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Figure 1.01. Location of the Wawa Subprovince of the Superior Province of the
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Terminology of Volcaniclastic and Volcanic Rocks

In previous years, the variability of volcanic terminology has been the subject of
discussion (Fisher and Schmincke, 1984; Cas and Wright, 1987; Stix, 1991; McPhie et
al., 1993; White, 1994; Orton, 1996; Gibson et al., 1999; Mueller and White, 2004).
There are two dominant geologic facies in the Soudan Mine area: 1) coherent geologic
facies that include felsic, mafic and intermediate lavas sequences and mafic and
intermediate synvolcanic intrusions; and 2) volcaniclastic facies that include dominantly
volcanic derived sediments formed from volcanic eruptions and volcanic weathering
including tuff, lapillistone and breccia deposits. The nomenclature used in this thesis to
describe these rock types is based on the criteria of Fisher (1961 and 1966) (Figure 1.03)

and Mueller and White (2004).

blocks and bombs
> 64 mm

pyroclastic
breccia

tuff-breccia

lapilli-tuff

lapillistone tuff

64-2 mm <2mm
lapilli ash

Figure 1.03. Grain size terms used for primary pyroclastic rocks (Fisher, 1966).



















each Belt is correlated on a large scale, but faults truncate contacts locally (Figure 1.05)
(Peterson and Patelke, 2003). Peterson et al. (2001) have correlated the Soudan Belt with
the Saganagons Assemblage of Northwestern Ontario, and the Newton Belt with the
Greenwater/Burchell Assemblage of Northwestern Ontario. These correlations are based
on lithological, geochronological, and structural similarities (Figure 1.05).

Several studies (Jirsa et al., 1992; Boerboom and Zartman, 1993; Corfu and Stott,
1998; Peterson et al., 2001) have determined that the rocks in the western Vermilion
District were subjected to at least three major structural deformation events. The earliest
deformational event (D;) produced broad, locally recumbent folds within the Soudan
Belt. The effect of D, in the Newton Belt was predominately thrust imbrication of large
crustal blocks resulting in north-dipping volcanic strata (Jirsa, 2000). D; was most likely
the most dramatic deformational event, though it is difficult to find physical evidence in
the field due to lack of cleavage. Field relationships indicate that uplift, faulting, and the
deposition of Timiskaming-type clastic sequences in fault-bounded basins occurred late
in Dy (Figure 1.05) (Jirsa, 2000). The structural differences in the Newton and Soudan
Belt are related primarily to D;. These differences can be explained by Archean
accretionary tectonics during the late stages of subduction where large topographic
features on the subducting plate (near the trench) slowed subduction and caused initial
thrust faulting (Newton Belt), and later broad recumbent folding (Soudan Belt)
(Hoffman, 1990).

The best-defined large fold in the Soudan Belt related to D; deformation is the
Tower-Soudan Anticline. The Tower-Soudan Anticline is a dominantly west-plunging
structure near the Soudan Mine; however its orientation is highly variable further west,

15










Hudak et al. (2002b) have found that rocks in the Lower Member of the Ely Greenstone,
near Fivemile Lake, have geochemical attributes that are consistent with volcanic rocks

formed in an arc-setting.
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Figure 1.06. Location of major structural features in the western Vermilion District
depicted by UTM NAD-83 coordinates.
Previous Werk

The first major publication describing the geology of the Vermilion District, titled
“The Vermilion Iron-Bearing District of Minnesota” was published by J. Morgan
Clements in 1902. Since then, the western Vermilion District has been the focus of
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mapping projects by the Minnesota Geological Survey (Southwick, 1993; Peterson and
Jirsa, 1999b; Morey et al., 1970; Southwick et al., 1998; Jirsa et al., 2001), The United
States Geological Survey (Sims and Southick 1980, 1985), academic theses (Giagrande,
1981; Hovis, 2001; Heiling in progress, 2003), the Natural Resources Research Institute
(Hudak et al., 2002a, Hudak et al., 2002b; Hocker et al., 2003; Peterson and Patelke,
2003), the Minnesota lepartment of Natural Resources (Hudak and Morton, 1999), and
numerous exploration and mining companies. Most recently, Carrie Heiling a graduate
student at the University of Minnesota Duluth has completed fieldwork in the area. Her
focus is characterizing peperites found in the Gafvert Lake Volcanic Complex (Heiling,

2003).

VMS Exploration and Prospects

The Lower Member of the Ely Greenstone hosts four volcanogenic massive
sulfide (VMS) showings and two lode gold prospects. The VMS prospects include 1) the
Skeleton Lake VMS Prospect (drilled by Exxon, 1972); 2) the Eagles Nest VMS Prospect
(drilled by Newmont, 1988); 3) the Purvis Road Prospect (drilled by Rendrag, 1999); and
4) the Fivemile Lake Prospect (drilled by Teck, 1994) (Peterson, 2001; Hudak et al.,

2002b, Peterson and Patelke, 2003).

The Skeleton Lake VMS Prospect

The Skeleton Lake VMS Prospect is located in central St. Louis County
approximately five kilometers southeast of the Soudan Iron Mine. Exxon Corporation
explored the Skeleton Lake area in the 1970s drilling three diamond drill holes, two of
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Archean. Hovis (2001) indicated that alteration mineral assemblages at this prospect
formed from mostly low temperature hydrothermal systems. The low solubility of Cu
and Zn under these conditions suggested that Cu and Zn were not apparently leached
from the lavas, and therefore no significant massive sulfide mineralization occurred in the

area (Hovis, 2001).

The Purvis Road Prospect

The Purvis Road Copper-Zinc Prospect is located approximately 10 miles north of
Babbitt MN and lies within the Lower Member of the Ely Greenstone Formation. The
area is located in the northeast part of the Eagles Nest. The Minnesota Geological Survey
and United States Geological Survey conducted reconnaissance mapping to the south of
Purvis Lake. This mapping was completed around 1970 and was published in 1985
(Sims and Southwick, 1985). Geologic mapping by Peterson (1998) along with the
Purvis Forest Management led to the discovery of a large tonalitic pluton. The field
relationships of the pluton with the surrounding volcanic rocks indicated that its timing
was synvolcanic. Copper-rich mineralization within the pluton and surrounding volcanic
rocks, along with extensive alteration (quartz-epidote, chlorite, porphyry-style veining),
the occurrence of massive sulfide boulders in basal till, and the presence of a geophysical

anomaly indicated the area highly favorable for hosting VMS.

The Fivemile Lake Prospect and the Needleboy Lake/Six-Mile Lake Areas

The Fivemile Lake Prospect is located approximately 2-3 kilometers east of the

Soudan Mine area. Since the summer of 2000, detailed field mapping (1:100-1:5000
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and Jirsa, 1999a; Hudak et al., 2002a; Hudak et al., 2002b) (Table 2.01). This
classification system utilizes descriptive field based observations, by naming rock types
solely on physical characteristics and omitting nomenclature that is influenced by genetic
processes. Genetic rock classification will be discussed further in the interpretation
section for each rock sequence. The nomenclature used in this thesis is consistent with
that of Fisher (1961 and 1966), Mueller and White (2004).

Peterson and Patelke (2003) divided the Lower and Soudan members into five
distinct supracrustal sequences based on textural and compositional differences. These
are listed from oldest to youngest and include: 1) the Fivemile Lake Sequence (FMxx),
composed dominantly of] but not limited to, mafic and intermediate pillowed and massive
lava flows; 2) the Central Basalt Sequence (CBxx), composed dominantly of, but not
limited to, mafic and intermediate pillowed and massive lava flows; 3) the Upper
Sequence (USxx), consisting dominantly of chemical and volcaniclastic sediments; 4) the
Gafvert Lake Sequence (GLxx), consisting dominantly of volcaniclastic sediments; 5)
Intrusive Rocks (Xy, XXXX) of mafic to intermediate composition; and 6) Sheared
Rocks (5xxx), or schists with varying mineral assemblages (Figure 2.01).

Peterson and Patelke (2003) grouped the following rock types into the Upper
Sequence: 1) felsic volcaniclastic rocks at the base of the Soudan Iron Formation; 2)
chemical sediments that comprise the Soudan Iron Formation; and 3) volcaniclastic rocks
that comprise the base of the Gafvert Lake Sequence. This study differentiates
volcaniclastic rocks of the Gafvert Lake Sequence and does not include them as part of
the Upper Sequence. The segregation of the Upper Sequence for this thesis is based on
data gathered during field work (Phase 2), which better defines the physical and spatial
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Figure 2.09. The Zr/Y vs. Ti (ppm)/Y plot (after Pearce and Gale, 1977) for Fivemile
Lake Sequence mafic to intermediate lavas near the Soudan Mine. Fivemile Lake mafic
to intermediate rocks consistently plot as plate-margin basalts.

Ti/100

A = Low-K tholeiite of volanic-arc
B = Ocean-floor basalt and tholeiitic
basalt of volcanic-are

C = Alkaline basalt of volcanic-arcs
D = Within-plate basalts

Pitlowed Lava Flows

Foliated Lava Flows

Zr Y*3

Figure 2.10. The Ti-Zr-Y discrimination diagram for Fivemile Lake Sequence mafic to
intermediate lavas near the Soudan Mine. Fivemile Lake mafic to intermediate rocks
classify as alkaline volcanic-arc basalts (after Pearce and Cann, 1973). Concentrations in
parts per million.
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Lithogeochemical data from the Soudan Mine area are relatively consistent with
those from the Fivemile Lake area located 5 km to the east (Figure 2.02). These
lithogeochemical similarities, as well as various physical similarities, suggest that

volcanic rocks at Soudan are correlative with those near Fivemile Lake.

Massive Andesite (unit FMl1a)

Near Soudan, massive andesite lavas in the Fivemile Lake Sequence occur in the
southwest quarter of Section 25 (Plate 1). The upper contact between massive lava flows
and pillowed lava flows was not observed in outcrop (OC-586); therefore the thickness of
the massive lava flow unit was approximated and is estimated to be 8-10m thick.

Massive lava flows display a sharp basal contact with a 0.1 m thick tuff unit (FM1e)
(Figure 2.11). Approximate contacts with other adjacent units (e.g. FM1b, FM1h) were
laterally approximated due to a lack of outcrop (Plate 1). Outcrops generally are rounded

to elongated and form relatively flat to gentle topography.

Figure 2.11. Contact relationship between massive lava (FM1a) and tuff deposit
(FMle). Upper contact of massive lava flows were not present in the field, therefore the
thickness of this unit was approximated. Brush is 12 cm for scale. Outcrop 586.
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lack of outcrop control, some massive lava may be interpreted as hypabyssal diabase sills

or the basal portions of large pillowed flow units.

Pillowed Andesite (unit FM1b)

Pillowed lava flows in the Fivemile Lake Sequence occur in the southeast
quarter-section of Section 26, and comprise the dominant lithology in the lower half of
Section 25 (Plate 1). Near Soudan, the unit is 50-1000 meters thick and can be mapped
along strike (80-110°) for approximately 2.2 kilometers, east to the project boundary
(eastern edge of Section 25, Plate 1, limits of thesis mapping). Pillowed lava flows are in
contact with intrusive rocks along the northern edge of the field area and are fault
bounded by sheared rocks along the southern edge of the field area. Internally the
pillowed lava flows are locally interlayered with thin units comprising felsic volcanic and
volcaniclastic rocks, mafic volcaniclastic rocks, sheared rocks, foliated pillowed lavas,
and dike- and stock-like intrusions of mafic and intermediate composition (Plate 1). All
contacts between pillowed lava flows and adjacent units are sharp. All other contact
relationships that are not reflected in outcrop (Plate 1) were not observed and are
therefore approximated. Outcrops are generally flat, vary in size and shape, and form
relatively shallow slopes and mounds throughout the sequence.

In outcrop, pillows in the Fivemile Lake Sequence are mainly amoeboid- or
mattress-shaped, but oval- or lens-shaped pillows are common (Figure 2.12). Pillow size
ranges from 50-150 cm along strike (horizontal) and are approximately 30-75 cm thick
(vertical). Least altered pillowed lavas are light blue to green and are aphyric to

plagioclase-phyric. In general, pillowed basalt and andesite comprises 30% 1-2 mm
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Foliated lava flows in the Fivemile Lake Sequence near the Soudan Mine are
strongly foliated (80-110°) and altered to a variable quartz + chlorite mineral assemblage.
The more or less east-west trending foliation that is present is consistent with their

genesis during the regional D, deformation event.

Andesite Tuff (unit FMle)

One occurrence of andesite tuff is located in the southwest quarter of Section 25
(Plate 1, Figure 2.11). The true thickness of this unit is approximately 0.1m. Andesite
tuff is bounded up-section by massive andesite lava flows and shows a gradational
contact with lapilli-bearing tuff into lapillistone (FM1h) down-section (Figure 2.11). The
contacts between the two adjacent units are sharp and strike at approximately 270° and
dip 82° north. The lateral continuity of this deposit is restricted to outcrop exposure,
therefore the contact relationships between adjacent units beyond the extents of exposure
(OC-586) are approximated.

In outcrop, andesite tuff is dark green-black with an orange hue, and comprises
well-sorted mud sized (<0.0625 mm) recrystallized grains that are laminated to very
thinly bedded and have no visible grading. Andesite tuff is comprised of approximately
85% mud sized grains and 10-15% 1-2 mm subhedral well disseminated pyrite. Due to
the fine-grain size, modal percentages were difficult to estimate without petrographic
analysis, which was not conducted for this unit. Lithogeochemical analysis was not

conducted for this unit.
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Figure 2.15. Thickly to very thickly bedded lapillistone deposits in the Fivemile Lake
Sequence. Notice weathered scoria lapilli. Hammer head is 15 cm wide for scale. OC-
501.

Basaltic lapillistone deposits have approximately 65% scoria lapilli to block-sized
fragments that are set in a recrystallized fine-medium ash (35%). Individual lapilli and
block fragments are aphyric so modal percentages were difficult to estimate in the field.
Fine- to medium-recrystallized ash is dark blue-green and shows no grading or bedding.
Commonly, lapilli- and block-sized fragments appear to be strongly weathered and show
negative relief. Scoria clast size is highly variable and generally comprises 50% fine-
medium, rounded to subrounded lapilli, 45% coarse, rounded to subrounded lapilli and
5% rounded to subangular block-sized fragments that are locally up to 155 mm. In
general, lapilli- and block-sized fragments contain approximately 15-40% quartz +
chlorite filled amygdules which are locally weathered out. Outcrops commonly exhibit a

strong regional east-west trending D foliation.
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Petrographic analysis on one sample (LE-496) indicates that mafic lapillistone
deposits are highly altered. They are comprised of approximately 40% <lmm well-
dispersed anhedral sericite, 35% <lmm anhedral well-dispersed quartz, 15% <lmm
anhedral crystal spherical aggregates of epidote, 6% 1mm anhedral limonite that locally
occur in 1-2 mm curvilinear foliation planes, 2% <1 mm anhedral well-dispersed Fe-
carbonate, 2% <1 mm well-dispersed subhedral play chlorite crystals and 15% 1-3mm
zoned quartz + chlorite filled amygdules. The amygdules are zoned in such a way that
quartz lines the exterior and chlorite fills the center of the amygdules.

Lapillistone deposits in the Fivemile Lake Sequence near Soudan are laterally
restricted. They comprise matrix- to clast-supported rounded to subrounded fine-lapilli to
block-sized clasts that are thickly- to very thickly bedded, poorly sorted, ungraded, and
have 15-40 % weathered quartz + chlorite amygdules. It is difficult to determine the
origin of these deposits. Modern and ancient scoria cones are laterally restricted, have
steep angles of repose (33°), are reversely graded and commonly contain cow dung and
spindle bombs (Cas and Wright, 1987). Alternatively, scoria flow deposits are
compositionally homogeneous, internally massive and may contain accretionary lapilli
(Cas and Wright, 1987). It is evident that lapillistone deposits in the Fivemile Lake
sequence do not directly fit the criteria of scoria cones and/or scoria flow deposits.
However, according to Cas and Wright (1987) scoria cones and scoria flow deposits are
highly susceptible to weathering and erosion, which may alter their morphology and
inhibit the ability for proper identification. Therefore, it is reasonable to assume that
mafic lapillistone deposits in the Fivemile Lake Sequence may be the weathered or

resedimented equivalent of scoria derived from a scoria cone or scoria flow deposit.
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Analysis of felsic volcanic rocks in the Fivemile Lake area indicates that these
rocks are FII-type (Figure 2.21). Felsic volcanic rocks with FII affinities (e.g. Sturgeon
Lake Caldera Complex VMS) may occasionally host massive sulfide deposits (Lesher et
al., 1986). The geochemical methodology of Lesher et al. (1986) and Hart et al. (2004)
should be used as an exploration tool, and not as a single means to define the potential for
VMS deposits. Therefore, the classification of F-II type granites in the Fivemile Lake

Sequence does not suggest that this volcanic terrain unequivocally hosts VMS.
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Y

Figure 2.21. Zr/Y vs. Y diagram for Fivemile Lake rhyodacite-dacite lava flows near the
Soudan Mine (after Piercey et al., 2001). Felsic rocks plot as FII-type rhyolites (Lesher
et al., 1986; Hart et al., 2004). Concentrations in parts per million.

Rhyodacite-Dacite (unit FM2a)

Rhyodacite-dacite lava flows occur in the southeast quarter-section of Section 25.

Two semi-parallel lava flows are each approximately 10-50 meters thick. Rhyodacite-
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fragments occur as three distinct lithologies: 1) 6% 5-25 mm diameter subangular to
slightly elongated lava which is similar in appearance to the massive lava facies; 2) 2% 5-
70 mm subrounded aphyric pumice that contains 20-30% 1-3 mm quartz and carbonate
amygdules; and 3) 2% 5-25 mm diameter subangular to elongate chert fragments. Larger
block sized accessory fragments appear to be contained with subtle anastomozing flow-
banding.

Petrographic analysis on two samples (LE-288, LE-362) indicates that rhyodacite-
dacite lava flows are comprised of 92% aphyric groundmass and 8% phenocrysts (Figure
2.24). Primary groundmass includes 20-75% <1-1mm anhedral quartz that occurs
interstitially and 5% <1 mm subhedral-euhedral well-dispersed orthoclase crystals.
Secondary groundmass consists of 20% < 1mm subhedral well-dispersed tabular Mg-
chlorite, 5-12% < 1mm anhedral cross-cutting sericite stringers, 5-10% <<1mm anhedral
to subhedral epidote that occurs as well-dispersed spherical aggregates, <1-3% <<lmm
anhedral to subhedral Fe-carbonate that occurs as well-dispersed elongated crystal
masses, 2% <lmm disseminated sub-cubic pyrite crystals, <1% <Imm anhedral well-
dispersed biotite crystals, 5% slightly deformed 1-3 mm subhedral chlorite amygdules
and 1% 1-3mm subhedral Fe-carbonate amygdules. Rhyodacite-dacite lava flows have a
silicified and felty texture.

Rhyodacite-dacite lava flows in the Fivemﬂe Lake Sequence are generally
massive lavas with local occurrences of medium lapilli- to block-sized accessory
fragments. Curvilinear cooling cracks and a high concentration of cross-stratal 1-3 mm
quartz veinlets are also common and give the rocks a fragmental appearance. Slight

deformation of amygdules along with cooling cracks and subtle anastomozing flow-
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Modal mineral percentages were therefore difficult to estimate in the matrix. The
regional D, fabric is present in breccias and lapillistone deposits, and is depicted by light
blue to yellow schistose chlorite-sericite-carbonate alteration forming anastomozing
bands which generally trend northeast-southwest around block and coarse-lapilli clasts.
Anastomozing bands may also have formed from slight remobilization of ash after
deposition. Petrographic data is not available for this unit.

Lapillistone and breccia deposits in the Fivemile Lake Sequence near Soudan are
laterally restricted deposits. They comprise recrystallized coarse-ash supported rounded-
subangular fine-lapilli to block-sized clasts that are poorly bedded, poorly sorted, non-
graded and have 5-10 % anhedral well-rounded, well-dispersed quartz and chlorite
amygdules. Non-welded ignimbrite deposits are compositionally homogenous internally
massive, up to tens of meters thick and may contain gas segregation features (vesicles).
Co-ignimbrite deposits (previously known as “lag-fall” deposits) are defined as coarse,
lithic-rich deposits that consist mainly as pyroclasts that are too large and heavy for the
eruption column to support (Cas and Wright, 1987). The absence of fine grained fall
units (<2 mm) and the lack of discrete bedding was thought to be evidence for rapid
accumulation from a continuous, vigorous eruption column with only minor variations in
eruption intensity (Cas and Wright, 1987). Based on the physical features and textures
present in the lapillistone and breccia deposits in the Fivemile Lake Sequence near
Soudan, I interpret these deposits to be the products of non-welded or co-ignimbrite

eruptions.
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Lapilli-Bearing Tuff Deposits (unit FM2c)

Felsic lapilli-bearing tuff deposits occur in the southeast quarter-section of
Section 26, and the southeast quarter-section of Section 25. Near Soudan, lapilli-bearing
tuff deposits are found up-section from felsic lava flows in the southeast quarter-section
of Section 26. In the eastern part of Section 25, these deposits are adjacent to basaltic
scoriaceous deposits (Plate 1). Lapillistone and breccia deposits are approximately 2.5-4
meters thick. Contacts between all adjacent units strike at approximately 80-95° and dip
at 80-85° to the north. The contacts between all adjacent units were mapped in the field
and are sharp. Outcrops are generally flat, elongated in shape and form gentle
topography.

In outcrop, felsic lapilli-bearing tuff deposits are laterally discontinuous, tan-
brown, laminated to very thinly bedded (1-3 cm), non-graded and are quartz-phyric.
They have sharp lamination and bedding contacts that are slightly curvilinear in nature.
Lapilli-bearing tuff deposits comprise approximately 60-70% massive, aphyric
recrystallized fine-ash matrix; 15-30% well-dispersed, matrix-supported, aphyric,
medium-lapilli sized, sub-rounded to elongated vesicular (<10 %) flattened pumice
fragments; 4 cm diameter, well-dispersed, angular to sub-rounded fine- felsic lava lapilli;
and 10-15% 1-2 mm subhedral well-dispersed quartz crystals (Figure 2.26). Lapilli are
chlorite altered. Gifkins and Allen (2001) suggest that pumice may differentially weather
to phyllosilicates during seafloor alteration, and subsequent deformation may result due
to lithostatic overburden. Lithogeochemical and petrographic data is not available for

this unit.
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facies change (Dimroth et al., 1978). The presence of thin BIF and felsic units suggests
that there were local hiatuses in mafic dominated volcanism in which hydrothermal
activity prevailed.

