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ARTICLE INFO ABSTRACT

Keywords: Sediment accumulations within the Red Sea central deeps have unique genesis and properties. We piece together
Hydrothermal sediments available information to understand their geological setting and formation history, and conduct an extensive
Stiffness

sediment characterization study to assess their geotechnical properties in order to anticipate engineering/mining
implications. The various sediment columns reflect slow-rate background sedimentation (biogenic and detrital
particles — Valdivia deep) and hydrothermal metalliferous sediments that nucleate and grow within the overlying
brine pools (primarily in the Atlantis II, as well as in the Wando deep, and to a lesser extent in Discovery deep).
All sediments are fine-grained silt and clay-size particles; smaller particles tend to have higher specific gravity
and define the metalliferous content. Hydrothermal sediments exhibit extreme properties when compared to
sediments worldwide: they have uncharacteristically large maximum void ratio and compressibility, and their
self-compaction is very different from background Red Sea sediments. Their unique self-compaction trends have
a strong effect on remote acoustic characterization and sampling, and must be carefully accounted for during
field studies and resource assessment. Three distinct properties of hydrothermal metalliferous sediments are
relevant for separation and enrichment: high specific surface area, high specific gravity, and ferromagnetic
signature. Small grains and low-density flocs have low terminal Stokes' velocities and their residency times may
be extended in convective stratified brine pools; this observation affects the environmental analysis of mining
operations and tailings disposal.

Strength
Consolidation
Deep-sea mining
Soil Classification

identified the presence of a hot and stratified brine pool overlying

1. Introduction metalliferous sediments in the Atlantis II deep (Miller et al., 1966).
These findings motivated extensive studies of the Atlantis II deposits and
The Red Sea rifting started approximately 30 Myr ago, between the brine pool and subsequent explorations to other regions along the cen-
late Oligocene to early Miocene, as evidenced by igneous activity in the tral trough (Degens and Ross, 1969). The Saudi-Sudanese Red Sea
region (Coleman, 1993). Seafloor spreading began 12 Myr ago (Izzeldin, Commission evaluated the economic potential of the Atlantis II deep and
1987). Concurrently, evaporite sequences deposited during the rift a pre-pilot mining test took place in 1979 (Mustafa and Amann, 1980).
evolution, particularly during the Miocene (Orszag-Sperber et al., 1998). The Commission concluded that the Atlantis II deep contains approxi-
Then, Pliocene to recent sediments covered the massive layered salts and mately 90 million tons of dry-salt-free materials enriched in Zn, Cu, Ag,
anhydrite accumulations (Stoffers and Ross, 1974). Seafloor spreading Au and Co (Guney et al., 1988). However, a decrease in the price of
creates the space for salt flows to creep down the rift flanks and reshape metals in the early 1980s delayed deep-sea mining activities in the Red
the bathymetry; however, seafloor spreading is faster than salt creep in Sea. Renewed interest commenced in 2010 when the Sudanese and
central latitudes, leading to the formation of the central trough along the Saudi governments granted a 30-year mining license to Manafa Inter-
Red Sea (Mitchell et al., 2010; Augustin et al., 2014). national Trade Company (Saudi Arabia) and Diamondfields Interna-
Salinity and temperature anomalies detected in the late 1940s tional Ltd. (Canada) for the Atlantis II project.
motivated early research cruises to study features in the central Red Sea Engineering and environmental challenges associated with deep-sea
areas (mentioned in Miller, 1964; Charnock, 1964). The Discovery brine mining will determine our ability to meet future demands for mineral
pool identified in September 1964 showed the presence of hot brines resources. This study focuses on sediment accumulations in the Atlantis
within deeps (Swallow and Crease, 1965). Soon after, explorations I and the neighboring deeps Discovery, Valdivia and Wando. We bring
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Notation
A [m?]

Ccll

Deposit areal extent

Cp [kg.m’s] Ionic concentration

Compression index

Cmetat [kgkg™!] Metal concentration

d [pm]  Particle size: dsp mean grain size

e Void ratio: e, at depth z; ejxpq at 1 kPa; e;&ey asymptotic
values at low and high effective stress; ‘in-situ’: maximum
in-situ

g [m.s~2] Gravitational acceleration
Gs 1 Specific gravity

Gmax [kPa] Small strain shear modulus
H [m] Deposit height

h [m] Fall height

Hp [m] Convective layer thickness
LL [%] Liquid limit

Meta [kg] Metal mass

Mg [kg] Sediment mass

n[] Porosity

r [m] Gravity corer radius
rs[pm]  Final particle radius

Ss [mz.gfl] Specific surface area

Sy [kPa] Sediment undrained shear strength

Ve [m.s"'] Convection velocity

Vs [m.s™!] Shear wave velocity

W5 [N] Buoyant weight

W, [%] Water content

2z [m] Depth

a [m.s~'] Shear wave velocity at 1 kPa vertical effective stress
ar [1.°C"'] Thermal expansion coefficient

p-exponent Shear wave velocity sensitivity to effective stress
AT [°C] Thermal jump across the boundary

¢ [°] Friction angle

yr [%] Shear strain

n-exponent Void ratio sensitivity to effective stress

A [m] Convective-belt characteristic thickness
u [Pa.s] Dynamic viscosity
ur [1 Relative magnetic permeability

p [g.cm_3] Density: p, particle; pm;, mineral; p,,s wet sediment; pj
brine; p,, water; pperq metal

o’ [kPa] Effective stress: o, vertical at depth z; 6.’ characteristic; 6’4
equivalent due to electrical attraction; o', mean
(polarization plane); 6", average along core; o' at corer

tip

together geology and geotechnical engineering to understand the
geological setting and formation history, to characterize the sediment
properties and to anticipate engineering/mining implications. First, we
compile published results to piece together the sediment formation
history in the central trough of the Red Sea. Then, we present a
comprehensive sediment characterization study in view of potential
deep-sea mining operations.

