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Abstract

Despite the substantial amount of research on the Cretaceous Samail ophiolite in Oman, the factors control-
ling the size and metal endowment of the mafic-hosted, Cu-Au(-Zn-Ag) volcanogenic massive sulfide (VMS)
deposits remain elusive. This work shows that the volcanostratigraphic position, hydrothermal venting style,
and oxidation processes are critical factors controlling the distinct features of the Shinas and Mandoos deposits.

Mandoos is a large (8 Mt, 1.8 wt % Cu, 0.18 g/ton Au) orebody preserving abundant primary vent-related
features formed via mound growth and collapse within a wide hydrothermal field, overlying a poorly developed
stockwork. The smaller Shinas deposit (0.8 Mt, 2.6 wt % Cu, 0.63 g/t Au) represents a higher-temperature
system evolving from low f52/ fo2 conditions, locally sealed by jaspers, to a mound growth stage with wide-
spread subseafloor brecciation/replacement with associated zone refining. Mandoos formed at the onset of the
postaxial stage (Geotimes-Tholeiitic Alley transition), and Shinas is hosted within the Alley units. Volcanism in
Samail was seemingly continuous, and the low exq and Nb/Ta of the Shinas hanging-wall lavas record the onset
of significant modifications of the mantle source during the postaxial stage.

Mandoos is enriched in Te + As + Se + Zn + Ga = Sb relative to Shinas, where higher Cu + Au + Tl + Mo
grades possibly reflect leaching of protoarc-like lavas. Rare earth element patterns in the ores mimicking the
deposit footwall can be employed to constrain volcanostratigraphic positioning and indicate that the footwall
lavas may also represent a source of metals. Formation of metal-rich ochres at the sea floor likely led to Cu
+ Au upgrading in the ores during seawater-induced oxidation, which was enhanced during subaerial gossan
formation.

Introduction

The Samail ophiolite is one of the most outstanding expres-
sions of the Tethyan ophiolite belt and hosts a world-class,
mafic- or Cyprus-type volcanogenic massive sulfide (VMS)
province (Galley and Koski, 1997), in a volcanic belt three
times larger than the one in the Troodos ophiolite. Dur-
ing the 1980s, several deposits were mined for copper and
gold. Since 2009, the use of airborne Versatile Time Do-
main Electromagnetic (VTEM) geophysical surveys boosted
the number of discoveries concealed under postobduction
sediments.

There are 17 mined-out deposits in the northern sector of
the Samail ophiolite, mostly distributed along the Batinah
coast and two (Al Bishara and Rakka) in the western domain
(Fig. 1A). The known VMS deposits contain 50 Mt sulfide
ores with an average grade of 2.3 wt % Cu and 0.4 g/ton (t) Au
(Gilgen et al., 2014). The recent discovery of the Al Hadeetha
deposit adds 9.7 Mt at 0.88% Cu and 0.22 g/t Au to Oman’s
portfolio (Fig. 1A).

fCorresponding author: e-mail, acravinhosantos@gmail.com

The volcanostratigraphy of the Samail ophiolite (Fig. 1A)
has been the focus of numerous investigations. The impor-
tance of locating the orebodies within the extrusive sequence
was recognized early (Alabaster and Pearce, 1985) and has
been revised by Gilgen et al. (2014). The stratigraphic level
identified to have the highest potential corresponds to the
transition between the first volcanic stage (V1, Geotimes
unit) and the overlying volcanic units (V2, Lasail and Tho-
leiitic/Boninitic Alley units; Alabaster et al., 1982; Ernewein
et al., 1988). However, every volcanic quiescence period can
potentially host a VMS deposit (Gilgen et al., 2014). Deposit
tonnage does not vary systematically with volcanostrati-
graphic position, but higher Cu grades occur in orebodies
hosted within the V1 stage and V1/V2 transition, whereas
higher Au grades are associated with deposits hosted in the
uppermost V2 protoarc-like Boninitic Alley unit (Gilgen et
al., 2014). Such observations are consistent with the known
association of high gold concentrations in sea-floor massive
sulfides (SMS; Hannington et al., 2011) hosted in arc set-
tings (Herzig and Hannington, 1995). Higher Au grades can
result from leaching of Au-rich volcanic rocks, hydrothermal
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Fig. 1. (A) Main units of the Samail ophiolite and volcanogenic massive sulfide (VMS) deposits (adapted from Gilgen et al.,
2014). (B) Geologic map of the Fizh block showing the location of the Mandoos and Shinas VMS deposits (adapted from

Belgrano et al., 2019).

fluids boiling close to the sea floor, or magmatic degassing
processes (Huston, 2000; Mercier-Langevin et al., 2011;
Fuchs et al., 2019). However, the high water depths postu-
lated for the extrusion of the Samail lavas preclude boilin
of the hydrothermal fluids (>3,000 m; Belgrano et al., 2021),
whereas high-sulfidation mineral assemblages are only re-
ported as tennantite in the Aarja deposit (Haymon et al.,
1984, 1989; Ixer et al., 1984). Mineralogical and geochemical
data of ochres and gossans from the Oman VMS deposits are
also crucial to distinguish upgrading of base metal and gold
concentrations by supergene (Boyle, 2003) and seawater-in-
duced oxidation processes (Herzig et al., 1991; Hannington
et al., 1998).

Studies on VMS deposits in the Samail ophiolite are es-
sentially restricted to the mineralogy of the Aarja, Lasail,
and Bayda orebodies (Ixer et al., 1984). Data on the deposits
discovered after 2000 are noticeably lacking, considering the
amount of research focused on the magmatic, geodynamic,
and hydrothermal history of the Samail ophiolite. Mafic-
type VMS deposits are thought to have been formed in black
smoker sulfide mounds, similar to present-day SMS (Ixer et
al., 1984). Based on the absence of breccia-dominated ores
in the Aarja deposit, some authors argued against a sulfide-

mound model and suggested that the Oman VMS deposits
formed in reduced anoxic basin settings (Hannington et al.,
1998). Such uncertainties stem from the lack of detailed and
updated studies on the formation and evolution of other VMS
deposits in Oman.

The Mandoos and Shinas deposits (Fig. 1B) were discov-
ered through airborne VTEM surveys and mined by Mawarid
Mining LLC until 2015 and 2011, respectively. Mandoos is
one of the largest deposits in Oman with reported resources
(Gilgen et al., 2014) of 6.73 Mt at average 1.66 wt % Cu,
0.15 g/t Au, along with Lasail or Al Ghuzayn-3 and Al
Hadeetha, which are under development. Shinas is a small
(~1 Mt) high-grade deposit (2 wt % Cu, 0.17 g/t Au) with-
in the size range of most Omani VMS deposits. Based on
whole-rock and pyroxene chemistry, Gilgen et al. (2014) sug-
gested that both deposits are hosted within the Alley unit.
The hanging wall of the Shinas deposit was subsequently as-
signed to a transitional Tholeiitic-Boninitic Alley unit (Bel-
grano et al., 2019). These deposits are thus ideal targets to
unravel the influence of the depleted, hydrous magmatism
on VMS formation. The deposit’s dissimilar size, lithologi-
cal features, and metal endowments enable refinement of
metallogenic models and assessment of the relative influ-
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ence of the source rocks versus local ore-forming condi-
tions (e.g., venting styles, subsurface hydrologic features) on
hydrothermal and mineralization processes. Both deposits
were affected by postmineralization oxidation that led to im-
portant metal enrichments, the timing of which is unclear.
Constraining both late and primary genetic features can pro-
vide support to ongoing exploration activities in the Samail
ophiolite. We present a comprehensive study that includes
mineralogical (petrography, mineral chemistry, X-ray dif-
fraction [XRD]) and geochemical data (major and trace ele-
ments, Sr-Nd isotopes) on the lithological spectrum of the
hanging-wall and footwall volcanic sequence, massive sulfide
ores, jaspers, ochres, and umbers. Additionally, a large data
set of mining assays enables assessment of 3-D base metal
distributions at the deposit scale.

Geologic Background

The Cretaceous Samail ophiolite is part of the Mesozoic Neo-
Tethyan ophiolite belt (Dilek and Furnes, 2011). The ophio-
lite is gently folded and preserves most of the primary struc-
tures and contacts, including a thick mantle and lower crustal
section with layered, foliated gabbro and discontinuous iso-
tropic/high-level gabbros, which correspond to the axial melt
lens where the sheeted-dike complex is rooted (Nicolas et al.,
2000; Goodenough et al., 2014). The sheeted dikes represent
the magmatic feeders of the volcanic upper crustal section,
which is broadly divided in two main stages (Ernewein et al.,
1988), V1 and V2, locally covered by Cenomanian-Turonian
pelagic sediments (93.9 Ma; Fleet and Robertson, 1980). A
third magmatic series, V3 (Godard et al., 2003), covering pe-
lagic sediments, is restricted to the north.

The nomenclature of the volcanic sequence varies accord-
ing to different authors. In this work we follow the revised
volcanostratigraphic scheme proposed by Gilgen et al. (2014)
and Belgrano et al. (2019) and use GB1/GB2 for axial and
postaxial intrusives. The extrusive section is divided into four
units, detailed descriptions of which can be found in Bel-
grano et al. (2019). The Geotimes unit corresponds to the
voluminous V1 axial stage, and the Lasail and the two Alley
units form the V2 off-axial stage (Ernewein et al., 1988; Go-
dard et al., 2003), although the eruption of Lasail lavas began
during the early stages of axial volcanism, thus representing
the transition from V1 to V2 stages (Belgrano and Diamond,
2019). The V3 unit comprises transitional to alkaline flows
and likely represents preobduction intraplate magmatism
(Alabaster et al., 1982; Ernewein et al., 1988). All units, ex-
cept the Boninitic Alley, present tholeiitic features and show
increasing depletion in incompatible elements (particularly
Ti, Nb, and Ta) toward the top of the sequence. Alteration
effects in the volcanic units range from zeolite to greenschist
facies assemblages.

The crustal intrusive units referred above (GB1) are intrud-
ed by late magmatic bodies (GB2; Benoit et al., 1996, 1999;
Nicolle et al., 2016), which, like the V2 volcanic sequence,
show depletion in incompatible elements, high-Mg, and hy-
drous character.

The significance of the two magmatic stages has led to
considerable debate regarding the geodynamic setting of
the Samail ophiolite. The V1/GB1 magmatism represents
the crustal accretion stage, generated at a mid-ocean ridge
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(MOR)-like spreading center, whereas the interpretation of
V2/GB2 magmatism is historically controversial, represent-
ing either (1) a protoarc setting developed above a shallow
subduction zone, as proposed for most Tethyan ophiolites
(Alabaster et al., 1982; Ishikawa et al., 2005; Goodenough et
al., 2014; Kusano et al., 2014), or (2) second-stage melting of
the V1I/GB1 mantle source, modified by deep hydrothermal
fluid circulation during intraoceanic thrusting (Ernewein et
al., 1988; Benoit et al., 1996, 1999; Einaudi et al., 2000; Go-
dard et al., 2006; Nicolle et al., 2016). Furthermore, recent
data suggest that the magmatic evolution of the Samail differs
from a typical MOR setting since its earliest stages. Signifi-
cantly, the hydrous nature of axial magmatism, together with
mild Nb-Ta negative anomalies and Ba enrichments, in com-
parison to typical MORB, suggests a subduction initiation
setting, which evolved to the typical oceanic-arc geochemi-
cal signatures of V2/GB2 (MacLeod et al., 2013; Kusano et
al., 2017). Available U-Pb zircon data from plagiogranitic and
gabbroic rocks also support the formation of oceanic crust in
two main stages: 96.1 to 95.6 and 95.6 to 95.2 Ma (Rioux et
al., 2021).

The Mandoos and Shinas deposits herein studied are lo-
cated in the northern Fizh block, beneath the gravels of Wadi
Sharaym and Wadi Hatta, respectively (Fig. 1B).

Sampling and Analytical Techniques

Grab samples were collected in the Mandoos open pit shortly
after mining operations ceased (profiles in Fig. 2). The main
set of samples was retrieved from exploration drill cores (Shi-
nas = 3, Mandoos = 6), offered to GUtech by Mawarid LLC,
relogged, and sampled; sample labeling in Mandoos (MD)
and Shinas (SH) drill cores is followed by downhole depth.
Samples were characterized macroscopically, and represen-
tative portions were selected for thin sections or polished
mounts and whole-rock geochemistry analyses: hanging-wall
and footwall (Mandoos = 40, Shinas = 19), jaspers (Mandoos
= 2, Shinas = 2), ochres (Mandoos = 42, Shinas = 3), umbers
(Mandoos = 4), gossan (Shinas = 1), and ores (Mandoos =
10, Shinas = 6). For Shinas heterogeneous footwall breccias,
quarter cores <20 cm long were processed. Surfaces were
abraded with emery or SiC before coarse crushing in a hard-
ened steel roll mill and pulverizing in agate mills.

Deposit modeling

Base metal 3-D modeling of the orebodies was made using
the Micromine-2014 software. For Mandoos, data represent
33 drill cores: 29 on a 50- x 50-m square grid in the open-pit
area, one ~1 km to the north, and three ~250 m to the south-
east. The Shinas deposit was modeled with data from 175 drill
cores, irregularly spaced. The open-pit design of both depos-
its and orebody shape and cross sections of Mandoos were
provided by Mawarid LLC. The Shinas orebody shape was
obtained by the authors, using the “Vein” and “Grade” func-
tions, merging the mine units “massive sulfide” and “silica
massive sulfide.” This allowed computing the spatial distribu-
tion of Cu and Zn grades. The thresholds used to define the
color-coded cutoff grades were the statistical values for mini-
mum, first quartile, median, and third quartile. Due to the low
Zn grades in Shinas, two thresholds were sufficient, and one
maximum outlier was discarded.
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Mine assay data

The lithological classification of assayed intervals for the ores,
jaspers, Fe sediments (umber + ochres), and gossans followed
those reported by Mawarid LLC. Basalts were further dis-
criminated into hanging wall and footwall with respect to the
ore lens or to gossans and Fe sediment layers, which mark the
ore horizon. Assayed intervals are 1 m in length, occasionally
longer for hanging-wall basalts, and tighter for Fe sediments
and ores to avoid sampling multiple rock types in a single anal-
ysis. Samples were analyzed by atomic absorption (AAS-55B
Agilent) at the Mawarid in-house lab of the copper concen-
trator plant in Sohar. Random duplicates were regularly sent
to SGS Oman for quality assurance/quality control (QA/QC)
certification.

A total of 1,563 and 10,596 assayed intervals for Fe, Cu, Zn,
Au, and Ag concentrations were processed for Mandoos and
Shinas, respectively. Arsenic, Mn, and Cd concentrations are
additionally available at Shinas, where some detection limits
(Au and Ag) are slightly lower. Mineral volume percents es-
timated considering average base metal concentrations are
presented in Table 1, as well as the different ore-type pro-
portions in each deposit (Mandoos = 100% massive sulfide;
Shinas = 63% silica massive sulfide + 37% massive sulfide).
Calculations were made as follows: (1) Cu grades were used
to calculate chalcopyrite volume percent, to which a propor-
tional amount of Fe was allotted; (2) Zn grades were used to
estimate the proportion of sphalerite; (3) the remaining Fe wt
% was assigned to pyrite and the remainder modal volume to
quartz volume percent.

Electron probe microanalyzer (EPMA)

Mineral chemistry data were obtained from polished thin sec-
tions and mounts, covered in 20-nm-thick carbon coatings, at
the Insituto Dom Luiz—Faculdade de Ciéncias da Universi-
dade de Lisboa (IDL-FCUL) using a JEOL-JXA 8200 micro-
probe equipped with four wavelength-dispersive spectrom-
eters (WDS), six analyzing crystals (LIF, LIFH, PET, PETH,
TAP, and LDED?2), plus secondary and retrodiffused elec-
tron detectors coupled to an energy-dispersive spectrometer
(EDS). Measurements were made with a 20-s acquisition time
for the peaks and 5 s for the background. The accelerating
voltage was 15 kV with a current beam of 25 nA and a beam
spot diameter of 5 pm. Natural mineral and metallic standards
were used, provided by Astimex Scientific Ltd. The standard
analytical errors (20) are ~2% relative to major elements; for
sulfides see Appendix 1. Representative chemical analyses of
all mineral phases are reported in Table 2 and Appendix 1.

X-ray diffraction (XRD)

Selected domains were sampled with a microdrill, whereas
whole-rock powders were used to identify the phyllosilicates
in the lavas. Twenty-six samples were processed at IDL-
FCUL with a Rigaku MiniFlex II diffractometer using Cu
Ka radiation with an output voltage and current of 30 kV and
15 mA, a graphite crystal monochromator, and a detector with
a NalI(T1) scintillator and a Be window. Samples were scanned
in the 3° to 90° range with 0.02° steps in continuous mode at a
0.40°/min rate. Data reduction and mineral identification was
performed with QualX software (Altomare et al., 2008).
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X-ray fluorescence (XRF)

Whole-rock major elements and base metal concentrations
(Si, Al, Mg, Na, K, P, S, Ca, Ti, Mn, Fe, Cu, and Zn) were
determined at Geobiotec using an Axios PANalytical spec-
trometer equipped with an Rh tube, argon/methane gas, and
IQ+ processing program. Loss on ignition (LOI) was deter-
mined for nonmineralized (hanging-wall) rocks by heating 1 ¢
of sample at 1,000°C for 1 h in a furnace.

Inductively coupled plasma-mass spectrometry (ICP-MS)

Whole-rock trace element concentrations were obtained
using an HR-ICP-MS ELEMENT XR at Géosciences En-
vironnement Toulouse-Observatoire Midi-Pyrénées (GET-
OMP), following the procedure reported in Barrat et al.
(2007). Sample preparation consisted of an HF-HClO4 di-
gestion procedure (Yokoyama et al., 1999) combined with a
thulium (Tm) addition (Barrat et al., 1996). The Tm addition
allowed the calculation of trace element compositions based
on the Tm positive anomaly in rare earth element (REE) pat-
terns. Therefore, there is no correction for any elemental loss
during the chemical procedure. Following digestion, samples
were diluted and analyzed to obtain all trace element con-
centrations. BHVO-2 was used as external standard following
Barrat et al. (2007). The yield was monitored and concentra-
tions calculated using the Tm anomaly (Barrat et al., 1996).
MG-PMS and UBN geostandards were measured using the
same procedure. Analytical blanks were systematically sub-
tracted to BHVO-2 and sample counts per second (cps).

Nd-Sr isotopes

Isotopic data were obtained at GET-OMP: 100 mg of whole-
rock powder was weighed in a Teflon beaker and dissolved in
an HF/HNOs/HCI 2:1:1 mixture. Neodymium and Sr were
extracted from the matrix using a combination of Sr-Spec, Th-
ru-Spec, and Ln-Spec resins. An equivalent of 500 ng Sr and
150 ng Nd were run on a MAT261 Finnigan mass spectrometer,
except Shinas samples, which were measured on a TRITON+
Thermo-Scientific mass spectrometer following the protocols
of CF. Li et al. (2011, 2012) after Sr and REE purification.
NBS987 and La Jolla isotopic standards were regularly run dur-
ing measurements. Standard reproducibility is 0.510855 + 18
(n = 50) for La Jolla and 0.710250 + 35 (n = 70) for NBS987.
Typical blanks are 50 pg for Nd and 150 pg for Sr.

