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Abstract

Fluid inclusions have been studied from cavities and breccias in one of the oldest well-preserved, relatively low-grade
metamorphosed sedimentary sequences on Earth. The fluid inclusion-bearing samples are from the uppermost part of the early
Archaean (~3.4 Ga) Buck Ridge volcano-sedimentary complex in the Barberton Greenstone Belt (South Africa), which was
affected by hydrothermal alteration during and immediately after its deposition. In banded, silicified sandy sediments this alteration
is characterised, among other features, by quartz-cemented hydrothermal breccias, layer-bound stockworks of cm-size quartz veins
and quartz-filled cavities below stacked pebbles. Quartz grains in these hydrothermal deposits contain numerous fluid inclusions
filled with either two-phase aqueous or mixed H,O—CO, fluid. The aqueous inclusions are divided into three different groups,
based on their microthermometric characteristics: type Hu (relatively high salinity), type M (intermediate salinity) and type L
(relatively low salinity). Optical and microthermometric characteristics of the fourth type of inclusions, the mixed H,O—CO, fluid
(type C) indicate that it was homogeneous at the time of trapping, with only some minor changes occurring after trapping.

Type Ha and type C fluids appear as immiscible fluids in their host crystal, most probably resulting from unmixing of the
hydrothermal fluid. Phase relations in the CO,—H,0 system show that the unmixing must have occurred at a relatively low pressure
of ~100 bars. This conclusion is in line with the geological context of the samples, which indicates a shallow environment of
deposition for the sediments, (almost) contemporaneous hydrothermal activity, and a very low metamorphic grade. However, it is
contrary to the first impression given by the homogeneous character of type C inclusions, which suggests much higher P—T
conditions at the time of trapping. The aqueous component of type C fluids may have progressively mixed with high-salinity
aqueous fluids (type H,), resulting in a dilution trend from H, to M, to L, fluids. The hydrothermal fluids from the Buck Ridge
Chert in the Barberton Greenstone Belt are strikingly similar to those encountered in present-day systems. They show minor
differences with older (ca. 3.8 Ga) fluids preserved in hydrothermally altered rocks from the Isua Greenstone Belt in Greenland.
© 2006 Elsevier B.V. All rights reserved.
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the rock pile. Studying inclusions from early Archaean
rocks is especially interesting, since knowledge about
the hydrosphere at that time is extremely limited. Fluid
inclusion studies have been performed on Archaean
(>2.5 Ga) rocks, but mainly on hydrothermal ore de-
posits (mostly gold). Fluid inclusion data on other
Archaean magmatic and metamorphic fluids are limited
(for an overview see De Ronde et al., 1997b). Studies
on fluid inclusions in early (~3.8-3.3 Ga) to mid
(~3.3-3.0 Ga) Archaean rocks are scarce (e.g. De Ronde
etal., 1994, 1997a; Kitajima et al., 2001a,b; Appel et al.,
2001; Touret, 2003), especially those related to fluids at
or near the Earth’s surface.

In this article, fluid inclusion data from cavities and
breccias in early Archaean (~3.4 Ga old) sedimentary
rocks of the Buck Ridge volcano-sedimentary complex
(BR-vsc) in the Barberton Greenstone Belt (South
Africa, Fig. 1) are presented. The BR-vsc forms the
uppermost part of the Hooggenoeg Formation and has a
well-known geological setting (Fig. 1 and below). The
sediments at the top of the BR-vsc were affected by
hydrothermal activity during and shortly after deposi-

tion (De Vries, 2004). Hydraulic breccia bodies and
quartz-filled cavities in the sediments were related to, or
formed as a result of this hydrothermal activity. Fluid
inclusions in these deposits may therefore provide
information about the temperature, pressure and com-
position of the fluids that once circulated through this
~3.4 Ga old hydrothermal system.

