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Abstract: Southern Ozark Mississippi Valley-type ores are enriched in radiogenic Pb, with isotopic
signatures suggesting that metals were supplied by two end-member components. While the less
radiogenic component appears to be derived from various shale and sandstone units, the source
of the more radiogenic component has not yet been identified. Analyses of cherts from the Early
Ordovician Cotter Dolomite and tripolitic chert from the Early Mississippian Boone Formation
contain highly radiogenic Pb, with isotopic ratios comparable to those of ores. However, most
samples have lower 208Pb/204Pb and 207Pb/204Pb for a given 206Pb/204Pb compared to ores. These
relationships demonstrate that the enriched Pb isotopic values of the ore array cannot be related to the
host and regional lithologies sampled, suggesting that the source of high ratios may lay further afield.
The slope of the linear trend defined by the Pb isotope ratios of ores corresponds to an age of about
1.19 Ga. Therefore, an alternative for the linear array is the involvement of Precambrian basement in
supplying ore Pb. Rare earth element patterns show that diagenetic processes involving the action
of groundwater and hydrothermal fluids affected the sampled lithologies to various degrees, with
Cotter Dolomite having experienced the highest degree of alteration.

Keywords: Mississippi Valley-type ores; Ozark region; tripolitic chert; Pb isotopes; rare earth elements

1. Introduction

It has been hypothesized that Ordovician, Mississippian, and younger carbonate
and clastic formations found within the Ouachita Uplift of west-central Arkansas, and
northward onto the Ozark Dome, experienced interaction with hydrothermal fluids due
to tectonic forces that caused the Ouachita Orogeny [1–3]. Geochemical studies indicate
that the Mississippi Valley-type (MVT) ores were produced from a mixing and cooling of
these sedimentary, basinal brines by associated meteoric or connate waters [4]. Previous
investigations of the mid-continent MVT Pb and Zn mineralization (Figure 1) have been
conducted, resulting in a large amount of geological and geochemical data, as well as
numerous theories as to the source of the MVT ore metals and mineralizing fluids [5–10].
In the Ozark region, the linear trend defined by the Pb isotope compositions of the MVT
ores suggest their formation involved a mixing of metals from two end-member compo-
nents [7–10]. One end-member must have been highly radiogenic with Pb isotope ratios
equal or higher than the highest measured value in the ores. The other end-member
must have been less radiogenic, with Pb isotope ratios equal or lower than the lowest
measured value. Extensive geochemical studies of rocks from the southern Ozark region
and the Ouachita Mountains (Figure 1) have been carried out in order to constrain the
two end-member components in the ores from the Northern Arkansas and the Tri-State
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districts: the Devonian and Mississippian shales of the Ozark Plateaus [9], the Ordovician
and Carboniferous shales and sandstones of the Ouachita Mountains [10], the various
cherts from the Devonian-Lower Mississippian Arkansas Novaculite [11,12], and from
the Lower Mississippian Boone Formation (the lower Boone penecontemporaneous chert
and the upper Boone tripolitic and diagenetic chert) [13,14]. While the less radiogenic
component has been generally attributed to various shale and sandstone units [9,10], the
more radiogenic component has not yet been identified. Whole-rock Pb isotope analyses
conducted for this study may help better constrain the more radiogenic component that
contributed Pb to the ores. Rare earth element (REE) analyses have also been carried out on
these whole-rock samples to shed light on the depositional environment and the diagenetic
processes that might have affected them.
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Figure 1. Map of the United States midcontinent region showing the location of sedimentary basins,
shale plays, and major MVT mining districts and deposits (1 through 12): (1) Northern Arkansas,
(2) Tri-State, (3) Burkesville deposit, (4) Old Lead Belt, (5) Southeast Missouri Barite, (6) Central
Missouri Barite, (7) Viburnum Trend, (8) Upper Mississippi Valley, (9) Illinois–Kentucky Fluorspar,
(10) Central Tennessee, (11) Central Kentucky, and (12) Eastern Tennessee. Modified from [4,9]. For
drawing this basemap: https://www.eia.gov/maps/maps.htm (accessed on 29 December 2020).

Lead isotopes are an excellent tracer of metal sources in hydrothermal systems. Under
medium (mesothermal, around 200–400 ◦C) to high temperature (hypothermal, around
400–600 ◦C) conditions, like those encountered in hydrothermal environments, Pb is
soluble [15]. Under relatively low temperature environments, Pb may be complexed with
organic matter [15]. Although metal-bisulfide and organometallic complexes have been
suggested, only metal-chloride complexes are considered likely base metal transporting
species for MVT ore fluids [16]. A threshold of approximately 10 wt. % chlorinity in
sedimentary brines has been inferred for the presence of Pb (and Zn) in sedimentary fluids
at MVT ore-forming conditions [17].

Lead has a similar geochemical behavior to Cu and Zn in hydrothermal fluids [18]
and it occurs in the same paragenetic stages as Zn, Cu, Ag, and Cd [19,20]. Therefore, Pb
isotopes can be used to constrain the source of associated metals such as Cu and Zn. Of

https://www.eia.gov/maps/maps.htm
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particular importance are the starting composition of the hydrothermal fluid, the degree
of fluid–rock interaction along fluid pathways, and the relative Pb concentrations of fluid
versus wall rock or other fluids [15]. These factors can greatly influence the Pb isotope
composition of the ore minerals. While Pb isotopes are not measurably fractionated by
redox reactions in solution or by fluid–mineral interactions, the initial composition of
the fluid can clearly experience isotopic alteration by interaction with rocks and other
fluids that come into contact with the ore solution. If the mixing of hydrothermal fluids
is close to the site of ore deposition, a range of Pb isotope compositions may develop,
whereas if mixing occurs at a significant distance, Pb isotope homogeneity may occur [15].
Comparative Pb isotope research can help identify metal-contributing source rocks for the
sulfide ores, which is critical to understanding the generation and occurrence of economic
Pb-Zn deposits.

Rare earth elements are among the least soluble of the trace elements and have been
shown to be relatively immobile during low-grade metamorphism, weathering, and low
temperature hydrothermal alteration [21]. However, under conditions of intense tropical
weathering [22] or in certain types of hydrothermal environments [23], the REE may be
mobile. Additionally, carbonate alteration seems to result in greater mobility of all REE,
perhaps due to CO2 reaching concentrations high enough to stabilize complexes with
elements of intermediate-high ionic potential [22]. Rare earth elements have exceptionally
similar chemical properties, which make them behave coherently and display smooth
patterns when normalized to a typical normalizing material (shales, mantle, or chondrites).
Deviations from this behavior occur when an element in the series has a unique chemical
property that affects its solubility [24], or its compatibility with the solid phase vs. the melt
phase during magma cooling. Although REE are predominantly trivalent, there are two
exceptions: in strongly reducing environments, Eu can occur in the +2 oxidation state, and
in the presence of oxygen, Ce3+ is partially oxidized to Ce4+. Therefore, these elements
may fractionate from the 3+ REE as a function of redox potential [25].

