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ON THE COVER — The area of the heavens around the Qrion Constellation,
shown in the cover photograph made through the 120-inch telescope of the Lick
observatory, 1s also the region of observations with an iifrared telescope de-
veloped by University of Minnesota astro-physicists. The infraréd sensory equip-
ment reveals stellar bodies that could not be studied by conventidhal telescopes,
and it 1s expected to provide data on the birth of stars.
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SPACE SCIENCE CENTER

THIRD YEAR PROGRESS REPORT
July 1975
INTRODUCTTION

This report at the end of the third year of the NASA sponsored remote
sensing program at the University of Minnesota is organized into separate
indrvidual reports by the individual researchers. During the second year
an attempt was made to concentrate efforts on those projects which appeared
to be achieving results having practical implications and this direction
has been continued during the third year. In accordance with this objective,
two programs were phased out dufing the third year. 1In the one instance,

Dx. Bower's flood prediction which included as a factor ERTS or LANDSAT
observations of snow cover, it was felt that whaile the resulis permitted
some improvement in the flood prediction, the benefits were not sufficient
to warrant continuation of the effort. Dr. Mece's studies on the evaluation
of water quality by remote sensing technagues have been brought to a
conclusion. This study produced results on the optimum film-filter corbina-
tions for aerial photographic surveys of the sﬁbject lake - Minnetonka.

Any further work along these lines should be carried con under the auspices
of the State of Minnesota.

A new group headed by Dr. Matt Walton of the Minnesota Geological
Survey, which is an operational unit of the University of Minnesota, received
support during this year and has obtained results which the Survey feels
wall bring a new dimension to its geological mapping of the State of Minnesota.
They have been sufficiently encouraged by the results obtained during the

past vear to feel the desirability of adding an individual trained in the



use of LANDSAT data to the staff of the Survey. Of particular interest in
this effort has been the integration of earlier ground truth geclogy of
segments of the Duluth Gabbro into an integrated whole. These observations
have important implications for the mineral development and related environ~
mental problems in the Northeast Region of Minnesota. The demonstrated )
usefulness of LANDSAT data in the geological mapping of this area suggests
that better maps can be produced at much lower cost than has previously
been possible. The results have enabled them to pinpoint areas where ground
party §£rveys should be sent in to verify information suggested by the
LANDSAT Imagery. A second part of the effort of Dr. Walton's group explored
the utility of LANDSAT Imagery in mapping the complex glacial drift over-
burden which is so significent in the surficial geoclogy characteristic of
the State of Mimmesota. To test this hypothesis, LANDSAT Imagery of the
Twin Cities metropolitan area was investigated to compare results obtained
with this technique with the rather extensive grouné truth data available
in an area which has been more completely studied than most of the other
parts of the State. The results of this metropolitan study suggest that
LANDSAT techniques can be used as a recomnaissance tool for a statewide
project.

The Lake Superior study program conducted by Professor Sydor has
been brought to a stage where the results have found a useful application
by the U. S. Army Corps of Engineers in determining on-lake dumping sites
for dredgings of Duluth Harbor which would minimize the effects on the éater
intake of the cities of Duluth, Clogquet and Superior. His work has clarified
the effects of erosion of the Wiscomsin red clay banks on the turbidity
of the lake under various wind conditions. Because the red clay arises from

a distributed source, the resulting turbidity is different from that which



results from turbidity produced by point sources such as the outlets of
the Lake Superior Harbor. fThe combination of these studies led to the
recommendations to the U. S. Army Corps of Engineers for more suitable
locations for on~lake dumping sites than those used previously. Included
with Dr. Sydox's report is the correspondence with the U. S. Army Corps

of Engineers relative to the identifacation of newer dumping sites and the
decasion to abandon the previous dumping sites which had deleteriocus
effects on the water quality at the intakes of the three cities.

Drs. Dwight Brown and Richard Skaggs have incorporated in theirw
report decisions on land use made by the Rice Creek Board of Watershed
Managers based on results previously obtained about the Rice Creek water-
shed derived from NASA high altitude aerial photography.

As a second effort, Brown and Skaggs have carried on a LANDSAT
based surface water inventory aimed at investigating seasonal changes in
visible open water. Ip order to test the utility of these techniques,
they studied the St. Paul-Minneapolis metropolitan area lakes because of
the extensive ground truth data available. Their work is of particular
interest to the Minnesota Department of Natural Resources whose personnel
must deal with permits and enforcement with respect to State regulations
about the management of land surrounding lakes and the possible drainage
of shallow lakes. These data can alzo be useful to the Department of
Natural Resources in theiy wildlife management responsibility. The surface
water inventory is illustrated by the maps that appear in the appendix.

It appears that ILANDSAT mapping of this type can provide very significant
economies as compared to earlier technigues employed by the Minnesota Depari-
ment of Natural Resources. This technique has been accepted and will be

supported by the State Planning Agency. ©Drs. Brown and Skagys have assisted
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in the transfer of the capability to that Agency which is working in
cooperation with the State Regionzl Development Commissions on its appli-
cation to their planning efforts. During the éast year they have also
directed a new effort toward the development of techniques for a recon-
naissance survey of Minnesota lake water quality from LANDSAT data. The
objective is to determine whether these technigues will make it possible
to identify easily and cheaply those lakes whose water gquality has been
degraded where remedial action or conservation measures are especially
neaded. Such information is of interest to the Minnesota Pollution Control
Agency. The multi-spectral reflectance data collected by LANDSAT systems
suggest that the technigques have promisé as a quick, low cost, reconnaissance
tool for investigating lake water guality in Minnesota.

During this vear Dr. Rust has completed his studies aimed at the
identification and delineation of saline soil areas in the Northern Red

River Valley area of Minnesota. Earlier studies had suggested that the

clearest delineation of these saline soil areas occurred if infrared
imagery was obtained at approximately "peak 0f gresn" condition for the
small grains. The three years of photography has provided imagexry of a
growing crop on nearly all of the areas studied. This work has resulted
in the capability to delineate on the Soil Association map of Kittson
County the saline areas. That information will be included as a part
of the County solil report of the National Cooperative Soil Survey scheduled
for publication in 1977. Such a map can be used to gnide the planting
declsions of the farmers in the affected areas. It also could be used
in the assessment of the value of farm lands in the area.

Dr. Rust also has included a preliminary report on the application
of color infrared imagery to on—farm surveys in Clay County Minnesota. It

is planned that the results will be used to provide guidance to £ield
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scientists in providing accurate and detailed soil maps which will form
the basis for land use and management recommendations by the County
technical people to farm operators.

Support was also given to projects under the direction of Dr. David W.
French and Dr. Merle P. Meyer. Dr. FPrench's project was concerned with
the application of remote sensing technigques to the detection of Forest
and Urban Tree Disease in order that forest management practices and
remedial steps can be planned and implemented to minimize the spread )
of the diseases. Dr. Meyer's project is more directly aimed at the use
of remote sensing techniques for forest land management.

A number of circumstances delayed much of the field work planned by
these two investigators for the operational season of 1974 with the Qesult
that much of it had to be carried over into the operational season cf
1975 and combined into the work plan for the latter season. The conditions
of the 1975 operational season have been unusu;lly favorable and such
that field operations have been possible for a much longer pericd than
noxmal. As a consequence their analysis of thelr results was postponed
and this has delayed their report. Their reports will be submitted as a

supplement to those included herein.
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REMOTE SENSING APPLICATIONS TO HYDROLOGY IN MINNESOTA

Investigators: Dr. Dwight Brown & Dr. Richard Skaggs
Department of Geography
University of Minnesota, Minneapolis

INTRODUCTION

This research effort has been directed toward developing applications
of NASA remote sensing products to information needs in Minnesota related
to surface water resources. In our last report we described completed
projects for the Rice Creek Board of Watershed Managers and the detection
of surface water and surface water changes described by Prestin (1974).

As a follow-up on Prestin's work, techniques were estabiished to produce
Tow-cost U.S.G.S. quadrangle overlays of LANDSAT verified surface water.

In the past year, 45 quadrangles of the St. Paul - Minneapolis Metropolitan
Area, designated a high priority study area by the Minnesota Department of
Natural Resources, were completed.

Evaluation of this project and the initiation of studies of the
use of LANDSAT 1 imagery as a tool for reconnaissance analysis of lake
quality comprised the rest of the effort during the past year. In
addition, we include a brief review of the decisions made by the Rice Creek

Board of Watershed Managers in which data derived from NASA high altitude

aerial photography contributed to the deciSion making process.



RICE CREEK WATERSHED STUDY RESULTS

A wide variety of land and water resource decisions have been made
by the Rice Creek Board of Watershed Managers using the Rice Creek
Watershed land use map based on NASA high altitude photography. Of the
15 t0-20 actions taken to date, two were selected for illustration here
as representative of the types of decisions being made on an ongoing basis.

The first example is Fhe decision concerninﬁ the development of
the low lying southeastern shore of Pike Lake. Figure 1 shows the
area involved in the decision. A computer model, with runoff coefficients
derived from the Rice Creek Watershed Land Use Map, was used-to determine
the height of the 100 year flood hazard zone. The flood zone was
determined to be 6 feet above the normal Take level and no basement floors
may be constructed below this level. These 1imitations on this tract
enabled the developer ﬁo plot 20 single family umit Tots. Ten lots with
lake frontage were necessarily Tong because of the flood zone restrictibns
and the need for a construction site above the flood zone. The flood zone
determination enabled land development under the final plat shown in Figure 2.
The preconstruction value of the Tand is now placed at $290,000.

The second example is a decision by the Board of Watershed Managers
to require incorporation of several small wetlands in Arden Hills, MN
into the drainage plans as pollutant and nutrient sinks rather than being
infilled. This decision was based on the existing land use in the contributing
area, as mapped using NASA high altitude aerial photogéaphy, and the
additional impact that intensive cluster home development would have on the
nutrient and poliutant load o% the Watershed. Figure 3 shows the Tocation

of these preserved wetlands.
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RECONNAISSANCE ANALYSIS OF LAKE WATER QUALITY IN THE
ST. PAUL - MINNEAPOLIS METROPOLITAN AREA
WITH LANDSAT IMAGES

Introduction

This project is directed toward developing the techniques
for a reconnaissance survey of Minnesota lake water quality with
LANDSAT data. The St. Paul - Minneapolis Mepropol?tan Area Tlakes
provide an excellent study area to develop this capability because
convenient, low cost, and has a very high density of available
ground truth provided by cooperating agencies. The ultimate geal
is to provide guidance so that more costly and detailed surface
investigations may be directed toward lakes where remedial action
or conservation measures are espécial]y needed. Personnel from the
Minnesota Pollution Control Agency have expressed ‘interest in this type
of data.

In developing the technology for Qée in Minnesota, we plan to
use a variety of available equipment and results of similar studies
done elsewhere, particularly work at the Environmental Protection Agency

by Boland.

Preliminary Analysis

The first preliminary analysis was carried out using a VYP-8 image _
analyzer to read film densities. The first test employed 9" X 9" black
and white LANDSAT MSS bands 4, 5, and 7 transparencies. The density
readings from these three bands for QUne 28, 1974, were used as

independent variables along with angle of reflectance, distance from the
6



image center, and lake area. These independent variables were used

in a step-wise multiple regression analysis to develop models to

examine relationships with several dependent variables of water

quality. The dependent variables used were total phosphorous, chlorophyl,
wvater transparency {secchi disc readings), and a water quality inclex.i

used by Eugene Hickock and Associates, the engineering firm that produced
the lake quality data used.

Based on a sample of 42 Takes or bays for a single date, only two
of the dependent variables, secchi disc readings and water quality
index, produced strongly encouraging results. Summaries of these
results are shown in Table 1. 1t should be pointed out that although
total phosphorous and chlorophyl! contents were not strongly related
to the independent variables at this time, other dates, possibly later
in the summer, may produce better results. The regression equations
summarized in Table 1 represent a small number of lakes in a limited
area at one time period. However, the quality of results is consistent
with those produced by Boland (1974) for a national study using digital
tape data and is sufficient to encourage expansion of the study to
a larger area and multiple time per?ods. This will be done using data
from the Space Science Center densitometer. Some pretiminary data cp11ection
has been attempted with this equipment but further modifications in the
densitometer are 1likely to be nectessary.

During the next year multiple time periods of LANDSAT .data will be
analyzed with the densitometer. Computer compatible tapes will also be
used for a more selective number of time periods to evaluate the best
and lowest cost method of obtaining satisfactory results.

L The average of parameters obtained from graphs for secchi disc, orth-

phospate, ammonia, and pH values resulting from ground truth data
available for these lakes.



TABLE 1

SUMMARY OF LAKE WATER QUALITY MULTIPLE REGRESSION ANALYSES

Step  Variable entered B coefficient Std. error B Multiple r r square

Dependent’ Variable
Secchi Disk Reading

Dependent Variable

. Quality Index

" 56.4001

{constant) 6.3665
1. Band 5 —.7451 .0966 .62529 -39098
2. Distance from -.6208 L1140 .80277 64445
Center of Image
3. Band 7 8.1200 .0231 .88586 . 78475
{constant) -1462.3090 670.0596
1. . Band 5 ~3.1681 .2204 .67433 45472
2. Distance from ~3.0500 .2600 L91656 .84007
. Center of Image
3.  Band 7 772 0586 -95693 .91572
4. Angle of 54.3706 13.0933 . .96965 .93905

Reflectance



INVENTORY AND SEASONAL CHANGE OF OPEN WATER
IN THE ST. PAUL - MINNEAPOLIS METROPOLITAN AREA

Introduction

The encouraging results obtained by Prestin (1974} in his effort
to map small seasonal water features in west central Minnesota led to
the establishment of a LANDSAT - 1 based surface water inventory project.
MDNR expressed considerable interest in the project, supplied data
format requirements, and designated the St. Paul - Minneapolis Metropolitan
Area as a first priority test area. ‘

MDNR personnel dealing with permits and enforcement indicated that
the updated water inventory maps should be 1:24,000 or 1:62,500 scale
topographic map overlays and should show the extent of LANDSAT verified
seasonal changes in visible open water. These transparent quad overlays,
produced on stable matte acetate, could be used by field personnel and

also serve as a locationally accurate data base for a forthcoming

statewide water information system.

Mapping Procedures

Production of LANDSAT verified quadrangle overlays requires three
data sources: good quality topographic base maps and good
quality LANDSAT - 1 MSS system corrected color transparencies for both
the maximum and minimum extent of visible water. The maximum and minimum
extent of water was determined from imagery dates between August, 1972,
and June, 1974. The selected images were used to produce 35 mm ektachrome
quad-centered slides from back-lighted LANDSAT - 1 transparencies. A
singte lens reflex camera with a through-the-lens 1ight meter and fitted

S
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with a 50 mm lens and extension tubes was used to copy areas 3 to 4 times
the quadrangle area in order to reduce optical distortion. The topographic
maps were mounted on the wall and the slides were-projected with a

remote focus, zoom lens slide projector. Two person teams greatly

speeded up the slide reg%stration and mapp&ng,

The minimum calculated discrepancies between the map and projected
image were about .71 inch over a 1:24,000 scale map. With the use
of maps other than U.$.G.S. topographic quadrangles, the geometric
discrepanéies were much greater.

After registering the slide on the wall-mounted topographic map, a
stable base drafting acetate, with previously traced U.S.G.S water
boundaries was registered over the topographic map. To maximize
color conérasts the topographic map was then removed to expose the
white wali mounting board.

The first iﬁage mapped was the maximum water exteﬁt followed by the
minimum water extent. When the mapping was complete, the acetate was
taken to a drafting table and again registered.-on the topographic
map. The extent and 1imits of-water were then interpreted and corrected
on the topographic map, using LANDSAT verified location of water. This
procedure enabled the exercise of judgement and allowed the mapping of
water by inference in narrows that are not detectable on LANDSAT images.
This procedure also minimized the problem of interpre£ation of plowed
fields or cloud shadows as ﬁater, because 1akes—are restriéted to very
specific topograbhfc locations. These locations have well-defined
geometries on the topographic maps‘that would have 5 very low order of

possibility of being confused with plowed fields or cloud shadows.
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In this pitot projgect the final copies of the 45 quadrangles for
the Metropclitan Area were drafted by hand; although for larger prqjgcts
it might be desirable to digitize the water outlines and produﬁe the
final copy with a continuous line plotter. This procedure has
distinct advantages if the data are to be digitized for a water
1Bf0rmation system. The computer driven plotter offers the flexibility
of producing maps at a variety of scales and for quadrangles, political
units or even complete lakes.

The locations and reduced versions of the topographic quad overlays

are shown in the Appendix.

Evaluation

The products are evaluated in three ways: cost effectiveness,
comparative accuracy, and degree to which they meet data needs for
surface water inventory of MDNR. We produced the first two evaluations,
and the third is provided by MDNR.

