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Abstract
Hydrothermal circulation at mid-ocean ridges and assim-
ilation of hydrothermally altered crust or hydrothermal
fluids by rising magma can be traced by measuring
chlorine (Cl) excess in erupted lavas. The Red Sea Rift
provides a unique opportunity to study assimilation of
hydrothermally altered crust at an ultra-slow spreading
ridge (maximum 1.6 cm yr−1 full spreading rate) by Cl,
due to its saline seawater (40–42‰, cf. 35‰ in open
ocean water), the presence of (hot) brine pools (up to
270‰ salinity and 68 °C) and the thick evaporite
sequences that flank the young rift. Absolute chlorine
concentrations (up to 1300 ppm) and Cl concentrations
relative to minor or trace elements of similar mantle
incompatibility (e.g., K, Nb) are much higher in Red Sea
basalts than in basalts from average slow spreading
ridges. Mantle Cl/Nb concentrations can be used to
calculate the Cl-excess, above the magmatic Cl, that is
present in the samples. Homogeneous within-sample Cl
concentrations, high Cl/H2O, the decoupling of Cl-excess
from other trace elements and its independence of the
presence of highly saline seafloor brines at the site of
eruption indicate that Cl is not enriched at the seafloor.
Instead we find basaltic Cl-excess to be spatially closely
correlated with evidence of hydrothermal activity, sug-
gesting that deeper assimilation of hydrothermal Cl is the
dominant Cl-enrichment process. A proximity of samples
to both evaporite outcrops and bathymetric signs of
volcanism on the seafloor enhance Cl-excess in basalts.
The basaltic Cl-excess can be used as a tracer together
with new bathymetric maps as well as indications of
hydrothermal venting (hot brine pools, metalliferous

sediments) to predict where hydrothermal venting or
now inactive hydrothermal vent fields can be expected.
Sites of particular interest for future hydrothermal
research are the Mabahiss Deep, the Thetis-Hadarba-
Hatiba Deeps and Shagara-Aswad-Erba Deeps (especially
their large axial domes), and Poseidon Deep. Older
hydrothermal vent fields may be present at the Nereus and
Suakin Deeps. These sites significantly increase the
potential of hydrothermal vent field prospection in the
Red Sea.

1 Introduction

1.1 Hydrothermal Circulation at (Ultra)
Slow-Spreading Ridges

Hydrothermal circulation of seawater, driven by the mag-
matic heat of young oceanic lithosphere is an important
process at all mid-ocean ridges (MORs). There, cold sea-
water that penetrates the crust provides an effective way to
cool the newly formed oceanic crust. The fluids that get
heated rise again to the seafloor, where hydrothermal activity
can be expressed by diffuse (low temperature) or focussed
(high temperature) venting in the form of (black or white)
smoker fields. Interaction of the circulating seawater with the
hot magma and rocks of the oceanic crust leads to a metal
enrichment of the fluids. Upon cooling of these fluids at the
surface this metal enrichment can build economically inter-
esting seafloor massive sulphide (SMS) deposits (Rona et al.
1986; Hannington et al. 2011). In addition, the heat and
specific chemistry of the venting fluids create habitats for
chemosynthetic communities at the seafloor.

Hydrothermal activity occurs at all MORs, but the
along-axis frequency of high temperature hydrothermal
venting increases with spreading rate; calculations for (ultra)
slow-spreading ridges, like the Red Sea Rift (<10–16 mm
yr−1; Chu and Gordon 1998) plot on the lower end and
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indicate at least one active vent field every 100 km of ridge
axis (e.g., Baker and German 2004; Hannington et al. 2011;
Beaulieu et al. 2015). Moreover, ultraslow-spreading ridges
such as the Gakkel Ridge and the Southwest Indian Ridge
that were believed to be hydrothermally less active show—
wherever investigated in more detail—more sites of active
venting to be present than expected (e.g., Edmonds et al.
2003; German et al. 2016). Despite a lower along-axis fre-
quency, the size of hydrothermal deposits at (ultra)
slow-spreading ridges is generally larger compared to
fast-spreading ridges (Fouquet 1997) and they have a higher
Cu and Au potential, which makes them thus most attractive
from an economic point of view (German et al. 2016). The
largest known SMS deposits, like TAG and Semenov 4,
have been discovered at the slow-spreading Mid-Atlantic
Ridge (Petersen et al. 2000; Pertsev et al. 2012).

