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Brine pools in deep-sea environments provide unique perspectives into planetary and geological processes, ex-
tremophile microbial communities, and sedimentary records. The NEOM Brine Pool Complex was the first deep-
sea brine pool system found in the Gulf of Aqaba, representing a significant extension of the geographical range
and depositional setting of Red Sea brine pools. Here, we use a combination of brine pool samples collected via
cast using a conductivity, temperature, depth instrument (CTD), as well as interstitial porewaters extracted from
a sediment core collected in the NEOM Brine Pool to characterize the chemical composition and subsurface
evolution of the brine. New results indicate that the NEOM brines and the subsurface porewaters may originate
from different sources. Elemental concentrations suggest the brines in the NEOM pool are likely derived from
dissolution of sub-seabed evaporites. In contrast, the sedimentary porewaters appear to have been influenced by
periodic turbidite flows, generated either by earthquakes, submarine landslides, or flash floods, in which normal
marine waters from the overlying Red Sea became entrained, periodically disturbing the chemistry of the brine
pool. Thus, sediment porewaters beneath brine pools may record transient and dynamic changes in these deep
marine depositional environments, reflecting the interplay between climate, tectonics, and sedimentation pat-
terns along a rapidly urbanizing coastline. In concert, new results from NEOM extend the range and chemical
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constraints on Red Sea Brine Pools and highlight the dynamic interplay between Red Sea Deep water, dissolving
evaporites, turbidites, and subsurface fluids that produce these unique depositional environments which host
microbial life at the edge of habitability. In concert with sedimentological indicators, the chemistry of porewaters
beneath deep-sea brine pools may present detailed records of natural hazards arising from interactions between
the atmosphere, lithosphere, hydrosphere, and anthroposphere.

1. Introduction

Brine pools are dense bodies of highly saline water, or brine, that
form lake-like structures in seafloor depressions (Ross and Hunt, 1967).
Brine pools have been found in the Gulf of Mexico, the Mediterranean
Sea, and the Red Sea (Antunes et al., 2011; Camerlenghi, 1990; Cita,
1991; Cita, 2006; Joye et al., 2005; MacDonald et al., 1990; Shokes
et al,, 1977; Wallmann et al., 1997; Westbrook and Reston, 2002;
Yakimov et al., 2013; Purkis et al., 2022a; Herut et al., 2022). The for-
mation of these deep-sea ecosystems has been attributed to a number of
different factors and processes such as (1) the dissolution and seepage of
evaporitic deposits in sediment layers below water bodies through salt
tectonics, (2) the heating and dissolution of salts by hydrothermal fluids
associated with hotspots and tectonic spreading centers, (3) dissolution
of locally exposed evaporites, or (4) relic brine pools (Vengosh and
Starinsky, 1993, Vengosh et al., 1998; Augustin et al., 2018; Cita, 2006;
Hunt et al., 1967; Censi et al., 2019; Salem, 2017). The high salinity of
brine seeping from the seafloor makes the water dense compared to the
surrounding seawater, allowing the brine to accumulate in depositional
lows.

Throughout the 1960s, the Red Sea central rift zone was intensively
investigated due to the discovery of anomalous temperatures, high sa-
linities, and the discovery of two brine pools: the Atlantis II Deep and the
Discovery Deep which are attributed to hydrothermal formation (Backer
and Schoell, 1972; Gurvich, 2006; Reysenbach and Cady, 2001; Schmidt
et al., 2003; Swallow and Crease, 1965). Following this discovery, at
least 25 brine pool systems in total have been discovered within the Red
Sea (Backer and Schoell, 1972; Batang et al., 2012; Duarte et al., 2020;
Miller et al., 1966; Pautot et al., 1984; Purkis et al., 2022a). Red Sea
brine pool complexes have previously been categorized based on the
temperature, depth, and geological setting of the pools: hot, deep-sea
brine pools are located within the axial trough of the Red Sea Rift
while cool brine pools are located in shallower depths in close proximity
to the shoreline (Anschutz et al., 1999; Antunes et al., 2011; Backer and
Schoell, 1972; Batang et al., 2012; Cochran et al., 1986; Duarte et al.,
2020; Gurvich, 2006; Purkis et al., 2022a, 2022b; Table S1). The hot
axial brine pools are characterized by anoxic conditions and water
temperatures that are substantially warmer than ambient seawater due
to hydrothermal activity associated with the basin's spreading axis
(Anschutz et al., 1999; Ross and Hunt, 1967; Schardt, 2016). The cool,
coastal brine pools, meanwhile, consist of two brine pools located on the
shallow coastal shelf offshore of Saudi Arabia away from the axial
trough: the Thuwal Seeps at 860 m deep (Batang et al., 2012) and the
Afifi Brine Pool at 350 m deep (Duarte et al., 2020). These two anoxic
pools both contain hypersaline waters that are not substantially warmer
than ambient seawater, thus making them cold compared to the axial
pools.

Geochemical analysis of the brine pools has also proven useful in the
classification of brine pool complexes. Red Sea brine pools have also
been classified as Type I or Type II brine pools based on their
geochemistry and interpreted origin (Schmidt et al., 2015; Table S1).
According to this classification scheme, Type I brine pools are typically
located off-axis from the central rift, and their brine chemistry is
controlled by evaporite dissolution and sediment alteration, indicated
by patterns in the concentrations of Na*, K*, Br*, Cl~, and SO%~
(Schmidt et al., 2015). These brine complexes are characterized by high
salinity, low pH, low temperatures, and low trace metal concentrations,
indicating that hydrothermal fluids are of minor importance when

considering influences on brine origin. In contrast, Type II brine pools
are strongly influenced by hydrothermal fluids from interactions be-
tween seawater and volcanic rock due to proximity to the central rift.
Type II brine pools are characterized by high concentrations of elements
such as Mn, Fe, and Zn and lower concentrations of Mg and SO%’
attributed to hydrothermal fluids (Schmidt et al., 2015).

