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ARTICLE INFO ABSTRACT

Keywords: The Southeast Missouri Iron Metallogenic Province in the Midcontinent USA contains seven major and several
Iron isotopes minor IOA/IOCG-type deposits and a series of shallow vein-type deposits/prospects, all of which are spatially and
LAfI.CP'MS . temporally associated with early Mesoproterozoic (1500-1440 Ma) magmatism in the St. Francois Mountains
;ﬂz&t;‘:ﬁgeme terrane. One of the vein-type deposits is the Shepherd Mountain deposit, which consists of two northeast-

trending ore veins dominated by magnetite and lesser amounts of hematite. Here we report the findings of a
study that investigates the origin of the Shepherd Mountain deposit and a possible genetic link to the nearby (i.e.,
<5 km away) magmatic to magmatic-hydrothermal Pilot Knob ore system that comprises the massive-to-
disseminated Pilot Knob Magnetite deposit and the overlying bedded and brecciated Pilot Knob Hematite
deposit.

Petrographic observations, whole-rock data and the trace element and Fe isotope composition of magnetite
and hematite show that the Shepherd Mountain deposit formed from at least five pulses of magmatic-
hydrothermal fluids with different compositions and physicochemical parameters. Integration of the data for
the Shepherd Mountain deposit with new and published data from the Pilot Knob Magnetite and Pilot Knob
Hematite deposits shows that the three deposits are genetically linked through two local faults. The Ironton and
Pilot Knob faults provided fluid pathways that connected the Pilot Knob Magnetite deposit to the shallower
Shepherd Mountain and Pilot Knob Hematite deposits. Consequently, we argue that the Shepherd Mountain and
Pilot Knob Hematite deposits are near-surface extensions of the same magmatic to hydrothermal plumbing
system that formed the Pilot Knob Magnetite deposit at depth.

Oscillatory zoning
Critical Minerals

1. Introduction

The Southeast Missouri Iron Metallogenic Province in the Mid-
continent region, USA occurs within an area of 35 x 115 km and hosts
seven major and over twenty minor iron ore deposits/prospects that are
found within early Mesoproterozoic (~1500-1440 Ma) igneous rocks of
the Eastern granite-rhyolite province (Fig. 1A, B; Kisvarsanyi and
Proctor, 1967; Kisvarsanyi and Kisvarsanyi, 1989; Seeger, 2000). In
addition to iron ore, these deposits and prospects are also speculated to
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contain economically significant amounts of copper, cobalt, manganese,
and rare earth elements (Kisvarsanyi and Proctor, 1967; Kisvarsanyi and
Kisvarsanyi, 1989; Seeger, 2000; Day et al., 2016). In the western part of
the Southeast Missouri Iron Metallogenic Province, iron ore deposits
such as Pea Ridge, Kratz Spring, Bourbon, Boss, and Camels Hump, are
overlain by 200-500 m thick Paleozoic sedimentary rocks. In the eastern
part of the metallogenic province, i.e., in the St. Francois Mountains,
deposits such as Iron Mountain, the Pilot Knob Magnetite and Hematite
deposits, Shepherd Mountain, and Cedar Hill, occur at shallower depths
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(<120 m) or in outcrop (Fig. 1B, C). Outcropping deposits such as Iron
Mountain, the Pilot Knob Hematite deposit, Shepherd Mountain, and
Cedar Hill, were mined for iron since the early 1800 s (Starkey and
Seeger, 2016). Deeper deposits (>120 m; Kratz Spring, Bourbon, Pea
Ridge, Camels Hump, and the Pilot Knob Magnetite deposit) were
discovered through aeromagnetic surveys in the 1940 s. Of these, only
Pea Ridge (mined from 1964 to 2001) and the Pilot Knob Magnetite
deposit (1965-1980) were developed into underground mining opera-
tions (Seeger, 2000).

Although the near-surface iron ore deposits were periodically mined
for >150 years, most of them remain poorly studied. Pea Ridge is the
most extensively studied deposit and has been proposed to be an Iron
Oxide Apatite (IOA) deposit (e.g., Nold et al., 2014; Aleinikoff et al.,
2016; Ayuso et al., 2016; Day et al., 2016; Harlov et al., 2016; Hofstra
etal., 2016; Johnson et al., 2016; Neymark et al., 2016). Other relatively
well-studied deposits are the Boss deposit, proposed to be an Iron Oxide
Copper Gold-type deposit (IOCG; Seeger, 2003; Groves et al., 2010; Nold
et al.,, 2014; Day et al., 2016), and the magmatic to magmatic-
hydrothermal Pilot Knob Magnetite IOA deposit and the overlying hy-
drothermal Pilot Knob Hematite deposit (Nold et al., 2013; Childress
et al., 2016; Tunnell et al., 2021).
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It is well established that IOA and IOCG-type deposits are structurally
or stratigraphically controlled (Hitzman, 2000; Williams et al., 2005;
Groves et al., 2010). Several genetic models for the formation of I0A-
type deposits have been proposed that are highly debated and include:
(1) A magmatic model wherein an intermediate silicate melt separates
into coexisting immiscible Fe-P-rich and Si-rich melts. In this model,
volatiles such as F, Cl, and HyO are hypothesized to preferentially
partition into the Fe-P melt, making it less dense and thus allowing it to
ascend from the source magma to a shallower depth and form an IOA-
type deposit (Nystrom and Henriquez, 1994; Naslund et al., 2002;
Tornos et al., 2017; Hou et al., 2018); (2) A magmatic-hydrothermal
model in which a fluid exsolves from a magma and extracts metals
from a silicate melt (Hildebrand, 1986; Jonsson et al., 2013; Westhues
et al., 2017); (3) A hydrothermal or metasomatic model involving a
magmatic-hydrothermal fluid (Menard, 1995; Dare et al., 2015) or a
mixed ore fluid that consists of magmatic-hydrothermal and basinal
brines (Rhodes and Oreskes, 1999); and (4) a combined magmatic and
magmatic-hydrothermal model in which primary igneous magnetite
microlites serve as nucleation sites for fluid bubbles and, therefore, are
extracted to exsolving hypersaline magmatic-hydrothermal fluid along
with Fe, Cu, Au, S, Cl, and P. As the fluid cools during ascent and
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Fig. 1. A. The 1500-1350 Ma Granite-Rhyolite terrane in the midcontinent region of the United States with the Yavapai and Mazatzal provinces to the northwest and
Llano/Grenville provinces to the southeast (modified from Van Schmus et al. (1996); Rohs and Van Schmus (2007); Bickford et al. (2015)). The white inset in 1A
shows the location of the Southeast Missouri Iron Metallogenic Province. B. Simplified geological map showing igneous basement rocks of the St. Francois Mountains
terrane and location of prominent iron ore deposits/prospects (modified from Day et al. (2016) and McCafferty et al. (2016)). C. Simplified geologic and topographic
map showing the location of open cuts of the Shepherd Mountain and Pilot Knob Hematite deposits in Precambrian outcrops near the towns of Pilot Knob and Ironton

(modified from Crane (1912)).
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emplacement, the igneous magnetite grows larger, sourcing metals from
the fluid (Knipping et al., 2015, 2019; Ovalle et al., 2018; Simon et al.,
2018).

In contrast to the different models proposed for the formation of IOA
deposits, there is a growing consensus that IOCG-type deposits form
primarily through hydrothermal processes, although the fluid source
remains a topic of debate (Barton and Johnson, 1996; Pollard, 2006;
Groves et al., 2010; Barton, 2014). Proposed fluid sources range from
magmatic-hydrothermal fluids that scavenge metals from silicate melts
(Pollard, 2006; Nystrom et al., 2008; Rieger et al., 2010, 2012; Corri-
veau et al., 2016; Acosta-Gongora et al., 2018) to basinal brines that
incorporate metals from the crust (Barton and Johnson, 1996; Sillitoe
and Burrows, 2002; Barton, 2014). Based on the spatial and temporal
associations between the IOA-IOCG deposits observed in the Chilean
Iron Belt and the Great Bear Magmatic Zone, researchers suggested that
these types of deposits form a continuum in which IOCG deposits are
surface-near expressions of deeper IOA systems (Sillitoe, 2003; Knipping
et al., 2015; Corriveau et al., 2016; Reich et al., 2016; Simon et al.,
2018).

The iron ore deposits in the Southeast Missouri Iron Metallogenic
province generally fit into the IOA/IOCG group of deposits and have
been broadly compared with Kiruna-type IOA and Olympic Dam-type
IOCG deposits (Kisvarsanyi and Kisvarsanyi, 1989). In addition to
these IOA/IOCG-type deposits, a series of shallow vein-hosted iron oxide
deposits occurs in the metallogenic province, such as the Shepherd
Mountain, Shut-Ins, and Hogan deposits (Nold et al., 2014). If (and how)
the shallow vein-type deposits are genetically related to the deeper IOA/
IOCG-type deposits remains poorly understood although Nold et al.
(2014) speculated that the vein-type deposits represent parts of a
plumbing system connected to deeper magmatic iron ore deposits
although currently no solid evidence exists to support such a hypothesis.

Previous studies on the ore-forming processes in the Shepherd
Mountain deposit (Fig. 1B, C) have been controversial. Kisvarsanyi
(1966) suggested that the deposit formed from a magmatic-
hydrothermal fluid that was contemporaneous with faulting in the re-
gion. In contrast, Dudley and Nold (2001) proposed Si-poor hydro-
thermal fluids from which the iron oxides precipitated, although the
fluid source was not specified. Consequently, the processes that formed
the Shepherd Mountain deposit, and its relation to the geodynamic
evolution of the Southeast Missouri Iron Metallogenic province, remain
poorly understood. To constrain the genesis of the Shepherd Mountain
deposit, we combine new petrographic observations with whole-rock
geochemical data of iron oxide-mineralized samples and host rocks, as
well as trace element and Fe isotope compositions of the iron oxide
minerals. The data are used to characterize both the iron source and the
processes that facilitated the formation of the vein-type mineralization.
The Shepherd Mountain data are integrated with new and previously
published (Tunnell et al., 2021) data from the nearby Pilot Knob de-
posits to reflect on a possible genetic link between the Shepherd
Mountain and Pilot Knob ore system.

2. Geologic setting

Iron oxide deposits in Southeast Missouri occur in the Mesoproter-
ozoic St. Francois Mountains, part of a larger Granite-Rhyolite terrane
that spans from Ohio through Illinois and Missouri to Texas (Fig. 1A, B;
Van Schmus et al., 1996; Rohs and Van Schmus, 2007; Bickford et al.,
2015). The Granite-Rhyolite terrane is comprised of early Mesoproter-
ozoic (~1500-1440 Ma) and middle Mesoproterozoic (1330-1300 Ma)
bimodal plutonic rocks (Kisvarsanyi, 1981; Van Schmus et al., 1996;
Menuge et al., 2002; Bickford et al., 2015; du Bray et al., 2021). The
early Mesoproterozoic suite is broadly distributed in the eastern mid-
continent and therefore is commonly referred to as the Eastern
Granite-Rhyolite Province (EGRP), whereas the younger middle Meso-
proterozoic suite is largely spread in the southern mid-continent, and
thus is referred to as the Southern Granite-Rhyolite Province (Fig. 1A;
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Van Schmus et al., 1993). Overlap of the two suites occurs in the St.
Francois Mountains terrane, wherein the younger suite intruded into the
older rocks (e.g., Bickford et al., 2015).

