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INTRODUCTION

The long-term studying of hydrothermal activity
related to seafloor spreading indicates that most of the
currently known zones of hydrothermal activity in the
Pacific and Indian oceans, the Red Sea, and the North
Atlantic Ocean [1–3] is genetically related to basaltic
magmatism. In convective cells developing thereby,
seawater penetrating into the newly formed oceanic
crust is transformed into a high-temperature (up to

 

400°ë

 

) acidic (pH 2–4) fluid, which can form sulfide
mineralization. It is particularly interesting to examine
hydrothermal processes occurring along the slow-
spreading Mid-Atlantic Ridge (MAR). Not only active
sulfide edifices (so-called black smokers) were detected
along the MAR (at the Logachev, Rainbow, and
Ashadze hydrothermal fields) but also carbonate edi-
fices spatially related to serpentinized peridotites,
which were discovered five years ago at the Lost City
field [4]. The discovery of these hydrothermal vents
indicates that convective cells developing in spreading
zones are of an unusual type and are related not to a
magmatic energy source but to some other sources of
heat, perhaps, generated by exothermic reactions of oli-
vine serpentinization. Data obtained at the Lost City

hydrothermal field may be crucial for solving the prob-
lem of the energy and material source for such cells.

The Lost City field is situated 15 km off a spreading
zone and rests on a fairly old (1.5 Ma) basement [4].
The field was determined to contain unusual barren bru-
cite–carbonate mineralization, which was deposited by
highly alkaline (pH 9–9.8) low-temperature (

 

40–95°ë

 

)
solutions. The discharge rate of the fluid is relatively
low, and, according to [5], the solutions reach their dis-
charge sites via diffusion mechanisms. The Na and Cl
concentrations in the Lost City fluid are close to those
in seawater, but this fluid is twice richer in Ca and bears
notable amounts of dissolved gases: methane and
hydrogen [4–6].

As at any other oceanic hydrothermal field, the orig-
inal source of fluid at Lost City was seawater, which fil-
tered through the oceanic crust via a network of frac-
tures and faults. At a slow spreading velocity, which is
typical of the territory, the scale of the deep circulation
of the solutions is fairly high, and the solutions them-
selves show evidence of their active interaction with
seafloor rocks [1]. Now all researchers of the Lost City
hydrothermal field [4–10] admit its links with the ser-
pentinization of ultramafic rocks. The two main
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Abstract

 

—The isotopic (

 

δ

 

D

 

, 

 

δ

 

18

 

O

 

, 

 

δ

 

13

 

C, and 

 

87

 

Sr

 

/

 

86

 

Sr) and geochemical characteristics of hydrothermal solu-
tions from the Mid-Atlantic Ridge and the material of brucite–carbonate chimneys at the Lost City hydrother-
mal field at 

 

30°

 

N, MAR, were examined to assay the role of the major factors controlling the genesis of the fluid
and hydrothermal chimneys of the Lost City field. The values of 

 

δ

 

D and 

 

δ

 

18

 

O in fluid samples indicates that
solutions at the Lost City field were produced during the serpentinization of basement ultramafic rocks at tem-
peratures higher than 

 

200°ë

 

 and at relatively low fluid/rock ratios (<1). The active role of serpentinization pro-
cesses in the genesis of the Lost City fluid also follows from the results of the electron-microscopic studying of
the material of hydrothermal chimneys at this field. The isotopic (

 

δ

 

18

 

O

 

, 

 

δ

 

13

 

C, and 

 

87

 

Sr

 

/

 

86

 

Sr) and geochemical
(Sr/Ca and REE) signatures indicate that, before its submarine discharging at the Lost City field, the fluid fil-
tered through already cold altered outer zones of the Atlantis Massif and cooled via conductive heat loss. During
this stage, the fluid could partly dissolve previously deposited carbonates in veins cutting serpentinite at the
upper levels of the Atlantis Massif and the carbonate cement of sedimentary breccias underlying the hydrother-
mal chimneys. Because of this, the age of modern hydrothermal activity at the Lost City field can be much
younger than 25 ka.
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hypotheses put forth to account for the genesis of
hydrothermal fluid at Lost City are as follows. The pro-
ponents of one of them regard the Lost City solution as
a result of mixing of a hot fluid produced by peridotite
serpentinization (this fluid is enriched in gases, such as
H

 

2

 

, 

 

CH

 

4

 

, 

 

CO

 

2

 

,

 

 and H

 

2

 

S, in the course of gas separation)
with cold ambient water in the subsurface biosphere
(where microbial processes take place, including the
active reduction of the sulfate ion on hydrogen by
archea sulfate-reducing microorganisms [6–8]). The
other hypothesis is underlain by the results of thermo-
dynamic simulations of serpentinization processes and
mixing with seawater. These simulations have demon-
strated that the fluid produced in the course of serpenti-
nization can account for the mineralogical features of
hydrothermal chimneys at Lost City during its mixing
with bottom oceanic water, but the serpentinization
process should have proceeded at significant tempera-
tures (close to 

 

300°ë

 

), while the mixing occurred at
temperatures no higher than 

 

150°ë

 

 [9, 10]. The afore-
mentioned authors believed that these processes were
separated by a stage of the conductive cooling of the
fluid without its mixing with seawater. Both hypotheses
fail, however, to explain several issues in the genesis of
the Lost City hydrothermal solution.

Heat balance calculations and geochemical simula-
tions [10] for the Lost City field indicate that the tem-
perature regime of the hydrothermal solutions cannot
be explained only by the heat of the exothermal reac-
tion of serpentine hydration. The comparison of the
results of these calculations and geochemical data led
the authors to conclude that the Lost City fluid is of
more complicated genesis and could (at a low spread-
ing velocity) reach deep lithospheric levels before dis-
charging at the seafloor.

Although some issues remain uncertain as of yet, all
researchers of the Lost City field reached a consensus on
the necessity of the further detailed examination of both
the fluid phase at the field and its precipitation products.
The field is still poorly examined because, on the one
hand, it was discovered quite recently and, on the other,
is hard to reach. It was described only in a few pioneer-
ing papers presenting natural observations [4–7] and
some results of geochemical and thermodynamic simu-
lations and heat balance calculations [9, 10]. Disput-
able issues in the genesis of the fluid very unusual for
submarine hydrothermal systems can be settled with
the aid of isotopic data, which are, however, still scarce
[5, 7].

