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Abstract The Atlantis Il Deep of the Red Sea hosts the largest known hydrothermal ore deposit on the
ocean floor and the only modern analog of brine pool-type metal deposition. The deposit consists mainly of
chemical-clastic sediments with input from basin-scale hydrothermal and detrital sources. A characteristic
feature is the millimeter-scale layering of the sediments, which bears a strong resemblance to banded iron
formation (BIF). Quantitative assessment of the mineralogy based on relogging of archived cores, detailed
petrography, and sequential leaching experiments shows that Fe-(oxy)hydroxides, hydrothermal carbo-
nates, sulfides, and authigenic clays are the main “ore” minerals. Mn-oxides were mainly deposited when
the brine pool was more oxidized than it is today, but detailed logging shows that Fe-deposition and Mn-
deposition also alternated at the scale of individual laminae, reflecting short-term fluctuations in the Lower
Brine. Previous studies underestimated the importance of nonsulfide metal-bearing components, which
formed by metal adsorption onto poorly crystalline Si-Fe-OOH particles. During diagenesis, the crystallinity
of all phases increased, and the fine layering of the sediment was enhanced. Within a few meters of burial
(corresponding to a few thousand years of deposition), biogenic (Ca)-carbonate was dissolved, manganosi-
derite formed, and metals originally in poorly crystalline phases or in pore water were incorporated into dia-
genetic sulfides, clays, and Fe-oxides. Permeable layers with abundant radiolarian tests were the focus for
late-stage hydrothermal alteration and replacement, including deposition of amorphous silica and enrich-
ment in elements such as Ba and Au.

1. Introduction

The Atlantis Il Deep was one of the first recognized locations of metal deposition associated with seafloor
hydrothermal activity [e.g., Miller, 1964; Miller et al., 1966; Degens and Ross, 1969]. The Deep is situated in the
slowly spreading Red Sea rift axis at a water depth of 2.2 km (Figure 1) and contains a major ore deposit
composed of highly metalliferous muds [~90 Mt at 2% Zn, 0.5% Cu, 40 g/t Ag, and 0.5 g/t Au dry weight,
salt free) [Nawab, 1984; Guney et al., 1988]. The deposit consists of ~20 m of fine-grained, laminated sedi-
ments, composed of oxides, sulfides, silicates, and carbonates, that cover an area of about 60 km?. A strati-
fied brine pool occupies the bottom of the Deep and overlies the entire deposit (Figure 2). The Lower Brine
is 135 m thick at the deepest part of the basin and has a volume of ~4 km>. It is anoxic, extremely saline
(~27 wt % NaCl), hot (~68°C in 2008) [Swift et al., 2012], and devoid of reduced sulfur [Anschutz et al., 1998].
The Upper Brine is ~50 m thick and progressively more seawater-like with height above the Lower Brine
[Swift et al., 2012].

The style of metal accumulation in the Atlantis Il Deep is not known anywhere else on the modern seafloor
but has been widely suggested as an analog for many ancient sediment-hosted ore deposits [e.g., Solomon
et al., 2004; Goodfellow and Lydon, 2007; Tornos et al., 2008]. In contrast to mid-ocean ridge (MOR) hydro-
thermal systems, where most of the metals are dispersed to the open ocean by buoyant hydrothermal
plumes [Baker et al.,, 1985], metals in the Atlantis Il Deep have been effectively trapped by the brine pool
[Bignell et al., 1976; Gurvich, 2006]. Hydrothermal venting was initially located in the northeast part of the
basin about 15,000 years ago [Shanks and Bischoff, 1980] but has since shifted to the Southwest Basin
(referred to as “vent proximal” in Figure 1). Proximity to hydrothermal venting is recognized by the higher
metal grades and presence of anhydrite veining in the muds. During periods of enhanced hydrothermal
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Figure 1. Location of the Atlantis Il Deep and other brine-filled basins of the Red Sea. Deeps with hot brines are indicated by the red font;
basins with cold brines are indicated in green font. The subbasins and core locations in the Atlantis Il Deep are shown on the left. The prox-
imal and distal parts of the Deep with respect to the currently active venting in the SW Basin are delineated approximately by Zn concen-
trations of >2.5 wt % (bulk core, salt free, based on unpublished data on 497 cores from the MESEDA I-lll projects) [Bertram et al., 2011].
The lower stratigraphic units are missing in the SW Basin.

venting, abundant Fe-(oxy)hydroxides precipitated in the brine pool at the interface between the Lower
Brine and the more oxidized Upper Brine (Figure 2). The metalliferous sediment accumulated by settling of
these particles from the brine pool [Shanks and Bischoff, 1977, 1980], which is continuing today. Mn-(oxy)-
hydroxides precipitate only within the Upper Brine layers, where oxygen is available, and today are depos-
ited mainly on the flanks of the Deep. However, during times of diminished hydrothermal activity and more
oxidized Lower Brine, Mn-(oxy)hydroxides also have been deposited at the bottom of the Deep [Butuzova
et al.,, 1990; Blanc et al., 1998]. Sulfide precipitation, in particular Zn-sulfide, has occurred close to the sea-
floor near the vent location(s) at temperatures reaching ~100-200°C [Shanks and Bischoff, 1977; Pottorf and
Barnes, 1983; Cole, 1988], whereas Cu-sulfides were precipitated mainly below the brine-sediment interface
due to cooling of deeper hydrothermal fluids from ~350°C [Zierenberg and Shanks, 1983; Oudin et al., 1984;
Ramboz et al., 1988; Missack et al., 1989]. Sulfides also have been found in a particle plume produced by
hydrothermal fluid vented into the Lower Brine [Hartmann, 1973, 1985; Schoell, 1976]. Although the Lower
Brine is highly enriched in metals, it is devoid of reduced sulfur, and so sulfide deposition is largely
restricted to the vent proximity [Brewer and Spencer, 1969; Shanks and Bischoff, 1977; Anschutz et al., 2000].

Previous studies of the mineralogy of the sediments focused on vent-proximal cores. Early descriptions also
aimed to characterize only the major stratigraphic units that are on the order of several meters to tens of
meters in thickness [Bischoff, 1969; Backer and Richter, 1973; Blanc et al., 1998]. Different layers within those
units were usually grouped together, complicating efforts to identify the controls on metal deposition. The
precise mineralogy was often difficult to identify because of the small grain sizes (60% <2 pm) [Backer and
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Figure 2. Schematic cross section of the Atlantis Il Deep sediments and brine pool. The present thickness of the sedimentary strata is
about 20 m, and the sediments are overlain by 150-180 m of stratified brine. The brine pool consists of a lower anoxic layer (Lower Brine)
and an Upper Brine which comprises a number of sublayers that are progressively more seawater-like with height above the Lower Brine
(modified after Zierenberg and Shanks [1988] and Swift et al. [2012]). Metals and other elements in the basin have four main sources [cf.
Laurila et al., 2014b]: (S1) background sedimentation that brings biogenic pelagic and detrital silicic particles into the Deep; (52) hot hydro-
thermal brines formed by seawater circulation through evaporites and underlying basalts; (S3) cold, bottom-hugging brines that have
reacted with the surrounding sediments (evaporites and shales) before entering the Deep; and (54) Red Sea deep water. Elements from
seawater are brought into the Deep via redox driven Mn-(oxy)hydroxide and Fe-(oxy)hydroxide precipitation-dissolution cycling at the
chemoclines. By far, most of the metals in the brine and sediment are derived from hot hydrothermal fluids, and they are incorporated in
the sediments by four different pathways: (P1) precipitation of sulfides in high-temperature upflow zones; (P2) as sulfidic plume fall-out;
(P3) adsorbed onto surface-active Si-Fe-(oxy)hydroxide particles that settle through the metal-rich Lower Brine; and (P4) incorporated in
sulfides and nonsulfide minerals during diagenesis.

Richter, 1973], abundant amorphous material, and the finely laminated character of the sediments. Many
samples used for mineralogical studies were also washed with distilled water to remove salt, so very fine-
grained and water-soluble phases were lost [e.g. Bischoff, 1969; Weber-Diefenbach, 1977; Shanks and
Bischoff, 1980; Butuzova, 1984]. In this paper, we present the first modern look at the very fine layering of
the sediments, including relogging of selected cores, high-resolution petrography and elemental analysis,
and sequential leaching experiments. The results offer new insight into the primary mineralogy, the forma-
tion of Fe-minerals and Mn-minerals, the fate of surface-active particles following deposition, and the effects
of diagenesis and hydrothermal alteration on the fine layering and the distribution of “ore” metals.

2. Sediment Stratigraphy

The stratigraphy of the Atlantis Il sediments was defined by Backer and Richter [1973], who distinguished
five units based on 78 cores (Figure 3 and supporting information Table S1). The different units reflect
changes in the intensity and location of hydrothermal activity within the Deep over thousands of years. The
lowermost stratigraphic unit (detrital oxidic pyritic [DOP] unit) is composed mostly of siliciclastic and bio-
genic detrital material. Limonitic and manganitic layers and disseminated pyrite are present and become
more abundant up stratigraphy, recording the change from normal marine to dominantly hydrothermal
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Figure 3. Example of a 4 m long core from the vent distal metalliferous sediment (core 495 at depth 5-9 m; cf. Figure 1 for location). The
core includes sediment from unit DOP to SU2; the latter is compositionally gradational with the overlying AM unit, and laminations
become more pronounced with depth in the core below SU2. On the right is a schematic illustration of the corresponding stratigraphy of
the Atlantis Il sediment based on 76 cores from Backer and Richter [1973]. The SAM, SOAN, and OAN units are found in the Southwest
Basin, but the SU1 and DOP units are missing in the central part of the Southwest Basin due to the presence of a basaltic sill. The CO and
COS units are found basin-wide. Samples referred to in the text are designated by core number and depth (e.g., sample 495-859 is from
core 495 at a depth of 859 cm).

sedimentation [Blanc et al., 1998]. The DOP unit is overlain by the first of two sulfidic units (SU1), which
formed during the period when hydrothermal venting was located in the northeast part of the Deep. In the
Southwest Basin, the DOP unit and SU1 are inaccessible due to the presence of a sill-like intrusion of basalt

above SU1.

The sulfidic units contain abundant sulfides but also Fe-(oxy)hydroxides, Fe-bearing and Si-bearing clays
(e.g., nontronite and montmorillonite), carbonates, and anhydrite [Bischoff, 1969; Backer and Richter, 1973;

LAURILA ET AL.

ATLANTIS Il DEEP METALLIFEROUS SEDIMENTS

4452



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2015GC006010

Pottorf and Barnes, 1983]. The top of SUT is marked by a sharp contact with the overlying central oxidic (CO)
unit, which consists mainly of Mn-(oxy)hydroxides and Fe-(oxy)hydroxides, carbonates, and locally anhy-
drite. The formation of the CO unit recorded a time of intense tectonic activity marked by brecciation of the
sediment (e.g., Figure 4a), during which the location of the vent source shifted from the northeast to its
present location in the Southwest Basin [Backer and Richter, 1973; Gurvich, 2006]. The brine pool was also
more oxidized at this time, as evidenced by precipitation of abundant Mn-oxides. Although Mn-(oxy)hydr-
oxides and Fe-(oxy)hydroxides were deposited during the formation of the CO unit, little Cu, Zn, or sulfide
minerals are found in the sediments, implying that the temperature of hydrothermal venting was lower
than it is today. In the northeast part of the Deep, the CO unit contains abundant silicates (authigenic clays)
and is referred to as the central oxidic siliceous (COS) unit.