The Granite-Rhyolite terrane lies between the older Mazatzal
(1680-1600 Ma) province to the west and the younger Grenville
(1300-900 Ma) province to the east, all of which form northeast-
trending accretionary provinces that were added to the Laurentia su-
percontinent during an ~ 800 Myrs period of accretionary orogenesis
(Karlstrom et al., 2001; Whitmeyer and Karlstrom, 2007). After an
episode of tectonic inactivity between 1600 Ma and 1550 Ma, juvenile
terranes and arcs resumed to accrete to the Laurentia supercontinent
(Whitmeyer and Karlstrom, 2007). During the accretionary stage, the
Granite-Rhyolite province has been proposed to be a product of back-arc
extension, possibly caused by lithospheric delamination (Bickford et al.,
2015; Day et al., 2016; Watts and Mercer, 2020; du Bray et al., 2021;
Tunnell et al., 2021). The Nd-line within the Granite-Rhyolite province
(Fig. 1A), delineated by Van Schmus et al. (1996), separates an older
cratonic (>1550 Ma) source to the northwest from a juvenile source
(<1550 Ma; possibly oceanic arc crust) to the southeast for the extensive
magmatism of the early Mesoproterozoic (Bickford et al., 2015), and
marks the western margin of the St. Francois Mountains terrane and the
iron metallogenic province.

Iron deposits and prospects in the southeastern Missouri metal-
logenic province are genetically associated with the early Mesoproter-
ozoic magmatic event from 1500 to 1440 Ma (Aleinikoff et al., 2016;
Ayuso et al., 2016; Tunnell et al., 2021) and are hosted in caldera-
forming volcanic and volcanoclastic sequences composed of volumi-
nous dacite to high-silica rhyolite ignimbrites, lava flows, volcaniclastic
breccias and sediments, ring fractures, and lesser amounts of basaltic
andesite to dacite and trachyte volcanic and subvolcanic rocks (Kis-
varsanyi, 1980, 1981; Day et al., 2016). The parental magma that is
considered as the source for iron has been proposed to be derived from a
subduction-modified subcontinental lithospheric mantle (Watts and
Mercer, 2020; Tunnell et al., 2021) and remelting of the presumed
oceanic island arc crust of calc-alkaline composition due to underplating
of the mafic magma (Ayuso et al., 2016; Bickford et al., 2015; du Bray
et al., 2021).

2.1. Geology of the Shepherd Mountain deposit

The Shepherd Mountain deposit is located southwest of the town of
Pilot Knob in Precambrian outcrops on Shepherd Mountain (Fig. 1C).
Previous studies of the Shepherd Mountain deposit are rare and gener-
ally limited to conference abstracts (Dudley and Nold, 2001, 2004) or
short sections in regional-scale studies that primarily focus on other
deposits (Kisvarsanyi, 1966; Kisvarsanyi and Kisvarsanyi, 1989; Nold
et al., 2014; Day et al., 2016). Iron ore extraction at the Shepherd
Mountain deposit started in 1815 and continued until the American Civil
War, with 75,000 tons of iron ore produced (Crane, 1912). Ore pro-
duction was restricted to two trenches (Fig. 1C) that contained magne-
tite ore that has been fully extracted. The northern trench is
approximately 15 m wide and 140 m long, whereas the southern trench
is about 20 m wide and 400 m long. The thickness of the magnetite veins
varies between 1 and 7 m, pinching and swelling both along the strike
and with depth. The two magnetite veins are hosted in the 1466 + 8 Ma
Shepherd Mountain rhyolite (U-Pb SHRIMP zircon age; du Bray et al.,
2021). In addition to magnetite, the deposit also contains subordinate
hematite and minor pyrite. The iron ore is structurally localized along
two brittle fault and fracture systems, contemporaneous with the
deposition of the ore (Kisvarsanyi, 1966), that strike NE 40-60° and dip
steeply to the northwest at 70-80° (Day et al., 2016). The contact be-
tween the vein and host rock is relatively sharp (Fig. 2), while alteration
is largely limited to an assemblage of K-feldspar + hematite + quartz in
the rhyolite adjacent to the ore veins. Fragments of rhyolitic host rock
entrained in the magnetite veins (Fig. 2) show evidence for K feldspar
alteration with locally abundant pyrite, quartz, calcite, epidote, albite,
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Fig. 2. Representative outcrop and sample photos. A. Outcrop of the Shepherd Mountain rhyolite that hosts the Shepherd Mountain iron ore deposit. The location of
the outcrop is indicated by the triangle in Fig. 1C. B. Shepherd Mountain rhyolite showing fiamme textures. C. Mine tailings near the mining trench consisting of
unprocessed ore and host rock samples; the location is indicated by circle in Fig. 1C. D. Breccia ore in the mine tailings. E. Fresh-cut surface of the contact between the
host rock rhyolite and ore vein. F. Fresh-cut surface of the breccia ore showing K-spar + hematite alteration (pink) in fragments entrained from the volcanic host rock
in the ore vein. G. Fresh cut surface showing the massive iron ore and quartz veining. H. Fresh cut surface of the massive iron ore with massive specularite.

and hematite (Day et al., 2016).
3. Methods
3.1. Sample preparation
Three rhyolitic host rock and eighteen iron oxide-mineralized sam-
ples from the Shepherd Mountain deposit were collected from unmin-

eralized outcrops (Fig. 2A, B) and an unprocessed ore pile next to the
northern mining trench (Fig. 1C, 2C, D). The ore samples were prepared

as polished one-inch diameter mounts. Additionally, five thin sections
were prepared: three from the Shepherd Mountain rhyolite (Fig. 2B),
one from the contact between ore and host rock (Fig. 2E; sample ID: SM-
F11), and one from the breccia ore (Fig. 2F; Sample ID: SM-F2).
Ultra-pure two mushketovite and two magnetite concentrates
(30-50 mg) were prepared from four Shepherd Mountain ore samples
for iron isotope analysis. Two samples also contained specularite and
were used to prepare 30-50 mg of ultra-pure specularite concentrates.
All mineral concentrates were prepared in the Department of Geo-
sciences and Geological and Petroleum Engineering (GGPE) at Missouri
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University of Science and Technology (Missouri S&T), Rolla, Missouri
following the method described in Tunnell et al. (2021).

3.2. Petrographic studies

The samples were examined under reflected- and transmitted-light
using a Leica DVM 6 digital microscope at Missouri S&T. A subset of
samples was further characterized via scanning electron microscopy
(SEM) backscattered electron (BSE) imaging and wavelength dispersive
spectra (WDS) elemental x-ray mapping with a JEOL JXA-8200 electron
microprobe in the Department of Earth Sciences, University of Milan
(Italy).

3.3. Electron microprobe analysis

The major and minor element chemistry of magnetite and hematite
was determined using a JEOL JXA-8200 electron microprobe equipped
with wavelength and energy dispersive spectrometers (WDS and EDS) in
the Department of Earth Sciences, University of Milan, Italy. The ana-
lyses were conducted in WDS mode using a 1-2 um diameter beam with
an accelerating voltage of 15 kV, a beam current of 10nA, and a counting
time for each element of 30 s on peak and 10 s on background. Cali-
bration and data reduction were done with measurements on natural
and synthetic standard materials. The standards used were grossular (for
Ca, Si), omphacite (Na), K-feldspar (K), olivine (Mg), fayalite (Fe),
anorthite (Al), ilmenite (Ti), Cr metal (Cr), nickeline (Ni), Co metal (Co),
rhodonite (Mn) and V-metal (V). Elemental concentrations were deter-
mined after applying ¢(pz) algorithm and corrections for X-ray fluo-
rescence, absorption, atomic number (Z) and matrices, and by
evaluating spectral interferences. Typical detection limits were 140 ppm
for Ca and Al, 190 ppm for Mg, 200 ppm for Si, 220 ppm for Ti, 235 ppm
for Na, 350 ppm for Mn and V, and 400 ppm for Cr, Co and Ni. Analyses
were performed after verifying that Iysq/Isiq was 1.00 £ 0.01 for each
element, where Iyq was the intensity of the analyzed standard and Igq
the intensity of the same standard checked after calibration for each
element. Back-scattered electron (BSE) images were collected by means
of the scanning electron microscope adjoined to the probe apparatus.
Elemental x-ray maps for Si, Al, and Ti were acquired in WDS mode with
a beam current of 100nA and with 0.5 and 1 um steps.

3.4. Laser ablation ICP-MS analysis

Trace element concentrations of iron oxides were determined using a
Resonetics Resolution M—50 Excimer 193 nm laser coupled with an
Agilent 7900x inductively coupled mass spectrometry (LA-ICP-MS) at
LabMaTer, University du Quebec a Chicoutimi (UQAC), Canada. The
analysis used a spot size of 15 ym to 50 um with an energy of 12 mJ/
pulse and a fluence of 4.8 J/cm?. Thirty seconds of background were
measured followed by 30-40 s of data acquisition. The following mass
stations were measured: 2>Na, 24Mg, 271, 2%, 3'p, 39K, *4Ca, *°Sc, VTi,
51y 52y, 55Mn, 57Fe, %9Co, ®Ni, 53Cu, %5Cu, %0Zn, 71Ga, 7Ge, ¥y, %z,
927, 93Nb, Mo, 1188n, 13%La, 14%Ce, 141pr, 146Nd, 147sm, 5%y, 197Gd,
1597}, 161y 165y, 167, 1691y 173y}, 1751, 178yf 1817, 182w and
208pp, All data were reduced using the Glitter software (Griffin et al.,
2008). Elemental abundances were determined using the USGS Fe-rich
glass reference material GSE-1 as a bracketing standard and Fe con-
centrations obtained by electron microprobe as the internal standard.
The certified reference material glasses GSD (USGS glass: Jochum et al.,
2007), Gprob6 (USGS-matrix artificial basalt glass), and the Ti-rich
magnetite standard BC-28 (Dare et al., 2014) were used to assess the
accuracy and precision of the analyses. As summarized in Online
Resource ESM-1, most trace elements were determined with an accuracy
of < 5% and a 2¢ precision of < 10% for the GSD standard, an accuracy
of < 15% and a 2c precision of < 15% for the Gprobe6 standard.
However, higher uncertainties were observed for a few elements with
low concentrations in the Gprobe6 standard, whereas higher

Ore Geology Reviews 141 (2022) 104633

uncertainties were found in the BC-28 standards for most trace elements,
as it is a natural sample from Bushveld Complex and, therefore, some
elements are heterogeneously distributed within the crystal lattice (cf.
Dare et al., 2014).

3.5. Iron isotope analysis

The ultra-pure mushketovite, magnetite, and specularite concen-
trates were dissolved in 4 ml heated ultrapure aqua regia and the solu-
tions were dried. Iron was purified using a BioRad MP-1 anion exchange
resin after drying the Fe solution following the procedure by Maréchal
et al. (1999). The analysis was then performed using a Neptune multi-
collector-inductively coupled plasma-mass spectrometer (MC-ICP-MS)
at Pennsylvania State University, USA. The instrument setup, sample
introduction, and running conditions used are described in Yesavage
et al. (2016). Individual samples were measured twice at approximately
2 ppm in high-resolution mode, which generated a 13 V signal on the
shoulder of the Fe peak. The instrumental mass bias was corrected for all
measurements by bracketing with international IRMM-014 standard
(Institute for Reference Materials and Measurements, Belgium, Taylor
et al., 1992). Results are reported relative to IRMM-014 using Eq. (1):

8°°Fe (%0) = [(*Fe/**Fe)measured/ C°Fe/**Fe)rpmm 14 — 11 * 1000 )

The in-house standard SRM-3126a with reported value of §°°Fe =
0.34%0+0.1%0 26 (Yesavage et al., 2016) yielded an average value of
§%°Fe = 0.29 & 0.07%o (n = 6). The international standard HPS-WU with
reported value of §°°Fe = 0.60%0-0.07%o 26 (Beard et al., 2003) yielded
an average value of §%°Fe = 0.67 + 0.09%o (n = 6). All errors fall within
the range of 0.1%o0 20 of the standards.

