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Abstract

The Anarraaq clastic-dominated (CD) Zn-Pb-Ag deposit (Red Dog district, Alaska, USA) has an inferred mineral
resource of 19.4 Mt at 14.4% Zn, 4.2% Pb, and 73 g/t Ag and is spatially associated with a separate ~1 Gt barite
body. This study presents new cross sections and petrographic evidence from the Anarraaq area. The barite body,
previously shown to have formed in a shallow subsurface environment akin to a methane cold seep, contains mul-
tiple generations of barite with locally abundant calcite masses, which are discordant to sedimentary laminae, and
is underlain by an interval of massive pyrite containing abundant framboids and radiolarians. Calcite and pyrite
are interpreted to have formed by methane-driven diagenetic alteration of host sediment at the sulfate-methane
transition (SMT). The sulfide deposit contains two zones of Zn-Pb mineralization bounded by faults of unknown
displacement. The dominant hydrothermal minerals are marcasite, pyrite, sphalerite, quartz, and galena. The
presence of hydrothermal pseudomorphs after barite, early pyrite resembling diagenetic pyrite associated with
the barite body, and hydrothermal quartz and sphalerite filling voids formed by dissolution of carbonate all sug-
gest that host sediment composition and origin was similar to that of the barite body prior to hydrothermal min-
eralization. Rhenium-osmium isochron ages of Ikalukrok mudstone (339.1 + 8.3 Ma), diagenetic pyrite (333.0 +
7.4 Ma), and hydrothermal pyrite (334.4 = 5.3 Ma) at Anarraaq are all within uncertainty of one another and of
an existing isochron age (~338 Ma) for the Main deposit in the Red Dog district. This indicates that the Anarraaq
deposit formed soon after sedimentation and that hydrothermal activity was approximately synchronous in the
district. The initial Os composition of the Anarraaq isochrons (0.375 + 0.019-0.432 + 0.025) is consistent with
contemporaneous seawater, indicating that a mantle source was not involved in the hydrothermal system. This
study highlights the underappreciated but important role of early, methane-driven diagenetic processes in the
paragenesis of some CD deposits and has important implications for mineral exploration.

Introduction

The Red Dog district in northwestern Alaska contains several
world-class clastic-dominated (CD) Zn-Pb deposits (Fig. 1;
Blevings et al., 2013). CD Zn-Pb deposits are a subtype of
sediment-hosted massive sulfide (SHMS) deposits that are
hosted in carbonaceous mudstone (Leach et al., 2010); this
type of deposit has traditionally been referred to as sedimen-
tary exhalative (SEDEX; Goodfellow et al., 1993). Within the
Red Dog district, the Anarraaq sulfide deposit contains an
inferred mineral resource of 19.4 Mt at 14.4% Zn, 4.2% Pb,
and 73.4 ppm Ag (Krolak et al., 2017). Barite and Fe sulfide
(pyrite and marcasite) are common components of the Red
Dog CD deposits. Importantly, barite produces a strong grav-
ity anomaly that has proven to be a powerful tool in explora-
tion of the district (Blevings et al., 2013). However, barite and
Zn-Pb-Fe sulfides also occur independent of each other in the
district, and Fe sulfide is the dominant component in some
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low-grade Zn-Pb prospects in the Red Dog district (Fig. 1;
Kelley and Jennings, 2004; Blevings et al., 2013). The genetic
controls on the varying relationships of these components are
not well understood.

The Anarraaq area of the Red Dog district is an ideal place
to investigate the relationships between diagenetic and hydro-
thermal processes because it contains a sulfide-only deposit
and a barite-only body (Kelley et al., 2004b), and recent drill-
ing allows good geologic control. The Anarraaq barite body
could contain as much as 1 Gt of barite and is separated from
the sulfide deposit below by 20-60 m of barren host rock
(Kelley et al., 2004b). Kelley et al. (2004b, p. 1586) reported
only rare barite in the Anarraaq sulfide deposit or in laterally
equivalent strata, concluding that it was “unlikely that the sul-
fides replaced barite.” They instead interpret sulfides to have
replaced sedimentary carbonate layers within the mudstone
(Kelley et al., 2004b).

In this study, we present new cross sections and petro-
graphic data from the Anarraaq barite body and the Anarraaq
sulfide deposit and document the distribution of the major
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Fig. 1. Regional map of thrust sheets in the Red Dog district. Modified after
figures 2, 3, and 14 in Blevings et al. (2013). Mine area deposits include Main
(M), Aqqaluk (A), Paalaaq (P), and Qanaiyaq (Q). Other deposits include
Anarraaq, Aktigiruk (Ak), and Su Lik (SL). Several additional prospects and
barite occurrences are also highlighted.

paragenetic components on the deposit scale. We also pres-
ent the first paragenetic scheme for the deposit that includes
both sulfide and gangue minerals and show that hydrothermal
sulfide mineralization did replace diagenetic barite. Finally,
rhenium-osmium isotope geochemistry is used to constrain
the age of the Anarraaq sulfide deposit relative to host sedi-
ment, diagenetic alteration, and other Red Dog deposits.

Regional Geology

The Red Dog district is in the Arctic Alaska terrane, which
comprises Devonian to Jurassic sedimentary rocks deposited
on a passive continental margin (Moore et al., 1986, 1994).
The area underwent significant shortening during the Late Ju-
rassic to Cretaceous Brookian orogeny, when the terrane col-
lided with an intraoceanic island arc (Moore et al., 1986, 1994).
District geology is characterized by thrusts, folds, and very low
grade metamorphism (De Vera et al., 2004). The region has
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been divided into multiple fault-bounded and age-equivalent
allochthons and structural plates (referred herein as sheets;
Fig. 1; Young, 2004; Blevings et al., 2013). All known CD de-
posits in the Red Dog district are hosted in the Red Dog thrust
sheet of the Endicott Mountains allochthon (Figs. 1, 2; Blev-
ings et al., 2013). In the Anarraaq area, structural vergence is
to the northeast (Fig. 1; De Vera, 2005), and thrust faults are
offset by steeply dipping tear faults that accommodate variable
lateral displacement (Fig. 3; Blevings et al., 2013).

The Red Dog CD deposits are hosted in the Tkalukrok unit,
which makes up the upper part of the Mississippian Kuna
Formation and is the deep-water facies of the Lisburne Group
(Dumoulin et al., 2004). The Kuna Formation was deposited
in a sediment-starved, extensional basin flanked by carbon-
ate platforms (Young, 2004). The Ikalukrok unit primarily
comprises black biosiliceous mudstone and chert with locally
abundant intercalations of carbonate and barite (Dumoulin et
al., 2004; Johnson et al., 2004) and cut by igneous intrusions
linked to extensional and transtensional deformation (Young,
2004). Rocks of the Ikalukrok unit are characterized by high
concentrations of organic carbon, silicon, and phosphate, with
abundant radiolarians (Dumoulin et al., 2004, 2014; Slack et
al., 2004). Upwelling of nutrient-rich waters played an impor-
tant role in the regional depositional regime (Dumoulin et al.,
2014) and may have given rise to a fluctuating oxygen mini-
mum zone that resulted in variable redox conditions (Reyn-
olds et al., 2015). Carbonate layers in the Ikalukrok can be up
to 40 m thick and up to 80 m in cumulative thickness and are
generally thought to originate from the erosion of adjacent
carbonate platforms (Dumoulin et al., 2004). The abundance
of calcareous mass flow deposits in the Ikalukrok increases
from south to north and is relatively high at Anarraaq (Du-
moulin et al., 2004).

The model for Red Dog CD Zn-Pb mineralization calls for
a saline brine (14-19 wt % NaCl equiv) that originated from
evaporated seawater and was heated to 100°-200°C as it cir-
culated in the subsurface (Leach et al., 2004). The source of
metals is inferred to be the fluvial-deltaic sandstones and con-
glomerates of the Devonian Endicott Group below the Kuna
Formation (Young, 2004). The hydrothermal fluid ascended
to the surface via extensional faults; some sulfides were de-
posited in shallow muds or replaced barite (e.g., mine area
deposits; Kelley et al., 2004a), and some replaced calcareous
mass flow deposits within the Ikalukrok unit (e.g., Anarraaq
deposit, Kelley et al., 2004b). Hydrothermal pyrite in the
Main deposit was dated at 338.3 + 5.8 Ma (Re-Os), which is
coeval, within uncertainty, to the biostratigraphic age of the
upper Kuna Formation (Morelli et al., 2004).

Anarraaq

Kelley et al. (2004b) provide an excellent descriptive overview
of the Anarraaq area. In brief, the Anarraaq sulfide deposit
is a lenticular body located ~650 m below the surface. The
highest grades (20-30% Zn) occur in the southeastern part of
the deposit, which is inferred to have formed near a Carbon-
iferous extensional fault that acted as the primary conduit for
hydrothermal fluids, although no such fault has been identi-
fied. The northwestern part of the deposit is characterized by
>60% pyrite and marcasite with minor amounts of base metal
sulfide. To explain the size and shape of the sulfide body and
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Fig. 2. Generalized stratigraphy of the Red Dog thrust sheet, which hosts
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Modified after figure 4 in Blevings et al. (2013).
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some sulfide textures, Kelley et al. (2004b) suggested that the
mineralizing fluids preferentially replaced calcareous mass
flows deposited in a submarine channel. The sulfide body is
underlain by a basal fault and may be separated from overly-
ing strata by a thrust fault.

