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processes that produced them and stratigraphic positions at the time of
deposition. Table 1 is one such classification.

Subglacially deposited tills, or basal tills, are formed by a
process of lodgement or plastering underneath actively moving glaciers;
hence, the term lodgement till. Geothermal heat, és well as heat of
friction, (from 35 to 80 cal/cm2/yr; Andrews, 1975), may melt up to 1
cm/yr of ice at the base of a temperate glacier, thus enabling debris to
be slowly let down, producing a basal melt-out till.

Characteristically, subglacially derived debris is uniformly
distributed, with little or no size sorting. In exceptional cases,
basal meltout may result in some sorting. Clasts are rounded to angular
and align parzllel and/or transverse to the direction of glacier
movement, depending on the local stress systems prevailing within the
glacier (Boulton, 1971). Lodgement and basal meltout tills afe also
moderately to very highly compact. This is attributed to the lodgement
process, whereby fine rock flour is forcibly pressed into voids between
larger particles during the gradual plastering on and shearing
underneath a slowly moving glacier, or by the 1lithostatic pressure of
overlying glacial ice during the deposition of the till. This
compactness is referred to as preconsolidation or overconsolidation and
is generally associated with high bulk density, high seismic velocity
high shear strength, low porosity, and low void ratios (Dreimanis,
1977).

Fissility 1s commonly developed in subglacially derived tills that

£

are rich in silt and clay. It 1is physically an alignment of platy

fragments, commonly giving the lenticular flaky quality of light pastry



Table 1.

Genetic classification of primary and secondary deposits based upon the
relationship between process and location of deposition, and debris source and location.

a. Primary processes

Debris
(sediment in Process of Position of Primury deposit Preservation
glacler transport) relegse[deposition deposjtion classification potential
Supraglacial Settlement by ice melt  Subaerial Lowered till Generally
reworked
Englacial Ablation Subacrial Reworkced
Melitout Subsurface  Melt-out till Generally
. reworked
Ablation Subaerial Generally
reworked
Basal Melt-out Subsurface  Melt-out till Possible
{upper, lower) reworking
Sublimation Subsurface  Sublimation till Possible
reworking
Tractional/frictional Subsurface  Tractional lodgement till Generally not

impairment or (subglacial}) {Clasts) reworked but
pressure melting io may be glacio-
(Fines) tectonicaily
Regelation lodgement till  deformed
b. Secondary processes
Processes Secondary
of transport/ deposit Preservation
resedimentation classification potential
Sediment gravity Sediment flow All secondary
flow deposit deposiis may
be reworked
Spall collapse Slope colluvium several times
before final
Gravitational Ice-slope colluvium  deposition.
settling or falling Waterlain colluvium
through air or water
Meltwater sheetflow Sheetflow deposits
Fluvial processes Various glacio-
fluvial deposits
Lacustrine processes  Various glacio-
facustrine depasits
Eolian procssses
Thermal erosion
and degradation
(from Lawson, 1981b)
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(Flint, 1971). This "schistosity" is thought to be induced by accretiomn

of successive layers of drift from the base of the glacier during ice-
movement and/or by shearing of overriding ice (Flint, 1971).

Supraglacial till is deposited from debris-rich ice on, or from,
the terminal zone of a wasting glacier. As the ice melts back from the
terminus, top and base, drift melts out and then slides, flows, or 1is
simply 1let down onto the ground (Flint, 1971). The result is a
supraglacial till that is both lithologically and texturally more
variable than a subglacially derived till of the same glacial advance.
Its clasts are angular, and have no preferential alignment. The till is
loo;e and not compact, and the fines are washed away selectively,
leaving a coarse-textured deposit.

Englacial till is released by ablation and melt-out in subaerial
and subsurface positions near the margin of the glacier. The deposit is
generally reworked and ndt compact.

In contrast to these primary glacial processes, secondary processes
are not restricted to a glacial enviromment., Secondary processes rework
and redeposit glacially-derived debris and modify or destroy the
properties derived from glacial mechanisms.

Sediment flow is one such a process of resedimentation. It
mobilizes, transports, and deposits sediment that, in the glacier
terminus environment, may be derived from debris, till, or other
resedimented materials (Lawson, 1982). These sediment flow deposits
(often called "flowtill") are deposited by a non-glacial sedimentary
process, indirectly derived from the glacier, and thus shculd not be

called till, although they may be difficult to distinguish from
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"primary" till.

Sediment flows are thought to be initiated by three mechanisms: (1)
slumping of sediment covering stagnant or active glacier ice, (2)
backwasting of slopes composed of sediment and stagnant glacier ice, and
(3) ablation of debris-laden ice in the glacier's active margin (Lawson,

1982) (Figure 7).

Complications in interpreting stratigraphy

Distinguishing the various types of subglacially and supraglacially
derived sediments and interpretating the glacial stratigraphy in the Two
Harbors area 1is challenging. Though glacial sedimentation can be
ideally classified, it 1is truly a complex phenomenon. This is the
result of (1) the melting of glacial ice, which produces another
geological agent - water; (2) the effect of gravity, which often
remobilizes glacial debris as soon as if melts out of the glacier ice;
and (3) stress exerted by glacial movement and/or weight, which may

deform its own sediment and the pre—existing substratum.

Role of water in the formation of till

The volume of water released by melting glacier ice during the
formation and deposition of till may vary considerably from one place to
another. It may be minimal, so that it barely £fills pore spaces of
debris-rich ice and does not cause any sorting. Or, it ma& be abundant,
moving through channels, fractures, and cavities, causiné considerable
washing and sorting.

Ideally, till 1is formed without the influence of water, yet size

sorting is commonly present to some degree (Flint, 1971). Some sorting
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Figure 7. Conditions for sediment flow initiation (from
Lawson, 1982).

a. Slump of sediment along arcuate failure plane
at ice interface. ‘

b. Backwasting of an ice-cored slope.

c. Initiated directly from an ablating slope when
availability of meltwater is high and the
availability of sediment is low.



30

is relict, owing to the incorporation of water—sorted sediments en masse
by the glacier prior to the depositionm of till (Lundqvist, 1977).

Lenses, fracture £illings, interbeds, and other macro- to
microscopic bodies of water—sorted sediments appear in many tills.
Though they are not till by themselves, they are considered to be
constituents of till sheets, deposited during one episode of glacial
sedimentation, and referred to as a "till complex" (Boulton~ and Eylés,
1979).