1.2 Current Inferred Sites of Hydrothermal
Activity in the Red Sea

Hydrothermal venting in the Red Sea Rift (RSR) is inferred
to occur in some of the Red Sea Deeps that contain highly
saline (up to 270‰ NaCl) brine pools (e.g., Swallow and
Crease 1965; Fig. 1). Although the brine pools are not of
hydrothermal origin (Pierret et al. 2010; van der Zwan et al.
2015), the immobility of the dense pools gives them the
capability to preserve and accumulate temperature and
chemical attributes from hydrothermal fluids that are vented
into a brine, in contrast to ambient seawater, where those
attributes are quickly dispersed by the convecting seawater
and can only be traced close to the source. The brine pools in
the Red Sea vary in temperature from being similar to Red
Sea bottom water (about 22 °C) up to 68 °C (in the
Atlantis II Deep) and can have a characteristic chemical
composition, for example up to 5 orders of magnitude higher
trace element and gas concentrations compared to ambient
Red Sea bottom water (e.g., Schmidt et al. 2015). High brine
temperatures and specific chemistries are often associated
with the occurrence of metalliferous sediments (Gurvich
2006, and references therein). In the Atlantis II Deep, the
metalliferous sediments and their sulphur isotope composi-
tions, together with the temperature and composition of the
brine pool, suggest the strongest hydrothermal venting in the
Red Sea into a brine (Bäcker and Richter 1973; Pierret et al.
2001; Laurila et al. 2014; Schmidt et al. 2015). With the
large amount of metalliferous sediments, Atlantis II Deep is
hosting the only known currently forming sedimentary
exhalative ore (SEDEX) deposit in the world, underlining its
hydrothermal origin. Besides Atlantis II Deep, the adjacent
Discovery Deep and, further south, the Port Sudan Deep
show metalliferous sediments and seafloor brine pools with
elevated temperatures, indicating hydrothermal venting into

the brine pools there as well (Pierret et al. 2001; Gurvich
2006; Schmidt et al. 2015). In addition, the Nereus Deep
brine also shows elevated temperatures. Metalliferous sedi-
ments are not exclusively formed in Deeps with brines, but
are always associated with hydrothermal activity (e.g. Thetis
Deep; Pierret et al. 2010). Metalliferous sediments in some
of these Deeps without brine pools or in Deeps with brine
pools that have ambient temperatures (e.g., Shagara, Suakin
Deeps) may suggest past occurrences of hydrothermal
venting (Gurvich 2006; Pierret et al. 2010). Nevertheless, no
active hydrothermal vents (black smokers) have been con-
firmed so far in the Red Sea by direct observation, due to the
limited accessibility to the brine pools by modern camera
sampling systems. Only some (extinct) black smokers and
sulphide fragments have been reported from Kebrit Deep
and from the 18°N RSR respectively (Monin et al. 1982;
Blum and Puchelt 1991), but without any further indications
of recent activity. From other areas on the RSR that do not
host a brine pool, no information is known on hydrothermal
venting due to a lack of detailed investigations.

This information implies that, even when counting the
3–4 inferred active vents in brines that are inaccessible for
state-of-the-art, high-resolution visualisation equipment
(underwater robots and autonomous vehicles), the number of
active hydrothermal vent fields is significantly less than
expected over the >1300 km length of the RSR. At this

Fig. 1 Conceptual sketch showing the increase of Cl in the crust by
hydrothermal alteration. The magmatic assimilation of hydrothermal
fluids or hydrothermally altered crust causes a Cl gain in the magma
leading to basalts with Cl-excess that can be dredged. High Cl in
hydrothermal fluids is caused by phase separation (small arrows).
Hydrothermal fluids interacting with evaporites or seafloor brines may
be even more highly charged in Cl
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spreading rate, we would expect a minimum of 13 active
hydrothermal systems (based on the correlation between
spreading rate and the statistical occurance of hydrothermal
vents per 1000 km rift axis; Hannington et al. 2010, 2011;
Beaulieu et al. 2015), which implies that there are more vent
fields to be discovered in the Red Sea. The Red Sea may
have an even further enhanced capacity for hydrothermal
activity as the ocean crust has a significantly higher heat
flow than other ultraslow-spreading ridges (Girdler and
Evans 1977; Augustin et al. 2016). Each of these undis-
covered fields is expected to contain considerable amounts
of SMS due to the ultraslow-spreading rate of the RSR (cf.
Fouquet 1997; Hannington et al. 2010, 2011). The unique
high intrinsic seawater salinity (40–42‰ compared to
34.5‰ for average ocean water) of the Red Sea, the
(hot) saline brine pools (Pierret et al. 2001), and thick
evaporite sequences flanking the RSR (e.g., Whitmarsh et al.
1974; Mitchell et al. 2010; Augustin et al. 2014a; Fig. 1)
likely result in highly saline hydrothermal fluids that may
enhance fluid-rock chemistry exchange. The large tonnage
of 90 Mt of metalliferous sediments (with up to 2.06% Zn,
0.46% Cu, 41 g/t Ag, and 3 g/t Au) in Atlantis II Deep
shows the resource potential of a single RSR hydrothermal
vent area (Guney et al. 1988; Laurila et al. 2014).