The strata overlying the sulfide deposit contains a 9- to
67-m lower interval of mudstone with disseminated sulfides
that extend up to 20 m above the sulfide deposit, 10-20 m
of mudstone interbedded with calcareous mass flow deposits
(i.e., lithic turbidite and calcareous radiolarite), 10-20 m of
black mudstone, and 10-20 m of chert and calcareous radio-
larite. Above that, the Anarraaq barite body ranges in thick-
ness from 65 to 140 m; some parts may have been structur-
ally thickened. The barite body consists of a lower zone of
massive, laminated barite, the basal part of which is variably
calcareous, and an upper zone of nodular barite in black chert
and mudstone. The barite body is overlain by younger strata
with multiple repeating thrust sheets verging northeast.

Methane-Driven Diagenetic Processes

Barite in the Red Dog district is thought to have formed when
diagenetic fluids enriched in methane and barium vented into
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Fig. 3. Plan map of the Anarraaq area. Modified after figure 14 in Blevings et
al. (2013). The high-grade Zn-Pb mineralization shape indicates grade thick-
ness 2140 Zn + Pb% x m (S.K. Blevings, pers. commun., 2019).

sulfate-bearing bottom waters or shallow pore waters (Ayuso
et al., 2004; Johnson et al., 2004, 2009). This type of environ-
ment is analogous to cold methane seeps (Suess, 2014). Barit-
ic cold methane seeps generally form on continental margins
with abundant biogenic productivity in the overlying water
column (Torres et al., 2003). In such settings, biologically me-
diated barite precipitation in the water column results in rela-
tively high concentrations of biogenic barite in organic-rich,
and commonly opal-rich, sediment (Bishop, 1988; Paytan et
al., 1993). Degradation of organic matter during burial creates
strongly reducing, methane-rich pore waters that dissolve the
biogenic barite (Brumsack, 1986; Torres et al., 1996). Where
these fluids migrate into sulfate-bearing seawater or shallow
pore waters, barite reprecipitates (Brumsack, 1986; Torres et
al., 1996, 2003).

Because barium is transported in methane-bearing fluids,
barite precipitation is closely linked to an important biological
process: sulfate driven-anaerobic oxidation of methane (SD-
AOM), which proceeds by reaction 1 (Barnes and Goldberg,
1976; Reeburgh, 1976):

CH, + SO — HCOs + HS- + Hy0. (1)

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/116/8/1803/5428899/4849_reynolds_et_al.pdf
bv Freie lIniversitaet Berlin user



1806

This reaction is mediated by a consortium of sulfate-reduc-
ing bacteria and syntrophic anaerobic methanotrophic archea
(Hoehler et al., 1994; Knittel and Boetius, 2009). Sulfate-driv-
en anaerobic oxidation of methane commonly takes place be-
low the sediment surface in a zone called the sulfate-methane
transition (SMT; Fig. 4; Iversen and Jgrgensen, 1985). There,
upward-diffusing methane and downward-diffusing seawater
sulfate are depleted by SD-AOM (Iversen and Jgrgensen,
1985). Diagenetic barite precipitates just above the SMT
(Dickens, 2001), where the absence of methane and the pres-
ence of sulfate result in a decrease in the solubility of barium.
SD-AOM is also associated with the precipitation of authi-
genic carbonate (e.g., Paull et al., 1992) and pyrite (e.g., Lin,
Q., et al,, 2016; Lin, Z., et al., 2016). However, at Anarraaq,
authigenic carbonate associated with the barite bed has not
been identified previously (Johnson et al., 2004).

At Red Dog, Kelley et al. (2004a) proposed that thermogen-
ic reductive dissolution of early barite provided an important
source of S for later hydrothermal sulfide mineralization in the
mine area deposits (Qanaiyaq, Main, Agqaluk, and Paalaaq;
Fig. 1). Furthermore, Johnson et al. (2004) recognized the
link between barite precipitation and SD-AOM as a possible
source of reduced sulfide (HS-) for formation of Zn-Pb min-
eralization. The barite body at Anarraaq is not overprinted by
Zn-Pb mineralization and, therefore, provides insight into how
methane-driven diagenetic processes altered the host sedi-
ment before the hydrothermal system developed. As such, it is
an ideal study site to assess the role that diagenetic processes
may play in the development of the hydrothermal system.

Methods

Relogging and thin-section petrography

The petrographic observations reported in this study are
drawn from the detailed relogging of 13 drill cores along two
sections through the Anarraaq area (Fig. 3), >500 samples of
cut core, and >80 thin sections (locations shown on Figs. 5,
6). Cores were painted with a dilute HCI solution contain-
ing alizarin red S and potassium ferricyanide to allow rapid
identification of carbonate minerals (Hitzman, 1999). In ad-
dition to detailed hand sample and thin-section petrographic
descriptions, the scanning electron microscope (SEM) at the
University of Alberta was used to confirm mineralogy and
microscopic textural relationships with dispersive spectros-

Seawater
SO,*

Sulfate-driven anaerobic oxidation of methane (SD-AOM)
CH,+ SO/ —HCO; + HS + H,0

Diagenetic
CH, + Ba?*

seafloor

SMT
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copy (EDS) and backscattered electron (BSE) imaging. Spot
checks using micro-Raman spectroscopy were used to verify
visual identification of pyrite and marcasite. Additional litho-
logical and textural details were drawn from original logs and
high-resolution photographs of fresh core.

Re-Os sampling and analytical methods

Three samples from drill core were used for Re-Os analyses
(Fig. 5A). Sample 923-2123 is 30 cm of core composed of
black mudstone with disseminated pyrite and minor quartz-
calcite veinlets (App. Fig. A1A) and located approximately
12 m above the Anarraaq sulfide deposit. Veinlets and mac-
roscopic accumulations of pyrite were avoided during sam-
pling of mudstone. Sample 1716-2520.8 is 20 cm of core that
consists of visibly unmineralized mudstone with diagenet-
ic pyrite nodules from the Anarraaq sulfide deposit (App.
Fig. A1B). The pyrite nodules are crosscut by minor quartz
veinlets, which were excluded during sampling. Sample
1723-2104.5 is 20 cm of core that comprises hydrothermal
pyrite enclosed in calcite (App. Fig. A1C).

The Re-Os analyses were carried out at the Crustal Re-Os
Geochronology Laboratory of the Department of Earth and
Atmospheric Sciences, University of Alberta, Canada. Each
sample was cut from original core material using a rock saw
and then polished to remove any residue. Mudstone sam-
ples were then powdered in an agate mill, whereas pyrite
samples were manually crushed using ceramics to a size of
approximately 1-5 mm and handpicked under a stereoscope
to remove any impurities. Several hundred milligrams of sam-
ple were then added to a Carius tube with a known amount
of 185Re and %°Os spike solution and 8 mL of CrOs-H>SO4
(for mudstones) or 2 mL of 10 N HCI] and 6 mL 16 N HNOj;
(for pyrite). The Carius tubes were sealed and heated to
220°C for 48 (pyrite) to 72 h (mudstone) to ensure sample-
spike equilibration. Additional details of the chemical proce-
dures for sample digestion and purification of Re and Os are
provided by Selby and Creaser (2003) and Hnatyshin et al.
(2016).

The abundance and isotopic composition of Re and Os
were determined by isotope dilution-negative thermal ioniza-
tion mass spectrometry (ID-NTIMS) with a ThermoScien-
tific Triton NTIMS under conditions comparable to those of
Hnatyshin et al. (2016) to ensure a stable ion beam. Data were
reduced according to the method of Kendall et al. (2004),

Mineral

Precipitation

and |Dissolution

Barite

Fig. 4. The sulfate methane transition (SMT) forms
where downward-diffusing seawater sulfate and
upward-diffusing methane are depleted via sulfate-
driven anaerobic oxidation of methane. This reaction
can result in the precipitation of carbonate and pyrite.
Barite is soluble in the methanic pore waters below
the SMT but not above.
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Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/116/8/1803/5428899/4849_reynolds_et_al.pdf
bv Freie lIniversitaet Berlin user



ANARRAAQ DEPOSIT, RED DOG DISTRICT, ALASKA 1807

—=—>  Fault (direction unknown)

[ Undifferentiated Siksikpuk
[ Barite body - black chert with barite nodules —=> Fault (vergence direction) - Thin section(s)
[ Barite body - massive / laminated barite — — - Fault (lower confidence) ¢ Re-Os isotope sample
[ Intrusion CInt " ith oth "
I Undifferentiated Ikalukrok :  Intersection with other section
[ |kalukrok mudstone - intensely sheared with local Zn-Pb mineralization Drill core trace
[ Sulfide mineralization - Upper zone A
[ Sulfide mineralization - Lower zone In-out of section
P : < Calcareous/ limestone interval
I Intensely sheared Ikalukrok mudstone with minor clasts of other units Pyritic interval
[ Undifferentiated Red Dog and Wolverine Creek thrust sheets ~~ Calcareous turbidite interval
B
928 H X 1720
/—/ % XX 1719
SR X X XX X
V¥ X X XXXXXXXXXXXXXXXXXXXXXX)(XXXXXX)(?(XXXXXXX
v X XX X X X O XX X A X X X X X X X X X XEf X X X X X X 806
ovov v Y X X X X X X X X K|x
€
. o
Z h714 o
\, 50 m
1723 1716 1712
928 == ; 1720
=
1719
806
923
€
: R
1714
\ : 50m
1723 1716 1712

