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Zimmerman, Eric D. M.A., December 2003 Geography

A Study of Drumlins in the Tobacco Plains/Stillwater Valley and Seeley/Swan Valley in
Montana.

Director: John J. Donahue, PhD at%

The purpose of this study was to examine the morphometry of valley drumlins in two
study areas in Montana, compare their morphometries to identify common and dissimilar
characteristics, compare two different drumlin delineation definitions, suggest possible
explanations for significant morphometric differences between the two fields, identify
which morphometrics best describe valley drumlins, and make broad comparisons
between morphometries of the Montana valley drumlins and drumlins reported in the
literature. Morphometric measurements were taken from 1:24,000 scale 72 minute
topographic maps. Comparisons were made using a combination of descriptive statistics,
t-tests, and maps. Principal component analysis was used to determine which
morphometrics best describe each field. Nearest-neighbor analysis and drumlin density
was used to examine drumlin distribution.

The two drumlin fields are located in northwestern Montana. The first study area is in
the Seeley/Swan Valley, east of the Mission Mountain Range and the second is in the
Tobacco Plains/Stillwater Valley near the town of Eureka. These two drumlin study
areas are located in confined valley environments opposed to the usual unconfined plains
environments.

The results of the research showed that there were significant differences between the
two Montana drumlin fields. These significant differences were most likely due to
glaciological factors of each study area opposed to geological factors. In general, the two
Montana fields were fairly comparable to drumlin fields reported in the literature;
however, the drumlins in the Montana fields were narrower than any other reported in the
literature. This may have been due to the confined nature of valley drumlins; as opposed
to plains drumlins.
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Drumlin and Drumlin Field Metric Abbreviations
Drumlin Metric Abbreviations

The drumlin metric abbreviations for this thesis are as follows:

Drumlin Length — DL Drumlin Short Link Slope — DSy
Drumlin Width — DWW Drumlin Compactness Ratio — DCR
Drumlin Height - DH Drumlin K Value - K

Drumlin Area — DA, Drumlin Length/Width Ratio — L/'W
Drumlin Long Link Length - DLy Drumlin Length/Height Ratio —-L/H
Drumlin Short Link Length - DLy, Drumlin Width/Height Ratio — W/H
Drumlin Orientation — DO Drumlin Lee/Stoss Slope Ratio — L/S
Drumlin Lateral Slope — DS; Drumlin Volume — DV

Drumlin Long Link Slope — DSy
Drumlin Field Metric Abbreviations

The drumlin field metric abbreviations for this thesis are as follows:

Average Field Length (FL) Density per Sq. Kilometer (F:D)
Average Field Width (F W) Field Area (FA)

Field Compactness Ratio (FCR) Number of Drumlins (FzN)
Percent Area Drumlins (F,P) Number of Drumlin Twins (F,;7)



CHAPTER 1
INTRODUCTION

The term ‘drumlin’ is derived from the Gaelic word druim, meaning mound or
rounded hill (Embleton and King 1969, 322). The first person to bring the term ‘drumlin’
into scientific literature was Maxwell Close in 1867 (Menzies 1984, xi). Drumlins are
low-lying elongated hills formed by glacial action and are typically, if not entirely,
composed of till. Their unique shape displays a steep stoss end and a gentle lee end.
They often have a semi-elliptical shape similar to the bowl of an inverted spoon or the
upper half of an egg viewed in longitudinal section (Reed, Galvin, and Miller 1962,
2001). The typical longitudinal drumlin profile resembles an airplane wing cross-section.
Drumlins were formed under glaciers, but whether by erosion, deposition, or in
combination is in dispute. Not all glaciers have drumlins formed beneath them, leading
to the conclusion that a specific combination of controls is probably needed to form
drumlins. Drumlins range in height from about five to fifty meters and in length from a
hundred to more than a thousand meters. They tend to be aligned parallel to the direction
of former ice flow. They are easily recognized in air photos and topographic maps, and
large drumlins can be detected on digital elevation models (DEMs). Notable drumlin

fields occur in Ireland, Scotland, Switzerland, Germany, Canada, Alaska, and the



northern United States. They are particularly prominent in Upstate New York and around
the Great Lakes.
Problem Statement

Geomorphologists have generated a great deal of morphometric data (quantitative
characterization of geometrical elements and derivatives) and information about drumlins
in regions of slight relief formerly covered by sub-continental size glaciers. Such
drumlins are called here plains drumlins. In contrast, geomorphologists have contributed
little to the description and mapping of drumlins generated on valley floors in
mountainous settings. In fact, Muller (1974, 188) said “drumlins are characteristic of, but
not entirely restricted to, areas of ice sheet (unconfined) as opposed to valley (confined)
glaciation.” In part, the shortage of data is owing to a scarcity of these drumlins, called
here valley drumlins. With the exception of a study made in Europe (van der Meer and
van Tatenhove 1992) and one in British Columbia (Armstrong and Tipper 1948), the
morphology of valley drumlins remains largely unexamined, especially in the United
States. In consequence, valley drumlins have not been quantitatively assessed. The
gathering of such morphometric data could lead to comparisons of drumlin shapes
between drumlins developed in different glacial settings. We do not know whether valley
drumlin morphology differs significantly from one drumlin to another within a swarm
(field) or whether general drumlin morphology differs significantly between swarms.
Lacking morphological data, no specific comparisons can be made between valley

drumlins and plains drumlins.
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Study Area
The two drumlin fields in this study are located in northwestern Montana (Figure

1). The Seeley/Swan Valley drumlin field lies between the Mission Range bordering the
west side and the Swan Range bordering the east. The Seeley/Swan Valley drumlins
were formed beneath the Swan Valley Glacier, most likely during the Wisconsin age
(10,000 to 70,000 years ago) (Witkind 1978, 427-428; Witkind and Weber 1982). The
Swan Valley glacier had a northwesterly flow and ended up merging with the Flathead
Lobe of the Cordilleran ice sheet near Big Fork (Johns 1970, 8; Witkind and Weber
1982). The surficial geology of the Seeley/Swan Valley is composed of relatively
unmodified glacial till which was shaped into drumlins (Appendix A) (Witkind 1978,
427-428; Witkind and Weber 1982).

The Tobacco Plains/Stillwater Valley drumlin field is located near the Canadian
border and lies between the Purcell Mountains to the west and the Whitefish Range to the
east. The Tobacco Plains/Stillwater Valley drumlins were formed beneath the Flathead
Lobe of the Cordilleran Ice sheet most likely during the Wisconsin age (10,000 to 70,000
years ago) (Johns 1970, 7; Silkwood 1998). The surficial geology of the Tobacco
Plains/Stillwater Valley is predominantly glacial till overlain by drumlins (Appendix A).
Hypotheses

H;: Significant differences in drumlin morphometry exist between the two

drumlin fields of Montana.

H,: Significant morphometric differences exist between different drumlin

delineation criteria/definitions applied to the two Montana drumlin fields.




Two definitions of drumlin were used in the study owing to contour interval
differences between source topographic maps. These two definitions are addressed in the
methods section of this thesis p.13.

Objectives

Valley drumlins characterize two areas of Montana. The valley drumlin fields
appear on the Tobacco Plains/Stillwater Valley and the Seeley/Swan Valley of western
Montana (Figure 1). These drumlins and drumlin fields were quantitatively described in
detail. In this study I shall (1) examine their morphometry, (2) compare their
morphometries to identify common and dissimilar characteristics, (3) examine spatial
distributions and relationships between drumlins, (4) suggest possible explanations for
significant morphometric differences between drumlins in the two fields, (5) identify
which morphometrics best describe valley drumlins, and (6) make comparisons between
morphometries of the Montana valley drumlins and plains drumlins reported in the

literature. No attempt will be made to identify processes of drumlin genesis.



CHAPTER 2
LITERATURE REVIEW

Much literature has been published on drumlins, some dating back to the early
1800s. In fact, Menzies (1984) published a book containing more than 1000 references to
drumlins. This literature review consists of two parts. The first part involves drumlin
morphometry and the second drumlin genesis.
Drumlin Morphometry Literature

Much published research has been devoted to the measurement of drumlin
geometry hoping to shed light on drumlin genesis. The expectation has been that
linkages exist between elements of drumlin shape and sub-ice conditions during drumlin
formation. In addition, morphometrical research has been devoted to generating more
precise geographical descriptions of drumlins and drumlin fields (regions) (Chorley 1959;
Reed, Galvin, and Miller 1962; Heidenreich 1964; Embleton and King 1969; Dardis,
Doornkamp and King 1971; Williams 1972; Hill 1973; Muller 1974; Crozier 1975;
Jauhiainen 1975; Rose and Letzer 1975; Trenhaile 1971, 1975; Mills 1980; Gardiner
1983; McCabe, and Mitchell 1984; Harry and Trenhaile 1987; Piotrowski and Smalley
1987; Riley 1987; Coude 1989; Haavisto-Hyvarinen, Kielosto, and Niemela 1989;

Francek and Blish 1991; Smalley and Warburton 1994; Wysota 1994; Knight 1997;).



Morphometric analysis generates quantitative data that may be used to calculate
mean dimensions, ranges, ratios, and the like (King 1974, 147). Metric values provide
generally reliable data for inferences about genesis or for making geographical
comparisons between drumlins or drumlin fields.

Common Metrics — Common drumlin metrics include length, width, height, and
length/width ratio (elongation). Drumlin /ength is measured along the drumlin long axis,
which may not necessarily be drawn as a straight line (Trenhaile 1975, 301; Mills 1980,
2240). Drumlin width is measured at right angles to the long axis at the widest part of the
drumlin (Hetdenreich 1964, 102; Trenhaile 1975, 301; Mills 1980, 2240). Drumlin
height and crest elevations are measured by reference to a summit benchmark elevation
or by adding one half of a contour interval above the highest closed contour where
benchmarks are lacking (Miller 1972, 419; Francek and Blish 1991, 110). Additionally,
Clapperton (1989, 391) found that the highest point on most plains drumlins in Chile was
often within 200-300 m of the stoss end.

