
Hot vents in an ice-cold ocean:
Indications for phase separation at the southernmost area

of hydrothermal activity, Brans¢eld Strait, Antarctica

A. Da«hlmann a;*, K. Wallmann a, H. Sahling a, G. Sarthou a;1, G. Bohrmann a,
S. Petersen b, C.S. Chin c, G.P. Klinkhammer c

a GEOMAR, Research Center for Marine Geosciences, Wischhofstrasse 1^3, 24148 Kiel, Germany
b Freiberg University of Mining and Technology, Department of Economic Geology and Leibniz Laboratory for Applied Marine

Research, Institute for Mineralogy, Brennhausgasse 14, 09596 Freiberg, Germany
c Oregon State University, College of Oceanic and Atmospheric Sciences, 104 Ocean. Admin. Building, Corvallis, OR 97331, USA

Received 31 January 2001; accepted 1 October 2001

Abstract

During the expeditions ANT-XV/2 with R/V Polarstern in 1997/98 and NBP 99-04 with R/V IB N.B. Palmer in 1999,
the first samples of hydrothermally influenced sediments of Bransfield Strait were obtained at Hook Ridge, a volcanic
edifice in the Central Basin of the Strait. The vent sites are characterized by white siliceous crusts on top of the sediment
layer and temperatures measured immediately on deck are up to 48.5³C. The shallow depth of these vent sites (1050 m)
particularly controls the chemistry of the pore fluids that are enriched in silica and sulfide and show low pH values.
Chloride is depleted up to 20% and the calculated hydrothermal endmember concentration is in the range of 1^84 mM.
Since other mechanisms for Cl depletion can be ruled out clearly, the composition of this fluid is attributed to phase
separation. While the Cl-depleted fluid is emanating at Hook Ridge, a Cl-enriched fluid can be identified in the adjacent
King George Basin. Using a p,x diagram the two corresponding endmember concentrations reveal that the phase
separation takes place at subcritical conditions (total depth: V2500 m), probably along the whole volcanic
edifice. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phase separation is a widely recognized phe-
nomenon at mid-ocean ridges. The chemical com-
position of the £uids at hydrothermal vent sites
critically depends on the depth at which phase
separation occurs (e.g. [1^3]) and the timing of
volcanic activity with respect to £uid venting
(e.g. [4^9]). Vent sites of the East Paci¢c Rise
(EPR) and the Mid-Atlantic Ridge (MAR) are
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typically situated in water depths of 2300^3700 m.
The shallowest hydrothermal system that has
been intensively studied is located at Axial Sea-
mount on the Juan de Fuca Ridge in a water
depth of 1540 m. This system is especially known
for its extreme £uid compositions that are attrib-
uted to phase separation at shallow depth
although additional alteration reactions may
also play a role [6,10]. Vents at even shallower
depths have been explored on the MAR at
37³50PN (Menez Gwen, 840 m) and at 67³N (Kol-
beinsey Ridge, 100 m), but only very few data
exist on the chemical composition of their £uids
so far. However, phase separation is suggested to
occur at both sites [11^13].

In this paper we present investigations on a
shallow vent site (1050 m) at Hook Ridge, one
of the hydrothermally active areas of the Central
Brans¢eld Strait that have been discovered earlier
[14,15]. The reported site was ¢rst sampled in
1997 [16] and is the southernmost site of hydro-
thermal activity known to date. Its speci¢c con-
ditions are indeed unique, not only because of its
high latitude but also due to its shallow depth and
thin sediment cover.

Brans¢eld Strait is a marginal basin that is only
just on the transition from intracontinental rifting
to back-arc spreading and represents an early
stage of the evolution of a hydrothermal system.
Therefore, this area is of a wider interest to studies
on the general development of ridge vent systems.

2. Geological and tectonic setting

Brans¢eld Strait is a marginal basin located be-
tween the Antarctic Peninsula and the South
Shetland Islands (Fig. 1); it is about 400 km
long and has a maximum width of 80 km. The
basin is volcanically and tectonically active and
several subaerial and submarine volcanic edi¢ces
are situated along and parallel to the major rifting
axis. Subduction along the South Shetland trench
ceased or at least drastically slowed down about
3^4 Ma BP [17,18], followed by the onset of ex-
tension in the back-arc region about 1^2 Ma BP
[19], whereas the earliest known back-arc volcan-
ism only began about 0.3 Ma BP and is still active

[20]. Due to the lack of active arc volcanism and
subduction Brans¢eld Strait is considered an ex-
tensional marginal basin with intracontinental
rifting occurring along parallel axes rather than
a back-arc basin with sea£oor spreading on oce-
anic crust [16,17,19,21]. In contrast to this tecton-
ic particularity, the geochemistry of dredged rocks
of basaltic to basaltic^andesitic composition is
similar to other back-arc basalts [19,21].