Table 2 shows the cost of mapping the 45 Metropolitan Area quadrangles
and, assuming these are representative for the entire sta?e, orojects
them for estimated costs to complietely map the state. Labor requirements
for the Metropolitan Area quads varied from 5.25 to 22.25 man hours
depending on the number and complexity of lakes and on the scale. The
1:62,500 scale gquads took nearly four times as long to complete because
they covered four times the area. In calculating the costs for the state,
it could be assumed that there will be a.slight reduction in the per unit
costs as the area increases. Equipment costs would be under $2,000 for
an operation large enough to complete the job in one calendar year.

This 1is particularly significant in view of the more than a decade



TABLE 2

MAPPING LAKES FROM NASA/ERTS IMAGERY

Cost Projections:

7.5" quads
Area {1:24,000)
1) Metropolitan "33
Mpls-5t. Paul
2) State of 1105

Minnesota

157 quads
(1:62,500)

12

134

Labor

Costs
Total at
Man Hours _ $7/hr

585  $4095

10625 $74375

12

Total
Supply Total
Costs Costs

$1000  $5095

$21000 $95375
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. spent to complete MDNR's Bulletin 25, "An Inventory of Minnesota Lakes."
The cost of producing Bulletin 25 was probably in excess of’$400,000.
These costs should be kept in mind whén comparing the LANDSAT-based
quad inventories of lakes with Bulletin 25.

The ébi]ity of interpreters to discriminate surface water features
from LANDSAT images is well outlined by Prestin (1974). Table 3
summarizes Prestin's results, comparing different LANDSAT (ERTS)
products with Bulletin 25 and 1968 high altitude panchronmatic aerial
photography. Because the bases of comparison are not compatible in
time, they provide only a crude evaluation; however, it is very
jnstructive to look at the total comparative results for various ERTS
products. - Sing?é date analysis with color imagery detected 58 water
features as opposed to only 34 in Bulletin 25, and an ERTS inventory
using seven- periods of time from August 16, 1972, through July 5, 1973
detected 177 different water bodies. It should also be noted that Bulletin
25 is really an inventory of lake basins which may be part%a]]y or
entirely dry. It therefore might be considered as a seasonal maximum
of water area for basins of ten acres or more.

To evaluate the comparative accuracy of quad scale lake mapping
for the Metropolitan Area, the mapped lakes were examined on an
individual basis to determine which lakes wére not included in Bulletin
25 and which lakes in Bulletin 25 were dry or had a substantially reduced
water area. The results are summarized in Table 4. It is readily apparent
thag the water status of basins in Bulletin 25 is, at best, poorly known.
In addition, there is a 13% increase in the number of basins as defined by
vater features for which there are no iisted basins. . Many of these

were either accidentally omitted or considered not to meet the criteria



TABLE 3 —

«NUMBER AND ACREAGE OF HYDROGRAPHIC FEATURES

OTREY TOWNSHIP

Source

Size Classes (acres)

0-4.9

5.0-9.9  10.0-14.9  15.0-19.9  20.0-74.9 75.0-199.9 200.0 Total

Bulletin #25 Basins Number - - 3 6 17 5 3 34
Acres - - 38.0 102.0 669.0 472,0  1250.0 2531,0

"68 High Altitude- Number 7 7 9 5 12 1 2 43
Water Acres 23.2 52,2 117.6 83.6 634.9 180.8 888.4 1980.7

ERTS Inventory Water Number 33 66 33 14 28 1 2 177
Acres 112.9 4437 405.3 " 245,2 693.9 166.4 764.3 2831.7

'ERTS 16 Aug. '72 Number 29 I S 4 14 1 2 58
Color Water Acres 4.5 219.4 86.3 71.0 534.0 165.1 686.7 1767.0

ERTS 16 Aug, '72 Number 5 9 8 2 11 1 .2 38
Band 7 - Water Acres 19.7 58.9 100.0 35.2 . 383.3 163.2  686.7 1447.0

T
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of a defined basin., On the other hand, some of these are new, man-made
basins. -

The apparent discrepancy between water features mapped with
LANDSAT images and Bulletin 25 result from two important factors.
First, the production of Bulletin 25 used existing aerial photography
which varied in season of coverage from county to county. Second,
some of the large-scale stereo photography used is now between
2]1.and 25 years old.

Brief evaluation of the degree to which the LANDSAT based quad
overlays satisfied data needs was provided by MDNR personnel. In
current operations the major benefit of the overlays would be to detect
water-filled basins that were dry at the time of aerial photography.

IT used in this way, it could be used as a means of updating Bulietin
25. It was also felt that the greatest value of the overlays might
accrue from their use by counties and as a tool in zoning shoreiand,
particularly in identifying the amount of setback required for the
development of highly fluctuating 1ake shore. These materials could
also be used in shoreline classification in MDNR's Shoreland Management
program. Finally, overlays for very old quadrangles provide a good
basis for beginniﬂg water inventories where existing map information and
reality bear no resemblance.

On the negative side, the quad overlays fail to show basins (type
3 wetlands) that have no open water surface. The fTact that lake basin
inventory projects are now underway in MDNR is seen as a limitation
for the use of LANDSAT materials for this purpose because it would mean

a change 1in the technoiogy in midstream.



TABLE 4

~-~ COMPARISION OF ST. PAUL - MINNEAPOLIS METROPOLITAN AREA MAP

WITH AN INVENTORY OF MINNESOTA LAKES, BULLETIN 25

Mapped Lakes 10 Acres IListed Mapped Lakes 10 Acres Listed in
Mapped Lakes Number of in Bulletin 25 as Not Affected Bulletin 25 as Affected by Drainage
10 acres not Basins in by Dralnage or Dry ._or Dry
County in Bulletin 25 Bulletin 25 Reduced Empty Total Affected Reduced Empty
in Size Basins Listed but Wet in Size Basins
Anoka 15 143 1 6 55 31 7 17
Carver 30 128 0 1 73 25 5 43
Dakota 16 83 2 1 8 . 2 0 6
Hennepin 32 200 2 12 39 18 3 18
Ramsey 14 82 4 1 31 6 6 9
Scott 14 144 0 .6 92 36 3 53
Washington 5 168 1 6 6 3 1 2
Metropolitan ' ' ) ;C.n.:
Area Total 126 948 10 33 304 121 25 148
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Barriers to the utilization of LANDSAT based materials in ongoing
projects appear to be primarily normal resistance to change rather
than rejectjon of materials based on their quality. This appears

to be especially true where alternate data sources now exist.
SUMMARY

Although the three projects included in this report are at
different stages of completion, a summary of their findings is offered

as a conclusion,

1. Land use maps of the Rice Creek Watershed have proven useful
for a variety of resource allocation decisions, the dollar
benefit of which is difficult to assess.

2. Multispectral reflectance data collected by LANDSAT systems
appears to provide some promise as a quick, low-cost reconnaisance
level tool for investigating lake water quality in Minnesota.

3. Quadrangie overlays of surface water, -verified using LANDSAT
images, appears to be useful for a variety of purposes by
counties and MDNR. However, obstacles to their immediate
use in the agency appear to be primarily resistance to change

rather than rejection based on the validity of information.

Obviously some further work is necessary in the area of water
quality applications. We do need a more penetrating review of the
quad overlays produced for MDNR than we have been able to elicit to

date,
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EDEN PRAIRIE QUADRANGLE, MINN

CHANGES OF YISIILE OPEN WATER
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CHANGES OF VISIBLE QPEN WATER
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SHAKOPEE GQUADRANGLE, MINN
CHANGES OF VISIBLE OPEN WATER
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MOUND QUADRANGLE, MINN

CHANGES OF VISIBLE OPEN WATER
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VICTORIA QUADRANGILE, MINN.

CRANGES OF YISIBLE QPEN WATER
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WACONIA QUADRANGLE, MINN

CHAMGES OF YISIBLE OPEN WATER
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BELLE PLAINE QUADRANGLE, MINM
CHANGES OF VISIBLE OPEN WATER
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CHANGES OF VISIBLE OFEN WATER

~ 2\

/'\..._./

7 7 s

te Susur Ca

[N
¢ o

] )

7L_ . Scolt Co.

f' ) el

L . iF

S { -~ -i=
&

Souice  ERTS MSS Imagery”

B ndetectadte
buk eustent o3
USES sheet

Detectible on
19 E 12 anly

IHS/ES

Caunty Bavndary
YWalesshed Boundizies

Lake Boundanes
19571568
Tapographie Shecl
Mzumem vigible
open waler 106 72
Munimum visible
cpen water 7373

59



PRIOR LAKE QUADRANGLE, MINN

CHANGES OF VISIBLE OPEN WATER
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NMORTHFIEID QUADRANGLE, MINN
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LITTLE CHICAGO QUADRANGLE, MINN
CHANGES OF VISIILE OPEN WATER
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SECTION II

TURBIDITY IN EXTREME WESTERN
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TURBIDITY IN EXTREME WESTERN LAKE SUPERIOR
Investigator: Dr. Michael Sydor
Department of Physics
University of Minnesota, Duluth

The following data was prepared from ERTS images for
western Lake Superior for 1972-74. The data was subdivided
into categories representing various conditions of lake turbid-
ity depending on the wind history.

Examination of the data, Fig. 1, 2, and 3, shows that for
easterly winds the turbidity originating along the Wisconsin
shore and the resuspension areas is transported northward then
out along a N.E. path where it diéperses, and often, for large
storms, contaminates the Duluth water intake. Contaminants
such as dredging fines anywhere along these paths would like-—
wise find their way to the intake ‘areas in concentrations com-
parable to the relative red clay concentration. The turbidity
distribution in Fig. 1 was cbhtained from correlation of in situ
measurements with the BRTS data. The transport paths were ob-
tained from considerations of plume shapes and turbidity con-
centration gradients observed on ERTS images. The resuspension
areas were obtained from comparison of turbidities on the lake
for various wind conditions and examination of the relative
turbidity concentration for easterly s;o;ms in comparison to
the turbidity for known source areas, Fig. 4.

Examination of turbidity for westerly winds following an

easterly storm, Fig. 5, indicates how the turbidity on the lake

1



is flushed out by westerly winds due to the influx of clearer
water from the north shore area. This can be seen by super-
position of transparencies for Figs. 5 and 1 (See Figure 5a).

Westerly winds have a cleaning effect on the lake turbid-
ity in the central area, but produce severe turbidity along the
south shore. Fig. 6 shows the turbidity concentrations along
the Wisconsin shore. This correlates very well with the rela-
tive erosion data, Fig. 4, based on survey data compiled by
Hess.l This correlation can be seen by superposition of trans-
parencies for Figs. 6 and 4 (See Figure 6a}.

The shore erosion constitutes a relatively uniform source
of turbidity. It is thus interesting to consider the disper~
sion of the turbidity perpendicular to the shore for wvariable
wind conditions, Fig. 7.2 Such data giveg a measure of the dis-
persion length for fines of a turbidity source comparable to a
red clay source, say dredgings from the Superior Entry area.
Fig. 8 shows a plot of turbidity with distance from the shore.

Dredging fines would normally constitute a point source

rather than a line source, thus Fig. 8 would represent an upper

1. Charles Hess, Study of Shoreline Erosion on the Western Arm
of Lake Superior.

2. Variable winds would result in random dispersion of the
fines as against the drift or plume resulting from a steady
wind. The resulting dispersion would be the consequence of

a concentration gradient away from the shore.



value for plume dispersion of dredging fines for variable wind
considerations (expected dispersion length is ~ 2 miles for l/e
drop off).

The overall transport paths for turbidity, Figs. 2, 9, 10,
11, were dexrived from common features of turbidity plumes ob-
served in ERTS imagés. Inspection of individual plumes, and in

situ measurements3'4

reveal that a current pattern for any par-
ticular event is rather complex with eddy structure depending on
the wind history and the lake shore features. The eddy struc-
ture is important since it is responsible for prolonged periods
of turbidity in the extreme western end of the Lake. Aside from
effects due to severe stérms, the turbidity in the Duluth-
Superior area is generally considerably higher than the average
turbidity in western Lake Superior, (3 mg/l suspended solids
near Duluth vs. .5 mg/l, 5 miles off Knife River). This results
from occurrence of current patterns which tend to keep the rem-
nants of turbidity due to storms and the water from the St. Louis
River and Duluth Harbor confined to the extreme western arm of
the Lake. This is indicated by the average turbidity distribu-
tion in extreme western Lake Superior shown in Fig. 12, The
effect of harbor effluents on the ten mile sqguare of the tip of

western Lake Superior is thus quite pronounced, and should be

emphasized whenever pcllution of the harbor is considered since

3. M. Sydor, Current Patterns and Turbidity in Extreme Western
Lake Superior. DACW 37-74-6-0014.
4. M. Sydor, Preliminary Evaluation of Red Clay Turbidity

Sources for Western Lake Superior. EPA ROO5175-1.



the affected area contains public water intakes, Fig., 13. Con-
centration of pollutants from the harbor area or dredging sites
transported thru fines are expected to reach the Duluth water in-
take at roughly 0.2% concentration on the average and roughly
2% at the Cloguet intake. The effect of the harbor effluents on
people and aguatic life is not known. However, the concern for
the effects and extent of pollution in the Duluth-Superior Harbor
should be commensurate with the concerns for pollution of Lake
Superior itself.

With the possibility of resumption of the disposal of dredg-
ings in Lake Superior, we would like to encourage the pursuit
by the Corps of studies of effects of dredging on the Lake Supe-
rior environment {inside and outside of the bay areas). We would
also suggest that the present deep water disposal sites are un-~
suitable in terms of their proximity to water intakes and that
alternative sites, at least for experimental purposes, be sought
in the area a few miles east of the Superior Entry. The near
beach disposal should be accompanied by studies of the effects
of dredgings on lake biota, and measurements for the determina-
tion of the extent of the affected areas. Furthermore, a com-
prehensive, long range study of the harbor area includingﬁthe
shallower areas away from the shipping channel, woﬁld‘be a sig-
nificant step towards the understanding of the effects of
dredging operation, ship traffic, and the effects of pollution
abatement on the harbor. Much of the efforts in past studies
for these areas were short range, in response to urgent needs
for investigation because of impending actions for maintenance

or construction. Most of the past data is sparse, insufficient



to separate the temporal and spatial variations as was exempli-
fied by the recent changes in pollution classification of the
harbor. With the possibility of eventual harbor deepening
necessitated by economic considerations, and the continual need
for dredging and disposal in regular maintenance, a long range
study of the harbor would be very fruitful in understanding
the environmental problems for decision making purposes per-
taining to maintenance and construction and for the purpose of
reclamation of the lower St. Louis River area from its current

pitiful condition.
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Superposition of:
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Rough locations for dredging disposal
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DEPARTMENT OF THE ARMY
ST. PAUL DISTRICT. CORPS OF ENGINEERS
1135 U. S, POST OFFICE & CUSTOM HOUSE
ST. PAUL. MINNESOTA 55101

IN REPLY REFER TO

NCSED-ER 6 August 1975

Dr. Ilichael Sydor

Professor of Physics
University oT ilinnesota~Duluth
Duluth, Minnesota 55812

Deay Dr. Sydor:

Discussions have taken place during the past month betwesen yourself

and representatives of the St. Paul District regarding tne

potential .for designating a new open-lake disposal site for dredged
material from Duluth-Superior harbor. Tiae potential use of such

a site would, of course, be applicable only to dredged material which
has been classified as suitable for in-lake disposal. Based upon tiese
discussions, we are considering the designation of an area 1 mile in
diametar centered at coordinates 45° 42' 55" N, 91° 57' 50" W as this
new disposal site. At the same time, the presently designated open~
vater disposal sites for the harbor (areas 1 mile in diameter centered
at 46° 46' 30" N, 92° 03' 25" W and 46° 44* 25" N, 92° 00' 00" W)

would be abandoned.

te* would appreciate.your comments on this concept in general and, based
upon your knowledge of the water transport system operating in tne
western arm of Lake Superior, an assessment of the effects disposal at
this new site could have on the area's water supply intakes. Please
include a comparison of these effects witin those wnich could be expected
from the use of the presently designed disposal sites.

Sincerely yours,

. |

. L. GOETZ
Chief, Construction Uperations
Division

OLUTICy,

€

g g1®

EWl Ay
o ‘PQ
P/ &
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g & | UNIVERSITY OF MINNESOTA | Department of Physics

DULUTH 271 Classroom Laboratory Building
- Duluth, Minnesota 55812

Auvgust 19, 1975

W. L. Goetz

Chief, Construction Operations Division
Depazrtment of the Army

S5t. Paul District, Corps of Engineers
1135 U. S. Post Office & Custom House
St. Paul, MN 55101

Dear Sir:

In reply to your letter of August 6, 1975, please find enclosed
a report on traunsport processes "in Westerm Lake Superior which was
determined from ERTS data (NASA contract NGL 24 005 263) and in situ

measurements. We have made mumerous measurements on" currents and

22

turbidities in the- proposed disposal site. Also enclosed is a hap (A)

prepared from numerical model on the iakértransports. It corroborates
the results obtained from the remote sensing data. The former
dredging disposal sites in the Duluth area would directly affect water
quality at all municipal water intakes for easterly wind conditions.

