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POSSIBLE ORIGINS OF TILL-LIKE DEPOSITS NEAR THE SUMMIT OF THE
FRONT RANGE IN NORTH-CENTRAL COLORADO

By RICHARD F. MADOLE

ABSTRACT

Diamictons cap ridges and fill U-shaped cols at several localities
along the Continental Divide in the northern ¥ront Range, north-
central Colorado. In the past, a few of the diamictons were mapped
as till, chiefly because they contain many large boulders of exotic
rocks in a poorly sorted matrix. However, four categories of
deposits, all of which are common to this region, possess these
characteristics. They include (1) periglacial mass wasting deposits;
(2) landslide deposits; (3) glacial deposits; and (4) alluvial-colluvial
deposits. Because the genesis of the diamictons profoundly influences
the interpretation of the structural, erosional, and climatic histories
of the region, two areas of diamictons, previously mapped as till,
were restudied. The two areas are on Niwot Ridge and an unnamed
ridge to the north, high interfluvial divides that extend east from
the Continental Divide in western Boulder County, Colo.

Transport by slow mass movementin a periglacial environment is
rejected as an origin for the diamictons, and an interpretation of
origin by landsliding has several weaknesses. If ice were the
transporting agent, the glaciers were small (less than 5 km from
uppermost accumulation area to terminus) and not the large ice cap
suggested by earlier workers. Even though the evidence does not
unequivocally prove the origin of the diamictons, it suggests three
arguments favoring the interpretation that they are mixtures of
mostly alluvium and colluvium. These arguments are based on (1)
the physical resemblance of the diamictons to bouldery deposits
known to consist of alluvium, colluvium, and debris flow deposits;
(2) the occurrence of similar diamictons in areas where glaciation
cannot account for them, and (3) the probability that thediamictons
areof Tertiary rather than Quaternary age because of the amount of
erosion that has occurred since some of them were deposited.

The twodiamictons studied, which were previously mapped as till
of Quaternary age, are here interpreted to be aggregations of
alluvium, colluvium, and possibly some debris flow deposits, which
accumulated during Tertiary time on a surface of low relief that
subsequently was uplifted and deeply dissected.

INTRODUCTION

Diamictons that consist of boulders in a poorly
sorted, sandy matrix top ridge crests and fill cols at
several localities along the summit of the northern
Front Range. Diamicton is a nongenetic term for a

poorly sorted terrestrial sediment containing a wide
range of particle sizes, such as a till (Flint and others,
1960a, 1960b), and it is used here to avoid a genetic
term for deposits whose origin is uncertain. The
diamictons are texturally similar to late Pleistocene
tills in nearby valleys, but they are older than the tills.
The diamictons predate the formation of the deep
valleys through which late Pleistocene valley glaciers
moved, and they occur 200-400 m above the uppermost
occurrence of till along adjacent valley sides. Morpho-
logic characteristics of the deposits that could aid in
interpreting their origin are absent from the diamic-
tons, possibly because they are old and have been
greatly modified by mass movement and erosion.
Without landforms it is difficult to determine whether
the deposits are till or some type of nonglacial deposit,
because the sedimentological criteria of poor sorting
and the presence of large boulders of exotic rock types
are common to diamictons of several origins(Flint and
others, 1960a; Harland and others, 1966). Faceted or
striated clasts were not found in any of the diamictons
examined, and weathering has long since erased any
markings that might have been on the clasts at the
surface. However, distinctively striated clasts are not
common in the tills of the region, because the coarse-
grained crystalline rocks that dominate these deposits
do not striate readily.

Poorly sorted terrestrial deposits of Miocene to
Quaternary age are widespread in the mountains of
Colorado and probably are common to many parts of
the Rocky Mountain region. Different origins assigned
tothese diamictons result in markedly different inter-
pretations of the climatic, tectonic, and erosional
histories of the region. Several deposits initially
described as till in various publications (Atwood and
Mather, 1932; Bryan and Ray, 1940; Eschman, 1955;
Gable, 1972; Harris and Fahnestock, 1962; Ives, 1953;
Moss, 1951; Madole, 1960; Ray, 1940; Richmond, 1948;

1



2 POSSIBLE ORIGINS OF TILL-LIKE DEPOSITS, FRONT RANGE, COLORADO

Wahlstrom, 1940, 1947) were reinterpreted to be
diamictons of nonglacial origin (Richmond, 1965, p.
217-218; Madole, 1976, p. 302-303). Accordingly, this
has modified previous interpretations of glacial
history.

This report summarizes evidence gathered from the
study of two diamictons that previously were mapped
as till (Wahlstrom, 1940, 1947; Ives, 1953; Madole,
1960) and that formed an integral part of Wahlstrom’s
(1947) work on the Front Range summit and sub-
summit erosion surface problem. The discussion con-
cerning the origin of these two deposits is based chiefly
on sedimentological data, because the deposits are
relatively small and isolated and lack remains of
landforms.