This paper reports the results of our isotopic–
geochemical study of hydrothermal deposits at Lost
City and fluids from hydrothermal fields at the Mid-At-
lantic Ridge. The samples were collected during 9 of
the R/V 

 

Akademik Mstislav Keldysh

 

 in 2002. One of the
tasks of our research, along with obtaining new isoto-
pic–geochemical data on the Lost City field, was the
numerical evaluation (based on isotopic evidence) of
the main processes that formed the Lost City deposits:

serpentinization, conductive cooling of the fluid, and its
mixing with seawater. In the course of this research, we
examined not only the mineral material of chimneys at
Lost City but also hydrothermal fluid samples from this
field and from some other nearby fields at the Mid-
Atlantic Ridge: Rainbow and Lucky Strike, which lie
between 

 

20

 

 and 

 

40°

 

N.
Solution samples were collected at Lost City near the

top of the 60-m Poseidon chimney. The fluid venting
from the central part of this structure resembles a drink-
ing fountain 10–12 cm high and approximately 3 cm in
diameter.

GENERAL CHARACTERIZATION OF THE LOST 
CITY HYDROTHERMAL FIELD

The Lost City hydrothermal field at 

 

30°

 

 N lies at a
depth of 750–850 m, 15 km from the intersection point
of the Mid-Atlantic Ridge (MAR) with a transform
fault in the upper part of the southern slope of the
Atlantis Massif, which consists of strongly deformed
serpentinite and metagabbro with numerous carbonate
veins and veinlets. The upper part of the massif is
unconformably overlain by sedimentary breccias,
pelagic limestones, and brecciated fragments of hydro-
thermal deposits cemented by lithified carbonate sedi-
ments. The carbonate deposits and the lithified cement
of the breccias is foraminiferan sand with well-pre-
served subtropical faunal remnants [4].

According to radiocarbon data, hydrothermal activity
at the Lost City field was dated at approximately 30 ka
[5]. At the same time, the radiocarbon age of the car-
bonate material of the hydrothermal chimneys broadly
varies from 0 to 25 ka. The carbonate material in the
basement of the stratigraphic succession (pelagic lime-
stone, carbonate material of breccias, and veinlets in
serpentinites) is older and varies within a narrower
range: from 25 to 34 ka. The age of calcite veinlets in
fracture zones in gabbro and serpentinites is the least
variable and amounts to approximately 32 ka.

The hydrothermal field itself consists of vertical
chimneys and towers of variable morphology and
height. Some of them resemble thin pinnacles 3–5 m
high and up to 20 cm in diameter, and others are large
columnar structures, often having flat tops, up to 60 m
high and 10 m in diameter. Some edifices are still
active, while others are inactive. The active edifices are
washed by shimmering waters, which ascent along the
outer walls and seep and vent from the flat tops and
escarps of the edifices [6]. Our research was conducted
on the material of brucite–carbonate deposits sampled
at a large active chimney.

ANALYTICAL TECHNIQUES AND RESULTS
A representative 2- to 5-g portion of each sample of

the carbonate–brucite material was homogenized by
grinding and used for all further chemical and isotopic
analyses. The Sr isotopic analysis, atomic absorption
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analysis, and ICP-MS analysis were conducted on the
same aliquots of the dissolved samples.

The mineral composition of the samples was deter-
mined by E.V. Koporulina using X-ray powder diffrac-
tion on a RIGAKU D/Max-2200 diffractometer at the
Institute of the Geology of Ore Deposits, Petrography,
Mineralogy, and Geochemistry (IGEM), Russian
Academy of Sciences. The results obtained (Table 1)
confirm that the major rock-forming minerals in hydro-
thermal chimneys at Lost City are aragonite, calcite,
and brucite.

The concentrations of the major elements of the
material (Ca, Mg, Sr, and Ba) were determined by
atomic absorption at the Institute of the Geology of Ore
Deposits, Petrography, Mineralogy, and Geochemistry,
Russian Academy of Sciences, analyst L.F. Kartashova.
Analyses for trace elements and REE were carried out
by ICP-MS at the same institute, analyst S.A. Gor-
bacheva.

The Sr isotopic composition was determined on a
Micromass Sector-54 thermoionization mass spectrom-
eter, with ionization in single-filament mode on oxi-
dized Ta [11]. The error of the measured 

 

87

 

Sr

 

/

 

86

 

Sr isoto-
pic ratios did not exceed 

 

±

 

0.0025% (2

 

σ

 

)

 

.
The O, C, and H isotopic composition was deter-

mined by mass spectrometry (IRMS) on a DELTA

 

plus

 

Finnigan apparatus. The standards were the NBS-19
carbonate standard and the NBS-28 silicate standard.
Samples of the carbonate constituent were prepared by
classic decomposition methods in orthophosphoric
acid.

Samples containing brucite were analyzed for the
oxygen isotopic composition of the mineral. Brucite
was separated from the carbonate matrix by treatment
with diluted HCl at room temperature. The reaction was
conducted on an object glass under a microscope in
order to make it possible to visually observe the pro-
cess. Upon the completion of the reaction, brucite crys-
tals were further dissolved for a while to get rid of the
possible admixture of isotopically heavy oxygen in car-

bonates. The material thus obtained was washed with
distilled water and then dried at 

 

120°ë

 

. The samples
were then prepared using the classic fluorination tech-
nique commonly applied to silicates [12]. However,
measurements indicate that the 

 

δ

 

18

 

é

 

 value was reliably
determined only in two of the samples, with the rest of
them first yielding unrealistically high 

 

18

 

O values,
which indicated that the brucite was incompletely sep-
arated from carbonate material and that these data can-
not be considered reliable. The oxygen, carbon, and
strontium isotopic composition of our brucite–carbon-
ate samples from the Lost City vent field is reported in
Table 2.

