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The mildly peralkaline Sande nordmarkite (quartz syenite) intrusion contains interstitial quartz and
mafic minerals (alkali pyroxene, alkali amphibole, iimenite, titanomagnetite, zircon, sphene + cal-
cite). Three generations of fluid inclusions have been recognized in the interstitial quartz: primary
inclusions (population 1), early secondary inclusions (population 2) and late secondary inclusions
(population 3). Population 1 and 2 inclusions contain fluids which can be approximated by the
H,O-NaCl system, and were probably derived from the magma. The salinity of these fluids is ca.
40 wt% NaCl, but the fluids show a considerable variation in density (d = 0.9 to > 1.1 g/cm’),
increasing with time and decreasing temperature. Population 3 fluids show complex immiscibility
relationships involving vapour, highly saline liquids and solid salts. Also, low-salinity, high-density
fluids of external origin become important at this stage.
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Introduction

Volatile components (H,0, CO,, etc.) are impor-
tant minor constituents in silicate magmas
(e.g. Carmichael et al. 1974, Burnham 1979).
During sub-surface crystallization, a magma
may become saturated in volatiles, resulting
in the evolution of a separate fluid phase (Hol-
loway 1981). The pressure- temperature-
composition evolution of fluids in a magmatic
system may best be studied in fluid inclusions
in its rock-forming minerals. The use of fluid
inclusions in the study of plutonic rocks and
their cooling histories have been reviewed by
Weisbrod (1981) and Roedder (1984).

Some work has been devoted to the fluid
evolution of alkaline or sub-alkaline, biotite-
bearing granitic rocks in the Permo-Carbonife-
rous Oslo region in Southeast Norway (Olsen
& Griffin 1984a,b, Martinsen 1987), but little
is known about the fluid regime in the peralka-
line, acid intrusive rock in the area, such as
nordmarkite (quartz syenite) (Andersen 1988).
The present study and companion papers by
Hansteen & Burke (1989) and Andersen et al.
(1989) give the first information on the fluid
evolution on these intrusions, based on fluid
inclusion studies.

The present paper aims at establishing a
fluid-rock interaction history for the Sande

nordmarkite, based on microsocopy, supple-
mented by pertinent microthermometric mea-
surements. Results from bulk fluid extraction
analysis are presented by Andersen et al.
(1990).

The Sande nordmarkite intrusion
The Sande nordmarkite intrusion forms part
of the central pluton of the Sande Cauldron
in the Permo-Carboniferous Oslo Rift in Sout-
heast Norway (Fig. 1). The Sande Cauldron
is one of a series of cauldron structures in
the Oslo region, and probably represents a
deeply eroded central volcano (Ramberg &
Larsen 1978). The central pluton is zoned,
with a monzonitic core enclosed by the nord-
markite. These two rock types represent diffe-
rent intrusive episodes, the nordmarkite post-
dating the monzonitic rocks (Andersen 1981,
1984a,b). Detailed petrographic descriptions
and mineralogical data, as well as major- and
trace-element analyses of the Sande nord-
markite were given by Andersen (1984 a,b)
and Rasmussen et al. (1988).

The nordmarkite is a coarse-grained (0.5-1
cm grain size) alkali syenite, with a greyish-red
colour and a well developed interstital micro-
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Fig.1. Simplified geological map of the Sande cauldron
central pluton, from Andersen (1984a), with localities for
the microthermometry samples, identified by numbers only
(initial R or A omitted). Rhomb porphyry lavas within the
cauldron block and the country rocks outside the cauldron
(Lower Paleozoic sediments and Permo-Carboniferous lav-
as) are left without ornament.

structure. The modal quartz content varies
from nil in the inner parts of the intrusion to
> 10% in a marginal zone. The quartz-rich
variety is typically porphyritic, and somewhat
finer-grained than the quartz-free variety; the
transition from quartz-bearing into quartz-free
nordmarkite is completely gradual (Andersen
1984a). The predominant feldspar of the nord-
markite is sericitized mesoperthite, but rare,
homogeneous grains of microcline are also
found. Resorbed phenocrysts of plagioclase
are moderately abundant in the porphyritic
variety. Mafic silicates are interstitial dark
green pleochroic clinopyroxene and pale (alka-
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li or alkali-calcic) amphibole which are com-
monly intergrown with each other. Titanomag-
netite and manganiferous ilmenite occur both
interstitially and as inclusions in feldspar, and
are commonly surrounded by biotite coronas.
Close to the southern margin of the intrusion,
mafic silicates are strongly altered to pseudo-
morphic aggregates of chlorite, serpentine and
ferric hydroxide, with a few relics of the prima-
ry minerals. The most important accessory
phases are zircon, sphene and apatite.