1.3 Hydrothermal Vent Field Prospection

Active high-temperature vent fields can be found by
detecting their effluent in the overlying water column. This
task can be performed by MAPR casts and Tow-Yos across
the areas of interests (Klinkhammer et al. 1977; Baker and
Massoth 1987; Edmonds et al. 2003; Devey et al. 2010) or
by CTD-systems equipped with video-systems, water sam-
plers and additional sensors (i.e., CH4, CO2, pH, Eh) that
support visual ground-truthing of venting features and pro-
vide the opportunity for confirming, mapping and quanti-
fying hydrothermal fluid input into the water column
(Schmidt et al. 2013a; Linke et al. 2015). In addition, if a
rough target area is known, vent fields can be detected using
high-resolution sensors (Eh, turbidity, temperature,
side-scan, magnetometer) from deep towed instrument
platforms (TOBI) or autonomous underwater vehicles
(AUV) that can provide measurements of water anomalies,
magnetic anomalies and sidescan reflections over small
areas. For detailed investigations those instruments can also
directly image hydrothermal vent fields associated with
hydrothermal plume signals (e.g., Blondel 2010; Szitkar
et al. 2015). However, the search for hydrothermal fields
using these methods is a difficult and time-consuming pro-
cess, particularly due to the scarcity of detailed maps of the
ocean floor. The discovery of extinct hydrothermal fields
that are economically interesting and give information on

hydrothermal activity over a longer time span, is at best
extremely challenging.

As all hydrothermal venting is the seafloor expression of
deep hydrothermal fluid circulation and alteration of the
crust, an alternative prospection method for finding active
and ancient, now inactive hydrothermal occurrences is to
search for geochemical traces of deeper hydrothermal
alteration of the crust. Evidence from fast-spreading ridges
shows that hydrothermal activity and high-temperature
alteration of the oceanic crust can indirectly be traced by
the chemistry of submarine erupted mid-ocean ridge basalts
(MORB) for which chlorine (Cl) is specifically indicative.
This is because the Cl contents of seawater and magma are
vastly different (1.9 wt% and generally <500 ppm respec-
tively; Michael and Schilling 1989; Michael and Cornell
1998). Seawater infiltration and interaction with the ocea-
nic crust will hence increase the Cl content of the crust by
hydrothermal alteration (Barnes and Cisneros 2012;
Fig. 1). Assimilation of this hydrothermally altered crust or
of hydrothermal fluids (inclusions) by rising magma can
subsequently increase the Cl content of this magma that
later can be recovered as basalt from the seafloor (Fig. 1;
e.g., Michael and Schilling 1989; Coogan et al. 2002; Gillis
et al. 2003). Therefore, Cl in erupted lavas is a sensitive
tracer for hydrothermal activity. Chlorine addition due to
interaction of basalts with hydrothermal fluids was previ-
ously identified at fast-spreading mid-ocean ridges (e.g.,
Michael and Schilling 1989; Gillis et al. 2003; le Roux
et al. 2006; France et al. 2009, 2010; Kendrick et al. 2013),
in ophiolites (Coogan et al. 2002; Coogan 2003), at
back-arc basins (Kent et al. 2002; Sun et al. 2007), as well
as in ocean island basalts (Kent et al. 1999a, b; Kendrick
et al. 2017).

The Cl concentrations in basalts from (ultra)
slow-spreading ridges like the RSR are relatively low
(Cl *50–200 ppm), compared to fast-spreading ridges
(Cl <1300 ppm; e.g., Michael and Cornell 1998). Never-
theless, using a high-precision method to measure Cl in
basalts (van der Zwan et al. 2012) reveals that at
slow-spreading ridges variations in Cl due to the assimilation
of hydrothermal Cl can also be observed (van der Zwan
2014; van der Zwan et al. 2015, 2017). Furthermore, the
highly saline environment of the Red Sea has the potential to
create circulating hydrothermal fluids with high Cl contents
(Fig. 1); therefore, the Cl contamination in basalts by
hydrothermal circulation can be much higher than on aver-
age for (ultra)slow-spreading ridges. By obtaining Cl data
(ranging from 50 to 1400 ppm) from Red Sea basalts by our
high precision Cl measurement routine (±1–2 ppm SD) with
low detection limits (*10 ppm; van der Zwan et al. 2012),
we can use Cl enrichment in basalt as an excellent magmatic
marker of present and past hydrothermal circulation that can
be used to trace hydrothermalism in the RSR.
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To encircle the potential locations of hydrothermal
venting further, the geomorphological features along
mid-ocean ridges can be analysed, in order to predict
potential locations of hydrothermal venting (Yoshikawa
et al. 2012). At (ultra)slow-spreading ridges, hydrothermal
vent fields have often been found at two specific types of rift
morphologies. All closely investigated oceanic core com-
plexes revealed ultramafic hosted vent fields (www.inter-
ridge.org; Früh-Green et al. 2003; Petersen et al. 2009;
Pertsev et al. 2012; Escartín et al. 2017), but core complexes
have not been identified in the RSR so far (Augustin et al.
2016). Many basalt-hosted hydrothermal systems at (ultra)
slow-spreading ridges are related to large axial volcanoes,
highs and volcanic ridges (Lein et al. 2010; Fontaine et al.
2014; Anderson et al. 2016). For example, along the
Mid-Atlantic Ridge at 13–33 °S all large axial volcanoes
show active hydrothermal venting (Devey et al. 2013).
These axial volcanoes have a relatively smooth surface,
indicating recent volcanic activity, and are remarkably
similar in their morphological appearance to the axial domes