The oxygen isotopic composition of fluid phases
was analyzed by the quick method of isotopic equili-
bration in syringes [13]. The total error of this tech-
nique amounted to 

 

±

 

0.2

 

‰. Fluid samples were analyses
for hydrogen isotopic composition on a H/D instrument
(ThermoQuest, Finnigan) by means of water decompo-
sition on metallic chrome at a temperature of 

 

800°ë

 

 [13,
14]. The maximum error of the 

 

δ

 

D values was 

 

±

 

0.2 

 

‰.
All examined samples of hydrothermal solutions were
mixed aboard the research vessel with 5% HCl to pH 2.5,
because these samples were initially intended for anal-
ysis for metals. The acidification of the solution sam-
ples slightly modified their oxygen and hydrogen isoto-
pic composition. However, these parameters of the
solutions were interesting in the context of our research
and were corrected to minimize the aforementioned
acidification effect. The corrections pertained mostly to
the hydrogen isotopic system, because the difference
between the hydrogen isotopic compositions of the
solutions with the “oceanic” composition and the aque-
ous component of the acid prepared using deionized tap
water was quite significant. The corrections were made
with 

 

δ

 

D

 

 = –57 

 

‰ and 

 

δ

 

18

 

é = –8.4 

 

‰ for the aqueous
component of the acid, and the added amount of the
acid was known. Table 3 presents the results of the mea-
surements together with the corrected values.

 

Table 1.  

 

Mineral composition of samples (X-ray powder diffraction data) and their description

Sample no. Mineral composition Material description

68-M2/5 Aragonite + (calcite) Coral fragments in carbonate sand near the bottom of a chimney

67-M1-1/3 Brucite + calcite + aragonite Top of a chimney. White porous rocks with a dense bluish crust

65-M2-2/3 Aragonite + brucite Snow-white porous fans of crystals on the flat top of a chimney

64-M1-7/2 Aragonite + calcite Top of an edifice, a zone of active seeping. Gray porous rocks, 
outer zone of the chimney

71-M2-1 Calcite + aragonite + brucite Top of an edifice, a zone of active seeping. Sugar white rock

68-M2-4/2 Brucite + aragonite + calcite Top of an edifice, a zone of active seeping. Sugar white rock

71-M2-4 Brucite + aragonite + calcite Top of an edifice, a zone of active seeping. Sugarlike crystal ag-
gregates

68-M2-2A Aragonite + calcite Top of an edifice, a zone of active seeping. Sugar white rock with 
a gray porous crust
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RESULTS AND DISCUSSION

 

Hydrothermal MAR Solutions: The Role
of Serpentinization Processes

 

Table 3 and Fig. 1 summarize the 

 

δ

 

18

 

é

 

 and 

 

δ

 

D val-
ues obtained on fluid phase samples from a number of
MAR vent fields. The isotopic data indicate that the
oxygen and hydrogen isotopic composition of solutions
sampled at Lost City is close to that of solutions from
the nearby Rainbow and Lucky Strike vent fields in
MAR (Fig. 1). All of the samples exhibit slightly
heavier oxygen isotopic composition than SMOW and
small negative values of 

 

δ

 

D (Fig. 1,Table 3) (except one
sample from the Rainbow field). The 

 

δ

 

18

 

é

 

 and 

 

δ

 

D val-
ues are correlated, and this arrangement of the data
points in Fig. 1 likely suggests a temperature evolution
of a fluid system genetically linked to seawater. The
more significant variations in the hydrogen isotopic
composition (approximately one order of magnitude
greater than the scatter of the 

 

δ

 

18

 

é

 

 values) are charac-
teristic of the evolution of originally compositionally
similar fluids at various temperatures. However, the
extrapolation of the original 

 

δ

 

18

 

é

 

 and 

 

δ

 

D values to a
zero Mg concentration (end member) indicates that the
Lost City fluid differs from the fluids of the neighboring

vent fields. The results of the calculations are presented
in Table 3 and Fig. 1. The data points shown for the Lost
City solutions are recalculated not only to a zero Mg
concentration but also to the Mg concentration in the
end member (equal to 19 mmol/l), because it is thought
[4] that the original fluid in Lost City contains up to
19 mmol/l Mg. As can be readily seen, the values cal-
culated for Lost City with an extrapolation to C(Mg) = 0
are higher than the universally adopted value of 

 

δ

 

18

 

é

 

for seafloor rocks (basalts and ultramafic rocks), which
is shown in Fig. 1 as a range from 5.5 to 

 

6.5

 

‰. We
believe that these unrealistic values once again testify
to the presence of own Mg in the end member of the
hydrothermal component of the Lost City fluid.

In order to analyze the role of interaction processes
between seawater and ultrabasic rocks when the hydro-
thermal solutions are formed, in Fig. 1 we plotted the
line of the serpentine isotopic composition in equilib-
rium with seawater (0; 0) at temperatures from 175 to

 

300°ë

 

 (the line was calculated by the equations devel-
oped by Sakai and Tsutsumi [15] and Zheng [16]). As
can be seen in Fig. 1, the calculated compositions of
solutions from the Rainbow and Lucky Strike fields
extrapolated to the end member are shifted toward the
equilibrium line of serpentine and seawater. The end-

 

Table 2.

 

  Oxygen, carbon, and strontium isotopic composition of carbonate-brucite material from the Lost City field

Sample no.

 

87

 

Sr/

 

86

 

Sr
Carbonate material Brucite

 

δ

 

13

 

C

 

PDB

 

, ‰

 

δ

 

18

 

O

 

PDB

 

, ‰

 

δ

 

18

 

O

 

SMOW

 

, ‰

 

δ

 

18

 

O

 

SMOW

 

, ‰

68-M2/5 0.709172 

 

±

 

 16 0.22 2.96 33.96 –

68-M2-2A 0.708944 

 

±

 

 17 1.92 5.50 36.58 –

64-M1-7/2 0.709042 

 

±

 

 14 2.07 4.61 35.66 –

65-M2-2/3 0.709176 

 

±

 

 13 1.49 4.29 35.33 –

71-M2-1 0.708607 

 

±

 

 16 1.87 4.11 35.14 4.4

71-M2-4 0.707864 

 

±

 

 17 0.79 3.16 34.17 –

68-M2-4/2 0.707408 

 

±

 

 17 0.43 3.43 34.45 –

67-M1-1/3 0.706891 

 

±

 

 16 0.79 0.51 31.44 –1.0

 

Table 3.  

