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ABSTRACT

A gravity survey in an area involving portions
of the Quetico and Shebandowan subprovinces of the
Superior structural province resulted in the establish-
ment of 350 new gravity stations in addition to 50

previously established stations.

For the purposes of this study the bedrock was
divided into 4 major units including the metavolcanic
rocks, metasedimentary rocks, assorted gneissic rocks

and a group of intrusive igneous bodies.

Based on gravity modeling of these principal
units, the following subsurface structure results. The
metavolcanic rocks vary in depth extent from 6 km to
12 km and typically occupy a trough-shaped structure
flanked by a domical feature of granitoid gneisses to
the south. To the north of the metavolcanic unit, the
metasedimentary rocks form a basin-like structure of
variable depth extent. The contact between these two

units is modeled as dipping steeply southward.

The Quetico granitoid gneisses to the morth of
the metasedimentary unit form a southward dipping wedge
which extends to depths of 10 km in the model structure

profiles. These gneisses are modeled as being underlain



by a denser substratum representative of more basic
gneiss and amphibolite. The basal surface of this
unit is gently convex upward, and the unit as a whole
thickens toward the north and dips toward the south
in a tapered wedge extending to a depth of 10 km.
This unit is inclined slightly from east to west, and
is exposed at the present erosion surface in the

eastern portion of the study area only.

A number of quartz monzonite plutons have been
emplaced near the northern portion of the metasedimentary
unit and outcrops above the southern most edge of the

dense substratum underlying the Quetico gneisses.

A tectonic model put forward synthesizes the
available information regarding Archean crustal
evolution and the data from this study. The proposed
model consists of a basin-like structure (Quetico
subprovince) which received sedimentary and volcanic
debris from a mature volcanoplutonic terrane to the
north (Wabigoon subprovince). Additional sedimentation
into the basin was provided from the less mature
volcanoplutonic terrane to the south (Shebandowan
subprovince). Subsequent deformation accompanied by
high grade metamorphism resulted in a general upwarping
of the basin, producing the structures now observed in

this part of the Quetico subprovince.
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INTRODUCTION

In 1980, a gravity study was undertaken in the
area north and west of Thunder Bay, Ontario. During
1980 and 1981, 350 new gravity stations were established
between 89° and 90° longitude and 48°20' and 49° Tatitude.
Access to the region was gained via Highways 11-17, 527,
102, 589 as well as numerous north-south and east-west
trending secondary roads, and the shoreline of Dog Lake.
The study area encompasses portions of the Wabigoon,
Quetico and Shebandowan (Wawa) subprovince of the Superior

Province of the Canadian Shield (Figure 1).

The aims of this study were threefold. The
first objective was to collect the gravity data required
to produce a detailed Bouguer gravity map of the study
area. The second objective was to use computer modeling
techniques as an aid to develop model subsurface structures
of the various geological units based on the available
geological and geophysical data. The third objective
was to synthesize the results of the modeling procedure
with currently available information from a number of
sources regarding the tectonic development of the Archean

crust in this part of the Superior province.

The Earth Physics Branch of the Department of

Energy, Mines and Resources has published a regional
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Bouguer gravity map series which includes coverage of
this area (Figure 3). The general geology of the area
is summarized on the Ontario Department of Mines Geology
Compilation Map Series. The Ontario Department of Mines
(presently the Ontario Geological Survey) has also
published aeromagnetic maps of the region which provide
coverage of the study area (Figure 6). A comparison of
these sources of information demonstrates a generally
good correspondence between the regional geology and the

patterns of the regional geophysics.

The new gravity data collected during this
study is combined with 50 gravity stations previously
established in the area to compile a more detailed
Bouguer gravity map of the area (Figure 4). These data,
combined with the observed geology, density sampling and
the aeromagnetic anomaly patterns, form the basis for
the development and testing of model structures of the

principal rock units recognized.

The usefulness of the gravity method as an aid
to interpreting crustal structures in the Archean terrane
has been demonstrated by a number of workers in a variety
of situations. Brisbin and Green (1980) employed the
gravity method to support a model of the Aulneau batholith
of western Ontario extending to an average depth of 7 km.,

with a two pronged root structure extending to depths of



11 and 12 km. respectively. Adjacent mafic to ultramafic
rocks were shown to not exceed 3 km. in thickness.
Szewczyk and West (1976) used gravity modeling to
demonstrate that while the Basket Lake intrusion near
Ignace, Ontario extends to a depth of 8 km., the somewhat
similar nearby Indian Lake intrusion is a thin sheet-Tike
structure of only 2 km. in thickness. Adjacent metavolcanic
units were modeled as varying from 3.2 km. to 7.7 km. in
depth extent. Gupta, Thurston and Dusanowskyj (1982)
tested a number of gravity models in their discussion of
the constraints upon the development of metavolcanic and
granitic structures in the Birch-Uchi greenstone belt

of northern Ontario. Of 8 different model structures
considered, based on both geophysical and varijous
geological considerations they propose a shallow 5 km.
depth extent for the metavolcanic units, which have

apparently been affected by magmatic stoping processes.

This study will consider the subsurface
configuration of the principal geological units in the
area, which include the Shebandowan metavolcanic rocks,
adjacent metasedimentary rocks, a number of small
plutonic bodies and the gneissic rocks of the Quetico
Belt. The resultant model structures will then be
considered within the framework of several recent

developments in the problem of Archean tectonism in



this part of the Superior province. Specifically, the
Superior Geotraverse Project has provided a wealth of
information about the structure, metamorphism and

geophysics across the alternating subprovince belts of

the western Superior province. Several workers including
Tarling (1980) and West and Maraschel (1979, 1980) have
explored the prevailing physical conditions and mechanics

of tectonism during the Archean. This study will attempt

to incorporate these concepts into a sequence of tectonic
evolution which might result in the structural configuration

suggested by the gravity models.

The gravity models which form the basis of the
postulated tectonic development of the area are generally
consistant with the volcanic-plutonic pattern suggested
by West (1980) for the evolution of the Archean greenstone
terranes and the adjacent metasedimentary gneiss belts.
The proposed tectonic model is also consistant with the
available geochronological data in that it supposes the
Wabigoon Belt was at a more mature stage in the volcanic-
plutonic cycle than the Shebandowan to the south during
the initial development of the intervening Quetico belt.
While it is recognized that there are undeniable
ambiguities inherent in such broad schematic evolutionary
models, it is felt that some attempt to synthesize the
available geological evidence with the new geophysical

data of this study is warranted.



GENERAL GEOLOGY

The study area covers 1in part three sub-
provinces of the Superior Province as recognized by
Stockwell (1970). The area to the north is characterized
by rocks of the Wabigoon Belt, and the area to the south
is typified by rocks of the Shebandowan - Wawa Belt. The
central portion of the area 1is underlain by rocks of the

Quetico Belt (Figure 1).

The general geology of the area is outlined on
Ontario Department of Mines Geological Compilation Map
2065 (Pye and Fenwick, 1965). The most detailed published
map and account of the geology within the area is that by
MacDonald (1939). The general geology of the study area

is presented in Figure 2.

For the purposes of the gravity study, it was
expedient to divide the rocks into four major categories.
These include the metavolcanic rocks, metasedimentary
rocks, a variety of granitic rocks and a mixed group of
gneisses and migmatites. Virtually all of the volcanic
and sedimentary rocks in the area have been metamorphosed
to some extent, typically greenschist facies. Henceforth

for convenience the prefix "meta" will usually be dropped.

The dominant geological feature common to all
but the intrusive granitic rocks is a ubiquitous east-west

penetrative planar tectonic fabric which is expressed
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differently in the various rock types. It appears as

a cleavage, schistosity or gneissosity and is apparently
the product of major tectonic events which affected the

area 1in the Archean. Proterozoic rocks in the area are

generally undeformed apart from some local faulting and

gentle tilting.

THE METAVOLCANIC ROCKS

The Archean volcanic rocks of the area, commonly
referred to as greenstones, consist of massive pillowed
flows and pyroclastic strata. Compositions range from
mafic to felsic in nature. The basaltic to andesitic
compositions appear to be the most common of the volcanic
suite (MacDonald, 1939). Theyexhibit a steeply dipping
east-west cleavage and are typically chloritized, produc-
ing their characteristic dark green colour. Some exposures
of these rocks show pillow structures which are generally
deformed and elongated in an east-west direction. Where
volcanic stratification can also be recognized, some pillows

allow local top-direction determination.

The more felsic units are composed primarily of
rhyolite and rhyolite porphyries (MacDonald, 1939). These
felsic rocks are typically massive with a fine grained to
cherty appearance. The porphyries have a similar ground-
mass with quartz or feldspar phenocrysts, or both. A few
exposures of the porphyritic rhyolitedisplay flow banding

(MacDonald, 1939).



Minor pyroclastic and fragmental rocks are
associated primarily with the felsic units, although
some basic agglomerate and tuff of andesitic association
are reported by MacDonald (1939). Massive to stratified
tuffs are generally felsic in nature and typically
metamorphosed to a chlorite schist. These rocks are
commonly accompanied by minor iron formation and chert

layers (MacDonald, 1939).

Some chemical analyses of volcanic rocks near
the extreme southwest corner of the area were performed
by Shegelski (1980). He reports that in the Shebandowan
Lake area, a suite of basaltic rocks outlines a typical
island arc tholeiitic trend, and a chemically distinct
suite of more silica-rich rocks outlines acalc-alkaline
trend. A number of the latter group are rich in potassium
and are considered by Shegelski (1980) to be members of
a Shoshonite sequence. The relationship between this group
of rocks and the main greenstone sequence has not yet been

conclusively determined.

METASEDIMENTARY ROCKS

The main body of sedimentary rocks is exposed
in a zone which parallels to the north the volcanic rocks.
The principal type of sedimentary rocks in the area is a
pelitic schist. These schists are typically fine grained
wackes to mudstones usually deposited as laminated to

thinly bedded turbidite sequences. These turbidites often
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display graded bedding which enable younging directions
to be determined. Schistosity is typically well
developed by the preferred alicnnent of biotite or clay
minerals. The schistosity generally parallels the
bedding planes, which strike east to east northeast

with steep to vertical dips.

In the vicinity of the Trout Lake and Barnum
Lake quartz monzonite plutons, the bedding and
schistosity of the intruded sedimentary rocks are
conformable with the circular to elliptical intrusive
contact outlines. The schistosity appears to become
more intense northward away from the volcanic rocks to
the south. This effect is most pronounced toward the
interface with the Quetico Belt gneisses and migmatites,
although primary sedimentary features are generally

preserved in many exposures.

Several bodies of mixed coarse clastic sediments
are found primarily within the volcanic units in the
south central portion of the area, and their origin and
structural and stratigraphic significance is not yet
understood. They consist of conglomeratic, arkosic and
greywacke rocks, and are generally poorly stratified.
Fragments within conglomeratic pebbles are clearly granitic

in origin but their source has yet to be determined.

In the extreme southwest portion of the area,
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a unit of very fine grained and uniformly stratified
slates is exposed along Hwy 11-17 near Shabaqua Corners.
A similar unit is exposed just north of Kakabeka Falls
between granitoid gneisses to the south and the volcanic
rocks to the north. These rocks are clearly Tless
intensely metamorphosed and deformed than the main body

of turbidites.

GRANITIC INTRUSIVE ROCKS

A number of bodies of granitic rocks intrude
the volcanic and sedimentary units of the area. Two
masses of medium grained pink biotite-hornblende granite
intrude the sedimentary and volcanic rocks in the eastern
section of the map area. A mass of medium to coarse
grained pink to red hornblende granite, herein called
the Kivikoski Granite, intrudes the metavolcanic rocks
of the south central portion of the map area.