The investigated volcanic edi¢ce, Hook Ridge,
is situated on the central rifting axis of the Cen-
tral Brans¢eld Basin at 62³12PS/57³17PW. It
reaches a water depth of about 1050 m, whereas
the adjacent, £at-bottomed King George Basin is
approximately 2000 m deep. The hook-shaped
structure is covered with a thin layer of soft dia-
tomaceous mud; bare rocks appear only at
steeper £anks.

3. Investigations of hydrothermal activity

Hydrothermal activity within the Brans¢eld
Strait was ¢rst documented by thermogenic car-
bohydrates in the sediment [22^25] and 3He
plumes in the water column [26]. Heat £ow mea-
surements [20] and further investigations of water
column anomalies (temperature, Mn, particles)
veri¢ed the existence of active hydrothermal activ-
ity in this area [14,15].

During the expeditions ANT-XV/2 with R/V
Polarstern in 1997/98 (ANT) and NBP 99-04
with R/V IB N.B. Palmer in 1999 (NBP), we car-
ried out detailed investigations of the sea£oor and
water column at Hook Ridge using a video-
guided camera sled (OFOS), a video-guided grab
sampler (TVG), and a towed instrument package
(ZAPS). Details of the deployed instruments and
water column anomalies (T, CH4, Mn, turbidity)
are reported in [16] and [27].

All vent sites were situated on the ridge crest
(Fig. 1, Table 1) and were characterized by white
siliceous crusts on top of the sediment layer (see
photograph in [16]). The memory CTD mounted
on OFOS recorded elevated temperatures in the
water column 2^4 m above the white patches. The
highest T anomalies coincide with Fe, Mn, and
turbidity plumes measured with the ZAPS system
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at the same location [27] and were detected within
a crater-like structure with fairly steep inner walls.
In the SW corner of this feature, we sampled the
warmest sediments with temperatures of 48.5³C
(NBP-TVG 68) and 42³C (NBP-TVG 69), respec-

tively. The sediment underneath the silica cover of
NBP-TVG 69 had a soupy consistency and also
contained a V25 cm thick ash layer. In contrast
to other hydrothermal systems, vent fauna was
not observed at this site.

Table 1
Synopsis of reported vent (vent) and reference (ref.) sites sampled by TV-grab at Hook Ridge during cruises ANT-XV/2 with R/V
Polarstern (ANT) and NBP 99-04 with R/V IB N.B. Palmer (NBP) with maximum temperature, core location and water depth

Cruise-station Max. temperature Latitude Longitude Water depth
(³C) (³S) (³W) (m)

ANT-TVG 89 (ref.) ^ 62³11.64P 57³17.67P 1134
ANT-TVG 91 (vent) 24 62³11.80P 57³17.67P 1133
NBP-TVG 27 (ref.) ^ 62³11.45P 57³17.07P 1058
NBP-TVG 35 (vent) 11 62³11.86P 57³17.87P 1162
NBP-TVG 68 (vent) 48.5 62³11.51P 57³16.62P 1052
NBP-TVG 69 (vent) 42 62³11.53P 57³16.68P 1045

Fig. 1. Bathymetric map of the area of investigation, Hook Ridge, within its tectonic setting of Brans¢eld Strait.
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4. Sampling and analytical methods

The sediment temperature was measured with a
conventional thermometer directly within the
sediment immediately upon recovery of the TV-
grab sampler. Subsamples were taken with plastic
tubes and the pore water was separated from the
sediment using a Te£on squeezer under inert gas
atmosphere. The pH of bulk sediment was mea-
sured with a glass electrode prior to squeezing,
with bu¡ers prepared in arti¢cial seawater [28].
Analyses of dissolved silica and sul¢de were car-
ried out directly after pore water extraction by
standard photometric methods [29], with some
modi¢cations for samples with high sul¢de con-
tent. Mg and Ti were analyzed by inductively
coupled plasma-atomic emission spectrometry
(ICP-AES); Cl3, Br3, and SO23

4 by ion chroma-
tography, both in the laboratories of GEOMAR.
Selected solid phase samples of the ANT cruise
were also analyzed for their Mg concentration
using X-ray £uorescence analysis (XRF) at TU
Freiberg. Isotopic analyses of pore waters (N18O,
ND) were carried out by mass spectrometry at an
external laboratory (Geochemische Analysen,
Sehnde).

