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ABSTRACT

Mineral exploration in heavily glaciated terrain is difficult because
a mantle of glacial drift generally covers the bedrock. Eskers and the
heavy minerals they contain were studied to (1) determine their potential
use as a prospecting tool, and (2) better understand the dynamics of esker
formation. Studies emphasized palecohydraulics, origin of esker sediment,
lithology, and mineralogy.

Two main types of eskers are recognized in northeastern Minnesota on
the basis of their morphology, sedimentology, and origin. Continuous
eskers form as a single, continuoué segment when an ice sheet is stagnant,
or nearly stagnant. Meltwater flowing through an ice tunnel deposits
sediment in both the tunnel and onto an adjacent outwash plain. Melting
of the tunnel walls induces inflow of the ambient ice which leads to the
influx of rock debris. Seasonal fluctuations of meltwater discharge leave
a sedimentary sequence characterized by a wide variety of grain sizes
(medium—grained sand to boulders) and bedforms (climbing ripples, massive
beds, and planar, trough, and graded cross beds). Readed eskers are a
series of consecutive segments, or beads, that atre sepsrated by swamps or
lakes, and whose trends follow the low ground between the drumlins of the
Toimi Drumlin Field. A limited range of bedforms (massive beds and trough
cross beds) and grain sizes (mostly boulders) are exposed in the beaded
eskers. Other sedimentary features may be present, but they are covered

by the surrounding swamp deposits and not exposed.
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I. INTRODUCTION

GENERAL STATEMENT

Mineral exploration in heavily glaciated terrain is difficult because
of the mantle of glacial drift that covers the bedrock. Geophysical and
geochemiéal prospecting have had limited success since each is restricted
by several parameters such as geophysical signature of the orebody, drift
thickness, clay content, and organic content.

Numerous attempts have been made to use the glacial drift to aid in
the search for mineral prospects. Drift prospecting has become.a proven
technique for exploration in some areas, most notably in Canada and
Finland. Several drift prospecting techniques have been used, including
geochemical studies of till (Cohen and Stanley, 1982; Closs and Sado,
1979; Fortesque, 1983; and Shilts, 1973, 1984), glacial fans and boulder
trains in till (Drake, 1983; Szabo and others, 1975; Lee, 1963, 1965),
geophysical (Onesti and Hinze, 1970), and heavy mineral studies (Brundin,
1968; Brundin and Bergstrom, 1977; Lee, 1968; Dworkin and others, 1985).

Heavy minerals in eskers have been used as a successful drift
prospecting tool in Canada by Lee (1968) but have remained untested in
Minnesota. This thesis project was developed to evaluate the potential
for drift prospecting in eskers in northeastern Minnesota. It was

encouraged, and supported, by the Minnesota Department of Natural



Resources (DNR), which developed an interest in the potential for eskers
in prospecting for mineral bedrock targets. A successful drift
prospecting technique would be beneficial to a mineral exploration company
because the glacial drift is often very thick and outcrops are scarce.
The project involved sampling the sand and gravel in the eskers that
overlie the 1,100 million year old Duluth Complex and the North Shore
Volcanic Group, as well as the 2,000 million year old Thomson Formation,
to determine whether (1) the drift contains any economic mineral
indicators and (2) if so, determine the provenance of the minerals.

vThe study also involved general observations on morphology,
éedimentology, and the origin of esker systems in northeastern Minnesota,
including a general inventory. Several eskers were studied in detail to
help understand the origin and paleohydraulics of different esker types in
the field area. |

The ultimate goal was to answer the questions: Are the esker sediments
derived from distant or local sources?' Is the material derived from the
glacial load or eroded by the esker river from local bedrock? Are the
detrital components in eskers, including heavy minerals, feasible for use

as prospecting tools?
LOCATION

The field area (Figure 1) is located in the northeastern corner of

Minnesota and covers approximately 2400 square miles, including part or
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Figure 1. Location of study area, shown by
cross hatching, northeastern Minnesota.
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all of fifty U.S. Geological Survey 7.5 minute quadrangles. The area
extends from north of Isabella, near the Lake~Cook County border
southwestward to the Iverson area west of Clogquet. It is nearly 30 miles

wide by almost 100 miles long.

FIELD METHODS

The field methods for studying the eskers involved two different
approaches. The study was divided between sedimentological studies and
drift prospecting studies.

Sedimentological studies: Several stratigraphic columns were

constructed, and lithologies, grain sizes, and sedimentary structures were
noted. The interpretation and classification of the sedimentary
structures are after Miall (1978) as shown in Table 1.