The first part of the report describes the sedi-
mentary characteristics of the two diamictons, and the
second presents four possible origins for the diamictons
in terms of their sedimentary characteristics.
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STUDY SITES

The diamictons chosen for study cap two ridges,
Niwot Ridge and an unnamed ridge to the immediate
north, that are high interfluvial divides extending east
from the Continental Divide (fig. 1). These areas were
the principal sites studied because the composition of
the diamictons relative to that of the Audubon-Albion
stock demonstrates that the diamictons were trans-
ported to their sites of deposition. Only a few of the
diamictons along the summit of the northern Front
Range can be shown unequivocally to have been
transported for distances greater than would be
expected by creep and solifluction. The diamictons on
Niwot Ridge and the unnamed ridge to the north,
however, can be shown to be far removed from their
source. The cobbles and boulders in them, which

(based on five measurements) make up an estimated

10-30 percent of the deposits, consist almost entirely of
clasts derived from Proterozoic quartz monzonite and
biotite gneiss (Wahlstrom, 1940, 1947; Gable and
Madole, 1976); yet these diamictons overlie the Audu-
bon-Albion stock (chiefly monzonite of Tertiary age).
Hence, noambiguity remains about whether these two
diamictons were transported for considerable dis-
tances; the question is, how were they transported?

The diamictons on Niwot Ridge and the unnamed
ridge to the north are at altitudes of about 3,450-3,720
m, which, as shown in figures 1 and 2, approaches the
level of the Continental Divide. The deposit on the
unnamed ridge is 100-140 m above timberline (altitude
about 3,350 m) and 155-290 m above adjacent valley
floors. The deposit on Niwot Ridge is 100-240 m
higher than that onthe unnamed ridge and 260-440 m
above the valley floors.

SEDIMENTARY CHARACTERISTICS
OF THE DIAMICTONS
DISTRIBUTION, CONTACTS, AND THICKNESS

The diamicton on Niwot Ridge is about 2 km long, as
much as 0.5 km wide, and according to seismic data,
3-36 m thick (figs. 3,4). The diamicton on the unnamed
ridge is about 0.6 km long, 0.3 km wide, and 5.5-19 m
thick (figs. 5, 6). These widths include only the crestal
portion of each ridge, because solifluction has spread
the diamictons down the valley sides to adjacent valley
floors (figs. 1, 2).

Both diamictons are sheet deposits that unconform-
ably overlie igneous rocks of the Tertiary Audubon-
Albion stock. Seismic data obtained on the unnamed
ridge (fig. 6) suggest that the contact between the
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Section A-A’, figure 4. Contour interval 25 m.

from the same source area, despite their location on
opposite sides of upper South St. Vrain Creek. An
estimate of the boulder and cobble compositions was
obtained by identifying rock types within five plots (4
X 4 m) laid out on each diamicton (figs. 4, 5). Between
50 and 115 boulders and cobbles were identified in
each plot; the variation in the number of clasts counted
is a function of what was available on the surface.
These counts indicate that 36-70 percent of the
boulders and cobbles in the diamicton on Niwot Ridge
were derived from bictite gneiss (formerly called
Idaho Springs Formation), 22-51 percent from the
Silver Plume Quartz Monzonite (“granite” clasts from
migmatitic parts of the Idaho Springs Formation
were counted as quartz monzonite), and 1-7 percent

from the monzonite of the Audubon-Albion stock. In
comparison, 66-98 percent of the boulders and cobbles
in the diamicton on the unnamed ridge were derived
from the Silver Plume Quartz Monzonite, 0-2 percent
from biotite gneiss, and 2-34 percent from the mon-
zonite stock.

TEXTURE

Sediment size studies concentrated on the size range
and abundance of boulders, and on the percentage of
sand, silt, and clay in the matrix. For the purposes of
this discussion, cobbles and boulders constitute the
framework clasts, and matrix includes all material
less than 32 mm in size (pebbles, granules, sand, silt,
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TABLE 1.—Summary of boulder sizes measured in 4x4-m plots on diamictons, till, and residuum on Niwot Ridge, the unnamed ridge, and in
the Red Rock-Brainard Lakes area

. . No. of Percent Percent Percent Percent Maximum size

Deposit type Site observations 25-50 em 50-75 em 75-100 cm > 100 em observed (cm)
Diamictons on NR-1 74 58 23 10 9 188
Niwot Ridge NR-2 93 70 25 3 2 343
and the NR-3 115 76 19 3 2 112
unnamed NR-4 54 80 18 2 0 79
ridge. NR-5 71 69 20 6 5 234
UR-2 56 71 21 4 4 170
UR-4 50 70 22 2 6 122
Till o RB-1 49 85 13 0 2 140
RB-2 50 66 28 2 4 122
RB-3 50 54 26 16 4 165
Residuum .......... NR-6 68 87 13 0 0 66
NR-7 76 96 2 2 0 81
NR-8 13 91 7 2 0 76
UR-6 54 98 2 0 0 74

! NR, Niwot Ridge; UR, Unnamed ridge; RB, Red Rock-Brainard Lakes area. Site locations for NR and UR areshown on figures 3 and 5 (composition-study sites), except for NR-7and

NR-8, which are too far east to be included.

and clay). As noted previously, boulders and cobbles
(framework clasts) are estimated to make up 10-30
percent of the diamiectons, based on five measurements.
As for the matrix, eight samples from Niwot Ridge
and six samples from the unnamed ridge yielded the
following pairs of means, respectively: percent
pebbles — 49 and 28.8; percent granules — 6.6 and
9.6; percent sand-silt-clay — 43.7 and 61.6. Sand makes
up 54-76 percent of the less-than-2 mm fraction,
whereas clay constitutes only 3.5-10.5 percent.