5. Results and discussion

5.1. Pore water characteristics and calculation of
the Cl endmember concentration

The substantial characteristics of hydrothermal
in£uence are high silica concentrations (up to
V2.4 mM), sul¢de enrichments (up to V1
mM), Br3 and Cl3 depletions (Cl3 down to 442
mM), and low pH values (V5) (Table 2, see also
[27]). Both Mg and sulfate are depleted signi¢-
cantly in NBP-TVG 68 and 69 compared to the
reference site.

In analogy to hydrothermal £uids, pore waters
at sedimented hydrothermal sites are generally as-
sumed to be a mixture of hydrothermal £uid and
diagenetically altered pore water. As Mg has been
shown to be totally removed from solution during
basalt^seawater interaction [30,31], calculations of
endmember concentrations are commonly done

by extrapolation to zero Mg. However, these cal-
culations can also be made assuming an endmem-
ber £uid of zero sulfate concentration, since sul-
fate is likewise quantitatively removed within the
recharge zone of a hydrothermal circulation cell
as has been shown for many sites [32]. In contrast
to sediment-starved systems, both Mg2� and
SO23

4 are subject to diagenetic reactions at sedi-
mented sites, which requires particular considera-
tion. During the degradation of organic matter
sulfate is reduced to sul¢de and Mg2� may be
desorbed from the sediment by cation exchange
[33] or leached from the matrix by the hot and
acid £uids. XRF measurements of Hook Ridge
sediments reveal that almost half of the Mg con-
tent has been leached by hydrothermal alteration;
e.g. at vent site ANT-TVG 91 the Ti-normalized
Mg content is 3.5 þ 0.2 (on a molar basis), com-
pared to 6.5 þ 0.4 at reference site ANT-TVG 89.
Under these circumstances, the working assump-
tion of zero Mg in the endmember £uid is not
applicable. We therefore assume an endmember
£uid with zero sulfate. If sulfate reduction is a
relevant process within the sediment column
under consideration (50 cm), this procedure
would result in an overestimation of the hydro-
thermal £uid component.

We apply two di¡erent approaches for calcula-
tion of the hydrothermal endmember concentra-
tion: simple two-component mixing and linear ex-
trapolation. For mixing we chose the deepest pore
water sample from NBP-TVG 68, which has the
lowest concentrations of Mg (43.7 mM), SO23

4
(21.9 mM), and Cl3 (442 mM) and, hence, is
the sample with the highest content of hydrother-
mal component. The sulfate concentration of this
pore water sample can be obtained by mixing sea-
water (28.9 mM SO23

4 ) with 24% of a hydrother-
mal endmember with zero SO23

4 concentration.
From this mixture and a bottom water Cl3 con-
centration of 555 mM, the calculated endmember
concentration for Cl3 is 84 mM. The second ap-
proach is illustrated in Fig. 2 and includes pore
water samples from all NBP-TVG stations. Linear
regression of Cl3 versus SO23

4 of all stations but
TVG 69 yields a Cl3 endmember concentration of
1 þ 10 mM. With respect to the TVG 68 sample
taken for the mixing approach, this result is
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Table 2 (continued)

Depth Si(OH)4 gH2S Cl Br SO4 Mg pH
(cmbsf) (WM) (WM) (mM) (WM) (mM) (mM)