The discovery of the NEOM Brine Pool represents the first brine pool
to be found in the Gulf of Aqaba, and the only brine pool discovered
outside of the Red Sea central basin (Purkis et al., 2022a). NEOM differs
compared to other pools in that it is located only 2 km from shore, 10x
closer to the shoreline than the next closest cool-coastal brine pool
(Thuwal Seeps, ~25 km from shore; Batang et al., 2012). Situated at an
abyssal depth of 1770 m, the NEOM Brine Pool and its surrounding
environment also host exceedingly rich microbial fauna and metazoan
assemblages, providing insight into life at its most extreme (Purkis et al.,
2022a). Quantitative characterization of microbial communities in brine
pools with different classifications may provide insight into the habit-
ability and tolerance ranges of extremophiles analogous to those that
arose on early Earth. While the NEOM Brine Pool can likely be classified
as a cool, shore-proximal brine pool based on temperature and location
of discovery (Purkis et al., 2022a), the data in-hand preclude classifi-
cation as either a Type I or Type II brine pool (sensu Schmidt et al.,
2015). Given the limited examples of Type I brine pools that currently
exist in the literature, classification of the NEOM Brine Pool could
potentially provide only the third confirmed Type I brine pool complex
in the greater Red Sea Region, accompanying pools such as Oceanog-
rapher (Backer and Schoell, 1972; Anschutz et al., 1999) and Kebrit
(Backer and Schoell, 1972), and providing insight into the dynamics of
extremophiles in low temperature pools with hypersaline and anoxic
conditions. Although much progress has been made in characterizing the
composition of brine pools, especially the axial brine pool associated
with hydrothermal activity in the central Red Sea over the past decades,
the elemental composition of porewaters from sediments beneath such
brine pools are also understudied in the region. Interstitial porewaters
potentially represent an important archive of information regarding the
origin and evolution of these brine pools. While analysis of sediment
porewaters has been conducted in a core collected from the Atlantis II
Deep Brine Pool (Anschutz et al., 2000), a Type II Brine Pool sensu
Schmidt et al. (2015), to our knowledge sedimentary porewaters have
yet to be studied in any of the Type I Brine Pools.

Complimenting scientific interest in brine pools as early Earth ana-
logues, sedimentological records from beneath the NEOM brine pool
indicate exceptional preservation of a detailed record of geological
hazards impacting human civilization over the past ~1200 years (Purkis
et al., 2022a, 2022b). The tectonic setting and morphology of the Red
Sea make it uniquely susceptible to multiple geological hazards,
including earthquakes, submarine landslides, and tsunami resulting
from the fault-controlled morphology of the basin (Ben-Avraham et al.,
1979, Ben-Avraham, 1985; Shaked et al., 2004; Salem, 2009; Kanari
et al., 2015; Goodman Tchernov et al., 2016; Ash-Mor et al., 2017;
Purkis et al., 2022a). The narrow width of the Gulf of Aqaba further
amplifies impacts of tsunami in the region, because there is little op-
portunity for energy dispersion before arriving to coastal zones (Purkis
et al., 2022b). Further climate-controlled impacts on sedimentation
include changes in grain size associated with prolonged periods of
drought in the adjacent desert regions (Kalman et al., 2020) and flash
floods which can produce significant hyperpycnal gravity flows trans-
porting terrigenous sediment to the deep (Katz et al., 2015; see their



G. Duchatellier et al.

Fig. 3 and their Video S1 for excellent example). Deposits induced by
turbidity currents and submarine landslides have previously been
observed in brine pools from the Red Sea (Botz et al., 2007), Mediter-
ranean (Stanley and Maldonado, 1981; Rimoldi, 1993; Rimoldi et al.,
1996), and the Gulf of Mexico (Sawyer et al., 2019), demonstrating the
anoxic and highly saline conditions characteristic of brine pools around
the world likely promote unique and exceptional preservation of the
archive of geological hazards in Earth history. In the vicinity of the Gulf
of Aqaba, regional urbanization and growing infrastructure projects,
including residential districts, tourist resorts, and other facilities,
demonstrate the need for understanding of the timing, frequency, and
impact of such geological hazards (Chalastani et al., 2020).

Here, our aim is to analyze the geochemistry of the brine pool waters
and porewaters extracted from sediments directly underlying the NEOM
Brine Pool to provide insight into the origin and evolution of the brine
pool using the Schmidt et al. (2015) brine pool classification scheme
(Type I vs Type II). We hypothesize that these new datasets will provide
insight into perturbations experienced by the NEOM brine pool, and
results will contribute to the developing record of natural hazards in the
region. In addition to previously reported measurements of temperature,
Na™, Cl”, and total sulfur concentrations (Purkis et al., 2022a), we
present new measurements of elemental composition, especially Mg2",
Caz+, B, and Li" concentrations, as well as Mg/Ca ratios in both the
brine pool itself, as well as new interstitial porewaters extracted from a
sediment core collected from the bed of the pool. Results provide new
insight into the chemical processes occurring in this environment,
permitting an evaluation of plausible origins of the NEOM Brine Pool
and the influence of perturbations produced by natural hazards such as
flash floods, tsunamis, earthquakes, and submarine landslides that
impact the anthroposphere, atmosphere, hydrosphere, and lithosphere.

2. Materials and methods
2.1. Depositional setting and sample collection

The geological and environmental conditions of the Red Sea have
promoted the formation of extreme environments that may provide
insight into the conditions of early Earth. The Red Sea began forming
about 30 Ma when the Arabian Plate started rifting from the African
Plate (Coleman, 1993; McGuire and Bohannon, 1989). The onset of this
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rift transitioned the spreading center from a continental rift to an
oceanic rift and led to more extensive fault activity associated with
volcanism at 24-23 Ma (Bosworth, 2015; Bosworth and Burke, 2005;
Stockli and Bosworth, 2018). Existing tectonic models of the Red Sea are
variable and contradictory with respect to the extent and age of seafloor
spreading, locations of faults, and distributions of ocean crust in the Red
Sea Basin. However, a recent model argues that continuous seafloor
spreading began at least 12-13 Ma along the central rift, making the
present-day Red Sea a fully mature ocean basin that has completed its
rifting phase (Purkis et al., 2012; Augustin et al., 2021). Hydrothermal
sediments and alteration of magmatic rock are associated with this area
of active seafloor spreading along the central Red Sea rift (Scholten
et al., 2000). At the start of rifting around the beginning of the Miocene,
evaporites were deposited across the central Red Sea, with deposits
containing halite beds and other evaporites with mixed lithologies of
halite, anhydrite, shales, carbonates, and clastic sediments (Hughes and
Beydoun, 1992). The hydrothermal sediments and evaporite deposits
associated with the Red Sea basin have created unique source rock
materials that facilitate the development of extreme marine environ-
ments such as anoxic submarine brine pools.

The Gulf of Aqaba is located in the easternmost bifurcation of the
northern Red Sea (Fig. 1). Approximately 180 km long and 8 km wide,
the Gulf of Aqaba is a deep terminal elongated basin reaching a
maximum depth of 1829 m (Ibrahim and Abdelmenam, 2013). The
NEOM Brine Pool, named after a 2020 research cruise sponsored by
NEOM and the OceanX “Deep Blue”, is the first brine pool discovered in
the Gulf of Aqaba (Purkis et al., 2022a). This brine complex consists of
one large brine pool and three minor pools located within 50 m of the
main pool. The NEOM Brine Pool is 260 m long, 70 m wide, and has an
area of 10,000 m2, while the minor pools are circular and have areas of
<10 m? (Purkis et al., 2022a). The NEOM Brine Pool sits at an abyssal
depth of 1770 m, and although it is much deeper than the Thuwal Seeps
and Afifi Brine Pool, NEOM brines have similarly cool temperatures
(~21.8 °C; Purkis et al., 2022a). Of all the brine pools of the Red Sea
region, NEOM is the most shore-proximal pool, situated just 2 km
offshore from the coast (Purkis et al., 2022a).