2. Atlantis II: sediment formation

Deep-sea background sediments in the central Red Sea include
biogenic carbonates — mostly high and low-magnesium calcite and
subordinately aragonite (Gevirtz and Friedman, 1966; Stoffers and Ross,
1974), and aeolian particles transported during frequent dust storms
primarily composed of silt-sized quartz and feldspar (Engelbrecht et al.,
2017).

Typical seawaters throughout the bottom of the Red Sea have an
average 40%o salinity and a temperature of 22 °C. Localized hydro-
thermal circulation through Miocene evaporites and underlying basaltic
rocks produces high salinity metal-enriched fluids which often accu-
mulate in deeps. Convection couples with thermal and chemical diffu-
sion to cause brine stratification into multiple layers with sharp
physicochemical boundaries (Turner, 1969). The chemical composition
of the various layers creates a unique environment for mineral formation
and precipitation resulting in the accumulation of hydrothermal
metalliferous sediments within some deeps (Backer and Schoell, 1972;
Bignell et al., 1976).

The Atlantis II deep sits on the rift axis in the central Red Sea and
covers nearly 60 km? at a water depth of more than 2000 m (Fig. 1). Salt
flows and NW-striking faults bound the deep (Augustin et al., 2016).
Minor adjoining deeps sit to the west of the Atlantis II and include the
Wando Deep, Valdivia Deep, and the Discovery Deep connected through
the Chain deeps (Fig. 1).

The Atlantis II is the largest deep in the Red Sea and it is filled with a
stratified brine pool. The lower convective layer is ~119 m thick (water
depth ~ 2051 to ~2170 mbsl in the Atlantis II SW area) and has ~270%o
salinity at 69 °C. The sediment column in the Atlantis II deep records the
formation history and shows pronounced changes in the last 28 ky (e.g.,
Backer and Richter, 1973; Hackett and Bischoff, 1973; Anschutz and

T
N
4 Atlantis Il Deep ?
Saudi
Egypt Arabia
21°25'N f|— |
Sudan
=
21°20'N | . |
%
Valdivia Deep
Chain
5 Deeps
2 km '
21°15'N — ‘ Discovery Deep
38°0'E 38°10'E

Fig. 1. Central Red Sea deeps: Atlantis II, Wando, Discovery and Valdivia.
Yellow markers: gravity cores. Brine flooding surfaces (blue): Atlantis II, Wando
and Discovery deeps at 1995 mbsl; Valdivia deep at 1524 mbsl. Dotted lines:
normal faults. Arrows: salts glaciers. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

Blanc, 1995a). Early sediment accumulation rates resemble normal
deposition conditions (~2.5 mm/yr) with sporadic hydrothermal input
during the first ~15 ky. High-accumulation rates (10-12 mm/yr) asso-
ciated with hydrothermal activity dominate the sediment column
thereafter (Shanks and Bischoff, 1980).

The hydrothermal sediments in the Atlantis II include sulfides, oxy-
hydroxides, clays, carbonates, sulfates and amorphous phases (Bischoff,
1969; Backer and Richter, 1973; Bignell et al., 1976). Sulfides, such as
sphalerite and chalcopyrite are the most relevant mineral ores; however,
non-sulfide phases such as Si-Fe-oxyhydroxides and authigenic clays
incorporate metals by adsorption during diagenesis and can be relevant
as well (Laurila et al., 2014; Laurila et al., 2015). Stable isotopes indicate
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either hydrothermal input or bio-mediated sulfate reduction as potential
sulfur sources (Shanks and Bischoff, 1980). The present lower convec-
tive brine layer (water depth ~ 2051 to ~2170 mbsl in the SW-basin)
contains dissolved metals but lacks hydrogen sulfide; these character-
istics suggest that the hydrothermal sulfides precipitate by cooling
within the lower convective layer in close proximity to the vents (Shanks
I1I and Bischoff, 1977). Sulfate-reducing and methane-oxidizing bacteria
identified in the more recent Atlantis II sulfur-enriched sediments in the
upper 3.5 m of the sediment column hint to the role of microbial activity
on the sulfur cycle (Siam et al., 2012).

The Fe-Mn oxyhydroxides form by oxidation of Fe™? and Mn*2
within the upper oxidizing layers (water depth ~ 2000 to <~2055 mbsl
for Fe, and water depth < ~2010 for Mn; Hartmann, 1985, Butuzova
et al., 1990). Mn-oxyhydroxides settle along the deep's flanks where
oxidizing conditions prevail but dissolve in the lower brine at present
conditions. Fe-oxyhydroxides accumulate in the sediment column pri-
marily as amorphous phases; goethite and hematite are common crys-
talline phases (Butuzova et al., 1990; Taitel-Goldman and Singer, 2001).
Amorphous Fe-Si particles abound in the recent deposits and may form
within the lower brine layer and at the sediment interface; diagenesis
later transforms these particles into crystalline clay phases (Anschutz
and Blanc, 1995b; Taitel-Goldman and Singer, 2002).

The unique regional geology setting, sediment formation processes
and depositional environment anticipate distinctive geomechanical
properties with important implications to potential mining operations.
The sediment characteristics and properties are investigated next.

3. Characterization studies — protocols and results

Research cruises aboard KAUST's RV Thuwal investigated the
Atlantis II, Discovery, Wando, and Valdivia deeps in February and
September 2019. We collected gravity cores from the upper part of the
sedimentary column (sampling locations in Table 1). The gravity corer is
a 3-m-long stainless-steel pipe (130 kg in air) coupled to an additional
80 kg mass (in air). A PVC liner (internal diameter ID = 86 mm) is placed
inside and held by the core catcher and the cutting shoe. The gravity
corer is lowered at a controlled velocity. Recovered sediments are stored
inside the plastic liner. We obtained 100% core recovery in the soft
sediments of the Atlantis II and Discovery deeps, but partial recovery in
Wando and Valdivia deeps where coarse-grained layers hindered
penetration (in fact, gravel-size grains were retained at the core
catcher). The cores were stored in a cold room at 4 °C and later subjected
to a comprehensive laboratory study. This section describes test pro-
tocols and summarizes sediment properties (Tables 2 and 3).