The most common morphometric ratio is the elongation or length/width (/w)
ratio. Greater elongation indicates more streamlining by glacial ice, possibly due to high
ice velocities (Charlesworth 1957, 394; Embleton and King 1969, 324; Crozier 1975,
185). The inverse of the I/w ratio calculation, the w// ratio, is sometimes used instead as a
shape indicator (Smalley and Unwin 1968, 382; Jauhiainen 1975, 224). One advantage
of the w/l ratio over the 1/w ratio is that its theoretical values range from 0-1, whereas the

I/w values theoretically range from 0 to co.



Less Common Metrics — Drumlin area, stoss slope, lee slope and orientation are
somewhat less typical metrics, while drumlin length/height, width/height, lee slope/stoss
slope ratios, and lemniscate loops are seldom reported.

One metric relating to streamlining is the Jemniscate loop, applied by Chorley
(1959), which has a more complex formula than the simple 1/w calculation. Chorley
demonstrated that the base contour of drumlins could be characterized by the lemniscate
loop equation (1),

p=L cos k6
where L is the length of the long axis and & is a dimensionless number expressing the
elongation of the lemniscate loop, such that when & equals unity the form is circular, and
that £ increases with the elongation of the lemniscate loop. To calculate the value of £,
the equation (2),

k=L’nl44

is used where 4 is the area enclosed by the loop or base contour. To obtain the best-fit
lemniscate loop approximation of drumlin shape, only the values of L and 4 are used.
These are substituted into equation (2) to get the &£ value, which is then substituted back
into equation (1) (Chorley 1959, 341). Trenhaile (1975, 305) and Doornkamp and King
(1971, 300) have both reported that k values correlate highly to the length/width ratio.
Trenhaile (1975, 305) reported correlation coefficients 0.99 and 0.94 and Doornkamp and
King (1971, 300) reported a correlation coefficient of 0.98. Oftentimes since the k value
correlates so closely with the I/w ratio, the latter alone is used in morphometric analysis,

thereby eliminating the additional calculation of the lemniscate loop.



Compass orientation of drumlin long axes has been used to determine ice flow
directions and to determine whether ice-flow through a field was straight a or had a
curved flow direction (Trenhaile 1975, 302-303). Most commonly, the orientation of the
drumlins are shown as frequency distributions, typically broken down into intervals of
ten degrees (Vernon 1966, 406; Williams 1972, 780; Jauhiainen 1975, 225).

Drumlin Distribution - Drumlin density and distribution pattern types have been
examined by some researchers. Drumlin density (the number of drumlins per unit area)
has been used to determine the degree to which drumlins are packed within a field
(Vernon 1966, 404-405; Doornkamp and King 1971, 294-298; Hill 1973, 231; Jauhiainen
1975, 226; Trenhaile 1975, 306; Coude 1989, 325; Francek and Blish 1991, 109-110).
Distribution type is obtained by nearest-neighbor analysis, which is based on the linear
distance from the highest point of one drumlin to the highest point of its nearest neighbor
in the drumlin field (Jauhiainen 1975, 226). The analysis indicates whether drumlin
distribution in a field is random or clustered (Vernon 1966, 404; Smalley and Unwin
1968, 385-387; Trenhaile 1971, 116-117; Hill 1973, 227-228; Jauhiainen 1975, 226-227,
Harry and Trenhaile 1987, 166).

Drumlin Field Morphometry - Major morphometric differences between
drumlin fields may indicate that different regional sub-ice conditions prevailed during
drumlin formation. By examining drumlin morphometry of similar and different drumlin
fields, insights into sub-ice conditions during genesis can be obtained (Chorley 1959,

340; Francek and Blish 1991, 110).



Drumlin Genesis Literature

Despite many drumlin studies, no single explanation of drumlin genesis has
received universal acceptance. There are currently two seemingly contradictory
hypotheses about drumlin formation.

Erosional Hypothesis - The first hypothesis invokes the process of erosion (Tarr
1894; Gravenor 1953; Charlesworth 1957; Flint 1957, Harry and Trenhaile 1987; Shaw
and Sharpe 1987; Habbe 1989; Shaw, Kvill, and Rains 1989; Boyce and Eyles 1991;
Fisher and Spooner 1994). The most common erosion hypothesis envisions two-stages.
The first stage involves the deposition of a blanket of till by an earlier ice advance. The
second involves subsequent molding and minor redistribution of the till surface
(Embleton and King 1969, 339). Another hypothesis relates to glaciofluvial erosion. In
this hypothesis subglacial meltwater is thought to be capable of eroding till or sediment at
a glacier’s sole, leaving disconnected medial ridges as drumlins (Shaw and Sharpe 1987,
2322; Fisher and Spooner 1994, 285).

Depositional Hypothesis - The second formation hypothesis invokes deposition
(Davis 1884; Gravenor 1953; Charlesworth 1957; Vernon 1966; Hill 1971; Shaw 1983;
Shaw and Kvill 1984; Piotrowski and Smalley 1987; Sharpe 1987; Haavisto-Hyvarinen,
Kielosto, and Niemela 1989; van der Meer and van Tatenhove 1992; Nenonen 1994).
The most agreed-upon theory relates to progressive lodgment of drift around a rock knob,
boulder obstacle, or block of frozen till or debris (Gravenor 1953, 675; Charlesworth
1957, 397; Vernon 1966, 407; Nenonen 1994, 365). Another notion involves
glaciofluvial deposition proposed by Shaw (1983), Shaw and Kvill (1984), and Sharpe

(1987). This hypothesis proposes that subglacial meltwater first erodes cavities into the
10



basal ice which are then filled by deposits during waning ice meltwater flow (Shaw,
Kwvill, and Rains 1989, 177-178).

Combination Hypothesis - Some researchers believe that both erosion and
deposition are valid hypotheses with erosion acting under one set of circumstances and
deposition acting under another (Fairchild 1905; Charlesworth 1957; Flint 1957;
Gravenor 1957; Embleton and King 1969; De Jong, Rappol, and Rupke 1982; Dardis,
McCabe, and Mitchell 1984; Bouiton 1987; Kruger 1987, McCabe and Dardis 1989; Stea
and Brown 1989; Jones 1996; Knight 1997). Indeed, a few researchers believe that
drumlin generation necessitates both erosion and deposition acting in concert. “Drumlins
are an expression of the equilibrium between the erosive action of ice and the opposing
forces of the solidity and cohesion of the material; the “plastering on” and “rubbing
down” processes took place at the same time or in rhythmic alternation” and “the two
views of erosion and accretion are reconcilable; they emphasise different aspects of one

process” (Charlesworth 1957, 399).
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CHAPTER 3
METHODOLOGY AND PROCEDURES

Data Sources and Acquisition Methods

Existing Data — Glacial history and underlying geology for the two study areas
were derived from a combination of reports, paper maps, and digital data. Digital
geologic data for the two study areas were acquired from the U.S. Geological Survey
(USGS). The USGS derived the digital data from 1:250,000 scale paper geological maps.
The paper source map for the Seeley/Swan Valley was the Choteau 1 x 2 degree
quadrangle (Mudge et al. 1982), and the paper source map for the Tobacco
Plains/Stillwater Valley was the Kalispell 1 x 2 Degree quadrangle (Harrison, Cressman,
and Whipple 1992). Two additional published maps showing the geology of the
Seeley/Swan Valley were used (Witkind 1995; Witkind and Weber 1982) as well as a
report by Witkind (1978) which dealt with the the glacial history of the Seeley/Swan
Valley. A report by Johns (1970) dealt with the geology and glacial history of the
Tobacco Plains/Stillwater Valley. I also made use of a U.S. Forest Service (USFS) map
(Silkwood 1998), which illustrated the areas in western Montana that were inundated by
glacial ice and pro-glacial lakes.

Drumlin Delineation — [ manually delineated drumlins identified on USGS 7 '

minute topographic maps. All maps complied with National Map Accuracy Standards
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(Appendix D). The Seeley/Swan Valley drumlins were traced on the Swan Lake, Cilly
Creek, Salmon Prairie, Swan Peak, and Peck Lake quadrangles. The Tobacco
Plains/Stillwater Valley drumlins were traced on the Rexford, Eureka North, Eureka
South, Ksanka Peak, Fortine, Mount Marston, Edna Mountan, and Stryker quadrangles
(Appendix B provides a quadrangle index map).

The drumlins were traced according to the two operational definitions that follow.
Definition #1: A drumlin is an elliptical hill expressed on 7 % minute contour maps by
nearly parallel nested elliptical contours being generally symmetrical about a longitudinal
axis and expressed by at least two contour lines on 40-foot contour interval maps and
three contour lines on 20-foot contour interval maps. This compound definition was
applied because some study area maps had 20-foot contour intervals and others had 40-
foot contour intervals. The smaller contour interval systematically makes the delineation
of smaller drumlins possible. In consequence, small drumlins would be inadequately
represented on larger interval maps.

Definition #2: A drumlin is an elliptical hill expressed on 7 %2 minute contour
maps by nearly parallel nested elliptical contours being generally symmetrical about a
longitudinal axis and expressed by at least two contour lines on both 40-foot contour
interval maps and 20-foot contour interval maps. This second definition was used in
order to conduct a comparison with drumlins reported in the literature, all of which were
based on 20-foot contour interval sources. Additionally, the second definition was used
to determine whether there were significant differences between the two drumlin
delineation definitions. In the Seeley/Swan Valley, two of the five quadrangles made use

of 20-foot contour intervals (Cilly Creek and Salmon Prairie). In the Tobacco/Stillwater
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Valley three of the eight quadrangles made use of 20-foot contour intervals (Rexford,
Eureka North, and Fortine). However, those three quadrangles for the Tobacco
Plains/Stillwater Valley encompassed most of the valley and contained 88% of the
drumlins delineated using the second definition.

Some researchers define the drumlin base as the lowest closed elliptical contour
line. However, this can cause underestimation of the size of some drumlins. One case in
point is where two drumlins are fused or connected. In this situation the lowest elliptical
contour presents an underestimation of drumlin size. To avoid this type of
underestimation, I used the method described by Mills (1980, 2237), which took a lower
contour line that was not elliptical and projected a line through the pass or gap
perpendicular to the saddle to separate the fused drumlins (Figure 2). The criterion used
to determine which non-elliptical contour to use as the two new base contours was the
non-elliptical contour where the projected line length was not greater than 25% of the

circumference length of the new base contour lines (Figure 2).

