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INTRODUCTION
Hydrothermal systems in the ocean play an 

important role in the composition of seawater, 
the formation of valuable ore deposits, the sup-
port of exotic ecosystems, and perhaps even for 
the development of life on early Earth (e.g., Hein 
et al., 2003; Nisbet and Sleep, 2001). Processes 
that take place in a hydrothermal circulation 
cell depend on depth, pressure, and temperature 
conditions; a pressure of 298 bar and a tempera-
ture of 407 °C defi ne the so-called critical point 
of seawater (CP), representing the threshold 
between subcritical and supercritical conditions 
(Bischoff and Rosenbauer, 1988). Above the CP, 
physico-chemical properties of the fl uid change 
from polar to nonpolar behavior, associated with 
strong changes in the dielectric constant and 
self-ionization (e.g., Hack et al., 2007). Oppo-
site to subcritical phase separation with the for-
mation of gas-rich vapor of very low chlorinity 
and density , at conditions above the CP, a brine 
phase is produced, and a complementary slightly 
Cl– depleted and relatively dense vapor phase. 
These vapor phase fl uids separating above the 
CP with relative high densities have a high abil-
ity to hydrate ions, which is, besides the species 
volatility, a key factor in controlling metal trans-
port by vapors (Pokrovski et al., 2005). Around 
the CP, the differences between vapor and brine 

are only minor. These properties affect metal 
solubility, fractionation, and transport in the 
respective vapor phases. It can reasonably be 
assumed that hydrothermal processes that take 
place at supercritical conditions will leave an 
imprint on the fl uids that can be distinguished 
from purely subcritical fl uids. However, until 
recently, the seafl oor venting of fl uids at or 
above the CP had not been observed.

Many hydrothermal systems in the Pacifi c 
and Atlantic Oceans characterized by phase sep-
aration are placed within the subcritical region 
on a pressure-temperature (P-T) diagram, i.e., 
the vents are situated at water depths shallower 
than 2940 m (corresponding to 298 bar) with 
fl uid temperatures of <407 °C (e.g., 9–10°N, 
21°N, and 17–19°S on the East Pacifi c Rise; 
Fornari et al., 1998; Von Damm et al., 1985; 
Charlou et al., 1996; and on the Juan de Fuca 
Ridge; Butterfi eld and Massoth, 1994; Lilley 
et al., 2003). Although in some of these systems, 
fl uids may have undergone supercritical condi-
tions during their ascent, including supercriti-
cal phase separation, as discussed for the Main 
Endeavor Field on the Juan de Fuca Ridge and 
for 9°50′N on the East Pacifi c Rise (Butterfi eld 
et al., 1994; Seyfried et al., 2003; Foustoukos 
and Seyfried, 2007), they could not be sampled 
at those conditions. So far, the only fl uid vent-

ing at vapor-phase conditions (403 °C at 2600 m 
water depth) has been found on the East Pacifi c 
Rise (Von Damm et al., 1995).

Phase separation in hydrothermal systems 
can be related to tectonic or magmatic events 
that cause rapid temperature increases (Butter-
fi eld et al., 1997). So far, all vent systems 
with posteruptive T >390 °C were found on 
the fast-spreading East Pacifi c Rise, on which 
seismic, volcanic, and magmatic activities are 
widespread. Brandon vent, at 21°S on the East 
Pacifi c Rise, produced the hottest fl uid reported 
so far, 405 °C at 287 bar, which is close to the CP 
(Von Damm et al., 2003). However, von Damm 
et al. (2003) were not able to determine whether 
the fl uids phase separated at subcritical or super-
critical conditions.

A few vent systems occur deeper than 3000 m, 
especially on the slow-spreading Mid-Atlantic  
Ridge (sites Broken Spur, TAG, MARK; James 
et al., 1995; Campbell et al., 1988). However, 
all of those vents have fl uid temperatures of 
<400 °C and, therefore, no fl uids could be sam-
pled at supercritical P-T conditions.