The unique properties of the REE have been used to study geochemical processes
responsible for solid phase-melt phase fractionation and petrogenesis in general, as well as
to investigate the adsorptive processes and solution complexation in seawater ([26] and
additional references therein). Geochemical studies of sedimentary carbonates have been
used to shed light into the multivariate processes of diagenesis, as well as the chemistry
of ancient oceans [27]. The REE have a distinct distribution pattern in seawater, and this
pattern may or may not be preserved in carbonate sediments and rocks, depending on their
diagenetic history. Therefore, the REE distribution patterns in carbonates can shed light
on the origin, depositional environments, and the syn- and post-depositional processes,
including any hydrothermal alteration affecting these carbonates [27].

The samples analyzed include nodular cherts associated with Ordovician and Mis-
sissippian carbonates in the Ozark Plateau, and Ouachita Mountains of Arkansas and
Oklahoma. The Ordovician samples include the Bigfork Chert (Middle-Upper Ordovician)
from the Ouachita Mountains and the Cotter Dolomite (Lower Ordovician) from the Ozark
Plateaus. The Mississippian samples include the tripolitic chert (Lower Mississippian)
from the Boone Formation in the Ozark Plateaus. A thorough description of the tripolitic
chert lithology is provided in the geologic setting section. These formations were chosen
for sampling because of their stratigraphic positions along hypothesized hydrothermal
fluid flow paths in relation to the tripolitic chert development (Figure 2). It is known
that sedimentary basinal brine fluids have undergone up-ramp flow during the Ouachita
Orogeny [1–4]. Fluid flow through confined aquifers in the Ouachita Mountains and the
Ozark Plateaus is very likely. Available Pb isotopic data for samples of sphalerite ore
from the Northern Arkansas and Tri-State Mining districts [9,28] and for various rock
units [9–14] have been incorporated into this study for a comprehensive understanding of
the MVT ores.
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squares [9,10], diamonds [9,28], and circles [9,28]. Modified from [10].

2. Geologic Setting and Mississippi Valley-Type Ores
2.1. The Ozark Plateaus

In the southern midcontinent, most of the Paleozoic section reflects eustatic cycles
of transgression and regression by epeiric seas across a cratonic setting. The depositional
environment is one of a relatively shallow, cratonic, continental shelf, generally sloping
toward deeper oceanic settings to the south. This setting resulted in the deposition of thin
lithostratigraphic units of a variety of sedimentary lithologies that dip radially away from
the central Ozark Dome, a broad cratonic uplift cored by a Precambrian granite and rhyolite
basement of the St. Francois Mountains [29]. The Ozark Dome is asymmetrical and consists
of three plateaus: Salem, Springfield, and the Boston Mountains (Figure 2), which surround
an exposed core of Precambrian granite. The lowest and northernmost of these plateaus is
the Salem, which mainly exposes a succession of dolostones, sandstones, and limestones
of early through late Ordovician age [30]. The Springfield Plateau exposes younger strata
of Devonian through Mississippian age, capped with Pennsylvanian strata of the Boston
Mountains. Each of these intervals preserves unconformity surfaces marking transgressive–
regressive sea level changes as part of the Paleozoic record of the southern midcontinent.

The Ordovician Period includes the greatest global sea level highstand occurring
during the Phanerozoic Eon, probably as a result of the rapid seafloor uplift in response
to initial spreading along ocean ridges [31]. Lower Ordovician strata in northwestern
Arkansas accumulated in a warm, shallow, epeiric sea on a broad, cratonic, and fully
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aggraded platform [32]. Lower Ordovician strata of the Ozark Aquifer are primarily
composed of two lithologies: dolomite and sandstone. The less permeable Cotter Dolomite
(Figures 2 and 3) of the Arbuckle Group analyzed in this study is predominantly cherty
dolomite with minor quartz sand beds. In the subsurface, rocks of the Arbuckle Group rest
above the Late Cambrian Lamotte Sandstone, which rests unconformably on Precambrian
igneous rocks [33].

The Lower Ordovician Upper Knox Dolomite in the southern Appalachian Basin is
uniform in mineralogy, texture, and geochemistry over an area stretching from the South-
ern Appalachians to the Ozarks and Texas–Oklahoma [34]. The Lower Ordovician Cotter
Dolomite (Figure 4A,B) may be genetically related to the Upper Knox Dolomite. Previous
studies have concluded that there are at least three generations of dolomitization in the
Upper Knox, and multiple episodes of exposure to the atmosphere related to fluctuation
of sea level are the dominant mechanisms for dolomite formation rather than burial, or a
single event of massive karst formation [34]. Fine-grained dolostones represent penecon-
temporaneous dolomitization of calcareous sediments in upper intertidal to supratidal
environments [35]. Medium and coarser grained dolostones formed by early diagenetic
replacement of limestones due to dilution of marine pore water by fresh water [35]. Late
diagenetic dolostones record the spatial and temporal evolution of large-scale subsurface
fluid migration systems that developed in response to different burial and tectonic stages
of late Paleozoic Alleghenian tectonism in the southern Appalachian basin [36,37]. Zoned
dolomite cements in fractures and breccias indicate that the late diagenetic dolomites
likely precipitated from hot, saline brines subjected to extensive interaction with clastic
lithologies, rather than as replacement [37].
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Figure 3. Generalized stratigraphic sections of the units and component lithologies in the Ozark Region (left) and the
Ouachita Mountains (right). Additionally shown are the stratigraphic locations of samples analyzed for this study (triangles)
and previous studies [9,10], and the hosts of the Northern Arkansas and the Tri-State ores (black and blue bars, respectively).
The height of the columns is not intended to represent the thicknesses of the units. Information on the units and lithologies is
from: https://www.geology.arkansas.gov/geology/stratigraphy.html (accessed on 29 December 2020). Modified from [10].
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Late diagenetic dolostones exhibit porosities and permeabilities significantly greater
than those of early diagenetic replacement dolostones [37]. Late diagenetic dolomitization
of the Knox was related to secondary porosity development, hydrocarbon migration, and
local MVT mineralization [37]. In a similar way, dolomitization of the carbonate facies
that host mineralization in the Upper Cambrian Bonneterre Dolomite in the Southeastern
Missouri MVT district was of early diagenetic origin, and later underwent neomorphic
recrystallization and cementation during exposure to mineralizing fluids [38–40]. Central
and East Tennessee MVT ores, and part of Northern Arkansas MVT ores, are hosted
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by the Cambro-Ordovician Knox and Early Ordovician Cotter dolomites, respectively.
Hydrothermal dolomite cement commonly associated with trace amounts of sulfides
results from hydrothermal alteration and dissolution followed by recrystallization through
acid-producing reactions caused by fluid mixing within host carbonate rocks [41,42].

The carbonate sediments that make up the Lower Mississippian Boone Formation were
produced on a broad, shallow carbonate platform, designated the Burlington Shelf [43].
The shelf occupied much of the central south-central midcontinent and rested on the
Salem Plateaus. The lower Boone Formation reflects the Lower Mississippian maximum
flooding interval on the Burlington Shelf [44]. In turn, the upper Boone Formation marks
the highstand-regressive intervals and consists of sand to gravel size bioclastic grains [45].