Base Contour Line

Projected Base Line

Figure 2. Fused Drumlin Nlustration.
Contour lines requiring projection much greater that 25% often were somewhat more

irregular than the higher contours and therefore did not appear to represent an accurate
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form of the drumlin (Mills 1980, 2237). Additionally, relatively small lateral
irregularities were ignored when drawing drumlin bases because they probably resulted

from post-glacial erosion or deposition (Figure 3).

Figure 3. Lateral Irregularities.

Drumlins were first delineated on paper topographic maps because they are more
casily seen in that format. After drumlin bases were delineated on the topographic maps,
they were digitized onscreen using ArcGIS 8.2 (ESRI, 2002) from matching Digital
Raster Graphics (DRGs) sources acquired from the Montana Natural Resource
Information System (NRIS). The reason they were onscreen digitized was so that more
precise morphometric measurements could be made. Once digitized, each drumlin was
assigned an identification number for inclusion in an attribute table containing drumlin
morphometrics.

Drumlin Morphometrics — All measurements were expressed in metric units.
The morphometrics collected consisted of the following:

Basic Metrics:
e Drumlin Base Contour Elevation (D£E}) - The base elevation contour (lowest
contour exhibiting a streamline shape) indicated the lowest elevation of each

drumlin. This contour defined drumlin areal extent.

15



Drumlin Base Area (DA4;) — This metric was calculated as the area contained
within the base contour elevation.

Drumlin Base Perimeter (DP;) — This was the total length of a drumlin base
contour.

Drumlin Centroid (DC) — This is the geometrical center of the area encompassed
by a drumlin’s highest contour to delineate the summit point. Drumlin centroid
locations were recorded in UTM coordinates.

Drumlin Summit Elevation (DE;) — The point of highest elevation along a drumlin
crest was indicated by a survey benchmark or, lacking such, one half the elevation
of a contour interval was added to the highest contour ring elevation (Mills 1980,
22470; Francek and Blish 1991, 110).

Drumlin Height (DH) — This metric reflected the elevation difference between a
drumlin summit elevation and its base contour elevation,

Drumlin Long Link Length (DLy) — The longer crest line was drawn from the
summit elevation point to the base contour of each drumlin, intersecting through
the points of maximum curvature of the majority of contours.

Drumlin Short Link Length (DLg) — The shorter length segment was measured
along the crest from the summit of each drumlin to its base contour in the same
manner as the drumlin long link length.

Drumlin Length (DL) — This metric was the entire length, which resulted from the
addition of the long link crest length and the short link crest length. The

subdivision of crest lines into two links connected at the drumlin summit is
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desirable because some drumlin crest lines can veer in direction slightly, usually
at or close to the summit.
¢ Drumlin Width (D) — Width was measured at the widest part of the drumlin at
right angles to the drumlin’s long link axis.
¢ Drumlin Orientation (DO) — This metric expresses the angle located between the
azimuth of a drumlin long link (measured along the line of descent and projected
on to the mapping plane) from true east, which was the azimuth origin. True east
was chosen so that the descriptive statistics would be more consistent. If true
north were chosen in the Seeley/Swan Valley some drumlins would have been
east of true north and some would have been west causing the range, average,
standard deviation, etc. to be misrepresented in the descriptive statistics.
Derived Metrics:
e Drumlin Long Link Slope (DSy) — This value was calculated by the following
formula:
DSy = DH /DLy
e Drumlin Short Link Slope (DS;;) — This value was calculated using the following
formula:
DSs;= DH /DLy
e Drumlin Lateral Slope (DS)) — This value was reflected by the following formula:
DS; = 2DH/DW

Lateral slope indicates how thin and steep drumlin sides are.
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Drumlin Volume (DV) — This metric expresses the quantity of fill material that
overlies a drumlin’s basal area. The volume was derived by the following
formula:
DV = 2/3n(DL*DW*DH)
where DV is the volume of a half-ellipsoid, DL equals drumlin length, D equals
drumlin width, and DH equals drumlin height (Trenhaile 1975, 308). Trenhaile
(1975) used the half-ellipsoid in this equation from the derivation that Reed,
Galvin, and Miller (1962, 201-202) made which showing that drumlins closely
approximate ellipsoidal forms.
Drumlin Elongation (L/W) — This length/width ratio indicates the degree of
drumlin streamlining. The ratio was calculated by the following formula:
L'W =DL/DW
Drumlin K Value (X) — The drumlin X value can be used as an alternative to the
drumlin elongation ratio and correlates closely with the drumlin elongation ratio
(L/W) (Doornkamp and King 1971, 300; Trenhaile 1975, 305). The X value is
obtained using the following formula:
K = DL’w/4D4,
Drumlin Length/Height Ratio (L/H) — The L/H ratio was calculated by the
following formula:
L/H = DL/DH
Drumlin Width/Height Ratio (W/H) — The W/H ratio was calculated by the
following formula:

W/H = DW/DH
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e Drumlin Lee Slope/Stoss Slope Ratio (L/S) — The L/S ratio was calculated by the
following formula:
L/S = DSiDSy;
¢ Drumlin Compactness Ratio (DCR) — This ratio expressed drumlin area to the
area of a circle having its circumference equal to the drumlin’s base perimeter.
This metric was calculated in the IDRISI raster GIS program, which used the
following formula:
DCR =(DAy/Ac)
where DA, is the area of the polygon being calculated and Ac is the area of a
circle having the same perimeter as that of the polygon being calculated. A value
of 1 is perfectly compact and a value of 0 is the least compact.
e Nearest-Neighbor Distance (DNN) — The distance between a given drumlin and
its nearest-neighbor was calculated using a Visual Basic script written by Dr. M.
Sawada (2002) to be used in ArcGIS.
Drumlin Fields
Drumlin fields are spatial groupings or swarms of individual drumlins. Drumlin field
morphometrics apply only to the field as a whole and mainly deal with size, shape, and
density. All measurements of drumlin field metrics were recorded using the metric
system.
Drumlin Field Morphometrics - The drumlin field morphometrics collected

consist of the following:

19



Drumlin Field Area (#4) - The drumlin field area in square meters was
determined by connecting the outermost drumlins of the drumlin field with
straight line segments, which comprised the drumlin field boundary.
Average Drumlin Field Length (FL) — Average drumlin field length in meters was
estimated; the estimation provided a field “scale” so that comparisons between the
two Montana fields could be made.
Average Drumlin Field Width (W) — Average drumlin field width in meters was
estimated; the estimation provided a field “scale” so that comparisons could be
made between the two Montana drumlin fields.
Number of Drumlins (#:V) - The number of drumlins in each field was counted to
calculate drumlin densities.
Number of Drumlin Twins (¥;7) — The number of fused drumlins (adjacent
drumlins sharing the same contour base) was noted.
Drumlin Field Compactness Ratio (FCR) — This ratio expresses the drumlin field
area to the area of a circle having its circumference equal to the drumlin field
perimeter. This was used to determine how compact the drumlin field was. This
metric was calculated in the IDRISI raster GIS program, which used the following
formula:

DCR = (FA/Ac)
where FA is the area of the polygon being calculated and Ac is the area of a circle
having the same perimeter as that of the polygon being calculated. A value of 1 is

perfectly compact and a value of 0 is least compact.
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¢ Drumlin Density per Square Kilometer (/D) - Drumlin density per square
kilometer was calculated using the formula:

FaD =FaN/(FA/1,000,000)

where 1,000,000 is the number of square meters in a kilometer.

e Percent Area Drumlins (F,”) - The percent area consisting of drumlins was
calculated by dividing the sum of drumlin basal areas by the drumlin field area.

This indicated how much of a field actually consisted of drumlins.

Data Analysis

Frequency Distributions - Frequency distributions and normal probability plots
(P-Plots) were derived for each metric (Appendices F and G). Upon review of the
frequency distributions, I noticed that some metrics lacked normal distribution. To
achieve more normal distributions, I performed base-10 logarithmic transformations on
the data. The logarithmic values were entered into frequency distributions and P-Plots
(Appendices H and I).

Descriptive Statistics - Descriptive statistics were run on the metrics. The
descriptive statistics include: minimum value, maximum value, mean value (p), standard
deviation (o), coefficient of variance (cv), skewness, and kurtosis (Tables 1, 2, 4, 5, and
Appendix E). Once the descriptive statistics were derived, I made comparison graphs,
which compared the data ranges and mean values for the two Montana drumlin fields
(Appendices I & J).

Difference of Means ¢-fest - A two-sample difference of means #-fest was run,

using the Statistical Package for the Social Sciences (SPSS) computer software program,
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to determine whether statistically significant differences existed for each metric between
the Montana drumlin fields.

Correlation Matrices - I produced a correlation matrix for each Montana
drumlin field, using the SPSS software program, to look at the interrelationships among
the metrics (Tables 9-12, Appendix L). Base-10 logarithmically transformed data were
used.

Principal Component Analysis (PCA) - A principal component analysis was
performed in the SPSS software program to determine which metrics best describe valley
drumlins for the two Montana drumlin fields. Principal component analysis can be used
in two ways. (1) The new principal components can be used alone as new variables to
reduce the total number of original variables or (2) a subset of metrics can be extracted
based on principal component loading or weighting values to reduce the total number of
original variables (Dunteman 1989, 9). In this study I used the second application and
selected a subset of metrics from the original large set of metrics. These subset metrics
were assumed to represent the metrics that best describe valley drumlins. The PCA
results were then compared against each of the two Montana drumlin fields and are
shown in Tables 13 and 18. PCA was performed on each field for each definition.
Additionally, the Seeley/Swan Valley data for delineation definition #1 was combined
with the Tobacco Plains/Stillwater Valley data for delineation definition #1. This was
also done for delineation definition #2. PCA was then run on these two combined data
sets. In this study, only the top principal components having eigenvalues greater than, or
equal to, 0.7 (Dunteman 1989, 51) were used. This criterion retained the top five, out of

a potential seventeen, principal components of the two Montana fields. A subset of five
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metrics was then selected from the retained five principal components based on principal
component loadings or weights. One metric was selected to represent each retained
principal component. Thus, the metric that had the highest loading or weight for the first
principal component was selected to represent that component. Likewise, the metric that
had the highest loading or weight for the second principal component, provided it had not
been chosen in the previous component, was selected to represent the second component
(Dunteman 1989, 50). This procedure was repeated five times, once for each retained
principal component. The subset of metrics was assumed to best describe variation
among valley drumlins.