Here we report the highest temperatures 
(≥407 °C) measured in deep-sea hydrothermal 
fl uids and the fi rst fl uids sampled at supercritical 
conditions. The superhot vent system was dis-
covered and fi rst sampled in March–April 2005 
(cruises CD169 and M64/1) and was revisited 
in May 2006 (cruise M68/1). It represents a 
diverse area with fl uids of various temperatures 
emanating at water depths of ~3000 m (Haase 
et al., 2007; Fig. 1). In the Turtle Pits (TP) fi eld, 
boiling and phase separation are evident at sev-
eral black smokers, while in the Comfortless 
Cove fi eld, just one active smoker named Sisters 
Peak (SP) vents extremely hot-phase-separated 
fl uid. The Red Lion (RL) vent fi eld emanates 
non-phase-separated fl uids with a maximum 
temperature of 349 °C from four individual 
chimneys and is used as a reference site, repre-
senting high-temperature water-rock interaction 
without overprinting by phase separation.

METHODS
Sampling of the hydrothermal fl uids was 

performed with the ROV Quest (MARUM 
[Zentrum fur Marine Umweltwissenschaften], 
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ABSTRACT
Hydrothermal circulation within oceanic crust depends on pressure (P) and temperature 

(T); the critical point (CP) of seawater at 298 bar and 407 °C represents the threshold between 
subcritical and supercritical conditions. Here we present data from the fi rst hydrothermal 
system in which the sampled fl uids fall on and above the CP. The vent system discovered at 
5°S on the Mid-Atlantic Ridge is characterized by multiple fl uid emanations at variable tem-
peratures in water depths of ~3000 m. Vigorous vapor phase bubbling, stable emanation of 
superhot fl uid at 407 °C, and decreased salinity indicate phase separation at conditions above 
the CP at one site. At another site the measured maximum T of 464 °C during a 20 s interval is 
by far the hottest fl uid ever measured at the seafl oor and falls into the vapor-phase supercriti-
cal region of seawater. Besides these two separate fi elds with ongoing phase separation and 
extremely hot fl uids, a third vent fi eld emanates non-phase-separated fl uids at 349 °C and is 
used as a reference site. Fluid chemistry shows that supercritical fl uids evolve differently than 
subcritical fl uids, making this vent system a unique natural laboratory to investigate processes 
at high P-T conditions. The stability of the high temperature and fl uid geochemistry measured 
in 2005 and 2006 after the assumed seismic trigger event in 2002 supports this as an excep-
tional site along the Mid-Atlantic Ridge.
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Bremen) using a pumped fl ow-through system 
(Kiel Pumping System, KIPS) made of inert 
materials. Located at the sampling nozzle is an 
online temperature probe for in situ measure-
ments based on a high-temperature negative 
temperature coeffi cient (NTC) resistor. Deter-
mination of chemical compounds in the fl uids 
included onboard measurements of pH, Eh, dis-
solved Fe and sulfi de by photometry, dissolved 
Cu and Zn by voltammetry, and shore-based 
inductively coupled plasma–optical emission 
spectroscopy (ICP-OES) and ICP–mass spec-
trometry (MS) determinations of major, minor, 
and trace elements. The anions Br and Cl were 
determined in fi ltered, nonacidifi ed aliquots; Na, 
Ca, K, Mg, Li, Sr, Fe, Mn, Cu, Zn (ICP-OES), 
Co, Pb, Mo, and U (ICP-MS) were measured in 
nonfi ltered, acidifi ed aliquots, following a com-
plete dissolution of solid particles. More details 
on the methods used are provided in the GSA 
Data Repository.1

RESULTS AND DISCUSSION
Temperatures of the Superhot Fluids

During the fi rst sampling campaign in 2005, 
stable maximum temperatures of 400 °C were 
measured at site Turtle Pits. Short-term temper-
ature maxima as high as 420 °C (in the range of 
seconds; S. Petersen, 2005, personal commun.) 

were not considered valid at that time. During 
a revisit to the area in May 2006, the system 
was found to have similar venting activity and 
fl uid temperatures. The nozzle of the KIPS fl uid 
sampling and temperature sensor system was 
inserted deep into the vent outlet of the Turtle 
Pits vent smoker named Two Boats, and a stable 
temperature of 407 °C was measured for several 
minutes during fl uid sampling (Fig. 2A). In the 
newly discovered hot vent Sisters Peak, ~1 km 
away from Turtle Pits, a stable temperature of 
400 °C was measured. However, for a period 
of 20 s a venting temperature of 464 °C was 
recorded (Fig. 2B) that clearly is in the vapor-
phase supercritical region for seawater (Fig. 3). 
Similar observations of short-term maxima to 

405 °C in an otherwise stable 353 °C hot ema-
nation on the Juan de Fuca Ridge have been 
related to two fl uid sources of different tempera-
tures (Tivey et al., 1990).