Based on geologic criteria from Cas and Wright (1987), felsic volcanic and
volcaniclastic rocks resemble what appears to be non-welded or co-ignimbrite deposits
that were preceded by rhyodacite-dacite lava flows and possibly resedimented lapilli-
bearing subaqueous tuff deposits. The presence of these rocks suggests that a break in
andesite volcanism occurred and felsic volcanism was periodically dominant.

The lithogeochemical data for intermediate and felsic volcanic and volcaniclastic
rocks near Soudan are consistent with lithogeochemical data for mafic and felsic volcanic
and volcaniclastic rocks near Fivemile Lake (see discrimination diagrams). Hudak et al.
(2002b) used similar immobile element discrimination diagrams (Winchester and Floyd,
1977, Pearce et al., 1984; Gordan and Schandl, 2000; Harris et al., 1986) to determine
that rocks near Fivemile Lake are also basalt to andesite and rhyodacite-dacite in
composition, and have chemical affinities (calc-alkaline to tholeiitic) similar to basalt-
andesite and granitic rocks found in a syn-collisional volcanic-arc setting. These two
locations clearly belong to the same Archean volcanic package and underwent similar

post depositional physical and chemical changes during their genesis.

Central Basalt Sequence (CB)

The Central Basalt Sequence is a north-facing, steeply dipping (75°-85°), mafic to
intermediate-dominated, bimodal succession of subaqueous volcanic, volcaniclastic,
intrusive, and chemical sedimentary rocks that are locally deformed, texturally well-
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preserved, and moderately to extensively hydrothermally altered. Rock types in the
Central Basalt Sequence include mafic to intermediate pillowed and massive lavas, mafic
volcaniclastic deposits, felsic volcanic and volcaniclastic deposits, and chemical
sedimentary rocks. The volcanic sequence is intruded by syn- and post-volcanic sill-like
intrusions and structurally controlled porphyry dikes. By percentage (>50% mafic rocks
and >3% felsic rocks), the Central Basalt Sequence can be classified as a mafic bimodal
sequence (Barrie and Hannington, 1999). Geographic information systems (GIS)
analysis performed on the study area map indicate that the Central Basalt Sequence
volcanic and volcaniclastic rocks make up approximately 29% (by area) of volcanic strata
in the Soudan Mine study area. The Central Basalt Sequence is located within the Lower
Member of the Ely Greenstone Formation, and sits stratigraphically above the Fivemile

Lake Sequence and stratigraphically below the Upper Sequence (Plate 1).

Mafic to Intermediate Volcanic Rocks in the Central Basalt Sequence

Eleven samples (LE-055, LE-222, LE-225, LE-227, LE-337, LE-402, LE-413,
LE-420, LE-425, LE-437 and LE-451) in the Central Basalt Sequence were
geochemically analyzed. The cores of pillows, the massive facies of massive lava flows
(LE-225), and interpillow hyaloclastite (LE-420, LE-437) were analyzed. Compositional
classification was determined using relatively immobile trace elements Zr, Nb, Y and the
relatively immobile oxides P,Os and TiO, (Winchester and Floyd, 1976; Winchester and
Floyd, 1977, Barrett and Mclean, 1999). Lithogeochemical analysis indicates that lavas
in the Central Basalt Sequence vary from basalt to andesite in composition and have a
transitional to tholeiitic affinity (Figure 2.27-2.30).
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Figure 2.27. Immobile element classifications of mafic to intermediate volcanic rocks in
the Central Basalt Sequence by means of Zr, TiO,, Nb, and Y concentrations (after

Winchester and Floyd, 1977).
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Figure 2.28. The TiO,-Zr/(P,05x10*) diagram (after Winchester and Floyd 1976).

Central Basalt Sequence mafic and intermediate lavas plot as tholeiitic basalts.
Concentration in parts per million.
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Figure 2.29. The P,0s-Zr discrimination diagram for Central Basalt Sequence mafic and
intermediate rocks in the vicinity of the Soudan Mine (after Winchester and Floyd, 1976).
Central Basalt Sequence lavas plot as tholeiitic basalts. Concentrations in parts per

million.
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Figure 2.30. Immobile trace element plot of Zr vs. Y after Barrett and Mclean (1999).
Mafic and intermediate rocks in the Central Basalt Sequence plot in the transitional to
tholeiitic fields for basalts. Trace element concentrations in parts per million.
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The relative enrichment of light rare earth elements (LREE) is depicted on
chondrite normalized and primitive mantle normalized rare earth element spider diagrams
(Figures 2.31 and 2.32). LREE enrichment in samples LE-222, LE-225, LE-227, LE-402
and LE-425 suggests a highly fractionated calc-alkaline trend that is consistent with rocks
that formed in an arc-setting (e.g. negative Nb anomaly). The relatively flat pattern of the
light rare earth elements (LREE) and middle rare earth elements (MREE, Sm-Ho) in
samples LE-055, LE-337, LE-413, LE-420, LE-437 and LE-451 is more suggestive of
magma generation from an upper mantle REE and MREE depleted source.

Tectonic diagrams (Winchester and Floyd, 1976; Pearce and Gale, 1977) suggest
that the rocks are similar in affinity to plate-margin to within-plate, island-arc basalts
(Figures 2.33-2.35). Conversely, the tectonic diagram after Pearce and Cann (1973)
suggests that pillowed lavas plot as island-arc tholeiites and within-plate basalts, and

massive lavas plot as calc-alkaline basalts (Figure 2.35).
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Figure 2.31. Rock vs. chondrite rare earth element spider diagram (after Sun and
McDonough, 1989) for mafic and intermediate volcanic rocks in the Central Basalt

Sequence.
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Figure 2.34. The Zr/Y vs. TV/Y plot (after Pearce and Gale, 1977) for mafic and
intermediate lavas in the Central Basalt Sequence.
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Figure 2.35. The Ti-Zr-Y discrimination diagram for basalts (after Pearce and Cann,
1973). A is the field of island-arc tholeiites, B is the field of MORB, C the field of calc-
alkali basalts and D is the field of within-plate basalts (Rollinson, 1993). Central Basalt
Sequence lavas plot mostly in the island-arc tholeiites and within-plate basalt fields.
Concentrations in parts per million.
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Massive Andesite (unit CBla)

Massive andesite lavas in the Soudan Mine area occur in the southeast quarter-
section of Section 23, northeast quarter-section of Section 26, and northwest quarter-
section of Section 25. Massive lavas are approximately 12-250 m thick with individual
flow units ranging from 1-10 meters thick. They can be mapped along strike (~75-85°)
for approximately 370-700 m. Sharp contacts with adjacent units (CB1b, CB1i, US4a,
QFSD, FPDD) were observed in the field, and contacts with other units (CB2b, US2b,
DbU, Gb) were not observed and are therefore inferred (Plate 1). Outcrops vary
considerably in size and shape and generally form large areas of relatively steep hilly
terrain (Plate 1).

In outcrop, massive lava flows appear green-gray-blue in color, and are fine-
grained (Figure 2.36). Locally, massive lava flows are interbedded with thin 1-2 m
pillowed flow units. Massive lavas are dominantly aphyric. Primary groundmass is
massive and mineral percentages were not estimated due to the rocks’ fine-grained
nature. Secondary minerals include <5% to locally 15% well-disseminated pyrite with
local occurrences (<5%) of chalcopyrite. A general pervasive alteration comprising <1-2
mm epidote (20-35%) appears to give the rock its blue-gray appearance. Local
concentrations of patchy Fe-oxide, Fe-chlorite, sericite, epidote + quartz, garnet,
magnetite, and cross-stratal 1-4 cm quartz + epidote veins are highly variable in both
distribution and concentration and will be discussed more thoroughly in Chapter 3. Well
rounded, well-dispersed epidote + quartz + chlorite filled amygdules (5-10%, 1-5Smm),
and 1-6 cm cross-stratal garnet filled pipe vesicles (<1%, 1-8 mm long) are common

locally.
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Five samples were analyzed via petrographic analysis (LE-002, LE-003, LE-154,
LE-225, and LE-333). Petrographic analysis indicates that massive lava flows in the
Central Basalt Sequence are dominantly aphyric. 35% primary, well-dispersed subhedral
plagioclase (albite) is present. Secondary minerals include: 5-60% epidote that occurs as
<1-1mm anhedral well-dispersed semi-opaque spherical aggregates, and as <1 mm
anhedral crystals, with local occurrences of up to Smm well-dispersed subhedral crystals;
2-55% <lmm anhedral to subhedral well-dispersed platy sericite, which also occurs as 1-

2mm wide and 1-4 mm long cross-cutting stringers; 20-40% <1-1.5mm

Figure 2.36. Common field appearance of massive basalt and andesite in the Central
Basalt Sequence. Notice cross-stratal quartz veins and patchy oxide staining. Hammer is
68 cm long for scale. Outcrop 001.

anhedral to subhedral well-dispersed Mg-chlorite, which also occurs as cross-cutting
stringers; 5-35% <lmm anhedral recrystallized quartz, which commonly occurs as well-
dispersed groundmass; up to 25% <1mm well-dispersed but locally concentrated Fe-

chlorite crystals; 2-25% <1-2mm anhedral to subhedral well-dispersed and locally

concentrated Fe-carbonate crystals and crystal aggregates; 5-12% <1-2mm anhedral to
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subhedral well-dispersed actinolite lathes; up to 5% <lmm subhedral to euhedral well-
dispersed zoisite crystals; <1-5% well-dispersed <1-2mm subhedral-euhedral sub-cubic
opaque minerals, probably pyrite; and 3% <lmm anhedral stilpnomelane which locally
occurs in small veins and fractures. Well rounded quartz + chlorite amygdules (2-5%, 4-
Smm) and 1-4 mm oxide and sulfide concentrations (<5%) were also observed in thin
section. In general, massive lava flows have a massive felty texture.

Ballard et al. (1979) suggests that sheet flows are analogous to modern subaerial
unchannelled pahoehoe flows that erupted at high discharge rates. Therefore, extensive
changes in the discharge rates of lava during the eruptions of the Central Basalt

Sequence, may account for the alternating massive to pillowed lava flows.

Pillowed Basalt (unit CB1b)

Pillowed lava flows in the Central Basalt Sequence occur in the southeast quarter-
section of Section 23, southern half of Section 24, northern half of Section 25 and
northern half of Section 26. The unit ranges in thickness from approximately 250 m on
the western contact (Section 26/27 boundary, where it is deformed by the Soudan
anticline), to 17.00 m near the eastern mapping limit (see thesis limits of mapping, Plate
1). It can be mapped to the east, along strike (~75°-85°) for approximately 2.1 km. East
of the project boundary, the sequence continues to thicken before it is truncated by the
Giants Range Batholith (see Sims and Southwick, 1985). Adjacent units at the base of
pillowed flows include sharp contacts with a diabase sill (DbSM) and fault bounded
contacts with chlorite dominant schist (5e) that were not observed in the field and are
therefore approximated. Within the Central Basalt Sequence, pillowed lavas form sharp
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contacts with massive lava flows (CB1a), foliated lava flows (CB11), intermediate dike
rocks (QFSD), and have inferred contacts with stock-like diorite (D) and sill-like diabase
(DbU) intrusions. At the top of the Central Basalt Sequence, pillowed lava flows are in
sharp contact with oxide facies banded iron formation (US4a) and have inferred contact
relationships with felsic breccia and lapillistone deposits (US2b) and a gabbro sill-like
intrusion (Gb). Pillowed outcrops are highly variable in size and shape and form a
variety of landscapes throughout the field area.

In outcrop, pillows in the Central Basalt Sequence consistently strike 80°-100°.
They are mainly ovoid in shape with some amoeboid shaped pillows occurring locally.
Pillows generally range in size from approximately 8-75 centimeters along strike
(horizontal), approximately 7-40 centimeters thick (vertical), and are relatively small
when compared to pillows of the Fivemile Lake Sequence. Least altered pillowed lavas
are variable greens to gray-black in color, are aphyric to plagioclase-phyric and have 1-2
cm orange-brown pillow selvages (Figure 2.37).

In general, pillowed basalt and andesite comprises 15-20% primary 1-2 mm
subhedral to euhedral randomly oriented plagioclase microlites, and 80-85% groundmass.
Plagioclase microlites give the rock a felty texture. Due to the fine-grained nature of the
groundmass, modal percentages were not estimated in the field. In general, individual
pillows are contained within 1-10 cm thick, iron stained zones of well-preserved
interpillow hyaloclastite (Figure 2.37). Interpillow hyaloclastite contains approximately
10-20% <1-4mm light gray to black, matrix-supported, angular to subangular
recrystallized glass shards with up to 80% <1 mm matrix, consisting of variable amount
of epidote, Fe-oxide, chlorite, actinolite, sericite, and carbonate and locally 1-5% <1-2
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mm subhedral-euhedral finely disseminated pyrite. The matrix within the interpillow
hyaloclastite is typically dark blue to orange and aphyric so accurate modal percentages
for individual minerals are difficult to estimate. In the field, pillow cores contain
approximately 2-3% 1-2 mm well-rounded to oval and lens-shaped, well-dispersed
epidote + quartz + chlorite amygdules. Pillow margins contain 4-7% 1-5 mm well-

rounded to deformed epidote + quartz + chlorite amygdules.

Figure 2.37. Typical field appearance of pillowed lavas in the Central Basalt Sequence.
Notice the lack of vesicles and brown/orange rusty selvages characteristic of this
sequence. Hammer is 68 cm long for scale (after Peterson and Patelke, 2003).

Evidence for flow direction by analysis of reentrant selvage orientation or pillow
budding direction was not possible due an absence of these features. Like the Fivemile

Lake Sequence lavas, Central Basalt Sequence basalts appear to have a flow propagation

that is more or less parallel to the dip direction.
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Two samples (LE-420, LE-437) of interpillow hyaloclastite were analyzed via
petrographic analysis. These data suggests that interpillow material is composed of up to
20% devitrified glass shards and 80% groundmass. Glass shards are altered to: 60%
<lmm-1mm anhedral to subhedral crystal aggregates of sericite, 1-30% <<lmm anhedral
to euhedral 1-2 mm crystal aggregates of epidote that commonly alter the rims of glass
shards, 12-30% <<1-<Imm anhedral to euhedral actinolite laths that commonly reside in
the interiors of glass shards, 8-20% <1-3mm subhedral to euhedral Fe-carbonate crystals
that commonly alter glass and reside in between glass shards, 2-5% <lmm anhedral to
subhedral Fe-chlorite crystals that commonly reside in the centers of glass shards and
appear to be intimately associated with actinolite lathes, 5% <lmm anhedral
recrystallized quartz, 2% <Imm subhedral local clinozoisite crystals, and 1% ~1-1.5 mm
subhedral sub-cubic pyrite crystals. 1-3 mm sigmoidal carbonate + actinolite + sericite

veins are common locally.

Mafic Tuff Deposit (unit CBle)

One occurrence of mafic tuff exists in the northwest quarter-section of Section 25.
The true thickness is approximately 3 m. The unit can be mapped along strike for 40
meters before pinching out laterally. Mafic tuff is bounded up-section by massive lava
flows (CB1a) at the top and by pillowed lava flows down-section (CB1b). The contacts
between the two adjacent units are sharp and strike at approximately 65°.

In outcrop, mafic tuff is deep green to blue and comprises well-sorted

recrystallized ash that is non-bedded, has no visible grading, and appears to be relatively
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massive. Due to the fine nature of the grain size, modal percentages were difficult to
estimate without petrographic analysis, which was not conducted for this unit.

The deposit is interpreted to be the reworked equivalent of very fine-grained
hyaloclastite or tuff. The contact relationship between the adjacent units suggests that the
mafic tuff deposit formed conformably. Lithogeochemical analysis was not conducted

for this unit.

Foliated Basalt (unit CB11)

Foliated basalt lavas are located in the northeast quarter-section of Section 26
(Plate 1). The unit is approximately 11 m thick. The deposit has a sharp up-section
contact with mafic pillowed lavas. At the stratigraphic base, the contact was not
observed so the unit thickness is approximated. The strike length of the deposit is limited
to outcrop exposure; therefore, the strike length of this deposit was approximated beyond
exposure.

In outcrop, foliated mafic and intermediate lavas are transitional between
pillowed basalt and andesite lavas (unit CB1b) and chlorite schist (unit Se). Due to their
moderate shear deformation, foliated lavas are classified as a separate map unit. Foliated
lavas are dark green-black, fine-grained and aphyric so exact modal percentages are
difficult to estimate in the field. Metamorphic foliation within pillows and along pillow
margins consistently trend between 102-108°, and is defined by the parallel alignment of
fine-grained (<1 mm) chlorite that forms 1-6 mm well-dispersed sub-rounded crystal
aggregates. Approximately 10% 1-3 mm flattened chlorite + quartz amygdules are
common and are elongated sub-parallel to the regional foliation. Pillow selvages and
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interpillow hyaloclastite do not retain their primary textures. They appear to be
moderately attenuated along foliation and are altered to a light blue, very fine-grained
chlorite + quartz assemblage. Well-foliated lavas in the Fivemile Lake Sequence are
most commonly found either proximal to or bounded by, the two major east-west
trending shear zones (Plate 1). However, foliated lavas in the Central Basalt Sequence
appear to be isolated in nature. Lithogeochemical and petrographic analysis was not
completed for this rock unit.

Foliated lava flows in the Central Basalt Sequence near the Soudan Mine are
strongly foliated (102-108°) and altered to a variable chlorite + quartz mineral
assemblage. The more or less east-west-trending foliation contained in the foliated lavas

is consistent with their genesis during the regional D; deformation event.

Felsic Voler—*c and Volcaniclastic Rocks in the Central Basalt Seq—~-nce

In the Central Basalt Sequence, felsic rocks are located in the southeastern corner
of Section 23 and are found in only three small outcrops (Plate 1). Two distinct
lithologies occur: 1) rhyolite lava flows (unit CB2a); and 2) felsic lapillistone deposits
(unit CB2b).

Two samples (CBD2, CBD3) from the massive and spher-'‘tic facies of unit
CB2a were collected and lithogeochemically analyzed. Compositional classification of
the felsic rocks in the Central Basalt Sequence was determined using relatively immobile
trace element and oxide ratios (Zr, TiO;, Nb, Y, Rb) (Winchester and Floyd, 1977,

Pearce et al.,, 1984). Felsic rock units in the Central Basalt Sequence are rhyolite in
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composition and have chemical affinities consistent with volcanic-arc and within-plate
generated granites (Figures 2.39 and 2.40).

A relative enrichment of light rare earth elements (LREE), middle rare earth
elements (MREE) and heavy rare earth elements (HREE) is depicted by chondrite
normalized and primitive mantle normalized rare earth element spider diagrams (Figure
2.41 and 2.42). These data suggest that rhyolite lava flows have been enriched in REE
element concentrations when compared to mafic and intermediate volcanic rocks in the
Central Basalt Sequence. Crystal fractionation in magma chambers, which enriches the
existing liquid phases in the more incompatible elements (LREE), is consistent with

genesis of rhyolite magmas (Winter, 2001).
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Figure 2.39. Immobile element classification of felsic volcanic rocks in the Central
Basalt Sequence near the Soudan Mine (after Winchester and Floyd, 1977).
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Figure 2.40. The Rb-(Y + Nb) discrimination diagram for granites (after Pearce et al.,
1984). Central Basalt Sequence felsic rocks plot as within-plate granites. Concentrations
in parts per million.
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Figure 2.41. Rock vs. chondrite rare earth element spider diagram (after Sun and
McDonough, 1989) for rhyolite lava flows in the Central Basalt Sequence. Notice the
enrichment of the LREE, MREE and HREE.
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Figure 2.42. Rock vs. primitive mantle rare earth element spider diagram (after Sun and
McDonough, 1989) for rhyolite lava flows in the Central Basalt Sequence. Notice the
enrichment of the LREE, MREE and HREE when compared to mafic volcanic rocks in
the Central Basalt Sequence.

Lithogeochemical analysis of felsic volcanic rocks in the Central Basalt Sequence
indicates that these rocks are most similar to Fllla-type rhyolites (Figure 2.38). However,
La/Yb, values for CBD2 (La/Yb, = 1.82) and CBD3 (La/Yb, = 1.1) suggests that the
lavas are FIlla- and FIIIb-type rhyolites respectively. In either case, rhyolites of this
composition have been shown to have good prospectivity for hosting VMS deposits

(Lesher et al., 1986; Hart et al., 2004). This method used alone, however, is not a

definitive method to classify whether or not VMS deposits exist in the Central Basalt

Sequence.
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Figure 2.43. Zr/Y vs. Y diagram for Central Basalt Sequence felsic volcanic rocks near
the Soudan Mine (after Piercey et al., 2001). Felsic rocks plot as Fllla-type rhyolites.
Concentrations in parts per million.

Rhyolite (unit CB2a)

Rhyolite lavas occur in the southeastern corner of Section 23. They can be
mapped along strike for approximately 72 m. Basal contacts were mapped in the field;
however overlying contacts were not observed. The unit thickness has been
approximated to be 35 m thick. Rhyolite lavas are in contact with felsic lapillistone
deposits (CB2b) in outcrop. Other adjacent units include massive and pillowed basalt
flows (CB1a, CB1b) and compositionally intermediate cross-stratal dikes (QFSD).
Contact relationships with these units were not observed in the field, and therefore
contacts have been approximated. Outcrops are small, subrounded and form flat to

moderately sloping topography.
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In outcrop, rhyolites are yellow-tan-green in color, aphyric to plagioclase-phyric,
and locally spherulitic. Groundmass comprises 98% of the rock and phenocrysts
comprise 2%. Due to the fine-grained nature of the groundmass, it is difficult to estimate
modal percentages in outcrop. However, locally dark yellow mottled 1- 3 cm wide
subrounded patchy alteration zones are rich in quartz and sericite. Plagioclase
phenocrysts are <1-1 mm, subhedral to euhedral, and well-dispersed. Locally, <I-2 mm
spherulites are present and comprise 25-50% of the rock. Where spherulites are present,
alteration intensity differs from massive lava flows. Spherulitic rhyolites have 1-5 cm
subrounded zones of patchy chlorite + Fe-oxide (hematite). 1-2 mm subrounded quartz +
chlorite amygdules (1-3%) are present locally. Near the base and within the central part
of rhyolite lava flows, they locally contain < 1% 1-15 cm, subangular, spherical to
elongated, medium- to coarse-lapilli to block sized massive rhyolite lava accessory
fragments (Figure 2.44). Accessory fragments occur in both the massive and spherulitic
facies.