found in the RSR (Augustin et al. 2016). Here the use of the
latest high-resolution bathymetry data of the RSR (Augustin
et al. 2014a, b, 2016) together with targets derived from
hydrothermal Cl-excess in basalt and additional indicators
for the occurrence of hydrothermal activity in the RSR (hot
brine pools, metalliferous sediments) enable us to define the
most promising areas for currently active and older, inactive
hydrothermal vent fields and to evaluate hydrothermal
activity in the Red Sea.

2 Chlorine Excess in Red Sea Basalts

The samples are derived from 25.5°N to 16.5°N on the RSR
(van der Zwan et al. 2015) and are dredged basalts that come
in the form of pillow lavas, lobate and sheet lavas or rock
fragments with glassy surfaces (Fig. 2). The freshest (and
therefore likely youngest) samples (with no visible alter-
ation) were collected from Erba Deep (Fig. 2a), while some
samples from Atlantis II (Fig. 2b) and all samples from

Fig. 2 Examples of basalt samples from the Red Sea. a Freshest
recovered pillow basalt from Erba Deep (64PE350-43DR). The salt
encrustations (whitish network on the rock) show that the basalt was
recovered from a seafloor brine. b Blocky basalt from within Atlantis II
Deep (64PE350-33DR) shows most alteration, but nevertheless has

fresh glass on the top (left in the picture). c Basalt from Mabahiss Deep
(64PE351-14DR) shows sheet flows with fresh glass under a thin
palagonite layer. d Well-formed pillow basalt from Hadarba Deep
(64PE350-23DR) with a fine crystalline interior but fresh glasses on top
under a thin palagonite layer
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Shaban Deep show the strongest alteration, although they
still contain fresh glass. The samples from Erba and
Northern Atlantis II Deeps were recovered out of the sea-
floor brine pools (Schmidt 2013b). Fresh glasses from the
rocks have been selected and analysed for Cl, major and
trace elements by electron microprobe and laser-induced-
coupled-plasma-spectrometer (for details see van der Zwan
et al. 2015). The analytical precision (2 standard deviations)
for Cl is generally <3 ppm, for major elements <2.5%, but
up to 5% for Na and MgO and *30% for Mn and P and
typically <2–5% (one standard deviation) for trace elements.
The reproducibility is 1–2 ppm for internal standards (van
der Zwan et al. 2012).

Red Sea glasses are both on grain and sample scale very
homogeneous in their Cl, major and trace element concen-
trations, without any gradients. The samples have Cl values
that range from 58.7 to 1399 ppm (van der Zwan et al. 2015)
that are elevated compared to the majority of other
slow-spreading ridges (<200 ppm; Michael and Cornell
1998). To determine the amount of Cl enrichment by
hydrothermal processes, without disturbing this signal by
variations in magmatic Cl, it is important to estimate the
amount of magmatic Cl in each of the samples. As magmatic
Cl concentrations vary with melting or crystallisation pro-
cesses, we can use elements that behave similarly during
these processes, that is, with a similar mineral-melt distri-
bution coefficient, such as K or Nb to estimate the magmatic
Cl concentrations (Sun et al. 2007). As Nb is the closest to
Cl in incompatibility and less mobile than K, we prefer to
use the Cl/Nb ratio from the mantle (that will not be changed
during magmatic processes as the elements behave similarly)
to calculate magmatic Cl from Nb. The global Cl/Nb mantle
ratio is <30 (e.g., McDonough and Sun 1995; Saal et al.
2002; le Roux et al. 2006), but varies with region. For the
Red Sea, the Cl/Nb ratio can be refined based on the lowest
measured Cl/Nb values of the samples, since neither mag-
matic processes, nor interaction with seawater can explain a
lower Cl/Nb than the mantle Cl/Nb ratio (Fig. 3a). This
mantle ratio seems to be homogeneous in the Red Sea, as
Cl/Nb is not correlated with any trace elements or trace
element ratios that indicate source processes (van der Zwan
et al. 2015). The lowest Cl/Nb samples of the Red Sea fall
over a range of compositions with Nb from 1 to 35 ppm on a
line of 18.3 ± 2.5 that can be taken as the maximum Cl/Nb
mantle value (Fig. 3a), and which falls within the range of
Cl/Nb mantle values in the literature (see discussion in van
der Zwan et al. 2017). The samples that coincide with this
line do not show Cl-excess; for all other samples, the
magmatic Cl can be calculated and from that the amount of
Cl-excess, by extracting the magmatic Cl from the