Témperature regime is a controlling factor 1in the presence or
absence of water in a glacier (Andrews, 1975). Hooke (1977) proposed
that the steady—-state temperature distribution in a polar ice sheet of a
given geometry is determined By the rate of influx of geothermal heat at
the base of the ice sheet, the téﬁperature near the surface (to a depth
of 10 m), and the vertical and horizontal components of velocity at
every point in the glacier.

The following conditions, considered by Weertman (1961) and Boulton
(1972), bear important implications in the role of basal freeze—t iw
mechanisms.

(1) If the thermal gradient is greater than the supply of heat to
the sole of the ice, then no melting occurs, and the ice sheet is frozgn
to its base, hence a dry-based glacier. There is no erosion of the
substrate and very little debris is incorporated into the glacier.

(2) 1If the thermal gradient is equal to the supply of heat at the
base, then again, no melting occurs,x and the conditions previously
specified are applicable.

(3) If the thermal gradient in the ice sheet is zero or very small,
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then geothermal and frictiomal heat supplied at the base will cause
melting, hence a wet-based glacier. Abrasion will occur at the base of
a glacier that is sliding over its bed.

"Deposition" by definition indicates that the debris within the
glaciér has come to rest and the intergranular ice and underlying ice
have melted. Thus, essentially, subglacial deposition by melt-out is
restricted to 'a wet-based glacier (Clayton and Moran, 1974);, and
deposition by 1lodgement will only take place where the basal ice is at

or near the pressure melting point (Boulton, 19753).

Role of gravity flow and sliding

The role of gravity flow in producing diamictons in the terminal
zone of present day glaciers has been discussed by Boulton (1968, 1971,
1972) and Lawson (1979b, 198la, 1981b, 1982). Lawson estimates that
only 5% of the sediments in his principal study area, the ice terminus
region of the Matanuska Glacier, Alaska, are true tills. The remaining
95%Z of the material is resedimented, with sediment gravity flow as the
predominant process.

These glacially related gravity and debris flow sediments are
considered to be allo-tills, and differentiated from ortho-tills,

deposited directly from glacier ice (Dreimanis, 1981).

Deformation by glaciél stress

Stress exerted by the movement of a glacier and the weight of the
ice may produce a variety of glaciotectonic features (1) in the glacier
ice, (2) in the substratum beneath the glacier, and (3) along the fromt

of the glacier, by bulldozer-like action (Dreimanis, 1981). Elson
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(1961) has applied the term deformation till to those glacially deformed

plastic sediments.

Three types of glaciotectonic structures generally occur throughout
Pleistocene glacial sequences (Moran, 1971).

(1) Small-scale folds and faults in till, stratified drift, and
bedrock, contorted by ice push and bed shear, are produced by simple in
sitg deformation. The resultant landforms are ice-thrust ridges or
ice-pushed ridges (Andrews, 1975).

(2) BRidges are also produced when large, frozen or consolidated,
intact masses of bedrock or pre—existing glacial drift are incorporated
into the ice. True end moraines form in this manner, as well as by ice
bulldozing of loose material, and delimit the former position of an ice
front. Washboard moraines, expressed as a series of transverse ridges
and trenches, result from the greater concentration of glacial sediment
along periodically spaced transverse zones of shearing (Clayton and
Moran, 1974).

In many places thrust masses form conical hills. Upglacier from
the hills are typically depressions of the same size and shape from
whence they came (Clayton, et al., 1980). These hills are commonly
misidentified as kames or in place outliers of bedrock.

(3) Transportational stacking within single till sheets by sporadic
differential movement and overthrusting along shear planes often occurs
in the debris—charged basal zone of the ice (Moram, 1971). As a result,
slices of sediment which originally formed at the base of a drift zone
may occur anywhere throughout the till sheet.

Failure to recognize large-scale Dblock inclusions and
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transportational thrust faulting can result in the creation of spurious
local wunits and can also lead to erroneous models of thickness and
glacial drift sequences where older beds are encountered mnear the
surface (Moran, 1971).

Lastly, a combination of any of the above-mentioned factors (volume
of water, influence of gravity flow, deformation by glacial stress) can
erase boundaries, create transitory contacts, and cause interbedding,
lensing, and fracture filling. This contributes to the complexity of
glacial sedimentation and complicates the interpretation of sediment

stratigraphy.
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gabbro clasts are also found, though less common. Their source is the
gabbro and diabase dikes and sills locally intruded into the lava flows
of this area, as well as older Precambrian terrame to the north of Lake
Superior. Sandy to silty ortho-tills and associated sediments which
cover much of the central and northern parts of the map area are
ascribed to Provenance region II. These sediments were deposited during
the adv;nce, retreat, and stagnation of the Superior Lobe as it moved
westward and southwestward out of the Lake Superior basin. They are
defined as the Cromwell Formation (Wright, et al., 1970).

Glaciofluvial sediments and glaciolacustrine red clay are
distributed near the southernmost edge of Provenance region II. They
are associated with the formation of Glacial Lake Duluth and the
glaciolacustrine sediments are identified as the Wrenshall Formation

(Wright, et al., 1970).
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SULLIVAN LAKE FORMATION

General characteristics

The name "Sullivan Lake Formation" 1is here introduced for the.
numerous exposures of grayish-brown till and outwash near Sullivan Lake,
in Lake County, northeastern Minnesota (approximately 40 km north of Two
Harbofs). The tyée section is a 3 m—thick exposure along a roadside cut
0.8 km off of County Road 2, on County Road 15, en route to the village
of Toimi. At this locality the drift is sandy and texturally similar
from the base to the top of the section. The Sullivan Lake Formation
presumably rests on bedrock, however no basal contacts are found at the
type locality. Clasts greater than 5 cm comprise 15% to 35% of the
deposit, and boulders, up to 30 cm in diameter and commonly striated,
are scattered randomly on the till surface. The main rock types are
granite, granophyre, gabbro-diabase, and greenstome. Fabric orientation
of elongate stones at the type locality yields a strong north-northeast
to south-southwest trend which is parallel to the prominant southwest
trending Toimi drumlins that characterize this area.