The deposition of CO was terminated by the outbreak of higher-temperature hydrothermal activity in the
Southwest Basin and is marked by the second sulfidic unit (SU2). Abundant Fe-(oxy)hydroxides and anhydrite
at the base of SU2 gradually give way to Fe-carbonates and Mn-carbonates (*anhydrite) and finally to abun-
dant sulfides up stratigraphy, similar to SU1. The ratio of Cu/Zn and total metals/sulfur in the sediment also
increase upward [Blanc et al., 1998; Laurila et al,, 2014a]. In the vent-proximal (southwest) part of the Deep,
SU2 is subdivided into the oxidic anhydritic (OAN) and sulfidic oxidic anhydritic (SOAN) units (Figure 4c).

The topmost unit, referred to as the amorphous siliceous unit (AM), is composed mainly of poorly crystalline
Si-Fe-(oxy)hydroxides, which represent the present-day metal deposition. In the vent-proximal part of the
Deep, AM is locally referred to as the sulfidic amorphous siliceous (SAM) unit. The AM unit is saturated with
brine (up to 95 wt %) and has a higher metal content than most of the other sediments [Gurvich, 2006]. The
pore water is compositionally similar to the Lower Brine in terms of pH, Eh, and SO, concentration, but
lower in carbonate and higher in metals [Craig, 1969; Hendricks et al., 1969; Schoell and Stahl, 1972; Anschutz
et al., 2000]. Blanc et al. [1998] considered the AM unit to be a “precursor” or continuation of SU2 due to the
high metal contents. However, it is separated from SU2, almost basin-wide, by a bright orange lepidocrocite
horizon [Backer and Richter, 1973] (Figure 4b), which is interpreted to have formed when an oxidized,
bottom-hugging brine sourced from evaporites exposed on the flanks entered the Deep [Taitel-Goldman
et al., 2002]. Where the lepidocrocite horizon is absent, the transition between SU2 and AM is gradational.

3. Mineralogy and Bulk Composition of the Atlantis Il Sediments: Previous Work

Previous studies defined a number of different facies within the stratigraphic units, according to the domi-
nant mineralogy: Fe-smectite, goethite, sulfide, manganosiderite, anhydrite, and manganite [Bischoff, 1969;
Backer and Richter, 1973; Backer, 1976] (see also Figure 3). However, the different facies are rarely monomi-
neralic. The upper units contain 80-90 vol % authigenic components and 10-20 vol % normal deep-sea
sediment of the Red Sea (deposited at a rate of ~10 cm/1000 years) [Ku et al., 1969; Stoffers and Ross, 1974].
Fe-(oxy)hydroxides account for more than 50 vol % of the authigenic component; siliceous material consist-
ing of Si-Fe-(oxy)hydroxides and clays accounts for ~20 vol %, and hydrothermal carbonates and sulfides
each account for ~10 vol %. Sulfates, Mn-oxides, and other nonsulfidic metal-bearing minerals make up
<10 vol % (supporting information Table S2).

The detrital input consists mainly of biogenic carbonates (~80 vol %), including aragonitic pteropod shells,
calcitic foraminiferal tests, and coccoliths, with minor radiolarian silica tests [Stoffers and Ross, 1974] (e.g.,
Figure 4d). Terrigenous clastic material accounts for the remainder (~20 vol %) and includes mainly quartz,
feldspar, and altered volcanic ash (montmorillonite, cristobalite, and devitrified volcanic glass) [Stoffers and
Ross, 1974]. Biogenic detrital carbonate was thickly deposited at the beginning of hydrothermal activity,
and this type of sediment dominates the DOP unit [Anschutz and Blanc, 1995a; Blanc et al., 1998]. However,
calcite is soluble in the current Lower Brine [Bischoff, 1969; Blanc et al., 1998], and so carbonate detritus is
much less abundant in the more metalliferous units (<10 vol %). Siliceous biogenic components are com-
mon, but the greatest influx of biogenic silica was restricted to a short period in the history of the Deep,
~9000-12,000 years ago, when radiolaria from the Indian Ocean had brief access to the Red Sea due to
globally high sea-level stands [Goll, 1969].

During episodes of high-temperature hydrothermal activity, the total sedimentation rate increased dramati-
cally and is estimated to have been as high as ~100-120 cm/1000 years [Shanks and Bischoff, 1980] or
~1 mm annually. This corresponds closely to the thickness of many of the fine laminations in the most
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Figure 4. Photographs of typical Atlantis Il metalliferous sediment, all scale bars are 2 cm. (a) An example of brecciated mud; the top part
of the photograph consists mainly of clays (green), whereas the lower part is dominated by Fe-(oxy)hydroxides (from unit COS in core 373
at 460-500 cm). (b) Gradational and diffuse lamination typical of the upper strata. The orange band is the lepidocrocite horizon that sepa-
rates SU2 from AM (core 373 at 10-50 cm). (c) Bright red Fe-(oxy)hydroxide and grey anhydrite-rich layers from a vent-proximal core 617
at 358-398 cm (unit OAN). The top part of The photograph shows subvertical veins of anhydrite. (d) Finely laminated sediment in unit CO
composed mainly of Fe-(oxy)hydroxides interlayered with hydrothermal carbonates and Mn-(oxy)hydroxides. The dark grey layer, at an
angle to the fine laminations, is composed mainly of Mn-(oxy)hydroxide. The white layer is composed of detrital silicates and biogenic cal-
cite. The top part of the photograph shows alternating layers of Fe-(oxy)hydroxides (red) and Mn-(oxy)hydroxides (dark grey); from core
495 at depth 560-600 cm (detail from Figure 3). (e) Finely laminated Fe-(oxy)hydroxides in unit DOP (core 373 at 789-797 cm). The differ-
ent colors are due to variations in the abundance of different minerals (esp. clays) mixed with the Fe-(oxy)hydroxides. The yellowish layers
(top and bottom of photo) contain abundant detrital material, whereas brighter orange and red laminae have a higher proportion of Fe-
(oxy)hydroxides. (f) Finely laminated section from unit DOP containing abundant authigenic clays (green layers; core 421 at 878-886 cm).
Red, yellow, and brown laminae are dominated by Fe-(oxy)hydroxides with carbonates; light beige laminae are dominated by detrital com-
ponents. Sharp contacts between laminae are typical of the lower stratigraphy, compared to the more diffuse laminations in the upper
strata (shown in Figure 4b). (g) Interlayered sulfide (dark) and detrital sediment (light) in unit SU1 (core 495 at 858-866 cm; detail from
Figure 3). The right-hand side of the core shows the effect of surface oxidation during core storage; this was removed on the left side of
the core to reveal the well-preserved layering. (h) Layer of anhydrite in unit SU1 (core 387 at 500-507 cm) showing a sharp contact with
the underlying sediment.

LAURILA ET AL.

ATLANTIS Il DEEP METALLIFEROUS SEDIMENTS 4454



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2015GC006010

metal-rich sediment (e.g., Figures 4d-4f), although it is now clear that accumulation rates were not the only
control on the fine layering. Fe-(oxy)hydroxides and authigenic clays were the dominant hydrothermal pre-
cipitates (e.g., brown and orange layers in Figures 4d and 4e and green layers in 4f). The primary precipi-
tates are thought to have accumulated on the seafloor as a noncrystalline Si-Fe-OOH “gel,” which is still
forming in the AM unit today. They are thought to have been sourced mainly from the brine layers, as Hart-
mann [1973] found abundant particulate Fe-(oxy)hydroxides in the Lower Brine and especially at the con-
tact with the Upper Brine. Although some of these very fine-grained minerals and other poorly crystalline
compounds are preserved in the upper layers of sediment cores, most have been transformed into more
crystalline Fe-oxides and clay minerals during diagenesis [Butuzova et al., 1990; Taitel-Goldman and Singer,
2002a,b]. In particular, ferrihydrite, goethite (£limonite), lepidocrocite, and variably crystalline hematite and
magnetite have been described in the deeper sediments [Bischoff, 1969; Knedler, 1985; Butuzova et al., 1988,
1990; Schwertmann et al., 1998; R. J. Pottorf, Hydrothermal sediments of the Red Sea, Atlantis Il deep- a
model for massive sulfide-type ore deposits. Pennsylvania State University, unpublished data, 1980].

Mn-oxide minerals are mainly present in the CO unit (e.g., Figure 4d). Well-crystallized manganite is the
most common, but groutite, todorokite, and the Zn-bearing woodruffite also have been noted [Bischoff,
1969]. Manganite has remained a metastable phase in the sediment [Diem and Stumm, 1984] and is still
present in archived cores today. Bischoff [1969] suggested that some coarse-grained Mn-oxide layers
formed by alteration of preexisting carbonate layers; however, Backer and Richter [1973] considered the
coarser Mn-oxides to represent recrystallization during core storage.

The authigenic clays (or their precursors) formed both in the brine pool and in the pore waters of the sedi-
ment [Zierenberg and Shanks, 1983; Butuzova, 1984]. The most common clays belong to the smectite group,
and these have been studied extensively [e.g., Bischoff, 1969, 1972; Backer and Richter, 1973; Goulart, 1976;
Cole, 1983, 1988; Cole and Shaw, 1983a; Badaut et al., 1985; Schwertmann et al., 1998; Taitel-Goldman and
Singer, 2002b]. They include both Fe-rich and Si-rich end-members, but the few published analyses indicate
that the dominant phase is saponite. The clays are more Mg rich at depth and in vent-proximal sediments
and become more iron rich with distance away from the vents (approaching end-member nontronite)
[Zierenberg and Shanks, 1983, 1988; Singer and Stoffers, 1987]. Most early workers recognized the highly vari-
able crystallinity of the clays [e.g., Badaut et al., 1985], and more recently it has been suggested that the
majority formed during diagenesis rather than by primary precipitation in the brine pool [Badaut et al.,
1985, 1992; Taitel-Goldman and Singer, 2001, 2002a; Taitel-Goldman et al., 2004]. This is supported by a sharp
decrease in pore fluid Si with burial [Anschutz and Blanc, 1995b], which is interpreted to reflect clay mineral
formation from the initially deposited amorphous Si-Fe-OOH.

Other fine-grained aluminosilicates have been identified in trace amounts, including vermiculite [Singer and
Stoffers, 1981], kerolite [Cole and Shaw, 1983b], talc, chlorite [Zierenberg and Shanks, 1983], and
ferripyrophyllite-like minerals [Badaut et al., 1992] (supporting information Table S2). Some are associated
with high-temperature venting, i.e., in subvertical veins of anhydrite, including chlorite, amphibole, pyrox-
ene, garnet, and sphene [Hackett and Bischoff, 1973; Cole and Shaw, 1983b; Zierenberg and Shanks, 1983].
The calc-silicates are thought to have formed by contact metamorphism caused by intrusion of the basaltic
sill in the Southwest Basin. Heating of the sediments, either by diffusive upflow of hydrothermal fluids or
intrusion of basalt, also affected the Fe mineralogy, resulting in local transformation of hematite to magne-
tite [Zierenberg and Shanks, 1983].