Drumlin Distribution - The spatial distributions of the drumlins in the two
Montana drumlin fields were examined using drumlin density and nearest-neighbor
analysis.

Drumlin Density - 1 analyzed drumlin density in two different ways. The first
took the form of drumlin density per square kilometer (km?) by dividing the number of
drumlins (FzN) by the drumlin field area (74) in square kilometers. The second took the
form of percent area of drumlins, which was simply the percent of the drumlin field area
that was taken up by the sum of all the drumlin areas in that drumlin field.

Nearest-Neighbor Analysis - 1 also performed a nearest-neighbor analysis
for the two Montana drumlin fields to determine whether the drumlins were uniformly
distributed, randomly distributed, or clustered (Tables 21 & 22). The distances to each
drumlin’s nearest neighbor were measured from the drumlin summit points. The nearest-
neighbor analysis was performed using a Visual Basic script written by Dr. M. Sawada

(2002) for use in ArcGIS (the script can be downloaded from ESRI’s website
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(www.esri.com)). With this script the distance to each drumlin was measured and added
to an attribute table, the observed averaged distance was calculate, the expected average
distance was calculated, the nearest-neighbor index was calculated, the standard deviation
was calculated, and the standard z-value was calculated. The observed average nearest-

neighbor distance (Dqbs) was calculated using the formula:

_ i=1
Dobs" n

where d; represents the nearest-neighbor distance for point / in the point pattern and #» is
the number of drumlin summit points. The expected average nearest-neighbor distance

(Dexp) was calculated using the formula:

where A represents drumlin field area and 7 is the number of drumlin summit points.

The nearest-neighbor index (NN7) was calculated using the formula:

Dops

Dexp

NNI =

The standard deviation (SD) was calculated using the formula:

D =\Gam— )&

where 4 represents drumlin field area and » is the number of drumlin summit points.
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The standard z-value (Z) was calculated using the formula:

7= (Dobs - Dexp)
SD

A NNI of 0.0 represents a perfect cluster of points, < 1 represents points that are
“clustered,” >1 represents points that “dispersed” and 2.15 is perfectly dispersed.

Cartographic Analysis — A map showing drumlin axes and drumlin ID can be
found in Appendix C.

Choropleth drumlin density maps which showed drumlin density per square
kilometer are in Appendix M. In these choropleth maps the drumlin polygons were
colored differently to represent their drumlin density. Drumlin density for these
choropleth maps was derived by overlaying a grid containing 1 km? cells over the
drumlin fields and counting the number of drumlin summit points that fell within each
square kilometer.

Maps showing the maximum 10% and minimum 10% of each metric’s value
distribution were made to reveal spatial patterns. Upon examination, however, these

maps proved to be inconclusive and were omitted.
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CHAPTER 4
RESULTS

From this point on I refer to the two Montana drumlin fields (Seeley/Swan Valley
and Tobacco Plains/Stillwater Valley) simply as Seeley/Swan and Tobacco. All tabular
data appear in Tables 1-8 and Appendix E. Histograms and P-Plots are placed in
Appendices F-1.
Frequency Distribution

Frequency Distribution Using Drumlin Delineation Definition #1 — Frequency
distributions and P-Plots showed that, DW, DO, and DCR were normally distributed or
approximately so, for the Seeley/Swan drumlins. All other metric distributions were
positively skewed except for L/S, which was negatively skewed. For the Tobacco
drumlins, only DO was found to have a normal distribution. All other metrics were
positively skewed except for DCR and L/S, which were negatively skewed. Logarithmic
transformations of all skewed data produced normal distributions for both fields.

Frequency Distribution Using Drumlin Delineation Definition #2 — Frequency
distributions and P-Plots showed that, DW, DO, DCR, W/H, and L/S were normally
distributed or approximately so, for the Seeley/Swan drumlins. All other metric

distributions were positively skewed. For the Tobacco drumlins, only DCR was found to
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have a normal distribution. All other metrics were positively skewed. Logarithmic
transformations of the skewed data produced normal distributions for both fields.

Frequency Distribution Comparison of the Two Delineation Definitions — For
definition #1 the Seeley/Swan field displayed normal distributions for DW, DO, and
DCR. Definition #2 also showed the same three metrics to be normally distributed but
also showed normal distributions for the W/H and L/S metrics. For the Tobacco field
only the metric DO was normally distributed for definition #1. For definition #2 in the
Tobacco field only the metric DCR was normally distributed.

Descriptive Statistics and t-tests

Descriptive statistics were calculated for the drumlin metrics. The resulting
values are presented in Tables 1, 2, 4, and 5 and are also placed at the top of the data
tables in Appendix E. Graphs showing side-by-side comparisons between the two
Montana drumlin fields can be found in Appendices J and K. Difference of means #-test
results are presented in Tables 3, 6, 7, and 8. By examining Tables 1-8 and Appendices J
and K, I compared the two Montana drumlin fields.

Descriptive Statistics Using Drumlin Delineation Definition #1 — All Tobacco
drumlin metrics, with the exception of DLy, L/H, and L/S, had larger data ranges than
those from Seeley/Swan. The results showed that the metrics DL, DW, DH, DAy, DLy,
DLy, DS, K, L/'W, L/H, and DV had larger average values for the Tobacco field. The
Seeley/Swan field had larger average values for DSy, DSy, W/H, L/S, and DCR. The
metric /S, however, was nearly identical for both drumlin fields. All basic metrics (DL,
DH, DW, DAy, DLy, DLy, and DO) showed a statistically significant difference at the .05

level between the two Montana fields.
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Coefficient of

Min Max Range Mean(y) STDEV(c) Skewness Kurtosis Variance(cv)

DL (m) 216.9 1,275.4 1,058.5 535.1 229.3 1.06 0.82 42.86
DW (m) 90.6 314.8 2241 182.9 48.4 0.53 0.14 26.45
DH (m) 12.8 27.4 14.6 16.7 2.7 1.80 3.79 16.13
DA, (m?)| 18,652.3] 260,509.0] 241 ,856.7] 78,5779 515236 1.63 2.76 65.57
DL, (m) 1255 986.4 861.0 3195 160.3 1.56 334 50.18
DL (m) 78.7 501.4 4228 215.7 89.4 113 1.07 41.45
DO () 224.00 305.53 81.5 257.94 13.62 0.74 1.50 5.28
DS, 0.097 0.355 0.26 0.196 0.060 0.641| -0.167 30.872
DS, 0.017 0.132 0.12 0.064 0.029 0.525| -0.631 44902
DS, 0.030 0.232 0.20 0.090 0.038 0.995 1.456 42033
DCR 0.492 0.784 0.29 0.640 0.066 -0.239] -0.662 10.365
K 1.50 6.17 4.68 3.07 1.04 0.80 0.16 33.95
uw 1.54 5.26 3.71 2.93 0.94 0.73 -0.22 32.24
L/H 11.86 83.69 71.83 32.71 14.46 0.94 0.60 44.20
WH 5.64 20.65 15.01 11.22 347 0.70 0.20 30.94
/s 0.25 1.00 0.75 0.72 0.19 -0.61 -0.47 26.03
DV (m® | 7.67E+04] 1.35E+06] 1.27E+06] 3.72E+05] 2.55E+05 1.59 2.51 68.59
For the metric DO 0° is located at due East
Table 1. Seeley/Swan Valley Descriptive Statistics Definition #1.

Coefficient of

Min Max Range Mean(y) STDEV(o) Skewness Kurtosis Variance(cv)

DL (m) 171.2 1,433.5 1,262.3 636.9 216.2 0.90 1.16 33.94
DW (m) 70.8 422.4 351.6 202.3 68.4 0.77 0.17 33.84
DH (m) 12.8 51.8 39.0 20.3 7.5 2.04 4.76 36.74
DA, (m?)| 12,936.0] 3552420 342,306.0] 102,827.2] 63,958.1 1.51 239 62.20
DLy (m) 98.5 908.4 809.9 380.1 147.0 1.09 123 38.67
DL (m) 727 647.9 575.2 256.8 90.6 1.13 245 3526
DO () 23.68 97.80 74.1 62.03 10.87 0.28 1.32 17.52
DS, 0.078 0.548 047 0214 0.079 1.220] 2274 36.719
DS, 0.020 0.155 0.13 0.059 0.023 1.173 1.785 40.109
DS 0.028 0.282 0.25 0.086 0.037 1.989f 6.345 42669
DCR 0.340 0.735 0.39 0.593 0.071 -0.550] 0.810 12.019
K 1.75 11.21 9.46 3.49 1.33 2.26 8.56 38.16
Lw 1.70 10.65 8.95 3.33 1.23 2.21 8.60 37.14
uUH 11.23 78.38 67.15 33.27 11.88 0.96 1.65 35.72
WH 3.65 25.51 21.86 10.55 3.74 1.01 1.71 35.41
us 0.32 0.99 0.67 0.71 0.18 -0.44 -0.78 25.08
DV (m®) | 5.22E+04] 5.01E+06| 4.96E+06| 6.51E+05| 6.46E+05 3.14 14.78 99.14

For the metric DO 0° is located at due East

Table 2. Tobacco Plains/Stillwater Valley Descriptive Statistics Definition #1.
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Metric t _ df__P-value (2-tailed) Sig. Diff. @ .05 level
DL 4.01] 241 < 0.001 Yes
DW -2.06| 241 0.041 Yes
DH -5.301 241 < 0.001 Yes
DA, 3.55] 241 < 0.001 Yes
DL, -3.78| 241 < 0.001 Yes
DLg -3.91| 241 < 0.001 Yes
DO 9.81] 241 < 0.001 Yes
DS, -1.75] 241 0.082 No
DS, 0.97] 241 0.335 No
DS 0.73] 241 0.468 No
DCR 5.20] 241 < 0.001 Yes
K -2.87| 241 0.004 Yes
LW -2.93| 241 0.004 Yes
L/H -0.89] 241 0.375 No
W/H 1.75] 241 0.082 No
US 0.67] 241 0.506 No
DV 4.80| 241 < 0.001 Yes

df= degrees of freedom

Table 3. t-test Results Definition #1.
The only metrics that showed no significant differences at the .05 level between the two
drumlin fields were DS;, DSy, DS, L/H, W/H, and L/S. In regard to drumlin orientation,
the distal ends of the Tobacco drumlins were directed to the southeast, whereas the distal
ends of the Seeley/Swan drumlins were more or less north northwest. The orientations
differed by almost 180 degrees.

