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Existing models for massively bedded barite (MBB) deposits (e.g., sedimentary exhalative and diagenetic/
cold-seep) satisfy some geological and geochemical observations, but none explain the Paleozoic
clustering of MBB deposits in Earth history. Here we bring seawater redox history into the picture and
propose a sulfate-limited euxinic seawater (SLES) model where hydrothermally sourced Ba?t accumulates
as dissolved ion while other metal ions precipitate as insoluble metal sulfides. A subsequent encounter
of this Ba2*-rich water mass with a sulfate-bearing one results in the deposition of MBB, thus physically
separated from the accompanied metal sulfide deposits. We tested the SLES model using early Cambrian
MBB deposits in South China through petrographic and isotope analyses. Syngenetic sphalerite and barite
layers show a clear separation. A wide range of 87Sr/36Sr values (0.7082 to 0.7120) of the MBB supports
a mixing of seawater and hydrothermal sources. A large range of 534S values (32.2 to 61.1%o) of the MBB
and the occurrence of mineral hyalophane supports an overall sulfate-limited but sulfate-concentration
temporally and spatially heterogeneous ocean. Our model established the genetic link between MBB
deposits and the accompanied metal sulfide deposits in the Paleozoic. The dearth of MBB deposits
before and after the Paleozoic is due to widespread ferruginous oceans with little sulfate and complete
oxygenated oceans with too much sulfate, respectively. The Paleozoic clustering of the MBB deposits is a
consequence of a critical redox transition in Earth history.
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1. Introduction posits of greater commercial value, e.g., late Devonian Zn-Pb-Ba
deposits in Selwyn Basin and late Mississippian Zn-Pb-Ba deposits
in Red Dog, Alaska (Goodfellow, 1987; Maynard and Okita, 1991;
Johnson et al., 2004; Magnall et al.,, 2016). However, some MBB
deposits have no known co-occurring metal sulfide deposits of
commercial value, e.g., the early Cambrian MBB deposits in South
China and the late Devonian MBB deposits in Nevada, U.S.A. (Jew-
ell and Stallard, 1991; Wang and Li, 1991). A sound MBB formation

model could offer guidance on CD-type Zn-Pb sulfide ore prospect-

Barite is a common mineral which occurs in a variety of geolog-
ical environments, for example, as disseminated minerals in clastic
and chemical sediments, cold-seeps, and as an associated mineral
in volcanogenic massive sulfide or Mississippi Valley-type Zn-Pb
sulfide deposits (Hanor, 2000). However, we and others included
(Jewell, 2000; Torres et al., 2003) have noticed that massively bed-
ded barite (MBB) deposits, usually in high grades (up to 90 wt.%)
and in tens of million tonnes, cluster temporally in the Paleozoic ng.

(ie., from Cambrian to Carboniferous; Fig. 1; Supplementary Ta- In an attempt to explain the association and non-association
ble 1). These MBB deposits are often a few to tens of meters of the metal sulfide and MBB deposits, researchers proposed a
in thickness and hosted in siliciclastic, carbonaceous rocks with- scenario ifl Which‘stedimentary exhalative (SedEx) brines were in-
out significant amounts of associated volcanic materials (Jewell, ~ troduced into euxinic seawater (Goodfellow, 1987). The model 5
2000; Clark et al., 2004). Importantly, MBB deposits are sometimes  duires two unrelated, discrete types of brines, oxidized (“SO4*"-

accompanied by clastic-dominant (or CD-type) Zn-Pb sulfide de- predominant”) one evolved from carbonates/evaporites basins and
reduced (“HpS-predominant”) one from siliciclastic shale basins,

respectively (Cooke et al., 2000; Table 1). This two-brine SedEx
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model was used to explain the lack of an MBB deposit in the
Proterozoic Zn-Pb deposit in McArthur Basin (i.e., oxidized brines)
and the presence of an accompanied MBB deposit in the Paleozoic
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Fig. 1. Distribution of sedimentary ore deposits in Earth history. A: secular variation of seawater sulfate concentration (Algeo et al., 2015; Fakhraee et al., 2019) and the
changing ocean redox structure along continental shelf (Canfield, 2005; Lyons et al., 2014; Li et al., 2010; Poulton and Canfield, 2011; Sperling et al., 2021); the “?” marks
some uncertainty in time when the ocean redox state changed from dynamically stratified to fully oxygenated; B: MBB deposits (data from Supplementary Table 1); C:
CD-type Zn-Pb sulfide deposits (Leach et al., 2010); “Mt” stands for “million tonnes”. The width of the vertical bars is uniform for all occurrences.