Geochemistry of the Superhot Fluids
Both Turtle Pits and Sisters Peak vent sites 

emanate a chlorinity-depleted fl uid with 271 
and 224 mM Cl, respectively (Table 1), which 
is evidence for phase separation at P-T condi-
tions above the CP. On a Cl– normalized basis, 
Turtle Pits and Sisters Peak fl uids are clearly 
enriched in K, Ca, and Na compared to sea water 
(Table 1), similar to fl uids from Red Lion 2 km 
farther north. Despite lower Cl concentration, 
the transition metals Fe, Cu, Co, and Mo are 
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Figure 1. Positions of individual high-
temperature  hydrothermal fi elds in the area 
at 5°S on Mid-Atlantic Ridge. The 407 °C hot 
smoker Two Boats is located in Turtle Pits 
fi eld, whereas ≥400 °C hot vent Sisters Peak 
is in Comfortless Cove fi eld.

1GSA Data Repository item 2008149, method 
descriptions and measured concentration of indi-
vidual hydrothermal fl uid samples, and Tables DR1 
and DR2, is available online at www.geosociety.
org/pubs/ft2008.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O. 
Box 9140, Boulder, CO 80301, USA.
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Figure 2. A: Tempera-
ture (T ) record of 464 °C 
hot spike at site Sisters 
Peak. B: Temperature 
record of stable emana-
tion of 407 °C hot fl uid at 
site Turtle Pits at 5°S.

Figure 3. Two-phase boundary of seawater and positions of the 5°S vent fl uid samples from 
sites Turtle Pits (TP), Sisters Peak (SP), and Red Lion (RL) in the pressure-temperature 
diagram. CP is critical point of seawater. Data points for Brandon (Von Damm et al., 2003) 
and Bastille (Seyfried et al., 2003) vents from the Pacifi c are shown for comparison. Depths 
of zone of phase separation at TP and SP and depth of reaction zone at RL were calcu-
lated based on Cl and Si concentration, respectively (after Foustoukos and Seyfried, 2007; 
Von Damm et al., 1991; a detailed explanation is given in GSA Data Repository; see foot-
note 1). Gray shaded area represents range of seafl oor pressures at 5°S. JFR—Juan de Fuca 
Ridge; EPR—East Pacifi c Rise.
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enriched in phase-separated fl uids compared to 
Red Lion fl uids, which can be attributed to the 
high fl uid temperatures and the specifi c proper-
ties of supercritical fl uids close to the CP. Com-
plex formation constants increase with increasing 
temperature and decreasing water density (Ding 
and Seyfried, 1992), and at P-T conditions above 
the CP the relative stability of chloride com-
plexes (mainly neutral complexes) is strongly 
enhanced. Very high Fe concentrations, up to 
4 mM (Table 1), and high Fe/Cl and Fe/Mn ratios 
compared to Red Lion, refl ect this increased Fe 
mobility in fl uids in the low pressure–high tem-
perature region around the CP with an almost 
complete formation of Fe chloride complexes 
(Helgeson, 1992; Ding and Seyfried, 1992; 
Von Damm et al., 2003). Hydrogen sulfi de con-
centrations are as high as 8.3 mM (Table 1).

Zinc and Pb are similarly concentrated at 
the three sites (Sisters Peak, Turtle Pits, Red 
Lion), indicating that factors other than pres-
sure and temperature control the solubility of 
these elements. As shown in experimental work 
by Pokrovski et al. (2005), the fractionation of 
elements between vapor and brine is zero at 
the CP and increases with increasing density 
difference (i.e., away from the critical curve). 
Close to the CP, elements like Fe and Zn should 
partition similarly to Cl. Some metals like Cu, 
however, seem to be dominated by sulfi de com-

plexation, which could lead to the fractionation 
of elements into the vapor (Cu) and the brine 
(e.g., Zn) phases (Nagaseki and Hayashi, 2008).