Fig. 5. (A) Longitudinal section through the central part of the Anarraaq sulfide deposit, oriented perpendicular to the direc-
tion of transport during Brookian shortening. Inset shows (B) spatial distribution of diagenetic components and (C) hydro-

thermal mineralization styles. See additional legend items in Figure 6.
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whereby 20 uncertainties for 187Re/1550s and 1570s/1880s are
determined by numerical error propagation and implemen-
tation of an error correlation (p) between 87Re/!880s and
187Qs/1880s. Blank corrections for mudstone data were 0.3 +
0.1 pg for Os at a 187Os-1550s ratio of 0.20 + 0.05 and 15 = 3 pg
for Re. For pyrite, the Os blank correction is 0.047 + 0.012 pg
at a 1870s-1880s ratio of 0.183 + 0.056, the Re correction be-
ing 1.1 + 0.6 pg. Age calculations of Re-Os isotope data were
performed using Isoplot version 3.00 (Ludwig, 2001) and the
157TRe decay constant of Smoliar et al. (1996).

Results

Cross sections

Figures 5 and 6 show new cross sections constructed by cor-
relating logs parallel to, and transverse to, the inferred thrust
transport direction. Two discrete zones of sulfide mineraliza-
tion can be distinguished: the Lower zone and the Upper
zone (Figs. 5, 6). The mineralized zones are characterized by
distinctive styles of Zn-Pb mineralization (see below for more
details) and are bounded by intervals of sheared mudstone
that contain local sulfide-bearing fragments. The boundaries
of these shear zones are marked as faults in Figures 5 and
6, but the magnitude of displacement along them is poorly
constrained.

The interval of unmineralized Ikalukrok between the barite
body and the sulfide deposit ranges from <50 m in the center
of the deposit to >100 m in the northeast (Fig. 6A). The cal-
careous turbidite is broadly continuous across both sections.
Whereas the turbidite unit is typically ~20 m thick, it can be
as thin as a 2-m interval of calcareous sandstone or ~10 m of
mudstone with minor micrite layers <10 ¢cm in the central and
southeastern parts of the area. Carbonate in the lower part
of the barite body and in the underlying mudstone is discon-
tinuous. The combined maximum thickness of the calcareous
beds encountered in this study is 50 m in core 1723.

At least one thrust fault cuts upsection through the Anar-
raaq barite body. Evidence for fault-related folding in the
hanging wall includes changes in unit thickness and bedding
oriented at a low angle to the core axis. Additional structures
may be responsible for other variations in stratigraphic thick-
ness of the massive and nodular barite units.

The petrographic features of the barite body and sulfide de-
posit are described in the following section.

Hand specimen descriptions, petrography, and paragenesis

The Anarraaq barite body and sulfide deposit contain dark-
colored, fine-grained, noncalcareous rocks with variable fissil-
ity and hardness. In this study, these rocks are referred to as
mudstone. If conchoidal fracture is observed in hand speci-
men or microcrystallinity in thin section, the term “chert” is
used instead, but these distinguishing features are difficult to
identify in small domains of mudstone within zones of massive
barite/sulfide or where abundant organic material obscures
the texture in thin section. More detailed descriptions of the
sedimentary rocks of the Ikalukrok can be found in Dumoulin
et al. (2004), Kelley et al. (2004a), and Slack et al. (2004).
Barite body: The barite body is well described by Kelley
et al. (2004b); we note some additional detailed observations.
In thin section, samples of massive, laminated barite typically
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containing chert with variable organic content and dissemi-
nated to patchy barite (Fig. 7B, C). The grain size of the barite
is <30 pm and the crystal boundaries are highly irregular to
embayed, suggesting dissolution and remobilization (Fig. 7F).
Calcareous intervals are not strongly laminated but still com-
monly contain some chert (Fig. 7D, E). Locally the bound-
aries between calcite-rich and chert-rich domains crosscut
remnant sedimentary laminae (Fig. 7E). Calcite also contains
distinctive barite laths ~20 pm in length that appear to have
been preserved from dissolution (Fig. 7G). Radiolarians are
commonly preserved as spheres of chalcedony or coarser crys-
talline barite (~50 pm) or as spheres of calcite in the calcar-
eous zones (Fig. 7). Massive cryptocrystalline barite clearly
crosscuts cherty and calcareous baritic zones (Fig. 7A), sug-
gesting it formed by replacing the latter.

Veins of coarsely crystalline barite are ubiquitous in the
Anarraaq barite body. In some places, these veins are clearly
associated with a local increase in the abundance of dissemi-
nated barite in the surrounding host rock (Fig. 7B). Barite
veins commonly contain patches of pyrobitumen enclosing
euhedral barite crystals (Figs. TH) and rare calcite.

In several drill cores, an interval of bedded to nodular py-
rite (<6 m thick) occurs just below the massive barite (Figs.
5, 6). Pyrite beds consist of abundant framboids and spher-
oids, which are enclosed by a later generation of massive fine-
crystalline pyrite (Fig. S8A-D). Abundant siliceous skeletal
material is preserved in the massive pyrite, including local
radiolarians that are essentially intact (Fig. 8B, C). A minor
later generation of cubic pyrite is associated with crosscutting
quartz veinlets.

Sulfide deposit—Lower zone: Host strata of the Lower zone
contain diagenetic barite and pyrite, lesser marcasite, and
rare apatite laths that predate Zn-Pb mineralization (Fig. 9).
Evidence for barite is present in the form of pseudomorphs
after discrete laths (generally <200 pm but locally >1 c¢m) and
nodules and layers composed of laths that coalesce into amor-
phous masses (Fig. 10A, B). Although most barite is com-
pletely replaced by quartz (Fig. 10C) or sphalerite (Fig. 10D,
E), rare barite has been detected by EDS (Fig. 10E). Diage-
netic Fe sulfide occurs disseminated in mudstone and as mac-
roscopic layers, laminae, and nodules (e.g., Fig. 8I). In hand
sample, early Fe sulfides are very finely crystalline and rela-
tively dull in luster. Nodules are several millimeters to 10 cm
in diameter and range from rounded to subangular, tabular
to irregular. Layers are commonly 1 cm thick or less. Nodules
and layers locally coalesce such that up to a meter of core
may be massive Fe sulfide. Pyrite occurs as framboids (Fig.
8F) or spheroids (Fig. 8G), euhedral crystals that locally over-
grow framboids (Fig. 8F), and fine crystalline masses (Fig.
SF-H) that are locally intergrown with slightly coarser marca-
site. A distinctive characteristic of the early Fe sulfide is the
abundance of siliceous inclusions, many of which are clearly
biogenic in origin. The best-preserved microfossils are radi-
olarians (Fig. 8G, H) and the morphology of less complete
skeletal fragments is mostly consistent with this identification.