Miarolitic cavities are much less abundant
in the Sande nordmarkite than in some other
Oslo region plutons (e.g. Raade 1972). Howe-
ver, the nordmarkite contains abundant single
or interconnected, open interstices, suggesting
the presence of a fluid phase in the pluton
at solidus and early sub-solidus temperatures.
Some interstices are lined with epitaxial albite
overgrowths on the surrounding feldspar; ot-
hers contain zoned pyroxene and amphibole
which have grown as euhedral crystals from
nucleation points on the feldspar surfaces.
Commonly, several interconnected, adjacent
interstices are filled by optically continuous,
anhedral quartz, postdating the other interstiti-
al phases. In some samples from the sout-
hern margin of the intrusion, close to the con-
tact towards Paleozoic sedimentary rocks,
Fig. 1), calcite also occurs as an interstitial
phase. These observations suggest that mine-
ral growth from the interstitial fluid phase has
been an important process in this pluton.

Although most of the quartz grains in the
nordmarkite are free of inclusions of mag-
matic minerals (feldspar, pyroxene, opaque
oxides), a few such grains have been located
in sample A 14, where inclusions of cpx and
opaque oxides outline euhedral growth zones.
Alkali feldspar does not occur as inclusions
in these quartz crystals. The zoned quartz
crystals must have grown at the same time
as the minerals found as solid inclusions.

Fluid inclusions
In most samples, the quartz contains great
numbers of fluid inclusions of variable size,
shape, mode of occurrence and phase con-
tents at room temperature. The feldspar does
not contain fluid inclusions, whereas apatite
only contains a few late secondary inclusions.
The fluid inclusions can conveniently be clas-
sified according to their phase contents at
room temperature (Tg, abbreviations used in
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Fig. 2. Schematic illustrations of the types of fluid inclusi-
ons found in quartz from the Sande nordmarkite, as distingu-
ished from phase content at Tg. The system of nomenclatu-
re used is defined in the text.
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Table 1. Abbreviations

TR Room temperature (ca. 20° C)
Tm1  Firstmelting temperature of the aqueous phase
Tm,co, Melting point of CO2
TmHn Disappearance of hydrohalite
Final melting temperature

Te Filling temperature
T4.naci Dissolution of halite

dx Dissolution of unspecified crystals
Th Total homogenization temperature
Tgec  Decrepitation temperature

d Density (g/cm’)
Wg Salinity (equvalent weight percent NaCl)

| Liquid phase in inclusion
v Vapour phase in inclusion
X(x) Solid phase(s) in inclusion
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Fig. 3. Sketch showing the three different textural populati-
ons of fluid inclusions in the interstitial quartz: 1 Primary
fluid inclusions occurring in zoned quartz, together with
primary inclusions of magmatic minerals (black). 2 Fluid
inclusions with no easily recognized relationship to either
primary crystal growth zones or to secondary, healed fractu-
re trails. 3 Secondary fluid inclusions occurring along hea-
led fracture trails, postdating 1 and 2.

this paper are defined in Table 1) and their
textural setting within the quartz crystals. This
leads to a nomenclature which has both com-
positional and genetic significance (Figs. 2 and
3).

Phase contents at room temperature
The system of abbreviations used to describe
the phase contents of the inclusions is based
on the presence of liquid (I), vapour (v), one
or several crystal(s) (x, xx) and their relative
proportions at Tg. The most abundant phase
is always mentioned first. Thus, Ivx denotes
a liquid-dominated three-phase fluid inclusion
with a vapour bubble and one crystal.