Petrographic analysis on three samples (CBD2, CBD3, CBD3-2) indicates that
rhyolite lavas are composed of 1% primary phenocrysts, 10% primary groundmass and
89% secondary groundmass (Figure 2.45). Primary phenocrysts comprise 1% <1-1mm
subhedral to euhedral well-dispersed plagioclase crystals. Primary groundmass
comprises 10% < 1-1mm anhedral well-dispersed orthoclase crystals. Secondary
groundmass includes 20-60% anhedral to subhedral sericite that occurs as <lmm well-
dispersed crystals and 1-3mm long and < Imm wide stringers; 15-60% <1-1mm well-
dispersed anhedral quartz crystals; locally 30% <1-1mm anhedral hematite, that locally
occurs as patchy 1-3 mm zones and pervasively and partially alters spherulites; 8-15%
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occurs as <1-2 mm well-dispersed angular grains; 5% <lmm well-disseminated platy Fe-
chlorite crystals; and <1% <Imm well-dispersed anhedral Fe-carbonate blebs.

Felsic lapillistone deposits in the Central Basalt Sequence are dominantly matrix-
supported fine- to coarse-lapilli deposits that are spatially closely associated with rhyolite
lava flows. Due to the intense recrystallization of the matrix, it is difficult to tell how the
matrix is genetically related to the lapilli fragments. Cas and Wright (1987) have
described some silicic hyaloclastite as unstratified, loose glassy sand-sized fragments
containing angular lava lapilli and block fragments, of which some fragments are
vesicular. These fragments may be associated with autobrecciation of the quenched
surface of lava flows. Due to the close proximity of rhyolite lavas, and the physical
similarities of felsic hyaloclastite described by Cas and Wright (1987), I interpret the
felsic lapillistone deposits in the Central Basalt Sequence as the lateral brecciated facies

of rhyolite lava flows (CB2a).

Chemical Sedimentary Rocks in the Central Basalt Sequence

Banded Iron Formation (urnit CB4a)

Banded iron formation (BIF) in the Central Basalt Sequence occurs in the
southeast corner of Section 23, the northeast corner of Section 26 and the northwest
quarter-section of Section 25 (Plate 1). BIF is <3 m to 40 meters thick, the strike length
of these deposits ranges from 40-320m. BIF is bounded by massive andesite and
pillowed basalt lava flows (CB1a, CB1b) and locally forms a sharp contact with
intermediate intrusive rocks (QFSD) in the southeast corner of Section 23. Unit contacts
between the bounding lava flows were not observed in the field, and therefore unit
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thicknesses were approximated. Outcrops are rounded and typically correlate with areas
defined by greater topography.

In outcrop, banded iron formation is composed of alternated gray magnetite and
red jasper chert laminae. Bedding is highly convoluted and ranges from very thinly
bedded to thinly bedded. Bedding convolution is interpreted to be the result of soft
sediment deformation (Lundy, 1985). Lithogeochemical and petrographic data are not

available for this rock unit.

Interpretation of the Central Basalt Sequence

Based on field mapping, petrographic analysis, and lithogeochemical data, the
Central Basalt Sequence is interpreted to represent a suite of mafic to intermediate lava
flows that formed in a volcanic-arc to within-plate setting. These rocks were subject to
synvolcanic, seawater dominated hydrothermal alteration soon or immediately after
deposition. Subsequent structural deformation during the regional D, deformation event
locally resulted in well developed east-west trending rock foliation. With differences in
chemical affinity, and the presence of major shear zones and intrusive rocks over unit
contacts, it is difficult to determine whether or not the Central Basalt Sequence is
conformable with the Fivemile Lake Sequence.

The Central Basalt Sequence appears to represent the upper stratigraphy of a large
mafic dominated shield volcano complex that formed in a syn-collisional volcanic-arc to
within-plate setting. The Central Basalt Sequence comprises massive and pillowed basalt
and andesite flows that are locally interbedded with banded iron formation. There are
four transitions from pillowed to massive flows. Massive lava flows in the Central Basalt
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Sequence are much more substantial than massive lava flows in the Fivemile Lake
Sequence. This might suggest long lived volcanism with increased discharge rates (Cas
and Wright, 1987).

Massive and locally spherulitic rhyolite lava flows are flanked by felsic
lapillistone deposits. The physical characteristics of felsic lapillistone deposits correlate
well with Cas and Wrights (1987) description of autobreccia associated hyaloclastite.
Therefore, these deposits are believed to form the lateral breccia facies of rhyolite flows.
The presence of felsic lavas, suggests there was a break in mafic volcanism, and that
felsic volcanism was periodically dominant.

The lithogeochemical data for mafic and felsic volcanic rocks in the Central
Basalt Sequence suggests that these rocks are more variable chemically and more
transitional in nature than the dominantly calc-alkaline Fivemile Lake Sequence.
Therefore, it appears that the Central Basalt Sequence was formed during a different
stage of arc-volcanism. Spider diagrams and REE discrimination diagrams show a wide
distribution that includes island-arc tholeiites, within-plate basalts, and calc-alkaline
basalts. This distribution may suggest that the Central Basalt Sequence began forming in
an island-arc environment and then progressed into a post-collisonal within-plate
environment. The advent of within-plate (ocean island) volcanism coeval with volcanic-
arc volcanism is unclear but may represent the onset of volcanism in an extensional
regime within the volcanic arc. The relationships between these environments, their
geochemical attributes and their volcanological significance will be discussed more

thoroughly in Chapter 5.

92




Upper Sequence (US)

The Upper Sequence is a north-northwest facing and steeply dipping (75°-85°),
well preserved but locally deformed, suite of felsic and c]  aical sedimentary rocks that
are well exposed throughout the field area. This sequence forms the transition between
the Lower Ely Greenstone and the Gafvert Lake Sequence (Plate 1). Rock types in the
Upper Sequence include felsic lapillistone and breccia deposits, felsic tuff deposits, and
chemical sediments (banded iron formation) formally known as the Soudan Member of
the Ely Greenstone (Plate 1). In the field, a gradational contact over several tens to
hundreds of meters occurs between the underlying Lower Member and the overlying
Soudan Member. Hudak (pers comm., 2006) has also observed a gradational contact
between these two units in the vicinity of Sixmile Lake, ~5 km to the east of the study
area. Throughout the Vermilion District the contact between the Lower and Soudan
Member can be geophysically traced to the east until it is truncated by the Giants Range
Batholith (Sims and Southwick, 1985; Peterson and Patelke, 2003). GIS analysis
performed on the study area map indicates that Upper Sequence rocks make up

approximately 30% (by area) of volcanic strata in the Soudan Mine study area.

Felsic Volcaniclastic Rocks in the Upper Sequence

Felsic volcaniclastic rocks occur in the northwest quarter-section of Section 26
and east-central portion of Section 27 (Plate 1). Two distinct lithologies occur 1) felsic

lapillistone and breccia deposits (unit US2b); and 2) felsic tuff deposits (unit US2c).
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Felsic Lapillistone and Breccia Deposits (unit US2b)

Felsic lapillistone and breccia deposits occur in the northwest quarter-section of
Section 26 and east-central portion of Section 27. They can be mapped along strike
(~260°) for approximately 1500 m. Felsic lapillistone and breccia deposits are
approximately 90-125 m thick. In the east-central portion of Section 27, they are
deformed so true thickness is difficult to estimate. Felsic lapillistone and breccia deposits
display a sharp contact between chlorite schist (5¢) and intrusive diabase (DbSS).
Contacts between other adjacent units (CBla, CB1b, US2c, US4a, 5,4, Gb) where not
observed in outcrop and are therefore approximated. Outcrops are generally rounded to
elongate and form gentle to steep terrain. Lithogeochemical analysis was not conducted
for this unit.

In outcrop, felsic lapillistone and breccia deposits are monolithic, tan-white-gray
in color, thinly to medium bedded or locally massive, poorly sorted and dominantly clast
supported (Figure 2.47). Lapillistone and breccia deposits comprise approximately 66%
white-tan subrounded to subangular fine- to block sized rhyolite lava fragments set in
34% tan to gray recrystallized medium- to very coarse-ash matrix. Fragments comprise
60% 2-4 mm subrounded to subangular well-dispersed fine- rhyolite lava lapilli, 5% 10-
40 mm subrounded to subangular well-dispersed medium- to coarse- rhyolite lava lapilli
and 1% 7-8 cm subangular well-dispersed rhyolite lava blocks. Due to the aphyric nature
of the rhyolite lava lapilli, modal percentages were difficult to estimate. The matrix
comprises: 25% < 1mm recrystallized fine-ash (of which modal mineral percentages were
not estimated), 5% 0.5-1mm well-dispersed angular recrystallized rhyolite lava
fragments, 2% 0.5-1mm well-dispersed angular plagioclase grains and 2% 0.5-1mm well-
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Felsic lapillistone and breccia deposits are monolithic, medium bedded but locally
massive, poorly sorted and dominantly clast supported. Cas and Wright (1987) describe
epiclastic redeposition deposits as compositionally homogenous to heterogeneous;
disorganized to graded units with thicknesses up to hundreds of meters. Based on these
criteria, the lapillistone and breccia deposits in the Upper Sequence may represent

epiclastic deposits.

Felsic Tuff Deposits (unit US2¢)

Felsic tuff deposits are located in the east-central portion of Section 27. The unit
ranges in thickness from 35 to 100m; howeyver, these thicknesses do not represent the true
unit thickness because of post-depositional deformation (Plate 1). Contacts between
adjacent units (DbSS, US2b, US4a, 5,4, 5¢) were not observed in the field and are
therefore inferred. Outcrops are generally rounded and are located in relatively moderate
to flat terrain.

In outcrop, felsic tuff is light tan-orange, laminated to very thinly bedded, non-
graded and quartz- and plagioclase-phyric. Bedding is well defined and bedding contacts
are slightly curvilinear (Figure 2.49). Felsic tuff deposits comprise approximately 98%
matrix and 2% phenocrysts. Matrix is composed of 98% recrystallized fine- to medium-
ash. Modal percentages were not estimated in the field due to the fine-grained nature of
the matrix. Phenocrysts comprise 1% 1-2 mm angular to subrounded well-dispersed
quartz grains and 1% 1-2mm angular to subrounded well-dispersed plagioclase grains.
Locally, < 1% 1- 4 mm subrounded to subangular matrix supported aphyric fine- rhyolite
lava lapilli are present. Yellow to tan patchy sericite alteration (1-4 cm in diameter) is
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common. 1 -3 cm domains of recrystallized fine-grained tuff with lapilli sized fragments
are separated by a sericite-chlorite foliation, which in this location is sub-parallel to

bedding.

Figure 2.49. Typical outcrop appearance of felsic tuff deposits. Notice the rhyolite lava
lapilli and angular plagioclase grains. Patchy sericite alteration and sericite + chlorite
rich foliation is common. Paper is 5 cm wide for scale. Outcrop 009.

Petrographic analysis on three samples (LE-245, LE-246, LE-409) indicates that
felsic tuff deposits are comprised of 98% matrix and 2% phenocrysts (Figure 2.50). The
entire matrix is interpreted to be comprised of secondary minerals including 15-75% <
Imm anhedral platy sericite crystals (which also occurs in < 1-3 mm curvilinear foliation
planes), 25-70% < 1-1mm anhedral recrystallized quartz, 10% < 1mm anhedral Fe-
chlorite aggregates (which also occurs in 1-2 mm foliation planes), 2% 1mm anhedral
well disseminated epidote that occurs as crystal aggregates, <1% < Imm anhedral
stilpnomelane crystals (which occurs mostly as staining in foliation planes), < 1% < lmm

interstitial Mg-chlorite (which also lines the rims of amygdules and <1% < 1mm anhedral

to subhedral well-dispersed crystals). Phenocrysts are composed of 2% 1- 2mm angular
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The formally named Soudan Member of the Ely Greenstone crops out in the
central portion of Section 27 and can be mapped east-northeast along strike for
approximately 2,300 meters through the northwest quarter-section of Section 26 and into
the east-central portion of Section 23 (Plate 1). Near Soudan this unit is approximately
500-600 meters thick and can be geophysically traced throughout the Vermilion District
as a marker bed that defines the Tower-Soudan anticline. Sharp contacts between
adjacent units (CB1la, DbSS) were mapped in the field. Contacts with all other units
(US2b, US2c, 5,4, GL2b and QFSD) were not observed in the field and were therefore
inferred. The Soudan Iron Formation has the largest and most prolific outcrops mapped
in the field area. Outcrops typically are large, and have steep margins up to 3-10m in
height. Glacial erratics are common, and glacial striations can be found on almost every
smoothly polished outcrop surface.

In outcrop, the Soudan Iron Formation is a grey-red-black-white, laminated to
thinly bedded oxide facies BIF composed dominantly of interbedded jasper and hematite
(Figure 2.51) with lesser amounts of magnetite and chert. Bedding is commonly highly
convoluted and may locally be disrupted by meter scale breccia zones that are healed by
1-3 mm wide cross-stratal quartz and carbonate veins. In the lowermost half of the
Soudan BIF, individual laminations and beds vary in thickness from <1-2 cm.
Laminations and beds are more commonly composed of alternating red jasper and steel-
gray hematite with lesser amounts of magnetite. In the upper half of the Soudan BIF,
laminations are absent and individual beds range from 1-4 cm thick. Beds are more
commonly composed of interbedded red jasper and hematite with local occurrences of
alternating white and black chert interbedded with black magnetite.
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Figure 2.53. Immobile element classification of felsic volcanic lapillistone and breccia
deposits in the Gafvert Lake Sequence (after Winchester and Floyd, 1977). Matrix +
breccia material plots as rhyodacite/dacite to trachyandesite in composition.
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Figure 2.54. The Rb-(Y + Nb) discrimination diagram for granites (after Pearce et al.,
1984). Gafvert Lake lapillistone and breccia deposits plot as volcanic-arc generated
granites. Concentrations in parts per million.
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A relative enrichment of light rare earth elements (LREE) and the depletion of
heavy rare earths (HREE) is depicted by chondrite normalized and primitive mantle
normalized rare earth element spider diagrams (Figures 2.55 and 2.56) These data
suggest that rhyodacite/dacite to trachyandesite volcaniclastic rocks in the Gafvert Lake
Sequence have a protolith that has a fractionated calc-alkaline affinity and is consistent

with rocks that formed in a volcanic-arc setting (e.g. negative Nb anomaly).
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Figure 2.55. Rock vs. chondrite rare earth element spider diagram (after Sun and
McDonough, 1989) for rhyodacite/dacite and trachyandesite volcaniclastic rocks in the
Gafvert Lake Sequence. Notice the enrichment of the LREE versus relative depletion of
the heavy rare earth (HREE) which is indicative of a highly fractionated calc-alkaline
affinity.
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Figure 2.56. Rock vs. primitive mantle normalized rare earth element spider diagram
(after Sun and McDonough, 1989) for rhyodacite/dacite and trachyandesite volcaniclastic
rocks in the Gafvert Lake Sequence. Notice the negative Nb anomaly that is typically
associated with rocks that form in a volcanic-arc setting.

Lithogeochemical analysis indicates that felsic volcaniclastic protoliths in the
Gafvert Lake Sequence near the Soudan Mine classify as FI-type rhyolites (Figure 2.57).
Geochemical data from Heiling (2003) indicates that volcanic and volcaniclastic
protoliths in the Gafvert Lake Sequence are FI- and FII-type rhyolites. Both Lesher et al.
(1986) and Hart et al. (2004) suggest that rhyolites of these compositions generally have

low prospectivity for hosting VMS deposits.
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Figure 2.57. Zr/Y vs. Y diagram for felsic volcanic and volcaniclastic rocks in the
Gafvert Lake Sequence (after Piercey et al., 2001). Felsic rocks plot as FI- and FII-type
rhyolites. Concentrations in parts per million.

Rhyodacite/Dacite to Trachyandesite Lapillistone and Breccia Deposits (unit GL2b)

Felsic lapillistone and breccia deposits occur in the lower half of Section 23.
These deposits can be mapped along strike for approximately 450 m. Unit thickness has
been approximated to be 150-360 m; however, unit thickness was difficult to estimate
because of a lack of outcrop exposure, and because the upper contact was beyond the
mapping limits for this thesis (Plate 1). The overlying adjacent unit is US2e (Felsic Tuff;
Peterson and Patelke, 2003), which was not mapped in the field for this thesis.
Therefore, the upper contact between felsic lapillistone and breccia deposits and felsic
tuff deposits was inferred. At the base, unit GL2b is in contact with the Soudan Member
of the Ely Greenstone; this contact was not observed in the field, but was inferred within
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flow redeposition deposits typically have compositionally heterogeneous angular to
subrounded clasts which may be disorganized and may contain tractional structures at
their base. The occurrence of 4 mm - 4 cm grey-black angular chert fragments and 10-40
cm block sized angular to subrounded BIF rip-up clasts may have resulted from scouring
of the lithified Soudan Member by the deposition of the Gafvert Lake Sequence.
Therefore, the rocks in the Gafvert Lake Sequence are interpreted to be associated with a
mass flow redepositional event that occurred after lithification of the Soudan Member of
the Ely Greenstone. This may have occurred a significant period of time after the Soudan
BIF was deposited; therefore, it is unclear if the contact between the Soudan BIF and the

overlying Gafvert Lake Sequence is a disconformity.

Intrusive Rocks (Xy or XXXX)

Intrusive rocks in the Soudan Mine area are interpreted to be syn-volcanic with
respect to the Ely Greenstone Formation based on the following criteria: 1) the
occurrence of structural fabric, which would imply pre-D,; emplacement; 2) the
occurrence of hydrothermal alteration associated with syn-volcanic seafloor
metamorphism; 3) cross-stratal relationships; and 4) lithogeochemical comparisons to
volcanic rocks. These criteria were evaluated in the field and by subsequent petrographic
and lithogeochemical analysis.

Intrusive rocks occur along major sequence contacts, within sequences, or as 1-4
m wide east-west-trending sills and northwest-northeast-trending dikes. Intrusive rocks
in the field area include: 1) compositionally mafic to intermediate dikes (units FPDD,
DbU) located in the Fivemile Lake Sequence; 2) intermediate dikes (FPDD, QFSD) in
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the Central Basalt Sequence; 3) small sills (units DbU, Gb, D) in both the Central Basalt
Sequence and Fivemile Lake Sequence; 4) a large massive sill that intrudes the Fivemile
Lake and Central Basalt Sequence contact (unit DbSM), informally named the Sugar Mt.
Sill; and 5) a large sill that intrudes the Soudan Member and is laterally extensive
throughout the western Vermilion District (unit DbSS), informally named the Soudan
Sill. Geographic Information Systems (GIS) analysis indicates that intrusive rocks make

up approximately 14% of the field area.

Mafic Intrusive Rocks

Nine samples of mafic intrusive diabase were analyzed in the field area. Four
samples were analyzed from the informally named Sugar Mountain Sill (LE-050, LE-
086, LE-141, LE-360), three samples were analyzed from the informally named Soudan
Sill (LE-180, LE-254, LE-431) and two samples of undifferentiated diabase (LE-063,
LE-259) were analyzed. Generally, classification of intrusive rocks can be done based on
primary mineralogy (Streckenstein, 1976) or primary chemistry (Cox et al., 1979;
LeMaitre, 1984). However, due to alteration and metamorphism, classification for
intrusive rocks is based on immobile trace elements. Compositional classifications for
mafic intrusive rocks in the Soudan area were determined using relatively immobile trace
elements Zr, Nb and Y and relatively immobile oxides P,Os and TiO, (Winchester and
Floyd, 1977; Barrett and Mclean, 1999) and indicate that mafic intrusive rocks plot as

gabbros that have a dominantly tholeiitic affinity (Figures 2.61- 2.64).
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Figure 2.61. Immobile element classification of mafic intrusive rocks in the old Soudan
Mine area by means of Zr, TiO,, Nb, and Y concentrations (after Winchester and Floyd,
1977). Mafic intrusive rocks in the Soudan Mine plot as gabbros.
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Figure 2.62. The TiO,-Zr/(P,05x10*) diagram (after Winchester and Floyd 1976).
Mafic intrusive rocks in the Soudan mine area plot as tholeiitic basalts.
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Figure 2.63. The P,0s-Zr discrimination diagram for basalts (after Winchester and
Floyd, 1976). Mafic intrusive rocks in the Soudan Mine area plot mainly as tholeiitic
basalts. Concentrations in parts per million.
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Figure 2.64. Immobile trace element plot of Zr vs. Y (after Barrett and Mclean, 1999)

for mafic intrusive rocks in the Soudan Mine area. Mafic intrusive rocks plot in all fields.
Concentrations in parts per million.
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The relative enrichment and depletion of light rare earth elements (LREE) is
depicted on chondrite normalized and primitive mantle normalized rare earth element
spider diagrams (Figures 2.65 and 2.66) LREE enrichment in samples (LE-063, LE-259,
LE-360, LE-254) may suggest fractionation in a magma chamber. Depletion in rare earth
element in the remaining samples suggests that these magmas were derived from the
depleted upper mantle. Nb, when compared to the other LREE is not depleted, which

suggests a non-arc affinity.
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Figure 2.65. Rock vs. chondrite rare earth element spider diagram (after Sun and
McDonough, 1989) for mafic intrusive rocks in the Soudan Mine study area. Notice the
enrichment of the LREE in undifferentiated diabase, and the variability of LREE
concentrations in the Sugar Mt. Sill and Soudan Sill. In general, the Sugar Mt. Sill and
Soudan Sill have relatively flat REE patterns which suggests they were derived from the
REE depleted upper mantle.
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Figure 2.66. Rock vs. primitive mantle rare earth element spider diagram (after Sun and
McDounough, 1989) for mafic intrusive rocks in the Soudan Mine Study area. Notice the
absence of the negative Nb anomaly which suggests a non-arc affinity.