Geology of the Mandoos Deposit
Orebody morphology and base metal distribution

The Mandoos orebody is unconformably overlain by 4- to
34-m-thick fluvial carbonate-cemented gravels (wadi gravels).
The SE-dipping orebody extends for a length of ~550 m and
a maximum width of 370 m. The thickness of the lenticular
orebody ranges from 1 to 90 m and is locally controlled by a
set of north-south to northwest-southeast faults, dipping 55°
to 70° to the east-northeast, generating a half-graben paleoto-
pography (Fig. 2A; Apps. 2, 3).

Considering the main sulfide phases known to occur in the
massive sulfides, a calculated mineralogy based on the Fe,
Cu, and Zn assay average concentrations in massive sulfides
indicates a composition of 83 vol % pyrite, 11 vol % quartz,
5.4 vol % chalcopyrite, and 0.9 vol % sphalerite, consistent
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MANDOOS AND SHINAS VMS DEPOSITS, OMAN 1091

. with petrographic observations. Considering the orebody vol-
LS —xmeg < ume provided by Mawarid Mining LLC, a total of 8 Mt of mas-
2 “ sive sulfides is calculated at an average Cu = 1.8 wt % and Zn =
0.6 wt %, using the 0.3 wt % Cu cutoff grade. The orebody was
) o @® not completely mined, and there may be potential for under-
ST MR = ground mining. The northern area of the open pit corresponds
to the thickest domain of sulfide ore (~90 m) and is bounded
e e e e o @ - by northwest-southeast to north-south faults. Other sulfide ac-
SRR R 2828 e cumulations occur along the northeast-southwest axis (~5 m)
RERS & — and at the southeast distal area (<5 m). The thickest ore do-
main does not correlate with the highest Cu-Zn grades, which
—~men g — o & are found toward the center of the open pit (Fig. 2; Apps. 2,
= ~ b - 3). Copper- and Zn-rich domains mostly overlap except to the
southeast of the thickest sulfide accumulation, where the ores
11y o = oy o . are Cu rich but Zn poor (Fig. 2B; Apps. 2, 3).
Massive sulfide mineralization, jaspers, ochres, and umbers
o e o o E o Massive sulfide ores from Mandoos are mostly composed
=3sSz = 2 = of heterometric (mm to cm), poorly sorted sulfide breccias,
% where jigsaw-fit-like textures are locally preserved (Fig. 3A,
= B). The sulfide breccias are cemented by quartz, carbonate,
RN SSO23 § P chlorite, fine-grained pyrite and chalcopyrite, and rare lau-
m ” s 0 montite. Ore mineralogy is dominated by pyrite and marca-
E site (=80 vol %) with variable amounts of chalcopyrite and
Saag cezza g = sphalerite, Cu-rich phases (e.g., bornite, spionkopite), and
22222 S2322 § 2 traces of galena. Several features preserved within the brec-
P cia clasts represent pristine hydrothermal textures, namely
_ e o o (1) pyritized tube-worm sections (Fig. 4A), (2) framboidal
E SR SNS2Z ¢ 2 pyrite aggregates (<100 pm), usually enclosed by idiomorphic
S} 2 pyrite + chalcopyrite and less commonly by sphalerite or Cu-
. X g rich sulfides (Fig. 4B, C, E), and (3) banded (Fig. 4D), collo-
= Suoog Sgane & o9 form, or euhedral laths comprising pyrite, marcasite (Fig.
= SRS SS cHcSsS E oo 4F), and Cu-rich sulfides with marcasite and sphalerite inclu-
?:Jw sions. Primary pyrite-rich textures are often recrystallized to
. - : 2 coarse-grained crystals where the growth zoning is outlined
2 $ET § PET ZEY by alternating porous/recrystallized domains, sphalerite or
NEEEKE: HER R marcasite inclusions, and brecciated chalcopyrite (Fig. 4C,
E=225 =EZE2s O=% E). Marcasite occurs as large, bladed crystals in pyrite-rich
samples (Fig. 4F). Textures in sphalerite and chalcopyrite-
rich ores comprise euhedral wurtzite replaced by sphalerite
o wmno QN0 © - with chalcopyrite inclusions (Fig. 4G) and sphalerite masses
® - £ with oriented chalcopyrite intergrowths; open spaces are
E infilled by idiomorphic and massive pyrite. Galena occurs
=2835 —R32=% E sparsely as small inclusions in sphalerite and pyrite. Early
ceeee creeo RS formed Fe-Cu sulfides (e.g., cubanite) are replaced by chal-
= copyrite. Chalcopyrite is locally replaced by bornite (Fig.
i< o1 &1 © &1 o~ o - § 4C, G) and spionkopite. Rare Mn-rich jasper clasts comprise
B R SR I g euhedral pyrolusite in a cryptocrystalline silica matrix crossed
g by romanechite veins.
o — oo o1 1n = The ores are locally altered to ochres (Fig. 3D) displaying
=2z coZsh ki breccia-like textures reminiscent of the sulfide breccias: clasts
" - E of hematite and goethite (replacing pyrite aggregates) are
9 4 cemented by a cryptocrystalline silica-rich matrix with finely
d E2E28 g E=28ER 3 disseminated goethite and hematite (Fig. 4H). Relic chalco-
g °°°° 5 -Tees 2 pyrite is occasionally replaced by spionkopite and bornite, and
= E E atacamite fills vugs with Fe hydroxides (Fig. 4I). XRD analy-
E = £ ses also indicate the presence of jarosite.
tgl - o o :: . o o8 g The massive sulfides are locally interbedded with metallif-
55 . :En% = % & iy :Eﬁ_é' g P erous mudstones (umbers; Fig. 3C, E), which comprise layers
g lgszsE fLlEsz3&E 2 of fine-grained phyllosilicates and Fe (oxy)hydroxides. Close
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1092 CRAVINHO ET AL.

Table 2. Electron Probe Microanalyses of Sulfides from the Mandoos and Shinas Deposits (wt %)

Mandoos

Pyrite n = 309

S Fe Cu Zn Pb Co Mn As Au Ag Se In Sb ¥
Min 47.82 41.09 <0.03 <0.06 <0.06 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.03 <0.03 97.06
Max 54.05 47.07 8.98 2.79 0.71 0.84 0.64 0.57 0.07 0.45 0.27 0.10 0.10 101.1
Average 52.92 45.97 0.37 0.14 <0.06 0.03 0.03 0.03 <0.02 <0.02 <0.02 <0.03 <0.03 99.68
Median 53.10 46.25 <0.03 <0.06 <0.06 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.03 <0.03 99.83
Std Dev 0.69 0.85 1.03 0.37 0.08 0.06 0.08 0.07 <0.02 0.03 0.03 <0.03 <0.03 0.74
Marcasite

S Fe Cu Zn Pb Co Mn As Au Ag Se In Sb ¥
Min 51.27 42.93 <0.03 <0.06 <0.06 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.03 <0.03 97.84
Max 53.87 46.91 3.98 0.98 0.39 0.08 1.37 0.47 0.10 0.06 0.05 0.08 0.05 101.1
Average 53.03 45.99 0.18 0.08 <0.06 <0.02 0.07 0.02 <0.02 <0.02 <0.02 <0.03 <0.03 99.56
Median 53.13 46.15 <0.03 <0.06 <0.06 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.03 <0.03 99.60
Std Dev 0.46 0.61 0.49 0.16 0.06 <0.02 0.20 0.05 0.02 0.02 0.01 0.02 0.01 0.65
Chalcopyrite

S Fe Cu Zn Pb Co Mn As Au Ag Se In Sb ¥
Min 32.60 26.83 31.61 <0.06 <0.06 <0.03 <0.02 <0.02 <0.03 <0.03 <0.02 <0.03 <0.03 97.41
Max 36.43 32.59 38.14 5.03 0.27 0.21 0.11 0.07 0.07 0.07 0.10 0.10 0.10 101.6
Average 34.86 30.20 34.20 0.44 <0.06 <0.03 <0.02 <0.02 <0.03 <0.03 0.02 <0.03 <0.03 99.94
Median 34.93 30.33 34.30 0.09 <0.06 <0.03 <0.02 <0.02 <0.03 <0.03 <0.02 <0.03 <0.03 100.2
Std Dev 0.37 0.61 0.91 0.76 <0.06 0.04 0.02 0.02 <0.03 <0.03 0.02 <0.03 <0.03 0.84
Sphalerite mol %

S Fe Cu Zn Pb Mn As Au Ag Cd ¥ Fe/Zn FeS T
Min 31.90 <0.02 <0.03 45.99 <0.06 <0.03 <0.02 <0.02 <0.03 <0.03 97.40 0.00 0.00 227
Max 39.10 14.29 1.90 67.89 0.50 413 0.20 0.10 0.10 0.70 1019 0.31 26.67 387
Average 33.33 1.95 0.39 63.78 <0.06 0.17 <0.02 <0.02 <0.03 0.25 100.1 0.03 3.69 251
Median 33.30 1.19 0.24 64.36 <0.06 <0.03 <0.02 <0.02 <0.03 0.22  100.2 0.02 2.15 241
Std Dev 0.53 2.17 0.44 3.02 0.06 0.02 <0.02 0.02 0.02 0.16 1.01 0.04 4.25 27
Galena

S Fe Cu Zn Pb Sb Ge Ag As Au Mn Se Co ¥
Min 12.95 0.07 0.09 0.47 85.68 <0.04 <0.02 <0.03 <0.03 <0.04 <0.04 <0.03 <0.03 100.2
Max 13.63 0.34 0.50 2.06 87.25 0.27 0.04 <0.03 <0.03 <0.04 <0.04 0.07 0.04 102.7
Average 13.45 0.15 0.32 1.06 86.31 0.14 <0.02 <0.03 <0.03 <0.04 <0.04 <0.03 <0.03 101.5
Median 13.59 0.11 0.38 0.56 86.39 0.11 <0.02 <0.03 <0.03 <0.04 <0.04 <0.03 <0.03 101.5
Std Dev 0.28 0.11 0.19 0.63 0.65 0.11 0.02 <0.03 <0.03 <0.04 <0.04 0.03 <0.03 1.12
Bornite

S Fe Cu Zn Pb As Au Ag In Sb Cd Se Mn ¥
Min 26.09 11.30 61.32 <0.06 <0.05 <0.02 <0.03 <0.03 <0.03 <0.03 <0.03 <0.02 <0.03 100.0
Max 26.64 12.18 64.00 0.91 0.14 0.04 0.04 0.05 0.08 0.04 0.04 0.04 0.04 102.0
Average 26.27 11.46 63.20 0.19 0.09 <0.02 <0.03 <0.03 <0.03 <0.03 <0.03 <0.02 <0.03 101.3
Median 26.27 11.58 62.85 0.24 0.08 <0.02 <0.03 <0.03 <0.03 <0.03 <0.03 <0.02 <0.03 101.2
Std Dev 0.14 0.26 0.88 0.26 0.06 <0.02 <0.03 <0.03 <0.03 <0.03 <0.03 <0.02 <0.03 0.69
Other Cu sulfides

S Fe “u Zn Pb As Au Ag Sb ) Cd Mn Y
Min 24.93 1.25 22.36 <0.07 <0.06 <0.02 <0.02 <0.02 <0.03 <0.02 <0.03 <0.03 91.09
Max 41.09 34.72 72.77 25.07 0.29 12.64 0.07 0.13 1.03 0.05 0.05 0.11  102.0
Average 30.39 13.67 50.95 2.47 0.06 1.13 <0.02 0.03 0.11 <0.02 <0.03 <0.03 99.24
Median 30.71 13.64 53.34 0.42 0.06 0.00 <0.02 0.02 <0.03 <0.02 <0.03 <0.03 99.47
Std Dev 3.40 6.77 11.45 4.77 0.06 2.78 0.02 0.03 0.25 <0.02 <0.03 <0.03 1.67

Shinas

Pyrite

S Fe Cu Zn Pb Co Mn As Au Ag Se In Sb ¥
Min 50.90 42.34 <0.03 <0.06 <0.06 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.03 <0.03 98.17
Max 53.86 4741 1.69 5.97 0.31 0.65 0.12 1.50 0.07 0.07 0.10 0.08 0.06 101.3
Average 53.04 46.42 0.07 0.10 <0.06 0.06 <0.02 0.03 <0.02 <0.02 <0.02 <0.03 <0.03 99.82
Median 53.12 46.53 <0.03 <0.06 <0.06 0.03 <0.02 <0.02 <0.02 <0.02 <0.02 <0.03 <0.03 99.92
Std Dev 0.43 0.57 <0.03 0.48 0.06 0.10 <0.02 0.12 0.02 0.02 0.02 0.02 0.02 0.68
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Table 2. (Cont.)

Shinas

Chalcopyrite

S Fe Cu Zn Pb Mn Au Ag Cd Se In Sb Y
Min 34.26 29.63 33.33 <0.06 <0.06 <0.03 <0.02 <0.02 <0.03 <0.03 <0.02 <0.03 <0.03 98.75
Max 35.27 30.91 36.73 0.40 0.24 0.06 0.06 0.05 0.06 0.05 0.11 0.06 0.05 1015
Average 34.84 30.40 34.68 0.06 <0.06 <0.03 <0.02 <0.02 <0.03 <0.03 0.02 <0.03 <0.03  100.1
Median 34.85 30.44 34.62 <0.06 <0.06 <0.03 <0.02 <0.02 <0.03 <0.03 0.02 <0.03 <0.03  100.1
Std Dev 0.24 0.30 0.64 0.07 <0.06 <0.03 <0.02 <0.02 <0.03 <0.03 0.03 <0.03 <0.03 0.73
Sphalerite 1 mol %

S Fe Cu Zn Pb Mn Au Ag Cd Y Fe/Zn FeS T
Min 33.45 0.86 <0.03 51.07 <0.06 <0.03 <0.02 <0.02 <0.03 <0.03 98.21 0.01 1.61 23
Max 34.07 12.95 1.42 63.50 0.05 0.03 0.02 <0.02 0.06 1.75 100.4 0.25 2290 372
Average 33.70 6.38 0.66 57.60 <0.06 <0.03 <0.02 <0.02 <0.03 0.46 98.93 0.12 11.40 285
Median 33.66 3.88 0.56 59.60 <0.06 <0.03 <0.02 <0.02 <0.03 0.21 98.70 0.06 6.67 276
Std Dev 0.20 4.60 0.66 4.89 <0.06 <0.03 <0.02 <0.02 <0.03 0.58 0.83 0.09 8.16 51
Sphalerite 2 mol %

S Fe Cu Zn Pb Mn Au Ag Cd Y Fe/Zn FeS T
Min 33.10 0.01 <0.03 58.50 <0.06 <0.03 <0.02 <0.02 <0.03 <0.03 98.00 0.001 0.12 228
Max 35.20 6.50 1.30 65.40 0.20 <0.03 <0.02 <0.02 0.10 1.10 101.2 0.11 11.55 313
Average 33.61 1.45 0.19 63.31 <0.06 <0.03 <0.02 <0.02 <0.03 0.20 98.91 0.02 2.61 245
Median 33.61 1.19 0.09 63.53 <0.06 <0.03 <0.02 <0.02 <0.03 0.14 98.89 0.02 2.14 242
Std Dev 0.35 1.42 0.27 1.60 <0.06 <0.03 <0.02 <0.02 <0.03 0.23 0.66 0.02 2.54 18
Chalcocite

S Fe Cu Zn Pb Cd Mn As Au Ag Se In Sb T
Min 19.79 0.02 76.02 <0.07 <0.06 <0.03 <0.03 <0.02 <0.02 <0.02 <0.02 <0.03 <0.03 98.60
Max 21.72 2.61 80.63 0.18 0.09 0.04 0.03 0.06 0.05 0.10 0.03 0.06 0.06 102.7
Average 21.23 0.57 79.41 <0.07 <0.06 <0.03 <0.03 0.02 <0.02 0.03 <0.02 <0.03 <0.03 1014
Median 21.30 0.18 79.83 <0.07 <0.06 <0.03 <0.03 <0.02 <0.02 0.03 <0.02 <0.03 <0.03 101.6
Std Dev 0.48 0.78 1.24 <0.07 <0.06 <0.03 <0.03 0.02 0.02 0.03 <0.02 <0.03 <0.03 1.09

to the contact with massive sulfides, the Fe (oxy)hydroxide
layers are interbedded with sulfide-rich layers (pyrite + chal-
copyrite + sphalerite + covellite). Umbers within the hanging-
wall sequence contact with the volcanic rocks via intense he-
matite dissemination in the igneous matrix and are crosscut by
late calcite veinlets (Fig. 3E).

Host rocks and hydrothermal alteration

Footwall: The footwall sequence is composed of massive and
pillowed basaltic lavas strongly overprinted by hydrothermal
alteration. The primary mineralogy and textures are mostly
obliterated, except for swallowtailed plagioclase microlites,
where albite cores are overgrown by quartz (Fig. 5A). Silici-
fication, pyrite dissemination, albitization, and Al-rich clays
(beidellite) are more common in domains closest to the ore-
body (Fig. 3F). The silicified rocks are affected by a tight net-
work of quartz veins (often with comb texture) with pyrite +
chalcopyrite + sphalerite + galena. These veins develop into
microcrystalline quartz bands sometimes reopened via crack-
seal mechanisms and infilled by late calcite or zeolites + pyrite
(Fig. 5C, D). The silica + pyrite alteration halos are surround-
ed by chlorite + quartz + pyrite alteration zones (Fig. 5B). In
these chlorite + quartz + pyrite zones, chlorite is more Mg
rich (#Mg 0.59-0.74) than chlorite cementing the ore brec-
cias (#Mg 0.46-0.53), which display a trend of decreasing Al/
Si with FeO/(FeO + MgO) (App. 4).

Hematite + quartz veinlets and mineralized jaspers are
common in the footwall (Fig. 3H). The jaspers have dissemi-
nated pyrite + sphalerite + chalcopyrite (altered to Cu-rich

sulfides) within the microcrystalline silica + hematite matrix.
Footwall jaspers are crisscrossed by quartz + chalcopyrite +
pyrite + sphalerite veins with bleaching halos (Fig. 5E).

Hanging wall: The hanging-wall sequence comprises perva-
sively altered (>90% of the primary phases) massive and pil-
lowed lava flows. Rare monomict autoclastic breccias occur at
the top of lava flows and/or at the contact between individual
pillow lavas.

The basaltic rocks are vesicular microporphyritic, and pri-
mary textures are poorly preserved (Fig. 31, ]). Plagioclase
(Ans7o-s49; An = anorthite) and clinopyroxene (Enzs6Wozs 44
Fsg 3s; En = enstatite, Fs = forsterite, Wo = wollastonite) mi-
crophenocrysts occur as unzoned single crystals and as glome-
rophyric clusters in a matrix composed of plagioclase, clinopy-
roxene microlites, and disseminated magnetite (Fig. 5F-H).
The matrix is extensively altered to brownish-greenish clays
(corrensite; Apps. 1, 4; Fig. 5F-I; Mosser-Ruck et al., 2016)
and is locally intergrown with fine-grained quartz. Pyroxene
is replaced by chlorite and clays (Fig. 5G) and plagioclase by
patches of albite (Absa.1-996). Vesicles are filled with brown-
greenish corrensite, calcite, or quartz (Fig. 5I). Veinlets in the
hanging wall are filled with zeolites (epistilbite + laumontite),
calcite, and minor chlorite. Hematite + carbonate (Fig. 5])
and hematite + quartz + chlorite veinlets are common in the
extrusive section of the ophiolite and thought to postdate ob-
duction (Belgrano et al., 2019).