Stone counts were performed at several locations to determine which
size fraction (boulders (>1 foot) or pebbles (1-2 in.)) could be used as
provenance indicators. A total of 30 boulder counts and 28 pebble counts
were done. One hundred boulders were counted at each location, and their
lithologies were recorded in the field. One hundred _ :bbles were
collected and taken back to the lab, washed and identified for each
sample. Several boulder counts were done at different locations on the
same esker to study lithologic changes along the esker.

Drift prospecting studies: Gravel pits and road cuts provided the

best exposures of the esker material and were most often used as sample




Facies
Cada Lithotacies

Sedimentary =tructyres

Interpretation

Gms massive, matrix
supported gravel

Gm massive or
crudely bedded
gravel

Gt gravel, stratified

Gp gravel, stratified

St sand, medium
to v. coarse,
may be pebbly

Sp sand, medium
to v. coarse,

may be pebbly

Sr sand, very
fine to coarse
Sh sand, very fine
to very coarse,
may be peubly
) sand, fine

Se- erosional scours
with intraclasts

Ss sand, fine to
coarse,
may be pebbly

Sse, She, Spe sand
Fl sand, silt, mud

Fsc silt, mud

Fcf mud
Fm mud, silt
Fr silt, mud
C coal, carbona-
ceous mud
P carbonate
Table 1.

none

horizontal bedding,
imbrication

trough crossbeds

planar crossbeds

solitary (theta) or
grouped (pi) trough
crossbeds

solitary (alpha) or
grouped (omikron)
planar crossbeds

ripple marks of all
types

horizontal lamination,
parting or streaming
lineation

low angle (<109
crossbeds

_ crude crossbedding

broad, shallow scours
including eta cross-
stratification

analogous to Ss. Sh, Sp

fine lamination,
very small ripples

laminated to massive

massive, with freshwater
moliluscs

massive, desiccation
cracks

rootlets

plants, mud films

pedogenic features

debris flow
deposits

longitudinal bars,
lag deposits,
sieve deposits

minor channel fills

linguoid bars or del-
taic growths from
older bar remnants

dunes (lower flow
regime)

linguoid, transverse
bars, sand waves
{lower flow regime) .

ripples (lower flow
regime) )
planar bed flow "

(I. and u. flow regime)

scour fills, crevasse
splays, antidunes

scour fills

scour fills

eolian deposits

overbank or waning
flood deposits

backswamp deposits

backswamp pond
deposits

overbank or
drape deposits

seatearth

swamp deposits

soil

Classification scheme of sedimentary structures,
after Miall (1978).




collecting sites. Eskers could not be sampled from the top or side in
most cases because of the difficulty of digging through a gravel- and
boulder-rich root zone. This root zone is a result of the mixing of the
top 4-5 feet of material by trees being blown over after they die or are
exposed to a strong wind. Continuous slope wash since the last ice
retreated has resulted in the removal of most of the fine-grained material
to produce the present bouldery lag deposit.

A total of 97 samples were collected during the summer of 1984. 1In
some eskers, such as the Cloquet esker, four samples were taken across the
exposed face, while in others several samples were taken along the trend
of the esker.

The sample was collected from a vertical channel 10 feet long (5 feet
long if the exposures were limited) and 1-2 feet wide that was dug into
the esker face. Each sample would weigh between 600 and 800 pounds, and
would nearly fill a 50-gallon barrel. Two or three samples could be
collected in a day, although production rate was variable, depending upon
the extent of the exposure.

The samples were transported and stored in 0ld 50 gallon paint barrels
loaned to the DNR by the St Louis County Highway Department. The samples
were stored at the St Louis County Highway Maintenance garage near Pike
Lake, Minnesota; the St. Louis County Highway Maintenance garage in
Brimson, Minnesota; and the Babbitt, Minnesota Water Works Department.

The samples from Pike Lake and Brimson were taken to the Arrowhead gravel

pit three miles north of Twig, Minnesota where an adequate supply of water



was available to process the samples. The samples at Babbitt were
processed on site,

Each sample was jigged and concentrated with a hydromatic jig. A flow
sheet for the sample processing is shown in Figure 18. Three to five
gallons of concentrated sample were removed from the jig and uéed for the

laboratory studies.
LABORATORY METHODS

The 3-5 gallon concentrated sample was processed by Dennis Martin at
the DNR office in Hibbing, and a 100 g split was used for the optical
studies and the X-ray diffraction studies of this project. A portion of
this 100 g sample was used in a heavy mineral separation for optical
examination. A.total of 15 samples were point-counted: 9. eskers, 3
drumlins, 1 outwash, and 2 bedrock.