The wunsorted facies of the Sullivan Lake Formation has been
previously referred to as the Independence Till. This term was first
introduced by Wright (1956) for the unsorted, grayish-brown drift
exposed beneath younger, clayey drift in the Cloquet quadrangle
(approximately 65 km southwest of Two Harbors).

The type section for the Independence Till is a 4.5 m—thick road
cut in a drumlin 27 km north of Cloquet. There the Independence Till is

capped by 0.6 m of clayey till from another source, presumably the
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Cromwell Formation (Wright, et al., 1970). The general thickness of the
Independence Till at this locality (approximately 5 meters) can only be
inferred since depth to bedrock is not known. The Independence Till
resembles that of the prominent southwest trending Toimi drumlins
(located north of the Cloquet area), and is so correlated with the drift
in the northwest half of the Whyte quadrangle of the study area. Its
deposition is ascribed to an advance of the Rainy Lobe (Wright, et al.,
1970). Thus, the name "Independence Till" is hereby abandoned, and
subsequently redefined as the Sullivan Lake Formation.

The Sullivan Lake Formation of the Two Harbors area is generally
grayish-brown (10 YR, 5/2-5/3), to dark brown (10 YR, 4/3), to dark
yellowish brown (10 YR, 3/6) (Munsell Color designation, wet to moist,
except where otherwise specified). Texturally, it is sandy, having an
average sand:silt:clay ratio of 76:21:03 (data from 12 samples) (Figure
9). The till 1is bouldery and lithic fragments greater than 5 cm are
abundant, comprising more than 307 of the total volume.

The clasts greater than 2 mm are predominantly granophyre (31%7) and
granite (287%). Although granophyre can be granite, a distinction is
made betweeﬁ the two based on the relative percentages of alkali
feldspars (orthoclase, perthites, microcline) predominating over
calcium-bearing plagioclase feldspars (oligoclase or andesine). In the
field, as well as under a binocular microscope, granophyre is identified
essentially as a porphyritic "pink granite." Granite, on the other
hand, is identified by more commonly containing a host of minerals
(quartz, biotite, muscovite, hornblende, olivine, and plagioclase), with

only minor amounts of alkali feldspars; essentially a "white granite".
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Other significant rock types include greenstone (15%), basalt
(11%), and gabbro (10%). Lithic fragments of rhyolite, iron formation,
quartzite, and conglomerate are minor components.

Granophyre and granite fragments together comprise greater than 50%
of the 1-2 mm coarse sand fraction. Other <coarse sand lithologies
include gabbro (15%Z), basalt (12%), rhyolite (11%), and quartz (6%Z).
Epidote, hornblende, pyroxemne, and plagiéclase sand-size .grains were
also identified. Red sandstone characteristic of the Lake Superior
basin is rare (less than 1%). Table 2 summarizes the textural and
lithological parameters measured.

The gabbro is 1locally derived from the Duluth Complex, as is the
granophyre and granite, which occur as independent intrusive bodies, as
well as the uppermost portion of diabase and gabbroic sills (Green, et
al., 1977). Some of the granite may also be Archean in age, derived
from the Giants Range and Vermilion batholiths in northeastern
Minnesota. The quartz and iron magnesium bearing minerals (hornblende,
pyroxene) are components of the granite and granophyre. The greenstone
(essentially a metabasalt) may also have come from the Vermilion
district 1in northeastern Minnesota (thus formally called the Ely
Greenstone). Quartzite and conglomerate clasts could be far-traveled
fragments of the Knife Lake Group in northeastern Minnesota. A probable
source of the iron formation is the Gunflint Iron Range, also in
northeastern Minnesota. Basalt and rhyolite are probably 1locally
derived from the North Shore Volcanic Group.

The high percentage of gabbro (from the Duluth Complex), irom

formation (from the Gunflint Iron Range), and slate and graywacke (from
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the Rove or Virginia Formation), cropping out northeast of the study
area, is what gives the Sullivan Lake Formation its grayish-brown color.

In the Two Harbors area the Sullivan Lake Formation 1is mostly a
lodgement till, characterized by drumlins. Outwash, in the form of
stratified drift, is commonly found in the cores of drumlins, with a cap
of till. However, such a relationship was not observed im the study
area. The presence of drumlins, whatever their mode of origin,
indicates the existence of a wet-based glacier, easily able to slip over
its bed (Clayton and Moran, 1974). Thus, the Sullivan Lake Formation
was deposited by lodgement in the basal zone of an actively flowing
glacier. Other evidence to support’ this mode of deposition is the
relative compactness of the till, and the preferential alignment of
elongate clasts. The orientation of long axes of elongate stones in
the drumlinized till (measured at eight sites) shows a strong
northeast-southwest trending fabric (Figure 10). This 1is parallel to
the streamline form of the drumlins and to the inferred direction of ice
flow. Macrofabric would not have been as well developed or preserved in

sediment deposited from englacial or supraglacial positioms.

Site—specific characteristics

The Sullivan Lake Formation is identified as surface exposures mear
the Langley and Cloquet Rivers, and near Sullivan Lake, Sec. 36, T 57
N, R 11 W, in the northwestern part of the map area. At the head of the
lake, in the NW 1/4 of Sec. 36, T 57 N, R 11 W, a 3 m-thick section of
gray, unsorted, gravelly outwash, capped by approximately 0.3 m of

non-stratified sand is exposed. The most abundant rock types are
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the obstruction (Boulton, 1970b). Upon melting, a rock-cored drumlin
may result.

Thus, if the drumlins are erosional, the Sullivan Lake Formaticn is
older than the ice lobe that molded it. If, however, the drumlins are
depositional, then they are of the same age as the Rainy Lobe advance.

Eskers are long, narrow, sinuous ridges composed primarily of
stratified -drift. A northeast-southwest trending esker is found near
Sullivan Creek, NW 1/4, Sec. 11, T 56 N, R 11 W, and another near the
Cloquet River, NE 1/4, Sec. 16, T 56 N, R 11 W.

The topographic low trend containing Sullivan Lake, just northeast
of the eskers in Sec. 36, T 57 N, R 11 W, is interpreted to be a tunnel
valley eroded by a high—vélocity subglacial stream. This stream could
have been driven by high hydrostatic pressure, resulting from the weight
of a thick mass of still ‘active ice (Wright, 1973). When the ice
thinned to stagnation, the hydrostatic head was 1lost, and this
subglacial stream changed its habit from erosiomnal to depositional.