The Boone Formation hosts three different types of chert. Penecontemporaneous chert
is found within the lower Boone Formation as dark and nodular chert that formed within,
and also as an early replacement of partially lithified carbonate sediment in a deep-water
setting during maximum flooding conditions [13,46]. The highstand-regressive sequence
recognized as the upper Boone Formation hosts two types of chert. The first type is grey to
white, generated during a later diagenetic event. This diagenetic chert is a post-depositional
replacement facilitated by the flow of groundwater along the bedding planes of the various,
shallow water, carbonate lithologies [46,47]. This imparts an apparently interbedded chert
and limestone character to the interval [48].

The upper Boone Formation also contains highly weathered, later diagenetic chert,
located between the abovementioned diagenetic chert and underlying penecontemporane-
ous chert [14,47]. The key to producing the highly weathered chert is the initial presence of
disseminated carbonate in the diagenetic chert [48,49]. This highly weathered diagenetic
chert, named tripolitic chert [47,50], forms as a decalcitization of the included carbonate re-
maining in the later diagenetic chert [48]. The interval is 15–18 m thick, massive, white, and
consists of highly leached diagenetic chert and lenses of unsilicified limestone [47,51,52].
The tripolitic chert experienced a second, silica-rich hydrothermal fluid flow, evidenced
by the microscopic quartz druse present in voids produced by the earlier decalcitiza-
tion [48,50] (Figure 4C,D). Leaching of fine-grained diagenetic chert of the upper Boone
Formation by hydrothermal fluids is part of the tripolitic chert formation process that left
significant dissolution channels along their interaction path. The hydrothermal events
reflect lateral secretion produced by the Ouachita Orogeny beginning in the middle to
late Pennsylvanian.

The renewed uplift of the Ozarks resulting from the Ouachita Orogeny exposed
the region to faulting and fracturing, followed by broad and extensive weathering and
erosion. All but a few outliers of the Pennsylvanian deposits have been removed from the
Ozark Plateaus.

2.2. The Ouachita Mountains

The Ouachita fold-thrust belt was formed by the collision of the passive margin of
Laurentia and an accretionary wedge forming on the front of a north-facing island arc [53].
The belt consisted of strata deposited in deep-water settings that underwent deformation
by compressional events associated with plate collision along the southern border of what
is now North America during Late Pennsylvanian and Permian time. The bulk of the belt
is confined to the subsurface, with the only exposed portions located in central Arkansas,
eastern Oklahoma, and the Marathon Uplift, west Texas [54]. The general structure of the
Ouachita Mountains is a broad anticlinorium and synclinorium that experienced numerous
thrust faults during the collision [55]. Late Cambrian to Early Ordovician strata are exposed
in its center, while mostly Mississippian and Pennsylvanian strata are exposed along its
margins [53]. Normal faulting against the Gulf Coastal Plain and Mississippi Embayment
(Figure 2) led to infilling of this region to the east with a thick interval of sedimentary rocks,
reaching a maximum thickness of about 5500 m [56].

The Middle-Late Ordovician Bigfork Chert (Figure 3; Figure 4E,F), one of the several,
major siliceous units in the Ouachita Mountains, including the Arkansas Novaculite,
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was deposited in a sediment-starved basin and consists of thinly bedded, dark gray,
cryptocrystalline chert [57]. The chert is interbedded with various intervals of siliceous
black shale, calcareous siltstone, and dense, bluish gray limestone [57,58]. Following its
deposition in this basinal setting, the Bigfork Chert was folded and faulted in response to
compressional forces associated with the Ouachita Orogeny.

The Mississippian Hatton Tuff was deposited near the bottom of the Stanley Shale in
the Ouachita Mountains (Figure 3). It is massive, homogenous, and mostly devitrified, with
inclusions of basalt, sandstone, slate, limestone, and fossils, predominately resembling a
porphyritic igneous rock [59]. The unconformable contact between the base of the Stanley
Shale and the “tripolitic” upper Arkansas Novaculite [58] in the Ouachita region has
been stratigraphically shown to correlate with the contact between the lower and upper
Boone Formation in the Ozark region (Figure 3). Unconformities often act as conduits with
porous structure and permeability through fracturing, erosion, and further groundwater
interaction. Thus, unique flow paths and capping aquitards in the Stanley Shale have
produced a very likely system for the initial pulse of MVT brines in route to their final site
of deposition.

2.3. The Mississippi Valley-Type Ore Deposits

Many MVT deposits were formed during Devonian to Permian time as a result of tec-
tonic events reflecting amalgamation of Pangaea [1,16]. The Alleghenian-Ouachita Orogeny
(Pennsylvanian–Permian) is responsible for the MVT mineralization in the Appalachian
and the midcontinent regions (Figure 1). Dates for mineralization of what are now the
Pb-Zn districts overlap with the waning stages of Appalachian and Ouachita tectonism.
The ore deposits are often located where organic-rich shales onlap platform carbonate
margins on the flanks of sedimentary basins [60] (Figure 1). Based on observations from
southeastern Missouri and northeastern Arkansas, stylolites and fractures both acted as
fluid-flow conduits throughout the subsurface. Mineralization accompanied deformation
events, as recorded by these structures as evidence of directional fluid flow controls, in
addition to intergranular flow through pore space [61]. Tectonic setting is not a first-order
control on MVT ore-forming processes [62]. Topography-driven fluid flow is credited as
the most robust fluid-drive mechanism for many MVT districts [4,16]. The tectonic uplift
following the Late Pennsylvanian Alleghenian and Ouachita orogenic events created the to-
pography necessary for driving brines out of the basins and into adjacent domes where the
ores formed [4]. Ores along the Southeastern Missouri district may reflect a brine discharge
pathway driven to the west out of the Appalachian foredeep and Illinois sag [4] (Figure 1).
Later uplift in the southern Appalachians caused a northwest-oriented brine discharge out
of the Black Warrior Basin into southeastern Missouri [4]. The Ouachita Orogeny facili-
tated the movement of MVT-forming hydrothermal fluids northward from the uplifted
Arkoma foreland basin onto the Cambrian to Pennsylvanian carbonate platform of the
Ozark Dome, where ores in the southern Ozark region are hosted [62] (Figure 1). The ore
fluids have been shown to be mainly derived from evaporated seawater [42]. The Ouachita
foreland experienced syn-collisional normal faulting, striking east–west and parallel to
the orogen, which may have also helped facilitate the movement of hydrothermal fluids
northward [63]. The epigenetic deposits occur principally in limestones and dolostones as
open-space fillings, collapse breccias and as replacement of the carbonate host rock. The
dominant ores are represented by sphalerite (ZnS) and galena (PbS), with minor amounts
of iron sulfides, carbonates, barite, and fluorite forming typically as gangue minerals [42].