 

Oxygen and hydrogen isotopic composition of MAR hydrothermal solutions

Vent field
Measured values Corrected for acidification Recalculated to end member 

C(Mg) = 0 Description

δD, ‰ δ18O, ‰ δD, ‰ δ18O, ‰ δD, ‰ δ18O, ‰

Lucky Strike –2.4 0.4 –1.3 0.5 –4.0 1.6 Hot fluid, zone of black 
smokers–1.9 0.3 –0.8 0.5 –2.1 1.3

Rainbow –1.6 0.4 –0.5 0.6 –1.3 1.5 Hot fluid with suspend-
ed black material–0.3 0.6 0.9 0.8 4.5 4.2

Lost City –2.3 0.4 –0.1 0.8 (–1.1) –0.7 (7.0) 4.5 Warm water at the top 
of a chimney–1.2 0.4 0 0.5 (–0.5) –0.3 (6.7) 4.3

Note: Numerals in parentheses are recalculations to the end member of the Lost City fluid for C(Mg) = 0; numerals without parenthe-
ses–t0C(Mg) = 19 mmol/l, because this Mg concentration is thought to have been typical of the original fluid component at Lost City.



GEOCHEMISTRY INTERNATIONAL      Vol. 45      No. 11      2007

ISOTOPIC–GEOCHEMICAL CHARACTERISTICS 1135

member data points for the Lost City fluid plot at much
higher δ18é values without any significant change in
δD, a fact suggesting that the solutions interacted with
silicate rocks at elevated temperatures.

The data presented above can be explained as fol-
lows. Serpentinization at the strong predominance of
the fluid mass over that of the rocks (fluid-dominated
regime of isotopic exchange) should result in an isoto-
pic composition of the serpentine corresponding to ser-
pentine–seawater equilibrium at this temperature. The
further interaction of the fluid with the altered rocks
should result in an isotopic composition of the fluid in
the range between the composition of seawater and ser-
pentine in equilibrium with it, depending on the degree
of isotopic equilibration, which is controlled by the fil-
tration velocity of the fluid and its temperature. How-
ever, the fraction of unequilibrated fluid with isotopic
parameters of seawater cannot be identified when the
end member is calculated, which results in an arrange-
ment of the data points for MAR hydrothermal fluids
along the equilibrium line of serpentine and seawater.
The Lost City field shows the effect of the “original”
oxygen isotopic parameters of the basement ultrabasic
rocks at the neutral behavior of the hydrogen isotopic
system. This suggests that the process of rock serpenti-
nization in the basement of the Lost City field should
have proceeded under conditions notably different from
those of a fluid-dominanted regime of isotopic
exchange. The constancy of the hydrogen isotopic com-

position that results in a horizontal shift in the diagram
of Fig. 1 is quite expectable in this situation, because
the only hydrogen-bearing phase able to exchange with
hydrothermal fluid is serpentine, which was produced
with the participation of seawater. Consequently, the
hydrogen isotopic system behaves neutrally, while the
oxygen isotopic system reflects the evolution of the
interaction of the hydrothermal solution and rock.

The behavior of the oxygen isotopic system enabled
us to assay the scale of this interaction. Figure 2 dis-
plays the calculated trajectories of the changes in the
isotopic composition of the fluid that participated in
serpentinization of olivine with “primary” oxygen iso-
topic signatures (δ18é = 5.5‰) depending on variations
in the water/rock ratio. The calculations were con-
ducted according to the model [17] with regard for the
inflow of 18O into the fluid from dissolving olivine of
constant isotopic composition and the incorporation of
18O into the crystallizing serpentine, a process resulting
in a gradual change in the isotopic composition of the
fluid with the progress of the serpentinization reaction.
Although we neglected water incorporation into the
serpentine structure in our calculations, this simplifica-
tion was justified when the major tendencies in the
behavior of fluids were identified at the MAR and Lost
City. The position of the δ18é of the Lost City fluid
extrapolated to the end member relative to the calcu-
lated lines indicates that the extrapolation to the zero
value also yields an unrealistically low water/rock ratio.
The values extrapolated to 19 mmol/l of Mg lead to
water/rock ratios less than one for a broad temperature
range from 250 to 400°ë. Except only one data point of
the Rainbow fluid, all other data fall within the region
of higher water/rock ratios: from 1 to 2.5 for the afore-

Öå Rainbow

δD

1 2
3
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250

SMOW

300

200

δ18O

10

8

6

4

2

0

−2

−4

−6

−8
−10

−2 0 2 4 6 8

initial compositions

Öå Lucky Strike

Öå (Mg = 0) Lost City

Öå (Mg = 19) Lost City

Fig. 1. Hydrogen and oxygen isotopic composition of MAR
hydrothermal solutions. Original solutions are measured δD
and δ18é values corrected for acidification; EM are compo-
sitions recalculated to the end member for each point; 1 is
the line of meteoric waters, 2 is a line calculated according
to [15, 16] for the isotopic composition of serpentine in
equilibrium with seawater at various temperatures (numer-
als show the temperatures, °C), and 3 is the oxygen isotopic
composition range measured in seafloor silicate rocks
(tholeiitic basalts and ultrabasic rocks).

400

δ18Ofluid

Lost City: Mg(EM) = 0
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Rainbow

Lucky Strike

Lost City

isotherms

Lost City: Mg(EM) = 19
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31 2 4 5 6
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0

Fig. 2. Calculated isotherms for δ18é variations in fluid,
according to the model [17], depending on the water/rock
ratio during serpentinization of a rock consisting of olivine
with a “primary” oxygen isotopic composition (δ18é =
5.5‰) at temperatures from 250 to 400°ë (numerals near
isotherms). Shown in the calculated field are the composi-
tions of MAR fluids recalculated to the end member
C(Mg) = 0 and C(Mg) = 19 mmol/l for Lost City.
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mentioned temperature range. The data shown in Fig. 2
are consistent with the conclusions [10], which were
drawn based on the simulation of the heat balance and
geochemical parameters of the Lost City fluid and solid
material, that the serpentinization process took place at
approximately 270°ë at a low fluid/rock ratio.

The clearly pronounced relations between the Lost
City hydrothermal solutions and the serpentinization
process of the ultrabasic basement rocks are also con-
firmed by the chemistry of gases dissolved in the fluid:
the occurrence of methane and hydrogen is typical of
hydration reactions and iron oxidation in olivine in the
presence of H2O and [9]. The authors of the pub-
lication quoted above noted that serpentinization at low
water/rock ratios may give rise to a highly alkaline fluid
with methane and hydrogen.