The proposed site lies in a more favorable location in comparison to

the former sites, becauge the transport patterns would, for all wmeasured

cases, disperse the leechate in the Lake along paths which lie farther
awvay from the Duluth intake.

Sincerely,

. §7b£{—,ﬁ
Michael Sydor
Professor
MS:dh

cc: J. Vitale
W. Shepherdb//
R. Berry
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SECTION IIX

REMOTE SENSING APPLICATIONS TO

GEOLOGY IN MINNESOTA

Dr. Matt S. Walton
Minnesota Geological Survey
St. Paul, Minnesota
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APPLICATIONS OF ERTS IMAGERY
TO MAPPINGS SEDIMENTS OF THE
TWIN CITIES METROPOLITAN AREA
Investigator: Mr. J. R. Poppe
Minnesota Geoclogical Survey
St. Paul, Minnesota

The Minnesota Geological Survey initiated a prelimi~
nary study of the applications of E.R.T.5. imagery to geo—
logical investigations in the Twin Cities Metropolitan
area. The goal of the project was to compare E.R.T.S.
imagery to surficial geologic maps, prepared through tra-
ditional field studies. Lithologic boundaries, bedrock
outcrops, bedrock structures and geomorphologic features
were examined and compared with E.R.T.S. color-tone
changes.

E.R.T.S. false-color 9" x 9" transparencies were sup-
plied by the Department of Geography, University of Minne-~
sota. These transparencies were converted to 35mm slides
and were projected to increase detail. The transparency
with the best resolution was produced April 4, 1973, and
was selected as the photographic base.

Two areas of investigation were identified for use
in the Twin Cities Metropolitan area:

1. an area southeast of the Twin Cities, located

chiefly in northern ﬁakota County, and

2. the New Brighton 1l5-minute guadrangle located in

portions of Ramsey_and Anoka Counties (see Fig. 1).

1



The study procedure included viewing the projected
slides and recording all color changes. Bias was elimi~
nated by initially studying E.R.T.S. without referring to
the surficial geologic reference maps. The contacts be-
tween different lithologies taken from geologic maps of
the Twin Cities Metropolitan area were compared with
changes in color tones on E.R.T.S. photos. Finally, the
geology of certain areas was field-checked where discrep-
ancies existed between E.R.T.S. color boundaries and map-
ped lithologic contacts. Field work included detailed
examination of natural and man-made exposures in roadcuts.
The location, color, and type of glacial sediment was
noted and samples were collected for later laboratory
examination. The color changes in the metropolitan area,
noted in the E.R.T.S. imagery, are related to different
" glacial lithologies, e.g., tills, outwash deposits, river
and lake sands, and certain geomorphological features.

The visual comparison of geologic maps and E.R.T.S,
imagery demonstrated the limitations of this appreoach to
geclogical investigations. Bedrock outcrops and bedrock
structure in the metropolitan area do not appear on E.R.T.S.
imagery. However, certain glacial sediments can be identi-~
fied and are potentially mappable. In one area, certain
geomorphological features were discernable.

The Wisconsin Stage surficial deposits of Study Area

One (Fig. 2) consist of Superior Lobe red till, Superior



Lobe red outwash deposits, and Des Moines Lobe buff-
colored till. Four surficial geoclogical reference maps,
{Stone, 1965; Gelineau, 1959; Hogberg, 1970; Harms, et al.,
1975} were compared with color-tone areas cbserved on
E.R.T.S. imagery. The boundaries of the surficial depos-—
its vary in specific localities, from map to map. How-
ever, the principal map used for the study was the re-
gional surficial reconnaissance map prepared by John Stone
{1965). For the most part, only minor variations between
the boundaries of Stone'’s mapped lithologies and the
E.R.T.S. color tones are apparent, when the map constructed
from E.R.T.S. image;y is reduced to the 1:250,000 scale of
Stone's map (Fig. 2). There are a few major differences
between Stone's map and the map determined by E.R.T.S.

1magery. These areas of dlscrepancy were field-checked

and compared with Gellneau s {1959) detalled surf1c1al
maps. Gelineau's (1959) map compared favorably with
Stone’s (1965) map to the south of Grey Cloud Island (Fig.
2), Township 115, Range 18 and 19. Dr. H. E. Wridht,
Department of Geology, University of Minnesota (oral com—
munication), interpreted the geomorphological features of
this area as terraces. Field-checking verified the fact
that Stone {(1965) and Gelineau (1959) were correct in map-
ping the surficial lithology as Superior Lobe outwash. 1In
\

this area, the map-line determined from E.R.T.S5. imagery

color changes only depicts the geomorphologic boundary



between an upper and a lower terrace; it does not coincide
with the correct boundary between till and outwash.

The second discrepancy between Stone's map and the
E.R.T.S. imagery (Fig. 2), Townghip 28, Range 23; exists
in the area of Mendota Heights. However, Gelineau's (1959)
map and the E.R.T.S. imagery boundaries compare favorably
here. Field checking showed that E.R.T.S. imagery bound-
aries were correct and Stone's interpretation was incor-
rect.

A third discrepancy arose in Burnsville (Fig. 2),
Township 115, Range 21; where the boundary of Superior
Lobe till of E.R.T.S. color-tone imagery extends into the
Des Moines Lobe till of Stone's map. R. K.‘Hogberg {oral
communication) notes that in this area, poc#ets of Superior
Lobe till are incorporated Qith Des M;ines Lobe till as
-indicated on-Hogberg's '(1970) map.  These till pockets are
responsible for producing the color tones obsexved on
E.R.T.S. imagery. Thus, I extended the boundaries of
Superior Lobe red till into the Des Moines Lobe buff-col-
ored till.

The E.R.T.S. color-tone imagery boundary, south of
Grey Cloud Island, fails to correctly delineate the bound-
aries of lithologic units. For example, the boundary that
E.R.T.S. suggests is merely a geomorphic feature. The
E.R.T.S. boundary in Mendota Heights is correct; Stone's

(1965) map is incorrect. 1In the area of Burnsville, the



E.R.T.S. boundary is correct as is shown by the pockets of
Superjor Lobe red till lying within the boundaries of the
Das Moines lobe buff-colored till.

A large discrepancy, that can be noted between E.R.T.S.
color tone imagery and Stone (1965) is located in Township
27, Ranges 23 and 24. This discrepancy involves the loca-
tion of the band of Des Moines Lobe outwash. E.R.T.S.
colox~tone imagery locates the band in different areas than
do other geologic maps {e.g., Gelineau, 1959; Stone, 1565;
Harms, et al., 1975). Each of the four maps mentioned
above, locates the band in different areas. Moreover, the
width of the band varies in each of the maps. The limits
of time prevented field-checking of this problem, but the
problem is such that a program of extensive field work
‘shoulé be initiatéd (sée Fig; 4y .

“study Area Two, in" thé Héw Brighton.Quadrangle (Fig.
3}, consists of lake sands and till deposits. Two geologi=~
cal reference maps, the New Brighton 7.5-minute Quadrangle
(Stone, 1966), and a corrosion probability map (1974),
served as a geological base. Stone's (1966) map was used
as the geological base for the corrosion probability map.
Extensive geophysical field work in the area showed Stone's
(1966) map to be reliable. E.R.T.S. color-tone imagery in
area two, showed that only a few areas were in close agree-—
ment with Stone's (1966) map. For the most part, the lithg-

logic boundaries drawn from E.R.7.5. color tones exhibit



major deviations from Stone's (1966) map. It is con-
cluded that use of E.R.T.S. imagery in this area has
limited usefulness for mapping lithologic units. Colox-—
tone variations result from the high concentrations of
housing developments, factories and highways, all located
within the boundaries of this map. By comparison, Study
Area One did not exhibit as dense a concentration of build-
ings and highways. The boundary discrepancy noted east

and north of Round Lake is due chiefly to color tones pro-—
duced by the Twin Cities Army Ammunition Plant and hous-
ing, not to lithologic changes. Similarly, the large
boundary discrepancy noxrth of lakes Johanna and Josephine
is due to a heavy density of buildings. It appears that
where concentrations of buildings occur, the use of E.R.T.S.

as a geological mapping tool is not recommended.

> - - —2 -

This pilot préject on the usés of E.R.T.S. as a major
geclogical mapping tool has shown that in certain instances
it can be helpful for mapping glacial geology, as demon-~
strated in Study Area One. It has also shown that there
are limitations to the use of E.R.T.S. in areas where there
are dense concentrations of buildings, as in Study Area
Two. Additional investigations into E.R.T.S. should follow
this preliminary study in order to more clearly identify
the uses and limitations of E.R.T.S. as applied to geo-
logic mapping. More studies should be initiated in areas

of heavy urbanization and in regions where farm land pre~



dominates. The results of this metropolitan area E.R.T.S.
study suggest that the technique might possibly be used

as a reconnaigssance tool for a state-wide project, but only
if it were accompanied by extensive, detailed, field, geo-

logic studies.

¢
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APPLICATIONS OF LANDSAT IMAGERY TO GEQLOGICAL RESEARCH
IN MINNESQTA
Investigators: P. W. Weiblen, G. B. Morey, and M. S. Walton
Minnesota Geological Survey
St. Paul, Minnesota

In addition to the investigation of the applications
of LANDSAT imagery to geology in the Twin Cities Metro-
politan._Area, the Minnesota Geological Survey has explored
potential applications in other areas in Minnesota. Special
attention has been paid to IANDSAT imagery covering a large
part of northeastern Minnesota novrth of Lake Superior. The
bedrock geology of this area has been a subject of long-
standing scientific study, but it has recently excited new
interest because it has been shovn to expose a sequence of
rocks which formed in an intercontinental rift about one
billion years ago (fig. 1l). In addition, the area is now
under active exploration and preliminary development for
large, low-grade copper-nickel deposits associated with the
Duluth Complex, one of the major mafic igneous rock bodies
of the United States (Appendix I). Consequently some of
the major environmental issues involving land-use conflicts
and pollution from mining operations affecting Minnesotsa
are concentrated in this area. Geologic mapping of bedrock
and surficial geology provides the basic data for a variety

of federal and state studies now underway or proposed which

i3
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pertain to these issues. At present only a small fraction
of the copper-nickel target area has been mapped by the
Minnesota Geological Survey (Appendix I, fig. 5, p. 91).
Northeastern Minnesota is heavily wooded, much of it
is wilderness, and access to large areas is difficult.
Mapping by conventional methods is both time-consuming and
expensive. One gquadrangle represents a minimum of one
man-vear of work and a cost of approximately $45,000, ex-
cluding publication. The completed mapping (Appendix I,
fig. 5, p. 91) covers areas of relatively abundant expos-
ures, but outcrops are still sporadic and interrupted by
swamps, glacial deposits and lakes. Therefore the maps
are based on considerable interpretation and extrapolation.
We have found that by using LANDSAT imagery in conjunction
with the available ;ield data, it is possible to develop
a much higher level of continuity and structural resolu-
tion in our interpretations of the bedrock geolog&. For
example, Figure 2 shows the generalized geology oflnorth—
eastern Minnesota as it was interpreted in January, 1975.
It can be seen from Figures 3 and 4 that there is some
correlation of linear and tonal features apparent on the
LANDSAT imagery with the mapped geology (particularly the
basal contact of the mineralized Duluth Complex). Ih bther
areas there is only a poor correlation between the present-
ly mapped geology and the LANDSAT imagery. However, be-

cause of the extensive interpretation and extrapolation
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inherent in this geology, the LANDSAT imagery provides sig-
nificantly new insights into critical target areas for
further mapping and additional constraints on the inter-—
pretive aspects of the geology. For example, an analysis
of the imagery (fig. 4) has revealed an area of structural
complexity west of Grand Marais {fig. 2) which had not been
detected by reconnaissance surface mapping. As discussed
below, this 1is a critical area with regard to the overall
genesis of the Duluth Complex rocks, and a £ield party is
now investigating the area.

The preliminary results of our analysis of the correla-
tion of the LANDSAT imagery with the surficial geology indi-
cates that it is possible to distinguish various surficial
morphological features such as the Vermilion and Highland
moraines, the Toimi drumlin field, and an unnamed drumlin
field apparently associated with the Highland moraine .(f£ig.
5). The work suggests that major morphological features can
be extrapolated from known areas into unknown areas by using
the LANDSAT imagery. A knowledge of the overall distribution
of these major morphological features is needed to aid in the
detailed studies related to the various environmental impact
statements being prepared by federal and state agencies and
mining companies in the area of copper-nickel development.

The preliminary results of our analysis of the correla-
tion of the LANDSAT imagery with the bedrock geclogy have
significant consequences both in terms of evaluating the

potential for copper-nickel resources in northeastern Minne-—
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sota and in understanding fundamental crustal processes
(Appendix I, p. 83; Appendix II). This is true because

the Duluth Complex is the surface manifestation of one of
the major geological features of the Norxrth American conti-
nent, the so~called Midcontinent Gravity and Magnetic High
(fig. 1). This feature, which extends in the subsurface
from Lake Superior to southern Kansas, represents incipient
rifting of the North American continent 1.1 billion years
ago (fig. 1l). Rifting was accompanied by the upwelling of
vast quantities of mantle—-derived magma capable of generat~
ing ore deposits (fig. 6), somewhat similar to the process-
es now going on along the mid-oceanic rifts (fig. 6; Appen-
dix ITI}. A better understanding of this rifting process,
which is associated with the movement of major crustal
plates, represents one of the most exciting and far-reach-
ing advances in geologic thought in the last hundred years
{(Appendix II). An exceptional record of the processes
associated with intracontinental rifting is recorded in
the 1.1 billion year old rocks of northeastern Minnesota.
Based on our present knowledge of these rocks, Weiblen and
Morey (Appendix I) have dgveloPed a tectonic-petrologic
model to account for the observed distribution of the
Duluth Complex and associated rocks in a rift system. An
integral part of their model is the recognition of the im-
portance of faulting in the structural evolution of the

area. The presently known copper-nickel resources are res-
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tricted to the basal contact zone of the Duluth Complex,
and Weiblen and Morey {(Appendix I) have shown that the
mineralization is related at least in part to faults and
fractures which transect both the older rocks and the
Dulvoth Complex. The IANDSAT imagery in conjunction with
other forms of imagery provide a means of better delineat-
ing the position of both the basal contact and the presence
of faults and fractures (figs. 3 and 4). These data pro-
vide valuable const¥raints on selecting potential tarxget -
sites for further economic evaluation (Appendix I, p. 84).
Weiblen and Morey also have pointed out that mineralization
need not be restricted to the base of thes Complex but could
occur throughout the rift system where the structural-mag-
matic setting of the basal zone might be repeated. For
example, a copper-nickel deposit of economic importance

has been found and is being developed in Canada seven kilo-
meters north of the International boundary. This deposit
is in an area where minor tabular bodies similar to the
basal zone of the Duluth Complex occur, isolated from the
complex proper. Similar occurrences have been prospected
in Minnesota northeast of Grand Marais (fig. 2). Here,
reconnaissance mapping has revealed only isclated exposures
of potentially-mineralized rocks. The LANDSAT imagery, how-
ever, suggests that there may be a high density of rocks
favorable for copper-nickel minerxalization in the area.

The LANDSAT imagery thus has delineated a specific area
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for detailed mapping that might otherwise have been ig-
nored.

With regard to overall crustal processes we are now
in the process of formulating a new concept of the funda-
mental crustal structure in Minnesota, and we have been
aided by application of satellite imagery. Some of the
results already have been embodied in five papers, cited
below, which have been presented at recent scientific meet-—
ings and are now published or in press. We believe this
work has important implications in better understanding
global tectonic processesgs and also practical applications
in defining targets for subsurface mineral exploration in

the extensively drift-covered areas of the state.
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Figure 1. The Midcontinent rift from Chase and Gilmer (1973).
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Figure 2. Generalized geologic of the Duluth Complex from
Weiblen and Mcrey (1975). See Appendix I, Figure 11, p.

93 for discussion. The area delineated by the corner ticks
corresponds to the area of the imagery in Figure 3. Known
copper-nickel mineralization is restricted to the basal
zone of the Duluth Complex in the Troctolitic series rocks
(t). The active area of exploration and development is
south of Ely in a highly faulted area. The faults are
parallel to the major faults bounding the rift system
shown in Figure 1.