This 100 g split was further split‘to approximately 10 g for the X-ray
diffraction studies, and the magnetic minerals were removed with a
hand-held magnet. Sample weights and percentages of magnetic minerals
were recorded. This small split was then powdered with a mortar and
pestle, mounted as a slurry on a glass slide, and X-rayed on the Siemens
X-ray diffractometer at UMD. The results were interpreted with a search

manual and X-ray diffraction tables.


























































A possible model for the origin of continuous eskers can be developed
based on geomorphic and topographic evidence, along with field
relationships of the glacial deposits. The sedimentological evidence,
discussed in the next section, also contributes support for this model.

The eskers associated with the Superior lobe probably formed at the
ice terminus after the lobe had ceased forward motion during the Split
Rock advance., Little internal ice motion was taking place as indicated by
the absence of a terminal moraine. If the eskers were constructed over a
period of years, then some minor internal motion of the ice may have taken
‘place as the ice adjusted to the seasonal changes in the water volume
within the esker tunnels.

The Cloquet moraine borders the eskers on three sides, and the Clogquet
outwash plain is located in front of them. The meltwater streams that
formed the eskers dumped their sediment load into coalescing ouuﬂash fans

at an elevation of 1250 to 1300 feet.

THE CLOQUET ESKER

Locati~ and morphology

The Cloquet esker is located just southwest of the town of Cloquet,
Minnesota. It is currently being mined for sand and gravel and, as a
result, a well—-exposed cross—-section across the esker trend was available
for examination.

The esker has fairly steep sides and a single sharp crest, that in one

place meanders several hundred feet. It is one continuous segment just
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The Hulligan Lake esker is located 25 miles north of Duluth, where it
crosses St. Louis County 4. Several access points are available to study
the esker at different locations along its length. The Hulligan Lake
esker is one of several beaded eskers in the study area.

The esker can be traced for 12 miles across the Boulder Lake Northeast
and the Comstock Lake 7.5 minute topographic quadrangles. The beads are
shaped like elliptical domes 300-500 feet long by 100-150 feet wide and
can be as long as one mile. The height of the beads varies from 25 feet
to 45 feet above the neighboring swamp. Successive beads are separated
by 250-2500 feet of swamnland = Mhaca ~-- "1 pbeads in the esker he
swamps and low ground that surround the beads are, in turn, bordered by
the southwest~trending Toimi Drumlin field. The trend of the esker, and
the'drqmlins, is N. 45 E. A large meander can be seen in the esker in

Section 2 (T. 54 N., R. 14 W.).

Sedimentology

Studies of the Hulligan Lake esker could not be made with the same
amount of detail as for the Cloquet esker. However, the availability of
numerous access points, combined with several small excavations made
during the sampling period, and observations in one abandonded gravel pit
give some insight into the conditions under which the esker was deposited.

Examinations at the four sample locations, and the abandoned gravel
pit, show that a limited variety of grain sizes are present in the esker.
Sketches of these locations and their positions along the esker are shown
in Figure 11.
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with excavations or drilling would be needed to confirm or reject the
hypothesis.

The source of the sediment in the beaded eskers, while not pinpointed
the way the Cloguet esker source was, was most likely derived from the
basal debris of the Rainy lobe. Englacial debris, and subglacial
meltwater erosion of both the underlying till and the local bedrock may
also have contributed sediment, although they probably were not major

sQurces.,
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good bedrock control. He concluded the esker material was derived from
the moraine and subseguently transported a distance of nearly 4 km in the
esker,

Chemical analyses of the ~0.037 mm size fraction of 109 till samples
investigated by May and Dreimanis (1973) showed that the Erie-Ontario lobe
tills may be distinguished from the Huron~Georgian Bay lobe tills by a
higherlcontent of Ni, Cu, Zn, and Cr.

Three different techniques were used during this study to try to
determine provenance for the esker material and to investigate heavy
mineral suites that could indicate overridden bedrock that might have
economic potential: (1) stone counts; (2) X-ray diffraction of heavy

-mineral mounts; and (3) optical examination of heavy mineral mounts.

_ STONE COUNTS

General statement

The purpose of the stone counts was to see whether boulders or pebbles
could be used as provenance indicators. Stone counts are useful since
they can be done easily and fairly quickly in the field. It was hoped
that the dominant 1ithology recorded in the stone counts would give
important information regarding up-ice bedrock 1ithology.

A total of 58 eight stone counts were performed including 30 boulder
counts and 28 pebble counts. The lithologies of the boulders and pebbles
were studied in eskers, outwash, and till from each of the three lobes of

ice that deposited drift in the study area. The results have been
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was derived from the basal ice load, or perhaps, eroded from the
underlying drumlins by the meltwater stream. There is no indication that
the esker gravel is enriched in local bedrock by subglacial fluvial
erosion.