Tectonic diagrams (Winchester and Floyd, 1976; Pearce and Gale, 1977) suggest
that undifferentiated diabase formed in a volcanic-arc, plate-margin setting, the Sugar Mt.
Sill diabase formed in a volcanic-arc plate-margin to within-plate setting, and the Soudan
Sill diabase formed in a volcanic-arc plate-margin to within-plate setting (Figure 2.67 and
2.68). Conversely, plots using relatively immobile trace elements (Figures 2.69)
developed by Pearce and Cann (1973) indicate that undifferentiated diabase formed in a
within-plate setting, the Sugar Mt. Sill diabase formed in an island-arc tholeiitic and calc-

alkaline within-plate setting, and the Soudan Sill diabase formed in a within-plate to

MORB setting.
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Figure 2.67. The Cr-Y discrimination diagram (after Winchester and Floyd, 1976).
Intrusive rocks in the Soudan Mine area plot mainly as volcanic-arc basalts.
Concentrations in parts per million.
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Figure 2.68. The Zr/Y vs. TI/Y plot (after Pearce and Gale, 1977) for intrusive rocks in
the Soudan Mine area. Intrusive rocks plot as both within-plate and plate-margin basalts.
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Figure 2.69. The Ti-Zr-Y discrimination diagram for basalts (after Pearce and Cann,
1973). Two suites of mafic intrusive rocks are present, island-arc tholeiites to calc-
alkaline basalts (Sugar Mt. Sill), and within-plate to MORB (Soudan Sill).
Concentrations in parts per million.

Basaltic Diabase Undifferentiated (unit DbU)

Basaltic diabase (undifferentiated) occurs as sill-like intrusions in the northwest
and northeast quarter-sections of Section 26, and as a cross-stratal dike in the central
portion of Section 25 (Plate 1). Diabase intrusions are 12-20 meters thick. As sills, they
can be mapped along strike (80-120°), which parallels bedding, for approximately 150-
180m. In the central portion of Section 25, basaltic diabase was present as a dike in only
a single outcrop, so its vertical extents were inferred. Basaltic diabase (undifferentiated)
intrusions have sharp contacts with all adjacent units (DbSS, US2¢, CBla, CB1b,
DbSM). Contacts between adjacent units beyond outcrop exposure were inferred (Plate

1). Outcrops are generally small, variable in shape, and form moderate to steep terrain.
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Peterson and Patelke’s (2003) “Lamprophyre” unit was recognized in the northwest and
northeast quarter-sections of Section 26. Mitchell (1994) defines lamprophyres by the
presence of euhedral to subhedral phenocrysts of mica and/or amphibole together with
lesser clinopyroxene and/or melilite set in a groundmass which may consist of
plagioclase, alkali feldspar, feldspathoids, carbonate, monticellite, melilite, mica,
amphibole, pyroxene perovskite, Fe-Ti oxides and glass. After further review of the
field, lithogeochemical and petrographic data, the author has reclassified these rocks as
diabase intrusions.

In outcrop, basaltic diabase is dominantly fine- to medium-grained, and appears to
contain no primary minerals. Basaltic diabase is characterized by 80% red-gray-black,
fine- to medium-grained massive matrix that hosts 10 cm — 1.5 m rounded-subrounded to
elongated xenoliths of medium- to coarse-grained granitic rock (Figure 2.70). The
contact relationship between the granite and host rock is sharp. In outcrop, the host rock
(diabase) comprises 40% aphyric minerals, of which modal percentages were not
estimated, and 60% secondary minerals. Secondary minerals comprise approximately
35% <1-2 mm subhedral to euhedral actinolite, 20% <1-2 mm subhedral albite
plagioclase crystals and 5% 2-3 mm subhedral to euhedral Mg-chlorite crystals. In
outcrop, granite xenoliths comprise approximately 20-30% aphyric groundmass, of which
modal percentages were not estimated, and 70-80% phenocrysts. Phenocrysts comprise
35% 1-5 mm subhedral plagioclase, 25% 1-1.5 mm subhedral well-dispersed quartz

crystals and 15-20% 1-3 mm anhedral to subhedral hornblende crystals.
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dike that cross cuts the Sugar Mt. Sill. Subrounded to rounded granitic xenoliths that are
found within the diabase sills may represent injections of immiscible felsic magmas.
According to Winter (2001), the mixing of different magma phases can be common in
bimodal environments. This may explain the enigmatic appearance that these outcrops
display in the field. The presence of minor foliation suggests these rocks are synvolcanic
with respect to the Ely Greenstone Formation. The cross-stratal dike that cross-cuts the
Sugar Mt. Sill has similar chemical affinities to basalts in the Central Basalt Sequence
(see discrimination diagrams and REE plots). Therefore, this dike may represent a feeder

for basalt lava flows up-section.

Basaltic Diabase (unit DbSM., “Sugar Mountain Sill”")

A thin and laterally extensive diabase sill occurs between the Central Basalt
Sequence and the Fivemile Lake Sequence. The sill strikes more or less east-west (80°-
85°), varies in thickness from 70-200 m, and extends laterally 3.2 km from the center of
Section 26, through Section 25, and into the northwest quarter-section of Section 30
(Plate 1). Contacts with adjacent units are sharp and include pillowed lava flows (CB1b,
FM1b) foliated lava flows (FM1i) intrusive rocks (FPDD, DbU) and sheared rocks (5b,
5e). Outcrops are relatively large, abundant and create steep jagged terrain.

In outcrop, basaltic diabase is gray to light blue-gray, plagioclase-phyric with a
fine-medium grained groundmass. The unit can be easily identified by its relative lack of
veins and joints when compared to the adjacent volcanic strata (Figure 2.66). Locally,
xenoliths of pillow basalt are 10°s to 100°s of meters in diameter. These xenoliths make
up ~1% of the intrusion. Foliation within the intrusion is relatively absent; however,

122







Petrographic analysis on three samples (LE-032, LE-080, LE-086) indicates that
basaltic diabase is composed dominantly of secondary minerals, which include 20-60%
<1mm anhedral well-dispersed epidote, which also occurs as <Imm semi-opaque
spherical aggregates, Imm anhedral crystals and in 1-3 mm wide cross-stratal veins, 5-
30% <1-2 mm anhedral to subhedral quartz which occurs mostly as well-dispersed
interstitial groundmass, 3-35% <1mm anhedral well-dispersed Fe-chlorite which also
occurs as subhedral crystal aggregates, 20% <1-1mm subhedral actinolite lathe
aggregates, 10% <1-1mm subhedral to euhedral localized clinozoisite, 2-10% <1-2mm
sublinear anhedral Fe-carbonate crystals, 10% <Imm anhedral well-dispersed sericite,
5% skeletal 1-2mm anhedral to subhedral plagioclase, <1% <1mm anhedral to subhedral
zoisite crystals. Locally, 5% of the rock comprises subrounded 1-3mm subhedral quartz
+ chlorite amygdules and 2-3% of the rock comprises 1-1.5 mm wide epidote + Fe-
carbonate veins. The rock has a massive and locally felty texture.

Based on the emplacement geometry, the occurrence of hydrothermal alteration
assemblages, and local occurrences of the regional D, foliation, the Sugar Mountain Sill
is interpreted to be synvolcanic with respect to the Ely Greenstone Formation. It is very
likely that during volcanism and sill emplacement, the Sugar Mountain Sill provided heat
that contributed to forming semi-conformable and crosscutting hydrothermal alteration
that is present up-section (see Chapter 3). Based on lithogeochemical similarities with
massive and pillowed lavas in the Central Basalt Sequence, the Sugar Mt. Sill is believed
to represent a hypabyssal staging magma chamber for volcanic rocks in the Central
Basalt Sequence (Lower Member of the Ely Greenstone) and/or mafic rocks in the Upper

Member of the Ely Greenstone.
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Gabbro Porphyry (unit Gb)

A gabbro sill occurs at the contact between felsic fragmental rocks of the Upper
Sequence (US2b), and the upper portion of the Central Basalt Sequence in the northern
half of Section 26 (Plate 1). The sill is 130 m thick and has a strike length of
approximately 1250 m. A small gabbro sill also occurs in the central portion of Section
27, where it is bounded by banded iron formation (US4a). In the northern half of Section
26, contacts with felsic fragmental rocks (US2b) are sharp. Contacts with all other
adjacent units in this location (DbSS, Cbla, Cblb, DbU, US4a) were not observed in the
field and are therefore approximated. Outcrops are large and form steep hilly terrain.

In outcrop, gabbro is dark-green to black, fine-medium grained, porphyritic and in
some locations strongly magnetic (Figure 2.73). Gabbro commonly has a moderately
developed east-west fabric (Peterson and Patelke, 2003). In outcrop, gabbro comprises
70% aphyric groundmass and 30% phenocrysts and porphyroblasts. Modal percentages
were not estimated for the aphyric groundmass. Phenocrysts and porphyroblasts
comprise approximately 15% 1-3mm well-dispersed anhedral to subhedral platy
actinolite (which appears to pseudomorph pyroxene), and 15% 1-3 mm well-dispersed
subhedral to anhedral skeletal plagioclase. Randomly oriented 1-3 cm wide quartz veins

occur locally. Lithogeochemical analysis was not conducted for this unit.
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When comparing lithogeochemical data for the Soudan Sill with lithogeochemical data
from Upper Ely basalts (data from Southwick et al., 1998), both sets of samples are
relatively depleted in the light rare earth elements (LREE). The tectonic discrimination
diagram (after Pearce and Cann, 1973) suggests that the Soudan Sill plots in the within-
plate to MORB field, and the Upper Ely Basalts plot in the MORB field. Therefore, the
Soudan Sill is interpreted as a feeder for lava flows in the Upper Ely Member of the Ely

Greenstone Formation.
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Figure 2.75. Notice the depletion in the light rare earth elements (LREE) in both the
Soudan Sill and Upper Ely Basalts. Upper Ely data from Southwick et al. (1998).
Concentrations in parts per million.
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Figure 2.76. The Ti-Zr-Y discrimination diagram for basalts (after Pearce and Cann,
1973). Comparison between the Soudan Sill and Upper Ely basalts. Data for Upper Ely
basalts from Southwick et al. (1998). The Soudan Sill plots in the Within-plate to MORB
field, and the Upper Ely Basalts plot in the MORB field. Concentrations in parts per
million.

Intr——ediate Intrusive Rocks

Six samples of intermediate intrusive rocks from the field area were analyzed.
Five samples (LE-028, LE-160, LE-230, LE-321, LE-349) of intermediate dikes and one
sample (LE-064) of dioritic xenolith (in unit DbU) were analyzed. Compositional
classifications for intermediate intrusive rocks in the Soudan area were determined using
relatively immobile trace elements (Zr, TiO2, Nb, Rb) (Winchester and Floyd, 1977;
Pearce et al., 1984) and indicate that intrusive rocks plot as diorites and syeno-diorites

that formed in a volcanic-arc setting (Figures 2.77 and 2.78).
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A relative enrichment of light rare earth elements (LREE) and middle rare earth
elements (MREE) is depicted on chondrite normalized and primitive mantle normalized
rare earth element spider diagrams (Figure 2.79 and 2.80). These data suggest that diorite
and syeno-diorite have a fractionated calc-alkaline trend and have geochemical signatures
that are consistent with rocks that formed in an arc setting (e.g. negative Nb anomaly).
This signature is consistent with rocks that formed by crystal fractionation in a magma
chamber. Crystal fractionation enriches the existing liquid phases in the more

incompatible elements (LREE).
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Figure 2.79. Rock vs. chondrite rare earth element spider diagram (after Sun and
McDonough, 1989) for intermediate intrusive rocks in the Soudan Mine study area.
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Figure 2.80. Rock vs. primitive mantle rare earth element spider diagram (after Sun and
McDonough, 1989) for intermediate intrusive rocks in the Soudan Mine study area.
Notice the enrichment of the LREE and the negative Nb anomaly typically associated
with a volcanic-arc environment.

Diorite Porphyry (unit D)

Diorite Porphyry intrusions occur in the Fivemile Lake and Central Basalt
Sequences. They occur as both isolated sill-like bodies and as cross-stratal dikes in the
southwest, southeast, and northeast quarter-sections of Section 25, and in the northeast,
northwest and southeast quarter-sections of Section 26. Sills can be mapped along strike
for 200-500m and are 40-200 m thick. Dikes are generally <1-2m thick and occur in one
outcrop so vertical continuity is difficult to establish. Sharp contacts with adjacent units
include intrusive rocks (Gb) and pillowed and foliated lavas (CB1b, CB1i, FM1b, FM1i).
Contacts with other adjacent units (5e, FM2c) were not observed in the field and are

therefore inferred. Outcrops are generally small, narrow and form hilly terrain.
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In outcrop, diorite porphyry sills and dikes are gray to light blue-gray and have
fine-medium grained phenocrysts set in an aphyric groundmass. Diorite porphyry sills
and dikes are composed of approximately 65% phenocrysts and 35% groundmass.
Phenocrysts comprise approximately 40% 1-2mm subhedral well-dispersed plagioclase,
15% 1-2mm anhedral well-dispersed quartz and 10% <1-1.5mm euhedral well-dispersed
orthoclase. Groundmass is dominantly aphyric so modal percentages were not estimated
in the field. Quartz veins (<1%, 1-8 mm wide) are common. A poorly-developed D,
oriented fabric is present; well-developed foliation is absent in these rocks.

Petrographic analysis on one sample (LE-230) indicates that diorite porphyry
dikes are composed of 60% phenocrysts and 40% groundmass. Phenocrysts are
composed of 30% 1-1.5 subhedral to euhedral well-dispersed albite plagioclase, 25% 1-
1.5mm anhedral well-dispersed quartz (which also occurs in 1-2mm quartz + carbonate
veins) and 5% <1-1mm subhedral to euhedral well-dispersed orthoclase. Groundmass
comprises 16% 1-1.5 mm subhedral actinolite crystals that may be pseudomorphing relict
hornblende crystals, 8% <1-1.5mm crystal aggregates of epidote that dominantly
pseudomorph plagioclase, 8% <1-1mm anhedral to subhedral Mg-chlorite clots, 4%
<lmm anhedral to subhedral Fe-chlorite clots and 4% <Imm anhedral Fe-carbonate
blebs. Locally 1-2 mm quartz + carbonate veins are present.

Small diorite intrusions are interpreted to be synvolcanic in nature do to the
presence of a slight east-west trending fabric and the presence of secondary minerals
associated with seafloor hydrothermal alteration. These rocks may represent feeder dikes
and sills for andesite lavas in the upper part of the Fivemile Lake and the Central Basalt

Sequences.
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Feldspar Porphyry Diorite Dikes (unit FPDD)

Feldspar porphyry diorite dikes occur in the south-central, southwest and
southeast quarter-section of Section 26, and the northeast quarter-section of Section 25.
Feldspar porphyry diorite dikes are 1-8 m wide and generally can be correlated across
one or two outcrops. This makes vertical continuity (with respect to bedding) difficult to
establish. Sharp contacts between adjacent units include intrusive rocks (DbSM) and
pillowed lavas (CB1b). Contacts with volcanic units (CB1b, FM1b, FM1i) and contacts
with fault bounded units (5b, Se) were not observed and are therefore inferred. Outcrops
are typically narrow and form gently sloping terrain.

In outcrop the dikes are white-gray, fine-medium grained, plagioclase- and
hornblende-phyric, and locally contain 1-9 cm sigmoidal quartz and crystalline chlorite
veins (Figure 2.81). Feldspar porphyry diorite dikes contain approximately 65%
phenocrysts and 35% aphyric groundmass. Phenocrysts comprise 50% 1-4 mm subhedral
to euhedral well-dispersed plagioclase feldspar and 10% 1-2 mm subhedral well-
dispersed hornblende crystals, secondary minerals include 5% 1-2 mm anhedral well-
dispersed chlorite aggregates and <1% 1-2 mm well-dispersed anhedral epidote which
appears to pseudomorph primary plagioclase. Due to the fine-grained nature of the
groundmass, modal mineral percentages were not estimated in the field. A poorly
developed structural fabric exists that is consistent with the regional D, deformation.
Petrographic analysis was not conducted for this unit.

Based on the presence of D, fabric and orientation with respect to volcanic
bedding, feldspar porphyry diorite dikes are interpreted to be syn-volcanic with respect to
the Ely Greenstone Formation. Lithogeochemical similarities between these
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Figure 2.81. Feldspar porphyry diorite dike with 3-5 cm wide cross-cutting quartz +
chlorite vein. Quartz and chlorite probably formed from upwelling hydrothermal fluids
associated with the D, deformation (Peterson and Patelke, 2003). Black pen cap is 4 cm
for scale. Outcrop 329.

dikes (LE-028) and basalt and andesite lavas in the Central Basalt Sequence (see REE

plots), suggests that these dikes may be the feeders for volcanic rocks up-section.

Quartz Feldspar Syeno-Diorite Porphyry Dikes and Sills (unit QFSD)

Quartz feldspar syeno-diorite porphyry occurs within a sill and dike complex in
the northeast quarter-section of Section 26, southeast-quarter-section of Section 23, and
northwest quarter-section of Section 25 (Plate 1). Dikes dominantly trend to the north-
northwest (320°-340°), and vary in width from 1-4 meters. Sill-like bodies can be
mapped along strike for 180m, and vary in thickness from 12-50m. These rocks show a
poorly developed regional D,. Sharp contacts between adjacent units include mafic lava
flows (CB1a, CB1b, Figure 2.82 and 2.83) and banded iron formation (CB4a). Contacts
between other adjacent units (CB2b) were not observed and are therefore inferred.

Outcrops are generally subrounded to narrow and are associated with hilly terrain.
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In outcrop, syeno-diorite dikes are white to gray, and are plagioclase-, quartz-,
orthoclase- and hornblende-phyric. Phenocrysts are fine- to medium-grained and set in
an aphyric groundmass. Phenocrysts comprise approximately 40% and groundmass
comprises approximately 60% of the rock. Phenocrysts comprise approximately 20% 1-
4mm well-dispersed subhedral plagioclase crystals, 5% 1-4mm well-dispersed anhedral
quartz crystals, 5% 1-2 mm anhedral to subhedral well-dispersed orthoclase crystals and
5% 1-3 mm subhedral well-dispersed hornblende crystals. Modal percentages for the
aphyric groundmass was not estimated in the field. Randomly oriented quartz veins are

common (<1%, 1-2mm).

Figure 2.82. Irregular contact relationship between basalt and quartz feldspar porphyry
syeno-diorite dike. Notice the very sharp contact between these two units. Hammer 20
cm for scale. Outcrop 005.

Petrographic analysis on four samples (LE-008, LE-313, LE-321, 335) indicates
that syeno-diorite dikes are porphyritic and composed of 65-80% groundmass and 20-

35% phenocrysts. Phenocrysts comprise 2-25% 1-4mm anhedral to subhedral
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plagioclase; 3-10% 1mm anhedral to subhedral well-dispersed orthoclase; 10% 1-4 mm
subhedral well-dispersed quartz crystals; and 8% <1-3 mm tabular subhedral to euhedral
homnblende crystals. The groundmass comprises 6-70% <lmm anhedral recrystallized
quartz groundmass; <1-25% <lmm anhedral aggregates of Mg-chlorite; 16% <<1-1mm
anhedral to subhedral well-dispersed hornblende; 2-15% <1-1.5 mm anhedral to
subhedral platy sericite crystals (which commonly pseudomorph plagioclase and
orthoclase); 8-10% <1-2mm anhedral to subhedral Fe-carbonate crystals and patches
(which occur within the groundmass and also occur pseudomorphing plagioclase); 4-10%
<1-1mm anhedral epidote (which occurs as fine grained crystals pseudomorphing
plagioclase and as <Imm anhedral semi-opaque spherical aggregates). Also present are
anhedral needle-like aggregates of actinolite (8%, <1mm) that pseudomorphs hornblende;
8% <<1-1mm subhedral to euhedral plagioclasE; 6% <Imm anhedral crystal patches of
Fe-chlorite; 2% <Imm anhedral local sphene crystals; <1% <1-1mm subhedral local
clinozoisite crystals; and <1% <Imm anhedral opaque minerals. Randomly oriented
quartz and carbonate veins (<1-2% 1-3mm) cross-cut the primary and secondary
mineralogy.

Syeno-diorite porphyry intrusions in the Central Basalt Sequence are interpreted
to be syn-volcanic dikes that occupied syn-volcanic structures. These dikes appear to
have intruded between the late stages of mafic and intermediate volcanism of the Central
Basalts Sequence, and the beginning of low temperature chemical deposition of the

Soudan Iron Formation, based on the following observations: 1) the most intense
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Figure 2.84. Location and mineralogy of sheared rocks in the Soudan Mine area after
Peterson and Patelke (2003).
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Chapter 3

HYDROTHERMAL ALTERATION DISTRIBUTION AND MINERAL
ASSEMBLAGES

Introduction

Hydrothermal alteration is a complex, evolving, physical and chemical process
involving mineralogical, chemical and textural changes that result from the interaction of
aqueous fluids and adjacent rocks (Pirajno, 1992). According to Rose and Burt (1979),
the main factors that control alteration processes are: 1) the nature of the wall rocks; 2)
the composition of the fluids; and 3) the concentration, activity and chemical potential of
the fluid components (e.g. H', CO,, O,, K', and S; etc.). Experimental work summarized
by Seyfried et al. (1999) also suggests that fluid-rock ratios are extremely important in
determining the final products of hydrothermal alteration.

The distribution and composition of alteration mineral assemblages in the study
area reflects initial differences in rock bulk composition, primary and structurally induced
permeability, water/rock ratios, and the compositions and temperatures of the altering
fluids (Hudak, 1996). Economic geologists recognize the spatial relationships between
alteration mineral assemblages and associated mineralization, and therefore, these
alteration zones may provide useful guidance in the exploration for hydrothermal ore
deposits (Franklin et al., 1981).