It is also worth mentioning that the low water/rock
ratio is in conflict with the fact that the Na, K, and Cl
concentrations in the Lost City fluid are practically
identical to those in seawater. In other words, water
consumption during olivine hydration should have
increased the concentrations of these elements in the
residual fluid. This discrepancy calls for resolution and
still remains a matter of discussion. It may only be
noted that the behavior of the elements depends not
only on the composition of the altered ultrabasic rocks
but also on the conditions of the alteration process.
Moreover, since the system was not closed, slow fluid
filtration through already-altered (serpentinized) rocks
toward the submarine discharge zone could be associ-
ated with changes in the salt composition of the fluid.
As was mentioned in [1], significant variations in the
Na, K, and Cl concentrations in oceanic hydrothermal
solutions are most commonly indicative not of interac-
tion with oceanic rocks but of the phase separation of
the fluid.

HCO3
–

However, there are still no facts confirming that the
Lost City fluid has undergone its phase separation at
depth. Phase separation was identified in the MAR for
high-temperature hydrothermal solutions related to ser-
pentinites (at the Logachev and Rainbow fields [18]).
The Lost City field however is characterized by low
temperatures. Then, phase separation should be associ-
ated with the redistribution of both hydrogen and oxy-
gen isotopes between phases, with the hydrogen isoto-
pic system of the fluid affected more strongly by this
process than the oxygen isotopic system. However, two
fluid samples from Lost City with practically equal Mg
concentrations (and, consequently, equally mixed with
the bottom water) showed almost identical hydrogen
isotopic compositions but a notable oxygen isotopic
shift. And at the and, the concentrations of Na and Cl
(two major components that are actively redistributed
during phase separation) in the Lost City fluid are at the
level typical of seawater. Thus, the isotopic characteris-
tics of the Lost City fluid currently cannot be regarded
as resulting from the phase separation of the fluid and
should have been controlled mostly by the process of
serpentinization at low fluid/rock ratios and tempera-
tures of at least 200°ë.

Carbonate–Brucite Material Composing Chimneys 
at the Lost City Field

1. Role of serpentinization processes. The miner-
alogy of the carbonate–brucite material of hydrother-
mal chimneys at Lost City allowed us to consider their
major-element composition within the framework of
the Ca–Mg–Sr three-cation system, with the Ca/Mg
and Sr/Mg molar ratios in bulk-rock samples showing
strong linear correlations (Fig. 3). The correlation
between the Ca and Sr concentrations (which are not
normalized to Mg) is weaker, a fact suggesting that Mg
acted as a diluting component and that Sr is strongly
related to the carbonate phase of the samples, while Mg
is related to brucite.

The carbonate constituent of all samples consists of
a mixture of calcite and aragonite. Pure aragonite with
the minimum brucite content was found only in a sam-
ple of fan-shaped crystals from the top of a large chim-
ney (65-M2-2/3). A coral sample (68-M2/5) is also
strongly dominated by aragonite and bears a minor cal-
cite admixture. These two samples are characterized by
the highest 87Sr/86Sr ratio, whose value corresponds to
the average isotopic ratio of modern seawater (0.70916
[19]). This is quite natural for a coral sample, but the
“oceanic” Sr isotopic ratio of the aragonite of obviously
inorganic genesis led us to the conclusion that the Sr con-
centration in the original hydrothermal solution was low.

In all other samples, their carbonate constituent con-
sists of a mixture of aragonite and calcite, usually with
the predominance of the former. The 87Sr/86Sr isotopic
ratio of these samples ranges from 0.709 (brucite-free
samples) to 0.7069 and increases with increasing brucite
and calcite percentages in these samples. It is com-
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0

Fig. 3. Correlation between the Sr/Mg and Ca/Mg ratios in
whole-rock samples of the carbonate–brucite material com-
posing Lost City chimneys. The data point named coral cor-
responds to a sample of biogenic genesis (sample 68-M2/5).
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monly thought [4, 5] that diagenetic alterations of the
calcite–aragonite–brucite association under conditions
typical of seawater should result in brucite dissolution
and a decrease in the aragonite content in the carbonate
component of the sample. With regard for these data, it
is natural to hypothesize that the brucite-free samples
(68-M2-2A and 64-M1-7/2) should be characterized by
the longest histories of their interaction with seawater
after crystallization. This is corroborated by their chon-
drite-normalized LREE patterns (Fig. 4): the samples
with brucite are noted for low REE concentrations,
even those of LREE. The concentration of HREE are
not shown because they were below the detection limit
of the analytical technique without preliminary enrich-
ment. The most significant enrichment in LREE was
identified in the coral sample, and both of the brucite-
free samples occupy an intermediate position closer to
the coral sample. The latter two samples also display a
negative Ce anomaly, which is typical of the products
of the processes of interaction with seawater.

Thus, it can be seen that the source of REE and Sr
for the carbonate–brucite material of Lost City chim-
neys was solutions with a 87Sr/86Sr ratio much lower
than that in seawater, REE spectra close to the chon-
dritic one, and with low Sr and REE concentrations.
This fact is in good agreement with the idea that the
Lost City fluid actively interacted with ultrabasic rocks
during their serpentinization. High degrees of interac-
tion at low fluid/rock ratios could result in the loss of
the original seawater REE signatures, and conse-
quently, the configuration of the REE patterns became
closely similar to that of primitive rocks during initial
serpentinization stages. The gradual enrichment of the
brucite-free samples in LREE could take place after the
deposition of the chimney material due to seawater
interaction during initial diagenesis.