Figure 3a. LANDSAT imagery. Color reproduction of band 5
imagery of northeastern Minnesota reduced from an approx-
imately 1:250,000 print.
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Figure 6. Simple Bouger gravity map of northeastern Minnesota. Contours
show the details of the positive gravity anomalies in the northeastern
segment of the Midcontinent rift (Fig. 1). The anomalies reflect a
density contrast_between the 1.1 billion year old igneous rocks of_the
rift (23 gms/cm™) compared to the older crustal rocks (<3 gms/cm™).
The data suggest that at depth there may be localized feeders for the
rift system rocks. Partial correlation of the anomalies with tonal
patterns in the LANDSAT imagery (Fig. 3b) is a reflection of the cor-
relation of the geology with the gravity. KXnown areas of copper-nickel
mineralization are restricted to the borders of the gravity anomalies
but could occur throughout the rift. Modified from Graddock and others,
1969.
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THE DULUTH COMPLEX - A PETROLCGIC
AND TECTONIC SUMMARY

Paul W. Weiblen *
G. B. Morey *

INTRODUCTION

The Duluth Complex, a large body of dominantly
mafic igneous rocks of Late Precambrian (Keweena-
wan) age, §s exposed sporadically along an arcuate
belt extending from Duluth north toward Ely, and
from there, east-northeast toward Hovland, Minne-
sota (Fig. 1). The complex is underlain to the west
and north by older Precambrian rocks, The contact
separating the older rocks from those of the Duluth
Complex is generally sharp and well defined, and
its position on variovs maps has not changed sub-
stantially as mapping has become more detailed
(fig. 2). Because of a regional dip to the sovtheast,

an extensive section of Keweenawan rocks { » 15
km thick, if a 12° dip is assumed) is exposed befween
the basal contact of the Duluth Complex and Lake
Superior. The section contains in addition fo the
coarse-to fine-grained rocks of the complex proper,
medivm- to fine-grained, hypabyssal dikes and sills,
and fine-grained, extrusive rocks of the North Shore
Volcanic Group. This section represents a unique
and rather complete exposure of a total magmatic
system. Because the rock types in the upper part of
the section are more or less gradational, the “uppar”
contact of the complex is an arbitrary boundary and
its position on various maps has been continuously
revised (fig. 2).

Although the Keweenawan racks in northeastern
Minnesota provide o dramatic view of a moare or
less complete magmatic system, they are only a smaoll
part of a much larger terrane that extends as a nar-
row linear belt as far south as southern Kansas. This
structural feature, referred to as the Midcontinent
Gravity High because of o large positive gravity
signature, is interpretable within o framework of
pre-Keweenawan tecionics (Weiblen and others, 1972-
a), and Keweenawan rifiing processes (Chase and
Gilmer, 1973). Consequently, the petrogenetic ond
structural history of the complex must be considered
within the constraints imposed by petrogenetic and
tectonic processes in a rifting or tensional environ-
ment. As an initial attempt to view the available
data on the Duluth Complex within these constraints,
we present: (1) a summary of available field, petro-
graphic, and petrochemical dota pertinent to strati-

* Minnesota Geological Survey, University of Minne-
sota, St. Paul.
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graphic relationships within and between individual
rock units of the complex; (2) o two-stage model of
the igneous history of the complex based on the in-
terpretation of thea above data, in conjunction with
additional data on the associated hypabyssal and
extrusive rocks; {3) a systematic review of evidence
for faulting in the complex; and (4) a tectonic model
compatible with rifting processes which ¢an account
for the emplacement and present distribution of re-
cognizable rock units within the Duluth Complex. An
alphabetically arranged bibliography of all refer-
ences to the Duluth Complex known to us at present
is included at the end of this report, Additional gen-
eral references cited are included in a separate bib-

liography.

GENERAL GEOQLOGY

The Duluth Complex has been subdivided into
a number of mappable units on the basis of textural
and mineralogic aftributes which generally are re-
cognizable in outcrop (Grout, 1918b; Taylor, 1954;
Phinney, 1969; Nathan, 1969; Weiblen and others,
1972; Bonnichsen, 1972; Davidson, 1972). Many of
the distinctive textures that have been recognized are
atiributable to: (1) differences in grain size; (2) dif-
ferences in mineral orientation and particularly in
the orientation of plagioclase; and (3) the textural
habit of plagioclase relative to that of other minerals,
principally olivine, pyroxene, and iron-titanium oxides,

Differences in grain size, both within and be-
tween various rock units, have been expressed by
various workers in different ways, but the classifica-
tion scheme used by Nathan (1969} appears to be
generally applicable throughout the Duluth Complex.
Rocks having a grain size generally greater than
10 mm are referred o as very coarse-grained; 10-4
mm, coarse-grained; 4-1 mm, medium-grained; 1.0.5
mm, fine-grained; and less than 0.5 mm, very fine-
grained. On this basis, most of the rocks in the
Duluth Complex are coarse- or medium-grained. Very
coarse-grained rocks generally are restricted to peg-
matitic zones which occur as cross-cutting fo concord-
ant, cognate lenses within all other rock units, Fine-
grained ond very fine-grained rocks, on the other
hand, are resiricted mainly to inclusions of hornfels.

In most fine-grained rocks, tobular plagioclase
grains are more or less randomly oriented, giving
the rocks o massive appearance, but in coarser-
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grained rocks the plagioclase commonly has a pre-
ferred planar or linear orientation forming o foliated
(e.g., Nathan, 1969, p. 33-34) or lineated {e.g., Weib-
len, 1965, p. 89) fobric. Commonly rocks that are
foliated or lineated are also layered, and the large-
scale layers are defined by distinct differences in
the relative proportions of various minerals. Such
layering is presumed to have been formed by vary-
ing degrees of convection and crystal settling during
crysicllization of o magma (Grout, 18192 d and f;
Weager and Brown, 1967, p. 1-7, Phinney, 1972, p.
341-342).

A specialized nomenclature hos evolved to de-
scribe the kinds of layering and textures present in
mafic rocks {e.g., Wager and Wadsworth, 1960; Wa-
ger and Brown, 1967, p. 65). This nomenclature in
general implies interpretations of mode of origin
and paragenesis, For example, the adjective "cumu-
lus” is used to describe evhedra! o subhedral min-
erals which are believed to have formed early,
whereas “intercumulus” is used to describe anhedral
and poikilitic minerals which crystallized late from
melt interstitial to cumulus minerals.

In our review of textural descriptions of rocks in
the Duluth Complex, we find that many rocks are
described by terms having similar genetic implications
{e.g., "fluxion structure,” Grout, 1918b, p. 446, c;
“primary” minerals, Weiblen, 1965, p. 75; Phinney,
1969, p. 8; and “cumulus” minerals, Nathan, 1969,
p. 34). For this report we have atiempted to separ-
ate textural descriptions from genetic interpretations.
In so doing, we have found hat because plagiocdase
is relatively abundant (50-100%} in al! rocks of the
Duluth Complex, except peridotite and granophyre,
its textural habit relafive to that of other minerdals
provides o convenient criterion for classifying rock
textures. Three broad textural categories have been
recognized: (1) Tobular grains of plagioclase may
form a simple framework within which othar minerals
such as olivine, pyroxene, and iron-titanium oxides
occur as interstitial grains (2) Euhedral to subhedral
grains of olivine may occur with tcbular grains of
plagioclase to form a more complex framework in
which the other minerals occur as interstitial grains.
The relatively simple textural characteristics of this
and the first category are complicated by the fact
that the proporhon of interstitial material may vary
considerably from sample to sample within o map-
pable unit, Moreover, the textural attributes of the
inferstinal material vary from situations where ran-
domly oriented grains fill individual void spaces to
situations where large optically continuous grains
(oikoerysts) poikilitically enclose early formed, lath-
shaped grains of plagicdase. (3) In certain suites of
foliated rocks, a succession of textures commonly oc-
curs in a sirahgraphic succession which also defines
the erystallization sequence. In o typical paragenetic
sequence the fextures of these rocks from early to
late can be characterized by the successive appear-
ance of euvhedral to subhedral pyroxene, and iron-
titanium oxides. ldeally the nome can be assigned
without regard to texture, but from a practical point
of view, mineral abundanees and textures are closely
interrelated For example, most troctolitic rocks fall
into fextural categories 2 and 3. Consequenily,
through loose usage, the rock names themselves have
taken on petrogenetic connolations. Howsever, it is
apparent from the various rock types illustrated tn
Figure 3 that texture is the primary attribute and
controls in part relative mineral abundances. Thus,

the textures and not the rock names are of primary
petrogenetic significance.

Modern geologic mapping of the Duluth Com-
plex using many of the obove textural criteria for
distinguishing rock types started in the late 1950%
with the work of Taylor (1964) ot Duluth. Since
that time a total of twenty-six 7.5- and 15-minute
quadrangles and five other miscellaneous maps have
been prepared (fig. 5). Concurrent laboratory studies
undertaken principally as graduate research projects
have provided textural, modul, and analytical (elec-
tron microprobe and bultk chemical) data for the
further characterization of rack units recognized dur-
ing the mapping. The results of these mapping and
laboratory studies in the Duluth Complex as well as
data from mapping of the extrusive rocks along the
north shore of Lake Superior and thelr associated
hypabyssal rocks {Green, 1972) and mapping of the
older Precambrian rocks and their associated Ke-
weenawan hypabyssal rocks along the north edge
of the Duluth Complex (Morey, 1972; Mudrey, 1970)
have been compiled on a common base (fig. 6). This
compilation highlights major gaps in the map cover-
age, but it also provides a new view of the spatial
distribution of various rock types in the Duluth Com-
plex. The data used for this compilation and the
available results of luboratory studies are referenced,
summarized and discussed below in terms of the six
geographic areas shown in Figure 1. The interested
reader is referred to the bibliography for more speci-
fic details and to Chapter V in Geology of Minnesota:
A Centennial Volume (Sims and Morey, 1972) for
another summary of the data available vp to 1972.

PULUTH and VICINITY

Using the petrographic criteria discussed above,
Taylor (1964) distinguished two major rock units at
Duluth, which he termed “anorthositic gabbro” and
a “layered” series. He also recognized three other
rock units of limited areal extent: peridotite, ferro-
granadtorite and granophyre. in as much as equiva-
jents of these units have been found throughout the
complex (Weiblen, 1965; Phinney, 1969; Davidson,
1969; Bonnichsen, 1972), we will use the more gen-
eral terms “anorthositic seres” and “troctolitic series”
to refer to Taylor's two major units and the term
“falsic series” as used by Davidsen (1972) for ferro-
grancdiorite and granophyre.

Anorthositic Series

Taylor applied the name anorthositic gabbro to
rocks having an average of 80 percent (range 50-
100%) plagioclase. The plagioclase, generally of
labradoritic composition, forms a framework of tab-
vlar grains characteristic of textural category 1 as
defined above. Olivine, aqugite, and iron-titanium
oxides occur intersfitially to the plagioclase, suggest-
ing that plagiocdase was the first major phase to
crystallize, The anorthositic rocks crop out at Duluth
in a north-trending belt about one to three km wide.
They are overlan by lava flows of the North Shore
Voleanic Group (Green, 1972). Taylor (1964, p 9
found only two exposures of the actual contact and
both reveal complicated contact relations. The flows
appear to be recrystallized adjacent to the contadt,
implying that they were metamorphosed by the an-
orthositic rocks. However, no unequivocal chilled
margin was found in the anorthositic rocks, and both
coarse- and fine-grained rock types accur in the con-
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tact zone, The anorthositic rocks are underlain struc-
turally by rocks of the troctolitic-gabbroic seres.
Again, the actual contact is exposed at only a few
places, but Taylor, (1964, p. 9) concluded that the
anorthositic series was older because a chilled mar-
gin was found in the trociolitic-gabbroic series at
one locality, and because anorthositic rocks aceur s
inclusions in the troctolitic-gabbroic rocks The con-
tact zone between anorthositic and troctolitic-gabbroic
rocks, as mapped by Taylor, (1964, p. 11), also con-
tains a series of cross-cutting dikes and irregular-
shoped masses of granophyre.

No reguler internal structure has been recogni-
zed in the anorthosific rocks at Duluth (Grout, 1917,
p. 444; Taylor, 1964, p. 11). Rather, the unit has
the appearance of an igneous breccia. Blocks with
a consistent planar orientation of plagioclase and
ranging in size from meters 1o tens of meters are
randomly oriented with respect to one another and
are set in o matrix of less well foliated anorthasitic
gabbro.

Neither Grout nor Taylor studied the anorthositic
rocks in detoil sufficient to establish 'the possible pre-
sence of systematic variations in mineralogy or min-
eral chemistry. The available compositional data
are summarized and referenced in Tables 1 and 2,
and Figures 7 and 8,

Troctolitic-Gabbroic Series

Troctolite, olivine gabbro, gabbro, and oxide gab-
bro (figs. 40, b and 7) comprise moare than two-thirds
of the exposures at Duluth. In these rocks olivine,
plagioclase, pyroxene, and iron-titanium oxides all
occur as evhedral to subhedral grains with fextural
attributes similar to those characteristic of textural
categories 2 and 3 defined gbove. Plagioclase gen-
erally is less abundant than in the anorthositic rocks,
ranging from 17 fo 81 percent (Taylor, 1964, p. 16).

Rocks assigned to the troctolitic-gabbroic series
at Duluth are restricted to a 9.6 km wide north.trend-
ing unit sandwiched between an underlying sequence
of lava flows and the overlying anorthositic rocks.
The uvpper contact of the troctolitic-gabbroic with the
anorthositic series has been described above, The
lower contact of the troctolitic-gabbroic series with
underlying lava flows is exposed only locally near
Ely’s Peak at the southwest end of the Duluth Com-
plex (Taylor, 1964, p. 14). Here approximately 100
meters of magneticaily reversed basaltic lava flows
of the North Shore Velcanic Group (Kilburg, 1972)
and about 500 meters of the troctolitic-gabbroic
rocks are exposed in a one kilometer wide belt of
nearly continuous outecrops along railevts (Taylor,
1964, p. 11). The basaltic lava flows are re-crystal-
lized (Kilburg, 1972, p. 73-87), but the precise loca-
tion and nature of the contact remains poorly under-
stood because of the presence of several other rock
types in the contact zone. These include: (1) A 100
meter-wide zone of coarsa-grained poikilitic, anortho-
sitic troctolite which occurs immediately adjacent to
the flows; (2} lsolated exposures of fine-grained mafic
rocks which may be blocks of reerystallized baosali,
chiled margin of the troctolitic-gabbroic series or
possibly mafic dikes; (3) Dike-like masses, all less
than a few tens of meters wide, of medium- to coarse-
grained peridotite containing evhedral ohivine, poi-
kilitic pyroxene and interstitial ilmenite (Taylor, '[9{;4,
p- 29); and (4) A 50 meter-wide zone of coarse-grain-
ed anorthositic gabbra having interstial cugite al-
tered 10 actinolite in immediate contact with the tro-

ctolitic-gabbroic series rocks. These contrasting rock
types separate the lava flows from rocks definitely
assignable to the troctolitic.gabbroie series by a dis-
tance of about 800 meters but none can be mapped
along strike for more than a few kilometers and all
have uncertain contact relationships with one another.

Taylor (1964) used the term “layered series” for
the troctolitic-gabbroic rocks because locally mm to
em scale layers are found which are defined by rhy-
thmic variations in the proportions of olivine, plegio-
clase, pyroxene, and oxide minerals {Taylor, 1944,
p. 21, fig. 5). Planar orientation of elongate olivine
and tabular grains of the latter three minerals im-
ports a foliation to these rocks which is paraliel o
the layering (Taylor, 1964, p. 22, fig. 6). The layer-
ing and foliation define a general north-northeast
strike with dips ranging from 10 1o 35 degrees to
the east-southeast, but Taylor, (1964, p. 15} could
not frace individual layers from one outcrop to an-
other.

To look for systematic variations in mineral as-
semblages and compositions Taylor {1964, p- 15-28)
examined in some detail g sequence of 20 samples
along a fransect parallel to the general dip direction.
Three important characteristics of the troctolihie-gab-
broic rocks can be deduced from his chservations.
First, the crystallization sequence in the layered series
from earliest to latest is olivine, plagioclase, augite,
and magnetite-ilmenite. Second, the varicus miner-
als exhibit a range in chemical compositions that
can be correlated in a general way with differentia-
tion of a magma by crystal fractionaton (figs, 7 and
8; tables 1 and 2). Third, the chemical composition
of the minerals does not vary systematically with
stratigraphic position in the troctolitic-gabbroic ser-
ies (Taylor, 1964, p. 23-25). The latter characteristic
and the discontinuous nature of the layering supporf
the view that the iroctolitic-gabbroic rocks at Duluth
did not form in o well developed, stable magma
chamber under quiescent conditions like that inferred
for many other layered intrusions. In the Skaerguard
intrusion in Greenland for example, the systematic
variations in mineral assemblages and compositions
can be ascribed to a single stage of magma emplace-
ment in a funnel-shaped magma chamber with loss
of heat predominantly through the roof of the in-
irusion (Wager and Brown, 1969, p. 204 and 212).
At Duluth, however, the geometry of the magma
chamber, style of magma emplacement, and loca-
tion of the cooling surfaces remain obscure. Un-
doubtedly, this is due in part to a lack of detailed
data but it also is due to the complex nature of the
vpper and lower contacts and to ambiguities inherent
in interpreting the structural significance of loyering
formed under turbulent condihions. The overall com-
plexities presently recognized in the troctolitic-gabbro-
ic series at Duluth are what might be expected if
mogma emplacement and cooling took place in a
tectonically unstable environment. : .