The area near the contact zone between the
sedimentary rocks to the south and the migmatized gneisses
of the Quetico Belt to the north is the site of a zone
intruded by a number of granitic plutonic bodies. Kehlenbeck
(1977) reports chemical analyses of rocks collected from the
Barnum Lake and Trout Lake plutons (the latter by personal
communication) which occupy a central position in this
zone. Both bodies are classified as porphyritic quartz

monzonite, and display a classic porphyritic texture of
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large euhedral megacrysts (1-2 cm) of microcline
feldspar set in a medium grained groundmass of quartz

dioritic composition.

The Whitelily Lake PlTuton, exposed along Hwy.
527 to the east of Barnum Lake, appears to be similar
to the Trout and Barnum plutons but has not been mapped
in detail. The regional aeromagnetic map (Figure 6)
clearly shows the above plutons as well defined positive
anomalies of circular to elliptical outline. Similar
but not as well defined anomalies to the west of Trout
Lake suggest the presence of other intrusive bodies,
some evidence for which can be noted in a few exposures
along Hwy. 17 and the Silver Falls road due south of

Dog Lake.

ROCKS OF THE QUETICO BELT

By far the most cnmplex rocks of the study area
both Tithologically and structurallyare those within the
Quetico Gneiss Belt. For the purposes of this discussiaon,
these rocks exclude those greywacke turbidites to the
south which are typically of lTower metamorphic grade, but
are often included within the loosely defined boundaries

of the Quetico Belt (eg. Pirie and Mackasey, 1978).

Rocks of the Quetico Belt include a heterogeneous

group of migmatites, granitic and sedimentary aneisses and
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a variety of minor constituents including mylonites
amphibolites and pegmatites. The rocks are typically
severely deformed and metamorphosed to upper amphibolite

and locally granulite facies. Because of their heterogeneity
and deformation, it is often difficult to delineate

specific 1ithologic units within these rocks.

The most common rocks throughout the Quetico
Belt in this area are pink to grey coloured quartzofelds-
pathic biotite gneisses. They vary from an equigranular
massive texture to a more layered appearance depending on
the degree of mineral segregation. Locally these gneisses
form zones of migmatite resulting from varying degrees of
partial melting. The migmatite typically is well
separated into a light coloured granitic fraction, the
leucosome (or neosome) and a darker and more dense fraction
interpreted as the paleosome, as defined by Winkler (1976).
It has been proposed that the Teucosome of the migmatite
was produced by partial melting of the gneiss, while the
paleosome, commonly referred to as biotite schist,

represents the remaining unmelted fraction. (Winkler, 1976).

Gneisses in a zone along the southern perimeter of the
Quetico Belt in this area have been extensively migmatized
and provide a sharp contrast to the generally well preserved
sedimentary rocks to the south. This effect is most

pronounced immediately to the north of the Trout Lake and
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and Barnum Lake Plutons, where a body of leucocratic
migmatite is exposed in a zone parallel to the Hawkeye
Lake Fault. Throughout the western and central parts
of the Quetico Belt in this area, the gneisses and
migmatites appear to be composed of equal fractions of
leucocratic and biotite schist components. Toward the
north and east of the map area, the gneisses and
migmatites become more impoverished in Teucosome and
exposures of biotite schists are more extensive. In
the northeast portion of the area, exposures of basic
rocks are more common than elsewhere in the area.
Layers of amphibolite and mafic-rich gneisses have been
recognized which follow the regional trend of steep
dips and east-west strike. These layers have been
related by Urquhart and West (1975) to sharp linear
aeromagnetic anomalies in that area. The possible
significance of this association will be considered in

greater detail in a later section.

Cataclastic rocks and mylonites are
exposed in a zone approximately 1 km. in width which
trends east-west through the Quetico Belt across the map
area (Figure 2). This area of cataclasis is interpreted

as the eastward extension of the Quetico fault system.
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STRUCTURE AND METAMORPHISM

The rocks in the study area display a
ubiquitous penetrative schistosity that strikes east
to east northeast and possesses steep to vertical dips.
This fabric appears to reflect the dominant deformation

that has affected this area.

The volcanic rocks provide the lTeast amount
of information about the regional structure, owing
principally to their macroscopic homogeneity. Mapping
to date has not provided enough detail to outline the
various Tayers of any mafic to felsic flow sequences.
The few recognizable pillow structures and Timited
layering information indicate top directions both to
the north and south. Unfortunately not enough exposures
of this kind have been found to outline any recognizable

fold structures.

Based on detailed field studies, Kehlenbeck
(in prep.) has outlined at Teast two distinct episodes
of folding in a sequence of sedimentary rocks in the
vicinity of Hazelwood Lake. Measurements of bedding,
cleavage and recording of younging directions from graded
beds made it possible to delineate the deformational

history there.

Kehlenbeck (in prep.) reports that these

sedimentary strata were first folded about gently
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plunging fold axes resulting in open upright folds
with north-south striking axial surfaces. The F.
structures were refolded about a subvertical fold axis
contained in east-west striking axial surfaces,
producing an axial planar cleavage. The refolded
folds were subsequently subjected to a homogeneous
strain which resulted in the local development of

kink folds (Kehlenbeck in prep.).

Several workers consider the main deposition
of sediments adjacent to the Quetico subprovince to
have been contemporaneous with the volcanism in the
Shebandowan-Wawa subprovince (Pirie and Mackasey, 1978).
In this area, axial planar cleavage related to the
tight east-west folding in the sedimentary rocks is
continuous into the adjacent volcanic rocks, but no
similar fold structures have yet been identified within

these units.

Structures within the Quetico gneiss and
migmatite terrane are at least as complex as those in
the lower grade sediments to the south. Small scale
ptygmatic and intrafolial folds are common within the
gneisses, and the migmatites usually display a "marble-
cake" appearance related to the effects of partial

melting. The paucity of distinctive Tithologic units
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makes the indentification of larger scale folds
difficult. Lehto (1975) and Clendining (1981) have
outlined major fold structures in two localities within
the Quetico Belt in the area. Both structures are
reported to be foldedabout east-west axial surfaces
with steep dips, with fold axes which plunge at shallow
angles of between 15° - 30° to the east-northeast and

west-southwest.

The most obvious structural features within
the Quetico subprovince are a number of major faults,
including the Quetico fault system. Several invest-
igators consider the main motion on the Quetico fault
to have been right Tateral (Schwerdtner et al, 1979).
The magnitude of the apparent transcurrent motion or
any vertical displacement has not been determined owing
to the consistent Tack of crosscutting relationships of

identifiable marker horizons.

The Hawkeye Lake fault is readily visible on
aerial photographs as a deep topographic gash, now
partly filled by Hawkeye Lake and feeder streams. There
is also an apparent aeromagnetic lineament associated
with the fault (Figure 6), but no distinctive fault zone
textures are seen in the wallrock such as the mylonite
related to the Quetico fault. The Hawkeye fault acts as

a northern border to a zone of extensive partial melting
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that is most pronounced south of Hawkeye Lake in the

One Island to Two Island Lake area.

Lehto (1975) has described a pair of minor
faults which strike north-northwest from the western
terminus of the Hawkeye Lake. This subparallel pair
of faults diverge to the north, and the apparent % km.
of horizontal motion has displaced the intervening

block of bedrock to the north-northwest.

The volcanic rocks and the more southerly
layers of sedimentary rock have been regionally
metamorphosed to at Teast greenschist facies. There
is a subtle northward increase in the metamorphic
grade and texture visible in the sedimentary sequence.
Rocks nearest the volcanic unit still display graded
bedding of clay-rich pelites. Towards the north, the
clay minerals are replaced by biotite, and the graded
bedding becomes texturally reversed by the growth of
coarse garnets 1in the former fine grained "tops" of
the graded beds. Near the contact zone between the
sedimentary rocks and the gneisses of the Quetico Belt,
minor quartz veinlets appear interlaminated with the

schistose sediments.

This gradual increase in metamorphic grade
northward in the sedimentary rocks is brought to a sharp

truncation in a narrow zone of several hundred meters
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width across which one encounters the much higher grade
and more severely deformed gneisses and migmatites which

typify the Quetico subprovince.

Metamorphic mineral assemblages in the
quartzofeldspathic gneisses and more basic rocks within
the Quetico Belt suggest that upper amphibolite and
occasionally granulite facies grade conditions affected
the rocks presently exposed. Pirie and Mackasey (1978)
have documented an axis effect based on the patterns of
metamorphic assemblages they perceived at several
localities along the length of the Quetico Belt. They
have outlined a general scheme which finds the highest
metamorphic grades toward the centre of the belt.
Grades decrease towards the periphery which includes
the metasedimentary units in their model. This pattern
appears to operate in a general way in this area, as
documented by Perry (1976). Local fluctuations from
the pattern across the belt are probably reltated to

the present structural disposition of the area.

Kehlenbeck (1976) has detailed the facies
changes and 1ithologies of the gneisses and schists that
form the northern boundary zone of the Quetico Belt. The
zone is characterized by Kehlenbeck as a complex front of
increasing metamorphic grade southward from the volcanic

and sedimentary assemblages typical of the Wagiboon Belt
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into the rocks of the Quetico Belt. This transition
appears to have been complicated by multiphase
deformation and heating accompanied by partial melt-
ing indicative of a possible increase in geothermal

gradients southward (Kehlenbeck, 1976).
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THE GRAVITY STUDY

During the 1980 and 1981 field seasons,
350 new gravity stations were estahlished (Figure 5).
A1l readings were taken with a Scintrex CG-2
Prospecting Gravimeter, with a calibration constant

of 0.10846 mGals per division.

The majority of the station elevations were
determined by automatic levelling from available
Ministry of Transportation and Communication geodetic
benchmarks. Closed 1oops revealed elevations were
accurate to -0.75 meters over distances up to 12 km.
For 90 stations, the elevatijons were directly available
at benchmarks surveyed by the M.T.C. or the Geodetic
Survey of Canada along Highways 11-17, 102, 527, 589
and 591 (Figure 5). In Tess accessible locations,
elevations were determined by barometry, using a Taylor
recording barograph at a base station for pressure drift
corrections. The elevations determined in this manner

are repeatable to within ¥1.5 meters.

The effect of gravimeter drift was controlled
by the repetition of base station readings at four hour
intervals. Standard data correction techniques were
employed to reduce the data to a sea lTevel datum (Telford

et al., 1976). A free air correction of 0.09406 mGal/ft.
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and a Bouguer correction of -0.03400 mGal/ft. were
used based on the generally accepted upper crustal
density value of 2.67 gm/cm’> (Gibb, 1968). The Tow
topographic relief of the region obviated the

application of terrain corrections.

The station interval along the roads and
lakes worked is typically 1 km., but varies from a
minimum of 0.5 km. to a maximum of 3.5 km. The wider
station spacing is typical of the stations established
at M. T.C. benchmarks along Hwy. 11-17, 102 and 527

(Figure 5).

Innes (1960) reported on approximately 55
previously established gravity stations in the vicinity
of Thunder Bay. Three of these stations are included
in the network of gravity base stations established by
the Earth Physics Branch of the Department of Energy,
Mines and Resources. These stations, described by Innes
(1960) as located at the Port Arthur Baptist Church and
the C.P.R. dock (in the north ward of Thunder Bay), and
Lakehead Airport (in the south ward of Thunder Bay) were
used as stations in a calibration Toop to confirm the
precision of the gravimeter dial calibration constant.
Fifty of the stations described by Innes (1960) are included
along with the 350 new stations of this study to produce a

Bouguer anomaly map of the area (Figure 4 and 5).