measured Cl using the formula: Clexcess ¼ Clmeasured�
ðCl=NbmantleRedSea � NbmeasuredÞ. The result is shown in
Fig. 3b and shows that in contrast to Cl/Nb ratios, the
Cl-excess is independent from the Nb content of the samples
(and hence their magmatic Cl content), thereby excluding
any magmatic effects. The Cl-excess in the Red Sea basalts
is visible in 84% of the samples and ranges from 15 ppm up
to 1340 ppm (Fig. 3b). Cl-excess is present in samples from
the entire RSR apart from the RSR at 17°N, but is more
evident at the Hadarba, Hatiba, Atlantis II, Discovery,
Aswad and Port Sudan Deeps (Fig. 4).

Fig. 3 Chlorine chemistry of the Red Sea basalts. a Cl/Nb versus Nb
of the samples compared to the Cl/Nb of the Red Sea mantle shows
strongly elevated Cl values for most samples. b Calculated Cl-excess
against Nb reveals that most samples have Cl-excess which is
independent of the trace element chemistry (Nb-content) of the samples
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3 Discussion

3.1 Chlorine Excess and its Relation
to Hydrothermal Activity and Venting

By using Cl-excess above the magmatic Cl contents, we are
able to exclude variations in mantle Cl contents and the
effects of crustal magmatic processes on the Cl contents.
Therefore, any Cl-excess should occur due to the interaction
of magma with seawater (cf. Jambon et al. 1995). Interaction
with seawater would be possible at the seafloor, either
post-eruptive, by direct low temperature alteration (e.g., Hart
et al. 1974), or syn-eruptive, by incorporation of vaporized
seawater in sheet lavas during emplacement (Perfit et al.
2003; Soule et al. 2006). However, for the Red Sea basalts
Cl addition at the seafloor is excluded based on: (I) The fresh
appearance of the glass chips and lack of pervasive alteration
(minerals); (II) Some of the optically most altered samples
(Shaban, Atlantis II Deeps) show the lowest Cl-excess, while
the freshest samples from Erba Deep show significant
Cl-excess (Figs. 2 and 4); (III) Homogeneous Cl-excess in
the samples is not consistent with alteration, where gradients
would be expected; (IV) The lack of any correlation of Cl to
chemical indicators of surficial alteration (e.g., U, Ba, Pb,
Rb; Alt et al. 1986; Alt and Teagle 2003; Schramm et al.

2005; Augustin et al. 2008); (V) Samples that display
Cl-excess have lower H2O contents than expected for pure
seawater alteration (cf. Ito et al. 1983; Staudigel et al. 1996;
Bach et al. 2003; le Roux et al. 2006). To generate the
observed Cl-excess in basalts without significantly elevating
the H2O contents of the samples requires a salty contaminant
with Cl/H2O ratios of >0.25, which is higher than seawater
(Cl/H2Oseawater *0.02) or the seafloor brines (Cl/H2Oseafloor

brine <0.22) (for details see van der Zwan et al. 2015). In
addition, we see no systematics in Cl-excess for samples that
are recovered from brine pools or from ambient seawater
(Fig. 4).