Hence, the several small eskers found along its southern trenches were

formed.
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CROMWELL FORMATION

General characteristics

The Cromwell Formation was originally named by Wright, et al.,
(1970) for exposures of reddish-brown sandy till and associated
stratified deposits containing Keweenawan red sandstone of the Lake
Superior basin, which underlies most of the Cloquet quadrangle. The
type locality is in the village of Cromwell in Carlton County, 29 km
west of the Cloquet quadrangle (approximately 94 km southwest of Two
Harbors) om U.S. Highway 210, where exposures of this till are
numerous. Though the base of the Cromwell Formation is not exposed a£
the type 1locality, it presumably rests on the Sullivan Lake Formation.
This stratigraphic relationship is noted in the NE 1/4, Sec. 13, T 49
N, R 17 W, in the Cloquet quadrangle, and more conspicuously in a
roadcut 0.3 km north of Brookston (32 km northeast of Cromwell) (Wright,
et al., 1970). It was deposited by the Superior Lobe and its associated
meltwater streams in eastern Minnesota from Cook County to southern St.
Louis County, west to Crow Wing and Todd Counties, and south to Dakota
County (Wright, et gl;, 1970). In central Minnesota, west of the
Mississippi River, it rests onv Wadena Lobe till. In east-central
Minnesota, from Pine County south to Dakota County and west to Hennepin
and Stearmns Counties, it is covered by Grantsburg Sublobe drift from the
Des Moines Lobe (Wright, ;g al., 1970).

The Cromwell Formation exposed in the study area consists of

lodgement and melt-out tills, and glaciofluvial and sediment flow

deposits derived from subglacial, supraglacial, and ice marginal debris,
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respectively. The till 1is characterized by a distinct reddish- brown
color (5 YR, 3/4).

Lithic fragments ranging from 2 mm to 16 mm comprise more than 21%
of the total volume of the sediment. Clasts of the North Shore Volcamic
Group (basalt, some amygdaloidal basalt, and rhyolite) dominate the
greater than 2 mm-size clasts, contributing 36% and 18% of the
fragments. Gabbro and diabase (17%), granite (12%), and granophyre (9%)
are a minor portion of the lithic components. Keweenawan red sandstone
constitutes only 1%Z of the clasts, though by definition, the Cromwell
Formation 1is characterized by relatively high percentages of red
sandstone from the Lake Superior basin (Wright, et al., 1970). Agates,
the most resistant mineral of basalt amygdules, also contribute 1% of
the rock fragments.

Granite (44%Z) is the most abundant rock type in the 1-2 mm coarse
sand fraction. Amygdaloidal basalt and rhyolite combined account for
26% of the grains. Gabbro (13%) and granophyre (li%) are again minor
components. Keweenawan red sandstone accounts for less than 1% cof the
sand-size grains. Table 2 summarizes these characteristics.

_The Cromwell Formation is distinguished from the older Sullivan
Lake Formation by the abundance of basalt and rhyolite pebbles, along
with the presence of red sandstone of Keweenawan age, and '"Lake
Superior" agates. This reflects local derivation from the underlying
North Shore Volcanic Group and from the Lake Superior basin to the east.
Dikes cutting across the flows and other local occurrences of Keweenawan
intrusions account for the substantial percentages of gabbro-diabase,

granite, and granophyre.
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the Lower Cromwell and Upper Cromwell Formations) in the French River
area, located approximately 16 km southwest of the Two Harbors area.
When observed in  stratigraphic sequence, the tills are easily
distinguished by color, texture, and fabric. The «contact between the
two tills 1is generally sharp, rather than gradational, and there is
commonly a stone 1line or gravelly layer between them. Such a
relationship was not observed in the Two Harbors area.

The 3 m section near Thomas Lake is a surface exposure.. No
deposits lie above it, and no contacts were discerned. The sediment 1is
not compact, sandy to silty, and has an average sand:silt:clay ratio of
64:36:00. Morphologically, the sediment is expressed by a hummocky
topography, indicative of collapsed supraglacial sediment. It is for
these reasons that the origin of this deposit is interpreted to be a
supraglacial, or englacially derived melt—out till.

Fabric aligonment 1is not always indicative of lodgement till.
Preferential alignment of pebble fabric, inherited from the ice source
with 1little change, can also occur in a melt—out till (Lawson, 1981lb).
Perhaps the strong upward componeﬁt of movement in the terminal area of
the glacier, owing to compressive flow, initiated the transverse
alignment of elongate clasts, while the slow, melting in situ of the
debris near the surface, without subsequent resedimentation, is
responsible for the preservation of the englacial fabric.

Supraglacial debris is also exposed near Kane Lake and Marble Lake
Sections 29 to 32, T 56 N, R 10 W, and 5 km to the south, along County
Road 2, SW 1/4, Sec. 7, T.55 N, R10W. A2 m section along County

Road 2 is composed of 1 m of a basal, silty till (67% sand, 27% silt, 6%
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the uppermost diamicton may be a later sediment flow deposit.

~ Just north of this deposit, at an elevation of 448 m (1470 feet),
in the SE 1/4, Sec.12, T 55 N, R 9 W, a 3 m section of distinctly
varying sediments 1s exposed at Locality G ("Silver Creeek 10"). A
basal gravel-rich 0.4 m layer is in sharp contact with and overlain by 1
m of sandy to silty fluvial materials; This is in turn overlain by 1.3
m of a sandy, unsorted, non-compact till-like sediment (Figure 27),
This deposit is attributed to the processes of slump, and meltwater and
sediment flow.

These intricate sedimentary sequences are the result of a complex
of secondary glacial processes operating in an ice- disintegration
environment. The following model of deposition is proposed. As the
Superior Lobe began to stagnate and thin, the ice margin began to
"shrink" back to the main body of the ice lobe, which was situated in
the Lake Superior basin. During this time, large blocks of dirty, dead
ice were left scattered on the basal till surface. When the stranded
ice blocks began to melt, supraglacial streams, issuing from the surface
and subsurface of the ice, carried sand and gravel (and melt water) into
adjacent low—-lying areas, commonly occupied by lakes. Debris was
deposited in the form of fans, deltas, and braided and meandering stream
deposits. As downwasting of the ablating ice masses continued,
supraglacial drift slumped and flowed intc these basins also. This
accounts for the thin layers of sediment flow deposits 1in close
association with the stratified deposits.,

This model accounts for the complex deltaic deposits at Locality E

(Gravel Pit 301) and the sediment flow deposits at Localities C and D
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WRENSHALL FORMATION

General characteristics

The Wrenshall Formation is generally a thick silt-clay unit that
lies above the Cromwell Formation at altitudes below 360 m (1180 feet).
It was deposited in Glacial Lake Duluth, a proglacial lake that formed
during the final retreat of the Superior Lobe.