BOULDER-SIZE RANGE AND ABUNDANCE

One of the most distinctive features of the diamictons
is that large boulders, such as shown in figure 7, are
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scattered over the surface of the deposit. Large
boulders are also common on the surface of the tills of
the region, to such an extent that this characteristic is
a criterion used in delineating till boundaries. Large
boulders also occur on other surficial deposits but are
notapparently as numerous and uniformly distributed.
Because of these occurrences, an effort was made to
quantify the similarities and differences in size and
distribution of boulders on the surface of the diamictons
on Niwot Ridge and the unnamed ridge, on till in
nearby valleys, and on residuum on slopes and inter-
fluves comparable to those occupied by the diamictons.

An estimate of the size and distribution of boulders
in the diamictons was obtained by (1) measuring the

EAST

A ’
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FIGURE 4.—Diagram showing the approximate thickness of the diamicton on Niwot Ridge, as interpreted from seismic data. Numbers indicate
seismic shot holes (fig. 3). The diamicton ranges in thickness from a minimum of 3 m, just west of the hut, to a maximum of 36 m, at or just
west of shot hole 2, near the eastern limit of the deposit. Spurious data recorded at six shot holes (4, 6, 8,9, 13, and 15) were attributed to
discontinuous frozen ground. The east end of the section was oriented to connect shot hole 2 with C-6; hence, shot hole 1 is not included in this

diagram (fig. 3, orientation A-A’).
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m); vertical bar indicates range in number of boulders counted.

DIAMICTON ON NIWOT RIDGE

DIAMICTON ON UNNAMED RIDGE

9

Method 1 suggests that the diamictons on Niwot
Ridge and theunnamed ridge contain a greater range
of boulder sizes and larger boulders than does
residuum elsewhere on these ridges and in comparable
settings on other ridges. Boulders 2-4 m long are
common in the diamictons and in the tills in the valleys
below, but they are rare in the nonglacial deposits in
and near the study area except along cliffs, near tors,
or on moderate to steep slopes (10°-20° or more) at
altitudes above 3,600 m. This difference in boulder
size is corroborated by the frequencies obtained with
method 2 (fig. 8). The number of boulders counted
along each set of 10 randomly oriented 15-m strips on
the diamictons ranged from 13 to 42, whereas the
number for more than half the counts made on
residuum was 0 or 1.

GRAIN-SIZE DISTRIBUTION OF THE MATRIX

Figure 9 shows the grain-size distributions for the
matrix of the diamictons and unit B on the unnamed
ridge north of Niwot Ridge (fig. 6). The less-than-2
mm fraction of the diamictons is chiefly sand (typically
between 50 and 76 percent), of which the coarse and
very coarse sand sizes are dominant. Clay-sized
material typically makes up 3-11 percent of the less-
than-2 mm fraction of the diamictons. Several tens of

UNIT B ON UNNAMED RIDGE

(8 samples) (6 samples) (2 samples)

Percent X S X S X
Pebbles 49.7 16.0 288 9.0 0.4
Granules 6.6 1.0 9.6 15 0.3
Sand-Silt-Clay 437 15.6 61.6 8.0 9.3
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FIGUR4E 9.—Diagrams showing mean grain-size distribution of samples of the Cox horizon of soil profiles at eight sites on the diamicton on Niwot
Ridge, six sites on the diamicton on the unnamed ridge, and two sites on unit B on the unnamed ridge. Percent of pebbles (4-64 mm), granules
(2-4 mm), and sand-silt-clay (less than 2 mm) is shown in terms of sample mean (x) and one standard deviation (s) about the mean.
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analyses show that the tills of the area(both Bull Lake
and Pinedale equivalents) contain similar amounts of
sand. Sand was also the dominant size in a few
analyses of residuum. Hence, the grain-size distri-
bution of the less-than-2 mm fraction is believed to be
controlled more by the source rocks than by the age or
origin of the deposit, except for unit B.

CLAST SHAPE

Boulder shape proved to be the least significant
parameter examined. It apparently reflects the num-
ber and orientation of joint sets in a particular rock
type. The rocks of the study area, especially the Silver
Plume Quartz Monzonite, yield mostly blocky or
rectangular boulders, a fact that complicated the
measurement of the macrofabrics, discussed later.