Cast data from a conductivity, temperature, depth instrument (CTD,
Sea-Bird 011+) indicates that the water column above the brine pool
had a salinity of 40 practical salinity units (PSU), a temperature of
21.33 °C, and dissolved oxygen of 180 pmol/L (Purkis et al., 2022a).

Fig. 1. Map of the location and tectonic setting of the NEOM Brine Pool Complex. A) Location of the Gulf of Aqaba, situated at the northernmost extent of the Red
Sea. B) Shows the Aragonese Deep (abbreviated as Arag. Deep), which is bounded by Arona and Aragonese faults (black lines) within the Gulf of Agaba. Cooler colors
correspond to deeper depths. The NEOM Brine Pool Complex is located on the eastern margin of the Aragonese Deep (yellow box in B (modified from Purkis et al.,
2022a). C) Expanded view of the inset box in panel B, which shows the morphology of the NEOM Brine Pool Complex. The sediment core studied here was collected
from the deepest portion of the pool, marked by a star in panel C (modified from Purkis et al., 2022a).
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These parameters remained constant down to 1769.26 m deep until
reaching the brine-seawater interface. The salinity of the brine 20 cm
below the brine interface overwhelmed the conductivity probe at 120
PSU, and further laboratory-based analysis has revealed the true salinity
of the brine to be 160 PSU (Purkis et al., 2022a). The dissolved oxygen
content decreased to 50 pmol/L approximately 20 cm below the brine
interface and reached a minimum of <10 pmol/L by 50 cm beneath the
brine-seawater interface. Unlike salinity and dissolved oxygen, the
temperature of the brine changed only slightly below the interface,
creating a very small temperature increase of 1 °C in the brine pool
compared to the overlying water column. The low dissolved oxygen
values classify the NEOM Brine Pool as an anoxic environment, and the
modest warming of the brine suggests a lack of hydrothermal influence
on the pool (Purkis et al., 2022a). In a previous study, samples of the Red
Sea seawater located 500 and 5 m above the brine pool, at the brine-
seawater interface, and within the brine pool itself were collected
using a 12 x 12 L rosette of Niskin bottles (Purkis et al., 2022a). Mea-
surements of salinity, alkalinity, initial pH and the concentration of Na™,
S02", and Cl~ in the NEOM brine pool were previously reported using
the same methods applied here (Purkis et al., 2022a).

Deployed from the OceanXplorer, a 6000 m-rated Argus Mariner XL
remotely operated vehicle (ROV) was used to collect a 150 cm sediment
core (CHR0017-5) in a PVC tube from the pool using the ROV's hydraulic
manipulator arm. During coring, the sediments were compacted, and
here we will report measurements relative to compacted depths in the
collected core. Upon recovery, the core was capped on both ends and
stored under refrigeration until its delivery to the Rosenstiel School of
Marine, Atmospheric, and Earth Science. Previous work employing
computerized tomography and sedimentological description indicated
that this core contains a sedimentological record of at least ten grain-
rich, siliciclastic turbidite sequences possibly generated by flashfloods
and associated hyperpycnal flows, or through earthquake-initiated tur-
bidites (Purkis et al., 2022a, 2022b).

2.2. Interstitial porewater collection

Holes were drilled through the sediment core liners using a handheld
power drill at sequential increments guided by observation of sedi-
mentary structures related to compacted depth collected using a CT scan
(Purkis et al., 2022a). Five-centimeter Rhizon samplers with silicone O-
rings were inserted through the drill holes for porewater collection that
leaves sedimentary record intact (Dickens et al., 2007). A 60-mL poly-
propylene syringe was connected via luer-lock to each Rhizon sampler to
collect water samples extracted. Porewater extraction using Rhizons
carries the advantage of filtration to 0.22 pm during collection, thus
porewaters were filtered upon collection from microbial and colloidal
contaminants (Dickens et al., 2007; Knight et al., 1998; Seeberg-Elver-
feldt et al., 2005). Extracted porewaters ranged in volume from 5 to 15
cm,3 likely related to downcore variations in sedimentology and
permeability (Purkis et al., 2022a). Very little porewater was recovered
in samples collected between 35 and 45 cm, and thus it was not possible
to analyze these samples. After collection, porewaters were transferred
to 50-mL centrifuge tubes, treated with 50 pL of concentrated ultratrace
HNOg3, and stored in a dark refrigerator prior to analysis.

2.3. Geochemical analyses

Both brine pool and porewater samples were gravimetrically diluted
proportional to their salinity with 1 % nitric acid prepared with distilled
nitric acid (Savillex Acid Purification system, DST-1000) and 18 MQ
MilliQ water (MilliQ7005) in a Class 100 UL 1805 certified poly-
propylene trace metal workstation in an ISO Level 7 Clean Room.
Elemental concentrations were determined using triple quad-
rupoleinductively coupled plasma mass spectrometry (Agilent 8900,
Agilent Technologies, Santa Clara, CA, USA) at the University of Miami,
FL. The 8900 was equipped with an integrated autosampler (SPS-4) with
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HEPA filtration and coverkit, Ni skimmer and sampler cones, and
standard electron multiplier detector. In these analyses, a standard
sample introduction system, including a glass MicroMist nebulizer, a
quartz double pass spray chamber, and quartz torch with 2.5 mm id
injector, and a UHMI setting of 8 was used for online sample dilution
using Ar gas. Instrument operation was conducted in Mass Hunter 4.5
Workstation Software (C.01.05). Three replicate analyses consisting of
100 sweeps each were conducted for each measurement, and all re-
ported values represent measurements with <10 %, but typically lower
than 5 % RSD. For all elements, the instrument was operated in MS/MS
mode in either No gas, He, Hy and Oy gas modes using the collision-
reaction cell (CRC). Instrument tuning was conducted prior to each
analysis, and the tuning solution contained 1 pg/g Li, Y, and Tl (Agilent
Technologies Tuning solution) which allowed for the optimization of
signal sensitivity and peak resolution at low, mid, and high m/z ranges
as previously (Harouaka et al., 2021). Plasma-derived oxides and doubly
charged ions were monitored before each analytical batch and main-
tained below 2 % and 3 %, respectively. Scandium and Indium were
introduced using the Agilent online internal standard kit to serve as
internal standards. National Research Council Canada (NRCC, Ottawa,
Canada) seawater certified reference material (CRM) CASS-6 and In-
ternational Association for the Physical Sciences of the Oceans (IAPSO)
seawater were used for method validation and estimates of accuracy in
repeat analyses with each analytical batch. A seven-point external
calibration curve was produced from commercially available multi-
element solutions produced by Agilent Technologies and was certified
using NIST-traceable Spex Certiprep solutions and/or CRMs (IAPSO and
CASS-6), both with reproducibility better than +10 %. Following
convention of Duarte et al. (2020), data are reported in mM in data
tables below. For comparison to Red Sea datasets presented by Schmidt
et al. (2015), data were converted to mg/L. Chloride concentrations
were measured by titration with 0.1 M silver nitrate using a solution of
potassium permanganate and potassium di-chromate as an end-point
indicator and calibrated using IAPSO seawater Gieskes et al. (1991).
Data analysis, including preparation of ternary diagrams, was conducted
in Geochemist's Workbench 12.0.