Authigenic carbonates occur in all of the sediments and are locally quite abundant [Blanc et al.,, 1998]. They
are mainly solid solutions between rhodocrosite and siderite, including ankerite and kutnohorite (“manganosi-
derite” facies of Bischoff [1969] and Backer and Richter [1973]). Dolomite is less common, although many of the
carbonates contain minor Mg [Bischoff, 1969; Blanc et al., 1998]. Zn-bearing and Cu-bearing carbonates also
have been described by Oudin et al. [1984], Butuzova [1984], and Gurvich [2006]. Hydrothermal or authigenic
carbonates are distinguished from biogenic carbonates by the lack of clear fossil texture and because most
biogenic carbonates are calcite rather than dolomite or Fe-bearing carbonate. A number of different pathways
of formation of Fe-Mn carbonates have been suggested, including replacement of biogenic carbonate [Bis-
choff, 1969] and autocatalytic or bacterial reduction of Fe-oxides and Mn-oxides [Blanc et al., 1998].

Pyrite and sphalerite are the dominant sulfide minerals in the Atlantis Il sediments and mainly occur as fine
disseminations (50-80% <2 um) in a matrix of Fe-(oxy)hydroxides, clays, carbonates, anhydrite, and other
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authigenic phases. In the topmost sediments of the AM unit, where there is a very high interstitial brine
content (down to about 1 m), the sulfides are mainly X-ray amorphous [Hartmann, 1973; Brockamp et al.,
1978], consistent with early suggestions that the well-crystallized sulfide minerals in the cores formed dur-
ing burial [Weber-Diefenbach, 1977; Butuzova, 1984]. Coarser grains of sulfides, a few tens of micrometers up
to a few hundred micrometers, are common in or near the anhydrite veins, and they have textures suggest-
ing precipitation directly from the cooling hydrothermal fluids [Pottorf and Barnes, 1983; Missack et al.,
1989]. Black sulfidic layers in the sediment are the main record of increased hydrothermal activity in the
Deep and are mainly found in SU1 and SU2 (e.g., Figure 4qg). Sphalerite is dominant and is commonly found
rimming chalcopyrite [e.g., Pottorf and Barnes, 1983], suggesting formation during waning stages of high-
temperature hydrothermal activity, although the opposite also has been found [Stephens and Wittkopp,
1969]. Other Cu-sulfides include intermediate solid solution (ISS or cubic cubanite), isocubanite, covellite,
chalcocite, digenite, and djurleite [Pottorf and Barnes, 1983]. Pyrrhotite is found in sediments closest to the
hydrothermal vents, and the presence of other iron monosulfide(s), including amorphous FeS, mackinawite,
and greigite, has been inferred from rapid reaction in cold HF [Pottorf and Barnes, 1983]. Pyrite occurs as
framboids, spongy yellow pyrite, and as euhedral grains. The framboidal pyrite is abundant in the lower-
most units and distal to the currently known vent sources [Sweeney and Kaplan, 1973; Pottorf and Barnes,
1983]. Marcasite has been found rarely.

Anhydrite, barite, gypsum, and bassanite are present in many sediment cores [Zierenberg and Shanks, 1983;
Blanc et al., 1998] (e.g., Figures 4c and 4h). The gypsum and basanite likely formed after core recovery, as
these minerals would not have been stable in the brines. Anhydrite is most abundant in sediments close to
areas of hydrothermal venting, as veins and as massive beds, some up to several meters thick [Backer and
Richter, 1973; Zierenberg and Shanks, 1983]. The veins, which locally contain abundant sulfides, have been
studied extensively by Zierenberg and Shanks [1983], Oudin et al. [1984], and Ramboz et al. [1988]. The more
massive beds of anhydrite are part of laterally extensive sill-like bodies, hundreds of meters in strike length,
that are interpreted to have formed in response to magmatic heating of brine in the sediments [Shanks and
Bischoff, 1977]. Barite is undersaturated in the Lower Brine [Shanks and Bischoff, 1977] but is found in crusts
on the flanks of the basin [e.g., Sval'nov et al., 1984].

4, Sampling and Methodology

An extensive archive of Red Sea cores has been maintained at GEOMAR since the early studies of the Atlan-
tis Il Deep. We selected one hundred samples from nine brine-saturated sediment cores collected during
the R/V Valdivia cruise 29 in 1980 (Figure 1). After recovery, the cores were split, and one half was sealed
and stored in a cool warehouse. The selected cores were 5-12 m long and contained all five lithostrati-
graphic units. When reopened for this study, the sediments were in excellent condition and still moist,
although the cut surfaces were encrusted with salt and had a thin layer of surface oxidation. When the crys-
talline salt and surface oxidation were removed, the delicate layering of the sediments could be readily
logged and sampled. To obtain a more precise image of the internal layering of the units, two representa-
tive cores from the northern part of the Deep, where the sections are most condensed, were scanned using
an automated energy-dispersive X-ray fluorescence scanner (AVAATEC Scanner) at the University of Kiel.
Intensities of X-rays for different elements were measured on untreated surfaces of the cores at 2 mm inter-
vals with count times of 10 s (Figure 5).

After relogging all nine cores, samples were taken with a 2 cm diameter minicore or by cutting the sedi-
ment from the core box with a spatula. This approach, which aimed to collect discrete layers, contrasts with
most previous studies based on composite samples of several tens of centimeters up to 1 m in length [e.g.,
Hendricks et al., 1969; Backer and Richter, 1973; Shanks and Bischoff, 1980; Gurvich, 2006]. The minicores were
dried at 40°C, during which pore water was evaporated. However, the sediments were not washed, thus
preserving water-soluble compounds and other phases that would have passed the filters used during
washing in previous studies. The mineralogy of the samples was determined by a combination of petro-
graphic examination, X-ray diffraction (XRD), and electron microbeam techniques. XRD analyses were car-
ried out at the University of Ottawa on a PANanalytical XRD system, using Phillips’ XPert system software to
identify the minerals. Polished thin sections of the samples were also prepared from the undisturbed sedi-
ment; 2 X 3 cm blocks cut from the minicores were dried in air and impregnated with epoxy to preserve
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Figure 5. Representative XRF core scans of two cores from the northern part of the Atlantis Il Deep (core Va29-229 at depth intervals 300-500 and 600-800 cm and core Va22-275 at a
depth interval 500-600 cm: see Figure 1 for locations). Relative abundances (total counts) of different elements are plotted along the lengths of the two cores. The stratigraphic units are
shown according to the original core logging (unpublished MESEDA data; cf. K. Steinkamp and D. Schumann, The chemical composition of sediments cores recovered during Valdivia
Cruises VAOT and VAO03 from the Atlantis Il deep (Red Sea), unpublished data, 1974). (a) Variations are seen in the abundances of different elements at two different depths in core Va29-
229 (300-400 and 700-800 cm). K correlates with Si in the upper part of the core (most likely in authigenic clays) but not in the lower strata where there may be more detrital input. Cu
correlates with total sulfur in the sulfidic section, but not in the clay-rich section in SU1. Fe concentrations reflect the change from diffuse to sharp lamination with burial (i.e., the ampli-
tude of varying Fe concentrations increase between adjacent laminae). (b) Core Va22-275 includes two sections with high Mn concentration and low Fe. In several sections, the core
scans show alternating layers of Fe then Mn enrichment at the cm scale (see also Figure 4d). In other sections, Mn concentration correlates with Fe, most likely in authigenic carbonates.
Ca, Si, and K correlate with Al in the section dominated by detrital sediment. Correlation between Zn and Fe most likely reflects adsorption of Zn onto Fe-(oxy)hydroxides. Open spaces
in the core are indicated by low concentrations of all elements.

the sedimentary structures. The thin sections were examined in reflected and transmitted light and using a
JEOL 6610LV scanning electron microscope (SEM). Spot analyses of discrete mineral phases were performed
using the energy-dispersive spectrometer of the SEM and by element mapping using the JEOL 8230
SuperProbes at University of Ottawa and GEOMAR. Several samples were also studied using a Field Emission
SEM (JSM-7500F FE-SEM) at the University of Ottawa and by synchrotron-XRF (VESPERS beamline) at the
Canadian Light Source, following the methodology of Feng [2005] and Feng et al. [2007]. Details of these
analyses are described further below.

The normative mineralogy was calculated for each sample based on bulk chemical data obtained at the
University of Kiel. The full data set and the analytical methods are reported in Laurila et al. [2014a]. Sequen-
tial leaching experiments were also performed on selected samples to allow a more precise characterization
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D 264-907

Figure 6. Photomicrograph mosaics of fine, millimeter-scale layering in the metalliferous sediment of the Atlantis Il Deep, shown in normal
and transmitted light (scale bar is 5 mm). (a) Sample from a laminated Fe-(oxy)hydroxide-rich layer in unit DOP (373-734). The different col-
ors (from light yellow to bright orange and darker red) mainly reflect the proportion of Fe-(oxy)hydroxides and authigenic clays. (b) Lami-
nated detrital-rich and sulfide-rich sediment from unit SU1 (495-859; Figure 4g). Lighter bands contain abundant fossiliferous detritus;
darker bands are mixtures of detrital components and sulfidic components. Cracks that distort the primary layering are lined with darker
minerals suggesting that they represent pore fluid conduits. (c) Sulfide-rich section (495-777) in unit SU1. Darker layers are sulfide rich;
lighter layers contain abundant biogenic detrital silica but are also enriched in metals owing to their high permeability (see Figure 10).
Alteration on microfractures may be evidence of fluid migration between permeable layers. White areas are void space. (d) Sulfide and
metal-rich sample from unit SU1 (core 264 at 907 cm) showing an example of disseminated anhydrite (white) typical of cores in proximity
to known venting.

of the nonsulfidic minerals, especially the different carbonates and Fe-(oxy)hydroxides and Mn-(oxy)hydrox-
ides [e.g., Tessier et al., 1979; Hall et al., 1996; Hlavay et al., 2004; Cappuyns et al., 2007]. Four steps were per-
formed in each experiment using (i) distilled water, (i) ammonium acetate (0.1 M buffered to pH 4.7-4.9),
(iii) cold hydroxylamine hydrochloride (0.1 M NH,OH-HCl in 0.01 M HNOs), and (iv) hot hydroxylamine
hydrochloride (0.25 M NH,OH-HCl in 0.025 M HNOs at 60°C). Each step removes a different suite of minerals
that are soluble in the different leaches. The performance of each step was monitored by ICP analysis of the
leachates at ALS Laboratories in Vancouver.