2. Location and description of the investigated samples
2.1. Geological setting

The Barberton Greenstone Belt (South Africa)
contains some of the best-preserved early Archaean
sedimentary rocks on Earth. The Onverwacht Group,
the oldest group in this greenstone belt, comprises
predominantly mafic and ultramafic rocks, with
minor intercalations of chertified sediments (e.g. De
Wit and Ashwal, 1997; Lowe and Byerly, 1999). The
uppermost part of the Onverwacht Group is formed
by the ~3.45-3.16 Ga Buck Ridge volcano-sedi-
mentary complex (BR-vsc, Fig. 1), which consists of
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Fig. 1. Geological map of part of the Buck Ridge volcano-sedimentary complex, for location in southern Barberton Greenstone Belt see inset.
Simplified after De Vries et al. (2006). All four samples are from unit 2, a banded sedimentary chert that forms part of the silicified sedimentary
sequence in the uppermost part of the BR-vsc. Sample locations are indicated. Legend applies to main figure only, not to inset.
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Fig. 2. a. Sample SV99-L1-19; analysed inclusions are from a grain within the circle. b. Sample SV01-L3-29; analysed fluid inclusions are from

quartz-filled cavity below chert pebbles.

an alternation of basalts with felsic lavas and felsic
porphyries, and a capping silicified sedimentary
sequence. The rocks in the study area only experi-
enced very low-grade metamorphism (e.g. Kisch and
Nijman, 2004). The sedimentary top of the BR-vsc,
the Buck Ridge Chert (BRC), consists from old to
young of four units: (1) a partly silicified volcani-
clastic unit, (2) a banded sedimentary chert, (3) an
iron-oxide-rich sandstone—siltstone interval with
dispersed breccia bodies and, (4) a well-banded
silicified sandstone. Deposition of the BR-vsc took
place during activity of large-scale normal faults (De
Vries et al., 2006). The sediments were subject to
heavy alteration and became silicified during and/or
soon after deposition. For details on the sedimentary
and diagenetic environment of the BRC, see De Vries
(2004) and De Vries et al. (in preparation).

Contemporaneous with faulting and BR-vsc deposi-
tion, a hydrothermal system was active. Preserved
remnants of this system include metre-wide black chert
veins that cut through the felsic volcanic rocks, and
numerous types of veins and breccias in the overlying
capping sedimentary sequence.

2.2. Investigated samples

Four samples from BR-vsc unit 2 (i.e. the banded
sedimentary chert) were selected for the fluid inclusion
study; three from the central part of the study area
(SV99-L1-19, SV01-23 and SV01-24b) and one from
the same unit further to the east (SV01-L3-29, for
locations see Fig. 1).

Inclusions in samples SV99-L1-19 and SV01-23 are
hosted by quartz veins. Sample SV99-L1-19 shows both
bedding-parallel and bedding-perpendicular quartz and
chert cutting through a multi-coloured banded chert
(Fig. 2a). Bedding-parallel layers of quartz crystals are
interpreted to have formed first, and were subsequently
coated by multiple layers of precipitated quartz and
chert. Primary inclusions hosted by the bedding-parallel
quartz are therefore expected to represent the earliest
fluids in the system. In sample SV01-23, a quartz vein
cuts step-wise through grey, banded, sandy sediments. It
forms part of a layer-bound stockwork of veins that are
cut by small-scale faults. Time control on the growth of
quartz in this sample is limited.

Inclusions in sample SV01-24b are hosted by quartz
that forms the cement to a breccia in BR-vsc unit 2. The
breccia body is discordant with bedding and is
associated with intense (local) veining of BRC unit 2.
The breccia was generated in situ; fragments of host
rock rotated and moved slightly with respect to each
other. The small displacement of adjacent blocks
suggests limited fluid overpressure during the breccia
formation. The breccia is interpreted to have formed as a
result of hydraulic fracturing and fluid flow at very
shallow depth, just below the surface.

The fourth sample (SV01-L3-29) was taken about
4 km along strike to the east. The studied inclusions are
hosted by quartz that fills a cavity below two chert
pebbles (Fig. 2b). The pebbles are interpreted to have
been stacked during deposition, leaving voids through
which early diagenetic fluids could circulate and in
which the quartz could precipitate.
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3. Method

A doubly polished, 100 pm thick section was made
of each of the four samples. From each section, up to
five quartz grains were selected and their fluid inclu-
sions precisely drawn. For microthermometric measure-
ments, an Olympus BH-2 microscope with a Linkam
THM600 freezing/heating stage connected to a Linkam
CS196 cooling system and a TP91 heating system were
used. The stage was calibrated against the melting point
of CO, in H,O/CO, inclusions in quartz from Binn,
Switzerland (7,,,=—56.6 °C). Melting temperatures
were recorded at 1 °C/min, homogenisation tempera-
tures at 1-5 °C/min. All measurements were repeated at
least once. Reproducibility is better than 0.1 °C for the
melting temperatures and £0.5 °C for the homogenisa-
tion temperatures.