The footwall sequence is intruded by dolerite dikes, pre-
sumably the feeders of the hanging-wall volcanic sequence.
These display well-developed intersertal textures, with clino-
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1094 CRAVINHO ET AL.

Fig. 3. Representative samples of the Mandoos deposit. (A) Sphalerite- and chalcopyrite-rich massive sulfide breccia, with
pyrite + chalcopyrite clasts, set in a fine-grained pyrite + quartz + sphalerite matrix. (B) Sulfide breccia with jigsaw-fit texture:
pyrite clasts cemented by quartz + pyrite matrix. (C) Contact between sulfide breccia (with sphalerite-rich clasts) and sulfide-
rich umber. (D) Fe (oxy)hydroxide ochre. (E) Umber with carbonate veinlets. (F) Silicified footwall with disseminated pyrite
and quartz + zeolite veins. (G) Chloritized footwall with pyrite dissemination, and quartz + pyrite veins. (H) Mineralized
jasper with quartz + sulfide veins. (I) Microporphyrytic basalt (hanging wall) with carbonate amygdules and veins. (J) Micro-
porphyritic basalt (hanging wall) with carbonate + hematite + chlorite vein.
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Fig. 4. Mineralogical and textural features of Mandoos ores and ochres. (A) Pyrite (Py)-rich breccia cemented by quartz (Qz)
with pyritized worm tube burrow sections. (B) Clast with colloform texture in pyrite + chalcopyrite (Cep) breccia. (C) Pyrite
+ chalcopyrite breccia cemented by quartz: brecciated pyrite clasts cemented by chalcopyrite (left) and framboidal pyrite
aggregates (right), with sphalerite (Sph) and chalcopyrite replaced by bornite (Bn). (D) Banded colloform pyrite aggregates.
(E) Framboidal and brecciated idiomorphic pyrite replaced by chalcopyrite (locally replaced by bornite). (F) Marcasite laths
(Mrc) and pyrite intergrown with quartz. (G) Sphalerite after wurtzite (Wur); hexagonal sections with chalcopyrite inclusions
(locally replaced by bornite). (H) Hematite (Hem) and goethite (Gth) after pyrite in ochre. (I) Atacamite (At) crystals within
pyrite pseudomorph. Scale bars = 400 pm.
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Fig. 5. Mineralogical and textural features of Mandoos footwall (A-E) and hanging-wall (F-]) volcanic rocks. (A) Chlorite +
quartz + pyrite alteration with disseminated pyrite (Py) with quartz (Qz) and silicified feldspar. (B) Microcrystalline quartz
veinlet, with pyrite + chalcopyrite (Ccp) in moderately silicified footwall. (C) Quartz + zeolites (Zeo) filling a vesicle in silici-
fied footwall. (D) Crack-and-seal vein in jasper: quartz + sulfide followed by carbonate (Cb) + pyrite. (E) Quartz + pyrite
+ chalcopyrite vein showing a bleached halo at the contact with the jasper. (F) Microporphyritic basalt with feldspar (Fsp)
microlites in clay-altered matrix. (G, H) Clay alteration in the matrix; clinopyroxene and feldspar microphenocrysts. (I) Clay-
infilled vesicle. (J) Carbonate + hematite veins. Scale bars = 400 pm. Abbreviations: Chl = chlorite, Cpx = clinopyroxene,
Hem = hematite.
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pyroxene and plagioclase microphenocrysts in a brownish
clay-rich altered matrix, including magnetite and accessory
acicular apatite.

Geology of the Shinas Deposit
Orebody morphology and base metal distribution

The Shinas deposit comprises a northwest-southeast len-
ticular, elongated massive sulfide orebody (~160 m), gently
dipping to the southeast. Two central pipe-like feeder zones
extending down to 120 m underlie the orebody, which ranges
in thickness from 25 to 40 m beneath the southeast feeder
(Fig. 6; Apps. 3, 5). Calculated mineralogy using mine as-
say data for sulfide ores indicates an average composition of
40 vol % pyrite, 52 vol % quartz, 7.5 vol % chalcopyrite, and
0.4 vol % sphalerite, consistent with petrographic observa-
tions. Considering our calculated orebody volume of 0.82 Mt
and the relative proportion of silica-rich/massive sulfide ores
using a 0.3 wt % Cu cutoff grade, an average Cu = 2.6 wt %,
and Zn = 0.3 wt % are calculated.

The spatial distribution of Cu and Zn grades shows that the
feeder zones and the overlying orebody are Cu rich (>2 wt %).
A smaller sulfide accumulation to the southwest (not integrat-
ed in the model) also has significant Cu grades (>1.19 wt %).
Higher Cu concentrations (>3.6 wt %) likely represent areas
of secondary enrichment. Zinc grades roughly overlap the Cu-
rich domains near the feeder zones but are higher (>0.36 wt %)
in the periphery of the orebody (Apps. 3, 5).

Massive sulfide mineralization and ochres

Shinas massive ores comprise breccias with heterometric sul-
fide clasts embedded in a quartz-rich matrix with disseminat-
ed sulfide (Fig. 7A; silica-sulfide). Sulfide clasts are elliptical
or form coarsely banded structures (Fig. 7A, B) and micro-
scopically correspond to subhedral pyrite aggregates engulfed
by anhedral chalcopyrite (Fig. 8A). Less common textures
include bladed, radial pyrite arrays (Fig. 8B) and massive
pyrite cut by radial vein networks of chalcopyrite (Fig. 8C,
here replaced by chalcocite). Sphalerite occurs as minute in-
clusions in pyrite or larger grains associated with chalcopyrite
(Fig. 8A). The granular quartz matrix (<0.5 mm) locally forms
colloform bands on sulfides (Fig. 7A, B).

Two jasper generations are observed throughout the depos-
it: (1) jasper I, dark red/maroon, mostly forming the matrix
of the footwall breccia (see below; Fig. 7C), and (2) jasper
I1, bright red, commonly veining the massive ores (Fig. 7B).
Most of the deposit is capped by ~1-m-thick ochre (hema-
tite + quartz). An oxidation paleosurface is marked by a vuggy
skeletal silica-rich gossan preserving earthy-orange aggregates
from sulfide oxidation. The effects of oxidation fade out down-
hole for ~20 m to oxidized ores where chalcopyrite was re-
placed by chalcocite (Fig. 8C).

Host rocks and hydrothermal alteration

Footwall: The footwall comprises hydrothermal breccias (Fig.
6), classified as matrix supported and clast supported. The ma-
trix-supported breccia grades down from the massive sulfides
through ~30 m and comprises fragmented, fully altered, and
often rounded basalt clasts (Fig. 7D, E) plus rare clasts from
the underlying clast-supported breccia (Fig. 7F). The matrix-
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supported breccia comprises trails of yellow Al-rich phyllosili-
cates (beidellite; Fig. 8D, E). The basalt clasts include silici-
fied plagioclase laths within a dark quartz-rich chlorite matrix
(Fig. 8F; #Mg 0.63-0.65) with sparsely disseminated pyrite
and micron-sized TiOs oxides.

The contact between both breccia units is gradational over
a few meters with progressively larger clast-supported brec-
cia lithoclasts included in the matrix-supported breccia as-
semblage (Fig. 7G). The clast-supported breccia has green-
ish basalt clasts (<50 mm) with jigsaw-fit texture cemented
by discolored jasper I (Fig. 8G) and cut by sulfide + quartz
veins. Across the clast-supported breccia unit, chlorite #Mg
decreases downhole (0.52—-0.62). Sulfide abundance decreas-
es sharply downhole, from 30 vol % at the matrix-supported
breccia-massive sulfide contact down to ~3 vol % in the clast-
supported breccia unit. Mineralization is associated with the
vein network crosscutting the clast-supported breccia unit
(quartz + pyrite + chalcopyrite + sphalerite; Fig. 7H) that co-
alesces to form the quartz-rich matrix of the matrix-supported
breccia unit; basalt lithoclasts bear only pyrite. Late veining in
the matrix-supported breccia unit comprises (1) early jasper
I veins rimmed by brecciated pyrite (Fig. 7D) and (2) wispy,
microgranular quartz veinlets.

Hanging wall: The hanging wall comprises vesicular ba-
saltic facies with intergranular texture where up to 70 vol %
of the original assemblage was replaced by secondary min-
erals. Plagioclase (Angsosgs) forms a 0.2-mm lath network
that is 70 to 80% altered to albite + quartz. Pyroxene (Enss_s0
Woss 44Fs10-26) develops anhedral to prismatic grains exten-
sively altered (>80%) to green-brown fibrous phyllosilicate ag-
gregates (corrensite; Apps. 1, 4; Fig. 8I). Oxidized magnetite,
quartz, and sulfides occur in decreasing relative amounts. The
dolerite dikes have similar textural and mineralogical features
relative to the basaltic rocks, with coarser-grained minerals
and lower alteration (~40%). Scarce veinlets of Mn-bearing
siderite + Fe oxides + quartz + clays crosscut the hanging-wall
sequence.

Composition of Sulfides

The chemical composition of sulfide phases is summarized in
Table 2.

Pyrite and marcasite

Pyrite shows mild enrichment in a few minor elements (<2 wt
%) that are distinct for each deposit (Table 2). In Mandoos,
pyrite is consistently enriched in Cu, Zn, and Mn relative to
Shinas. Framboidal aggregates (Fig. 4C) display higher Cu
concentrations relative to colloform or massive/euhedral py-
rite (Fig. 4A, C, D, G), which has higher Zn/Cu ratios. Pyrite
from Shinas (Fig. 8A, B) displays a systematic Co enrichment
and similar As concentrations relative to Mandoos. Aver-
age concentrations for other elements lie close or below the
detection limit of the EPMA (Table 2). Marcasite (Fig. 4F)
occurs only in Mandoos and presents similar compositional
features as pyrite, except for lower Cu and As and higher Mn
concentrations.

Cu sulfides

Chalcopyrite from Mandoos (Fig. 4B, C) shows a negative
correlation between Cu and Zn concentrations, suggesting
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Fig. 6. Geology of the Shinas deposit. (A) Location of the drill cores used for modeling and sampling. (B) Cross section with
projected Cu and Zn mine assay modeled grades. (C) Lithostratigraphic column based on this work’s logging. VMS = volca-

nogenic massive sulfide.
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Fig. 7. Macroscopic features in Shinas ores and footwall. (A, B) Silica-massive sulfide with sulfide fragments embedded in a
quartz matrix, crosscut by jasper II. (C) Crosscutting relationships between jasper I (matrix of the clast supported breccia)
and jasper II. (D, E) Matrix-supported breccia: disaggregated basalt clasts within pyrite + chalcopyrite + quartz matrix; jasper
I vein rimmed by sulfides + quartz. (F) Matrix-supported breccia: rounded basalt and clast-supported breccia lithoclasts.
(G) Transition between breccia units: large clast-supported breccia lithoclasts veined by quartz + phyllosilicate + sulfide that
make up the matrix-supported breccia matrix. (H) Clast-supported breccia: angular basalt lithoclasts brecciated by jasper I.
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Fig. 8. Mineralogical and textural features of Shinas deposit. (A) Massive ore: pyrite (Py) replaced by chalcopyrite (Cep) with
small sphalerite (Sph) grains. (B) Bladed pyrite in massive ore. (C) Brecciated pyrite cemented by chalcocite (Cct) after chal-
copyrite. (D, E) Matrix-supported breccia quartz matrix with interspersed yellow phyllosilicates and quartz (Qz) colomorphic
bands around pyrite. (F) Matrix-supported breccia basalt lithoclasts (right) showing silicified plagioclase laths in quartz +
phyllosilicate matrix with disseminated pyrite, cut by quartz + pyrite vein (left). (G, H) Clast-supported breccia: basalt litho-
clast (silicified plagioclase in chlorite + pyrite matrix) in jasper I matrix cut by mineralized quartz + pyrite + chalcopyrite vein.
(I) Dolerite matrix altered to corrensite. Scale bars = 400 pm. Fsp = feldspar.
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lattice replacement. Zinc concentrations are comparatively
lower in samples from Shinas (Table 2).

Bornite (Fig. 4C, E, G) in Mandoos samples is close to
the ideal stoichiometry, with low Zn and Pb concentrations,
similar to the precursor chalcopyrite. Other Cu sulfides from
Mandoos (optically indistinguishable) yield nonstoichiometric
compositions along two main trends: (1) from fukuchilite- and
cubanite-like compositions toward chalcopyrite and (2) re-
placing chalcopyrite toward bornite, covellite, and spionko-

pite (App. 4).
Sphalerite

Sphalerite from Mandoos ores (Fig. 4E, G) has a relatively
homogeneous composition, with low Fe concentrations, lead-
ing to average Fe/Zn ratios and FeS mol % of 0.04 and 3.8,
respectively (App. 4). Sphalerite in veins, replacing wurtzite,
or intergrown with chalcopyrite shows more limited varia-
tion in Fe (<1.4 wt %). The Cu concentrations of sphaler-
ite without chalcopyrite disease are below 2 wt %. A few
sphalerite masses have significant Mn (<4.1 wt %) and Fe
(1.4-8.7 wt %). Minor elements in Mandoos include Cd and
Pb. The composition of sphalerite in the footwall rocks closely
resembles that of the ores with average (X) Fe/Zn and FeS
mol % X = 0.02 and 2.8, respectively, and minor concentra-
tions of Cu, Cd, and Mn (Table 2).

In Shinas (Fig. 8C), two groups of sphalerite can be distin-
guished: (1) sphalerite inclusions in pyrite show higher Fe and
Cu leading to high FeS mol % (X = 11.4), and (2) sphalerite
coprecipitating with pyrite and chalcopyrite has significantly
lower Fe (FeS mol % X = 0.03). All analyses show minor Cd
concentrations (Table 2).

Galena

Galena in the Mandoos footwall and Zn-rich ores has minor
concentrations of Zn, Cu, Fe, and Sb (Table 2).

Whole-Rock Geochemistry

Host volcanic rocks

Major and trace element analyses of the hanging-wall and
footwall volcanic rocks are reported in Table 3. Major element
concentrations referred to in the text and plotted in Figure 9
were normalized to an anhydrous (AN) basis. Based on tex-
tural and mineralogical criteria previously presented we can
distinguish between footwall rocks that show chlorite-domi-
nated alteration and those where silicification prevails; for the
Shinas deposit, this equates to the clast-supported breccia and
matrix-supported breccia, respectively.

The footwall rocks from Mandoos are the only rocks with
TiOs > 1 wt %-an. All analyzed rocks show fractionation trends
from basalt to andesite with tholeiitic affinity (App. 6; Pearce,
1996; Ross and Bédard, 2009).

Hanging-wall lavas and dolerites: Average loss on ignition
(LOI) values are 4.36 wt % for Mandoos and 3.16 wt % for
Shinas and as high as 13.9 wt %, indicating that all rocks un-
derwent extensive alteration. In Mandoos, SiOs is positively
correlated with NayO, TiOs, P2Os, and Zr and negatively cor-
related with MgO, Al,O3, CaO, and Fe;Os, forming trends
reminiscent of magmatic differentiation processes combined
with alteration effects. Such trends are less evident in Shinas
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rocks because of more limited sampling of hanging-wall lavas
(Fig. 9). Mandoos lavas have a wider range of #Mg (molar Mg/
Mg + Fe: 43-67) relative to Shinas (48-64). Chromium and
Ni concentrations follow similar trends with a large and gen-
erally more evolved span for Mandoos (X = 25 £43, 15 + 15
ng/g) relative to Shinas (X = 58 + 24, 34 £+ 5 pg/g; + referring
to 1o standard deviation). For both deposits, Na;O concentra-
tions at given MgO lie at the lower range of mid-ocean ridge
basalt (MORB; White and Klein, 2014); CaO shows marked
depletion (Xyors = 11.46 + 0.91 wt %) and K20 is enriched
well above MORB (Xyors = 0.19 £ 0.18 wt %) reflecting the
combined effects of pyroxene breakdown, clay formation, and
plagioclase albitization.

Chondrite (CN)-normalized REE patterns for Mandoos
samples (Fig. 10A) are characterized by enrichments between
(2-22)cx and a broad range of light (L)REE depletion ((La/
Sm)cn = 0.42-0.62) throughout the thick hanging-wall se-
quence. Small negative Eu anomalies (EwEu* = Eucn/(Smen
x Gden), Xatandoos (p) = 0.89) suggest plagioclase fraction-
ation. The REE patterns for Shinas hanging-wall display lower
bulk REE abundances (5-14)cx but milder LREE depletion
(La/Sm)cn = 0.78-0.81 (Fig. 10B). Dolerites have lower REE
abundances and show less pronounced Ti negative anomalies
in primitive mantle (PM)-normalized plots, indicating they
represent less fractionated equivalents, as expected for the
putative feeders of their hanging-wall lavas.

All lavas display small Ce negative anomalies (Ce/Ce” = 3
x Ceon/(2 x Lacn + Nden; Xup = 0.92; Xshinas sy = 0.97) and
significant enrichments in Cs, Rb, Sr, Pb, and U typical of
seawater interaction (Staudigel, 2014). Differences in high
field strength element (HFSE) ratios between elements with
similar degrees of incompatibility suggest distinct magmatic
affiliations for the hanging-wall lavas in each deposit: Zr/Hf
Xup=29.1 + 1.7; Xsyy = 354 = 1.1; Nb/Ta Xyp = 14.1 = 0.6;
Xsnz 11.6 + 0.4.

Footwall lavas: For both deposits, the highly silicified rocks
(matrix-supported breccia in Shinas) show features that de-
part from magmatic trends of their hanging-wall suite, where-
as chlorite-dominated rocks in Mandoos preserve igneous
features to various extents. As alteration intensifies, there is
progressive loss of alkalis (Na, K, Cs, Rb) and Ca (Figs. 9A, E,
10E, F) and a bulk decrease in incompatible element abun-
dances, leading to highly irregular patterns (Fig. 10C-F). Ura-
nium and Pb positive anomalies are similar in both types of
alteration, whereas the most pronounced negative Ce anoma-
lies are recorded in intensely silicified rocks.