The base station at the Baptist Church (located

at the corner of Red River Road and Algoma Street in
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Thunder Bay's north ward) was used to establish a
loop of secondary base stations at benchmarks
strategically located throughout the study area. The
initial value of observed gravity reported by Innes
(1960) for the Baptist Church station was 980,823.3
mGals, with a Bouguer anomaly value of -74.8 mGals.
These values were based on the 1930 International
Geodetic Association formula for the theoretical
value of gravity at sea Tevel. The 1930 calculation
for Gp = 978.049 (1+0.0052884 sinze - 0.0000059 sinze)
where e is the station Tatitude.

Recent Earth Physics Branch computer 1istings
give an adopted value of 980,807.0 mGals for the
observed value of gravity at the Baptist Church station,
and a Bouguer anomaly of -81.3 mGals. These values
are based on the more recent 1967 Geodetic Reference
System formula for theoretical sea level gravity given
by

4

GT = 978.031846 (1+0.005278895 Sin29 + 0.000023462 sin'e).

A correction is also applied to bring the
original national base station network into agreement
with the 1971 International Gravity Standardization Net.
This adjustment, the Potsdam correction, has an average
value of -14.7 mGals. A complete summary of the new
international gravity base station network was published

by Woollard (1979).
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Theoretical sea level values of gravity for
this area calculated by the 1967 GRS formula differ
from the 1930 IGA values by -9.6 mGals at 48 degrees
latitude to -9.4 mGals at 49 degrees. The present
survey has used the older system adopted by
Innes (1960) so that the resultant Boudger anomaly
map would closely conform to values recorded on the
regional Gravity Map Series published by the Earth
Physics Branch of the E.M.R. Comparing values on
Gravity Map no. 83 for this area with the recent
computer listing of Boucguer anomaly values for those
stations shows that a simple correction of -6.1 mGals
applied to the map values combines the Potsdam
correction and new Tatitude corrections and will bring
them into good agreement with the new gravity system.
This correction can be applied locally with an accuracy

of 0.1 mGal.

Station Tocations were plotted on 1:50,000
scale topographic maps, with a plotting accuracy of
irO.OO] degrees of latitude. This is equivalent to a
maximum error 1in gravity determination of 0.1 meats.
Errors in gravity values due to inaccuracy of elevations
are typically less than fO.Z mGals. Repeated readings
at specific stations yielded values which varied no more
than ir0.1 mGal. The cumulative maximum error for any

station is considered to be Tess than 0.8 mGal, and 1is
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probably Tess than 0.5 mGal at those stations
established at M.T.C. benchmarks. A1l error estimates
are relative to the assumed value of gravity at the
Baptist Church base station, which is rated on the
E.M.R. computer Tistings of gravitystation data as

accurate to 1 mGal.

DESCRIPTION OF THE REGIONAL BOUGUER ANOMALY FIELD

Before discussing the more detailed Tlocal
gravity anomaly field (Figure 4) a review of patterns
revealed on the regional gravity map is valuable.

A portion of the E.M.R. GravityMap Series No. 83
(Figure 3) shows several major gravitational features.
Two centres of relatively high anomaly values occur
near Lac des Milles Lac and in the area between
Shebandowan Lake and the townsite of Kaministikwia.
Both of these anomalies appear to be associated with

extensive exposures of primarily metavolcanic rocks.

To the south and southwest of the Shebandowan-
Kaministikwia anomaly, a broad east-west linear zone
of relatively lTow gravityanomaly values is associated
with exposures of granitoid gneisses. Typical values
in and near Thunder Bay of -75 mGals extend westward
parallel to the southern border of the study area. To

the southwest of the Shebandowan-Kaministikwia anomaly,
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this pattern develops into an anomaly of elliptical
outline. Values in the centre of this anomalous

area decrease to less than -90 mGal (Fiqgure 3).

A trend of Tow gravitational values extends
to the west and east-southeast of the Dog Lake area,
and is associated with the gneissic rocks of the
Quetico Belt. Values in this zone are typically
between -65 mGal and -70 mGal, with a small anomaly
of elliptical outline with values Tess than -70 mGal
located in the One Island - Two Island Lakes area.

The broad zone of low values extends westward where it
narrows between the Lac des Milles Lac and Shebandowan-
Kaministikwia anomalies. This pattern appears to
correspond to the narrowing of the Quetico Belt between
the Wabigoon Belt and the Shebandowan Belt. To the
north and northeast of the Dog Lake area, gravity values
increase in an area characterized by metavolcanic and
metasedimentary rocks of the Wabigoon subprovince

(Figure 3).

DESCRIPTION OF THE LOCAL BOUGUER ANOMALY FIELD

Figure 4 shows the Bouguer anomaly field outlined
by the 350 new gravitystations established during this
study and the 50 stations previously established in the

area. In general, there appears to be a good correlation
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between the gravityanomaly pattern (Figure 4) and the

observed geology (Figure 2).

The highest values of gravityoccur in the
southwestern portion of the study area underlain by
volcanic rocks of the Shebandowan subprovince. This
anomaly, which is centered near the junction of Hwys.
1T and 17 with values as high as -47 mGal, extends to
the west toward Shebandowan Lake and east to where it
appears to terminate south and east of the Kivikoski

Granite.

A second centre of relative gravity highs
is located in the southeast section of the area, which
is also underlain by volcanic rocks. The values outlining
this anomaly are a maximum at -57 mGal. The volcanic
rocks collected from this area appear from specific
gravity measurements to be generally less dense than those
apparently responsible for the Shebandowan-Kaministikwia
anomaly. Although the volcanic rocks appear as a
continuous belt from the western anomaly through to the
east in surface exposure, the gravity anomaly pattern
indicates a break between the two centres related either
to a subsurface density contrast, the Kivikoski Granite

or both.

The most significant gravity Tow on the Boucuer

anomaly map (Figure 4) is centered over the Trout Lake



31.

Pluton and extends northward into an area underlain by
leucocratic migmatite and gneiss. This anomalous

area typified by values of -70 mGal to -75 mGals 1is
terminated to the north by the Hawkeye Lake fault
(Figure 2, 4). One interesting feature is a small
"Tobe" of low gravity values which is directly
associated with a wedge of rocks displaced to the
northwest along the minor fault pair on the south

shore of Dog Lake.

Smaller gravity lTows are associated with the
Barnum Lake Pluton and Whitelily Lake Pluton, with
values typically between -70 mGal and -73 mGal over

these bodies.

The two major faults in the area are both
partiallycoincident withsomewhat steeper gravity gradients
than those over surrounding areas. In the eastern portion
of the area, near Hwy. 527, values of -70 mGals over a
zone of migmatization increase sharply to the north in
the vicinity of the confluence of the Hawkeye Lake fault
and the Quetico fault zone. As these faults diverge to
the west, the steeper gradients remain associated with
the Quetico fault only as far as Dog Lake. The anomaly
pattern in the area of Dog Lake is relatively flat over
the Quetico fault, while to the west near Hyw. 17, an

east-west Tinear zone of low values of -70 mGal appears
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associated with the Quetico fault zone. Clearly the
character of the anomaly associated with the Quetico
fault changes from east to west. Gradients of gravity
are steep across the Hawkeye Lake fault which strikes
along the northern boundary of the low anomaly to the
north of the Trout Lake Pluton. This pattern also
appears to terminate at the southeast corner of Dog

Lake (Figure 4).

To the north of the Quetico fault zone, values
of gravity increace, particularly in the area northeast
of Dog Lake. Values in this areaclimb to -56 mGal, in
apparent association with the increased occurrence of
more basic gneisses and amphibolite. This broad anomaly
pattern narrows and subsides to the west, with values

between -65 mGal and -70 mGal.

The general anomaly pattern shows a subtle

“trough" of relatively Tow values which extends east to
west as far as Dog Lake along the interface between
recognizable sedimentary rocks and strongly migmatized
gneisses. This zone of Tow values between -68 mGal and
-70 mGal veers gently to the northwest in the western
section of the study area, and appears to connect with
the linear low associated with the Quetico fault near

Hwy. 17 as nreviously described.

Immediately to the south of this linear low, a
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subtle parting of the gravity contocurs aliong Hwy. 17
just north of the exposures of sedimentary rocks
creates a small plateau of values of -62 mGal. This
area is underlain at the surface by the leucocratic
gneisses and migmatites typical of the southern portion
of the Quetico Belt. This pattern suggests that some-
what denser rocks than those exposed at the surface may
possibly extend northward beneath the scuthern boundary

of the Quetico gneisses in this localized area.

The pattern of gravity values over several of
the granitic intrusive bodies other than the porphyritic
quartz monzonite plutons provides some suggestion as
to their subsurface extent. The largest body of granitic
rocks is exposed in the eastern section of the study area,
and values of gravity along Hwy. 527 across this body show
1ittle or no apparent deflection due to this body. This
exposure of granite narrows somewhat about 6 km. to the
west of Hwy. 527, and values of gravity decrease more
noticeably over the granitic mass in this area centered

just southeast of Hazelwood Lake (Figure 2, 4).

The anomaly pattern related to the Kivikoski
Granite to the south of the Trout Lake Pluton appears to
create a break between the areas of higher values associated
with volcanic rocks to the east and west. The relatively

low gravity values associated with this body of granite
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decrease to a minimum of less than -70 mGal, centered
in an area 2 km. north of the exposure of granite.

This may suggest a possible northward dip of this body.

THE AEROMAGNETIC ANOMALY PATTERN

The aeromagnetic anomaly pattern (Figure 6)
shows a high degree of correlation with the trends
observable on the Bouguer anomaly map (Figure 4). The
most intense magnetic response is in the southwest
section of the area which is typified by exposures of
volcanic rocks which contain scattered exposures of
iron formation. The Tatter Tlocally enhance the
typically high magnetic susceptibility of the basic
volcanic rocks. The magnetic anomaly over the volcanic
rocks in the more easterly section of the area is more
subdued, a further indication of the relative paucity

of more basic compositions in these rocks.

The Whitelily Lake, Barnum Lake and Trout Lake
plutons (from east to west) are each clearly outlined by
circular to elliptical anomalies. There is alsc a subtle
decrease westward of the intensity of these anomalies.

To the west of the Trout Lake Pluton, rather vague

outlines of similar anomalies suggest the presence of
plutonic bodies that either have not been recognized

as such or are not exposed at the present level of erosion.
The anomalies of this kind to the extreme west of the

area are located in the same area in which the "trough"
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of gravity lows associated with partial melting and
migmatization are located. With respect to the anomaly
due west of Trout Lake, localized exposures of granitic
material intruding the sedimentary rocks and deviations
from the east-west bedding strike in this areasuggest

the nearby presence of possible intrusive rocks.

To the north of the main zones of plutons,
the magnetic contour lines parallel the Hawkeye Lake
and Quetico faults. Like the pattern of gravity, this
trend is only well developed east of Dog Lake and
becomes more irregular toward the west. 1In the eastern
half of the area north of the Quetico fault zone, there
is an area of east-west trending linear magnetic
anomalies. These long, narrow anomalies are located 1in
the same area that the layers of basic gneiss and
amphibolite are exposed interlayered with the gneisses,
migmatites and biotite schist more typical of the Quetico
Belt. Urquhart and West (1975) eliminated the possibility
that these anomalies are due to dyke swarms that reach
the surface, and modeled the anomalies in this area as
due to vertical sheets of varying width (in the hundreds
of feet) and rather high susceptibilities, measured in the

range up to 23 x 1074 emu.