Alkalinity was measured using a Gran titration method (Gran, 1950)
in which increments of 0.1 M HCl acid were added to between 5 and 10
em?® of filtered porewater using a computer interfaced to Metrohm auto
burette. As a result of the relationship between the change of pH, sample
volume, and the quantity of acid needed to reach a pH of <2, the
titration alkalinity can be calculated (Gieskes et al., 1991). The initial pH
of the titration is taken as the pH of the pore fluid. The measurement is
calibrated using solutions provided by Dickson et al. (2003) and pro-
vides a precision of <0.1 mM.

3. Results
3.1. NEOM Brine Pool

Geochemical analysis of the NEOM Brine Pool and overlying
seawater in the Gulf of Agaba revealed that the NEOM Brine Pool is an
Na-Cl brine, with Na* and Cl~ concentrated by a factor of ~4 relative to
the overlying seawater of the Gulf of Agaba (Table 1, Purkis et al.,
2022a).

In addition, NEOM Brine Pool is enriched in K*, Ca%*, and Sr** by
factors >10 (Table 1). Concentrations of Mngr and SO%~ in the NEOM
brine were lower than predicted by conservative behavior, with con-
centration factors < 4, which were the concentration factors for Na™ and
Cl™ concentrations in the brine pool relative to the overlying seawater
(Table 1). The Sr*" concentrations in the NEOM Brine Pool were
enriched by a factor of ~30 in the brine pool. Boron and magnesium
concentrations in the NEOM Brine Pool were 3.3 mM and 170 mM
respectively. The concentration of Ca?" in the NEOM Brine Pool was
109 mM, and the molar ratio of magnesium to calcium in NEOM was
0.95.



G. Duchatellier et al.

Table 1

Elemental concentrations in NEOM Brine Pool (1760 m) and Gulf of Agaba
(1260 m). Concentrations reported previously by Purkis et al. (2022a) are
denoted by an asterisk.

Element NEOM brine Gulf of Aqaba seawater Brine/SW ratio
Na' (mM) 2350* 565* 3.9
Cl™ (mM) 2780* 685* 4.1
Mg®* (mM) 170 61 2.8
K" (mM) 59 6 10.7
Ca®* (mM) 109 9 10.7
Total S (mM) 10* 35% 0.3
Sr?™ (mM) 3 0.1 30.2
B (mM) 3.3 1.0 3.3
Li* (mM) 0.142 0.035 4.1

3.2. Sedimentary porewaters

Major cation and anion concentrations of sedimentary porewaters
collected from CHR0017-5 are reported in Table S2, and excess plots are
shown in Fig. 2. Like the overlying brine, sedimentary porewaters were
dominated by Na™ and Cl~, which ranged from 1428.5 to 2018.4 mM
and 2281.8 to 3126.6 mM respectively. The Mg?" concentrations varied
from 112.6 to 180.2 mM, while Ca®* ranged from 52.3 to 98.9 mM.
Boron (B) concentrations ranged from 1.7 to 2.9 mM in the porewaters,
K" from 12.31 to 15.23 mM, and total S from 7.46 to 15.61 mM. Lithium
(Li) concentrations ranged from 51.4 to 81.6 pM. Stratigraphic variation
in porewater composition was explored using ionic concentration vs
depth and ‘excess plots’ (Fig. 2), where porewater values were
normalized to those in the NEOM Brine Pool adapted from calculations
presented by Swart and Kramer (1998). Chloride, a conservative ion,
exhibited concentrations lower than the overlying brine pool at shallow
depths, and concentrations that exceeded that of the brine pool at 25 to
30 cm depth (Fig. 2). Small relative increases in Cl~ were also observed
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in porewaters collected from the base of the core. Overall, concentra-
tions of K+, Mg?*, Ca2*, sr?*, total boron (Fig. 2) were lower in the
porewaters than in the NEOM Brine Pool. Concentrations of Mg**
exhibited stratigraphic variability with measurements at 30 cm and
between 60 and 85 cm characterized by excess values in the porewaters
that exceeded those of the overlying brine pool (Fig. 2). Total sulfur
concentrations in the porewaters were typically higher than those of the
overlying brine pool in the upper section of the core until a depth of ~50
cm, beneath which porewater exhibited negative excess values (Fig. 2).
Excess total alkalinity in the porewaters ranged from +1 to +2.5 mM
relative to the brine pool (Fig. 2). Increases in excess alkalinity were
observed between 60 and 80 cm, concurrent with increases in excess
Mg?* concentrations (Fig. 2).

4. Discussion
4.1. Origin and classification of the NEOM Brine Pool

The NEOM Brine Pool contains Na-Cl brines that are approximately
four times more saline than the overlying seawater in the Gulf of Aqaba
(Purkis et al., 2022a). Comparison of the major element composition of
the NEOM Brine Pool samples with published values for other Red Sea
brine pools (Bonatti et al., 2005; Patzold et al., 2000, 2003; Schmidt
etal., 2011, 2013, 2015) revealed that the water type classification of all
other pools can also be described as Na-Cl brines.

To compare other element concentrations in brines through the Red
Sea, we converted our mM to mg/L as reported by Schmidt et al. (2015).
Boron and magnesium concentrations in the NEOM Brine Pool were the
second highest ionic concentrations relative to measurements conducted
in other Red Sea brines (Schmidt et al., 2015; Anschutz et al., 2000),
with the highest concentrations of boron (49.7 mg/L) and magnesium
(6821 mg/L) found in Oceanographer Deep. The concentration of Ca in
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Fig. 2. Down-core trends in porewater composition. (Left to right) High resolution core photo is from Purkis et al., 2022a. Chloride concentrations are shown as
black circles, with the orange star at the top of the plot showing the composition of the NEOM Brine Pool measured from CTD cast. Next, excess plots of chloride-
normalized ions, including Mg2+, Ca?*, total Sulfur, K*, and finally, Sr?*, total boron, and total alkalinity in mM relative to the overlying NEOM Brine Pool
composition, which is defined as zero (indicated by vertical dashed grey lines). Calculations were conducted following equations presented in Swart and Kramer
(1998). Intervals highlighted in brown boxes across the plot represent coarse grained intervals in the core photo, including siliciclastic turbidites identified previously
by Purkis et al. (2022a). Inadequate recovery volume of porewater from the thickest turbidite interval (~30 to 45 cm depth) precluded geochemical analyses in

this section.
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the NEOM Brine Pool was close to the average calcium concentration of
other Red Sea brine pools (3310.2 mg/L), and the ratio of magnesium to
calcium in NEOM was 0.95, most comparable to the Mg/Ca ratios of the
Port Sudan (1.21), Erba (1.46) and Kebrit (1.3) brine pools (Fig. 4).

