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Abstract

The Paleoproterozoic Marmorilik Formation in the Karrat basin of West Greenland hosts the Black Angel Zn—Pb deposit.
Chlorine-rich scapolite, zones with vuggy porosity and quartz nodules in the ore-bearing marble are herein interpreted to
represent metamorphosed, vanished, and replaced evaporites, respectively. Mineralization is closely associated with anhydrite
with 8*S values (5.2-12.6%0) broadly comparable to published values for Paleoproterozoic seawater sulfate. Considering
the fundamental attributes of the mineralization and host sequence, a Mississippi Valley-type (MVT) model is the most
obvious explanation for mineralization. Overlying the ore-bearing sequence are organic-rich semipelites and massive calcitic
marbles, which may have served as seals for hydrocarbon or reduced sulfur and acted as chemical traps for deposition of
the sulfidic ore. The Marmorilik Formation contained an interlayered sulfate-rich evaporite-carbonate sequence, a common
setting for MVT deposits in the late Neoproterozoic and Phanerozoic, but unique among the few known MVT deposits in
the Paleoproterozoic. This ca. 1915 Ma evaporite-carbonate platform is younger than sulfate evaporites deposited during
and immediately after the ca. 2220-2060 Ma Lomagundi carbon isotope excursion and records a significant seawater sulfate
level during a time interval when it was assumed that it had been too low to form extensive evaporite deposits. Therefore,
MVT and clastic-dominated (CD) Zn—Pb deposits in the geological record might progressively fill the apparent gap in marine
sulfate evaporites and provide unique insights into Proterozoic seawater sulfate level. Considering the sequence of tectonic
events that affected the Karrat basin, the mineralization took place between Nagssugtoqidian collision (< 1860 Ma) and
Rinkian metamorphism (ca. 1830 Ma).

Keywords MVT Zn—Pb deposits - Paleoproterozoic - Evaporites - Greenland - Paleoproterozoic seawater sulfate level

Introduction

The Black Angel deposit on the West coast of Greenland
(Fig. 1) is a significant Zn—Pb deposit hosted in the Paleo-
proterozoic Marmorilik Formation, with pre-mining reserves
Editorial handling: Karen Kelley of 13 Mt, at 12% Zn, 4% Pb, and 29 ppm Ag (Thomassen
1991). The deposit encompasses eight different ore bod-
ies and two satellite ore bodies (the Nunngarut orebod-
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amounts of chalcopyrite, arsenopyrite, tetrahedrite, freiber-
gite, tennantite, stannite, briartite, enargite, loellingite,
polybasite, magnetite, rutile, and graphite (Pedersen 1980;
Horn et al. 2019). The abundance of pyrite, with massive
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Fig. 1 Regional location
showing distribution of the
Karrat Group in West Green-
land, including the Marmorilik
Formation, host for the Black
Angel deposit. Red rectangle
indicates the location of the
Maarmorilik area and the Black
Angel deposit, shown in detail
in Fig. 2
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sulfide zones of the Angel and Cover orebodies containing
42 vol % pyrite, is unusual for most carbonate-hosted —Pb
deposits. In addition to its economic importance, attested
by active underground mining between 1973 and 1990, the
Black Angel deposit is noteworthy for being one of the few
known non-magmatic Zn-Pb deposits hosted in Paleopro-
terozoic carbonate rocks (Leach et al. 2005, 2010; Kesler
and Reich 2006).

Despite the long mining and exploration history, the gen-
esis of this deposit remains debated. This can be attributed
to the effect of greenschist facies metamorphism and intense
multi-stage deformation that affected and remobilized the
ore (Pedersen 1980, 1981). The deposit has been classified
as an exhalative sediment-hosted massive sulfide deposit by
some workers (SEDEX; Sangster 1990; Leach et al. 2005).
Note that the term “SEDEX” is only used in this report for
citations to historical publications, the CD term is the pre-
ferred term for clastic-dominated (CD) Zn—Pb deposits as

@ Springer

per the usage described in Leach et al. 2010. Other workers
classify the Black Angel deposit as an epigenetic Mississippi
Valley-type (MVT) deposit (Carmichael 1988; Kolb et al.
2016; Rosa et al. 2017; Partin et al. 2021). Horn et al. (2019)
disputed a MVT and SEDEX classification and favored a
metamorphic Kipushi-style model.

We examined publications and field reports on the Black
Angel deposit to provide insights into the genesis of the
mineralization, and we evaluated the origin of the Black
Angel deposit based on recent advances in the understand-
ing of sediment-hosted deposits. Newly acquired structural
data constrain the timing of mineralization and deformation
within a context of the evolving Paleoproterozoic Nagssug-
togidian and the Rinkian orogens. Additional field obser-
vations and limited new analytical results reveal a close
association of mineralization with anhydrite in a shallow-
marine carbonate platform sequence containing extensive
meta-evaporites and vanished evaporites. The important
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Fig.2 Geological map of the Maarmorilik area based on Garde
(1978) and King (1983). Blue pentagons show outcropping mineral
occurrences in dolomitic marbles and yellow pentagons correspond to

association between mineralization and evaporites pre-
sented here has been underappreciated for the Marmorilik
Formation, perhaps due to the elusive nature of evaporites
in the rock record of this unit and the middle Paleoprotero-
zoic worldwide. Automated mineralogy and electron probe
microanalysis (EPMA) were conducted on one sample (five
new analyses) of scapolite-bearing marble from surface out-
crops to determine the content of Na, Ca, and Cl in scapolite
to resolve whether it is related to an evaporite-bearing proto-
lith. The S isotopic composition of two underground samples
(five analyses) of anhydrite from the GEUS’ archive allows
a rare glimpse into the isotopic composition of the middle
Paleoproterozoic seawater sulfate.

Regional geological setting

The middle Paleoproterozoic Karrat Group (Fig. 1) is an
approximately 8.5-km-thick metasedimentary sequence,
deposited after ca. 2000 Ma (Kalsbeek et al. 1998), which
unconformably overlies the Archean Umanak Gneiss Com-
plex in northern West Greenland (Henderson and Pulver-
taft 1967, 1987). According to Henderson and Pulvertaft
(1987), the Karrat Group includes the lower (mainly silici-
clastic) Qeqertarssuaq Formation, the carbonate-dominated

surface projection of subsurface orebodies of the Black Angel deposit
(including its satellite Nunngarut orebodies). Location of Fig. 9 is
also shown

Marmorilik Formation, and the upper turbiditic Nikavsak
Formation that locally contains pyrrhotite-chert-graphite
horizons. Intercalated within the lower part of the Nikavsak
Formation, there are mafic metavolcanic rocks, which were
recently given formation status in the published geologi-
cal maps: the Kangilleq Formation (Guarnieri et al. 2022a).
Furthermore, on these maps, the Qeqertarssuaq Complex
(previously called the Qeqertarssuaq Formation) is removed
from the Karrat Group and included in the Archean gneiss
complexes. Instead, the siliciclastic-dominated Qaarsukas-
sak Formation has been defined as the base of the Karrat
Group in the central area of Fig. 1, and is therefore correla-
tive to the basal part of the Marmorilik Formation (Guarni-
eri et al. 2016; 2022b).

Inversion of the Karrat basin occurred during the colli-
sion between the Archean Rae craton and the Meta Incognita
microcontinent during the Trans-Hudson Orogeny (St-Onge
et al. 2009). The Karrat Group rocks were involved in the
Rinkian fold-and-thrust belt deformation and their metamor-
phic grade decreases from granulite facies, near the Prgven
Igneous Complex in the NW, to greenschist facies, towards
the Maarmorilik area to the SE (Fig. 1). The earlier Rinkian
deformation (with vergence to the present east) was thin
skinned whereas the later Rinkian deformation was associ-
ated with thick-skinned thrusting to the present northeast

@ Springer
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(Rosa et al. 2018). The Rinkian Orogen is related to sub-
duction and calc-alkaline magmatism between 1900 and
1850 Ma (Guarnieri et al. 2022c). Peak metamorphism, with
migmatization during collision, is constrained by S-type
leucogranite magmatism at ca. 1830 Ma (Guarnieri et al.
2022d) and the 1826 +9 Ma U-Pb reset apatite age for the
Karrat Group metavolcanic rocks (Kirkland et al. 2017).