The Wrenshall Formation was named by Winchell (1899) for the
lacustrine red and gray clay, oxidized yellow silt, and red sand which
occurs within 1.6 to 3.2 km of the former shoreline of Glacial Lake
Nemadji. Winchell distinguished two lake levels in the western Lake
Superior region: (1) Glaciai Lake Nemadji, at 324 m (1060 feet), and (2)
Glacial Lake Duluth, at 320 m (1050 feet). Zarth (1977) reinterpreted
the 1linear northeast trending scarp along the 300 to 309 m (980 to 1010
foot) altitude in the Wrenshall quadrangle.to be the basinward leading
edge of a prograding coarse—grained shelf, deposited inte Glacial Lake
Duluth, as iF stood near its highest stage at 330 m (1080 feet), rather
than the abandoned shoreline of Glacial Lake Nemadji. Thus, what
Winchell had considered as two stages, Glacial Lake Nemadji and Glacial
Lake Duluth, is now accepted as a single stage, that of Glacial Lake
Duluth.

The abandoned clay pits at Wrenshall, exposing 12 m of
fine-grained, varved, sediments, were originally designated by Winchell
(1899) as the type locality for the Wrenshall Formation. An alternative
type section was proposed by Wright, et al., (1970) north of the Village

of Wrenshall, along the St. Louis River gorge, where U.S. Highway 210
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crosses the 293 m (960 foot) topographic contour. The -Wrenshall
Formation stratigraphically lies above the Cromwell Formation at this
exposure. The Cromwell Formation here consists of 6.7 m of sand,
containing thin interbeds of silt, overlain by 0.4 m of coarse gravel.
Above this lies 4.6 m of the Wrenshall Formation. It consists of 0.8 m
of gray silt, overlain by 2.8 m of yellow silt, containing thin red clay
interbeds and regular carbonate concretions, which is in turn overlain
by 1 m of red clay, with irregular carbonate concretioms.

A maximum thickness of 42 m of offshore sediment of the Wrenshall
Formation has been noted by Zarth (1977). It is exposed along the banks
of the Nemadji River and the Red River, which deeply dissect the lake
plain in the southeastern section of the Wrenshall quadrangle.

Two facies of the Wrenshall Formation are recognized in the Two
Harbors area and are here defined: (1) Nearshore facies: where major
streams entered Glacial Lake Duluth at altitudes of 350 to 366 m (1150
to 1200 feet), forming glaciolacustrine deltas due to rapid
sedimentation into a low energy lake enviromment, and where masses of
sediment flowed off the wasting ice margin. (2) Deep-water (clay)
facies: this facies includes massive, jointed, and sometimes laminated
silt or sand and clay sequences deposited in an offshore lacustrine
environment, as well as silt and clay sequences interfingering with
fine~ and coarse~grained sand, representing a transitional to nearshora

environment.
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Nearshore facies

Site-specific characteristics

The mnearshore facies has been recognized at several exposures in
the southwestern part of the Two Harbors quadrangle. It commonly occurs
at elevations of 360 m (1180 feet), apparently marking the uppermost
water plain of Lake Duluth.

A well-developed prograding glaciolacustrine deléa is recognized in
a 9 m exposure at Locality H (Ed Hanson's gravel pit), NW 1/4, Sec.29,
and NE 1/4, Sec.30, T 53 N, R 11 W (McCarthy Creek quadrangle) (Figure
29). The lowermost 3 m of this deposit appear to be one large deltaic
foreset complex.

The foreset bedding is inclined ué to 25 and consists of multiple
graded beds of coarse and fine sand, as well as planar crossbedded and
ripple crosslaminated sands (Figure 30). Pinch and swell features and
lag deposits of pebbles within a fine sand bed are common in this unit
(Figure 31). Planar crossbed measurements indicate a paleocurrent
direction to the south, which is also the direction down the paleoslope
(Figure 32).

Approximately 3.6 m of poorly sorted and crudely bedded gravel
unconformably overlie the delta foresets. This is interpreted as a
deltaic topset bed. Gravel deposition is common on the upper reaches of
outwash fans, and wusually occurs as sheet and longitudinal bars
(Gustavson, et al., 1975).

The gravel is composed mainly of subrounded to rounded 1lithic
fragments of gabbro, greenstone, amygdaloidal basalt, rhyolite, and

granite. The clasts range in size from 2 to 20 cm.
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HANSON 'S PIT

e

S

THE TOTAL NUMBER : 10

MAXIMUM PER GROUP : 3

Figure 32. Measurements of planar crossbedding, Ed Hanson's gravel
pit, NW4%, Sec. 29, T53N, R1IW. Paleocurrent direction
is to the south.
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noted on the offshore sediment of Lake Agassiz (North Dakota) and are
attributed to gouging by the irregular bottoms of glacial icebergs

(Clayton, et al., 1980).

1

Conclusions

Grain size  analysis, bulk density measurements, sedimentary
structures, the presence of ice-rafted material, areal extent, and
stratigraphic position indicate a glaciolacustrine, rather than a
subglécial origin for the clay facies of the Wrenshall Formation in the
Two Harbors area. The Douglas till and the Wrenshall Formation exhibit
similar characteristics and appear to be correlative units. Johnson
(1980) had originally proposed this correlation, but he considered the
clay facies of the Wrenshall Formation to be of subglacial origin.
Johnson, et al., (198l) have subsequently abandoned this correlation,
and now they attribute the Douglas and Hanson Creek tills to a later
glacial advance, the Marquette advance, dated at 9,900 years B.P. That
advance did not affect the North Shore of Lake Superior, according to my
own work. However, the presence of the Hanson Creek and Douglas tills,
and the marked absence of the lacustrine clay of the Wrenshall Formation
on the south shore of Lake Superior is not feasible. According to
Drexler (1982), there is no evidence of the Marquette advance £filling
the western end of the Lake Superior basin. No one has identified a
moraine produced by this advance in the Upper Peninsula of Michigan,
Wisconsin, or Minnesota, and thus the extent of the Marquette advance is
poorly known.