In the Tri-State district (1800 km2), six major deposits trending southwest–northeast
are primarily hosted by cherty limestones of the Lower Mississippian Boone Formation
(Figure 3) [64]. The ore deposition in this district is controlled by the Miami Fault [64]. One
of the most productive mining fields in the world, the Picher Field encompasses about
350 km2 and it was mined from the 1870s to the 1970s [65]. The field is overlain by a
rather thin interval of nearly flat-lying Mississippian and Pennsylvanian strata. Based on
Th-Pb dating of ore-stage calcite, the main-stage mineralization in the Tri-State district
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has been constrained to the Late Permian—Early Triassic (251 ± 11 Ma) [66]. As of 1964,
approximately 22,639,000 and 3,732,000 tons of zinc and lead concentrates respectively,
had been produced from this large district [64]. At least 250 small ore bodies comprise the
Northern Arkansas district, with ores hosted by rocks of Ordovician and Mississippian
age (Figure 3): the Ordovician Cotter Dolomite, Powell Dolomite, and Everton Forma-
tion, and the Mississippian Boone Formation and Hindsville Limestone [67]. A common
feature of the Northern Arkansas district is its proximal location to normal faults, which
provided brine pathways that rose from deeper Cambrian-Ordovician carbonate aquifers
into shallower sequences dominated by limestones [67]. Steeply dipping fractures and
faults intersect breccias in karst-like system situated in close vicinity to ores [67]. Hence,
breccias provided high porosity and high permeability, important for metal precipitation
from advancing mineralizing fluids [68]. Similar to the Tri-State district, the rocks of the
Northern Arkansas district are not highly deformed or structurally complex, with only
minor local folding and a low regional dip to the south [67]. Paleomagnetic studies [69]
provide strong constraints on the age of mineralization (Permian; 265 ± 20 Ma) in the
Northern Arkansas district. Between 1907 and 1930, production figures for Zn and Pb were
29,000 tons and 1920 tons, respectively [67].

3. Materials and Methods

A total of 25 samples (Table S1 and Figure 2) were collected and analyzed for their
trace element concentrations (REE, Pb, Th, and U) and Pb isotope ratios. Care was taken
at the outcrop to collect as fresh and unaltered specimens as possible. A total of 5 sam-
ples of Lower Ordovician Cotter Dolomite (Figure 4A,B) were collected as large blocks
from the Springfield-Salem Plateaus in southern Missouri and northern Arkansas. Over-
all, 13 tripolitic chert samples (Figure 4C,D) of the Mississippian Boone Formation were
taken near the town sites of Pineville (MO), Lanagan (MO), and Bella Vista (AR). In to-
tal, 5 samples from the bedded Middle-Upper Ordovician Bigfork Chert (Figure 4E,F)
were collected from the Ouachita Mountains in west-central Arkansas. The two sam-
ples from the Mississippian Hatton Tuff were collected from the Ouachita Mountains in
western Arkansas.

Processing of the whole-rock samples was carried out in the rock room section of the
class 100 Radiogenic Isotope Clean Laboratory at the University of Arkansas. The samples
were sawed into approximately 1 cm thick slabs using a MK wet cutting tile saw. Following
several cleaning steps, the slabs were powdered using a Spex SamplePrep Shatterbox
and placed in acid-cleaned polypropylene specimen storage containers. The chemical
processing of the rock samples was done in the modular section of the clean laboratory.
For sample dissolution, 0.3 g of each powdered sample was placed in acid-cleaned PFA
(perfluoroalkoxy alkanes) vials and processed through a series of high-purity heated acid
attacks, including concentrated HF, 7 N HNO3, and 6 N HCl. The chemical attacks allow
complete digestion of the rock samples. The dissolved sample solution was dried down
and 1 mL of concentrated HNO3 was added to it. Following this step, the sample solution
was placed on the hot plate set at 90◦ and dried down one more time. A subsequent
addition of 2 mL 7 N HNO3 to the sample was required to redissolve the sample. A volume
of 0.2 mL of sample was removed and mixed with 4.8 mL of triple distilled water to obtain
a sample solution in 2% HNO3, ready to be analyzed for trace element concentrations.

For Pb isotope processing, the remainder 1.8 mL solution was dried down. In total,
2 mL 1 N HBr were added to each sample, allowed to re-dissolve, and dried down. This
step was repeated two more times. The samples were then re-dissolved in 1 mL 1 N HBr
and transferred in 1.5 mL acid-cleaned centrifuge tubes. Lead was separated and purified
using cation exchange columns and an HBr medium. In preparation for column chemistry,
around 150 µL resin (Dowex AG1-8X, 200–400 mesh) used to separate the Pb from any
other ions was added to acid-cleaned syringes. For column conditioning, 2 mL 0.5 N HNO3,
2 mL triple distilled water, and 2 mL 6 N HCl were successively added to the columns and
allowed to drip through.
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The samples, dissolved in 1 mL 1 N HBr, were then transferred from the centrifuge
tubes to the columns and allowed to drip through. Before sample collection, each sample
was rinsed in three successive additions of 1 mL 1 N HBr. For sample collection, 1 mL 20%
HNO3 was added and collected in clean Teflon containers, and then placed on a hot plate
to dry. The samples were subsequently diluted with 2% HNO3 containing 4 ppb Tl just
before the isotopic analysis.

For trace-element concentration analysis, 25 samples, one duplicate (LT 1D), and
one blank were processed. The trace element concentrations were analyzed on a Thermo
Scientific iCAP Q ICP-MS, located in the Trace Element and Radiogenic Isotope Labora-
tory at the University of Arkansas. To avoid polyatomic interferences, a kinetic energy
discrimination (KED) collision cell was used. This cell provides a clearer ICP-MS spectra
and better detection power for interfering isotopes. A high purity U.S. Geological Survey
multi-element standard diluted to various concentrations (1, 5, 10, 50, and 100 ppb) was
measured along with the samples to build calibration curves and constrain the accuracy
and reproducibility of the measurements. Analytical precision for La and Ce was better
than 2% relative standard deviation (RSD); for Sm, Tm, and Th, the precision was 3% (RSD)
or better; for Nd, Eu, Tb, Dy, Er, Yb, Lu, Pb, and U, the precision was 4% (RSD) or better;
for Pr and Gd, and Ho, the precision was 5% (RSD) or better. Replicate analyses indicate
that measurement reproducibility for all REE was 4% or better. Data normalization was
conducted for each sample by reducing recorded intensities to concentrations based on the
aforementioned standard. One blank for the water and the acids used in sample processing
was run throughout the analyses, accounting for negligible external contamination. The
results of the trace element concentration analyses are found in Table S2.

Lead isotope analyses of whole rocks were carried out on a Nu Plasma multi-collector
ICP-MS located in the Trace Element and Radiogenic Isotope Laboratory at the Univer-
sity of Arkansas using a DSN 100 desolvating system. The Pb-Tl mixtures were nor-
malized using the Tl normalization technique for mass bias correction [70]. The data
collected for each sample represent averages of 60 ratios per sample. Analyses of the NBS
981 Pb standard carried out during the analyses (October 2018 and May 2019) produced
the following results 208Pb/204Pb = 36.6576 (±7.75 × 10−5 1σ); 207Pb/204Pb = 15.4796
(±2.33 × 10−5 1σ); 206Pb/204Pb = 16.9230 (±7.75 × 10−5 1σ). All standard and sam-
ple Pb data were normalized to 205Tl/203Tl = 2.38750, and raw data were corrected us-
ing the sample-standard bracketing method and accepted values for the Pb standard
(208Pb/204Pb = 36.7006; 207Pb/204Pb = 15.4891; 206Pb/204Pb = 16.9356) [71]. Lead blank
levels for both the water and acids used in sample processing were uniformly better
than 4 pg/g. The measured Pb isotope compositions of the analyzed rocks have been
age corrected for in situ U and Th decay to 250 Ma (Table S3), the approximate age of
mineralization [66,69].