3.6. Whole-rock analysis

Major, minor, and trace element whole rock analyses of host rocks
and ore samples were carried out at Activation Laboratories, Ontario,
Canada. Major elements were measured using X-Ray Fluorescence (XRF)
analysis with detection limits of 0.001-0.01 wt%. Trace element con-
tents were determined by open vessel multi-acid digestion followed by
ICP-MS analysis (detection limits of 0.01-30 ppm). Comparison of
analyzed reference materials (DNC-1, GBW 07113, TDB-1, W-2a, SY-4,
and BIR-1a) with certified values show that major elements were
determined with a precision of better than 7% accuracy and a 2-sigma
external precision < 3%. Trace elements were mostly determined with
an accuracy of better than 10% and a precision of < 4% (2-sigma; ESM-
2).

4. Results
4.1. Petrography of the Shepherd Mountain deposit

Volcanic host rocks: The volcanic host rock of the Shepherd Mountain
deposit is a porphyritic rhyolite containing phenocrysts of alkali feld-
spar, plagioclase, and devitrified fiammes (Fig. 2B). The fiammes are
replaced by quartz and feldspar in a microcrystalline matrix of quartz
(Fig. 3A). Alkali feldspar phenocrysts (<2 mm long) show subhedral to
anhedral textures and advanced signs of alteration to calcite and locally
contain epidote and chlorite (Fig. 3B). Plagioclase phenocrysts (<1 mm
long) display subhedral to anhedral textures (Fig. 3C). Most plagioclase
phenocrysts show evidence for clay alteration, while only a few phe-
nocrysts kept their polysynthetic twinning (Fig. 3C). It is noted that the
volcanic host rocks locally contain disseminated magnetite that is
partially martitized (Fig. 3A, B).

Contact Zone: The contact between the ore veins and the volcanic
host rock (Fig. 2E) is characterized by the presence of abundant calcite,
epidote, chlorite, and quartz (Fig. 3D, E). In the contact zone, the host
volcanic rock and its phenocrysts (e.g., plagioclase) are largely replaced
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Fig. 3. Representative transmitted-light microscopic images of host volcanic rocks (porphyritic rhyolite) of the Shepherd Mountain deposit. A. Host rhyolite con-
taining feldspar phenocrysts and devitrified fiammes (highlighted by dotted lines), taken from the outcrop shown as triangle in Fig. 1C (cross-polarized). B. Host rock
sample showing subhedral feldspar extensively replaced by calcite (cross-polarized). C. Host rock sample showing feldspar and plagioclase phenocrysts (cross-
polarized). D. Contact zone between volcanic rock and iron oxide vein (as shown in Fig. 2E) displaying abundant calcite, quartz, epidote, and chlorite (cross-
polarized). E. Contact between volcanic host rock and iron oxide vein showing abundant calcite, quartz, epidote, and chlorite (plain-polarized). F. Host rock with
plagioclase phenocryst extensively silicified at the contact between the host rock and ore vein (cross-polarized). G-H. Fragment of volcanic host rock within the
breccia ore (as shown in Fig. 2F) displaying abundant potassic, silicic, and propylitic alterations (cross-polarized). I. Fragment of volcanic host rock within the breccia
ore showing abundant potassic, silicic, and propylitic alterations (plain-polarized). Abbreviations: Qz — quartz, Fsp — feldspar, Plag — plagioclase, Cal — calcite, Epi —

epidote, Chl — chlorite, Kfs — K-feldspar, Mag — magnetite, Mush — mushketovite, Spec — specularite.

by microcrystalline quartz and minor calcite (Fig. 3F). Locally, frag-
ments of host rock that are cemented by iron oxides (Fig. 2F) within
brecciated parts of ore veins show potassic and silicic alteration (Fig. 3G,
H, I), while abundant epidote with minor chlorite occur between iron
oxides (e.g., mushketovite, specularite) and K feldspars (Fig. 3G, I).
Central portions of the fragments entrained from the host rock are
characterized by silicification wherein the pre-existing minerals are
replaced largely by quartz with minor calcite (Fig. 3H).

Ore veins: The iron ore veins consist of brecciated (Fig. 2F) and
massive ores (Fig. 2G, H). Brecciated ores are characterized by elongated
mushketovite, a magnetite pseudomorph after specularite, which was
identified under reflected light based on its reflectance, color and
lamellar-like habit (Fig. 4A, B), whereas massive ores contain euhedral
to subhedral granular magnetite (Fig. 4C, D, E, H, I). Ore veins also
contain lesser hematite and minor to trace amounts of pyrite. In SEM-
BSE images, mushketovite exhibits patchy zoning with dark and bright
domains (Fig. 4B). Granular magnetite shows oscillatory zoning patterns
with alternating dark-gray and light-gray bands of varying widths and
bright domains that do not show any sign of zonation (Fig. 4C, E, F, I).
Hematite occurs as specularite and as martite, a pseudomorph after
magnetite (Fig. 4A, C, D, H). Both mushketovite and granular magnetite
are partially altered to martite (Fig. 4A-E, G, H) and martitic alteration
locally shows zoning patterns with a colloform texture (Fig. 4D). Locally
restricted disseminations of anhedral pyrite fill open-spaces between
iron oxides (Fig. 4G).

4.2. Chemical composition of iron oxides from the Shepherd Mountain
deposit

The results of the electron microprobe analyses on iron oxides and
laser ablation ICP-MS data are presented in Online Resource ESM-1. Iron
oxides from the Shepherd Mountain deposit can be divided into mush-
ketovite, high-Si magnetite, low-Si magnetite, specularite, and martite.
Here, high-Si magnetite refers to magnetite with > 1 wt% SiOg, as per
Shiga (1988), and corresponds to darker domains of magnetite in the
SEM-BSE images shown in Fig. 4C, E, F, and I. In contrast, low-Si
magnetite has < 1 wt% SiO and corresponds to brighter domains of
magnetite in BSE images (Fig. 4E, F, I). Elemental X-ray maps in Fig. 5
display clearly distinct bands of Si and, to a lesser extent, Al. Darker
domains in the BSE images correspond to the elevated Si contents with
alternating bands within the oscillatory zonation. Along with Si, Al and
Ti appear to be slightly elevated in the darker domains (although less so
than Si). However, in some cases, Ti does not change correspondingly
with either Si or Al such as shown in Fig. 5B; instead Ti shows a different
chemical behavior during magnetite growth.

Magnetite: Electron microprobe analyses show that high-Si magne-
tite, with > 1 wt% SiO,, contains between 67.6 and 71.1 wt% Fe
(average of 69.3 wt%) and 0.5-2.4 wt% Si, while low-Si magnetite, with
< 1 wt% SiOg, is characterized by 71.2-74.5 wt% of Fe (average of 72.8
wt%) and 0.01-0.5 wt% Si (ESM-1). Laser ablation-ICP-MS analyses
show that the high-Si magnetite contains between 660 and 12400 ppm
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Fig. 4. Representative photomicrographs and BSE images of ore samples from the Shepherd Mountain deposit. A. Mushketovite with martitization under reflected-
light. B. Mushketovite displaying bright and dark domains (BSE image). C. Oscillatory zoned magnetite with alternating bright and dark domains and martitization
along the edges (BSE image). D. Granular magnetite with zoned martitization under reflected-light. E. BSE image of the grain from 4d showing bright and dark
domains of magnetite. F. Oscillatory zoned massive magnetite with bright domains and specularite (BSE image). G. Matrix magnetite/mushketovite with martiti-
zation and anhedral pyrite under reflected-light. H. Massive magnetite with minor martite replacing magnetite selectively along d;;; planes and open space-filling
specularite and goethite (reflected-light image). I. Granular magnetite dominated by bright domain (BSE image). Abbreviations: Mar — martite, Mag — magnetite,

Mush - mushketovite, Spec — specularite, Goe - goethite.

Al, 390 to 5000 ppm Mg, and 1500 to 9200 ppm Ca. In contrast, low-Si
magnetite contains between 140 and 2000 ppm Al, 12 to 840 ppm Mg,
and 25 to 2200 ppm Ca. Low-Si magnetite is further characterized by
lower contents of high field strength elements (HFSE: Ti, Nb, and Sc)
(Fig. 6A); typically between 25 and 340 ppm Ti, 0.004-0.73 ppm Nb,
and 0.1 - 3.7 ppm Sc, whereas high-Si magnetite contains between 14
and 550 ppm Ti, 0.05-1.6 ppm Nb, and 3-40 ppm Sc. Conversely, both
high-Si and low-Si magnetite grains have similar concentrations of first-
row transition elements (FRTE), i.e., between 420 and 1900 ppm Mn,
45-140 ppm Co, and 4-17 ppm Ni, except for Cr and V. Chromium and V
concentrations vary from 0.4 to 22 ppm Cr and 1 to 66 ppm V, respec-
tively, in high-Si magnetite, whereas they range from 0.3 to 2.1 ppm Cr
and 10 to 110 ppm V in low-Si magnetite (Fig. 6A, ESM-1). With regards
to granitophile-group elements (Pb, W, Sn, Mo), high-Si magnetite is
relatively more enriched as it contains between 0.3 and 8.4 ppm Pb,
7.7-68 ppm W, 0.8-5.6 ppm Sn, and 0.2-122 ppm Mo. Low-Si magnetite
grains are characterized by between 0.01 and 4.4 ppm Pb, 0.01-48 ppm
W, 0.1 - 1.2 ppm Sn, and 0.03 — 7.8 ppm Mo (Fig. 6A, ESM-1).
Mushketovite: Electron microprobe analyses show that mushketovite
contains between 72.6 and 73.9 wt% Fe (average of 73.3 wt% Fe) and
0.01-0.4 wt% Si (Fig. 6B; ESM-1). Laser ablation-ICP-MS analyses show
that mushketovite contains between 370 and 1550 ppm Al, 110 - 720
ppm Mg, and 1180 — 1450 ppm Ca. With regards to HFSE, mushketovite
contains between 35 and 90 ppm Ti, 0.05 and 0.7 ppm Nb, and 1.8 and
4.8 ppm Sc. In terms of FRTE, mushketovite contains between 6 and 37

ppm V, 4.2 ppm Cr (detected in only one analysis), 720-1000 ppm Mn,
64-69 ppm Co, and 6-10 ppm Ni. Additionally, it contains 3.8 to 8 ppm
Pb, 980 to 3450 ppm W, 0.7 to 26.5 ppm Sn, and 10.7 to 34 ppm Mo.

Specularite: Electron microprobe analyses show that specularite
contains between 69.2 and 71.4 wt% Fe (average of 70.4 wt% Fe) and
0.004-0.2 wt% Si (Fig. 6B; ESM-1). Laser ablation-ICP-MS analyses
show that specularite contains between 110 and 3400 ppm Al, 2-1075
ppm Mg, and 6 — 620 ppm Ca. In terms of HFSE, specularite contains
between 130 and 4200 ppm Ti, 0.2-10 ppm Nb, and 1.4-147 ppm Sc
(Fig. 6b). Among the FRTE, V contents in specularite vary between 16
and 140 ppm V, 0.2-5.3 ppm Cr, 36-810 ppm Mn, 0.1-23 ppm Co, and
0.03-10 ppm Ni. With respect to granitophile-group elements, spec-
ularite contains between 0.4 and 7 ppm Pb, 22-2800 ppm W, 0.4-17
ppm Mo, and 2-135 ppm Sn (Fig. 6B).