4. Results
4.1. Visual characteristics of the inclusions

Quartz-hosted fluid inclusions from the BR-vsc are
generally very small. The average size of the analysed

a.
H,0 (liquid)

H,0 (vapour)

birefringent daughter mineral
(occasionally present)

H>O (liquid)
Tm (clathrate, avg) = 9.1°C

———— CO, (liquid)
Trm (avg) = -57.6°C

—— CO, (vapour)
Ty =9-22°C

—_—
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Fig. 3. a. Schematic drawing of a typical aqueous inclusion. For a summary
of microthermometric data see Table 1 and Fig. 8. b. Schematic drawing of
a typical type C inclusion, with a summary of microthermometric data.
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Fig. 4. Homogenisation temperature of CO, vs. projected area fraction
of the liquid CO, for type C inclusions in sample SV01-23. The
fraction was calculated using the program Image Tool and digital
images of the individual inclusions. The distribution shows that the
projected area fraction of liquid CO, (and hence also the volume %) is
fairly homogeneous, and there are no indications for major post-
trapping changes.

inclusions is 7—8 pm, but most of the inclusions are
much smaller. Visual inspection did not reveal any
obvious differences in characteristics between the
analysed inclusions and the smaller inclusions. Based
on visual observation, two categories of inclusions were
identified. The first category of inclusions contains
aqueous liquid+vapour at room temperature (Fig. 3a),
and shows a relatively constant volume fraction of
vapour. The average vapour content of this category of
inclusions, based on comparison charts by Roedder
(1984) and Mercolli (1979), is {10 vol.%. Inclusions of
the second category (type C inclusions) consist of liquid
water+liquid CO,+vapour CO, at room temperature
(Fig. 3b). Occasionally, a birefringent solid, presumably
calcite, is also present. At room temperature, the
projected area fraction of the liquid CO, is relatively
constant, roughly between 0.35 and 0.60 (average
fraction 0.48; Fig. 4). Based on the rather flat shape of
the inclusions, the area fraction is taken to be equal to
the volume fraction (Vco,/Viowl; this is probably a slight
overestimate of the true volume ratio; cf. Roedder,
1984). There are no petrographic indications of
significant post-entrapment changes of type C inclu-
sions, such as partial decrepitation or ‘necking down’
(Roedder, 1984).
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Fig. 5. Inclusions in sample SV01-23, grain 2. Part of the inclusions is distinctly aligned along the growth zones of the quartz crystal that

hosts them.

4.2. Spatial distribution of the inclusions

The hypothesis that the analysed inclusions are primary,
and therefore contain the oldest fluids, is supported by a
number of arguments based on the distribution of the
inclusions within the quartz grains: (a.) Some grains show
anumber of inclusions that are distinctly aligned along the
growth zones of the quartz (e.g. Fig. 5, SV01-23 grain 2).
(b.) The analysed inclusions are generally irregularly
distributed throughout the grain, without any obvious
planar alignment. (c.) The crystals are mostly undeformed.
Aqueous inclusions are most abundant, but the relative
amount of carbonic (type C) inclusions is variable in each
grain. This indicates that each of the grain has its own
population, related to its internal structure, formed during
the growth of the host crystal.

In sample SVO1-24b, the growth zones are charac-
terised by slight colour differences within the quartz grains
(Fig. 6a). The shape and amount of inclusions do not seem
to be related to these zones. The micro-thermometric
characteristics (see below) of the inclusions are occasion-
ally, and only slightly, correlated with the growth zones.

In addition to the large clustered inclusions,
smaller inclusions occur aligned along intra-grain
trails perpendicular to the growth zones. Combined
with the bimodal distribution of the inclusion sizes,
this could indicate that post-trapping transposition
took place. However, inclusions along the intra-grain
trails have the same micro-thermometric character-
istics (see below) as the rest of the inclusions. Hence,
they are pseudo-secondary inclusions, which were
formed during growth of the host crystal (cf. Roedder,
1984).