The role of serpentinization processes is also con-
firmed by electron-microscopic studies of a sample
with the highest brucite content (67-M1-1/3). Figure 5
displays images of various parts of this sample. As
could be expected, the material of the sample contains
all three major phases: calcite, aragonite, and brucite.
The sample shows, however, the following rhythmical
zoning: (i) an outermost zone of radiating columnar
brucite crystals (Fig. 5a); (ii) calcite–aragonite–brucite
zone (Fig. 5b), (iii) a pure aragonite zone (Fig. 5c);
(iv) calcite–aragonite–brucite zone; (v) aragonite-free
zone of euhedral calcite crystals and clusters of brucite
crystals (Fig. 5d); (vi) calcite–aragonite–brucite zone;
and (vii) a monomineralic brucite zone of large aggre-
gates of flaky crystals. The morphology of the crystals
and their position in all zones suggest that the carbonate
and brucite crystallized simultaneously in zones of
mixed composition. Aragonite crystals often “grow
through” brucite grains (Fig. 5e), which indicates that
aragonite in this material is slightly younger than bru-
cite. The aforementioned zoning shows not sharp
boundaries, and its zones grade into one another. How-
ever, the fact of the occurrence of this zoning is consistent

with the results of thermodynamic simulations [9, 10].
Model calculations indicate that the mixing of warm
fluid (which participated in the serpentinization process
at 200–300°ë and underwent conductive cooling to at
least 150°ë) with cold seawater with increasing per-
centage of the latter should lead to a decrease in the bru-
cite percentage in the material of the chimneys and a
gradual increase in the percentage of the carbonate
phase. The arrival of fresh solution portions could bring
about the development of new zoning in the same sam-
ple, as is seen in our sample, showing a number of
rhythms within 1-cm distance.

The inner zones of the sample, which are dominated
by brucite, contain aggregates of acicular chrysotile, a
serpentine variety, crystals (Fig. 5f). Serpentine was not
detected in the pure aragonite zone of the sample and in
the outermost brucite zone (crusts). Crystallization
from the fluid during its mixing with cold seawater
likely involved the crystallization of residual dissolved
serpentine together with the major phases, first of all,
brucite. The occurrence of minor serpentine amounts
was predicted based on the simulation results of the
mineral-forming processes during the progressive mix-
ing of the Lost City fluid with seawater [10].

2. The role of fluid mixing with seawater. The role
played by the mixing of warm hydrothermal fluids with
seawater as the main factor controlling the crystalliza-
tion sequence of minerals at Lost City chimneys was
quantitatively evaluated by means of thermodynamic
simulations in [9, 10]. The authors of these simulations
did not, however, consider the behavior of oxygen and
carbon isotopes and the 87Sr/86Sr isotopic ratio, i.e., the
major isotopic systems of carbonate associations.

The quantitative evaluation of isotopic fractionation
duirng the mixing process of the Lost City hydrother-
mal fluid and seawater is quite difficult because of the
different behavior of various isotopic system in the
course of this process. In mineral material, only its Sr
isotopic system, which is insensitive to temperature and
pH variations, provides information on the proportions
of the two mixing solutions, because no Sr isotopic
fractionation takes place between a solution and min-
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Fig. 4. Chondrite-normalized LREE patters of carbonate–
brucite material from the Lost City field.
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eral. For the oxygen isotopic system of carbonate, a sig-
nificant role is played by the temperature, source of iso-
tope, and the degree of isotopic equilibrium between
the carbonate ion and solution (these values can be

smaller than 100% at high pH [20, 21]). The isotopic
system should have behaved fairly unusually during the
precipitation of carbonates from highly alkaline solu-
tions of the Lost City vent field. The carbon isotopic

20 µm25 kV(e) 10 µm25 kV

20 µm25 kV 100 µm25 kV

100 µm25 kV50 µm25 kV

(f)

(‡) (b)

(c) (d)

Fig. 5. Electron microscopic images of material from various zones of sample 67-M1-1/3: (a) an outermost monomineralic brucite
zone; (b) typical image of the Cc–Ar–Bru three-mineral zone, aragonite is contained in this zone in the form of tubular crystals,
brucite occurs as flaky spherical aggregates, and calcite forms large equant crystals; (c) monomineralic aragonite zone; (d) calcite–
brucite zone; (e) aragonite crystals growing through the core of an aggregate of flaky brucite crystals; (f) aggregate of thin acicular
lizardite crystals. 
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composition of the carbonates should be less sensitive
to temperature variations, because the carbonate ion is
almost completely removed from the solution at high pH.

It will be demonstrated below that the behavior of
the carbon, oxygen, and strontium isotopic systems in
the carbonate material of Lost City is undoubtedly con-
trolled by the mixing of hydrothermal solutions with
bottom seawater.

This can be illustrated, for example, by the temper-
ature dependence of the precipitation of carbonates on
the 87Sr/86Sr ratio (Fig. 6). Obviously, the Sr isotopic
composition does not depend on temperature, but the Sr
isotopic ratio is in this situation an indirect parameter
reflecting the dilution of the warm hydrothermal solu-
tion by cold bottom seawater. At various Sr isotopic
compositions and various compositions of the mixing
solutions, these parameters should inevitably be corre-
lated with each other, because the Sr isotopic ratio of
the precipitating carbonate material should have been
identical to that of the solution at the crystallization
moment. Figure 6 displays the temperatures calculated
from the aragonite–water oxygen isotopic equilibrium
[22, 23] for samples in equilibrium with oceanic water
and the isotopic composition of the end-member fluid
(C(Mg) = 19 mmol/l). These variants of the calcula-
tions should overlap the whole range of the probable
values, because the isotopic composition of the mixed
solution could vary from the composition of seawater to
that of the pure hydrothermal fluid at a given tempera-
ture range. Note that the Sr isotopic composition of the
aragonite is related to its crystallization temperature,
i.e., reflects the mixing process of the hydrothermal
fluid (of less radiogenic Sr composition) with seawater.
However, the estimates by the aragonite–water equilib-

rium yield underestimated crystallization temperature
values compared to the known temperature of the Lost
City. For comparison, Fig. 6 exhibits data of the direct
measurements of the Sr isotopic composition and tem-
perature of the Lost City fluid compiled from [5]. These
data significantly differ from the temperatures calcu-
lated from the aragonite–water oxygen isotopic equilib-
ria. The oxygen isotopic composition of brucite in two
samples can be used to calculate the crystallization
temperature of the mineral. This calculation was con-
ducted by theoretical equations for oxygen isotope
fractionation in the brucite–water system [16], and the
results are displayed in Fig. 6. It is interesting that the
results of the direct measurements of the temperature
and Sr isotopic composition of the Lost City fluid pub-
lished in [5] plot along the line obtained for the brucite–
water equilibrium. This coincidence can be explained
not only by brucite crystallization before (i.e., at a
higher temperature) the carbonate phases but also by
the fact that oxygen isotopic fractionation during bru-
cite crystallization is principally different from frac-
tionation in the carbonate system. During brucite crys-
tallization, oxygen isotopic exchange involves only a
water molecule, because the reaction forming brucite
can be formally written as

Mg2+ + 2(OH)–  Mg(OH)2↓.