The host strata in the Lower zone are best preserved in the
three cores in the northwestern half of the longitudinal sec-
tion (cores 1723, 1716, and 1712; Fig. 5A) where overprinting
by hydrothermal mineralization is the least destructive of pre-
existing textures. These cores show a consistent stratigraphic
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Fig. 7. Massive, laminated barite textures in the Anarraaq barite body. (A) Photograph of core in which massive cryptocrystal-
line barite crosscuts domains of chert + calcite with disseminated barite. Black line with arrows indicates orientation of rem-
nant laminae apparent in thin section. (B, C) Plane-polarized light photomicrographs of chert with variable organic content
and disseminated barite. In B, barite vein has halo of disseminated barite. (D) Plane-polarized photomicrograph of chert
intermixed with calcite; both contain disseminated barite. In B-D, spheres of chalcedony, barite, and calcite form after radio-
larians. (E) Plane-polarized photomicrograph of the boundary between chert-rich and calcite-rich baritic domains (dashed
line), which is highly irregular and discordant to remnant mudstone laminae. (F) Reflected-light photomicrograph shows
disseminated barite in chert has highly irregular to embayed crystal boundaries, suggesting dissolution and remobilization.
(G) Backscattered electron image shows disseminated barite laths in calcite, suggesting these crystals were protected from
dissolution. (H) Plane-polarized photomicrograph of massive cryptocrystalline barite crosscut by coarsely crystalline barite +
pyrobitumen vein. Samples 809-1913.1 (A, F), 809-1893.2 (B, D, E, H), 809-1852.7 (C). Abbreviations: Brt = barite, Cal =
calcite, Cdn = chalcedony, Cht = chert, Dis = disseminated, OM = organic material, Pbt = pyrobitumen, Rad = radiolarian.
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Fig. 8. (A) Photograph of core shows bedded to nodular pyrite that locally underlies massive barite of the barite body. (B,
C) Reflected-light photomicrographs from near A show pyrite framboids and spheres enclosed by a later generation of
massive fine-crystalline pyrite. Abundant siliceous radiolarians are preserved as fossil hash (B) and layers of intact skeletons
(C). (D) Plane-polarized photomicrograph from near A shows chert interbeds contain abundant radiolarians preserved as
chalcedony spheres. (E) Reflected-light photomicrograph shows coalescing colloform texture common in diagenetic pyrite
of the Upper zone. Reflected-light photomicrographs of diagenetic pyrite in the Lower zone show a pyrite framboid (F) and
sphere (G) overgrown by euhedral (F) and massive (F-H) pyrite. Massive pyrite contains siliceous radiolarian skeletal mate-
rial. (I) Photograph of core showing laminated pyrite in mudstone crosscut by sphalerite veinlets and late calcite-quartz vein.
(]) Plane-polarized photomicrograph of sphalerite from I shows crystals contain color zonation despite pale, uniform color
in hand specimen. (K) Reflected-light photomicrograph shows cubic pyrite in quartz vein, which crosscuts early Fe sulfide
generations. Samples 809 1972-1976ft (A), 809-1980.3 (B), 809-1971.8 (C), 809-1963.7 (D), 1719-2154.8 (E), 923-2404.8 (F),
1713-2352.5A (G, H), 1723-2197.6 (1, ]), 923-2204.6 (K). Core photos oriented with up hole toward top of page. Abbrevia-
tions: Cal = calcite, Cdn = chalcedony, Cht = chert, Mdst = mudstone, Mrc = marcasite, Py = pyrite, Qz = quartz, Rad =
radiolarian, Sp = sphalerite. Numbers indicate paragenetic phases in Figure 9.
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Fig. 9. Paragenesis of the Upper and Lower zones in the Anarraaq sulfide
deposit. Carbonate is in parentheses to indicate that its presence is inferred.
Grayed minerals observed only in the Lower zone. Bolded minerals are most
abundant.

distribution of diagenetic components (Fig. 5B) including an
upper interval of mudstone with (pseudomorphs after) barite,
a middle interval of very poorly preserved host rock (i.e., of
unknown composition) with local intervals or clasts of black
mudstone and diagenetic Fe sulfide, and a basal interval of
mudstone with abundant diagenetic Fe sulfide layers and
nodules. Although the host rock is less well preserved in the
southeastern, higher-grade part of the deposit, rare evidence
of barite occurs at a similar stratigraphic level in cores 1714
and 923 (Fig. 4B). In the southwest-northeast cross section,
intervals of silicified barite in black mudstone occur only in
cores 1713 and 1717 (Fig. 6B).

The hydrothermal mineral assemblage of the Lower zone is
dominated by marcasite, pyrite, sphalerite, quartz, and galena
(Fig. 9). Hydrothermal pyrite and marcasite do not contain
biosiliceous inclusions and are coarser and brighter in luster
than diagenetic Fe sulfide (Fig. 11F). Some marcasite crys-
tals have been partially replaced by pyrite (Fig. 11F). The Fe
sulfide is commonly intermixed with sphalerite at a fine scale,
but it also occurs as macroscopic veins, cavity rims (Fig. 11A),
vein rims, and rare stalactites (Fig. 11G). Hydrothermal Fe
sulfide predates some sphalerite and vice versa, commonly
within the same hand sample.

Sphalerite in the Lower zone is highly variable in color
(Fig. 11A, B, D), and color zonation within crystals is ubiq-
uitous (Figs. 8], 10C). Even sphalerite that appears uniform
in hand sample shows color zonation in thin section (Fig. 8I,
]). Sphalerite occurs disseminated in mudstone (Fig. 111, as
veins (Fig. 111), as pseudomorphs after barite (Fig. 10C, D),
and in complex mineralized breccias (Fig. 11A, B). Sphalerite
veins crosscut mudstone and diagenetic Fe sulfide and barite
(Figs. 10A, 111). Veins are locally associated with disseminat-
ed sphalerite in mudstone, which may be abundant enough to
obscure the host lithology (Fig. 111; dashed circles). Sphaler-
ite preferentially replaces barite rather than the surrounding

REYNOLDS ET AL.

mudstone (Fig. 10A). Zoned, euhedral sphalerite crystal out-
lines suggest that barite was entirely dissolved before sphaler-
ite grew in the resulting cavities (Fig. 10C).

The higher-grade parts of the deposit are characterized
by mineralized breccias that contain a complex mixture of
sulfides, quartz, calcite, mudstone, and diagenetic Fe sul-
fide (Fig. 11A, B). In some places, mineralized breccias are
stratiform between undisturbed layers of mudstone and dia-
genetic Fe sulfides (Fig. 11H). Breccias contain irregular cavi-
ties up to 10 cm across that are lined with hydrothermal Fe
sulfide (Fig. 11A), euhedral calcite (Fig. 11]), or sphalerite
(Fig. 11D). Cavities contain internal sediment predominantly
composed of sphalerite and quartz (Fig. 11A, D). Sphalerite
forms snow-on-roof textures (Fig. 11D) and is intergrown
with quartz (Fig. 11C). Quartz is euhedral or microcrystalline
and contains organic matter including rounded pyrobitumen
bodies inferred to have formed from hydrocarbon bubbles
trapped at the time of hydrothermal mineralization (Fig.
11C). Internal sediment with minor sphalerite and abundant
quartz is very dark gray and can easily be mistaken for Tkaluk-
rok mudstone (Fig. 11]). Multiple cavities over several meters
of core contain identical internal stratigraphic sequences, sug-
gesting interconnection at the time of internal sedimentation
and confirming lithification occurred before the main stage of
hydrothermal mineralization.

Galena mainly occurs in the zones of higher-grade Zn min-
eralization. In some places, galena and sphalerite appear to
be coeval at the hand sample scale (Fig. 11D) but thin sec-
tions reveal that galena clearly crosscuts sphalerite (Fig. 11E)
and hydrothermal Fe sulfides. Locally, galena contains rare
stibnite or is intergrown with rhombic dolomite crystals (Fig.
11E) or anhedral, inclusion-rich quartz.

In the Lower zone, the hydrothermal mineralization de-
creases in intensity from southeast to northwest (Figs. 5C,
6C); in the southeast, hydrothermal sulfides completely re-
place the host rock, whereas in the northwest, significant
amounts of host rock are preserved. Common textures in the
southeast include multiple generations of sphalerite, abun-
dant ruby-red and brown sphalerite, abundant galena, min-
eralized breccias, and cavities with internal sediment. In the
northwest, the uppermost part of the Lower zone is character-
ized by hydrothermal veining and preferential replacement of
barite over surrounding mudstone, the middle to upper part
shows intervals of near-complete host-rock replacement, and
the base is characterized by relatively minor sphalerite and Fe
sulfide (Fig. 101).

Late-stage quartz and calcite occur in the center of veins
(Fig. 10A) and at the stratigraphic top of some cavities
rimmed with hydrothermal sulfides and generally crosscut all
earlier minerals (Figs. 8I, 11H). Rare local dolomite and bar-
ite also occur with late calcite. Pyrobitumen locally cements
space between calcite crystals. Cubic pyrite commonly occurs
at the edges of calcite and quartz veins that crosscut earlier
generations of Fe sulfide (Fig. 8K). Late-stage minerals may
represent a final episode of Mississippian hydrothermal min-
eralization, Brookian (Mesozoic) tectonism, or both.

Sulfide deposit—Upper zone: The Upper zone is like the
Lower zone in many ways (Fig. 9); only major differences are
highlighted here. Quartz + disseminated sphalerite pseudo-
morphs after barite laths are relatively rare and occur in the
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Fig. 10. Lower zone barite of the Anarraaq sulfide deposit. (A) Photograph of drill core with up hole toward right of page.
Sphalerite vein crosscuts interbedded mudstone and silicified barite. Sphalerite preferentially replaces barite rather than the
surrounding mudstone. Plane-polarized light photomicrographs show (B) silicified barite textures range from distinctive laths
to amorphous masses. (C) Sphalerite pseudomorph after barite lath is composed of zoned crystals that indicate nucleation at
the edge of the former barite crystal and inward growth into open space, suggesting barite was completely dissolved prior to
sphalerite precipitation. (D) Distinctive lath textures are absent in some sphalerite after barite. (E) Backscattered electron
image of barite and sphalerite pseudomorphs after barite laths. Samples 1717-2317 (A-D) and 923-2251.2 (E). Abbreviations:
Brt = barite, Cal = calcite, Mdst = mudstone, Mrc = marcasite, Py = pyrite, Sp = sphalerite.