Therefore, I propose that the Hanson Creek and Dcuglas "tills” are

a misnomer. These units are part of the lacustrine clay depocsits of the
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western Lake Superior region, and are a continuation of the clay facies

of the Wrenshall Formation in Minnesota.
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SUMMARY OF REGIONAL SEDIMENTOLOGY

The Quaternary deposits of the Two Harbors area can be grouped into
five texturally distinct units. These groups are differentiated on the
basis of grain—size distribution, clast 1lithology, stratigraphic
position, and regional distribution. Their specific physical properties
are attributable to (1) bedrock sources, (2) conditions of glacier flow,

and (3) methods and environments of depositionm.

Unit 1

‘This unit contains the sand to loamy sand sediment (based on
U.S.D.A. textural classification) of the Sullivan Lake Formation
(Figure 50). It is the oldest of the sedimentary units, and underlies
the mnorthwestern most part of the study area. It is topographically
expressed as the Toimi drumlin field.

The abundance of~ granophyre, granite, greenstone, basalt, and
gabbro reflect derivation from the underlying Duluth Complex and from
other igneous and metamorphic sources cropping out to the north and
northeast. This implies deposition by the Rainy Lobe.

An actively moving, wet-based glacier deposited this sediment by
the lodging of clasts and debris at the base of the glacier and by
melting out of debris during ice movement (Lawson, 198lb). Hence, the
Sullivan Lake Formzation is a basally-derived lodgement till. This 1is
confirmed by the strong northeast-southwest m#crofabric of elongate
clasts and the streamline trend of the drumlins, which parallels the
inferred regional ice flow. The drumlins are attributed to the process

of subglacial shearing. They formed in the thawed bed zone of the
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100% CLAY

Sand 2 mm -0.062 mm
Siit  0.062 - 0.002 mm
Clay <0.002mm

il

SILTY CLAY
LOAM -
SILT LOAM
SILT
100% SAND (US.DA Testurai Classitication) 100% SILT
Unit > m Wrenshall Formation (clay facies) ) 10 samples
2 E Cromwell Formation. Supraglacial debris - 7
3 Cromwell Formation. Subglacial debris (sandy loam facies) 8
—
4 Cromwell Formation, Subgiacial debris (loam facies) 7
,l —=—3 Sullivan lake Formation 12

[ ] mean

Figure 50. Composite ternary diagram of the textural composition of
Quaternary sediments of the Two Harbors area.
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glacier, where 1ice was easily able to slip over basal obstructions
(Wright, et al., 1973). This topographic and fabric lineation is
consistant with Rainy Lobe derivation. The abundance of meltwater
within the glacier, moving through channels, and causing washing and
sorting of the sediment, is also recorded by the presence of eskers, and

a tunnel valley, partially occupied by Sullivan Lake.

Unit 2

The sanay loam sediments of this unit comprise the supraglacially
derived debris of the Cromwell Formation (Figure 50). These sediments
occur to the southeast of the Toimi drumlin area and are expressed
mainly by the kettle and kame topography of the Highland Moraine.
Isolated occurrences of this unit are also expressed as topographic
highs in the area of fluted terrain southeast of the Highland Moraine.

The abundance of 1lithic fragments of basalt and rhyolite,
gabbro-diabase, granite, granophyre, and red sandstone reflect local
derivation from the underlying North Shore Volcanic Group and from the
Lake Superior basin to the east. Local occurrences of the Duluth
Complex account for the gabbro and diabase, granite, and grarophyre.
This provenance implies deposition by the Superior Lobe.

These sediments are the result of stagnation and compressive flow
in the terminal 2zone of the glacier. Evidence for this is the
transverse orientation of elongated clasts to inferred glacial flow (out
of the Lake Superior basin and to the west) at the margin of the
moraine. In other areas within the moraine the macrofabric 1is random.
This reflects multiple episodes of collapse, sliding, and flowing of

drift, as the ice melted back from the terminus (Flint, 1971).
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Methods of deposition include the primary process of melt-out,
forming ortho~tills by the melting in situ of the debris-rich body of
the stagnant glacier (Dreimanis, 198l1). Also, sediment released from
ablation of the active and stagnant basal zone 1ice was commoﬁly
transported and deposited by one or more secondary processes, thus
forming a variety of allo-tills (Dreimanis, 198l). These secondary
processes include: sediment gravity flow, spail (outward failure and
collapse of steeply sloping sediments on melting stagnant ice), and
sheet and rill flow of meltwater. Fluvial and lacustrine processes were
also operating simultaneously in the englacial and proglacial parts of
the environment. This enabled gravitational settling out of £fine
sediment in water (Lawson, 1981b).

The various allo—-tills of the Highland Moraine and the northern
half of the Two Harbors quadrangle, include isolated occurrences of
outwash 1in the form of fans, braided stream deposits, deltaic deposits,
and resedimented deposits of till.

Processes of deposition in the terminal zone of the glacier were
further complicated by the stress exerted by the glacier and the weight
of the ice in this zone. A variety of glaciotectonic features were
formed in the substratum beneath the glacier and along the front of the
glacier. This includes thrust masses (or flutes) concentrated near the
southeast margin of the moraine in the Two Harbors area. Eskers and
esker—like ridges were deposited in subglacial tunnels near the margin
of the thin and stagrating glacier. Their southeast~northwest trend
parallels the general direction of ice flow as inferred from the flutes

to the southeast of the Highland Moraine.
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Unit 3

This sediment group contains the sandy loam to sandy clay loam
subglacially derived debris of the Cromwell Formation (Figure 50).
These sediments were deposited upglacier from the previously described
terminus region (the Highland Moraine), and are expressed as the
Highland flutes.

Bedrock source of materials for this unit is the same as for the
supraglacially derived sediments of Unit 2. However, differing
conditions of glacial flow and methods of deposition serve to separate
these sediments as a different unit of the Superior Lobe drift.