Using this system, the inclusions can be
divided into four classes, according to their
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Fig. 4. Zoned interstitial quartz crystal in sample A 14. The 100 um scale bar is common to b and c. Inclusions belonging
to different textural populations are identified by single numbers (1, 3). a: Overall view of the quartz crystal. The localization
of frames b and ¢ are indicated. b: Composite of several, differently focused exposures of a part of the crystal. All fluid
inclusions shown in this frame belong to population 1. p= pyroxene inclusions, m= magnetite inclusions. c: A secondary trail

of multisolid xxlv fluid inclusions. These inclusions belong to population 3.

dominant phase at Ty as illustrated schema-
tically in Fig. 2: (i) Liquid-dominated one- or
two-phase inclusions without solids (I, Iv). (ii)
Liquid-dominated inclusions with 1-2 crystals
(Ivx, Ivxx). (iii) Solid-dominated inclusions, con-
sisting of a large proportion of solid(s) with a
vapour phase (xv) and, most commonly, a
liquid phase (xIv). Most of the solid-dominated
inclusions are multisolid, containing several

crystals with different optical properties (xxlv).
(iv) Vapour-dominated inclusions (v, vl, vIx).

Distribution and chronology of fluid
inclusions

The scarcity of growth zonation in the intersti-
tial quartz complicates the process of deriving
a chronological sequence of inclusion trap-
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ping. A rough inclusion chronology can be
defined from a study of local inclusion textu-
res, as illustrated in Fig. 3. Rather than rela-
ting single inclusions or compositional types
to distinct events in the evolution of the
quartz, the inclusions have been grouped into
three populations with a chronological signifi-
cance. The inclusions range from the obvious-
ly early, truly primary inclusions (population
1) to the obviously late, secondary inclusions
(population 3), with the fluid inclusions, which
occur neither in recognizable growth zones
nor along healed fractures making up a popula-
tion 2.

Population 1. The only inclusions which fulfil
the criteria of a primary origin (e.g. Roedder
1984) are found in zoned quartz crystals. The-
se crystals contain fluid inclusions (lvx, with
degree of fill < 0.9) attached to solid inclusi-
ons, or as separate negative crystals within
clear zones of the crystal (Fig. 4). This is the
earliest generation of fluid inclusions recogni-
zed, and the only ones which may give in-
formation on solidus or near-solidus fluids in
the pluton.

Population 2 inclusions are scattered through-
out unzoned quartz crystals, without any relati-
onship to solid inclusions of magmatic mine-
rals, or they are found in smaller groups or
clusters (Fig. 5). This category probably inclu-
des inclusions of both primary and secondary
origin, and is the largest group in terms of
number of inclusions; Ivx and Ilvxx inclusions
are the most abundant types: Multisolid xxIv
and vapour-dominated v, vl and vix inclusions
also occur, but only in subordinate numbers.
Within single domains, or in clusters of popula-
tion 2 Ivx(x) inclusions, phase contents and
liquid-solid-vapour abundances at Ty are gene-
rally quite similar (Fig. 5¢). The population 2
inclusions were probably trapped over a large
part of the cooling history, and there may be
temporal overlap with both the primary popula-
tion 1 and the obviously secondary population
3.

Population 3 comprises those inclusions which
delineate recognizable healed fracture trails in
the crystals. Their shapes vary from equant
negative crystals (Fig. 6a) to anhedral and
vermicular ones (Fig. 6b). Their characteristic
occurrence implies that population 3 inclusions
postdate population 1 inclusions and, in most
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Fig. 5. Quartz crystal with population 2 and 3 fluid inclusi-
ons. The 100 um scale bar is common to b and c. a: Over-
all view. The localization of frames b and ¢ are indicated.
Note a trail of population 3, vapour-dominated fluid inclusi-
ons. b: Detail showing population 2 Ivxx inclusion and a
high-density, irregular population 3 Iv inclusion. c: Detail
composed of two differently focused exposures, showing
a group of population 2 Ivx fluid inclusions.