In Mandoos, silica concentrations in the chlorite-rich foot-
wall overlap the lower range of the silicified domains where
carbonate veining accounts for the lowest silica concentra-
tions. Chlorite-rich rocks have lower base metal concen-
trations (Cu + Zn + Pb X = 1,506 pg/g) compared to those
in silicified domains (X = 2,558 pg/g), which correlate with
an increase in the proportion of chalcopyrite + sphalerite.
Chlorite-dominated footwall rocks from Mandoos preserve
magmatic incompatible element patterns with higher bulk
abundances than its hanging-wall lavas. Footwall chlorite-
rich rocks have overlapping to slightly higher Nb/Ta (14.3 +
0.3) and Zr/Hf (X = 32.7 + 1.5) ratios and less pronounced
LREE/heavy (H)REE fractionation (La/Smcy X = 0.65 +
0.13; Fig. 10).
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Table 3. Whole-Rock Geochemistry for Hanging-Wall and Footwall Lavas of Mandoos (MD) and Shinas (SH)

MD429- MD429- MD429- MD431- MD431- MD431- MD431- MD431- MD431- MD431-
81.4 74.7 81.70 42.1 57.8 69.0 91.0 (1) 91.0 (2) 91.0 (3) 95.8

wt % Hanging-wall volcanic (distal)
SiOs 53.80 43.24 62.50 50.24 46.23 53.80 65.63 64.42 58.51 60.11
AlOs 14.10 12.84 11.91 15.04 13.56 14.10 12.57 12.65 12.87 13.23
Fes03 9.82 10.12 7.31 10.86 9.69 9.82 8.00 8.45 9.59 8.59
MnO 0.19 0.40 0.22 0.17 0.33 0.19 0.25 0.24 0.24 0.33
MgO 5.49 6.19 4.87 7.78 7.31 5.49 3.03 3.27 5.10 3.77
CaO 8.64 15.40 6.14 8.38 11.30 8.64 3.92 4.24 4.61 5.13
Na,O 2.39 1.76 2.90 2.25 1.48 2.39 3.39 3.21 3.40 3.54
K20 0.68 1.05 0.77 0.26 0.20 0.68 0.86 0.79 0.92 1.36
TiOg 0.44 0.38 0.72 0.40 0.37 0.44 0.78 0.77 0.77 0.81
P05 0.04 0.03 0.14 0.04 0.02 0.04 0.09 0.08 0.09 0.08
SOs 0.88 0.03 0.08 0.59 0.05 0.88 0.23 0.14 0.23 0.07
LOI 3.46 8.50 2.38 3.88 9.37 3.46 1.20 1.70 3.60 2.89
Total 99.91 99.94 99.92 99.90 99.91 99.91 99.94 99.96 99.93 99.92
(ng/g)
Cu 39 13 19 54 67 29 13 19 31 23
7Zn 67 48 70 59 54 54 63 65 80 77
Pb 0.8 0.5 0.8 0.6 0.6 3.3 2.9 3.0 0.6 1.4
Li 20 11 23 7 16 15 16 17 13 14
Sc 27 33 25 36 43 31 26 26 40 29
\% 145 223 132 234 266 124 105 101 273 140
Cr 4 18 2 21 21 10 7 4 15 4
Co 17 28 13 31 34 24 17 16 24 18
Ni 3.6 13.1 1.9 17.5 17.9 11.7 55 6.1 10.5 2.4
Ga 11.9 11.1 11.9 11.7 15.7 14.1 12.4 12.3 12.7 12.2
Ge 1.2 1.6 1.3 1.2 1.7 1.6 1.6 1.5 14 15
As 0.8 4.8 14 0.4 0.8 10.2 5.6 6.9 3.4 5.8
Se 0.16 0.12 0.22 0.07 0.14 0.18 0.06 0.13 0.08 0.13
Rb 12.0 15.0 74 2.8 3.1 11.0 8.7 7.9 9.3 15.8
Sr 78 87 78 162 105 89 92 85 97 100
Y 19.0 23.2 33.1 12.9 20.4 28.0 24.3 23.9 14.8 25.2
Zr 35.8 14.5 45.1 14.8 18.7 54.5 51.5 49.5 16.8 52.5
Nb 0.58 0.18 0.78 0.18 0.24 0.94 0.85 0.84 0.21 0.88
Mo 0.3 0.2 0.4 0.1 0.1 0.5 0.5 0.5 0.2 0.6
Ag 0.02 0.01 0.03 0.01 0.02 0.03 0.03 0.03 0.01 0.03
Cd 0.0 0.2 0.1 0.1 0.1 0.0 0.1 0.1 0.0 0.0
In 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Sn 0.4 0.1 0.5 0.3 0.3 0.5 0.5 0.4 0.2 0.6
Sh 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1
Te 0.02 bdl 0.05 0.01 bdl 0.38 0.03 bdl 0.02 0.12
Cs 0.13 0.29 0.06 0.05 0.05 0.26 0.16 0.14 0.13 0.24
Ba 41.2 25.1 44 4 12.4 114 49.2 66.3 57.5 27.1 65.5
La 1.32 0.69 2.24 0.61 1.01 2.13 1.82 1.88 0.71 1.82
Ce 3.40 1.80 5.70 1.70 2.80 5.80 5.20 5.20 1.90 5.10
Pr 0.68 0.35 1.13 0.34 0.51 1.00 0.89 0.89 0.36 0.90
Nd 3.97 2.30 6.58 2.10 3.19 5.68 5.14 5.08 2.22 5.11
Sm 1.52 1.02 2.53 0.91 1.34 2.22 1.99 1.94 0.93 2.02
Eu 0.59 0.38 0.87 0.39 0.55 0.77 0.73 0.73 0.39 0.74
Gd 2.50 2.03 4.16 1.66 2.39 3.57 3.14 3.10 1.67 3.21
Tb 0.43 0.40 0.72 0.29 0.44 0.64 0.57 0.54 0.30 0.58
Dy 2.98 2.96 5.02 2.01 3.01 4.35 3.87 3.72 2.11 3.93
Ho 0.65 0.73 1.13 0.44 0.68 0.96 0.85 0.85 0.50 0.90
Er 1.94 2.28 3.30 1.31 1.97 2.78 2.45 2.46 1.54 2.70
Yb 1.88 2.27 3.00 1.26 1.90 2.64 2.44 2.41 1.61 2.70
Lu 0.28 0.35 0.44 0.19 0.28 0.37 0.38 0.35 0.24 0.41
Hf 1.21 0.55 1.48 0.57 0.71 1.78 1.71 1.62 0.62 1.72
Ta 0.042 0.013 0.055 0.012 0.019 0.063 0.061 0.058 0.014 0.063
w 0.07 0.12 0.14 0.04 0.09 0.22 0.19 0.20 0.09 0.14
Tl 0.03 0.03 0.03 bdl 0.01 0.04 0.04 0.04 0.02 0.06
Bi 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02
Th 0.114 0.047 0.138 0.049 0.065 0.167 0.152 0.147 0.060 0.156
U 0.120 0.052 0.180 0.030 0.041 0.237 0.207 0.208 0.047 0.242
#Mg 53 55 57 59 60 53 43 43 51 47
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Table 3. (Cont.)

MD150- MD150- MD150- MD174- MD174- MD174- MD174- MD178- MD178- MD178- MD174-

40.3 88.7 105.8 394 73.15 84.7 92.2 90.6 92.0 (1) 92.0 (2) 96.0
wt % Hanging-wall volcanic (proximal) Dolerite
SiOs 44.75 48.90 60.54 48.98 51.01 51.94 51.25 56.62 47.41 52.97 56.46
Al;Os 15.53 13.75 13.97 15.21 14.24 13.40 12.82 13.41 12.57 14.16 13.75
Fe O3 9.70 10.65 8.68 11.78 13.49 12.50 9.68 10.79 10.92 11.02 11.88
MnO 0.08 0.17 0.17 0.22 0.15 0.27 0.09 0.24 0.16 0.22 0.16
MgO 9.91 11.00 4.39 9.84 8.05 8.23 3.85 6.16 8.59 6.41 5.00
CaO 6.67 8.59 2.68 6.76 7.00 5.74 1.99 5.36 11.10 6.41 5.27
Na,O 1.03 1.68 3.37 1.89 1.55 2.56 5.04 2.80 1.74 2.54 2.63
K20 0.49 1.01 1.19 0.44 0.29 0.26 0.11 1.13 1.08 1.63 0.24
TiOy 0.40 0.61 0.78 0.62 0.52 0.90 0.70 0.60 0.49 0.74 0.88
P205 0.03 0.04 0.09 0.08 0.03 0.10 0.08 0.05 0.06 0.08 0.08
SOs 5.15 0.32 0.81 0.19 0.44 0.62 0.39 0.13 0.07 0.56 0.74
LOI 6.19 3.18 3.18 3.87 3.14 3.37 13.92 2.60 5.70 3.17 2.81
Total 99.91 99.90 99.85 99.89 99.89 99.87 99.89 99.89 99.89 99.90 99.91

1 I{

Cu 46 74 36 38 75 68 380 26 14 28 91
Zn 56 71 89 78 57 230 89 58 49 70 62
Pb 0.6 0.5 2.0 0.7 0.7 0.6 12 15 0.8 1.1 0.7
Li 16 8 11 16 10 13 8 20 13 15 7
Sc 37 38 29 38 40 35 31 34 32 37 30
\% 224 258 148 300 307 344 156 339 219 398 154
Cr 21 151 2 55 3 1 1 37 145 6 1
Co 27 36 17 37 32 49 23 28 33 28 20
Ni 16.8 48.6 1.7 43.4 7.0 8.1 0.2 23.2 43.5 16.1 bdl
Ga 13.2 14.1 21.9 159 14.3 155 13.8 11.7 12.4 14.5 15.3
Ge 1.8 1.3 14 2.0 14 14 15 1.3 14 1.5 15
As 1.1 2.1 9.4 2.7 bdl 5.3 0.7 6.0 4.5 49 bdl
Se 0.12 0.13 0.11 0.14 0.12 0.14 0.15 0.09 0.11 0.04 0.14
Rb 7.1 10.1 12.5 4.5 2.8 3.6 0.4 11.0 8.6 18.3 19
Sr 109 87 345 187 114 94 73 92 76 78 100
Y 12.7 15.8 22.4 26.2 13.6 27.0 32.4 16.3 17.3 14.9 28.1
Zr 16.7 26.1 55.5 30.3 20.6 445 55.6 29.3 21.5 34.2 55.7
Nb 0.22 0.35 0.93 0.38 0.32 0.67 0.96 0.51 0.30 0.61 0.92
Mo 0.2 0.1 0.6 0.2 0.3 0.2 0.4 0.3 0.2 04 0.4
Ag 0.04 0.02 0.03 0.02 0.02 0.02 0.03 0.02 0.01 0.02 0.04
Cd 0.1 0.1 0.2 0.1 0.3 0.1 0.1 0.0 0.1 0.2 0.1
In 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Sn 0.3 0.4 0.5 14 0.2 0.6 0.8 0.3 0.2 0.3 0.6
Sb 0.0 0.0 0.2 0.1 0.0 0.2 0.0 0.1 0.1 0.1 0.0
Te 0.01 bdl 0.02 0.15 0.01 0.03 0.01 0.02 0.08 bdl 0.02
Cs 0.10 0.12 0.11 0.04 0.02 0.05 0.02 0.17 0.11 0.21 0.01
Ba 38.5 18.7 216.6 23.7 40.8 21.8 24.5 73.4 25.4 47.0 53.1
La 0.65 0.90 1.70 1.56 0.57 2.21 1.82 1.04 1.05 1.06 1.82
Ce 1.90 2.70 4.90 5.30 1.70 6.40 5.70 2.90 2.80 3.10 5.50
Pr 0.37 0.51 0.87 0.88 0.31 1.13 1.01 0.53 0.49 0.55 0.96
Nd 2.25 2.99 4.99 5.28 1.85 6.36 5.95 2.99 2.82 3.13 5.39
Sm 0.98 1.20 1.93 2.02 0.87 2.39 2.40 1.18 1.07 1.28 2.19
Eu 0.40 0.49 0.61 0.76 0.37 0.90 0.81 0.45 0.43 0.49 0.77
Gd 1.67 1.98 3.00 3.40 1.57 3.70 3.94 1.96 1.83 1.96 3.50
Tb 0.30 0.36 0.53 0.58 0.29 0.64 0.72 0.36 0.35 0.35 0.63
Dy 2.11 2.48 3.61 3.96 2.11 4.31 5.12 2.51 2.44 2.39 4.20
Ho 0.46 0.56 0.79 0.90 0.48 0.95 1.14 0.58 0.57 0.52 0.97
Er 1.38 1.70 2.37 2.53 1.45 2.76 3.49 1.75 1.74 1.53 2.86
Yb 1.39 1.64 2.26 2.35 1.46 2.58 3.47 1.72 1.84 1.58 2.71
Lu 0.21 0.25 0.32 0.35 0.22 0.39 0.54 0.27 0.29 0.23 0.41
Hf 0.62 0.90 1.79 1.03 0.75 1.48 1.89 0.98 0.73 1.12 1.74
Ta 0.016 0.025 0.064 0.028 0.024 0.048 0.067 0.034 0.022 0.045 0.066
w 0.08 0.04 0.11 0.08 0.07 0.03 0.08 0.06 0.06 0.09 0.05
Tl 0.02 0.03 0.07 0.02 0.02 0.03 bdl 0.04 0.03 0.08 bdl
Bi 0.01 0.02 0.01 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.02
Th 0.060 0.070 0.170 0.084 0.075 0.116 0.171 0.091 0.055 0.108 0.170
U 0.061 0.073 0.177 0.051 0.069 0.104 0.185 0.101 0.069 0.102 0.133
#Mg 67 67 50 62 54 57 44 53 61 54 45
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Table 3. (Cont.)

MDP2- MDP2- MDP2- MDP2- MDP2- MD431- MDP1- MDP2- MD431- MDP2- MDP3-

8-1 9-1 6-4 7-2 7-5 117.0 6.7 7-3 121.7 6-7 2-1
wt % Footwall volcanic with chlorite-pyrite alteration
SiOy 61.58 62.89 49.15 51.80 71.00 49.89 45.37 50.69 54.74 52.45 54.37
AlyO3 15.53 15.95 16.84 15.35 8.74 14.42 15.83 16.13 14.17 15.81 12.95
FeO3 6.96 5.01 13.59 13.23 7.16 15.06 20.88 13.06 12.40 12.33 12.04
MnO 0.15 0.20 0.46 0.42 0.18 0.24 0.23 0.45 0.20 0.48 0.01
MgO 4.57 4.43 11.05 8.88 5.55 9.49 8.07 9.37 8.30 8.20 0.59
CaO 1.43 1.31 2.41 2.75 2.26 7.85 3.38 2.72 7.12 2.58 0.50
NasO 3.02 3.77 1.24 1.60 0.82 1.72 2.54 2.00 1.73 2.20 1.06
K20 1.49 0.73 1.42 2,51 1.05 0.18 0.81 2.52 0.26 2.67 0.53
TiOy 1.18 1.21 1.18 1.17 0.51 0.90 1.66 1.31 0.79 1.35 0.45
P205 0.15 0.17 0.16 0.16 0.09 0.09 0.23 0.15 0.06 0.15 0.03
SOs3 3.80 3.81 2.37 1.90 2.52 0.04 0.82 1.42 0.11 1.53 16.59
LOI
Total 99.87 99.48 99.86 99.77 99.89 99.87 99.82 99.82 99.87 99.74 99.12

ng/g)

Cu 90 320 190 110 130 160 80 100 170 230 7,410
Zn 340 3,870 470 310 300 110 550 560 80 760 120
Pb 47.3 22.9 2.1 5.6 9.5 1.1 3.4 9.0 0.8 1.7 5.6
Li 8 14 22 14 13 6 9 14 12 16 7
Sc 31 28 35 30 12 39 35 37 38 34 17
\% 336 298 340 333 186 343 354 371 395 335 178
Cr 4 2 2 3 15 3 1 2 4 1 2
Co 37 30 31 28 15 37 25 34 32 29 69
Ni 11.0 5.2 5.7 6.0 2.4 16.0 4.5 6.2 13.7 5.6 5.0
Ga 12.5 9.2 15.9 16.0 6.3 15.4 24.1 17.7 15.4 15.0 7.0
Ge 1.3 1.3 1.6 1.7 14 1.7 2.0 1.6 1.6 1.5 19
As 772 37.4 4.9 10.3 31.7 16.2 13.3 20.8 bdl 11.7 45.4
Se 0.26 0.19 0.12 0.01 0.00 0.12 0.12 0.21 0.16 0.17 4.65
Rb 4.3 2.4 4.1 7.0 2.1 1.1 13.6 7.4 1.9 7.3 15
Sr 56 74 27 35 18 104 94 38 91 44 44
Y 28.5 27.5 34.0 27.0 13.9 30.0 36.4 33.8 17.9 25.6 7.0
Zr 59.7 60.7 64.2 62.2 22.2 38.9 84.1 70.2 36.8 69.4 16.8
Nb 1.50 1.49 1.63 1.58 0.58 0.61 2.41 1.77 0.65 1.69 0.37
Mo 2.0 12.7 0.1 0.1 0.3 0.4 0.4 0.1 04 0.3 3.9
Ag 0.17 0.18 0.08 0.06 0.06 0.02 0.04 0.08 0.03 0.08 0.28
Cd 14 20.0 0.3 04 0.8 0.1 0.1 2.3 0.1 12 0.2
In 0.1 0.1 0.1 0.1 0.1 0.1 0.4 0.1 0.1 0.1 0.3
Sn 0.9 0.6 0.9 0.8 0.3 0.5 3.3 1.0 0.3 0.8 0.4
Sh 0.8 0.4 0.1 0.1 0.1 0.2 0.3 0.1 0.0 0.1 0.3
Te bdl 0.04 0.06 bdl 0.06 0.02 0.94 0.01 0.21 bdl 3.40
Cs 0.02 0.04 0.01 0.02 0.02 0.02 0.26 0.01 0.01 0.01 0.02
Ba 87.2 62.6 57.8 120 49.6 29.2 30.9 129 43.6 138 36.7
La 2.35 2.82 2.85 3.15 1.71 2.25 4.06 2.93 1.06 2.73 0.47
Ce 7.30 8.40 8.40 7.70 3.70 5.60 11.50 8.90 3.20 8.30 1.30
Pr 1.32 1.50 1.46 1.27 0.64 1.09 1.93 1.61 0.56 1.41 0.24
Nd 7.28 8.31 8.20 7.00 3.45 6.45 10.68 9.00 3.24 7.81 1.40
Sm 2.70 2.87 2.96 2.46 1.20 2.47 3.62 3.33 1.33 2.68 0.58
Eu 0.96 0.88 1.16 0.90 0.44 0.93 1.33 1.13 0.55 0.97 0.14
Gd 3.97 4.15 4.45 3.65 1.86 4.06 5.25 4.73 2.09 3.82 0.86
Tb 0.71 0.69 0.80 0.63 0.33 0.72 0.89 0.84 0.39 0.66 0.16
Dy 4.83 4.58 5.20 4.30 2.22 5.21 5.94 5.55 2.74 4.29 1.13
Ho 1.04 0.99 1.15 0.97 0.49 1.16 1.32 1.22 0.63 0.91 0.25
Er 2.97 2.74 3.40 297 1.45 3.45 3.77 3.56 1.93 2.55 0.74
Yb 2.83 2.47 3.15 2.94 1.48 3.42 3.55 3.44 1.90 2.27 0.78
Lu 0.39 0.37 0.46 0.46 0.21 0.51 0.52 0.51 0.28 0.31 0.11
Hf 1.75 1.84 1.93 1.90 0.66 1.31 2.50 2.11 1.21 2.07 0.59
Ta 0.102 0.104 0.115 0.109 0.041 0.043 0.170 0.118 0.045 0.120 0.025
w 0.23 0.14 0.38 0.32 0.29 0.17 0.24 0.24 0.08 0.26 0.08
Tl 0.56 0.12 0.01 0.02 bdl 0.02 0.02 0.02 0.01 0.17 0.06
Bi 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02
Th 0.170 0.168 0.177 0.180 0.085 0.109 0.240 0.197 0.116 0.193 0.038
U 2.182 3.938 0.230 0.385 0.157 0.199 0.198 0.320 0.091 0.365 0.374
#Mg 57 64 62 58 61 56 44 60 58 58 10
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Table 3. (Cont.)