Ternary diagrams comparing the concentration of Ca®", Mg?*, and
SO?{ in the NEOM Brine Pool to other Red Sea brine pools (Bonatti et al.,
2005; Patzold et al., 2000, 2003; Schmidt et al., 2011, 2013, 2015)
revealed three groups of brine pools (Fig. 3), including: 1) a group
containing Albatross, Nereus, Atlantis II, and Discovery which are
characterized by relatively high Ca2t, low Mg?" and high SO%~ con-
centrations, 2) a second group of brine pools including Suakin, Port
Sudan, Erba, Conrad, and Afifi which are characterized by low Ca2+,
high Mg2*, and high SO%~ concentrations, and finally, 3) a third group
which includes Kebrit, Oceanographer, and NEOM Brine Pools, which
can be characterized by relatively high Mg?*, low Ca®* and low SO3~
concentrations (Fig. 3B). When Ca®", Mg?*, and K* are compared in
ternary diagrams, two groups of brine pools are differentiated (Fig. 3),
including: 1) a group containing Nereus, Albatross, Discovery, and
Atlantis I which are characterized by high Ca®*, low Mg?*, and high K*
concentrations, and 2) a group including Suakin, Port Sudan, Erba,
Conrad, Afifi, Oceanographer, Kebrit, and NEOM which can be charac-
terized by low Ca?", high Mg, and low K (Fig. 3B).

Historically, the origin of many brine pools in the Red Sea have been
attributed to the interaction of Red Sea water with evaporites in the
sediment column that are likely Miocene in age (Craig, 1969; Schoell
and Faber, 1978). More recent conceptual models, which classify brine
pools (sensu Schmidt et al., 2015; Duarte et al., 2020) by their chemis-
try, aim to differentiate brine pools by the range of depositional settings,
ambient brine temperatures, and major element chemistry. Analysis of
the NEOM Brine Pool chemistry, including Mg/Ca ratios and elemental
concentrations (B, Mg2t, SO5~, Ca®*, K™), indicate that the NEOM Brine
Pool composition is a Type I brine pool, most comparable to the Kebrit
and Oceanographer brine pools (Fig. 5, Table S3 Bonatti et al., 2005,
Patzold et al., 2000, 2003). The chemistry of these brine pools is
controlled by the original Miocene salt deposit composition (Schoell and
Faber, 1978) and fluids interacting with sedimentary strata that migrate
from depth into the brine and change the original evaporite solution
chemistry (Schmidt et al., 2015). Second to the Oceanographer brine
pool, NEOM has the highest measured concentrations of boron and
magnesium (Table 4). Brine rich in magnesium could be explained by
the dissolution of Mg-rich evaporite minerals (Stoffers and Kiihn, 1974)
and/or the dissolution of detrital carbonaceous material (Pierret et al.,
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2001), both of which would be accompanied by an increase in Ca, Sr,
and dissolved inorganic carbon, as well as an increase in K concentration
in the case of Mg-rich evaporite dissolution (Schmidt et al., 2015). The
boron concentration of NEOM (35.9 mg/L) paired with the Mg/Ca ratio
(0.95) of NEOM is most similar to that of Oceanographer and Kebrit
(Table 4, Fig. 4). Published datasets for Suakin, Port Sudan, Conrad,
Valdivia, and Erba suggest that these pools can be differentiated from
NEOM, Kebrit, and Oceanographer by their relatively higher sulfate
concentrations (Figs. 3, 4), despite similarly cool temperatures (see
Fig. 1 from Purkis et al., 2022a). Thus, it may be expected that higher
concentrations of sulfide minerals could be found in relatively low sul-
fate brine pool settings like NEOM, Kebrit, and Oceanographer, and
potentially, greater abundances of sulfur-metabolizing microbial
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Fig. 4. Plot of boron concentrations (mg/L) vs. Mg/Ca ratios following notation
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communities (Michaelis et al., 1990; Scholten et al., 2000; Triiper, 1969;
Purkis et al., 2022a). Unlike NEOM, the Type 2 brine pools contain
relatively lower boron concentrations, and plot along the geochemical
pathway describing brine sources originating from volcanic rock alter-
ation as proposed by Schmidt et al. (2015) (Fig. 4). Classification of the
NEOM Brine Pool as Type I in this conceptual framework suggests that
the chemistry of the NEOM brine pool is predominantly controlled by
subsurface evaporite dissolution and contributions from sediment
alteration, not alteration of volcanic materials as observed in Type II
pools (Schmidt et al., 2015). These observations suggest that the origin
and evolution of the NEOM brines have been impacted by processes like
water-rock interaction, diagenesis, mineral dissolution (especially
evaporites) and precipitation, and/or influences of microbial metabo-
lisms similar to those occurring in the Kebrit and Oceanographer brine
pools (Schmidt et al., 2015).

Measurements conducted on brine samples from the NEOM Brine
Pool are consistent with conservative salinity enrichment, driven by
increases in Na™ and Cl~ (Table 1). However, not all measured elements
in the NEOM Brine Pool behave conservatively (Table 1). Concentra-
tions of Ca?t and K are approximately 10 times higher in the NEOM
Brine Pool than in the seawater above, and Sr®* concentration is 30
times higher, while total sulfur and Mg?" enrichment factors are lower
than expected (0.3 and 2.8, respectively), each of which are anomalous
in comparison with other brine pools in the Red Sea. Elements that are
relatively enriched relative to Na®* and ClI~ will be discussed in the
context of possible explanations, followed by elements that were found
to be depleted in the brines relative to the overlying Gulf of Aqaba
seawater.