cases, nearby clusters of population 2 inclusi-
ons. Two different associations of fluid inclusi-
ons dominate the population 3 trails: (i) Large,
equant vapour-dominated inclusions (v, vl, vix)
associated with more irregular, xv or multiso-
lid xxlv inclusions (Fig.6a). Solid and vapour-
dominated types are generally found within
one and the same inclusion trail, but xxlv inclu-
sions are also found as the only type occur-
ring in a trail (Fig. 4c). These trails cross-cut
population 2 clusters, but are themselves cut
by (ii) trails with Iv or | inclusions (Fig. 6b)
which represent the very last stage of fluid
evolution recognized in the Sande nordmarki-
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Fig 6 Two different types opropuIAation 3 inclusion trails: a: Trail with regularly shaped v and vix fluid inclusions. b: Two trails
with irregular | and Iv fluid inclusions. These trails cross-cut trails like the one illustrated in a, as well as all other fluid

inclusion textures in the nordmarkite quartz.

te. In quartz from the southern margin of the
intrusion, such late population 3 lv inclusions
are the only fluid inclusions found. Sample
A3 shows an example of such a fluid inclusion
pattern; in this sample the mafic silicates are
thoroughly altered, and calcite occurs as an
interstitial phase.

The high-density, low-salinity population 3 |
and lv fluid inclusions represent samples of a
fluid phase which must be significantly diffe-
rent in terms of salinity and density from the
earlier inclusion generations. Because of their
high density, these inclusions show a much
stronger tendency to decrepitate on heating
than do the earlier, less dense inclusions.
This is a nuisance during microthermometric
analysis, but has the advantage that the bulk
fluid extracted from a sample at T< 650° C
will be dominated by these inclusions. Alkali
thermometry on extracted fluids give tempera-
ture estimates in the interval 200-300° C (de-
pending on the choice of thermometer, Ander-
sen et al. 1990), suggesting that the populati-
on 3 | and Iv fluid inclusions formed within
this temperature interval, probably as a result
of influx of externally derived (meteoric) water.

Identity of solid phases

No microanalytical methods have been employ-
ed in the present study; solids have therefore
been tentatively identified from their optical
properties and low-temperature behaviour.
Four different types of crystals may be recogni-
zed: (i) Isotropic cubes, which are ubiquitous
in lvx(x), vix and solid-dominated inclusions
(xlv, xxlv). One or two crystals are present,
and the largest of these (the only one present
in lvx) shows formation of a salt-hydrate at
T<0°C; this in turn breaks down close to 0°C
(several repeated cooling and heating cycles
below 0°C may be needed to form the hydra-
te). This behaviour is characteristic for halite
(NaCl) forming hydrohalite (NaCl=2H,0) at low
temperature. The other, smaller, isotropic cube
is inert on cooling, and dissolves before halite
on heating. This mineral is tentatively identified
as sylvite (KCI).

(i) Weakly birefringent crystals. These crystals
are rhombohedral to irregular in shape, and
dominate the xv and muitisolid xIv inclusions.
The interference colours are characteristically
first-order grey. Similar crystals have been
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found in fluid inclusions in quartz from the
Eikeren alkali granite, where they have been
identified by microanalytical techniques (La-
ser-Raman microprobe, EDS-SEM analysis)
as various types of alkali sulphate daughter
minerals and accidentally trapped amphiboles
and feldspars (Hansteen & Burke 1989).

(iii): Strongly birefringent grains. The xxlv inclu-
sions invariably contain one grain of a strong-
ly birefringent mineral in addition to halite and
weakly birefringent crystal(s). These are typi-
cally much smaller than any of the former ty-
pes of crystals, but nevertheless show high-
order interference colours. The optical properti-
es suggest that the crystals are carbonates;
calcite, dolomite and nahcolite (NaHCO,) are
likely candidates.

(iv): Opaques. Minute opaque grains have
been observed in some xxlv inclusions. No
positive identification is possible, but iron oxi-
des or sulphides are the most likely possibiliti-
es.

Microthermometry
Based on a microscopic survey of the sample
collections of Raade (1973) and Andersen
(1981), four samples were selected for micro-
thermometrical work. The petrographic charac-
teristics of the samples are summarized in
Table 2. The samples cover a considerable
range in mafic mineralogy, geochemistry and
pyroxene- and amphibole-compositions (cf.
Andersen 1984a, Rasmussen et al. 1988).
Measurements have been concentrated on
population 1 and 2 inclusions, which are rele-
vant for the early sub-solidus cooling history
of the pluton. Population 3 inclusions are un-
der-represented in the data-set, because it

Table 2. Petrographic characteristics of microthermometry
samples.