3.1. Sediment structure and variability (CT-scan and photographs)

We inspected the gravity cores using X-Ray CT imaging (CoreTOM,
XRE, 125 pm voxel size); then, we split the cores and photographed the
fresh surfaces. Fig. 2 shows representative pictures next to the vertical
slices from the 3D tomograms. X-Ray and optical images provide evi-
dence of vertical variability in Atlantis II and Wando sediments with
clear compositional changes evidenced by color variations (photo-
graphs) and X-ray absorption (gray level in CT-slices). In contrast, Val-
divia deep deposits show slight changes and Discovery deep deposits
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appear relatively homogeneous. Soft seafloor sediments are susceptible
to sampling effects, including stress changes, the deflection of laminates
in the direction of core insertion and the formation of exsolution bubbles
(the latter two observed in CT-scan images - Fig. 2; see also Blouin et al.,
2019 and Dai and Santamarina, 2014).

3.2. Sample preparation

The salinities within the water column vary from seawater to brines
(40%o to 270%o). Test protocols and data analyses consider the influence
of dissolved salts on fine-grained sediments: high ionic concentration
collapses the double-layer and favors particle aggregation, while excess
salts precipitate during drying and affect the determination of the dry
mineral mass. Several standardized test procedures require the use of
deionized water, such as hydrometer, pycnometer and specific surface
tests; in these cases, we suspended sediments in de-ionized water to
remove excess salts.

3.3. Index properties

Samples gathered from homogenous layers along each core capture
the various sediment formations, properties, and behavior.

Mineralogy and Elemental Composition. We observed grains using a
scanning electron microscope SEM (Teneo FEI, sputter coated with Ir)
complemented with energy dispersive spectroscopy EDS to determine
the elemental composition. Complimentary X-ray diffraction measure-
ments XRD did not provide discriminating results due to the complex
mineralogy found in these specimens. The quantification of prevalent
elements involved ICP-OES (Inductively Coupled Plasma Atomic Emis-
sion Spectroscopy, Agilent 5110). The sample preparation included
oven-drying specimens at 105 °C, pulverization using an agate mortar
followed by microwave digestion in an HNOs-HCI-HF solution and
further dilution with deionized water. A blank reagent, a quality control
solution and a sediment sample spiked with a known concentration
solution were also included in the digestion batch. The test procedure
consisted of routine blanks and sample duplicates. We assumed that Na
was present only as halite to correct concentrations for dry-salt-free
material. Table 2 summarizes element quantifications for dry-salt-free
sediment.

Representative SEM images in Figs. 3 and 4 highlight the diverse
mineralogy, particle shapes and sizes observed in sediments collected
from the deeps. Mineralogy (Figs. 3 and 4), elemental composition
(Table 2) and layering information (Fig. 2) point to distinct features in
the several deeps:

o Atlantis I deep: there is a predominant hydrothermal influence with
abundant clays, sulfides such as sphalerite, Fe-Mn carbonates, ox-
ides, and Ca and Ba sulfates in the recent/upper accumulations;
biogenic constituents are present as minor components and often
show chemical degradation (see also Laurila et al., 2015).

e Wando deep: sediments consist of clays, Fe and Mn-rich oxides, Mn-
rich carbonates, Ba-sulfates, and minor biogenic carbonates and
detrital particles. Fe and Mn minerals suggest some influence from
the adjacent Atlantis II deep. Alternate light-colored layers capture

Table 1

Coordinates for recovered gravity cores. Depths below sea level based on site bathymetry.
Location Coordinates Water Depth [mbsl] Recovered Length [m] Structure
Atlantis II Deep (SW) 21° 20'37.16" N 38° 4'48.94" E 2140 3.0 Layered
Atlantis II Deep (North Passage) 21° 23'57.03” N 38° 3/45.04” E 2040 2.7 Layered
Atlantis II Deep (NE) 21° 25'25.26” N 38°3'15.72" E 1985 3.0 Layered
Wando Deep 21° 21’ 33.72” N 38°2'7.74" E 1915 21 Layered
Discovery Deep 21°17'17.52" N 38° 3/33.90" E 2068 3.0 Homogen.
Valdivia Deep 21° 20’ 14.82” N 37° 56/ 52.14"E 1528 1.5 Layered
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Table 2
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Elemental composition. Depths indicate sample location from the top of the core. Results obtained from ICP-OES measurements for the different tested samples. Values
are corrected for NaCl concentration (d.l.: measurement at or below the instrument detection limit; n.d.: not determined).

Sample information Geochemistry
Deep Depth Ag Al Ca Co Cu Fe Mg Mn Pb Zn

[m] [ppm] [%] [%] [ppm] [%] [%] [%] [%] [ppm] [%]
Atlantis II (SW Basin) 0-0.3 97 0.2 1.4 232 0.8 33.9 0.21 0.3 1142 5.0
Atlantis II (SW Basin) 2.2-2.4 166 0.3 0.5 157 1 45.2 0.17 0.4 2730 10
Atlantis II (N-Passage) 0-0.4 21 0.3 1.3 70 0.2 48.5 0.20 0.2 783 0.8
Atlantis IT (N-Passage) dup. 0-0.4 21 0.3 1.3 69 0.2 n.d. 0.20 0.2 764 0.7
Atlantis II (N-Passage) 1.8-2 39 0.2 1.3 127 0.3 49.9 0.26 0.5 646 2.3
Atlantis IT (NE Basin) 0-0.75 15 0.2 1.9 55 0.1 45.9 0.27 0.2 363 0.6
Wando 0-0.3 21 284 ppm 2.1 83 510 ppm 8.3 0.66 325 106 0.6
Discovery 0-0.3 dl 205 ppm 3.6 23 170 ppm 7.4 0.83 3.1 59 879 ppm
Valdivia 0-0.3 dl 295 ppm 4.9 17 56 ppm 3.5 0.90 0.2 dl 162 ppm

normal Red Sea background sedimentation between dark-colored
layers that record cycles of high hydrothermal activity (Fig. 2).

e Discovery deep: sediments contain biogenic carbonates (e.g., coc-
coliths, foraminifera), Ca-Mg carbonates such as dolomite, clays and
a minor fraction of Fe-oxides. The abundant biogenic carbonates and
hydrothermal minerals in the Discovery deep point to a mixed
normal Red Sea background sedimentation and hydrothermal origin.

e Valdivia deep: sediments are predominantly biogenic carbonates and
Ca-Mg carbonates such as dolomite, silicates of possibly detrital
origin and pyrite (see also Backer and Schoell, 1972; Pierret et al.,
2000). The Valdivia deep deposits correspond to normal Red Sea
sedimentation with minor hydrothermal influence.