Table 1
Proposed formation models for massively bedded barite (MBB) deposits.

Model

Sedimentary exhalative (SEDEX)
model

Diagenetic/cold-seep model

Sulfate-limited euxinic seawater
(SLES) model

Description

S source
Ba source
Secular pattern

References

Oxidized bines (5042~ -predominant)
and reduced, acidic brines
(HaS-predominant) are introduced
into euxinic seawater, resulting in
Pb-Zn deposits and Pb-Zn-MBB
deposits, respectively

Sulfate in seawater
Hydrothermal fluids
Not specified

Cooke et al., 2000

Ba%*-rich fluids are derived from
organic-rich and highly reducing
sediments, and MBB deposits form at
cold seeps or in sediments during
early diagenesis

Sulfate in seawater or porewater
Sedimentary organic matter
Not specified

Jewell and Stallard, 1991;

Torres et al., 2003; Johnson et al.,
2009; Canet et al., 2014; Magnall et
al., 2016;

Xu et al.,, 2016; Fernandes et al., 2017

The same metal-rich brine
encounters sulfate-limited euxinic
water during which metal sulfides
precipitate but dissolved Ba2*
accumulates. The accumulated Ba?*+
precipitates as MBB deposits upon
encountering sulfate-bearing water in
different space or time

Sulfate in seawater
Hydrothermal fluids
Temporally clustered in the Paleozoic

this study

Zn-Pb deposit in Selwyn Basin (i.e., reduced brines). However, the
redox state of a brine should depend on the evolving geochemistry
(e.g., sulfate reduction) of the brine, not necessarily the redox state
of the lithology in a basin. For example, the vent fluids/brines in
modern seafloor hydrothermal fields are often rich in H,S with lit-
tle sulfate despite the fact that the brines were initially seawater
rich in sulfate (Humphris and Klein, 2018 and references therein).

Later on, a number of studies suggest that the MBB deposits
formed early diagenetically or in settings like cold seeps in sea
floor (i.e., diagenetic/cold-seep model) (Table 1; Jewell and Stal-
lard, 1991; Torres et al., 2003; Johnson et al., 2009; Canet et al.,
2014; Magnall et al., 2016; Xu et al., 2016; Fernandes et al., 2017).
The diagenetic/cold-seep model has the sulfate derived from pore-

water/seawater and barium from local sediments including the
organic matter within. A major problem with this diagenetic/cold-
seep model is the observed large quantity of Ba and high-purity
of BaSOy4 in the laterally extensive MBB deposits. Importantly, both
the two-brine SedEx and diagenetic/cold-seep models have failed
to explain the temporally clustered occurrence of MBB deposits in
the Paleozoic (Fig. 1).

Sulfate-limited euxinic seawater (SLES) model

Here, we propose a sulfate-limited euxinic seawater (SLES)
model for the MBB deposits (listed in Table 1). Hydrothermally
sourced metal ions (e.g., Ba*t, Zn?>* and Pb%*) meet with locally
sulfate (SO42~ )-limited, hydrogen sulfide (H,S)-rich water column
(i.e., euxinic). When that happens, Zn*t and Pb%* ions precipitate
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out of the water mass as insoluble sulfide solids whereas Ba%*
remains largely as a soluble ion until it encounters a SO42~-rich
water and precipitates as BaSO4. The crux of SLES model is in
the metal ion behaviors: 1) Ba%t does not form an insoluble solid
whereas the base metal ions do when encountering H;S-bearing,
S04%~-free water; 2) Only Ba?t forms a solid whereas the base
metal ions do not when encountering S04~ -bearing, H,S-free wa-
ter; 3) Ba2* precipitates as barite crystals and base metal ions pre-
cipitate as sulfide solids when encountering a euxinic water mass
bearing both SO42~ and H,S; 4) Barite crystals are susceptible to
dissolution if an organic-rich, sulfate-limited anoxic water mass re-
turns (Bolze et al., 1974; Ouyang et al., 2018); and 5) Ba®*T may
precipitate as witherite when encountering SO42~-limited, CO%‘—
rich water. Considering an overall intermediate seawater sulfate
concentration (Algeo et al,, 2015; Li et al,, 2010; Fakhraee et al.,
2019) and a transitional oxygenation state in Earth history (Can-
field, 2005; Li et al, 2010; Sperling et al.,, 2021), the Paleozoic
oceans would have had oxic, euxinic, and ferruginous water masses
co-existed spatial-temporally, a condition facilitated the deposition
of most MBB deposits in Earth history as well as some high-grade
base metal sulfide deposits (Fig. 1B-C).