Clast roundness was measured from photographs
taken of exposures of till, outwash, residuum, and
diamictons. Photograph sites for residuum included

localities where most clasts are from just one of the
major rock types of the area (namely biotite gneiss,
Proterozoic quartz monzonite, or rocks of the Tertiary
stock). Tracings were made of the outlines of the clasts
visible in each photograph. Next, these tracings were
matched as nearly as possible to one of the categories
in Lees’ (1964) chart for rapid visual determination of
grain angularity. Eight different observers performed
the matching procedure on all the samples. The curves
of figure 10 are based on a plot of all roundness values
obtained by these observers for cobbles and boulders
in till, outwash, residuum, and diamictons.

The diamictons on Niwot Ridge and the unnamed
ridge to the north probably were derived from different
source areas (see fig. 1 and discussion of composition),
and because they occur at different heights, they
possibly were derived at different times. In spite of
these differences, the clasts of the two diamictons show
a similar degree of rounding. Actually, few clasts in
either deposit are well rounded. The majority are

100 T
901~
8o
701~
60

50—

PERCENT OF CLASTS

30—

20—

10—

| 1 |

—_—
INCREASING ANGULARITY

| | 1 | |

0 100 200 300 400 500
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ROUNDED

ROUNDED ’ SUBROUNDED
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600 700 800 900 1000 1100
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ANGULARITY IN ARBITRARY UNITS

FIGURE 10.—Diagram comparing the angularity of megaclasts in till and outwash of Pinedale age, in the diamictons, and in residuum.
Numerical values for angularity are from Lees(1964), and the correspondence to categories ranging from well rounded to angular is
based on a comparison with Pettijohn (1949, p. 52). Cumulative frequency curves illustrate the pronounced difference in angularity
between clasts in till and clasts in residuum. Whereas 85 percent of the clasts in till have angularity values less than about 390 (are
well rounded to subrounded), 85 percent of the clasts in residuum have values greater than 390 (are subangular to angular) and
reach values much higher than those in any of the other types of deposits. Moreover, half of the elasts in residuum are more angular
than all but a fraction of the clasts (about 10 percent or less) in the diamictons. It should be noted that many of the samples used to
construct the curves for till and outwash were at least twice as far from their probable source areas as were the samples used to

construct the curves for the diamictons.
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subangular, many are subrounded, and a small per-
centage are highly angular. In contrast, the majority
of clasts in residuum, whether or not moved by
solifluction, tend to be strikingly angular regardless of
the rock type.

The similarity of the curves for the diamictons is not
due to similar rock types, because the rock types in
each differ (figs. 3, 5). The differences in angularity of
clasts in the different types of deposits are interpreted
as being a function of differences in the mode and
distance of transport. Residuum, which has moved
only short distances by creep or solifluction, contains
clasts that are mostly unrounded.

MACROFABRIC

As used here, macrofabrie refers to the orientation
in three dimensions of the axes of pebbles, cobbles, and
boulders, whereas microfabric refers to orientations
in two dimensions only of particles chiefly finer than 2
mm measured in thin sections. The study of fabric and
its directional significance in tills, gravel, and dia-
mictons has a long history, which was summarized in
Potter and Pettijohn (1977). The following principles
from their summary apply to the sediment studied
here: (1) particlesimmersed in the transporting media
tend to aline themselves parallel to and dipping into
the flow direction, and (2) particle shape and size as
well as local geometry of the substrate can introduce
variations; commonly large particles are better ori-
ented than smaller ones and simple shapes better than
complicated ones.

Although shape was recorded for each clast, azimuth
and plunge were measured for only the longest axis.
Clasts with equidimensional axes or long axes less
than 1.5 times the intermediate axis were excluded
from the study. Many clasts in both diamictons were
excluded from study because of this limitation.

Table 2 summarizes the shapes recorded for 500
clasts in each diamicton. The similarity in the shapes
of the clasts in both deposits is evident, as is the
dominance of rectangular shapes. The macrofabrics
described here were measured chiefly on rectangular
clasts whose longest axis was 1.5 to 2 times longer than
the intermediate axis. For a significant (but un-
recorded) percentage of clasts, the intermediate and
small axes do not differ greatly in size.

The computer program and techniques used in
analyzing macrofabrics are those described by An-
drews and Shimizu(1966), Andrews and Smith (1970),
and Andrews(1971). Fabric analysis was made at five
sites on each of the ridges as shown in figures 3 and 5.

