


tive spreading mode of plate separation. The
northern segment represents the pre-sea£oor
spreading stage in the development of the conti-
nental margin [4].

A characteristic feature of the central and
northern Red Sea, discovered in 1966, are isolated
topographic depressions which are ¢lled with geo-
thermal brines, i.e. waters characterized by ele-
vated salinities and temperatures (e.g. [5^7]). The
high salinities are caused by leaching of the Mio-

cene evaporites that underlie the entire Red Sea
[8]. The brines occur in one or more horizontally
uniform layers, separated by thin interfaces with
sharp gradients of temperature and salinity (e.g.
[9^11]).

In 1997, the Atlantis II and the Discovery deeps
in the central Red Sea and the Kebrit Deep in the
northern Red Sea were revisited (Fig. 1). The At-
lantis II Deep is the largest and best studied brine
pool within this unique geological environment.
Isotope investigations have demonstrated that
the Atlantis II brine is part of an active hydro-
thermal system (e.g. [12^14]) but, in spite of nu-
merous studies, there is still considerable debate
concerning the detailed origin (e.g. [15,16]) and
the dynamics of the brine system [10]. Origin
and formation processes of the northern brine
pools are still poorly understood.

One of the keys to de¢ning the origin of £uids
is application of isotope geochemistry, including
helium isotopes. Helium is one of the most sensi-
tive and indicative geochemical tracers for such
studies as it is chemically inert and has distinct
isotopic signatures in the individual geological
reservoirs. In general, helium dissolved in sea-
water is mainly derived from the atmosphere
and characterized by the atmospheric isotope ra-
tio (Ra = (3He/4He)a = 1.384U1036 [17]). The
sources of helium in excess of solubility equilibri-
um with the atmosphere can be identi¢ed and
quanti¢ed by their speci¢c isotopic signatures.
So-called radiogenic helium with low 3He/4He ra-
tios (1^3U1038 [18]) is characteristic for crustal
or sedimentary reservoirs where radiogenic 4He
is produced from radioactive decay of uranium
and thorium chain elements and accompanied
by a small 3He component of nucleogenic origin.
Mantle helium (3He/4He = 1^4U1035) is the rem-
nant of the primordial helium inventory trapped
in the Earth's mantle at its accretion [19]. Another
useful tracer of mantle processes is mantle-derived
radiogenic 40Ar produced by the decay of 40K
(e.g. [20]). Vent £uids from mid-ocean ridge hy-
drothermal systems extract the mantle volatiles
during hydrothermal circulation through newly
formed oceanic crust (e.g. [21]). However, in con-
trast to the extensive data set for helium isotopes,
there exist only very few studies dealing with ar-

Fig. 1. Map of the Red Sea showing the locations of the
three investigated deeps. The Atlantis II Deep (21³22.5P N,
38³4.5P E) is the largest brine pool (5U14 km) and is associ-
ated with metalliferous sediments of potential economic im-
portance. The Discovery Deep (21³17P N, 38³3.2P E) belongs
to the Atlantis II Deep area and is situated 5 km southwest
of the Atlantis II Deep. The Kebrit Deep belongs to a series
of smaller brine pools in the northern Red Sea and is located
at 24³43.35P N, 36³16.6P E.
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gon isotope anomalies in hydrothermal £uids
[22,23].

We present a new, detailed set of helium and
argon isotope data from three di¡erent deeps in
order to complement our recent study on atmos-
pheric heavier noble gases [16]. We used a newly
developed in situ sampling technique which pre-
serves the undisturbed gas composition of the
brine without the disturbing e¡ects of degassing
often encountered in sampling extreme marine en-
vironments [16]. Major goals of the present study
are: (1) to identify the geochemical signatures of
the di¡erent brine systems, (2) to develop a for-
mation scenario for the Kebrit Deep in the north-
ern Red Sea, potentially representative for other
brine pools in the northern Red Sea, (3) to re-
evaluate the proposed origin of the Atlantis II
system, and (4) to compare the formation process-
es of the Kebrit and the Atlantis II brines in rela-
tion to their geological settings.

