





- ABSTRACT

- Banded, semi-massive, and disseminated sulfide
mineralization was intersected in three drill holes
near Ckeleton Lake, northern St. Louis County, Minnesota.
Pyrrhotite and pyrite are the dominant sulfides, commonly
associated with magnetite and minor amounts of chalconv-
rite,

The sulfjdes occur within a sequence of Archean
metavelcanic rocks that were deposited subaqueously, and
consist primarily of basaltic and andesitic flows, mafic-
intermediate tuffs, and associated diabasic rocks. Algo-
man-type iron formation and éorphyritic intrusive rocks
¢f varying composition are also present. in lesser amounts.

The sulfides were deposited; 1) in a restricted
horizon within a fine-grained, bedded quartz host rock;
and more generally, 2) as hyvdrothermal stringers in fav-
drable sites below the sulfide horizen., The restricted
sulfide zone is interpreted as being the nroduct of vol-
canic-exhalative processes occurring at the sea floor,
whereas the hydrothermal veinlets are considered to be
epigenetic infillings concentrated in fractures below
the seawater-rock interface.

The circulating hydrothermal fluids that were respon-
sible for the transport of metals through the volcanic
pile have pervasivelv altered the rocks below the sulys

fide horizon in an irregular alteration '"pipe". Two pyro-






















































limitless understanding is always a continuing education.



western Vermilion district is typical of other such
complexes found throughout the Canadian Shield. These
cemplexes consist of low-grade metamorrhic assemblages
of volcanic and associated sedimentary rocks usually
lying in basin-shaped, parallel linear belts, between
gneissic domes and granitoid plutons (Windley, 1977).
The rocks are called ''greenstones'" because of the perva-
sive greenschist grade metamorphism characterized by
secondary chlorite, epidote, and green amphibole.
Theories of greenstone belt formation include ¢ ate
tectonic, vertical tectonic, and meteor impact models
(West, 1980).

The steeply-dipning, metavolcanic and metasedimen-
tary rocks of the Vermilion district 1lie in a northeast-
erly-trending belt, 10-30 kilometers wide and more than
‘160 kilometers long. The supracrustal rocks of the dis-
trict consist of four formational units (Morey, 1970)
that are bordered by three, more or less contemporaneous,
granitic batholits (Figure 2, Table I):

1) the Vermilion batholith in the north,

2) the Giants Range batholith in the south; and

3) the Saganaga batholith in the east.

The Keweenawan (1100 m.y.) Duluth Complex tfuncatES
the Giants Range batholith and the volcanic-sedimentary

rocks in the eastern part of the district.
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tne nNewton Lake Formation, dividing it into two informal
members that intertongue in the vicinity of Newton Lake:

1) a mafic volcanic member occurring west of

Newton Lake; and,

2) a felsic to intermediate veolcanic member to

the east.

The Newton Lake Formation probably represents renewed
mafic-intermediate volcanism in the central part of the
Vermilion district, while sporadic mafic volcanism and
clastic sedimentation (Lake Vermilion Formation) continued
in the western part of the district (Sims, 1972).

Intrusive Rocks

Three varieties of hypebyssal intrusive rocks have
been recognized in the volcanic-sedimentary pile (Sims,
1972), See also Green (1970) for other minor types. These
consist of:

1) diabasic dikes and sills in the Ely Greenstone

and Newton Lake Formation,

2) differentiated mafic-ultramafic sills in the

mafic portion of the Newton Lake Formation;}and,

3) dikes and small bodies of quartz-plagioclase

porphyry found locally throughout the volcanic-

sedimentary pile.









quartz, and epidote; whereas, mafic rocks contain chlorite,
calcite, tremolite or actinolite, epidote, and quartz.
Generally, recrystallization is incomplete as evidenced

by well-preserved bedding features and primary textures.

In addition, zoned plagioclase crystals and relict horn-
blende grains are widespread in the felsic volcanogenic
end volcanoclastic rocks as are relict augite and labra-
dorite in the mafic rocks (Green, 1970),

Metamorphic intensity increases toward bounding
graﬁite masses or major faults, reéching middle-upper
amphibolite facies grade metamorphism near cont:zcts.

