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Abstract: Many regions of the United States contain manganese deposits economically valuable
in New England, Appalachian, and Piedmont regions in the Eastern United States, in Northern
Arkansas, and, to a small extent, in Central-Western California. Mn oxide/hydroxide (commonly
referred to as Mn oxide minerals) are found in a wide variety of geological settings and occur as
fine-grained aggregates, veins, marine and freshwater nodules and concretions, crusts, dendrites, and
coatings on rock surfaces (e.g., desert varnish). How manganese oxides form and what mechanisms
determine which oxides are likely to form are limited and still debated. This paper focuses on Mn
oxides collected at the southern bound of the abandoned open-pit site called Crimora Mine (Augusta
County, Virginia). This study uses mineralogical and chemical features to shed light on the origin of
manganese deposits in Crimora along the western foot of the Blue Ridge in South-West Virginia. We
report the first detailed study on the genesis of the Crimora manganese deposit conducted since the
mine was closed in the 1950s. Crimora Mine sample is dark black fine- to medium-grained round and
oblong nodules coated with a fine-grained intermix of yellowish earthy limonite, clays, and quartz.
Scanning electron microscopy (SEM) revealed that the Crimora Mn-oxides exhibit concentric layering,
breccia-like matrices, and veins. X-ray powder diffraction (XRPD) identified the set of Mn minerals
as hollandite and birnessite. The concentration and range of dissolved chemical species in freshwater,
seawater, and hydrothermal depositional fluids impart a geochemical signature to the Mn-oxides,
providing a diagnostic tool to shed light on their genetic origin. Inductively coupled plasma optical
emission spectroscopy (ICP-OES) analysis of the Crimora manganese oxides shows Mn, Fe, and Ti, as
well as trace elements such as Co, Ba, Y, Zn, Cr, Ni, Tl, La, V, and Li. A bivariate analysis based on the
geochemical correlation of Mn and other common substituting cations (e.g., Fe, Co, Ti) shows a mixed
genesis in different environments with varying biological and sedimentary supergene (freshwater
and marine) conditions. These data suggest that the Mn-rich deposit in Crimora, VA, was formed
in a continental margin environment of surficial deposits and reprecipitated in mixed biogenic and
supergene conditions.

Keywords: Mn-oxides; genesis; Crimora mine (VA); XRPD; SEM; ICP-OES

1. Introduction

Manganese (Mn) is the tenth most abundant element in the Earth’s lithosphere. Mn
has three different oxidation states with varying properties, Mn?*, Mn®*, and Mn**. The
Mn-O molecule commonly has a six-fold coordination. Mn can form over thirty oxides
because of its different oxidation states and octahedral coordination [1]. The structural
diversity of manganese oxides results in a different crystallization pathway in solution
due to subtle variations in pH and redox potential. The changes in solution chemistry can
lead to a non-equilibrium crystallization pathway through different metastable interme-
diates [2]. Complex natural manganese oxides have been the most abundant nanophases
found on Earth since before the Great Oxidation Event, and the Mn cycle is one of the most
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important biogeochemical processes on the Earth’s surface [3]. Natural manganese oxides
are commonly found as a coating on host rocks but can form crystalline structures in sev-
eral environments, from oceanic hydrothermal deposits to terrestrial manganese deposits
formed by hydrothermal, sedimentary, and continental weathering processes [3-7].

Manganese deposits show a variable chemical composition due to the deposition
conditions of both ore and host rocks [4,7]. The variable Mn concentration and deposit
distributions are controlled by the oxygen flow rate, oxidation potential (Eh) of manganese-
bearing solutions, the residence time of Mn in solution, the acidity (pH), and temperature
of the solution [8,9]. Generally, manganese solubility (most soluble is Mn?*) is highest at
lower pH and lower Eh conditions. The variability in manganese chemical behavior under
different physical-chemical conditions results in a possible genesis of Mn deposits from a
mixed hydrothermal, biogenic, or diagenetic source [1,10]. The most common manganese
deposits form in sedimentary and submarine conditions. Several manganese deposits
result from the deposition of Mn-rich sediments on oceans seabed [1,11-15]. Secondary
enrichment in marine sedimentary rocks by continental weathering can form high-grade
manganese ore deposits (supergene ores) [16-19]. The most common manganese ore
minerals include pyrolusite (MnO,), which is found as grey to black coating and radiating
fibrous aggregates in sedimentary and hydrothermally altered rocks, as well as in secondary
accumulations [9].