2. Methods

Water samples for noble gas analysis were ob-
tained during cruise 121 of RV Sonne in 1997.
One set of the samples (later referred to as Niskin
samples, N) was taken using the standard proce-
dure for helium sampling, i.e. on-board transfer
of the water from the Niskin bottle to copper
tubes immediately after recovery of the rosette.
As this standard sampling procedure is known
to be problematic for extreme marine environ-
ments with high dissolved gas concentrations
(mainly CH4 and CO2, e.g. [26]) we obtained a
second set of samples using a new in situ sampling
technique developed at the ETH Zu«rich [16]. This
device seals the samples in copper tubes under in
situ conditions and thus avoids degassing losses
owing to pressure release on the up-cast and dur-
ing the water transfer from the Niskin bottle to
the copper tube. Thus, the in situ samples (re-
ferred to as Q) represent the `original' brine com-
position as has been shown in [16].

2.1. Analytical procedures

The helium isotopes of the Niskin samples were

measured at the Institute of Environmental
Physics at the University of Heidelberg using a
VG MM 3000 sector ¢eld mass spectrometer
[24]. The in situ samples were analyzed for all
noble gases and their isotopic composition at
the noble gas laboratory at ETH Zu«rich [25].
The heavier noble gas data have been discussed
elsewhere [16].

2.2. Data evaluation

Comparison between the duplicates (four sam-
ples were taken by both sampling procedures)
allows us to evaluate potential degassing e¡ects
occurring during Niskin sampling. Large di¡er-
ences of the composition between Niskin and in
situ samples were observed in the brine layers of
the Atlantis II brine, where the CH4 concentra-
tions are of the order of 100 Wl l31 and higher,
and in the Kebrit brine which shows extremely
high methane concentrations up to 22 ml l31 [26].
Such high amounts of hydrocarbons and CO2

may degas and form bubbles as the Niskin bottle
is raised through the water column and the par-
tial pressure of the dissolved gases exceeds the
hydrostatic pressure. The CH4 bubbles are ini-
tially free of noble gases and may strip gases
from the water. Consequently, the Niskin sam-
ples do not deliver representative concentration
data: if the bubbles are not included in the sam-
pler, the gas concentrations are depleted, and if
the bubbles are preferentially included in the
sample, the gas concentrations are overestimated.
In any case, for waters with CH4 concentrations
s 20 Wl l31, i.e. all brine layers of the Atlantis II
Deep and the Kebrit Deep, we do not consider
the Niskin samples for data evaluation but only
the in situ samples. Niskin samples from layers
with lower CH4 concentrations 6 20 Wl l31 (Dis-
covery Deep and transition zones) are not af-
fected by degassing processes which is demon-
strated by the very good agreement of the
results of one duplicate from the Discovery
Deep (see Table 1, N31, Q357). Our results
show that tracer studies in extreme marine envi-
ronments with high gas concentrations require an
in situ sampling method such as the ETH sam-
pler used in this study.
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3. Results

3.1. Atlantis II and Discovery deeps

The Atlantis II Deep contains the brine with
the highest known temperature (67.2³C) and sal-
inity (260x) within the Red Sea. It is character-
ized by four brine layers, the lower convective
layer (LCL) and the upper convective layers

UCL1, UCL2 and UCL3, and an overlying tran-
sition zone. We obtained 10 Niskin samples in
and above the transition zone and ¢ve in situ
samples in the brine layers LCL, UCL1 and
UCL3 (see Table 1 and Fig. 2).

The Discovery Deep contains a single 45.1³C
brine layer, LCL, which is overlaid by a 150 m
thick transition zone (see temperature distribution
in Fig. 2). In the Discovery Deep, we collected

Table 1
Helium isotope signature of the Atlantis II, Discovery and Kebrit deeps

Layer Number Depth 3He/4He 4He Salinitya Temperaturea

(m) (1036) (1038 cm3 STP g31
RSDW) (x) (³C)