The metamorphic aureoles associated with the plutons

vary in width and maximum grade attained, depending on

the tectonic setting in which they were emplaced (Griffin,
1967). All of the metamorphic assemblages in the district
appear to be similar to the Abukuma-type facies series of
Miyashiro (1961), which is characteristic of regions

with steep thermal gradients at low tc moderate pressures.
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Ex++usive Rocks

. At Skeleton Lake, the flows alternate between basal-
tié'and andesitic oompositions from north to south across
the study area (Plate II). Regionally, the basalts are
much more important volumetrically, as the andesites tend
to pinch out along strike to the northwest and southeast
of Skeleton Lake (Aesm unit of Sims and Southwick, 198Q),

P, X. Sims (1980) visited the area while comviling data

for the USGS Soudan Quadrangle Map 1:24,000 (Sims and South-
wick, 198C)., Sims and the author both mapped similar litho-
logic boundaries in the volcanic pile, but Sims based these
contacts on the relative abundance of iron formation rather
thanr a primary difference in compositiocn between the flow
units. It would seem that at least in the immediate area
of Skeleton Lake, there is a correlation between the rela-
tive abundance of iron formation and the composition of

the flows, the more intermediate flows being more frequently
associated with iron formation.

" Basaltic Flows
(Unit B, Plate TI)

The thickness of the basaltic flow sequences varied
from 200 tc 300 meters. As determined by actual oqutcrops, -
this unit has a strike length of 1150 meters; On the
basis of interpretative or inferred contacts; the strike
could be extended for more than 2 kilometers across the

study areec. .

Approximately 60% of the basalt outcraps are pillowed,
Generally, the pillows are bulbous, more or less equidimen-

sional, and range in size from about 1l5cm., to eover a meter,






30%) are the major constituerts with epidote (L 1-15%),
chlorite (L 1-10%), quartz (0-10%), magnetite (0-7%),
calcite (0-5%), and rarely biotite (0-4%), usually com-
prising the remainder of the rock. Sphene (0-3%) and
pyrite (0-27) are common accessory minerals (Figure 4 and
Table II), |

Massive and pillowed flows that contain less actino-
lite (25-35%; are commonly porphyritic. These rocks con-
sist of microphenocrysts or glomeroporphyritic clusters
(up to7%) of plagioclase and actinolite set in a fine-
grained matrix of plagioclase microlites, actinolite,
chlorite, and epidote. The plagioclase microphenocrysts
are up tc .5mm., long, lathlike or tabular in shape, are
largely réplaced by albite, and commonly are altered to
csaussurite and/cr sericite. The chlorite, calcite, and
epidote are often in fine-grained (£ .3mm.) aggregates
throughout the groundmass and are typical of rocks with
hyalopilitic or pilotaxitic textures.

The coarser-grained basalts commonly exhibit dia-
tasic textures, tend to have more actinolite (15—60% , and
typically are less altered than the finer-grained basalts.
Many workers (i.e., Schulz, 19783) believe that these “<a-

basic rocks represent near-surface feeder systems below
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fofﬁation.

In the far southwest area of the study site (Qutcrop
90), a thick sequence (15') of bedded, iron poor chert was
observed, Sericite and cummingtonite-grunerite has crystal-
lized along the bedding planes., Locally, these beds are
brecciated and have beer infilled by sulfides between the
fragments.

Intrusive Rocks

" Porphyritic Dacite and Andesite
(Unit DP-Plate II)

Felsic to intermecdiate peorphyritic intrusive rocks
(Figure 8) occur in a series ¢., outcrops concentrated along
the eastern and northern margins of the study area and as
isolated outcrops throughout the volcanic succession (Plate
II), Porphyritic dikes generally have sharp contacts with
tte volcanic rocks and consistently strike within 10-20°
of east-west, At one location a xenolith of volcanic
material was enclosed within a dacite dike, The porphy-
ritic rocks typically have uniform, buff-brovn weathering
surfaces. On freshly broken surface, phenocrysts (.5-~3mm,)
are readily apparent in comparison to the fine-grained to
aphanitic groundmass. The more intermediate varieties
usually have a darker colored groundmass due to higher

percentages of chlorite and amphibole. .

Tabular, or blocky phenocrysts (0-3mm.) of plagioclase

are the most abundant constituent (20~45%) of the dacites,
























renecLrdelilve sLroucLures

Foliations

Foliation planes within chlorite, biotite, or seri-
cite-bearing flows and the pyroclastic units in general,
are well defined by the orientation of platy minerals.
Poles to foliation were plotted on a Schmitt equal-area
net and then contoured on a Kalbrek counting grid (after
Reagan, 1973), The results (Figure 12) are in good agree-
ment with measurements by Sims (1972) for the western Ver-
milion district. The general pattern appears to be nearly
homoclinal with average strikes of N 45-59° W and dips of
75-85° to the northeast. The high concentration of read-
ings near N 90° E were in part due to foliation associated
with the intrusive contacts of the porphyries which were
always within 15° of N 90° W. This subsidiary concentra-
tion of points in the southeat quadrant may be due to the
northeast-southwest trending shear fault zone discussed in
the previous section.