Martite: Electron microprobe analyses show that martite contains
between 68.1 and 71.5 wt% Fe and 0.02-0.5 wt% Si. Laser ablation-ICP-
MS data show that martite contains between 820 and 1700 ppm Al,
12-450 ppm Mg, 32 — 1550 ppm Ca. Among the HFSE, martite contains
42-280 ppm Ti, 0.02 — 0.2 ppm Nb, and 1.3-4.4 ppm Sc (Fig. 6B).
Additionally, martite contains between 30 and 86 ppm V, 0.6-2.0 ppm
Cr, 550-1430 ppm Mn, 56-66 ppm Co, and 11-14 ppm Ni (Fig. 6B). In
terms of granitophile group elements, martite contains between 0.1 and
218 ppm W, 0.1 - 0.6 ppm Sn while Pb is between 1.4 and 7.4 ppm and
Mo is between 0.1 and 6.8 ppm, which are similar to that within spec-
ularite (Fig. 6B).
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Fig. 5. WDS X-ray elemental maps of selected trace elements for mushketovite (A) and magnetite (B, C, D) from the Shepherd Mountain deposit.

4.3. Chemical composition of iron oxides from the Pilot Knob magnetite
deposit

In addition to the new mineral data from Shepherd Mountain, this
study also presents the first trace element data for magnetite, martite,
and hematite from the PKM deposit obtained by laser ablation ICP-MS
(Fig. 6, ESM-1) that complements a single LA-ICP-MS analysis re-
ported by Huang et al. (2019). It is noted that the trace element
composition of martite and hematite was only measured on a sample
from shallow depth (~177 m; sample ID: PKM-1098-580) as samples
from deeper portions only contained very minor hematite and martite.
The trace element data are integrated with Fe contents obtained by
electron microprobe from Tunnell et al. (2021).

Magnetite from the PKM deposit contains between 70.8 and 74.0 wt%
Fe (average of 73.1 wt% Fe) and between < 140 ppm and 6600 ppm Si. It
is noted that, in contrast to the Shepherd Mountain deposit, no high-Si
magnetite was observed in the PKM deposit. Laser ablation-ICP-MS
data show that magnetite contains between 20 and 8900 ppm Al,
3.4-1040 ppm Mg, and 5 — 1140 ppm Ca (Fig. 6A, ESM-1). In terms of
HFSE, PKM magnetite contains between 70 and 3500 ppm Ti, 0.01-5
ppm Nb, and 0.1-7 ppm Sc (Fig. 6A, ESM-1). Among the FRTE, the PKM

magnetite contains between 36 and 340 ppm V, 0.2-56 ppm Cr,
340-1850 ppm Mn, 10-67 ppm Co, and 5-40 ppm Ni (Fig. 6A, ESM-1).
With respect to granitophile elements, magnetite contains between
0.004 and 2.4 ppm Pb, 0.01-124 ppm W, 0.14-7 ppm Sn, and 0.03-57
ppm Mo (Fig. 6A, ESM-1).

Hematite from the PKM deposit contains between 66.0 and 71.1 wt%
Fe (average of 67.5 wt% Fe) and < 140 ppm Si. Furthermore, hematite
contains between 1130 and 2900 ppm Al, 100-250 ppm Mg, 31-73 ppm
Ca, 110-150 ppm V, 4 — 10 ppm Cr, 32-170 ppm Mn, 0.2-0.6 ppm Co,
and 0.1-1 ppm Ni (Fig. 6C, ESM-1). Additionally, hematite contains
between 25,000 — 48,000 ppm Ti, 57-86 ppm Nb, 57-94 ppm Sc, 0.1 —
1.6 ppm Pb, 0.8 - 9 ppm W, 55-94 ppm Sn, and 0.3-2.6 ppm Mo
(Fig. 6C, ESM-1).

Martite from the PKM deposit contains between 70.6 and 71.8 wt%
Fe (average of 71.2 wt% Fe), <140 ppm Si, 125-1650 ppm Al, 24-210
ppm Mg, and 6-33 ppm Ca (Fig. 6C, ESM-1). Martite also contains be-
tween 83 and 106 ppm V, 2-5.6 ppm Cr, 130-245 ppm Mn, 1.5-3.8 ppm
Co, and 6.6-20 ppm Ni. With regards to HFSE, martite contains between
380 and 620 ppm Ti, 0.1-2 ppm Nb, and 7.5-10 ppm Sc (Fig. 6C, ESM-
1). Additionally, martite contains 0.5-1.8 ppm Sn and 0.01-0.2 ppm Mo.
Lead and W concentrations in martite are between 0.1 and 1.6 ppm and
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Fig. 6. Box and whisker plots for selected EMPA and LA-ICP-MS elemental abundances for: A. magnetite from both the Shepherd Mountain (SM) and Pilot Knob
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0.8 and 9 ppm, respectively, similar to those determined in hematite.
4.4. Stable Fe isotope chemistry

The stable Fe isotope ratios of two mushketovite, two magnetite, and
two specularite samples from the Shepherd Mountain deposit are given
in Table. 1 and illustrated in Fig. 7. The average &°°Fe values for
mushketovite, magnetite, and specularite are —0.35%o, —0.21%o, and
—0.13%o, respectively.

4.5. Whole-rock geochemistry

New whole-rock data for iron oxide-mineralized samples from the
Shepherd Mountain deposit and their volcanic host rocks are integrated
with publicly available USGS whole-rock data that have been compiled
by Day et al. (2017). All new whole-rock data discussed here are pre-
sented in ESM-2.

Volcanic host rocks: The volcanic host rocks of the Shepherd Moun-
tain deposit are classified as rhyolite and dacite based on the immobile
element diagram of Nb/Y vs. Zr/Ti (Pearce, 1996) that is used to elim-
inate alteration effects (Fig. 8A). Consequently, the host rocks of the
Shepherd Mountain deposit are similar to the host rocks of the PKM
deposit (Fig. 8A). The rhyolites and dacites plot as volcanic arc granite
on Y vs. Nb diagram (Fig. 8B; Pearce et al., 1984), but approximately
half the samples display A-type signatures while the others show I & S
type granite on Ga/Al*10* vs. Zr diagram (Fig. 8C; Whalen et al., 1987).
The host rocks of the Pilot Knob Magnetite deposit mostly plot as within-
plate A-type granites. On the (Y/Nb)y vs. (Th/Nb)y diagram, the host
volcanic rocks fall within the field of A2 type granite that indicates
emplacement at a convergent boundary (Fig. 8D; Moreno et al., 2014).

C1 chondrite-normalized rare earth element (REE) patterns of the
host rhyolites of the Shepherd Mountain deposit display a strong frac-
tionation between light rare earth elements (LREE) and heavy rare earth
elements (HREE) with a flat trend from medium REE (MREE) to HREE,
similar to the host rhyolites of the PKM deposit (Fig. 9A). However, the
host rocks of the Shepherd Mountain deposit show a pronounced Eu
negative anomaly (Eun/Euy* = 0.4 — 0.7), while the PKM host rocks
display only a slight and/or no negative Eu anomaly (Euy/Eux* = 0.6 —
0.9; Fig. 9A; ESM-2). Bulk Silicate Earth (BSE)-normalized multi-
element spider diagrams for both the Shepherd Mountain and Pilot
Knob deposits show negative anomalies for Nb, Ta, Sr and Sc, and en-
richments in Th, La, Ce, Pb, and Nd (Fig. 9B).

Ore samples: Magnetite- and hematite-mineralized whole-rock ore
samples from the Shepherd Mountain deposit contain between 47 wt%
and 97 wt% Fe;03 (ESM-2). C1 chondrite normalized REE patterns show
a decreasing trend from La to Lu with a wide range of variability with
respect to LREE, whereas less variability is observed in MREE and HREE
(Fig. 10A). The PKM ore samples display a similar decreasing trend from
LREE to MREE, but a flat trend from MREE to HREE. Pronounced
negative Eu anomalies (Euy/Eun* = 0.3-0.7) are observed for the
Shepherd Mountain mineralized samples, while the PKM ore samples
show variable Eu anomalies (Euy/Eun* = 0.7 — 1.6; Fig. 10A). Bulk
silicate Earth (BSE)-normalized multi-element spidergrams show nega-
tive anomalies for Nb, Ta, Sr, Ti, and Al, while the PKM ore samples
display similar negative peaks for Nb, Ta, and even a stronger Sr

Table 1
Summary of iron isotope analyses of mushketovite, magnetite, and specularite
from the Shepherd Mountain deposit.

Location Sample ID Mineral Average 5°°Fe (%o)
Shepherd Mountain SM-F1 Mushketovite -0.14

SM-F11 Mushketovite —0.55

SM-F8 Magnetite —0.15

SM-F17 Magnetite —0.26

SM-F11 Specularite —0.07

SM-F17 Specularite —0.19
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Fig. 7. The stable Fe isotope compositions of mushketovite, magnetite, and
specularite from the Shepherd Mountain deposit. The §°°Fe values of magnetite
and hematite from the PKM and PKH deposits, respectively, are included for
comparison. The reported values are an average of two measurements. Error
bars indicate the conservative errors of the variations of the standard. Data
source: 1 = Tunnell et al. (2021), 2 = Childress et al. (2016).

depletion (Fig. 10B). The Shepherd Mountain ore samples have higher
concentrations of Sc, but lower concentrations of Ti and Al compared to
the PKM ores (Fig. 10B).

5. Discussion

Although the Shepherd Mountain iron ore deposit was previously
mined from 1815 to 1865, studies on its genesis are rare and limited to
conference abstracts (Dudley and Nold, 2001, 2004) and short para-
graphs in papers that otherwise focus on different deposits and/or
regional geologic aspects (Kisvarsanyi, 1966; Kisvarsanyi and Kisvar-
sanyi, 1989; Nold et al., 2014; Day et al., 2016). Previous studies pro-
posed either a (i) magmatic-hydrothermal deposition of ore controlled
by contemporaneous fault systems (Kisvarsanyi, 1966); or (ii) a hydro-
thermal origin related to infiltration by a Si-poor fluid (Dudley and Nold,
2001). However, to the best of our knowledge, there are no published
studies that identify the fluid source(s) and quantitatively discuss how
the Shepherd Mountain deposit is genetically related to the nearby
magmatic-hydrothermal Pilot Knob ore system. Although Nold et al.
(2014) hypothesized that vein-type deposits in southeast Missouri
represent part of plumbing system where they form from ascending Fe-
bearing ore fluids from magmatic deposits at depth, this hypothesis
remained untested until this study. Furthermore, previous studies did
not fully unravel the order of mineralizing events in the Shepherd
Mountain deposit that are indicated by the different ore minerals and
textures. Here, we investigate the following aspects:

(i) The order of events that formed the different ore textures which
we propose in Fig. 11.
(i) The genesis of the Shepherd Mountain deposit and whether it is of
magmatic-hydrothermal or hydrothermal origin.
(iii) A possible genetic link between the Shepherd Mountain and Pilot
Knob deposits which we propose in the illustration shown as
Fig. 12.
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diagram for discriminating between I&S-type and A-type granites (after Whalen et al., 1987); D. (Y/Nb)y vs. (Th/Nb)y diagram for the rhyolitic rocks. The fields of
Al and A2 granites, along with other compositional fields, are drawn after Moreno et al. (2014). Values are normalized to the Bulk Silicate Earth after McDonough
and Sun (1995). The figures also include publicly available USGS whole-rock data (sample IDs: MO14_27C and MO14_031; data Source: Day et al. (2017)).