Atlantis II Deep
Trans N12 1914 9.690 15.3 41 22.9
Trans N35 1924 9.710 16.3 42 23.5
Trans N18 1925 9.690 16.5 51 23.3
Trans N36 1956 10.4 22.3 44 24.3
UCL3 Q407 2005 12.68 315 90 45.1
UCL1 Q261 2024 12.66 662 147 56.4
UCL1 Q67 2042 12.74 655 147 56.4
LCL Q385 2070 12.67 1240 260 67.2
LCL Q399 2145 12.66 1260 260 67.2
Discovery Deep
Trans N22 1910 8.66 11.0 40.6 22.3
Trans N23 1917 8.37 10.4 40.6 23
Trans N24 1938 9.91 17.1 41 23.7
Trans N25 1960 10.2 23.2 43 24.5
Trans N27 1995 11.2 29.1 44 25.1
Trans N28 2010 11.6 74 50 26.2
Trans N29 2020 12.0 123 61 27.8
Trans N30 2030 12.3 325 97 31.6
LCL N32 2060 12.1 1070 260 45
LCL N31 2085 12.2 1230 260 45
LCL Q357 2085 12.7 1210 260 45
Kebrit Deep
WC N40 1370 1.66 3.94 40.6 21.6
WC N41 1381 1.65 3.85 40.6 21.6
WC N42 1424 1.69 3.89 40.6 21.6
WC Q417 1424 1.62 3.80 40.6 21.6
WC N43 1440 1.64 3.86 40.6 21.6
WC N44 1465 1.63 3.88 40.6 21.7
Trans Q80 1467 1.53 4.71 42 21.9
LCL Q200 1534 1.06 57.3 260 23.5
RSDW 1.66 3.9 40.6 21.6

N denotes Niskin samples, Q denotes in situ samples. The measured helium concentrations are reported as cm3 STP per g
RSDW in order to correct for the large salinity variation between the individual brine layers and RSDW. The accuracy of the
helium concentrations and 3He/4He ratios is better than þ 1% [24,25]. Note that the noble gas concentrations in the lowest brine
layer (LCL) are depleted by 25^30% due to sub-sea£oor boiling. However, this boiling process and loss of noble gases does not
a¡ect any of the implications or the conclusions drawn here as neither isotope nor elemental fractionation occurs as has been
shown in our recent work on the atmospheric noble gases [16].
aTemperature and salinity data are from [9,44].
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Fig. 2. Vertical pro¢les showing temperature and 4He (left column) and 3He/4He (right column) in the Atlantis II, Discovery and
Kebrit deeps. Solid symbols indicate samples taken with the in situ sampler, open symbols indicate Niskin bottle samples.
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12 Niskin samples and one in situ sample in the
LCL (Q357, duplicate of N31, see Table 1). In
both basins, the 4He concentrations as well as
the 3He/4He ratios increase with depth. Maximum
helium excesses are found in the deepest brine
layer, the LCL, with 4He concentrations of about
1.26U1035 cm3 STP g31 and maximum 3He con-
centrations of 1.59U10310 cm3 STP g31 re£ecting
an enrichment by up to a factor of 2500 compared
to Red Sea Deep Water (RSDW).

The in situ samples from the Atlantis II and
Discovery deeps were additionally analyzed for
the heavier noble gases [16] and show signi¢cantly
enhanced 40Ar/36Ar ratios (Table 2) of up to 305
compared to 295.5 for atmospheric argon.

3.2. Kebrit Deep

The Kebrit Deep is characterized by a single
brine layer with the upper boundary at 1465 m
water depth. It di¡ers from the Atlantis II Deep

system in some of its geochemical and hydro-
graphic characteristics. Although the salinity of
the brine (260x) is similar to that of the Atlantis
II Deep, the Kebrit brine shows only a slight tem-
perature anomaly of +1.9³C compared to the
RSDW temperature of 21.6³C. The transition
zone between the brine layer (LCL) and RSDW
is much sharper than in the Discovery and Atlan-
tis II deeps. We obtained six Niskin samples from
above the interface which do not show any sig-
ni¢cant deviation from RSDW and three in situ
samples (see Table 1), Q200 inside the LCL, Q80
from the interface and Q417 from the water col-
umn above the brine body. The 4He concentra-
tion of the in situ samples increases with depth
but to a much smaller extent than in the other
basins (Table 1 and Fig. 2). The 4He concentra-
tion of in situ sample Q200 within the Kebrit
brine is 5.7U1037 cm3 STP g31 re£ecting a 15-
fold enrichment compared to RSDW. In strong
contrast to the Atlantis II and the Discovery