The Discovery and Valdivia deep accumulations show no significant
changes in the recent history (e.g., few thousand years based on upper
sediment data). The mining significance of surface sediments in the
Wando deep is considerably lower than in the Atlantis IT deep. Sediments
in the Discovery and Valdivia deeps do not contain significant amounts
of mining metals.

Specific gravity. We obtained the sediment specific gravity Gs using
the pycnometer method (ASTM International, 2014). Measurements
show a wide range of specific gravities from Gs = 2.76 to Gs = 3.58
(Table 3). Measured values are mass-averages of the different minerals
present in specimens, from clays (montmorillonite Gg ~ 2.5) and calcite
(Gs ~ 2.83) to heavier minerals such as sulfides, Fe-Mn oxides, Fe-car-
bonates and Ba-sulfates (e.g., sphalerite Gs = 4.00, siderite Gg = 3.96,
magnetite Gg = 5.18, barite Gg = 4.48). Overall, higher specific gravity
grains define the metalliferous content (Fig. 5).

Grain size distribution. Sediments in the four deeps are fine-grained,
silt-to-clay size, with a fines content passing sieve #200 between 80%
and 100%. We determined the particle size distribution of the fines
fraction using the sedimentation-hydrometer test (fraction passing the
sieve #200; sodium hexametaphosphate dispersant; ASTM Interna-
tional, 2017). Results indicate that 15% to 44% of the sediment mass is
finer than 2 pm. The mean grain size ranges between dsp = 1 pm and dsp
= 12 pm (Fig. 6). Data points in Fig. 6 are color-coded according to
average specific gravity: results show a trend towards smaller particle
size for higher specific gravity grains.

Specific surface area. We used colorimetry with crystal violet dye to
measure the specific surface area Sg [mz.g’l] of washed sediments
passing through sieve #200 (Salva Ramirez and Santamarina, 2021).
The specific surface area for all sediments recovered from the four deeps
varies between Sg = 55 m%.g ! and Sg = 177 m%.g ™! (Table 3). Typical
pelagic Red Sea sediments have specific surface areas that range from
Ss ~ 20 mz.g’1 to Sg ~ 55 mz.g’1 (For reference: kaolinite Sg = 10-20
mz.g_l, illite Sg = 80-100 mz.g_l, and montmorillonite Sg = 400-to-800
m2.g~! - Santamarina et al., 2002). The high specific surface areas of the
sediments from these deeps correspond to small grain sizes between 12
nm and 40 nm (assuming p, = 2.7 g.cm™3 — Note: the larger mean
particle size determined from hydrometer data hints to aggregation).

This result highlights the dominant role of the finest particles on the
sediment specific surface area.

Fines: Liquid Limit and Water Content. Liquid limit LL [%] de-
terminations followed the fall cone test procedure using the in-situ pore
fluid to capture the effects of brine on sediment plasticity (BS 1377-2,
BSI, 1990; Jang and Santamarina, 2016; all values are corrected for salt
precipitation). Results in Fig. 7 show a wide range of liquid limits, from
LL = 80% to LL = 328%. The highest values correspond to Atlantis II
deep sediments and the lowest to Valdivia deep deposits. The “in-situ”
water content Wy, was determined once onshore by oven-drying at 105
°C until constant mass. The values were corrected for salt precipitation,
assuming that the sediment is saturated with a NaCl brine pore fluid that
has equal ionic concentrations to the brine immediately above the
sediment (e.g., for the Atlantis II, the lower-most brine layer has salin-
ities of 270%o). The in-situ water content W,, [%] is considerably above
liquid limits in all cases (measured for different stratigraphic layers),
and it exceeds twice the liquid in Atlantis II and Wando deep sediments.
Clearly, these are “sensitive” sediments (where sensitivity is defined as
the ratio between the undisturbed and the remolded undrained shear
strength). In fact, these are not uncommon characteristics:
extra-sensitive clays can exhibit sensitivities above 100. Within the
framework of marine sediments, we assume a soil exists as soon as it
forms a granular skeleton and allows for shear wave propagation.

Hydrothermal sediments exhibit high liquid limits and high plas-
ticity compared to typical Red Sea sediments (e.g., pelagic carbonates
and detrital silicates), and should be sensitive to changes in pore fluid
chemistry. All specimens fall under the category of fines-controlled
mechanical and hydraulic properties in the Revised Soil Classification
System (Park and Santamarina, 2017).

Maximum in-situ void ratio. The sedimentation of low-solids suspen-
sions emulates fabric formation in ‘newly formed’ deposits. We sus-
pended sediments that have not been previously dried in a NaCl solution
with equal ionic concentration to the in-situ brines and let them rest in 50
ml transparent plastic tubes until the upper solution was clear. The final
sediment volume Vr[ml] and the sediment dry mass Mg [g] corrected for
salt precipitation allowed us to compute the ‘maximum void ratio’.
Values span two orders of magnitude, from e4ysjry' = 2 to 127 (Table 3).
The highest void ratios correspond to Atlantis II specimens. High void
ratios imply extremely light and soft upper layers, with wet densities as
low as pys = 1206 kg.m >, quite similar to the brines in the water column
immediately above the sediment pp = 1187 kg.m > (for 270%o salinity
and 69 °C temperature at 20 MPa of pressure; empirical equation in
Mavko et al., 2009).

Magnetic Properties. A magnetic field readily separates magnetic
particles from sediment suspensions prepared with a dispersant to
minimize particle aggregation (5 g of sodium hexametaphosphate).
Fig. 8a shows SEM images of magnetically separated Fe-oxides from
Atlantis II deep specimens. These ferromagnetic particles affect the
overall magnetic permeability of hydrothermal sediments. We measured
the magnetic permeability at 300 K (27 °C) using a SQUID-VSM
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Table 3

Sediment Properties. Depths indicate sample location from the top of the core.