Peridofife o

Several isolafed occurrences of peridotite were
noted by Grout (1918e) and briefly described by
Taylor (1964, p. 29} The best occurrence is that of
a lens about 15 meters wide exposed in the contact
zone between troctolitic-gabbroic rocks and basalhc
lava flows at Ely’s Peak {Taylor, 1964, Plate 1). Al-
though the contact relations there and elsewhere are
obscure, it appears that the peridotite extends along
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strike for about 1 kilometer. Much of the peridotite
is highly altered to serpentine, chlorite, and talc, but
samples of fresh rock contain euhedral olivine en-
closed in @ mairix of poikilitic augite and interstitia!
magnetite-ilmenite. Both chemical and mineral analy-
ses are listed in Tables 1 and 2 respectively.

Felsic Series

Based on modal mineralogy, Taylor, {1764, p. 33-
42} distinguished four intermediate 1o felsic rock types
at Duluth These include ferrogranodiorite, adame-
lite, syneodiorite, and granophyre. All are character-
ized by significant amounts of quartz, potassium
feldspar, iron-rich monodinic pyroxene, amphibole
(primarily hornblende) and titaniferous magnetite
(Tables T and 2). The felsic rocks oecur principally as
irregular-shaped masses in the upper parl of the
anorthositic series, but several small bodies have
been mapped along the contact between the anoriho-
sitic series and the tractolitic-gabbroic series (Taylor,
1964, Plate 1). Contacts between the felsic and
anorthositic rocks as well as internal structures in
the felsic rocks — as defined by changes in grain
size, mineral proportfions and textural attributes of
the late formed minerals — may be either gradation-
al or sharp. The origin of intermediate rock types
having gradational contacts hos been interpreted in
two ways: (1) As an intermediate rock type formed
during continuows differentiation of mafic to felsic
rocks {Taylor, 1964, p. 9); or (2) as the product of a
reaction between granophyre and older anorthositic
or troctolitic rocks (Taylor, 1964, p 50). This appar-
ent ambiguity is discussed further below (see also,
Nathan, 19469, p. 152-155, 184; and Babcock, 1959).

Extrusive, Hypabyssal and Xenslithic Rocks
Extrusive Rocks: Stratigraphic and combined chemical
and petrographic studies of the Keweenawan extru-
sive rocks by Green (1972) and Kilburg (1972) have
provided critical data necessary for new petrogenetic
interpretations of the Duluth Complex. These data
will not be summarized here except to emphasize
that there are important differences between the
lava flows which underlie the Duluth Complex and
those which overlie it (fig. 6). Rocks underlying the
complex consist dominantly of a sequence of subae-
rial basalts having pyroxene phenocrysts and rever-
sed remnant magnetic polarity, whereas, the over-
lying flows consist of plagiotlase phenocryst-bearing
basalt flows which are complexly intercalated with
flows having rhyolitic to intermediate compositions
and with interflow sedimentary rocks. The latter
sequence consistently has a normal remnant magne-
tic polarity. Further, whole-rock chemica! analyses
(Green, 1972) summarized in Table 3 show that the
two flow sequences have distinetly different major
element compositions. The significance of these dif-
ferences fo the petrogenesis of the Duluth Complex
is discussed further below, but the overall differences
together with the stratigraphic relations suggest that
the upper flows could be part of a magmatic episode
which is distinet and later than that responsible for
the lower flows.

Hypabyssal Rocks: Hypabyssal dike rocks at Duluth
range in thickness from a few melers to several tens
of meters, and in grain size from basalt to diagbase
(microgabbro). All of the dikes trend generally north-
ward, but the dikes cutting pyroxene phenccryst-
bearing lava flows at Ely's peck trend eeast of north,

wheraas those dikes cutting anorthositic series rocks
and plagioclase phenocryst-bearing lava flows trend
west of north, Stratigraphic and compositional varia-
tions in most of these have not been studied 1n detail,
but several dikes that have been analyzed have a
whole rock chemical composstion similar to that of
the logan intrusions, which intrude the Rove and
Gunflint Formations in the Gunflint Corridor of Cock
County (fig. 5},

Several sill-like bodies of hypabyssal rocks also
are exposed at Duluth. The largest of these, the so-
calied “Endion Sill” has been studied in greatest de-
tail (Schwartz and Sandberg, 1940; Ernst, 1260; Tay-
lor, 1964, p. 11). It is a north-trending, kilometer-
wide body of differentiatled micro-gabbro that in-
trudes rocks of the anorthositic series, felsic series
and the North Shore Volcanic Group in the eastern
part of Duluth (fig. 4). Although the sill has been
referred to as “olivine gabbro” by Green {19732), it
contains only minor amounts of olivine and. appears
to have a logan composition (Ernst, 1960, Table 3).

Xenoliths: The recognition of xenolithic inclusions in
different units of the Duluth Complex i1s somewhat
subjecfive because of incomplete exposures and be-
cause we do not know the entire spectrum of modal
and textural attributes associated with either the
xenoliths or with the rock units described above, In
general, two kinds of xendlhiths are recognized: (1)
feldspar-rich rocks having textural and meodal char-
acteristics similar to those of ancrthositic series rocks;
and (2) a variety of fine-grained gabbroic rocks hav-
ing hornfelsic or grancblastic textures. The anortho-
sitic xenoliths occur more or less randomly in the tro-
ctolitic-gabbroic series where they range in size from
several millimeters to 500 meters (Taylor, 1964, plate
11}). Judged from their texiural and mineralogical
atiributes, these xenoliths were derived from rocks
of anorthositic series,

Xenoliths of fine-grained hornfels exhibit o
range of sizes similar to that of the feldspathic xeno-
liths, but their spatial distribution differs in that
they tend to be concentrated near the margins of
the troctolitic-gabbroic series. Many of these xeno- -
liths may be contact metamorphosed basalt flows
as suggested by Schwartz (1949, p. 90), but other
xenoliths may be fragments of chilled margin facies
of the coarse-grained rocks (Taylor, 1964, p. 13) or
fragments of hypobyssal rocks which were intruded
in the anorthositic series rocks and which subsequent-
ly were broken up when parts of this series were
incorporated in the troctolitic-gabbroic magma. The
range of contrasting chemical compositions has not
been studied in detail, but Goldich (1971) has shown
that one possible xenolith at Duluth has o composi-
tion very similar to that of a lunar mare basalt

(Table 1).
DULUTH TO HOYT LAKES AREA

Bonnichsen (1971) has prepared a compilation
of the known exposures beiween Duluth and the
Hoyt Lakes area {fig. 1) based on previous duta und
one field season of reconnaissonce mapping. The
exposures are isolated and all are less than a kilo-
meter in size. Consequently, our knowledge of the
Duluth Complex in this area depends largely on geo-
physical data supplemented by drilling. The complex
throughout much of the area dips toward the east
and is bounded on the west by Middle Precambrian
strata and locally by basaltic hornfels too small 1o
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be shown on Figure 6. The complex is bounded to
the east by magnetically normal lava flows of the
North Shore Voleanic Group and gssociated dikes
and sills (Green, 1972),

Both anorthositic and troctolitic-gabbreic rocks
like those exposed at Duluth have been recognized,
and as at Duluth, the troctolitic-gabbroic -rocks form
a north-northeast-trending belt which appears to be
overlaln by the anorthositic rocks. However, T'he.ex-
posures are too limited to extrapolate with certainty
the thickness and continuity of each series or textural
and compositional variations within each series.

Bonnichsen (1972) has briefly described a tobu-
lar or lens-shaped body of peridotite obout 400
meters fong and 200 meters thick which was dis-
covered by drilling in an area ckout 30 km north of
Duluth, Basal rocks consist of olivine, pyroxene, and
ilmenite, they grade upward into plagioclase-bearing
peridotite and gabbro. The peridotite dips steeply
to the east and overlies a basaltic hornfels which is
compositionally similar to the pyroxene phenocryst
bearing flows at Duluth. {Bonnichsen, 1972, p. 387).
Bonnichsen (1972, p. 373) reports that the peridotite
is overlain by olivine gabbro. Textures (fig. 3),
whole-rock, and mineral compositions (figs. 7, 8,
Tables 1 and 2) are similar to those in the peridotite
exposed at Duluth and in the Water Hen Creek in-
trusion. . ‘e

The Water Hen Creek intrusion has been describ-
ed from drill core by Mainwaring and Maldrett (1974,
1975). 1t is o relatively small body that has the
shape of a moderately-to steeply-dipping, somewhat
flattened cylinder with a very thin lip forming the
westernmost extremity, [t s in contact to the west
with Middle Precambrian metasedimentary rocks
and to the east with rocks of the troctolitic-gabbroic
series. Dunite {fo = 65-55%) occurs as a basal unit
and is overlain by repetitive layers of peridotite, il-
menite peridotite, troctolite, and minor anorthosite.
Marginal facies are complicated; they are rich in in-
clusions and there is little evidence of chilling or
recrystallization. Abundant interstitial sulfides o¢-
cur in the dunites, whereas they are virtually obsent
in the more feldspothic rocks.

Although the penidotitic rocks are not well ex-
pused or delineated, it appears that they occur os
small, discontinuous bodies aligned more or less
parallel to the basal contact of the Duluth Complex.
Because the bedrock is mantled by a thick cover of
Plaistocene materials, the actual extent of peridotite
is unknown, but it could conceivably be much greater
than presently recognized., The signific?nce of thn_ase
peridotite bodies is discussed below in connection
with the petrogenetic model that will be outl_med. ]

Isolated exposures of hornfels and felsic series
rocks occur within the Duluth Complex well away
from the basgl zone, completing in this area the

' same spectrum of rock types as found at Duluth.

HOYT LAKES—KAWISHIWI AREA

Detailed mapping by Green and others (1965)
and associated petrogrophic studies by Phinney (1969)
and Weiblen (1965) in the Gabbro Lake quadrangle
at the east end of the Hoy! Lokes-Kawishiwi areas
(figs. 1, 5, and &) hos documented the presence of
anorthositic and troctolitic-gabbroic rocks similar to
those exposed ot Duluth. However, in this area, sev-
eral varieties of anorthositic rocks may be distin-
guished on the basis of subtle differences in mineral-

ogy and fexture. They include poikilitic gabbreic an-
orthosite, noritic anorthosite, and oxide-rich anor-
thosite (Phinney, 1989, p. 6-10). Although the dif-
ferent varieties can be traced over distances greater
than several kilometers, contacts are vague and ir-
regular. As at Duluth, the orientations of the plagio-
clase lamination is nat consistent over distances great-
er than severd! tens of meters, and the differept
varieties are found as blocks a few meters across In
other vnits, making Taylor's ferm "|_gnecu_s b-reccicf"
an apt descriptor of the anorthositic series in this
area. .

Racks texturally and mineralogically similor to
the troctolitic-gabbroic series at Duluth occur as three
distinct intrusive units in the Gabbro Lake quadrangle.
These include: .

{1) The Bald Eagle intrusion, a three by ten km,
funnel-shaped body consisting of two distinet rock
types, an outer zone of trociolite and an inner core
of olivine gabbro. The intrusion has well defined
intrusive contacts where it cuts rocks of the anortho-
sitic series (see Figure 1, Weiblen and Perry, in prep.
and Weiblen, 1965). Mineral layering and lamina-
tion are well developed and the intrusion also ex-
hibits systematic variations in mineral compositions
{fig. 8). A conspicuous lack of interstitial material, -
similar to that illustroted in Figure 3, indicates that
fiow p.edomiated over gravity segregation in the
development of the layering in these rocks.

(2) A second trociolitic-gabbroic unit, the South
Kawishiwi intrusion, occurs at the base of the Duluth
Complex in the southwest part of the Gabbro Lake
quadrangle. It is in contact to the north and west
with older Precambrian rocks, ond to the east it
either intrudes or is in fault contact with rocks of the
anorthositic series. The southern or upper contfact is
obscured by glacial drift. The possible souvthwest-
ward extension of this intrusion across the entire Hoyt
Lakes-Kawishiwi area is discussed below.

The South Kawishiwi intrusion is divisible into
at least three units on the basis of differences in min-
eraloegy and texture. They are, from bottom to top:
{1) a contact zone, (2) an augite-bearing troctolite
unit, and {3) an upper troctolite unit. layering due
to gravity segregation of olivine and plagioclase is
well-developed in the upper unit, less well-developed
in the augite-troctolite unit, and absent in the basal
contact zone. Inclusions are found in much greater”
variety in the South Kawishiwi intrusien than are re-
cognized in the froctolitic-gabbroic rocks at Duluth,
They include mappable units of several kinds of an-
orthositic rocks, ren-formation, metasedimentary and
basalt hornfels The inclusions are most abundant
in the contact zone, but they also are present in the
augite troctolite. Sulfide mineralization of importance
in this part of the Duluth Complex is restricted to the
contact zone, This aspect of the intrusion is the sub-
ject of an accompanying report in this volume by
Weibien and Perry. i

(3) The Bald Eagle and the South Kowishiwi in-
trusions appear to be connected by o dike-like intru-
sion of troctolitic-gabbroic rock that is approximately
one-half kilometer wide and three kilometers long
{Phinney, 1969, p 13-14). This intrusion consists of
an outer zone of interlayered troctolite and olivine
gabbre ond an inner zone of pegmatitic gabbro
having plagioclase and pyroxene crystals as much
as 10 em long. l also includes several kinds of horn-
fels inclusions. The relationships of the different rock
types in this intrusion have not been studied in any
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.defcﬂ, but it has been proposed that the Bald Eagle
tnirusion was a feeder for the troctolitic-gabbroic
l_'ccks to the southwest and that this dike-like intrusion
is a part of the feeder system (Weiblen, 1965; Phin-
ney, 1972}

No bodies of peridotite have beeri found in the
Gabbro Lake quadrangle, but other minor intrusions
include several possible extensions of the Bald Eagle
intrusion between it and the South Kawishiwi in-
trustion (Green and others, 196%} and a few small
exposures of granophyre. The latter occur as dike-
like masses, generally less than a meter wide, along
north-northeast trending cataclastiic zones that cut
both the anorthestfic and troctohhc rocks However,
the known occurrences of granophyre are restricted
to cataclasiic zones in cnorthosstic racks. These oc-
currences of granophyre imply that ignecus activity
and tectonism were at least partly contemporaneous.
The tectonic significance of the cataclastic zones is
discussed further below in conjunchion with evidence
of faulting in the Duiuth Complex.

Detailed and reconnaissance mapping by Bonni-
chsen (1972) in the Greenwood Lake, Kangaos Bay,
Babbut, Bobbitt N.E., Babbitt S.E., Babbitt SW. and
Allen quadrangles has extended the known himits of
troctolitic-gabbroic rocks simitar to those of the Scuth
Kawishiwi intrusion across the entrie Hoyt Lakes-Ka-
wishiwi area, ond has confirmed the presence of
complex contact zone rocks along the base of the
complex throughout the area Bonnichsen’s mapping
also has confirmed the presence of anorthositic series
inclusions throughout the ftroctolific-gabbroic series.
The three-fold stratigraphic succession recognized in
the South Kawishiwi intrusion has not been traced
into the quadrangles mapped by Bonnichsen, and it
appears that the troctobtic-gubbroic rocks are inter-
rupted by north-northeast trending belts of anorth-
ositic rocks (fig 6). Thus, it 1s not entirely clear that
the froctolitic-gabbroic seres rocks in the Hoyt Lakes-
Kawishiwi area are all part of one intrusion,

Isolated exposures of an oxide-rich gabbro occur
in the south half of the Greenwood Lake quadrangle
The fexture and mineral composition of these rocks
are simloar to those expected for further differen-
tiates of the Bald Eagle intrusion (Weiblen, 1965; Bon-
nichsen, 1972). Significant masses of granophyre al-
so occur in this part of the Hoyt Lakes-Kawishiwi
area (fig. 6).

BOUNDARY WATERS CANOE AREA

Reconnaissance mapping in the Boundary Waters
Canoce Area (BW C.A) (hig. 1} and quadrangle map-
ping in the Gillis Lake quadrangle {fig 5) (Beitsch,
in prep) indicates a general continuation of the
rock units and field relationships described in the
Hoyt Lakes-Kowishiwi area However, the geologic
relationships are complicated in the southeast part
of the BWCA (figs. 1 and 6) by the presence of
extensive masses of felsic series rocks and basaltic
hornfels. )

These rocks, as well as the anorthositic and troc-
tolitic-gabbroic rocks in the Brule River prong, have
been mapped 1 thirteen 7 Ye-minute quadrangles
(fig. 5) by Davidson (1972) This work hes led to
the preliminary charactenzation of the various horn-
felsic and felsic rocks and has provided information
on their stratigraphic position Because of excellent
and extensive exposures, partievlarly along lake
shores, this area has the potential of eventually pro-

viding ihe best geclogic control on stratigraphic and
structural relations of the late differentiates in the
complex, as well as a complete spectrum of critical
samples needed to refine petrogenetic and structural
models for the complex as o whole. Representative
date on analyzed samples from the different rock
units studied in the BW.C.A. are included in Tables
1 and 2 and Figures 7 and 8.