Fig. 3. Correlation of the 3He/4He ratio with the reciprocal 4He concentration (1/4He). Solid symbols indicate in situ samples,
open symbols indicate Niskin samples. Di¡erent symbols represent the three di¡erent deeps (square = Atlantis, circle = Discovery,
triangle = Kebrit). The samples from the Atlantis and the Discovery deeps de¢ne a mixing line between RSDW and a hydrother-
mal endmember represented by the in situ samples from the Atlantis II system. The helium isotope ratio of this source
(1.27U1035 (9.2URa)) is given by the intercept with the y-axis. The samples from the Kebrit brine show a completely di¡erent
behavior. The conventional samples plot near the point for RSDW. The in situ samples from the Kebrit Deep lie on a mixing
line between RSDW and a 4He-enriched radiogenic endmember with a 3He/4He ratio of 1U1036.
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deeps, 3He/4He ratios decrease with depth to a
value of 1.06U1036 within the brine layer, which
is signi¢cantly lower than the RSDW value.

4. Discussion

In all deeps, signi¢cant helium excesses were
detected. However, we identi¢ed principal di¡er-
ences between the Atlantis II/Discovery deeps and
the Kebrit Deep. The geochemical processes re-
sponsible for the di¡erent helium isotope signa-
tures are discussed in the following sections.

4.1. Atlantis II and Discovery deeps

In Fig. 3, the 3He/4He ratio is plotted as a
function of the reciprocal 4He concentration. All
data from the Atlantis II and the Discovery deep
fall on a two-component mixing line between
RSDW and a helium-rich endmember. The 3He/
4He ratio of the helium excess endmember is
1.27U1035 (9.2URa) as given by the intercept
with the y-axis implying the helium excess to be

of mantle origin. The observed 3He/4He ratio is
close to that of local submarine basalts from the
Atlantis II area reported by Moreira et al. [27]. It
is slightly higher than typical values for MORB
(7^9URa [28]) re£ecting a small contribution of a
3He-enriched plume component (probably the
Afar hotspot) [27].

Prior to our study, there has been only one
investigation of the helium isotope characteristics
of the Red Sea brines [12]. The helium concentra-
tion of the LCL in the Atlantis II Deep in 1966
was found to be 1.34U1035 cm3 STP g31 with a
3He/4He ratio of 1.2U1035. Within the limits of
their accuracy, these results agree with our helium
data. The correspondence implies that apparently
the helium excess has remained stable over the
last 30 years re£ecting steady-state conditions.
This is of major interest particularly with respect
to hydrographic investigations proving the Atlan-
tis II Deep to be a highly dynamic system over the
last three decades, e.g. warming of the LCL from
55.9³C in 1964 to 67.2³C in 1997 and formation
of new layers [9,10]. However, lack of data, in
particular of the helium concentration of the

Fig. 4. Correlation of the 40Ar/36Ar ratio with the 4He concentration for the in situ samples from the Atlantis II and Discovery
deeps. The positive correlation between 40Ar/36Ar and the mantle-derived helium component suggests that mantle-derived 40Ar is
transported along with the mantle helium in the brine £uid.
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UCL in 1966, prevents further quantitative bal-
ance considerations.

The 40Ar/36Ar ratio of the in situ samples is
correlated to the 4He excess (Fig. 4). In contrast
to an early study of the argon concentration [29]
we did not observe signi¢cant di¡erences of the
LCL argon signature between the Atlantis II and
Discovery brines (Table 2). The 40Ar/36Ar ratio of
the LCL in both brines is 305 corresponding to a
40Ar excess of about 3% relative to the atmos-
pheric argon concentration. In situ production
of the 40Ar excess in the brine ([K] = 0.18 [13])
or the sediments ([K] = 1.3% [8]) requires accumu-
lation times of the order of millions of years, a
possibility highly unlikely for an active hydrother-
mal system.

The brine samples have a small range in their
4He to 40Ar excess ratio, between 1.5 and 2.7
(Table 2) with a mean value of 2.1. These values
fall within the range of current theoretical produc-
tion ratios of 1.8^4 in the upper mantle as esti-
mated from U, Th and K contents and mantle
degassing models [30,31].