Approximately 150 km towards the present-day south,
the Rae and North Atlantic craton collided, which resulted
in the Nagssugtoqidian Orogeny (see inset in Fig. 1) with
deformation extending to the southernmost part of the Karrat
area (Grocott and McCaffrey 2017). The tectonic history of
the Nagssugtoqidian Orogeny includes subduction and calc-
alkaline magmatism between 1920 and 1870 Ma (Kalsbeek
et al. 1987). Peak metamorphism occurred during collision
at ca. 1850 Ma (Kalsbeek et al. 1987), which was followed
by later N-S shortening with folding dated at ca. 1825 Ma
and subsequent strike-slip movement with associated fold-
ing at ca. 1775 Ma (Connelly et al. 2000). In summary, the
Nagssugtoqgidian and Rinkian orogenies broadly overlapped
both temporally and spatially, at their fronts, throughout a
sequence of events lasting for approximately 150 million
years.

District geology

The Black Angel deposit and associated smaller occurrences
(Fig. 2) are hosted by the Marmorilik Formation in the
southern part of the Karrat area (Fig. 1). This shallow-water,
stromatolite-bearing marine carbonate platform (Pedersen
1978) extended for at least 85 km to the SW of Maarmorilik.
This unit was originally considered to be Archean in age
(Henderson and Pulvertaft, 1967), but the identification of an
angular unconformity with the underlying Umanak Gneiss
led to its inclusion in the Karrat Group (Garde and Pulver-
taft 1976; Henderson and Pulvertaft 1987). The maximum
depositional age of the Marmorilik Formation is constrained
by detrital zircon U-Pb geochronology (Fig. 3). Quartzites
of the basal part of the Marmorilik Formation, correlative to
the Qaarsukassak Formation, define the maximum deposi-
tional age of ca. 2000 Ma, whereas pelites intercalated with
marbles of the Marmorilik Formation provide the maximum
depositional age of ca. 1915 Ma (Guarnieri et al. 2022b). A
Pb-Pb age of 1881 +20 Ma for a marble of the Marmorilik
Formation (Taylor and Kalsbeek, 1990), originally consid-
ered as a metamorphic age, is here re-interpreted as a diage-
netic age based on the fact that the Rinkian metamorphism
has been dated at ca. 1830 Ma (Kirkland et al 2017; Guarni-
eri et al. 2022d) and the Nagssugtoqidian metamorphism
was dated at ca. 1850 Ma (Kalsbeek et al. 1987). Therefore,
the age from Taylor and Kalsbeek (1990) is much older
than the known metamorphic events. Moreover, it has been
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shown that U-Pb systematics of marble can preserve diage-
netic ages under greenschist facies conditions (Bolhar et al.
2002; Ovchinnikova et al. 2007). As such, the age reported
by Taylor and Kalsbeek (1990) provides a minimum age for
the Marmorilik Formation.

A basal quartzite-semipelite member, which consists
of orthoquartzite and overlying quartzite interbedded with
calcsilicates and semipelite, is overlain by the lower dolo-
mite member, which consists of impure quartz- and tremo-
lite-bearing dolomitic marble, and pure dolomitic marbles
(Garde 1978; King 1983; Figs. 2 and 3). The Nunngarut
orebodies and the Ark and Wedge showings are hosted by
the lower dolomite member (Fig. 2). This member is over-
lain by the thin calcite marble member, which consists of
fine- to medium-grained, phlogopite-bearing calcitic marble
with bands of chert and semipelite. The overlying grey dolo-
mite member is massive, homogeneous, phlogopite-, pyrite-,
and graphite-bearing dolomitic marble. These members are
succeeded by the banded marble member with chert and
semipelite bands and quartz-bearing dolomitic marble, host-
ing the South Lakes Glacier and Myers showings. Above this
member is the massive calcite marble member of phlogopite-
bearing calcitic marble, which, in the proximity of the Black
Angel deposit, becomes more dolomitic and anhydrite and
graphite rich (Pedersen 1980). According to Garde (1978),
these marble members are overlain by the laminated semi-
pelite member (Fig. 3). Garde (1978) reported that graphite
is common in the Marmorilik Formation, with several sam-
ples yielding approximately 1% graphite.

A more detailed stratigraphy was established by Cominco
geologists for the part of the massive calcite marble mem-
ber hosting the Black Angel deposit (inset in Fig. 3; Nich-
ols 1984; Harris 1986). These authors describe a “footwall
sequence” in the folded stratabound orebody consisting of
massive, anhydritic (up to 2-20% anhydrite), white, dolo-
mitic marble, and an “ore-bearing sequence” with dolomitic
marble alternating in color from white to grey and having
up to 11% porosity. The zones of vuggy and porous mar-
bles were interpreted to reflect dissolved evaporite minerals
(Harris 1986) or “vanished” evaporites (cf. Warren 2016).
The vuggy porosity is likely a very late feature produced by
the dissolution of the sulfates by infiltrating meteoric water
during uplift. Zones of dolomitic marble commonly contain
quartz nodules and quartz “eyes” that could reflect silici-
fied gypsum/anhydrite, common in diagenetically altered
evaporite-bearing carbonates (e.g., Chown and Elkins 1974;
Warren 2016; Leach and Song 2019). Above the ore zone
is a “lower hanging wall sequence” of white to light-grey,
mica-bearing, banded calcitic, and quartzitic marbles with
up to 40% of quartz blebs and nodules and an “upper hang-
ing wall sequence” of graphitic, cherty, and pyritic/pyrrho-
titic pelites,,transitional to the semipelite member of Garde
(1978).
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Fig.3 Generalized stratigraphic column of the Marmorilik Formation
(modified after Garde 1978). Section is likely structurally repeated
as discussed in the text. Variations in scapolite, anhydrite, and ore
contents (none, traces (~1%), abundant (~5% or more)) were estab-
lished from field observations and Garde (1978), King (1983), Nich-
ols (1984), and Harris (1986). Locally, anhydrite can reach up to 20
vol % in meter-thick bands. Blue stars mark siliciclastic samples that
were characterized with U-Pb zircon geochronology (Guarnieri et al.
2022b), providing Maximum Depositional Ages (MDA); quartz-

Whereas the ore bodies in the Black Angel deposit are
overlain by calcitic marble and thick graphitic semipelites,
occurrences in the lower part of the Marmorilik Formation
are located immediately below other distinct stratigraphic
levels (Figs. 2 and 3), designated as “chert and/or semi-
pelite” by Garde (1978) or as “cherty and mottled pelite” by
King (1983). As shown in Figs. 2 and 3, these levels mark
the contact between dolomitic and calcitic marble members.
In the field, these levels were recognized as clast-supported
monomictic breccia with siliceous pelitic clasts cemented by
calcite (Fig. 4). Garde (1978) and King (1983) interpreted
this monomictic breccia, controlling mineralization in the
lower part of the Marmorilik Formation, as a shear contact.

Scapolite Anhydrite Mineralization
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Abundant

None
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COMINCO mine stratigraphy:
upper hangingwall unit
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ite of the Qaarsukassak Formation (sample 569,801; MDA of ca.
2000 Ma) correlative to the Marmorilik Formation basal siliciclastic
rocks; pelites intercalated with marbles (sample 569,917, MDA of ca.
1915 Ma). Red stars correspond to scapolite samples 164,460, ana-
lyzed by Garde (1978), and 571,338, analyzed as part of this study.
Green star marks the position of anhydrite samples analyzed for S
isotope composition (this study). Also shown is the distribution of
graphite, tremolite, and quartz

However, this breccia does not display any tectonic fabric.
Henderson and Pulvertaft (1987) considered that the tran-
sition from a more dolomitic lower part to a more calcitic
upper part of the Marmorilik Formation reflects a marine
transgression. Guarnieri and Baker (2022) considered that
the transition from dolomitic to calcitic marble broadly
defines two tectonic units (South Lakes tectonic unit and
Black Angel tectonic unit, respectively), which are sepa-
rated by a thrust within gray dolomitic marbles, below the
monomictic breccia. This interpretation places the South
Lakes Glacier occurrence within the Black Angel tectonic
unit, even if it is hosted within dolomitic marbles. As such,
this occurrence can be seen as a tectonostratigraphic analog

@ Springer
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Fig.4 Clast-supported monomictic breccia, with siliceous pelitic
clasts cemented by calcite, displaying no tectonic fabric. South Lakes,
Maarmorilik area. This unit is approximately 2 m thick. We suggest
this and similar horizons may have acted as stratigraphic traps for
hydrocarbons or reduced sulfur fluids

to the succession hosting the Black Angel deposit. Another
implication of this interpretation is that thrusting would
have significantly thickened the carbonate sequence and thus
Fig. 3 does not represent the original stratigraphic thickness.
Thrusting could have also contributed to the more deformed
nature of the Black Angel tectonic unit relative to the South
Lakes tectonic unit.