The SLES model predicts that 1) there should be cases where
MBB and sulfide deposits are genetically related but physically
separated due to the spatial-temporal heterogeneity of the sul-
fate and H,S concentrations in Paleozoic oceans; 2) there should
be a wide range of strontium isotope composition (87Sr/%6Sr) in
the MBB deposits because of the different mixing ratios between
sulfate-rich seawater and metal-rich hydrothermal brines; 3) there
should be a large range of sulfur isotope composition (§34S) in the
MBB deposits because of the §34S sensitivity to degrees of mi-
crobial sulfate reduction (MSR) in a SO42~ -limited euxinic water
mass. These predictions have been confirmed in a few Paleozoic
MBB deposits, but not in others, especially in those historically re-
garded as barite-only ore deposits, e.g., the lower Cambrian MBB
deposits in South China. If the SLES model is sound, the South
China MBB deposits should have the same features. In particular,
we should find an accompanied, physically separated occurrence
of sulfide deposits or characteristic minerals, e.g., those deposited
in Ba-rich and sulfate-free mixed water. To test these predictions,
we examined the lower Cambrian MBB deposits and potential sul-
fide deposits in South China and compiled published data of well-
studied MBB deposits worldwide for comparison (Supplementary
materials). Petrographic observation was conducted including tex-
ture relationship between barite and sulfides. We also adopted a
sodium carbonate technique for Sr isotope (Breit et al., 1985) and
a chelating method (Bao, 2006) for S isotope pretreatment, in mea-
suring the lower Cambrian MBB samples in South China.

2. Materials and methods

2.1. Geological background and the lower Cambrian MBB samples,
South China

The South China Block consists of the Yangtze platform, Nan-
hua basin, and Cathaysian platform which was assembled during
the Neoproterozoic (Fig. 2A; Feng et al., 2002; Li et al., 2008). The
well-preserved sedimentary strata are generally dominated by car-
bonates at shallow-water and black shale/chert at slope and basin
settings during the early Cambrian (Chen et al., 2009). Lower Cam-
brian MBB deposits in South China are hosted near the top of the
Liuchapo Formation in Nanhua Basin where basinal facies were
deposited with a radiometric age of ~522-524 Ma (Chen et al,,
2015). In particular, the MBB ores occur beneath massive chert
layers, chert and thin black shale layers, phosphorus nodules, and
limestone concretions in an ascending order, and are overlain by
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interbedded chert and black shales again. The Liuchapo Forma-
tion itself is overlain conformably by the lower Cambrian Niutitang
massive black shale and underlain by the Ediacaran Doushantuo
dolostone (Fig. 2B). Samples of the lower Cambrian MBB deposits
and nearby chert/shale samples were collected from the open
pits and outcrops at Tianzhu (27°00’N, 109°06'E) and Zhengyuan
(27°08’'N, 108°52E), two counties in Guizhou Province in southern
China (Fig. 2). Massive, banded, or disseminated barite ores and
barite nodules of a few to ten meters in thickness occur commonly
in the Liuchapo Formation chert. While surveying MBB deposits
worldwide and throughout the Proterozoic and Phanerozoic, we
compiled those that are published and have age information and
are indeed hosted chert and black shales.

2.2. Petrographic-isotope methods

Texture relationship between barite and potential metal sulfides
in the lower Cambrian in South China was examined using FEI
Scios DualBeam field emission scanning electron microscope (FE-
SEM) equipped with EDAX Energy Dispersive Spectroscopy (EDS)
at Institute of Geochemistry, Chinese Academy of Sciences (IG-
CAS). Backscattered electron (BSE) mode and point analyses of
EDS were used to identify the minerals and texture relation-
ship.