This zone of linear anomalies extends to the
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east out of the mapped area for a distance of 10-15 km.
and similarly subsides toward the west in the vicinity
of Dog Lake. This pattern intensifies again to some
extend west of Dog Lake in the same area that the
pattern of gravity contours narrow between the Tow
associated with the Quetico fault zone to the south

and a lTow in the northwest corner of the area. The
latter low appears to be related to intrusive rocks

in the area of Muskeg Lake (Figure 3).
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DENSITY STUDIES

During the course of this gravity study, 194
rock samples were collected for specific gravity
measurements. A Mettler balance was adapted to measure the
dry weight of samples in air and their saturated weight
in distilled water. The specific gravity is given by
spec. grav. = wt. in air/{(wt. in air - wt. in water).
The results are considered to be reliable to 10.01 gm/cm3.

Four principal rock types were considered, with the

results summarized in Figure 7.

The porphyritic quartz monzonites were collected
from the Trout Lake and Barnum Lake Plutons. Thirty-seven

samples produced a range of density values from 2.60 gm/c:n3

to 2.75 gm/cm3, with an average of 2.66 gm/cmg. The

density values from each of the plutons separately also

had averages of 2.66 gm/cm3, and were therefore grouped
together. The denser samples were typically those taken
from near the periphery of the intrusions, while the lighter
samples were collected from the central part of the Trout

Lake Pluton. The average value of 2.66 gm/cm3 was used

in the modelirng of these bodies.

<

The metasedimentary rocks were collected from
outcrops throughout the area. Twenty-four samples weighed
exhibit a sharp peak at 2.75 gm/cm>, with the distribution

skewed slightly toward the denser samples. The average
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value of 2.76 gm/cm3 was used for modeling. Nineteen
samples of "Coutchiching mica schist" collected by Innes
(1960) from the Thunder Bay to Rainy Lake area showed

an average of 2.75 gm/cm3. One hundred and sixty-two
samples of metasedimentary rocks from Manitoba studied
by Gibb (1968) had an average of 2.76 gm/cm3, as did
similar metasedimentary rocks from the Sturgeon Lake

area (Dusanowskyj et al., 1975).

Samples of metavolcanic rocks were collected
from outcrops throughout their exposure in the area.
Forty-two samples were determined with a very wide range
of values from 2.64 gm/cm3 to 3.06 gm/cm3. The majority

3 and 2.80 gm/cm3,

of the samples were between 2.70 gm/cm
which is typical for andesitic compositions. The
calculated average of 2.78 gm/cm3 is probably not
representative of a typical greenstone belt assemblage.
Innes (1960) determined an average of 2.96 gm/cm3 for 84
samples of "Keewatin greenstones", which were apparently
mostly basaltic in composition. Gibb (1968) sampled 51
Precambrian greenstone volcanic rocks and arrived at an
average of 2.85 gm/cm3. Dusanowskyj et al., (1975)
weighed some 450 samples from the metavolcanic exposures
around Sturgeon Lake and found an average of 2.91 gm/cms,

with some 306 mafic samples averaging 2.95 gm/cm3.

Szewczyk and West (1976) sampled 27 metavolcanic



Number of Samples

Number of Samples

DENSITY DISTRIBUTION HISTOGRAMS

A. PORPHYRITIC QUARTZ MONZONITE
37 SAMPLES - AVERAGE DENSITY =2.66 gm/cm3

2.56 2.61 2.66 2.71 2.76
Sample Density (gm/cm?)

B. METASEDIMENTARY ROCKS
24 SAMPLES - AVERAGE DENSITY = 2.76 gm/cm?®

2.66 2.71 2.76 2.81 2.86
Sample Density (gm/cm?)

FIG. 7A) and B) Frequency Distribution of Sample Densities
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DENSITY DISTRIBUTION HISTOGRAMS

C. METAVOLCANIC ROCKS
42 SAMPLES - AVERAGE DENSITY =2.78 gm/cm?

2.60 2.70 2.80 2.90 3.00 3.10
Sample Density (gm/cm?)

D. MIGMATITE and GNEISS
86 SAMPLES - AVERAGE DENSITY =2.68 gm/cm?
] LEUCOSOME - 42 SAMPLES
] - AVERAGE =263 gm/cm?
MELANOSOME - 44 SAMPLES
- AVERAGE =2.74 gm/cm?

2.56 2.61 266 2.7 276 2.81
Sample Density (gm/cm?)

FIG. 7C) and D) Frequency Distribution of Sample Densities
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rocks from the Ignace area, and found a strongly

bimodal density distribution, with peaks at approximately
2.78 gm/cm3 and 3.0 gm/cm3, with an overall average of
2.87 gm/cm3. Considering the wide range of values and
their bimodal distribution, Szewczyk and West (1976)
concluded that their average density was somewhat
unrepresentative of an overall formational density, and
chose to use Gibb's (1968) 2.85 gm/cm3 as a model

density.

This study appears to have sampled mainly rocks
which would be typical of the Tess dense peak of the
bimodal pattern found by Szewczyk and West (1976), with
only 8 samples of 42 denser than 2.85 gm/cmg. It appears
that the sampling of the metavoicanic rocks along
exposures on Hwy. 11-17 and 102 has 1inadvertently followed
the east-west strike of more andesitic to felsic Tlayers,
and resulted in a bias in the density distribution.
Sampling across strike in other areas revealed a more
representative range of density values. Considering the
apparent abundance of denser samples recovered by Innes
(1960) from the same metavolcanic units, an average density
of 2.85 gm/cm3 as determined by Gibb (1968) was used for
the modeling of the volcanic structures in the western part
of the area. In the eastern part of the area, there is less

evidence of more basic rocks, and a density of 2.80 gm/cm3
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was employed in the modeling procedure.

Eighty-six samples of migmatite and gneiss
were obtained from outcrops within the accepted boundaries
of the Quetico Belt in this area. A strong bimodal density
distribution is revealed for this diversified group of
rocks. Every attempt was made to sample both the
leucocratic and biotite schist components 1in proportion
to their apparent exposure in outcrop. As a result,
roughly equal numbers of the leucocratic and biotite
schist samples were collected. An average density of
2.68 gm/cm3 was found for all samples. An average of
2.63 gm/cm3 characterizes 42 samplies of the more Tleucocratic
rocks with densities less than 2.68 gm/cm3, and an average
of 2.74 gm/cm3 was found for 44 samples, mostiy biotite
schist, denser than 2.68 gm/cm3 (Toosely referred to as

"melanosome" in Figure 7D).

Szewczyk and West (1976) obtained an average of
2.68 gm/cm3 for 108 samples of gneiss and migmatite from
the Ignace area, which cover the same general range of
density values but do not exhibit the same bimodal
distribution. This pattern appears to reflect the scale
of segregation of Teucosome and paleosome of the migmatites
considered by this study. While the segregation is on a
scale Targe enough to collect hand samples of each component,

it is not broad enough to warrant any attempt at modeling
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the two components as distinct 1ithologic units. It is
on this basis that the overall average density of
2.68 gm/cm3 is used to model the gneisses and migmatites

exposed at the surface throughout the Quetico Belt.

Five samples of basic gneiss and amphibolite
were collected from the east-central part of the Quetico
Belt in the map area. The basic gneiss samples had an
average density of 2.79 gm/cm3 and the amphibolites a

density of 3.00 gm/cm3.
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MODELING METHODS AND RESULTS

Models of the subsurface distribution of
the various rock units previously discussed were
generated based on the observed surficial geology, the
measured density data and the gravity anomaly pattern
determined by this survey. To this end, two computer
programs were utilized to compute gravity values for
model subsurface structures and to compare those model

values with the observed values.

A three-dimensioned proaram based on an
algorithm written by Y. Lamontagne was kindly pbrovided
by Dr. Gordon West of the University of Toronto. This
program defines model structures as stacks of vertically
sided prisms or horizontal sheets of polygonal outlines. The
thickness, depth and density of each prism is uniquely
assigned, and the position of each prism is outlined by

the definition of the vertices of its polygonal plan.

A second program is an interactive 2%-dimensional
inversion scheme originally written by John Snow and
available in its present form from the Earth Science
Laboratory of the University of Utah Research Institute.
This routine defines model structures as vertical cross
sections of polygonal plan. The 2%-dimensional
designation comes from the ability to uniquely define
the strike Tength into and out of the cross sectional

plane of each polygon in the model. The search and
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inversion capabilities of the program are made
possible by the input of parameters which define the
degree of manipulation of the vertice coordinates

and/or density desired.

The modeling technigue 1in general began
by defining a crude 3 dimensional model that followed
the surface geology as closely as feasible, and
densities were assigned to the modeled rock units
based on the results of the density studies and some
reasonable assumptions. The background density employed
for the modeling was 2.68 gm/cms, which 1is the average
density of the granitoid gneisses along the southern
border of the study area and the gneisses and migmatites
exposed throughout the Quetico Belt. The model volcanic
units to the west have a cap layer of density 2.80 gm/cm3,
which is close to the measured average of these rocks,
but are underlain by a substructure with a density of
2.85 gm/cm3 which is assumed to be a more typical value
representative of greenstone sequences. The volcanic
units to the east have been modeled with a density of

3 ; .
as there is much less evidence of more

2.80 gm/cm
basic compositions there to justify the higher assumed

value of 2.85 gm/cm3.

The zone of Tleucocratic migmatite north of

the Trout Lake and Barnum Lake Plutons is modeled with
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a density of 2.64 gm/cm3, and granitic units are
variously modeled with densities of 2.63 gm/cm3 and
2.65 gm/cm3. The sedimentary rock units and the
porphyritic quartz monzonite plutons are modeled
with densities of 2.76 gm/cm® and 2.66 gm/cm®

respectively.

The other assumption made concerning density
distribution is that the gneiss and migmatite exposed
in portions of the Quetico Belt are underlain by a
unit with density greater than 2.68 gm/cm>. This
assumption is based on the exposure of basic gneiss
and amphibolite in the northern and eastern part of
the map area, and the continuation of gravity and
magnetic patternsreiated to these Timited exposures
toward the western part of the Quetico Belt. The
measured density value of several samples of basic
gneiss have an average of 2.79 gm/cm3, while samples
of amphibolite have a value of 3.00 gm/cm3. Gibb (1968)
measured an average of 2.79 gm/cm3 for 260 basic
sedimentary gneissic samples. Including some of the
denser amphibolites within this unit, an overall

formational density of 2.80 gm/cm3 was assigned to this

unit.

The modeling procedure was initiated by the

application of the 3-D program to simplified block
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models. After several attempts, a configuration

was found that generated values which crudely simulated
the observed anomaly trends. The 2%-D prodgram was then
utilized to refine this model along six critical
profiles (Figure 4, 8, 9). The general east-west

strike of the regional structures allowed the
exploitation of north-south cross sectional profiles

to simulate the 3-dimensional structure in 2%-dimensions

with a reasonable degree of reliability. (see Appendix B)

The search and inversion capabilities optionally
available with the 2% D program were utilized only to a
1imited extent. Search parameters are necessary to
control the manipulation of each individual vertice of
each polygon within the model, and often the selection
of values for these critical parameters was rather time
consuming. The Timited data editing functions of the
program itself are also somewhat primitive in comparison
with the system file editor capabilities available on
the DEC VAX 11 computer on which all computations were
performed. It was found that the model data file could
be manually edited much faster with the VAX-11 editor.
The program was then used to calculate the forward
problem in 2%-dimensions, and the results examined. A
complete cut-and-try cycle of editing and computation

could be performed in fifteen to thirty minutes depend-
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ing on the complexity of the model. The cut-and-try
method has the advantage in this case of keeping
geological "sense" in the control of the investigator
as opposed to the automatic model manipulation
denerated by the inversion and search algorithms.