5. Results

The physical properties of the sediments observed in the core logs and XRF scans (e.g., color, grain size, and
millimeter-scale layering: Figures 3-5) are closely linked to the hydrothermal input and diagenetic effects.
Figure 5a (core 229) shows the variations in bulk composition in just T m of sediment in the upper units
(SU2 to AM) and lower strata (SU1 to COS). The diffuse layering typical of AM is reflected in the lack of
chemical variations, whereas in the lower strata, sharp changes in Fe, Si, and K are seen between the differ-
ent laminae. The high Cu and Zn in SU1 correspond to the time when hydrothermal venting was located in
the north of the Deep; they are much lower in SU2 and AM when hydrothermal venting shifted to the
southwest relative to this core. Core 275, also in the northern part of the Deep, shows alternating layers of
Fe then Mn enrichment at the cm scale (Figure 5b; see also Figure 4d). As many as five episodes of Mn-
oxide deposition appear to have occurred over an interval of less than 20 cm, corresponding to previously
unrecognized rapid changes in the chemistry of the brine pool.

Among the other sampled cores, well-defined laminations are common in the lower strata (e.g., Figures 4d-
4g and lower section of Figure 5a). Millimeter-scale laminae of different colors (orange, yellow, and
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Figure 7. Classification of the Atlantis Il Deep sediments according to major metal and nonmetal contents (data from Laurila et al. [2014a]). The samples considered in this study com-
prise three main types: carbonate-rich samples, clay-rich samples, and sulfate-rich samples. Carbonate-rich samples that contain mostly detrital biogenic carbonate plot close to calcite
in (a). These samples contain abundant Al,Os in aluminosilicates (b), which are also detrital. The clay-rich samples plot in the lower left of (a) because they contain neither abundant CO3
nor SO,4; they are not particularly Ca rich, but the clay fraction may contain Ca. Many of the clay-rich samples and carbonate-rich samples are Fe rich (b), which reflects the abundance of
Fe-(oxy)hydroxides but also Fe-rich clays (e.g., nontronite) and Fe-bearing carbonates; accordingly Fe-content cannot be used to discriminate between mineralogically different samples.
The sulfate-rich samples contain both anhydrite and abundant secondary sulfates that were originally present in the cores as sulfides (see text for discussion). These samples contain the
most base-metals and plot in the metal-rich corners of Figures 7b and 7c. Reduced sulfur (i.e., sulfur remaining in the samples as sulfides) was calculated from total sulfur minus sulfate
sulfur (c); the calculated sulfide contents are minimum values, because of oxidation to sulfate. Samples with the most sulfide and sulfate can be further classified according to their
metal-to-sulfur ratios (e.g., high sulfur, high metal [HSHM]; high sulfur, low metal [HSLMJ; low sulfur, high metal [LSHMJ; and low sulfur, low metal [LSLM]). The mineralogy of the HSHM
samples is dominated by Zn-sulfides and Cu-sulfides and sulfate; HSLM samples include mainly Fe sulfides and sulfate. LSLM samples contain abundant Fe-(oxy)hydroxides and authi-
genic clays. LSHM samples have very low reduced sulfur but high nonferrous metal concentrations in a number of nonsulfidic metal-bearing minerals (see text for discussion).
(Cu*2+Zn+Pb)*15 in Figure 7c and (Cu+Zn+Pb*10+Cd*100) in Figure 7b are different proxies for the nonferrous metal concentrations. (Al*2+Ca+Fe)*7 in Figure 7c is a proxy for
detrital components, anhydrite, and Fe-oxyhydroxides. The compositions of the samples are plotted in moles; different scalars are applied for ease of visualization.

brownish red) can been seen in most Fe-(oxy)hydroxide layers (e.g., sample 373-734 from DOP, Figure 6a),
whereas some metal-rich layers are green in color and contain abundant clays (Figure 4f). A small sulfidic
component usually imparts a dark color to the laminations (as low as a few percent), and the sulfide-rich
layers are typically black (sample 495-859 from SU1: Figures 4g and 6b). Microscopic grains of sphalerite
and chalcopyrite occur in all of these layers, but the nonferrous metals are also highly concentrated in the
finer-grained Fe-(oxy)hydroxide “matrix” of the sediment where discrete minerals cannot be seen. Other
submillimeter, metal-enriched laminae contain abundant silica tests in a hydrothermal carbonate-rich and
clay-rich matrix (e.g., dark grey layers in sample 495-777 from SU1: Figure 6¢). Many sulfidic layers also con-
tain anhydrite (e.g., sample 264-907 from SU1: Figure 6d).

The highest base metal contents (Cu+Zn+Pb+Cd) are found in layers with a high total sulfur content
(both sulfides and sulfate, including abundant secondary sulfates; Figures 7a and 7b). Fe-rich layers are
dominated by Fe-(oxy)hydroxides but also contain Fe-rich clays and Fe-bearing carbonates (Figure 7b). Dif-
ferent proportions of metals and sulfur are found: high-sulfur, high-metal samples (HSHM) contain abun-
dant Zn-sulfides and Cu-sulfides and secondary sulfates (Figures 7a and 7b); high-sulfur, low-metal (HSLM)
samples include mainly Fe sulfides; low-sulfur, low-metal (LSLM) samples contain mostly Fe-(oxy)hydroxides
and authigenic clays; low-sulfur, high-metal (LSHM) samples have very low sulfide contents but still contain
abundant metals as nonsulfidic metal-bearing phases (Figure 7c). The most metal-rich layers (both HSHM
and LSHM) are found in SU1, SU2, AM, SOAN, and especially in SAM. Metal-poor but sulfur-rich (HSLM)
layers, which contain mainly diagenetic pyrite, are dominant in the lower units, OAN and SU1. Anhydrite-
rich layers are most common in SOAN and SU1. Biogenic calcite-rich layers are abundant in DOP, whereas
hydrothermal carbonates are abundant in CO, and clay-rich layers are most common in CO, COS, and SU2.

5.1. Detrital Minerals

The background sediment contains about 20-45 vol % of detrital silicates. Quartz, feldspar, rock fragments,
and mica were readily identifiable by SEM (e.g., Figures 8-10); more rarely heavy minerals were also
observed (e.g., zircon, titanite in samples 264-474 and 373-734: see supporting information Table S3). The
terrigenous clastic components are resistant to hydrothermal alteration and are well preserved in almost all
layers. They are generally well crystallized and thus can be readily distinguished from the authigenic
silicates.
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Biogenic calcite comprises 30-65
vol % of the detrital input and can
be distinguished from hydrothermal
carbonate by the well-preserved
fossil textures (e.g., Figure 8). Dolo-
mite, which is more resistant to
hydrothermal alteration than cal-
cite, is also present in the detrital
component but accounts for <10
vol % of the total carbonate. Locally,
dolomite is found in the core zones
of later hydrothermal Fe-Mn-rich
carbonates, but clay-rich, sulfide-
rich, or sulfate-rich layers contain
only minor amounts of detrital

carbonate.
Figure 8. Backscattered electron image of a biogenic detrital layer from sample 495-
859 (white layer in Figure 6b). The indicated detrital particles include (a) detrital alumi- Radiolarian tests are widely pre-
nosilicate, (b) detrital biogenic calcite, and (c) detrital biogenic silica. Authigenic par- served in the detrital component,

ticles include (d) sulfide grains, (e) carbonates, and (f) metal-bearing clay-rich

components. Scale bar is 100 pm. even in sediment with strong a

hydrothermal overprint (e.g., SU1).
They are often concentrated in discrete laminae (e.g., Figures 6¢ and 9a) that are highly porous and appear
to have acted as thin aquifers for metal-enriched pore fluids, evident in the distinct Zn and S enrichment
(Figure 10). Pseudomorphs of radiolarian tests show partial replacement and infilling by clay minerals
(Figures 9a and 9b). The latter may have formed as a result of dissolution and reprecipitation of the biogenic
silica. In Figure 9c¢, a radiolarian test has been replaced by an unidentified nonsulfide Zn-(oxy)hydroxide
phase (e.g., sample 495-859 in supporting information Table S3).

5.2. Nonsulfide Authigenic Minerals

Fe-(oxy)hydroxides are found in all layer types, including sulfur-rich and metal-rich layers (Figure 9d), hydro-
thermally altered detrital layers (Figure 9e), and anhydrite layers (Figure 9f). The macroscopic color varia-
tions seen in core (bright red, yellow, and orange layers) mainly reflect the relative abundance of Fe-
(oxy)hydroxides and clays. The poor crystallinity and extremely small grain sizes make positive identification
generally difficult, but X-ray diffraction indicates a wide range of Fe-minerals among the better crystallized
phases (e.g., samples 373-798 and 334-757: supporting information Table S4). The bright yellow layers com-
monly contain goethite (a-FeOOH), orange layers contain lepidocrocite (y-FeOOH), and dark red layers
sometimes contain hematite, which was positively identified by XRD in the lower sediments close to the
known hydrothermal venting (sample 334-757, supporting information Table S4). Akaganeite (3-FeOOH), an
Fe-(oxy)hydroxide mineral that can contain Cl in its structure, was also identified (sample 503-889: support-
ing information Table S4). Some samples that were bright orange at the time of sampling became brownish
after drying (sample 421-870), typical of lepidocrocite [Schwertmann and Cornell, 2000]. Other layers, which
were bright yellow turned dark red, consistent with abundant goethite (sample 421-223); others that were
bright red at the time of sampling and remained so during sample preparation also consisted mainly of
goethite (sample 503-626). Some of the color variations might be explained by grain size; smaller grain
sizes, down to 0.2 um, cause goethite to become notably darker [Schwertmann and Cornell, 2000], although
the presence of minor hematite intermixed with goethite has the same effect.