MD150- MD430- MDI150- MDP2- MD430- MD430- MDP2- MD430- MDP3- SH57- SH57- SH57-
126.7 127.7 141.3 4-1 126.0 129.0 4-3 131.0 1-1 32.5 39 50

wt % Footwall volcanic with quartz-sulfide alteration Hanging-wall volcanic
SiOy 66.40 47.14 53.19 48.69 61.41 52.54 55.20 48.46 50.65 49.64
AlyOs 10.97 19.09 1.90 15.32 2.97 18.92 18.56 16.69 15.49 14.86
FeoO3 8.54 14.21 16.11 14.40 12.28 10.03 10.13 11.06 12.66 14.38
MnO 0.03 0.28 0.02 0.11 0.02 0.05 0.14 0.14 0.21 0.60
MgO 5.56 15.20 0.61 9.30 0.42 6.79 10.00 10.13 6.76 6.63
CaO 0.53 0.64 0.48 8.04 1.10 1.01 0.91 4.88 5.74 4.56
NasO 0.47 0.24 0.09 1.57 0.32 0.96 0.56 2.63 2.82 3.35
K20 0.41 0.07 0.02 0.29 0.11 0.67 0.22 0.63 1.35 1.35
TiOy 0.69 1.10 0.03 0.54 0.11 1.03 1.17 0.71 0.64 0.63
P205 0.07 0.10 0.10 0.03 0.02 0.10 0.14 0.06 0.07 0.05
SO;3 6.25 1.62 26.20 1.59 20.64 7.77 2.81 0.05 0.02 0.02
LOI 4.39 3.46 3.80
Total 99.92 99.66 98.76 99.89 99.40 99.87 99.84 99.84 99.87 99.86
ng/g)
Cu 180 770 11,670 120 5,570 0 490 600 210 170 42
Zn 50 190 170 110 40 0 60 350 58 53 230
Pb 1.1 1.5 04 50.0 1.3 4.8 29.8 1.8 2.0 2.1 1.0 1.5
Li 7 15 7 19 6 7 18 3 10 19 11 7
Sc 27 17 37 1 45 2 1 25 30 44 41 41
\% 272 174 331 76 347 32 111 241 300 346 287 294
Cr 5 1 5 11 6 9 13 2 3 33 24 35
Co 38 85 38 71 39 178 51 112 26 37 34 64
Ni 4.8 2.9 10.9 8.7 8.8 3.2 7.7 4.2 5.0 28.3 23.6 35.9
Ga 14.6 7.3 17.5 2.7 15.5 14 2.8 9.3 134 17.0 12.5 13.9
Ge 2.1 1.3 2.9 2.0 19 2.1 19 1.6 1.3 1.3 1.2 1.1
As 1.7 4.5 0.1 181.8 bdl 31.8 192.0 10.4 7.0 0.4 0.6 0.3
Se 0.30 1.44 0.31 6.56 0.07 6.70 6.25 2.36 0.24 0.03 0.06
Rb 0.2 1.6 0.2 0.1 2.6 0.4 0.2 1.6 0.6 4.8 16.5 24 .4
Sr 29 40 21 75 92 16 24 74 40 196 296 166
Y 14.0 10.1 12.0 2.8 12.7 4.2 3.4 8.2 15.5 194 20.3 14.3
Zr 37.0 22.7 32.2 2.4 20.0 6.8 3.2 25.5 57.4 52.7 42.2 40.5
Nb 1.33 0.90 1.18 0.08 0.33 0.30 0.11 1.19 1.43 1.56 1.16 1.18
Mo 0.3 1.0 1.2 6.1 0.2 39.9 3.7 0.9 5.4 0.3 0.5 0.4
Ag 0.04 0.02 0.02 0.57 0.02 0.24 0.45 0.06 0.08 0.04 0.02 0.02
Cd 0.1 0.1 0.1 0.7 0.1 0.1 1.8 0.1 0.5 0.3 0.1 0.2
In 0.0 0.0 0.1 2.2 0.1 0.1 3.1 0.1 0.0
Sn 0.7 0.2 0.5 0.9 0.3 0.3 0.8 04 0.7 0.5 0.3 0.8
Sh 0.0 0.1 0.0 1.3 0.0 0.3 1.5 0.1 0.1 0.0 0.1 0.1
Te 0.21 1.47 0.11 1.58 0.02 1.23 0.82 1.10 3.30 bdl bdl bdl
Cs 0.01 0.05 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.10 0.51 0.86
Ba 6.0 29.0 6.9 28.6 38.6 8.0 13.9 28.0 14.4 70.4 49.8 89.4
La 1.67 0.58 1.63 0.44 0.58 0.72 0.62 0.89 1.40 2.16 1.87 1.60
Ce 5.00 1.90 5.00 0.70 1.60 1.30 1.00 3.00 4.70 5.91 4.79 4.45
Pr 0.88 0.35 0.84 0.15 0.29 0.26 0.21 0.56 0.85 0.94 0.80 0.71
Nd 4.90 2.15 4.47 0.80 1.80 1.29 1.07 3.09 4.77 4.87 4.21 3.50
Sm 1.48 0.88 1.42 0.27 0.86 0.37 0.31 1.03 1.62 1.74 1.48 1.29
Eu 0.37 0.16 0.29 0.15 0.39 0.09 0.18 0.26 0.33 0.64 0.57 0.47
Gd 2.23 1.15 1.98 0.39 151 0.51 0.43 1.26 2.24 2.48 2.25 1.77
Tb 0.36 0.22 0.31 0.06 0.29 0.09 0.08 0.21 0.39 0.47 0.42 0.33
Dy 2.53 1.55 2.06 0.44 2.07 0.65 0.54 1.36 2.66 3.31 3.05 2.33
Ho 0.54 0.38 0.44 0.10 0.48 0.15 0.12 0.30 0.59 0.72 0.68 0.51
Er 1.70 1.19 1.26 0.29 1.44 0.46 0.37 0.86 1.72 2.26 2.13 1.45
Yb 1.53 1.46 1.18 0.30 1.50 0.51 0.37 0.85 1.82 2.34 2.24 1.55
Lu 0.25 0.21 0.17 0.04 0.23 0.08 0.06 0.12 0.31 0.35 0.36 0.22
Hf 1.17 0.70 1.14 0.07 0.75 0.19 0.09 0.99 1.76 1.48 1.16 1.08
Ta 0.094 0.062 0.084 bdl 0.022 0.021 bdl 0.081 0.096 0.139 0.106 0.100
w 0.24 0.11 0.11 0.06 0.12 0.13 0.06 0.07 0.11 2.09 1.14 0.40
Tl bdl 0.02 bdl 0.74 0.02 0.40 0.35 0.03 0.00 4.04 10.93 7.12
Bi 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.00 0.00 0.00
Th 0.110 0.066 0.089 0.048 0.076 0.112 0.072 0.064 0.160 0.304 0.248 0.219
U 1.090 0.220 0.142 0.492 0.069 0.204 0.563 0.195 0.426 0.223 0.257 0.170
#Mg 58 69 8 57 7 59 67 64 51 48
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Table 3. (Cont.)

SH57- SH70- SH70- SH70- SH70- SH63- SH63- SH63- SH63- SH63-
50 35 56 73 135 126.5 47 51.5 56.5A 56.5B

wt % Hanging-wall volcanic Dolerite Matrix-supported breccia (MSB)
SiOg 49.64 48.18 46.83 48.00 48.80 49.12 57.53 66.57 55.09 68.21
AlO3 14.86 15.38 15.17 15.30 14.77 14.55 291 6.94 21.85 9.53
FexO3 14.38 14.16 13.34 12.67 12.57 12.42 14.95 9.76 11.34 8.41
MnO 0.60 0.15 0.20 0.19 0.16 0.18 0.01 0.08 0.01
MgO 6.63 8.08 9.49 9.01 9.31 10.07 1.81 0.67 9.55 2.36
CaO 4.56 8.98 8.52 8.25 9.93 6.56 0.03 0.04 0.15 0.08
NazO 3.35 1.66 1.64 1.61 1.35 2.15
K20 1.35 0.56 1.06 0.89 0.20 0.79 0.01 0.03 0.02 0.06
TiOq 0.63 0.56 0.60 0.57 0.57 0.57 0.10 0.19 0.92 0.25
P05 0.05 0.04 0.04 0.04 0.05 0.05 0.01 0.03 0.02 0.09
SOs 0.02 0.04 0.02 0.04 0.04 0.18 21.18 14.49 0.83 10.35
LOI 3.80 2.02 2.95 3.31 2.13 3.25
Total 99.86 99.82 99.86 99.87 99.87 99.87 98.55 98.72 99.83 99.35
(pe/g)
Cu 42 75 40 82 92 81 13,692 11,080 380 5,460
Zn 230 270 49 51 42 49 347 1,020 240 290
Pb 1.5 0.8 0.6 1.2 0.7 2.4 14.9 12.7 0.9 8.4
Li 7 6 7 12 4 10 7 8 17 12
Sc 41 44 41 47 43 43 3 4 27 7
\Y 294 292 282 284 270 294 64 117 339 224
Cr 35 71 85 72 74 74 5 8 17 18
Co 64 38 31 34 29 32 243 201 53 114
Ni 35.9 36.9 39.7 36.5 36.3 37.5 4.8 10.0 13.7 74
Ga 13.9 13.7 13.6 13.7 13.6 12.1 5.0 8.2 13.0 7.1
Ge 1.1 1.1 1.3 0.9 1.0 1.2 2.1 1.6 0.8 1.2
As 0.3 0.4 0.3 0.3 0.2 1.5 59.5 32.5 2.2 40.2
Se 0.06 0.05 0.01 0.04 0.05 0.21 0.18 0.77 0.05 bdl
Rb 24.4 48 8.6 6.0 1.7 3.9 0.1 0.1 0.1 0.1
Sr 166 108 102 97 80 85 11 50 23 118
Y 14.3 14.4 13.1 14.5 13.3 14.3 1.5 19 3.9 2.9
Zr 40.5 34.4 29.8 32.6 30.0 30.0 42 7.3 30.5 7.3
Nb 1.18 0.94 1.00 0.97 0.90 0.90 0.09 0.08 0.32 0.09
Mo 0.4 0.4 0.3 0.5 0.5 0.5 64.3 57.1 2.5 18.3
Ag 0.02 0.02 0.02 0.02 0.02 0.02 1.52 0.74 0.05 0.34
cd 0.2 0.1 0.0 0.1 0.1 0.1 4.3 8.2 6.0 1.6
In
Sn 0.8 0.3 0.2 0.3 0.2 0.6 0.7 0.8 0.5 0.4
Sb 0.1 0.2 0.1 0.1 0.0 0.2 1.7 1.0 0.3 0.6
Te bdl bdl bdl bdl bdl 0.02 bdl bdl bdl 0.84
Cs 0.86 0.04 0.06 0.04 0.07 0.07 0.00 0.00 0.02 0.01
Ba 89.4 32.6 45.3 38.9 20.6 40.6 1.0 1.4 2.1 2.9
La 1.60 1.42 1.23 141 1.24 1.31 0.25 0.34 0.43 0.78
Ce 4.45 3.87 3.30 3.74 3.34 3.39 0.63 1.01 1.14 1.97
Pr 0.71 0.62 0.52 0.60 0.54 0.52 0.14 0.22 0.22 0.45
Nd 3.50 3.17 2.72 3.05 2.71 2.84 0.75 1.19 1.13 2.44
Sm 1.29 1.14 1.00 112 0.99 1.03 0.27 0.32 0.37 0.57
Eu 0.47 0.43 0.41 0.41 0.41 0.41 0.15 0.17 0.10 0.29
Gd 1.77 1.63 1.54 1.61 1.51 1.56 0.27 0.31 0.51 0.51
Tb 0.33 0.32 0.28 0.31 0.29 0.30 0.05 0.05 0.09 0.09
Dy 2.33 2.21 2.02 2.27 2.02 2.16 0.30 0.33 0.62 0.44
Ho 0.51 0.48 0.47 0.50 0.46 0.48 0.06 0.08 0.14 0.10
Er 1.45 1.52 1.42 1.51 141 1.51 0.17 0.20 0.41 0.26
Yb 1.55 1.48 1.49 1.64 1.47 1.57 0.18 0.24 0.53 0.29
Lu 0.22 0.21 0.22 0.24 0.21 0.25 0.03 0.04 0.08 0.04
Hf 1.08 0.97 0.88 0.93 0.87 0.86 0.14 0.24 0.98 0.25
Ta 0.100 0.082 0.087 0.082 0.077 0.074 0.005 0.007 0.024 0.008
w 0.40 0.82 2.03 0.76 0.52 2.06 0.56 2.56 0.55 1.44
Tl 7.12 6.97 6.49 2.15 0.89 5.58 214 430 9.83 84.9
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Th 0.219 0.208 0.191 0.210 0.192 0.192 0.036 0.029 0.090 0.035
U 0.170 0.173 0.269 0.163 0.138 0.142 1.030 1.347 1.264 1.349
#Mg 48 53 58 58 59 62 19 13 63 37

Notes: MD431-91 is a composite sample collected at an upper (1) and lower (3) volcanic glass rim, whereas (2) is in between; similarly, MD178-92 (1) and
(2) are located above and below a volcanic glass rim
Abbreviations: bdl = below detection limit, LOI = loss on ignition
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Table 3. (Cont.)

SH63- SH63- SH63- SH63- SH69- SH69- SHG69-
72 88 115 138.5 40 59 121.5

(wt %) Clast-supported breccia (CSB)
SiOg 56.55 53.01 55.71 48.95 58.90 60.06 56.99
Al;O3 4.34 10.82 12.55 16.63 6.05 2.93 11.72
Fe 03 15.73 17.80 17.05 19.40 15.07 14.30 17.88
MnO 0.03 0.12 0.14 0.23 0.03 0.04 0.12
MgO 3.56 9.48 9.18 10.31 4.28 2.47 9.16
CaO 0.15 0.13 0.30 0.48 0.06 0.03 0.33
Na,O 0.12 0.26 0.05
KO 0.02 0.01 0.03 0.30 0.02 0.01 0.01
TiOg 0.19 0.42 0.72 0.64 0.13 0.05 0.43
P20s5 0.02 0.02 0.06 0.05 0.01 0.01 0.06
SOs 19.09 7.53 3.68 2.26 15.05 18.77 3.08
LOI
Total 99.68 99.33 99.54 99.50 99.59 98.66 99.83
] g,;/eo;
Cu 890 5,590 3,680 3,920 1,940 7,330 810
7Zn 1,750 250 90 90 1,600 5,400 200
Pb 35.1 6.0 3.2 1.7 21.1 48.6 2.3
Li 7 8 8 14 6 6 5
Sc 6 19 24 31 8 3 23
\% 93 159 223 217 115 57 165
Cr 6 4 6 10 12 24 9
Co 82 136 83 69 91 113 83
Ni 11.7 9.5 6.3 16.5 6.5 7.8 8.6
Ga 4.2 9.0 9.8 11.7 6.9 6.2 10.6
Ge 2.3 1.6 1.6 1.5 1.6 2.0 15
As 64.4 18.1 9.5 1.5 50.7 58.3 4.7
Se bdl 0.22 0.35 0.08 0.15 4.32 0.03
Rb 0.1 0.1 0.2 1.3 0.3 0.0 0.0
Sr 5 4 13 17 8 3 4
Y 19 3.6 8.0 9.7 1.3 15 5.3
Zr 7.1 19.4 23.9 28.7 4.5 2.8 19.2
Nb 0.09 0.22 0.26 0.38 0.09 0.07 0.23
Mo 13.6 119 17.0 2.7 30.8 35.3 3.7
Ag 0.50 0.31 0.12 0.10 0.69 1.45 0.04
Cd 8.5 0.7 0.2 0.1 10.8 18.9 0.5
In
Sn 0.3 0.4 0.7 0.7 1.7 0.4 0.3
Sb 2.3 0.3 04 0.1 154 2.4 0.2
Te 0.75 0.15 bdl bdl 0.14 bdl 0.92
Cs 0.00 0.01 0.01 0.08 0.05 0.00 0.01
Ba 1.5 3.2 3.2 21.1 1.2 1.7 12.0
La 0.41 0.40 0.65 1.73 0.15 0.33 0.47
Ce 1.09 0.92 2.04 2.90 0.38 0.73 1.64
Pr 0.22 0.19 0.39 0.61 0.08 0.16 0.32
Nd 1.30 0.98 2.32 3.09 0.48 0.84 1.93
Sm 0.39 0.37 0.78 0.93 0.14 0.25 0.62
Eu 0.34 0.13 0.27 0.33 0.05 0.07 0.17
Gd 0.43 0.47 1.26 1.27 0.16 0.24 0.74
Tb 0.06 0.09 0.20 0.22 0.03 0.04 0.13
Dy 0.34 0.69 141 1.65 0.22 0.28 0.86
Ho 0.07 0.14 0.30 0.36 0.05 0.06 0.19
Er 0.24 0.40 0.89 1.59 0.14 0.17 0.57
Yb 0.19 0.53 0.91 1.08 0.15 0.14 0.54
Lu 0.03 0.06 0.20 0.16 0.03 0.02 0.08
Hf 0.21 0.58 0.81 0.87 0.16 0.08 0.62
Ta 0.007 0.015 0.023 0.033 0.009 0.005 0.016
w 0.60 0.37 1.55 2.24 3.14 3.10 0.67
Tl 733.2 20.3 68.1 2.48 59.77 341.6 4.66
Bi 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Th 0.029 0.070 0.069 0.146 0.034 0.032 0.055
U 0.940 0.597 0.857 0411 1.045 1.360 0.333
#Mg 33 53 53 52 38 27 51
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Fig. 9. (A-H) Major element Harker diagrams of the Mandoos and Shinas deposit volcanic rocks.
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seawater and vent fluid from Li and Schoonmaker (2014).
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At Shinas, the matrix-supported breccia has higher SiO
(Fig. 9, the lower value representing the large basalt clast
in Fig. 7F), compared to the clast-supported breccia, which
forms a distinctive trend at higher Fe due to its jasper I matrix.
Base metal concentrations increase upward toward the ores,
being lower in the deeper clast-supported breccia (X = 4,808
pg/g) than in the matrix-supported breccia (X = 8,136 pg/g).
Incompatible element abundances consistently decrease with
alteration toward the massive ore (Table 3).

Massive sulfude ores

Bulk compositions of massive sulfide ores, ochres, umbers,
and jaspers are shown in Table 4.

Mandoos ores straddle the Cu, Cu-Zn, and Zn-Cu fields in
the Pb-Cu-Zn classification diagram (App. 6). Excluding Zn-
rich ores, average base metal concentrations decrease from
Cu (X =0.70 wt %) to Zn (X = 0.2 wt %) and Pb (X = 82 pg/g).
Mandoos massive sulfide ores have low SiO,, CaO, AlOs,
MgO, and alkalis except for a carbonate-cemented breccia.

Shinas ores are SiOs rich with high Cu (X = 3.9 wt %), low
Zn (X = 274 pg/g), and very low Pb (X = 71 pg/g) grades,
plotting in the Cu and Cu-Zn fields toward the Cu-rich apex
(App. 6); the oxidized chalcocite ore has very high Cu (up
to 28 wt %). Bulk low concentrations in Al,Os, MnO, MgO,
CaO, and Sr are consistent with the absence of carbonates
(Table 4).

