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Figure 48: Backscatter electron images and corresponding electron dispersive spectra
(EDS) of the Curry Member sample CFO1. a,b) A massive iron oxide cluster, probably,
magnetite, ¢,d) A separate iron oxide grain, probably, hematite. The areas from which the

EDS spectra were taken are shown by red circles.
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Figure 49: Backscatter electron images and corresponding electron dispersive spectra
(EDS) of the Curry Member sample CFO1. a,b) Platey mineral, probably, hematite. c,d)
Zoom in on an area of sugary texture material within the platey mineral. The areas from

which the EDS spectra were taken are shown by red circles.
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Figure 50: a) Backscatter electron images and corresponding b) electron dispersive spectra
(EDS) of a small fleck of an iron-tin oxide from Traders Member sample CFO1. The areas

from which the EDS spectra were taken are shown by red circles.

5. Discussion

The results of our magnetic petrophysics investigation of the Vulcan Iron
Formation reveal a distinct difference between its two constituent iron-bearing members,
the Traders Member and the Curry Member. First, in contrast to the observation by Bayley
et al (1966), we have observed a clear difference in the appearance of the two members.
While the older Traders Member can be classified as a typical BIF, the younger Curry
Member does not manifest an expressed and consistent banding and can be tentatively
classified as a GIF. Additional microscopy analyses are required to confirm this
classification. However, our observations are consistent with the observations made by
Cumberlidge and Stone (1964) who investigated the Vulcan Formation exposures in the
Groveland Mine, about 10 miles north of [ron Mountain. Although Cumberlidge and Stone
(1964) did not use the now accepted classification of the Vulcan Formation members, they
found two lithological iron-bearing sections one of which was uniformly banded iron
formation with high percentages of magnetite (75-100%) and the other was only vaguely
banded, magnetite poor (as low as 25%) iron formation. The correlation of these rocks with
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the formations studied in this project (near Iron Mountain) is complicated due to the
absence of access to the Groveland Mine site but analyses of geological relationships using
geological maps suggests that the two sections identified by Cumberlidge and Stone (1964)
may represent the Traders and Curry Members, respectively.

This interpretation is also supported by the results of our rock magnetic
investigations. The well-banded Traders Member is characterized by a high relative
amount of nearly-stoichiometric magnetite as evidenced by a large fraction of natural
remanent magnetization lost upon low-temperature demagnetization (Figure 22) and by
almost complete demagnetization of NRM by heating to 600 °C (Figure 23). In contrast,
the Curry Member samples from Site CFO show significantly lower loss of NRM upon
LTD (Figure 22) and a substantial portion of NRM remains after temperature treatment to
600 °C (Figure 23). The obtained thermomagnetic, magnetic hysteresis, and FORC data
also indicate much higher hematite-to-magnetite ratios in the magnetic Fe-oxide grains in
the Curry Member versus the Traders Member. However, the two samples collected at Site
CF1 (identified as the Curry member) show very different rock magnetic behavior. While
the Sample CF11 characteristics are similar to those observed from the CFO samples, the
rock magnetic behavior of Sample CF12 closely resembles that of the Traders Member
samples FR1 and FR2 (e.g., Figures 22 and 23). In particular, the data suggest that the
hematite-to-magnetite ratios are dramatically different within one outcrop. Nevertheless,
in general, our study shows that the members of the Vulcan Iron Formation can be
differentiated by the hematite-to-magnetite ratios of the magnetic Fe-oxide grains.

The observed noticeable difference in magnetic petrophysical properties between
the two iron-bearing members is striking because they are geographically and
stratigraphically adjacent and have similar depositional ages. Assuming a low
sedimentation rate (6 m/Ma; e.g., Barker et al., 2001), the accumulation of the 30-100 m
Brier Member, which separates the Traders and Curry Members, could take ~5-15 Ma.
However, the absence of lamination in the Brier Member suggests a faster sedimentation
rate so the accumulation could take a significantly shorter time. If we assume that both
members were formed via similar geologic mechanisms (e.g., Bekker et al., 2010), the

petrophysical differences could be explained either by different depositional environments
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or different metamorphic grades, or more likely both factors affecting the observed
properties.