Many regions of the United States contain manganese deposits, but economically
valuable ones are uncommon. They have been extensively mined in New England, Ap-
palachian, and Piedmont regions in the Eastern United States, in Northern Arkansas, and,
to a smaller extent, in Central-Western California [20]. Deposits of manganese and iron
oxides are abundant in the Shenandoah Valley, Virginia (USA) and have been mined for
more than 100 years [21]. Virginia supplied the increasing demand for manganese oxides
for the steel industry from 1880 to 1914 [22].

Despite manganese oxides’” economic and environmental significance, geoscientists
continue to debate how manganese oxides form and what mechanisms determine which
oxides are likely to form. The origin of manganese oxide deposits in the Shenandoah
Valley is unsettled, and the clear mineralogical identification of the manganese oxides
and geochemical features are limited. This paper focuses on Mn oxides collected at the
southern bound of the abandoned open-pit site called Crimora Mine (Augusta County,
Virginia). This study uses mineralogical and chemical features to shed light on the origin
of manganese deposits in Crimora that occur along the western foot of the Blue Ridge
Mountains.

2. Materials and Methods
2.1. Sampling Location

The manganese ore deposit in this study is located 4 km from the town of Crimora,
Augusta County, VA (USA). It was the largest manganese mine in the United States of
America: over 160,000 tons of manganese were mined in the period of maximum production
from 1882 to 1915 [22-24]. The mine area is scattered along an area of about 0.8 km?2 [21]
and runs N-S with a depth of about 1 m and a length of about 280 m [25]. After discovering
a substantial concentration of manganese in 1867, open-pit Crimora mines were bought
and sold several times, eventually closing operations in 1958 [24].

Today, a hilltop landscape created by mining excavation is a field overlooking the Blue
Ridge Mountains. The former mine property has been split between a private residency
at the North end and a lake resort at the southern end. Selected sampling sites were at
the southern end of the Crimora ore deposit (Figure 1). Samples are dark-black fine-to-
medium-grained round and oblong nodules coated with a very fine-grained intermix of
yellowish earthy limonite, clays, and quartz (Figure 2).
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Figure 2. (a) Mn nodules scattered in the southern bound of the Crimora ore deposit. (b) Sample
is dark-black fine-to-medium-grained round and oblong nodules coated with a very fine-grained
intermix of yellowish earthy limonite, clays, and quartz.

2.2. Geologic Setting

Crimora, VA, lies beneath Turk Mountain and the Shenandoah National Park. It
is located on terrace deposits and alluvial fans. The terrace deposits (thickness 0-6 m)
are dissected remnants of unconsolidated, stratified alluvial deposits of clays, silts, and
sands with quartzite gravel at the base. Alluvial fans (0-60 m) are unconsolidated, locally
dissected, poorly stratified overlapping deposits of clays, silt, and sand with interbedded
quartzite cobbles and boulders [26].

Crimora deposit mainly consists of rounded “psilomelane” nodules mixed with quartz,
clays, and limonite. The deposit lies into synclines overlaid by unconsolidated residual
thick troughs of clays from the weathering of lower Cambrian dolomite, limestone, and
shale in the Elbrook Formation. Quartzite in the Erwin Formation forms the bedrock [23].

The Crimora ore body is shown as irregular pockets, separate beds, and lenses within
clay beds on quartzite cobbles and boulders in an elliptical basin located in a cone-shaped
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syncline (Figure 3). The Mn-ores occur underneath the alluvial fans at the contact of the
Cambrian-age Elbrook formation. The large concentration of the Crimora manganese
(Mn) deposit may be related to the pair of transverse faults in the Turk Gap [26]. In
Augusta County, much of the Elbrook Formation adjacent to the Pulaski and Staunton
faults is a breccia of the “Max Meadows tectonic breccia type” [27]. The fault breccia along
the Max Meadows overthrust consists of a lower autoclastic zone comprising angular
blocks and fractured masses of Elbrook limestone, dolomite, and an intervening zone of
crush conglomerate composed chiefly of rounded fragments of limestone, dolomite, and
phyllite [28].