upper half of the zone (Figs. 5B, 6B). Diagenetic Fe sulfide
nodules are generally smaller in diameter (<1 cm; Fig. 12A)
than those in the Lower zone. On a microscopic scale, diage-
netic Fe sulfide overgrowths may consist of coalescing collo-
form features (Fig. SE) but also contain abundant siliceous mi-
crofossil fragments, as in the Lower zone. Most of the Upper
zone is characterized by abundant sphalerite with local preser-
vation of black mudstone and diagenetic pyrite. The basal part
of the zone is dominantly mudstone with abundant Fe sulfide
layers and nodules. Rarely, layers of tightly packed framboidal,
spheroidal, or euhedral pyrite occur at both the top and bot-
tom of the main zone of Zn-Pb mineralization (Figs. 5B, 6B).
Sphalerite in the Upper zone is distinctive in that it displays
only subtle color variations in hand sample (cream, pale tan,

pale pink; Fig. 12C) that are controlled by the relative con-
centrations of sphalerite, quartz, and mudstone (Fig. 12D-F).
No color zonation is displayed within sphalerite crystals (Fig.
12F). In most places, very fine sphalerite is disseminated
in microcrystalline quartz, but rare euhedral quartz crystals
contain sphalerite inclusions (Fig. 12E, G) and are enclosed
by massive sphalerite (Fig. 12E). Although these textures
are like the internal sediment of the Lower zone, no well-
defined cavities are observed in the Upper zone. Sphalerite
also occurs as laminae in mudstone (Fig. 12A), typically in
the basal part of the zone (Fig. 5C). Hydrothermal pyrite and
marcasite overlap sphalerite precipitation and have a range
of textures similar to that in the Lower zone but are gener-
ally finer grained; no stalactites have been observed. Galena
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postdates sphalerite but also forms subhedral crystals up to
several millimeters across in mudstone (Fig. 12H). Overall,
veins of hydrothermal minerals are much less common rela-
tive to the Lower zone. The Upper zone is smaller and less
laterally extensive and there is no lateral trend in intensity of
base metal mineralization, although the thickest interval of
high-grade Zn-Pb mineralization is in the southwesternmost
drill core 809 (Fig. 6C).

Rhenium-osmium geochronology

Results from Re-Os analyses of mudstone and pyrite samples
are reported in Table 1. The mudstone contains the highest
concentrations of Re and Os (19.4-40.5 ppb and 888-1,709
ppt. respectively), and diagenetic pyrite has the lowest con-
centrations (0.47-1.30 ppb and 16.57-29.35 ppt). Hydro-
thermal pyrite contains intermediate values of Re (2.86-4.80
ppb) and Os (22.30-28.96 ppt). The hydrothermal pyrite is
the most radiogenic with 1870s/1830s of 6.79-12.00; mudstone
and diagenetic pyrite samples are characterized by 1870Os/150s
of less than 2.

Regression of seven mudstone analyses yields an age of
339.1 + 8.3 Ma (mean square of weighted deviates [MSWD]
= 19) with an initial Os ratio of 0.375 + 0.019 (Fig. 13A).
Analyses of six diagenetic pyrites yield an isochron with an
age 0of 333.0 + 7.4 Ma (MSWD = 1.08) and an initial Os ratio
0f 0.432 + 0.025 (Fig. 13A). Results from three hydrothermal
pyrite analyses are reported, and although these are not suf-
ficient to build a meaningful isochron, the data points lie very
close to the diagenetic pyrite isochron. Regression of all pyrite
analyses together yields an age of 334.4 + 5.3 Ma (MSWD =
3.7) and initial Os ratio of 0.422 + 0.081 (Fig. 13B), similar,
within the resolution of the analytical results, to the diagenet-
ic-only regression. Furthermore, all pyrite analyses from this
study lie very close to the isochron reported by Morelli et al.
(2004) for hydrothermal pyrite from the Main deposit. When
the analyses from both studies are regressed together, they
yield an age of 336.0 = 3.9 Ma (MSWD = 29) with an initial Os
ratio of 0.34 + 0.11 (Fig. 13C), which is within the uncertainty
of the results of Morelli et al. (2004; 338.3 + 5.8 Ma, initial Os
0f 0.20 + 0.21) and of this study.

REYNOLDS ET AL.

Discussion

Diagenetic and hydrothermal processes

Anarraaq barite body: The Anarraaq barite body formed
when diagenetic fluid bearing methane and barium vented
into sulfate-bearing pore water or marine bottom waters
(Johnson et al., 2004, 2009). In agreement with the previ-
ous studies (Johnson et al., 2004; Kelley et al., 2004b), there
is abundant textural evidence that barite precipitated below
the sediment surface, including sedimentary fabrics that are
crosscut by barite (Fig. 7A) and veins that are interpreted to
be feeders for disseminated barite (Fig. 7B). The location of
the SMT and associated diagenetic barite precipitation rela-
tive to the seafloor is primarily controlled by the upward flux
of methane, the seawater sulfate concentration, and the rate
of sedimentation (Jgrgensen et al., 2004; Arning et al., 2015).
If the SMT advances upward toward preexisting diagenetic
baritic strata, barite may undergo dissolution and reprecipita-
tion (Snyder et al., 2007).

Kelley at al. (2004b) interpreted the calcareous compo-
nents of the Anarraaq barite body to be mass flow deposits
overprinted by methane-transported diagenetic barite; how-
ever, here for the first time we present petrographic data
that indicate that at least some of calcite in the barite body
is authigenic: it crosscuts sedimentary laminae (Fig. 7E) and
postdates some barite generations (Fig. 7G). In the massive,
laminated part of the barite body, well-formed barite crystals
only occur enclosed in calcite, suggesting that early formation
of authigenic calcite preserved some barite from dissolution.
The morphology of these crystals is similar to that of samples
collected from modern methane seeps in the northern Gulf of
Mexico (Feng and Roberts, 2011).

The abundance and clustered nature of framboids in the
nodular to layered pyrite that locally underlies the Anarraaq
barite body (Fig. 8C) are characteristic of framboids formed at
modern SMTs (Lin, Q., et al., 2016). The pyrite overgrowths
are certainly secondary and are similar to overgrowths reported
in modern SMT sediment (Lin, Q., et al., 2016; Lin, Z., et al.,
2016) and the preservation of abundant siliceous radiolarian
skeletons suggests pyrite formed relatively early during burial.

Fig. 11. Mineralized textures from the Lower zone of the Anarraaq sulfide deposit. (A) Photograph of core containing
mineralized breccia and cavity (dashed black line) rimmed in Fe sulfide and filled with internal sediment. Dashed white
line marks bedding surface between layers of cryptocrystalline and euhedral quartz internal sediment. (B) Plane-polarized
light photomicrograph of mineralized breccia in A, which contains clasts of mudstone and sphalerite enclosed in a complex
mixture of quartz, sphalerite, and organic material. (C) Plane-polarized light photomicrograph of internal sediment in A.
Dashed line marks bedding surface between cryptocrystalline and euhedral quartz, both of which are intergrown with
sphalerite. Note subrounded pyrobitumen occurrence, which is interpreted to have been a hydrocarbon bubble trapped
at the time of hydrothermal mineralization. (D) Photograph of core shows cavity rimmed in sphalerite, galena, and local
Fe sulfide and filled with internal sediment primarily composed of quartz and sphalerite. Note snow-on-roof sphalerite
textures. (E) Reflected-light photomicrograph shows galena crosscuts sphalerite leaving highly irregularly shaped sphalerite
islands in galena. Euhedral dolomite is intergrown with galena. (F) Reflected-light photomicrograph shows hydrothermal
euhedral marcasite crystal partially replaced by pyrite (dashed line marks boundary). Note the overall complexity of pyrite
and marcasite textures. (G) Photograph of core shows Fe sulfide stalactites enclosed in calcite. (H) Photograph of core
shows undisturbed layers of mudstone and diagenetic Fe sulfides overlying stratiform mineralized breccia. (I) Photograph of
core shows Tkalukrok mudstone, which contains diagenetic Fe sulfide, sphalerite-galena veins, and disseminated sphalerite.
Disseminated sphalerite locally obscures host lithology (dashed-line circle). (J) Photograph of core shows euhedral calcite
crystals enclosed by internal sediment with subtle laminated texture (parallel to dashed line). In this sample, internal sedi-
ment is very dark gray because it is composed of quartz >> sphalerite and could easily be mistaken for Ikalukrok mudstone.
Samples 1713-2495 (A-C), 1714-2471.2 (D), 923-2385.3 (E), 923-2376.6 (F), 1716-2303.5 (G), 1716-2347 (H), 1713-2536
(I), 1716-2344 4 (J). All core photos are oriented with up hole toward top of page. Abbreviations: Cal = calcite, Dol = dolo-
mite, Gn = galena, IS = internal sediment, Mdst = mudstone, Mrc = marcasite, OM = organic material, Pbt = pyrobitumen,
Py = pyrite, Qz = quartz, Sp = sphalerite.
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The bisulfide (HS-) produced by SD-AOM at the SMT pro- been observed to form below the SMT where excess HS- en-
duces pyrite when it reacts with dissolved iron. Some dissolved  counters upward-diffusing Fe?+ sourced from deeper sediment
iron originates within SMT sediment, but excess HS- can also ~ (Jgrgensen et al., 2004). Thus, we interpret the pyrite (Pyl,
accumulate and diffuse beyond the SMT. Stratiform pyrite has  Py2) to form from methane-driven diagenetic processes.
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Fig. 12. Mineralized textures from the Upper zone of the Anarraaq sulfide deposit. (A) Photograph of core showing laminated
sphalerite in Tkalukrok mudstone with diagenetic Fe sulfide and silicified barite nodules. Note sharp transition to stratabound
massive sulfide at bottom of sample. (B) Plane-polarized light photomicrograph of silicified barite in A shows textures ranging
from laths to amorphous mass. Elsewhere in the sample, pseudomorphs after barite also contain disseminated sphalerite and
Fe sulfide. (C) Photograph of core shows subtle variations in sphalerite color. Plane-polarized light photomicrographs from
the same sample show (D) pink domains contain a mixture of mudstone, quartz, and sphalerite. The boundaries between
mudstone and quartz-sphalerite are irregular and somewhat gradational. (E) Tan domains contain a mix of quartz and sphal-
erite. This sample displays rare euhedral quartz crystals with sphalerite inclusions, enclosed by massive sphalerite. (F) Cream-
colored domains contain massive sphalerite with no color zonation. (G) Backscattered electron image shows disseminated
sphalerite along a growth zone in euhedral quartz. (H) Photograph of core showing galena crystals in mudstone. Samples
1719-2154 (A, B), 809-2332.7 (C-F), 923-2202.3 (G), 809-2396.7 (H). Core photos oriented with up hole toward top of page.
Abbreviations: Gn = galena, Mdst = mudstone, Qz = quartz, Sp = sphalerite.