Descriptive Statistics Using Drumlin Delineation Definition #2 — All Tobacco
drumlin metrics, with the exceptions of DLy, DSy, DSy, L/H, and L/S, had larger data
ranges than those from Seeley/Swan. The results showed that metrics DL, DW, DH, DA,,
DLy, DLy, DS, K, L/'W, L/H, W/H, L/S, and DV had larger average values for the Tobacco
field. The Secley/Swan field had larger average values for DSy, DSy, and DCR. The
metric L/S, however, was nearly identical for both drumlin fields. All of the basic metrics

(DL, DW, DH, DAy, DLy, DLy, and DO) showed a statistically significant difference
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Coefficient of
Min Max Range Mean(p) STDEV(o)} Skewness Kurtosis Variance{cv)
DL (m) 155.8 1,275.4 1,119.7 501.1 230.5 1.09 0.90 46.01
DW (m) 63.5 314.8 251.3 170.4 54.5 0.33 -0.20 31.96
DH (m) 6.7 274 20.7 15.1 4.0 0.14 0.58 26.23
DA, (mz) 9,573.1| 260,509.0) 250,9359| 70,3546 51656.0 1.59 272 73.42
DLy (m) 9138 986.4 8946 298.7 156.5 1.59 3.51 52.40
DL (m) 63.9 501.4 4375 202.4 91.1 1.09 1.01 41.45
DO () 224.00 305.53 81.5 258.38 14.15 0.51 1.04 5.47
DS, 0.070 0.355 0.28 0.190 0.060 0.510} -0.160 32.320
DS, 0.020 0.330 0.31 0.080 0.060 1.820| 3.920 67.670
DS 0.030 0.470 0.44 0.120 0.080 1.920 3.830 68.730
DCR 0.490 0.784 0.29 0.640 0.070 -0.100} -0.070 10.670
K 1.50 6.17 468 3.12 1.06 0.73 0.01 33.86
uw 1.54 567 412 2.96 0.96 0.70 -0.25 32.51
uH 5.19 83.69 78.50 28.59 15.48 0.87 0.51 54.16
WH 2.12 20.65 18.54 9.77 4.27 0.28 -0.22 43.70
/s 0.25 1.00 0.75 0.72 0.18 0.57 -0.46 25.48
DV (ms) 2.26E+04] 1.35E+06] 1.32E+06| 3.15E+05] 2.56E+05 1.59 2.79 81.30
For the metric DO 0° is located at due East
Table 4. Seeley/Swan Valley Descriptive Statistics Definition #2.
Coefficient of
Min Max Range Mean(y) STDEV(o) Skewness Kurtosis Variance(cv)
DL (m) 171.2 1,433.5 1,262.3 602.6 217.2 0.97 1.25 36.04
DW (m) 64.1 422.4 358.3 190.4 70.1 0.79 0.30 36.80
DH {m) 7.0 51.8 44 8 18.5 8.0 1.63 3.76 43.16
DA, (m2 31 12,836.0 355,242.0 342,306.0f 92,921.7 63,2109 1.68 2.81 68.03
DL, (m) 98.5 908.4 809.9 356.7 147.4 1.14 142 41.32
DL (m) 72.7 647.9 575.2 2459 88.7 1.22 2.70 36.08
DO (°) 23.68 98.69 75.0 62.72 11.24 0.45 1.17 17.92
DS, 0.080 0.550 0.47 0.200 0.080 1.260 2.440 37.940
DS, 0.020 0.155 0.14 0.060 0.020 1.270 2.130 40.980
DSy 0.030 0.280 0.25 0.080 0.040 1.980] 6.410 45240
DCR 0.340 0.780 0.44 0.590 0.070 -0.370 0.590 12.590
K 1.75 11.21 9.48 3.53 1.34 2.05 7.08 38.03
uw 1.69 10.65 8.97 3.36 1.25 2.01 7.05 37.10
wH 11.23 83.00 71.77 35.46 13.06 0.94 1.51 36.82
W/H 3.65 25.51 21.86 11.12 4.02 0.89 0.93 36.11
L/S 0.32 1.02 0.70 0.73 0.18 -0.51 -0.67 24.53
DV (m3) §5.22E+04 5.01E+06 4 96E+06} 6.51E+05| 6.46E+05 3.14 14.78 99.14

For the metric DO 0° is located at due East

Table 5. Tobacco Plains/Stillwater Valley Descriptive Statistics Definition #2.
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Metric t df__ P-value (2-tailed) _Sig. Diff. @ .05 level
DL -4 55[ 296 < 0.001 Yes
DW -2.37] 296 0.019 Yes
DH -4.07] 296 < 0.001 Yes
DA! -3.91] 296 < 0.001 Yes
DLy -5.04] 296 < 0.001 Yes
DLy -4.79] 296 < 0.001 Yes
DO 10.01] 296 < 0.001 Yes
DS, -1.52[ 296 0.130 No
DSy 4.78| 296 < 0.001 Yes
DS, 5.13| 296 < 0.001 Yes
DCR 5.48| 296 < 0.001 Yes
K -3.04] 296 0.003 Yes
LW -3.17| 296 0.002 Yes
LH -5.07| 296 < 0.001 Yes
W/H -3.34| 296 0.001 Yes
Us -0.32] 296 0.749 No
DV -4 50| 296 < 0.001 Yes

df = degrees of freedom

Table 6. t-test Results Definition #2.
at the .05 level between the two Montana fields. Furthermore, the only metrics that
showed no significant difference at the .05 level between the two drumlin fields were
DS,;, and L/S.

Descriptive Statistic Comparison of the Two Delineation Definitions - A
comparison of the two definitions for the Seeley/Swan drumlins (Table 7) showed that
the metrics DH, DLy, DSy, DSq, L/H, W/H, and DV were significantly different at the .05
level for the two drumlin delineation definitions. For the Tobacco drumlins a comparison
of the two definitions showed that only the metrics DA and DV differed significantly at
the .05 level between the two drumlin delineation definitions (Table 8). Finally, all basic
metrics except DLy for the Seeley/Swan comparison and DH for both comparisons
showed no statistically significant difference at the .05 level between the two definitions

for both fields.
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Metric t__ df __P-value (2-tailed) §ig. Diff. gﬁ level ]
DL 1.36] 217 0.175 No
DW 1.771 217 0.078 No
DH 4.25| 217 < 0.001 Yes
DA, 1.94| 217 0.054 No
DL, 2.28| 217 0.024 Yes
DL, 1.41| 217 0.159 No
DO -2.94] 217 0.769 No
DS, 0.69] 217 0.489 No
DS, -2.65| 217 0.009 Yes
DS, -2.90] 217 0.004 Yes
DCR -0.02[ 217 0.985 No
K -0.35| 217 0.730 No
LW -0.26| 217 0.793 No
L/H 2.86] 217 0.005 Yes
'W/H 2.74| 217 0.007 Yes
usS 0.15] 217 0.881 No
DV 2.90| 217 0.004 Yes

df =degrees of freedom

Table 7. Seeley/Swan Valley t-test Definition #1 & #2 Comparison.

Metric t  df P-value (2-tailed) _ Sig. Diff. @ .05 level
DL 158[322] 0115 | = No |
DW 1.53] 322 0.128 No
DH 3.11] 322 0.002 Yes
DA, 1.93| 322 0.055 No
DL, 1.68| 322 0.094 No
DL, 1.15] 322 0.253 No
DO -0.56] 322 0.579 No
DS, 1.25| 322 0.212 No
DS, 1.11| 322 0.267 No
DS, 1.75] 322 0.081 No
DCR -0.10] 322 0.919 No
K -0.30| 322 0.768 No
LW -0.27] 322 0.785 No
LH -1.46] 322 0.146 No
WiH -1.25| 322 0.212 No
LIS -0.96| 322 0.337 No
DV 1.97] 322 0.008 Yes

df = degrees of freedom

Table 8. Tobacco Plains/Stillwater Valley t-test Definition #1 & #2

Comparison.
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Pearson’s Correlation Coefficients

Pearson’s correlation coefficients were calculated using base-10 logarithmic
transformations of the metrics and are presented as correlation matrices in Tables 9-12.
The correlation matrices allowed relationships between metrics to be studied.

Pearson’s Correlation Coefficients Using Drumlin Delineation Definition #1 —
In examination of the correlation matrices in Tables 9 and 10, it can be seen that there
were commonly strong correlations (> .90) for the two Montana fields. The strong
correlations existed between DL and DLy, DAy and DV, DS; and W/H, DSy and L/H, DCR
and K, DCR and L/W, and K and L/W. The DL and DLy correlation was seen because the
DL metric and the DLy metric are both a measure of length. The DA, and DV correlation
was most likely seen because area is two dimensional size indicator and volume is a three
dimensional size indicator, both of which depend on length and width to achieve their
product. The DS; and W/H had a perfect inverse correlation because the formulas used to
derive the two metrics were identical with the exception of the multiplication of drumlin
height by a value of two in the DS; formula. The DSy and L/H correlation was seen
because both are indications of slope. The correlations between DCR and K, DCR and
L/W, and K and L/W are all interrelated because they all express either elongation (L/W
and K) or, inversely, compaction (DCR).