A detailed study of alteration assemblages using petrographic methods and field
mapping at a 1:2000 scale was conducted for this thesis. The study area was selected for
three reasons: 1) the Ely Greenstone has been regionally metamorphosed to greenschist

grade through in-situ convective fluid/rock interaction; 2) the presence of banded iron
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crystals and crystal aggregates occur as localized 1-3 mm patches that overprint the
groundmass; 5-54% <1-1mm well-dispersed anhedral recrystallized quartz groundmass;
5-25% <1-2mm well-dispersed subhedral actinolite lathe aggregates that may
pseudomorph olivine or pyroxene; 15-20% <1-1mm well-dispersed anhedral Fe-chlorite
crystals and crystal aggregates; 15-20% <1-1mm anhedral to subhedral Mg-chlorite
crystals; 2-10% <1-1mm subhedral to euhedral localized clinozoisite crystals; 2-5% <1-
2mm anhedral well-dispersed Fe-carbonate blebs; 2-5% <1mm well-dispersed platy
sericite crystals that may pseudomorph fine-grained plagioclase; and 2% <Imm well-
dispersed disseminated opaque minerals. 1-3mm epidote + quartz veins are comprised of
80% 1-3mm euhedral epidote crystals and <1-1mm subhedral interstitial quartz crystals
(Figure 3.04). Where modal epidote concentration are <50%, crystalline epidote is more
common and quartz is amorphous or present in a fine-grained crystalline groundmass
(Figure 3.05). Where modal epidote is >50%, fine-grained, brown-colored grungy
epidote masses are most common. Other minerals can be difficult to identify due to the
intensity of this alteration. In gabbroic rocks, anhedral actinolite pseudomorphs relict
pyroxene phenocrysts. Actinolite also commonly occurs in the interior of hyaloclastite.
Chlorite composition ranges from magnesium- to iron-rich. Fe-rich chlorites were
identified by the presence of purple to blue birefringence and Mg-rich chlorites were
identified by the presence of brown to grey birefringence (Hey, 1954). Carbonate
mineralization appears to overprint most other minerals and is interpreted to be
secondary. Sulfide and oxide minerals occur only in trace amounts in this assemblage.
The epidote + quartz alteration assemblage at Soudan is interpreted to represent a
large-scale, semi-conformable alteration zone formed by hydrothermal fluids migrating
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apple-green to dark yellow-green <1-2mm epidote crystals; 10-20% dark green to dark
blue <1-2mm subhedral to euhedral actinolite porphyroblasts set in a <lmm dark blue
soft chlorite-rich groundmass; and 10-20% pink-tan subhedral well-dispersed but locally
patchy silicified zones that comprise <1-1mim secondary quartz. Interpillow hyaloclastite
is altered to variable amounts of epidote, chlorite and actinolite. Due the fine-grained
nature of secondary minerals in interpillow hyaloclastite, modal percentages were not
estimated in the field. North-northwest trending cross-stratal veins up to 1' cm wide are
composed of variable amounts of chlorite + epidote, quartz + chlorite, and quartz +

carbonate.

Figure 3.06. Typical field appearance of mottled epidote + quartz alteration. Notice the
10-40cm zones of patchy epidote, quartz and actinolite + chlorite. Outcrop 331.
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In thin section the mottled epidote + quartz assemblage comprises 50-70% <<1-
2mm well-dispersed subhedral epidote crystals (which also occurs in cross-stratal
veinlets); 15-30% 1-2 mm subhedral to euhedral crystal lathes and <lmm lathe
aggregates of actinolite; 10% <<lmm anhedral euhedral Mg-chlorite crystals; 10% 1mm
anhedral to subhedral albite plagioclase lathes; 2-10% <1mm anhedral polygonal quartz
crystals that occurs as fine-grained well-dispersed and locally concentrated groundmass;
2% <1mm anhedral platy sericite crystals that occur in the groundmass and pseudomorph
fine-grained plagioclase; 1-2% <1-1mm anhedral Fe-carbonate blebs; and 2% 1-3mm
wide veins of <1% zoisite + quartz + sericite + actinolite + Fe-carbonate. In general,
epidote overprints the other secondary minerals present. In thin section, interpillow
hyaloclastite comprises 35% <<lmm mostly subhedral to euhedral actinolite lathes, 30%
<1-<<1mm subhedral to euhedral epidote crystals, 8% <<lmm-1mm euhedral Fe-
carbonate crystals, 5% <<lmm anhedral local Fe-chlorite crystals, 2% <1mm subhedral
clinozoisite crystals and 1% 1-1.5mm subhedral sub-cubic pyrite crystals. Chlorite and
actinolite typically alter the interior of angular devitrified glass shards and epidote
typically alters the rims of angular devitrified glass shards (Figure 3.07).

Based on the mottled appearance in the field, the large amount of epidote in the
rocks, and the close spatial relationship between the assemblage and the synvolcanic
Sugar Mt. Sill, the mottled epidote + quartz assemblage may represent a more intense
(higher temperature, higher water/rock ratio) epidote + quartz alteration than the (1a)
assemblage. Patchy alteration probably resulted from the variable permeability in
pillowed and massive lava flows. Hudak et al. (2006) have noted similar patchy epidote
+ quartz alteration zones immediately southeast of Six-Mile Lake. These zones clearly
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formed from localized high temperature hydrothermal alteration associated with a small,

sill-driven hydrothermal system.

Quartz + Epidote Assemblage (Alte_ration Code “2)

The quartz + epidote alteration assemblage comprises rocks containing 30-75%
quartz and <20% epidote. This assemblage occurs in felsic volcaniclastic rocks in the
northwest and northeast-central quarter-sections of Sections 26 and 27, directly below the
Sugar Mountain Sill in the Fivemile Lake Sequence andesites and above the northern
edge of the Murray Shear Zone in the southwest and southeast quarter-sections of
Sections 25 and 26 respectively (Figure 3.01). Adjacent alteration units include the
epidote + quartz assemblage (1a), and the Fe-chlorite + quartz + sericite assemblage (6).
The Mg-chlorite + quartz =+ sericite assemblage (4), chlorite + ankerite assemblage (CA),
ankerite assemblage (A) and sericite + quartz assemblage (SA) locally occur within shear
zones adjacent to or within the quartz + epidote assemblage. The quartz + epidote
assemblage comprises felsic and mafic rocks that are silicified.

In outcrop, quartz + epidote altered rocks are typically light gray to light green,
although locally they may have a pink and orange tint. The quartz + epidote assemblage
comprises rock that contain approximately 50-75% <<lmm anhedral well-dispersed
milky white quartz, 15-20% <1-2mm anhedral well-dispersed epidote crystal aggregates
and 10-15% subhedral well-dispersed plagioclase crystals. The aphyric nature of the
groundmass restricted accurate modal estimations in the field. In mafic rocks the

alteration is patchy. Pillow cores locally appear to be intensely altered and interpillow
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2% well-dispersed sub-cubic opaque minerals. The identification of primary and
secondary minerals was difficult because of the intense quartz overprinting.

The quartz + epidote assemblage is interpreted to represent a large scale semi-
conformable alteration zone related to the epidote + quartz assemblage. This assemblage
may be part of a larger regional alteration zone identified ~5km to the east that has been

documented by Peterson (2001) and Hudak et al. (2002b).

Actinolite + Epidote + Quartz Assemblage (Alteration Code “3™)

The actinolite + epidote + quartz assemblage is composed of rocks that contain
30-50% actinolite, and up to 40% epidote. This assemblage occurs primarily in pillowed
basalt lavas in the Central Basalt Sequence (Figure 3.01). This alteration assemblage
defines a 50 meter thick semiconformable zone that occurs immediately south of the
syeno-diorite dike swarm in the northeast quarter-section of Section 26 and northwest
quarter-section of Section 25 (Figure 3.01). A single outcrop containing this assemblage
also occurs in the gabbroic intrusion in the west-central portion of Section 26. This
alteration assemblage occurs adjacent to the epidote + quartz assemblage (1a).

In outcrop, the actinolite + epidote + quartz assemblage is dark black with an
orange hue. It occurs within pillow interiors as a pervasive alteration. The assemblage
comprises approximately 40% <1-3mm well-dispersed randomly oriented subhedral to
euhedral acicular actinolite lathes, and 40% <1-2mm anhedral local patchy epidote
aggregates that are set in 10% <<Imm well-dispersed pervasive milky white anhedral

quartz groundmass. Pillow selvages and interpillow hyaloclastite are altered to a dark
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texture and are healed by epidote + actinolite. These breccias may have developed via
hydrofracturing of the rock during alteration. All primary textures appear to have been
destroyed during the development of this alteration assemblage. Phillips and Griffin
(1981) suggest that garnets that show weak birefringence are typically of the ugrandite
variety. Hudak (pers. comm.) has completed x-ray diffraction analysis of the garnets and
indicates a composition of andradite.

Based on field evidence and petrographic data, the actinolite + epidote + garnet +
magnetite assemblage is interpreted to represent the product of metasomatism involving
iron-rich hydrothermal fluids. The development of garnet and magnetite may or may not
have resulted from the subsequent regional metamorphism of the lower Ely Greenstone
Formation. Similar garnet alteration has been noted by Hudak et al. (2002a, 2002b) near
Six Mile Lake. X-ray analysis and SEM analysis indicates the garnets in this zone are
andradite (CasFe;Si30;,). Further work is needed on garnet and magnetite in the Soudan
area to constrain their temporal relationship to the iron ores. If garnet and magnetite are
primary, their presence may provide some clues to the relative temperature of the
hydrothermal fluids that moved through the wall rocks. Schlatter (2005) indicates that
intense chlorite + garnet alteration occurs immediately below the A and D ore lenses in
the Petiknas south volcanic-hosted massive sulfide deposit in the Skellefte District,

Sweden.

Fe-chlorite + Quartz + Sericite Assemblage (Alteration Code “6™)

The Fe-chlorite + quartz + sericite assemblage comprises rocks that contain 25-
55% Fe-chlorite, 30-40% quartz and <15% sericite. This assemblage occurs in foliated
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lavas in the Fivemile Lake Sequence, the Soudan Sill, and in basalt lava flows in the
southeast quarter-section of Section 23 in the Central Basalt Sequence (Figure 3.01).
Adjacent alteration assemblages include the epidote + quartz (1a) and quartz + epidote
(2), as well as local shear zone hosted alteration assemblages containing sericite + quartz
(SC), chlorite + ankerite (CA) and chlorite (C).

In outcrop, Fe-chlorite + quartz + sericite assemblage occurs in broad
semiconformable zones, as well as in pipe-like discordant zones (Figure 3.17 and 3.18).
Semiconformable chlorite alteration initially was not identified in the field, but abundant
chlorite-rich alteration was observed during petrographic studies. Discordant, pipe-like,
chlorite-rich alteration was mapped in the field and occurs near the dike swarm within the
upper Central Basalt Sequence (Figure 3.01, Plate 1) in two distinct morphologies: 1)
disconformable braided chlorite stringers, with individual braids approximately 2-10cm
wide (Figure 3.17.); and 2) 25-40cm wide linear “pipe-like” zones where 1-2 cm epidote-
rich margins encompass a chlorite-rich core (Figure 3.18.). Both trend at approximately
130°, approximately perpendicular to the volcanic stratigraphy in this location.
Discordant alteration comprises 50-60% <lmm patchy Fe-chlorite, 15% <1-1mm epidote
(which occurs as 1-4 cm patchy alteration and in 1-2 cm wide healed fractures), 15% <1-
Imm anhedral zoisite crystals which occur as subrounded patches in the core of the
alteration pipe, and 1-5 cm patchy quartz + sericite alteration. Modal mineral
percentages in the quartz and sericite rich patches were not estimated in the field due to
the fine-grained nature of the minerals. Within discordant alteration zones <1% <1-1mm
subhedral disseminated pyrite and chalcopyrite occurs in 1-3mm cross-stratal sulfide

veins.
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Poor outcrop distribution limits further field documentation of the discordant alteration in
the southeast quarter of Section 23.

Petrographic observations indicate that the Fe-chlorite + quartz + sericite
assemblage comprises 50% <lmm-1cm wide Fe-chlorite stringers, 40% <lmm fine-
grained recrystallized quartz groundmass, 20% <1mm well-dispersed anhedral
disseminated epidote, 20% local anhedral Fe-carbonate blebs, 12% subhedral finely-
disseminated sericite that pseudomorphs plagioclase, 2% subhedral local felty plagioclase
microlites and 2% <1mm local subhedral clinozoisite.

The Fe-chlorite + quartz + sericite alteration assemblage is interpreted to
represent a synvolcanic, generally discordant alteration formed by buoyant hydrothermal
fluids that moved upward toward the seafloor in synvolcanic structures (e.g. fault zones)
or zones of increased permeability. The mineralogy of this assemblage is typical of
“pipe-like” alteration zones found beneath VMS deposits at the Noranda VMS camp in
Quebec (Gibson, 1989; Santaguida et al., 1999), as well as many other lava flow
dominated Precambrian VMS deposits (Morton and Franklin, 1987; Gibson et al., 1999).
However, the relatively small size and discontinuous nature of this alteration differs from
the extensive chlorite-rich alteration pipes typically found in footwalls of Archean VMS

deposits.

Sericite + Quartz Assemblage (Alteration Code “7)

The sericite & quartz assemblage comprises rocks that contain greater than 35%
sericite and up to 50% quartz. The sericite + quartz assemblage occurs in the northeast
quarter-section of Section 26 and southeast quarter-section of Section 23, and is
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associated with mafic-intermediate and felsic lava flows of the Central Basalt Sequence.
It also occurs in the southeast quarter-section of Section 25, where it is associated with
felsic volcanic and volcaniclastic rocks in the Fivemile Lake Sequence (Figure 3.01).
Adjacent alteration zones include the least-altered (0) assemblage, epidote + quartz
assemblage (1a) quartz + epidote assemblage (2) and the actinolite + epidote + garnet +
magnetite assemblage (5).

The sericite + quartz assemblage is characterized in felsic rocks by its noticeably
tan-milky-yellow color. The rocks generally can be easily scratched with a knife. Modal
mineral percentages were difficult to estimate in the field because of the aphyric nature of
the rocks. This alteration assemblage can be identified by local dark yellow 1-3cm wide
patchy mottled zones that appear to be rich in sericite + quartz. The sericite + quartz
assemblage was difficult to identify in mafic rocks while mapping; therefore, this
assemblage could only be identified by petrographic analysis. For mafic-intermediate
volcanic rocks, thin section heels appear grayish-green in color and have a soft surface
that can be scratched with a knife.

Petrographic analysis in felsic rocks indicates that the sericite + quartz
assemblage comprises 40% <lmm-1mm wide anhedral cross-cutting sericite stringers
and <I-1mm crystal aggregates in interpillow hyaloclastite material, 35% <<Ilmm
anhedral well-dispersed polygonal quartz groundmass, 15% <Imm anhedral epidote
crystals, 6% 1mm anhedral limonite crystals, 2% <lmm anhedral Fe-carbonate crystals
and 2% <lmm subhedral well-dispersed Fe-chlorite crystals. In mafic rocks the
assemblage comprises 55% <lmm anhedral well-dispersed sericite crystals, 20% 1-

1.5mm anhedral cross cutting Mg-chlorite stringers, 10% <Imm subhedral well-dispersed
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Chapter 4
ALTERATION GEOCHEMISTRY
Introduction

Thirty-seven rock samples from the Soudan Mine area were analyzed for whole
rock major oxide and trace element geochemistry (Appendix I). Thirty-three rock
samples were analyzed by X-ray fluorescence spectrometry (XRF) at Macalester College
for major and trace elements. Pulps from these thirty-three samples were subsequently
sent to Activation Laboratories and analyzed by Inductive Coupled Plasma Mass
Spectrometry (ICPMS) methods to provide analyses not available via XRF techniques.
Four additional rock samples were sent to Activation Laboratories and analyzed by
means of ICPMS methods for all major and trace elements.

In total, data for eleven major element oxides and forty-six trace elements were
generated for the thirty-three rock samples analyzed at Macalester College and Activation
Laboratories. Data for eleven major element oxides and fifty-one trace elements were
obtained for the four samples processed by Activation Laboratories only (Table 4.01).

The results of these lithogeochemical analyses have been used to conduct mass
balance calculations using the isocon method (Grant, 1986). The isocon method
calculates the changes in elemental concentrations (as well as mass and volume changes
if appropriate weight and volume data are incorporated) and was employed for four of the

alteration mineral assemblages in the study area.
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Major XRF Major XRF
Oxides icpvs | XREFSSCd | pressed | Onides icpms | XREFUSC | pressed
and (Activation (Macalester Pellet and (Activation (Macalester Pellet
Trace Laboratories) College) (Macalester Trace Laboratories) College) (Macalester
Elements & College) Elements g College)

AlLQO; 0.01% 0.1% Nb 0.2 1
Ca0O 0.01% 0.1% Ni 1 12
Cl'zO_\ P

CuO Pb 3 4
Fe,0, 0.01% 0.1% Rb 1 1
K,O 0.01% 0.02% S 100

MgO 0.01% 0.1% Sb 0.2
MnO 0.00% 0.002% Sc 0.1 1
Na,O 0.01% 0.04% Se 3

NiO Sn 1 5
P,0s 0.01% 0.005% Sr 2 4
SiO; 0.01% 0.4% Ta 0.01

TiO, 0.00% 0.02% Th 0.05 2
LO1 0.01% 0.01% Ti

Ag 0.5 Tl 0.05

As 0.5 u 0.01 3
Au (2 ppb) A\ 5 8
Ba 3 6 W 0.5

Be I Y 0.5 2

Bi 0.1 Zn 1 1
Br 0.5 Zr 1 1
Ca La 0.05 3
Cd 0.5 Ce 0.05 3
Co 1 4 Pr 0.01

Cr 5 15 Nd 0.05

Cs 0.1 Sm 0.01

Cu 1 2 Eu 0.005

Fe Gd 0.01

Ga 1 1 Th 0.01

Ge 0.5 Dy 0.01

Hf 0.1 Ho 0.01

In 0.1 Er 0.01

ir (5 ppb) Tm 0.005

K Yb 0.01

Mo 2 Lu 0.002

Table 4.01. Summary of lithogeochemical methods, elements analyzed, and detection
limits in parts per million unless otherwise noted. XRF expressed as LDM values.
*LDM = Limit of Determination of a Method = the minimum concentration that can be
determined at the 95.4% level of confidence; calculated as recommended by Rousseau
(2001); LMD = 2 x Standard Deviation (equation 12 in Rousseau, 2001); n = 10.
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The Isocon Method

Grant’s isocon method (1986) is used to determine the change in rock mass and
the relative % change in individual components (oxides and trace elements) that
accompany metasomatism associated with hydrothermal alteration. The isocon method
provides a graphical solution to Gresens’ (1967) equation (Grant, 1986), and allows mass
and concentration changes to be calculated by comparing geochemical data from
representative least-altered samples and from representative altered samples. This is
accomplished by plotting the chemical data on an X-Y graph, and employs Gresens’
(1967) equations for calculating volume and compositional changes of altered versus

unaltered rocks.

Gresens (19A7) | Grant (1986)
Superscript for unaltered

. A 0]
(original sample)
Superscript for altered

(final) sample B
Subscript for component n
Specific gravity g
Volume of sample v
“Volume factor” 1,

Mass of sample
Mass of component i
Reference mass of original sample a
Gain or loss of mass of component
Relative to the reference mass

Conrentratinn
Be— -

OEZCEZ < |=| »

Table 4.02. Abbreviations for Gresens’ (1967) and Grant’s (1986) equations.
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Gresens’ (1967) presented an equation for calculating gains and losses from
chemical analyses and specific gravities of altered and unaltered rocks (Grant, 1986).

Gresens’ basic equation is:

x,=[f(g"1g*)c,” -, la. @
If chemical analyses are normalized to 100 wt %, the reference mass (a) in the equation
will be equal to 100g.

According to Grant (1986), Gresens’ (1967) equation really assesses mass rather
than volume. Grant has rearranged Gresens’ equation to show ratios of constant mass.
Grants (1986) equation gives the ratio of equivalent masses after (M*) and before (M°)
alteration, via the following equation:

MA = VA [ ] pA =
MO VO pO

fv(gB/gA). ©)

The mass of a component after alteration (M*) equals its original mass plus any
change in mass that has occurred:
M= MP°+AM,. @
In order to express changes in terms of concentration units, it is necessary to

divide the above equation by the mass of the original rock (M°):

M M° AM,
O = MO + MO

(4)

The final concentration (M4 / M?) is related to the original (M?/ MO) by the

following expression, which is obtained by multiplying equation (4) by (MO/M™):
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- M° MmO

M4 M° M4 MC[M° AM,
MA = MA. MO - MA - (5)

Using concentration units, we obtain the following equation:

0

c’ (co+ac).

I = MA

This is Gresens’ revised equation as can be seen by rearranging it into the form:

MA
AM,; = K MO)CI'A - Cio

M° ()

For each component within the rock, there is an equation of this form in which
(M°/M*) is constant. If immobile components (where AC; = 0) can be identified, then

simultaneous equations can be solved of the form:

e

C* =

0
IV ) G ®

This can be accomplished by graphically plotting chemical data on an X-Y plot
where C;° is plotted on the x-axis and C;* is plotted on the y-axis. Immobile components
plot along a straight line through the origin with a slope of (MO/MA) which represents the
constant mass before and after alteration. This line, where AC; = 0, is called an isocon.

The equation for the isocon is:

If it is assumed that a component (alumina for example) has been constant

(immobile) during metasomatism, equation (8) becomes:
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4 C* anos o
C'=|——|C". ayn
C Al203

If constant mass is assumed:

c'=C% (12

The isocon representing constant volume is:

(4]
C4= (f;j C’ a3

Once an isocon has been established, the relative gains and losses of components
are graphically represented by the difference in slope of that component and that of the
isocon. Grant (1986) suggests that concentration is generally the most useful means by
which to measure metasomatic gains and losses.