Barite samples were powdered and pretreated using hydrofluo-
ric acid and nitric acid solutions to remove quartz, carbonate, and
sulfide minerals and then dissolved using aqueous sodium carbon-
ate, followed by Sr separation through ion exchange (Breit et al.,
1985). The 87Sr/86Sr was measured on a Nu Plasma III multiple-
collector inductively coupled plasma mass spectrometer (MC-ICP-
MS) at IGCAS. NIST SRM987 with an average 87Sr/®0Sr value of
0.710248 + 0.000004 (2SD, n=10) was used as the reference to
monitor and correct drifts of the instrument. For §34S, barite
samples were first treated using a diethylenetriaminepentaacetic-
acid dissolution and re-precipitation (DDARP) method (Bao, 2006)
and then measured in continuous-flow mode using a Vario Mi-
crocube connected to an Isoprime 100 at Department of Geology
& Geophysics, Louisiana State University. The §34S values were re-
ported relative to the Vienna-Canyon Diablo Troilite (V-CDT) with
a standard deviation at +0.3%o0 on basis of long-term analyses
of in-house standards and samples. Both §34S and Sr isotope ra-
tio were measured once for each drilled sample powder in this
study.

3. Results

A compilation of published MBB deposits worldwide displays
a clear clustering in the Paleozoic (Fig. 1B). High purity (up to
90%) and lack of clastic minerals (e.g., clays) are characteris-
tic of the MBB ores (Fig. 3A-B) in South China. Quartz is the
main matrix mineral (Fig. 3B). Finely laminated sphalerite lay-
ers consist of ZnS grains and they coexist with grains of hyalo-
phane ((K,Ba)[Al(Si,Al)Si»Og]), a Ba-silicate mineral (Fig. 3C-D). The
875r/86Sr values range from 0.7082 to 0.7120 (Fig. 4A; Supple-
mentary Table 2) and the 84S values range from 32.2 to 61.1%0
(Fig. 4B; Supplementary Table 3) for the lower Cambrian MBB
samples. Newly obtained isotope data from lower Cambrian South
China are gathered with those of published MBB deposits (Fig. 4
and Supplementary Tables 2-3).

4. Discussion
4.1. Co-occurring MBB and metal sulfide deposits

A key difference between the SLES and the diagenetic/cold-seep
models for MBB deposits is that the former advocates a genetic
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Fig. 2. Geological background of the lower Cambrian massively bedded barite deposits in South China. A: lithofacies paleogeography of South China during the Early Cambrian
and the studied locations (modified from Feng et al., 2002; Li et al.,, 2008); B, a composite stratigraphic section across Ediacaran to Cambrian in Guizhou Province, South
China; and radioactive ages from references (Chen et al., 2015) and the ferruginous conditions with euxinic wedges at the slope/basin settings across the Ediacaran-Cambrian
transition, South China from Wang et al. (2012) and Jin et al. (2016); (C), an outcrop of a massively bedded barite ores hosted in an interbedded chert and black shale

sequence in Tianzhu County, Guizhou Province.

link between the MBB and sulfide deposits whereas the latter does
not (Table 1). Our petrologic observation shows that not only spha-
lerite (ZnS) co-occurs with bedded barites but also the barite and
sphalerite layers are separated into two high-purity mineral phases
(Fig. 3A-B). This physical separation and the high-purity nature of
the sphalerite and the barite layers (Fig. 3A-B) suggests that Zn>+
precipitates as ZnS when a metal-rich water mass or brine en-
counters H,S-rich water while in the meantime dissolved Ba%t is
able to accumulate in sulfate-free water and later precipitated as
a barite layer after encountering SO42~ -bearing water. These sep-
arate yet high-purity mineral phases suggest that they were pre-
cipitated in water column and not in sediment, thus are consistent
with the SLES model. In addition, the SLES predicts a scenario in
which excess Ba%t will be available after exhausting all sulfate in
initially sulfate-limited water. The existence of such a condition is
confirmed by the occurrence of hyalophane, a barium silicate, not
a barium sulfate mineral, in the adjacent black shales (Fig. 3C-D).

Although our newly discovered sulfide deposits are inconspic-
uously thin sulfide layers, it overturns the decades-old view that
the lower Cambrian MBB deposit in South China is a barite-only
ore deposit. We recognize that in some MBB deposits in the world
no metal sulfide deposits of economic value have been found in
the vicinity despite much effort. One possibility is that the local
hydrothermal fluids were poor in metals or the basins had a high
flux of detrital materials, which diluted the metal content.