A strong bimodal size distribution among the
aqueous inclusions is also observed in sample SVO1-
23, grain 1 (Fig. 7). The smaller inclusions in this grain
may represent transposed inclusions, which resulted
from post-trapping changes. Since the smaller inclu-
sions have roughly the same liquid/vapour ratio as the
larger inclusions, measurements on the larger inclu-
sions are thought to be representative of the entire
inclusion population. In the same grain, some elongat-
ed inclusions are present near the grain boundaries (e.g.
lower left corner, Fig. 7). However, in the bulk of the
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Fig. 6. Sample SV01-24b. a. Microphotographs of grains A and B, showing growth zones in quartz. b. Relationship between growth zoning and
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grain the inclusions are spherical to elliptical. This may 4.3. Microthermometric data
indicate local post-trapping modification, however,
these changes appear to have remained minor, as Based on microthermometric measurements, the

indicated by the microthermometric data. aqueous liquid+vapour inclusions of the first category



S.T. de Vries, J.L.R. Touret / Chemical Geology 237 (2007) 289-302

295

» % o @ -
- o m @7 e Q.. L, 4 9)
.0 . % @ [+ .Q, .'J _'0 @ * . o ] o
.,,‘“o o "o et ) :- . [P . @_Q -,‘. . : ° q 5o 8
TS INIM A S L
o, @/'26) ,a,' 0,5’“"-' -; : o %. : )
L) "é/{/% 4, Q’:‘fu C " @
Lot o A b i
;"} / L® :Qp X R\ e g
F . (TN 1 . :
T .0 i \ i, '.@ ‘;.'..
- L K Ve 5
'? D“’ %@' }B ho“‘_’. ! .
’ @ "3 \‘ .GE o . 100 pm
20y s [ |

\ Legend

@ type Ha inclusion

@ type C inclusion

Fig. 7. Inclusions in sample SV01-23, grain 1. High-salinity aqueous inclusions (type H,) are dominant in this grain. Low-salinity mixed H,O-CO,
inclusions (type C, grey shaded) occur as discrete domains within the group of high-salinity aqueous inclusions. Domains are indicated with dashed lines.

were subdivided into three types; high-salinity (type Hy),
intermediate-salinity (type M), low-salinity (type L)
inclusions. The microthermometric results for the three
types of aqueous inclusions are summarised in Table 1
and Fig. 8. The CO,—H,0 (type C) inclusions were not
subdivided. A summary of the microthermometric char-
acteristics of this type of inclusions is given in Fig. 3b.

Table 1

4.3.1. Aqueous inclusions

4.3.1.1. Type H, (high salinity). The final melting
temperatures of ice, Tinqce), in type Hy inclusions range
from —16.2 to —8.8 °C, which corresponds to salinities of
19.6—12.6 wt.% NaCl equivalent (salinities calculated from
the freezing point depressions given by Bodnar and Vityk,

Summary of microthermometric data for the four groups of aqueous inclusions

Type T, range (°C) T, average (°C) NaCl range (%) NaCl average (%) Th* range (°C) Th* average (°C)
Ha —18.8 to —8.4 -12.2 21.5t0 12.2 16.0 115.7 to 199.8 153.9
My —-83to—4.1 -6.7 12.1t0 6.6 10.1 96.0 to 160.0 130.0
Lamn —4.4t0-22 -32 7.0 to 3.7 53 97.8 to 116.5 106.1
Lag —42to—-1.4 =29 6.7 to 2.4 4.7 140.9 to 216.1 182.2

T,n=1inal melting temperature, 7, =homogenisation temperature, NaCl =
*Always liquid homogenisation.

% NaCl equivalent.
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1994). The homogenisation temperatures (to liquid) are in
the range of 116-200 °C.

4.3.1.2. Type M, (intermediate salinity). The Tpce)
values of type M, inclusions are clearly higher than that
of type H, inclusions, and range between —8.3 and
—4.9 °C. This corresponds to salinities between 12.1
and 7.7 wt.% NaCl equivalent. Homogenisation tem-
peratures are slightly lower than those of type Ha
inclusions, between 96 and 152 °C.

4.3.1.3. Type L, (low salinity). Type L, inclusions
have relatively high Tiyce) values (—4.4 to —0.4 °C)
and corresponding low salinities, between 7.0 and
0.7 wt.% NaCl equivalent. Most analyses combine to
form a group with relatively high homogenisation
temperatures, between 141 and 216 °C (type L ;). Nine
analyses show significantly lower homogenisation
temperatures (7},), ranging between 98 and 117 °C,
suggesting the existence of a second type of low-
salinity inclusion (type La_p).