Enrichment of elements in brine pools has been observed in other
brine pools of the Red Sea (Table S3), including the Atlantis II Deep
brine pool complex (Zierenberg and Shanks, 1986; Anschutz and Blanc,
1995), Thuwal Seeps (Batang et al., 2012), as well as the Afifi brine pool
(Duarte et al., 2020). Like NEOM, geochemical analyses of the Atlantis II
Deep brine pool complex also exhibited enriched Sr?* concentrations
relative to the overlying normal Red Sea seawater, however, they were
only enriched by a factor of ~4-6 (Zierenberg and Shanks, 1986;
Anschutz and Blanc, 1995). In Atlantis II Deep, comparison of Sr>*
concentrations to radiogenic strontium isotopes (¥Sr/%°Sr values) and
sediment mineralogy led the authors to conclude that Sr** was released
during the dissolution of manganese- and iron-oxide minerals to form
more stable forms of goethite, hematite, manganite, or todorokite
(Anschutz and Blanc, 1995) supporting links between dynamic changes
in sediment mineralogy during diagenetic reactions. Enrichment factors
for many metals in the Thuwal Seeps brine pool system were found to be
significantly higher than normal marine seawater, ranging from 10 to
>140, despite having the lowest reported salinity values for brine pools
in the Red Sea (Batang et al., 2012). In the Afifi brine pool, conservative
enrichment of many of the major ions was observed by a factor of ~5.6,
but elements like Fe, Mn, POy, and SiO, exhibited non-conservative
behavior and exceed these enrichment factors relative to the overlying
seawater (Duarte et al., 2020). However, non-conservative enrichment
in the Afifi Brine Pool occurs by smaller factors than those observed in
our dataset from NEOM (Table 1). Interpreted to be similar to the Kebrit
and Oceanographer brines, the Afifi brine pool was described to form via
the mixing of Red Sea waters with formation waters impacted by the
dissolution of underlying evaporitic sediments, rather than a hydro-
thermal origin (Duarte et al., 2020). Unfortunately, boron concentra-
tions and Mg/Ca ratios were not reported for several of these systems,
precluding the inclusion of the Afifi and Thuwal Seeps brine pools into
the conceptual model of Type I and II brine pools presented by Schmidt
et al. (2015) (Fig. 4). However, other geochemical indicators led the
authors to conclude that the origin of the brines in Afifi was similar to
Kebrit and Oceanographer (Duarte et al., 2020). Thus, it could be
inferred that Afifi might also be a Type I brine pool like NEOM, while
Thuwal Seeps has been alternatively interpreted to originate from an
extant cold hydrocarbon seep site (Batang et al., 2012).
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Both total S and Mg?" concentrations and enrichment factors in the
NEOM Brine Pool were lower than predicted by comparison to conser-
vative elements like Na® and Cl~ (Table 1), suggesting a process that
preferentially removes these elements from the brine pool. Overall,
concentrations of total sulfur in the NEOM Brine Pool were relatively
low (~10 mM) compared to other brines in the Red Sea, which range
from 8.5 mM at Chain to 72.0 mM at Valdivia (Backer and Schoell, 1972;
Karbe, 1987; Pierret et al., 2001) as well as sulfate concentrations in
normal marine seawater (28 mM; Canfield and Farquhar, 2009). In the
NEOM Brine Pool, sulfur enrichment factors are lower than expected
(0.3) considering conservative behavior of other elements in the brine
(Table 1). Low concentrations of sulfur in the brine pool itself (inferred
to be present as sulfate in oxidized environments, and hydrogen sulfide
in anoxic settings) support the interpretation of high rates of microbial
sulfate reduction and sulfide oxidation in the anoxic waters of the NEOM
pool (Purkis et al., 2022a). Brine pool chemistry in the greater Red Sea
has also been characterized to have low sulfate concentrations, such as
in Atlantis II (Anschutz et al.,, 2000), where halotolerant sulfate-
reducing microbial communities have been isolated from the
seawater-brine interface (Triiper, 1969), as well as in Kebrit Deep, which
was shown to contain high concentrations of HyS (a product of microbial
sulfate reduction (Hartmann et al., 1998)) and minerals formed with
reduced sulfur like pyrite and sphalerite (Michaelis et al., 1990; Scholten
et al., 2000). Shaban Deep, another brine pool occurring in a water
depth of 1325 m, was found to have massive sulfide deposits and H,S-
free anoxic brines (Michaelis et al., 1990), as well as isotopic evidence of
biogenic sulfate reduction in the form of 54S values enriched in 3*S
(Blum and Puchelt, 1991). In contrast to our data from the NEOM pool,
sulfate concentrations from the Afifi brine pool indicate a similar
enrichment factor as major elements like Nat and Cl™ suggesting that
metabolisms contributing to biogeochemical cycling of sulfur were not
important in this environment (Duarte et al., 2020). In a controlled
experiment investigating the development of biofilms in the vicinity of
Thuwal Seeps, Lee et al. (2014) measured sulfate in the pool waters (2.9
g/L or 26.9 mM), but comparison of enrichment factors for C1” (2.8) and
sulfate (1.03), as well as genetic identification of sulfate-reducing bac-
teria indicate some degree of sulfate reduction in the Thuwal Seeps.

4.2. Origin of downcore changes in the chemistry of sedimentary
porewaters

Sedimentary porewaters exhibited significant downcore changes in
chemistry, with some intervals characterized by less saline porewaters,
and others by more saline brines. Variations in key elements occurred
with depth, especially those related to carbonate and evaporite minerals
(Figs. 2, 4, 5). Chloride, which does not actively participate in sediment
diagenetic reactions, provides important insight into the origin and
evolution of the porewaters (Fig. 2). Chloride concentrations in the
porewaters varied with depth (Fig. 2), indicating that salt was added, or
water was removed in different proportions through time (i.e., Zhang,
2020). Relative depletions in Cl™ can occur from the addition of waters
with lower salinity through time. One plausible explanation may be
entrainment of shallower Red Sea water within the first, shallow silici-
clastic rich turbidite that was deposited in the upper part of the core
(Fig. 2, see Purkis et al., 2022a). Many of the grain-rich turbidites,
including ten turbidite intervals identified previously within the core
(Purkis et al., 2022a) are similarly associated with decreased concen-
trations of C1~ (Fig. 2). At approximately 60 cm depth, another interval
of porewaters with low C1~ concentrations was observed, and associated
with several thin, coarse-grained intervals (Fig. 2). Porewater Cl~ con-
centrations are as much as 17.3 % lower than the overlying Brine Pool,
especially in the upper 13 cm of the core (Fig. 2). Red Sea Deep Water,
which is characterized by a CI”~ concentration of 684.7 mM at a depth of
~1200 m (Purkis et al., 2022a), may have been entrained by periodic
coarse-grained turbidity currents. Previous work supports this inter-
pretation— hyperpycnal flows have been shown to entrain fresher waters
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Fig. 5. Plots of B/Li (molar ratio) and Li (uM). Green symbols show B/Li, blue
symbols show Li concentration. NEOM Brine Pool samples are shown as filled
diamonds, and sedimentary porewaters are shown as filled circles. Data from
Schmidt et al. (2015) are shown in grey box using the same abbreviations:
Hydrothermal (HT), Mid Ocean Ridge Hydrothermal Vent (MORHTV), Hydro-
thermal Vent (HTV).

from flash floods to the offshore environments (Katz et al., 2015). Thus,
we hypothesize that the disruption of the brine pool by turbidity cur-
rents (Purkis et al., 2022a) can be preserved in both the lithological
composition of the cores, as well as the porewater chemistry. The
frequent coarse-grain flows arriving to the NEOM Brine Pool that
occurred over the past ~1200 years (Purkis et al., 2022a) have signifi-
cantly impacted the sedimentology and the chemistry of the NEOM
Brine Pool periodically—a signature that appears to have been propa-
gated to the porewater archive over time. Consequently, porewater
geochemistry of sediments beneath Red Sea brine pools may represent a
rich and understudied archive that document turbidite-driven hydro-
chemical changes to this environment induced by regional changes in
climate, tectonics, and sedimentation.