NBP-TVG 27 (reference)
0.5 682 bdl 538 810 26.5 55.2 8.23
1.5 481 bdl 543 820 27.0 54.6 7.79
2.5 895 bdl 532 819 26.6 53.6 7.71
3.5 542 bdl 532 808 26.7 55.0 7.71
4.5 646 bdl 524 796 25.8 54.7 7.68
5.5 672 bdl 536 815 26.6 55.2 7.71
6.5 559 bdl 529 815 26.3 na 7.81
7.5 708 bdl 531 805 26.4 53.9 7.75
8.5 656 bdl 520 796 25.8 54.1 7.71
9.5 704 bdl 524 797 26.0 54.8 7.71
11.5 572 bdl 543 831 27.0 53.8 7.68
14.5 776 bdl 520 783 25.6 55.4 7.97
17.5 636 bdl 532 797 26.2 54.8 7.75
20.5 928 bdl 529 811 26.2 53.0 7.68
23.5 892 bdl 531 811 26.3 54.6 7.68
26.5 925 bdl 523 793 25.7 54.1 7.68
29.5 688 bdl 537 806 26.4 54.7 7.66
32.5 740 bdl 531 812 26.2 54.8 7.68
35.5 711 bdl 524 804 25.9 53.9 7.73
38.5 763 bdl 526 803 25.9 54.1 7.71
41.5 646 bdl 511 761 25.1 54.3 7.71
NBP-TVG 35 (vent, 11³C)
1.5 1244 482 502 760 25.0 53.2 5.25
4.5 1407 698 505 762 24.8 50.7 4.93
7.5 1603 723 502 772 25.1 49.9 4.88
10.5 1468 628 508 766 24.8 50.9 4.88
13.5 1373 276 498 752 25.0 50.2 4.91
16.5 1231 383 495 742 24.1 50.7 4.93
19.5 1346 436 499 741 24.5 50.8 4.93
22.5 1234 433 492 739 24.1 50.9 4.91
25.5 1285 449 495 722 24.5 47.8 4.91
28.5 1444 385 486 729 23.8 51.6 4.82
31.5 1140 143 471 695 22.9 51.1 4.88
NBP-TVG 68 (vent, 48.5³C)
1.5 1575 119 483 740 23.8 44.3 5.31
5.0 1987 142 472 717 23.4 na 5.21
8.5 na na 474 719 23.5 na 5.11
12.0 2151 249 464 695 23.2 43.3 5.05
16.0 2439 320 448 679 22.4 42.9 5.01
19.5 2020 319 454 684 23.1 43.4 5.01
23.0 1987 288 454 684 22.5 43.8 5.03
26.5 2003 327 455 675 22.6 44.1 5.03
30.0 1485 384 450 687 22.3 43.7 5.01
35.0 1707 358 447 669 22.1 43.6 4.98
41.0 1641 355 444 657 22.1 43.8 4.96
46.0 2127 339 442 669 21.9 43.7 4.94
NBP-TVG 69 (vent, 42³C)
3.0 1936 791 460 673 23.1 45.2 na
12.0 2412 1076 455 675 22.9 45.2 na
19.0 2317 1115 449 626 22.9 42.4 na
26.0 2051 1147 455 686 22.9 45.8 na
30.0 2161 1086 452 661 23.2 44.5 na
37.0 2204 674 454 674 23.0 44.8 na

cmbsf: cm below sea£oor; na: not analyzed; bdl: below de-
tection limit.

Table 2
Compilation of concentrations of pore water constituents
and pH of the sediments

Depth Si(OH)4 gH2S Cl Br SO4 Mg pH
(cmbsf) (WM) (WM) (mM) (WM) (mM) (mM)