On the unnamed ridge north of Niwot Ridge, clast
orientation from the surface to a depth of at least 75 cm
closely parallels slope direction, which reflects the
influence of mass movement as the dominant orienting
process. Nonslope-related preferred orientations that
trend northwest (fig. 11; table 3) were obtained at
depths of only 75-100 cm along the relatively flat crest
of this ridge (surface slope there is generally less than
3°). At site II (fig. 11), however, nonslope-related
fabrics were not encountered above a depth of 1.4 m,
probably because of the slightly steeper slope at this
location. Although the deeper fabrics are at variance

TABLE 2.—Shapes of clasts in the diamictons on Niwot Ridge and the unnamed ridge

Study No. of Rectan-

Discoidal and

site observations gular Blocky Platy (or) sheet Triangular
Diamicton on Niwot Ridge
C-1 100 56 15 27 2 0
C-2 100 76 0 23 0 1
C-3 100 74 7 19 0 0
C-4 100 59 5 33 1 2
C-5 100 50 25 25 0 0
Total ... 500 315 52 127 3 3
Percent of total...... 63 10 25 1 1
Diamicton on the unnamed ridge

C-1 100 68 9 21 0 2
C-2 100 70 8 20 0 2
C-3 100 54 18 22 0 6
C-5 100 56 24 18 2 0
1I 100 52 20 28 0 0
Total...... 500 300 79 109 2 10
Percent of total...... 60 16 22 04 2
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TABLE 3.—Summary of macrofabric data for the diamicton on the unnamed ridge

[ The deeper fabric listed for site 11 was measured between 140 and 165 cm. It was not possible to obtain a deeper macrofabric at site IV, because of the lack of clasts in unit B]

No. of Resultant Preferred Difference Vector Circle of Precision Point of Mean
Site observa- vector (°) orientation (°) PO-RV magnitude confidence parameter balance dip
tions (RV) (POY ©) (percent)’ ey K° CF ©)

Surface (0-25 cm)

| 25 341 319(7 o) 22 67 195 3.19 -3 -2.36
1I 50 13 13 (11 o) 0 83 9.2 5.81 -1 -1.02
111 49 358 45 (7 o) 47 65 14.8 2.88* 0 —
v 50 339 295 (7 o) 44 64 15.1 2.76* 14 +9.8
\'% 50 5 277 (6 o) 88 55 18.3 2.20% 0 -0.12
Deeper (75-100 cm)

1 26 340 320 (7 o) 20 71 18.4 3.36 -5 —
I 51 356 327 (8 o) 29 62 15.6 2.62* -8 -5.92
II1 50 343 320 (7 o) 23 59 16.9 2.41%* -5 -3.46
\'% 50 354 302 (4 0) 52 56 17.9 2.25% 22 +13.9

' Mean orientation.

? Preferred orientations were obtained from fabric diagrams contoured according to Kamb (1959). The contour interval is E+1c where E and o are the mean and standard deviation of
the number of orientation data points in a given area. Densities >E+30 are believed torepresent statistically significant preferred orientations. The number of complete contour intervals
generated in each diagram is given in parentheses.

® Vector magnitude was calculated as a decimal <1 and converted to a percentage. Higher values indicate stronger preferred orientations.

* Actually, an arc on the circle with a unit area=1.

° A parameter of concentration of data. It refers to the center of mass of data on a circle, which is equivalent to s in linear statistics. This parameter is used here to determine whether
the sample approximates a spherical-normal distribution, which is to say that K=3. Values <8 are indicated above with an asterisk. K increases as the spread in the distribution of data
points (observations) about the mean vector decreases.

¢ Low values for point of balance indicate the lack of a preferred direction of dip. Negative numbers indicate that the total of dip values for clasts inclined in a southerly direction is
greater than the total of dip values for clasts inclined in a northerly direction, and vice versa for positive numbers.

FIGURE 11.—Plot of macrofabric at site II on the unnamed ridge where slope is approximately 12 percent toward 7°-10° west of south.
Single-barb arrows, slope direction; double-barbs, preferred orientation of the fabric. A, Fabric measured between ground surface and a
depth of 25 em; B, fabric measured between depths of 75 and 100 em; and C, fabric measured between depths of 140 and 150 em. A slope
fabric (fabric whose preferred orientation is coincident with direction of slope) persists to a depth >1 m (4, B). At a depth of 14 m (C), a
preferred orientation appears that is at variance with existing slopes, but in agreement with the preferred orientation of the deeper fabrics of
sites I, I11, and V. (See table 3.) The contour interval is 1o (standard deviation) with respect to E (the mean of the number of orientation data
points in agiven area) (Kamb, 1959). Densities greater than E + 3o arebelieved to represent statistically significant preferred orientations.
The greater the number of contours, the better developed the fabric.
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with slope directions, they generally coincide with
each other and are parallel with the probable direction
of transport indicated by clast composition.

The results obtained in fabric studies of the dia-
micton on Niwot Ridge are much less definitive than
those from the diamicton on the unnamed ridge. The
study sites on Niwot Ridge are 100-250 m higher and
are located on a relict patterned ground and on
solifluction terraces. These land forms suggest that
freeze-thaw and mass movement have disturbed the
surface of the diamicton on Niwot Ridge more than
they have the surface of the diamicton on the unnamed
ridge. The fabrics of all five study sites on Niwot Ridge
are dominated by the effects of slow mass movement
and perhaps by the sorting responsible for the pat-
terned ground. A slope component persists in the
deepest fabrics (depth of nearly 2 m) even on nearly
level sites(slope less than 5°). Slope component as used
here refers to that peak in a multimodal circular
distribution which is approximately alined with slope
inclination.