In thin section, the Fe-(oxy)hydroxides commonly are observed as diffuse patches of Fe-enrichment in a
poorly crystalline matrix (e.g., Figures 9b and 10). The diffuse nature of the Fe-enrichment is consistent with
original deposition as amorphous material that later crystallized during diagenesis [Taitel-Goldman and
Singer, 2002a,b]. The poorly crystalline phases contain subequal amounts of Si, Fe, and O with a few percent
of minor elements (e.g., K, Cl, or S; samples 373-734, 495-859, and 264-474: supporting information Table
S3). The more crystalline Fe-oxides (e.g., in Figure 9e) have bulk compositions closer to that of goethite or
hematite (~67% Fe and ~33% O). Some have distinct rims that are enriched in Zn (>5 wt %) and Si (~15
wt %) (sample 495-859: supporting information Table S3). This may indicate that the Fe-oxides could not
accommodate Zn into their structure as they crystallized out of the original Si-Fe-OOH gel. Some of the
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Figure 9. Backscattered electron images of detrital and authigenic components in different layer types of the Atlantis Il sediments. All scale
bars are 40 pum, except in F which is 400 um. (a) Radiolaria fossil replaced by authigenic minerals (clays and carbonate) from a detrital and
granular sulfide-rich section (264-907) in unit SU1. Arrows indicate detrital silicates (sheet-like biotite grain) and detrital quartz. (b) Densely
packed radiolaria tests infilled with authigenic clays (dark areas) from a laminated Fe-rich section (373-734) in unit SU1. The silica frame-
work of the fossils is replaced by Fe-(oxy)hydroxide minerals (light areas). (c) Large composite particle composed of Zn (up to ~45 wt %),
oxygen (~25-45 wt %), S and Cl (up to ~7 wt % each), from 495-859 in unit SU1 (shown in Figure 6b). The arrows indicate authigenic clays.
The rounded shape implies infill and replacement of a fossil remnant (radiolarian?). (d) Crystals of authigenic barite in a sulfide-rich section
495-777 in unit SU1 shown in Figure 6c. The arrow points to a Fe-(oxy)hydroxide particle. (e) Large Fe-oxide grain (goethite or hematite)
with a thin rim of Si-Fe-(oxy)hydroxide containing ~6% of Zn and ~0.6% S. The arrow shows coexisting calcite, which would not have
been preserved if the nonsulfidic phases were formed during core storage (sample 495-859). (f) Anhydrite crystals in an anhydrite bed
from sample 503-254 in unit SOAN; downward arrows indicate Fe-(oxy)hydroxides, which are the most Zn-rich minerals in this sample (~1
wt % Zn). Horizontal arrow (lower right corner) indicates a barite crystal. (g) Zn-rich authigenic clay (arrow) containing ~5 wt % Zn and
remnant of a radiolarian (bottom of photo) in a sulfide-rich section of sample 495-777 from unit SU1. (h) Authigenic Fe-Mn(-Ca)-carbonates
(arrows) in the same sample (495-777). The carbonates are commonly zoned with Fe-rich rims and may contain few wt % Zn. (i) Euhedral
(cubic) authigenic Fe-Mn(-Ca) carbonate in sulfide-rich section (264-907) in unit SU1. The brightest grain is pyrite; arrow indicates authi-
genic clay. (j) Zoned carbonate with dolomite core and rim of authigenic Fe-Mn(-Ca) carbonate from 495-859 in unit SU1. Arrows indicate
pyrite grains. (k) Coarse-grained chalcopyrite with exsolution lamellae from a granular sulfide-rich section (264-907) in unit SU1. The arrows
point to authigenic clay (dark grain) and carbonate. (I) Detail of anhydrite in Figure 9f. The arrow points to microscopic authigenic clay con-
taining ~1 wt % Zn.
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Figure 10. EPMA element maps of a sulfide-rich section of 495-777 from SU1 (shown in Figure 6¢; SEM = backscattered electron SEM
image; NL = normal light; RL = reflected light photomicrograph). The scale bar is 100 um in all images. Aluminum is a proxy for detrital alu-
minosilicate minerals (including feldspar, mica, and rock fragments). The highest Ca concentrations correspond to calcite, but this layer
(lower part of the image) also contains abundant Fe and O, most likely in authigenic carbonate. (top) The highest Si concentrations corre-
late with a permeable layer with abundant siliceous microfossils and clays. This layer also has high Zn and Cu concentrations, with moder-
ate S (10-20 wt % S). Zn enrichment is confined to the middle of the S-rich band (a few tens of percent Zn), whereas Cu enrichment is
found at the margins of the band. Na is also enriched in the permeable layer, consistent with the presence of salt from pore fluids.

amorphous phases are notably enriched in trace metals; for example, Figure 11a shows an EPMA element

map of a cluster of rounded Si-Fe-OOH particles that are depleted in S but notably enriched in Ag, As,
and Cd.

The Mn-rich layers are mainly fine grained and soft (Figures 4d and 5b) and composed mostly of amorphous
Mn-(oxy)hydroxides. Black staining of adjacent layers is common, suggesting that some of the Mn has
migrated out of the Mn-rich layers. Samples containing abundant Mn-(oxy)hydroxides generally do not con-
tain abundant Fe-(oxy)hydroxides, confirming that conditions suitable for Mn precipitation alternated with
conditions of Fe deposition. Crystalline manganite (MnOOH) was identified by XRD in samples from the
most Mn-rich layers (e.g., sample 495-569 in CO: supporting information Table S4). Although Mn-carbonates
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Figure 11. EPMA element maps of selected authigenic sulfide and nonsulfide particles in polished grain mounts. Scale bars are 20 um,
except in b and e, which are 50 um. (a, f, and g) Sample 503-912 in the lower SU1 (with bulk concentration of 3.8 ppm Au and ~17 wt %
Zn+Cu) [Laurila et al., 2014a]. (b-e and h) Sample 268-985 in unit CO (with 21 ppm Au and ~17 wt % Zn+Cu: Oudin, 1987). (a) Cluster of
Fe-rich authigenic clay particles. The clays contain more Ag, As, and Cd than the matrix. The highest As is found in pyrite inclusions (bright
S-rich spots in the clays); the highest Ag and Cd are found in three Zn-rich and Cu-rich nonsulfidic particles. (b) Grain of chalcopyrite show-
ing Cu-rich exsolution lamellae and a Fe-Zn-rich rim. A tiny inclusion of sphalerite is seen in the middle of the grain. (c) Composite grain of
sphalerite and chalcopyrite. Cd is enriched in the sphalerite and Ag in the chalcopyrite. Sphalerite is zoned with varying Cd and Fe con-
tents. (d) Nonsulfidic metal-enriched particle (most likely a metal-chloride) containing little or no Fe but high Cu, Zn, and Cd. The Cu con-
centrations are ~45 wt % and the Zn content is <10 wt %. (e) Euhedral pyrite with low As content (<0.4 wt % based on counting statistics
and comparison with microprobe data: supporting information Table S5). The relative concentrations of Fe, As, and S in this image are in
grey scale. (f) Cluster of rounded (diagenetic?) pyrite grains with distinctive As-rich rims. The highest measured As content is 1.6 wt % As
(supporting information Table S5). (g) Cluster of smaller As-rich pyrite grains from the lower strata. (h) Chalcopyrite that has been strongly
altered during core storage.
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Mg are present, most of the Mn-rich layers con-
tain significantly more Mn than can be
bound to the available carbonate.

Authigenic clays:
[] =sEM (Table 3)

v = literature

Authigenic clay-rich layers are most common
in the three uppermost units but are found
in all stratigraphic units. Clay-rich layers in
SU1 and SU2 have the highest metal con-
tents (sample 264-474 in unit SU2: support-
ing information Table S3). They typically
have a greenish color (Figure 4a, top, and 4f),
are very fine grained, and are saturated with
water with a high salt content. These layers
had a distinctive “greasy” feel at the time of
sampling, indicative of high primary pore
water content (e.g., 508-512 cm in core 495

mont-
morillonite

Al Fe in Figure 3), and took several weeks to
become completely dry (at 40°C). The clays
Figure 12. Compositions of clay minerals based on SEM spot analyses are mainly amorphous or poorly crystalline,
(supporting information Table S3), compared to data from previous stud- but thev are readily distinguished from other
ies (see supporting information Table $12). Nontronite is the most com- . y y X g .
mon authigenic clay, but Mg-rich clays are found in proximity to the silicates (e.g., detrital silicates in DOP) by
known vents [Zierenberg and Shanks, 1983, 1988; Singer and Stoffers, their much lower Al/(Fe+Mg) (e.g., sample
1987].

264-474: supporting information Table S3
and Figure 12). The abundant pore water in
the clay-rich layers likely accounts for the high K,O content (~2.5 wt % in the most clay-rich samples), but
some authigenic clays also contain K in their interlayers [e.g., Bischoff, 1972; Butuzova, 1984; Badaut et al.,
1992]. All of the clay-rich horizons are enriched in Fe (Figure 7), partly because of codeposition with Fe-
(oxy)hydroxides but also because of the presence of Fe-rich smectite (e.g., sample 264-474, supporting
information Table S3). The latter is thought to have been typical of clays precipitated directly from the brine
pool [Zierenberg and Shanks, 1983, 1988; Cole, 1988]. Spot analyses of the dark areas in Figure 9b, which is
typical of the authigenic clays, indicate a bulk composition of ~45% O, ~20-30 wt % Fe, 10-15 wt % Si, and
up to 15 wt % combined Mg, Al, and K (Figure 12, supporting information Table S3). In low-sulfide, high-
metal (LSHM) samples, almost all clays contain at least a few weight percent metals and some up to 5 wt %
Zn with no sulfur (e.g., sample 495-777, Figure 99, supporting information Table S3).

Most of the silica in the sediment is present in the poorly crystalline Si-Fe-(oxy)hydroxides and authigenic
clays. It is unclear how much silica was precipitated directly from solution and how much was released to
the sediments from the poorly crystalline Si-Fe-(oxy)hydroxides during diagenesis. Increasing Si with depth
in the cores (from less than 7 wt % Si in AM to >9 wt % in SU1 and DOP: supporting information Table S1)
and high SiO,/Fe,05 ratios in sediment from in the lower strata (e.g., in samples 503-516 and 546-318)
[Laurila et al., 2014a] suggest that silica was being deposited rather than dissolved during diagenesis.

Hydrothermal carbonates are common in CO and DOP, and in a few samples from SU1 and SU2. In some
Mn-rich samples from DOP, most of the Mn is bound to carbonate (e.g., sample 495-889, which contains 9.3
wt % Mn and 11 wt % CO,) [Laurila et al., 2014a]. In the darker carbonate-rich layers, biogenic calcite has
been replaced by very small grains of dark or opaque Fe-Mn-carbonates (Figure 9h). As noted by others, the
authigenic carbonates are readily distinguished from biogenic calcite by the Fe and Mn enrichment, the
lack of fossil textures, and the more euhedral crystal forms (Figure 9i). They are commonly zoned but have
widely varying compositions (Figure 13). Manganosiderite rims are common on earlier detrital carbonates
(especially Mg-rich calcite or dolomite: Figure 9j), with the rims containing as much as ~40 wt % Fe and ~8
wt % Mn (supporting information Table S3). Many of the Fe-rich and Mn-rich hydrothermal carbonates also
contain a few weight percent of Zn (sample 495-777 in Figure 9h, supporting information Table S3), consist-
ent with a hydrothermal origin.

A variety of efflorescent salts of the form MeSO,-nH,O are also present in the cores, in particular
Zn-sulfates. These are interpreted to be mainly secondary minerals formed during core storage, either by
oxidation of preexisting sulfides or by direct precipitation from metal-enriched pore fluids (e.g. see
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Figure 13. Compositions of carbonate minerals based on normative min-
eralogy (see text for discussion and supporting information Table S6).
Detrital carbonate-rich samples plot close to the Ca+Mg corner, consist-
ent with the abundance of calcite and dolomite in these samples. Other

supporting information Data). Some authors
have described minerals such as chrysocolla,
atacamite, and hydrozincite [Bischoff, 1969;
Butuzova, 1984; Oudin et al., 1984; Gurvich,
2006], which we interpret here to be
secondary.