It is interesting to note the lithologic changes in the Hulligan Lake
esker as it trends across the area. Gabbro comprises 59 to 76% of the
boulders in the farthest upstream counts. This ébundance decreases to 50%
of the count at the middle location, and increases back to 74% for the
last (farthest downstream count). The variation in 1lithologic percentages
is a reflection of the inhomogeneous nature of the debris contained in the
basal ice, which in turn, is caused by the mixing, blending, and shearing
of different rock types that were incorporated into the glacial load.

When the gabbro numbers are combined with the g;anophyre numbers, the
proportion in all four counts is very close to 75% for the Duluth Complex
boulders (counts 46, 52, 56, and 58).

The boulder counts done in the nearby drumlins (counts 55 and 57) give
results that are very similar to those from the Hulligan Lake esker.
Gabbro totals combined with granophyre totals are close to 75% in both
counts,

Two beaded eskers, in the Comstock Lake Quadrangle, were studied by
stone counts, and lie close to, or down—-ice from the bedrock contact
| between the Thomson Formation and the Duluth Complex. One boulder count
and one pebble count was done on each of the two eskers. The sketch in
Figure 13 shows the relationships between the eskers and the bedrock
contact.
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The counts labeled 49 and 50 are from an esker that lies very close to
the bedrock contact, and results show some slate in the boulder- and
pebble-size fractions. These percentages, while low, are still higher in
slate than up-ice stone counts (over the Duluth Complex), so the slate is
most likely derived from the underlying Thomson Formation. The close
agreement between the slate percentage in the boulders (16) and the
pebbles (17) gives little indication as to which size fraction would be a
better provenance indicator.

Counts 34 and 35 are from a short bead segment further. down-ice than
counts 49 and 50, and also further down~ice from the bedrock contact. The
slate percentage in the pebble fraction (15) is much higher than in the
boulder fraction (4).

It should be noted that the boulders in both eskers show a higher
percentage of gabbro plus granophyre than the pebbles do, thereby giving a
better indication of the proximal up-ice bedrock 1lithology. The same
relationship (of boulders giving a better idéa about the up-ice 1litholoqgy,
using gabbro and granophyre as an indicator) does not hold true when slate
is used as an indicator. There are more pebbles of slate than boulders of
slate. This could be a result of the slate possessing a higher degree of
"crushability" than the intrusive rocks, and thereby having an increased

rate of comminution.

Superior Lobe Demsits: The 16 stone counts done in the Superior lobe

drift include 8 pebble counts (2 esker, 1 till, and 5 outwash), and 8
boulder counts (5 esker, 1 till, and 2 outwash). See Figure 14.
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These counts include the Cloqguet esker, and other eskers deposited
during the Split Rock Phase, various till and outwash counts, and counts
done on the Four Mile Lake esker in the northeastern corner of the study
area.

The major 1lithologies incorporated into the Superior lobe drift
include basalt, sandstone, and gabbro, along with a number of minor
lithologies (such as agate, and diabaée). Sandstone is more common in the
pebble counts than in the boulder counts and appears in nearly equal
proportions in both the till and the glaciofluvial material. Boulders of
sandstone are easily broken down into smaller pieces and, as a result, are
not often seen in the boulder fraction.

Slate and greywacke of the Thomson Formation underlie the Split Rock
phase eskers. This lithology appears in the boulders and pebbles of the
eskers with a range from 24 to 31% for the boulders, and 4 to 12% for the
pebbles. A wider range is seen in the outwash-- from 2 to 14% for both
pebbles and boulders. From these results, it seems boulders in the eskers
give the best indication about the underlying bedrock. Boulder counts in

~2 till in this are +how 24 slate, very similar to the percentage 'en
in the esker. This relationship is nearly duplicated by the percentages
of the dominant esker lithologies of gabbro and basalt, which could
indicate the esker material is derived either from englacial material, or
subglacial erosion of the underlying till.

The counts done on the Four Mile Lake esker (counts 14, 15, and 16)
located on the Lake-Cook County border (T. 60 N., R. 5 W.) are especially
interesting. The esker was deposited near the junction between the Rainy
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lobe and the Superior lobe. It is difficult to tell which lobe of ice
deposited the esker, although Sharp (1953) concluded it was left by the
Rainy lobe. The topography which this esker crosses varies from an
elevation of 1750 feet on the west end to 1670 feet at the east end of the
esker in Four Mile Lake, and the meltwater that deposited it flowed from
east to west, up the topographic gradient under hydrostatic pressure.