Beekmantown Group
Catoctin Formation
Charnockite

Chilhowee Group
Conococheague Formation

Edinburg Formation

Mine Branch Rd

Elbrook Formation

Faults

Martinsburg and Oranda Formations
Mine Branch Rd

@rJ\\r_n‘Q'__nr_lr_l

Figure 3. Geologic map of selected sampling site in the southern end of the Crimora ore deposit. The
map is based on the U.S. Geological Survey (USGS) GIS database of geologic units, lithology, age,
and structural features in Virginia [29].

2.3. X-ray Powder Diffraction (XRPD)

X-ray powder diffraction (XRPD) identified the samples’ mineralogical composition.
X-ray patterns were collected at room temperature using a Malvern PANalytical Empyrean
diffractometer equipped with an X'Celerator detector and CuK« radiation (45 kV /40 mA)
in facilities at the Department of Geology and Environmental Science, James Madison
University. A Malvern PANAlytical Bragg-BrentanoHD incident beam optical module
improved the peak-to-background ratio and the spectra intensity. Analyses of the samples
were carried out with spinner-mode analysis, a 26 scan range between 3° and 70°, a step
size of 0.02° 26, a divergence slit of 0.5°, and incident beam anti-scatter slits of 2°. The fitted
peak width for collected data was about 0.01° 26.

Quantitative mineralogical analyses were performed using PANalytical’s HighScore
Plus version 4.8 software [30]. Pure crystalline Al,O3 was chosen as an external standard
and was analyzed under the same instrumental conditions as the sample. Figure 4 shows
the mineralogy. The minerals” amount present in the Crimora sample is reported in Table 1.

Table 1. Mineralogical composition of Crimora sample. Standard deviation in parenthesis. All values
have been rounded to the nearest unit.

Weight % Sample
Quartz 34.3(4)
Goethite 17.8(6)
Illite 3.6(3)
Birnessite 1.3(5)
Hollandite 16.2(2)

Amorphous 26.7(3)
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Figure 4. XRPD patterns for Crimora sample. Observed spectra (red line) and fitted spectra (blue
solid line) are shown. Qtz = quartz; Ilt = illite; Bir = birnessite; Hol = hollandite; Gth = goethite.

2.4. Scanning Electron Microscopy (SEM)

An uncoated polished sample was mounted on carbon tape adhered to an aluminum
stub and analyzed using a ZEISS Gemini SEM 360VP Scanning Electron Microscope (SEM)
equipped with a field emission gun and Gemini 1 electron optical column. The instrument
is located at the Department of Geology and Environmental Science, James Madison
University, Harrisonburg, VA (USA). Backscattered electron (BSE) images were collected
in a high vacuum at an accelerating voltage of 15 kV. The data were processed using the
ZEISS SmartSEM version 7.00 software.

2.5. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

The Crimora ore sample was ground in an agate mortar and pestle to a fine powder
before use. The sample (200 mg) was placed in Teflon reaction vessels, followed by 9.0 mL
of HNOj (trace metal grade, Fisher Chemical Co., Pittsburgh, PA, USA) and 3.0 mL of
HCI (trace metal grade, Fisher Chemical Co. Pittsburgh, PA, USA). The reaction vessels
were sealed and heated in a CEM MARS-5 microwave-assisted digestion system. The
temperature in the reaction vessels ramped for 5 min to 120 °C, where the temperature
was held for 5 min. The temperature in the vessels was then increased to 175 °C with
a 5-min 30-s ramp and held at 175 °C for 4 min and 30 s. After cooling, the contents of
the vessels were transferred to 50 mL trace metal grade polypropylene centrifuge tubes
and centrifuged for 20 min at 3000 RPM to remove suspended materials. Aliquots of the
centrifuged solutions were placed into 10 mL trace metal grade centrifuge tubes for ICP-
OES analysis. Then, 1:10 and 1:100 dilutions were made for each sample using 18 MQ}/cm?
deionized water.

A Teledyne Leeman Labs Prodigy7 dual-view inductively coupled plasma optical
emission spectrometer (ICP-OES) utilizing a high-energy Teledyne Leeman Labs Echelle
Polychromator with an optical resolution of 0.007 nm @200 nm was used to obtain emission
spectra from the digested Crimora ore sample. A peristaltic pump operating at 25 RPM
introduced the samples through a glass cyclonic spray chamber before introduction to the
concentric nebulizer and the torch. Power to the plasma was 1.2 kW, and the plasma gas
flow was 14 L/min. Table 2 lists the wavelengths used, the viewing angle, and the detection
limit for each reported metal.
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Table 2. Analytical lines used for ICP-OES analysis.