Since Cl addition due to interaction with seawater at the
seafloor can be excluded, Cl must have been added deeper in
the crust. This is consistent with homogenous Cl contents
within each of the samples that suggest mixing and
homogenisation of magma after Cl incorporation as shown
by van der Zwan et al. (2015). The Cl contaminant, which
must have a relatively high Cl/H2O ratio, cannot be simply
heated seawater. Neither does bulk hydrothermally altered
crust have a high enough Cl/H2O ratio to produce the
observed Cl-excess when assimilated (<0.036; Ito et al.
1983; Bach et al. 2003; Barnes and Cisneros 2012; van der
Zwan et al. 2015). Fluids with high Cl/H2O ratios are found
in the crust in the form of hydrothermal brines with up to
50% salinity (not to be confused with the seafloor brines)
that are formed by phase separation of heated seawater
(Bischoff and Rosenbauer 1987; Fournier 1987; Kelley and
Delaney 1987; Berndt and Seyfried 1990; Von Damm et al.
2003; Fig. 1). Chlorine from these hydrothermal brines can
be added to a magma in diverse ways. They can be directly
incorporated as a liquid into a magma (Kendrick et al. 2013),
or by assimilation of hydrothermally altered crust, if brine
fluids are present in the porosity of the rocks (Coogan et al.
2003; Gillis et al. 2003). Also in high-Cl hydrothermally
formed minerals such as amphibole (Barnes and Cisneros
2012), brines can be present in the form of brine inclusions
or in the crystal structure, which provides an alternative
mechanism to add Cl to a melt if this altered crust is
assimilated (Michael and Schilling 1989; Kent et al. 1999a).
Assimilation of only partial melts of hydrothermally altered
crust, which are particularly formed by these secondary Cl
and/or brine-rich minerals that have the lowest solidus
temperatures, will also result in high Cl/H2O liquids as the
melt takes up more Cl than H2O (Kent et al. 1999a; France
et al. 2010; Wanless et al. 2010). In all cases, even though
the exact mechanism to incorporate Cl that was introduced
by hydrothermal fluids in the sub-surface to a magma is
disputed, the resulting erupted basalts with Cl-excess indi-
cate hydrothermal activity.

This is confirmed by a comparison of Cl-excess in basalts
to sites with other, independent evidence for hydrothermal
activity. The Red Sea data show that Cl-excess related to

Fig. 4 Cl-excess of basalts (dots; this study used data from van der
Zwan et al. 2015 and additionally Cl-excess after data of Jenner and
O'Neill 2012 is shown) grouped by geographic location along the RSR,
compared to local bottom water salinity (bars) and temperatures
(indicated by the colour of the bars). Brines with high temperatures
consistently contain some basalts with Cl-excess (100–800 ppm),
indicating that basaltic Cl-excess shows hydrothermal activity in the
crust
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hydrothermal activity is widespread all along the RSR,
demonstrating that hydrothermal circulation is occurring
everywhere along the ridge to a certain degree. However, we
see a clear variation in Cl-excess between samples from
different locations. The high variation in Cl-excess between
samples, also within a Deep, reflects the high compositional
variety with heterogeneous amounts of hydrothermal alter-
ation of slow-spreading oceanic crust and the relatively
small scale of processes acting there (e.g., Dick et al. 2000).
As hydrothermal circulation is not pervasive throughout the
crust and magmas may assimilate different sections of this
crust, the lack of Cl-excess does not preclude hydrothermal
circulation, but samples with Cl-excess always point to
interaction with hydrothermal brines. The regions in the Red
Sea with evidence for focussed former or present-day sea-
floor extrusion of hydrothermal fluids in the form of met-
alliferous seafloor precipitates (e.g., Thetis, Shagara and
Suakin Deeps) and/or hot brine pools (Nereus, Atlantis II,
Discovery and Port Sudan Deeps; red and yellow bars in
Fig. 4) always yielded basalts with the highest Cl-excess of
>100 ppm (Cl/Nb >50; van der Zwan et al. 2015). Within
the Atlantis II Deep samples with the strongest Cl-excesses
are found close to the SW basin and on the western flank of
Discovery Deep (van der Zwan et al. 2015), areas where
most probably current hydrothermal venting into the brine is
occurring, based ontrace element studies (Brewer and
Spencer 1969; Bäcker and Schoell 1972; Schoell and Hart-
mann 1973; Monin et al. 1981). This suggests that on the
scale of a single Deep, high Cl-excess in basalt can also
indicate the location of hydrothermal venting. In conclusion,
Cl-excess in basalts can be used as a firm indicator of the
strongest (past and present) hydrothermal circulation and the
amount of Cl-excess can be applied to indicate potential
areas affected by hydrothermal venting (cf. van der Zwan
et al. 2015, 2017).

3.2 Red Sea Morphology and Cl-Excess
in Basalts

Chlorine excess due to hydrothermal activity in Red Sea
basalts is strongly linked to the morphological features of the
Red Sea Rift, particularly to volcanic activity and the
proximity to evaporites on the rift flanks. Samples with the
highest Cl-excess (>250 ppm; Cl/Nb >100; van der Zwan
et al. 2015) are always found within 5 km distance of
evaporites, indicating that close to evaporites the inflowing
water becomes highly charged with Cl as a result of evap-
orite dissolution and 5 km may be indicative of the scale of
the recharge zone. Beyond 5 km, Cl-excess is still obvious
but less strong, representing hydrothermal alteration of the
crust by circulation of ambient Red Sea bottom water. When
evaluating the areas for the best hydrothermal prospection,

it needs to be kept in mind that some of the extreme values
may be a result of evaporite presence and therefore not
directly indicative of the strongest hydrothermal activity or
the location of vent fields. More indicative for hydrothermal
vent field prospection is the relation between Cl-excess and
volcanism.