In order to use concentration as a measure, it is imperative to compare the
concentration of a component before and after alteration. This is done by dividing both

sides of equation (6) by C;° and rearranging it to get:

AC, M\ C*
co )=\ o)\ co -1 a4

(M*/M°) is determined from the best fit isocon. For a constant component (alumina for

example:
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- [F)E)
C, ) \C*unos C° - (1)

1

For constant mass:

ac) (c*
c 1=\ co -1 e

1 4

AC) [P CF
c ) \o)\ce) "t an

1

For constant volume:

Mass Balance Analysis Methodology for the Soudan Mine Area

Perhaps the most important and difficult part of performing any type of mass
balance analysis is selecting a representative least altered sample. The least altered
sample must be taken from the same lithology asthealt ~ ~ ift  »mparison is to
have merit. For this study, a least altered sample was selected by using petrographic
studies (to evaluate sample mineralogy) and the Alteration Box Plot (Large et al., 2001)
to evaluate sample geochemistry. The alteration box plot is a graphical representation
that uses two alteration indices: 1) the Ishikawa Alteration Index (AI) (Ishikawa et al.,
1976) and the Chlorite-Carbonate-Pyrite Index (CCPI); (Large et al., 2001). The
alteration box plot is used to delineate zoned alteration assemblages in VMS systems. By
plotting the Al versus CCP]I, alteration trends within data sets associated with VMS
deposits can be graphically evaluated (Figure 4.01). Least altered volcanic rocks
typically plot toward the center of the diagram, and hydrothermally altered volcanics plot
at different positions that correspond with various trends that reflect the hydrothermal

minerals present (Large et al., 2001). Large et al. (2001) note that this technique is better
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adapted for use with alteration geochemistry associated with felsic rock and works less
well for alteration in mafic rock. However, this method was not employed to distinguish
alteration types, but rather, to assist in the selection of a least altered sample for use in
isocon mass balance analysis.

Several samples occur in the “least altered” field for mafic VMS systems. In
order to pick a sample most representative of a pre-metasomatism protolith, the author
used three criteria: 1) the sample must lie in the basalt field in a Na,O + K,0 vs. SiO,
(TAS) diagram because Na, K, and Si are typically mobile in hydrothermal systems; 2)
the sample must lie in the revised Winchester and Floyd field for basalt; and 3) the
sample must be located in the least altered field in the alteration box plot. Petrographic

methods were then used to verify the least altered characteristics of the samples.

ankerite dolomite

100 chlorite
calcite |1 1 1 [ 1 1 L [ [ T T ~|“I E1 1%
epidote| c“\oﬂ\\za“" —

80— |

. Least altered basalt and —]
- andesite —
g — —
3 s0l— |
£ — —  pyrite
a — — alteration
Q L —
O sl — —
Y
— X —
%
- / —
. v ] )
20 sericite
| albite _
T T T O Y M [ v
0 20 40 60 80 100

Alteration Index

Figure 4.01. Standard alteration box plot for mafic and intermediate rocks from the
Hellyer VHMS deposit (after Gemmel and Large, 1992). This box plot was used as part
of a three step process to determine a least altered rock sample in the Soudan Mine area.
Arrows indicate general trends associated with different types of metasomatism
associated with VMS deposits.
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Although two samples fit these criteria, one sample was eliminated by evaluating the
CCPI and Al of the samples. The CCPI was similar in both samples, so the sample with
the lower Al value was selected as the least altered sample (LE-227) for this thesis.
Petrographical analysis reveals that this sample contains approximately 35% epidote,
25% fine-grained quartz + albite groundmass, 15% actinolite, 15% sericite, 10% iron
chlorite and <1% carbonate. This sample appears to be a reasonable representation of
regionally metamorphosed basalt that has not been exposed to more intense hydrothermal
alteration.

In order to use the isocon method effectively, an element or group of elements
that have been unaffected by hydrothermal activity must be identified. These species are
used to define a best-fit isocon from which mass balance calculations for all other
elements are calculated (Grant, 1986).

During hydrothermal processes associated with VMS hydrothermal alteration,
high field strength elements (Ti, Zr, Hf, Nb, Ta, Y, and P), certain rare earth elements
(Gd, Tb, Dy, Er, Yb, and Lu) and transitional elements (Cr, Ni, Sc, and V) are generally
immobile (Jenner, 1996; Table 4.03). These immobile elements can be used to define a
best-fit isocon to which all other elements are compared.

In the Soudan Mine area, discrimination diagrams have been used to evaluate the
relative immobility of the “immobile” trace elements (Cann, 1970; Pearce, 1996; Hudak
et al., 2002) identified above. In altered and unaltered rocks, strong linear relationships
between two elements represent constant ratios. This implies relative immobility of the
elements compared. Therefore, the relative mobility or immobility of elements can be
evaluated when they are plotted against immobile elements on discrimination diagrams
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(Figure 4.02). Statistical correlation coefficients were determined for immobile elements

from the Soudan Mine area rocks (Table 4.04) using the statistical functions included in

IGPET 2000 (Terra Softa Inc., 2000).

Mobility during

seawater dominated Mobility during rock-
Elements o dominated conditions Comments
conditions (fluid/rock<50)
(fluid/reck>S50)
Low Field Strength Elements
CIS(”II;: b}’,b Mobile Mobile Assume immobile

Generally mobile; in rock-
Ba, Sr Mobile May be immobile don.nnated. condition may be
immobile and a useful

petrogenetic indicator
Th Mobile May be immobile In general appears to be
immobile
High Field Strength Elements
Ti, Zr,
Hf, Nb, Immobile Immobile Immobile until proven mobile
Ta
p Mobile Immobile Immobile to slightly mobile
Y Immobile Immobile Immobile until proven mobile
Rare Earth Elements
La, Ce . Can be mobilt?, but for most
’ Generally Immobile Immobile altered volcanics seems to be
Nd, Sm . .
immobile
The most unreliable of the REE
Eu Mobile Mobile for petrogenetic interpretation in
altered rocks
Gd, Tb, Generally immobile in water, but
Dy, Er, Slightly Mobile Immobile may be mobile in fluids with
Yb, Lu high carbonate concentrations
Transition Elements
Cr, Ni, Immobile Immobile Ti-V is a useful irpmobile
Sc,V element ratio

Table 4.03. Trace element classification and behavior during hydrothermal alteration

(seawater) and metamorphism (Jenner, 1996). Seawater and rock dominated conditions
from Mottle and Seyfried (1980).
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The Pearson’s Product Moment Correlation Coefficient (r) is defined by the linear
association between two components and has values ranging from +1 (a perfect positive
correlation) to —1 (a perfect negative correlation). Positive or negative values near zero
indicate that the components are not linearly related. The Coefficient of Determination
(r?) is a measure of the “goodness of fit” of the estimated regression line for the data, with
higher r values indicating a better fit. The Spearman’s Rank Correlation Coefficient (r’)
is a measure of the association of the two variables when rank-order data are utilized
(Anderson et al., 1986; in Hudak et al., 2002b).

For this thesis, the high field strength elements Ti, Zr, Hf, Nb, Y and P, and the
transitional element Cr were determined to be immobile. Although Ti, P, and Cr did not
show good correlation with the other immobile elements (Hf, Zr, Nb, Y), these elements
consistently fell along the best-fit isocon. In all cases, the best-fit isocon was used for
mass balance analysis for rocks in the Soudan Mine area.

Figure 4.03 shows an isocon diagram plotting the least altered sample LE-227
against a sample from the epidote + quartz assemblage, LE-413. The major oxides plus
Co, Cr, Cu, Ni, Nb, Pb, Zn, Zr, Ti and Y are plotted as components. All components
have been scaled so they are more evenly distributed on the X-Y graph (see Grant, 1986
for an explanation of this procedure). This makes visualization easier and minimizes the
crowding of data. Scaling for this thesis was accomplished by multiplying the least
altered and altered analyses for each individual component by a unique factor so that the
product of the analysis and the factor falls between zero and fifty, the maximum value for

each axis on the X-Y graph.
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Figure 4.02. Variation diagrams showing the relative correlation of Hf, Zr, Nband Y.
“r” values between two components ranging from +1 (a perfect positive correlation) to —1
(a perfect negative correlation). Elements with higher r values are interpreted to be
immobile during hydrothermal alteration. Concentration in parts per million.
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Mafic Volcanic and Volcaniclastic Rocks in the
Plot .
Soudan Mine area
R P r

Hf-Zr Nng3 0.69 0.63
Nb-Zr u.84 0.71 0.72
Ce-Zr 0.86 0.73 0.87
Y-Zr 0.79 0.63 0.57
Cr-Zr -0.45 0.20 -0.49
Ni-Zr -0.35 0.12 -0.34
Sc-Zr -0.69 0.47 -0.71
La-Zr 0.83 0.70 0.87

Th-Zr .76 .59 42
Ga-Zr -0.34 0.12 -0.11
V-Zr -0.69 0.47 -0.70
Nb-Hf 0.73 0.53 0.36
Ce-Hf 0.71 0.50 0.53
Cr-Hf -0.44 0.19 -.49
Ni-Hf -0.29 0.08 -0.27
Sc-Hf -0.61 0.37 -0.61
V-Hf -0.63 0.40 -0.60
Ce-Nb 0.78 0.61 0.50
Y-Nb 0.83 0.69 0.86
Cr-Nb -0.63 0.00 -0.18
Ni-Nb 0.22 0.05 0.00
Sc-Nb -0.44 0.16 -0.26
V-Nb -0.39 0.15 -0.23
Ni-Cr 0.79 0.62 0.72
Sc-V 0.97 0.94 0.95
ALO;-Nb - -0.74 0.54 -0.35
ALO;-Zr -0.55 0.3 -0.14
AlLOs;-Hf -0.48 0.23 0.03
Al O;-Ce -0.55 0.30 -0.05
Fe,03-Zr -0.59 0.34 -0.58
Na,O-Zr 0.35 0.12 0.52
CaO-Zr -0.60 0.36 -0.52
MgO-Zr -0.49 0.24 -0.44
MnO-Zr -0.58 0.34 -0.58

Table 4.04. Correlation coefficients for selected variation diagrams in the Soudan Mine
area. The Immobile elements have the highest correlation coefficients (near 1 or -1),
whereas the lower correlation coefficients (near zero) represent elements that may be
more mobile.
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An isocon with a slope of one is equivalent to a constant mass isocon, and
indicates that no mass has been lost or gained during the alteration process. In the case
illustrated in Figure 4.03, the constant aluminum isocon has a slope of m = M%/M* = 1.0,
the best fit isocon has a slope of m = (M®/M*) = 0.66 which is equivalent to (M*MP°) =
1.51 and thus a mass increase of 51% which occurred to due the alteration process. All
components that do not plot on the best fit isocon have been affected by hydrothermal
alteration processes. Components that lie above the best-fit isocon (e.g. have a greater
slope than) have been gained during hydrothermal alteration, whereas components that lie
below the best-fit isocon have been leached during hydrothermal alteration (Grant, 1986).
The larger the difference between the slope of the component and the slope of the isocon,

the larger the magnitude of losses or gains of the species in the rock.
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Figure 4.03. Isocon diagram comparing epidote + quartz altered basalt LE-413, with
least altered basalt sample LE-227. The best-fit isocon represents a straight line starting
from the origin and passing through TiO,, Cr, Nb, and Zr, which are interpreted to be
immobile. The dashed lines represent the constant aluminum and constant mass Isocons.
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A visual estimate of losses and gains can be used by superimposing a vertical
scale onto the isocon diagram (Figure 4.03). A vertical line can be drawn anywhere
along the X-axis. Where the vertical scale intersects the isocon of choice, the relative
change (M®/M*) = 0. The vertical distance between this intersection to the X-axis equals
100%. This line can then be segregated so that the losses and gains of a component of
interest can be measured by drawing a line from the origin through the component.
Where the line intersects the scale, the losses and gains can be read.

Hovis (2001) used the constant aluminum isocon at the Eagles Nest VMS
prospect. Although aluminum is not considered immobile at Soudan, constant aluminum
isocons have been plotted so that direct comparisons to the results of Hovis (2001) can be

done.

Mass Balance Analysis for the Soudan Mine Area

Mass balance analysis was conducted in order to measure the relative gains and
losses of components in four of the seven alteration assemblages within the study area.
Mass balance was conducted on basalts from the Central Basalt Sequence. Mass balance
was not conducted in other rocks because of limited lithogeochemistry, the lack of least
altered samples, and a variety of alteration assemblages that involve rocks with variable
bulk compositions. Alteration assemblages analyzed include the epidote + quartz
assemblage (1a), mottled epidote + quartz assemblage (1b), actinolite + epidote + garnet
+ magnetite assemblage (5), and the sericite + quartz assemblage (7). Three other

assemblages, the quartz + epidote (2), Mg-chlorite + quartz + sericite (4) and Fe-chlorite
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(6) occur in the Soudan Sill, Upper Sequence and Fivemile Lake Sequence, and therefore

were not analyzed.

Epidote + Quartz Assemblage

One sample from the epidote + quartz alteration assemblage “la” at the Soudan
Mine are was analyzed using the isocon method (Figure 4.03). The sample is from mafic
volcanic lavas of the Central Basalt Sequence (LE-413).

Table 4.05 indicates gains and losses associated with the epidote + quartz
assemblage. The addition of CaO (101%) is represented in outcrop and thin section by
the abundance of epidote (Cay (Al, Fe)Al,O(Si04)(S11207)(OH)) and actinolite (Ca; (Mg,
Fe)s (Sis011)2 (OH)2. An increases in Al,O3 (51%) and MgO (51%) and a slight loss of
Fe,03 (-1%) may be due to the varieties of chlorite present. Sodium shows a relative
increase (29%) which probably resulted from the albitization of plagioclase to form
epidote. Silicification in this assemblage is reflected by a gain in SiO, (65%). A total
mass gain (51%) may be caused by epidote + quartz occupation in healed fractures.
Large gains in Cu (187%) are not typically associated with epidote-rich zones, where
instead metal depletion is usually more common (Hudak et al., 2002b). Gains in copper

may also contribute to a total mass gain in the rock.
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Change % Change % Change %
Element Best Fit Alum. Const. Mass
Sio2 65 9 9
TiO2 0 -35 -35
Al203 51 0 0
Fe203 -1 -34 -34
MnO -15 -44 -44
MgO 51 0 0
CaO 101 33 33
Na20 29 -15 -15
K20 -85 -90 -90
P205 -7 -38 -38
LOI 40 -8 -8
Sc 73 14 14
v 45 -4 -4
Cr 0 -34 -34
Co -4 -36 -36
Ni -37 -58 -58
Cu 187 90 89
Zn -7 -38 -38
Rb -80 -87 -87
Sr 286 155 155
Y 5 -31 -31
Zr 0 -34 -34
Nb 0 -35 -35
Pb -9 -40 -40
Ti -2 -35 -35
K -86 -90 -90
Au 51 0 0
Ag 51 0 0
As -68 -79 -79
Ca 165 75 75
Fe 5 -30 -31
Hf 51 0 0
Sb 808 500 500
Total Mass Gain = 51%

Table 4.05. Gains and losses of major element oxides and calculated trace elements from
epidote + quartz altered basalt lava flow (Central Basalt Sequence, LE-413) by use of
isocon analysis. The best fit (TiO,, Cr, Zr, and Nb), constant aluminum and constant
mass isocon are listed for comparison.
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Mottled Epidote + Quartz Assemblage

One sample from the mottled epidote + quartz assemblage (1b) was analyzed
using the isocon method. This sample (LE-437) is from pillowed mafic lavas (Central
Basalt Sequence). The relative gains in CaO (436%) reflects the relatively large
concentration of epidote (>50%) in these rocks. This is probably due to leaching of Ca**
from plagioclase and its subsequent redeposition to form epidote (saussuritization) (Bernt
et al., 1989). The lack of plagioclase and sericite is accounted for by the depletion of
NayO (-85%) and K,0 (-60%). Increases in Fe;O3 (95%) and MgO (128%) reflect
metasomatic changes resulting in Fe- and Mg-chlorite, and an increase in Cu (587%) may

be due to deposition of copper by hydrothermal fluids originally generated deeper in the

hydrothermal cell.
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Figure 4.04. Isocon diagram comparing mottled epidote + quartz altered mafic pillow
lava (Central Basalt Sequence) LE-437, with least altered sample LE-227. The best fit
isocon represents a straight line starting from the origin and passing through TiO,, Hf,
and Nb which have been interpreted to be immobile. The dashed lines represent the
constant aluminum and constant mass Isocons.
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Change % Change % Change %
Element Best Fit Alum. Const. Mass
Si02 89 26 -8
TiO2 0 -24 -44
Al203 49 0 -25
Fe203 95 31 -3
MnO 100 34 0
MgO 128 53 14
CaO 436 260 168
Na20 -85 -90 -93
K20 -60 -73 -80
P205 -38 -59 -69
LOI 69 13 -15
Sc 151 68 25
Vv 95 31 -3
Cr 66 11 17
Co 101 35 1
Ni 12 -25 -44
Cu 587 361 243
Zn 42 -5 -29
Rb -71 -81 -86
Sr 279 154 90
Y 20 -20 -40
Zr -44 -63 -72
Nb 0 -33 -50
Pb 180 88 40
Ti 0 -24 -44
K -60 -73 -80
Au 100 34 0
Ag 100 34 0
As -75 -83 -88
Ca 0 -33 -50
Fe -69 -79 -85
Hf 0 -33 -50
Sb 700 437 300
Total Mass Gain = 100%

Table 4.06. Gains and losses of major element oxides and calculated trace elements from
mottled epidote + quartz altered basalt lava flow (Central Basalt Sequence, LE-437). The
best fit (TiO,, Hf and Nb), constant aluminum and constant mass isocon are listed for
comparison.
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Silicification in this assemblage is reflected by a gain in SiO, (89%). A total mass gain

100%) occurs, and may be caused by epidote + quartz occupation in healed fractures.
y

Large gains in Cu (587%) are not typically associated with mottled assemblages where

the depletion of metal is usually more common (Hudak et al., 2002b). However,

seemingly large amounts of copper, may be related to very miniscule amounts of

chalcopyrite in the rock samples since copper is measured in parts per million, not weight

percent.

Actinolite + Epidote £ Garnet + Magnetite Assemblage

One sample from the Central Basalt Sequence containing the actinolite + epidote

+ garnet + magnetite assemblage (LE-222) was analyzed using the isocon method.

Concentration in altered sample

LE-222
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Figure 4.05. Isocon diagram comparing actinolite & epidote + garnet + magnetite sub
alkaline pillow basalt from the Central Basalt Sequence LE-222, with least altered sample
LE-227. The best fit isocon represents a straight line starting from the origin and passing
through TiO,, Nb, and Zr which have been interpreted to be immobile. The dashed lines
represent the constant aluminum and constant mass Isocons.
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Change % Change % Change %
Element Best Fit Alum. Const. Mass

Si02 47 22 11
TiO2 0 -27 -34
Al203 21 0 9
Fe203 -19 -33 -39
MnO 76 46 32
MgO -57 -65 -68
Ca0 171 125 103
Na20 84 52 38
K20 -50 -59 63
P205 13 -7 -15
LOI -27 -39 -45
Sc 57 30 18
Vv 15 -5 -14
Cr -11 -26 -33
Co -27 -39 -45
Ni -46 -55 -60
Cu 382 299 261
Zn -26 -39 -45
Rb -59 -66 -69
Sr 182 133 111
Y 4 -14 -22
Zr 0 -15 -23
Nb 0 -19 27
Pb 75 45 31
Ti -11 -26 -33
K -50 -59 -62
Au 33 10 0
Ag 33 10 0
As -29 -41 -47
Ca 233 176 150
Fe -7 -23 -30
Hf -33 -45 -50

Sh 2567 2109 1900

Total Mass Gain = 33%

Table 4.07. Gains and losses of major element oxides and calculated trace elements from
the actinolite + epidote + garnet + magnetite altered basalt lava flow (Central Basalt
Sequence, LE-222) by use of isocon analysis. The best-fit (TiO,, Nb and Zr), constant

aluminum and constant mass isocon are listed for comparison.
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The mineralogy and textures in the sample indicate it has experienced intense
hydrothermal alteration.

Table 4.07 illustrates the results of the isocon analysis for this assemblage. An
increase in CaO (171%) is consistent with the large modal abundances of actinolite
within this assemblage. Increases in Na,O (84%) likely reflect albitization of original
feldspar in the rock. The large gain in Cu (382%) reflects the abundance of opaque
copper sulfide minerals that occur in this assemblage. Losses of Fe,O3 (-19%) and MgO
(-57%) reflects the breakdown of primary ferromagnesian phases (e.g. pyroxene) and the
loss of K0 (-50%) reflect the absence of sericite in the sample. Depletion of Zn (-36%)
likely reflect base metal leaching. It is clear, however, that some areas with this
alteration assemblage contain zones where crosscutting magnetite and garnet is present;
therefore a large gain in iron would be expected. However, garnet and magnetite occupy
open space fillings such as veins and interpillow hyaloclastite; the sample that was taken
represents the pillow cores and therefore did not incorporate large amounts of magnetite

and garnet.

Sericite £ Quartz Assemblage

One sample from the sericite &+ quartz assemblage (LE-337) was analyzed by the
Isocon method. This sample is of basalt lava from the Central Basalt Sequence.

Table 4.08 illustrates the results of the mass balance analysis of the sericite +
quartz assemblage. Gains in K;0 (421%), SiO; (56%), and MgO (78%) reflect the high

modal abundances of sericite, Mg-chlorite and quartz-rich groundmass that occur in this
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Chapter 5

VOLCANIC RECONSTRUCTION AND HYDROTHERMAL ALTERATION
MODEL

Introduction

Volcanic reconstruction is an essential tool used in the exploration of all volcanic-
associated ore bodies, including volcanogenic massive sulfide deposits (Cas, 1992;
Gibson et al., 1999). Volcanic reconstruction through stratigraphic correlations, facies
mapping and lithogeochemical and structural analysis is a powerful tool for determining
the geotectonic and paleogeographic environment of older volcanic successions (Gibson
et al., 1999).

Estimating water depth, although sometimes difficult and always contentious, also
has significance in targeting VMS deposits. Water depth has a direct correlation with
hydrostatic pressure, and when paired with temperature, salinity and gas content, control
the depth of boiling of an ascending hydrothermal fluid (Franklin et al., 2005). Boiling,
and the resulting phase separation of a hydrothermal fluid, can result in the formation of a
base metal poor vapor and a base metal-rich residual fluid (Franklin et al., 2005).
Therefore, a reliable criterion for determining water depth has significance in targeting
VMS deposits. Franklin et al. (2005) suggests that lithofacies alone can not be a reliable
tool to estimate water depth. Recent studies suggest that pyroclastic eruptions
(historically considered shallow-water phenomena) have occurred on the modern day
seafloor at depths of 2000-4000m (Butterfield et al., 1990; Hannington et al., 1991
Sherlock et al., 1999). The eruption and emplacement of lava flows, domes and

cryptodomes are not constrained by water depths. Therefore, the ability to confidently
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and rhyodacite volcanic rocks resulted from magma migration from these hypabyssal
intrusions upward through the seafloor, through synvolcanic faults or other synvolcanic
structures.