Element Wavelength (nm) View Detection Limit (mg/L)
Mn 257.610 Axial 0.00002
Fe 259.940 Axial 0.001
Ba 455.403 Radial 0.002
Ca 422.673 Radial 0.01
K 766.491 Radjial 0.40
Na 589.592 Radial 0.07
Mg 279.553 Radial 0.0002

Y 371.030 Radjial 0.004
Co 228.615 Axial 0.001
Ti 334.941 Axial 0.000028
Ni 231.604 Axial 0.002
Zn 206.200 Axial 0.0006
Cr 283.563 Axial 0.007
Li 670.784 Radjial 0.002
w 207.911 Axial 0.001
Mo 202.030 Axial 0.0002
In 325.609 Axial 0.05
Tl 190.864 Axial 0.004
\% 292.401 Axial 0.001
La 333.749 Axial 0.001
Ce 413.765 Radial 0.05

Single-element standards (1000 mg/L) were purchased from Inorganic Ventures, Chris-
tiansburg, VA, and used to prepare multielement stock solutions containing 100.0 mg/L
of each metal and serially diluted when preparing standard curves. Ba, Ca, Mg, Na, K, Li,
and Y were prepared in 2.5% HNOj3 containing 1000 mg/L Cs. Cs was added to control
ionization interferences for elements with low ionization potentials. Co, Mn, Fe, and Zn
were prepared in 2.5% HNOj3. Ti, Mo, Cr, and W were prepared in 2.5% HCl because these
elements were stabilized as a chloride complex. San Joaquin Soil (NIST SRM 2709) was
used as a control with each digest of eight samples. Percent recoveries were consistently
between 90 and 105%. All chemicals and reagents were laboratory American Chemical
Society (ACS) reagent grade. All glassware was washed with aqua regia and rinsed with
deionized double distilled water before use.

3. Results
3.1. Mn-Oxides Characterization

The genesis and mineralogy of manganese oxide deposits in the Shenandoah Valley
is still uncertain. Thus, this study’s clear mineralogical identification of the manganese
oxides provided insights into the Mn minerals composing the Crimora deposit. The
XRD pattern includes a low-intensity peak observed at 10° 26 assigned to illite. High-
intensity peaks of quartz and low-intensity peaks of goethite were present in all samples
analyzed. The Mn-oxides identified are hollandite and birnessite (Figure 4). The minerals
cryptomelane [K(Mn**, Mn3*)gOy¢], hollandite [Ba(Mn**, Mn3*)gOy¢], and coronadite
[Pb(Mn**, Mn3+)3O44] are isostructural and form isomorphous mixtures [31]. Based on
ICP-OES chemical analysis, we assigned the peaks at 12.72° 20, 17.7° 26, 28.7° 26, and 37.4°
26 to hollandite.

SEM investigations revealed that the Mn-oxides exhibit concentric layering also found
in breccia matrices and veins (Figure 5). Aggregates of nano-sized radiating bladed and
prismatic crystals of hollandite are found in cracks (Figure 6).

The genetic origin of the Mn deposit in Crimora, VA, was determined from the ICP-
OES trace metal data. The ICP-OES data on Crimora manganese oxides are reported in
Table 3. The average manganese concentration is 31.63 at%, and iron content is 4.73 at%.
Data show Co, Zn, Cr, Li, Ti, Ni, V, In, T1, La, and Y present as trace elements.
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EHT= 15004V Signal A= HDBSD High Vacuum 30pm EHT= 500KV Signal A= HDBSD High Vacuum
wo= 9.2mm Aperture Size = 120.0pm Sample ID = Crimora — wD= 6.6 mm Aperture Size = 60.00 ym Sample ID = Crimora

Figure 5. Through SEM observations Crimora sample exhibits (a) banded layers. (b) Veins of hollandite
(lighter gray) were found cutting the breccia matrix with scattered quartz crystals.

1 pum EHT= 1,004V Signal A= InLens High Vacuum
EHT= 1500 kV Signal A= HDBSD High Vacuum = wo= 67 mm Aperture Size = 30.00um Sample ID = Crimora
wp= 86 mm Aperture Size = 60.00 ym Sample ID = Crimora

() (b)

EHT= 1.00kV EHT= 1500 KV Signal A= HDBSD
WD = 6.6 mm tu

High Vacuum
wo= 85mm

Aperture Size = 60.00um Sample

(d)

Figure 6. SEM images of Crimora sample showing (a) radiating nm-sized well-formed bladed crystals

of hollandite; (b) a platy nm-sized crystal of birnessite; (c,d) square columnar nm-sized well-formed
hollandite crystals found inside a crack.