ANT-TVG 89 (reference)
1.0 579 bdl 556 857 27.7 53.1 7.52
3.0 591 bdl 554 841 27.8 na 7.50
5.0 579 bdl 556 840 27.1 53.1 7.53
7.0 601 bdl 554 844 27.7 52.7 7.59
9.0 631 bdl 556 840 27.7 53.6 7.59
11.0 639 bdl 556 845 27.4 52.2 7.61
13.0 619 bdl 552 756 27.1 52.9 7.61
15.0 638 bdl 554 843 27.2 52.3 7.59
17.0 644 bdl 554 842 27.4 53.4 7.61
19.0 644 bdl 552 838 26.9 52.3 7.59
21.0 654 bdl 553 839 26.6 52.4 7.61
23.0 644 bdl 555 839 27.5 na 7.59
25.0 631 bdl 553 836 26.7 52.6 7.61
27.0 645 bdl 552 845 27.8 52.8 7.59
29.0 658 bdl 553 785 25.8 52.7 7.57
31.0 671 bdl 554 905 27.0 52.6 7.57
33.0 692 bdl 552 905 27.0 52.7 7.59
35.0 664 bdl 551 915 27.6 53.0 7.57
37.0 672 bdl 549 540 25.1 na 7.57
39.0 699 bdl 551 909 26.9 52.9 7.59
41.0 677 bdl 552 913 27.6 52.2 7.57
43.0 675 bdl 550 894 26.8 53.0 7.55
45.0 648 bdl 551 780 26.7 na 7.55
47.0 657 bdl 546 846 26.5 52.4 7.63
49.0 657 bdl 548 855 27.2 52.2 7.59
ANT-TVG 91 (vent, 24³C)
1.0 1364 475 536 827 27.3 51.7 5.57
3.0 1356 538 534 768 26.1 52.3 5.57
5.0 1370 623 535 824 27.4 50.3 5.50
7.0 1370 324 535 823 27.9 51.0 5.49
9.0 1384 509 535 801 27.4 51.4 5.50
11.0 1384 520 535 829 28.0 52.1 5.52
13.0 1392 604 535 817 27.1 51.9 5.46
15.0 1395 579 533 829 27.8 52.3 5.55
17.0 1395 635 532 829 28.0 51.2 5.46
19.0 1420 589 535 827 27.6 52.1 5.50
21.0 1418 601 535 807 27.9 51.4 5.50
23.0 1392 514 534 812 27.1 52.5 5.53
25.0 1387 409 533 850 28.1 50.9 5.47
27.0 1398 377 533 855 27.5 52.3 5.53
29.0 1378 415 532 866 28.1 52.4 5.77
31.0 1412 536 536 870 27.6 52.7 5.70
33.0 1426 566 533 na na 50.7 5.60
35.0 1429 475 533 819 26.9 51.4 5.46
37.0 1437 541 532 809 27.2 52.0 5.46
39.0 1465 548 535 814 27.3 52.3 5.47
41.0 1448 476 534 814 27.7 52.6 5.49
43.0 1434 423 533 813 27.1 50.6 5.50
45.0 1429 565 532 815 27.7 51.3 5.77
47.0 1415 500 532 821 27.3 51.8 5.75
49.0 1297 403 na 817 28.1 50.6 6.15
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equivalent to a mixture of 20% hydrothermal
component (1 mM) with 80% bottom water (555
mM). The extremely low Cl3 endmember concen-
tration clearly rules out a contribution of diage-
netic sulfate reduction. If the measured sulfate
concentration was the result of a sulfate reduc-
tion, the original SO23

4 concentration would be
higher. Hence, with the chlorinities of the pore
waters remaining unchanged the Cl3 endmember
concentration inferred from the Cl3/SO23

4 corre-
lation would be even more depleted (indicated
schematically by the arrow in Fig. 2). Ex situ
oxidation of sul¢de can alter the sulfate concen-
tration as an artefact of pore water sampling. This
is assumed to be the case for TVG 69, which is
therefore excluded from the regression.

To summarize, the endmember calculation re-
sults in a percentage of 20^24% for the hydrother-

mal component and, accordingly, a Cl3 concen-
tration of 1^84 mM. The range in endmember
concentrations for Cl3 is due to the fact that these
calculations are very sensitive to small changes in
the endmember composition.

5.2. Phase separation

Phase separation takes place in the oceanic
crust if a hydrothermal £uid (evolved seawater)
encounters the two-phase boundary as illustrated
in the phase diagram (Fig. 3). The common pre-
ceding process is entrainment of seawater into the
crust where it is heated, eventually expands, and
ascends to the sea£oor due to buoyancy forces
becoming predominant (adiabatic decompres-
sion). This process establishes a hydrothermal
convection cell.

The two phases separated along the two-phase
curve are often referred to as vapor and brine,Fig. 2. Correlation of Cl3 with sulfate for calculation of

Hook Ridge hydrothermal £uid endmember concentration of
Cl3. Data for all NBP-TVG stations are shown, but data for
NBP-TVG 69 are not included in the regression (see text for
explanation). The extrapolated Cl3 endmember concentration
(zero sulfate) is 1 þ 10 mM. The arrow indicates a hypotheti-
cal trend if the measured sulfate concentration was the result
of sulfate reduction. If so, the concentration of the unreacted
sulfate would be higher, resulting in a steeper Cl3/SO23

4 gra-
dient and, consequently, an even smaller (i.e. negative) Cl3

endmember concentration.