4. Results
4.1. Rare Earth Element (REE) Patterns

The REE concentration patterns produced by the analyzed samples are illustrated
by REE diagrams (Figure 5A), which display REE depletion (negative inflections) or REE
enrichment (positive inflections) relative to those of the North American Shale Composite
(NASC) [72]. Normalization removes any natural variations in absolute REE concentrations
of REE, allowing comparison with the REE of the upper crust, for which shale is a proxy [24].
The REESN (NASC-normalized REE) values for all samples are less than 1, with the lowest
normalized REE values found in the Cotter Dolomite.

The REE patterns (Figure 5A) for the majority of the tripolitic chert sampled from
the Boone Formation exhibit a relatively flat shale-normalized distribution pattern. Only
two of the five Bigfork Chert samples show moderate enrichment in the LREE (light REE)
relative to the HREE (heavy REE), while all Cotter Dolomite samples are enriched in the
LREE relative to the HREE. A different trend is shown by the Hatton Tuff samples, with
moderate enrichment in the HREE relative to the LREE.
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Each tripolitic chert sample has a low abundance of Ce compared to their neighboring
REE, and only one of the five Cotter Dolomite samples has a very low Ce abundance
compared to the neighboring REE. The CeSN/Ce*SN ratio is the simplest approach to
quantify the redox-related decoupling of Ce from the other REE, which produces Ce
anomalies in the REESN patterns [73], where CeSN/Ce*SN = CeSN/(0.5*LaSN + 0.5*PrSN).
The majority of the analyzed samples show small to moderate negative Ce anomalies.
The CeSN/Ce*SN ratios of the Cotter Dolomite range between 0.87 and 0.94, with one
anomalously low value of 0.05, those of the Bigfork Chert vary between 0.77 and 0.99, and
those of the tripolitic chert range between 0.31 and 0.79. The two Hatton Tuff samples
display small positive Ce anomalies (1.28 and 1.45; Table S2).

Except for Ce, Eu is the only REE for which anomalies due to redox reactions are seen
in aqueous solutions and their precipitates [74]. The majority of the analyzed samples have
small to moderate negative Eu anomalies, as indicated by EuSN/Eu*SN ratios of less than 1
(Table S2), where EuSN/Eu*SN = EuSN/(0.5*SmSN + 0.5*GdSN. Only two Cotter Dolomite
samples have small positive Eu anomalies (1.03 and 1.47). EuSN/Eu*SN ratios that have
been determined for the Bigfork Chert samples range between 0.72 and 0.91, those for the
tripolitic chert of the Boone Formation vary between 0.83 and 0.94, for the Cotter Dolomite
between 0.79 and 1.47, and for the Hatton Tuff between 0.45 and 0.48.
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Figure 5. (A) North American Shale Composite (NASC)-normalized [72] REE distribution patters
in the analyzed samples. Additionally shown are values for seawater [75,76], groundwater from
Ash Meadows, Nevada [26], high temperature hydrothermal fluid from the Broken Spur site at
the Mid-Atlantic Ridge [77], and hydrogenetic Fe-Mn crust [78]. (B) (La/Sm)N vs. (La/Yb)N plot
displaying the (La/Sm)N values vs. the LREE-HREE fractionation proxy in the analyzed samples.
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On a (La/Sm)SN vs. (La/Yb)SN plot, the majority of the samples have (La/Sm)SN
ratios within the modern seawater range (0.60 to 1.60; [79]) (Figure 5B). However, the
values of the (La/Yb)SN proxy are higher, suggesting that diagenetic processes affected the
samples to a variable extent. Overall, the oldest samples, which are Cotter Dolomite, exhibit
the highest LREE-HREE fractionation among all analyzed samples and have (La/Sm)SN
values slightly higher compared to modern seawater (Figure 5B).

4.2. Lead Isotope Signatures

The Pb isotope ratios of the analyzed samples are reported in Table S3. Figure 6
represents covariate diagrams displaying the measured (A,B) and age-corrected (C,D) Pb
isotope ratios of the samples. All present day Pb isotope values were age corrected to
250 million years corresponding to the formation of the ores, allowing comparison with
the ore deposits and evaluation of the potential genetic relationship between the analyzed
samples and the ores. However, it is important to recognize that the U-Th/Pb ratios may
have changed in these multiply altered rocks for 250 Ma. The Pb, Th, and U concentrations
used for age corrections are found in Table S2.
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Figure 6. Measured (A,B) and age-corrected (C,D) Pb isotope ratios of analyzed samples. Additionally shown are published
results of Chattanooga Shale [9], Jackfork Sandstone [10], and MVT ores from the Northern Arkansas and the Tri-State mining
districts [9,28,80]. Linear trends through the MVT ores from the southern Ozark region (A,B), Northern Arkansas (C,D),
and Tri-State (C,D) are also displayed. The average orogene (OR) and upper crust (UC) growth curves are included [81]. In
total, four of the Cotter Dolomite samples with µ (238U/204Pb) values over 200 have been omitted from the measured Pb
isotope plots (A,B) and represented with smaller symbols on the age-corrected Pb isotope plots (C,D).

Overall, the tripolitic chert samples of the Boone Formation have lower measured
208Pb/204Pb and 207Pb/204Pb values for a given 206Pb/204Pb compared to the MVT ores
(Figure 6A,B). Except for the Hatton Tuff, all analyzed samples plot to the right of both
growth curves, with the Cotter Dolomite samples displaying the highest 207Pb/204Pb and
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206Pb/204Pb ratios. The Bigfork Chert samples have lower 208Pb/204Pb and 207Pb/204Pb for
a given 206Pb/204Pb compared to the Boone Formation (Figure 6A,B). Fitted regression lines
through the southern Ozark ores on the thorogenic (Figure 6A) and uranogenic (Figure 6B)
diagrams yield coefficients of determination of 0.9642 and 0.8066, respectively.

Age-corrected Pb isotope ratios of several tripolitic chert overlap, on both isotope plots,
with those of ores from the Northern Arkansas district, which are collinear with and less
radiogenic than the Tri-State ores (Figure 6C,D). The Cotter Dolomite samples show lower
208Pb/204Pb and 207Pb/204Pb for a given 206Pb/204Pb compared to the MVT ores. Overall,
the Cotter Dolomites display a wider range of 206Pb/204Pb ratios compared to all analyzed
samples. In total, two Bigfork Chert samples plot close to the 0.4 Ga upper crust reservoir
and three Bigfork Chert samples plot below the same reservoir (Figure 6C). Another two
Hatton Tuff samples plot to the left of the orogene curve, showing 208Pb-enriched signatures.