Table 3. Chemical analyses of major, trace, and rare earth elements via ICP-OES.

Sample (n =4) at% ppm
Mn 31.63
Fe 4.73
Ba 25.53
Ca 0.22
K 3.36
Na 0.97
Mg 0.17
Ni 32091
\Y% 219.70
Co

1092.90
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Table 3. Cont.

Sample (n =4)

at%

ppm
Ti 789.64
Zn 891.95
Cr 116.33
Li 455.20
La 24.93
In 18,643.45
Tl 144.82
Y 374.92
Ce bdl?
Mo bdl !
W bdl !

1 bdl = below detection limit.

3.2. Formation Conditions

The irregular conglomerate Mn-oxides masses and lenses observed in the Crimora
ore body suggest a complex origin with variable conditions. Genetic hypotheses for the
Mn-mineralization can be established starting from paleogeographic and stratigraphic
considerations. A bivariate analysis comparing chemical data from the literature and this
study was carried out to shed light on the past environmental conditions under which
the Crimora manganese oxides formed (Figure 7). Chemical data from the literature are
compiled considering deep ocean (hydrothermal) samples [11,12,32-35], sedimentary su-
pergene precipitated from freshwater [13,16,19,36,37], sedimentary supergene precipitated
from seawater [16,37-40], and biogenic samples [41-44].

[
® o
o o o°
X L 2 * . *
* L 4
'S *
4 A
., A o A
([ A
° [
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
Mn/Fe+Co+Ti
X This study A Sedimentary supergene (fresh water)

# Sedimentary supergene (marine water)

@ Biogenic
Deep ocean

Figure 7. Bivariate plot of manganese abundance (wt%) vs. major substituting cations (i.e., Fe,
Ti, Co) in manganese deposits with various genesis. Asterisk = this study; orange square = deep
ocean (hydrothermal); blue triangle = sedimentary supergene (fresh water); purple diamond = sedi-
mentary supergene (marine water); green circle = biogenic precipitation. Data from this study and
deep ocean (hydrothermal) samples [11,12,32-35], sedimentary supergene precipitated from fresh-
water [13,16,19,36,37]; sedimentary supergene precipitated from seawater [16,37-40], and biogenic
samples [41-44].



Geosciences 2023, 13, 235

9of 14

4. Discussion

Manganese mineralogy and geochemical features shed light on the specific genetic
environment where Mn-oxides can form. Mn oxide/hydroxide are commonly referred to as
Mn oxide minerals. They are found in various geological settings and occur as fine-grained
aggregates, veins, marine and freshwater nodules and concretions, crusts, dendrites, and
coatings on rock surfaces (e.g., desert varnish).

Mn oxide deposits occur in various geological settings. Sedimentary manganese
deposits refer to those formed through precipitation in ambient pressure-temperature
condition from water solutions enriched in dissolved manganese [5]. The most extensive
deposition of Mn oxides today occurs in the oceans as nodules, micro concretions, coatings,
and crusts [1]. Manganese nodules in deep-sea sediments exhibit a continuous mixing from
diagenetic end-members, which contain the mineral todorokite and are enriched in Mn, Nj,
and Cu, to hydrogenous end-members, which contain the mineral 6-MnO, (vernadite) and
are enriched in Fe and Co. Mn oxide phases in ocean nodule form by catalytic oxidation
and adsorption of Mn?* on suitable substrates, such as mineral and rock fragments and
fine-grained MnO, and Fe(OH); [1]. The nodules are most abundant in oxygenated
environments with low sedimentation rates and reach their greatest concentration in deep-
water at or below the calcium carbonate compensation depth (4000-6000 m) [45]. The Mn
source in ocean nodules is likely continental runoff and hydrothermal and volcanic activity
at midocean spreading centers [1].

Dark brown to black fine-grained mixtures (mainly birnessite, hollandite, romanéchite,
and todorokite) formed under oxidizing conditions have been reported covering cave walls,
stream clasts, and other speleothems in caves [46]. Furthermore, some bacterial species in
the cave environment can catalyze the oxidation and precipitation of Fe and Mn nodules.
The aqueous solution’s pH and/or redox conditions control this biologically mediated
process [46].