The folding that affected the lower part of the Marmori-
lik Formation produced repetition of the dolomitic marble
sequence. Consequently, the lower dolomite and gray dolo-
mite members, plus the banded marble member, represent
the same stratigraphic package that is repeated at two limbs
of a fold with the thin calcite marble member in its core
(Fig. 3).

Marmorilik-mixed evaporite-carbonate
platform

Wave ripples and crossbedding in quartzites of the basal
quartzite-semipelite member suggest that deposition of the
Marmorilik Formation started in a shallow-water, high-
energy environment, followed by fine-grained sediments,
consistent with deepening and finally, as the supply of
detrital material decreased, an extensive carbonate platform
developed (Henderson and Pulvertaft 1987). Subsequently,
the platform was rapidly drowned, with the establishment of
a deep and sediment-starved basin which was buried by tur-
bidites of the Niikavsak Formation (Guarnieri et al. 2022b;
2022e).

Despite repetition along a few discrete sheared con-
tacts, as documented above, the Marmorilik Formation
stratigraphy mostly reflects deepening of the depositional

@ Springer

environment from a carbonate platform with widespread
evaporite deposition to a deeper-water marine setting.

Anhydrite in the Marmorilik Formation

Based on the observations of our study, drill hole logs, and
previous studies, the distribution and relative abundance of
anhydrite are illustrated in the generalized stratigraphic col-
umn of Fig. 3. There is no evidence for zoning in anhydrite
nor is there evidence for secondary Zn silicates or carbon-
ates in the host rocks that could develop by the oxidation of
sulfides during weathering. Calcium sulfate rarely occurs in
primary MVT ore assemblages, but can be produced by the
dissolution of Ca carbonates in a sulfate-rich ore fluid. If
this occurred at the Black Angel deposit, a zoning of anhy-
drite related to the intensity of carbonate replacement during
mineralization would develop, which has not been observed.
Therefore, we infer that anhydrite reflects sedimentary sul-
fate evaporite (cf. McKibben et al. 1988), which was part of
the original sedimentary sequence. Archived samples stored
at GEUS reveal that anhydrite occurs in these marbles as
lilac-colored patches (Fig. 5a). The anhydritic marbles are
well documented in mine logs and cross sections (Garde
1978; Harris 1986; Nichols 1984). For example, Harris
(1986) states that the footwall of the Black Angel deposit
contains a thick sequence of massive, white dolomitic mar-
ble, which contains 2-20% of anhydrite in thin bands, pods,
and lenses, elongated parallel to foliation. Disseminated
anhydrite also occurs in dolomitic marbles of the lower part
of the Marmorilik Formation (Harris 1985), but it is gener-
ally less abundant relative to the host rocks for the Black
Angel deposit.

There are no thick, layered evaporites preserved in
the Marmorilik Formation. Evaporite minerals (halite,
anhydrite, gypsum) can be removed from the rock record
through dissolution, diagenesis, and halokinesis. Diage-
netic replacement of gypsum/anhydrite by calcite or silica
is well documented (Chown and Elkins 1974; Pierre and
Rouchy 1988; Dejonghe et al. 1998; Sanz-Rubio et al.
2001; Hanor, 2004; Stafford et al. 2008). Intense defor-
mation and metamorphism of the Marmorilik Formation
would have destroyed massive layers of halite and anhy-
drite due to difference in rheological properties from those
of their host rocks. The halokinetic migration of layered
evaporites to shallow or surface locations during burial
or deformation is extensively described (e.g., Hudec and
Jackson 2006, 2007; Warren 2016 and references therein).
In the Marmorilik Formation, anhydrite (formerly gyp-
sum) that survived deformation and metamorphism has
not been identified in outcrops because it would have been
dissolved when exposed to surface conditions when Green-
land was positioned in a warmer and wetter climatic zone.
These surviving masses of anhydrite in the Black Angel
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Fig.5 Evidence for evaporite
and meta-evaporites in the Mar-
morilik Formation: a marble
with lilac-colored patches of
anhydrite and scapolite (sample
367,937, Deep Ice orebody,
Black Angel deposit); b euhe-
dral scapolite crystals in outcrop
of a dolomitic marble (sample
571,338, South Lakes Glacier
occurrence, lower part of the
Marmorilik Formation)

deposit are in cores of recumbent folds that were likely
areas of lower stress and were less susceptible to haloki-
netic migration. Therefore, the present masses of anhydrite
in the marbles of the Black Angel deposit must be consid-
ered as “survivors” of a more extensive evaporite sequence
that was likely dominated by halite. A comparable occur-
rence of sedimentary anhydrite is preserved in the Meso-
proterozoic (1300 to 1150 Ma) Balmat deposit, New York
(Whelan et al. 1990; Corriveau et al. 2007), that experi-
enced amphibolite grade metamorphism and deformation.
Another illustration of surviving masses of anhydrite is the
ca. 2100 Ma evaporite-carbonate succession in the Onega
basin of Karelia, Russia, where evaporites were not sus-
pected based on outcrop observations (except for saline
groundwaters), but shallow- to intermediate-depth drill-
ing documented collapse breccias and pseudomorphs after
gypsum and halite, and deep-level drilling accidentally

penetrated a salt diapir in which a thick sequence of sulfate
and halite was preserved (Morozov et al. 2010).

The S isotope values (see Methods in Online Resources
1) of five analyzed sub-samples of anhydrite from the Black
Angel deposit cluster in two distinct sets (Table 1 in Online
Resource 2): 5.2, 5.3, and 5.6%0 from the Angel orebody
(sample TDD2), and 10.9 and 12.6%0 from drift 216 in
the Deep Ice orebody (sample 367,937, Fig. 5a). These
orebodies, as other Black Angel deposit orebodies, are
hosted by the same stratigraphic interval (Fig. 3). It is dif-
ficult to equate the anhydrite S isotope values directly to the
Paleoproterozoic seawater sulfate composition due to the
unknown extent of evaporation that likely occurred on the
Marmorilik-mixed evaporite-carbonate platform. Variable
amounts of seawater evaporation can shift sulfate evapo-
rites to slightly heavier S isotope values. The isotopic shift
related to seawater evaporation is less than +2%o for gypsum
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precipitation based on experiments and theoretical consid-
erations; however, the typical change in S isotope values of
sulfate evaporites due to their precipitation is much smaller
and negligible (Thode and Monster, 1965). Therefore, the
difference between the two sets of data is unlikely to be rec-
onciled by the different extent of evaporation. The modern
seawater sulfate residence time is ~20 million years (Yao
et al. 2019) and, as a result, modern to late Phanerozoic sul-
fate evaporites typically show small stratigraphic 5**S vari-
ations, except for short time periods with low and variable
seawater sulfate content. However, between the Lomagundi
Event at ca. 2220-2060 Ma and ca. 810 Ma, stratigraphic
5*S variations in sulfate evaporites and carbonate-associ-
ated sulfate (CAS) were much larger (Kah et al. 2004; Pla-
navsky et al. 2012; Turner and Bekker 2016; Crockford et al.
2019), and are consistent with the range of values observed
in this study. There are strikingly few 5>*S data available for
shallow-marine sulfate evaporites and CAS for the mid-Pro-
terozoic with only the ca. 1.89 Ga Tadpatri Formation from
the Cuddapah basin of Eastern India being roughly similar
age to the Marmorilik Formation (Fig. 6). The Tadpatri For-
mation gypsum shows a range of 5°*S values from + 19.0
to+23.3%0 (n=5; Crockford et al. 2019), which are higher
than those in our study. An alternative and indirect estimate
for seawater composition is provided by sulfates (anhydrite,
gypsum, and barite) associated with the ca. 1.9-1.8 Ga vol-
canogenic massive sulfide deposits at Anderson Lake (MB,
Canada; Walford and Franklin 1982), Agucha Zn—Pb mine
(Rajasthan, India; Fareeduddin et al. 2014), and Asen and
Falun (Sweden; Gavelin et al. 1960; Rickard et al. 1979)
that have 8*S values ranging from + 1.5 to+ 15.0%o (Fig. 6).
Five sulfur isotope values for sulfate in our study overlap
with this range; however, contribution of volcanic sulfur to
this range of values could have compromised the seawater
signature. The Black Angel sulfate 5°*S values also over-
lap with the range of S isotope values for sulfate evaporites
deposited in shallow-marine environments during the older

ca. 2220-2060 Ma Lomagundi carbon isotope excursion
worldwide (see Fig. 6; Bekker et al. 2006; Schroder et al.
2008; Planavsky et al. 2012; Crockford et al. 2019).