5.3. Sulfides and Sulfate Minerals

The sulfide-rich layers in the vent-proximal
cores have been the focus of previous stud-
ies of the ore mineralogy because of the
large grain sizes amenable to heavy mineral
separation [Stephens and Wittkopp, 1969;
Pottorf and Barnes, 1983; Oudin et al., 1984;
Missack et al., 1989]. However, in most of the
samples from this study, few sulfide grains
were detectable without a microscope. Com-
monly, no sulfide grains can be seen in the
diffuse patches of metal enrichment in the
“matrix” of the sediments (Figure 10). Where
visible, composite grains of sphalerite and
chalcopyrite are common (Figures 11c and
14a), although many are altered (e.g., Figures

c-arbonate-rich samples, with a low detrital -componfznt, spar\ the composi- 14b and 14c). The sphalerite grains show
tional field from Ca-Mg rich to Mn and Fe rich, consistent with the compo- . A
sitions of hydrothermal carbonate. Trend A represents increasing strong Fe/Zn zonation and hlgh Cd concen-

hydrothermal influence and decreasing total carbonate. Trend B repre- trations (Figure 11c, upper part), although

sents changes in the hydrothermal carbonate from vent distal to proximal. our data show lower Fe contents compared
Normative carbonate in all other hydrothermal samples (sulfate-rich) plots . . .
to some earlier studies (Figure 15 and sup-

along the Fe-Mn line, closer to Fe than Mn, consistent with the presence
of Fe-rich authigenic carbonate (supporting information Table $3). No porting information Table S5). If all of the Cd
in the sediments is contained in sphalerite,

other compositional data for the Atlantis Il carbonates are available in the
the concentration of Cd in the sphalerite

literature.

would be ~0.2 wt % (Figure 16a); the Hg
content would be ~30 ppm (Figure 16b). Some large chalcopyrite grains have exsolution lamellae with vari-
able Fe/Cu ratios (Figures 9k and 11b), similar to the intermediate solid solution (ISS) previously docu-
mented by Pottorf and Barnes [1983] and Missack et al. [1989]. In a number of samples, chalcopyrite is also
notably enriched in Ag (Figures 11b and 11c), with an estimated Ag concentration of ~0.3 wt % (Figure
16¢). Galena was not found in the samples from this study.

Most of the pyrite in the sediments is spongy or framboidal, consisting of clusters of tiny, <1 pm grains
(e.g., Figures 14d and 14e). Coarse subhedral to euhedral pyrite (up to 200 um, Figure 11e) is mainly found
in sediment closest to the inferred vent sources in SU1 and SU2. Brockamp et al. [1978] showed that the
framboidal pyrite in the sediments likely grew around a nucleus of other Fe-rich particles (in some cases Fe-
monosulfide), with the sizes of the clusters generally increasing with depth in the cores (e.g., Figures 14e
and 14f). The framboidal pyrite typically has much higher trace metal concentrations than the coarse
euhedral pyrite (e.g., Figures 11e and 11g), commonly with distinctive As-rich rims (Figure 11f). The As con-
tents in the rims (up to 1.6 wt % in sample 503-912: supporting information Table S5) are about 4 times
higher than in the cores, suggesting diagenetic enrichment during the growth of the pyrite. Sample 503-
912 also has a very high gold content (3.8 ppm Au in the bulk sample) [Laurila et al., 2014a], consistent with
coenrichment of As and Au in the rims.

Several gold-rich samples were studied under the FE-SEM, a surface technique, and with powerful X-rays by
synchrotron-XRF. No evidence of Au nanoparticles was observed on the surfaces of pyrite or other sulfide
grains under FE-SEM. Figure 17 shows the synchrotron-XRF maps of two samples, one containing a grain of
As-rich pyrite (sample 503-912) and another containing chalcopyrite, secondary Cu and Zn phases, and
authigenic clay (sample 268-985). The SXRF mapping was performed on the VESPERS beamline at the
Canadian Light Source. High-energy X-rays were modified to have a photon flux of 5-30 keV. The XRF
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Figure 14. Reflected light photomicrographs of selected sulfide minerals (a-c, g) from sample 268-985 in unit CO and (d-f, H) from sample
503-912 in SUT. Scale bars are 50 um, except in g, which is 200 pm. (a) Typical composite sphalerite-chalcopyrite grain. (b, c) Partly dis-
solved sphalerite grains caused by oxidation during core storage. In Figure 14b, the original shape of the grain is hardly visible, whereas in
Figure 14c, sphalerite has been partly replaced by secondary phases. (d-f) Show different forms of diagenetic pyrite. (d, e) Clusters of fram-
boidal pyrite grains of different size. (f) Single rounded grains of pyrite (nodular?) composed of tight clusters of smaller pyrite grains. (g)
Rounded grain of chalcopyrite rimmed by Fe-rich and Zn-rich nonsulfide alteration. (h) Nonsulfidic, Pb-rich particle (grey) and, small pyrite
grains (white) with As-rich rims (not shown). The rectangular shape of the alteration halo in Figures 14g and 14h is a common feature and
may reflect secondary metal-sulfates that have pseudomorphed dissolved anhydrite or salt.
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spectra were recorded with a Sll NanoTechnology Vor-
| tex single-element Si-drift detector (SDD) positioned at

25 5 45° to the sample, 90° to the incident beam, and
| 6 15.2 mm from the sample. We used a ~2 pm diameter
20 beam with a dwell time of 2 s and step sizes of 3 um.

| The high-energy X-rays of the synchrotron penetrate
~100 pum into the sample, and even a few Au nanopar-
ticles in this volume would be detected by this method
| [e.g., Basto et al.,, 1995; Brugger et al., 2010]. In most of

mol % FeS
[EEN
(0]

10 4 the samples, the Zn, As, Fe, and Au maps of the pyrite
| 2 3 completely overlap, precluding the detection of Au.

5—— | = = However, the authigenic clay in 268-985 shows the dis-
| 1 tinct Lyl peak of Au in the absence of the doubling

peak of Fe at the same energy. This is a good indica-

tion of possible nonsulfide Au enrichment in the clay.
Figure 15. Range of Fe contents in sphalerite from metallifer-

ous sediments of the Atlantis Il Deep. Lower and upper limits The anhydrite layers examined in this study consist of
of the boxes are minimum and maximum values; the dotted almost pure anhydrite. AIthough the Iayers may be up
lines indicates averages. (1) Low-Fe sphalerite from a distal I in thick | h f

core 495 in unit SU1 (supporting information Table S5). (2-5) to several meters in thickness, most are less than a few
Fe-rich sphalerite from SOAN, CO, and OAN [from Pottorf and tens of centimeters thick. Some anhydrite layers are
Barnes, 1983]. (6) Rare marmatite from the sulfide facies stud- well consolidated and fine grained (Figures 4c and 4h);

ied by Stephens and Wittkopp [1969]. All samples are from

cores in the Southwest Basin. in others, clusters of anhydrite have coprecipitated

with hydrothermal clays and Fe-(oxy)hydroxides and
locally with minor barite or sulfides (Figures 9f and 9l). Multiple thin layers (<2 cm) are commonly found,
rather than single coherent beds, and they have diffuse contacts with adjacent layers. Barite (<2 vol %) is
found in cores close to the hydrothermal vents. It has a distinctly crystalline habit (Figure 9d) and appears
to have grown within the sediments.

5.4. Quantitative Mineralogy

After correcting for salt content, we calculated the normative abundance of the minerals in each layer type
from their bulk chemical compositions (see supporting information Table S6). The siliciclastic detrital com-
ponent was estimated by assuming that ratios of immobile elements (e.g., Al, Zr, Ti, and Sc) are constant
and similar to those of average shale (PAAS from Taylor and McLennan [1985]). Good correlations between
Sc and the concentrations of Al, Si, and K in the samples (r* = 0.97, 0.80, and 0.50, respectively) allowed us
to estimate the amount of these elements in the siliciclastic detrital component using the Sc/element ratio
of PAAS. Sediment layers with the largest detrital input contain about 35 wt % siliciclastic material; all other
layer types contain less than 10 wt % (<5 wt % in the clay-rich and anhydrite-rich layers). Nondetrital silica
(in excess of PAAS) accounts for about 10-15 wt % of all sample types, except in the Mn-oxide and anhy-
drite layers that typically contain <2 wt % nondetrital SiO,.

In samples with molar CO3 > SO, calcite was first estimated from the Ca content, and the balance of the Ca
was attributed to anhydrite; in samples with molar SO, > COs, the anhydrite content was estimated first
and the balance of the Ca attributed to calcite. Any residual Ca was assumed to be present in clays. In many
carbonate-rich samples, molar Ca is less than or equal to the molar COs. In these samples, the residual CO;
correlates well with nondetrital Mg (r* = 0.57), consistent with the presence of dolomite (reported in sup-
porting information Table S6 as end-member MgCOs). Any residual COs after calcite and dolomite forma-
tion was attributed to MnCOs3 (according to the bulk Mn content) and the remainder to FeCOs. The results
show that layers rich in detrital carbonate contain as much as 65 wt % of carbonate minerals (~90% bio-
genic calcite and ~10% Mg-carbonate). The most carbonate rich of the hydrothermal layers contain about
20 wt % Fe-carbonate and Mn-carbonate, with only minor Ca-carbonate. Other metal-rich layers typically
contain ~10 wt % authigenic carbonate, and clay-rich layers contain <5 wt % carbonate (both detrital and
authigenic). Any Mn left over from the Mn-carbonate calculation was assumed to be present as Mn-oxides
(<2 wt % MnO for all samples except in the most Mn-rich layers).

The samples with molar SO, > CO3 contain up to 15 wt % anhydrite (although some CaSO4 may be second-
ary gypsum: see below). Barite was assumed to account for all the Ba in the samples, but is never more than
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Figure 16. Biplots of Cd versus Zn, Hg versus Zn, and Ag versus Cu in bulk

sediment samples from the Atlantis Il Deep (data from Laurila et al.

[2014a]). (a, b) Trend lines show possible Cd (~0.2 wt %) and Hg (~30 ppm)
concentrations in sphalerite, assuming all metal is contained in sphalerite.
(c) Trend line of possible Ag concentration in chalcopyrite (~0.3 wt %) if all

Ag is in chalcopyrite (e.g., suggested by Figures 11b and 11c).

2.5

a few weight percent. Many samples have a
higher molar amount of SO, than Ca and Ba
combined, confirming the presence of sec-
ondary metal-sulfates. In these samples, the
reduced sulfur content (calculated from total
sulfur and sulfate) [Laurila et al., 2014a] is a
minimum value. Reduced sulfur was first
attributed to CuFeS,, based on the Cu con-
tent of the samples, then FeS,, and finally
ZnS. For the purposes of the normative cal-
culation, we assumed that all Zn that is now
present as secondary Zn-sulfates was origi-
nally present in the samples as sphalerite, so
any residual sulfur after the formation of
anhydrite was attributed to oxidized ZnS.
This is supported by the strong coenrich-
ment of Zn in sulfate-rich samples with trace
metals normally associated with sphalerite
(e.g., Cd). In many samples, the total amount
of sulfur in sulfide and secondary sulfates
was far less than that needed to bind the Zn
and Cu as sulfides (supporting information
Table S6). Any sulfur remaining after the for-
mation of these minerals was attributed to
additional pyrite, and all Fe remaining after
the formation of pyrite, chalcopyrite, and sid-
erite was assumed to be present in Fe-(oxy)-
hydroxides and Fe-rich authigenic clays
(reported as Fe,Os in supporting information
Table S6).

The calculated mineral abundances indicate
that the clay-rich layers are dominated by
Fe-(oxy)hydroxides and aluminosilicates but
also contain about 5 wt % anhydrite, 1 wt %
pyrite, and 1 wt % of other sulfides. The
hydrothermal carbonate layers contain about
10 wt % sulfides, mostly pyrite, and the most
metal-rich layers contain about 15 wt % sul-
fides, with subequal amounts of sphalerite,
chalcopyrite, and pyrite. Detrital layers con-
tain about 2 wt % pyrite and 0.5 wt % of
other sulfides. A nontrivial component of
residual Zn and Cu (up to 5 wt % Zn and 1
wt % Cu) was found in many of the most
metal-rich samples with insufficient reduced
sulfur or sulfate to account for all of the Zn
as ZnS or Cu as CuFeS, (supporting informa-

tion Table S6). Figure 18 summarizes the results of the calculations, showing the relative proportions of the
major components of different layer types plus the weight percent of sulfide and nonsulfide metal-bearing

minerals.