It was shown that magmatic intensity based on the per-
centage area of volcanic edifices and ridges, discernible in
seafloor morphology, has a positive relation with Cl-excess
in Red Sea basalts (van der Zwan et al. 2015). In addition,
we note that in the Thetis-Hadarba-Hatiba area, which was
determined by Augustin et al. (2016) to be the most vol-
canically active area in the central Red Sea, some of the
highest Cl-excess in basalts is found (Fig. 4). The fact that
the southern RSR, which is volcanically even more active,
does not show the same Cl-excess has likely to do with the
absence of evaporites close by (van der Zwan et al. 2015). In
the central RSR faults are not related to Cl-excess and are
probably ubiquitously present so that the pathways for
hydrothermal activity are always available (van der Zwan
et al. 2015). As shown by the relation between volcanism
and Cl-excess, here the presence or absence of a heat source
(volcanic activity) is essential for hydrothermalism to take
place. Strong and robust magmatism that has been active
since several Ma can be found in the Red Sea in the form of
large axial dome volcanoes (Mabahiss Mons, Thetis Dome,
Hatiba Mons, Aswad Dome) and associated spreading-
perpendicular volcanic ridges (Metz et al. 2013; Augustin
et al. 2014b, 2016). These domes are very similar to large
dome volcanoes at other (ultra)slow-spreading ridges that
host active hydrothermal vent systems, such as at the
southern (Devey et al. 2013) and northern Mid-Atlantic
Ridge (Marcon et al. 2013; Escartín et al. 2014). Indeed, the
domes in the Red Sea show recent activity in the form of
lava flows that are visible in multibeam backscatter data
(Augustin et al. 2016) and all hosted basalts display
Cl-excess (Fig. 4). This demonstrates that geomorphological
evidence for high volcanic activity can be used together with
the Cl-excess to point to the most promising areas where
hydrothermal venting is presently taking place.

3.3 Hydrothermal Vent Field Potential
of the Red Sea Rift

With the new advances in the geomorphology of the RSR
and the geochemistry of its basalts, we are able to make a
contemporary evaluation of the present (and past) areas
influenced by hydrothermal activity along the RSR (Fig. 5).
For this we used previously known indications for
hydrothermal activity such as the temperatures of the brines
and occurrences of metalliferous sediments in the deeps,
together with new information of basaltic Cl-excess and the
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Fig. 5 Bathymetric map of the central RSR with inferred sites of
hydrothermal activity based on basaltic Cl-excess (yellow stars), brine
temperatures (orange stars) and metalliferous sediments (red stars).

New exploration areas based on Cl-excess and rift morphology are also
indicated (smokers)
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latest bathymetric models of the RSR. While the metallif-
erous sediments and Cl-excess give information on the
possible occurrence of massive sulphide deposits formed by
hydrothermal activity at any possible time, the temperatures
of the brines and indications from morphology for recent or
past volcanism (providing a heat source to drive
hydrothermalism) give insights as to whether hydrothermal
venting at these locations may be current or extinct.

In the previous paragraphs, we have shown that all sites
that have high temperature seafloor brine pools (Atlantis II,
Discovery and Port Sudan, Nereus Deeps; red and yellow
bars in Fig. 4) and hence must have hydrothermal venting
into the brine, also have high basaltic Cl-excess. However,
we see differences between the locations, with Nereus Deep
showing clearly lower Cl-excess in its rock samples and
having the lowest elevated brine temperature (30°; Schmidt
et al. 2015). Bathymetry from Nereus Deep shows little
evidence of active volcanism, and a greater depth of the
Deep (Fig. 5). Also, basalt samples collected from there
were embedded in carbonates and thus are older. This
implies that hydrothermal venting is presently limited in
Nereus Deep, due to the lack of recent volcanism. In the
other high-temperature brines, venting seems very active,
also shown by the abundant metalliferous sediments there
and increasing brine temperatures of the Atlantis II Deep
brines during the last decades (Schmidt et al. 2015).