The Marquardt inversion algorithm in general requires
a good model fit to start with or computational

stability problems arise.

The resultant 2%-D model structures and
comparative profiles of the observed and computed
gravity values are summarized in Figures 8 and 9.

The computed values of gravity for the model structures
presented can be seen to agree well with the profiles
of the new gravity data. The modeled structures were
configured to reduce the discrepancy between the
computed and observed values to within the range of
error expected in the observed data, 0.8 mGal. A11
model structures were constructed based on the exposure
of the various rock units at the surface and the
assumption that there is no variation in density for
the model units with depth. This assumption does not
apply in the case of the volcanic unit in the western
portion of the area as previously described. The model
structures represent the lateral and depth extent of

the density constrasts between the various rock units
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represented. It must be considered that a variety

of configurations of these density contrasts could
produce similar computed results. It is the
responsibility of the investigator to develop
geologically reasonable models from the many solutions

possible.

The density contrast representative of the
volcanic unit is modeled as a basinal or keel-Tike
structure which typically extends to depths of between
6 and 10 km. on profiles B-B' to F-F' (Figure 8). The
sharp keel-shaped structure modeled on profile A-A'
is shown extending to a depth of 13 km. and still does
not adequately reproduce the peak gravity values observed.
Local Tayers of rock denser than 2.85 gm/cm3 may be

responsible for the narrow peak along this profile.

The generally synformal shape of the model
volcanic structure in cross-section is flanked to the
south by a broad domical structure considered to be
representative of the daranitoid gneisses exposed along
the southern border of the map area. To the north of
the volcanic structure, the density contrast
representative of the greywacke turbidite metasedimentary
rock unit is modeled as outlining a basin-like structure of

variable depth extent. The modeled sedimentary structure
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is shown as deepening somewhat in some cases away from the
adjacent volcanic unit, producing a domical appearance to
the background rock unit of density 2.68 gm/cm3 which

is shown as underlying the volcanic and sedimentary

structures depicted.

Where in immediate juxtaposition, the contact
between the model volcanic and sedimentary structures
appears to be steeply dipping toward the south. The
model sedimentary units vary considerably in depth extent
from profile to profile, ranging from 3 km. to 8 km.

The model sedimentary unit appears to shallow to the

east from profile A-A' to C-C' along the northern flank
of the volcanic structure in the west half of the area.
This sedimentary structure also appears to shallow to the
east from profile D-D' to F-F' along the flank of the
more easterly model volcanic unit. Along profile A-A',
the density contrast representative of the sedimentary
unit is depicted as extending 10 km. to the north beneath
a thin tapered layer of rock of density 2.68 gm/cm3

considered here to represent the gneisses and migmatites

of the Quetico Belt.

On all the profile cross-sections, the model

sedimentary unit is flanked to the north by a thick
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south dipping wedge-shaped structure representative
of the gneiss and migmatite. This wedge-shaped
structure is modeled as an arcuate zone convex to the
south. Thisunitis shown as located on profile A-A'
(Figure 8) between kilometer 40 and 45, and is
depicted as swinging south on profiles B-B' and

C-C' to kilometer 28 to 30. The wedge-shaped
structure then appears to be located more toward

the north again through D-D' to F-F', where the
somewhat shallower dipping structure is located
between kilometer 36 to 45. On profiles D-D' and
E-E', part of this "gneissic" wedge is modeled as a
less dense unit (2.64 cm/gm3) representative of the
zone of leucocratic migmatite, shown between kilometer

29 and 34.

Profiles D-D' and E-E' also are shown with
a number of structures representative of intrusive
granitic rocks. A 7 km. deep plug of rock of density
2.63 gm/cm3 is modeled as occupying a central position
within an domical structure of the unit of density
2.68 gm/cm3, here considered to represent granitoid
gneiss. Where exposed at the surface between kilometer
12 and 14 on D-D', this model granitic plug is considered

to represent the Kivikoski granite. The extent of this
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unit in cross-section was suggested by the gravity
low to the north of the granitic exposure shown on
profile D-D' (Figure 8) and on the Bouguer gravity

map (Figure 4). The result of the modeling procedure
in this profile section shows a relatively thin unit
representative of the volcanic rock of density

2.85 gm/cm3 underlain between kilometer 14 and 18 by
the granitic plug. A somewhat similar but Tess
extensive unit representative of aranitic rock is
shown on profile E-E', modeled as separating the
volcanic and sedimentary units between kilometer 19
and 21. This granitic unit shown on E-E' is continuous
with the thin sheet of granite modeled on profile F-F'

between kilometer 19 and 24.

The Trout Lake Pluton is modeled in cross-
section on profile D-D' between kilometer 22 and 29.
This unit of density 2.66 gm/cm is representative of
the quartz monzonite porphyry, shown as overlying to
some extent the enveloping model sedimentary unit.
This pluton is also shown as being bordered to the north
by the model unit of Teucocratic migmatite. While
the contact is depicted as dipping steeply to the south,
the Tow density contrast between the two units prevents

a clear resolution of the orientation of this interface.
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A steep to vertical contact is considered the most
reasonable arrangement based on the steep dip of the
sedimentary bedding planes near the contact and the

aeromagnetic anomaly pattern (Figure 6).

The Barnum Lake Pluton is represented on
profile E-E' between kilometer 28 and 31 as a 6 km,
deep plug with a density of 2.66 gm/cm3. This
porphyritic quartz monzonite unit is modeled as
enveloped to the north and south by sedimentary units,
to a depth of 2 km. on the south flank and 4 km. on the

north flank.

The gneiss and migmatite of the Quetico Belt
represented by the unit of density 2.68 gm/cm is shown
on all profiles as being underlain by a model unit of
density 2.80 gm/cm3. This unit is intended to represent
a zone dominated by basic gneiss and amphibolite but not
necessarily exclusive of less dense granitoid aneiss.

In general, this unit is modeled to be very close to the
surface in the east along profile F-F' and inclined at

a shallow angle toward the west. The unit typically is
modeled as more sharply inclined to the south and tapering
to a truncated edge which defines the base of the wedge-
shaped unit representative of gneiss and migmatite as

previously described.
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The basal surface of the modeled dense sub-
stratum is typically gently convex upward, and the unit
as a whole appears to thicken toward the north
particularly along the more easterly profile sections.
On several profiles, D-D' and E-E' in particular, the
dense layer is modeled as having been dislocated along
steeply dipping planes. Such apparent vertical dis-
placements, suggested by the increase of the gradient
along several of the gravity profiles Tocated at 33 km.
and 40 km. coincide with the exposure at the surface of
the Hawkeye Lake and Quetico faults respectively. Sharp
changes in the angle of the southward dip of this unit
on profiles A-A' and F-F' also coincide with the
position of the Quetico fault. Based on the model
results and the gravity profile pattern, no effect of
apparent fault related displacement is shown on profiles

B-B' and C-C'.

The structures suggested by the 2%-dimensional
modeling program were tested with the 3-dimensional
program. Forty-nine prisms of varying density, thickness
and polygonal outline were arranged to simulate the
cross-sectional structure along the various profile planes
suggested by the 2%-D models. The configuration of the
3-D polygonal prism model, while necessarily simplified
in comparison, reproduces the anomaly pattern of observed
gravity reasonable closely in the same profile planes

utilized in the 2%-D program.
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The fit of the computed data based on the
3-D program is not able to achieve the same degree
of statistical fit as the more easily manipulated
2%-D model sections, but seldom deviates more than
2 to 3 mGals in the areas of poorest fit. Without
regard to sign the average difference between the
observed data and the data computed for the 3-dimensional
model 1is 0.9 mGal, which is considered acceptable in
consideration of the expected error range of up to
0.8 mGal for the observed gravity values. The poorest
average profile fit is +1.4 mGal while the most

successful profile fit is -0.1 mGal. (see Appendix B)

The 3-D model structures, while difficult
to illustrate meaningfully, generally confirm the
structural trends outlined by the model profiles from
the 2%-D program (Figure 9). One point of interest
that is difficult to resolve in 2%-D is the relationship
between the Trout Lake and Barnum Lake Plutons. While
the gravitypattern suggests a possible subsurface
connection between the two, the aeromagnetic data and
the 3-dimensional models of these units suggest they
are separate bodies, but share a common base within

the model wedge of Teucocratic migmatite to the north.

The 3-dimensional model of the Trout Lake
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Pluton generally confirms the north-south cross-
sectional plan suggested by the 2%-dimensional model.
In an east-west profile cross-section, the pluton is
modeled with steeply inward dipping contacts. The
Barnum Lake Pluton is modeled as a tapering plug with
a steep inclination toward the west to a depth of
approximately 5 km., in good agreement with the 2%-
dimensional model and a magnetic study of the body

(Cheadle, 1980).

The Whitelily Pluton just to the east of
profile section F-F' (Figure 8, 9) is modeled as a
simple prism of 4 km. depth which closely reproduces
the anomaly perturbation associated with that body.
Similar gravity perturbations along profiles A-A'
and C-C' also appear to be related to similar intrusive
bodies, as suggested by the aeromagnetic anomaly pattern
(Figure 6). While no attempt was made to model these
units either in 2%-D or 3-D, the domical structure of
density 2.68 gm/cm3 underlying the model sedimentary
unit in profilie A-A' at 30 km. coincides closely with

the suspected plutonic body in that location.
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DISCUSSION AND INTERPRETATION

The model structures suggested by the
observed geology and the gravity and aeromagnetic
anomaly patterns will be considered in terms of
modern theories of Archean crustal evolution

(Figures 8, 9, 10).

In general, the model profiles share a
common pattern. A domical structure of granitoid
rocks along the southern border of the area abutts
a trough or keel structure of volcanic rocks. A basin-Tike
structure of sedimentary rocks adjacent to the volcanic
unit deepens away from the volcanic trough and is
truncated on its northern boundary by a thick south-
dipping wedge of granitoid gneisses and migmatites.
This wedge of gneiss and migmatite is underlain by a
layer predominantly composed of dense basic gneiss and
amphibolite. An apparent series of small plutons
originating from the base of the migmatite wedge and
the southern edge of the basic layer intrude upward
through the northern edge of the sedimentary unit. The
basic substratum is always thinnest along its southern
edge, and variably thickens and/or domes upward toward
the north. This Tayer also appears gently inciined

toward the west (Figures 8, 9).
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Theories regarding crustal evolution abound,
and are summarized in a number of publications
(Windley, 1977; Condie, 1981). Several recent papers
have dealt with the evolution of the physical conditions
which ultimately control the mechanics of Archean

tectonic activity.

Tarling (1980) has proposed a model of
Tithospheric evolution based on postulated changes in
geothermal gradients, mantle convection rates and
their effects on the tectonic regimes prevalent during
geological time. Tarling has characterized the Archean
as a period during which rapid mantle convection and
high radioactive heat flux produced geothermal
gradients considerably steeper than those known presently.
Initially, a thin primitive lithosphere somewhat similar
to modern oceanic lithosphere hosted a small area of
proto-continental blocks. During the Archean between
3.8 b.y. and 2.5 b.y., Tarling proposes that the two
dominant Archean crustal rock types, greenstone volcanics
and granitoid gneisses were emplaced as a slowly ccoling
and thickening oceanic Tithosphere resulted in segregation
of lithospheric components by partial melting at increasing

depths beneath subduction sites.