Feldspar Mafic Fe-Ti Acces- Fluid
silicates oxides sories  inclusions
A3 Perthite,  Chlorite, Ferric Zircon,  Population
plagio-  serpenting, hydroxides sphene, 3only
clase relictamphi- apatite,
bole calcite
Al4 » Pyroxene,  Titano- » Population
amphibole magnetite, 1,23
ilmenite
A15 » ] » » Population
23
R291 Perthite » » » Population
23
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was felt that the bulk fluid analyses presented
by Andersen et al. (1989) were sufficient to
delimit the trapping conditions of these inclusi-
ons to T< 300° C.

Experimental procedure
Microthermometric measurements on doubly
polished sections were made with different
types of combined heating-freezing stages.
All the low-temperature work was carried out
on a gas-cooled CHAIXMECA stage at the
Mineralogical-Geological Museum, Oslo. The
same stage was also used for most of the
high-temperature work (T<< 500°C), a LINKAM
THM 600 stage was, however, used for some
of the high-temperature runs (T<< 600°C). A
few measurements at T> 600°C were done
with a USGS/Reynolds gas-heated stage at
the Instituut voor Aardwetenschappen, Vrije
Universiteit, Amsterdam. Detailed descriptions
of these heating-freezing stages have been
given by Shepherd et al. (1985). The stages
were calibrated according to the procedures
of Roedder (1984) and Andersen et al. (1984),
using a selection of pure compounds with
known melting points.

Microthermometric behaviour

The microthermometric behaviour of fluid inclu-
sions is a function of composition and densi-
ty, and thus depends upon the Tg phase con-
tent of the inclusions. Since the filling tempera-
ture (Tg) is the only phase transition common
to all inclusion subgroups, the measurements
are plotted against Tg in Fig. 7.

On cooling to T<<TRg, the liquid-dominated
inclusions froze to an assemblage of ice, salt
hydrate(s) and vapour. Typically, cooling to
+60° C was needed to obtain total solidificati-
on of the inclusions.

First melting (by breakdown of a salt hydrate
phase) took place at Tn in the interval +50°
to +25° C. In many inclusions, first melting
was difficult to observe, and very often only
a maximum limit for Tm1 could be determined.

Hydrohalite melting. In the lv inclusions, anot-
her hydrate phase (hydrohalite) broke down
at Ty pn between +30° and +25° C, leaving
an assemblage of liquid + ice + vapour. The
xxlv inclusions transformed to a mush of salt
hydrate(s), original crystals and vapour at low
T. Commonly, several repeated temperature
cycles between 0 and ~+60° C were necess-
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Fig. 7. Microthermometric measurements, plotted against
the filling temperature. Stars: Population 1 inclusions (filled:
T observed, open: decrepitated before Tg). Points: Popula-
tion 2 inclusions. Circles: Population 3 inclusions. a: Final
melting point of ice in Iv inclusions. b: Halite dissolution
temperature. The broken line separates inclusions homoge-
nizing by vapour bubble disappearance (lower right) from
inclusions homogenizing by halite dissolution (upper left).
Inset: trajectory of a magmatic fluid (initially within the circ-
le m) during cooling in a closed system witin the single-
phase region of an aqueous fluid. The circle h represents
low-temperature hydrotherma! fluids of meteoric origin.

.ary to transform all convertible salt to salt
hydrate. Although sluggish, the final break-
down of the salt hydrate took place close to
0° C, leaving liquid + vapour + several grains
of halite. The halite grains coalesced into a
single salt cube on gentle heating.

Ice melting. In v inclusions, the ice disappea-
red at the final melting temperature (T,,), typi-
cally between +20° and +5° C (Fig. 7a). In Ivx
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inclusions, ice disappeared around +20° C,
leaving hydrohalite ( disequilibrium NaCl) + liqu-
id + vapour.