5.1. Ore-genetic sequence of the Shepherd Mountain deposit

5.1.1. Origin of the breccia ores

At Shepherd Mountain, mushketovite occurs in brecciated samples
where it forms a cementing groundmass between individual clasts
derived from the host rocks (Fig. 2F). Mushketovite is a pseudomorphic
replacement of specularite by magnetite that forms under reducing
conditions commonly below the hematite-magnetite buffer (Ohmoto,
2003; Mucke and Cabral, 2005). Although the veins are mined out and
structural relationships are no longer discernable in the field, we
interpret that the breccias represent samples close to the wall rock
contact based on the ubiquity of host rock clasts as illustrated in
Fig. 12A. Conversely, the granular to massive magnetite ores do not

11

contain any host rock fragments (Fig. 2G, H) and thus are speculated to
occur in the central portions of the veins (Fig. 12B). Based on these
observations, we argue that the brecciated ores formed at an early stage
of the ore-genetic sequence at Shepherd Mountain when an Fe-rich
hydrothermal fluid infiltrated the volcanic host rocks and created
veins that entrained clasts from the wall rock. The clasts were cemented
by early specularite that precipitated from a hydrothermal fluid
(Fig. 11); the temperature of this hydrothermal fluid is constrained by
the formation temperature of specularite, i.e., 100 °C to 460 °C (e.g.,
Catling and Moore, 2003; Cabral and Rosiere, 2013; Childress et al.,
2020). Our model for the formation of the brecciated ore is consistent
with the observations by Kisvarsanyi (1966) who proposed that the iron
oxides were deposited contemporaneously with the fault systems
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Fig. 11. Mineralization sequence for the Shepherd Mountain vein-type deposit.

resulting in the breccia ores. It is noted that, at this stage, specularite,
with its characteristic needle-like habit, was likely the first iron oxide
mineral to precipitate from the oxidized fluid, but subsequently was
reduced to mushketovite during a later pulse of hotter ore fluid and/or
drop in a redox state (Fig. 11). Similar reductions of early specularite to

later mushketovite are common in iron ore systems such as IOCG (e.g.,
Marschik and Fontboté, 2001; De Haller and Fontboté, 2009; Rieger
etal., 2010; Hu et al., 2020a) and skarn deposits (e.g., Boni et al., 1990;
Diinkel, 2002; Ciobanu and Cook, 2004; Prendergast et al., 2005) and
are generally attributed to magmatic-hydrothermal processes.

The mushketovite at Shepherd Mountain shows patchy zoning pat-
terns with dark and bright domains wherein the dark domains are
characterized by elevated Si, Ca, and Al while the bright domains
contain negligible amount of these elements based on x-ray mapping
and EMPA results (Fig. 4B, 5A; ESM-1). The dark mushketovite domains
with elevated Si, Al, and Ca contents overprint the bright domains
(Fig. 4B, 5A); the overprinting might have been contemporaneous with
the later-stage formation of high-Si granular magnetite in the central
portion of the veins as further discussed in the next section, similar to
processes observed for the Mina Justa IOCG deposit, Peru (Hu et al.,
2020b).

The alteration assemblage in the brecciated ores at Shepherd
Mountain gives insight into the temperature of the early specularite
forming hydrothermal event. The breccias are characterized by potassic
(K-feldspar) alteration and notably do not show any sign of sodic (albite)
alteration. The potassic alteration is closely associated with Fe meta-
somatism (as implied by the early specularite formation) and silicifica-
tion which generally records cooling of high temperature saline fluids in
the HyO-NaCl-KCl-FeCl; system degassed from a magma at temperatures
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between 250 and 400 °C (Giggenbach, 1984; De Haller and Fontboteé,
2009; Williams et al., 2005; Barton, 2014). Consequently, we argue that
the early specularite at Shepherd Mountain formed from a saline hy-
drothermal fluid at a temperature between 250 and 400 °C. Later
infiltration by a hotter magmatic-hydrothermal fluid (>400 °C as dis-
cussed below) triggered mushketovitization due to a decrease in a redox
state below the hematite-magnetite buffer.

5.1.2. Origin of the massive magnetite ores: Textural and compositional
characteristics of high-Si vs. low-Si magnetite

The texture and trace element chemistry of magnetite and its
compositional variations can be useful in constraining the ore-forming
environments and discriminating between different styles of minerali-
zation (Dupuis and Beaudoin, 2011; Dare et al., 2012, 2014; Nadoll
et al., 2014). At Shepherd Mountain, two different types of granular
magnetite exist that allow us to better constrain the massive ore forming
events after the early formation of specularite/mushketovite in the
brecciated contact ore. One type of granular magnetite displays distinct
oscillatory zoned patterns (Fig. 4C, E, F), whereas the second type is
largely homogenous (Fig. 4E, F, I). The oscillatory magnetite is notably
darker in BSE images when compared to the homogenous magnetite (cf.
Figs. 4, 5). Similar oscillatory zonation patterns, typical of Si-rich
magnetite, are observed in several IOA and IOCG deposits (e.g., El
Laco, El Romeral, Sossego, Salobo, Candelaria, and Los Colorados), and
were shown to reflect rapid crystal growth from a compositionally
fluctuating fluid rather than solely being related to variation in tem-
perature and oxygen fugacity (Shore and Fowler, 1996; Reich et al.,
2013; Dare et al., 2015; Deditius et al., 2018; Huang and Beaudoin,
2019). Consequently, the oscillatory zonation observed in the darker
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domains of magnetite at Shepherd Mountain likely implies that the
magnetite grew rapidly from a compositionally fluctuating fluid.

It is noted that the oscillatory zoned magnetite has significantly
higher concentrations of lithophile elements (i.e., Si, Al, Ca, and Mg)
than the homogeneous low-Si magnetite that, as a consequence, is more
Fe rich and therefore brighter in BSE images (Figs. 4, 5, 6, 13A). High Si
and Ca contents in magnetite are commonly attributed to magnetite
precipitation from hydrothermal fluids (Shimazaki, 1998; Dare et al.,
2014; Nadoll et al., 2014) because lithophile elements such as Si and Ca
preferentially partition into silicates in evolved magmatic systems due to
the low partitioning coefficients of Si (Dg; = 0.0017) and Ca (D¢, =
0.035) into magnetite (Dare et al., 2012). Accordingly, the elevated Si +
Ca contents of the oscillatory zoned magnetite observed here
(7,200-32,000 ppm Si + Ca) are indicative of hydrothermal magnetite,
which is consistent with the indication from oscillatory zonation that the
magnetite formed from a hydrothermal fluid.

Oscillatory zoned high-Si magnetite with elevated concentrations of
Al, Ca, and Mg has been reported in magmatic-hydrothermal ore systems
such as skarn and IOCG deposits wherein the formation temperature was
shown to be at least 400 °C. For example, the silician magnetite reported
at the Olympic Dam deposit marks the onset of hydrothermal activity
and for which the formation temperature was inferred to be at least
400 °C (Ciobanu et al., 2019; Verdugo-Ihl et al., 2019). At skarn-type
deposits, such as Makeng and Chengchao in China, high-Si magnetite
grains were shown to form from magmatic-hydrothermal fluids during
retrograde stages with formation temperatures of > 450 °C (Hu et al.,
2014; Yang et al., 2017; Li et al., 2019). The trace element composition
of high-Si magnetite further supports a high temperature hydrothermal
formation, although the > 500 °C proposed by Dare et al. (2014; cf.
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Fig. 13A) appear to be too high for the Shepherd Mountain deposit.
Based on the similarities between the oscillatory zoned high-Si magne-
tite at Shepherd Mountain and other magmatic-hydrothermal systems,
we argue that the magmatic-hydrothermal fluid at Shepherd Mountain
that formed the high-Si magnetite had temperatures of at least 400 °C
and was possibly sourced from the same magma that facilitated the
formation of the nearby PKM deposit as further discussed in section 5.5.
A magmatic-hydrothermal origin for the high-Si magnetite is also

supported by the elevated trace element concentrations within high-Si
magnetite such as granitophile-group elements (Pb, W, Sn, Mo), HFSE
(Ti, Nb, Sc), and REE + Y (Figs. 5, 13A, E). It is noted that Nadoll et al.
(2015) suggested that elevated P, REE, and Si contents in magnetite from
magmatic-hydrothermal fluids may reflect the presence of apatite and/
or silicate micro- to nano-inclusions rather than presence of these ele-
ments as solid solution in the magnetite lattice. However, we did not
observe any such inclusions during our time-resolved laser ablation ICP-
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MS analysis. Verdugo-Ihl et al. (2019) attributed relative enrichments of
REE + Y and negligible Ni and Cr in silician magnetite at the Olympic
Dam to percolation by granite-derived magmatic ore fluids. Elevated
concentrations of Al, Mg, Ca, Fe and Si in the Olympic Dam silician
magnetite were likely provided from the breakdown of feldspars and
mafic minerals during fluid-wall rock interactions (Kontonikas-Charos
et al., 2017) and/or a granite-derived magmatic fluid (Ciobanu et al.,
2019). We propose a similar scenario for Shepherd Mountain, wherein a
magmatic-hydrothermal fluid with temperature > 400 °C carried Fe and
Si from a magma and ascended through the Ironton Fault (Fig. 12; Panno
and Hood, 1983) and leached Al, Ca, and Mg from magmatic minerals (e.
g., feldspars and biotite/hornblende) during the ascension through the
rhyolitic wall rocks (Fig. 12), thus facilitating the formation of high-Si
magnetite that is further enriched in REE + Y, Pb, and Sc.

We suggest that the high-Si magnetite forming event is directly
related to the mushketovite forming event discussed above. As a second,
hotter magmatic-hydrothermal fluid infiltrated and widened the veins,
it reduced the specularite to mushketovite due to a drop in the redox
state and nucleated high-Si magnetite on the surface of mushketovite,
resulting in the formation of the darker domains shown in Fig. 4B.
Contemporaneously, the granular high-Si magnetite such as shown in
Fig. 4C, F precipitated in the central portions of the veins upon
widening. Similar processes, i.e., mushketovitization and subsequent
overprinting with high-Si magnetite which are contemporaneous with
the formation of high-Si granular magnetite in central parts of the de-
posit, were also observed at the Mina Justa IOCG deposit in Peru (Hu
et al., 2020). The observations from Mina Justa support our speculation
that the mushketovitization, followed by the overprinting with high-Si
domains in the outer portions of the veins, and the contemporaneous
formation of high-Si granular magnetite in the central parts of the veins,
reflect the same hydrothermal fluid event with a temperature of >
400 °C.