As suggested by the positive correlation shown
in Fig. 4 and the (4He/40Ar)excess ratio, we con-
clude that the excess 40Ar, like the helium compo-
nent, is derived from a mantle source. The corre-
spondence between the measured and the
theoretical (4He/40Ar)excess implies that the argon
component is derived from a newly injected fresh

basaltic source that has not undergone signi¢cant
outgassing. Up to now, argon isotope anomalies
could only be detected in very few marine hydro-
thermal systems, i.e. in high-temperature vent
£uids [22] and in hydrothermal £uid inclusions
[23] at the East Paci¢c Rise. Our study adds further
evidence that mantle-derived argon is transported
in hydrothermal £uids along with mantle-derived
helium at active sea£oor hydrothermal systems.

4.2. Kebrit Deep

The situation in the Kebrit Deep appears to be
fundamentally di¡erent from the situation in the
Atlantis II and Discovery deeps. We base our
discussion on the in situ samples which are
marked with a solid triangle in Fig. 3. The isotope
signature of the two samples from the interface
and the Kebrit brine itself can be interpreted in
terms of a two-component mixture between
RSDW and a 4He-enriched endmember. The
3He/4He ratio of this endmember is 1U1036 as
interpreted from the intercept of the mixing line
with the y-axis. As this 3He/4He ratio is signi¢-
cantly lower than the atmospheric ratio
(Ra = 1.384U1036), it points to a 4He-rich source
of the helium excess. The only plausible source for
such a predominantly radiogenic helium excess is
the di¡usive helium £ux of deep crustal or sedi-
mentary origin that is globally observed and is

Table 2
Argon isotope data of the in situ samples from the Atlantis II and Discovery Deep

Sample Layer Depth 4He 40Ar/36Ar 40Artotal
40Arexcess (4He/40Ar)excess

(m) (1038 cm3 STP
g31

RSDW)
(1034 cm3 STP
g31

RSDW)
(1036 cm3 STP
g31

RSDW)

RSDW 3.9 295.5 2.32 0
Atlantis II Deep
Q407 UCL3 2005 315 298.2 2.30 2.1 1.5
Q261 UCL1 2024 626 299.6 2.23 3.1 2.0
Q67 UCL1 2042 655 298.6 2.35 2.4 2.7
Q385 LCL 2070 1240 305 1.85 5.8 2.1
Q399 LCL 2145 1260 305.2 1.91 6.1 2.1
Discovery Deep
Q357 LCL 2085 1210 305.1 1.87 5.9 2.1

The precision of the measurements of the He and Ar concentrations is better than þ 1%, for the isotopic ratio 40Ar/36Ar the pre-
cision is 0.2% [25]. Excess 40Ar concentrations were calculated from 40Arexcess = 40Artotal[13(40Ar/36Ar)atm/(40Ar/36Ar)meas] with
(40Ar/36Ar)atm = 295.5.
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conceptually explained by continuous helium
production by K-decays of the ubiquitous U-
and Th-series elements in the entire crust (e.g.
[32^34]).

The low isotope ratio of the helium excess al-
lows us to exclude active hydrothermal mantle-
derived £uid input as a major source of the Kebrit
brine as in the case of the Atlantis II Deep. In-
stead, we propose a di¡usive £ux scenario: after
formation of the brine, probably through surface
dissolution of outcropping evaporites by overlying
seawater as proposed earlier for the Valdivia brine
[13], helium from deep sedimentary or crustal
strata migrates upward into the brine where it is
subsequently accumulated due to the strati¢cation
and isolation of the brine from the overlying
water column.

Additional evidence for a di¡usive £ux scenario

comes from the hydrocarbon data. The Kebrit
brine shows very high methane concentrations of
up to 22 ml l31 [26]. Its isotopic signature is ther-
mogenic [26] suggesting that the methane is pro-
duced in the deeper sediments by thermal degra-
dation and then ^ as the crustal helium ^ migrates
upward into the deep.