5.5. Sequential Leaching Experiments

Sequential leaching experiments were performed on 33 representative samples to better characterize the
Fe-(oxy)hydroxides, carbonates, and other nonsulfide minerals. The first leaching step used distilled water,
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Figure 17. Synchrotron-XRF element maps of coexisting As-rich pyrite and nonsulfide particles in polished grain mounts. Analyses were
performed on the VESPERS beamline at the Canadian Light Source [Feng, 2005; Feng et al., 2007]. The VESPERS beamline delivers a focused
hard X-ray beam to solid materials so that a microscopic volume can be analyzed by X-ray fluorescence (XRF). The sample is mounted at a
45° angle to the Si-drift detector resulting in oblique images of the sampled volume, which are presented here as 2-D XRF maps. (top)
(sample 503-912) Shows a pyrite grain rimmed by a secondary nonsulfide Zn phase (up to 15 wt % Zn). (bottom) (sample 268-985) Shows
a chalcopyrite grain surrounded by a similar nonsulfide Zn phase, a separate Cu-Zn-rich phase (up to 45 wt % Cu, possible chloride?), two
authigenic clay minerals, and a small Mn mineral. The scale bars are 50 pm in both images. In 503-912, Zn and Cu in the S-XRF maps corre-
late with the surface expressions of the target grains, but Fe and As concentrations reflect the penetration of X-rays below the sample sur-
face. In this sample, the KB1 peaks of As at 11726 eV and Zn at 9572 eV overlap with the La1 and LB peaks of Au at 9713 and 11441 eV,
and the doubling peaks of Fe at 12807 and 14115 eV raise the background around the Ly1 peak of Au at 13381 eV, precluding the detec-
tion of Au. However, in 268-985, one of the authigenic clay minerals shows the distinct Ly1 peak of Au that is not matched by the Ka dou-
bling peak of Fe at the same energy (Fe Ka x2). The lack of correlation with Fe and As in this grain is a good indication of possible
nonsulfide Au enrichment.
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Figure 18. Summary of the normative mineralogy of the Atlantis Il metalliferous sediments (data from supporting information Table S6).
(left) The proportions of major minerals in different layer types. NaCl refers to salt crystallized from pore water in the samples during dry-
ing. (middle) The relative abundances of sulfide and nonsulfide Cu and Zn minerals, plus pyrite, in the different layer types (corresponding
to the black bar on the left). (right) The total amounts of sulfide and nonsulfide Cu and Zn minerals (in wt %).

which dissolves anhydrite, secondary salts, and other water-soluble sulfates. The second step used ammo-
nium acetate, which mainly dissolves calcite and dolomite, some Cu-carbonates and Zn-carbonates, but not
the Fe-carbonates or Mn-carbonates. The third step used cold hydroxylamine hydrochloride, which dis-
solves Mn-(oxy)hydroxides and Fe-(oxy)hydroxides and Fe-Mn-carbonates, but the most insoluble carbo-
nates (e.g., siderite) remained in the residue. The fourth step treated the samples with hot (60°C)
hydroxylamine hydrochloride, which dissolves the more resistant Mn-(oxy)hydroxides and Fe-(oxy)hydrox-
ides; ferrihydrite, goethite, and lepidocrocite are leached but not crystalline Fe-oxide minerals such as hem-
atite and magnetite. The leachate data for each step (normalized to 100%) are reported for representative
samples of different layer types in supporting information Tables S7, S8, and S9. The cumulative proportions
of different elements dissolved by all four steps are listed in supporting information Table S10, and the com-
plete data set for all 33 samples is provided in supporting information Table S11.
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The dissolved elements in the first leaching step for all samples correlate well with Na in the bulk samples
[Laurila et al., 2014a], confirming that most of the leachable components (e.g., Ca, Mg, and K) were con-
tained in salt. The ratios of the major cations (Ca:K:Mg:Mn) in the leachates were also similar to those of the
Lower Brine and pore water [Anschutz et al., 2000; Pierret et al., 2001]. Most of the anhydrite was removed
by the first leaching step, except in the most anhydrite-rich samples (supporting information Table S9). In
these, the total dissolution of anhydrite was not achieved until the second leach, suggesting that the dis-
tilled water became saturated with CaSO,4 quite quickly or that the kinetics of anhydrite dissolution were
sluggish. The concentration of Mn in the first leachate varied greatly between sample types, but some Mn
compound(s) were clearly soluble in water. In some samples, the pH of the first leachate decreased rapidly,
most likely due to dissolution of acid-producing compounds such as metal-sulfates, whereas in the
carbonate-buffered and/or metal-poor samples, the pH of the solution remained near neutral (supporting
information Table S11).

The majority of the elements leached from the carbonate-rich samples were removed in steps 2 and 3. In
the detrital carbonate samples, up to ~90% of the Ca was removed (supporting information Table S7). In
some of these samples, a large proportion of the Cu and Zn were also apparently bound to carbonate.
Samples with high COs contents but lacking calcite (e.g., samples 546-180 and 503-889: supporting infor-
mation Table S7) were less affected by the second leaching step. In these samples, Fe (and Mn) were
only leached during steps 3 and 4 (e.g., in sample 503-889 most of the Fe was not leached, and 36% of
the Mn remained undissolved). For some Mn-rich samples (e.g., 495-569), the total of Mn leached during
steps 2-4 was much larger than the molar amount of COs, consistent with the presence of soluble Mn-
oxides. Although significant amounts of Fe were leached from the Fe-(oxy)hydroxide and Mn-(oxy)hydr-
oxide samples, very little of the Fe-(oxy)hydroxides identified as goethite by XRD were leached by either
cold or hot hydroxylamine hydrochloride (e.g., only 1% of the Fe was found in any of the leachates from
sample 495-569, which contains abundant goethite according to XRD). This may be explained by the
presence of extremely fine-grained and insoluble “nanohematite,” which is difficult to distinguish from
goethite by XRD (e.g., as previously noted by Schwertmann et al. [1998]). Samples in which akageneite
and lepidocrocite were identified by XRD had the largest leachable fraction of Fe (e.g., samples 421-870
and 503-889).

Sulfides were resistant to dissolution in all steps of the experiments, but 75-100% of the Zn (and less
Cu) was found in the leachates of most sample types (supporting information Table S10). A strong
correlation between total dissolved metals, especially Zn, and nonanhydrite SO, in the first leaching
step (r*=0.61) is consistent with the presence of abundant secondary ZnSO, in the samples. Trace
metals normally associated with sphalerite (e.g., Cd) were also dissolved with the ZnSO,4. The amount
of metal dissolved by distilled water also correlated well with the measured pH of the first leachate
(r* = 0.80 for Cu and 0.63 for Zn in all 33 samples), reflecting the presence of acid-producing efflores-
cent salts. Although many of the samples contained pore water brine that could have contributed to
the water-soluble Zn, the maximum contribution would have been less than 1 wt % [cf. Anschutz
et al., 2000].

Almost all of the Zn was leached from the high-sulfur, high-metal samples (HSHM samples) in the first
step, but only about half was leached from the low-sulfur, high-metal samples (LSHM samples) (support-
ing information Table S9). This is consistent with the presence of Zn-rich insoluble nonsulfide minerals in
the low-sulfur samples. In the high-sulfur, low-metal (HSLM) samples, about half of the Ni and Co was
leached by the final step, but less than 10% of the As, Mo, Sb, Ga, and Sn, consistent with these ele-
ments residing in insoluble pyrite. Pb in the HSLM samples was also retained in the residue, although
the total concentrations are low. In the Cu-rich samples, Ag was not leached, consistent with Ag being
mostly in insoluble chalcopyrite. In 90% of the samples, Au was completely insoluble (supporting infor-
mation Table S10), confirming that it is mostly present in insoluble sulfides or clays. However, Au was
detected in four samples after the first leach, suggesting that in these few cases Au was present in sec-
ondary salts or weakly adsorbed onto clays. Seventy-three percent of the gold was leached from one
clay-rich sample (373-8 with a total salt-free gold content of 575 ppb Au) and 39% of the gold from
another (495-362 with total salt-free gold content of 1041 ppb Au) [Laurila et al., 2014a]. These samples
did not contain significant leachable Zn or Cu, suggesting that the Au was probably not present in sec-
ondary metal-sulfates.
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6. Discussion

6.1. Formation of Fe and Mn Minerals

The dominant Fe precipitation in the brine pool occurred via oxidation of reduced iron to Fe-OOH at the
chemocline between the Lower and Upper Brines. Taitel-Goldman and Singer [2001] suggested that the dif-
ferent Fe-minerals (e.g., goethite, ferrihydrite, and hematite) reflect formation in different parts of the brine
pool, whereas Butuzova et al. [1990] and Blanc et al. [1998] concluded that the differences were mainly due
to diagenetic transformation of ferrihydrite to goethite (or hematite in closest proximity to the vents) [see
also Schwertmann and Murad, 1983]. The noncrystalline Si-Fe-OOH phases that are accumulating in the AM
unit today are thought to be flocculated and then stabilized by Si-Fe-O bonds, which would have retard the
formation of goethite [Cornell et al., 1987; Schwertmann et al., 1998; Taitel-Goldman and Singer, 2001]. Taitel-
Goldman and Singer [2002a,b] reproduced these particles in the laboratory and found that the high Si in the
Lower Brine (26 ppm) [Anschutz and Blanc, 1995b] likely contributed to their stability. However, the detailed
composition and structure of the particles remain poorly known. Although goethite or ferrihydrite have
been considered the dominant minerals formed from the gels, the sequential leaching experiments did not
dissolve Fe in steps that would have removed these phases, suggesting a more stable phase (e.g., nanohe-
matite) is now present in the cores. This is consistent with the Mossbauer data of Schwertmann et al. [1998].

Currently Mn-(oxy)hydroxides dissolve in the Lower Brine, and most of the Mn is diffused out of the basin
[Bignell et al., 1976; Gurvich, 2006]. However, discrete layers of Mn-oxides are present in the older units
(especially in CO, but also in DOP). The present study shows that Fe and Mn deposition, in fact, alternated
at the scale of individual laminae, most likely because of short-term fluctuations in the chemistry of the
brine pool, similar to that observed in other modern anoxic basins (e.g., Black Sea and Cariaco Basin) [Lewis
and Landing, 1991; Yarincik et al., 2000], as well as in some freshwater lakes [Davison, 1993; Holmstrom and
Ohlander, 20011.