Mohamed and Paleologos [47] observed that common minerals in soils are birnessite,
lithiophorite, hollandite, todorkite, and pyrolusite. The hollandite supergroup includes
several Mn** and Ti oxides, often referred to as tunnel oxides due to their structural fea-
tures [48]. According to Biagioni et al. [48], the name hollandite should be applied to the
member of the coronadite group having Ba as the dominant tunnel cation. Hollandite
minerals can be major phases in the oxidized zones of Mn deposits and important ores [1].
Birnessite-like minerals are common phyllomanganates in surficial soils and sediments
that mediate important environmental processes (e.g., biogeochemical cycles and heavy
metal confinement). Ca is the dominant interlayer cation in both biotic and abiotic bir-
nessites, especially when they precipitate in the presence of shallow-water carbonate-rich
sediments [49]. Birnessite and hollandite occur in both acid and alkaline soils, whereas
lithiophorite seems to be favored by neutral-to-acidic conditions. Lithiophorite appears to
take up Co and Cu more effectively than hollandite within an acidic pH range (pH 4-6) [50].
Birnessite-like oxides in soils and sediments exhibit large surface areas and participate in
several oxidation-reduction and cation-exchange reactions. The cation exchange capacity
of phyllomanganates is enhanced at alkaline pH (i.e., pH 8.3, similar to that of seawater)
and exceeds that of swelling clays [1,49].

Supergene settings include weathering and deposition in subaerial, marine, lacustrine,
and palustrine conditions. Supergene deposits develop at the expense of primary ores
when these are uplifted and become exposed to the action of meteoric agents [51]. The
availability of meteoric fluids controls the alteration of the primary deposit, followed
by the precipitation of secondary mineral phases in the form of carbonates, oxides, and
silicates [17]. In modern marine sediments, Mn is an oxyhydroxide in slowly accumulating
(pelagic) sediments of the deep ocean and in surficial deposits of continental margin
environments. Diagenetic recycling of Mn causes surficial deposits to have higher Mn
enrichments than in many pelagic sediments [52]. The diagenetic deposits partially derive
their metals from the recycling through the interstitial sediment waters and water initially
contained in organic matter that is decaying and dissolving in the sediments, whereas the
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hydrogenous deposits uptake metals from seawater or diagenetically unenriched interstitial
waters. Bacteria can also contribute to the diagenetic behavior of Mn in sedimentary
deposits [53].

XRPD patterns of Crimora samples show hollandite and birnessite as the main Mn-oxide
phases (Figure 4). Paragenetic minerals such as quartz, illite, and goethite are associated with
the Mn-oxides. Quantitative analysis performed via the Rietveld method shows that the main
minerals in Crimora samples are hollandite (16.2 wt%) and birnessite (1.3 wt%), as well as
goethite (17.8 wt%) and quartz (34.3 wt%). Hollandite is generally associated with goethite
and is typically found within sedimentary deposits [47]. Birnessite is frequently observed
in terrestrial manganese deposits, weathering zones, and soils [1,54,55]. Given the minerals’
assemblage of Crimora samples observed via XRPD, the genesis of these minerals is consistent
with supergene marine—terrestrial oxidation zone conditions. Several Mn-oxides in surface
environments are poorly crystalline and of biogenic origin [56,57]. The amorphous phase
(26.7 wt%) and the low-intensity broad peaks associated with the Mn-oxides indicate that the
Mn-oxides analyzed are poorly crystalline, and their nucleation may be controlled by biogenic
activity in a sedimentary setting.

Scanning electron microscopy (SEM) examination of a polished sample revealed that
Mn-oxides in Crimora exhibit banded layers (Figure 5a). Veins of hollandite (lighter gray)
were found cutting the breccia matrix with scattered quartz crystals (Figure 5b). Radiating
nm-sized well-formed bladed crystals of hollandite (Figure 6a), a platy nm-sized crystal of
birnessite (Figure 6b), as well as square columnar nm-sized well-formed hollandite crystals
(Figure 6¢) were found inside a crack (Figure 6d). No evidence of biological morphologies
(e.g., dendritic layers, filaments, micropores, and micro dome-shaped stromatolite-like
structure) was observed, indicating primarily inorganic precipitation of the Mn-oxides.