The deposit-scale stratigraphic relationship between bar-
ite, authigenic carbonate, and diagenetic pyrite in the Anar-
raaq barite body is consistent with what is expected in SMT
zones (e.g., Lash, 2015; Fig. 4), and diagenetic calcite after
barite is reported in some locations (e.g., Dean and Schreiber,
1978). However, the thickness of the Anarraaq barite body

(~50-100 m) is much greater than intervals of barite enrich-
ment reported in modern SMT zones (from <1 cm to 3 m;
e.g., Brumsack, 1986; Torres et al., 1996; Snyder et al., 2007)
or even the thickest reported modern methane seep barite
deposits (~10 m at Sea of Okhotsk and at the California Bor-
derlands; Greinert et al., 2002; Gwiazda et al., 2019). The
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Table 1. Re-Os Isotope Results for Anarraaq

1817

Sample name Sample type Re (ppb) Os (ppt) 18TRe/1880s +20 187Q)s/1880s +20 Rho
923-2123-A1 Shale 23.1 1,253 97.98 0.3 0.925 0.002 0.4
923-2123-A2 Shale 24.4 1,126 116.90 0.4 1.046 0.003 04
923-2123-B-2 Shale 21.8 888 133.99 0.5 1.135 0.003 0.4
923-2123-D-2 Shale 24.1 1,218 105.93 0.4 0.970 0.002 0.3
923-2123-G-2 Shale 19.4 1,025 100.69 0.4 0.944 0.002 0.4
923-2123-M Shale 34.9 1,709 109.48 0.4 1.001 0.002 0.3
923-2123-N Shale 40.5 1,021 229.63 0.8 1.675 0.004 0.4
1716-2520.8 A Pyrite—diagenetic (Pyl-Q) 1.30 28.98 265.42 1.52 191 0.01 0.54
1716-2520.8 Y Pyrite—diagenetic (Pyl—Z) 0.47 19.21 135.51 1.99 1.20 0.03 0.52
1716-2520.8 C+3 Pyrite—diagenetic (Pyl-Z) 0.80 23.51 192.63 1.31 1.51 0.01 0.44
1716-2520.8 C+4 Pyrite—diagenetic (Pyl—2) 0.61 29.35 112.60 1.91 1.06 0.03 0.54
1716-2520.8 D+2 Pyrite—diagenetic (Pyl—Z) 0.85 28.89 165.15 3.11 1.34 0.04 0.60
1716-2520.8 X Pyrite—diagenetic (Py1—2) 0.52 16.57 175.60 1.48 1.40 0.01 0.49
1723-2104.5 A-3 Pyrite—hydrothermal (Py3) 4.80 28.96 2,034.22 17.84 12.00 0.16 0.58
1723-2104.5 D+2 Pyrite—hydrothermal (Py3) 4.36 26.63 1,901.08 12.76 10.94 0.08 0.82
1723-2104.5 D+3 Pyrite—hydrothermal (PyS) 2.86 22.30 1,153.74 9.03 6.79 0.08 0.58

Anarraaq barite body also lacks the macrofauna and towers
typically associated with seep deposits or any truly laminated
textures that indicate deposition on the seafloor (Johnson et
al., 2004; this study). The rock record contains other thick
barite beds that appear to be diagenetic. For example, the

Late Devonian barite occurrences found in the Selwyn basin,
Canada, are 100-150 m thick and have isotopic (S, Sr) compo-
sitions that suggest they formed in a diagenetic environment
(Fernandes et al., 2017). At times of steady-state diagenesis,
the formation of barite units requires either high methane
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fluxes (and/or sulphate fluxes) or lower fluxes over long time
periods (see Johnson et al., 2004, who calculate 50,000 y to
form 50 m of barite). However, upwelling environments on
continental margins are areas of nonsteady-state diagenetic
processes, in which key variables (sedimentation rate, organic
matter deposition, methane flux) vary on timescales from days
to thousands of years (Kasten et al., 2003). Changes in the
sedimentation rates can change the depth of the SMT and
allow for recycling and reprecipitation of authigenic miner-
als; these processes are not well quantified in modern systems
except in a few examples (Wehrmann et al., 2013) but non-
steady-state diagenetic processes may allow for thicker beds
of authigenic minerals to be formed over longer time periods.
In addition, to maximize these processes, the host sediment
must be highly permeable. Both the Selwyn basin and Kuna
basin barite units are hosted in radiolarian-rich, biosiliceous
sediments; radiolarite can maintain porosities of up to 70%
at 500 m (Isaacs, 1982). This may have allowed for the ac-
cumulation of abundant diagenetic components even in the
subsurface (Magnall et al., 2015, 2020a).

Anarraaq sulfide deposit: The diagenetic components of the
host rock in the Anarraaq sulfide deposit have striking compo-
sitional, textural, and stratigraphic similarities to the Anarraaq
barite body. Barite and layered to nodular pyrite occur in both
the Upper zone and Lower zone, and diagenetic Fe sulfide tex-
tures include framboids and overgrowths with well-preserved
radiolarian skeletal material. We suggest, therefore, that the
sulfide zones overprinted preexisting SMTs in the subsurface,
similar to the one preserved in the barite body. This contrasts
previous interpretations that layered to nodular pyrite associ-
ated with Zn-Pb mineralization in the Red Dog district is hy-
drothermal (Kelley et al., 2004b; Blevings et al., 2013).

The poorly preserved intervals of host rock indicate that
a large amount of material underwent extensive dissolution
during hydrothermal mineralization. Almost all the diage-
netic barite in the Anarraaq sulfide deposit was replaced by
quartz and sulfide minerals (Figs. 10, 12A, B). In the Lower
zone, the colloform sphalerite pseudomorphs after barite in-
dicate open-space growth (e.g., Fig. 10C), and we interpret
the barite crystals to have been completely dissolved prior to
sphalerite precipitation. For this to be possible, the mudstone
surrounding the barite crystal must have been well lithified
to prevent collapse into the open space of the dissolved crys-
tal. The presence of large, mineralized cavities (Fig. 11A, D)
and stratabound mineralized breccias (Fig. 11H) also sug-
gests a fully cemented host rock. It seems that barite dissolu-
tion alone is unlikely to explain the large cavities found in the
Lower zone. Of the original constituents of the host rock, the
dissolution of siliceous mudstone or pyrite to form cavities up
to 10 cm across seems relatively unlikely, although we would
expect the solubility of a biosiliceous (opaline) mudstone to
be somewhat higher than a clastic (quartz- and clay-rich)
mudstone. Abundant phosphorite beds have been reported
in other parts of the Kuna Formation (Dumoulin et al., 2014),
but only minor local apatite nodules have been observed in
the Tkalukrok unit in the Red Dog district (Slack et al., 2004).
Therefore, we agree with Kelley et al. (2004b) that carbonate
is the most likely precursor to the cavities. Whereas Kelley
et al. (2004b) concluded that this carbonate was sedimentary
in origin, we suggest that dissolution of authigenic carbonate
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that formed in association with diagenetic barite may have
also contributed to the porosity and permeability exploited by
the hydrothermal system.

The Upper zone contains euhedral quartz enclosed in sphal-
erite (Fig. 12E) that is texturally similar to internal sediment
filling cavities of the Lower zone (Fig. 11C) but lacks clearly
defined cavity boundaries (Fig. 12C). In combination with
the presence of irregular and gradational boundaries between
mudstone and quartz-sphalerite domains (Fig. 12C, D) and
the relative rarity of veining and angular mudstone clasts in
the Upper zone, this suggests that Upper zone sediment may
have been less completely cemented than the Lower zone at
the time of Zn-Pb mineralization.