On the other hand, Cl™ concentrations can also be relatively enriched
compared to the brine pool in some sedimentary layers, including those
at depths between 25 and 30 c¢cm, and 35 cm (Fig. 2). Relative enrich-
ments in Cl” can occur through several mechanisms, first, increased
brine seepage rates from the toe-of-slope that enhance the proportion of
saline brines delivered to the low, second, entrainment of hypersaline
brines originating from sabkhas located adjacent to shallow marine
environment via flash floods and/or turbidity currents, or third, through
the removal of water during diagenetic alteration of ash and hydrous
diagenetic minerals (Martin, 1994; Torres et al., 1995; Zhang, 2020). To
differentiate the various mechanisms that impact porewater chemistry
associated with such perturbations, further analysis of brine chemistry
and porewaters, coupled with detailed geochemical and petrographic
analyses of the sediments seeking to identify ash and terrigenous sedi-
ment layers in these intervals, is warranted. For instance, previous
studies have shown that compositional changes in sediment grain-size
and metal-to-silica ratios can provide insight into the frequency and
intensity of flash flood events in the past (i.e., Katz et al., 2015).

Analysis of the Mg/Ca ratios and boron concentrations using the
Schmidt et al. (2015) conceptual framework further support the inter-
pretation that the porewaters may be the result of mixing of two sources
of waters (Fig. 4). The first brine source would be the overlying NEOM
Brine Pool, which we interpret to have formed as a result of dissolution
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of sedimentary evaporites and sediment-water interactions, classified as
a Type I pool in the conceptual model of Schmidt et al. (2015).
Consistent with the geochemical classification, photographic evidence
of brines seeping from the toe-of-slope on the eastern Gulf of Aqaba was
recovered during the submersible dives from the OceanXplorer that
recovered the sediment core studied here (Purkis et al., 2022a, see their
Fig. 5). The second source is characterized by lower boron concentra-
tions and B/Li ratios compared to the brine pool itself (Fig. 5), as well as
other brine pools reported by Schmidt et al. (2015). Entrainment of
shallower waters by turbidity currents, as described above, is one pos-
sibility. A second possibility is the lateral migration of brines into the
porewaters that were previously influenced by volcanic rock alteration,
indicated by the shift towards lower boron concentrations in the pore-
waters at depth (Figs. 2, 4). Concentrations of Li and molar ratios of B/Li
provide additional support for this interpretation (Fig. 5). The B/Li
molar ratios were higher in the NEOM Brine Pool and porewaters than in
the Red Sea Deep Water. In concert with changes in Cl™, these obser-
vations suggest that the relative balance of brines, including those
seeping out from the slope, those delivered by turbidity currents, and
those potentially migrating into the system laterally, likely changed
through the evolutionary history of the brine pool.

In general, study of the geochemical composition of interstitial
porewaters extracted from other Red Sea brine pool sediment cores re-
mains underexplored. In comparison to the composition of metalliferous
sediment porewaters extracted from the Atlantis Il Deep (Anschutz et al.,
2000), the porewaters in the sediment core from NEOM Brine Pool
typically have significantly lower average elemental concentrations for
Ca?t,Na't, K*, and Cl™. Porewaters from NEOM have on average ~4.8x
elevated Mg?" compared to those measured from Atlantis II Deep
(Anschutz et al., 2000). These differences can likely be attributed to
dissimilar geological settings and origins of these brine pools. The
Atlantis II Deep and characteristic metalliferous sediments represent an
active hydrothermal system in the Red Sea with hot fluids feeding into
an axial depression (Anschutz and Blanc, 1995; Hartmann et al., 1998),
which can explain lower concentrations of elements such as Mg?* and
boron. In the NEOM porewaters, concentrations of Mg?* were higher
than the overlying brine at core depths of 26.5, 58.4, 68.6, 69.8, 74.8,
and 78.8 cm. When increases in Mg+ are coupled with increases in the
concentrations of Ca®*, Sr**, and alkalinity, Mg-rich carbonate mineral
dissolution is likely occurring (Swart and Kramer, 1998). The decrease
in excess sulfur in the porewaters beneath 48.2 cm may be explained by
sulfate reduction (Swart and Kramer, 1998) in the core (Fig. 2), which
can initially produce corrosive porewaters facilitating carbonate mineral
dissolution (i.e., Mackenzie and Andersson, 2011).

4.3. Implications for extreme environments and early earth

Deep sea brine pools present one of the most extreme habitable en-
vironments on Earth. Brine pools are characterized by high osmotic
stress, anoxia, high hydrostatic pressure, and low water activity yet still
support unique microbial communities of extremophiles demonstrating
life at its most extreme (Antunes et al., 2011; Joye, 2020; Fisher et al.,
2021). An important characteristic of these anoxic hypersaline basins is
the formation of salinity, temperature, density, and oxygen gradients at
the seawater-brine interface above the pool that prevents the mixing of
oxidants, reductants, and organic or inorganic particulate matter able to
support microbial cell growth (Antunes et al., 2020). The distinct
chemical compositions of deep sea hypersaline anoxic brines have been
referred to as ‘isolated islands of evolution’ due to high genetic novelty,
distinct microbial communities, and the prevention of cross-
colonization among individual pools attributable to salinity, ion
composition, and anoxia (Stoeck et al., 2014).