Meta-evaporite minerals of the Marmorilik
Formation

Evidence for former evaporites in the Marmorilik Formation
includes the widespread occurrences of Cl-rich scapolite
(Garde 1978) and albite, which are the products of meta-
morphism of sedimentary sequences containing evaporites,
carbonates and plagioclase (e.g., Serdyuchenko 1975; Hoga-
rth and Griffin 1978; Moine et al. 1981; Mora and Valley
1989; Gomez-Pugnaire et al. 1994; Warren 2016 and refer-
ences therein).The distribution and abundance of scapolite
are illustrated in the generalized stratigraphic column of
Fig. 3. Scapolite is common in anhydritic marbles in the
Black Angel deposit (Fig. 5a) and in outcrops of dolomitic
marbles of the lower part of the Marmorilik Formation
(Fig. 5b). According to Garde (1978) and our own limited
analytical results for the scapolite crystals shown in Fig. 7,
scapolite contains 2.4-2.7% Cl and is the Na-rich marialite
endmember (Table 2 in Online Resource 3).

Albite is widely present and is reported as an accessory
or minor phase by Garde (1978) in the lower dolomite mem-
ber, gray dolomite member, banded marble member, and
massive calcite member marbles and as a significant phase
in the semipelite member. Some of the albite in marbles
co-occurs with quartz, calcite, and chlorite, which form
pseudomorphs after scapolite and may represent a late fluid
event. The processes involved in albitization are discussed
in detail by Warren (2016) and references therein. Warren
(2016) states that considering that “most scapolite forms
via the metamorphic alteration of plagioclase feldspar by
Na-rich fluids, consequently albitization and scapolitization
are typically co-associated metamorphic outcomes.” The
extensive interlayered scapolite and albite in the regionally
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Crockford et al. 2019 (includ- Modern Marine Sulfate (pre-Cryogenian)
ing literature data compiled A \ |
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Fig.7 a Transmitted light photograph and b mineralogical map from
automated SEM (TESCAN) of sample 571,338 (dolomitic marble)
from the lower part of the Marmorilik Formation. Note the presence

metamorphosed sequence therefore argue for the presence of
former evaporite units rather than a local skarn or hydrother-
mal system (cf. Warren 2016). A skarn or any other type of
magmatic hydrothermal product would likely be associated
with local alteration phases along faults and fractures and a
zoned alteration pattern that are absent in the Black Angel
district. This is also consistent with the absence of Paleopro-
terozoic intrusions in the Maarmorilik area.

Deformation and structures

Pedersen (1980; 1981) described the effects of greenschist
metamorphism and deformation on the morphology of the
ore bodies which had an original thickness, prior to defor-
mation, of between 0.5 to 8 m, and on sulfide ore textures.
These events created ore zones that conform to the deforma-
tion and metamorphic fabrics and structures (Fig. 8). Shear
deformation resulted in the syntectonic recrystallization and
ductile transport of sphalerite and galena from high strain
areas (fold limbs) to low strain areas (fold hinges and frac-
tures) as illustrated in Fig. 8. Original paragenetic relation-
ships were compromised and ore textures were dramatically
altered. Pedersen (1980) described four styles of mineraliza-
tion in the Angel orebody: banded, massive, porphyroclastic,
and coarse-grained, remobilized ore produced during the
syntectonic deformation and metamorphism. The banded
ore (Fig. 9a) is characterized by thin (mm to cm) layers of
pyrite in sphalerite and galena bands. The contacts between
the banded ore and the host marble are sharp and conform-
able, suggesting that these may reflect original contacts
between the sulfides and the host carbonate. Intercalated,
rotated clasts of marble in the banded ore are present and

Quartz

B Abite

. Muscovite/lllite

. Scapolite
Biotite

: . Chlorite - Clinochlore
Pyrite

M caicite

Accessory Minerals
- Others
. Unclassfied

of scapolite, a sodium-rich (marialite) variety with about 2.5% ClI (see
Table 2, Online Resource 3)

pyrite annealing was observed. Banded ore zones transi-
tion into zones of massive ore in areas associated with more
intense shear deformation and ductile/brittle transformations
(Fig. 8). The porphyroclastic ore zones (Fig. 9b) are associ-
ated with thrust sheets (Fig. 8) and occur as thin horizons of
ductilly remobilized sphalerite and galena with brittle clasts
of pyrite and marble (Pedersen 1980). The remobilized ore
occurs in low-pressure zones in the folded ore bodies (Fig. 8)
and consists mainly of sphalerite and galena associated with
pinch and swell features (Pedersen 1980).

A paragenetic sequence presented by Horn et al. (2019)
for the most intensely deformed ore assemblage (porphy-
roclastic ores of Pedersen 1980, 1981) was interpreted to
represent a syn-deformation, high-temperature, hydrother-
mal event (see discussion below in Deposit classification).
Horn et al. (2019) also described breccia ore (Fig. 10) that
consists of a matrix of massive sulfides, supporting clasts of
angular and folded marble fragments, which was interpreted
as evidence for coeval mineral deposition with or post-dating
regional deformation. However, these types of textures are
common in sediment-hosted deposits that were deformed
and metamorphosed (e.g., McDonald 1970; Clark and Kelly
1973; Jansson et al. 2018; Leach and Song 2019; Zhao et al
2021.

The Black Angel mine can no longer be accessed, there-
fore structural data were collected as part of this study
near the South Lakes Glacier occurrence southeast of
the Black Angel deposit. These data are used to provide
insights into the structural evolution of the deposit since
both areas belong to the Black Angel tectonic unit and
presumably have a common shared evolution (Guarnieri
and Baker 2022). Planar fabric, foliation, and cleavage
of marbles and metapelitic rocks, together with fold axes
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Rinkian deformation
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Fig.8 Schematic representation of mesoscopic structures in the thrusting with southward directed displacement and late folding that
Angel orebody ( modified from Pedersen 1980); see Fig. 2 for the are consistent with NNE-SSW-oriented compressional stress as indi-
location. D1-3 indicate, respectively, the early isoclinal folding, cated by black arrows

Fig.9 Tectonic deformation

of the Angel orebody show-

ing ductile deformation of
sphalerite and galena with
clasts of marble: a rib pillar
with high-grade banded ore; b
porphyroclastic “buck shot” ore
with marble rafts in the pillar.
Photos are from Bjgrn Thomas-
sen (GEUS)

of small-scale folds and kinematic indicators along shear Our observations document that the ore is present in
planes, are presented on stereoplots (Fig. 11) and the rela-  extensional veins, along hinges of isoclinal folds in marbles
tionships among structures produced on different stages of  of the Marmorilik Formation (Fig. 11a). The WNW-ESE
deformation are discussed below. trend of fold axes is consistent with the Rinkian deformation
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Fig. 10 Ore breccia in outcrop from the South Lakes Glacier occur-
rence: a the brown breccia matrix is ductilely remobilized sphalerite
supporting clasts of silicified black pelite and marble; b larger mar-
ble clasts are sharp-edged and deformed. The interpretation is that
the breccia-hosted ore was tectonically deformed, rather than being-
formed coevally with brecciation, as previously inferred

(Guarnieri and Baker 2022) and the thick-skinned thrusting
associated with the emplacement of a basement nappe (Hen-
derson and Pulvertaft 1987). Folding and thrusting are asso-
ciated with brittle faults and extensional veins (Fig. 11b, ¢),
consistent with a maximum horizontal stress, oriented SSW-
NNE (Fig. 11d). Planar fabric and fold hinges in the marbles
are then overprinted by a second stage of brittle deforma-
tion with the development of upright folds and a pervasive
NE-SW trending pressure solution cleavage with stylolites
(Fig. 11e, f) that are interpreted as part of a NW—-SE oriented
compressional event possibly related to the latest stage of
the Nagssugtoqgidian Orogeny that formed NE-SW trend-
ing thrusts (Grocott and McCaffrey 2017; Guarnieri et al.
2022b).