Geomechanical

Index Properties and Classification

Sample Information

Simple shear

Shear wave velocity

Consolidation

Tr

Gmax

ey
[1

€L

Ccr*

Ss LL Wy [%] €4n-sitw’ RSCS Magnet. *
[%]

[m?/g]

Pass #200

Gs
[1

Depth

[m]

Deep

[kPa] [%]

[kPa] factor expon. [°]

[kPa]

[1]

pHr

[%]

[pm]

[1]
0.52
0.55
0.53
0.59
0.53
0.46
0.45
0.37

[m/s]

2.3

8.0
8.3

19.3

5.0

6.5
10.5

60 3.3

0.4
0.3
1.7
3.6
0.7
1.0
0.6
0.3

22.0

5.87
5.44
1.48
8.23
6.00
3.22
1.27
0.42

4.30
3.62
0.93

6.

1.0024
1.0042
1.0056
1.0044
1.0025
1.0012
1.0005
1.0003

F(F)
F(F)
F(F)
F(F)

86

104
99
94

142

177

92

3.44
3.41
3.58
3.42
3.45

0-0.3
2.2-2.4
0-0.4

Atlantis II (SW Basin)
Atlantis IT (SW Basin)
Atlantis IT (N-Passage)
Atlantis IT (N-Passage)
Atlantis II (NE Basin)

2.1

20.5

3.5

120

190
28
65

21.5

495 64

197

80

2.0

7.8

98

5.1 4.6

19.5

5.3

2.5

34.0

99
35

328 782 127

100
98

1.8-2
0-0.75

5.2
7.1

5.5 21.0 4.5
12.0

2.2

23.1

4.

F(F)

77
28
7
2

7.1

39.0

2.0
2.0

325
450
300

15.5

1.95
0.75

0.

F(F)
F(F)
F(F)

655

224
126
80

84

3.33
2.93
2.76

0-0.3
0-0.3
0-0.3

Wando
Discovery
Valdivia

5.5

6.5
10.0

35.0

10.5

6.7
2.2

147
113

55
71

82

12

1.8

18.5

24.0

1.0

25

96

10-100 kPa; n-exponent=0.33 for all sediments.

determined for ¢’

LS
O

<
Ay
-
o
-
—

Cc*: determined for ¢’

Engineering Geology 305 (2022) 106720

(Superconducting Quantum Interference Device Vibrating Sample
Magnetometer). Fig. 8b shows the magnetization curves for the different
sediment samples. The Wando specimen shows a linear magnetic
response typical of paramagnetic sediments. The Discovery and Valdivia
samples show a slightly sigmoidal curve. The Atlantis II sediments
exhibit non-linear sigmoidal-shaped curves characteristic of a material
with ferromagnetic components, yet hysteresis curves do not display
remnant magnetization in agreement with the small pm-to-nm-sized
ferromagnetic particles dispersed throughout the sediment (e.g., Hunt
et al,, 1995). The relative magnetic permeabilities range from yu, =
1.0003 (Valdivia sample) to . = 1.0056 (Atlantis II sample - Table 3).
Higher . values positively correlate with Fe content (Klein and Santa-
marina, 2000); however, there is no clear correlation between Fe con-
tent and metals of economic interest such as Ag, Cu, Pb and Zn. For
reference, common, non-Fe minerals, such as calcite or anhydrite are
diamagnetic (g, = 0.99994); on the other hand, sulfides, Fe-rich clays
and carbonates, Fe-oxides and oxyhydroxides have relative magnetic
permeabilities that range from y, = 1.0004 for chalcopyrite to u, = 6.7
for magnetite (Hunt et al., 1995).

3.4. Geomechanical properties

Oedometer tests. To assess self-compaction behavior during burial, we
performed consolidation tests in oedometer cells under zero-lateral-
strain conditions using remolded destructured specimens at their in-
situ pore fluid and water content; thus, test results provide the
“inherent characteristics” of sediments considering brine effects but
without their fabric and any possible early diagenetic effects (see also
Burland, 1990; Ballas et al., 2018; Yukselen-Aksoy et al., 2008). Speci-
mens were saturated under low vacuum for 12 h prior to testing. The cell
remained flooded with a NaCl solution of the same concentration as the
in-situ pore fluid to avoid osmotic effects and drying induced suction
during the test. We started with very small load increments and reached
a final vertical effective stress 6,” ~ 1 MPa to capture asymptotic void
ratios at low and high effective stress. Results in Fig. 9 show the distinct
stress-volume trends for sediments found in the various deeps. The
Atlantis II deep sediments exhibit uncharacteristically high compress-
ibility in comparison to sediments from the other deeps in the Red Sea
and marine sediments in general (trends in Fig. 9 represent the lower
and upper response). The Discovery and Wando deep sediments also
show high compressibility. The Valdivia Deep accumulations exhibit
low compressibility, similarly to ‘normal’ deep-water Red Sea deposits.
These trends highlight the positive correlation between initial void ratio,
compressibility, plasticity and specific surface.

We use an asymptotically correct exponential compaction model to
capture the void ratio e, evolution with vertical effective stress 6,’ [kPa]
in terms of the asymptotic void ratios e; at low and ey high effective
stresses (Chong and Santamarina, 2016),

AN
e, =ep+ (e —en)exp { — (;) } (€))

where o’ [kPa] is the characteristic effective stress and the y-exponent
captures the void ratio sensitivity to effective stress; fitted parameters
are summarized in Table 3. The table includes the compression index C¢
= (ez-e2)/log(0,2’/051’) which is the local slope of the sediment
compaction trend between two vertical effective stress levels of interest,
0,1" and o,2’. In all cases, the compression index for the ¢,;” = 10 kPa to
0,2" = 100 kPa effective stress range correlates with the void ratio at 1
kPa in agreement with trends observed for soils worldwide (data in
Table 3). Remolded specimens -tested here- provide lower bound esti-
mates of the in-situ compressibility (Burland, 1990).