6.2. Sulfide and Sulfate Deposition

Published fluid inclusion data from anhydrite veins close to the location of inferred venting indicate that
high-temperature fluids just ~10 m below the seafloor had temperatures of at least 400°C [Ramboz et al.,
1988; Oudin et al., 1984], decreasing rapidly to ~100°C in the upper sediments [e.g., Cole, 1988]. This cooling
of the hydrothermal fluids before entering the brine pool was the main cause of sulfide precipitation in the
subseafloor veins. In the current upflow zone, most of the dissolved H,S is exhausted before the hydrother-
mal fluids vent into the Lower Brine, thus the amount of metal that could have been precipitated as sulfide
minerals in a plume above the vent source was probably limited [Manheim, 1974; Hartmann, 1985; Anschutz
et al., 2000; Pierret et al., 2001]. Because significant metal remains dissolved in the Lower Brine, any addition
of H,S causes rapid precipitation of sulfides according to their respective solubilities (Figure 19). The distri-
bution of different sulfide phases relative to the location of the hydrothermal vents is generally consistent
with the saturation states of the minerals in the Lower Brine; first chalcopyrite, and then sphalerite, domi-
nate close to the vent sources, whereas other minerals are more common further away. Pyrite is not stable
in the current brine pool [Shanks and Bischoff, 19771, not found in plume particles [Hartmann, 1973], and
rare in the uppermost sediment [e.g., Bischoff, 1969; Brockamp et al., 1978], but it is abundant in some
deeper units. The framboidal aggregates and local nodular texture are consistent with pyrite having formed
mainly after burial [see also Sweeney and Kaplan, 1973].

Calcium concentrations in the pore waters are >10 times that of Red Sea deep water [Anschutz et al., 2000],
enabling formation of anhydrite simply by heating of the sediment above ~130°C [Blount and Dickson,
1969]. The diffuse boundaries of the anhydrite layers and the fine disseminations observed in this study are
consistent with the formation of anhydrite mainly by heating of pore fluids. The temperature increase may
have been caused by fracturing associated with tectonic disturbances [Shanks and Bischoff, 1977], intrusion
of the basaltic sill in the Southwest Basin [Zierenberg and Shanks, 1983], or diffusion of higher-temperature
fluids into the sediments close to the vent source (indicated by clay formation temperatures higher than
the temperature of the Lower Brine) [Zierenberg and Shanks, 1988].

6.3. Metal Enrichment of Surface-Active Particles
Zinc enrichment of Fe-(oxy)hydroxides filtered from the Lower Brine [Hartmann, 1973] confirms that nonfer-
rous metals have been deposited in the sediments partly by adsorption onto surface-active particles.
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Figure 19. Saturation state of different minerals in the Lower Brine from Shanks and mation of well-crystallized Si-bear-

Bischoff [1977], using the brine composition of Brewer et al. [1965], Miller et al. [1966], . X . .
and Brewer and Spencer [1969]. The Cu concentration in the Lower Brine used in this Ing and Fe_bea“ng minerals with
diagram (0.26 ppm Cu) is much higher than measured in 1971 (~0.03-0.12 ppm) depth in the cores and release of
[Hartmann, 1973], 1977 (~0.0005 ppm) [Hartmann, 1985], and 1985 (0.005 ppm) the bound metals. Enrichment of Zn
[Anschutz et al., 2000]. However, the dissolved Zn concentration in the Lower Brine has . X X

remained relatively constant (2-5.3 ppm, according to the cited references). These in the rims of the more CrySta”me
data suggest that all Cu introduced to the Lower Brine is rapidly precipitated as Fe-oxides observed in this study is
chalcopyrite, whereas Zn (and Fe) remain in solution until much lower temperatures at further evidence of the redistribu-
these high salinities.

tion of metals during diagenesis.

We show that in many samples, the total amount of sulfur was far less than that needed to bind all Zn and
Cu as sulfides, and in some layers, a significant proportion of the total metal has been incorporated into
phases like Fe-oxides, carbonates, and clays. Most of the clays observed in our samples were amorphous or
poorly crystalline and extremely fine grained, similar to the nanometer-sized clays described by Taitel-Gold-
man and Singer [2002a,b]. Very fine clays of this type are known to bind significant metals into their struc-
tures [e.g., Hein et al., 1979; Schlegel and Manceau, 2006], and the leaching experiments confirm that clays
likely played an important role in the enrichment of metals and other elements in the low-sulfur sediments.

6.4. Diagenetic and Hydrothermal Origin of Authigenic Minerals

The notable color change of the clay-rich layers from green to red-brown in some samples is similar to that
observed during experimental synthesis of Fe(lll) smectites by aging of Si-Fe-OOH gels [Decarreau and
Bonnin, 1986]. In the experiments, the color change was accompanied by a decrease in pH and a drop in
dissolved Si and Fe, similar to that seen in pore waters across the interface between the Lower Brine and
the AM unit [Anschutz and Blanc, 1995b; Anschutz et al., 2000]. The presence of silica infilling detrital bio-
genic particles and as rims around other grains observed in our study strongly suggests that silica was
mobile within the sediment during diagenesis. Some of the laminae in the deeper strata also show clear evi-
dence of hydrothermal alteration caused by intrastratal fluids, confirming an early observation by Bischoff
[1969] and Kaplan et al. [1969] that detrital layers were a locus of postdepositional fluid flow and replacive
mineralization. Layers from which biogenic calcite was dissolved have the highest Si contents, suggesting
that the fluids responsible for calcite dissolution also deposited silica. This Si enrichment correlates with
enrichment of certain trace elements (in particular Au, As, Ga, and Ba) [Laurila et al., 2014a] that were likely
introduced by intrastratal hydrothermal fluids rather than from the brine pool. In other layers, biogenic
carbonate was replaced by manganosiderite, with strongly zoned Fe/Mn. Although Fe-carbonates and Mn-
carbonates are undersaturated in the Lower Brine [e.g., Bischoff, 1969; Blanc et al., 1998], and so are absent
in AM and SU2, they are common in the lower strata, consistent with hydrothermal/diagenetic growth.

Comparison of samples from different cores shows that the fine layering changes from diffuse to well
defined with depth, eventually developing sharp interfaces and clear chemical and mineralogical differen-
ces between laminae. The laminations are mostly absent in the most recently deposited brine-saturated
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sediment but are present in the lower part of the AM unit, suggesting that they must have formed as a
result of diagenetic recrystallization after a few meters of burial (i.e., a few thousand years). Where reduced
sulfur was available (e.g., by upward diffusion from vent-proximal sources or possibly from localized bacte-
rial sulfate reduction) [Anschutz et al., 2000; Siam et al., 2012] sulfide minerals, especially diagenetic pyrite,
formed in the fluid-saturated sediment. Where pore water contained insufficient reduced sulfur to precipi-
tate sulfides, nonsulfide metal-bearing minerals formed.

6.5. Implications for Some Ancient Ore Deposits

The Atlantis Il Deep is a unique natural laboratory for understanding the formation of a number of impor-
tant stratiform sedimentary ore deposits. Several models for banded iron formation (BIF) involve primary
precipitation of Fe-(oxy)hydroxides, carbonates, silica, and sulfide that were then diagenetically, and later
during metamorphism, transformed to more stable minerals such as chlorite, hematite, and magnetite [e.g.,
Grenne and Slack, 2003; Klein, 2005]. The well-known facies variations in BIF [James, 1954] can be compared
directly to the facies variations in the Atlantis Il Deep [cf. James, 1969; Bischoff, 1969]. However, the origin of
millimeter-scale laminae in BIF has been the subject of considerable debate [cf. Wang et al., 2009; Stefurak
et al., 2014]. Details of the primary minerals in BIF and their transformation during diagenesis and metamor-
phism are described by Bekker et al. [2010, 2013]. One model advocates differential settling of Fe-rich and
Si-rich particles from the water column, possibly reflecting changes in ocean chemistry. Our study suggests
that mineralogical and chemical segregation during diagenesis contributed to the fine layering of the Atlan-
tis Il sediments, a process similar to that suggested by Lowe [1999] and Grenne and Slack [2003] for banded
chert.

Metal deposition from a brine pool also has been suggested as an explanation for the finely laminated ores
in many volcanic-hosted and sediment-hosted base metal sulfide deposits (so-called VMS and SEDEX
deposits) [Solomon et al., 2004; Goodfellow and Lydon, 2007; Tornos et al., 2008). The abundance of reduced
sulfur (volcanic sulfur in VMS and bacteriogenic sulfide in euxinic basins that host SEDEX deposits) resulted
in most metal being deposited as sulfides in those deposits, in contrast to the Atlantis Il Deep. This require-
ment for an external source of sulfur distinguishes the Atlantis Il deposit from some other large-tonnage
base metal sulfide deposits [e.g., Large et al., 1998]. The compositional zonation of hydrothermal carbonates
in the Atlantis Il sediments is similar to that observed in some SEDEX deposits [e.g., Large and McGoldrick,
1998], and the As-rich rims on diagenetic pyrite are strikingly similar to the arsenian pyrite in a number of
important sediment-hosted gold deposits (e.g., some parts of Carlin-type deposits) [Emsbo et al., 1999; Large
et al., 2009]. In the Atlantis Il sediments, this type of pyrite most likely formed by diagenetic growth from
metal-enriched pore fluid, supporting an important model for As and Au enrichment in sediment-hosted
ore deposits [Large et al., 2009].

Evidence of metal deposition as nonsulfide particles and the predominance of incompletely crystallized and
often metastable phases in the brine pool and youngest sediments of the Atlantis Il Deep also resembles
models for some stratiform nonsulfide Zn deposits. Johnson and Skinner [2003] suggested that the nonsul-
fide Zn deposits at Franklin and Sterling Hill, in the New Jersey Highlands, might have formed in a manner
similar to the Atlantis Il sediments. But these deposits, and several other important nonsulfide Zn occur-
rences (e.g., parts of Broken Hill) [Large et al., 1996; Huston et al., 2006], are highly metamorphosed, raising
the possibility that the original sulfides were destroyed during metamorphism.

7. Conclusions

The Atlantis Il muds are chemical-clastic sediments with distinctive fine layering that is mainly diagenetic in
origin. The formation of the sediments involved a number of different precipitation pathways, including
mixing and cooling of hydrothermal fluids vented into the brine pool, precipitation at the chemocline, dia-
genetic recrystallization and hydrothermal alteration of the sediments, and subseafloor deposition. Multiple
vents likely existed both in the Northeast and in the Southwest Basins, and their activity may have varied
from dormant to robustly active at yearly to hundred-year time scales (similar to MOR black smoker sys-
tems) [Hannington et al., 2005]. Such rapid changes in the hydrothermal outflow have been confirmed from
the compositions of particulate matter in the current Lower Brine [Hartmann, 1973, 1985]. Although precipi-
tation directly from the brine pool was a first order control on the layering of the major sedimentary units,
the present study has revealed important mineralogical differences between layer types at a much finer
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scale, including possible approximate annual variations in element fluxes into the brine pool as well as dia-
genetic effects. Quantitative data from relogging of archived cores, detailed petrography, and sequential
leaching experiments show that metals were precipitated both as sulfides and adsorbed onto surface-active
particles, mainly Si-Fe-(oxy)hydroxides, that settled through the brine pool. We interpret the significant
enrichment of metal in the nonsulfide components of some layers to reflect metal deposition via adsorption
onto poorly crystalline Si-Fe-OOH particles, followed by incorporation in diagenetic clays and other nonsul-
fides after burial.
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