Pearson’s Correlation Coefficients Using Drumlin Delineation Definition #2 —
In examination of the correlation matrices in Tables 11 and 12, common strong
correlations (= .90) for the two Montana fields were observed. These correlations existed
between DL and DLy, DAy and DV, DS;and W/H, DSy and L/H, DS, and L/H, DCR and

K, and K and L/'W. The DL and DL correlation was seen because the DL and DLy
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DL DW DH DA, DL, DLy D3, DS, DSy DCR K oW UH  WH & DV

DL 1

“DW | *064 1

“DH 0.01] -0.02 1

DA *0.93] *0.851 -0.01 1

DLy *0.97] *0.58] 0.02] *0.89 1

DLy “0.88| *0.62] -0.02] *0.86] *0.74 1

DS *-0.55] *-0.88] *0.49] *-0.74] ~0.49] *-0.55 1

“DSy | *-0.93] *-0.56} *0.29] *-0.85] *-0.95] *0.72] *0.63 1

*DSy | *-0.82] "-0.59] * 0.36] *-0.80] ~-0.69| *-0.94] *0.68] *0.77 1
DCR [F072[ 0.05] 001 *-0.47| ~0.74| ~0.57] 0.04] *0.71] ~053 1

K *0.77] 002] 0.03] *049] *0.78] ~062] 0.01] *-0.74] *0.57] *0.93 1
LW | *0.76] -0.02] 0.03] *0.49] *0.77] *061] 0.03] *0.72] *-0.56] *-0.90] *0.97 1
"t *0.94] *0.61] *-0.33] *0.88] *0.91 084 *.0.69] *-0.97] *-0.90] *-0.68] *0.71] *0.70 1
*W/H | *0.55] *0.88] "0.49] *0.74] *0.49] *0.55] *-1.00] *-0.63] *-068] -0.04] 0.01] -0.03] *0.69 1
*L/S *0.30] 006] 005] 021] *052{ -0.18] 003] *-0.49] 018] *-0.36] *0.36] *0.34] *027] 0.03] 1
DV “092] *083] 0.23] *097] *0.88] *0.83] *-0.61] *-0.77] *-0.70] *-0.49] *0.51} "0.49] *0.79] *0.61] 0.23 1
= Coethgents signiﬁmntatiha .01 level
All metrics were base-10 logarithmically transformed prior to analysis

Table 9. Seeley/Swan Valley Correlation Matrix Definition #1.

DL DW _DH DA, DL, DL, D5, DS, Dsy, DCR K LW UH___WH_ L5 DV

DL 1

"DW | 055 1

“DH *0.38] *0.40 1

DA, *0.88] *0.87] *0.45 1

DL, { *0.96] *0.50 “0.37' *0.82 1

DLy *0.87] *0.53] *0.33] *0.80] *0.70 1

DS, -0.19] *-0.61] *0.48] *-0.44] -0.16] *-0.22 1

*DSy *063] 017] *043] ~-045] *-068| *0.41] *053 1

*DSy { *-0.49] -0.17] *0.50} *-0.38] *-0.34] *-0.65] *0.59] *0.72 1

DCR | *-0.49] *0.40] -0.02| -0.04] *-0.52} *-0.32] *-0.40] *0.49 "0.27* 1

K *0.49] *044] -0.02] 0.01} *0.50f *0.34] *0.41] "-0.50] *-0.33] *-0.94 1

LW | *0.49] *-0.46] -0.01] 0.02} *0.49} *0.36] *0.43] *-0.49] *-0.35] *0.93 *097] 1

*L/H *062] 0.18] *-0.48] *0.45f *0.60} *0.54] *-0.59] *-0.96] *-0.89] *-0.44| *0.47| "0.47 1
*VW/H 0.19] *0.61] -0.48] *044}f 0.16] *0.22] *-1.00] *-0.53] *0.59] *0.40] *-0.41] *0.43] *0.59 1

"L/S 020} 00%] 0.08] 0.10f *0.47} *-0.31] 0.06] *0.39] *0.35] *-0.31] “0.25] 0.21] 0.13] -0.06 1

‘DV :O,B2| T0.83] *0.73] 093] ~0.78] *0.74] -0.16] 0.18] 0.09] 005] 002] 001] 016] 016] 013 1
= Coefhcients si cant at the 0.01 level

All metrics were base-10 logarithmically transformed prior to analysis

Table 10. Tobacco Plains/Stillwater Valley Correlation Matrix Definition #1.
metrics both measured length. The DA, and DV correlation was most likely seen because
area is a two dimensional size indicator and volume is a three dimensional size indicator
both of which use length and width to achieve their product. The DS; and W/H had a
perfect inverse correlation because the formulas used to derive the two metrics were
identical with the exception of the multiplication of drumlin height by a value of two in
the DS; formula. The DSy and L/H and DS,; and L/H correlation was seen because both

are indications of slope. The correlations between DCR and K and K and L/'W were
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interrelated because they expressed either elongation (L/W and K) or, inversely,

compaction (DCR).

DL DW__DH DA, DL, DL, DS, D5, D5, DCR K TW__UH__WH U5 DV

~OL 1

“OW 69 7

H *0.30] *0.44 1

DA, *0.93] *0.90] *0.41 1

DL, *097] "0.63] "0.28] "0.88 1

DLy 09| "0.71] "0.31] 0.89] 0.79 1

DS, [*-0.45|*-0.65] "0.40| *-0.57] *-0.40[ *-0.46 1

DS, | *-0.90] *-0.70] *-0.45] *-0.88] *-0.90]—~-0.76] "0.33 1

“DSy | *-0.82] ~0.75] *-0.47] *0.86 '-0:72 *0.90] "0.36] "0.87 1
DCR | *061] 0.04] 0.00] *-0.33] *~0.66] *-0.45] -0.03] *052] *0.34 1

K *063| 009 -007] "0.31] *0.67] *0.48] 0.03] *-0.49] *-0.32] *-0.91 1

‘W | *064] 0.11] 0.05] 0.33] 067 “0.49] 0.07] ~-0.49] *-0.34| *-0.88] *0.98| 1

*LH *0.90] *0.74] =0.47] "0.90| “0.86] *0.83] *-0.36] "-0.98| ~-0.95] *-0.47| "0.44] "0.45 1

"W/H | 061] ©089] <055| 080] 055] "0.63] *-1.00} ~-0.79] ~-0.85] 002 011] 0.11] 084 1

LIS 0.22] 004] 001 -0.10| =030 0.21] 0.03] 0.33] 0.17] *0.39] *-0.37] “-035] -0.16] 0.04 1

lov =0.68] *0.88] 0.65] 0. *0.83] "0.84] *-0.35) *0.87| *-0.86] *-0.29] "0.26| 0.26| 090 0.84] -0.10 1
= Mmoients significant at the 0.01 lovel

Alt metrics were base-10 iogarithmicaily transformed prior to analysis

Table 11. Seeley/Swan Valley Correlation Matrix Definition #2.

Tobacco Plains/Stillwater Valley Correlation Matrix Definition #2

oL DW_DH_ DA, DL, DL, DS, DS, DS, DCR K __DwW_LH WH US DV
DL 7
‘oW [ oe0] 1
“OH [ 0.51] 086 1
DA, | -0.88] w089 060 1
IDL. “0.97]_-0.56] "052| 084 1
DL, |_-088] *0.57] *042| 081} 073 1
Ds, | -005] ~042] 052 ~026] 0.01] 012 1
DS, | *-0.47] -001] 048] 025 ~0.50] *-032| 054 1
DS, | *026| 005| “061] 012| 013] 046 *062] 0.75] 1
iDCR ~0.46] *0.36] -0.01] -0.03[ *-0.48] *-0.32] *-0.38] *0.48] *0.26 1
K *0.42] "0.46] -0.07| -0.05| ~0.43| "0.30| *0.39] *-0.52] 034 *-0.91 7
‘W [ *042] *048] 007 -004] -0.42] -0.32| 042| “0.50] *0.35| ~-0.91] 098] 1
‘uH | "043] 0.02] =057 =0.21] “0.38] *0.40| *-0.60] ~0.96| =000 *-042] ‘048] 047 1
“wH [ 0.05] "042] 052 -0.26] 0.01] 0.12| ~1.00] *054] *-062| *0.38] *-0.39] ~042] 060 1
‘us [ 004 004] 006] 004 -015] 0.16] 003 010 *-020] 004 001] 000] 002 003 1
lov__ [~o8s[ ~oss| o8] ~0sal ~osol 73] 0.0 00| 0.18] 004 005 006[ 0GS] 004 005[ 7

= Coefficients significant at the 0.01 level
All metrics were base-10 logarithmically transformed prior to analysis

Table 12. Tobacco Plains/Stillwater Valley Correlation Matrix Definition #2.
Correlation Matrices Comparison of the Two Delineation Definitions — The
comparison of the two different correlation matrices for the Seeley/Swan field showed
very similar results. Likewise, the comparison of the two different correlation matrices

for the Tobacco field showed to be even more similar than the two for the Seeley/Swan
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field. The two different drumlin delineation definitions seemed to have had little effect
on the correlation results in the two fields.
Principal Component Analysis (PCA)

The PCA results are shown in tables (Tables 13-18). The metrics with the highest
loadings or weights in each principal component are highlighted in grey and are assumed
to be the metrics that best describe valley drumlins.

PCA using Drumlin Delineation Definition #1 — The principal components for
drumlin delineation definition #1 are shown in Tables 13 and 14. The metrics that
represented the highest loadings for each principal component were DL, DS;, DH, L/S,
and DO for the Seeley/Swan and DL, L/W, DH, L/S, and DO for the Tobacco field. Asa
result they are considered to be the most descriptive metrics for each field. As can be
seen the metrics representing the highest loadings for each principal component were the
same for the two fields with the exception of principal component number two.