Original stratigraphic relationship of the Anarraaq barite

body and sulfide deposit

The displacements on the thrust faults at Anarraaq are poorly
constrained. If the displacements were small in magnitude,
the present-day configuration of the Lower zone, Upper
zone, and barite body could reflect stratigraphic relation-
ships close to the original. If the displacements were more
significant, the two zones of Zn-Pb mineralization and the
barite body may have formed lateral to each other and were
subsequently structurally superimposed. Low-angle faults
appear to cut both up and down section in the inferred di-
rection of transport (Fig. 6), indicating that Brookian defor-
mation was more complex than the simple stacking of thrust
imbricates in a duplex system, as suggested by De Vera et al.
(2004). Several explanations are possible. First, the lenticu-
lar nature of the Upper and Lower zones may reflect large
variations in strata thickness due to differential compaction,
causing thrust faults to locally cut down section. Second, the
direction of tectonic transport may not have been parallel to
the cross section shown in Figure 6, and the ramps shown in
the section may therefore be lateral or oblique ramps, rather
than frontal ramps as implied by the vergence shown by Blev-
ings et al. (2013). Third, thrusts may have been emplaced out
of sequence during Brookian deformation, possibly because of
the laterally heterogeneous mechanical properties of the mas-
sive sulfide bodies. More work is required to resolve this issue.

Baritic strata of the Lower zone correlate well among cores
1723, 1716, 1712, 1717, and 1713, with a trend of gradual
thickening toward the most intensely mineralized part of the
deposit (Figs. 5B, 6B). In contrast to this trend, cores 1714
and 808 show a thinning or absence of barite and a dramatic
thinning in the overall thickness of the Lower zone (Fig. 6B).
This may reflect the original geometry of the diagenetic barite
or later structural modification. Although the main thickness
of the Upper zone is in the northwestern part of the sulfide
deposit, intervals of Upper zone-style mineralization farther
northeast are characterized by pervasive shearing that clearly
postdates mineralization. This geometry could be partly in-
herited from a heterogeneous original distribution of miner-
alized units; however, the evidence for deformation strongly
suggests that fragments of Upper zone material were trans-
ported along a fault.

Re-Os constraints on the age and Os sources for Anarraag

The Re-Os isochron ages for the black mudstone just above
the Anarraaq sulfide deposit (339.1 + 8.3 Ma) and the diage-
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netic pyrite from within the Anarraaq sulfide deposit (333.0 =
7.4 Ma) are within error of the Re-Os isochron age of hydro-
thermal pyrite in the Main deposit in the mine area (338.3 +
5.8 Ma; Morelli et al., 2004). Although the three data points
for hydrothermal pyrite at Anarraaq are not sufficient to cre-
ate a meaningful isochron, the fact that they plot very close
to the diagenetic pyrite isochron suggests that the Re-Os sys-
tematics of hydrothermal pyrite are not grossly different from
those of diagenetic pyrite. Overall, the data are consistent
with contemporaneous Zn-Pb mineralization at Anarraaq and
the Main deposit.

Although the contact between the Anarraaq sulfide deposit
and the overlying nonmineralized sediment is a thrust fault,
the overlapping Re-Os isotope ages are compatible with the
idea that sediment deposition and hydrothermal mineraliza-
tion were relatively close in age. As in the Main deposit in the
mine area, the textural evidence at Anarraaq indicates that
Zn-Pb mineralization was replacive, but the absolute times-
cale of replacement cannot be resolved with the current Re-
Os isochron ages.

Initial Os composition

The global marine Os record is not well constrained during
the Carboniferous, but there are several published Re-Os
isochrons for Late Devonian mudstones in western Canada
and one for a Lower-Middle Pennsylvanian mudstone in the

eastern United States (Fig. 14). These data indicate that ma-
rine 1870s/1880s was between 0.37 and 0.64 in the Late De-
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vonian (~360 Ma; Creaser et al., 2002; Selby and Creaser,
2003, 2005) and no higher than 0.72 in the Lower to Middle
Pennsylvanian (323 = 7.8 Ma; Geboy et al., 2015). The initial
18570s/1850s value for the Anarraaq mudstone isochron (0.375
+ 0.019) is broadly consistent with these data and may be rep-
resentative of global marine Os composition.

Slack et al. (2015) proposed that Middle Mississippian
(~335 Ma) marine 1870s/18%0s was much higher (~1.08) and
that Ikalukrok mudstones with lower initial 1870s/1880s record
the local/intermittent influence of a metalliferous hydrother-
mal fluid venting into the seawater. This interpretation is based
on single sample analyses and calculated initial 1570s/1850s
values rather than full isochrons, which makes it difficult to as-
sess the effects of possible postdepositional disturbance of the
Re-Os system. To increase the global marine '870s/150s com-
position from 0.64 in the Late Devonian to 1.08 in the Middle
Mississippian would require a large increase in radiogenic Os
input via continental weathering—that is, an increase on par
with what has been observed in more recent geologic history
during the rise of the Himalayan mountains (Turekian and
Pegram, 1997; Peucker-Ehrenbrink and Ravizza, 2000). The
marine $7Sr/%6Sr ratio is a proxy for global rates of continen-
tal weathering and is relatively well constrained over Earth
history (Burke et al., 1982; Veizer et al., 1999). Mississippian
marine 57Sr/%6Sr was equal to, or lower than, Late Devonian
values (Denison et al., 1994). It therefore seems unlikely that
Mississippian global marine 1870s/18%0s would have been sig-
nificantly higher than Late Devonian values, although we can-
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»  Slacketal. (2015)
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L
1.0
)
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Fig. 14. Initial Os isotope composition (1870s/1850s) of diagenetic and hydrothermal pyrite from the Anarraaq sulfide deposit
and overlying Tkalukrok mudstone. Also plotted are data from hydrothermal pyrite in the Red Dog Main deposit (Morelli et
al., 2004), several Late Devonian mudstones (A: Selby and Creaser, 2005; B: Creaser et al., 2002; C: Selby and Creaser, 2003),
and a Lower-Middle Pennsylvanian mudstone (Geboy et al., 2015). The Os compositions of modern seawater and the mantle

reservoirs are from Peuckler-Ehrenbrink and Ravizza (2000).
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not rule out local effects, especially if Tkalukrok mudstone was
deposited in a restricted basin. We suggest that the variability
in calculated initial 187Os/'%80s values reported by Slack et
al. (2015) was caused by postdepositional disturbance of the
Re-Os system or the local contribution of a more radiogenic
clastic component.

The initial 1870s/1%50s value of the Anarraaq diagenetic py-
rite isochron (0.432 + 0.025) is only slightly higher than that
of the mudstone (0.375 = 0.019). We interpret diagenetic py-
rite to have formed at an SMT during early diagenesis upon
mixing of pore waters originally derived from Mississippian
seawater. The similar initial 187Os/%30s values of diagenetic
pyrite and mudstone are consistent with this interpretation.

The initial 1870s/1%80s values reported in this study are
within error of the value reported by Morelli et al. (2004) for
hydrothermal pyrite in the Main deposit (0.2 + 0.21; Fig. 14).
However, our results are more precise and overlap only the
highest part of the 20 confidence range of Morelli et al. (2004).
Because of the large uncertainty on the initial $70Qs/1850s
value, Morelli et al. (2004) considered both mantle and rela-
tively young (<410 Ma) crustal reservoirs as possible sources
of Os in the hydrothermal fluid. In view of the similarity be-
tween the initial 1870s/180s of the mudstone isochron and
the hydrothermal pyrite (regressed with diagenetic pyrite) at
Anarraaq, influence from a mantle Os reservoir on the hydro-
thermal fluid composition is not required. In fact, the data
from this study are compatible with the model of Leach et al.
(2004), whereby hydrothermal fluids formed from a basinal
brine evolved from evaporated seawater of Mississippian or
Devonian age that circulated through the Devonian Endicott
Group sedimentary rocks.

Implications for the genesis of, and exploration for,
CD deposits

Evidence for early barite overprinted by zinc mineralization
has been reported in the Main, Aqqaluk, Paalaaq, and Qanai-
yaq deposits in the mine area (Kelley et al., 2004a; Blevings
etal,, 2013). As the Anarraaq sulfide deposit illustrates, barite
can be poorly preserved and very difficult to identify: the de-
posit was discovered in 1999 (Kelley et al., 2004b), but only in
this study do we show that barite was a significant component
of the host rock, which has been almost totally replaced in the
sulfide deposit. So, although several additional base metal de-
posits and prospects in the Red Dog district (e.g., Aktigiruk,
Su Lik) reportedly contain no barite (Blevings et al., 2013), it
is possible that barite was present initially but was then later
replaced by hydrothermal minerals. Furthermore, we have
suggested that at Anarraaq diagenetic pyrite and carbonate
are also products of SD-AOM and are genetically linked to
barite formation. Therefore, the presence of authigenic car-
bonate or laminated pyrite even in the absence of barite may
reflect methane-driven diagenetic alteration, rather than hy-
drothermal processes.