The three deformation stages (D1-3, Fig. 8) introduced
by Pedersen (1980) can be explained as the progression of
a single tectonic event where thrusts, folds and extensional

fractures are all consistent with NNE-SSW-oriented com-
pression. The new data from ductile and brittle structures in
the South Lakes area (Fig. 11) confirm this orientation of the
tectonic stress, which can be correlated to the Rinkian Orog-
eny deformation, as constrained by regional mapping and
structural studies (Grocott and McCaffrey, 2017; Guarnieri
et al. 2022b; Guarnieri and Baker, 2022).

Discussion
Deposit classification

Pedersen (1980, 1981) documented the effects of greenschist
facies metamorphism, intense multi-stage deformation and
recrystallization on the ore deposits, finding that the original
deposit morphologies, ore textures, geochemical zonation,
and paragenetic relationships were modified or destroyed.
Consequently, identifying the best genetic model requires a
focus on the fundamental geological attributes of the deposit
models proposed for the Black Angel deposit.

Models for the Black Angel deposit include sedimentary
exhalative, Kipushi-style metamorphic-hydrothermal, and
MVT mineralization. The classification as a sedimentary
exhalative (SEDEX) type was based on the presence of
stratabound and banded sulfides (Sangster 1990; Leach et al.
2005). Our observations indicate that the banded sulfide
zones are due to the deformation. Moreover, sedimentary
exhalative deposits do not form in a carbonate platform envi-
ronment (Leach et al. 2010), hence this model is excluded.
Horn et al. (2019) proposed that the deposit formed from a
high-temperature hydrothermal fluid during shear deforma-
tion and metamorphism. Although these authors recognized
the effects of intense deformation on the deposit, they inter-
preted the mineralization to be cogenetic with deformation
and metamorphism. A Kipushi-type mineralization model
(DeVos et al. 1974) was further proposed by Horn et al.
(2019) based in part on the presence of trace mineral inclu-
sions of Ge- and Sn-rich minerals (briartite and stannite,
respectively) in sphalerite. An alternative interpretation to
linking briartite and stannite in sphalerite with metamor-
phism and deformation is the recrystallization of preexist-
ing sphalerite during metamorphism to create a new suite
of trace minerals, including Ge-rich briartite inclusions in
sphalerite (Frenzel et al. 2016; Cugerone et al. 2021).

In the absence of evidence for coeval magmatism and
the depositional setting in a carbonate platform environ-
ment, a MV T-type model proposed by Carmichael (1988),
Rosa et al. (2017), and Partin et al. (2021) is reasonable.
MVT deposits are hosted in carbonate rocks and are com-
monly associated with organic matter. These latter factors
also apply to some CD deposits although siliciclastic rocks
characteristically dominate the rock sequence hosting the
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«Fig. 11 Structural data from the South Lakes area (see Fig. 2 for loca-
tion). Rinkian and Nagssugtoqgidian orogenic deformation affected
marbles of the Marmorilik Formation and Black Angel deposit: a
WNW-ESE-trending banded marbles crosscut by extensional veins
filled with sulfides; b hinge zone of a WNW-ESE trending fold cross-
cut by NNE-SSW-trending calcite veins. The “domino-like” structure
is likely related to bending of the fold axis during tectonic transport;
¢ NE-SW-trending left-lateral fault crosscuts the planar fabric of mar-
bles and the ore; d lower hemisphere stereoplot of mesoscale struc-
tures associated with pure-shear deformation that is consistent with
the Rinkian NNE-SSW-oriented compression, responsible for the
syntectonic recrystallization and ductile transport of sphalerite and
galena during the D1-3 deformation (Fig. 8); e planar fabric of mar-
bles and Rinkian extensional veins crosscut by subvertical pressure
solution cleavage (PSC) with stylolites; f lower hemisphere stereoplot
of PSC post-dating Rinkian structures and consistent with NW-SE-
oriented Nagssugtoqidian orogenic compression

latter deposits (Leach et al. 2010). The generally accepted
MVT models involve fluid mixing and fluid-rock interac-
tions where oxidized metal-rich fluids mix with reduced
sulfur that was locally produced by either bacterial sulfate
reduction (BSR) or thermochemical sulfate reduction (TSR).
Partin et al. (2021) determined the 8**S composition of
sulfide minerals (pyrite, sphalerite, galena, and pyrrhotite;
104 SIMS analyses on 4 samples) from the Black Angel
deposit to be between 0%o0 and + 6.9%0 and suggested that
the reduced sulfur may have been produced by both BSR and
TSR of low sulfate-bearing middle Paleoproterozoic seawa-
ter (Planavsky et al. 2012; Turner and Bekker 2016). Our
sulfur isotope data are limited, but based on our anhydrite
values, seawater sulfate was likely lower than the +20%o
value assumed by Partin et al. (2021). However, the data are
not robust enough to determine relative roles of BSR and
TSR. Regardless, the reduced sulfur produced in the basin
was subsequently trapped in a hydrocarbon/reduced sulfur
trap or migrated into the ore zone through fault zones or
along permeability boundaries in the host sequence (e.g.,
limestone to dolostone).

The role of evaporites in the Marmorilik Formation
carbonate platform

An important contribution of this study is the recogni-
tion of the close association of anhydrite and vanished
evaporites within the Black Angel deposit and associated
mineral occurrences that was underappreciated in previ-
ous publications. The connection between evaporites and
sediment-hosted Zn—Pb deposits has been mainly limited
to the well-established link between the origin of the ore-
forming brines and dissolved evaporite sequences (Kesler
et al. 1996; Viets et al. 1996; Leach et al. 2005, 2010 and
references therein). Until recently, MVT deposits having
a direct association with evaporites and former evaporite-
bearing rocks were limited to a small subset of MVT depos-
its. Well-known examples are the deposits on the Lennard

Shelf of the Canning basin, Australia (Tompkins et al. 1994;
Vearncombe et al. 1995; Warren and Kempton 1997); Nani-
sivik, Canada (Ghazban et al. 1990); and Pine Point dis-
trict, Canada (Sasaki and Krouse 1969). Three of the five
largest MVT deposits in the world, Huoshaoyun, Jinding,
and Changba-Lijiagou in China, are related to former evap-
orite-bearing sequences (Leach and Song 2019 and refer-
ences therein). The Changba-Lijiagou deposits are hosted in
meta-evaporites within an evaporite-carbonate platform of
the Yangtze block in South China (Leach and Song 2019).
The deposition of evaporites and halokinetic processes
do not create ores; rather, they should be viewed as provid-
ing ground preparation for later MVT mineralizing events.
The ground preparation can be summarized as a product of
two broad effects. One is that the presence of evaporites in
a sedimentary sequence yields dramatic changes in porosity
and permeability of the sedimentary rocks during diagen-
esis when secondary porosity, dissolution collapse breccias,
halokinetic breccias, and structural and lithological traps are
produced. Porosity and permeability impart significant con-
trol on the transfer of metalliferous fluids in sedimentary
basins. The second effect is the development of chemical
traps for metals carried by the MVT ore fluids (e.g., Jinding,
China; Leach et al. 2017). Evaporite-bearing sequences con-
taining gypsum and/or anhydrite provide an enormous reser-
voir of sulfur that can be reduced by BSR or TSR processes
in the presence of organic matter, hydrocarbon, and reduced
fluids. Some shales and carbonates are enriched in organic
matter and, on burial, release hydrocarbons, whereas the
most important lithological traps for hydrocarbons, reduced
fluids, and sulfur are evaporites and massive limestones.