Initially, the angle of subduction of the thin
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(30 km.) oceanic 1ithosphere beneath early volcanic

arcs was shallow, and dehydration and partial melting

at depths of approximately 100 km. produced generally
sodic differentiates of granodiorite. Tarling suggests
that as the subducting lithosphere thickened to 40 km,
the depth of complete dehydration would increase to

200 km, at which depth more potassic melts would be
produced. He also proposes that as these proto-continental
blocks thickened, isostatic compensation over large
distances would be able to support greater accumulations
of sediment which presumably would be rich in heat

producing elements such as K, Th and U.

Tarling suggests that by the end of the Archean
2.7 - 2.5 b.y ago subduction was extended to depths of 300
km beneath a thickening continental Tithosphere as the
isopeistic level deepened. He proposes that the end of
the Archean was marked by the stabilization of amphibolites
at the base of the continental crust. The release of
water and other volatiles from this widespread phase
change would result in the accumulation of granitic
material rich in radiogenic elements in the upper crust.
Tarling also proposes that the depletion of volatiles
would increase the solidus temperature of the continental

block, and quickly increase its rigidity in comparison
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with oceanic 1ithosphere. The continental Tithosphere
would thicken rapidly from 50 km. to over 200 km., and
end the rapid horizontal tectonism of the Archean in
favour of more enhanced vertical tectonism and
granitic diapirism which characterizes the Proterozoic

period of continental stability (Tarling, 1980).

West (1980) has proposed a similar model
for crustal evolution during the Archean based in part
on finite element modeling of the formation of observed
greenstone synform-granitoid gneiss dome structures

(West and Mareschal, 1979; Mareschal and West, 1980).

West (1980) described in some detail the
mechanisms by which the Archean continental crustal
features developed in an environment of high heat flow
and locally copious volcanism. West proposes that as
successive layers of volcanic rocks and associated
supracrustals become buried, they would undergo partial
melting resulting in shallow granitic bodies and a
deeper mafic residuum. Continued burial would Tead to
melting of this residuum at a depth of approximately 50
km. producing a tonalitic magma and an ultramafic residue.
The granitoid magma would rise to form an intermediate
crustal layer while the ultramafic material would 1in part

return to the mantle convection cycle (West, 1980).

West has shown that local effusive volcanism

onto this developing granitoid crust would create a
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thermal blanketing effect and an unstable density
and viscosity contrast between the volcanic material
and the underlying granitoid layer. West and
Mareschal (1979, 1980) used thermal constraints

and finite element modeling techniques to explore the
possible mechanical results of such an arrangement
under a varijety of postulated geothermal gradients
and viscosity conditions. The results tended to be
generally insensitive to changes in the initial
parameters suggesting a possible explanation for the
similarity of Archean structures which must have
developed over a broad time interval and variable

local conditions.

In West and Mareschal's model study, an
initial perturbation at the volcanic-granitoid interface
would evolve slowly until the radioactive heat flux
generated in the granitoid Tlayer and trapped by the thick
cool volcanic blanket would cause softening in the
substratum. The viscosity difference combined with the
density inversion would cause the volcanic material to
begin to sink at the site of the initial perturbation,
forming a synformal trough flanked by upwelling
orthogneissic dome structures. They suggest that the
doming exerts some lateral compression which contributes
to a vertical elongation which develops in the trough-

like volcanic structure. They also propose that
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geothermal gradients would be depressed in the

vicinity of the infolding volcanic pile.

West (1980) proposes that this mechanism
could eventually ingest the volcanic material by
complete diapiric overturn, which would trigger
another cycle of partial melting and further thickening
of the continental lithosphere and concentration of
radiogenic elements near the surface. Volcanism,
ingestion and partial melting could proceed in cycles
as long as the temperature and pressure conditions
postulated for the Archean crust persisted. Eventually,
the decrease of crustal geothermal gradients and the
events described by Tarling (1980) at the beginning of
the Proterozoic would diminish the capacity of the crust
to sustain the gravity driven ingestion of greenstone
volcanic material. Greenstone style volcanism itself
seems to have diminished sharply after the Archean,
possibly due to the increased angle of subduction of a
thin oceanic lithosphere beneath the greatly thickened

continental 1lithosphere (Tarling, 1980).

It is apparent from the model cross-sections
(Figures 8, 9) that the volcanic structures and adjacent
granitoid gneisses in the study area conform well with
the form predicted by the West-Mareschal model. Lateral

compression and synformal infolding between the upwelling
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gneissic domes would contribute to the strong east-
west striking and near vertical foliation apparent

in the volcanic and adjacent rocks. The depression

of geothermal gradients near the volcanic keels
predicted by their model would also adequately explain
the pattern of increasing metamorphism away from the

volcanic unit in tnhis area.

A principal result of the evolution of
continental crust as envisaged by both West (1980)
and Tarling (1980) is the accumulation of radiogenic
granitophile elements near the surface and the increased
ability of the thickening crust to support significant
thicknesses of sediment rich in those elements. West
(1980), Condie (1980) and others (Goodwin, 1977) consider
the gneiss and migmatite belts of the Superior province
to have been basins which received the sedimentary
material eroded during adjacent continental crustal
emergence. Allis and Garland (1979) recorded heat flow
measurements within the Quetico Belt and other locations
throughout the Superior province. Their results showed
anomalously high heat flow and relatively high K and Th

contents in the rocks of the Quetico Belt.

While Condie (1981) considers that the high
grade Tinear belts were such basins, he points out that

one difficulty with such a concept is the apparently
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great depth of burial implied by metamorphic mineral
assemblages now exposed. Condie (1987) invokes

several possible schemes including underplating and
upcurrents of mantle convection to explain the
phenomenon. West's (1980) model suggests a somewhat
simpler explanation that seems to agree well with the
structures implied by the gravity models. West

describes the results of a thick accumulation of
sediments on an Archean crust. A thermal blanketing
effect could again develop but because of the diminished
density inversion, diapiric overturn would not necessarily
occur as it would in the case of volcanic material. Only
if the pile were thick enough that metamorphism converted
the base of the pile to a dense substratumof basic gneiss

would any dedree of diapirism take place.

West (1980) postulates that the Quetico Belt
and its counterparts elsewhere in the Superior province,
(i.e. English River Belt) may have developed in basins,
possibly rift related, that developed prior to a volcanic-
plutonic cycle of cratonization. Sedimentation from the
emergent cratonic block or belt would fill the basin and
in approximately 30 m.y. crustal softening beneath the
pile, uplift and compressive cratonization stresses would

result in the observed gneiss-migmatite belt (West, 1980).
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There is some suggestion from radiometric
age determination and paleomagnetic drift data that
the alternating high-grade and low-grade belt pattern
in the Superior province progressed chronologically
from north to south, such that the Wabigoon Belt may
be somewhat older than the Shebandowan Belt (Goodwin,
19765 Dunlop, 1979). In this case, the Wabigoon
volcanic-plutonic terrane would be the initial source
of material into a marginal basin to the south. The
basin would be floored by lavas and greywacke
turbidite sequences. As the cycle of gneissic
diapirism and plutonism described by West (1980)
proceeded to the north, the sediments would become
progressively more quartzofeldspathic in nature and

rich in granitophile radiogenic elements (Figure 10).

Dunlop (1979) has suggested that based on

paleomagnetic models, the Shebandowan-Wawa Belt may

have been emplaced after the Wabigoon Belt. Consider
this second developing cratonic arc approaching from

the south, shedding a second cycle of turbidite sediments
into the basin. Thermal anisotropy in these laminated
sediments would partially trap heat generated in the
underlying (and interlayered) quartzofeldspathic pile.
The lavas and turbidites at the base of the pile would

have been metamorphosed to amphibolites and basic gneiss
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and biotite schist. This pile as a whole would
contribute to thermal softening of the underlying
granitoid crust as described by West (1980). Thermal
gradients through the basin would be artificially
steepened while in the adjacent volcanic terrane

they would be decreased, providing for the pattern

of metamorphism noted.

Heating and softening in both the basement
gneiss and the sedimentary basin would develop in a
regime of north-south compressive stresses. Without
a significant density contrast to perpetuate downsagging,
partial melting, tight foiding and diapric uplift
possibly accompanied by nappe style tectonics would
result in the formation of the metasedimentary-gneiss-

migmatite belt observed.

Several features of the observed geology and
geophysics help support this hypothesis. The predominantly
granitic gneisses and migmatites that are exposed
throughout the Quetico Belt are unlikely to have evolved
solely from the greywacke turbidite sequences which flank
the belt. Al1is and Garland (1979) found that the rocks
richest in K, Th and U are located in the Quetico Belt
and parts of the Wabigoon Belt to the north, where
extensive outcropping of granitic rock is exposed,

suggesting a possible source for the quartzofeldspathic
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sediments now exposed as granitic gneiss within

the Quetico Belt.

The layers of amphibolite and basic gneiss
that form the dense substratum of the belt of
migmatite and gneiss tends to thicken somewhat toward
the north, while it dips and thins sharply toward
the south. Kehlenbeck (1976) has described a
gradational metamorphic interface between the Quetico
Belt rocks and the Wabigoon Belt rocks to the north.
In contrast, the transition between the Quetico Belt
rocks and Tower grade turbidite sediments to the south
is sharper, and corresponds spatially with the
truncation of the southernedge of the basic layer which
underlies the gneisses and migmatites. This arrangement
suggests that the substratum and possibly the bulk of the
original sedimentation into the basin were more intimately
related to the Wabigoon Belt cycle of cratonization and
that the later turbidite sedimentation and compressional
stresses were related to the subsequent lateral accretion

of the Shebandowan-Wawa terrane.

At some stage of deposition into the original
basin, the quartzofeldspathic sediments considered to
have originated in the north would become interlayered

with the clay-rich turbidites being shed from the south.
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Granitic gneisses and migmatites are interlayered
with Tayers of mica schists within the Quetico Belt
presently, and this arrangement is considered to
represent the metamorphosed equivalent of the former
interTayering. It is postulated that eventually
greywacke turbidites related to an active cycle of
cratonization and volcanism in the Shebandowan Belt
would bury the sagging basin. If these sediments
are considered as a cap to the basinal sediments,
present patterns of exposure within the Quetico,
which suggest somewhat lTower grade keels of preserved
pelitic schists, would be consistent with the style
of second order diapirism postulated as a mechanism
of uplift operative in high grade Archean terranes

(Schwerdtner et al, 1979).

The Quetico fault and the Hawkeye Lake fault
appear to have exploited the structures suggested by
the gravity modeling. 1In the case of the Hawkeye
Lake fault, it forms an apparent northern border to a
zone of extensive partial melting. This area would
represent the zone of maximum mixing of the wet clay-
rich turbidites and the quartzofeldspathic sediments,
providing HZO and other volatiles to support melting
at relatively Tow temperatures. Thick remnants of dark

biotite schist within the migmatized area possibly



/6.

reflecting a primary stratigraphic change between
the greywacke turbidites and more quartzofeldspathic
material are more predominant toward the north near
the Hawkeye Lake fault zone. The interface between
the relatively weak zone of biotite schist and the
more crystalline gneisses to the north would provide
a convenient plane on which vertical displacements
suggested by the gravity model could occur without

requiring significant brittle failure.