The presence of a fluted topbgraphy establishes the existence of an
actively flowing, wet-based glacier at the time of formation (Flint,
1971). Methods of till deposition include lodgement of debris into the
substrate , and melting of basal debris during regelation. Thé lodgement
process of forcibly pressing fine rock flour into voids between larger
particles, and the loading of overlying gla;ial ice during deposition,
as well as the lack of washing by meltwater, accounts for the finer
texture of till formed subglacially. The processes of subglacial
shearing from the drag of the glacier sole over a till surface (Boulton,
1971; Flint, 1971) and/or ice pressing of water saturated till imto
cavities both in front of and behind _fixed boulders (Galloway, 1956;

Stalker, 1960a), have been suggested for the formation of the flutes.

Unit 4
This wunit contains the 1loam sediments of the Cromwell Formation

(Figure 50). These sediments occur in an isolated area southward of the
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flutes and border the strandline of Glacial Lake Duluth in the southwest
section of the study area.

The source of sediment for this unit includes debris £from the
underlying North Shore Volcanic Group, red sandstone from the Lake
Superior basin, aﬁd clayey, proglacial lake sediments. Although these
sediments are expressed by a non-fluted terrain, elongate clasts exhibit
a strong southeast-northwest preferential alignment appropriate to the
Superior Lobe.

The following conditions of glacier flow and methods of deposition
are postulated for units 3 and 4. A thick mass of glacial ice was
confined to the Lake Superior basin and frozem to its bed. This enabled
a build up of subglacial meltwater behind a dam of frozem ice. Local
melting and weakening of the ice front (perhaps owing to the presence of
a proglacial lake) reduced basal friction in the toe of the glacier, and
initiated a surge of the ice front (Wright, 1973). The sediments of
these units are therefore attributed to a basal slip of the ice mass
during a rapid glacial flow. They have essentially been deposited by
lodgement and plastering processes. Overriding of proglacial lake
deposits and incorporation of fine~textured sediment into the basal zone

of the ice could explain the textural change between units 3 and 4,

Unit 5

The clay-rich unit of the Two Harbors area forms another texturally
distinct wunit (Figure 50). Stratigraphically, it is the highest and
youngest of the sedimentary units and is the glaciolacustrine clay
facies of the Wrenshall Formation. It is differentiated from the upland

glacial deposits by its fine texture, sedimentary structures
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(laminations), and its restricted. occurrence basinward of abandoned
shorelines below elevations of 366 m (1200 feet). Methods of depositiom
include offlapping nearshore processes and the settling out of fine silt

and clay in deeper water, unaffected by current action (Moss, 1977;

Zarth, 1977).

Figure 51 is a diagrammatic cross—section summarizing the regional

Quaternary sedimentology and stratigraphy of the Two Harbors area.



SE
NW Highland Moraine

Touni Drumling
~550m (1800

“ a ° 4 N Hightand Flutes
a N Q
EA CROMWELL
a 4 Y - ?LQ;{H\ A
N AT A A AP ERTERN NN LN 2N =X N ry
B S T R R S R A A S A A A ADAD AT N
NS 178 ’\/’\/’\I"\//\//\/’\//\’\’\/ \\\/\\/\\\\/\\\ v A
/\"‘/\—‘/\—‘/\’V""‘/‘\"‘\\/*\/’E/“l/\’:’\"\/'l/\’\/\’\/\’\’\‘\’\‘\/\’\’\\ A A
AN 2
T AT TN T T A A A AR S AN S e
P A Y A AN AN AN AN AN AN AN AN AN N A A A e s
XTI TS TN T TAATAAT P T T AT NI NI NI NI NI LSS I NI I SIS NS wave Cut
\,—\,_\,—\,_\,_\,,\/ NN JEN LN LNl N e Ny I N N = N30 NANASASTESEITSIEN R34 ) C“"S
A A A A A A A R R R A AN RN RN RN RN R RIS SRR RIS TRGASI AP AOIN Lake Plain
RSN NN NN O DI DX P DX DU NN SN 2N JoN foN p N p Ny =N 1o N 1 22 1= 30 =20 X ]
A I N A N AN ARS A\ A AN A N 2N N A AN A A P T LTI |
A A A A A A A A AN /QI/lI/QI/lI/ll/ll\/\\l\/\\/\/\ (IR TN AN /,‘,’\/,‘,’\,‘f\,‘,'\ SIS Lake Superior
A A APy 2N 2N ZeN AN A AN AN N N N AT AT A T A AT AT A AN ~183m (~602')
ARARARAR AT AT A A A A N R A RN AN N AN XN X N RN R R XSS AGNAG IS S NI
2

’ AN EN N N N SN SN LN LN N N7
~ Y N NJoN SN SN JeN LN N g\ pooN Ny wNpe Ny N f Ny Ve / e~ ~ ~y o~ o~
DA Y A 2 A AN AN AN AN AN e N AR A A A N N S e S I T St A T S T T A Y 2
S N A N e T A T T T A T AT TR T T AT TATA T A I NN TN N AN
A NIIONION SN SN SN SN i\ peo\ peS\ g N p N g NN pm N p e N m N m Ny o NS ~ ~
AP NSNS NSNS IEN NN 1NN, NS \/\\/\\/\\/\ \/\\/\\\\/\\ A A AT A Y A A A N A AN N ~
IPATAPATAY A \\/l/\’él /:Iltl/kl/ll"\’/\'\’ll/\ll\l/\l/\/\/\ I\/\I\/\I\ \l\//\l\/\l\/\I\/\/\/\/\/\ NI \/\_\,\_\/\-_ /’\/\’\,’\/,\/_\/,\/,\/,.\,—\,_\,,\/II
NN SN SN LN f N N p N p N N e Ny N - ISR AONARNAEN AN SN AT
AN IAONOINR NP MO GO I VP P V2 AT AT A S A AN A NN NS EN AN SO OENSE IS ERA S DA NI A AT A WATATVA VA WATWATPA AT AN

P 4

WRENSHALL FORMATION®

Nearshore facies

Deep-waler clay facies
[243] CROMWELL FORMATION®
SULLIVAN LAKE FORMATION

BEDROCK
"from Wright and others, 1970

Figure 51. Diagrammatic cross-section of the Quaternary deposits of the Two Harbors area.