GUNMFLINT CORRIDOR

The Gunflint Corridor (fig 1) can conveniently
be divided info three geographic areas, each with
distinctive geology: (1) the Long Island Lake quad-
rangle, (2) Morthern prong, and (3) Brule River prong.
Recent mapping in the long lsland Lake quadrangie
by Weiblen {Morey ond others, 1969) demonstrated
the presence of o sequence of rocks similar to those
in the Duluth Complex at Duluth. To the east in the
Gunflint Loke quadrangle, these rocks truncate an
older series of interlayered anorthositic and trocto-
lie-gabbroic rocks which comprise the so-called
MNorthern prong of the Duluth Complex. The inter-
layered anorthositic and troctelihe-gabbroic rocks, ex-
tend eastward across the southern parts of the South
Lake and Hungry Jock Loke quadrangles (fig. 3),
where they are truncated by large masses of differen-
tiated felsic series rocks. The layered series rocks
have been mapped in detail by Nathan (1969) and
the felsic series rocks have been studied by Babcock
(1959). The Brule River prong consists of a series of
east-trending rocks which lie to the south of the rocks
of the Northern prong and are seporated from them
by lava flows of the North Shore Volcanic Group.
These rocks have been muapped by Davidson (1972)
{fig 3). N

Long Islund Lake Quadrangle

Ancrtbositic Series: Anorthositic rocks having 75-95%
plagioclase overlie a structurally lower sequence of
troctolitic-gabbroic series rocks in the Lang island
Lake quadrangle (Morey and others, 1969) The
contact trends generally eastward and is concordant
with layering in the underlying troctolitic-gabbroic
rocks. The contact is marked by isolated masses of
basaltic hornfels and by the presence of sulfide gos-
sens in the troctolitic-gabbroic rocks However, the
contuct relationships are not straight forward because
no chilled margin matenal has been found in the
troctolitic-gabbroic rocks and because gabbroic anor-
thosite s inter-layered with poikilitic augite troctolite
immeadiately adjacent to the contact. The anorthosihe
rocks south of this contact zone are predominantly
gabbroic anorthosites characterized by a coarse-grain
size and randomly onented plagicclase foliotion pat-
terns, this fobric contrasts markedly with the more
regularly developed foliation in the gabbroic ancrthe-
site layers in the underlying troctolitic-gabbreic rocks.
We infer, therefore, that all of the gabbroic anortho-
sites south of the contact are part of the older anor-
thositic series rocks mapped to the west by Phinney
{1972) and Beitsch (in prep.).

In the southwest corner of the Long Island Lake
quadrangle, the anorthositic rocks are cut by plug-
like intrusions of felsic rocks, having an inner core
of granophyre and an outer rtm of ferrogronodiorite
and anorthositic rocks are gradohonal and the origin
of the intermediate rocks presents the same unresolv-
ed problems as at Duluth.
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Trociolitic-Gabbroic Series: In the Long Island Lake
quadrangle, a sequence of tractolitic-gabbraic rocks
similar to those found elsewhere in the complex ap-
pears in the following succession away from the
base: (1) fine-grained poikilitic augite troctolite, (2)
fine-grained grancblastic gabbro (hornfels), {3} fine-
to medium-grained troctolite, (4) medium- to coarse-
grained troctolite, and (5) inter-layered trociolite ond
poikilitic augite troctolite.

These units have been referred to collectively as
the Tuscarora intrusion (Weiblen and others, 1972).
The Tuscarora intrusion consists dominantly of unit
4, having 65 to 70 percent plagioclase and 10 to 15
percent olivine, The relative amounis of other min-
erals such as poikilitic augite and ron-titanivm oxides
vary locally. Orthopyroxene mantles olivine and oc-
curs in symplectic intergrowth with plagioclase, Bio-
tite is associated with the fron-titanium oxides. The
plagtoclase exhibits a planar orientotion and modal-
mineral layering is locally well developed and mutual-
ly concordant as in the South Kawishiwi intrusion.

The medium- to coarse-grained troctolite of unit
4 becomes finer-grained toward the base, the grain
size being roughly half of that of the overlying med-
ium- to coarse-grained troctolite. This lower unit
contains augite and copper-nickel sulfides which as-
say up to five-tenths of a percent copper plus nickel
{Johnson, 1970). .

The medium- to coarse-grained iroctolite grades
uvpward into a unit consisting of troctolite interfayered
poikilitic augite troctolite. The troctolite within the
interlayered interval is similar to that in unit 4 where-
as the poikilitic augite troctolite contains about 70
percent plagioclase, 15 to 20 percent augite, and 5
to 10 percent ilmenite; it is medium- to coarse-grained
and has well developed augite oikocrysts as much as
2 to 3 om across. Contacts between layers are gen-
erally sharp and conformuble to layering in the
medium- to coarse-grained froctolite. The layering Ts
nearly flat-lying on a large scale, but is undulatory
on a smail scale. Individual folds have wave lengths
of 3 to 10 meters and amplitudes of one to three
meters. RSO

Gabhroic anorthosite layers as described above
are developed in the upper part of this unit, and we
consider them to be part of the Tuscarora intrusion

Fine-grained poikilitic augite troctolite oceurs be-
neath the fine- o medium-grained troctolite (unit 1}
{fig. 9). This unit contains 60 to 70 percent plagio-
clase, 5 to 10 percent olivine, 15 to 20 percent poiki-
litic augite, 5 to 10 percent iron-htanium oxide, and
minor amounis of orthopyroxene-plagioclase sym-
plectite. The contact between this unit and the sul-
fide-bearing zone in unit 4 troctolite is not exposed
and it is not clear from surface mapping if it is o
separate intrusion or the basal parf of unit 4. John-
son (1970, p. 76} concluded from drill core data that
it is a separate intrusion, R

Granoblastic gabbre (unit 2) occurs in several
kilometer size exposures as topographic highs which
cap the fine- to medjum-grained and medium- to
coarse-grained troctolite in the Llong Island Lake
quadrangle {Morey and others, 1969). This rock con-
sists of 50-60 percent short, tabular plagioclase, 30-
40 percent rounded augite, and minor amounts of
subhedral iron-fitanium oxides, olivine, and bioctite.
These rocks hove a horizontal foliation and minor
mineral layering. They may be remnants of metamor-
phosed flows which once roofed the trociolite, but
the troctohite is not noticeably finer-grained adjocent

to the granoblastic gobbro. Consequently, the grano-
blastic rocks most likely are large inclusions,

Felsic Rock Units Associated with the Tuscarora In-
trusion: Ferrogranodiorite and granophyre have in-
truded rocks of the anorthositic series in the south-
west corner of the long Islond Lake quadrangle (fig.
6). The ferrogranodiorite grades into and is cut by
fine- to medium-grained granophyre. The granophyre
consists of quarlz, plagioclase, potassium feldspar,
and magnetite and textures range from granophyric
to granitoid. The ferrogranodierite is medium-grain-
ed and contains 50 to 60 percent plagioclase, 10 fo
15 percent amphibole, minor clinopyroxene, and vari-
able amounits of quartz, potassiuvm feldspar, and
magnetite.

It is not clear from the field relations if these
rocks are related genetically to the troctolitic-gabbro-
tc series, to the anorthositic series, or to either of
them. Further study is needed to clarify the strati-
graphic relationships.

Layered Series of Nathan: Nathan (1969) mapped in
the Gunflint Lake, South Lake, and Hungry Jack Lake
quadrangles {fig. 5 and &), a series of sheet-like in-
trusions which comprise the central part of the Nor-
thern prong of the Duluth Complex (fig. 1). To the
west, this layered series is truncated by the Tuscaro-
ra intrusion and its associated rocks; the contact is
marked by an irregular, but generally northwest-
trending lineament (fig. 9). To the east the layered
series is truncated by rocks of the felsic series discuss-
ed below,

The layered series consists of o sequence of con-
formable sheets having o regional dip of 15-25° to
the south. The sheeis thicken to the west and are
locelly interrupted by minor cross-culting stock- and
dike-like bodies. On the east side of the Hungry Jack
take quadrangle near Poplar icke, a northwest-
trending fault offsets the series with an unknown
amount of displacement, but as much as 140 feet
of vertical displacement of the northeast side is in-
ferred (fig. &). . -
<. Nathan (1969) recognized 27 different units. For
the most part, they consist of troctolitic, gabbroic,
and associated felsic rocks, but several of the major
unils represent occurrences vnigue in terms of abund-
ance of oxide-rich gabbro and fwo-pyroxene gabbro.
Generally, fine-grained rocks do not represent the
chilled margins of large bodies, but occur as separate
intrusions or inclusions of mappoble size. Planar
orientation of minerals is common, indicating flow
or crystal settling. Differentiation resuiting from
these processes can be demonstrated within some
units, but the layered series as a whole does not
form a regular stratigraphic sequence,

Intrusive relationships between different units
were established using cross-cutting structures, fine-
grained margins, inclusions, and thermal effects, the
latter being principally a development of dark-cloud-
ed plagioclase near intrusive contacts (Nathan, 1969,
p. 992 On the basis of field relationships, mineral-
ogy and composition, Nathan concluded that the 27
units could be combined into eight cogenetic groups.

Two summaries of Nathan's studies are avail-
able: Phinney, (1972) and Weiblen and others (1972).
Mineral compositional variations are summarized in
Figure 8.

Rocks of the Felsic Series ot the East End of the
Northern Prong: Intrusions of several kinds of felsic
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rocks (Bobcock, 1959, Phinney, 1972) truncate the
east end of Nathan's layered series (fig. 8). The
genetic relationship of these rocks to units of the
layered series is not clear but Naothan (1949) attri-
butes the extensive occurrence of interstitial grano-
phyre, the development of hornblende, and the seri-
citization of plogioclase in the layered_ rocks to al-
teration by a younger differentiated magma.

Mo detailed mapping has been done in the east-
ern end of the Northern prong, but samples from
four traverses were described by Babeock (1959,
1260). Te recognized two distinctly different wunits-
{1} a lower unit of undivided gabbroic rocks having
variable omounts of interstitial granophyre, and (2)
an” upper felsic unit consisfing essentially of grano-
phyre with inclusions of gabbro and intermediate
rock, Babceoek concluded that the two units were
genetically reloted. He envisioned thaot the gabbroic
rocks formed by the early crystallization and accu-
mulation of plagioclase and pyroxene in the lower
part of a magma chamber, and that the interstitial
felsic material was entrapped as crystallization pro-
ceeded. He considered the upper unit of predomin-
antly felsic rocks to be the product of continued dif-
ferentiation. -

Cumulus plagioclase cores are more sodic (And5-
55) than those of typical gabbroic rocks (An50-70)
in other paris of the complex (fig. 8) This suggests
that the initial maogmo was relatively differentiated
at the time it was emplaced.. This could account for
the exiensive occurrence of interstitial granophyre
in the lower unit and the large volume of grano-
phyre in the upper unit. More detailed studies are
needed to estohlish the genetic relationship between
the differentiated rocks of the felsic series and the
mapped units of the anorthositic and troctolitic-gab-
broic series rocks.

Brule River Prong: Reconnaissance mapping by Grout
and others (1959) and Davidson {1972 ond in prep.)
in the Sawbill Camp, Brule Lake, Eagle Mountain,
lima Mouniain, Pine Mountarn and Northern Light
take gquadrangles (hg. 5) indicates that there is a
general similarity in rock types at the east end of
fhe Northern prong and in the Brule River prong
{fig. 6). The Brule River prong consists dominantly
of a lower olivine gabbro unit and an upper felsic
unit. This simple picture is complicated by discontin-
vities in the general eastward-trend of the contact
between the two units and by variations in mineral-
ogy and textures within the units  As in the Northern
prong, it is not clear from field observations and pet-
rographic and chemical data (Davidson, 1972) wheth-
er or not the olivine gabbreo is an extension of the
troctohtic-gabbroic series in the long Island loke
quadrangle, a repetition of some of Nathan’s layered
series units or a separate intrusion. Both gradational
and sharp contact relatienships occur hetween felsic
rocks and the olivine gabbro; and thus the felsic rocks
present the same problem as elsewhere in the com-
plex. Because the rocks of the Brule River prong are
o more or less self-contained entity within the Neorth
Shore Volcanic Group, they are a prime target for
odditional field, petrographic, and chemical studies
to evaluate the petrogenetic and tectonic models of
the complex developed in this report.

FINLAND-BEAVER BAY AREA

Recent mapping in the Finlund area (Stevenson,
1973} has delineated a body of troctohtic-gabbroic

rock which intrudes lava flows of the North Sheore
Volecanic Group. This intrusion, named the Sonju
Lake intrusion, is characterized by well-developad
plagioclase folation, and igneous layering. The in-
trusion consists of several mappable units which -in-
clude from base to top: picrite, troctolite, gabbro,
ferrogabbro, granodiorite, and adamellite. As such
the Sonju Loke intrusion is the best exposed and
most completely and systematically differentiated in-
trusion in the troctolific-gabbroic series (Tables 1 and
2, figs. 7 and 8)

South of Finland, near Beaver Bay on the shore
of Lake Superior, o sequence of layered iron-rich
gabbroic and diabasic rocks also intrudes the flows
of the North Shore Volcanic Group. These racks, re-
ferred to as the Beaver Bay Complex (Gehman, 1956},
exhibit o differentiation trend similor to that obser-
ved in the Sonju Lake intrusion. The main unif at
Beaver Bay is a sill-like body of medium- to coarse-
grained olivine gabbro. Elliptical plugs of ferrogob-
bro, one to two km 1n diameter cut this main unit.
The ferrogobbros’ have a well-developed mineral
fohation. Interstiticl granophyre is o locally signifi-
cant component of both the olivine gabbro and the
ferrogabbro, and inirusions of various kinds of
granophyric rock occur throughout the area.

Aside from their location (fig. &), therz iz ne
compelling reason to exclude from the Duluth Com-
plex either the Sonju Lake inirusion or the rocks as-
signed fo the Beaver Bay Complex. In addition to
the coarse-grainad Sonju Loke and Beaver Bay rocks,
the lava flows in this area are cut by numerous north-
ond northeast-trending hypabyssal diabase dikes and
sills. Maost consist of ophitic olivine diabase having
rare plagioclase phenocrysts (Green, 1972). Sporatic
atcurrences of granophyre are associoted with these
hypabyssal rocks, and many of the larger hypabys-
sal intrusions contain large inclusions of anorthaosite,
as much as several kilometers across  The plagioclase
in these inclusions is compositionally similar fo that
found in the anorthositic and trociolitic rocks of the
Duluth Complex (Table 2, figs 7 and 8), but it is
coarse-grained {5-10 cm long crystals are common)
and somewhat granvlated, In addition, fresh sam-
ples of this anorthosite have o distinctive greenish
hue compared to the bluve-gray color of other anor-
thositic rocks in the Duluth Complex The host rocks
commonly intrude the anorthosite, but the blocks are ,
thought to have been rafted upward from some deep
source {Grout and Schwartz, 1939). The crigin of
these inclusions s an important but as yst uaresolved
petrolagic problem (Phinney, 1968).

"DISCUSSION . .

The geologic relationship summarized above ond
portreyed in Figure 6 shows that in broad terms the
Duluth Complex consists of a central cap of anor-
thositic serigs rocks underlain and surrounded by iroc-
1olitic-gabbroic rocks. Minor peridotite bodies are
found at the base of the complex and irregular
masses of felsic rocks sporadically intrude the an-
orthositic and troctolitic-gabbroic rocks, particularly
along a north-northeast-trending linear zone in the
vpper part of the complex {(fig. é).

For the reasons cited ahove, we conciude that’
rocks of the anorthositic series are older than rocks
of the troctolitic-gobbroic series. The age of the
peridotite and the granophyre relative to that of
the two maior series is uvncerkain. Grout (1918f) con-
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cluded that all of these rocks at Duluth could have
formed at obout the same time by a unique com-
bination of processes involving differentiation by
crystal fractionation of a single magma.