Lineations

Lineations were defined by actinolite prisms in the
more mafic rocks and by mineral streaking on the foliation
surfaces of various other units, The lineations generally
plunge to the northwest (Plate II) at moderate (400) to
vertical angles.

Metamorphism of the Volcanic Rocks

At Tower, the volcanic succession has been metamoxr>-
phosed to lower greenschist facies (Sims, 1976). MNear the

Giants Range batholith, approximately 12-18 kilometers to















(520456%) , a chemical screen modified by Manson (1967)
after Green and Poldervaart (1955) was used to eliminate
inferior analysis or those representative of highly altered
rocks., The discussion that follows concerns only the re-
maining 12 unaltered analyses (Table III) felt to be depend-
able indicators of primary composition.

The Jensen Plot gives a good correlation between ob-
* served field and petrographic characteristics of the Skeleton
Lake volcanics and their respective chemical classification.
All four ssmples within the tholeiitic andesite field were
gray to gray-black in color and had less mafic minerals in
comparison to the basaltic flows. The andesites have an
average of 237 normative quartz; whereas, the basalts had
an average quartz normative value of 4.4 or were olivine
normative (Table III)._ The andesites also had a lower MgO0
content, averaging 2.8% in compariscn to 8.427% for the
basalts. The basaltic rocks plot in both the ircn-enriched
and magnesium-rich tholeiite fields. Three of the magresium-
rich basalts had normative olivine (average 15%); whereas,

none of the iron-rich basalts were olivine-normative,
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its 'maltered rock types. The chemical variations of the
individual alteration zones are discussed under separate
headings.

Discussion of Northwest-trending
Alteration Zones

Volcaniclastic rocks, interpreted as pvroclastic
sequences (Chapter 3), were more prevalent within or near
two northwest-trending, stratigraphically conformable altera-
tion zones (Plates II and III). More intermediate volcanism
was also associated with the occurrence of these volcani-
clastic rocks and resulted in the andesitic flows within or
marginal to the sequences (Chapter 3 and Plate II).

Many workers (i.e., Schulz, 1978) have noted that
pyroxene was transfcrmed to actinolite and calcic plagioclase
to albite during regional metamorphic processes in the green-
stones of the western Vermilion district. These reactions
could result in the liberation of Si, Ca, Fe, and Mg and
the formation of quartz, calcite, epidote, and chlorite
within the affected rocks (Miyashiro, 1961),

The originally more permeable pyroclastic sequences
would naturally make these rocks and peripheral units more
subject to the effects of regional metamornhism. This
could result in the more intense veining and greater a?un—
dance of secondary minerals observed in the rocks of these
alteration zones. The enrichment of Si and :pletion of

Mg and Ti noted in these rocks could be attributed to


































































in fractures within pyrrhotite and along pyrrhotite grain
boundaries, indicates a later stage of formation and/or
mobilization.” In deposits where sphalerite is an impor-
tant constituent of the ore, many workers (i.e., Large,
1977) have interpreted it as being a late sulfide precipi-
tate., On this basis, the single occurrence of sphale-
rite at Skeleton Lake was assumed to be a late-forming
product in the sequence of mineralization,

Temperature of Sulfide Fcrmation

Craig and Scott (1974) showed experimentally that
. the sulfide assemblage pyrrhotite-pyrite, with or with-
out chalcopyrite can be stable to a temperature of
550°C. Yund and Kullerand (1966) and Ripley and Ohmoto
(1977), determined that, in nature, ore-forming processes
usually limit the stability range to 350°Cc. Above 350°cC,
cubanite is typically present in the sulfide assemblage.
Monoclinic pyrrhotite is not stable above 251° plus
or minus 3°C (Rising, 1973). The presence of momnoclinic
and hexagonal pyrrhotite together in an intergranular
relationship may indicate equilibration after ﬂeak meta-

morphism at temperatures € 250°C. The minimum temperature
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Zn, Au, and Ag were made over various intervals in the
drill core by Exxon Corporation (Table V). |

