 18 2 15.50 12.50
19 I 16.00 0.0000
20, 21 2 15.50 12.50

Overall 19 24.11

Analysis of variance:

Source DF S.S. M.S. F-value P-value

Between groups 9 1049.1 116.57 0.88 0.5752
Within groups 9 1194.7 132.74
Total 18 2243.8
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Table 35. Moraine proximal slopes one-way analysis of variance (MSUSTAT 
4.10).

Relative dating site N Means Within mean square

1,2 2 12.00 8.000
3-7 5 13.60 16.30
8 I 8.000 0.0000
9, 10 2 16.00 2.000
11 I 12.00 0.0000
14, 15 2 11.50 4.500
16 I 15.00 0.0000
17, 18 2 11.50 4.500
19 I 25.00 0.0000
20, 21 I 20.00 0.0000

Overall 18 13.89

Analysis of variance:

Source DF S.S. M.S. F-value P-value

Between groups 9 239.58 26.620 2.53 0.1031
Within groups 8 84.200 10.525
Total 17 323.78
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Table 36. Distal moraine slopes one-way analysis of variance (MSUSTAT 
4.10).

Relative dating site N Means Within mean square

1,2 2 9.500 0.5000
3-7 5 11.00 35.00
8 I 13.00 0.0000
9, 10 2 9.000 2.000
11 I 11.00 0.0000
14, 15 2 10.00 8.000
16 I 2.000 0.0000
17, 18 2 20.50 60.50
19 I 20.00 0.0000
20, 21 2 22.50 112.5

Overall 19 12.84

Analysis of variance:

Source DF S.S. M.S. F-value P-value

Between groups 9 561.03 62.336 1.73 0.2119
Within groups 9 323.50 35.944
Total 18 884.53
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TEXTURE 
Modifier (Prefix)

b- boulder 
c - silt and clay 
d-diamict 
g-gravel 
r -rubble 
s-sand
st-fine sand and silt

EXAMPLE

MORPHOLOGY 
Modifier (Suffix)

e- eroded 
f- fan
h- hummocky 
I- Iobate 
p-plain 
r- ridged 
s- shaped 
t- terraced 
v-veneer

gstAtv = gravel,fine sand and silt alluvial deposit 
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