The Vulcan Iron Formation was deposited ~600 Ma after the Great Oxygenation
Event when the iron-formation record is dominated by granular iron formations. However,
some BIFs are also found for the same time period. One possibility is that the sequence of
the Traders BIF member to the Brier shale/slate Member, to the Curry GIF Member reflects
a geologically fast change from a deep ocean deposition (BIF), to a coastal deposition
(shale), to a continental shelf (GIF) deposition. Taking into account that the deposition of
the Vulcan Iron Formation occurred during the ongoing Penokean orogeny, such a fast
ocean regression and transgression is plausible.

However, the differences between the Traders and Curry members may also reflect
the differences in the composition and redox state of the oceans and atmosphere during
their respective deposition times (Bekker et al., 2010, Canfield, 1998, Holland, 1984). Such
differences may or may not be directly related to the changes in the depositional depth
described in the previous paragraph. Since the Traders Member’s magnetite appears to be
created by the alteration of'its clays and not reduction of hematite (as in the Curry Member),
it could be hypothesized that the member’s original depositional environment was different
from that of the Curry Member. The oxygen, sulfate, and nitrate contents of the ocean’s
chemical state was in flux at this time. Perhaps the two members formed at different
oceanic states wherein the amount of iron, manganese, and phosphorous rich soluble
solution differed. This initial difference during the sedimentary phase of the Traders and
Curry Members could be the reason for the difference in the magnetite to hematite ratio we
see today.

These different depositional environments may also explain the Traders Member
characteristic BIF appearance in contrast to the Curry Member more characteristically GIF
appearance. The Traders Member exhibits more pronounced banding at all scales
compared to the Curry Member. Furthermore, the Traders Member was uniformly oblate
in its AMS shape, whereas the Curry Member had a mix of shapes, which is more likely in
the less laminated GIFs. If the Traders Member is a BIF, and thus a deep water deposit that
was then uplifted (perhaps by the South Range fault) to a shallow water (more oxidizing)
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deposit forming the Curry Member GIF, that may explain the hematite to magnetite ratio
difference between the members.

James (1955) suggested that both iron-bearing members underwent the same
intermediate metamorphism based on their iron constituents. Examining the metamorphic
facies of the members was not the goal of this study. However, our results could indicate
the presence of different metamorphic facies. The iron oxides in BIF are generally
considered postdepositional in origin (although this too is debated (Johnson et al., 2008)
so since the Traders and Curry Members consist of different ratios of iron oxides they may
have dissimilar metamorphic histories. Magnetite is thought to replace or overgrow
hematite in BIFs (e.g. Ayers 1972; Ewers and Morris, 1981) during deep burial diagenesis.
The domination of magnetite in the Traders Member could indicate different
metamorphism. This theory is further supported by paleodirectional data. The Traders and
Curry Members differ in both direction and inclination. This is usually indicative of
different times of magnetic grain crystallization.

The obtained data on magnetic properties of the Traders and Curry Members will
be useful for the interpretation of the anticipated aeromagnetic data to be obtained by the
USGS in the future. The two most important parameters are the Koenigsberger ratio (the
Q ratio) and the AMS characteristics. The low (=1) Q-values observed for both members
indicate that the magnetic anomalies over the rocks are a complex combination of induced
and remanent magnetization. However, the observed anisotropy of magnetic susceptibility
for both members indicates that the induced magnetization may deviate from the ambient
magnetic field direction. Specifically, K1 and K3 are used to correct observed
magnetization and inclination acquired by an aeromagnetic survey. Further analyses in this

direction will require the actual aeromagnetic data.

6. Conclusion
The results of our magnetic petrophysical investigation of the Vulcan Iron
Formation indicate that the iron-bearing Traders Member and Curry Member, are

differentiable based on their magnetic characteristics and may in fact represent the two
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