Freshwater, seawater, and hydrothermal fluids have distinctive and contrasting geo-
chemical signatures. The concentration and range of dissolved chemical species available
for the reaction determine which cations are adsorbed by the manganese oxides. Man-
ganese oxide minerals with a MnOy-like formula have a high adsorbing capacity for trace
metals such as Ni, Co, Ti, Fe, and Zn [20-24]. In this manner, the adsorbed chemical
species impart a geochemical signature to the Mn-oxides, representing the depositional
fluid composition [4,19,39,58,59]. The concentration of Mn and other substituting cations
(e.g., Fe, Co, Ti, Ni) is different for Mn-oxides precipitated from freshwater, seawater, or
hydrothermal fluid, and therefore, provides a diagnostic tool to shed light on the genetic
origin of Mn-oxides [19,36,39,58,59]. Figure 7 shows a mixed origin of the Crimora sample
in different environments with varying biological and sedimentary supergene (freshwater
and marine) conditions. A limited difference was shown in the concentration of Mn and
other metals in samples forming in freshwater or marine water sedimentary environments
(Figure 7). Data suggest that the Mn-rich deposits in Crimora, VA, were formed in a brine
mineral system in an ancient sedimentary basin intensely modified by structural defor-
mation through the Max Meadows overthrust and recrystallized in mixed seawater and
freshwater supergene conditions. This complex origin with variable genetic conditions
agrees with the surrounding geologic setting where the irregular conglomerate masses and
lenses are concentrated in the Crimora ore body.

Ferromanganese oxides of different genetic origins are characterized by distinctive
compositions of trace elements [7,39]. Several factors, such as the rate of precipitation,
the nature of geochemical components in oxides (e.g., Mn-oxides, Fe-oxyhydroxides, and
detrital minerals), speciation of elements in seawater and hydrothermal fluid, are mainly
responsible for such compositional variation. Nicholson [58] observed that hydrothermal
manganese oxide deposits characteristically show geochemical enrichments in the assem-
blage As-Ba-Cu-Li-Mo-Pb-Sb-5r-V-Zn and a Mn-As geochemical association. Supergene
marine deposits show Na-K-Ca-Mg-Sr and Co-Cu-Ni geochemical enrichments. Supergene
terrestrial deposits tend to have very high Ba contents and an Mn-Ba association. Man-
ganese oxides derived from the weathering of dubhites (a base and precious ore minerals
and gangue) contain high levels of Pb and Zn. Mn-As diagnostic correlation was observed
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for hydrothermal deposits [58]. Diagenetic processes cause the enrichment of Mn, Ti, and
Ni in manganese deposits, whereas an enrichment of trace elements could be related to
adsorption from pore water [40,58]. Samsaz et al. [39] and Samsaz et al. [19] observed a
positive correlation of Mn-Ba-Sr-Co-Cu-Ni in the Nikopol deposit (Ukraine) and Chiatura
deposit (Georgia), which is similar to diagenetic Mn deposits formed in shallow marine
environments. In Crimora samples, a Ba concentration of 25.53 at%, as well as significant
amounts of Fe, Mg, Ca, K, and Na, were shown via ICP-OES analysis (Table 3). Accord-
ing to Nicholson [58], Samsaz et al. [39], and Samsaz et al. [19], the average geochemical
composition of Crimora Mn-oxides is consistent with a supergene marine—terrestrial fluid
source.