PCA Using Drumlin Delineation Definition #2 — The principal components for
drumlin delineation definition #2 are shown in Tables 15 and 16. The metrics that
represented the highest loadings for each principal component were DL, K, DS,, L/S, and
DS}, for the Seeley/Swan and DL, L/'W, DS,, L/S, and DO for the Tobacco field. Asa
result they are considered to be the most descriptive metrics for each field. As can be
seen the metrics representing the highest loadings for each principal component were the
same for the two fields with the exception of principal component number two and five.
However, metrics with the highest loading for principal component two were both

measures of elongation.
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Principal Component Loadings

pc1 | pc2 | Pc3 { Pca | PCs Pc | Eigenvalues %of | mulative %
Variance

DL 0983 0131 o0.102] o0.066] 0023 1 9.952 58.541 58.541
DW 0691 -0615 0.357] 0.076] -0.070) 2 3.155 18.558 77.099
DH -0.152] 0374 0.736] 0.534] -0.098 3 1.497 8.808 85.907]
DA, 0.945| -0.193] 0.222] o0.088] -0.015 4| 1.371 8.064{ 93.970)
DL, 0.946] 0218] 0.195] -0.125] -0.043 5| 0.845) 4,968 96.939
DL, 0.882] -0.050{ -0.107] 0.432] 0.145 | 0.141 0.827| 99.766
DO ©0271] 0.018] 0.394] -0.272] 083 7 0.038 0.222 99.988
DS, -0673] 0712] 0040 0.187] 0.014 8| 2.062E-03] 1.213E-02| 100.000
DS, -0.952] -0.094] 0.040 0.284] 0.011 9 1.098E-15|  6.459E-15 400.000
DS, | 0875 0176] 0.354] -0.219 -0.169 10 6.577E-16] 3.869E-15 100.000
DCR | -0684] -0630] 0471 0.016] 0.038 11 2.961E-16] 1.742E-15| 100.000
K o.706f 0671 -0.150] 0.00s| 0.082 12 1.503E-16] 8.839E-16 100.000
uw 0687 0690 -0.170] 0.021] 0.088 13 1.011E-16] 5.947E-16 400.000
LH 0.979] -0.002| -0.152] -0.117] 0.054] 14| -5.534E-17| -3.255E-16| 100.000}
W/H 0.673] -0.712] -0.040] -0.187] -0.014 15 -3.782E-16] -2.225E-1 400.000
us -0.268] -0.385] -0.423] 0.734] 0248 16 -6.109E-16] -3.594E-15 100.000
DV 0.894] -0.089] 0.388] 0.199] -0.038 17 -1278E-15] -7.516E-15, 100.000

All metrics were base-10 logarithmically transformed prior to analysis

Table 13. Seeley/Swan Valley Principal Component Table Definition #1.

Principal Component Loadings

PC1 | PC2| PC3 | PC4]| PCS PC| Eigenvalues Vaoll'::l:ce Cumulative %)
DL 0.954] -0.099] 0.281] 0.025 -0.004 1 6.720  39.527 39.527]
DW 0.545] 0.744] 0.372] -0.073] 0.011 2 4259  25.054 64.581
DH 0.106] -0.028f 0.992] 0.061] -0.012 3| 3.396 19.975 84.55
DA, | 0845 0.370] 0.373| -0.003| -0.004 4 1.508| 8.872 93.428)
DL, 0911] -0.159] 0286 -0.247] 0.015 5 0.991 5.831 99.259)
DL, | 0828 0043 0216 0498 -0.041 6 0.082 0.485 99.744]
DO | 0036 -0.106] 0.023] 0.117] 0.986 7 0.042 0.248 99.992]
DS, | -0430 -0.736] 0.504] 0.123] -0.021 8| 1.43E-03] 8.42E-03 100.00
DS, | -0.803 0.133] 0502 0288 -0.024 9| 8.95E-16] 5.26E-15 100.00,
DS, | 0686 -0.062] 0597 -0.409] 0.028 10| 7.28E-16] 4.28E-15) 100.00
DCR | -0445] 0.853] 0049 0.021] 0.094 1 3.97E-16] 2.33E-15 100.00
K 0.445] -0.875] -0.093] 0.057] -0.001 12 266E-16] 1.57E-15 100.00
L/W | 0441 -0.881] -0.091] 0.103] -0.016] 13| 1.05E-16] 6.17E-16} 100.00!
L/H 0.815] -0.070} -0.574] -0.028] 0.007 14| -2.70E-16| -1.59E-15 100.00
W/H | 0430] 0.736] -0.504] -0.123] 0.021 18] -5.94E-16] -3.50E-15| 100.00
L/S | -0.178] 0.264] -0.113] 0.938] -0.070] 16| -1.295-_1;' -7.60E-15 100.00
DV 0.693] 0.266] 0.670] 0.003] -0.002 17 -1.43E-1 -8.38m

All vriables were base-10 logarithmically transformed prior to analysis

Table 14. Tobacco Plains/Stillwater Valley Principal Component Table Definition #1.
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Principal Component Loadings

PC1 [ PC2 | PC3| PC4| PCS PC| Eigenvalues % of Cumuiative %
Variance

DL '0.960f 0.195| 0.122 0.000] 0.13§ 1 9.008 52.988; 52.988
DW 0.776] -0521] 0.262| -0.123] 0.086 2 3.325 19,556 72.544]
DH 0.378] -0.338] -0.752{ -0.117{ 0.348 3 2.001 11.770 84.314
DA, 0.922] -0.067] 0.238] -0.075| 0.239 4 1.102 6.480) 90.794]
DL, | 0906] 0288l 0086 -0.228 0.102 5 0.787] 4630 95.424f
DL;._ 0.872{ -0.001] 0161 0.392] 0.169 6 0.288 1.694 97.118
DO -0.52 0.436] 0.636] -0.004 0.178 7 0.164 0.962 98.080
DSI -0.418] 02431 -0.822% 0.036] 0.215 sl 9.12E-02 0.536] 98.617
Ds" -0.836] 0.128] 0.273] 0.042} 0.375 9| 7.03E-02 0.413) 99.030
E; -0.779] 0339 0.233] -0.257] 0.289 10 5.73E-02 0.337 99.367|
DCR | -0.539] -0.739] 0.140] -0.119] 0.124] 11 4,456E-02 0.262 99.629
K 0.515] 0.817] -0.080§] 0.164| -0.059 12 2.44E-02 0.143 99.773
L/W 0.522| 0.808] -0.104}f 0.192] -0.031 13 1.55E-02] 9.11E-02 99.864
L/H 0.957| 0.014] 0.025] 0.003] -0.108 14 1.49E-02] 8.74E-02 99.951
W/H 0.748] -0.565| 0.089; -0.094] -0.213 15 4.67E-03] 2.75E-02} 99.979
L/S -0.166] -0.492] 0.074] 0.829{ 0.166 16| 3.63E-03}] 2.13E-02 100
DV o.907| -0.070] 0.022 -0.134] 0.371] 17 4.98E-12] 2.93E-11 100

All metrics were base-10 logarithmically transformed prior to analysis

Table 15. Seeley/Swan Valley Principal Component Table Definition #2.

Principal Component Loadings

PC1 | PC2| PC3 ]| PC4 ]| PCS PC| Eigenvalues V:;a‘:\fce Cumulative %)
DL 0.991] -0.011] 0.037] 0.059] 0.022 1 5.831 34.297| 34.297
DW 06071 0.764] -0.069] -0.058] -0.020 2 3.922 23.071 57.368
DH 0.455] 0406] 0.763] 0082 0.008| 3 3.724 21.903] 79.271
DA, 0.858] 0476] 0.012] 0.056] 0.015 4 1.346) 7.916] 87.188
DL, 0.956f -0.073] 0.116] -0.210] 0.043 5 1.005 5.912 93.100]
Dl—sl 0.837} 0.094 -0.103] 0.493] -0.018 6 0.515 3.031 96.131
DO -0.047] -0.067] -0.044] 0.096] 0.989 7 0.169 0.993 97.123
DS, -0.075] -0.333] 0.900] 0.138} -0.034 8 0.149 0.878 98.001
DS, -0.463] 0.383 0.709] 0.250} -0.03 o 8.31E-02 0.489 98.490
DS;I -0.231] 0.293] 0.839} -0.317] 0.041 10 7.28E-02 0.428 98.918
DCR | -04681] 0.796] -0.164] -0.047] 0.092 11 6.31E-02 0.371 99.289
K 0409 -0.876] 0.111] 0.032] 0.022 12 4.96E-02 0.292 99.581
LW | 0404 -0879 0121 0.075] 0.006 13 3.71E-02 0.218 99.799
L/H 0701} -0.129] -0.341] -0.107| -0.058 14 1.78E-02| 0.105 99.904]
W/H 0.071] 0.368] -0.852} -0.158] -0.009 1 1.28E-02| 7.53E-02 99.979
L/S -0.305] 0.142] -0.259; 0.896] -0.067 16 3.50E-03] 2.06E-02 100
DV 0.71‘7I>0‘489 0.362] 0.042] 0.050 17 9.64E-12] 5.67E-11 100

All vriables were base-10 logarithmically transformed prior to analysis

Table 16. Tobacco Plains/Stillwater Valley Principal Component Table Definition #2.
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Principal Component Loadings

Pc1|{pPc2|pca|pcal|pcs| lpc| Eigenvaives | %% Icumulative %
DL 0971 0.113] 0.199] 0.006] 0053 1 7.972 46.891 46.891
DW 0575 -0651] 0483 -0.085] 0.002 2 3.799 22.346 69.238
DH 0091 0276] 0954 0.042] 0.062 3| 2708 15.929 85.167
DA, 0.882] -0267] 0.375] -0.021] 0.035 4 1.437 8.452 93.619)
DL, 0.937] 0.177] 0.187] -0.235] 0.013 5 0.938 5.520 99.139
&;! 0.863] -0.027| 0.192] 0.454] 0.108 6 0.104 0.612 99.751
DO -0.223{ -0.060] -0.139 -0.220] 0.937] 7 4.07E-02 0.239 99.990
DS, | -0463] 0822 0302 0.112] 0.047 8 1.71E-03]  1.01E-02 100
DS, | 0873 -0.003] 0.409] 0.260[ 0.026 9 1.92E-15] 1.13E-14} 100
DS; -0.763] 0.210] 0.452] -0.405| -0.062 10} 1.36E-15] 7.97E-15 100
'DCR | 0582 0741 0157 0033 0097 1 4.026-16] 2.37E-15 100
K 0.601] 0.745] -0231] 0.052] 0.057 12 1.60E-16| 9.42E-16 100
L/W | o589} 0760 -0231] 0089 0.061 13 -9.87E-17| -5.81E-1§ 100
L/H 0.888] -0.076] -0.452] -0.022] 0.010 14| -3.72E-16] -2.19E-15 100
W/H | 0.463] -0822[ -0.302] -0.112f -0.047 15 -6.66E-16 -3.92E-15 100
L/S | -0.230] -0288] -0.020] 0.921f 0.121 16 -1.04E-15] -6.13E-15} 100
DV 0.761| -0.116] 0.635] -0.017] 0.04 17 ~1.38E-15] -8.10E-15) 100

All metrics were base-10 logarithmically transformed prior to analysis

Table 17. Principal Component Table - Seeley & Tobacco Data Combined Def. #1.