On the uranogenic diagram (Figure 6D), the majority of the tripolitic chert samples
are collinear with and less radiogenic than ores from the Tri-State district. The Cotter
Dolomites display a wide range of 207Pb/204Pb and 206Pb/204Pb values relative to other
analyzed samples. Overall, the dolomites are radiogenic in comparison to the recorded
values of other formations in this study. The Hatton Tuff samples and three of the Bigfork
Chert samples plot between the upper crust and the orogene growth curves, while two
Bigfork Chert samples plot to the right of the upper crust growth curve (Figure 6D).

5. Discussion
5.1. Diagenetic History of Sampled Formations

Rare earth elements are supplied to the world’s oceans through rivers, aeolian input,
and hydrothermal vents, and are removed during sedimentation via particle scaveng-
ing [24]. The relative concentrations of REE in rivers resemble those of cratonic shales
and greatly influence the chemistry of continental shelf waters [82]. The rapid transport
into the deep ocean of the REE scavenged by the surface ocean and their release from the
sediment explains the similar REE patters found in deep and surface waters [25]. Rare earth
elements are highly enriched in carbonates (ppm) formed diagenetically compared to natu-
ral fluids, such as seawater, river water, and groundwater (10−6 to 10−3 ppm) [27,83,84].
Carbonates precipitated by living marine organisms have low abundances of REE (parts
per billion), while similar carbonates in seafloor sediments have much higher abundances
(1–2000 ppm) [85–87]. The enrichment of REE in the latter carbonates occurs during
the interaction of sediment with pore and bottom waters near the sediment–water inter-
face [27,85,86].

The typical seawater REE profile (Figure 5A) shows progressive enrichments in heavier
REE relative to lighter REE [24]. Deviations from this trend occur when an element in the
REE series has a unique property that affects its solubility and removal via scavenging onto
Fe-Mn (oxyhydr)oxides, organic matter, and clay particles [24]. This results in positive La,
Eu, Gd, and Lu anomalies, and negative Ce anomalies in seawater. Larger, positive Eu
anomalies may indicate mixing of seawater with hydrothermal fluids [88]. The sampled
lithologies for this study do not yield the features that are typical of REE distribution of
modern seawater (Figure 5A). The lack of preservation of characteristic seawater anomalies
in the REE distribution pattern in authigenic minerals implies that the sample, deposited
initially in marine conditions, has been secondarily altered [24]. This is also shown by the
values of the (La/Yb)SN proxy (Figure 5B), which indicate LREE-HREE fractionation and
suggest that diagenetic processes affected the samples to a variable extent.

Cerium and Eu are the only REE for which anomalies due to redox reactions are seen
in aqueous solutions and their precipitates [74]. The Ce anomaly results from oxidation
of Ce3+ to Ce4+ and subsequent decoupling of Ce from the other REE in response to
formation of the less soluble Ce4+ species, which are preferentially adsorbed on particle
surfaces [74]. This results in a pronounced negative CeSN anomaly in recent seawater,
which is mirrored by a strong positive anomaly in recent ferromanganese nodules and
crusts [25]. Most commonly, Ce anomalies are used as a proxy to identify oxygenation of
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the marine environment during the Precambrian, or Phanerozoic anoxic events ([24] and
references therein). Cerium anomalies are more pronounced in the Mississippian tripolitic
chert samples (0.31–0.58) for this study, while the lower Ordovician Cotter Dolomite shows
minimal Ce anomalies (0.87–0.94). This low Ce anomaly in the Cotter Dolomite may reflect
the influences of detrital components during diagenesis and incorporation of mobilized
REE from local detrital phases into diagenetic carbonates. However, the low Ce anomaly
may also indicate anoxic marine conditions during deposition. The first possibility is
supported by the high LREE-HREE fractionation (Figure 5B), generally the highest among
the studied formations.

The negative Ce anomalies shown by all tripolitic chert sampled for this study
(Figure 5A) signal a well-oxygenated depositional environment. On a (La/Sm)SN vs.
(La/Yb)SN plot, one tripolitic chert sample and groundwater overlap (Figure 5B), sug-
gesting possible interaction of groundwater with the Boone Formation. Therefore, current
geochemical data support interpretations by previous studies that diagenetic cherts are a
post-depositional replacement facilitated by the flow of groundwater along the bedding
planes of the various, shallow water, lithified carbonate lithologies [46,47]. Moreover,
the value of the (La/Yb)SN proxy for several tripolitic chert samples resembles that of
hydrothermal fluids (Figure 5B), supporting previous studies that tripolitic chert also
experienced hydrothermal fluid flow, evidenced by the microscopic quartz druse present
in voids produced by the earlier decalcitization [48,50].

Decoupling of Eu from the other REE under diagenetic conditions has been reported
in previous studies [89] and attributed to preferential Eu mobility due to reduction in Eu3+.
However, formation of significant quantities of Eu2+ is restricted to extremely reducing
conditions and elevated temperatures [90]. Eu3+ is perhaps the dominant valence occurring
under most diagenetic conditions [90]; therefore, negative Eu anomalies in seawater and
marine sediments may reflect the crustal source of the REE [25]. The average EuSN/Eu*SN
ratio for the upper crust is 0.65 ± 0.05 [91], indicating that most analyzed samples were
subject to lower degrees of Eu fractionation compared to the upper crust. However, there
are two exceptions to this relationship, represented by two Cotter Dolomite and two
Hatton Tuff samples collected for this project. Pronounced positive EuSN anomalies and
enrichment of the LREE over the HREE are both patterns characteristic of high-temperature
hydrothermal fluids [77]. Higher EuSN/Eu*SN values in two Cotter Dolomites (1.031 and
1.473) suggest involvement of high-temperature solutions or detrital components. This is
also supported by the (La/Yb)SN values of the Cotter Dolomite samples, which are similar
to those of hydrothermal fluids (Figure 5B). Both REE and isotopic studies of the regionally
extensive dolomites from the Mississippian Burlington-Keokuk Formation concluded that
there were two major generations of dolomite production, formed in distinctly different
diagenetic environments [25]. The first generation inherited its REE from Mississippian
seawater or marine pore-waters. The second generation was formed by the subsequent
recrystallization of that first generation produced by non-marine diagenetic fluids [20].
Based on the geochemical data presented herein, it appears that the Cotter Dolomite might
have experienced a diagenetic history similar to that of the second generation of dolomites
within the Mississippian Burlington-Keokuk Formation.

The Hatton Tuff samples, collected at the base of the Mississippian Stanley Shale, in
the Ouachita Mountain region, produced the most pronounced negative EuSN anomalies
(0.451 and 0.484) of all sampled lithologies and, unlike all other analyzed samples, have pro-
nounced positive CeSN anomalies (1.453 and 1.276) (Table S2). The tuff samples also have
the lowest (La/Yb)SN and (La/Yb)SN values (0.240–0.137 and 0.230–0.165, respectively) of
all samples (Figure 5B). As expected, this suggests a different origin and evolution com-
pared to all other samples. Studies of paleocurrent, grain size distribution, and geometry
of the Hatton Tuff also suggest a volcanic source to the south and southeast [92].