Fig. 3. p,T Diagram for seawater (3.2 wt% NaCl). Data for
two-phase boundary curve and critical point (407³C/298.5
bar) from [35]. Dashed line indicates pressure at sea£oor
depth at Hook Ridge (1050 m). The arrow signi¢es the p,T
changes of circulating seawater, its relative position to the
critical point is arbitrary. Phase separation takes place where
it encounters the two-phase curve (see text for explanation).
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although their chemical composition and salt con-
tent vary greatly according to the p,T conditions
at which the phase boundary is encountered.
While both phases have the same salinity at the
critical point, the salinities of the separated phases
vary signi¢cantly at higher and lower p,T condi-
tions [34,35]. At higher p,T (supercritical condi-
tions) small amounts of a very dense brine will
condensate leaving the remaining vapor with a
considerable salinity. With increasing depth/pres-
sure of phase separation the segregated vapor
phase reaches almost seawater salinity. On the
other hand, at lower p,T (subcritical conditions)
the vapor generated due to boiling has very low
salinity. The lower the depth/pressure of phase
separation, the more depleted is the vapor in
salt content. The resulting liquid phase (`brine')
increases in salinity in proportion to the amount
of vapor generated and removed. The p,T^salinity
relationship is treated further below to estimate
the depth of phase separation.

5.3. Evidence for phase separation

5.3.1. Cl depletion
The striking evidence for phase separation at

Hook Ridge is the Cl-depleted pore waters with
a deviation from seawater of up to 20% (NBP-
TVG 68). Because laboratory experiments on ba-
salt alteration have shown a maximum depletion
of Cl in the £uid of 7% [36], Cl depletions greater
than 10% are assumed to be due to phase separa-
tion (e.g. [2,7]). To fully ascribe the observed Cl
depletion to phase separation, other mechanisms
also causing decreases in Cl concentration have to
be considered and eventually regarded as negli-
gible.

In£uence of meteoric or magmatic waters : As
meteoric and magmatic waters have di¡erent deu-
terium and oxygen isotopic ratios compared to
seawater, an input of one of these waters should
result in a shift of the N18O and ND values [37,38].
Isotopic analyses, however, reveal essentially
equal signatures for ND and only slightly elevated
N18O for the vent compared to the reference site
(Fig. 4). Due to the very low water content of
basaltic rocks (V0.2% to s 1% at subduction-
related settings [39]), dehydration is not likely to

release a su¤cient amount of water. Additionally,
magmatic waters have low Br/Cl ratios, which
would decrease the ratio of the £uid [9,40,41]
which is also not observed (Fig. 5). These ¢ndings
clearly rule out the in£uence of magmatic or me-
teoric waters on Cl depletion.

Precipitation of Cl-bearing minerals : When Cl is
taken up into secondary mineral phases, the Br/Cl
ratio of the £uid is altered signi¢cantly (e.g.
[9,42]). In most of the cases, Cl is preferentially
partitioned into the mineral resulting in an in-
crease of Br/Cl with decreasing Cl concentration.
The average of Br/Cl data of both pore waters
and local bottom water (Fig. 5), however, shows
only a slight deviation from the global mean
of seawater (1.51 þ 0.03U1033 compared to
1.55 þ 0.04U1033 for the global mean [40]), con-
sidering the errors given. All samples scatter with-
in a þ 3% divergence around their mean (dashed
lines). The measured values are in very good
agreement with high temperature £uids from Ax-
ial Seamount (1.50 þ 0.05U1033 [10]) and North

Fig. 4. Isotopic ratios of oxygen and deuterium of pore
water samples from all NBP stations; values in x deviation
from SMOW. No di¡erence in ND and just a slight di¡erence
in N18O between vent site and reference site samples clearly
show that there is no relevant input of magmatic or meteoric
waters.
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Cleft segment (1.48^1.51U1033 [8]), both at Juan
de Fuca Ridge. The narrow range of measured
values and the small deviation from seawater pre-
clude a signi¢cant Cl uptake by minerals and is
consistent with Cl depletion caused by phase sep-
aration.

5.3.2. Content of dissolved gases
If the emanating £uids are considered to be the

vapor phase of a hydrothermal £uid separated at
low pressures, they should contain signi¢cant
amounts of dissolved gases (e.g. [6,7]). The mea-
sured concentrations of dissolved sul¢de (at low
pH mostly as H2S) show large enrichments at the
vent sites (Table 2). Taking the maximum value of
V1 mM and assuming the percentage of end-
member £uid is 22%, the endmember concentra-
tion of H2S is calculated to be V4.5 mM. This is
at the lower limit of what is usually observed for
Cl-depleted endmember £uids [5,7,8], which is re-

markable, because we are dealing with pore
waters from sediment. During the pore water ex-
traction, especially at low pH values, dissolved
gases are partitioned into the gas phase and thus
are irreversibly removed. All concentrations of
pore water constituents that are in equilibrium
with a gaseous species (HS3/H2S, HCO3

3 /CO2)
are therefore minimum values. Taking this arte-
fact into account, the concentrations of gases in
the pore water are easily imaged to be as high as
any vent £uid with Cl depletion previously mea-
sured (e.g. up to 12 mM H2S at EPR, 18 mM H2S
at the ASHES vent ¢eld [43]).