Small-strain shear wave velocity measurements. Bender elements
housed in the upper and lower oedometer caps were used to measure
shear wave velocities Vg [m.s '] at the end of each stress increment.
High volume contraction and specimen shortening prevented Vg
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(a) (d)

1.9m

Fig. 2. Slices of 3D X-Ray tomograms and pictures of split cores. (a) Atlantis II deep - North basin, (b) Discovery deep, (c) Wando deep, (d) Valdivia deep. Depths:
from the top of the gravity core.

Fig. 3. Scanning electron microscopy images. Atlantis II deep: (a) biogenic carbonate grains with some chemical alteration (foraminifera), (b) euhedral sphalerite
crystals embedded in a clay mineral matrix, (c) anhydrite and sphalerite crystals, (d) Fe-oxides, (e) Fe-rich hydrothermal carbonates, (f) sulfide and clay mineral, (g)
clay minerals, (h) Fe-oxyhydroxides, (i) clay minerals.
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Fig. 4. Scanning electron microscopy images. Wando deep: (a) Mn-oxides, (b) oxides and clay minerals, (¢) clay minerals with ‘card-castle’ open fabric. Discovery
deep: (d) euhedral dolomite crystal, (e) biogenic carbonate grains (coccoliths), (f) oxides and clay minerals. Valdivia deep: (g) quartz crystal and carbonate biogenic

grains, (h) euhedral dolomite crystals, (i) biogenic carbonate grains (coccoliths).
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the total sediment, consequently, higher specific gravity correlates with higher metal content. Values of specific surface for pure minerals shown for reference.



M.C. Modenesi and J.C. Santamarina

Engineering Geology 305 (2022) 106720

100 o o @ x—
| O Atlantis Il Deep o ® PY P A : Passing
| O wando Deep 0 ® ® e -4 o #200
80 | < Discovery Deep ® ® : e LN g
[ A Valdivia Deep e %o s ® !
I () I
@ I .. °® Im :
© 60
&t e o® o e !
= L ® ® N EA® I
» | (] [ o !
£ 0| $°,°%. "o o |
= ® ] L I
3 - LAg © |
I ( X} ° .A © :
L ® o
20 | Hre S
I e™® o <30 3034 >34 o
<> >
- > o NN
I I
0 1 1 aal
01 1 10 100
Diameter d [um]

Fig. 6. Grain size distribution. Sediment samples from the Atlantis II, Discovery, Wando and Valdivia deeps. Results obtained using the hydrometer method with
dispersant. Data points are color-coded according to the specific gravity measured for the sediment.

800 ®
Nt Atlantis Il
Y 7
z 4 \

I @& /// ,/er////
= //. @sﬂ///
= 600 | .~ Wando -

z e -

; /// ////
‘.qc-; [ /// . ///
= -7 Aflantis Il  _-~
(e} - ~
O 400 I /// //// }\\,\,
§ /// //// \NW””’
® L - - -
= e - T
- /// /// ///’,,
® 200} .7 -7 -
= /////// Q//,—”’//

L O ’/,/’/

L~~~ "Valdivia

0 L 1 L 1 L
50 150 250 350
Liquid Limit LL [%]

Fig. 7. In-situ water content W,, versus liquid limit LL. Shallow sediments from the Wando, Atlantis, Discovery and Valdivia deeps. Values are corrected for salt

precipitation during drying. Liquid limits measured with the in-situ pore fluid.

measurements at vertical stresses above o,” > 40 kPa.

Fig. 10a shows typical signal cascades and Fig. 10b the computed
velocities gathered during loading and unloading. Shear wave velocities
measured at the end of each load increment follow the characteristic
Hertzian-type power equation common to granular materials when the
stress levels exceed 6,” > 10 kPa (Cha et al., 2014). At low effective stress
< 10 kPa, the measured shear wave velocities reflect electrical
particle-particle interactions. Therefore, we adopt a modified power
model to consider the effects of both electrical and skeletal forces at low
effective stress (Sridharan and Rao, 1973; Santamarina et al., 2002),

[

o, +0,
1 kPa

#
) @
where ¢4 is the equivalent effective stress that results from van der
Waals attraction between particles, o', is the mean effective stress, and
a-factor [m.s~!] and p-exponent are model parameters. Results show that
the equivalent effective stress for electrical interaction ranges between
o's =1 and 6’4 = 3.5 kPa.

Compressibility and small strain stiffness. Data collected for sediments
worldwide show that more plastic sediments pack in a loser state (higher

V3:a<
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Fig. 10. Shear-wave velocity as a function of effective stress. (a) Typical shear wave signal cascade for loading and unloading paths (Atlantis II deep sediment). (b)
Shear-wave velocities Vg [m.s '] measured at the end of each load increment follow a modified power model; the equivalent effective stress o', captures the effects of
electrical interparticle forces (Sridharan and Rao, 1973; Santamarina et al., 2001).
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Fig. 12. Shear stress vs. shear strain. Drained simple shear tests conducted with a vertical effective stress ¢', = 50 kPa. For clarity, we show the fitted hyperbolic

model (Raw data in Supplementary Information).

void ratio ejxpq at 1 kPa), are more compressible (higher C.), have lower
shear wave velocity at 1 kPa (lower a-factor), and higher stress sensi-
tivity (higher p-exponent). Sediments in the four Red Sea deeps studied
here confirm these trends (Fig. 1la-d); in particular, hydrothermal
sediments emerge as extreme sediments compared to onshore and
offshore sediments worldwide (Database from Cha et al., 2014 - values
computed in a comparable stress range).