Although the general composition of the 5°S 
fl uids seems to fi t into the range of data from 
other very hot vent fl uids (Table 1), a closer 
look at individual samples and compounds in 
the extremely hot fl uid samples indicates some 
unusual properties. The major elements and Fe 
in individual samples from the same vent ori-
fi ce at Turtle Pits plot on a single mixing line 
between hydrothermal fl uid and seawater, i.e., 
they seem to represent different dilutions of 
the same end-member fl uid (see Table DR1). 
However, some transition metals display a high 
variability among samples despite very similar 
chlorinities and high fl uid percentage (Table 1, 
Table DR2). Copper, Co, and Mo covary, sug-
gesting a similar control on their mobility, with 
the lowest concentrations in the hottest fl uid 
sample, whereas Zn and Pb are decoupled from 
this group of elements. Mixing of the vapor 
phase with a brine phase or evolved seawater as 
discussed for the vent Bastille (Seyfried et al., 
2003) is unlikely because of chemical con-
straints such as constant Cl and Fe concentra-
tions. A comparison of total, dissolved, and free 
plus labile fractions of different metals indicates 
extremely low free Cu and low free Zn concen-
trations in the hottest fl uids, in contrast to Fe 

(Table DR2). We interpret the variable behavior 
of Cu as the result of Cu being present in the 
extremely hot single-phase fl uid in a different 
chemical form than in lower-temperature fl uids, 
as previous investigations had shown that Cu 
complexation is highly sensitive to temperature 
(e.g., Mavrogenes et al., 2002).

Temporal Evolution of the 5°S Vent System
The hydrothermal system at 5°S on the Mid-

Atlantic Ridge is remarkable not only for its 
absolute fl uid-temperature record. More impor-
tant, and completely unexpected, is the asso-
ciation of these hot vents with recent volcanic 
eruptions on a slow-spreading ridge. Hydrother-
mal vent systems on the East Pacifi c Rise driven 
by volcanic eruptions are known to show strong 
temporal variations in heat fl ow and fl uid chem-
istry. According to the model developed based 
on these observations (Butterfi eld et al., 1997; 
Von Damm et al., 1995), the high heat fl ow at 
the beginning of an event is often associated 
with an onset of boiling of the circulating fl uids, 
and the subsequent venting of the more buoyant 
gas-rich and initially also Fe-rich vapor phase. 
Thereafter, the system will cool, boiling will 
end, and the heavy and cooler brine stored in the 
subsurface will start to vent.

If we assume that this response model from 
Butterfi eld et al. (1997) applies to our young 
posteruptive system at 5°S on the Mid-Atlantic  
Ridge, and that a seismic event recorded in 
2002 was the trigger event (Haase et al., 2007), 
our data from 2005 and 2006 provide a tem-
poral frame for the 5°S system. Accordingly, 
the high temperature, high Fe concentrations, 
and constantly low Cl contents in both 2005 
and 2006 clearly indicate that the 5°S system, 
even 4 yr after the eruption, was still in an 
early stage with high heat fl ow. Only one other 
vent system with continuous phase separation 
for several years following an eruption has 
been observed (9°46′N, East Pacifi c Rise; Von 
Damm et al., 1995). Hydrothermal circulation 
at the hot Turtle Pits and Sisters Peak vents is 
probably caused by a diking and an eruption 
event like those that typically occur on fast-
spreading ridges. The stability of the high-heat-
fl ow vapor-emanation phase for at least 4 yr 
calls for an unusually large and constant heat 
source beneath this area (Haase et al., 2007). 
This will enable us to study supercritical fl uids 
in more detail during upcoming cruises and to 
adapt the response model to systems venting at 
supercritical pressure-temperature conditions.

SUMMARY AND CONCLUSIONS
Chemical data and exit temperatures for 

the 5°S hydrothermal vent fi eld are extremely 
diverse, displaying non-phase-separated hot 
fl uids, phase-separated fl uids representing a 
supercritical vapor-type phase with venting tem-