The esker was chosen for investigation because it lies across a
well-established contact betwéen two distinctive rock types of the Duluth
Complex. The western segment of the esker is underlain by pink-colored
granophyre, whereas dark-colored gabbro comprises the bedrock on the
eastern end. The sketch in Figure 15 shows these relétionships.

From east to west, in the inferred direction of meltwater flow, the
percentage of granophyre increases from 33 to 51 to 64, while the
percentage of basalt decreases from 44 to 17 to 2. The gabbro increases
from east to west, ranging from 15 to 27 to 32.

The results of the boulder counts appear somewhat anomalous with
respect to the bedrock lithologies. If the meltwater stream that
deposited the esker flowed from east to west, then the granophyre should
not even be seen in the esker. However, granophrye constitutes over 50%
of the boulder counts at two locations (64% and 51% at locations 16 and 15
respectively).

The best explanation for these anomalous results would require a brief
review of the glacial history of the area. The Superior lobe incorporated

gabbro— and granophyre-rich Rainy lobe deposits into its load as it
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advanced up and out of the Lake Superior basin. Blending of the two
tills, and subsequent melting of the Superior lobe has left an esker with
lithologies that are representative from each lobe (gabbro and granophyre
from the Rainy lobe, and relatively unaltered basalts from the Superior
lobe). This blending of the tills would be concentrated in the lower
portions of the advancing ice sheet and contribgte to the basal ice
debris. Since the material in the esker is most likely derived from the
basal ice debris, as shown by stone counts done further south, than the
underlying bedrock probably made little, if any, contribution to the

esker.

St. Louis Sublobe Deposits: There were 12 stone counts done in the

" drift deposited by the St. Louis sublobe including 6 pebble counts (3
esker, 2 till, and 1 outwash count), and 6 boulder counts (2 esker, 3
till, and 1 outwash count). See Figure 16.

Deposits of the St. Louis sublobe are characterized by a
reddi sh-brown, fine-textured drift that contains sparse clasts of
Paleozoic limestone and Cretaceous Pierre Shale from the Winnipeg lowland,
but none of these were seen in any of the counts. It is unlikely that
either of the lithologies would survive much transport in a meltwater
stream as they are fairly soft and break down easily. Pieces of limestone
and shale were seen during the course of the field work, but none were
encountered during the stone counts. Granite boulders, with a percentage

range from 38 to 50 in the till, and 41 to 57 in the esker appear to be

67




89

LITHOLOGY
granophyre
basalt
gabbro
sandstone
granite
gneiss
black slate
greywacke
iron formation
quartzite
conglomerate
metavolcanics
diabase
agate
rhyolite

unknown

St.

17 18
HoW
9
A M
[45] 0
g @
SIS
PV~
2 -

15 15
10 6
1 -

23 ¢
5 14
8 8

21 12
2 -
9 4
4 -

Table 5.

t—
O

PC till

2

Results of the stone counts from the

N
o

PC till

N

2

2

Louis sublobe drift.
boulder counts, Out= outwash.
correspond to locations on Plate 1 (back folder).

N
N

BC till

w v

23 24 25 26
HoH N
T TR )
T B
2 w a  a
5 ¢ o g
ST SO S N 8
& M A o
11 5 2 -
38 24 1 19
24 7 3 9

5 27 57 217

3 - 19 3
12 11 - 14
2 2 1 2
- 1 - -
- 4 8 8

N
~

BC till

30

50

PC= pebble counts, BC=

Sample numbers

[ V]
oo

BC till






good indicators of up-ice bedrock lithology. Granite pebbles show the
same results, although the percentages are lower (23 to 27 in the eskers,
and 29 in the till).

The high percentages of gabbro and basalt in the boulders and pebbles
of the esker, outwash, and till counts (3 to 44 for gabbro, and 1 to 38
for basalt) could indicate a blending of the tills as the St. Louis
sublobe overrode the gabbro-rich Rainy lobe deposits in the area.
Metasediments (greywacke and black slates) are also fairly common in the
counts, ranging from 4 to 21% in the boulder and pehbble size.

The granite component was probably derived, originally, from the
southwestern end of the Giants Range batholith, while the metasediments
could be from the Thomson (Virginia) Formation.