Cap rock for the Black Angel MVT deposit

An important characteristic of many MVT deposits is the
presence of a cap rock or aquitard overlying the mineraliza-
tion. These cap rocks are commonly shale, silicified dolos-
tone (former evaporite-bearing dolostone), evaporites, or
fine-grained limestone, which are interpreted to have served
as a seal or stratigraphic barrier that focused hydrocarbon
gas, reduced fluids, and/or reduced sulfur into a “chemi-
cal trap.” The obvious cap rocks in the Marmorilik Forma-
tion are the abundant semipelites (Fig. 2) that are spatially
associated with the mineralization in the lower part of the
Marmorilik Formation or the massive calcitic marbles and
thick graphitic semipelites that stratigraphically overlie the
Black Angel deposit.

Possible analogs to the Black Angel deposit include the
Florida Canyon and Shalipayco deposits in the Pucara basin,
Peru (Oliveira et al. 2019, 2020, 2021), and the Mayuan
and Maozu MVT deposits in China (Leach and Song 2019).
These deposits have evaporites or vanished evaporites in the
host sequence with significant mineralization in evaporite
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dissolution breccia and related lithologies. Individual depos-
its are stratabound and extend laterally for kilometers, but
have limited stratigraphic distribution (tens of meters). The
Mayuan- and Maozu-style MVT occurrences and deposits
occur over hundreds of kilometers in the Neoproterozoic
(Sinian) carbonates of the Yangtze craton, South China
(Leach and Song 2019). The ores are mainly hosted in evap-
orite dissolution collapse breccias, including float breccia.
The Black Angel mine is inaccessible, and it is therefore
impossible to fully evaluate the nature of the breccia-hosted
mineralization. Considering that ore-hosting breccias in the
Black Angel orebodies and associated showings (Fig. 10)
occur in a former evaporitic carbonate sequence, we sug-
gest the breccia may have been an evaporite dissolution float
breccia that was subsequently deformed. Nevertheless, we
cannot entirely exclude the possibility that the breccia origi-
nated as a carbonate dissolution breccia.

Timing of mineralization

The extensive evaporite-carbonate platform of the Mar-
morilik Formation was likely a significant “brine factory”
that charged the deep basin with highly saline fluids. Halite
typically makes up more than 60-80% of the total rock salt
volume in a marine basin (Warren 2016). Considering the
abundance of anhydrite in the Marmorilik Formation, an
enormous volume of saline fluids must have been produced

during the evaporation of seawater to form the evaporites.
Following the well-established model for MVT deposits,
the metalliferous brine migrates into the carbonate platform
during major orogenic events or during basin inversion and
deformation (e.g., Bradley and Leach 2003; Leach et al.
2005, 2010). The only published geochronological constraint
for the Black Angel mineralization is an imprecise, Re-Os
model age of 1570 + 170 Ma (Partin et al. 2021), interpreted
by the authors as “geologically meaningless” and therefore
not considered herein. However, the age of the Marmori-
lik Formation marble sequence is broadly constrained to
be ca. 1915 Ma (see discussion in District Geology above).
We infer that, subsequent to deposition of the Marmorilik
Formation, the Karrat basin became part of the foreland to
both the Rinkian and Nagssugtoqidian orogens. As a result,
brine that migrated during the Nagssugtoqidian Orogeny
could have reached the Maarmorilik area. Albitization of
Archean gneisses (Ryan and Escher 1999) and Paleoprote-
rozoic metasedimentary rocks (Kalsbeek 1992), recognized
in the Disko Bay area, approximately 100-150 km SSE of
Uummannaq (Fig. 1), and located between the Maarmorilik
area and the Nagssugtoqidian Orogen front, provides evi-
dence for the extensive circulation of these brines. Based
on the geochronology of the tectonic events (Fig. 12), min-
eralization took place after the Nagssugtoqgidian collision
at ca. 1860 Ma, but before the Rinkian orogenic metamor-
phism at ca. 1830 Ma. However, since the Nagssugtoqidian
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thrusting and folding’ Ane=" folding folding and strike-sip fautting! =
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Fig. 12 Summary of tectonic events related to the Rinkian and
Nagssugtoqidian orogenies and their effects on the Marmorilik For-
mation-mixed sulfate evaporite-carbonate platform. The platform
became the foreland of the Nagssugtogidian orogen at the begin-
ning of the collisional stage at ca. 1860 Ma. As a result, migration
of metal-bearing brines during the Nagssugtoqidian orogeny was to
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the north, towards the Marmorilik Formation-mixed sulfate evap-
orite-carbonate platform and led to the formation of MVT deposits.
The MVT deposits were developed before ca. 1830 Ma when they
were affected by metamorphism and deformation associated with the
Rinkian Orogeny. YDZ, youngest detrital zircon
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Orogen was further away, the foreland was first affected by
thin-skinned Rinkian deformation and later overprinted by
thick-skinned thrusting developed at the Nagssugtoqidian
orogenic front (Grocott and McCaffrey 2017; Guarnieri and
Baker 2022).

Coupled evolution of Earth’s hydrosphere and MVT
deposits

The ore-forming brines for sediment-hosted MVT and CD
deposits were derived from oxidized, marine evaporative
environments along craton margins (e.g., Leach et al. 2010;
Huston et al. 2016) that extracted metals from deep aqui-
fers. The influx of these oxidized brines into reduced marine
sediments produced CD deposits, whereas the brines that
ascended into carbonate platforms during later orogenic
events formed MVT deposits. The seawater sulfate concen-
tration on the evolving Earth was a critical factor that con-
trolled the distribution of sediment-hosted Zn—Pb deposits in
the rock record (e.g., Holland 2005, 2006; Leach et al. 2005,
2010; Kesler and Reich 2006; Farquhar et al. 2010). At shal-
low crustal levels (typically having temperature < 250 °C),
extraction of Zn and Pb from crustal materials and their
transport are controlled by the redox state of sulfur in saline
hydrothermal fluids in the hydrosphere and deep basins (e.g.,
Cooke et al. 2000). As a result, the distribution of MVT
and CD deposits through Earth history (Leach et al. 2010
and references therein) is restricted to sedimentary succes-
sions younger than the Great Oxidation Episode (GOE) that
started at ca. 2430 Ma (e.g., Bekker et al. 2004, 2020; Hol-
land 2006, 2009; Poulton et al. 2021). This reflects a secu-
lar change in the redox conditions of the atmosphere and
oceans that were major controls on the sulfate content of
the ocean. Prior to the GOE, the reducing conditions in the
atmosphere and oceans severely limited the mobility of Zn
and Pb with saline, basinal fluids and therefore the formation
of sediment-hosted Zn—Pb deposits. Notably, pseudomorphs
of halite, but not sulfate, are recognized in a number of
Archean sedimentary successions (e.g., Boulter and Glover
1986; Eriksson et al. 2005). This suggests that it is indeed
low seawater sulfate content and lack of sulfate evaporites
in the rock record, rather than lack or paucity of evaporite
depositional settings and marine evaporites, which deter-
mined the general absence of MVT deposits in the Archean.

The ca. 1915 Ma age for the Marmorilik Formation car-
bonate sequence places the Black Angel deposit as one of
the few MVT or CD deposits hosted in Paleoproterozoic
rocks, while only two are found in Archean rocks (Leach
et al. 2005, 2010; Kesler and Reich 2006). Of the few depos-
its in Paleoproterozoic rocks, only the Black Angel deposit is
clearly genetically linked to a hosting sulfate-rich, evaporite-
carbonate sequence, although some of the others, described

below, are hosted in or stratigraphically proximal to succes-
sions that record evaporative, marine conditions:

(a) The Pering and Bushy Park MVT deposits are hosted
by the Neoarchean (2650 —2520 Ma) Campbellrand
Subgroup of the Transvaal Supergroup, South Africa.
The mineralization age of 2100 to 2000 Ma (Duane
et al. 2004; Schaefer et al. 2004) is temporally close
to that of the hydrothermal circulation around the ca.
2060-2050 Ma Bushveld Igneous Complex, South
Africa (Gleason et al. 2011), and younger than the
GOE. There is no evidence for halite or sulfate-rich
evaporites in the breccia or host sequence, but the
overlying ca. 2200-2100 Ma Lucknow Formation of
the Olifantshoek Group contains pseudomorphs after
sulfate and halite evaporites (Schroder et al. 2008).