Simple shear: frictional strength. Finally, we performed simple shear
tests using remolded specimens at the in-situ water content (Shear Trac
II DSS, Geocomp). The procedure included the following steps: (1) pre-
consolidation to ¢,” ~ 27 kPa in an oedometer cell to avoid pronounced
specimen shortening in the shear box; (2) specimen transfer to the shear
box ring and re-loading in two-step increments, first to ¢,” = 27 kPa and
then to ¢,” = 50 kPa; and (3) application of horizontal shear under
constant vertical effective stress ¢,” = 50 kPa to a maximum shear
displacement of 15 mm. The low shear rate of 0.01 mm.min ! ensured
pore pressure dissipation and drained conditions (ASTM D3080/
D3080M-11). Fig. 12 shows shear strain-stress curves fitted with a hy-
perbolic model (see fitted parameters in Table 3 and the raw data in
Supplementary Information). The measured large-strain friction angles
(shear strain ~20%) range from ¢ = 19° for Atlantis II deep sediments to
¢ = 39° for Wando deep sediments (Table 3). The high friction angles
reflect the compounded effects of high ionic concentration (Di Maio
et al., 2015; Yan and Chang, 2015), the non-platy but rotund particle
shape of precipitates (as compared to clay minerals), and the presence of
biogenic grains. In fact, similar or even higher friction angles have been
reported for other high plasticity sediments such as Ariake clays, Mexico
City soils, and Ulleung Basin sediments (Skempton and Jones, 1944;
Diaz-Rodriguez et al., 1992; Santamarina and Shin, 2009; Lee et al.,
2011).

4. Analyses and discussion
4.1. Sediment formation within the brine pool

Hot hydrothermal fluids fill brine pools where they become super-
saturated during cooling, triggering crystal nucleation in the water
column. Initial growth is diffusion-controlled while Brownian motion
maintains the particles in suspension. Eventually, particles begin to fall
through the brine layers with terminal Stokes' velocity. Brownian and

11

Stokes' velocities are comparable for particle sizes d ~ 1 pm (assuming
pp =27 g.cm ™). Particles of this size remain ~2.8 years in suspension
as they fall through the 115 m thick Atlantis II lower brine layer. Par-
ticles may grow as they fall through the brine column and the Stokes'
velocities increase. Let's assume growth by ion accretion encountered
along the particle's pathway: the final particle radius r¢ is a function of
the fall distance h [m], ion concentration c [kg.m’g] and the particle
density pj [kg.m 3] (derivation in Supplementary Information),

7 Cbl’l

= 3
Ip, 3

Ty

Particles could reach ry ~ 600 pm (Fe-rich particle, p, = 4 g.cm™3 h
=115m, cbge=1.5 mmol.L 7! ~ 87 g.m’3 — concentration from Schmidt
et al., 2003). However, the lower brine is depleted of oxygen so Fe-
oxyhydroxides grains do not grow during free fall; indeed, SEM im-
ages show that Fe-oxyhydroxides grains rarely exceed 10-20 pm.
Furthermore, other precipitates that formed in upper layers -such as Mn
oxyhydroxides- may dissolve as they fall into the anoxic and acidic lower
convective layer. This analysis confirms earlier findings reviewed above.

4.2. Implications for deep-sea mining

Sediment properties control future deep-sea exploration strategies,
in-situ resource estimation, extraction and separation, and tailings
disposal. Properties measured in this study allow us to anticipate some
of these challenges.

Sediment porosity - Significance. Sediment compaction trends in Fig. 9
allow us to predict the evolution of the sediment porosity n = e/(1 + e)
with depth by invoking force equilibrium,

60',: _ Pumin — Pw
z S\~ e,

where pmin and p,, are the mass densities of minerals and water, and g =
9.8 m.s~2. The numerical integration of Eq. 4 with the exponential
compaction model in Eq. 1 converts the e,-¢'; data in Fig. 9 to porosity-
depth trends in Fig. 13. Data for sediments in Red Sea deeps are plotted
together with a database of seafloor sediments that ranges from sands to
high plasticity clays. Valdivia accumulations display a silt-like behavior
that is characteristic of background Red Sea sediments; by contrast,

4
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Fig. 13. Porosity versus depth. Data from

porosity ni] consolidation tests (Fig. 9) are plotted here

0.2 0.4 0.6 0.8 10 against a large database of marine sediments

0.01 . ; . . . - worldwide. Filled markers: sediments in Red

Sea deeps (this study); empty markers:

database of seafloor sediments (Lyu et al.,

2021). Trends: exponential model (n = 0.33).

The depths of interest are the upper ~20 m

(average depths values for the Atlantis II

deep sediments). Accumulations in the Val-

divia deep reflect background Red Sea sedi-

mentation. Hydrothermal genesis, as in

Atlantis II and Wando deep sediments, leads

to uniquely lose porosity-vs.-depth profiles.

(For interpretation of the references to color

in this figure legend, the reader is referred to
the web version of this article.)
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unit weight 75, depth H and areal extent A; their relative mineral re-
sources are determined by the compaction trends only.

deposits in the Atlantis II, Discovery and Wando deeps exhibit a highly
plastic clay-like behavior.

High porosities and low sediment densities (i.e., loose fabric) in the
shallow sediments affect mineral estimations. Reported metal concen-
trations Cpeq relate the available metal mass My,eqq [kg] to the sediment
mass Mg [kgl,

Mierat (5) If one assumes the density profile of typical pelagic Red Sea sedi-
ments in the upper H = 20 m, the estimated in-situ metal mass would be
~10 times higher than the actual metal mass available in the Atlantis II

deep (Fig. 13).
Sampling Challenges. Gravity cores are the most common sampling

H
Myperan o fO Tél,dz (7)

=i
Myewar [ ﬁdz

Cmetal =
M.y

Then, the total in-situ ore mass in a thin deposit of height H [m] and
area A [m?] is (see details in Supplementary Information),
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the sediment undrained shear strength Sy [kPa] (see details in Supple-
mentary Information). If the corer plugs at the tip, the final insertion
depth is reached when the shear resistance mobilized along the corer
external wall and the bearing tip resistance equal the corer buoyant
weight,

(8)

w, =2ar(0.20, ) + 1527 (027, )
where r [m] is the corer radius, and o'y, [kPa] and 6%, [kPa] are the
average effective stress along the gravity core and the effective stress at
the corer tip. If the corer does not plug, the undrained shear resistance is
mobilized inside and outside the corer walls, and the ultimate insertion
can be estimated from,
W, = 4mr(0.20 ) ©