The (La/Yb)SN values of three upper Ordovician Bigfork Chert samples are similar
to those of hydrothermal fluids, suggesting the influence of these fluids on the chert
(Figure 5B). The samples show less pronounced negative Ce anomalies and generally
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higher LREE-HREE fractionation compared to the tripolitic chert of the Boone Formation.
Relative REE abundances, Ce and Eu anomalies, and the (La/Yb)SN proxy suggest that the
Cotter Dolomite was subject to an increased degree of alteration compared to the Bigfork
Chert and chert from the Boone Formation.

5.2. Constraints on the Potential Source of Ore Metals

The age corrected Pb isotope ratios for the tripolite and the Cotter Dolomite samples
display characteristics typical of “J-type” Pb, similar to the ore samples. “J-type” Pb, named
after their discovery site in Joplin, MO [93], are enriched in radiogenic Pb isotopes relative to
common Pb. The Pb isotope ratios of this anomalous Pb do not fit the single-stage model of
Pb evolution (Holmes–Houtermans model of common Pb, 1946) and require interpretation
by the two-stage model (Stacey and Kramers model, 1975). The two-stage growth curve
approximates the orogene growth curve [81]. On the thorogenic and uranogenic diagrams
(Figure 6), age corrected Pb isotope ratios for the tripolitic chert and the Cotter Dolomite
samples plot far to the right of the 0 Ga upper crust and orogene Pb reservoirs of [81].

Available Pb isotope values of ores from the Northern Arkansas and Tri-State districts
are enriched in radiogenic Pb (Figure 6). The ores display a range of Pb isotope ratios
that form linear trends, but are better defined in case of the Northern Arkansas ores. On
the thorogenic (Figure 6C) and uranogenic (Figure 6D) diagrams, fitted regression lines
through the Northern Arkansas ores yield coefficients of determination of 0.9889 and 0.9317,
respectively. However, same regression lines through the Tri-State ores (Figure 6C,D) yield
lower coefficients of determination of 0.8027 and 0.6605, respectively. The linear trends
are conventionally, however not always, interpreted to result from the mixing of two
end-member components or from a single source of Pb that contains variable Pb isotope
compositions [15]. In case of mixing, one end-member must be highly radiogenic, with Pb
isotope ratios higher than the highest value for ores. The other end-member must be less
radiogenic, with Pb isotope ratios equal to or lower than the lowest value recorded for ores.
Generally, the enriched Pb isotope compositions have been interpreted to represent a crustal
source likely resulting from heated basinal brines flowing through paleo-aquifers [36,94].
Hydrothermal fluids generated as a result of the Ouachita Orogeny interacted with Precam-
brian basement and Paleozoic carbonate and clastic formations as they moved northward
to the depositional sites of the MVT ore deposits. Precambrian basement as well as car-
bonate cements in Paleozoic sandstone aquifers have been recognized as possible sources
of Pb [6,8]. Other studies have indicated that Pb was supplied by two end-member com-
ponents and have suggested that the best candidates for contributing the less radiogenic
end-member to the ores were the shales of the lowermost section of the Chattanooga Shale
(Devonian) [9] or the sandstone members of the upper and middle Jackfork Sandstone
(lower Pennsylvanian) [10] (Figures 2, 3 and 6).

The low Pb concentrations in the tripolitic chert of the Boone Formation and the
Cotter Dolomites analyzed in this study, in most cases less than 1 ppm (Table S2), would
preclude them from representing a major source of ore Pb today. However, the ore forming
process in the southern Ozark region occurred approximately 100 Ma after deposition
of the Boone Formation and more than 200 Ma after deposition of the Cotter Dolomite.
The REE studies presented in the previous section demonstrated that diagenetic processes
affected the samples to a variable extent. Therefore, it is highly possible that, at the time
of deposition, the analyzed rocks had high U/Pb and Th/Pb ratios and could therefore
develop radiogenic Pb over time. The low present-day Pb concentrations in these rocks
may partly be due to Pb removal by hydrothermal alteration. Under medium temperature
conditions, like those encountered in hydrothermal environments, Pb is soluble [15]. How-
ever, another possibility that cannot be ruled out is that the hydrothermal fluids responsible
for mineralization contributed ore Pb to the dolomites and to the tripolitic chert samples as
they moved north through the Ozark Dome toward the emplacement of the Tri-State and
the Northern Arkansas MVT ores.
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The tripolitic cherts and the dolomites contain highly radiogenic Pb, with isotopic
ratios comparable to those of the MVT ores in the southern Ozark region. However, the
majority of analyzed rocks have lower 208Pb/204Pb and 207Pb/204Pb for a given 206Pb/204Pb
compared to the MVT ores. Only one analysis from the Cotter Dolomite might qualify as a
high-end component in 207Pb/204Pb vs. 206Pb/204Pb space, however the unit as a whole
does not. Therefore, it appears that mixing is not a viable interpretation for the high-end
component of the ore array based on the data available thus far. It is important to reiterate
that some of the Northern Arkansas ores are hosted by the (Lower Mississippian) Boone
Formation and the (Lower Ordovician) Cotter Dolomite, while the majority of the Tri-State
ores are hosted by the Boone Formation.

The slope of the linear trend defined by the Pb isotope ratios of the southern Ozark
region ores is 0.0797 (Figure 6B), which corresponds to an age of about 1.19 Ga. This
implies input of Pb from a Precambrian source. Therefore, an alternative for the linear
array is that the basement rocks supplied some ore Pb. In which case, the observed linear
array in the Northern Arkansas ores represents a “pseudo-isochron” inherited, but not
entirely, from the local basement. The Spavinaw Granite (1.40–1.35 Ga), which represents
the Middle Proterozoic basement [95,96] underlying parts of Kansas, Oklahoma, Missouri,
and Arkansas, is part of the Southern Granite-Rhyolite Province. Notably, the Southeast
Missouri district, located to the E-NE of the study area, is underlain by the basement rocks
of the St. Francois Mountains (1.42–1.48 Ga), which are part of the Eastern Granite-Rhyolite
Province [8,95]. These two provinces cover a large part of the mid-continent US.

5.3. MVT Mineralization

The two common mechanisms by which many MVT deposits form is topography-
driven fluid flow and density-driven groundwater and brine fluid flow [1–4]. The Ap-
palachian and Ouachita orogenic events have created a hydraulic head through topographic
relief in the Late Pennsylvanian to Early Permian that influenced the flow of hot brines
north and northwest to form the Appalachian and mid-continent MVT deposits [1]. Fluids
were expelled from the Arkoma Basin, the Black Warrior Basin, and the Appalachian
Basin (Figure 1) into structurally controlled hydrologic domains [97]. Other potential
mineralizing fluid contributors may be found in large sedimentary basins northwest and
northeast of the Ozark Uplift (Figure 1), the Forest City Basin, and the Illinois Basin [68].
A lack of temporal overlap between gangue and metal sulfide deposition indicates that
different fluid contributions to gangue and sulfide mineral deposition is possible and
likely [98]. In the Dobson mine of the Tri-State MVT district, the sparse barite formed later
than marcasite and earlier than the botryoidal calcite with which it is associated [65]. This
indicates different periods of mineral formation, likely resulting from multiple pulses of
hydrothermal fluids within the MVT deposits.