Johnson et al. (2004) speculated that SD-AOM may have
been the key chemical pathway for producing bisulfide for
massive sulfide deposits at Red Dog, especially in deposits like
Anarraaq where little to no diagenetic barite had been identi-
fied. The recognition that SD-AOM was an important diage-
netic process at Anarraaq (Johnson et al., 2004; this study) is
consistent with recent findings in other CD districts in the Ca-
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nadian Cordillera. Magnall et al. (2016, 2020a, b) suggest that
the CD Zn-Pb mineralization in the Tom and Jason deposits of
Macmillan Pass (Yukon) overprints diagenetic barite and py-
rite that formed at the SMT. Barite dissolution released sulfate
and allows for sulfate cycling (Magnall et al., 2020b). Johnson
et al. (2018) found that diagenetic pyrite and carbonate in the
host strata of CD Zn-Pb mineralization at Howards Pass (Yu-
kon-Northwest Territories) were also influenced by SD-AOM
in the subsurface. All of these CD deposits, including those at
Red Dog, are hosted in organic-rich sediment deposited on
continental margins where upwelling of nutrient-rich deep
ocean water resulted in abundant biological productivity in
the water column (Dumoulin et al., 2014; Magnall et al., 2015,
2018, 2020b; Slack et al., 2017). At Howards Pass, Johnson et
al. (2018) linked an increase in sedimentary carbon content to
an increase in production of biogenic methane and influence
of SD-AOM on diagenesis. It should be noted, however, that
although SD-AOM produces sulfide, other reduction mecha-
nisms such as bacterial and thermochemical sulfate reduction
remain important processes and will also contribute reduced S
to these large hydrothermal systems.

Magnall et al. (2020b) showed that the Ba released from
barite dissolution at MacMillan Pass forms a halo of Ba en-
richment in the host sediment around the sulfide bodies. In
methane seeps, barium from dissolved barite can reprecipi-
tate in younger strata (Brumsack, 1986; Torres et al., 1996,
2003). Barite is common in the younger Siksikpuk and Otuk
Formations in the Red Dog plate (Young, 2004). Distinguish-
ing relative Ba enrichment in the Ikalukrok or overlying units
due to barite dissolution in zones of Zn-Pb mineralization
could provide a useful vector for exploration. However, since
the Anarraaq mineralized zones are fault bounded and the
younger strata contain multiple repeating thrust sheets, it is
not possible to test this hypothesis without a detailed struc-
tural reconstruction.

At Red Dog, the spatial coincidence between barite and
overprinting Zn-Pb mineralization suggests a link between
the mechanisms that control the location of methane-driven
and hydrothermal alteration. One possibility is that early dia-
genetic and later hydrothermal fluids used similar pathways
to flow into the shallow subsurface (Fig. 15). Diagenesis of
biosiliceous mudstones has been linked with the development
of nontectonic, intraformational faulting and pore fluid expul-
sion (Cartwright, 1994; Volpi et al., 2003; Davies et al., 2008),
and this could have been the mechanism that controlled the
location of large-scale SMT diagenesis. In the Red Dog dis-
trict, hydrothermal fluids are thought to have flowed up ex-
tensional faults (Moore et al., 1986); these faults could have
exploited preexisting faults or zones of weakness that served
as flow pathways for diagenetic fluids bearing methane and
barium. This interpretation would be consistent with the oc-
currence of some barite bodies that were not overprinted by
hydrothermal fluids, as occur in the Red Dog district. This
is important, as diagenetic barite creates gravity anomalies.
Although these anomalies indicate the presence of prospec-
tive host rock, they are not directly linked to the existence of
Zn-Pb mineralization.

According to the subclassification system of Cooke et al.
(2000), stratiform CD Zn-Pb deposits are formed by either
oxidized or reduced hydrothermal fluids. In this scheme, bar-
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A) Host sediment diagenesis
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Fig. 15. Deposit model for the Anarraaq sulfide deposit. (A) Methanic and barium-rich diagenetic fluid interacts with seawa-
ter sulfate in pore waters to form diagenetic barite, carbonate, and pyrite. At least some dissolution of barite may take place
as part of methane-driven diagenetic alteration. (B) Hydrothermal fluid dissolves authigenic and sedimentary carbonate, and
possibly more barite, further increasing the porosity and permeability.

ite solubility is used as a boundary condition in the modeling
of the chemistry of the hydrothermal fluid. This leads to the
interpretation that these deposits formed from reduced flu-
ids. However, as barite predates hydrothermal mineralization
at Anarraaq (this study) and the Main deposits (Kelley et al.,
2004a), its occurrence is independent of the composition of
the hydrothermal fluid, and these fluids do not need to be
reduced. At Macmillan Pass, Magnall et al. (2020b) show that
hot (>300°C), carbonate-rich hydrothermal fluids resulted in
the dissolution of barite and precipitation of barium carbon-
ate minerals. Barium carbonates are not observed in the An-
arraaq sulfide deposit (Kelley et al., 2004b; this study), which
suggests a different mechanism drove barite dissolution. Bar-
ite is also soluble in hot (>200°C), strongly reducing fluids
(Hanor, 2000). However, fluid inclusion microthermometry
from the Main deposit suggests that hydrothermal fluids were
110°-180°C (Leach et al., 2004), and in this temperature
range, barite has retrograde solubility (Bowers et al., 1984).
An alternative explanation is that increasing temperatures as-
sociated with the onset of local hydrothermal activity resulted
in the acceleration of diagenetic processes—a process that has
been reported in modern methane seep settings (Guaymas
basin; Einsele et al., 1980; Berndt et al., 2016) and inferred
at Macmillan Pass (Magnall et al., 2020a). In the Anarraaq
sulfide deposit, hydrothermal acceleration of diagenetic pro-
cesses could explain the extensive dissolution of diagenetic
barite and the formation of large volumes of diagenetic pyrite
and potentially authigenic carbonate. Furthermore, pore wa-
ter methane and/or the bisulfide produced by SD-AOM could
have contributed to a trap for hydrothermal metals.

Based on logging and petrographic observations, we sug-
gest that the dominant sulfide component of the northwest-
ern, lower-grade part of the Anarraaq sulfide deposit is diage-
netic pyrite. Previous workers (Kelley et al., 2004b; Schardt et
al., 2008) have considered this zone to represent a hydrother-
mal pyrite halo. Instead, we consider the distal hydrothermal
signature in this part of the deposit to be characterized by
relatively minor sphalerite and Fe sulfide veining (Fig. 8I).
Further study of the chemistry of these different pyrite gen-
erations will be necessary to assess if the chemical and isoto-
pic composition of the diagenetic pyrite can be distinguished
from the hydrothermal pyrite, as has been shown in other de-
posits (Large et al., 2009; Gadd et al., 2016; Magnall et al.,
2020c).

In summary, understanding the mechanisms of formation
of hydrothermal ore deposits that form in the shallow sub-
surface of marine sediment requires an understanding of
key diagenetic processes. At Red Dog, diagenetic processes
created physical and chemical traps for later Zn-Pb mineral-
ization. These processes must be considered when develop-
ing an exploration program, and extra care must be taken to
distinguish diagenetic and hydrothermal components during
the interpretation of sedimentological, geochemical, and geo-

physical data.
Conclusions

The Anarraaq barite body contains barite, carbonate, and py-
rite, which are interpreted to form in the subsurface by meth-
ane-driven diagenetic processes (i.e., at a paleo-SMT). New
cross sections show that the Anarraaq sulfide deposit contains
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two distinct zones of Zn-Pb mineralization (Upper and Low-
er), each of which contains evidence for a similar assemblage
of diagenetic minerals. This suggests that hydrothermal min-
eralization overprinted paleo-SMTs. The presence of 10-cm
quartz- and sulfide-infilled cavities in the Lower zone suggests
that the host rock was mostly lithified before the onset of hy-
drothermal mineralization. Dissolution of barite and sedi-
mentary and authigenic carbonate in the subsurface was an
important permeability-generating process at Anarraaq. The
cycle of barite precipitation and dissolution linked to the up-
ward migration of an SMT over time may have introduced ad-
ditional porosity and permeability to the host sediment prior
to hydrothermal mineralization. Hydrothermal acceleration
of diagenetic processes could explain the extensive dissolu-
tion of barite and the large volume of diagenetic pyrite and
potentially authigenic carbonate present in the sulfide de-
posit. Furthermore, pore water methane and/or the bisulfide
produced by SD-AOM could have contributed as a trap for
metals transported by hydrothermal fluids.

The Re-Os isochron ages of Tkalukrok mudstone, diagenetic
pyrite, and hydrothermal pyrite (isochron constructed in com-
bination with diagenetic pyrite data) at Anarraaq are all within
error of the Re-Os isochron age of the Main deposit in the
Red Dog mine area (Morelli et al., 2004). This indicates that
hydrothermal mineralizing events were broadly synchronous
on a regional scale. The initial Os composition of the Anarraaq
isochrons is consistent with expected values for Devonian and
Mississippian seawater; it is unlikely that a mantle source had
a significant influence on hydrothermal fluids.

Barite; pyrite layers, laminae, and nodules; textures sugges-
tive of carbonate replacement; or some combination of these
are reported in all known Red Dog deposits and prospects.
This suggests that methane-driven diagenetic alteration was
an important precondition for CD Zn-Pb mineralization in
the Red Dog district. This idea is consistent with recent re-
ports that SD-AOM was an important diagenetic process in
sediments hosting CD deposits in Howard’s Pass and Mac-
Millan Pass. We propose that the size, mineralogy, and pore
water composition of paleo-SMTs may have played a key role
in ground preparation for forming large CD deposits.
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