Sites II and V on Niwot Ridge contained a minor
nonslope-related component. Although these com-
ponents point toward the cirques at the heads of South
St. Vrain Creek and North Boulder Creek respectively,
they are too weakly developed to cite as evidence that
the diamicton was transported from these localities.
Sites III and IV, situated on slopes of 18° and 13°
respectively, show nothing but pronounced slope fab-
rics at depths of 1.5 to 1.8 m. Although a nonslope-
related preferred orientation was measured ata depth
of 1 matsitel, it parallels the preferred orientation of
clasts in a nearby stone polygon, and therefore is
presumed to have been formed by the same processes.

MICROFABRIC

Thin sections were made of samples collected from
the diamicton on the unnamed ridge at each level at
each site where the macrofabric was measured. As in
the macrofabric studies, the only azimuth recorded
was that of the longest axis, but only fragments whose
length was at least twice their width were measured.
Each microfabric sample was measured twice, once
with a petrographic microscope and once by projecting
the 70 X 70 mm thin sections with a slide projector onto
grid paper where grain orientations were measured
with a protractor. Use of the petrographic microscope,
although more time consuming, yields somewhat bet-
ter results, presumably because smaller detrital
fragments and more total fragments could be mea-
sured precisely. As shown in table 4, macrofabric and

microfabric measured with the petrographic micro-
scope compare favorably for most sites, although
agreement is better at depth.

SURFACE FEATURES OF QUARTZ GRAINS

Quartz grains from the three groups of samples
described in table 5 were examined with a scanning
electron microscope. Fifteen quartz grains were
examined from each sample. The samples were sep-
arated and cleaned according to procedures outlined
by Krinsley and Takahashi (1964), procedures that
were current during 1971 when this work was done.
Photomicrographs were taken of grains at low mag-
nification (X560-100) to document variations in shape
and characteristics of grain edges. Then grain surfaces
were scanned at high magnifications and, if they
possessed distinctive markings, were photographed.

The surface features on quartz grains from the
diamictons and till (Group II and III samples) are
more numerous and diverse than those on quartz
grains from residuum (Group I samples). Moreover,
they occur over a greater range of scale, being no less
common at X2,500 to 5,000 than at X250 to 500, the
usual range for most features on grains from residuum.
The markings on quartz grains from residuum are so
coarse that photomicrographs at greater than X500
generally show little more than a part of the pattern
focused upon.

Quartz grains from residuum tend to be more
angular than quartz grains from till, and typically
have very sharp edges. Many grains from till are also
angular, but just as many are subangular and some
are almost subrounded. None of the grains examined
exhibited the roundness of the grains from littoral and
eolian environments shown by Krinsley and Donahue
(1968), Krinsley and Margolis (1969), and Margolis
and Krinsley (1971), except one set from outwash
sampled 7 km downstream from the lower limit of
glaciation.

The principal surface feature most common in
samples from residuum is the cuspate pattern (fig.
12A, B). Almost as common are the arcuate steps that
in places closely parallel the form of the cusps. Neither
feature is restricted to a given deposit type (fig. 144,
B), but both are relatively more abundant on grains
from residuum than on grains from the diamictons
and till, because of the absence of other features that
abound on grains from the diamictons and till.

Parallel ridge and step patterns occur on grains
from all of the deposit types of table 5, but they tend to
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TABLE 4.—Comparison of mean vector and vector magnitude for the macrofabrics (MA) and
microfabrics (MI) of the diamicton on the unnamed ridge

No. of Vector Vector Differences between MA
Site Fabric observa- mean magnitude and MI vector means
tions °) (percent) ©)

Depth 0-25 cm

1 MA 25 341 67 29
MI 85 10 59
2 MA 50 13 83 7
MI 74 6 72
4 MA 50 339 65 36
MI 80 15 61
5 MA 50 5 55 10
MI 85 355 69
Depth 95-110 cm
1 MA 26 340 71 7
MI 50 347 61
2 MA 50 6 64 2
MI 60 4 61
5 MA 50 354 56 21
MI 50 15 59
Depth 145-165 cm
2 MA 51 356 62
MI 134 4 63 8

be much more abundant on grains from the diamictons
and till. Also, the parallel ridges and steps on grains
from the diamictons and till show much more variation
in scale, step width and height, and regularity of form
(fig. 13). The use of the terms step or ridge depends on
the attitude of the quartz grain. In one orientation, the
pattern resembles a series of vertical risers and
horizontal treads; in another orientation, it resembles
the dip slopes of a series of hogbacks. This pattern and
thearcuate steps shown in figure 14 are so common on
quartz grains from glacial environments (Krinsley
and others, 1964; Krinsley and Donahue, 1968; Krinsley
and Margolis, 1969; Margolis and Kennett, 1971; Coch
and Krinsley, 1971; Krinsley and Doornkamp, 1973;
Kennett and Brunner, 1973; Blank and Margolis,
1975) that they have been termed “glacial”steps
(Ingersoll, 1974). However, as noted by Setlow and
Karpovich (1972), Brown (1973), and Ingersoll (1974),
these features are not unique to glacial deposits.