At Shagara, Erba and Suakin Deeps hydrothermal activity
is indicated by Cl-excess and in some cases metalliferous
sediments, but the seafloor brines are colder (within 5 °C of
ambient temperatures; Fig. 4). Thus, although hydrothermal
activity is indicated, this is either not presently active, or
venting is not taking place within the brine pool. The first is
most likely the case for Suakin Deep, which is at present the
deepest area of the whole RSR and characterised by exten-
sive tectonic and little volcanic activity (Fig. 5); only 5% of
the area shows high multibeam backscatter indicating recent
volcanism (Augustin et al. 2014a, b). Also, samples recov-
ered from here indicate older ages as they were covered by
thick manganese encrustations, indicating former volcanism
and hydrothermal venting. Samples from Shagara and Erba
Deeps, in contrast, are fresh glasses with Cl-excess coupled
with higher volcanic activity and recent lava flows seen in
backscatter data (Augustin et al. 2014b, 2016; Fig. 5). Here
hydrothermal venting is most likely presently occurring
outside of the brine pools (and therefore any heat released
through focussed venting is released to ambient seawater and
not trapped in the brine pools), perhaps not surprisingly in
view of their relatively small volume (� 11 km2) compared
to their large basins (>800 km2). In these Deeps, recent
hydrothermal venting seems likely and they represent good
targets for hydrothermal prospection for non-brine-covered
vent fields. Shaban Deep, which also hosts a cool brine pool,
does not show any evidence of hydrothermal activity, other

than low Cl-excess, which probably merely represents dif-
fuse background hydrothermal circulation and does not
represent the presence of focussed hydrothermal venting,
leading to black smokers.

Chlorine-excess as an indicator of hydrothermal activity
is most valuable for the areas in the RSR that do not host
brine pools, as little other evidence is present there due to the
lack of brines to store signals of hydrothermal venting and
the few investigations of these areas. The strongest indica-
tions for hydrothermal activity from Cl-excess come from
basalts of the Thetis-Hadarba-Hatiba Deeps area, which is
hence a primary target for hydrothermal exploration (Figs. 4
and 5). This area also displays a comparably shallow rift axis
and discernible volcanic edifices cover 44% of the seafloor
(average of the RSR is *33%), with 20% displaying fresh
lava flows (Augustin et al. 2016). This implies that sufficient
heat must have been available to drive hydrothermal circu-
lation and that hydrothermal activity is most likely recent. In
more detail, the highest Cl-excess is found in Hadarba deep
close to the largest dome volcano, Hatiba Mons (Fig. 5),
confirming the relation between hydrothermal activity and
dome volcanoes. Moreover, the other large volcanoes on the
RSR (Thetis Dome, Aswad Dome and Mabahiss Mons) are
interpreted to host hydrothermal venting, due to their strong
association with Cl-excess and additionally the occurrence
of metalliferous sediments in the Thetis Deep. As volcanism
seems to be active at all domes based on recent lava flows
and fresh samples (Metz et al. 2013; Augustin et al. 2016),
hydrothermal venting is also likely to be presently active
there. Another volcanically active area that hosts basalts with
strong Cl-excess is 20 km north of Port Sudan Deep
(Poseidon Deep), indicating possible current hydrothermal
venting (Fig. 5).

In the southern Red Sea, Cl-excess is lower, due to the
lack of evaporites and also high trace element concentrations
(and thus high magmatic Cl), which makes it more difficult
to detect Cl-excess. Nevertheless, Cl-excess is visible in
some basalts at 18°N, consistent with fragments of sulphide
chimneys, indicating hydrothermal vents there (Monin et al.
1982). Although bathymetric data show considerable vol-
canism, hydrothermal venting may have been present only
for a limited time, due to the higher magmatic activity of the
crust that may make it less permeable, comparable to vari-
ations observed at 5–11 °S MAR (Devey et al. 2010). With
the current data, we therefore cannot determine whether or
not this hydrothermal venting is occurring now.

4 Conclusions

Chlorine-excess in basalts shows that the RSR is
hydrothermally active all along the axis. However, the
temporal and spatial intensity of this activity is varying and
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focussed hydrothermal venting is only indicated by higher
basaltic Cl-excess. The target areas derived from Cl-excess
in basalt, together with the good bathymetric data of the Red
Sea Rift and additional indicators for the occurrence of
hydrothermal activity in the RSR (hot brine pools, metal-
liferous sediments), enable us to define the most promising
locations for hydrothermal vent fields and associated sea-
floor massive sulphide deposits and vent communities. The
data shows that hydrothermal venting is probably currently
occurring at Mabahiss Mons, in the Thetis-Hadarba-Hatiba
Trough and the Shagara-Aswad-Erba Trough (particularly at
the large axial volcanic Thetis Dome, Hatiba Mons and
Aswad Dome) and in Poseidon Deep, in addition to previ-
ously known locations in the Atlantis II, Discovery and Port
Sudan Deeps. Older hydrothermal vent fields may be present
at Nereus and Suakin Deeps, while at the RSR at 18°N it is
unclear if hydrothermal venting is still taking place. Our new
evidence for hydrothermal activity significantly increases the
potential of hydrothermal vent field prospection in the Red
Sea and these new sites will be of particular interest for
future hydrothermal research in the Red Sea.
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