As opposed to the zoned high-Si magnetite, low-Si magnetite is ho-
mogeneous and displays dissolution-reprecipitation textures (Putnis,
2009; Putnis and John, 2010) by replacing the zoned magnetite with
sharp and irregular contacts (bright domains in Fig. 4F). The dissolution-
reprecipitation textures suggest that a third hydrothermal fluid(s)
interacted with the zoned high-Si magnetite, locally dissolved it, and
reprecipitated homogeneous secondary magnetite with higher Fe con-
tent. Replacement patterns with dissolution-reprecipitation textures
generally reflect a mixture of magmatic ore fluids with surface-derived
fluids as observed in several magmatic-hydrothermal iron ore systems
such as the Makeng skarn Fe deposit in China, the Chadormalu IOA
deposit in Iran, and the Mina Justa IOCG deposit in Peru (Heidarian
et al., 2016; Yang et al., 2017; Hu et al., 2020b). Several factors may
have triggered the dissolution-reprecipitation process, such as changes
in temperature, pressure, pH, or oxygen fugacity. As the results of the
dissolution-reprecipitation process, the secondary low-Si magnetite
contains lesser amount of trace elements such as Si, Ca, Y, Pb, Zr, Hf, W,
Sc, Ta, Nb, Sn, Ga, Mg, and Ti except for V (Fig. 13A) compared to the
primary high-Si magnetite, which may have been due to a decrease in
temperature, as temperature is one of the controlling factors of trace
element partitioning into magnetite (Nadoll et al., 2014; Dare et al.,
2014). In addition to temperature, the dissolution-reprecipitation pro-
cess may also have been driven by fluctuations in fO, which can be
assessed via multi-valent element systematics, for example, V and Sn.
The oxidation state of V in natural systems varies from 2 + to 5+, with
divalent V only being dominant in highly reducing environments (foy
more reducing than IW buffer; Sutton et al., 2005; Shearer et al., 2006).
Vanadium partitioning into magnetite is redox dependent with V¥ or
V* being the most compatible species whereas V°* (i.e., under higher
oxygen fugacity) is incompatible in magnetite (Toplis and Corgne, 2002;
Balan et al., 2006; Righter et al., 2006). Vanadium concentrations in
low-Si magnetite (10-110 ppm V) from Shepherd Mountain are slightly
higher than in the high-Si magnetite (0.7-66 ppm V; Fig. 6). Therefore,
the increase of V in the low-Si magnetite from Shepherd Mountain may
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imply a decrease in oxygen fugacity when compared to the stage when
the high-Si magnetite formed. Lower Sn contents in the low-Si magnetite
(0.1-1.1 ppm Sn) compared to the high-Si magnetite (1-6 ppm Sn;
Fig. 6A) also support such a decrease in oxygen fugacity at Shepherd
Mountain because Sn** (with 4 + valence state at > FMQ -+ 3 buffer)
substitutes more easily for Fe>* in magnetite under more oxidizing
condition (Linnen et al., 1996; Carew, 2004; Barkov et al., 2008).
Therefore, the lower Sn contents in low-Si magnetite likely represent a
decrease in fO,. Overall, the dissolution-reprecipitation process that
formed the low-Si magnetite was likely triggered through late-stage
mixing with a third surface-derived, lower temperature meteoric
water with an fO, lower than the high-Si magnetite forming hydro-
thermal fluid.

In summary, our textural and mineral-chemical observations suggest
that at least two generations of magnetite exist that formed after the
early precipitation of specularite at the Shepherd Mountain deposit
(Fig. 11). The high-Si magnetite formed from a high temperature
magmatic-hydrothermal fluid (>400 °C) with a fluctuating composition
that facilitated the formation of the oscillatory zonation. Percolation of
the fluid through the rhyolitic ash-flow tuffs (Fig. 8A) and minor inter-
mediate volcanic rocks (Panno and Hood, 1983) caused a breakdown of
magmatic minerals such as feldspars, biotite and hornblende in the host
rocks and provided Al, Ca, and Mg to the ore-forming fluid while Fe and
Si may have been extracted from the magma with the exsolving fluid. In
contrast, the low-Si magnetite formed through dissolution-
reprecipitation processes at temperatures lower than the high-Si
magnetite formation temperature upon mixing with a third, likely
meteoric, water source.

5.1.2.1. Formation of late stage martite and specularite at the Shepherd
Mountain deposit. Hematite in the Shepherd Mountain deposit occurs as
martitic hematite partially replacing magnetite and mushketovite
(Fig. 4A-H), and as late specularite with elongated laths both in breccia
and massive ores (Fig. 4C, F, H). It is noted that the specularite discussed
in this section is different from the early formed specularite that is fully
replaced by mushketovite.

Martite: Martitic alteration of magnetite occurs selectively, often
following the colloform texture of magnetite, as shown in Fig. 4D, as
well as along dj;; planes of magnetite as shown in Fig. 4H. The selective
martitic alteration was likely caused by a fourth fluid that affected pri-
marily magnetite with low Si, Ca, Al, and Mg concentrations, because
high-Si magnetite was demonstrated to be more resistant to martitiza-
tion based on observations from other locations, such as the Copiapo
Nordeste IOCG prospect (Gonzalez et al., 2018) and the Hamersley BIF
(Huberty et al., 2012). The presence of pores and cracks in martite
(Figs. 4, 5) suggests that the martitic alteration likely reflects a non-
redox transformation, i.e., an interface-coupled dissolution-reprecipi-
tation reaction (ICDR). During the ICDR process, Fe2* is removed from
the crystal structure of magnetite which results in a volume decrease of
33% (Zhao et al., 2019; Xing et al., 2021) and thus creates pore space.
Conversely, redox transformation of magnetite to hematite would have
resulted in a volume increase by 1.66% (Xing et al., 2021) which is not
consistent with the petrographic observations that are indicative of
grain shrinkage rather than volume increase (Fig. 4A, D, G). Martitiza-
tion via non-redox reactions is further supported by the indistinguish-
able concentrations of V and Sn between magnetite (10 - 110 ppm V, 0.1
— 1.1 ppm Sn) and martite (30 — 86 ppm V, 0.07 — 0.6 ppm Sn), which,
due to the redox-sensitive nature of V and Sn discussed above, is
indicative of relatively constant redox conditions (Swann and Tighe,
1977; Ohmoto, 2003; Huang et al., 2019). A comparison between the
mineral chemistry of martite and the low-Si magnetite it replaces shows
that the trace element contents remain relatively constant during the
replacement process, with the exception of Pb, W, and REE, which are
slightly elevated in martitic hematite (Fig. 13A, B). The retention of
pristine trace element abundances during martitization was shown to
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occur at moderate temperatures of ~ 200 °C (Sidhu et al., 1981; Angerer
et al., 2012). The minor additions of Pb, W, and REE indicate that the
late-stage fourth fluid was enriched in these elements upon percolation
through the rhyolitic/dacitic and intermediate composition volcanic
rocks.

Specularite: Textural relationships suggest that specularite at Shep-
herd Mountain is a late stage phase as its occurrence is restricted to open
spaces (Fig. 4C, F, H). However, petrographic observations do not allow
us to constrain which formed first, i.e., martitic replacement or spec-
ularite formation. Specularite is characterized by greater concentrations
of Zr, Hf, Sc, Ta, Nb, Mo, Sn, W, Ti, Mg, and Al when compared to
martite (Fig. 13B). Moreover, C1 chondrite normalized REE patterns
show lower concentrations of REE in specularite compared to those in
martite (Fig. 13F). The differences in composition between martite and
specularite suggest that the two hematite groups formed from different
fluids, thus implying the presence of a fifth, specularite-forming fluid
pulse with a temperature of at least 100 °C and up to 460 °C based on the
formation temperature of specularite (e.g., Catling and Moore, 2003;
Childress et al., 2020). Elevated HFSE contents in specularite (Fig. 13B)
imply that the late-stage specularite-forming ore fluid was F-bearing
because F ligands tend to increase HFSE solubility and thus are
considered to be critical for transporting HFSE (Montreuil et al., 2016).
The presence of a F-bearing fluid is consistent with field observations
that identified cross-cutting fluorite veinlets at Shepherd Mountain (cf.
Nold et al., 2014).

5.1.2.2. Constraints on fluid(s) from Fe isotope compositions. Iron iso-
topic signatures as possible tracers of geological processes have been
broadly applied to constrain ore-forming processes for magmatic to
magmatic-hydrothermal (Wawryk, 2017; Li et al., 2018; Knipping et al.,
2019), hydrothermal (Graham et al., 2004; Markl et al., 2006), and
sedimentary deposits (Frost et al., 2007; Mendes et al., 2017; Hu et al.,
2020b). The §°°Fe values of mushketovite, which occurs in the brecci-
ated ore (Fig. 2E, F; 4A, B), are —0.55%0 and —0.14%o (Fig. 7) with an
average of —0.35%o. These isotopic signatures likely reflect (i) the for-
mation of the initial specularite from a low temperature (<400 °C) hy-
drothermal fluid (Wang et al., 2011; Troll et al., 2019) which is in
agreement with the above suggested formation temperature (250 °C —
400 °C), and (ii) the subsequent replacement of specularite by the
mushketovite. The petrographic observations discussed above suggest
that the mushketovite formed through a dissolution-reprecipitation
process in which the primary specularite was reduced to magnetite
due to the introduction of a prograde hotter, reducing fluid (Fig. 4A, B).
The dissolution and reprecipitation process likely caused a shift toward a
lighter Fe isotopic composition because, during dissolution processes,
lighter isotopes preferentially partition into fluids which will result in
reprecipitation of products from the fluid with lighter Fe isotope com-
positions (e.g., Weiss, 2013; Troll et al., 2019). The decrease in Fe iso-
topic values during the dissolution and reprecipitation process is
consistent with the reduction process that is required for mushketovite
formation as reduction is commonly considered to fractionate Fe to-
wards lighter compositions (Markl et al., 2006).

The 8°°Fe values of the magnetite from Shepherd Mountain are
—0.26%o and —0.15%o (Fig. 7) with an average of —0.21%o. These values
are slightly higher compared to that of mushketovite, but lower than the
reported 5°°Fe values of magnetite from the deeper-seated PKM deposit
(0.06%0 — 0.27%o; Childress et al., 2016; Tunnell et al., 2021). The
heavier Fe isotopic signatures of Shepherd Mountain magnetite,
compared to that of mushketovite, may have resulted from the higher
formation temperature (>400 °C) of the high-Si magnetite as tempera-
ture has been shown to be a controlling factor for Fe isotope fraction-
ation in magmatic-hydrothermal systems (Knipping et al., 2019; Troll
et al., 2019). Magnetite also shows dissolution and reprecipitation tex-
tures in which the partial dissolution of high-Si magnetite resulted in the
formation of secondary low-Si magnetite (Fig. 4D, E, F, I). Analogous to
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the mushketovite, the dissolution and reprecipitation process may have
lowered the Fe isotope compositions to negative values. In addition to
the dissolution and reprecipitation process, the lighter Fe isotopic
composition of magnetite from Shepherd Mountain compared to PKM
likely also reflects a temperature dependent fractionation of Fe isotopes
during fluid ascent through the Ironton Fault during which heavier
isotope were left behind and the cooling ascending fluid was therefore
progressively enriched in lighter isotopes (Markl et al., 2006; Wang
et al., 2011; Troll et al., 2019).

As opposed to mushketovite and magnetite, the late-stage specularite
that formed in open spaces does not show dissolution-reprecipitation
textures (Fig. 4F) and has 5°°Fe values of —0.19%o and —0.07%o with
an average of —0.13%0 (Fig. 7). These values are slightly heavier
compared to the Fe isotope composition of magnetite and mushketovite
at Shepherd Mountain. It is plausible to infer that the ore fluid that
formed the late stage specularite had a lighter isotopic signature than the
specularite itself as because Markl et al. (2006) showed that hematite
that precipitates from an oxidizing fluid has a heavier isotopic signature
than the original fluid. The presence of an isotopically light hydrother-
mal fluid (§°°Fe < -0.19%o to —0.07%y; i.e., the specularite range) may
reflect either a temperature depended fractionation of Fe isotopes dur-
ing fluid and/or fluid mixing with isotopically lighter meteoric water as
discussed above for the formation of specularite.