During the crystallization of carbonates, oxygen
isotopic equilibrium with water is reached according to
a more complicated scheme, including an intermediate
stage of isotopic exchange between the dissolved carbon-
ate (bicarbonate) ion and water, as follows from the formal
scheme of the reaction producing calcite

H2O + Ca2+ +   CaCO3↓.HCO3
– CO3

2–( )

0.710.70950.7090.70850.7080.70750.7070.7065
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Fig. 6. Correlation between the fluid temperature and the 87Sr/86Sr ratio. (1, 2) Temperature calculated by the aragonite–water equi-
librium for the δ18é range from (1) seawater to (2) extrapolated end member fluid of the Lost City field; (3) temperature calculated
by the brucite–seawater equilibrium; (4) direct measurements of the Sr isotopic composition and temperature of the fluid [5].



1140

GEOCHEMISTRY INTERNATIONAL      Vol. 45      No. 11     2007

DUBININA et al.

If the carbonate system is far from isotopic equilib-
rium with water, the crystallization temperatures of ara-
gonite can be systematically underestimated, for exam-
ple, when seawater is not the only source of the carbon-
ate (bicarbonate) ion. This is quite probable for Lost
City, because the hydrothermal solutions of this system
have high pH. Recent experimental data on the effect of
the pH of the solution on the kinetics of establishing
isotopic equilibrium in the carbonate system indicate that
a solute carbonate species very slowly reaches isotopic
equilibrium with water at pH higher than 7–8 [20, 21].

If the carbonate crystallized in oxygen isotopic
equilibrium with the solution, the lower temperatures
obtained by the aragonite–water equilibrium should be
indicative of the later precipitation of the carbonate
material than brucite. This is, however, in conflict with
electron microscopic observations, according to which
the samples contain zones with the simultaneous crys-
tallization of aragonite and brucite. This discrepancy
can be settled based on the results of further isotopic
studies.

Inasmuch as the Sr isotopic system is the most reli-
able indicator of the mixing process, it is particularly
important to elucidate the Sr concentrations in the end
members: the Lost City hydrothermal solution and sea-
water. The Sr concentration and 87Sr/86Sr ratio are
known for seawater but not for the Lost City fluid.
Available data on three samples published in [5] were
obtained for solutions that could have contained an
admixture of oceanic water. To quantitatively assay
these values, one has to know the Sr isotopic composi-
tion and concentration in the “original” Lost City fluid.
We can only hypothesize that, if the Lost City fluid par-

ticipated in the serpentinization of the ultrabasic rocks,
the Sr concentration in this fluid should have been high,
because the Sr content in the ultrabasic rocks was of the
order of a few ppm. Nevertheless, the Sr concentration
in the “original” Lost City fluid can be indirectly
inferred from of the Sr/Ca ratio in the carbonates.

As is well known, the Sr/Ca ratio of seawater is con-
stant and equal to 8.6 (mmol Sr/mol Ca), while this
ratio of carbonates reflects this ratio of the ambient
water, depends on temperature, and varies from one
carbonate mineral species to another [24–27]. For
example, the Sr/Ca partition coefficient for aragonite
and solution at 25°ë is close to 1, and that for calcite
and solution is roughly one order of magnitude lower.
The Sr/Ca ratios of brucite-bearing carbonate material
at Lost City are either equal to or lower than the Sr/Ca
ratio of seawater. The only exception is a sample of fans
of aragonite crystals whose Sr/Ca = 9.9. Samples with
Sr isotopic composition close to that of seawater also
show Sr/Ca ratios similar to those of seawater, i.e., 8–8.1
(Fig. 7). However, a decrease in the 87Sr/86Sr ratio is
associated with a linear decrease in the Sr/Ca ratio to
1.95. Figure 7 displays a region of the Sr/Ca ratio cal-
culated from the Sr and Ca concentrations reported in
the review [1] for ultrabasic-hosted fluid systems. The
vertical lines constrain the range of the 87Sr/86Sr ratio
measured in the Lost City fluid [5]. With regard for a
possible seawater admixture in the fluid, the field that
can correspond to the “original” Lost City fluid is
shifted to the left, toward the lowest of the obtained
87Sr/86Sr values. According to experimental data on the
Sr partitioning in the system of inorganic aragonite–
water [26], the Sr/Ca ratio of this mineral in equilib-
rium with such an “original” fluid at the measured tem-
peratures can range from 4.5 to 5. At mixing with sea-
water, a temperature decrease can give rise to an evolu-
tionary trend marked with an arrow in Fig. 7. The
incomplete coincidence of this sequence with the natu-
ral observations can be partly explained by the fact that
the examined material is not pure aragonite, and a cal-
cite admixture decreases the Sr/Ca ratio in the sample.
However, the low Sr/Ca values obtained for the sample
can be explained otherwise. First, the “original” fluid
can contain not only less radiogenic Sr but also have a
lower Sr/Ca ratio than that of seawater. Second, the ara-
gonite percentage in the precipitated material can
increase with time due to calcite and brucite dissolution
in the course of early diagenesis, which is consistent
with the data presented above for the REE composition
of the material of Lost City chimneys. Both of these
factors can equally probably affect the Sr/Ca ratio.