TET



132
QUATERNARY HISTORY

The sediments and morphology of the Two Harbors and Whyte
quadrangles record several distinct episodes of the Late Wisconsin
glaciation. These sediments are attributed to ice lobe advances, ice
stagnation, final retreat, and proglacial lake formation. The following
glacial history is inferred:

(1) During the St. Croix Phase of the Wisconsin glaciation 20,500
+ 400 years B.P. (figure 52), the Rainy Lobe advanced from the
northeast, along with the contemporaneous and parallel advance of the
Superior Lobe. These two streams of ice, within the broad belt of the
Laurentide Ice Sheet, were separated subglacially by the North Shore
Highland. They coalesced downglacier forming the St. Croix (terminal)
Moraine. Sandy to stony, gray to brown drift, and an abundance of
gabbroic 1lithic fragments are attributed to the Rainy Lobe. Im the
northern half of the Whyte quadrangle the Rainy Lobe drift is expressed
by a distinctive topography of the southwest-trending Toimi drumlin
field, and tunnel valleys, which are partially occupied by lakes and
eskers. The rock-stratigraphic name for the drift of the Rainy Lobe
advance, the Independence Till, has been abandoned, and is now
designated the Sullivan Lake Formation.

As the Rainy Lobe wasted from the St. Croix Moraine into Canada,
the adjacent and thicker Superior Lobe just barely retreated into the
Superior basim. |

(2) When the ice readvanced during the Automba Phase, inferred to

be younger than 20,000 years B.P. and older than 16,000 years B.P., the

Rainy Lobe was confined to northeastern Minnesota and formed the
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Figure 52. 1Ice movement during the Late Wisconsin glaciation
(from Wright and others, 1973).
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Vermilion Moraine (Figure 52). Meanwhile, the Superior Lobe moved
southwestward and westward, overflowing out of the Lake Superior basin
where it had thickened sufficiently to top the North Shore Highland. It
molded a fluted terrain, partially buried the Toimi drumlins, and
terminated at the Highland Moraine. Southwest of Duluth, the Superior
Lobe formed the Automba drumlin field and the Wright and Cromwell
Moraines, and reached its terminus at the Mille Lacs Moraine. Drift of
the Superior Lobe, formally designated the Cromwell Formation, is
typically reddish brown, sandy to clayey, and contains lithic fragments
of the North Shore Volcanic Group and Keweenawan red sandstone.

3 Stagnation and wastage of the Superior Lobe marked the end of
the Automba Phase. At the Highland Moraine, debris-bearing horizons
cropped out on the surface of the glacier. This supraglacial till cover
reduced the ablation rate of the underlying ice, and debris
concentrated to form an ice-cored moraine (Figure 53, phase l1). As
ablation progressed and the buried ice began to melt, meltwater streams
flowed from the retreating Superior Lobe and the ice-cored moraine.
Qutwash sediments and saturated slurries of debris accumulated 1locally
in troughs and low spots on the stagnant margin.

(4) The Superior lobe retreated far enough into the Lake Superior
basin at the end of the Automba Phase to bring about the formation of a
proglacial lake between the ice front southwest of Duluth and a drainage
divide near Sandstone. This lake was large and deep enough for the
accumulation of red clay and silt. Small, isolated proglacial lakes
alsé formed in front of the ice margin near the Two Harbors area.

(5) Readvances of the Superior Lobe over lake beds southwestward
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Figure 53, phase 1. Idealized model of stagnation and retreat of the Superior Lobe in the
Two Harbors area.
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of Duluth to the rim of the basin during the subsequent Split Rock and
Nickerson Phases (figure 52), occurring 16,000 and 12,000 years B.P.
respectively, produced a red clayey till in that area. These sediments
were deposited from surges of ice that resulted from the buildup of
basal meltwater behind the frozen toe of the Superior Lobe (Wright,
1973). The ice formed a narrow tongue only about 20 km wide, and
extended to about 100 km beyond Duluth., The Two Harbors area was too
far north to be affected by these major ice advances. However, a
clay-rich lodgement till, the 1loam facies of the Cromwell Formation,
does occur in the Two Harbors area. The age of the event that deposited
this sediment is, however, interpreted to be the Automba Phase.

(6) With the final retreat of the Superiur Lobe into the Lake
Superior basin, after 10,800-10,400 years B.P., proglacial lakes formed
in front of the ice marin at the southwest end of the basin.

In the Two Harbors area, meltwaters from the wasting ice were
ponded in front of the retreating Superior Lobe during the formation of
Glacial Lake Duluth (Figure 53, phase 2). Meltwater streams, laden with
sediment, deposited gravel, crossbedded sands, and coarse silts as
prograding deltas in a nearshore environment. As the deltas prograded
into the basin, currents carried fine sand, silt, and <clay particles
into the deeper water. Massive clay and laminated silt and clay,
settling out from suspension, were contemporaneously being deposited
with the deltas, in an offshore enviromment. Floating icebergs
sporadically supplied coarser ice-rafted sedime...s to the basin.
Resedimented slurries of debris issuing from the retreating ice lobe

were also introduced into the lacustrine environment.
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The well-developed strandline at the 350 to 366 m (1150 to 1200
foot) elevation indicates a long period of stability of Glacial Lake
Duluth in the southwestern part of Two Harbors area. During this time
the lake was discharging into the Mississippi River System through two
outlets: Solon Springs, Wisconsin, between the headwaters of the Brule
and St. Croix Rivers; and through Moose Lake and the Kettle River,
southwest of Duluth.

(7) A rapid drop in lake level occurred as the ice front retreated
past the area of the Huron Mountains west of Marquette, Michigan, after
abeut 10,100 years B.P. (Saarnisto, 1975), and uncovered a lower outlet
in the Michigan basin. This new level is known as the post-Duluth Stage
of Lake Superior.

Another period of rapid retreat of the 1ice front opened up the
entire lake, which Farrand (1969) referred to as Glacial Lake Minong.
At 8,500 years B.P. the lake drained to its lowest level; approximately
67 m (220 feet) below the present lake level (Farrand, 1969), forming
Glacial Lake Houghton. This was followed by a 5,000 to 6,000 year
period of slowly rising lake levels in the upper three Great Lakes as
the outlet rose by isostatic rebound. Drainage was then transferred to
outlets at North Bay, Ontario, Chicago, and Port Huron. This
three-outlet stage, occurring around 5,000 years B.P., is known as the
Nipissing Great Lakes Stage.

The post-Nipissing stages of Lake Superior have undergone only
minor changes in lake level. The strandlines that record these lower
lake levels are all inclined gently to the southwest in respomse to

isostatic rebound due to the removal of glacier ice. Evidence of these










