4.2. Wide ranges of Sr and S isotope compositions in an MBB deposit

The SLES model prediction is confirmed by the wide range
875r/86Sr values. Sr isotope ratio of the MBB deposits has been
measured extensively for metal source tracing (Fig. 4A; Supple-
mentary Table 2). The lower Cambrian MBB samples have a wide
range of 87Sr/%6Sr values (0.7082 to 0.7120) which are higher,
thus, more radiogenic than that of the early Cambrian seawater
(~0.7082) (Li et al., 2013). Other Paleozoic MBB deposits also have
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Fig. 3. Texture relationship between bedded barite and sulfide layers in the lower Cambrian Liuchapo Formation, Tianzhu, Guizhou Province, China. A: alternating sphalerite

and barite layers; B: an enlarged image with barite cutting through sphalerite in A; C:

a sulfide-rich shale sample in the vicinity of a barite bed; D: an enlarged image

showing coexisting sphalerite and hyalophane in C. Abbreviations: Qtz: quartz; Brt: barite; Sp: sphalerite; Hyal: hyalophane; Py: pyrite; Ill: illite.
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Fig. 4. A compilation of 87Sr/36Sr (A) and 834S (B) values of Paleozoic MBB deposits. Grey bars are the respective 87Sr/86Sr and §34S values of the coeval seawater. The data
from late Devonian MBB deposits in Nevada and Selwyn, and late Mississippian ones in Red Dog of Alaska were compiled together with those from the early Cambrian MBB

deposits in South China. All data can be found in Supplementary Table 2-3.

higher 87Sr/80Sr values than their coeval seawaters (Fig. 4A). Al-
though there is no direct evidence for hydrothermal fluid chem-
istry, recent studies inferred that metal cations for CD-type Zn-
Pb deposits may be extracted from basement rocks of multiple
sources, including sedimentary rocks and/or felsic rocks (Ayuso et
al., 2004; Gigon et al., 2020). Hydrothermal fluid can often have
low 875r/86Sr values (e.g., 0.704-0.707) (Paytan et al., 2002) or in-
herit high 87Sr/36Sr values (e.g., up to 0.720) through interacting
with clastic materials (Emsbo and Johnson, 2004).

The large 534S range (32.2 to 61.1Y%o; Fig. 4B; Supplementary
Table 3) of the South China MBB deposits is also consistent with
the SLES model prediction. All the 534S values are higher than that
of the coeval early Cambrian seawater (~30%o; Kampschulte and
Strauss, 2004), a pattern also observed in other Paleozoic MBB de-
posits in the world (Fig. 4B), supporting a sulfate-limited seawater
(Canfield et al., 2010). When sulfate is limited, MSR can drive the
remaining sulfate extremely high in its §3*S value. Once sulfate
is consumed to a sufficiently low concentration, a small amount
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of Ba?t can precipitate out the remaining sulfate, usually with
high 834S values. If the process continues, the water body would
become SO4%~-free, which allows Ba2* to accumulate. The accu-
mulated Ba®t would then precipitate to form a high-purity MBB
deposit when encountering new SO42~-bearing water. Although
large §34S range and high §3S values can also be generated in
sedimentary pore water during diagenesis, the high purity of barite
and the near-absence of clastic materials (e.g., clay, Fig. 3) support
a water-column barite precipitation.

4.3. Paleozoic clustering of MBB deposits

Our compilation of the MBB deposits worldwide reveals a Pa-
leozoic cluster (Fig. 1B), a phenomenon also recognized by previ-
ous review (Jewell, 2000; Torres et al., 2003). As shown, the SLES
model explains most sedimentological, petrographic, and geochem-
ical observations of the Paleozoic MBB deposits (Fig. 5). The model
also explains the Paleozoic clustering of MBB deposits. It is recog-
nized that the ocean evolved from anoxic, ferruginous state in the
Archean to dynamically redox-stratified one with transient eux-
inic wedges along some shorelines during much of the Proterozoic
Eon to Paleozoic Era, and gradually changed into an oxygenated
ocean during the Mesozoic and Cenozoic (Canfield, 2005; Li et
al,, 2010; Poulton and Canfield, 2011; Lyons et al.,, 2014; Sperling
et al., 2021). This secular trend of ocean redox conditions should
have dictated much of the sedimentary and geochemical processes
including sulfate abundance and, therefore, the temporal window
favorable for MBB or metal sulfide deposits. The seawater sulfate
content is believed to be low (<1 mM) during the Archean and
much of the Proterozoic Eon (Fakhraee et al., 2019) but was likely
as high as that of present-day (~29 mM) during the Mesozoic and
Cenozoic (Algeo et al., 2015). It is difficult for either MBB or CD-
type Zn-Pb deposits to precipitate when there was little sulfate
in the oceans. When seawater was fully oxygenated in the Meso-
zoic and Cenozoic, most organic matter is oxidized by dissolved
0, and very little MSR is occurring in water column, resulting in
the dearth of sulfate-limited euxinic water and the lack of MBB or
associated sulfide deposits.