5.3.3. Corresponding `brine' phase
While the low-chlorinity vapor phase ascends

immediately, the corresponding liquid phase
(`brine') may accumulate within the crust before
being expelled [3,44,45]. To investigate Cl concen-
tration at greater depth we deployed a gravity
corer adjacent to Hook Ridge in the King George
Basin (ANT-SL 63, cf. Fig. 1) where the sedi-
ment^basement interface is at about 50 mbsf
[22]. This core shows strong hydrothermal in£u-
ence inferred from petroleum accumulation and
decreasing strontium isotopic ratios with depth
(A. Da«hlmann, unpublished data). Cl concentra-
tions of the pore waters increase with depth
reaching a maximum of 579 mM at 6 m (Fig.
6). At this site, pore water concentrations of the
upper sediment column are strongly in£uenced by
diagenetic sulfate reduction, precluding extrapola-
tion versus SO4 for Cl endmember calculation,
but Mg is not released from the sediment at this
environment. Hence, the Cl endmember concen-
tration, determined by extrapolation to zero Mg,
is 703 þ 12 mM (Fig. 6).

5.4. Depth and temperature of phase separation

To estimate the depth of phase separation we
use a p,x diagram (Fig. 7) drawn from the data
given in [46]. The pressure^salinity relationship is
characterized by a single salinity at the critical
pressure (in£ection of the curve) and diverging
salinities for decreasing depths. Dashed lines in-
dicate the correspondent pressure of the two-
phase boundary curve and x values at intersec-

Fig. 5. Correlation of bromide and chloride of pore water
samples from all NBP-TVG stations and local bottom water
in King George Basin (cruise ANT-XV/2). Dashed
lines are divergence of 3% from the average ratio of
1.51 þ 0.03U1033. This constant Br/Cl ratio for both vent
and reference site samples precludes a signi¢cant uptake of
Cl by minerals at the vent site.
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tions of the two lines give the salinities of segre-
gated phases.

The calculated endmember of about 1^84 mM
for the vapor and 703 mM for the liquid phase ¢t
best with the 390³C isotherm, with a vapor con-
centration of 65 mM and a liquid concentration
of 653 mM at the boiling point. The isotherms for
380³C and 400³C reveal a liquid concentration
too low (521 mM) and vapor concentration too
high (197 mM), respectively. As the isotherms are
only given in 10³C intervals in [46], the conditions
at the reaction zone cannot be interpolated more
closely and might deviate from the given results
by some degrees and bars, because the x values
are very sensitive to p,T changes.

The T,x data suggest that the phase separation
takes place at subcritical conditions at a total
depth of about 2500 m (250 bar), assuming hy-
drostatic pressure also within the crust [43]. Con-
sidering the di¡erent water depths (1050 m at
Hook Ridge and 2000 m in the King George Ba-
sin) and the sediment layer in the basin (50 m),
the total depth of 2500 m is achieved about 1450
m within the crust at Hook Ridge and 450 m in
the basin. We therefore assume that phase sepa-
ration occurs underneath Hook Ridge, extending
along the strike of the whole volcanic edi¢ce as

far as to station SL 63 (Fig. 8). The vapor phase
is advecting vertically and expelled at the top of
Hook Ridge (TVG stations) whereas the `brine'
phase accumulates in the upper crust and Cl is
transported di¡usively through the sediment cover
of the King George Basin. The very shallow depth
of phase separation (500 mbsf in the basin) is a
possible scenario because intracrustal diapirism is
a typical feature in Brans¢eld Strait [17] and
phase separation at depths as shallow as 6 200
mbsf has been reported elsewhere [47]. Since the
`brine'-revealing sediment core in the King
George Basin is situated in the prolongation of

Fig. 7. p,x Diagram for NaCl^H2O solutions for six iso-
therms, data for the curves from [46]. Dashed lines indicate
corresponding pressures of the two-phase boundary for sea-
water calculated from the p(T) equation given in [35]. x val-
ues at intersections with the isotherms give the salinities of
segregated phases at the annotated p,T conditions (circles for
vapor and squares for brine phase).