(b) The Esker MVT deposit and similar occurrences are
hosted in the ca. 1890 Ma Rocknest Formation, north-
western Canadian Arctic (Gummer et al. 1997). Esker
is a large and low-grade deposit containing sulfide
matrix breccias (Kesler and Reich 2006). Gypsum
pseudomorphs are reported locally in the hosting
dolostone (Hoffman 1968, 1978; Badham and Stan-
worth 1977; Jackson 1989; Grotzinger 1986; Pope and
Grotzinger 2003).

(c) The passive-margin CD deposits of the Zawar district,
in the ca. 2000-1800 Ma Aravalli-Delhi orogen of
India, are interpreted to have formed at about 1850 to
1800 Ma (Deb and Thorpe 2004; Sarkar and Banerjee
2004). Mineralization is commonly hosted in carbon-
ate units within siliciclastic-dominated sequences. Dis-
seminated anhydrite occurs in the underlying shales
(Sarkar and Banerjee 2004).

(d) The ca. 1900 Ma Pb—Zn MVT deposit of the Paroo Sta-
tion Mine on the Yilgarn craton of Western Australia is
hosted by the Yelma Formation sulfate evaporite-car-
bonate-redbed succession (Pirajno and Burlow 2009;
Sergeev et al. 2017).

(e) The MVT Zn-Pb deposits of the ca. 1900 Ma Ramah
Group, Nain Province of northern Labrador in Canada
have no known associations with evaporites (Wilton
et al. 1994; Conliffe et al. 2013).

(f) The North Australia Zn belt contains several giant Zn—
Pb—Ag CD deposits and the Mt Isa Cu ores are hosted
in siliciclastic-dominated sedimentary sequences with
minor occurrences hosted in carbonate units (possi-
ble MVT: Jones 1986; Plumb et al. 1980), developed
in the ca. 1650-1600 Ma McNamara Group (Jones
1986; Andrews 1996; Page and Sweet 1998; Large
et al. 2005; Leach et al. 2005). The correlative units,
the Gunpowder Creek Formation, and Urquhart Shale,
that host the Kamarga and Mt Isa Zn—Pb and Cu depos-
its, contain well-preserved pseudomorphs after sulfate
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evaporites (McClay and Carlile 1978; Neudert and
Russell 1981). The Coxco Zn—Pb deposit (possible
MVT) in the McArthur basin is also hosted in the ca.
1650-1600 Ma McArthur Group in the North Australia
Zn Belt (Walker et al. 1983). Mineralization occurs in
dolostones above strata containing extensively devel-
oped gypsum pseudomorphs and cauliflower chert nod-
ules (Walker et al. 1977; Muir 1987; Page and Sweet
1998; Page et al. 2000).

Sedimentary record of marine sulfate evaporites
and MVT deposits in the Paleoproterozoic

During the early Paleoproterozoic, Earth’s atmos-
phere—ocean system evolved from a mildly reduced to an
oxygenated state during the GOE. Although the initial rise
in atmospheric oxygen is reasonably well documented, the
changes in the ocean redox state and related abundance of
marine sulfate are less constrained. The oldest preserved
shallow-marine, sulfate evaporites associated with carbon-
ates and bearing stratiform Cu mineralization are in the
2420-2320 Ma Duitschland Formation of South Africa
and the ca. 2320 Ma Gordon Lake Formation of the Huro-
nian Supergroup of Canada (Martini 1979; Chandler 1988;
Crockford et al. 2019). A significant increase in oxygena-
tion of atmosphere and oceans subsequently occurred during
the ca. 2220-2060 Ma Lomagundi Event (e.g., Bekker et al.
2006; Bekker and Holland 2012) that resulted in widespread
deposition of marine sulfate evaporites. These are mostly
indicated by pseudomorphs or molds of former anhydrite
and gypsum in marginal marine sedimentary successions
(Melezhik et al. 2005; Schroder et al. 2008; Bekker et al.
2006) with the exception of the Onega basin of the Fen-
noscandian Shield in Russia, which contains the locally
developed lower evaporitic unit with carbonates, sulfates,
halite, and bittern salts (Morozov et al 2010). The overly-
ing Tulomozero Formation is a thick sequence of stroma-
tolitic dolostones, magnesite, and red beds deposited at ca.
2090 Ma (Melezhik et al. 2005). These rocks were deposited
in fluvial, playa, sabkha, and intertidal environments and
contain syn-depositional anhydrite-bearing carbonate and
chert pseudomorphs after gypsum. The evaporites occur
over a thickness of 500 m within an area of more than 2000
km?, indicating that a large marine sulfate reservoir devel-
oped by ca. 2090 Ma, although it is debated whether it was
fully or partially open to the global ocean (e.g., Alfimova
et al. 2022). The seawater sulfate reservoir is generally con-
sidered to collapse in the aftermath of the Lomagundi Event
when redox state of the atmosphere—ocean decreased (cf.
Planavsky et al. 2012; Bekker and Holland 2012; Scott et al.
2014), although the ca. 2020 Ma Kasegalik and McLeary
formations of the Belcher Group on the Belchers Island,
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NWT, Canada, contain pseudomorphs of sulfate (Bell and
Jackson 1974; Hodgskiss et al. 2019a, 2019b).

The ca. 1915 Ma age of the Marmorilik Formation-mixed
sulfate evaporite-carbonate platform is younger than the ages
of the marine sulfate deposits described above. The Marmo-
rilik Formation-mixed sulfate-evaporite-carbonate platform
potentially records the last known sulfate evaporite sequence
(with thick stratigraphic intervals and beds of sulfate, rather
than pseudomorphs of displacively grown sulfate crystals
in sediments) until the Mesoproterozoic, ca. 1200 Ma Soci-
ety Cliff Formation in the Baffin Island, Canada (Kah et al.
2001; Kah and Bartley 2011), and ca. 1250 Ma Grenville
Series (Whelan et al. 1990). The Society Cliff Formation
contains gypsum beds (1-250 cm thick) that constitute up to
15% of the exposed strata (Kah et al. 2001) and the amphibo-
lite to granulite metamorphic facies Grenville Series contain
anhydrite lenses up to 60 m thick, but typically lenses are
only 1 to 15 m thick. The Society Cliff Formation also hosts
the significant evaporite-related Nanisivik MVT deposit
(Olson 1984; Ghazban et al. 1990), whereas the Grenville
Series host the Balmat-Edwards-Pierropont Zn—Pb deposits
(Corriveau et al. 2007); the only two MVT districts devel-
oped in Mesoproterozoic rocks.

Intriguingly, the Marmorilik Formation-mixed sulfate
evaporite-carbonate platform is broadly correlative to other
metasedimentary successions on the cratons of the northern
part of Laurentia, which were not yet assembled together
at that time, but also record evaporitic conditions: 1) the
Lake Harbour Group of the Meta Incognita terrane in the
southern part of Baffin Island (Hogarth and Griffin 1978;
Belley and Groat 2020); (2) Wollaston Group of the Hearne
craton, Saskatchewan (Chandler 1978; Tran et al. 2008); (3)
Tavani Formation of the Upper Hurwitz Group, Hearne cra-
ton, NWT (Miller and Reading 1993; Davis et al. 2005); (4)
Denault Formation of the Labrador Trough, Canada (Zent-
myer et al. 2011); and (5) ca. 1890 Ma Rocknest Forma-
tion, Slave craton, northwestern Canadian Arctic (Hoffman
1968, 1978; Badham and Stanworth 1977; Pope and Grotz-
inger 2003). Furthermore, the giant copper deposit of the
ca. 1900-1870 Ma Chiney Subgroup, Udakan Group, Aldan
Shield (Siberia), is associated with red beds and evaporites
(Bogdanov et al. 1966; Gablina 1990; Kovach et al. 2018).
Paleomagnetic data position the Slave and Siberia cratons
at ca. 1880 Ma close to each other at low latitudes (Buchan
et al. 2016; Mitchell et al. 2010; Antonio et al. 2017), while
other cratons are not paleomagnetically characterized for this
time interval. However, based on tectonic reconstructions,
the Hearne craton was close to the Superior craton and thus
both were at the intermediate latitudes (Buchan et al. 2016).
Importantly, all these successions record the transition
from a passive continental margin to foreland basins during
assembly of the Nuna-Columbia supercontinent (Pehrsson
et al. 2016). This points to an important exploration criterion
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in vectoring sediment-hosted base metal deposits, where
evaporite-bearing successions deposited before orogenic
events are the key. In summary, this compilation highlights
that evaporitic conditions were widespread during this time
interval on several cratons, suggesting an economic poten-
tial for undiscovered Cu—Pb—Zn sediment-hosted deposits
in these and correlative supracrustal successions deposited
on the low latitude-positioned cratons, which may have been
overlooked to date.