The lack of a high percentage of slate and greywacke from the
underlying bedrock, combined with the relatively high percentage of basalt
and gabbro, indicates the origin of the esker material was either
ernglacial material (most likely the basal ice debris), or was eroded by
the meltwater stream from the underlying, possibly blended, till.
Meltwater erosibn of subglacial bedrock does not seem to be a source for

the esker material.
Summary

The stone counts appear to be a fairly quick and easy way to examine

the eskers and obtain information about the bedrock. Results show the
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boulders, in almost every case, gave a better indication than do the
pebble counts about the up-ice 1ithology, as the pebble population was
often diluted (percentages of a given lithology were not as high in the
pebble fraction as in the boulder fraction). 1In one case, (St. Louis
sublobe counts) the underlying bedrock of slate aﬁd greywacke was not as
well represented in either boulder or pebble counts as the more

long—di stance transported granite clasts were. A possible explanation for
this case is that the St. Louis sublobe may not have been in an eroding
mode and may not have even touched bedrock due to the underlying blanket
of Rainy lobe drift. In another case, (counts 49, 50, 34, and 35) the
pebble fraction gave a better indication of the underlying bedrock.

One consistent fact shown by the stone counts is that the percentage
of a given lithology in the esker, usually in the boulder fraction and
often in the pebble fraction, has a similar percentage in the till. This,
combined with evidence from the St. Louis sublobe counts, where the
underlying bedrock is poorly represented in the boulder and pebble
fractions, indicates the material in the esker was derived from either the
englacial load, or by meltwater erosion of the underlying till. A
meltwater-bedrock erosion source is not indicated in any of the results,
and therefore the esker material is probably derived from the englacial
load, and more specifically, derived from the basal ice debris. The best
evidence for this is from the similar 1lithologies between the clasts in
the eskers and in the neighboring tills. It is further supported at

locations where one lobe of ice overrode deposits from a previous lobe
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such as the Four Mile Lake esker, and eskers from the St. Louis sublobe.
The clast lithologies in eskers at these locations reflect drift input

from at least 2 different lobes of ice.
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HEAVY MINERAL STUDIES

Gereral statement

Heavy minerals from glacial drift have been studied by many workers to
see if questions about provenance and drift prospecting could be answered.

Trefethen and Trefethen (1944) separated heavy minerals from the
Kennebec Valley esker, near Augusta, Maine. Their study gave no positive
information about the length of transport because the same general mineral
assemblage persisted througﬁout the entire length of the esker. An
increase of local material was noted 3 to 8 miles down esker from the
point where the esker crosses bedrock contacts of contrasting lithology.
They concluded 5% or less of the pebbles counted had.been carried more
than 50 miles. They observed that fragments of the Hallowell granite
appear at a point where the esker, which lies wholly on schist, passes
nearest the outcrop of the granite, a distance of about 2 km.

A comparison of the heavy mineral assemblages in the Lower Peninsula
of Michigan by Dworkin and others (1985) allowed them to differentiate
three di fferent Late Wisconsinan tills., The assemblages could also be
associated with different source areas on the Canadian Shield.

Lee (1965, 1968) studied the nearly continuous, 250 mile long Munro
esker, named after the township of Munro, Ontario, because it passed
through the Kirkland Lake gold camp. The esker crosses extensions of
known gold-bearing structures, the shear zone of the Upper Canada Mine,
and the Larder Lake fault. This geologic control gave known sources for

the gold abundance peaks in the esker.
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The 1.3 cubic feet of sample they collected was field-checked for the
concentration of dunite, gold, and pyrope. Distances could then be
measured between the peask abundances of distinctive minerals and rock
fragments. This led to the concept of the transport distance "k" defined
by Lee (1965, p. 7) as "The displacement distance between the bedrock
source and the position of peak abundance for any component is defined as
the transport distance "k" " (Figure 17).

Lee determined the transport distance "k" from two di fferent sources
was 8+2 miles for dunite and 2+2 miles for gold grains. Pyrope peaks were
usedrin a later study. He concluded (1965, p. 1) from his results that
"the data are geoloéically reasonable and encouraging."

In a later study by Lee (1968) on the same esker, the previously
mentioned pyrope grains were used to discover a kimberlite dike.
Distribution curves of gold particles and pyrope grains showed a common
peak distribution, and since both were subjected to the same displacement
vector, then both were thought to have the same general source area.
Detailed study of thé most promising rocks in the Upper Canada Mine led to
the discovery of a Late Jurassic dike cross—-cutting the Precambrian rocks
and the eventual classification of the dike rock as a kimberlite. This is
important to.prospectors because kimberlites occur not only in groups but
also because there is a known association of some kimberlite bodies with
di amonds.

During the summer of 1984, 97 bulk sand and gravel samples were
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illustrating the concept of the transport distance
"K", after Lee (1965).
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collected from 59 different sites in northeastern Minnesota that included
53 eskers, 4 drumlins, and 2 outwash plains. Approximately 5 pounds of
the finest—grained material available were also collected at each site to
be assayed in addition to the bulk sample. The samples were stored,
concentrated, and split for analyses that included both assaying for base
metals, precious metals, and other indicator elements, and X-ray
diffraction studies. A portion of the X-ray diffraction split was used
for the optical studies discussed in the next section. A flow chart
summarizing the sample processing steps is shown in Figure 18.