Most of the fluids originate from evaporated seawater or water that contains dissolved
halite and has interacted with sedimentary rocks and, possibly, basement rocks [99]. The
presence of an evaporitic environment in the hydrothermal fluid flow path appears to
be necessary for the high salinities required for metal solubility and transport. Upper
limits on possible metal concentrations in hydrothermal fluids are of similar magnitude to
the highest measured concentrations of Pb, Zn, Cu, and Ba found in typical sedimentary
brines [42]. As an example, in the region of the Paran fault in the Dead Sea area of Israel, it
has been suggested that mixing of two metalliferous fluids led to dolomitization and min-
eralization [100]. The first of these fluids, with temperatures reaching 75 ◦C, is represented
by the Mg-rich Dead Sea rift brine migrating deep in the subsurface prior to dolomitizing
the carbonate bedrock. The highly soluble minerals typical of evaporite sedimentary rocks
(halite, sylvite, gypsum, kieserite) precipitate from concentrated salt solutions or brines.
Dissolution of such minerals is a source of dissolved chloride ions and sulfate. Thus, the
brine supplies the chloride ions, which are important ligands that carry the metals in
solution as chloride complexes prior to reaching their depositional environments. The
second fluid, migrating at lower temperatures (T ≤ 50 ◦C), is represented by the shallower
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groundwater that acquired high solute concentrations from leaching igneous rocks and
clastic sediments in the subsurface [100].

Hydrothermal fluids may interact with cooler oxygen-rich and oxidized meteoric
waters, which may induce specific reactions such as H2S oxidation as well as mixing and
cooling corrosion. Further, solution aggressiveness can also be renewed or enhanced by
mixing of waters with contrasting chemistry, particularly those differing in CO2 and H2S
content or salinity. In addition, the conversion of H2S to H2SO4 produces a sharp increase
in dissolution as sulfuric waters become more aggressive with production of sulfuric
acid [101]. In the southern Ozark region, faults near Lanagan and Pineville, Missouri
(Figure 2) may have produced a number of pathways for the hydrothermal fluids from
the east/southeast. To the north and east, MVT brine fluids may have also interacted with
meteoric or connate waters of the Ozark Plateaus aquifer system, represented by the St.
Francois aquifer (Cambrian), the Ozark aquifer (Ordovician), and overlying Springfield
Plateau aquifer (Mississippian). The Cotter Dolomite and the tripolitic chert of the upper
Boone Formation are part of the Ozark and the Springfield Plateau aquifers, respectively.
Previous studies [8] suggested geologic units of the St. Francois aquifer (Lamotte Sandstone
and Bonneterre Dolomite) could have been potential ore metal sources for the Southeast
Missouri Lead Belts.

The hydrothermal fluid that produced the tripolitic chert within the Mississippian
upper Boone appears to be similar to the second fluid in the Paran fault region. The porous
texture of the tripolitic chert is the result of decalcitization of the carbonate remaining in
the later diagenetic chert by interaction with meteoric or connate waters [48]. Quartz druse
within the micro-porosity of the tripolitic chert suggests the presence of a second hydrother-
mal fluid pulse through the previously dissolved basal upper Boone Formation [48,50–52].
This second pulse of silica-rich hydrothermal fluid, reflecting lateral secretion produced
by the Ouachita Orogeny in the middle to late Pennsylvanian, would have been confined
by the penecontemporaneous chert of the lower Boone Formation below and the later
diagenetic chert of the upper Boone Formation above [14]. This second pulse may also be
responsible for generation of MVT ores.

6. Conclusions

The southern Ozark MVT ores display a range of Pb isotope ratios which form lin-
ear trends. On thorogenic and uranogenic diagrams, fitted regression lines through the
Northern Arkansas ore distributions yield better coefficients of determination (0.9889 and
0.9317) compared to those of the Tri-State ores (0.8027 and 0.6605). The linear trends are
usually interpreted to result from the mixing of two end-member components or from a
single source of Pb that contains variable Pb isotope compositions. Precambrian basement,
as well as carbonate cements in Paleozoic sandstone aquifers, have been recognized as
possible sources of Pb [6,8]. Other studies have indicated that Pb was supplied by two
end-member components and have suggested that the best candidates for contributing
the less radiogenic end-member to the ores could have been the shales of the lowermost
section of the Chattanooga Shale (Devonian) [9] or the sandstone members of the upper and
middle Jackfork Sandstone (lower Pennsylvanian) [10]. Of remaining interest is identifying
the source rock(s) that contributed the more radiogenic Pb to the MVT ores.

The tripolitic cherts of the Boone Formation and the Cotter Dolomite contain highly
radiogenic Pb, with isotopic ratios comparable to those of the MVT ores in the southern
Ozark region. However, the majority of the sampled lithologies have lower 208Pb/204Pb
and 207Pb/204Pb for a given 206Pb/204Pb compared to the MVT ores. Therefore, it appears
that mixing is not a viable interpretation for the high-end component of the ore array based
on the data presented, suggesting that the source of the high Pb isotopic ratios may lay
further afield. The slope of the linear trend defined by the Pb isotope ratios of the southern
Ozark region ores corresponds to an age of about 1.19 Ga. Therefore, an alternative for the
linear array requires involvement of the Precambrian basement with supplying ore Pb. The
Spavinaw Granite (1.40–1.35 Ga), which represents the Middle Proterozoic basement [95,96]
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underlying parts of Kansas, Oklahoma, Missouri, and Arkansas, is part of the Southern
Granite-Rhyolite Province.

The sampled lithologies for this study do not yield the features that are typical for the
REE distribution of modern seawater. The lack of preservation of characteristic seawater
anomalies in the REE distribution pattern in authigenic minerals implies that those samples,
deposited initially in marine conditions, have been secondarily altered [24]. This is also
shown by the values of the (La/Yb)SN proxy, which indicate LREE-HREE fractionation
and suggest that diagenetic processes affected the samples to a variable extent. Relative
REE abundances, Ce and Eu anomalies, and the (La/Yb)SN proxy suggest that the Cotter
Dolomite was subject to an increased degree of alteration compared to that of the Bigfork
Chert and the Boone Formation. Based on the geochemical data presented, it appears that
the Cotter Dolomite might have experienced a diagenetic history similar to that of the
second generation of dolomites within the Mississippian Burlington-Keokuk Formation.
Current data suggest a different origin and evolution of the Hatton Tuff compared to all
sampled lithologies. Studies of paleocurrent, grain size distribution, and geometry of the
Hatton Tuff suggest a volcanic source to the south and southeast [92].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/geosciences11040172/s1, Table S1: Type, age, and location of analyzed samples; Table S2: Rare
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and age-corrected (c) lead isotope ratios of analyzed samples.
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