4.3.2. CO,-bearing inclusions (type C)
The average Ty (co,) in the carbonic inclusions is around
—57.6 °C, about one degree below the melting temperature

of the standard, indicating the presence of almost pure CO,.
No ice melting could be seen. However, in several
inclusions CO,-clathrate was observed to dissociate
between 8.3 and 10 °C. CO, homogenisation temperatures
(to liquid) vary between 9 and 22 °C, with a peak around
17 °C (Fig. 9). Total homogenisation temperatures could
not be measured, as inclusions started to decrepitate around
225 °C, prior to homogenisation. However, shrinkage of

-
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I I '
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Th CO; (°C)

16 18 20 22

Fig. 9. Frequency histogram of homogenisation temperatures for type
C inclusions (7co,) in sample SV01-23.
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the carbonic bubble upon heating shows that homogeni-
sation would occur to the liquid phase.

From these data and the relative volumes (CO,/H,0)
at room temperature (Fig. 4), fluid molar volumes and
composition can be estimated, either graphically (Dia-
mond, 2001), or analytically, by calculating the mole
number of the different species (Touret, 1977; Ramboz
et al., 1982; Ramboz, pers.com.). Taking as limits
ThC02:+10 OC, VCOZ/VtOta1:0~60 and ThC02:+20 OC,
Vco,/Vioa =0.35, respectively, results from both meth-
ods differ only slightly: The graphic technique indicates
a CO, mole fraction (Xco,) of 0.18-0.35 and a total
molar volume (Vo) of 25-31 cm? mol ™!, whereas the
analytical approach (for Vo, relative volume of 0.55
and 0.30) gives an Xco, of 0.14-0.32, and a Vi, of
23.3-28.3 cm® mol !, corresponding to densities of
0.932 and 0.924 g/cm®, respectively (C. Ramboz, pers.
com.). Note that, because of the large difference in
molar volumes and smaller difference in density be-

tween CO, and H,0, type C inclusions are more water-
rich than the visual observation of relative volumes at
room temperature would suggest: 50 vol.% CO, cor-
responds only to about 20 mol% CO,. In addition, the
graphic method indicates that, if the inclusions had not
decrepitated, total homogenisation would have occur-
red to the liquid phase between 260 and 273 °C, at an
internal pressure of more than 2 kb.

5. Interpretation
5.1. Spatial distribution of the aqueous inclusions

The summary diagram of all 7}, and salinity data for
the aqueous inclusions (Fig. 8) shows a relatively clear
trend from Hy to My to La . From Hp to L g, the
salinity decreases from about 20 to 5 wt.% NaCl equiv-
alent, while the homogenisation temperature decreases
from 190 to 100 °C. The relatively high temperature,

Fig. 10. Inclusions in sample SV99-L1-19. Within this quartz grain, there seems to be a very slight trend from type H, to type M4 through to type L
inclusion groups from the core to the margin of the grain. Final melting temperatures (in °C) of measured inclusions are indicated.
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low-salinity fluid L is apparently independent of this
trend. The spatial distribution of the different inclusion
types in the quartz grains does not show a clear rela-
tionship between the different aqueous groups. More-
over, in grains with distinct growth zones, no systematic
relationship was found between inclusion characteristics
and the successive growth zones. Nevertheless, the
inclusion distribution is not completely random. Some
grains show domains, of approximately hundred
micrometer in size, in which one type is dominant or
exclusive, such as in SV99-L1-19, where type Ha
inclusions are dominant in the central part of the grain
(Fig. 10). The inclusions in this grain display a very
slight trend from L o_; to M4 through to H, groups from
the margin to the core of the grain (see also discussion of
Ty, vs. salinity diagram below). In SV01-24b, grain A,
two well defined Hy and L, groups show the same
homogenisation temperature (Fig. 6b). L4 type inclu-
sions occur throughout the sample, whereas H, type
inclusions are restricted to the core and the outer margin
of the grain (Fig. 6¢).