TABLE 1. VENT FLUID CHEMISTRY GIVEN AS END-MEMBER CONCENTRATIONS

Site Turtle 
Pits 

Turtle 
Pits 

Sisters 
Peak 

Red 
Lion 

Brandon 
Bd5, 
EPR

Bastille, 
JFR Seawater

Year
sampled 2005 2006 2006 2005
Tmax (°C) 405 407 400 (464) 349 405 368 2
Cl (mM) 291 (8) 271 (2.4) 224 (2.6) 552† (3.8) 330 208 552
Br (µM) 494 (5) 482 (14) 392 (15) 873† (29) 550 340 831
B (µM) 536 (11) 547 (5) 591 (4) 520 (3.9) 432 800 425
Si (mM) 11.3 (0.6) 11.6 (0.13) 14.4 (0.23) 21.8 (1.1) 9.5 9.2 0.06
Na (mM) 230 (5) 237 (2.3) 209 (4.5) 480† (3.1) 270 166 474
K (mM) 7.94 (0.15) 8.6 (0.06) 7.4 (0.014) 19.8 (0.13) 7.7 10.0 10.4
Ca (mM) 7.7–10.7 8.8 (0.13) 11.6–17.4 18.6 (0.16) 21.3 12 10.5
Li (µM) 416 (7) 427 (6) 343 (4) 1217 (13) 309 160 25
Sr (µM) 28.2 (1.3) 25.4 (1.0) 35–52 63.1 (0.56) 63.1 63 87
Mn (µM) 454 (6.7) 473 (9) 704 (12) 730 (9.4) 702 550 0.0013
Fe (µM) 3120 (449) 3940 (50) 3380 (6) 803* 7570 2200 0.0045
Co§ (µM) 1.50* 0.5–0.88 0.44–1.62 0.029* N.D. 0.14 <0.015
Cu§ (µM) 111* 9–76 110–347 5.2* 54 25 0.0033
Zn§ (µM) 55* 28–69 50–155 60* 78 32 0.028
Mo§ (nM) 101* 15–57 80–270 15.7* N.D. 68 0.10
Pb§ (nM) 187* 56–184 126–422 418* N.D. 100 0.013
H2S (µM) N.D. 4200* 8310* N.D. 7950* 22000 0
Na/Ca <21 26.9 <18 25.8 12.6 13.8 45.1
K/Cl 0.027 0.032 0.033 0.035 0.023 0.048 0.019
Ca/Cl >0.026 0.032 >0.052 0.034 0.064 0.058 0.019
Fe/Cl × 1000 10.7 14.5 15.1 1.45 22.9 10.6 <<
Fe/Mn 6.9 8.3 4.8 1.1 10.8 4.0 <<

Note: Calculated based on the assumption of Mg = 0 in the end-member fl uid for the different vent sites 
at 5°S sampled in 2005 and 2006. Data in parentheses are relative uncertainties of regression. Data from 
the Brandon (Von Damm et al., 2003) and Bastille (Seyfried et al., 2003) vents from the Pacifi c are shown 
for comparison. Seawater data for Mn, Fe, Cu, Zn, Mo, and Pb are from Douville et al. (2002). EPR—East 
Pacifi c Rise; JFR—Juan de Fuca Ridge. T—temperature; mM—mmol/Kg; μM—μmol/Kg; nM—nmol/Kg.

N.D.: Not determined.
*Based on one sample.
†Median value.
§As the measured data for Co, Cu, Zn, Mo, and Pb do not lie on a single mixing line, end-member 

concentrations were calculated based on single data points, thus giving a range of end-member values.
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peratures of ≥400 °C, and episodic eruptions of 
a superhot supercritical phase at 464 °C. The 
high-temperature vapor-phase fl uids apparently 
vent over unusually long durations (≥4 yr) com-
pared to high-temperature sites in the Pacifi c. This 
has important implications for heat-fl ow models 
of hydrothermal systems. The different solu-
tion properties of fl uids below and above the CP, 
and the different speciation of metals under the 
respective pressure-temperature conditions, will 
control mineral-formation processes, and possibly 
also biogeochemical interactions in the mixing  
zone of the rising plume. Heretofore, informa-
tion on metal behavior in saline fl uids above the 
CP was deduced indirectly from fl uid-inclusion  
studies and laboratory experiments at high tem-
peratures and pressures (e.g., Audétat et al., 
1998; Mavrogenes  et al., 2002). Turtle Pits and 
 Sisters Peak are the only vent sites known where 
supercritical vapor emanations can be observed 
directly at supercritical conditions. Foustoukos 
and Seyfried  (2007) pointed out that according to 
their experiments on quartz solubility in the two-
phase and critical region, supercritical phase sepa-
ration might be more common than previously 
thought. This fi nding emphasizes the special role 
of the 5°S fi eld on the Mid-Atlantic Ridge as a 
model system to investigate processes that likely 
operate within many other hydrothermal systems 
occurring at great water depth, but in which the 
processes become overprinted by cooling and/or 
dilution before the fl uids reach the seafl oor.
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