Fig. 6. Correlation of Cl3 with Mg for endmember calcula-
tion of a deep-seated brine in King George Basin at the base
of the hydrothermally in£uenced core ANT-SL 63. Calcu-
lated Cl3 endmember concentration is 703 þ 12 mM.
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the volcanic structure at the base of Hook Ridge,
the two locations are considered as parts of one
large volcanic^hydrothermal system, with the
vents at the top of Hook Ridge being the sites
of active £uid emanation.

5.5. Temperature and manifestation of venting

The visible manifestations of the di¡use £uid
venting at Hook Ridge are white silica crusts
(opal-A) that precipitated directly above the sedi-
ment as well as within the pore space, especially
within coarse-grained ash layers through which
the £uids probably spread. Calculations on silica
solubility (after [48]) reveal that the measured Si
concentration in the pore water (NBP-TVG 69) is
in approximate equilibrium with amorphous silica
at the measured ex situ temperature of 42³C.
From the analyses of N18O of SiO2 from this

grab an in situ temperature of about 38³C is cal-
culated. Both methods demonstrate that heaving
through the cold water column (V31.5³C) does
not reduce the pore water temperature signi¢-
cantly, owing to the large volume of the retrieved
sediment block (V1 m3) and the compact shape
of the grab sampler with a small surface/volume
ratio. The measured ex situ temperatures are,
therefore, likely very close to the in situ temper-
atures.

Apart from siliceous crusts and small Fe-oxide
stubs, no other sea£oor manifestations of £uid
venting were observed during the video-sled sur-
veys. The lack of further observations can be at-
tributed to several reasons:

1. Subcritical phase separation at shallow depth
produces a vapor phase with extremely low con-
centrations of sul¢de-forming metals. This is due
either to the high degree of boiling at these con-

Fig. 8. Schematic section along strike of the rift axis at Hook Ridge and the northern part of the adjacent King George Basin to
illustrate phase separation processes. Proportions of the various features are not to scale.
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ditions or to the low temperature itself. In the ¢rst
case, the metals are e¡ectively partitioned into the
remaining liquid phase while the £uid is boiling.
In the second case, they precipitate at greater
depth while the £uid is cooled during adiabatic
ascent. In either case, the vent £uids do not build
visible edi¢ces and di¡use low-temperature ema-
nations dominate the hydrothermal £ux even at
bare rock sites [8,43,47].

2. At sedimented sites, the sediment layer inhib-
its a rapid ascent of the £uid and causes a more
e¡ective cooling by mixing with the ambient pore
water. If the £uid still bears higher amounts of
potential chimney-forming minerals when enter-
ing the sediment column, they will largely be pre-
cipitated within the sediments as has been shown
for the Middle Valley site at the Juan de Fuca
Ridge [49]. However, at other sedimented ridges
such as Guaymas Basin and Escanaba Trough
hydrothermal chimneys also occur [50,51]. At
Hook Ridge, the only surface expression of hy-
drothermal activity is concretionary encrustations
of metal sul¢des (marcasite and pyrite) within the
sediment matrix, obviously precipitating along
burrow traces that probably served as £uid con-
duits (ANT-TVG 91 [16]).

3. Talus pieces of former chimney fragments
have been found buried within the sediment.
Their mineralogy indicates £uid temperatures in
excess of 250³C during the formation of the chim-
ney [27]. Additionally, Mn and T/S water column
anomalies detected during cruise NBP 99-04
clearly indicate the presence of high-temperature
hydrothermal activity at this site [27]. Thus, be-
sides geological reasons for the absence of active
chimneys at Hook Ridge, the lack of ¢nding ac-
tive vents might simply be due to their scarcity
and small spatial scale.

6. Conclusion

With the discovery of thinly sedimented vent
sites at Hook Ridge and the investigations of
the pore water chemistry we can unequivocally
verify the existence of phase separation in Brans-
¢eld Strait. The calculated Cl concentrations are
among the lowest measured at any MOR site

(6 100 mM). To our knowledge there is no other
location where phase separation has been invoked
from pore water data at a sedimented site
although £uid chemistry at Guaymas Basin and
Escanaba Trough is consistent with phase separa-
tion [52].

Although chimney-like sul¢des were found
within the sediment column and evidence for ac-
tive high-temperature venting is given by water
column plumes [27], no active hot vent site has
yet been directly observed. Cruises ANT-XV/2
and NBP 99-04 reported here are part of the on-
going research in Brans¢eld Strait and the ¢rst
with video and camera systems. Our ¢ndings sug-
gest that black-smoker-type vents remain to be
discovered within Brans¢eld Strait.
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