Principal Component Loadings

PC1| PC2| PC3| PC4]| PCS PC| Eigenvalues v;ﬁ:’:oe Cumulative ¢
DL 0.948] -0.105] 0.183]| -0.134] 0.187 1 8.193 48.192 48.192
DW 0.657] 06721 0267] -0.171] 0.092 2 3.558 20.932 69.125
DH 0.388] 0.144] 0.8865] 0.230] -0.122 3 2.633 14.897 84.022
DA, 0.891] 0298 0251 -0.145] 0.159 4 1.297| 7.627] 91.649
e
DL, 0.947| -0.094{ 0.216] -0.152} -0.059 5 1.094 6.432 98.082
DL 0.883] 0.038] 0.076] 0.193] 0.416] 6 0.176 1.035 99.116
DO -0.558] -0.114] -0.053] -0.535] 0.57 7 9.40E-02 0.553 99.669
DS, -0.276] -0.543] 0.617] 0.413} -0.220 8 3.70E-02 0.218 99.887
DS, -0.865] 0.139] 0.385] 0.113] 0.2561 9 1.83E-02 0.108 99.995
DS, | 0784 -0.042] 0.530] -0.306} -0.038 10 9.19E-04| 5.41E-03 100
DCR | -0.497] 0.804] 0.000] -0.026| -0.014 11 411E-12] 2.42E-11 10
K 0.454] -0.866] -0.074] -0.024] 0.123 12 2.15E-12] 1.26E-11 100,
L/W 0.454]) -0.870f -0.066] 0.021] 0.131 13| 1.33E-12| 7.79E-12 100
L/H 0.868] -0.075 -0.456] 0.045] -0.148 14) 9.79E-16] 5.76E-15f 100
W/H 0.627] 0.561} -0.458] 0.035 -0.261 15 5.30E-16] 3.12E-15 100
L/S -0.159| 0.320; -0.248] 0.739] 0.513 16} -3.26E-16| -1.92E-15 100
DV 0.811] 0.267] 0.513] -0.035] 0.069 17 -6.63E-16| -3.90E-15 100

All vriables were base-10 logarithmically transformed prior to analysis

Table 18. Principal Component Table - Seeley & Tobacco Data Combined Def. #2.
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PCA Comparison of the Two Delineation Definitions — The comparison of the
two PCA drumlin definition results are shown in Tables 17 and 18. The metrics that
represented the highest loadings for each principal component were DL, DS;, DH, L/S,
and DO for definition #1 and DL, L/'W, DH, L/S, and DO for definition #2. As a result
they are considered to be the most descriptive metrics for each definition. As can be seen
the metrics representing the highest loadings for each principal component were the same
for both definitions with the exception of principal component number two. However,
the metric with the second highest loading or weight for principal component two in
definition #1 matches the metric with the highest loading for definition #2. As a result,
the most descriptive metrics for Montana drumlins are DL, L/'W, DH, L/S, and DO.
Drumlin Field Statistics

Drumlin field statistics were compiled for each field, which encompassed all of
the drumlins in that given area. The drumlin field boundary remained the same for both
drumlin delineation definitions. The values for the two Montana drumlin fields are
shown in Tables19 and 20. These descriptive statistics showed that the Tobacco field
was longer, wider, greater in area, and had a greater number of drumlins than the
Seeley/Swan field. The Seeley/Swan field had more drumlin twins and was more
compact. Drumlin density (2D per km?) showed a difference between the two fields for
both definitions; however, the differences were not extreme. For both definitions the
Seeley/Swan field had a greater density than the Tobacco field. This is, most likely, due

to the fact that the Seeley/Swan field covers only half of the area that the Tobacco field

does.
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FL (m)

FW (m)

FA (m?)

FqT

FoP

F4D (per km?)
FCR

Seeley Field _ Tobacco Field
34,0502 40,2141
6,810.8 8,698.4
107,926,074.3] 221,559,144.5
96 147
10 7
0.07 0.07
0.89 0.66
0.32 0.36

Table 19. Montana Drumlin Field Metrics Definition #1.

FL {m)

FW (m)

FA (m?)

FyN

FaT

F.P

F4D (per km?)
FCR

Seeley Field  Tobacco Field
34,052.2 40,214 1
6,810.8 8,698.4
107,926,074.3] 221,559,144.5
121 175
10 7
0.08 0.07
1.21 0.79
0.32 0.36

Table 20. Montana Drumlin Field Metrics Definition #2.

Nearest-Neighbor Analysis (NNA)

fields are considered “dispersed.”
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Drumlin Delineation Definition Comparison - Only the number of drumlins
and drumlin distribution differed between the two different drumlin delineation
definitions. The percent area drumlins (¥#4P) differed by only 1 % between the drumlin
delineation definitions in the Seeley/Swan field. There was no change between
definitions for the Tobacco field. The average drumlin density per square kilometer (FuD

per km?) showed only marginal change between definitions for both Montana fields.

NNA Using Drumlin Delineation Definition #1 - The results of the nearest-
neighbor analysis for definition #1 are presented in Table 20. The NN/ was greater than
1.0 for both of the drumlin fields with the Seeley/Swan NNI at 1.26 and the Tobacco NN/

at 1.06. Drumlin distributions were similar. Since the NN/s were greater than 1, both



NNA Using Drumlin Delineation Using Definition #2 - The results of the
nearest-neighbor analysis for definition #2 are presented in Table 22. The NNI was
greater than one for both of the drumlin fields with the Seeley/Swan NNI at 1.35 and the
Tobacco NNI at 1.04. This showed that drumlin distribution was similar. Since the NNIs
were greater than 1, both fields are considered “dispersed.”

NNA Comparison of the Two Delineation Definitions — The NNJ differed by
only 0.09 between the two delineation definitions for the Seeley/Swan field, a very small
difference. For the Tobacco field the NN/ differed by only 0.02, which was even smaller
than for the Seeley/Swan field. As a result, the two definitions generated nearest-
neighbor analysis results that are virtually the same for the two fields, showing that

drumlin delineation definitions had little effect on nearest-neighbor analysis.

Seeleyfield Tobacco Field
NN Index {NN/) 1.26 1.06
Ave. Dist. (m)}{D o5¢) 666.47 648.40
Exp. Ave. Dist. (M}D o,p) 530.15 613.84
Polygon Area (m?) (A) 107,926,074.3 221,559,144.5
Standard Deviation (SD) 28.28 26.46
Standard z-value (Z) 4.82 1.31
Number of Pts. 96 147

Table 21. Nearest-Neighbor Analysis Definition #1.

Seeley Field Tobacco Field
NN Index (NN/) 1.35 1.04
Ave. Dist. (m) (D ,5¢) 636.77 587.29
Exp. Ave. Dist. (m) (D .,,) 472.22 526.59
Polygon Area (m?) (A) 107,926,074.3 221,559,144.5
Standard Deviation (SD) 22.44 22.23
Standard z-value (Z) 7.33 1.11
Number of Pts. 121 175

Table 22. Nearest-Neighbor Analysis Definition #2.
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Drumlin Density Maps

In the Seeley/Swan field, there seemed to be three comparatively dense locations,
in the northern, middle, and southern third of the map (Appendix M). In the Tobacco
field the drumlin distribution got denser in the middle third of the field. Furthermore, the
density seemed to be more evenly distributed in the Tobacco field (Appendix M). The
difference between the two drumlin delineation definitions had little affect on drumlin

density and had no real change in the density patterns shown on the maps (Appendix M).
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CHAPTERS5
DISCUSSION
Possible Form Variables

There is still no consensus on the processes and conditions required for drumlin
formation. Furthermore, the causes of drumlin form variations are disputed.
Nonetheless, many researchers have speculated on the shaping of drumlins. The greatest
emphasis has been placed on drumlin elongation factors.

Elongation Factors

Two dominant elongation factors examined are glaciological and geological
factors.

Glaciological Factors — Glaciological factors speculated to affect drumlin
elongation include ice thickness, ice velocity, and consistent direction of ice flow.

Ice Thickness and Ice Velocity — Ice thickness and ice velocity are directly related
to each other (Embleton and King 1969, 336). It has been proposed that ice flow velocity
relates to drumlin elongation (Charlesworth 1957, 394; Crozier 1975, 185; Embleton and
King 1969, 324-326). Where ice flow was sluggish drumlins were relatively blunt and
where ice moved rapidly drumlins elongated. Embleton and King (1969, 336) found in

their study that elongation increased in the Tyne gap where ice was forced to accelerate.
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Thicker and higher velocity ice is thought to create more elongated drumlins (Embleton
and King 1969, 336).

The hypothesis regarding ice thickness and velocity appears to apply in Montana
since the thickness of the Flathead lobe of the Cordilleran ice sheet may have exceeded
4,000 feet at the Montana-Canadian border (Johns 1970, 7) whereas the Swan Valley
glacier thickness was probably around 2,000 feet. The Flathead lobe velocities were
undoubtedly greater owing to its appreciably greater thickness.

Ice thickness and velocity differences may account for the differences between
the Seeley/Swan drumlins and the Tobacco drumlins. The Tobacco drumlins were more
elongated than the Seeley/Swan drumlins, possibly the result of thicker and faster ice.

Local Flow Direction Consistency — Another glaciological factor thought to have
an effect on drumlin elongation is consistency of local ice flow direction (Doornkamp
and King 1971, 302; Embleton and King 1969, 325; Jauhiainen 1975, 226). Under this
hypothesis drumlins are more elongated where ice flow experiences fewer direction
changes. The evidence used to support this has been based on findings that drumlin
elongation increases where the standard deviation of drumlin orientation decreases.

The directional consistency of flow hypothesis may explain the difference in
elongation between the two Montana fields. The Seeley/Swan field had a DO standard
deviation (¢) of £13.62 and the drumlins were less elongated. The Tobacco drumlins had
a standard deviation (o) of +10.87 and were more elongat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>