Taylor {1964) concluded that the two major rock
series at Duluth formed by different processes of dif-
ferentiation. He did not relate the peridotite to either
of the major series, but he implied that at least some
of the rocks of the felsic series are a part of the dif-
ferentiated units of the troctolitic-gabbroic series,

Phinney {1970} made a prefiminary attempt at
identifying o parental magma fype for rocks of the
Duluth Complex. He showed that the compositions
of some of the more magnesiume-rich flows of the
North Shore Voleanic Group lie along a differentia-
tion trend which could be produced by the removal
of plagioclase from a high K Al-magma type (Tohle
1, analysis 15). Because he considered only Al, O a

and CaQ in his analysis, it is not possible to relate
uniquely the origin of either the anorthositic series
or the trociolitic-gabbroic series to this magma.
There are several physical and chemical con-
straints which must be considered to establish the
validity of general petrogenetic models, such as those
proposed above, Specifically, in any attempt to re-
late a group of apparently cogenetie ro?ks fo a com-
mon parental maogma, one constraint is the chemical
mass balance of all the major elements. In our mass
balance calculations we are using @ linear program-
ming and least squares methed (Wright and Doherty,
1970) which provides a convenient means of mani-
puloting these lorge amounts of data, Three para-
meters are involved in mass calculations: (1) the ori-
ginal bulk chemical composition of the proposed
parental magma; (2) the relative volumes of each
of the rock units; and (3) the bulk chemical composi-
tions of the different units. In layered intrusions the
first parameter can- be- cbiained from analyses of
chilled margin material and the latter two estimated
from structural, stratigraphic, and mineral composi-
tional data. In many cases the bulk composition can-
not be determined, but the latter two parameters
can be estimated and balance calculations can be
used 1o assign specific rock types to proposed paren-
tial magma compositions. The results must be eval-
vated in terms of crystallization sequences and rela-
tive mineral abundances determined from either ex-
perimental daitg, or from textures and relative vol-
umes of different rock units used in the calevlations.
The conspicuous absense of chilled margin mat-
eriol always has been considered a stumbling block
in similar interpretive studies of the peirogenetic re-
lationships in the Duluth Complex. However, extru-
sive and hypabyssal rocks, thought to be cogenetic
with the Duluth Complex provide a suite of composi-
tions which might reflect directly that of parental
magmas or might define compositional trends re-
sulting from the formation of layered rocks by crystal
fractionation in magma chambers at depth.
Conhnuing the work of Phinney (1970} we are
using mass balance calculations to determine prob-
able parent magma types and to relate them to
specific rock units in the Duluth Complex. Represen-
tative data from lava flows of the North Shore Vol-
canic Group {Green, 1972), Keweenawan hypabyssal
rocks (Weiblen and Morey, 1972, Geul, 1970), and
mineral compositional data (Table 2} from different
rock units in the Duluth Complex are listed in Table
3. The preliminary studies have produced several

surprising results, First, Mudrey (1973} has shown
that the chilled margin of a sill on Pigeon Point has
the composition of a high alumina-basalt similar in
maojor element chemistry to that of the Skaergaard
intrusion (Toble 1, analysis 15). Mass balance cal-
culations indicate that the troctolitic-gabbroic series
rocks in the Duluth Complex could have been de-
rived from a parental magma having a similar
composition (Table 3, fig. 10). Mudrey also investi-
gated the possibility that other Keweenawan hypa-
byssal rocks in northern Minnesota could be geneti-
cally related to this magma composition. He found
that the logan intrusions in the Gunflint Corridor
{(Weiblen and Morey, 1972) although lower in magne-
sium { < 4%) could not be derived by any reasonable

differentiation scheme from the high-alumina basalt
magma. Mudrey discovered, however, that the com-
position of the Logan intrusions resembles the liquid
composition (bulk composition minus phenocryst com-
position) of the magnetically reversed, lowermost
flows of the North Shore Volcanic Group (Table 1,
analysis 14). The bulk composition (including clivine
and pyroxene phenocrysis) of these flows resembles
the low-alumina basalt type “komatiite’” recently re-
cognized in lower Precambrian greenstone terranes.
These observations led us to consider this lava com-
position as a possible parental magma for some units
of the Duluth Complex. Subsequent analysis haos
shown that rock units similar in composition to the
peridotite at Duluth, the anorthositic series rocks,
and granophyre can be derived from this low-alumi-
na magma composition in the gpproximate propor-
tions of 65, 25, 10 weight percent (Table 3, fig. 10).
* The above results are significant from a petro:"
genetic point of view in thgt they show that all the
rock types in the Duluth Complex can be related to
two parental magma compositions. The tréctolitic-
gabbroic units and the Skaergaard intrusion hoth
exhibit well defined differentiation sequence (fig. 8)
and both have a similar parental magma composi-
tion — that of high aluming basalt. The three hereto-
fore unrelated rock units in the Duluth Complex (per-
idotite, anorthositic series rocks, and felsic series
rocks) may now be genetically related fo o common
low-alumnia basalt magma. These results suggest
that the bulk of the felsic series rocks formed from
the low-alumnia magma type. Specific details re-
garding the differentiation process leading to the
contrasting rock types which we have assigned to
the low-alumnia magma remain an interesting but
unresolved problem. In terms of the “normal” dif-
ferentiation of basalt to felsite, Grout recognized a
relative paucity of intermediate rocks at Duluth. He
suggestad that the felsic series rocks may have been
formed by the separation of an immisable silicate
liquid during crystallization (Grout 1918f, p. 657).
Subsequently, this process was discounted by most
petrologists studying similar rocks, but the recent
recogmtion of late-stage immiscibility in lunar basalts
{Roeder and Weiblen, 1970, 1971; Rutherford and
others, 1974) along with new evidence of immisci-
bility in terrestnal rocks (Philpoits, 1970) and the
experimental confirmation of immiscibility in the
Skaergaard magma (McBirney, 1975} implies that
this process must be reconsidered in interpreting the
genesis of the felsic series rocks in the Duluth Com-
plex.
The two-maogma petrogenetic model outlined
above also is consistent with the observed Keweena-
wan stratigraphic relationships. That is, the lower,

“

-— 80 —



magnetically reversed lava flows of the North Shore
Volcanic Group and the Logon intrusions appear to
be geneticolly related to older anorthesitic series in
the Duluth Complex, whereas the younger, magne-
tically normal lava flows and other olivine diabase
dikes and sills appear 1o be genetically related to
the younger troctolitic-gabbroic series (f1ig 10}

STRUCTURE

The Keweenawan rocks in northeastern Minne-
sota are an infegral part of the geologic structure
generally referred to as the Midcontinent Gravity
High (Thiel, 1956). The gravity high is duve to o
succession of mafic rocks which occur as a semicon-
tinuous series of fault-bounded blocks forming a long,
narrow belt that cuts across the pre-Keweenawan
rocks of Michigan, Wisconsin, Minnesota, lowa, Neb-
raska, and Kansas. The overall geometry of the
structure and the distribution of rock types within it
have many features analogous {o those associaied
with known rift systems in other parts of the world
{King ond Zietz, 1971; Morey, 1972; Chase and Gil-
mer, 1973). Because faulting is the dominant geo-
logic process in rift systems, it may be inferred that
this process played a key role in the evolution of
the Keweenawan terranz. Morey (1972) has shown
that sedimentation and tectonism were contemporan-
eous processes and that the cobserved stratigraphic
succession and distribution of sedimentary rocks in
east-central and southeastern Minnesota were con-
trolled largely by the fauvlhing. Our review of the
geologic relationships in the Duluth Complex, indi-
cates thaf favliing must have been an important pro-
cess in the evolulion of the Keweesnawan igneous
rocks of northeastern Minnesota as well.

Unfortunately, to date very few foults have
been documented by on-the-ground mapping in the
buluth Camplex. Foults have been recognized where
confacts between different rock types are displaced
or where the rocks have been cataclasized, Because
layering is nat well develaped in the anorthositic
series and appears to be discontinuous along strike
in the froctolitic-gabbroic series (Taylor, 1964, p. 15),
uvnambiguous offset contacts are difficult to docu-
ment, and cataclastic zones have not been looked
for in detail. The presence of faults may be inferred
indirectly from other data. For example, the distri-
bution of rock types as inferred from geophysical
anomalies has been used to define possible fault
patterns, but this approach has only limited volue
in any detailed structural study where bedrock ex-
posures are insufficient to adequately constrain the
physical interpretations. Linear topographic lows may
be bedrock controlled, and in the Duluth Complex,
the coincidence of these lineaments with cataclastic
zones or displaced contacts implies that some are
fault controllad, A preliminary photogeologic-photo-
geomorphic interpretahon vhlizing topographic maps,
high-level cerial photographs, and various kinds of
ERTS imagery has shown the existence of numerous
lineaments in the Duluth Complex. S5tudies are cur-
rently underway to document and describe the vari-
ous kinds of lineaments present in the Duluth Com-
plex and to evoluate them in terms of their tectonic
significance  Although these studies are incomplete
we conclude that faulting may be much more ex-
tensive than can be implied from on-the-ground ob-
seryations

We summarize below for each of the areas
shown in Figure 1 the presently available on-the-
ground and imagery-dertved data used to prepare
Figure 11, which is a generalized structural interpre-
tation of the Duluth Complex. These data in con-
junction with the structural history of other parts of
the Midcontinent Gravity High and the structural his-
tory of other known rift systems will serve as a basis

for evaluating the structural history of the Duluth
Complex.

Duluth and Vidnity

No definitive evidence for faviting at Duluth
was documented by Grout (1918} or Taylor {1964).
However, ssveral recent observations may be con-
strued as evidence that faulting occurred. On the
basis of displaced lava flow centacts, Kilburg (1972,
p. 42, fig. 5) mapped a north-trending apparently
near vertical, east side-up fault in the magnetically
reversed lava flows of the North Shore Voleanic
Group. In addition, Kilburg (1972, p. 11) described
from near Ely’s Peak, o north-trending brecciated
zone between the lava flows and the troctohtic.gab-
broic series of the Duluth Complex, No well defined,
chilled margin material of the trocielitic-gabbroic
series has been found in this zone; only coarse-grain-
ed anorthositic series rocks and peridofite are pre-
sent, and these rocks could have been faulted to
their present stratigraphic level. lastly, most of the
diabasic dikes in this crea occupy north-trending frac-
ture zones which more-or-less parallel the foulis de-
scribed above (Taylor, 1964, map).

Dujuth to Hoyt Lakes Aren

Two west-northwest-trending faults hove been
mapped in the Water Hen Creek intrusion south of
Hoyt Lakes {(J. W Mainwaring, in Bonnichsen, 1972,
fig. v-51) on the baosis of displaced contacts. The
fouits gppear to delineate a west-northwest-trending
horst about 700 meters wide. No other definitive
evidence for faulting has been recognized in this
drift-covered areg of sparse exposures, but abund-
ant nerth-northeast-trending lineaments are apparent
on ERTS photographs. These lineaments may be geo-
morphic features formed during Pleistocene time, but
their extensive development over rocks of the Duluth
Complex implies that their ortentation has been con-
trolled by bedrock structures.

Hoyt Lakes—Kawishiwi Area

Phinney and Weiblen did not document any
favlis in their mapping of the Gabbro Lake quadran-
gle (Green and others, 1972). Bonnichsen (1970a),
however, mapped several northeast- to north-north-
east-trending faults that offset the basal contact of
the complex in the Babbitt area, To judge from his
map, displacements are small with the northwest
side of each fault up thrown, Similarly, Sims (1974)
noted several apparent offsets in the basal contact
of the Duluth Complex between Babbitt and Gabbro
Loke. These offsets are coincident with well develop-
ed north-northeast-trending topographic lineamsnts
in the Duluth Complex. Consequently, he interpreted
these lineaments to be the negative topographic ex-
pressions associated with faulted rock. Both the in-
ferred faults and other lineaments have trends peral-
lel to that of known faults in the immediately adja-*
cent Lowar Precambrian ferrane suggesting that Low-
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er Precambrian faults were reactivated during Ke-
weenawan time The actual sense of motion along
these faults is unknown but the geometry of the dis-
placed contacts implies northwest side-up movement.

A preliminary analysis of high ieve! 1:24,000
aerial photographs by Cooper (19735) indlcuies.ihut
north-northeast-trending lineaments are extensively
developed in an area bounded on the north by the
base of the complex and on the south l?y the Ver-
milion moraine (Wright, 1972, p. 521, fig. Vll-22 a
distance of about 16 kilometers, Additional mapping
in the Gabbro Lake quadrangle by R. Belirame, R.
Cooper, and J, Dunlavey during the 1974 field sea-
son indicates that joints are well developed in proxi-
mity to many of the lineaments and that in some
places rocks within the lineaments are catuclgsnzeq.
Thus, it appears that many of the lineaments in this
area are developed over fracture zones in the bed-
rock,

The contact between the troctolitic-gabbroie and
anorthositic series in this area trends generally in an
east-northeast direction (fig. 11), but it is broken by
a number of north-northeast-irending exténsions of
troctolitic-gabbroic rocks into the anorthositic series
rocks (fig. 11). These dike-like extensions more-or-
less parallel many of the lineaments described above.
As at Duluth, no evidence of a chilled margin has
been found along these contacts. The general direc-
tions ond possible locations of some faults which

may be inferred from these observations are shown
in Figure 11.

Boundary Waters Canoce Area ~

No faulis have been mapped in the Boundary
Waters Cance Area (Phinney, 1972, p. 335, V-26).
Here again irregular offsets of the basal contact
along a northerly direction, dike-like extensions of
troctolitic-gabbroic series rocks into anorthesitic series
rocks, and the general alignment of isolated expo-
sures of felsic series rocks along north-northeast-
trending zones are interpreted as indications of
faults whose directions are consistent with those re-
cognized and postulated in the Hoyt Lakes-Kawishi-
wi area.

Gunflint Corridor )

Numerous faults displacing rocks of Keweenawan
age have been recognized in the Gunflint Corridor.
Moarey (1965), Morey and others (1969) and Mothez
(1971) have mapped a number north-northwest-
trending faults in the South Loke, Long Island lake,
and Hungry Jack Lake quadrangles. AH have small
amounts of vertical displacement in which the socbth-
west sides are up thrown, Morey (1965), Morey and
others (1969) and Mathez (1971) also recognized
several small magnitude, west-northwest-trending,
south side-up faults. The west-northwest-trending
faults displace only the logan intrusions and older
rocks; and their age, relative to that of the Duluth
Complex, is unknown. However, the north-northwest-
trending faults appear to be both younger and older
than the Duluth Complex. The faults mapped by
Mathez (1971) appear to offset rocks of Nathan’s
layered series, whereas those that project toward the
Tuscarora intrusion in the long Island Lake quad-
rangle do not displace the basal contact.

Nathan (1969) recognized one north-northwest-
trending fault on the hasis of displace contacts in his

.

layered series. The relative mognitudes of vertical
and horizontal displacement are unknown, but the
vertical displacement is east side-up. Nathan also
discussed the possible presence of other more-or-less
parallel faults, but he was unable to document their
presence with certainty.

The rocks of Nathan’s layered series are fruncat-
ed to the west by the somewhat younger Tuscarora
intrusion, and the two units are apparently juxia-
posed along a north-trending topographic lineament
(fig. 9). Again, however, there is no evidence of o
chilled margin in the troctolitic-gabbroic rocks.

Lastly, isolated masses of felsic serfes rocks have
a strikingly linear distribution along a zone which
extends northward from Lake Superior to the vicinity
of the International boundary near Gunflint Lake, a
distance of over 100 kilometers. The coincidence of
felsic rocks within cataclatized zones in other parts
of the Duluth Complex implies that the linear dis-
tribution of these felsic rocks reflects a fundamental
structural discontinuity.

e
[

Finland-Beaver Bay Aren

Stevenson (1974) delineated several north-north-
east-trending, left-lateral or southeast side-up faulis
in the troclolitic-gabbroic Sonju Lake intrusion north
of Fintand. These faults more-or-less coincide with
the east edge of the Beaver Bay Complex and as-
socioted differentiated rocks of the troctolitic-gabbro-
ic series and are parallet to the direction defined by
exposures of felsic series rocks in the Gunfiint Corri-
dor. The Beaver Bay Complex and associated trocto-
litic-gabbroic rocks occur as dike-like extensions of
plutonic and hypabyssal rocks into lava flows of the
Nerth Shore Volcanic Group. These dike-like bodies
are parallel to similar dike-like bodies previously
described in the Hoyt Lakes Kawishiwi area.

The rocks and foulis of the Finland-Beaver Bay
area also are part of & major structural discontinuity
that separates the Keweenawan rocks into two ter-
ranes each having distinctly different geological,
geophysical, and ERTS imagery atiributes.

Discussion . -

The structural observations on the Duluth Com-
plex summarized above and compiled in Figure 11
are typified by @ number of general characteristics:
(1) The fault trends are inferred from lineaments and
displaced contacts, but they are also coincident with
cataclastic zones and linear occurrences of grano-
phyre. {2) The faults have three general trends; north-
northeast, north-northwest and west-northwest. (3)
In the Hoyt Lakes- Kawishiwi area the fault direc
tions recognized are sub-parallel to faults formed
during early Precambrian time. (4) In the Gunflint
Corridor there is a record of successive periods of
faulting within the complex during Keweenawan
fime. (5) The spatial and stratigraphic distribution
of various rock units within the complex is probably
fault controlied.