The similarity of the grain in figure 12C to those in
figure 14 is anomalous. The quartz grain of figure 12C
is from residuum, but its sample site is within 20-30 m

of the outer limit of glacial deposits of Bull Lake age. It
may therefore have been washed or blown from the
nearby till. If the grain is not of glacial origin and the
surface texture was formed within the residuum, the
process that produced it is infrequent in residuum.

Figure 14C illustrates the three dominant char-
acteristics of surface textures of quartz grains from
till, characteristics that are also dominant on grains
from the diamicton on Niwot Ridge (figs. 144, B, D).
These characteristics are (1) an abundance of arcuate
and parallel step or ridge patterns, (2) occurrence of
surface textures at a variety of scales, and (3) surface
textures in more than one orientation. Figure 144
exhibits patterns of at least three different sizes, the
largest of which can be easily overlooked at this
magnification (X5,000). When parallel or arcuate
steps were found on grains from residuum, they were
at this largest scale. At magnifications of X5,000, most
grains from residuum appear to be featureless. Pat-
terns with several ridges or steps per 1-2 um
(micrometers) were observed only on specimens from
the diamictons and till.
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low coefficient of friction would have been required
for solong a slide on such a low gradient; (2) this type of
landslide tends to produce angular brecciated ma-
terial, which is not the kind of material described here;
(3) this type of landslide tends to occur in incompetent,
layered, deformed rocks that occupy structural atti-
tudes favorable to sliding, whereas the study area is
underlain by competent, coarse crystalline, foliate to
massive rocks; (4) large landslides are uncommon in
this part of the Front Range; and (5) diamictons
similar to those on Niwot Ridge and the unnamed
ridge occur on the Continental Divide itself.

The diamicton on Niwot Ridge was at least 2 km
long. The west end of what remains of the diamicton is
only 300 m lower than the highest parts of the
Continental Divide to the west. The vertical head and
gradient requirements for moving this volume of
debris 3-4 km horizontally eliminates most forms of
“dry” landsliding except for rockfall or rockslide
avalanches. A thin cushion of compressed air beneath
the slide as described by Shreve (1968) for the Black-
hawk, Elm, and Frank landslides would be required
toaccount for solong a slide with solittle drop. Even if
the gradient were doubled by assuming that 300 m of
relief has been lost due to erosional lowering of the
slide source area, the maximum coefficient of friction
(Shreve, 1968) would amount to only 0.23, a value that
would still require a cushion of compressed air to
explain the slide.

Rockfall and rockslide avalanches produce breceias
that are texturally different from the diamictons on
Niwot Ridge and the unnamed ridge. The material in
rock avalanches is shattered by fall but then undergoes
little additional movement; consequently, little abra-
sion or rounding occurs during transport. Shreve
(1968) cited a “jigsaw puzzle” effect, a condition where
blocks which had shattered on impact remained undis-
persed during sliding, as evidence for transportation
on a cushion of compressed air. Transport of this type
would not account for the grain-size distributions and
clast roundness observed in the diamictons, nor the
unitof very fine sand and silt (unit B, fig. 6) associated
with the deposit on the unnamed ridge.

All of the large landslides described by Shreve
(1968) occurred in incompetent, layered rocks that had
been structurally deformed and had structural atti-
tudes favorable to sliding. Three slides involved under-
cut thrust blocks, two occurred on dip slopes, and one
was produced by quarrying. The geologic setting of
the diamictons of this paper contrasts markedly with
that of these six landslides. The rocks are coarse
crystalline, foliate to massive, and very competent.

Landslides are uncommon within the crystalline

core of the northern Front Range except where the
mineral belt, a northeast-trending Precambrian struec-
ture characterized by massive fracturing and broad
shear zones (Tweto and Sims, 1963), intersects the
Williams Range thrust fault and related structures on
the northeast side of the thrust (Madole and others,
1974; Robinson and others, 1974). North of the mineral
belt a few landslides do occur where Pleistocene
glaciation oversteepened valley walls and where glacial
till was plastered on very steep slopes, but these are
comparatively small.

Lastly, diamictons exist in saddles on or near the
Continental Divide at Pawnee Pass, between Pawnee
Peak and Mount Toll, and between Kiowa Peak and
Mount Albion (figs. 1, 2). The physical similarity of
these diamictons to those on Niwot Ridge and the
unnamed ridge suggests a common origin. Two of the
diamictons are on the Continental Divide itself, which,
if they are due to landsliding, limits their potential
source areas to a few relatively low nearby summits.