“ Base metal values from outcrow samples and low sul-
fide zones differed significantly from those of samples
taken within the sulfide zone or from areas of sulfide
concentration within the drill core. Copper values
ranged from .12 to 188ppm in the outcrop and low sul-
fide group with the average being 67ppm. Within the
sulfide zone, values ranged from 97 to 22,400ppm with
the average being 2,283ppm. The highest copper values
were 5,200 and 22,400ppm from the sulfide horizon of DDH-1
and DDH-2, respectively. There was a rough parallelism
between zinc and copper values, The highest zinc values
of 420ppm and 770ppm were recorded from the same high
copper samples of DDH-1 and DDH-2. Lead wvalues showed
little variation from ssmple to sample. Gold and silver
values were generally low, but analyses from select samples
of high-sulfide concentration were fairly high. Seven
samples ranged from 100 to 1,000ppb gold, and one sample
from the 162.5 level of DDH-3 had a gold concentration
of 6,000ppb. Silver values paralleled the gold wvalues,
with a range between 1,400ppb and 4,400ppb for the same
seven samples, with the highest value of 10,000ppb recorded
from the same sample from DDH-3.

Similar results were obtained from the samples col-
lected over drill core intervals. The highest coppef
values were 3.38% and 1.19% over the 191.3-to 194.5-foot
and 18€.5-to 188.5-foot intervals of DDH~2, Overall, the
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TABLE V
BASE AND PRECIOUS METAL VALUES

Surface Samples

156
66
32
0.25
136
0.12
98
22
24
100
10
40
74
30
188

0.40

72
72
106
80
38
54
178
0.46
0.34
0,15
0.20
70
Q.40
40
0.21
0.30
106
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BASE ARD PRECIOUS METAL VALUES (Cont'd.)

Drill Hole Samples

Sample (w/DH footage) Cu

SL-3-162.
SL-3-172,
SL-3-190.
SL-3-225.
SL-3-241,

SL-3-320

SL-3-407.

SL-3-432
SL-3-526

SL-2-170.
SL-2-189.
SL-2-193.
SL-2-209.
SL-1-182.
SL-1-300.

SL-1-315

5

o W W W

U N W N &Y W

13,000
680

52
1,150

520.

520
686
244
1,632
1,517
257
22,400
123
5,200
617
97

All Cu+Zn walues in ppm

All Agt+Au values in ppb

6G
51
58
50
63
770
90
420
27
77

N

10,000
4,000
100
8,000
4,400
1,200
10
1,400
1,600
1,900
1,000
100
1,200
350
1,000
1,200

6,000
980
350
100
700
N Av’c
NA*
300
300

97

NA* ppb analysis not available value reported as 0,0 oz/ton

Letters refer to lithologic units (Plate II)

»
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sulfide horizon of DDH-1 averaged .2167% copper over

21,5 feet while the same zone in DDH-2 averaged 1,06%
coéper over 17,5 feet. The sulfide-cemented brecciated
zone of DDH-~-3 had an average value oi .455%>Pnpper over
7.6 feet, Again, zinc paralleled copper, as the highest
assays were over the same intervals, Gold and silver
values were generally low (< 20ppb and 1,000ppb, respec--
tively), except for select intervals within the sulfide
horizon. These samples ran between 30 and 150ppb gold
and 200ppb to 5,000ppb silver. One exceptional sample
assayed 13,000pnb silver.

In summary, copper, zinc, gold, and silver have
their highest concentrations associated with sulfide
mineralization. Except for this tendency, no other
trends in base metal distribution were apparent.

Trace Element Distribution

To permit the determination of various trace
element ratios, cobalt was also analysed along with the
base and precious metals. In addition, nine samples
taken over drill core intervals in DDH-1 were analysed
by Exxon Corporation for B, S, U, Cr, Ca, Ge, Se, Rb,
Sr, Zr, Mn, Ag, Au, Cu, Zn, Pb, Cl, In, Sn, Tl, Ba, Te,
Pb, Y, and Nb. Chromium showed a sharp increase within
the sulfide zone, whereas strontium was depleted in the
mineralized horizon. Vanadium showed enrichment immedi-
ately above the sulfide zone and depletion within ang
below it. All of the other elements either recorded

little variation or varied randomly between intervals.
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Metal ratios have often been used in trace element
stpdies of ores and the enclosing rocks; Often, absolute
vaiues may be inconsistent. or erratic, but ratios will
tend to be consistent and characteristic of the ore in
a given district (Fleisher; 1955; Wilson; 1965.)

Although ores in a given district may have distinc-
tive trace element ratios; the use of such data as an
exploration tool is limited., The alteration zones
associated with orebodies are always much more extensive
and. more frequently encountered by the field geclogist.