Persistent andesite volcanism was periodically interrupted by rhyodacite to dacite
volcanism that produced localized explosive eruptions followed by effusive lava flows.
In the southeast quarter-section of section 25, a 135m thick, central volcanic pile consists
of basal, felsic, small-volume co-ignimbrite-like deposit that transitions quickly into
rhyodacite to dacite lava flows. The base of the volcanic pile consists of a moderately
thick (up to 68m), poorly-bedded, poorly-sorted and locally clast-supported breccia that
comprise 50-70% rounded-subangular, silicified, aphyric (20-40%) fine-lapilli to block
pumice fragments and angular fine- to medium-lapilli rhyodacite lava fragments that are
well-dispersed and set in 30-50% quartz-phyric recrystallized coarse-ash matrix. Contacts
between felsic volcaniclastic rocks and adjacent units are not visible in the field area due
to scattered outcrop exposures. Felsic volcaniclastic rocks transition upwards into felsic
lava flows which are 10-50m thick and extend laterally for 400 and 550 meters
respectively. Lava flows are massive, aphyric to quartz-phyric, and exhibit subtle flow
banding. Medium lapilli to block sized angular to sub-rounded felsic lava accessory
fragments are well-dispersed within the flows.

The felsic components in the Fivemile Lake Sequence appear to make up the
transition from explosive volcanism to effusive volcanism. The presence of highly-
vesiculated, poorly-sorted volcaniclastic material and angular lava clasts that resemble
the massive flow facies, paired with the absence of bedding and grading and a lack of
broken crystals, suggests that initially, the felsic edifice erupted in a moderately violent
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Sedimentary structures indicate these rocks formed at depths greater than storm wave
base (Hudak pers. comm. 2006).

Persistent mafic and intermediate volcanism was periodically interrupted by felsic
volcanism that produced rhyolite lava flows and lapillistone deposits. These deposits
occur in the southeast corner of Section 23 (Plate 1) and comprise a 60m thick volcanic
pile that extends laterally to the southwest and northeast at a trend of 035°-205°. At the
base, felsic volcaniclastic rocks are composed of non-bedded, poorly-sorted, matrix
supported fragments. Clasts are composed of 40% <1-3 cm angular to subrounded
rhyolite lava lapilli, <1-3 cm angular to subrounded dark grey chert lapilli and 2-4cm
subrounded well-dispersed silicified pumice set in recrystallized fine- to coarse-ash
matrix. Felsic volcanic rocks transition up-section into aphyric to plagioclase-phyric,
felsic lavas that are locally spherulitic. These flows contain 1-15¢m, subangular,
spherical to elongated, medium- to coarse-lapilli to block sized massive rhyolite lava
accessory fragments. A 10m wide mafic dike is located in the center of the edifice. This
dike is cut by a felsic dike, suggesting that subsequent volcanism utilized the same,
possibly reactivated synvolcanic structures.

The felsic components in the Central Basalt Sequence may represent a blocky
rhyolite dome. Blocky domes are aerially restricted and have small volumes of lava
which travel <2 km from their source. Typically blocky domes are characterized by
steep-sides that are located immediately adjacent to, and above, their feeding fissure or
conduit (Gibson et al., 1999). According to Gibson et al. (1999), blocky domes are
characterized by three flow facies: (1) an interior of microcrystalline to spherulitic non-

vesicular to poorly vesicular massive and flow-banded lava that occurs as dikes, lobes
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and autobreccia blocks that grade outwards into (2) a monolithic, block and hyaloclastite-
rich carapace breccia that mantles and underlies the massive lava, and (3) flank breccias.
Therefore, it appears that the massive and spherulitic lavas that overly lapillistone
deposits (with local block and hyaloclastite) comprise a blocky rhyolite dome (Figure
5.02).

Felsic volcanic and volcaniclastic rocks in the Central Basalt Sequence lie
approximately 1300m stratigraphically above felsic volcanic and volcaniclastic rocks of
the Fivemile Lake Sequence (see Plate 1). A lithogeochemical comparison of chondrite
and primitive mantle normalized spider diagrams indicates that felsic volcanic rocks in
the Central Basalt Sequence are more enriched in LREE, MREE and HREE which

suggests the eruption of a more evolved magma. Their relative location (Plate 1) may

suggest the presence of a central long-lived, series of deep penetrating reactive faults and
fractures which acted as conduits for periodic felsic volcanism (Franklin et al., 2005).
Conclusions

The Central Basalt Sequence was produced during the latter stages of arc
construction simultaneous with the onset of post-collisonal, within-plate volcanism. By

comparing the chemical affinities for Fivemile Lake (dominantly plate-marginal arc) and

Central Basalt (plate-marginal arc to within-plate) environments, it appears that the
Central Basalt Sequence represents part of the latter stages of plate-marginal arc rifting
and the beginning of post-collisional within-plate volcanism. The co-genetic relationship
between volcanic-arc and within-plate volcanism is unclear. However, within-plate
volcanism may be directly related to BIF deposition as suggested by Isley and Abbott
(1999). A lack of geochemical data in the Soudan BIF prevents lithogeochemical
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decreases (Seyfried, 1999). Adiabatic decompression leads to increases in Fe**/Fe*" and
increased rates of oxidation in the fluid. Epidote formation continues, and the production
of iron silicates (Fe-chlorite + Fe-actinolite) is stimulated (Seyfried et al., 1988).

The presence of magnetite in healed fissures in the Soudan Mine area may
represent mineralization as a result of an adiabatically cooled evolved fluid rising through
the volcanic stratigraphy. The formation of the actinolite + epidote + garnet + magnetite
assemblage (5) near and adjacent to the intersection of Sections 23, 24, 25 and 26, likely
resulted from metasomatism between rising evolved fluid and the adjacent rocks.

Isocon analysis of the actinolite + epidote + garnet + magnetite assemblage (5)
rocks are enriched in Ca (171%) and Na (84%), and depleted in Fe (-19%), and K (-
50%). The gains in Ca are consistent with rocks formed within an up-flow environment.
However, the losses of Fe in the rock are not consistent with an up-flow environment
(Seyfried et al., 1988). Isocon analysis was performed on a sample that did not contain
magnetite and garnet occupied open spaced fillings such as interpillow hyaloclastite
and/or cross-stratal veins. Instead, the sample was from pillow interiors where garnet and
magnetite are typically absent except in amygdules or cross-stratal veinlets. Healed
fissures containing magnetite and garnet suggests that large amount of iron were liberated

from the rock into the fluid as they moved towards the seafloor.

Intermediate Rising Solution Environment

The rising evolved hydrothermal fluid generally >350°C, is enriched in base- and

alkali- metals, silica, and H; depleted in Mg and Ca, and has a moderately acidic (3-5)
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distribution and composition of hydrothermal alteration assemblages that occur in the
footwall rocks of many lava-flow dominated Archean VMS deposits (Franklin, 1993;
Franklin, 1996; Morton and Franklin, 1987; Franklin et al., 2005).

The mottled epidote + quartz assemblage is associated with anomalous
concentrations of copper and zinc immediately up-section from the Sugar Mountain Sill.
This suggests that fluid temperature and pH were at the proper conditions for transporting
base metals (Figure 5.08). Based on the alteration distribution, the Sugar Mountain Sill is
believed to have been the local heat source for hydrothermally altered rock in the Soudan
Mine area. This intrusion may have generated numerous small localized hydrothermal
cells that mobilized, and subsequently deposited, copper and zinc over short distances.
However, its small sized suggests it did not posses a sufficient amount of heat required to
establish a broad, long-lived, hot hydrothermal system necessary to form VMS. The
absence of a discrete synvolcanic structural zone may have led to unfocused fluid
migration and discharge, also preventing anomalous concentrations of base metal sulfide
minerals from being precipitated.

The relative high solubility of iron versus copper and zinc (Figure 5.09) suggests
that iron would be leached from deep in the footwall rocks. Isocon analysis suggests that
low concentrations of iron are present in the footwall rocks when compared to copper and
zinc. The upward migration of iron may be partly responsible for the local
concentrations of banded iron formation in the hanging wall of the Central Basalt
Sequence. The presence of magnetite in more permeable zones (interpillow material,
vesicles, and fissures) may be a strong indication that the alteration at the Soudan Mine
area is related to the formation of the Soudan Member of the Ely Greenstone rather than
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base metal massive sulfide deposits. Few published studies of hydrothermal alteration
zones associated with Algoma-type BIF exist in the literature; therefore further detailed
work is needed in the vicinity of the Soudan Mine and surrounding areas (between the
Soudan Mine study area and Fivemile Lake) in order to better understand the significance

of the alteration zones and the genesis of the Soudan BIF in the Vermilion District.
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Figure 5.08. Solubility curves for Cu, Zn, and Au complexes under typical fluid
conditions in sea-floor VMS systems (Hannington et al., 2005). Thick lines represent
compositions for typical ridge-crest hydrothermal fluids. Copper content in fluid is most
influenced by temperature, whereas zinc content is most influenced by pH (Franklin et
al., 2005).
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Figure 5.09. Relative concentration of Fe, Zn and Cu (in pmolal) in an experimental
hydrothermal fluid at 400 bars. As temperature increases from 350-425°C the solubility

of iron increases exponentially with respect to zinc and copper (after Seyfried and
Janecky, 1985).
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Pillowed and massive lavas in the Central Basalt Sequence are poorly-vesiculated,
aphyric to plagioclase-phyric, and have associated pillow breccias, mafic tuff deposits,
and interpillow and flow-margin hyaloclastite. Pillows are mainly ovoid or bun-shaped
with some amoeboid shaped pillows occurring locally. Pillows generally range in size
from 8-75 cm along strike, and are 7-40 cm thick. Pillows in the Central Basalt Sequence
are generally smaller than pillows in the Fivemile Lake Sequence.

Rhyolitic volcanic and volcaniclastic rocks in the Central Basalt Sequence have
chemical affinities similar to within-plate generated granites. High field strength
elements and rare earth element concentrations suggest that felsic rocks in the Central
Basalt Sequence resemble FlIlla-type rhyolites (Lesher et al., 1986; Hart et al., 2004)

The Upper Sequence is a north-northwest facing, steeply-dipping, well-preserved
(but locally deformed) suite of rocks that is well exposed throughout the field area. The
sequence includes the Soudan BIF and felsic volcanic and volcaniclastic rocks
immediately in the footwall of the Soudan BIF. The Upper Sequence is interpreted to
represent epiclastic redeposition deposits that were preceded by primary or resedimented
tuff deposits interpreted to be associated with a Neoarchean stratovolcano located to the
northeast of the field area. Felsic volcaniclastic rocks are preceded by long-lived
volcanic quiescence and low temperature hydrothermal alteration that produced ~650m
of oxide facies banded iron formation.

The Gafvert Lake Sequence is a north-northwest facing, steeply-dipping, well-
preserved suit of rhyodacite-dacite-trachyandesite volcaniclastic rocks that have chemical
affinities consistent with volcanic-arc syn-collisonal generated granites. The textures
found in the field and in thin section suggest that rocks at the base of the Gafvert Lake
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Sequence represent the massive facies of a mass flow deposit. High field strength
elements and rare earth element concentrations in these rocks suggest that rocks in the
Gafvert Lake Sequence have FI-type rhyolite affinities (Lesher et al., 1986; Hart et al.,
2004). The presence of angular rip-up clasts of BIF and black chert, suggest that the
mass flow was deposited following lithification of the BIF. Therefore, this contact may
represent a disconformity.

Intrusive rocks in the Soudan Mine area are syn-volcanic with respect to the Ely
Greenstone based on: 1) the occurrence of structural fabric; 2) the occurrence of
hydrothermal alteration associated with seafloor metamorphism; and 3) cross-cutting
relationships to bedding. Intrusive rocks mainly occur along major sequence contacts,
within sequences, or as thin 1-4 m wide pseudo-linear northwest-northeast trending
porphyry dikes and east-west trending sills.

Synvolcanic intrusions comprise diorite porphyry dikes and sills, mafic diabase
sills (Sugar Mt. Sill, Soudan Sill, and undifferentiated diabase), gabbro porphyry sills,
feldspar porphyry diorite dikes, quartz feldspar syeno-diorite porphyry dikes and sills. In
general, intrusive rocks in the Fivemile Lake Sequence have chemical affinities
suggestive of genesis in a plate-marginal volcanic arc setting. Intrusive rocks in the
Central Basalt Sequence have chemical affinities suggestive of rocks that formed in a
plate-marginal volcanic-arc to within-plate post-collisonal setting. The Sugar Mountain
Sill has chemical affinities similar to rocks that formed in a plate marginal volcanic-arc to
post-collisional within-plate setting. The Soudan Sill has chemical affinities similar to

rocks that formed in a within-plate, mid ocean ridge (MORB) setting.
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Sheared rocks occur as dominantly east-west trending, curvilinear bands of schist
and phyllite that contain diverse assemblage of alteration minerals believed to have been
derived from metasomatism associated with deep-seated hydrothermal fluids during the
2680-2685 Ma (D) structural events (Corfu and Stott, 1998). Sheared rocks are part of
two major sub-parallel structures that displace rocks from west to east. These structures
comprise the Murray Shear Zone and Mine Trend Shear Zone.

A detailed study of alteration assemblages using petrographic methods and field
mapping at a 1:2000 scale was conducted for this thesis. Semiconformable epidote +
quartz, mottled epidote + quartz, quartz + epidote, actinolite + epidote + quartz, Mg-
chlorite + quartz + sericite, and sericite + quartz assemblages, and discordant actinolite +
epidote + garnet + magnetite and Fe-chlorite + quartz + sericite were mapped in the field
area. Mass balance analysis was completed via the isocon method. The high field
strength elements Ti, Zr Hf, Nb, Y and P and the rare earth element Cr were found to be
immobile during seawater-dominated metasomatism in the Soudan Mine area. The
isocon method was used to calculate the elemental gains and losses in four of the seven
hydrothermal alteration assemblages (see Chapter 4 for results). Mass gains (33-100%)

consistently occurred for the four alteration assemblages analyzed via the isocon method.

Conclusions

The Fivemile Lake Sequence represents part of a laterally extensive Neoarchean
mafic shield volcano. This volcano comprises dominantly andesite lava flows, with
minor basalt and rhyodacite lava flows and volcaniclastic rocks. It formed in a

submarine, subduction generated, juvenile mantle-derived ocean-ocean plate island-arc
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system during Neoarchean time. The presence of numerous small diorite dikes and
stock-like intrusions in the Fivemile Lake Sequence suggests the presence of numerous
hypabyssal magma chambers during volcanism. The felsic components in the Fivemile
Lake Sequence comprise a series of explosive co-ignimbrite eruptions followed by
effusive rhyodacite lava flows. The introduction of rhyolite volcanism in mafic-
dominated volcanic successions is commonly associated with mature arc construction,
arc rifting and the beginning of back arc development (Chown et al., 1992; Corcoran and
Dostal, 2001).

The Central Basalt Sequence is part of a large mafic shield complex that extends
at least 5 kilometers to the east of the present study area. Geochemical studies indicate
that the Central Basalt Sequence lavas in the Soudan Mine area represent the products of
coeval island-arc and within-plate associated volcanism. The coeval relationship
between island-arc and within-plate volcanism is unclear. Isley and Abbott (1999)
suggest that the presence of plume related (within-plate, ocean island) volcanism may be
directly related to the deposition of banded iron formation. Further geochemical studies
need to be completed to constrain this relationship.

The lack of vesicles and multiple-selvage pillows in mafic lava flows, and the
close association with banded iron formation, suggest that these lavas likely formed at
greater water depths than those of the Fivemile Lake Sequence.

The felsic lithofacie in the Central Basalt Sequence are consistent with the
presence of a blocky rhyolite dome. Felsic volcanic and volcaniclastic rocks in the
Central Basalt Sequence lie approximately 1300m stratigraphically above felsic volcanic
and volcaniclastic rocks of the Fivemile Lake Sequence (see Plate 1). This may suggest
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the presence of a long-lived series of deep penetrating reactive faults and fractures which
acted as conduits for periodic felsic volcanism (Franklin et al., 2005).

The Upper Sequence represents chemical and volcaniclastic rock suites that
blanket several dissected shield volcanoes. The Upper Sequence is intruded by stock and
sill-like intrusions of diabase and gabbro that have a within-plate, mid ocean ridge
(MORB) signature. The deposition of banded iron formation is interpreted to have
occurred in basins created by extensional rifting of the Central Basalt Sequence and
Fivemile Lake Sequence shield volcanoes. Rifting created deep sea basins, enhanced
cross-stratal permeability, and promoted the development of hydrothermal systems that
led to leaching of wall rocks to form silica and iron rich solutions. The subsequent
upward migration, cooling, and precipitation of silica-iron-rich hydrothermal fluids
resulted in approximately 650 m of BIF.

The Gatvert Lake Sequence rocks in the Soudan Mine area represent the basal
facies of a mass flow deposit associated with a Neoarchean Stratovolcano located to the
northeast of the field area. The presence of BIF rip-up clasts and black chert within the
mass flow suggests emplacement after lithification of the Soudan BIF. The contact
relationship between the Soudan BIF and the base of the Gafvert Lake Sequence in this
location may represent a disconformity. Lithogeochemical analyses indicate that the
source rocks for the Gafvert Lake Sequence mass flow were formed in an arc setting.
Therefore, the Gafvert Lake Sequence appears to represent the products of volcanism
associated with a rifting mature volcanic-arc.

Alteration mineral assemblages in the Soudan Mine area resulted from a
combination of ancient syn-volcanic seafloor hydrothermal activity and subsequent
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regional greenschist facies metamorphism. The distribution and mineralogy of these
assemblages appear to be, on a large scale, similar with those associated with syn-
volcanic hydrothermal alteration that occurs in the footwall of VMS deposits (Franklin,
1993; Franklin, 1996; Franklin et al., 2005). Isocon analysis reveals that there are
anomalous concentrations of copper and zinc in the mottled epidote + quartz alteration
assemblage in the rocks directly above the Sugar Mountain Sill. Therefore, the Sugar
Mountain Sill is recognized as the local heat source for hydrothermally altered rock in the
Soudan Mine area. Heat derived from this intrusion may have resulted in numerous local
hydrothermal cells that continuously mobilized and deposited copper and zinc on a small
scale. However, its small size yielded insufficient heat to produce the long lived high
temperature hydrothermal system necessary to make VMS. The lack of an impermeable
barrier in the field area (see Figure 5.07), and the relative lack of copper-zinc sulfide
mineralization in what has been interpreted to be the “venting environment”, may have
resulted from low sulfur fugacity in the Sugar Mountain Sill. The relatively high
solubility of iron versus copper and zinc (Figure 5.10) suggests that iron would have been
extensively leached in the footwall rocks, an observation that has been documented.
Isocon analysis suggests that relative low concentrations of iron are present in the
footwall rocks when compared to copper and zinc. Therefore, iron was probably
mobilized in the upwelling hydrothermal fluids. The migration of iron may be partly
responsible for the local concentrations of banded iron formation in the hanging wall of
the Central Basalt Sequence. The presence of magnetite in more permeable zones
(interpillow material, vesicles, veins), if primary, may be a strong indication that the
alteration at the Soudan Mine area is related to the formation of the Soudan Member of
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the Ely Greenstone, and that the proper thermal and structural conditions were not met to

promote the formation of massive sulfide deposits.
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Appendix 1: Major Oxide and Trace Element Lithogeochemistry