Continued discovery of new deep sea brine pools provides opportu-
nity for discovering new taxa that may potentially exist in such unknown
environments (Fisher et al., 2021), with high potential for biotechno-
logical application development like anticancer therapeutics (Ziko et al.,
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2019; Esau et al., 2019). Prior research on Red Sea Brine pools suggested
that Type I brine pools were relatively rare, and case studies were
limited to Kebrit (Patzold et al., 2000, 2003) and Oceanographer
(Bonatti et al., 2005). With the discovery of the NEOM Brine Pool
(Purkis et al., 2022a) and the new insights into its chemical composition
presented here, there is an opportunity to more deeply investigate dif-
ferences in the composition and metabolic function of the microbial
communities that are found in these distinct chemical environments.
16S rRNA sequencing of microbial communities associated with sedi-
ments in the upper 20 mm beneath the NEOM Brine Pool indicate that
anerobic prokaryotes, including sulfate reducers, are the predominant
communities associated with this environment (Purkis et al., 2022a).
Our results suggest that the chemistry of shore-proximal brine pools like
NEOM can be periodically impacted by geological hazards that perturb
otherwise stable extreme conditions established by their abyssal loca-
tion. Consequently, such geological hazards may exert a selective in-
fluence on the genetic composition of the communities that inhabit such
environments. Comparative investigations of the genetic range of mi-
crobial communities associated with the modern brine pool and per-
turbed intervals is warranted.

Primordial life was suggested to have originated in anoxic and hy-
persaline conditions, approximately 1.5 to 2 times more saline than
modern ocean salinity (Knauth, 1998; Knauth, 2005; Knoll, 2015;
Dundas, 1998), suggesting that the brine pools like NEOM which have
been discovered in the Red Sea, Mediterranean, and Gulf of Mexico may
provide a modern analogue for the conditions that fostered life as we
know it (Mancinelli et al., 2004; van der Wielen et al., 2005). More than
two decades of research indicates that study of extreme environments,
like the deep hypersaline brine pools, can more precisely delineate the
limits of life (Horikoshi, 1998; Javaux, 2006; Javor and Javor, 1989;
Rothschild and Mancinelli, 2001) and provide well constrained ana-
logues that aid in the study of depositional settings targeted in the search
for life on Mars. For example, studies of brine-driven diagenesis of clay
minerals on Earth include Lake Lewis (English, 2001); the Pleistocene
Lake Tecopa (Larsen, 2008); the Tyrell Basin, Australia (Macumber,
1992), and other saline lakes (Deocampo and Jones, 2014), each of
which have provided key case studies for comparison of the recently
collected in situ measurements collected by the Curiosity Rover
exploring the Gale Crater on Mars (Bristow et al., 2021). Thus, a
multitude of chemical, microbiological, medical, and geological ques-
tions motivate continued study of these extreme environments.

4.4. Implications for reconstructing the frequency of geological hazards to
coastal communities

Our results indicate that both brine pool sediments and their asso-
ciated porewaters can record changes in the frequency and intensity of
deposits produced by natural hazards such as flash floods, earthquakes,
tsunami, and submarine landslides which can produce turbidity cur-
rents. Interplay between sedimentation, tectonics, and climate can
produce normal background sedimentation, as well as punctuated epi-
sodes of perturbation, including natural hazards like tsunami, earth-
quakes, submarine landslides, and flash floods (Fig. 6). The ability to
attribute turbidites in brine pool sequences to a particular origin will be
an important step in refining timescales for these natural hazards (Fig. 6,
orange arrows). Enhanced understanding of the frequency of flash floods
versus earthquakes, submarine landslides, and tsunami is essential to
develop strategies that protect rapidly growing coastal communities and
infrastructure (Chalastani et al., 2020). Multiple cascading threats,
including submarine landslide-tsunamis generated by an earthquake are
a particular concern (Salamon et al., 2021). Even an incipient landslide
in the Tiran Strait has been implicated in the generation of a 10 m
tsunami wave (Purkis et al., 2022b). We suggest that consideration of
sedimentary evidence in tandem with coeval porewater chemistry may
provide additional information regarding turbidite origin. For instance,
turbiditic episodes induced by flash floods should be expected to entrain
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Fig. 6. Schematic representation of factors that impact porewater chemistry in
the NEOM brine pool, including connections between extrinsic controls,
including sedimentation, tectonics, and climate occurring as a consequence of
background processes versus episodic natural hazards (flash floods, earth-
quakes, landslides, and tsunami) and subsurface lithology.

lower salinity waters than submarine processes. Conversely, submarine
landslides or earthquakes may entrain water with chemistry more like
shallow marine conditions of the Red Sea, entrained within anomalously
old sediment packages containing shallow marine allochems (Ash-Mor
et al., 2017). Further high-resolution sedimentological and geochemical
analysis of intervals characterized by porewaters with low Cl~ may
provide key indicators of which geological hazard is responsible for each
event layer.

Eventually, diffusion will attenuate the unique porewater signatures
(i.e., Blattler et al., 2019), associated with deposition induced by
geological hazards, thus, it should be expected the relative depletions
and enrichments of porewater chemistry are a transient phenomenon,
potentially providing insight into only geologically recent dynamics of
water sources and perturbations. Nonetheless, attributing changes in
porewater chemistry is expected to provide longer-term insight into
societal risks from geological hazards, increasing the record from de-
cades (i.e., Cramer et al., 2018) to centuries or even millennia (Kalman
et al., 2020; Purkis et al., 2022a). Comparison of sedimentology and
porewater chemistry of brine pools across the entire Red Sea system
could thus provide unprecedented insight into spatiotemporal dynamics
of geological hazards occurring at the intersection of geological pro-
cesses, climate, and society.

5. Conclusions

Geochemical analysis of the NEOM Brine Pool and associated sedi-
mentary porewaters have revealed two insights into the dynamics of
these extreme environments at the base of the Gulf of Aqaba in the Red
Sea. First, by applying the conceptual framework of Schmidt et al.
(2015) our new results indicate that the NEOM Brine Pool is a Type 1
brine pool, likely produced through subsurface dissolution of evaporites
flowing out onto the seafloor. Only the third Type I brine pool
confirmed, this new observation prompts NEOM as a critical modern
analogue for evaluating unique trends in extremophile microbial com-
munities in Type I vs Type II brine pools and their role in economically
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significant deposits of metals like Mn. Second, geochemical analysis of
porewaters revealed a dynamic subsurface environment impacted by
water-rock interactions and perturbations induced by turbidity currents.
Low pH and total sulfur concentrations in the porewaters coincide with
peaks in alkalinity and concentrations of Ca®* and Mg2* at the base of
the core, suggesting active diagenetic regimes inducing dissolution of
carbonate minerals. Low boron, Cl~, and relatively high Li™ concen-
trations in the pore waters within turbidites in this core relative to the
NEOM pool itself suggest that waters of lower salinity were delivered to
the brine pool by flash floods or during episodic earthquakes/tsunami in
the recent geological past. Thus, in addition to serving as pristine,
undisrupted sedimentological archives preserved in an anoxic hypersa-
line environment with implications for early Earth and potentially Mars,
the underlying sediments also appear to contain a detailed geochemical
archive of societally-relevant geological hazards.
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