3. The role of fluid conductive cooling and the
problem of the source of the carbonate material. As
was mentioned above, in considering oxygen isotopic
data on carbonate phases from Lost City chimneys that
were produced by highly alkaline solutions, it is neces-
sary to determine the degree of their isotopic equilib-
rium with seawater and solve the problem of the source
of the carbonate ion. If this source was seawater alone,
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Fig. 7. Evolution of the Sr/Ca ratio of aragonite during the
mixing of hydrothermal fluid with seawater. Along with
(1) measured data on Lost City, the diagram also shows
(2) seawater data point; (3) 87Sr/86Sr range measured in the
Lost City hydrothermal solutions [5]; (4) range of the Sr/Ca
ratio in hydrothermal solutions related to ultrabasic rocks
[1]. The vertical arrow approximately corresponds to the
Sr/Ca ratio of aragonite precipitating from the “original”
fluid, and the continuation of the arrow corresponds to the
evolution during mixing with seawater (see text).
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then, for example, the carbon isotopic composition of
Lost City carbonates should not be correlated with the
Sr isotopic composition. If the fluid contained carbon-
ate ions that were not in equilibrium with seawater, then
the rapid crystallization of the carbonates at high pH
should have resulted in a correlation between their car-
bon (and, to a lesser degree, also oxygen) isotopic com-
position with the Sr isotopic composition. This is
explained by temperature variations during the mixing
of the fluid and seawater, and thus, the correlation
between the δ18é of the carbonates and the Sr isotopic
composition should have also depended on the tempera-
ture. The carbon isotopic system is less sensitive to tem-
perature variations and can thus more clearly reflect the
mixing process of the two solutions containing carbonate
species with various carbon isotopic composition.

Figures 8a and 8b display not only our own data but
also those compiled from the literature [5], which also
demonstrate that the samples having a Sr isotopic com-
position closest to that of seawater also have high δ18é
and δ13ë values. It is worth mentioning the good agree-
ment between our results and the literature data, a fact
highlighting the high homogeneity of the material and jus-
tifies the combined analysis of all available information.

The fact of the occurrence of these relations, partic-
ularly a correlation between δ13ë and the Sr isotopic
composition, demonstrates that the dissolved carbonate
species that participated in the precipitation of the Lost
City material were borrowed not only from seawater
alone. The correlation between the Sr and C isotopic
composition (Fig. 8b) indicates that C of this source
should have been characterized by low negative δ13ë
values (when extrapolated to the “primitive” Sr isotopic
composition, the δ13ë value ranges from –2 to –2.5‰).
These values are very close to the carbon isotopic com-
position measured in calcite veins in the Atlantis ser-
pentinites and gabbro: from –2 to –2.8 ‰ [5]. However,
a simple extrapolation cannot yield “mantle” δ13ë val-
ues (from –4 to –8) or even lower typical of oceanic
organic matter.

It is quite probable that the source of part of the
complexes dissolved in the fluid was preexisting car-
bonate veins in the serpentinites, which dissolved in the
course of fluid filtration through the already-cold ser-
pentinized zone of the Atlantis Massif. As was men-
tioned above, the filtration of the Lost City fluid toward
its discharge zone proceeded via the diffusion mecha-
nism [5]. If the hyperbasite serpentinization front had
penetrated deep levels of the Atlantis Massif during the
activity period of the Lost City field, then the fluids
ascending to the surface had to percolate through
already cold and serpentinized rocks cut by numerous
calcite veinlets. In the process of its filtration, the fluid
cooled, possibly without any significant changes in its
major-component complex other than an increase in the
Ca concentration and a change in the isotopic composi-
tion of dissolved carbonate species due to the dissolu-
tion of preexisting carbonates. This period of time was

likely characterized by the conductive cooling of the
fluid, with its necessity for the development of carbon-
ate–brucite chimneys at Lost City demonstrated by
thermodynamic simulations [10]. Moreover, the
unequilibrated dissolution of calcite by the filtering
aqueous fluid could have maintained high alkalinity of
the Lost City fluid and its elevated Ca concentration
according to the reaction

H2O + (CaCO3)s  Ca2+ +  + OH–.

From this standpoint, it is interesting to recall the
aforementioned fact that the carbon isotopic age of the
Lost City carbonate chimneys [5] broadly varies, from
an age close to that of the carbonate cement of the brec-
cias and vein calcite in serpentinites to modern. In dis-
cussing these results, the authors of [5] suggested that
the age of the chimney material can be bimodal,
although the morphology of the chimneys does not pro-
vide evidence of any discreteness in the activity of the
fluid system. The limited number of the samples does
not provide any clue to the validation or invalidation of
this conclusion. However, assuming that carbon was
partly provided for the Lost City fluid by older carbon-
ate material eliminates this contradiction, and this can,
perhaps, mean that the activity age of the currently
active hydrothermal system at Lost City is much
younger than 25 ka.
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CONCLUSIONS

The Lost City hydrothermal system obviously had a
complicated evolutionary history, and available data are
still insufficient for its complete documenting. Never-
theless, these data make it possible to briefly character-
ize some pivotal issues in the hydrothermal activity of
the Lost City field.

(1) The serpentinization of ultrabasic rocks occurred
in the Atlantis Massif at significant depths and temper-
atures higher than 200°ë. The fluid/rock ratios during
this process were low (<1).

(2) The serpentinizing fluid filtered toward its sub-
marine discharge sites and zones through already
altered and cold outer zones of the Atlantis Massif,
which abounded in carbonate veins. Fluid filtered
through already reworked zones likely simultaneously
with cooling diminish. Its filtration could be also asso-
ciated with the dissolution of the preexisting carbonate
material (calcite veins in serpentinites at high levels of
the Atlantis Massif and the carbonate cement of sedi-
mentary breccias underlying the hydrothermal chim-
neys).

(3) At the boundary of the mixing of the already cold
fluid and seawater, the material of the brucite–arago-
nite–calcite association precipitated and formed hydro-
thermal chimneys at the Lost City field. Brucite and
calcite precipitation took place early during mixing
with seawater, and an increase in the seawater fraction
in the mixture was marked by an increase in the arago-
nite percentage in the material of the chimneys. Early
diagenesis acted in a similar manner, and the material
of the chimneys exhibits an increase in the aragonite
percentage at the expense of dissolved brucite and cal-
cite.

(4) The 87Sr/86Sr isotopic ratio in the “original” Lost City
fluid could be notably lower than that determined by
measurements in the venting fluid, and the Sr/Ca ratio of
this fluid could be lower than the range typical of ultra-
basic-hosted hydrothermal systems.

(5) The occurrence of dissolved carbonate material
from veins in the serpentinites and the cement of the
sedimentary breccias in the hydrothermal fluid could its
conductive the age of hydrothermal activity at the Lost
City field significantly younger than 25 ka.
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