Ore minerals and various associated alteration minerals were targeted
as potential indicators of up~ice mineralized bedrock, including pyrope,
magnesian ilmenite, chrome diopside, diamond, scheelite, pyrite,

.pyrrhotite, chalcopyrite, sphalerite, arsenopyrite, barite, molybdenite,
apatite, tourmaline, galena, fuchsite, chromite, magnetite, copper, gold,
silver, platinum group minerals (platinum, palladium, rhodium, iridium,
ruthenium, osmium), pyrochlore, and idocrase. The sample numbers,
locations, and weights are given in Appendix I, while the locations and
selected geochemical ancmalies are displayed on the base map in the back

folder (plate 1).

Jigging Procedures

The first step in concentrating the bulk sample was to shovel the

600-800 pound sample onto the jig, which was covered by a grill having a
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1/2 inch spacing between its parallel bars. The +1/2 inch material was
discarded, while the finer fraction (-1/2 inch) was jigged and
concentrated by shaking and washing with water (Figure 19).

This initial processing step reduced the bulk sample to around 75
pounds, which waé then further concentrated by washing through an 8 mesh
(2.4 mm) screen. The material greater than 8 mesh (2.4 mm) was discarded.
The -8 mesh (2.4 mm) concentrated sample, which weighed between 30 and 70
pounds, was run across a wet éhaking table where it was further
concentrated to a 1-3 pound sample of the heaviest fraction.

The final concentrate was dried, weighed, and split for analysis.

Fire assay was used to determine platinum, palladium, gold, and silver
contents in a 30 g split, while base metals and oxides were assayed from
another split. Apprbximately 100 g was used for X-ray diffraction
studies, and the remainder was stored.

Test samples were processed on the jig and shaker table using a known
amount of galena and magnetite in three different samples to gquantify its
efficiency. Galena grains, -65 mesh (0.23 mm) and +150 mesh (0.1 mm),
were added to two separate samples and processed in the usual manner
through the jig and shaker table and the results were analyzed.
Calculated results (Martin, D.P., 1985, pers. comm.) showed that 76.6% and
79.2% of the galena grains were recovered. The magnetite used was medium-
to fine-grained and processed through one sample. Additional calculated
results showed only 9.5% of the magnetite was recovered. The majority of

the magnetite was found in the jig tails rather than on the wet shaking
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table. The large difference between the recovered amounts of galena and

magnetite seems to indicate that specific gravity plays a more important

role than does grain size in the final concentrate. The specific gravity

of galena is 7.5 and magnetite is 5.18. This is important as many of the
target minerals have specific gravities that are less than that of

magneti te.

X-ray Diffraction

Procedures

The 100 g split used for the X-ray diffraction studies was processed
in the following way: The samples were split again into a smaller sample
that was easier to use (about 10 g). The magnetite present in the final
split was removed with a hand-held magnet, and weights were recorded.

A small amount (1-2 g} of this magnetite-free sample was powdered with
a silica mortar and pestle, and this powder was scanned by the X-ray
di ffractometer. The powder was placed on a 2 inch square glass slide,
mixed with a few drops of water to produce a slurry, spread as evenly as
possible over the glass slide, and allowed to.dry. When the sample was
dried, it would remain adhered to the slide during analysis. The sample
was run at 2 degrees per minute from 5 to 60 degrees. This range allowed
the major peaks of most of the anticipated minerals to be seen if they
were present., The resultiné charts were then examined using a search
manual (Joint Committee on Powder Diffraction Standards, 1974), and

mineralogies were recorded.
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(2) blending of the two tills as the Superior lobe overrode deposits left
by the Rainy lobe. The similarity between heavy minerals in the Superior
lobe eskers and the till could imply, as seen in the Rainy lobe drift,
that the esker material was derived from either the englacial load, or by
meltwater erosion of the underlying drift.

While the Superior lobe and Rainy lobe drifts have similar populations
of heavy minerals, they can be differentiated from the St. Louis sublobe

drift, primarily due to the high percentage of garnet found in the latter.
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VI, CONCLUSIONS
GENERAL STATEMENT

A relatively quick, easy technique that uses the glacial drift as a
prospecting tool to help gather information about the underlying bedrock
would be beneficial to companies involved in mineral exploration in
heavily glaciated areas. This project originated to assess the value of
heavy minerals in eskers as one such drift prospecting technique.