Trace element concentrations for Mandoos pyritic ores
show higher enrichment in Mn and Te compared to the ores
from Shinas, which is more enriched in Cu + Co + Mo (Ta-
ble 4). Mandoos Zn ores have distinctively higher Ba, Sr, Cd,
Mn, Mo, and Ga and lower Co and As concentrations (Table
4). The REE concentrations for all massive sulfides are very
low, except in Mandoos carbonate-cemented breccia (Fig.
10). Chondrite-normalized patterns show predominantly
positive Eu anomalies (Eu® = 0.68-2.15) and faint negative
Ce anomalies (Ce* = 0.46-1.02). Mandoos ores show dis-
tinctive LREE enrichment (La/Smen Xup = 1.57) relative to
those from Shinas, which are uniformly depleted in LREEs
(Xsg = 0.67).

Jaspers, umbers, and ochres

The umbers and ochres display high Fe;Os, a wide range of
SiOz and CaO, and MnO concentrations one order of magni-
tude higher than the massive sulfide ores (Table 4). Higher
CaO, Sr, Ba, and SO; in the umbers is consistent with the oc-
currence of carbonates and sulfates, which are eventually base
metal bearing (Table 4).

Jaspers show MnO and Fe;O3 abundances within the lower
range of the sulfide ores and concentrations for other major
elements below 1 wt %. The Mandoos pyrolusite-rich jasper
represents an Fe-poor Mn ore, with higher Sr, Mo, and Ba
concentrations and low base metal grades. Sulfide-bearing
jaspers have low SiOz and high Cu and As, similar to the sul-
fide ores (Table 4).

Rare earth element patterns are distinctive for each lith-
ological group. The umbers and ochres have high REEs
(2_207“‘0; ), coherent patterns characterized by negative Ce
anomalies (Ce* = 0.18-0.64), subtle LREE enrichments, and
gently negative sloped patterns with mild negative Eu anoma-
lies (Fig. 10). The oxidized sulfide and gossan in Shinas have

CRAVINHO ET AL.

REE contents identical to that of the massive sulfide ores.
One ochre from Shinas has a pattern akin to jasper II, which
originally crosscut the ores (Fig. 7B). All jaspers display slight
LREE enrichments (La/Smcx 1.89-3.12) and positive Eu
anomalies, like those of the sulfide ores; only the Mn jasper
shows a pronounced negative Eu anomaly.

The oxidation profile in Shinas shows distinct enrichments
downhole: the ochres are enriched in Te, Cr, Ga, Se, Ni, Pb,
and Sb. The underlying gossan has ore-like REE patterns and
more restricted enrichment in Cr, Se, Zn, and Ag, whereas
the oxidized (chalcocite) ore shows mild Ni + Se enrichment
(Table 4).

Mine assay data

Statistical parameters are listed in Table 1, and binary plots
can be found in Appendix 7; Figure 11 depicts downhole vari-
ations for selected drill cores.

Mandoos massive sulfide ores have an average Fe grade
close to pyrite ideal composition, contrasting with Shinas,
which comprises high proportions of quartz-rich sulfide ores
(silica massive sulfide); similar relationships characterize foot-
wall rocks. Copper grades in the massive sulfides are higher
in Shinas where they show no correlation with Zn (r2 ~ 0.01;
Apps. 7, 8), whereas Zn grades are consistently higher in Man-
doos (Table 1) and increase with Cu (2 = 0.3). The Cu-Pb-Zn
classification diagram (App. 6) reveals a spectrum between
Cu- and Zn-rich ores for Mandoos and a wider extent of Zn
enrichment for Shinas compared to our samples. Different
Au grades in silica-sulfide and massive sulfide ores in Shinas
(Table 1) result in a weighted average grade for the orebody
of 0.63 pg/g (<4.4 pg/g). Shinas ores are more Au rich com-
pared to Mandoos (X = 0.18 pg/g, <2.1 pg/g; Table 1) where
Au grades correlate with increasing Cu (2= 0.36; Apps. 7, 8).
The extended database for Shinas shows that Au grades in-
crease with Pb, Ag, and As (Apps. 7, 8).

Assessment of downhole metal grade variations in the thick-
est massive sulfide accumulation in Mandoos (Fig. 11A) shows
that Cu grades are below <1 wt % in the lower third of the
ore lens, peak to ~6 wt % beneath an Fe sediment level, and
steeply decrease upward to <0.1 wt %. Zinc grades are more
scattered and faintly increase at the top. Gold distribution fol-
lows a pattern similar to that of Cu. Figure 11B additionally
shows that Cu grades drop sharply (<1 wt % Cu) beneath the
massive ores and are coupled with Zn + Au variations lead-
ing to gold/base metal ratios <<1. Shinas Cu grades increase
throughout the footwall and remain constant or decrease up-
ward in the silica-rich and massive sulfide, respectively (Fig.
11D, E). Gold, Pb, and As increase steadily upward leading to
gold/base metal ratios >1 in the (silica-)massive ores.

Outlying Cu concentrations (<33.9 wt % Cu; Table 1) in
both deposits are related to secondary Cu + Au enrichment
as is observed in the sampled drill core SH70 (Fig. 11C).
Nevertheless, even where gossan and Fe sediments are ab-
sent (e.g., Fig. 11B), Cu + Au and CwZn enrichments are
observed at the top of the ores. In Shinas, Mn concentrations
decrease from the Fe sediments to the gossans, which can be
distinguished by their higher Fe/Mn ratio, gold (X = 0.88 =
1.49 pg/g, <11.70 pg/g), and low base metal grades (Table 1;
Fig. 11C, D). Nevertheless, some Fe sediments have high Au
grades (X = 0.10 + 0.50 pg/g, <5.3 pg/g).
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Table 4. Whole-Rock Geochemical Composition of Ores and Metalliferous Sediments of Mandoos (MD) and Shinas (SH)

MDNP- MD178- MDP3- MDP1- MD174- MD429- MD431- MD431- MD431- MD431-
1 128.8 4-1 1-1 79.0 109.1 107.0 108.0 109.7 110.5
Massive sulfide
wt % Zn-rich Carbonate-rich Pyrite breccias
SiOs 13.05 15.55 3.04 0.39 12.25 - 17.02 18.74 17.07 14.46
Al,O3 6.41 1.95 1.32 0.14 0.38 - 0.05 0.07 0.05 0.06
FesO3 4.94 29.48 30.63 37.97 32.58 - 29.58 29.96 29.88 31.79
MnO 0.06 0.02 0.26 0.01 0.01 - 0.01 0.01 0.02 0.01
MgO 0.35 0.21 0.11 0.42 - 0.04 0.04 0.04 0.00
CaO 1.75 0.59 19.53 0.03 0.04 - 0.02 0.02 0.03 0.04
Na,O 0.13 0.07 0.09 - 0.05 0.10 0.07
K20 0.06 0.05 0.03 0.01 0.05 - 0.01 0.01 0.01 0.01
TiOg 0.02 0.01 -
P20s5 0.04 -
SO3 37.81 49.81 44.21 60.76 53.81 - 52.10 49.84 52.25 52.96
Sum 64.43 97.77 99.17 99.36 99.64 - 98.82 98.75 99.44 99.41
ng/g

Cu 30,870 9,650 6,550 4,980 2,200 - 11,010 11,790 4,420 5,380
Zn 322,940 12,280 610 1,060 140 - 580 250 920 320
Pb 34.2 116.2 34.9 53.3 43.7 21.4 153.6 220.0 53.2 92.0
Li 0.3 4.2 0.1 0.0 7.2 5.8 2.6 4.3 1.5 1.0
Sc
\% 66 34 23 9 9 56 62 67 21 54
Cr 0.8 4.3 8.2 0.8 4.5 4.6 11.2 9.3 3.5 4.7
Co 0.7 33.4 225.6 42.1 106.5 422.6 14.4 88.4 9.8 29.4
Ni 7.9 7.2 8.1 4.7 3.7 10.6 15.1 1.6 9.6
Ga 166.3 12.5 1.5 2.6 2.2 8.8 12.0 6.4 9.2 6.2
Ge 0.8 6.4 4.5 5.5 6.0 6.4 6.0 5.3 49 4.1
As 60 476 324 1,024 245 265 304 281 343 274
Se 1.97 3.76 11.57 6.09 43.28 25.85 2.04 5.73 1.76 2.46
Rb 0.28 0.32 0.34 0.03 0.61 0.04 0.08 0.14 0.06 0.05
Sr 13.3 90.7 20.0 0.5 4.5 0.6 0.5 0.6 0.8 0.5
Y 0.5 0.1 3.7 0.0 0.2 0.1 0.1 0.3 0.1 0.1
Zr 1.0 0.1 0.4 0.1 0.2 0.1 0.2 0.3 0.1 0.1
Nb 0.02 0.01 0.01 0.02 0.02 0.04 0.01
Mo 108.3 26.5 17.6 8.1 3.4 1.6 8.0 3.3 2.5 4.0
Ag 1.69 0.37 1.06 0.19 0.24 0.23 0.87 0.96 0.64 0.87
Cd 2278 53.4 2.4 3.7 1.2 0.3 3.1 2.1 4.4 1.2
In 21.0 0.6 0.9 3.1 1.5 2.4 9.2 16.6 5.2 7.0
Sn 3.36 0.31 0.37 2.55 18.64 5.69 23.41 24.27 6.44 8.98
Sb 27.31 5.55 1.80 6.58 7.64 2.04 7.52 6.12 6.74 4.27
Te 0.40 3.44 14.00 27.46 5.79 21.78 10.93 15.39 3.09 28.58
Cs 0.04 0.02 0.02 0.02 0.02
Ba 2.2 35.0 0.8 0.1 6.3 0.1 0.3 0.7 0.3 0.3
La 0.06 0.03 0.38 0.01 0.04 0.04 0.03 0.05 0.02 0.02
Ce 0.15 0.04 0.50 0.04 0.04 0.04 0.07 0.09 0.03 0.04
Pr 0.02 0.09 0.01 0.01
Nd 0.13 0.03 0.49 0.03 0.04 0.04 0.06 0.05 0.03 0.03
Sm 0.04 0.14 0.01 0.01 0.02 0.02
Eu 0.02 0.10 0.01
Gd 0.07 0.22 0.02 0.02 0.02 0.03
Tb 0.01 0.04
Dy 0.08 0.01 0.31 0.02 0.02 0.02 0.03 0.01 0.01
Ho 0.02 0.08
Er 0.06 0.24 0.02 0.01 0.02 0.03
Yb 0.06 0.01 0.21 0.02 0.02 0.02 0.03
Lu 0.03
Hf 0.03 0.01
Ta
w 0.25 0.12 0.04 0.04 0.02 0.04 0.13 0.05 0.10 0.08
Tl 0.16 777 3.13 3.64 1.76 0.34 2.73 5.07 2.53 4.20
Bi 0.013 0.013 0.013 0.019 0.015 0.014 0.014 0.017 0.016 0.014
Th 0.005 0.024
U 0.021 0.660 1.648 1.381 0.027 0.043 0.320 0.126 0.053 0.092
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Table 4. (Cont.)

MD178- MDP2- MDP2- MD178- MD429- MD174- MD MDNP SH63- SH63-
110.5 2A 2B 134.2 104.0 62.15 150.114.1 -3 23 34
Umber Jasper Massive sulfide
wt % HW FW Ochre Mineralized Mn-rich Silica-rich
SiOs 52.18 48.04 36.32 43.06 19.14 26.26 37.26 35.04 36.17 45.12
Al O3 3.07 3.84 3.36 2.28 2.20 3.71 0.55 0.36 0.11 0.19
FesO3 26.82 28.92 37.22 31.54 53.85 58.18 23.07 0.77 24.96 21.51
MnO 2.18 0.74 0.48 0.22 0.44 0.40 0.01 59.59
MgO 1.72 2.34 2.06 1.43 191 2.38 0.00 0.21 0.06
CaO 8.52 13.54 6.52 1.11 10.10 2.80 0.18 0.34 0.01 0.02
Na,O 0.80 0.31 0.78 0.01
K20 0.47 0.34 0.34 0.07 0.07 0.14 0.03 0.21 0.01
TiOy 0.15 0.17 0.17 0.06 0.06 0.13 0.01 0.02
P05 0.95 1.36 0.92 0.90 1.39 151 0.15 0.18 0.01
SO3 2.76 0.50 11.99 14.76 9.99 4.01 36.97 1.32 38.56 31.40
Sum 99.61 99.79 99.68 95.43 99.15 99.52 98.23 98.81 99.82 98.32
1
Cu 1,500 180 180 41,990 5,650 1,250 15,770 130 1,240 16,200
Zn 1,130 550 550 1,510 1,150 840 340 120 370 160
Pb 75.6 40.7 35.1 271.7 106.5 95.6 26.5 0.5 109.4 44.9
Li 21.2 11.2 13.2 6.6 9.5 14.6 6.2 2.6 1.5 3.4
Sc 4.6 4.1 5.2 2.3 4.7 2.1 04
\% 165 343 778 571 931 408 63 371 3 4
Cr 15.6 83.7 70.3 71.3 95.2 51.9 159 16.2 6.9 7.0
Co 27.6 5.3 8.5 48.9 76.7 114.8 33.5 101.7 7.1 213.2
Ni 185.4 72.1 99.4 73.1 130.2 35.1 8.4 169.2 3.2 2.2
Ga 3.9 115 11.6 48.9 49.5 13.9 2.5 12.8 1.8 0.8
Ge 2.8 2.9 6.0 8.7 6.3 4.0 4.3 2.0 3.3 3.5
As 383 67 166 322 229 204 491 84 114 95
Se 0.20 0.10 0.20 1.33 0.78 18.85 4.05 0.11 0.09 0.48
Rb 4.37 10.71 13.25 1.83 5.07 0.91 0.16 0.58 0.02 0.06
Sr 116 117 62 36 60 51 2.3 447 14 5.9
Y 60.0 40.9 55.9 28.0 57.3 27.0 2.4 2.0 0.1 0.2
Zr 33.9 27.3 34.0 14.4 30.9 12.1 2.7 1.5 0.1 0.1
Nb 2.74 1.83 2.40 1.09 2.35 0.91 0.18 0.13 0.01 0.01
Mo 0.4 12 14 14.7 13.4 10.5 83.1 248.0 26.4 60.9
Ag 0.02 0.02 0.02 0.33 0.02 0.60 0.59 0.00 4.83 0.89
Cd 2.7 0.1 0.0 0.4 0.0 3.9 1.5 0.2 2.5 1.5
In 0.6 1.3 0.7 4.8 4.3 2.9 2.1 0.0 - -
Sn 2.27 3.24 3.70 3.13 3.98 1.99 1.64 1.15 0.98 0.53
Sb 1.16 0.77 1.31 4.43 2.82 1.61 5.15 1.28 4.25 2.39
Te 0.33 0.56 0.83 1.43 5.81 6.20 1.98 0.02 0.05
Cs 0.26 0.68 0.89 0.11 0.35 0.04 0.02 0.00 0.01
Ba 78.8 27.1 28.5 9.1 25.4 17.1 1.5 742.5 0.2 0.7
La 50.07 29.25 34.58 18.80 34.97 12.10 1.04 2.21 0.03 0.04
Ce 16.50 11.60 12.90 6.50 12.90 6.00 0.80 5.90 0.08 0.12
Pr 8.22 4.68 6.33 3.12 6.08 2.22 0.23 0.45 0.01 0.03
Nd 34.13 19.72 27.08 12.70 25.29 9.51 1.02 1.70 0.07 0.14
Sm 6.62 3.94 5.59 2.47 5.14 2.04 0.24 0.45 0.03 0.05
Eu 1.89 1.17 1.74 0.74 1.49 0.58 0.13 0.01 0.02 0.02
Gd 8.38 5.24 7.49 3.20 6.89 2.83 0.27 0.42 0.02 0.06
Tb 1.20 0.78 1.09 0.47 1.01 0.43 0.04 0.09 0.00 0.01
Dy 7.80 4.89 7.08 3.02 6.61 3.02 0.31 0.62 0.02 0.05
Ho 1.70 1.11 1.57 0.68 1.52 0.71 0.07 0.14 0.00 0.01
Er 4.81 3.12 4.51 1.93 4.34 2.07 0.22 0.40 0.01 0.03
Yb 3.96 2.73 3.73 1.63 3.70 1.79 0.25 0.51 0.01 0.02
Lu 0.54 0.40 0.55 0.23 0.53 0.27 0.04 0.08 0.00 0.00
Hf 0.66 0.58 0.69 0.25 0.60 0.21 0.05 0.04 0.00
Ta 0.159 0.116 0.14 0.057 0.129 0.050 0.011 0.001 0.000
w 0.55 1.15 1.62 2.13 1.64 0.92 0.17 1.70 0.92 0.88
Tl 0.12 0.08 0.11 0.41 0.07 0.33 8.84 1.35 283.14 432.70
Bi 0.017 0.015 0.014 0.011 0.013 0.014 0.016 0.004 0.003
Th 2.189 1.712 1.828 0.706 1.633 0.606 0.137 0.046 0.001 0.002
U 0.728 0.883 0.692 4.092 2.657 2.837 1.245 5.585 0.548 1.065
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Table 4. (Cont.)