In summary, we argue that the Fe isotope compositions of mush-
ketovite, magnetite, and specularite from the Shepherd Mountain de-
posit, that formed during different fluid pulses and due to dissolution
and reprecipitation processes, reflect a range of processes, including
formation temperature, fractionation of Fe isotopes during the ascent of
magmatic-hydrothermal fluid through the Ironton Fault, and possibly
fluid-mixing with surface-derived meteoric water.

5.1.2.3. Summary for the formation of the Shepherd Mountain deposit.
Although the Shepherd Mountain ore veins are mined out and strati-
graphic relationships are difficult to constrain, we propose that that the
breccia ores represent the outer portions of the veins owing to the
abundance of wall-rock clasts in the brecciated samples. Conversely, the
massive/granular magnetite vein ore does not contain wall rock clasts
and consequently is interpreted to represent the central portion of the
vein (Fig. 12). The veining and iron oxide mineralization are suggested
to have formed through the following processes: specularite was the first
mineral to precipitate from an oxidizing magmatic-hydrothermal fluid
above the hematite-magnetite buffer at a temperature between 250 and
400 °C when a high-pressure fluid infiltrated the rhyolitic host rock,
opening two initially narrow veins and creating a brecciated texture due
to high fluid pressure. The Ironton Fault (Panno and Hood, 1983) may
have provided a preferred path for fluid ascent. A second pulse of
magmatic-hydrothermal ore fluid with a higher temperature (>400 °C)
caused a decrease in local oxygen fugacity and the replacement of
specularite by mushketovite while preserving the primary specularite
texture. The second fluid pulse also widened the veins and caused pre-
cipitation of granular, oscillatory-zoned high-Si magnetite wherein the
zonation reflects compositional fluctuation of the fluid during percola-
tion. Mixing with surface-derived meteoric waters (third fluid) led to a
decrease in temperature and oxygen fugacity which may have promoted
the dissolution-reprecipitation process and resulted in the formation of
homogeneous low-Si magnetite by replacing high-Si primary magnetite.
The low-Si magnetite was subsequently replaced by martite, likely upon
draw down of meteoric water (fourth fluid) that caused fluid-mineral
reactions at a temperature of ~ 200 °C. A final, fifth pulse of F-
bearing fluid facilitated the formation of late specularite in open spaces
at temperatures > 100 °C, possibly up to 460 °C. The origin of the fluids
and implications for the formation of the Shepherd Mountain deposit
within the geodynamic framework of the SE Missouri metallogenic
province are discussed in the following section.
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5.2. Genetic link between the Shepherd Mountain and Pilot Knob
magnetite deposits

The Shepherd Mountain and Pilot Knob iron ore systems are nearby
(i.e., ~1000 m; Fig. 1C) and were emplaced in the same/similar volcanic
rocks as shown in Figs. 8, 9. Therefore, it would be plausible that the
Shepherd Mountain and Pilot Knob Magnetite (PKM) deposits are both
local expressions of the same magmatic to magmatic-hydrothermal
plumbing system. Such a link was previously speculated based on
their proximity to one another (Nold et al., 2014), but no geological
and/or geochemical studies were conducted to test such a hypothesis.
Here we compare whole rock and mineral chemistry data from Shepherd
Mountain and PKM (new magnetite LA-ICP-MS data and previously
published whole rock data from Tunnell et al. (2021) and Day et al.
(2017)) to assess if the two deposits are genetically related.

5.2.1. Insights from iron ore whole-rock chemistry

The Pilot Knob Magnetite deposit has been shown to be magmatic to
magmatic-hydrothermal in origin (Fig. 12C), i.e., it is composed of a
massive magmatic magnetite ore body in the deeper portion of the de-
posit that transitions into disseminated magmatic-hydrothermal ore
towards shallower levels (Panno and Hood, 1983; Nold et al., 2013;
Childress et al., 2016; Tunnell et al., 2021). It is noted that the magmatic
origin for the PKM deposit is not fully constrained. For example, an
immiscible sodic syenite magma source, as previously suggested by Nold
et al. (2013), would be consistent with an emplacement of the PKM
deposit in a post-collisional setting (Watts and Mercer, 2020; Tunnell
et al., 2021) due to the alkaline nature of magmas that can be expected
in such an environment (e.g., Locmelis et al. 2016; Fiorentini et al.,
2018; Holwell et al., 2019; Locmelis et al. 2021). However, it is noted
that albite in the PKM deposit, which was used to support a syenite
magma by Nold et al. (2013), may not necessarily be magmatic/syenitic
(Day et al., 2016). Therefore, the magma may have been not syenitic,
but perhaps either a silicate melt, as proposed for the Pea Ridge and
Bourbon deposits in southeastern Missouri close to Shepherd Mountain
(Fig. 1B; Watts and Mercer, 2020), or a more intermediate/andesitic
magma as proposed for IOA/IOCG systems in southeast Missouri
(Meighan et al., 2019a) and elsewhere (e.g., Simon et al., 2018). The
shallower magmatic-hydrothermal magnetite was likely deposited from
magmatic ore fluids that were exsolved from the magma that formed the
magmatic portion of the deposit (Panno and Hood, 1983; Nold et al.,
2013; Childress et al., 2016; Tunnell et al., 2021). The exsolved ore
fluids precipitated magnetite by replacing the unwelded sections of an
ash-flow tuff and formed a tabular body that is subparallel to the host
rock layering within the volcanic sequence (Panno and Hood, 1983).

Iron oxide-mineralized samples from the Pilot Knob Magnetite
(13-89 wt% Fey03) and Shepherd Mountain (47-97 wt% Fe;O3) de-
posits display similar whole rock patterns in C1 chondrite-normalized
and BSE-normalized spidergrams and are notably enriched in LREE
(Fig. 10). The bulk compositional similarity of ores between the two
deposits may indicate that these two deposits are genetically related. In
such a scenario, ore fluid(s) derived from the magma that formed the
PKM deposit at depth ascended and utilized the Ironton Fault as a
preferred fluid pathway, forming the Shepherd Mountain deposit at a
higher stratigraphic level as illustrated in Fig. 12.

5.2.1.1. Insights from magnetite chemistry. The compositional similar-
ities in the whole rock ore composition between the Pilot Knob
Magnetite and Shepherd Mountain deposit are, at least to some extent,
also observed in the magnetite chemistry. It is noted that the low-Si
magnetite is a product of dissolution and reprecipitation processes
that was not observed at PKM; therefore, the low-Si magnetite is not
compared to magnetite from PKM.

Laser ablation ICP-MS analyses of magnetite from PKM and high-Si
magnetite from Shepherd Mountain show similar trace element

17

Ore Geology Reviews 141 (2022) 104633

patterns and abundances with respect to Cr, Ni, Mn, Ga, Sn, Nb, Ta, and
Ge (Fig. 6A; 13A, C). However, several differences in the trace element
composition of magnetite are observed, most notably Ti and V that are
depleted in magnetite from Shepherd Mountain, and Si, Ca, Mg and Al
that are notably enriched (Fig. 13C). Such compositional variabilities
can be expected if the Shepherd Mountain deposit is a surface-near
expression of the same plumbing system that formed the PKM deposit
at depth due to differences in temperature, redox conditions and draw
down of meteoric water which can result in a dilution of elements and
cooling of the high T hydrothermal fluids.

It is a notable observation that magnetite from the PKM deposit
contains between 70 and 3,500 ppm Ti, of which the higher end values
come from deeper (i.e., presumably higher temperature) samples
(Fig. 6A). In contrast, the Ti content in high-Si magnetite from the
Shepherd Mountain deposit is distinctly lower (15-550 ppm Ti). It is
noted that the Ti range reported here for both deposits (15-3,500 ppm
Ti) falls within the global range for hydrothermal magnetite (15 - 3,560
ppm; Nadoll et al., 2015). In contrast, magmatic magnetite has been
proposed to contain overall higher contents globally between 70 and
67,100 ppm (Dare et al., 2014; Nadoll et al., 2015; Duparc et al., 2016).
Although the Ti contents in magnetite from the PKM and Shepherd
Mountain deposits are in the lower range for Ti contents globally, the
overlap between the hydrothermal and magmatic ranges does not allow
to fully discriminate between magmatic and hydrothermal magnetite
solely based on Ti contents. However, when integrated with Ni/Cr
contents the magnetite composition indicates a hydrothermal origin
(Fig. 14; Dare et al., 2014). The significantly lower Ti contents in
magnetite from the Shepherd Mountain deposit may reflect ore forma-
tion from ascending, cooling hydrothermal fluids when compared to
higher temperature magmatic and magmatic-hydrothermal magnetite
from the PKM deposit (Panno and Hood, 1983; Nold et al., 2013;
Childress et al., 2016; Tunnell et al. 2021) as Ti contents in magnetite
decrease with decreasing temperature (Dare et al., 2014; Nadoll et al.,
2014). It is noted that magnetite formation temperature calculations
using the empirical Mg geothermometry proposed by Canil and Lacourse
(2020) were not feasible due to the significant hydrothermal and
chemical weathering of magnetite in the Pilot Knob Magnetite and
Shepherd Mountain deposits, which has been shown to result in inac-
curate temperature calculations (Palma et al., 2021)

The V contents of high-Si magnetite from Shepherd Mountain
(0.7-66.4 ppm V) are overall lower when compared to the PKM deposit
(36-343 ppm V; Fig. 6A, 13C). The differences in V contents between the
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Fig. 14. Ni/Cr versus Ti plot to discriminate magmatic magnetite from hy-
drothermal magnetite, after Dare et al. (2014).
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two deposits likely reflect that the fluid that formed Shepherd Mountain
was more oxidizing and cooler compared to that at PKM owing to the
redox sensitive and temperature dependent nature of V. As mentioned
previously, V is more compatible to magnetite under reducing and
hotter conditions, which can explain higher V contents as observed in
PKM. A similar redox and temperature control on magnetite can also be
observed within the PKM deposit (ESM-3) because samples retrieved
from 620 to 667 m depth are characterized by 80-343 ppm V while
shallower samples from 137 to 177 m depth contain between 36 and
102 ppm V (and 0.7-66.4 ppm V at Shepherd Mountain). Based on these
observations, we speculate that magnetite at deeper levels in the PKM
deposit formed from a reducing and hotter fluid(s) that became pro-
gressively oxidized and cooler upon ascent, resulting in the low V con-
centrations in the shallower level PKM ore as well as in the surface-near
Shepherd Mountain deposit. The progressive decrease in V contents in
magnetite with decreasing depth, and, by inference, oxidation and
cooling of the ore fluid during ascend, is consistent with a physio-
chemical connection between the Pilot Knob and Shepherd Mountain
deposits within the same plumbing system. In such a context, the
elevated Ca, Al, and Mg concentration in the Shepherd Mountain high-Si
magnetite likely reflect scavenging of these elements from feldspars,
biotite, or hornblende of the wall rock, whereas Fe and Si were extracted
from the magma during the exsolution of a magmatic-hydrothermal
fluid that ascended through the Ironton Fault. The elevated concentra-
tions of REE + Y within high-Si magnetite from Shepherd Mountain
compared to magnetite in PKM (Fig. 13E) may also have resulted from
scavenging REE and Y from wall rocks. Alternatively, REE and Y may
have originated from the ore fluid exsolved from the magma at depth (i.
e., together with Fe and Si) and remained in the ascending magmatic-
hydrothermal fluid(s) because the rare earth elements are classified as
non-spinel elements and thus would not have partitioned into magnetite
at deeper levels (Nadoll et al., 2014).