4.2.1. The di¡usive £ux scenario
To evaluate the £ux hypothesis, we simulate the

accumulation process with a simpli¢ed one-di-
mensional model considering the two essential
transport processes: the helium £ux entering the
brine from the sediment and the exchange at the
brine^seawater interface. Assuming the brine to
be well mixed by convection as indicated by the
homogeneous temperature distribution (Fig. 2),
the change in the helium concentration of the

Fig. 5. Temporal evolution of the 4He concentration in the Kebrit brine derived from the accumulation scenario: helium is trans-
ported by the di¡usive £ux from the deep sediment (or crust) and progressively accumulated in the Kebrit brine. The solid line
gives the results of the calculation for a helium di¡usion coe¤cient of 4.6U1035 cm2 s31 and an interface thickness of 2.5 m.
The interface thickness (2.5 þ 0.3 m) was derived from the sound velocity pro¢le [44], which re£ects the salinity pro¢le and is rep-
resentative of the transport of dissolved gases. The di¡usion coe¤cient was obtained by linear extrapolation of the data for pure
and seawater [45] as the di¡usivity of a solute in an aqueous electrolyte is known to decrease approximately linearly with the
concentration of the electrolyte [46]. The extrapolation yields a di¡usion coe¤cient of DHe = (4.6 þ 0.9)U1035 cm2 s31, approxi-
mately 35% lower than the di¡usion coe¤cient for seawater (7U1035 cm2 s31). The shaded area represents the maximum and
minimum model outputs obtained by variation of the model parameters DHe and z within their uncertainties given in the paren-
theses.
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brine with time, t, is described by:

DC
D t
� Jcrust

hb
3

DHe

zh
fC�t�3C0g �1�

The ¢rst term on the right-hand side of the equa-
tion denotes the contribution by the constant
crustal £ux Jcrust which is chosen to be the value
for average continental crust (Jcrust = 3.1U1036

cm3 STP cm32 yr31 [35]) since the Kebrit Deep
is assumed to be underlaid by continental crust
[3]. The second term denotes the di¡usive loss at
the interface according to Fick's law. Because of
the steep salinity gradient advective transport
and turbulent exchange can be ignored and the
transport process across the brine^seawater
interface is mainly controlled by molecular di¡u-
sion (e.g. [11]). Here, h is the average vertical ex-
tension of the brine (62 m), DHe is the molecular
di¡usion coe¤cient (4.6U1035 cm2 s31), b is the
density of the brine (1.19 g cm33), z is the inter-
face thickness (2.5 m) and C0 is the helium con-
centration of RSDW (3.9U1038 cm3 STP g31, see
Table 1).

Under the boundary condition that the helium
concentration at t = 0 is the RSDW concentration
(Cdt�0 = C0), the di¡erential equation can be
solved analytically:

C�t� � C0 � Jcrustz
bDHe

13exp 3
DHet

zh

� �� �
�2�

Fig. 5 shows the temporal evolution of the 4He
concentration of the brine as derived from the
model. After several thousand years, the steady
state between input and loss is reached, and the
helium concentration does not continue to in-
crease. The steady-state helium concentration of
the brine according to the model is 4.9U1037 cm3

STP g31, the conservative range obtained by var-
iation of the input parameters is between
3.7U1037 and 6.6U1037 cm3 STP g31 (see cap-
tion of Fig. 5).

The measured concentration of the Kebrit brine
of 5.7U1037 cm3 STP g31 is in excellent agree-
ment with this model, particularly when consider-
ing the simplicity of the concept. Obviously, the
input of an average crustal helium £ux from the

sediment can plausibly explain the helium concen-
tration measured in the Kebrit brine. Further-
more, the model gives an estimate of the time
period needed to accumulate the observed helium
concentration and thus, a minimum residence
time of the brine of the order of a thousand years.

The hypothesis of steady-state conditions of the
Kebrit brine may be tested by considering the
temperature distribution: if the assumption of
steady state holds, the input of heat from the
bottom of the Deep must be balanced by the ver-
tical transport of heat across the brine^water col-
umn interface [11,36]. The di¡usive heat £ux
through the interface is given by:

Fheat � bcpK th
vT
vz

�3�

where Kth is the thermal di¡usivity, b the density,
cp the heat capacity and vT/vz the vertical gra-
dient of heat across the interface (0.475³C m31,
Fig. 2). Again, the dominant mechanism of
heat transport is molecular heat di¡usion
(Kth = 1.52U1033 cm2 s31 [37]). The numerical
value of the heat capacity cp (3.180 J g31 K31)
was calculated for the temperature and salinity of
the brine using data for NaCl aqueous solution
[38].