In the present study; an attempt was made to determine
whether the alteration zones had characteristic trace
element rstios. Selected samples were arranged in order
from north to south across the mapping area. Ten trace
element ratios were calculated using the data shown in
Figure 34,

Unfortunately! no systematic variation was readily
apparent between the altered rocks and their unaltered
counterparts. In an area such as Skeleton Lake, where
the alteration history is complex, differences in analyses
from the same alteration zones can frequently occur and
make simnle comnarisons with unaltered rocks difficult.
For example, samples 74 and 77 come from the southernmost
stratiform alteration zone and have appreciable differences
in their base metal content (Table V). Such differences
would lend a great variability to the Cu/Zn raeios of

the altered rocks.
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Either one of these alternatives has the possibility
of locating a different sulfide body that may have econo-

mic ore grade of copper or gold.
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CONCLUSTONS. AND GEOLOGIC HISTORY

Geologic History

Tholeiitic basalts and andesites, deposited in a
shallow to moderately deep submarine ernvironment, repre-
sent the oldest supracrustal rocks exposed in the Skele-
ton Lake area. These units are stratigraphically corre-
lative with the Soudan Iron Formation but are geochemi-
cally related to the upper Ely Greenstone. Hydrothermal
activity responsible for sulfide deposition, was in part
contemporaneous with the accumulation of the volcanic
pile, The banded sulfides, associated iron formation,
and barren chert units were probat y deposited syngene-
tically as exhalites at tke volcanic rock/sea water
interface., Porphyries of varying composition were em-
placed as dikes and irregular intrusions contemporane-
ously during the early volcanism.

The next recognizable event is the deformation
associated with the intrusion of the Giants Range and
Vermilion batholiths during the Algoman orogeny, in which
the rocks became part of a major overturned anticline.
The regional folding and faulting imparted a steep folia~
tion to all the rocks within the district, and the rocks
were metamorphosed to greenschist facies assemblages.
During the period, some of the sulfides were remobilized
and concentrated along foliation planes and other fayor-
able sites within the volcanic pile. Based on radiometri
dating, Goldich (1972) bracketed the Algoman orogeny

between 2.70 and 2.75 billion years. A long period of
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erosion followed the Algoman orogeny. No reccrd of this
period is readily evidenced in the present exposures
ne;r Skeleton Lake.

Volcanism during Keeweenawan time (1.1 billion
years ago) resulted in the accumulation of lava sequences
several kilometers thick in what is now the Lake Superior
basin. It cannot be readily established if any of these
lavas covered the map area. However, the relatively
fresh diabasic dikes found at Skeleton Lake may have
served as feeders for surface flows. Since Keeweenawan
time, the Skeleton Lake area has probably remained ahove
sea level,

Pleistocene glaciation was responsible for the forma-
tion of Skeleton Lake and the depcsition of unsorted tills,
which form the ridges just north of the Lake. Weathering
and erosion of the Skeleton Lake rocks has continued

through the nresent day.
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Conclusions
1. Basaltic to andesitic flows, diabase, and pyro-
cléstic rocks along with smaller amounts of iron forma-
tion and intrusive porphyries of variable composition
comprise the volcanic suite exposed near Skeleton Lake.
Their stratigraphic relatiqnships and present orienta-
tion reflect the evolution of the western Vermilion
district, a typical Archean greenstone belt of the Cana-
dian Shield.
2. Iron formation, pyroclastic rocks, sulfide minerali-
zation, and hydrothermal alteration zones are all spa-
tially related and occur near the compositional inter-
face between basa tic and andesitic volcanism.
3. Stratabound sulfide mineralization may have occurred
between 250 and 3500C, but probably reflects the effects
of later regional metamorphism.
4, Precipitation of sulfide and oxide minerals from
hydrothermal fluids which had circulated through the
volcanic pile could have occurred on or near the sea
floor (exhalites).
5. The presence of a pipe-like hydrothermal alteration
area stratigraphically above the known massive sulfide
horizon would indicate t at two cycles of hydrothermal
circulation probably affected the rocks near Skeleton
Lake,

The presence of a bedded non-mineralized chert dnit
south (stratigraphically above) of this alteration pipe,

suggests that the hydrothermal fluids of this recent

cycle may have reached the sea-floor,
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6. The base metal contert of the sulfide minerals is
concluded to be uneconomic; however, gc d values over
limited distances within the sulfide horizon are econom-

ically promising.
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