The Quetico fault zone is identified by its
cataclastic and mylonitic textures, and is consistent
with the concept that the main motion on the fault
system postdates the principal metamorphic and
deformation events (Schwerdtner et al, 1979). A
difficulty arises in that the large transcurrent
motions ascribed to the fault system do not appear to
have obviously affected the dense substratum of the
Quetico Belt, which is transect=zd on profiles B-B'
to E-E'. Apparent vertical displacements on the fault
are found only on profiles D-D' and E-E', which could
be ascribed to a scissor stylemotion. On profiles
A-A' and F-F', the fault plane appears to coincide with
the southward dip and truncation of the dense layer.

A possible solution to the problem is that displacements

on the fault in its present state were not asgreat as



suggested by some authors (Dunlop, 1979) but rather
formed in an environment of oblique compressional
stress as suggested by Schwerdtner et al (1979).

This stress is accommodated by the structural grain
already in place and thus exploits the most suitable
path or plane of Tleast resistance provided by the
available structures. The timing of the main fault
motion may have been such that only late stage
tectonic adjustments were accommodated by the present
fault system and that these adjustments migrated along
the system as required by the overall tectonic regime.
This scheme does not rule out major transcurrent
displacements occurring along the fault line before
the last cycle of cratonization and final accretion

were completed.

77.
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CONCLUSIONS

Three hundred and fifty new gravity stations
have been established. Based on these values and the
values of 50 gravity stations previously established
by the Earth Physics Branch of E.M.R. a new Bouguer
gravity map of the study area has been constructed
(Figure 4). New stations established at or near the
sites of the previously occupied stations have values
in good agreement with the earlier recorded values,
typically within 1.0 mGal. The new stations themselves
are expected to be reliable to within 0.8 mGals based on

estimates of errors.

Based on measurements of specific gravity of
194 selected rock samples, representative densities have
been determined for the major rock units recognized for
the purposes of this study. Two and one half and three
dimensional gravity modeling programs were utilized to
test various subsurface configurations of the density
contrasts which represent the major rock units (Figures

8, 9).

The model structures suggested by the pattern
of Bouguer gravity have been related to several aspects
of theoretical concepts of tectonic evolution which may

have affected this area. Scale material modeling by
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Ramberg (1967) and finite element numerical modeling
by West and Mareschal (1979, 1980) have suggested the
mechanical results of a dense layer of material
(representative of volcanic rock) overlying a layer

of less dense material (representative of granitoid
rock). The underlying material is shown to upwell
diapirically into antiformal structures which flank

an infolded or ingested trough of the denser material.
The model structures of this study representative of
the volcanic rock units and surrounding granitoid

rocks conform closely to this structural arrangement.

Several other elements suggested by the model
structures of this sudy may reflect aspects of the
tectonic history of the area. Most worker presently
recognize the Quetico Belt as a high grade metasedimentary
belt. Several workers also suggest that the east-west
linear subprovince belt pattern of the Superior Province
developed progressively from north to south, so that
the Wabigoon volcanic-plutonic belt to the north of the
Quetico gneiss belt may have been formed somewhat earlier
than the Shebandowan subprovince to the south {Goodwin,
1976; Dunlop, 1979). The pattern of gravity, observed
geology and the aeromagnetic anomalies suggests a layer

of rocks more dense than the typical quartzofeldspathic



gneiss and migmatite underlies those rocks in the
northern portion of the Quetico Belt adjacent to the
Wabigoon Belt. This layer has been modeled as
dipping southward and becoming truncated beneath the
apparent interface between the high grade gneisses
typical of the Quetico Belt and the Tower grade
metasedimentary rocks to the south. While exposures
of biotite schist appear to be high grade equivalents
of greywack turbidite, the more quartzofeldspathic
gneisses within the high grade terrane of the Quetico

Belt appear to be of a more granitoid parentage.

The apparent arrangement of the various rock
units is outlined by the model structures presented.
The dense substratum representative of amphibolite and
basic gneisses of probable volcanic origin appear to
be associated with a cycle of volcanism to the north,
while the apparently overlying quartzofeldspathic
gneisses represent high grade metasediments associated
with the subsequent cycle of plutonism. The turbidite
sedimentary rocks and the higher grade biotite schists
may represent the products of a cycle of sedimentation
associated with volcanism within what is now the

Shebandowan Belt to the south.

The proposed model of tectonic evolution is

80.
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based on the results of the gravity derived model
structures and a synthesis of current concepts
regarding the development of observed patterns of
geology within this area of the Superior Province.

The Quetico Belt is assumed to represent a sedimentary
basin initially offshore to the south relative to a
developing craton comprising the Wabigoon Belt and the
other subprovinces to the north. This downsagging
basin is postulated to have evolved into what might
resemble an interarc basin as the developing volcanic
terrane now represented by the Shebandowan Belt was
accreted laterally and possible obliquely from the
south. The subsequent horizontal compression is
possibly responsible for the pervasive east-west
planar tectonic fabric and pattern of deformation noted

throughout the area.

Geothermal gradients in the vicinity of the
model volcanic troughs within the Shebandown Belt may
have potentially been depressed by the apparent
infolding of cold volcanic material. Geothermal
gradients within the proposed sedimentary basin to the
north may have been considerably steeper, in part due
to the concentration of radiogenic elements within the
quartzofeldspathic sediments. This northward steepening

of thermal gradients would help explain the pattern of
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metamorphism from the low grade metavolcanic rocks

in the south of the study area toward the center of

the Quetico Belt, where metamorphic grades are
generally highest, High heat flow within the proposed
basin and the apparent regional compression contributed
to a general softening, diapirism, partial melting

and upwarping, resulting in the complex features
presently exposed in what is now referred to as the

Quetico Belt.
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APPENDIX B

THE COMPUTER PROGRAMS AND MODEL DATA OUTPUT
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The 2%-D program utilized extensively in this
study was originally based on several algorithms
written by John Snow while a graduate student at the
University of Utah. These algorithms formed the basis
for the computation of the forward gravitational
problem, the search function and the Marquardt inversion
scheme. Because of the Tlength of the GRAVZ2D 1listing,

only a brief summary of its function will be given here.

The model is defined by entering the density
contrast and x and z coordinates which define the
vertices of each polygon. The strike of each polygon
in and out of the profile plane is also defined. The
forward problem is the simple computation of the
gravitational attraction over the model polygons along
a specified profile. The measure of fit between the
observed values and the computed values for each
calculated value is determined at a specified station
interval along the profile. This measure of fit, the

objective function, is a sum of squares measure given by

NStations 2
b} (Observedi-Computedi)
i=1

NSstat 2
Z (O-“C_i)

5
i=1

SSR(8)

1}

Simply put, the search function is utilized
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to locate minima in the forward problem by changing the
value of a specified parameter by a specified stop size
and the forward problem is re-evaluated. If there is

an improvement in the objective function, the stop

size is doubled and the forward problem is again
computed. If there is a worsening of the objective

fit, the direction of the step changes in the particular
parameter value is reversed and the objective function

is again re-evaluated.

The expression of the objective function in

the general case of the search function is given by

No.Polygon (3) No.Sides(J) )
C. = 2 (b J X Z. . (X ,Z
i j=1 k=1 ijk K K
so that
"2 NPOLY NSIDES(J) 5
SSR(8) = = (Oi -z oj I z”.k

where ¢(j) is the density contrast of the jth polygon
and Zijk represents the integral over one side of the
Jth poiygon with respect to the ith station. In the
case where only polygon vertices are changed, as was
the case in this study, the objective function is
expressed as

no m

SSR(®) = = (01-(A1 + I 0j T Z.
ny J

where Nys Ny represents the specified data window, and



107.

Ai is the contribution of the fixed part of the model.
The objective function is seen to change as those 1

intergrads of the m polygons which change.

Once a realistic minimum is found the
Marquardt inversion algorithm can be used. Based on a
linearization or derivative method, the theoretical

T . T _ .o m 303 AOm
anomaly C, can be given by C, = C; + $=1 56m

where C; is an initial estimate of Cg (typically derived
by the search routine) and A6m are the parameters of

the model to be changed. When the observed anomaly is

substituted for CE, then

M 3¢

J ABm

G; = 04-C5 = 56,

z
! m=1
The derivative with respect to changing vertices

is expressed as

9C3 . Ci(Xjk + AX)-Ci(Xjk)
BXJk AX

for horizontal derivations, and

3C; - Ci(Zjk + AX) - C4(Zjk)
Bij AX

for vertical derivatives.

The inversion algorithm involves Jacobian
matrix functions to solve for the partial derivations

of the computed anomaly C; at each station i with
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respect to those parameters which are changed during

the inversion modeling process, 3L Again, in this

30"
study density ¢j was typically held constant, and only
the derivatives with respect to the vertices g%%~ and
5C+ . Jk
a7~ are involved.

5k

For a formalized analysis of the search and
inversion techniques, which become detailed beyond the
scope of this appendix, the reader is directed to the

program documentation GRAV2D: An Interactive 2%

Dimensional Gravity Modeling Program by Carleen Nutter

(1980). The following sample terminal session, like
the brief outline of the program function above, is
taken directly from the program documentation. While
this sample terminal session and the following sample
output from this study will adequately familiarize
the user with the program, several points should be
mentioned. While the VAX-II 780 system will very
nearly reproduce the values listed by the sample terminal
session, minor system differences between Lakehead
University and the Unijversity of Utah result in a
small variance in the roundoff error at the third or
fourth decimal place of calculated values. It should
be cautioned that because of the highly iterative
nature of the search and inversion functions, this

program can rapidly erode a student user's computer
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time budget. A recent bulletin from the Earth Science
Laboratory in Utah has pointed out that while the
program professes a capability to handle models with
topography, apparently only flat earth modeling should
be computed with this program. Finally, at the time
this author modified the GRAV2D program for implementation
on the VAX-II 780 program, ancillary hardware for the
various plotting options of the program did not exist.
It is understood that plotting and graphics devices
will eventually be available, and future user's are
invited and encouraged to enable the plotting routines

as their usefulness in this type of study are obvious.
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SAMPLE TERMINAL SESSION #1

The following terminal session demonstrates the use of the

program from initial model through the inversion process. It
also demonstrates the INPUT, EDIT, EXECUTE, LIST, PLOT. and FMAIN
functions. The terminal session is summarized in the following
stops:

STEP 1 - GStation distances are stored in a file, IN-STATIONS.

A theoretical model is stored in file IN-MODEL.

A forward problem will be calculated using the
station distances and theoretical model to obtain
theoretical gravity data. This data

will be used as sample Ffield data in STEP 2.

STEP 2 — Use theoretical data from STEP 1 as observed data
in new problem. Perturb the theoretical model from
STEP 1 to obtain an initial guess. Normally STEP 1
would not be done, but actual field
data would be used and the initial guess
would be an attempt to describe the earth
cross section where the data was obtained.

STEP 3 - Compute a forward problem with the initial guess and
observed gravity values to find the error. Obtain a
plot (Fig. 1).

STEP 4 - Do a 1D direct search. Note the change in the error
and get a plot of new model (Fig. 2).

STEP 5 — Do an inversion. Note error and get a plot (Fig. 3).

STEP & - GStore the newest model and results on the merge file.

A composite of the three plots is included for easier com-—
parison (Fig. 4).