5.2. Immiscibility between high-salinity aqueous
(tvpe Hy) and COs-bearing (type C) inclusions

The relatively constant Veo/Viera Tatio of type C
inclusions (Fig. 4), the monopeak histogram of the CO,
homogenisation temperature (Fig. 9), and corresponding
relatively constant CO, and total molar volumes (see
above), indicate that the fluid was a homogeneous
mixture of H,O and CO, at the time of trapping. Type C
inclusions are homogeneous, and occur in discrete
domains of ~100 pm within the grain, surrounded by
also homogeneous, more regularly dispersed type Hyp
inclusions (Fig. 7). The two fluids were coeval: virtually
all inclusions are primary (only exceptionally pseudo-
secondary) with respect to the host crystal, and the small
size of the domains in which they occur indicates that
they were trapped during a short period of crystal
growth. In short, type C and type H, fluids meet the
basic criteria of fluid immiscibility, as defined in the
fluid inclusion literature (e.g. Roedder, 1984). The
immiscibility may have resulted either from unmixing
of an initially homogeneous CO,—H,0O—NaCl fluid
phase, or from mechanical mixing of fluids issued from
different sources. Despite the problems that it creates for
pressure—temperature interpretation (see below), the
first hypothesis is preferred:

1) If mechanical mixing between CO,-rich and NaCl-
rich aqueous fluids had occurred, a continuous
variation (mixing line) between the CO,- and NaCl-

bearing end members would be expected. Such a
mixing line between the two fluids is not observed
here. Occasionally, mixing of both types may have
occurred, leading to salinity fluctuations in type Ha
inclusions and to sporadic precipitation of calcite
crystals (resulting from the reaction between the CO,-
component of the type C fluid and the dissolved ions
in the highly saline type H, fluid). However, on the
whole, salinities of aqueous components in type C
and type H, fluids differ significantly within
individual grains. For instance, in grain 1 of sample
SV01-23, low-salinity mixed H,O—CO, inclusions
(type C) and high-salinity aqueous inclusions (type
Hp) occur together (Fig. 7). Mixing may have
occurred within the different purely aqueous fluid
types Ha, My and L4 (Fig. 8, see above). However,
this mixing occurs at a larger scale than a single grain,
more distal in the hydrothermal system.

2) Many studies on quartz crystals containing fluids of
different origins (primarily of magmatic versus
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Fig. 11. Pressure-composition section for the H,O—-CO, system (Fyfe
et al., 1978). The immiscibility surface is defined by isotherms (°C).
Solid lines: Takenouchi and Kennedy (1964), dashed lines: Todheide
and Franck (1963). At P—T conditions of ~2000 bars and 250 °C, two
coexisting fluids such as X and Y, cannot have H, and C compositions:
fluid Y is much richer in CO, than fluid C. Only at low pressures
(~ 100 bars) fluids with C and H, compositions can coexist along the
immiscibility surface.
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meteoric origin; Sauniac and Touret, 1983; Touret
and Dietvorst, 1983 and unpublished studies by
Touret) have shown that, in these cases, the different
fluid types are not strictly coeval. They occurred
either in different growth zones within the quartz host
or, more commonly, along different systems of
healed micro-fractures (i.e. as secondary or pseudo-
secondary inclusions). All inclusions measured in the
present study are primary with respect to their
mineral host, and the different inclusion types are
unrelated to different growth zones.

5.3. Pressure—temperature conditions of fluid trapping

Fluid immiscibility as observed for type C and Hx
inclusions, poses a major problem for the determination
of P—T conditions of fluid trapping. Inclusions showing
a homogeneous H,O—CO, fluid content (type C) are
normally considered to have formed above or along the
immiscibility surface (boiling) of the fluid system. In
that case, total homogenisation would occur at ~270 °C
(260-273 °C, Section 4.3.2), for an internal pressure of
more than 2 kb. These estimates, in line with
decrepitation at about 225 °C, which should occur at a
pressure of ~1.5 kb (Naumov and Malinin, 1968),
represent minimum trapping conditions for this fluid
type.

However, such conditions are at odds with the
regional geological context, notably with the shallow
environment of deposition of the Buck Ridge Chert
sediments, the evidence for (almost) contemporaneous
hydrothermal activity in the sediments and the very low
metamorphic grade. A pressure of ~2 kb would
correspond to a depth of 6—8 km, many times more
than expected from the near-surface depth of deposition
indicated by field observations. This apparent contra-
diction could be explained if hydrothermal fluids were
pressurised, at a pressure largely in excess of regional
lithostatic pressure. It would imply that fluids were
directly issued from the magmatic geothermal source,
along a network of interconnected channels, for which a
trapping pressure of the order of 2 kb is not unrea-
sonable. Examples of regional fluid overpressure are
also known from different environments, notably Alpine
veins. For many veins, independent of the metamorphic
grade, pressure at the initiation of the fracture may
exceed the regional pressure by several kilobars, then
drops markedly at vein opening, before slowly rising
again during subsequent vein filling (e.g. Mullis et al.,
1994).