Consider a 90 mm diameter gravity corer with a buoyant weight
Wy, = 830 N (100 kg corer). The iterative solution of egs. 8, 9 and 1
predicts penetration depths as high as z = 9-to-11 m for the lowest
density Atlantis IT and Wando sediments, and z = 4-to-5 m for the denser
Atlantis II and Discovery accumulations (Fig. 13). Therefore, soft
shallow sediments flow through the sampler and the upper several
meters of the sediment column remain unsampled. Furthermore, these
very soft shallow sediments exhibit minimal acoustic impedance
contrast with the overlying brines and affect the interpretation of
bathymetric and sub-bottom profiler studies (Lyu et al., 2020). Shear
wave velocity data gathered in this study in terms of effective stress
Vs-0;’ (e.g., Fig. 10 - Complete dataset in Supplementary Information)
are converted to depth profiles in Fig. 14 (same analysis used above —
Egs. 1 & 4) and compared against a database of shear wave velocities
gathered for marine sediments worldwide. Once again, these trends
confirm the unique characteristics and low stiffness of hydrothermal
sediments. P-wave velocities computed from Vs using Biot-Gassman
equations enhance the analysis of acoustic measurements in these very
soft sediments. Therefore, detailed analysis of remotely determined
acoustic impedance measurements can provide important information
relevant to sediment type and potential properties.

Separation, processing and extraction. Fine-grained mineral processing
confronts particle aggregation, high chemical absorption, low particle
momentum and low probability of collision with air bubbles (Sivamo-
han, 1990). While Red Sea metalliferous sediments are extremely fine,
three properties are particularly relevant for separation and enrichment:
(1) specific gravities facilitate gravity-based concentration techniques,
as ore-bearing minerals can be up to 1.8 times denser than biogenic
carbonates (Fig. 5); (2) ferromagnetic characteristics allow for magnetic
separation in high magnetic fields albeit with limited efficiency due to
small particle size; and (3) high specific surface area and distinct mineral
composition may enable selective adsorption of surfactants and particle
hydrophobization to support flotation techniques.

Tailing disposal. Mining operations re-suspend fines during extraction
and discard most of the mined sediments after separation; therefore, re-
sedimentation and tailings disposal gain critical relevance. Fine-grained
sediment aggregation is highly susceptible to fluid chemistry, particu-
larly ionic concentrations and pH (Palomino and Santamarina, 2005).
The high salinity in Red Sea brine pools favors aggregation into low
density flocs; then, convective drag within the stratified layers maintains
these aggregates in suspension. Convection in stratified layers resembles
a peripheral conveyor belt driven by buoyancy. The convection velocity
Ve [m.s™1] can be estimated as a function of the brine density py [kg.
m’3], the thermal expansion coefficient ar [°C’l], the thermal jump
across the boundary AT [°C], the convective-belt characteristic thickness
4 [m] and the convective layer thickness H, [m] (see Supplementary
Information),

_ 8P A

— A% ay AT
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where g = 9.8 m.s"2 and y [Pa.s] is the dynamic viscosity. Let's adopt a
belt thickness equal to 1/3 the transition layer thickness. Then, the
estimated convection velocities within the lower layer in the Atlantis II
brine pool are in the order of v ~ 10 cm.s~\. Fined-grained particles and
light density flocs with low Stokes' velocity vs; < v, will have long res-
idency times in convective stratified layers. For reference, particles
smaller than d ~ 0.3 mm (p, = 2.7 g.cm™3, pp = 1.19 g.cm™>) have
terminal velocities below 10 cm.s 1. Clearly, the environmental impact
and implications of deep-sea mining and submarine tailings disposal in
the Red Sea brine bodies requires careful analysis.

5. Conclusions

Sedimentary columns at the various deeps within the central Red Sea
reflect distinct combinations between slow-rate background sedimen-
tation (dominant in the Valdivia deep) and hydrothermal metalliferous
sediment formation that nucleate and grow within the overlying brine
pools (prevalent at Atlantis II and Wando deeps; sediments in the Dis-
covery deep have a mixed origin). Marked layering and compositional
changes record pronounced fluctuations in the formation environments,
including periods of high hydrothermal activity in the last few thousand
years.

Sediments within the four deeps are made of fine-grained silt and
clay-size particles. Background sedimentation consist of biogenic car-
bonates and detrital silicate particles. Layers formed as a result of hy-
drothermal activity contain sulfides, sulfates, clays, Fe-Mn oxides, and
carbonates.

Sediments of hydrothermal origin exhibit extreme characteristics
when compared to onshore and offshore sediments worldwide. Their
shear wave velocity is highly sensitivity to effective stress, i.e., burial
depth. Velocity-stress trends highlight the effect of inter-particle elec-
trical attraction at low effective stress (the equivalent effective stress due
to van der Waals attraction is between 1.5 and 3.5 kPa). High salinity,
the rotund shape of precipitates and the presence of biogenic particles
explain the high measured friction angles, which can exceed ¢ = 35°.

Hydrothermal sediments have very high specific surface area, their
in-situ water content remains above the liquid limit within the depth of
interest, and their uncharacteristically high maximum void ratio and
compressibility result in very low sediment density profiles that are very
different from background Red Sea sediments. Their low density has a
strong effect on remote acoustic characterization, sampling strategies
and resource estimation. Consequently, previous estimations of sedi-
ment thickness and metal mass should be carefully revisited.

Sediments in the Atlantis II offer the highest mining potential fol-
lowed by the Wando deep. The smaller particles tend to have higher
specific gravity, define the metalliferous content and exhibit magnetic
permeabilities above background mineral paramagnetism. Elevated
specific gravity and ferromagnetic characteristics can guide the selec-
tion and design of separation and enrichment processes.

Fines aggregate in Red Sea brines to form low density flocs with
Stokes' terminal velocity lower than convection velocities within strat-
ified layers. Therefore, fines and aggregates may experience extended
residency times in convective brine pools. This observation gains rele-
vance for environmental analyses of seafloor mining operations and
tailings disposal.
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