These structural feciures were unknown to early
workers who because of the general dip of 15°-25°
to the southeast considered the Keweenawan rocks
of northern Minnesota to be a simple sheet-like mass
which defined the north limb of the so-called “Lake
Superior syncline” (for summary, see Craddock, 1972
p. 289). White {1966) suggested major modifications
to this simple structural interpretation He recognized
three distinct stages in the tectonic evolution of the
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Keweenawan rocks in the western Lake Superior
region. These include: (1) The accumulation during
Middle Keweenawan time of o thick series of lava
flows and mafic intrusions in two basins separated
by @ north-northeast-trending high extending from
near the Bayfield peninsula on the south shore of
Lake Superior toward Beaver Bay in Minnasota; (2)
The development during late Keweenawan time of
the east-northeast-trending “Lake Superior syncline;”
and (3) The development of late faults such as the
Keweenawan fault in Michigan, and the Douglas
and Loke 'Owens faulis in Wisconsin., White based
his interpretation primarily on gravity and magnetic
data from the western part of lake Superior supple-
mented by geologic data pertaining principally to
Keweenawan lava flows. Wieblen and others (1972a)
integrated parts of White's model intc o general
structural model for northeastern Minnesota. They
suggested that the axis of the Middle Keweenawan
positive areaa extended into Minnesota and served as
a locus for tectonism which produced void spaces
into which the Logan intrusions were passively em-
placed. Subsecuently, Wieblen and others (1972h)
expanded that interpretation and postulated that the
early period of arching north-northeast was followed
by a second period of fauvlting parallel to the arch
and fo the axis of the “Lake Superior syncline.” Weib-
len and others {1972) later correlated distinct magma
types with these two tectonic stages. They postulated
that a parent magma for the anorthositic series and
associaied rocks was reloted to the early stoge of
tectonisin, whereus the parent magma of tha trocto-
litic-gabbroic series rocks was related to the second
stage.

All of the above interpretations serve fo estab-
lish a rational sequence of events during Keweena-
wan time, but they do not provide a mechanistic
explanation for the emplacement of the Duluth Com-
plex and associated rocks. In this report we propose
1o use current concepts regarding oceanic rifling pro-
cesses (Rea, 1975) to evaluate the significance of the
structural characteristics enumerated above. The an-
alysis that follows must be considered exploratory be-
cause analogies between continental and oceanic
rifting processes may not be entirely appropriate,

Some of the salient structural elements associoted
with oceanic rift systems are illustrated in Figure 12.
These include: (1} vertical faults at the surface which
decrease in dip toward the spreading axis at depth,
(2) fault-bounded axial blocks having a keystone
geometry, (3) faults having either normal or reverse
motion depending on their location relative to that
of the spreading center. We suggest however that
rifting in o continental environment may be more
complicated than that shown in Figure 12 because
of inherent struciural inhomogenities in axial blocks
composed of confinental materials, variable density
contrasts between foundered contirental blocks and
rising magmas in the nift system, and asymmetric
spreading in which only one side of the rift system
actively moves

Qur petrogenetic analysis has led to the conclu-
sion that the Duluth Complex may be viewed as o
series of older rock vnits (peridotite, anorthositic
series rocks, and grancphyre) derived from a low-Al
magme and a younger troctolitic-gabbroic series
derived from a high-Al magma. The peridotite oc-
curs as part of the basement intruded by the high-Al
magma and the anorthositic series rocks and grano-
phyre occur as inclusions and roof rocks for the tro-

ctolitic-gabbroic series rocks. The fact that the differ-
ent rock units of the complex can be assigned to
mante-derived magma types suggests that assimila-
tion of crustal material probably did not play an im:
portant role in their emplacement. Separation of
older crustal rocks by rifting (fig. 12) provides «
mechanism for developing veid space for the magma
chambers. The contrasting rock types in the different
units of each magma series requires magma cham-
bers isolated from their magma sources so that cry-
stal fractionahion could occur on a scale large enough
to separate the ohserved volumes of plagicclase of
relatively uniform compositton (fig. 8} from perido-
tite in the low-Al magma series rocks and to develop
the differentiated unit found in the troctolitic-gabbro-
ic rocks. Foundering of axicl blocks provides a con-
venient mechanism for separating magma from iis
source to develop the cooling conditions required by
the observed fractionation (fig. 12). The rote of
spreading, the rate of magma generation, relative
super-heat and viscosity of a magma, density con-
trasts between magmas and axial blocks, structural
and density inhomogeneties in the axial blocks will
ali offect the shape and size of magma chambers
and the cooling history.

The extensive fractionation required to produce
the different units in the low-Al mogma series rocks
suggests foundering of axial blocks followed by
relatively long periods of tectonic quiescence. On
the other hand, the mulliple fractionation and the
discontinuous nature of the resulting layering in the
troctolitic-gabbroic series rocks suggests more episo-
dic tectonism. A two-stage madel of magmatism and
tectonism is suggested, finally, because the rocks of
the older low-Al magma series are involved in the
emplacement of the younger high-Al series rocks.

To illustrate these concepts, we have prepared
o cross section extending from the Kawishiwi River
to Lake Superior north of Beaver Bay (fig. 13). The
shape and relative motions of the postulated fault
are presumed to coincide with the general relation-
ships illustrated in Figure 12. We have assumed
that o total separahon of 24 kilometers occurred
along this section. This is the amount of separation
implied by Chase and Gilmer {1973) in their rifting
model. A sequence of cross sections illustrates the
development of void spaces (fig. 13a-d}, foundering
of axial blocks {fig. 13b-d), and the involvement of
the low-Al magma series rocks in the emplacement
of the high Al-magma series rocks (fig. 13d). This
succession of events followed by erosion leads to
the observed geologic relationships illusirated in
Figure 13e The geologic relationships et depth pos-
tulated in this cross section are consistent with a
qualitative interpretation of availoble geophysical
data to the extent that gravity maxima occur over the
Bald Eagle and Sonju Lake intrusions (lkola, 1970).

In detail, we suggest the following sequence of
events leading to geologic relationships observed
along the line of section. (1} Initial separation along
a north-northeast-trending direction resuvited in the
emplacement of hypabyssal rocks and magnetically
reversed lava flows of the North Shore Voleanic
Group. (2) As separation continued, a volcanic edi-
fice and associated magma chambers formed over
a width of approximately 25 kilometers Approxi-
mately 8 kilometers of actual separation and a found-
ered axial block 18 kilometers in width appear to
be adequote 1o produce @ magma chamber of this
size. We infer that after the low-Al magma was em-
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placed and during a period of relative tectonic quie-
scence, peridotite segregated from the anorthositic
rocks and late granophyre at depth beneath a voof
of magnetically reversed lava flows and hypabyssal
sills,  Although we illustrate a structurally simple
axial block in Figure 13c, extensive fragmentation of
this block may have occurred along vertical faults
giving rise to the same amcunt of anorthositic series
rocks by a more complex process. The auto-brecciat-
ed nature of the anorthositic rocks may have devel-
oped in part by fragmeniation at this stage. (3)
After the low-Al magma segregated into the various
differentiates of the anorthositic series rocks as cry-
stal mushes, but probably before complete solidifica-
tion occurred, renewed separation disrupted the ini-
tial volcanic edifice and created new magma cham-
bers which, at this stage, were filled by a high-Al
magma. Again, the foundering of axial blocks pro-
duced isolated magma chambers in which troctolitic
and gobbroic rocks formed. Both the Bald FEagle
and Sonju Lake intrusicns occur along the edges of
the axial blocks and we envision them to be major
feeder systems for the troctolitic-gubbroic series rocks.
We explain the asymmetry of the Bald Eagle intru-
sion with steep contacts on the east and shallow and
disrupted contacts on the west by tiliing of an axial
biock as shown in Figure 13d. That fragmentation
of the older volcanic edifice occurred at this stage is
indicated by the presence of kilometer-sized inclu-
sions of anorthdsitic series rocks in the Kawishiwi
intrusion. Tilting of an axial block in the vicinity
of the Kawishiwi River during this stage could have
resuited in the penecontemporaneous erosion of older
magnetically reversed flows; consequently, therr pre-
servation in this area would be restricted to down-
thrown blocks which now occur as hornfels inclusions
in the troctolitic-gabbroic series rocks. (4) Although
we infer that faulling occurred dominantly during
emplacement of the igneous rocks, there is no reason
to assume that motion along these faulis ceased en-
tively with the cessatioh of magmatic activity in
Middle Keweenawan time. Many of the faults as-
sociated with the Midcontinent Gravity High in south-
eastern Minnescte were periodically active during
Cambro-Ordovician time (Morey and Rensink, 1969),
and perhaps during Pleistocene time (Hogberg, 1973).
Erosion during Late Keweenawan to Pleistocene time
removed much of the volconic edifice and lead to
the exposure of plutonic, hypabyssal and extrusive
rocks shown in Figure 13e.

IMPLICATIONS OF THE MODEL

The general petrogenetic-tectonic model outlined
above and summarized in Figure 14 has many geo-
logic implications. In this report however, we will
touch on only those relevant to the exploration and
development of the copper-nickel minercalization.
Briefly, the model suggests several new insights into
the genera! problem of the distribution of sulfide-
bearing rocks in the complex:

(1} Surface mapping and diamond drilling in-
dicate that the copper-nickel mineralization is re-
stricted dominanily to basal units of the troctolitic-
gabbroic series (Bonnichsen, 1972; Wager and aothers,
1969). This suggests that areas underlain by anor-
thositic series rocks, where reliably mapped, con be
excluded from consideration as potential sites for
copper-nickel mineralization, However, our model
suggests that areas of sparse exposures in the central
part of the complex presently mapped as anorthositic
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gabbro could conceivably be underlain by troctolitic-
gabbroic series rocks with anorthositic inclusions
{fig. 13d, e and fig. 14). Consequently, basal rocks
like those present in the Kawishiwi intrusion might
be repeated in other areas. Geophysical methods
would have to be used to evaluate this implication.

{2) If the introduction of sulfur inlo the troctoli-
tic-gabbroic series magma played a role in the origin
of the copper-nickel deposits as suggested by Weiblen
and Perry (in prep.), the postulated faults most likely
served as channel ways along which a sulfur-bear-
ing gas phase migrated from the country rocks or
inclusions into the adjacent magma. Further, if linea-
ments and cataclastic zones reflect these favults at
depth, they are likely targets for exploration.

(3) Our petrogensfic and fectonic model places
no constraints on the size of any given rock wnit,
either with regard to its persistence clong strike or
extension at depth. One might view the entire Ka-
wishiwi-Hoyt Lakes area as being underlain by a
single intrusion of troctolitic-gabbroic series rocks fed
through the Bald Eagle intrusion. Conversely, rocks
fad through the Bald Eagle intrusion might be local-
ized essentially to the confines of the Gobbro Lake
quadrangle. This uncertainty results from the fact
that the north-northeast-trending foults shown in Fig-
ure 11 must be bounded along transform or strike-
slip faults trending in a general easterly direction.
The north-northwest-trending faults cutting the Water-
Hen Creek intrusion in the Duluth-Hoyt Lakes areo
may be examples of such faults, but at present there
dre no constrainis on the distribution of similar faults.
A better understanding of the distribution of racks
in the Hoyt Lakes-Kawishiwi area might be greatly
facilitated by the careful search for additional faults
of this type.

~
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Figure 1. Locafion map.of the Duluth Complex

Boundaries of the complex are from Sims {1970).
For purposes of presentation and discussion of geol-
ogy in this report, the complex has been divided into
the six geographic areas shown. These subdivisions
are not entirely arbitrary because the access, nature
of the exposures, and the geolegy are somewhat dis-
tinct in each. Moreover, the subdivisions more-or-less
delineate terranes mapped by different individuals
at different fimes.

— — Grouf ond others, 19X
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Figure 2. Changes in the generalized contadls of the
Duluth Complex from 1560 fo 1970.

Superposition of the generalized contacts of the
Duluth Complex as drawn on three suvccessive state
maps shows that the lower contact has not been re-
vised significantly, whereas each new interpretation
of available data on the upper contact has resulted
in drastic changes. See text for further discussion.

Figure 3. Diagrammatic skeiches of typical textures
in rocks of the Duluth Complex.. .

The bar seale in each diagram is approximately
2 mm in length. Q, quartz; P, plagioclase; Mt, mag-
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netite; g, myrmekitic intergrowths of quartz and feld-
spar; Ol, oliving; LM, ilmenite; CPX, clinopyroxene;
s, symplectite; BIO, biotite; PO, pyrhotite; Pr, pentland-
ite; and Cp + Cb, chalcopyrite-bornite intergrowths.
g, Felsic series granophyre. Radiating intergrowths
of quartz and feldspar (albite and/for potassium feld-
spar, right side of figure) produce a myrmekitic tex-
ture in some granophyre (Taylor, 1964, p. 39). This
texture commonly is disrupted by granular inter-
growths of quartz and feldspar shown on the left side
of the figure (Taylor, 1964, p. 38). Combination of
these two textures define a granophyric texture. b,
Anorthositic series rocks. Tabular plagioclase grains
form a framework within which olivine, pyroxene,
and/or iron-titanium oxides occur as inferstitial grains.
In some samples individual interstitial grains may be
randomly oriented or optically continuous from one
void to the next forming oikocrysts and a poikilitic
texture (Weiblen, 1945, p. 77, fig. b; Phinney, 1972,
p. 342, fig. V-28D). Further textural complexities may
include hypersthene overgrowths on olivine (Phinney,
1972, p. 342, fig. V-28C). symplectic intergrowths of
hypersthene and plagioclase (s) (Phinney, 1972, p.
344, fig. V-30C) or late interstitial intergrowths of
iron-hitanium oxides with biotite andfor granophyre
(Phinney, 1972, p. 344, fig. V-30B and D). ¢, Perido-
tite. Euhedral to subhedral olivine is enclosed within
oikocrysts of clinopyroxene. llmenite fills voids be-
tween clinopyroxene grains. d-f, Troclolitic-gabbroie
series having textures formed by processes in which
gravity settling predominated over flow. d, Layered
troctolite. Euhedral to subhedral olivine is intergrown
with tabular subparalle! grains of plagioclase (Phin-
ney, 1972, p. 329, fig. V-29A). Variations in olivine
cantent gives the rock a layered fabric. Clinopyro-
xene, ilmenite-bictite intergrowths, and plagioclase-
hyperthese symplectite fill spaces between plagioclase
and olivine as described” for textural type b. This
textural type occurs in the upper parts of troctolitic:
gabbroic intrusions. e, Augite-troctolite. Evhedral to
subhedral olivine is intergrown with randomly orient-
ed, tabular grains of plagioclase. Clinopyroxene, il-
menite, and biotite have a similar textural occurrence
to that in d above, but are more abundant, This tex-
tural type occurs in border zones of troctolitic-gabbro-
ic intrusions (Phinney, 1969, p. 15). f, Mineralized
augite-troctolite. This textural type is similar 1o e
above except that copper-nickel sulfide minerals are
included in and intergrown with the interstitial sili-
cate minerals, Sulfides also occur as incdusions in
the borders of plagioclase grains, This fextural type
occurs at the base of some troctolitic-gabbroic intru-
sions {Bonnichsen, 1972, p. 388-393). g-i, Troctolitic-
gabbroic rocks having téxtures formed by processes
in which flow predominated over gravity settling.
These textural types occur in stratigraphic successions
in which the crystallization sequence is defined by
the successive appearonce of subhedral to evhedral
minerals. They also are characterized by a paucity
of late interstifial material compared with textural
types and d through f above (Weiblen, 1965, p. 82-
97, and 126; Beitsch, ip prep). g, Oxide gabbro. Mag-
netite-ilmenite, clinopyroxene, and plagioclase oceur
as subhedral to evhedral grains. Tabular pyroxene
and plagioclase commonly define a foliated or line-
ated fabric. Apatite maoy occur as an important in-
terstitial or subhadral to euhedral constituent in this
textural type (Weiblen, 1965, p. 96, fig. C). H, Gab-
bro. Olivine-gabbro similar to textural type g above
except that the magnetite-ilmenite occurs as inter-
stitial grains (Weiblen, 1963, p. 92.95). i, Troctolite,

similar fo textural type g and h above except that
clinopyroxene is intferstitiol; magnetife-tlmenite is a
minor interstitial phaose. This textural type is com-
monly medified by serpentination of the olivine which
results in irregular fractures in olivine and radiatings
fractures in the plagioclase (Weiblen, 1965, p. 82-87).
Textural types ¢, h, and g define the crystallization
sequence: olivine, plagioclase, clinopyroxene, magne-
fite-ilmenite, apatite in troctolitic-gabhbroic series in-
trusions.
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Figure 4. Clussification schemes used to nome varis
ous rock fypes in the Duluth Complex.

Top, Davidson (1969, o, b, p. 2, fig. 2); Bottom,
Phinney, (1972, p. 334, fig. V-25). In both classifica-
tion schemes the root name, such as troctolite, is
determined by the relative abundances of the essen-
tial minerals named at the corners of the tetrahed-
rons. Compound names such as augite-troctolite or
oxide-gabbro indicate the presence of non-essential
minerals