In the present case, however, such interpretations are
difficult to reconcile with the field observations.

Hydraulic fracturing indeed exists in the Buck Ridge
Chert (e.g. sample SV01-24b), but only in a weak form,
not showing the explosive character that would
undoubtedly be caused by a fluid overpressure of
several kilobars. Moreover, unmixing at a relatively
high pressure raises another major problem, related to
the unmixing characteristics of mixed aqueous—gaseous
systems (C. Ramboz, pers. com.). Above a few hundred
bars, isotherms of the H,O—CO, immiscibility surface,
which define the immiscibility field in the P—7-V
space, are roughly parallel to the pressure axis (Fig. 11).
Hence, at these pressures, a H,O-rich fluid such as Hy
can only coexist with an extremely CO,-rich fluid
(almost pure CO, if Hp is CO,-free).

At a lower pressure, the situation changes drastically.
Below about 1 kb, isotherms on the CO, side (275 to
300 °C), show a maximum CO, content of 40 to 60% at
pressures slightly below 500 bars, before turning
sharply towards the H,O-rich pole at lower pressure
(Fig. 11). Experimental data on this system, obtained by
Todheide and Franck (1963) and Takenouchi and
Kennedy (1964), differ substantially from each other,
but the trends of the isotherms are the same. For
conditions that roughly correspond to type C-fluid of
this study, i.e. Tyoan=275 °C and Xco,=0.3, Take-
nouchi and Kennedy’s data give a pressure of about
100 bars (extrapolation of Todheide and Franck’s data
gives virtually the same pressure; Fig. 11). The addition
of an extra component (NaCl) to the H,O—CO, mixture
enlarges the immiscibility field, but it does not change
the topology of the system. Therefore, the overall
conclusion remains the same: Fluid unmixing of H, and
C must have occurred at relatively low pressure, lower
than ~100 bars. This conclusion is in line with the
geological context, as well as with the composition of
the coexisting fluids. However, it does not comply with
the homogeneous character of the type C fluids. A
possible explanation for this would be that type C fluids
were exsolved within the immiscibility field of the
H,0—-CO, system, but we recognise that such a hypoth-
esis poses a number of additional problems. At this
point, it remains an unsolved problem how exactly type
C fluids could fit in the regional context.

5.4. Fluid origin

Field relationships indicate that the quartz hosting the
fluid inclusions originated from hydrothermal systems
that were active contemporaneously with or immediate-
ly after deposition of the Buck Ridge volcano-
sedimentary complex. Both microthermometric and
visual characteristics of the inclusions point to a primary
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origin of the inclusions, with only minor post-trapping
changes. Therefore, the fluid inclusions are interpreted
to have been unaffected by regional (low-grade) meta-
morphism of the area.

The salinities of type Hy and M, inclusions are too
low to represent dissolution of evaporites, but they are
significantly higher than both the modern-day seawater
salinity and the ~ 3.2 Ga seawater salinity interpreted by
De Ronde et al. (1994). This could either be due to
magmatic influence, or due to a highly saline seawater
component in the fluid. The presence of CO, suggests
that there is at least some magmatic component in the
hydrothermal fluid. Further analysis of the fluids is
necessary to determine whether part of the fluids is
indeed of seawater origin (cf. De Ronde et al., 1997a).
The trapping temperature of the inclusions is in the
range of modern-day hydrothermal fluids. A fluid
inclusion study of the active Los Azufres geothermal
system (related to Los Azufres caldera, Mexico) yielded
homogenisation temperatures of ~200-330 °C (Cathe-
lineau et al., 1989), and venting temperatures in mid-
ocean ridge systems are ~180—400 °C (e.g. Spooner
and Fyfe, 1973; Seyfried et al., 1999).

The trend from Hp to Mp to Ly in Fig. 10 may
represent mixing of a high-salinity fluid with a low-
salinity fluid at decreasing temperature. The relatively
high 7}, low-salinity fluid (La.;) behaves in an
apparently independent manner compared to this
trend. One explanation is that L, _j originated from the
aqueous component of the C fluid. Pure CO, either
escaped to a more superficial level, or was trapped in
carbonates outside of the domain where L4 _; inclusions
were formed.

5.5. Comparison with other Archaean hydrothermal
systems

Fluid inclusion studies on roughly similar-aged
hydrothermal systems were previously carried out in
another, slightly younger, low-grade metamorphic part
of the Barberton Greenstone Belt (South Africa), in the
low-grade metamorphic North Pole area in the Pilbara
(Australia), and in the medium to high-grade metamor-
phic Isua Greenstone Belt (Greenland).