In summary, our laser ablation ICP-MS data of magnetite from the
Shepherd Mountain and PKM deposits indicate that these two deposits
have a shared origin based on similar trace element patterns and
abundances, most notably Cr, Mn, Ga, Sn, Nb, Ta, and Ge. Differences in
Ti, V, Si, Ca, Al, Mg, and REE contents imply that the temperature of the
ore forming fluid(s) decreased with decreasing depth while the fluid(s)
became more oxidized. An increase in Si, Ca, Al, and Mg contents in
magnetite at Shepherd Mountain likely reflects assimilation of these
elements from the wall rock during ascent along the Ironton Fault and,
integrated with the other discussed trace elements characteristics, may
imply that the Pilot Knob Magnetite and Shepherd Mountain deposits
are part of the same magmatic-hydrothermal plumbing system.

5.2.1.2. Insights from hematite chemistry. The elevated HFSE concen-
trations in hematite and late specularite in the PKM and Shepherd
Mountain deposits, respectively, can also give insight into a possible
genetic link between the two deposits (Fig. 6B, C; 13B, D). These he-
matites are compared because textural relationships suggest that they
form during similar late stages within the respective ore formation.
Hematite from the PKM deposit is characterized by high Ti concentra-
tions between 25,000-48,000 ppm Ti, which is significantly higher
when compared to that in other iron oxides in the PKM deposit (i.e., up
to 3,500 ppm; Fig. 6B, C; 13D). It is noted that the Pilot Knob Hematite
deposit (PKH), which is located 240 m stratigraphically above the PKM
and was shown to be part of the same magmatic-hydrothermal plumbing
system as the PKM deposit, is also characterized by high-Ti hematite
(<120 ppm up to 26,800 ppm; Tunnell et al., 2021). In comparison, the
late-stage specularite from the Shepherd Mountain deposit (Fig. 11)
contains between 130 and 4,200 ppm Ti, which is also significantly
higher when compared to other iron oxides (i.e., up to 550 ppm Ti) in
Shepherd Mountain (ESM-1). Based on the elevated Ti concentrations,
an argument can be made that the specularite and hematite from
Shepherd Mountain and PKM, respectively, precipitated from the same
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Ti-rich magmatic-hydrothermal fluid wherein Ti was mobilized as F and
Cl complexes as previously suggested for the PKH deposit (Tunnell et al.,
2021). The presence of a F-bearing magmatic-hydrothermal fluid is
supported by abundant fluorite in the PKM deposit (Nold et al., 2013) as
well as fluorite-rich veinlets at Shepherd Mountain (Nold et al., 2014).
Analogous to the Ti contents in magnetite, the lower Ti contents in he-
matite from the Shepherd Mountain and PKH deposits may be indicative
of a cooling ore fluid closer to the surface.

In addition to Ti concentrations, both hematite from the PKM deposit
and specularite from the Shepherd Mountain deposit are characterized
by elevated HFSE (Zr, Hf, Ta, Nb) and W, Sn, and Sc contents when
compared to other iron oxide minerals in these deposits (Fig. 13B, D,
ESM-1), which may have been sourced from a granitic melt through
fluid exsolution as suggested by Meighan et al. (2019b). High field
strength elements are commonly considered to be conservative, but
several studies have shown that HFSE can be mobilized in a wide range
of P-T conditions and their solubility is generally enhanced at high pH
conditions and with increasing F contents of the fluids (Vard and
Williams-Jones, 1993; Jiang, 2000; Jiang et al., 2005). The mobility of
HFSE in F-bearing fluid is in agreement with the observation above that
a F-bearing fluid was likely important in the formation of hematite at
Pilot Knob and Shepherd Mountain based on the presence of fluorite.
The F-bearing fluid also might have collected Ti from a breakdown of
mafic minerals and/or hydrothermal rutile that exists in the deeper
portions of the PKM deposit (Tunnell et al., 2021). Owing to the elevated
Ti, HFSE, W, Sn and Sc contents of hematite from the PKM and Shepherd
Mountain deposits, we argue that the same (and/or a similar) F-bearing
fluid event formed late stage hematite/specularite both in the PKM and
Shepherd Mountain deposits.

5.2.1.3. Insight from Fe isotope compositions. As illustrated in Fig. 7, a
decrease in 5°°Fe signatures is observed in iron oxides from the PKM
deposit (heaviest 5°°Fe values) to the PKH deposit and Shepherd
Mountain deposit (lightest 5°Fe values). The decreasing trend in 5°°Fe
signatures corresponds to the stratigraphic level of individual deposits as
the Shepherd Mountain deposit is located at the stratigraphically highest
level whereas PKM is the deepest deposit (e.g., Panno and Hood 1983;
Day et al. 2016; Tunnell et al., 2021). We argue that the lighter isotopic
signature of magnetite from Shepherd Mountain (i.e., average of 5°°Fe
= -0.20%o in average) compared to magnetite from PKM (average of
5°Fe = 0.17%o; Childress et al. 2016; Tunnell et al. 2021) reflects the
temperature dependent fractionation of Fe isotopes during the pro-
gressive evolution from magmatic to magmatic-hydrothermal condi-
tions during ascent of the ore fluid through the Ironton Fault.
Consequently, the iron isotope signatures of magnetite from Shepherd
Mountain and PKM are in agreement with the hypothesis that both de-
posits were physiochemically connected. We note that no systematic
relationship exists between the Fe isotope composition and the trace
element composition of the analyzed iron oxide minerals. The absence of
a correlation is not surprising, however, as the primary trace element
composition of iron oxide minerals is readily modified by hydrothermal
processes and chemical weathering (Wen et al., 2017), whereas the Fe
isotope composition has been shown to be less susceptible to modifica-
tion (Childress et al., 2016; Wang et al., 2021).

Because the PKM and PKH deposits were shown to be two end-
members of a magmatic to magmatic-hydrothermal continuum (Tunnell
et al., 2021), it can be inferred that the Shepherd Mountain deposit is
also genetically related to the PKH deposit. In such a scenario, the near-
surface Shepherd Mountain and PKH deposits may be hydrodynamically
linked through the PKM deposit at depth as illustrated in Fig. 12. The
iron isotopic data support such a model as the late-stage specularite from
the Shepherd Mountain deposit has a §°°Fe average value of —0.13%o
which is lighter than 5°°Fe values measured for hematite from the PKH
deposit (-0.19%o to 0.30%c with an average of 0.08%o; Tunnell et al.,
2021). The lighter Fe isotopic signature of specularite from Shepherd



B.N. Tunnell et al.

Mountain likely reflects its emplacement at a higher stratigraphic level
which caused more extensive fractionation of Fe isotopes during fluid
ascend compared to the PKH deposit. The model for the formation of the
Shepherd Mountain and PKM and PKH deposits is further discussed in
the next section.

5.3. Model for a genetic link between the Shepherd Mountain and Pilot
Knob magnetite deposits

Based on the spatial proximity between the Shepherd Mountain and
PKM deposit, field and petrographic observations, geochemical data and
stable Fe isotope compositions presented here, we propose that both
deposits are local expressions of the same magmatic-hydrothermal
plumbing system as illustrated in Fig. 12C. The massive magnetite in
the deeper part of the PKM deposit formed from a sodic magnetite sy-
enitic (Nold et al., 2013) or possibly silicate (Watts and Mercer, 2020;
Simon et al., 2018) magma and transitioned to disseminated magnetite
formed from a magmatic-hydrothermal fluid that exsolved from the
magma as previously proposed by Panno and Hood (1983) and Nold
et al. (2013). The magmatic-hydrothermal portions of the PKM deposit
formed by replacing the unwelded portions of the host ash-flow tuff
towards shallower levels (¢f. Panno and Hood, 1983). The magmatic
crystallization and replacement of permeable ash-flow tuff by Fe-rich
ore fluid formed a tabular body that is subparallel to the bedding of
the volcanic sequence (Panno and Hood, 1983; Nold et al., 2013;
Childress et al., 2016; Tunnell et al., 2021). To the northeast of the PKM
deposit, the magmatic-hydrothermal fluid ascended further, likely along
the Pilot Knob Fault, and formed the PKH deposit by replacing bedded
and brecciated volcanic sequence (Tunnell et al., 2021). However, it is
noted that the Pilot Knob Fault, which existence was proposed by Panno
and Hood (1983), is not exposed. To the southwest of the PKM deposit,
several pulses of ore-forming fluid (Fig. 12) ascended along the Ironton
Fault, which predates the PKM iron mineralization (Panno and Hood,
1983) and formed the vein-type Shepherd Mountain deposit from hy-
drothermal fluids as well as meteoric waters as discussed above. In the
proposed model, the Fe in all three deposits (Shepherd Mountain, PKM,
PKH) is sourced from the same magma, but Fe deposited through
different ore-forming processes as a result of different emplacement
styles and depths in a common ore-forming system, i.e., vein-hosted
(Shepherd Mountain, this study) vs. ash-flow tuff replacement at
depth (PKM, Panno and Hood, 1983; Nold et al., 2013) vs. replacement
of bedded and brecciated volcano-sedimentary rocks near the surface
(PKH; Tunnell et al., 2021).

This scenario is depicted in Fig. 12 in which the deeper magmatic
portion of the PKM deposit was derived from a deeper magma chamber
(not yet intercepted by drill cores) whereas the shallower portion of the
PKM deposit formed from ore fluids exsolved from the magma, with
some involvement of surface-derived fluids (Panno and Hood, 1983;
Nold et al., 2013; Childress et al., 2016; Tunnell et al., 2021). The
Shepherd Mountain and PKH deposits formed from ascending magmatic
ore fluids along the faults and represent shallow parts of a single
plumbing system. It is noted that dikes of andesitic and aplitic compo-
sition are identified in the PKM deposit (Fig. 12), besides the Shepherd
Mountain gabbro dike (Panno and Hood, 1983; Nold et al., 2013), that
were emplaced at least prior to the last Fe mineralization event; how-
ever, its contribution to the ore-forming processes remains to be un-
derstood (Panno and Hood, 1983).

6. Conclusions

This study investigated the vein-type Shepherd Mountain Fe oxide
deposit in the Southeast Missouri Iron Metallogenic Province and its
genetic relationship to the Pilot Knob Magnetite and Pilot Knob Hema-
tite deposits. Our findings show that:
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- The Shepherd Mountain deposit formed from at least five pulses of
magmatic-hydrothermal fluid.

The mineralization sequence is defined as: (1) Early specularite in
the brecciated margins; (2) Mushketovitization of specularite and
contemporaneous formation of high-Si magnetite in the center of the
veins, both as overgrowths on mushketovite and granular magnetite;
(3) Formation of low-Si magnetite following the dissolution of high-
Si magnetite and low-Si magnetite reprecipitation; (4) Martitic
alteration of magnetite; and (5) Late-stage specularite formation.
The Pilot Knob Magnetite, Pilot Knob Hematite and Shepherd
Mountain deposits are local expressions of the same magmatic-
hydrothermal plumbing system connected through local faults.
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