DEBRIS FLOWS

Debris flow is used here as a general term for debris
that flows as a viscous fluid or slurry, a suspension of
solids in a liquid. The debris may be of any size or
include a broad range of sizes. Mudflows, for example,
area type of debris flow. The occurrence of large flows
of the Slumgullion type (Endlich, 1876; Howe, 1909) or
smaller ones like those along the east flank of the Front
Range (Madole and others, 1973) require incompetent
rocks that fail when undercut by erosion or are wetted
excessively. At Slumgullion, hydrothermal alteration
produced a weak, easily deformed unit beneath a
section of massive, competent, volcanic rock. Along
the east flank of the Front Range, mass failures have
resulted where silty-clay residuum or weak, steeply
dipping shales, some containing swelling clays, have
been saturated by water from adjacent aquifers.
Similar conditions are absent in the crystalline core of
the Front Range where massive, resistant rocks pro-
duce coarse residuum of which 50-75 percent of the
less-than-2 mm fraction is sand, and commonly less
than 10 percent is clay. Small-scale debris flows do,
however, occur commonly on talus in the heads of
many Front Range valleys. Curry (1966) described
flows of this type in the Tenmile Range 60 km
southwest of Niwot Ridge.

The numerous large boulders on the diamictons
suggest that debris flows may have contributed sedi-
ment to these deposits. This suggestion is based on the
fact that small debris flows do occur in the area and
that debris flows have been a source of large boulders
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in alluvial fans and valley floor alluvium in many
places in the canyons of the Front Range and in the
piedmont slope deposits along the mountain front. Yet,
direct evidence of debris flows in the form of levees or
concentrations of cobbles and boulders outlining the
traces of former levees or lobes were not found on
either diamicton. Unfortunately, exposures of the
internal character of the diamictons do not exist, and
the 1- and 2-m-deep fabric-study pits did not reveal
much. Consequently, the role of debris flow activity in
forming these diamictons is a matter of speculation. It
is considered improbable that the diamictons are
primarily debris flows, but probable that debris flows
contributed some part of the diamictons.

GLACIAL TRANSPORT

Most properties of the diamictons on Niwot Ridge
and the unnamed ridge to the north are consistent with
a glacial origin. Their ridgetop locations are not
unusual if the transporting agent was glacier ice, nor
is the small amount of Tertiary rock in the diamictons
unusual. Till composition at a given point can be out of
phase with bedrock. For example, where till overlies
the Tertiary stock, it is chiefly Proterozoic rock debris
derived from farther west; yet where it overlies Silver
Plume Quartz Monzonite 5 km east of the stock, it is
dominated by rock types from the stock. Hence, what
would be a compositional anomaly for slow mass
movement is not anomalous for glacial transport.

The diamictons on Niwot Ridge and the unnamed
ridge resemble till and are clearly different from
nearby residuum in terms of the size and abundance of
boulders present, sorting, and clast roundness (figs.
8-10). The difference in roundness between the clasts
in the diamictons and those in till (fig. 10) are at-
tributed to differences in distance of transport, the till
having been transported twice as far asthe diamictons.

As shown in figure 17, the graphie mean of grain
size plotted against inclusive standard deviation (Folk
and Ward, 1957) for the less-than-2 mm fraction of the
diamictons on Niwot Ridge and the unnamed ridge
produces a distribution of points similar to that plotted
for till. However, the data plotted for the diamictons
also overlap the distributions plotted for alluvial fan
and mudflow deposits by Landim and Frakes (1968).
The fans and mudflows were derived from different
rock types than the diamictons of this paper and in
different weathering environments. Data from them
was included only to reinforce the point that poor
sorting does not necessarily discriminate between
alluvial and glacial deposits.
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FIGURE 17.—Comparison of sorting, graphic mean plotted against
inclusive graphic standard deviation after Folk and Ward
(1957). Values for alluvial fans and ancient mudflows are from
Landim and Frakes(1968). The diamictons on Niwot Ridge and
the unnamed ridge to the north are generally better sorted than
tills of Pinedale and Bull Lake age in nearby valleys, but have
smaller mean sizes (larger phi values) than most of the alluvial
fan deposits.

The surface features of quartz grains from the
diamictons on Niwot Ridge and the unnamed ridge
are similar to those of quartz grains from till and are
unlike the surface features of quartz grains from
residuum. (See table 5.) However, the parallel steps
and arc-shaped steps that are abundant on grains
from till and from the diamictons on Niwot Ridge and
the unnamed ridge are not unique to glacial environ-
ments. Surface features that resemble those on quartz
grains from glacial environments have been found on
quartz grains from beach deposits in Florida and
California (Setlow and Karpovich, 1972; Ingersoll,
1974), although in neither place are they as abundant
as on grains from glacial environments. Brown (1973)
also described surface features on quartz grains from
nonglacial environments that were listed as glacial
features by Krinsley and Donahue (1968). Apparently,
grains with high relief and abundant parallel and
arc-shaped steps are produced in more than one
depositional environment. As noted by Brown (1973),
the probable common ingredients of these environ-
ments are high energy, a high degree of mechanical
abrasion, and a wide range of particle sizes.

Not enough electron microscopy has been done on
quartz grains from landslide deposits and from high-
energy fluvial deposits to know whether or not grains
with high relief and abundant parallel and arcuate
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