Proterozoic seawater sulfate level and redox
state and MVT deposits in the aftermath
of the Lomagundi carbon isotope excursion

We cannot constrain seawater sulfate concentrations from
our observations because a sequence of evaporite mineral
precipitation (cf. Holland 1984) is not preserved by the Mar-
morilik Formation. However, considering the extent of evap-
oritic conditions in Laurentia, Yilgarn, and Siberia, seawater
sulfate concentration was likely above the Archean level,
but below that during the Lomagundi Event. Interestingly,
subsequent to extensive deposition of these marine sulfate
evaporites, recording a substantial seawater sulfate reser-
voir, Granular Iron Formations (GIFs), was deposited at ca.
1880 Ma in several basins worldwide under shallow-marine
conditions, indicating a major, transient, or long-sustained
ocean deoxygenation at the time when Large Igneous Prov-
inces (LIPs) were emplaced worldwide (Bekker et al. 2010,
2013). Chromium and iron isotope compositions of Protero-
zoic GIFs have been used to argue for low-oxygen levels in
the atmosphere—ocean system (Planavsky et al. 2014; Wang
et al. 2022), despite a striking contrast with the Cr isotope
record of carbonates (Gilleaudeau et al. 2016). However,
considering that some if not all Proterozoic GIFs correspond
to ocean deoxygenation events (Bekker et al. 2010, 2013),
these two sedimentary records could be reconciled with a
view of a weakly oxygenated, mid-Proterozoic ocean epi-
sodically impacted by a strong flux of reductants in associa-
tion with LIP emplacements.

Carbonate-hosted MVT deposits remained scarce in the
rock record until the late Neoproterozoic and Cambrian
when the number of deposits dramatically increased as the
result of the Neoproterozoic Oxygenation Event (NOE),
during which the oceans were further oxygenated (e.g.,
Fike et al. 2006; Sahoo et al. 2012; Williams et al. 2019).
Oxidation state of the atmosphere and ocean finally reached
modern levels in the early Paleozoic (Dahl et al. 2010; Len-
ton et al. 2016; Wallace et al. 2017; Lu et al. 2018; Krause
et al. 2018). Consequently, Neoproterozoic and Phanerozoic
MVT deposits and sulfate-bearing evaporites flourished.
Leach et al. (2010) suggested that the nature of the carbon-
ate platforms also limited the formation of MVT deposits
during the Proterozoic. A dramatic increase in the relative

abundance of carbonates with coarse, skeletal carbonate
grains and fragments occurred in the late Neoproterozoic-
Early Cambrian (Hazen et al. 2008 and references therein).
This significantly increased carbonate platform permeability
relative to the Proterozoic, fine-grained, stromatolitic, car-
bonate mudstones (Lucia 2007). As a result, Phanerozoic
carbonate platforms have a greater potential, relative to Pro-
terozoic platforms, for long-distance migration of sedimen-
tary brines and the formation of MVT districts and deposits
spread over hundreds of kilometers. In contrast, Proterozoic
MVT deposits are typically single deposits or small groups
of ore bodies hosted in breccia zone in evaporite-bearing
dolostones and evaporite facies (Leach et al. 2005, 2010).

Sedimentary evaporites are highly susceptible to disso-
lution, halokinetic remobilization, and alteration, making
it challenging to infer their secular distribution from rock
records. In contrast, MVT and CD deposits that are geneti-
cally linked to evaporite environments in sedimentary suc-
cessions are likely to survive even at high metamorphic
grades in the rock record. Therefore, their secular distribu-
tion and that of their hosting rocks might bear a much less
biased record of secular changes in deposition of sedimen-
tary evaporites. The broad review of temporal distribution of
the MVT and CD deposits presented above and previously
discussed (e.g., Leach et al. 2005, 2010) agrees well with the
general pattern of redox changes in the atmosphere—ocean
system, highlighting a potential to constrain higher-resolu-
tion patterns with a more comprehensive temporal record
of these deposits.

Summary

The Black Angel deposit is a significant non-magmatic
Zn-Pb deposit hosted in marbles of the late Paleoprotero-
zoic Marmorilik Formation. The sub-horizontal, stratabound
ore bodies are in anhydritic marbles and consist of massive
to semi-massive sphalerite-galena-pyrite. The deposit was
metamorphosed to greenschist facies conditions and exten-
sively deformed and sheared.

An important contribution of this study is the recogni-
tion of the close association of anhydrite, meta-evaporites,
and vanished and replaced evaporites with the Black Angel
deposit and associated occurrences. There are no thick lay-
ered evaporites preserved in the Marmorilik Formation,
likely due to the greenschist metamorphism and deforma-
tion. However, anhydrite is present in the host marbles and
ore zones as local patches and lenses. The most common
occurrence of anhydrite is as disseminations in the host
marbles, which can contain up to about 20% of anhydrite.
The S isotopic composition of limited anhydrite samples
from two ore zones in the Black Angel deposit ranges
between 5.2 and 12.6%o0 and likely reflects composition of
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the contemporaneous marine sulfate reservoir. Scapolite is
common in anhydritic marbles in the Black Angel deposit,
the host marble sequence, and outcrops of dolomitic mar-
bles, including the lower part of the Marmorilik Formation.
The scapolite has Cl- and Na-rich composition, consistent
with the contribution of detrital feldspar and halite-gypsum
mineral precursors. Considering the evidence for extensive
scapolitization and limited evidence for sulfate evaporites in
the sequence, this marine evaporite system produced signifi-
cantly more halite than gypsum. The host marble sequence
contains extensive zones of vuggy porosity, quartz nodules,
and quartz “eyes” that reflect vanished evaporites. It seems
that, despite the generally accepted low level of marine sul-
fate in the Paleoproterozoic in the aftermath of the GOE and
the Lomagundi Event, an enormous volume of highly saline
fluid was generated on the Marmorilik-mixed sulfate evap-
orite-carbonate platform and likely descended into the deep
basin. The ca. 1915 Ma Marmorilik Formation carbonate
sequence is the last known sulfate-rich evaporite sequence
until the Mesoproterozoic (ca. 1250-1200 Ma) Society Cliff
Formation in Baffin Island, Canada, and the Grenville Series
in the Adirondack Lowlands in New York, USA.

Considering the most fundamental attributes of the min-
eralization and host sequence, a MVT model is a reasonable
classification for the Black Angel deposit. The Marmorilik
Formation was a sulfate-rich, evaporative carbonate plat-
form, a common setting for MVT deposits in the Phanero-
zoic. These deposits require a cap rock or seal to capture
hydrocarbons or reduced sulfur that are then chemical traps
for ascending ore fluids. The likely cap rocks in the Mar-
morilik Formation were the abundant organic-rich semi-
pelites that are spatially associated with mineralization in
the lower part of the Marmorilik Formation and the massive
calcitic marbles that overlie the Black Angel deposits. The
Black Angel mineralization was developed in the foreland of
the Nagssugtoqgidian Orogen with subsequent deformation
related to the Nagssugtoqidian and Rinkian orogenies. The
mineralization age can thereby be constrained to be between
1860 and 1830 Ma.

Recognizing that the Marmorilik Formation-mixed sul-
fate evaporite-carbonate platform broadly correlates to other
metasedimentary successions on the cratons of northern
Laurentia that also record evaporitic conditions and some of
which show MVT potential presents important exploration
potential. The recognition of seawater evaporative factories,
bearing sulfates, on these cratons should thus be taken as a
first-order exploration criteria for CD and MVT deposits.
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