When the seawater sulfate was at an intermediate level, say
at ~5 to 10 mM during the Paleozoic (Algeo et al., 2015), it be-
comes conducive for spatially and temporally heterogeneous ocean
redox conditions in which locally either Ba**t accumulates when

sulfate is extremely low (i.e., all in H,S and HS™) or metal ions
(Pb2* and Zn%*) accumulate when H,S and HS™ is extremely low
(i.e., all in sulfate) in euxinic water mass. The fluctuating H,S-rich
and SO42~ -rich water in space and time leads to the MBB and CD-
type Zn-Pb deposits during the Paleozoic era. There are Proterozoic
cases where only CD-type Zn-Pb deposits were formed (Fig. 1C;
Leach et al., 2010). The lack of accompanied MBB deposits in the
Proterozoic Eon may be explained by the exhaustion of sulfate in
the much low-sulfate oceans (<1 mM; Fakhraee et al., 2019) af-
ter Zn-Pb sulfide precipitation (Fig. 1), being consistent with the
overall much more reduced surface Earth than the Paleozoic.

A quantitative estimate of this “intermediate” seawater sulfate
concentration in the Paleozoic would be informative. In this study,
when we refer to “sulfate-limited”, we mean an overall lower con-
centration in the Paleozoic than the Present to the extent that
the oxic, euxinic, and ferruginous water masses often co-existed
spatial-temporally and when encountering a water mass contain-
ing hydrothermally accumulated Ba™, all sulfate could sometimes
be precipitated as BaSO4. The exact sulfate concentration in a wa-
ter mass is a moving target. However, since we have encountered
many cases where after the deposition of barite beds and there
were still excess Ba2t left to form mineral hyalophane, if we could
somehow place an upper-limit constraint on the Ba2* concentra-
tion in a hydrothermally fed bottom water mass, that Ba%* con-
centration may be regarded as the typical upper-limit for seawater
sulfate concentration of the Paleozoic. Such a Ba%* constraint, if
obtainable, may add an independent proxy for past seawater sul-
fate concentration in addition to the rate method, i.e.,, modeling
using the maximum observed rate of seawater sulfate §34S change
and the §3S difference between cogenetic sedimentary sulfate and
sulfide, and the empirical MSR-trend method (Algeo et al., 2015).

The Paleozoic clustering of MBB deposits is a consequence of a
critical redox transition in Earth history. The MBB deposits require
a right fluctuation of sulfate concentration in euxinic seawater.
Sulfate-limited euxinic water allowed SO42~-free and SO4%~ -rich
water bodies to be dynamically available in space and time and
thus Ba®* accumulated in SO42~ -free water and barite precipitated
in massive quantities when the water encountering a SO42~-rich
water, a condition prevalent in Paleozoic oceans.

The Paleoarchean barite deposits in South Africa and in West-
ern Australia are special in themselves, not only in their origin as
evident from their unique S-MIF signatures (Bao et al., 2007) but
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also in the total absence of sedimentary barite beds in the next, at
least 1 billion yr in Earth history (Jewell, 2000). Our SLES model
does not apply to the Paleoarchean barite deposits.

5. Conclusions

The SLES model builds upon previous SedEx and diagenetic/
cold-seep models and yet is more accommodating to the observed
geological, petrographic, elemental, and isotope data.

1) The SLES model supports a genetic relationship between
MBB and metal sulfide deposits in that Ba?t and other base metal
ions (Zn*, Pb2*) have a significant hydrothermal contribution. In
the vicinity of an MBB deposit, there is a high probability of base
metal sulfide deposits.

2) The SLES model brings secular history of seawater redox evo-
lution and sulfate concentration into understanding the origin of
the MBB and associated metal sulfide deposits in geological record.
The MBB deposits occurred mostly in a backdrop of moderate Pale-
ozoic seawater sulfate concentrations which were conducive to the
co-existence of oxic, euxinic, and ferruginous water masses in shal-
low oceans. Before and after the Paleozoic Era, the atmosphere-
hydrosphere was too reduced and too oxidized, respectively, to
have significant sizes of euxinic water mass for MBB deposition.
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