SH63- SH63- SH70- SH70- SH70- SHT70- SH70- SHG69- SHT70- SH63-
39 43.5 20.9 22.5 19 11.3 13.5 4 14 26
Massive Sulfide
wt % Silica-rich Cu-rich (chalcocitic) Gossan Ochre Jasper 11
SiOs 36.41 37.10 7.85 17.04 31.80 57.05 53.87 49.92 92.66 76.09
AlyOs 0.26 2.47 0.19 0.09 0.08 2.38 2.90 0.93 0.24 0.53
FeaO3 23.18 22.86 20.95 27.35 44.39 36.12 34.41 42.25 5.18 20.22
MnO 0.03 1.70 0.57 0.27 0.01 0.00
MgO 0.10 0.98 0.05 1.35 0.70 1.65 0.77 0.11 0.11
CaO 0.03 0.03 0.01 0.01 20.91 0.27 4.89 4.78 0.14 0.16
Na,O 0.06 0.05 0.03 0.02 0.04
K20 0.01 0.01 0.01 0.33 0.13 0.03 0.02 0.02
TiOy 0.01 0.03 0.26 0.04 0.01 0.01 0.01
P05 0.03 0.01 .03 0.42 0.08 0.46 0.02 0.25
SOs 36.83 33.02 42.69 43.86 0.76 0.31 0.45 0.27 1.32 1.30
Sum 96.82 96.49 71.77 88.36 99.34 99.60 99.03 99.71 99.72 98.73
ng/g

Cu 30,580 34,230 280,500 114,530 840 1,460 6,850 840 1,950 350
7Zn 410 190 260 240 650 110 150 30 40 38
Pb 61.7 22.3 87.1 100.4 80.5 195.6 92.6 30.4 - 22.3
Li 7.1 6.7 0.1 1.5 0.7 15.1 10.0 9.5 - 12.9
Sc 04 5.3 1.7 - 0.6
\% 5 49 11 9 1,947 364 343 255 - 166
Cr 0.9 2.2 0.2 0.9 111.3 49.3 115 16.3 - 36.5
Co 207.6 205.8 284.2 268.1 175.9 34.9 110.7 1.6 - 4.6
Ni 6.3 3.4 13.4 13.5 3.1 28.0 16.4 7.8 - 2.4
Ga 1.6 4.2 0.9 1.2 0.7 19.8 8.6 3.2 - 154
Ge 2.6 3.4 2.4 3.6 3.9 4.2 2.5 2.8 - 2.0
As 134 136 141 236 213 44 209 22 - 19
Se 0.37 0.88 1.14 0.44 2.09 1.62 0.04 - 0.10
Rb 0.13 0.09 0.00 0.03 0.05 10.34 1.87 0.19 - 0.17
Sr 4.2 3.7 0.6 1.1 854 875 163 1,105 - 168
Y 0.6 0.9 0.1 0.1 1.3 159 6.6 6.0 - 2.9
Zr 1.0 2.0 0.5 0.2 0.6 56.3 3.6 2.2 - 2.3
Nb 0.02 0.03 0.01 0.01 0.01 4.56 0.26 0.06 - 0.14
Mo 109.0 148.5 118.2 64.5 14.5 5.7 74.7 3.4 - 4.8
Ag 1.60 1.02 3.04 4.90 5.86 0.08 3.69 0.07 - 0.17
Cd 4.4 72 2.3 1.5 15 0.4 14 0.2 - 0.3
In - - - - - - - - - -
Sn 0.89 0.97 1.04 0.61 2.40 2.67 2.83 0.11 - 191
Sb 3.62 1.45 6.23 7.77 3.40 6.70 12.55 1.39 - 1.22
Te 0.05 3.52 0.64 2.67 2.00 adl 4.73 - 0.15
Cs 0.03 0.01 0.00 0.01 0.01 0.81 0.29 0.02 - 0.01
Ba 0.8 04 0.3 0.8 27.8 146.9 232.0 29.8 - 3.3
La 0.04 0.05 0.01 0.01 0.03 45.37 2.67 5.06 - 4.96
Ce 0.10 0.10 0.02 0.01 0.03 29.59 1.84 7.50 - 8.14
Pr 0.02 0.02 0.00 0.00 0.00 9.44 0.68 1.42 - 1.70
Nd 0.10 0.12 0.01 0.01 0.03 38.62 3.43 6.57 - 8.05
Sm 0.05 0.06 0.01 0.01 0.01 7.55 0.87 1.44 - 1.67
Eu 0.01 0.02 0.00 0.00 0.00 2.35 0.32 1.56 - 2.53
Gd 0.06 0.11 0.01 0.01 0.03 6.54 1.07 1.68 - 1.42
Tb 0.01 0.02 0.00 0.00 0.00 0.82 0.17 0.23 - 0.17
Dy 0.09 0.13 0.02 0.01 0.03 4.17 1.08 1.22 - 0.76
Ho 0.02 0.03 0.00 0.00 0.01 0.73 0.22 0.22 - 0.11
Er 0.06 0.11 0.01 0.01 0.04 1.80 0.62 0.50 - 0.26
Yb 0.06 0.12 0.02 0.00 0.03 1.38 0.51 0.35 - 0.15
Lu 0.01 0.02 0.00 0.00 0.01 0.20 0.08 0.05 - 0.02
Hf 0.02 0.06 0.01 0.00 0.00 1.30 0.09 0.03 - 0.03
Ta 0.001 0.002 0.000 0.001 0.002 0.331 0.019 0.003 - 0.009
w 1.61 0.44 0.60 1.55 3.69 35.81 8.11 8.85 - 22.55
Tl 110.55 161.05 179.24 452.70 10.04 114.03 169.23 7.01 - 20.48
Bi 0.004 0.003 0.003 0.002 0.004 0.004 0.004 0.003 - 0.003
Th 0.017 0.013 0.008 0.002 0.007 4.173 0.213 0.042 - 0.115
U 0.863 1.086 0.415 0.289 2.952 1.560 0.761 1.656 - 2.839

Abbreviations: blanks = below detection limit, - = not analyzed, adl = above upper detection limit, FW = footwall, HW= hanging-wall,
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MANDOOS AND SHINAS VMS DEPOSITS, OMAN

Sphalerite Geothermometry

We applied the empirical sphalerite geothermometer of Keith
et al. (2014), which has been successfully employed to con-
strain the temperature of hydrothermal fluids in VMS/SMS
deposits. Analyses with Cu > 2 wt % were excluded, since
they reflect chalcopyrite microinclusions/exsolutions (Keith
et al., 2014). Some high-Fe inclusions in pyrite from Shinas
fall within the sediment-covered field and were also excluded
from the geothermometric calculations (App. 4; Keith et al.,
2014). All other sphalerite analyses fall within the sediment-
starved basins field, where Fe/Zn ratios increase systematical-
ly with hydrothermal fluid temperatures (Keith et al., 2014).
Sphalerite from Mandoos ores yielded average temperatures
of 252 + 29°C, which overlap with those obtained for the foot-
wall (X = 242 + 9°C). Sphalerite from Shinas ranges from 246
+ 18°C (lower FeS mol %) to higher temperatures of 285 +
52°C for early inclusions with higher FeS mol %.

Isotope Geochemistry

Neodymium-strontium isotope measurements provide con-
straints on the volcanostratigraphic positioning of each depos-

1115

it (Table 5). Mandoos samples were selected from drill core
MD150 (Fig. 2): (1) from the hanging wall ~17.6 m above the
ore (MD150-88.7) and at the interface with the massive sul-
fide (MD150-105.8) and (2) from the mildly silicified footwall
14.8 m below the massive sulfide (MD150-126.7). Samples
from Shinas hanging wall (MD57-50) and dolerite (SH70-135)
were also analyzed (Fig. 6).

Interaction with seawater at low to moderate water/rock ra-
tios (W/R < 1,000) preserves Nd isotope compositions due to
the low concentration of Nd in seawater but causes 87Sr/6Sr
shifts toward increasingly radiogenic compositions (Fig. 12).
Footwall rocks in both deposits show decreases in alkalis and
REE concentrations relative to typical MORB abundances,
featuring negative Ce anomalies indicative of seawater inter-
action. While the Mandoos chlorite-rich footwall preserves
magmatic-like REE patterns, the extent of leaching in Shinas
breccias suggests that Nd isotope compositions are unlikely
to reflect original magmatic ratios; therefore, measurements
were not attempted.

Figure 12 shows distinct ENy il () values for both depos-
its: Mandoos has a more radiogenic and homogeneous sig-
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Wbl hins

104 ° ® 0 ®
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Fig. 12. &g, versus Sr isotope ratios showing the water/rock mixing line following McCulloch et al. (1981) departing from
average Indian mid-ocean ridge basalt (MORB). Values for Sr and Nd concentrations in seawater from Li and Schoonmaker
(2014) and for Cretaceous 87Sr/%Sr seawater from Jones and Jenkyns (2001). The exq for Indian Ocean seawater is from
Goldstein and Hemming (2014) and for global and Indian MORB from White and Klein (2014). Data sets for Oman rocks
recalculated to 95 Ma: 1 = McCulloch et al. (1981), 2 = Godard et al. (2006), 3 = Tsuchiya et al. (2013), 4, 5 = Benoit et al.
(1996, 1999), 6 = Nicolle et al. (2016), 7 = Haase et al. (2016), 8 = £xd, Tange for Geotimes (LV1), Tholeiitic Alley (ILV2), and

Boninitic Alley (UV2) from Kusano et al. (2017).
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nature (7.3-7.6) relative to Shinas, which displays lower

Flo oo oo end. values (5.7-6.3). The 87Sr/86Sr ratios for Mandoos are
S = % 3 § higher (0.705859) at the interface between the massive sul-
gl===="< fide and the hanging-wall lavas and lower (0.704580) above
the ore. The hanging-wall lavas in Shinas show more ra-
. diogenic 87S1/%6Sr (0.706955) than the dolerite (0.704452),
So52228 consistent with the degree of alteration recorded in each
= = L
= rock type and the occurrence of Fe-Mn carbonate veins in
the lavas. The engq values for the dolerite dikes are identi-
¥ ene-x cal to those of the hanging-wall lavas, supporting, along with
mEgde~ remaining evidence, that the dikes are the feeders to the

hanging-wall sequence.

2
5
5
5
7
4

Discussion
Sl e o oo Volcanostratigraphy of the Mandoos and Shinas
SRR 8LER VMS deposits
LIIRIITS
“lSEEEE Distinguishing V1 from V2 lavas based on several discrimi-
B nant diagrams proposed in the literature (Fig. 13A-D) is rela-
Zlenniza tively straightforward because of their distinct enrichment

in incompatible elements. In contrast, assigning the exact
V2 unit (Lasail, Tholeiitic, and Boninitic Alley) is often dif-

Z|zs235
EEEEE: ficult because they all show depleted features (Belgrano et
E lg E LE E LE al., 2019). For example, the interpretation of Zr/Hf and Nb/

Ta ratios (Godard et al., 2006) has become increasingly chal-
lenging as more data becomes available leading to increas-

=}
< DXRe ing overlaps in the compositional fields of V2 units (see Bel-
zlagZad grano and Diamond, 2019; e.g., Fig. 13D). Samail lavas show
g MORB-like Dy/Yb ratios in the Geotimes unit (~1.1; White
and Klein, 2014) down to 0.8 in the Boninitic Alley, reflecting
oo the progressive depletion of the more incompatible HREEs
% Ei RIS in the source throughout time. Concurrently, LREE contents

decrease from Geotimes (La/Sm X = 0.8 + 0.1) to Lasail (X =
0.6 + 0.1) and later increase in the Tholeiitic (X = 0.7 + 0.2)

T % 223r % and Boninitic (Fig. 13E) Alley units (X = 0.8 + 0.2) because of
F ol & ¥ ol contributions from hydrous melting of subduction (Kusano et

al., 2017) or metamorphic sole-derived (Ishikawa et al., 2005)
components. Clinopyroxene chemistry has also been success-

Table 5. Isotopic Data for Mandoos (MD) and Shinas (SH)

J|rorwe fully used to distinguish lava units (Fig. 13F; Alabaster et al.,
1982; Gilgen et al., 2014; Belgrano and Diamond, 2019; Bel-

- grano et al., 2019).

Z|QLw oo - . . .

fleIs3I Mandoos deposit: The chlorite-altered footwall in Mandoos

S IEEEE e has higher incompatible element abundances, which places

? ccccs it within the lower range of the Geotimes unit. The low Cr/Y

ratios (X = 0.2 £0.3) and Zr-Ti-V contents indicate these rocks
are more depleted than typical Geotimes. Integrating our data
with samples from Gilgen et al. (2014) and Belgrano et al.

g
25 2 (2019), the Mandoos footwall samples consistently plot near
=] . . .

3= 3 the Geotimes-Alley boundary, as discussed in Belgrano et al.

Bl s E (2019; Fig. 13A-D). This places the formation of Mandoos at

EE: = E the onset of the postaxial stage.

g The hanging-wall lavas have low incompatible element
=| & Eﬁg 5 gﬁ abundances, consistent with the V2 volcanism in Samail (Fig.
S|2E2ER T 10). Additionally, clinopyroxenes fall in the Tholeiitic Al-

ley field, except for a few microlites from Mandoos that plot
1= within the Lasail field. The LREE depletion and flat middle

% g8 " (M)REE-HREE segments in Mandoos hanging-wall lavas are
Jege 2 of within the reported range of Lasail and Tholeiitic Alley units.
= Rl Low Cr/Y (X = 1.6 + 2.7) and high Ti/Zr or TI/V (X = 21 = 12)
Elfajagapsi] . . <1
HEEEE Y are consistent with a moderately depleted, oxidized source
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Fig. 13. Discriminant diagrams for the Samail lavas based on whole-rock geochemistry. (A) Ti-V plot after Shervais (1982). (B)
Ti-Zr plot after Alabaster et al. (1982). (C) Cr-Y plot after Pearce (1980). (D) Nb/Ta vs. Zir/Hf plot after Godard et al. (2006).
(E) La/Sm vs. Dy/Yb diagram using data from Godard et al. (2003, 2006), Kusano et al. (2012, 2014), and Belgrano et al.
(2019). Fields in diagrams (A-C) after Belgrano et al. (2019). (F) Clinopyroxene Ti-#Mg discriminant diagram adapted from
Alabaster et al. (1982); fields for Oman lavas compiled by Belgrano et al. (2019). Abbreviations: a.p.f.u. = atoms per formula
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zone. The thick hanging-wall sequence shows intercalation of
lavas with different degrees of LREE depletion that correlate
with decreasing Ti and increasing #Mg in pyroxene, support-
ing an interfingering of variably depleted lavas. Most discrimi-
nant diagrams are inconclusive in distinguishing a Tholeiitic
Alley versus Lasail affiliation. Therefore, based on pyroxene
chemistry and regional constraints (Belgrano et al., 2019) we
assign Mandoos hanging-wall to the Tholeiitic Alley unit, as
proposed by Gilgen et al. (2014).

Shinas deposit: Although the Shinas footwall rocks are too
altered to preserve magmatic geochemical signatures, it is
plausible to infer a Tholeiitic Alley affiliation considering re-
cent geologic mapping (Belgrano et al., 2019).

Clinopyroxenes in the hanging wall fall in the Tholeiitic
Alley field (Fig. 13F), consistent with the Dy/Yb-La/Sm
diagram that suggests transitional features toward the up-
permost Boninitic Alley unit, in agreement with Belgrano
et al. (2019). The dilution of source-controlled element
abundances (HFSE, HREE) is consistent with the plotting
of Shinas lavas at high Cr/Y (X = 4.1 + 2) and lower Ti-Zr
(Fig. 13A, B). The lower Ti/V ratios (X = 12.4 + 0.6) indi-
cate magma generation within an oxidized, metasomatized
source zone. The Shinas hanging-wall lavas lie within the
lowest Nb/Ta ratios recorded in Oman lavas at Zr/Hf close
to MORB, consistently supporting its transitional character
between the Alley units.

Isotopic constraints for regional magmatism: The exq, for
the Tholeiitic Alley unit lies within the range of other Samail
rocks (~8-9; Kusano et al., 2017), whereas the Boninitic Alley
has a signiﬁcantly lower range (0.94-5.7; Kusano et al., 2017;
Fig. 12). The éxq, values for Mandoos lavas are homogeneous
and suggest that the hanging-wall and footwall lavas were ex-
tracted from a similar reservoir, within the range of Geotimes,
Lasail, and Tholeiitic Alley volcanics or GBI intrusive rocks.
The higher 87Sr/%6Sr ratios at the lava-ore interface may be
explained by focused seawater circulation during cooling of
the lavas.

The ENd, values for Shinas volcanic rocks are at the low-
ermost 1ange of Indian MORB and within the reported
range (upper limit) of the Boninitic Alley lavas (Kusano et
al., 2017). Such compositions require the involvement of
evolved isotopic components, absent in V1 and early V2
magmatism (Godard et al., 2006), which Kusano et al. (2017)
related to the incorporation of sediment-derived melts at the
source. The occurrence of postobduction Fe-Mn carbon-
ate veins in Shinas hanging wall may significantly increase
87Sr/%6Sr isotope ratios. However, isotopic exchange of the la-
vas with seawater under open-source conditions should have
resulted in higher 87Sy/%6Sr shifts compared with the much
less altered dikes, which should lie closer to its magmatic
87S1/86Sr ratios. The dolerite dike 87Sr/36Sr ratios lie close
to many fresh GB2 cumulates, for which highly radiogenic
87Sr/%6Sr has been attributed to contamination of the source
zone by seawater instead of posterystallization hydrothermal
alteration (Benoit et al., 1999).

Our data support a continuous nature for the V1-V2 tran-
sition and V2 stage. The Shinas lavas mark the onset of sig-
nificant modification of the volcanism geochemical features,
due to incorporation of evolved (unradiogenic Nd) isotope
components in the source zone or en route to the surface.

CRAVINHO ET AL.

Genetic model for the Mandoos and Shinas deposits

The Mandoos and Shinas deposits have a semilenticular mor-
phology within a half-graben paleotopography, suggesting
their growth was controlled by synvolcanic faults (Figs. 2, 6).
These, and other features discussed below, are typical of SMS
deposits. Based on the SMS current inventory, it is possible
to draw some constraints on the Mandoos and Shinas hydro-
thermal systems.

The high tonnage (~8 Mt) and size of the Mandoos de-
posit differs from most VMS deposits in the Samail ophio-
lite, usually below 3 Mt, and is comparable only to Lasail,
Ghuzayn-3 (Gilgen et al., 2014), and the Al Hadeetha deposit
(Alara Resources, 2016). The orebody is also larger than most
estimates for SMS, with median sizes of ~70,000 t and only
eight known deposits above 2 Mt (Hannington et al., 2011).
The Mandoos size therefore suggests a protracted period of
hydrothermal activity. The tonnage of the Shinas orebody
(~0.85 Mt) is comparable to the average VMS deposits in
Oman (Gilgen et al., 2014), other ophiolites, or SMS deposits
(Hannington et al., 2005; Schardt and Large, 2009). Consid-
ering the amount of time estimated to build an ~2 Mt mod-
ern SMS such as TAG (5-10 k.y.; Hannington et al., 1998), a
deposit such as Mandoos would require at least ~20,000 up
to 100,000 years (Schardt and Large, 2009). Shinas should
represent a relatively short-lived hydrothermal system that
could build up during a period of ~5,000 years.

The different sizes of Mandoos and Shinas could also con-
ceivably result from distinct hydrothermal fluid discharge
rates during a broadly similar time span. This would imply dis-
tinct permeability conditions at the hydrothermal discharge
zones (Schardt and Large, 2009). Considering the constraints
imposed by numerical simulations on VMS deposit formation,
the smaller Shinas deposit could have formed as a higher-
temperature, Cu + Au-rich system, enabled by lower-perme-
ability conditions. The large area, tonnage, and Zn grades of
Mandoos suggest higher-permeability conditions, e.g., along
multiple upflow zones where hydrothermal mounds build up
under lower-temperature conditions.

In the following sections we discuss the evolution of each
system based on the data available for each deposit.

Mandoos deposit: The ores from Mandoos show several fea-
tures similar to those observed in SMS systems that should
represent primary textures preserved since the time of forma-
tion of a sulfide mound (Tornos et al., 2015, and references
therein), namely (1) pyritized annelid tube-worm burrows,
(2) framboidal pyrite, (3) bladed and colloform/banded pyrite
and marcasite, and (4) rounded, colloform pyrite-chalcopyrite
and other early formed Fe-Cu sulfide intergrowths (Fig. 4).
These represent remnants of hydrothermal spires and chim-
ney fragments (Oudin and Constantinou, 1984), occasionally
recovered during mining works (R. Willis, pers. commun.,
2015).

Pyrite framboids typically develop under low-temperature
conditions (Butler and Rickard, 2000), and their formation
at Mandoos may have occurred during early stages, while
precipitation of banded/colloform pyrite may have taken
place during quenching of ore fluids reaching the sea floor
(Hannington and Scott, 1988). Marcasite, wurtzite, and Cu-
Fe sulfides are observed in association with these early hy-
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drothermal structures. Marcasite indicates mixing of acidic
hydrothermal fluids with seawater, leading to abrupt pH and
redox changes (Murowchick and Barnes, 1986). Wurtzite in
Zn-Cu ores is the stable ZnS polytype at lower sulfur fugacity
conditions, commonly found in the inner part of sulfide chim-
neys (Hannington and Scott, 1988).