Sample UTM (east) UTM (north) Map_Unit Lithology Si02 TiO2 Ai203 Fe203 MnO MgO
% % % % % %
LE-028 55Lu~~.89 5296877.31 FPDD Feldspar Porphyry Diorite 52.93 0.46 15.83 5.95 0.1 7.63
LE-050  559765.33 5296869.24 DbSM Sub-Alkaline Basaltic Diabase 45.3 0.79 15.61 12.57 0.19 8.13
LE-055  559458.97 5297373.83 CB1b Sub-Alkaline Basalt 44.43 0.78 13.84 12.42 0.24 9.87
LE-063  559211.31 5297305.34 DbU Sub-Alkaline Basaltic Diabase 50.05 0.47 10.3 6.88 0.14 11.83
LE-064  559214.64 5297309.38 QFSD Syeno-Diorite 64.82 0.28 18.04 1.6 0.03 1.93
LE-086  558960.74 5296615.05 DbSM Sub-Alkaline Basaltic Diabase 45.83 0.77 16.14 12.82 0.25 4.03
LE-141 559008.64 5296853.17 DbSM Sub-Alkaline Basaltic Diabase 46.98 0.73 15.32 11.91 0.19 8.18
LE-160  559608.22 5297718.7 QFSD Quartz Feldspar Syeno-diorite 60.03 0.34 17.54 3.23 0.06 4.3
LE-180  558150.01 5297191.45 DbSS Alkaline Diabase 51.39 0.72 17.22 13.7 0.13 8.17
LE-222  560301.92 5297443.57 CB1b Sub-Alkaline Basalt 51.66 0.73 15.79 7.96 0.33 2.29
LE-225  560162.34 5297476.77 CB1a Sub-Alkaline Andesite 50.86 0.63 16.94 13.16 0.19 4.44
LE-227  559876.14 5297238.24 CB1b Sub-Alkaline Basait 46.73 1.1 17.44 13.11 0.25 717
LE-230  559666.56 5297115.91 D Diorite Porphyry 55.22 0.68 13.06 7.81 0.13 7.7
LE-254 55854038 5297501.8 DbSS Sub Alkaline Diabase 49.63 1.19 16.38 10.01 0.1 6.8
LE-259  560338.94 5297005.44 DbuU Sub-Alkaline Basaltic Diabase 49.58 0.63 17.01 9.34 0.15 8.71
LE-288  560513.74 5296561.85 FM2a Rhyodacite/Dacite Lava 74.78 0.45 13.34 2.06 0.03 1.21
LE-289  560537.92 5296625.43 FM1h Sub-Alkaline Basaltic Lapillistone 60.22 0.88 15.74 5.65 0.1 5.13
LE-295  559538.89 5296486.9 FM1b Andesite 58.43 0.58 16.36 6.04 0.08 6.63
LE-321 559783.48 5297620.89 QFSD Syeno-Diorite 56.51 0.36 19.73 1.98 0.06 3.27
LE-337  559594.05 65297508.73 CB1b Sub-Alkaline Basalt 50.94 0.77 16.52 8.95 0.15 8.91
LE-349  558362.51 5297181.96 D Diorite Porphyry 61.39 0.36 17.2 3.79 0.05 3.97
LE-360  559117.82 5296814.11 DbSM Sub-Alkaline Basaltic Diabase 46.84 0.71 16.82 10.53 0.2 4.31
LE-402 559883.8 5297211.88 CB1b Sub-Alkaline Basalt 55.66 1.48 14.68 11.69 0.19 5.66
LE413  558152.81 5297007.64 CB1b Sub-Alkaline Basait 51.07 0.71 17.43 8.6 0.14 7.15
LE-420 560172.59 5297067.18 CB1b Sub-Alkaline Basait 45.12 0.75 13.18 12.09 0.3 7.5
LE-425  560144.76 5297091.06 CB1b Sub-Alkaline Basalt 50.43 0.84 15.99 10.07 0.14 9.16
LE-431 557552.46 5296878.48 DbSS Basaltic Andesitic Diabase 54.39 0.64 15.61 156.02 0.06 7.6
LE-437 560166.53 5297208.18 CB1b Sub-Alkaline Basalit 44.05 0.62 13 12.77 0.25 8.17
LE-451 559711.54 5297646.57 CB1b Sub-Alkaline Basait 0 0 0 0 0 0
LE-461 557349.09 5296696.56 uS2b Trachy Andesitic Lapillistone 71.09 0.15 15.67 1.9 0.03 0.94
LE-500 560868.21 5296890.57 FM2a Rhyodacite/Dacite lava 76.13 0.4 12.13 1.66 0.03 0.89
LE-1507 560647.47 5296534.39 FM1b Sub-Alkaline Basalt 55.7 0.49 17.04 7.19 0.15 4.18
LE-1512 560675.55 5296372.8 FM1i Foliated Sub-Alkaline Basalt 54.26 0.52 18.77 4,96 0.08 45
CBD3 559720.00 5297708.00 CB2a Rhyolite Lava 80.03 0.137 9.34 3.02 0.019 1.84
CBD2 559720.00 5297708.00 CB2a Rhyolite Lava 83.8 0.131 8.33 1.3 0.016 0.69
LE-1018 558959.00 5298283.00 GL2b Rhyodacite Lapillistone/Breccia 67.48 0.191 17.25 29 0.041 1.12
LE-1014 559042.00 5298262.00 GL2b Trachyandesite Lapillistone 65 0.218 20.32 1.53 0.021 0.52
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Appendix 1: Major Oxide and Trace Element Lithogeachemistry
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Sample CaO Na20 K20 P205 LO! Sc \ Cr Co Ni Cu Zn Ge

- % % % % % ppm ppm ppm ppm ppm ppm ppm ppm
_ )28 8.68 4.48 0.4 0.42 3.81 11.4 102 374.2 30.7 229.4 11.3 71.3 0
LE-050 13.99 0.72 0.05 0.05 2.73 45.9 262.4 408.8 61.9 171.7 77.7 77.9 ]
LE-055 12.16 0.99 1.26 0.04 4.47 42,5 271.3 356.8 66.6 228.8 70.4 119.1 ]
LE-063 10.02 3.65 0.69 0.37 5.66 15.4 116.1 760.5 47.4 351 48 93.5 0
LE-064 29 6.89 2.81 0.12 0.98 3.9 396 40.2 1 24 6.5 28.1 0
LE-086 13.29 0.64 0.02 0.04 6.34 415 270.1 428.2 62.2 217.3 23.8 75.3 0
LE-141 11.53 1.48 0.19 0.04 3.37 40.9 249.8 375.1 64.6 198.7 101.2 81.1 0
LE-160 7.01 5.1 0.48 0.14 1.54 9 65 220.3 15.1 92.8 6.2 475 0
LE-180 0.38 2.95 0.81 0.08 5 33.4 224.7 255.2 68.3 142.3 1.7 131.5 0
LE-222 14.06 469 0.45 0.11 1.99 34.5 194.5 264 31.3 122.5 88.9 60.3 0
LE-225 9.18 0.22 1.37 0.07 3.22 31.5 228.5 209.8 435 114.7 76 82.1 0
LE-227 6.91 3.4 1.21 0.13 3.62 29.3 226.2 393.5 56.8 304 24.6 109.1 0
LE-230 7.03 4.57 0.24 0.29 3.05 25,7 177.4 561.2 319 68.1 65.7 85.1 0
LE-254 6.38 3.6 0.58 0.16 6.16 29.5 216.2 219.8 40.7 131.9 91.3 96 0
LE-259 7.09 1.92 3.12 0.1 3.03 37.3 191.1 353.9 44.4 155.9 28.4 80 0
LE-288 0.98 451 1.5 0.09 1.48 47 31.1 8.1 41 8.5 8.1 40.2 0
LE-289 2.75 5.59 0.14 0.21 3.84 18.1 160 192.8 26.4 151 73.8 81.3 0
LE-295 477 3.23 1.15 0.13 3.49 16.7 125.4 202.9 31,5 163.7 39 74.5 0
LE-321 8.9 6.31 0.75 0.14 2.7 7.3 57 130.7 1.7 82.6 10.2 28 0
LE-337 3.96 237 4.4 0.1 3.34 27.1 218.4 204.5 317 101.2 18.3 91.7 0
LE-349 572 453 0.42 0.15 2.69 8.9 65.7 218.1 15.5 81.1 14.8 49.7 0
LE-360 9.97 3.73 0.34 0.1 6.72 34.7 264.8 247.6 414 119.5 66.2 70 0
LE-402 3.77 4.29 0.64 0.2 273 29.6 156.4 196.8 37.4 128.7 416 137.2 0
LE-413 9.18 2.9 0.12 0.08 3.34 33.5 217.1 258.4 36.1 126.3 46.6 67.1 0
LE-420 18.14 0.48 0.14 0.04 3.47 38.8 234.4 3111 64.9 183.2 1.1 95.3 0
LE-425 6.03 3.8 1.38 0.14 2.66 34.8 2223 281.8 355 123.2 47.4 77.3 0
LE-431 0.15 0.51 0.28 0.08 5.33 28.8 208.7 229.6 50.8 124,5 8.4 92.9 0
LE-437 18.52 0.25 0.24 0.04 3.06 36.7 220.4 326.9 57.2 169.6 84.5 77.6 0
LE-451 0 0 0 0 0 0 ] 0 0 0 0 0 0
LE-461 1.83 4.48 1.44 0.04 2.21 2.5 18.4 10.7 5.5 16.9 14.6 46.7 0
LE-500 1.83 29 2.28 0.09 219 45 29.6 9.2 5.1 15.6 13.2 19.5 0
LE-1507 5.91 3.17 1.34 0.09 5.03 14.3 109.6 169.3 24.2 147 12,6 81.5 0
LE-1512 5.29 479 2.25 0.13 5.63 18.8 162.6 300.2 24.4 197.3 62.7 82.1 0
CBD3 0.54 2.4 1.11 0.02 1.59 2 25 37 5 0 0 0 1

CcBD2 0.65 3.94 0.28 0.03 0.86 0.5 6 19 3 0 0 0 0.8
LE-1018 2.46 5.09 117 0.05 2.03 5 32 51 10 0 0 0 1
LE-1014 3.32 4.46 3.08 0.06 1.62 3 19 14 0.5 0 0 0 1






Appendix 1: Major Oxide and Trace Element Lithogeochemistry

Sample K P Au Ag As Bi Br Ca Cs Dy Fe Gd Ho
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
LE-028 3302 1841 6 25 1.8 0.25 4 0.5 0 2.83 0 0
LE-050 427 206 6 25 7.3 0.25 10 0.5 0 7.45 0 0
LE-055 10494 178 1 2.5 1.4 0.25 8 0.5 0 6.99 0 0
LE-063 5751 1636 1 25 4.3 0.25 6 0.5 0 4.15 0 0
LE-064 23329 538 1 25 24 0.25 0.5 0.5 0 1.09 0 0
LE-086 154 177 1 2.5 2 0.25 10 0.5 0 7.25 0 0
LE-141 1618 181 1 2.5 3 0.25 8 0.5 0 7.16 0 0
LE-160 3974 603 1 2.5 29 0.25 5 0.5 0 22 0 0
LE-180 6758 370 1 25 27 0.25 0.5 3 0 8.27 0 0
LE-222 3767 495 1 2.5 77 0.25 10 0.5 0 5.07 0 0
LE-225 11400 326 6 2.5 3.7 0.25 6 0.5 0 7.72 0 0
LE-227 10034 549 1 2.5 14.4 0.25 4 0.5 0 7.24 0 0
LE-230 1996 1256 1 2.5 3.8 0.25 0.5 0.5 0 4.51 0 0
LE-254 4847 687 2 2.5 33 0.25 4 2 0 5.54 0 0
LE-259 25858 452 1 2.5 21 0.25 4 0.5 0 4.65 0 0
LE-288 12444 386 2 2.5 23 0.25 0.5 1 0 1.34 0 0
LE-289 1135 907 1 25 1.5 0.25 3 0.5 0 3.3 0 0
LE-295 9516 551 1 2.5 1.5 0.25 3 0.5 0 3.41 0 0
LE-321 6226 593 1 25 3 0.25 4 0.5 0 1.27 0 0
LE-337 36522 422 1 25 0.8 0.25 3 1 0 4.93 0 0
LE-349 3527 662 1 2.5 1.8 0.25 4 0.5 0 2.38 0 0
LE-360 2843 424 1 25 2.4 0.25 8 0.5 0 6.17 0 0
LE-402 5289 881 1 2.5 3.9 0.25 4 0.5 0 6.78 0 0
LE-413 956 356 1 25 3 0.25 7 0.5 0 5.03 0 0
LE-420 1193 194 5 25 3.5 0.25 12 0.5 0 6.78 0 0
LE-425 11468 614 1 25 2.5 0.25 3 2 0 5.35 0 0
LE-431 2313 331 4 25 2.5 0.25 0.5 0.5 0 8.75 0 0
LE-437 1997 176 1 2.5 1.8 0.25 2 0.5 0 1.12 0 0
LE-451 0 0 1 25 2 0.25 12 0.5 0 6.98 0 0
LE-461 11921 188 3 25 3.7 0.25 2 1 0 1.29 0 0
LE-500 18909 381 1 2.5 1.8 0.25 9 0.5 0 4.47 0 0
LE-1507 11083.48 379.858 1 25 2.7 0.25 4 2 0 2.97 0 0
LE-1512 18695.39 580.848 1 2.5 1.1 0.25 0.5 0.5 0 0.02 0 0
CBD3 0 0 0.5 1.9 0.111 0.25 0.5 7.413 7.006 1.574
CBD2 0 0 0.5 0.25 0.05 0.25 0.209 7.931 8.65 1.477
LE-1018 0 0 4 0.25 0.309 0.25 0.667 0.745 0.923 0.146
LE-1014 0 0 0.5 2.2 0.502 0.25 1.351 0.468 0.88 0.078
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Appendix 2: Thin section descriptions. * Indicates lithogeochemical analysis.

LE-080

LE-086*

LE-100

anhedral-subhedral crystals. 2% Limonite, <lmm, subhedral. Rock has a

felty texture. Light pink-gray medium grained sub-alkaline diabase (DbU).

35% Quartz, <1-2mm, anhedral-subhedral, occurs mostly as groundmass with
some larger crystal aggregates. 35% Fe-chlorite, <Imm, anhedral. 20%
Epidote, <lmm, anhedral well-dispersed semi-opaque aggregates and some
larger Imm anhedral crystals. 10% Fe-carbonate, <Imm, anhedral-subhedral.
<1% Zoisite, <Ilmm, anhedral-subhedral. 5% Quartz + Chlorite 1-3 mm
subrounded amygdules. Fine-grained basaltic diabase, Sugar Mountain Sill

(DbSM).

65% Epidote, <Imm, anhedral well-dispersed crystals and semi-opaque
aggregates, crystals occur primarily in veins. 20% Fe-chlorite, <Imm,
anhedral well-dispersed aggregates. 5-10% Quartz, <Imm, anhedral
interstitial groundmass. 5% Fe-carbonate, 2mm linear anhedral blebs and
<Imm anhedral crystals. 2-3% 1-1.5mm euhedral epidote rich veins. Fine-

grained sub-alkaline basaltic diabase, Sugar Mountain Sill (DbSM).

60% Sericite, << 0.25 mm, anhedral crystals, micas are imbricated along
foliation plane and show relict fluid pathways. 25% Quartz, <1-1mm,
anhedral-subhedral crystals occurring mostly in amygdules and veins. 10%

Fe-carbonate, <Imm, anhedral-euhedral crystals, dominantly associated with
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Appendix 2: Thin section descriptions. * Indicates lithogeochemical analysis.

LE-212

LE-217

LE-218

40% Quartz, <<lmm, anhedral groundmass, 20% of which is represented by
1-1.5mm deformed quartz amygdules. 25% Fe-chlorite, <<lmm anhedral
crystals. 18% Fe-carbonate, 1-1.5mm subhedral blebs, carbonate occupies a
small fraction of amygdules. 12% Sericite, <lmm, anhedral. 2% Biotite,
<<1mm, anhedral. 2% Zoisite, <<lmm, subhedral. <1% Epidote, <Imm,
anhedral circular aggregates. A large portion of the very fine-grained matrix
has an alteration assemblage of Quartz + Chlorite + Sericite. Foliated fine-

grained mafic pillow lava, Fivemile Lake Sequence (FMI1i).

40% Actinolite, <Imm, subhedral linear aggregates, occur in a cross stitch
pattern. 35% Epidote, <Imm, anhedral, occurs as patchy aggregates. 12%
Plagioclase, <1-1mm, subhedral skeletal lathes. 8% Quartz, <lmm, anhedral
groundmass. 4% Fe-carbonate, <Imm anhedral blebs. ~1% Fe-chlorite,
<1mm, anhedral crystals. <1% ~1mm Actinolite + Epidote veins with larger
1-2mm Epidote crystals within veins. Rock has a felty texture. Fine-grained

pillow basalt, Central Basalt Sequence (CB1b).

70% Epidote, <1-2mm, anhedral-subhedral crystals, epidote overprints a lot of
slide as patchy aggregates. 15% Actinolite, <Imm, subhedral. 5%
Clinozoisite, <lmm, subhedral crystals. 5% Sericite, <lmm, anhedral crystal

aggregates. 5% Fe-chlorite, <Imm, anhedral crystals. ~5% 1-1.5mm
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Appendix 2: Thin section descriptions. * Indicates lithogeochemical analysis.

LE-325

<Imm, anhedral and commonly associated with Actinolite making it difficult
to interpret modal percent. 10% Fe-carbonate, <1-2mm, subhedral-anhedral
crystals. ~8% Actinolite, <Imm anhedral crystals, commonly mixed with
sericite making it difficult to interpret modal percent. <1% Mg-chlorite,
<Imm anhedral crystals. <1% Clinozoisite, <1-1mm, subhedral crystals,
occurs most commonly in veins. Phenocrysts: 12% Epidote, occurs as <Imm
anhedral grunge aggregates and replaces relict plagioclase crystals. 10%
Plagioclase, highly altered subhedral <1-2mm crystals. Most feldspar is
altered to Epidote but cleavage and some twinning are still recognizable in
thin section. 8% Hornblende, tabular 1-3mm subhedral-euhedral crystals.
Slide contains 1-3mm randomly oriented veins. Rock has a porphyritic

texture. Pink-tan medium grained syeno-diorite.

60% Quartz, <Imm, anhedral groundmass and 1-3mm spherical quartz
amygdules. 15% Epidote, 1-2mm, anhedral patchy crystal aggregates. 10%
Sericite, <Imm anhedral crystals, occurs as local aggregates sometimes
replaces quartz and feldspar. 8% Actinolite, <Imm subhedral-euhedral crystal
lathes, mostly well-dispersed, some local lathe aggregates. 5% Orthoclase,
<1mm anhedral-subhedral crystals. 2% Fe-chlorite, <Imm anhedral crystals.
Fine-grained felsic lava lapilli in lapillistone and breccia deposit, Upper

Sequence (US2b).
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Appendix 2: Thin section descriptions. * Indicates lithogeochemical analysis.

LE-326

LE-333

LE-335

Slide consists of 85% groundmass and 15% phenocrysts. Groundmass
consists of: 35% Epidote, <Ilmm, subhedral crystals and <<Imm semi-opaque
spherical aggregates. 17% Mg-Chlorite, <1-1mm subhedral well-dispersed
crystals. 17% Actinolite, 1-1.5mm subhedral platy crystals. 9% Quartz, <1-
Imm anhedral crystals. 5% Zoisite, <1-1mm, anhedral-subhedral crystals.
2% Opaque minerals, <Imm, anhedral crystals. Phenocrysts consist of: 15%
Plagioclase, <1-3mm subhedral crystals commonly being replaced by epidote.

Fine-grained gabbro (Gb).

55% Sericite, <Imm anhedral well-dispersed crystals. 20% Mg-Chlorite, 1-

1.5mm anhedral linear aggregates. 10% Fe-carbonate, <Imm subhedral
crystals. 5% Opaque minerals, <1-1mm anhedral crystals. 5% Epidote,
<1mm anhedral crystals. 5% Quartz, <Imm anhedral crystal groundmass.

Fine-grained massive lava, Central Basalt Sequence (CB1a).

Slide contains 65% groundmass and 35% phenocrysts. Groundmass consists
of: 23% Quartz, <1-1mm anhedral crystal groundmass. 10% Orthoclase, <1-
Imm anhedral-subhedral crystals. 10% Mg-Chlorite, <Imm anhedral circular
crystal aggregates. 10% Epidote, <Imm anhedral grunge aggregates. 7%
Sericite, <<I-1.5mm subhedral-euhedral crystals. 5% Fe-carbonate, <1-1mm,
anhedral-subhedral crystal blebs, occurs on only one large feldspar
phenocryst. Phenocrysts consist of: 25% Plagioclase, 1-4mm, anhedral-

subhedral crystals. 6% Quartz, <1-2mm anhedral crystals. 4% Orthoclase,
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Appendix 2: Thin section descriptions. * Indicates lithogeochemical analysis.

LE-337*

LE-338

LE-354

<1-1mm, anhedral-subhedral crystals. Pink-tan-white medium grained syeno-

diorite porphyry (QFSD).

35% Quartz, <Imm, anhedral crystal groundmass. 30% Sericite, <Imm
anhedral crystals. 20% Mg-Chlorite, <Imm, anhedral crystal aggregates.
15% Epidote, <Imm anhedral crystal aggregates. 2% Plagioclase, 1-1.5mm
anhedral crystals. Rock has a felty texture. 2% Quartz + Chlorite filled
Amygdules, 1-4mm in diameter. Fine-grained sub-alkaline amygdaloidal

pillow basalt, Central Basalt Sequence (CB1b).

Slide contains 55% porphyroblasts and 45% groundmass. Porphyroblasts
consist of: 55% Garnet, 1-6mm, subhedral crystals. Groundmass consists of:
23% Actinolite, <<lmm, subhedral crystal lathes and tabular crystal
aggregates. 8% Epidote, <<l1-1mm, subhedral circular crystal aggregates. 6%
Fe-carbonate, 1-4mm subhedral-euhedral crystals, commonly occurs between
garnet crystals. 5% Quartz, <Imm anhedral crystal groundmass. 2% Fe-
chlorite, <<Imm anhedral crystals. 1% Sericite, <Imm anhedral crystals.
Slide has a porphyritic/felty texture with groundmass dominant. Fine-grained

mafic pillow lava, Central Basalt Sequence (CB1b).

Slide consists of two lithologies. Lithology 1: 10 % of slide: 4% Actinolite,
<1-1mm subhedral crystal lathes. 2% Mg-chlorite, <Imm anhedral crystals.

1% Sericite, <<Imm, occurs mostly as interstitial anhedral crystals. 1%
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Appendix 2: Thin section descriptions. * Indicates lithogeochemical analysis.

LE-431*

LE-437*

LE-461*

55% Fe-chlorite, <Imm anhedral-subhedral crystals. 32% Quartz, <<Imm
anhedral crystalline groundmass. 5% Sericite, <<lmm anhedral crystals. 5%
Epidote, <Imm circular anhedral crystal aggregates. 3% Limonite, <Imm
anhedral crystals that occur primarily in curvilinear veinlets. Fine-grained

basaltic andesitic diabase (DbSS).

50% Epidote, <Imm subhedral-euhedral crystals. 35% Actinolite, <l1-<<Imm
mostly anhedral-subhedral lathes with some euhedral lathes. 8% Fe-
carbonate, <1-1mm euhedral crystals. 5% Fe-chlorite, <<lmm anhedral
crystals. 2% Clinozoisite, <Imm subhedral crystals. 1% Pyrite, ~1-1.5mm
subhedral sub-cubic crystals. Slide contains hyaloclastite that are rimmed
with coarse epidote and centers rich in actinolite. Inner pillow hyaloclastite of

fine-grained pillow basalt, Central Basalt Sequence (CB1b).

Slide consists of 60% fragments and 40% groundmass. Fragments: composed

dominantly of 1-4mm sub-angular quartz. Phenocrysts consist of: 32%

Quartz, <Imm, anhedral crystals. 15% Sericite, <Imm anhedral crystals, ‘
defines fluid migration paths and also occurs as small crystal aggregates. 10-

15% Plagioclase, <1-2mm subhedral-euhedral crystal lathes. 5% Orthoclase,

1-2mm anhedral-subhedral crystals. 5% Epidote, <1-1mm anhedral crystals

that occur as small circular aggregates. 4% Mg-Chlorite, <I-1mm anhedral-

subhedral crystals aggregates. 3% Fe-carbonate, <Imm anhedral-subhedral

crystals. 1% Zoisite, <] mm anhedral crystals aggregates. 1% Opaque
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