It was expanded to develop a better understanding about the way eskers
form, and about the source of rock and mineral fragments in the eskers in
nor theastern Minnesota. Some of these questions have been answered
through field studies and laboratory work.

Two main types of eskers have been recognized that can be
di fferentiated by theif morphology, sedimentology, and origin. e
shorter, continuous eskers were formed when an ice sheet was stagnant, or
nearly stagnant, and meltwater flowed through a tunnel and deposited
sediment in the tunnel as well as onto an édjacent outwash plain. Beaded
eskers may have formed in actively retreating ice and give an anmual
average retreat rate of 365 meters per year. The underlying topographic
irreqgularities apparently exerted some control on the path of the esker as
did the irregularities of the overlying ice.

Stone counts, more specifically boulder counts, appear to be most
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helpful in determining provenance of esker material. Boulder counts have
indicated, in almost every case, that the esker sediment is most likely
derived from basal ice debris. Pebble populations indicate the same
source as the boulders, but with smaller percentages, due perhaps, to the
more frequent contribution of up-ice lithologies in the smaller fraction.
There is little evidence to indiqate that bedrock contributed directly to
the compositions of the eskers.

The results of the heavy mineral studies by X-ray diffraction were
somewhat disappointing, and no more than broad conclusions can be made.
Mineral identification was much quicker and more reliable with the
petrographic microscope than with the X-ray diffraction charts. Results
seem to show the bulk of the identifiable minerals are locally derived.
No economic indicator minerals were found with either method.

- 2trographic studies heavy mineral mounts > . to be uéeful in
differentiating glaciofluvial material deposited by different lobes of
ice. The Rainy lobe and Superior lobe left deposits with similar heavy
mineral populations reflecting mafic source rocks, or possibly a blending
of the tills as the Superior lobe overrode the underlying Rainy lobe
drift. The St. Louis sublobe deposits can be di fferentiated from the
Rainy lobe and Superior lobe deposits by having a much higher garnet
population.

The similar heavy mineral populations between the eskers and the till
in the various drift sheets indicates the source of the esker material is
either from the basal ice debris or from subglacial meltwater erosion of
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the underlying drift, rather than from subglacial bedrock erosion by the
meltwater streams. This is in good agreement with the results from the

stone counts.

PROBLEMS

A better understanding of the numerous problems encountered could help
with future drift prospecting programs.

The results of the test samples spiked with known amounts of galena
and magnetite indicated some problems in recovering the total heavy
mineral fraction during bulk sample processing. This could be related to
grain properties such as size, shape, and specific gravity. Processing
more test samples might help define the optimum conditions under which the
maximum amount of certain minerals could be recovered. .

The amount of material used in opticai studies and X-ray diffraction
was such a small fraction of the bulk sample that it may not give an
accur ate representation of the minerals present.

X-ray diffraction of bulk samples was not the most efficient, or
reliable, way to determine mineralogy for a number of reasons. A good
deal of time was spent trying to find the best way to process the sample
from powdering, to mounting, to interpretation of the charts. Perhaps the
largest problem was in the interpretation of the charts. Only a few
minerals could be identified and the peaks associated with these few
minerals effectively masked those of any other minerals that may have been

present.
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Another problem with X-ray di ffraction is that a given mineral must
comprise at least 5% of the X-rayed sample before it will show up on the
chart. It seems highly unlikely that most of the economic indicator
minerals would be present in such a high percentage.

The lack of good bedrock control over the Duluth Complex made

provenance determinations even more di fficult.

SUGGESTIONS FOR FURTHER DRIFT PROSPECTING

Several suggestions can be made that might help with future studies
using eskers as a prospecting tool.

A good understanding of the glacial history in the area is important.
Using the oldest drift would be the most helpful since this would be the
least reworked and least diluted by subsequent glacial advances.

It is also important to have the best possible control of the
underlying bedrock geology. This would help in understanding the
transport distances of the material involved.

Heavy minerals have been used successfully as a prospecting tool in
other places such as the Kirkland Lake area in Ontario, as shown by Lee
(1965, 1968), and helped in differentiating deposits deposits from various
lobes of ice in Michigan (Dworkin, and others, 1985). 1ey could be
fur ther studied in northeastern Minnesota, but X-ray diffraction does not

seem to be a useful tool for bulk mineral identification.
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Glaciofluvial deposits such as eskers and outwash are better sampling
locations than glacial till due to the hydraulic concentration and sorting
of the sediment during ablation. It appears that the provenance, as shown
by stone counts and optical studies of heavy mineral mounts from both
continuous and beaded eskers, is probably from local sources such as the
englacial load or underlying till, rather than from meltwater erosion of

the underlying bedrock.
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