De Ronde etal. (1994, 1997a) studied fluid inclusions
from mid Archaean ironstone pods in the Barberton
Greenstone Belt, which were interpreted as hydrother-
mal discharge zones of the seafloor. From fluid inclusion
data they interpreted that ~3.2 Ga vent fluids had
chemical and isotopic signatures similar to those of
modern vents. The seawater salinity and chemistry in the
mid-Archaean were also rather similar to those of today,

except for the halide ratios and higher concentrations of
Ca, Sr and NH,.

Kitajima et al. (2001a,b) studied inclusions in barite
and quartz veins below the ~3.49 Ga old North Pole
chert—barite unit (Pilbara). They found a hydrothermal
fluid that they interpreted to have boiled or phase-
separated at about 150 °C and 1000 m below the
seafloor. They concluded that, because of mixing of this
fluid with cold seawater during its ascent below the
seafloor, the vent fluids were relatively cold (<150 °C).
However, Kitajima et al. (2001a,b) interpreted the
chert—barite unit and the contemporaneous vein systems
as having developed in a mid-ocean ridge setting,
whereas there is a general agreement that the North Pole
chert—barite unit was deposited in shallow water (e.g.
Dunlop et al., 1978; Barley et al., 1979; Dunlop and
Buick, 1981; Nijman et al., 1998).

Sea-floor hydrothermal systems appear to have
remained relatively constant throughout the Earth’s
history, as early to mid-Archaean environments can be
interpreted in terms of present-day settings. This
conclusion can possibly even be extended to the oldest
known example of a seafloor hydrothermal system,
based on the preservation of pre-metamorphic fluids in
>3.75 Ga old altered pillow basalts of the Isua
Greenstone Belt, Greenland (Appel et al., 2001).
Inclusions from quartz vesicles in these pillow basalts
contain remnants of two independent fluid/mineral
systems; either gases (CH4 or CO,, both pure in separate
inclusions) or highly saline aqueous fluids (~25 wt.%
NaCl equivalent). The latter bear a strong resemblance to
modern sea floor hydrothermal fluids and were inter-
preted to be responsible for the alteration of the pillow
fragments. The interpretation of these inclusions as being
original, i.e. >3.75 Ga old, is controversial however,
since the entire surrounding rock sequence at that
location has experienced medium to high-grade amphib-
olite facies metamorphism (e.g. Rosing and Frei, 2004).
Touret (2003) interpreted the higher salinities and the
more reduced character of the gaseous component of the
inclusion in the Isua Greenstone Belt as an indication of
higher seawater salinities around 3.8 Ga, and deposition
in a deep-water, mid-ocean ridge type environment.
However, more recent investigations (Heijlen et al.,
2005, 2006) suggest that these conclusions must be re-
evaluated as far as gasses are concerned. The occurrence
of methane, in particular, is related to CO, reduction
during post-metamorphic quartz deformation and
annealing. The earliest fluids would correspond to an
immiscible mixture of brines and CO,, in that respect
comparable to what has been described in the present
work.
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6. Conclusions

Hydrothermally deposited quartz in the Buck Ridge
volcano-sedimentary complex (Barberton Greenstone
Belt, South Africa) contains coeval two-phase aqueous
inclusions (with variable salinities) and mixed H,O—
CO, inclusions. These fluids are interpreted to be at least
partly of magmatic hydrothermal origin. High-salinity
aqueous inclusions and low-salinity mixed H,O-CO,
inclusions show unmixing, which must have occurred at
a relatively low pressure of ~ 100 bars. This conclusion
is in line with the geological context, but contrary to the
first impression given by the homogeneous character of
the mixed H,O—CO; inclusions. Unmixing between the
high-salinity aqueous and mixed H,O—CO, fluids was
probably associated with the opening of the hydrother-
mal veins. Low-salinity aqueous fluids may have
resulted from mixing with lower temperature fluids,
probably issued from the H,O component of the mixed
H,0-CO, fluid.

The similarities of the aqueous fluids compared to
those of present day hydrothermal systems, and the
absence of reduced gases in inclusions from the Buck
Ridge Chert, strengthen the conclusion from field
observations that the BR-vsc hydrothermal system
operated in a shallow water, near-surface environment.
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