Manganese minerals in sedimentary environments may contain variable major, trace,
and rare earth element (REE) concentrations owing to the Mn substitutions [39]. Y and Ce
could be used as geochemical indicators of a sedimentary environment, tectonic evolution,
percolation of hydrothermal fluids, and freshwater in ferromanganese deposits [60]. High
concentrations of Y (average 201 ppm) and Ce (average 1204 ppm) were observed in associ-
ation with Mn, Fe, Cu, Co, and Ni in nodules collected in the Northwestern Pacific [61].
These authors observed that the geochemical assemblage significantly correlates with
authigenic seawater precipitation origin in ferromanganese deposits. Sasmaz et al. [19]
observed that redox potential can affect Y and Ce concentrations. In briny waters, Ce
is oxidized to Ce**, whose solubility is low, and thus, it results in a Ce depletion in the
deposit. According to Sasmaz et al. [19], Ce depletion is a strong indicator of an oxic depo-
sitional environment, typical to near seawater/freshwater-sediment interface, whereas Ce
enrichment indicates anoxic conditions specific to the hydrothermal or deep ocean environ-
ment. A Ce depletion was observed by Giiltekin and Balc1 [40] in Binkilig, Trache Basin,
Turkey, and it was attributed to terrigenous sediments transported in a mixed depositional
oxic/anoxic environment. Sjoberg et al. [62] observed the precipitation for microbially
mediated birnessite-type Mn oxide enriched in yttrium (Y) in a tunnel to the main shaft of
the former Ytterby mine in Sweden. A high concentration of yttrium (Y = 374.92 ppm) was
observed in the Crimora sample, whereas Ce was not detected, supporting the supergene
continental marine—terrestrial genesis of the sample under study. The observed enrichment
of Y in the Crimora samples can be ascribed to a possible microbially mediated precipitation
of hollandite from supergene marine—terrestrial fluids in the primary ore body.

ICP-OES data also show substantial enrichments of Co, Li, Ba, Cr, V, and Ni (Table 3),
which is consistent with the diagnostic geochemical plots in Figure 7, indicating a mixed
sedimentary supergene and biogenic genesis of Crimora manganese oxides. The high
concentration of K and Na corroborates the prominent supergene sedimentary marine—
terrestrial origin of the Crimora ore deposit.

5. Conclusions

This paper is the first detailed study of Crimora manganese deposits conducted since
the mine was closed in the 1950s. Modern geochemical and mineralogical methods, XRPD,
SEM, ICP-OES, and bivariate analysis, have been used to elucidate the genesis of the Mn
oxides in the Crimora ore body. XRPD patterns show that the main Mn-oxides in the
samples are hollandite (16.2 wt%) and birnessite (1.3%). The XRPD data further show the
presence of an amorphous phase (26.7 wt%), quartz (34.3%), goethite (17.8%), and illite
(3.6%). The high amorphous content and broad low-intensity peaks assigned to hollandite
and birnessite are ascribed to the typical poor crystallinity of Mn-oxides.

The distinctive Mn and trace metal compositions of freshwater, seawater, and hy-
drothermal fluids shed light on Mn-oxides’ genetic origin. Hydrothermal manganese oxide
deposits generally show geochemical enrichments in the assemblage As-Ba-Cu-Li-Mo-
Pb-Sb-Sr-V-Zn and an Mn-As geochemical correlation. Supergene marine deposits show
Na-K-Ca-Mg-5r and Co-Cu-Ni geochemical enrichments. In contrast, supergene terrestrial
deposits tend to have very high Ba contents and an Mn-Ba geochemical affinity. Y and
Ce enrichments are associated with Mn, Fe, Cu, Co, and Ni geochemical assemblage in
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ferromanganese deposits with authigenic seawater precipitation origin. The ICP-OES data
of Crimora samples show concentrations of trace elements such as Co, Ba, Zn, Cr, L, La, In,
V, T1, and Y. Ba concentration is 25.53 at%, confirming the presence of hollandite. A high
yttrium concentration (Y = 375 ppm) was observed in Crimora samples, whereas Ce was
not detected, supporting the mixed supergene continental marine—terrestrial genesis of the
sample under study. The significant amounts of Fe, Ca, K, Na, and Mg shown via ICP-OES
analysis corroborate the prominent supergene sedimentary marine—terrestrial origin of the
Crimora ore deposit. Bivariate analysis, based on the geochemical correlation of Mn and
other common substituting cations (e.g., Fe, Co, Ti) in samples with a strictly hydrothermal,
sedimentary, and biogenic origin, revealed that Crimora manganese oxides have an affinity
with Mn-oxides with sedimentary supergene and biogenic genesis. The Crimora sample
shows the best agreement with the literature values for samples precipitated in freshwater
or marine sedimentary environments.

Data from this study suggest that the Mn-rich deposit in Crimora, VA, was formed
in an ancient sedimentary basin brine mineral system intensely modified by structural
deformation through the Max Meadows overthrust and recrystallized in mixed biogenic
and supergene conditions. The surrounding geologic setting of alluvial fans composed
of irregular conglomerate masses and lenses of limestone and dolomite, concentrated
above the Crimora Mn-rich ore body, agrees with this complex origin with various genetic
conditions. Future investigations will examine the age when Crimora Mn-oxides formed.
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