Mineralized jaspers and Mn jasper fragments are found be-
low the massive sulfides or as fragments within sulfide brec-
cias (Fig. 3H). This suggests that formation of a jasper cap
occurred early on, enabling the buildup of the hydrothermal
system, until its rupture took place during later ore-formin
events (Robertson and Boyle, 1983; Petersen et al., 2014).

During the main ore-forming event, early formed textures
were replaced or recrystallized under higher-temperature
conditions, including (1) recrystallization of framboidal/
colloform pyrite to idiomorphic pyrite, (2) pseudomorphic
replacement of wurtzite to sphalerite, (3) replacement of fu-
kuchilite/cubanite by chalcopyrite, often leaving nonstoichio-
metric, metastable phases (see App. 4C; Zhao et al., 2014),
and (4) brecciation and cementation of recrystallized pyrite
by chalcopyrite. Sphalerite geothermometry places the main
ore stage up to ~390°C. During this stage, chalcopyrite pre-
cipitation was dominant, along with pyrite, quartz, and minor
sphalerite.

The ore breccias at Mandoos are heterometric, poorly sort-
ed, and often cemented by fine-grained pyrite sands (Galley
and Koski, 1997). Although no anhydrite was found, these
features argue for mound collapse during the waning stage,
leading to retrograde dissolution of anhydrite intergrown
with the sulfide assemblages below 150°C (Hannington et al.,
1998). The compositional trend of chlorite cementing the ores
is typical of diagenetic chlorites (Bourdelle and Cathelineau,
2015) and likely records the transition from hydrothermal
to diagenetic temperature conditions during crumbling and
lithification of the sulfide breccias. Thinner ores (~1 m) in-
clude rounded sulfide clasts, suggesting they may represent
mound talus. The trend toward Cu-rich late sulfides (bornite,
covellite, spionkopite; Fig. 4C, E, G; App. 4) is attributed to
oxidation of chalcopyrite during late seawater influxes, up-
grading the Cu grades of the ores. The multiphased quartz
veining and late zeolite/carbonate infills may also result from
these seawater-dominated hydrothermal fluids, although a re-
lationship with postobduction carbonate veining (as seen in
the hanging-wall lavas) cannot be excluded (Richter and Dia-
mond, 2022).

Hydrothermal alteration proximal to the orebody comprises
strong silicification with pyrite dissemination and quartz-sul-
fide veins where the presence of Al-rich phyllosilicates im-
plies intense leaching of the host rock under high water/rock
ratios by acidic hydrothermal fluids. These halos are enclosed
by intense chloritization with disseminated pyrite and jasper
veinlets—a common zoning in active (e.g., TAG) and fossil
systems (Galley and Koski, 1997; Hannington et al., 1998;
Hannington, 2014). The presence of chlorite- and silica-rich
alteration in the open pit and the distal southeast orebody sug-
gests that this deposit represents a large hydrothermal field
with more than one sulfide mound. Although hydrothermal
alteration in Mandoos is pervasive, the stockwork system is
poorly developed, especially compared to Shinas. Several fea-
tures may have contributed to this: (1) the existence of several
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feeders (oceanic faults) efficiently focusing fluids directly to
the sea floor, (2) no resealing of the deposit following the early
rupture of the jasper cap, (3) deposit formation predominant-
ly above the sea floor via sulfide mound growth and collapse,
and (4) great water depths preventing boiling of hydrother-
mal fluids. Deep-seated fossil systems often have incipiently
developed stockworks consistent with the great water depths
estimated for the Samail volcanism (34 km; Belgrano et al.,
2021).

Metalliferous sediments are usually found surrounding
sulfide mounds and form from hydrothermal fluid exhalation
into the seawater column, followed by particle oxidation and
deposition (Tornos et al., 2015; Murton et al., 2019). Man-
doos sulfide ores are found grading to, and interbedded with,
metalliferous sediments characterized by seawater-like REE
patterns. Such signatures are the result of oxidation of exha-
lated sulfide particles into the seawater, from which oxyani-
ons, including REEs, are scavenged (Lode et al., 2015). This
implies that the formation of umbers interbedded with the
ores was synchronous with the massive sulfide ore-forming
processes. Hydrothermal fluids are characterized by high Ba
contents, often precipitating Ca and Ba sulfates (Tornos et al.,
2015). Our data show that ore-related umbers have higher
Ba/Mn than those in the hanging-wall sequence, unrelated to
ore-forming processes. Such compositional differences can be
further explored to vector hydrothermal activity in the Samail
(e.g., Lode et al., 2015).

Submarine weathering of massive sulfide ores may produce
ochres via sulfide oxidation and leaching of metals (Murton et
al., 2019). At Mandoos, ochres occur overlying or completely
replacing massive sulfide ores. The presence of breccia-like
textures, sulfide relics, and seawater-like REE patterns sug-
gest that Mandoos ochres resulted from sea-floor weathering
of the massive sulfides rather than postobduction weathering.
Although atacamite may precipitate from saline groundwaters
in hyperarid climates (Reich et al., 2008), the ochre geochem-
istry and the lack of sulfate phases suggest it formed during
seawater-induced oxidation of the massive sulfides (Hanning-
ton, 1993). Estimated times for ochre formation in the TAG
hydrothermal field is ~20,000 years (Hannington, 1993). Con-
sidering that Mandoos ochres are scarce and the massive sul-
fides are well-preserved, it follows that the Mandoos deposit
was quickly covered by the hanging-wall lavas and effectively
preserved from further oxidation.

Shinas deposit: Primary ore venting-related textures, like
those observed in Mandoos, are seldom preserved at Shinas
and are chiefly restricted to faint colloform arrangements
in the sulfide clasts. The near-complete recrystallization
of the sulfides in the ores strongly suggests that the system
evolved under a high-temperature, efficiently focused fluid-
flow regime. The occurrence of pyrite laths in the ores sug-
gests pseudomorphic replacement of a pyrrhotite precursor
(Fig. 8B), likely preceding the main ore stage (i.e., formation
of the matrix-supported breccia + massive ores). Pyrrhotite
and high-FeS mol % sphalerite are typical of massive sulfide
deposits in sedimented ridges, where reducing conditions
are established during interaction of hydrothermal fluids
with the host sediments (e.g., Keith et al., 2014). Because
Shinas is hosted exclusively within a volcanic sequence,
the occurrence of this assemblage suggests that low fs,-fo,
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conditions prevailed locally. In the early stages, the formation
of the jasper I matrix cementing clasts of the footwall volca-
nic sequence (clast-supported breccia; Fig. TH) could have
limited the system permeability, thus promoting relatively low
fsy-fo, conditions in the system. Sphalerite thermometry for
Fe-rich inclusions places this early stage between 240° and
370°C; it is recorded as quartz-chlorite-pyrite alteration in the
clast-supported breccia clasts and left no remarkable record
in the jasper matrix cementing the clasts.

The vertical transition between the deep-seated chalcopy-
rite + pyrite + quartz vein network that coalesces upward to
form the matrix of the matrix-supported breccia represents
the stockwork of the main ore-forming stage and is typical of
proximal discharge areas (Galley and Koski, 1997; Hanning-
ton, 2014). The chaotic textures in the shallower matrix-sup-
ported breccia unit (Fig. 7F, G) suggest that the onset of the
main ore-forming event occurred under a highly dynamic re-
gime. As indicated by the presence of jasper I-bearing clasts
in the shallow matrix-supported breccia (Fig. 7F, G) the main
ore-forming event was possibly induced by mulltistaged fault
displacements and hydrothermal fluids discharge.

The main ore stage led to the intense silicification recorded
in the matrix-supported breccia, with complete breakdown
of primary igneous phases, and quartz precipitation from
the hydrothermal fluids. The abundance of Al-rich phyllo-
silicates (beidellite) in the matrix-supported breccia indicates
intensive leaching under high water/rock ratios by acidic hy-
drothermal fluids (e.g., Richards et al., 1989; Hannington
et al., 1998). The rare chlorite aggregates preserved in the
matrix-supported breccia large basalt clasts (Fig. 7F) show
higher #Mg relative to the underlying clast-supported brec-
cia where #Mg decreases with depth. This trend of increasing
#Mg toward the massive sulfide ore is uncommon (Richards
et al., 1989; Gisbert et al., 2022) and may be interpreted as
resulting from iron partitioning into sulfides in equilibrium
with chlorite or seawater entrainment at the venting site and
mixing with the hydrothermal fluids. The final evolutionary
stage of the system is represented by the late formation of
jasper II, which crosscuts all lithologies and locally overlies
the orebody.

The oxidation horizon in Shinas features a downward, steep
(~5 m) transition from ochres with seawater-like REE com-
position, covering much of the deposit. Ochres are underlain
by a gossan (Fig. 11C) devoid of seawater REE signatures and
are followed by oxidized Cu-rich ores. The ochres attest to
seawater-induced oxidation and, therefore, a significant pe-
riod between the cessation of hydrothermal activity and the
covering of the deposit by hanging-wall lavas.

Metal enrichments during hydrothermal and
oxidation processes

Primary controls on metal endowments: The first-order con-
straint to the metal endowment of VMS/SMS systems is the
composition of the source zone, which largely reflects the tec-
tonic setting. Metals are mostly added to the hydrothermal
fluids via leaching of the source zone, but there is growing
evidence for metal inputs related to magmatic volatile de-
gassing, especially in arc settings (e.g., Patten et al., 2020).
Fluid composition, intensive variables, and the hydraulics of
the hydrothermal system determine how metals are trapped
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and distributed within a deposit (Schardt and Large, 2009;
Monecke et al., 2016).

Zone-refining processes can also control deposit-scale met-
al zonation. Assay logs (Fig. 11C, D) and correlation factors
for Shinas ores (App. 8) show a covariation between Au, Ag,
Pb, and As, which increase upward in the sequence, leading
to high Awbase metal ratios in the ores. These features—the
strong recrystallization of the ores, and the lack of correla-
tions/spatial association between Cu and Zn at the deposit
scale—are consistent with efficient zone-refining processes.
In Mandoos there is no evidence for significant zone refining:
Cu and Zn are not decoupled at the deposit scale, and Au
distribution is tightly associated with Cu (Fig. 11; Table 1),
suggesting Au was introduced during the main ore-forming
stage.

(glonstraining the fertility of the source zone(s), as well as
metal (and S) behavior during the magmatic stages (Patten
et al., 2017) requires systematic analysis of chalcophile ele-
ments in volcanic suites. Such data are currently lacking for
the Samail volcanic rocks; therefore, we perform a compara-
tive assessment of metal enrichments in both deposits using
TAG-normalized plots as a proxy for a mafic-hosted system
wherein no magmatic volatile fluxes are recorded (Hanning-
ton et al., 1998). The plotted average compositions exclude
oxidized ores from Shinas and Zn-rich ores from Mandoos,
which are assessed separately (Fig. 14A-C); Cu, Zn, and Au
mine assay (weighted) averages provide deposit-scale compo-
sitional ranges. Both deposits are depleted relative to TAG
(0.01-0.8x) in Bi, Ge, Cd, Cr, Co, Ni, and Ga and show simi-
lar (0.8-1.6x) enrichments in Cu, Zn, Pb, and Ag, within the
range of basalt-hosted VMS/SMS (Monecke et al., 2016). Dif-
ferences between deposits include higher Te + As + Se = Sb
+ Ga (3-9x) in Mandoos and Au + Tl (1.5x, 82x) in Shinas.
Other metals, although not enriched relative to TAG, are also
distinct between deposits—namely, higher Mo in Shinas and
Se in Mandoos.

Gold grades in Mandoos and Shinas (Table 1) are similar to
most VMS deposits in Oman (Gilgen et al., 2014) or Cyprus
(Patten et al., 2017), classifying them as gold-poor deposits
(Mercier-Langevin et al., 2011). Higher Au grades in Oman
are reported for the Rakha and Daris-3A deposits, hosted in
the Boninitic Alley unit (Gilgen et al., 2014). SMS systems
hosted in arc settings (Herzig and Hannington, 1995; Pat-
ten et al., 2020) form through leaching of rocks with higher
gold backgrounds or direct magmatic-hydrothermal contri-
butions (Mercier-Langevin et al., 2011; Fuchs et al., 2019).
The higher Au + Tl grades in Shinas are consistent with a
source with arc-influenced chemical composition (Monecke
etal.,, 2016). The higher Cu grades in Shinas can be explained
by its high-temperature evolution, where copper precipitated
mostly in the subseafloor. Also, higher average Cu concentra-
tions reported in Tholeiitic Alley lavas relative to Geotimes (X
= 61 vs. 39 pg/g; Belgrano et al., 2019) likely favored higher
Cu enrichment in Shinas. Source controls on metal endow-
ment are further supported by the differences between the
REE patterns of the sulfide ores, which mimic the footwall in
each deposit. It follows that the footwall sequence may also
represent a major source of metals for the hydrothermal sys-
tem, in addition to those leached from the reaction zone at the
gabbro-dike transition (Hannington, 2014; Richter and Dia-
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Fig. 14. (A,B) TAG-normalized plots for: (A) average, pyritic sulfide ores from Mandoos (excluding Zn-rich ores) and Shinas
(excluding oxidized ores; Table 4) assay data for massive sulfide ores are also plotted (Table 1); and (B) Mandoos Zn-rich vs.
Zn-poor (pyritic) ores (Table 4). (C, D) Enrichment/depletion plots for Shinas oxidation profile normalized to the average
sulfide ore composition based on (C) inductively coupled plasma-mass spectrometry (ICP-MS) data (Table 4) and (D) mine
assay data for massive sulfide ores (Table 1). TAG data from Herzig et al. (1998) and Monecke et al. (2016). Abbreviations:

Py = pyrite, Sed = sediment.

mond, 2022). Higher gold grades in other Alley-hosted depos-
its could be explained by the addition of magmatic fluids and
boiling near the sea floor. While high water depths (>3,000 m)
estimated for Samail lavas preclude significant hydrothermal
boiling (Belgrano et al., 2021), magmatic volatile addition re-
mains to be verified at the deposit scale.

Considering the highly chalcophile character of Cu + Te +
Se + Au (Patten et al., 2020), and that Te + Se + Cu indicates
high-temperature fluids (Huston et al., 1995; Monecke et al.,
2016), the Te-Se enrichment in Mandoos relative to the Cu-Au
enrichment in Shinas is unexpected. Zone-refining processes
in Shinas cannot account for these differences, since Te + Se
are unlikely to be lost from pyrite during zone refining (Hus-
ton et al., 1995). Therefore, the higher Te + Se enrichment
in Mandoos possibly reflects its basaltic (V1) source area. As-

sessment of potential magmatic-hydrothermal contributions
needs further investigation from isotopic and high-resolution
(laser ablation-ICP-MS) techniques. In contrast, Mandoos
Zn-rich ores are enriched in Cd + Ga + Mo + Sb but depleted
in Te + Se + Co (Se/S 8-13) relative to pyrite-rich ores, which
is consistent with their lower-temperature formation.

Effects of oxidation processes: Metal variations for the oxi-
dation profile in Shinas (Fig. 11C) normalized to fresh ores
are shown in Figure 14C. The oxidation profile is capped by
ochres showing multiple metal enrichments (Te << Se < Pb <
Ni < Cr < Ga < Sb), whereas the underlying gossan and oxi-
dized ores show more restricted enrichments in Zn < Cr < Ag
< Se and Ni + Se, respectively (Fig. 14C). Furthermore, there
is a steep upward Au enrichment in the oxidized ores and gos-
san (Fig. 11C), whereas deposit-scale assay data confirm sig-
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nificant gold grades in the gossans and locally high grades in
the Fe sediments (Table 1).

Both subaerial (Boyle, 2003) and seawater-induced oxida-
tion (Herzig et al., 1991; Herzig and Hannington, 1995) can
potentially upgrade base metal and gold grades to form chal-
cocite-rich ores. Ochre formation and related metal enrich-
ments took place during seawater-induced oxidation of the
ores. Despite the mineralogical similarities between ochres
and gossans, the latter lack REE seawater-derived signatures,
clearly resulting from subaerial oxidation. It is thus possible
that the spatially associated Au + Cu upgrade in the ores initi-
ated at the sea floor and was further enhanced during postob-
duction subaerial exposure.

Conclusions

Multiscale evidence gathered in this work shows that the fac-
tors controlling the size and metal endowment of the Man-
doos and Shinas VMS deposits are volcanostratigraphy, hydro-
thermal venting style, and late oxidation processes.

The Mandoos deposit is among the largest VMS deposits
in Oman (8 Mt at 1.8 wt % Cu, 0.6 wt % Zn, 0.18 g/t Au)
and comprises a fault-controlled orebody preserving abun-
dant vent-related features overlying an incipiently developed
stockwork. Chlorite-altered halos preserve geochemical mag-
matic features and envelop quartz-pyrite alteration closer to
the orebody. Shinas is a high-grade, ~1-Mt deposit (2.6 wt %
Cu, 0.3 wt % Zn, 0.63 g/t Au) within the average size of typi-
cal ophiolite-hosted VMS deposits. It comprises a thin, highly
recrystallized, quartz-rich massive sulfide lens overlying two
pipe-like feeder zones of intensely altered, mineralized, and
brecciated footwall.

The differences between these deposits result mostly from
distinctive venting styles, possibly controlled by crustal per-
meability conditions: Mandoos developed along multiple up-
welling zones resulting in the formation of a large hydrother-
mal field. The absence of significant zone refining, the pristine
hydrothermal textures, and poorly developed stockwork sug-
gest formation mainly above the sea floor via mound growth
and collapse. At Shinas, the pervasive recrystallization of the
ores, high Cu/Zn ratios, and occurrence of pyrrhotite pseudo-
morphs and Fe-rich sphalerite suggest a higher-temperature
system evolving from low fs/fo, conditions, locally sealed by
jaspers, to a mound growth stage with widespread subseafloor
brecciation/replacement and associated zone refining.

Mandoos formed at the onset of the postaxial stage (Geo-
times-Tholeiitic Alley transition), and Shinas is hosted within
the Alley units. The Shinas hanging-wall lavas have some of
the lower €N, and Nb/Ta ratios in Oman, consistent with ex-
traction from a strongly modified mantle source during the
late postaxial stage. Crucially, our data suggest a continuous
and transitional nature for the volcanism phases in the Samail
ophiolite.

Mandoos is enriched in Te + As + Se + Zn + Ga + Sb rela-
tive to Shinas, where higher Cu + Au + Tl + Mo grades pos-
sibly reflect leaching of protoarc-like lavas. REE patterns in
the ores mimic the deposit footwall and can be used to con-
strain its volcanostratigraphic position. This indicates that the
footwall sequence can also be an important source of metals,
providing a first-order control on the metal enrichments of
VMS deposits.
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Finally, both deposits show the effects of significant sec-
ondary metal enrichment processes related to massive sulfide
oxidation, leading to the formation of ores highly enriched
in Au-Cu. Seawater-induced oxidation processes resulted in
the formation of ochres with seawater-like REE patterns and
multiple metal enrichments (Te << Se < Pb < Ni< Cr < Ga <
Sb). Copper plus gold upgrading in the ores may have initiat-
ed during seawater-induced oxidation and was later enhanced
by postobduction subaerial weathering, generating Au-rich
gossans.
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