OK, SLIST IN-MODEL e

1 i file containing model !
16, ~-.5,10.,10..,0 i data in format required !
—-100. 000, 0. 000, 0, 0 i by INPUT i
118. 500, 0.000,0,.0 e

118. 500, 0. 010, 0,0
16.25,0.01,0,0
15.5,2.,0,0
13.5.2.,0,0
12.0,4.75,0,0
2,9.,0,0

20, 2.92,0,0
9,3.0,.0,0
9,.125,0,0

» . 25,0,0
95,1.42,0,0
5,1.5,0,0

. 01,0,0
—-100.0,.01,0,0
-100.0,.00,0,0

MR AU NDD

OK, SLIST IN-STATIONS

values are zeros

o s oo it et S G e (. e S St e P S S T P P S O S S S PO St St St

~-

THEORETICAL MODEL FROM SNMOW 0 e e e e
{i file containing station i
i data in format required !
0 i by INPUT—observed gravity |
! H

CONERPPPUDUWUNNNNN S~ =~~~ 00000
CCo000000000000C000000000C00

D T T S U P,

0000000000000 000000C000000000 0w
-bMOEGD*-bRJOCDO‘bFJOEDU‘b!‘JOEDD-APJOUJU*#FJO

~
-
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0.,16. 4,0
0.,16. 6,0.
0.,16.8,0.
0.,17.0,0
0..17.2.:0.
0.,17. 4,0,
0..,17. 6,0,
0.,17.8,0.
0.,18.0,0.
OK, GRAV2D e e e ——————————
TERMINL-OPTION # (1)= @) ! enter program and input |
1 HARD COPY 80 COLUMN { O to obtain list of '
2 TEKTROMIX 4014 i\ possible options H
3 CRT 80 COLUMN e e e e e e e e e e
TERMINL-OPTION # (I)= 3
### GRAVID MASTER ###
MASTER--OPTION # (I):= 2

INPUT WORK FILE HEADER (B0 CHAR. )
EXAMPLE OF TERMINAL SESSION

DO YOU WANT TO INPUT STATION DATA FROM FILE?
YES

INPUT FILENAME (16 CHAR)
IN-STATIONS
INPUT PROFILE ID. |
INPUT CODE FOR UNITS: | = KILOMETERS

2 = METERS

3 = KILOFEET

INPUT STATION NO. OR MATCH PT.

INPUT NO. OF STATIONS

INPUT OBS. GRAVITY, DIST., ELEV. FOR 90 STATIONS

DO YDU WANT TO INPUT MODEL DATA FROM FILE?

YEG

INPUT FILENAME (16 CHAR)

IN-MODEL

INPUT NO. OF POLYGONS

FOR POLYGON 1 , INPUT:

# OF SIDES(I), DENSITY CONTRAST, STRIKE OUT, STRIKE IN, DENSITY SEARCH #(I)
FOR 17 VERTICES, INPUT:

HORZ. COORD..,VERT. COORD.,VERT. SEARCH #(I),HORZ. SEARCH #(I)
DO YOU WANT TO INPUT SEARCH DATA FROM FILE?

NO

INPUT # ITERATIONS FOR INVERSION

o)

INPUT TOTAL # OF VERTEX SEARCH DIRECTIONS

0

INPUT TOTAL # OF DENSITY CONTRAST SEARCH DIRS.

0

INPUT HOR. SCALE, VER. SCALE (CURVES), VER. SCALE ( MODEL)

3.

30.

1.75
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MASTER-—OPTION # (I)= 5 e
XQT-———— OPTION # (I):= O i FORWARD PRONMLEM |
RETURN TO MASTER : STEP 1 :

1
2 XQT SEARCH e e
3 XQT INVERSION

XQT——-=-0PTION # (I):= bl
QUTRPUT--0OPTION # (1)= 1
THE TOTAL SUM OF SQUARES (S5R)Y = 104375, 641
C SEARCHES LLEFT
XQT——~-—-0PTION # (1)= .
MASTER-—QOPTION # (I)= 4
LIST-——-0PTION # (1) 2
WORK FILE HEADER:
EXAMPLE OF TERMINAL SESSTON

DATE: 07/02/80 1510
THE TOTAL SUM OF SQUARES IS 104375, 641
LIST-———0PTION # (I)= 3

# STATION DATA #
THEORETICAL MODEL FROM SNOW
UNITS OF DISTANCE IS KILOM
STATION # OR MATCH PT IS i
THE TOTAL SUM OF SQUARES IS 104375, 641
INPUT RANGE OF STATIONS TO BE PRINTED
AS START INDEX, END INDEZX

0,0 WILL PRINT ALL

OI ()
Type <CR> to continue
DISTANCE COMPUTED OBSERVED DIFFERENCE
STATION TO STATIOM ELEVATION GRAVITY GRAVITY 0BS--COMP
1 0. 000 0. 000 0. 000 0. 000 0. 000
2 0. 200 0. 000 -Q. 294 0. 000 0. 294
3 0. 400 0. 000 -0. 633 0. 000 0. 633
4 0. 600 0. 000 ~1. 0329 0. 000 1. 029
9 0. 300 0. 000 -1, 497 0. 000 1. 499
& 1. 000 0. 000 ~2. 067 0. 000 2. 067
7 1. 200 0. 000 ~2. 770 0. 000 2.770
8 1.400 0. 000 ~3. 6O4 0. 000 3. 664
4 1. 600 0. 000 -4, 854 0. 000 4. 854
Lo 1. 800 0. 000 b, D6 0. 000 b, D62
i1 2. 000 0. 000 -9. 789 0. 000 9.78%9
= 2. 200 0. 000 ~14. 02 0. 000 14. 024
13 2. 400 0. 000 ~1b L7 0. 000 16. 657
14 2. 600 0. 000 -18. 5720 0. 000 18. 590
15 2. 800 0. 000 ~20. 0946 0. 000 20, 056
16 3. Q00 0. 000 -21. 173 0. 000 21. 173
17 3. 200 0.000 - 22010 0. 000 22. 015
18 3. 400 0. 000 22627 0. 000 22. 627
Type «CR>» to continue
19 3. 600 0. 000 -23. 038 0. 000 23. 038
2 3. 800 0. 000 ~23. 206 0. 000 23. 256
21 4. 000 0. 00Q -23. 277 0. 000 23. 277
2 4. 200 0. 000 23, 081 0. 000 23. 081
23 4. 400 0. 000 22, 632 0. 0600 22. 432



Type<

Mupe-

24
25
28
27
28
29
30
31
32
33
34
35
34
37
a8
CR>
37
40
41
42
43
44
45
44
47
44
49
50
ol |
5e
53
54
5&
>7
HE
CR.»
09
40
&l
&2
423
£
(a3}
oY)

< 7
&/

&0
6He
70
/1
72
73
>4

75

to continue

4.
4.
5.
5.
5.
5.
5.
b.
6.
6.
6.
b.
7.
7.200
7.
9]
7.
7.
8.
8.
8.
8.
8.
9.
9.
9.
9.
9.

11400
to continue
1. 600
11 8BGO
12 000
12 200
12, 400
12, &00
12,800
13 GO0
132 200
13400
13 &00
L2000
L4 000
14, 200
14,400
L4 600
L4 300

N

G
0.
Q.

0

0.
Q.
. QG

0

Q.
0.
(.

{)

0.
0.
- 000
0.

O

(3

0
Q.
.
0.
)
0.
Q.
().
0.
).

()

CCO00TT00CT0OCO0

SCooOo

. 000
. 000
. 000

000
000
000
000

. 000
. 000
. 000
. H00
. 000
. 000
. 000
. 000

Q00

. Q00
. 000
. 000
. 000
0.

000
000

. Q00
0.

Goo
000
000
000
01018,
000
Q00

0Qo
000
00Q
Guo

000
o0
QGO

(01918
000
QOO
(81619)
GO
Q0O
200
000
Q00
00D
000
Q00
Q00

~21

-

~19.
~18.
17,
17,

-18.

-19.

—

[~
23

~27.

~30.
=33,

~36.
~38,

=403,
=42,

43
~44
Ny

A7

48, L

~49.
-50.
51

~51.

02
. 603
. 630

=
=Da

~92

-0a.

-t
el
[

. .x_)l.:z-

-5

D

-9,
-0l

=50
49
A5
—~4'7
-G

=15,
/v

473

~40.
39,
28
37

35

. 8683
796

A74
411
?37
Q95
317
210

. 074

204
025
578
522
059
283

252
Q07
282
P2
296
387

SO
7t

200
06L8
743
215
788
196

420

LH&E0
340
330
o3

6374
1147
D72
@12
172
30%
4443
517
507
4483
341

180
291
740
433

. 047

564

COC0OoO0VOOCOCO00CT0O0000 000000000 COCOCO

Q0000 CTCOCO0CCDO0
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. 000
. 000
. 000

000

. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000

. 000
. 000
. 000
. 000
. 000
. 000
. 000

000

. 000
. 000
. 000
. Q00
. 000
. 000
. 000
. 000
. Q00
. Q00
. 000
. Q00

. 000

000

. 000
. 000
. 000
. Q00
. 000
. 000
. 000

000
000

. 000
. 000
. 000
. 000
. 000
. 0O

21.
. 796
19.
18.
17.
17.
18.
19.
21.
23.
27.
30.
33.
36.
38.

-
[=a2

40.
42.
43.
44.
46.
47.
48.
19,
20.
50.
S51.
al.
S52.
o2.
52.
92.
S52.
S52.
2. 335
o2.

5")

S51.
o1.
0.
49.
49,
48.
47.
16.
45.
44,
43.
4a.
4Q.
39.
33.
37,
35.

883

474
411
Q37
995
217
510
074
504
095
578
522
059
283

252
009
582
92
256
387
395
288
068
743
315
786
156
428
603
680
&60
545

031

634
147
B72
91
172
a55
468
9517
509
448
341
188
991
74z
433
047
5464
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74 153, Q00 0. 000 -33. 955 0. 000 33. 955
77 15. 200 0. 000 -32. 1381 0. 000 32. 181
73 15. 400 0. 000 ~30. 1926 0. 000 30. 196
Type<CR> to continve
79 1% 400 0. 000 -27. 231 0. 000 27.931
80 15 800 0. 000 -29. 286 0. 000 25. 286
81 16, 000 0. 000 ~22. 079 0. 000 22, 079
82 16. 200 0. 000 ~{7. 785 0. 000 17.785
83 16. 400 0. 000 ~13. 204 0. 000 13. 204
84 146 600 0. 000 -10. 795 0. 000 10. 795
85 16. 800 0. 000 -%. 042 0. 000 ?. 042
84 17. 000 0. 000 ~7. 663 0. 000 7. 663
87 17. 200 . 000 ~&, 935 0. 000 b. 535
88 17. 400 0. 000 -5 591 0. 000 9. 991
89 17. 600 Q. 000 ~4&4.78% 0. 000 4.785
20 17.800 0. 000 ~=4. 090 0. 000 4. 090
LIST-——--0PTION # (I)= 4
¥ MODEL. DATA #
POLYGON NO. 1 DENSITY == ~-0. 50000
STRIKE LENGTH 1 = 10. Q0000
STRIKE LENGTH 2 = 10. 00000
SUARCH NOL = 0
X VERTICE Z VERTICE VERT. SEARCH NO. HOR. SEARCH NO.
~=100. 000 0. 000 O 0
118. 500 0. 000 0 0
118. 500 0. 010 0 O
1&. 200 0. 010 0 0
15 LOO 2000 0 0
13. 500 2. 000 0 0
12,000 4. 750 0] 0
?. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>