From Eq. 3 we obtain a heat £ux of 273 mW
m32. This value is consistent with heat £ow data
of 200^300 mW m32 that has been measured in
the axial zone of the northern Red Sea close to
the location of the Kebrit Deep [39]. The corre-
spondence implies that the heat loss at the upper
interface is compensated by the geothermal heat
£ux and that there is no advective hydrothermal
heat input. This gives further evidence that the
Kebrit brine is in a steady state with respect to
both the geothermal heat £ow and the di¡usive
crustal helium £ux.

The di¡usive £ux model presented here might
be used as a plausible scenario for other systems
as well. The Discovery Basin, a deep brine basin
in the eastern Mediterranean, shows a radiogenic
helium excess of 6U1037 cm3 STP g31 [40], very
similar to the helium concentration of the Kebrit
brine. Likely, this helium excess is also related to
a crustal di¡usive helium £ux which accumulates
in the brine.
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4.3. Isotopic signatures and geological setting

The Atlantis II and Kebrit brines show distinct
isotopic characteristics that re£ect their di¡erent
geological settings, i.e. the transition from a con-
tinental to an oceanic rift system.

The Kebrit brine located in the northern part of
the Red Sea shows a predominantly radiogenic
helium signature which is interpreted as the result
of a continental crustal £ux accumulating in
the brine. This is consistent with the geological
setting of the northern part of the Red Sea where
the continental crust is stretched and thinned rep-
resenting pre-sea£oor spreading conditions [4].
The extensional character is re£ected in our heli-
um isotope data in that the Kebrit brine has a
3He/4He ratio signi¢cantly exceeding the average
radiogenic production ratio for crustal helium
(1^3U1038). Thus it represents a mixture of a
pure radiogenic component (0.02Ra) and a mantle
contribution (9Ra). Simple isotope balance calcu-
lations yield that a fraction of 9% of the helium
present in the Kebrit brine is mantle-derived and
required to explain the enhanced 3He/4He ratio
relative to pure radiogenic production. In other
words, the crustal helium £ux carries a mantle
component of approximately 9%. The mantle he-
lium component probably originates from intru-
sions of mantle material accompanying the crustal
extension. Thus, the enhanced 3He/4He ratio can
be interpreted as a sensitive indicator of a mantle
involvement in crustal processes as has been
found earlier in relatively unstable continental
areas (e.g. [41]).

On the other hand, the Atlantis II and Discov-
ery deeps are located in the middle segment of the
Red Sea which is presently changing from di¡u-
sive extension to sea£oor spreading mode of plate
separation [4]. The deeps are interpreted as initia-
tion points, i.e. as the locations where sea£oor
spreading has recently started. This process is
accompanied by active subbottom hydrothermal
circulation with hydrothermal discharge that car-
ries the mantle-derived helium and argon signa-
tures.

5. Conclusions

Our study reveals signi¢cant di¡erences of he-
lium and argon isotope data along the Red Sea
rift system. The geochemical ¢ndings are in strik-
ing agreement with the northward progression of
sea£oor spreading in the Red Sea. (i) In the
southern Atlantis II and Discovery brines, helium
and argon signatures, and particularly the (4He/
40Ar)excess, are MORB-like implying association
with an active hydrothermal circulation system.
Our study proves the high potential of combining
helium and argon isotope studies of £uids to de-
termine crucial parameters for geochemical man-
tle processes. (ii) In contrast, the Kebrit Deep in
the northern Red Sea has a low 3He/4He signature
indicating a predominantly crustal origin and no
signs of active hydrothermal input. The Kebrit
signature can be explained by a di¡usive crustal
helium £ux entering the deep from below. These
¢ndings suggest a new interpretation of the for-
mation of the Kebrit brine system which is not in
accordance with the conclusions drawn by [42,43]
who attribute the Kebrit brine to hydrothermal
£uids passing through sedimentary package prior
to discharge similar to the hydrothermal system of
the Guaymas Basin. The scenario suggested for
the Kebrit brine may possibly apply to other ma-
rine systems.
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