CO,-melting. When the vapour-dominated (vIx)
inclusions were cooled to T< +80° C a se-
cond solid phase formed from the vapour;
this solid melted abruptly close to the triple
point of CO, (+56.6° C). No melting interval
or depression of Tmco, was observed. The
homogenization of the gas phase cou!d not
be clearly observed, but took place below the
final melting temperature of the water phase.
The density of the CO, must therefore be
very low, < 0.1 g/cm’(e.g. Angus et al. 1973).

Filling and crystal dissolution. In lv inclusions,
only one high-temperature phase transition
could be observed: homogenization to the liqu-
id at T, = Tg. In some Ivx and lvxx inclusi-
ons, the solid(s) dissolved in the presence of
liquid and vapour, leaving a two-phase (liquid
+ vapour) assemblage, which homogenized to
the liquid at T, = T > Tgnac In other Ivx,
lvxx and in solid dominated (xlv, xxIv) inclusi-
ons, the vapour-bubble disappeared before
dissolution of the solid(s). Fina!l homogeni-
zation took place by crystal dissolution at Ty,
=Tgx (=Ta.Nac) > Tg. Both types of homogeni-
zation behaviour may be observed for inclusi-
ons within one single quartz crystal, or even
within a single domain in a crystal.

Composition and density of the fluid

inclusions

Dissolved species. The predominance of halite
in the solid-bearing inclusions show that Na+
is an important cation in the fluid system. The
low first-melting temperatures observed in Iv
inclusions (Tryy = +50° to +25° C) indicate the
presence of additional divalent metal ions in
these inclusions, such as Ca®*, which would
give eutectic melting at ca. +50° C (Crawford
1981). Estimates based on Ty, yn between +30
and +25° C, suggest molar Na+ /Ca** ratios
in the range 0.8 - 1.9 in the late fluids trapped
in the population 3 lv inclusions (e.g. She-
pherd et al. 1985). Although halite is the last
phase to dissolve on heating in the multisolid
xxlv inclusions, the presence of other crystals
at T shows that other dissolved species than
Na+ and CI- are also present in these inclusi-
ons. These inclusions can probably best be
described in terms of the components Na+-
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Ca*-K+-CI--S0O-CO,*, with NaCl as the domi-
nant species.

i Gas species. There are no indications of
free CO, in the vapour phase in any of the
liquid-dominated inclusions. The gas-domina-
ted inclusions (v, vl, vix), however, contain
low-density CO, with a melting point within
experimental error of the triple point of pure
CO,. This suggests that the gas phase does
not contain low-melting contaminants such as
CH,, N,, etc. in concentrations above their
detection limits (Burrus 1981, Touret 1982).

iii: Salinities and densities. The microthermo-
metric data may be interpreted in terms of
equivalent NaCl salinity and density by compa-
rison with the relevant experimental data on
H,0-NaCl phase equilibria. The accuracy of
this interpretation decreases as the number
of solid phases at Ty increases: for v and |
inclusions the equivalent NaCl salinity (wg) can
be determined from T, using an equation
relating melting point depression to salinity
(Potter et al. 1978). The density of Iv inclusi-
ons can be estimated from wg and Ty, using
the experimental data of Zhang & Frantz
(1987). The salinities of Iv inclusions range
from 0 to ca. 23 wt% NaCl (Fig. 8), with densi-
ties between 0.8 and 1.1 g/cm’. The densities
of | inclusions are necessarily high (> 1 g/
cm?, and cannot be determined accurately.

wg of Ivx and Ivxx inclusions with T, = Tg
can be determined from Tgnac, using the
equation for the three-phase liquid + vapour
+ halite curve in the binary system given by
Potter et al. (1977). These inclusions homogeni-
ze at bubble-point curves corresponding to
their wg. The densities of these inclusions may
be estimated from the empirical equation of
Zhang & Frantz (1987), or by interpolation in
a density-contoured wg - Ty, diagram (Bodnar
1983, Fig. A1).

In Ivx, Ivxx and xxlv inclusions with Ty, =
Ta,Nnaci, halite dissolves on a liquidus (fluid +
solid) curve above the three-phase region. The
salinity may thus be determined by compari-
son with the data of Gunter et al. (1983). For
the multisolid inclusions, wg may be a poor
representation of the total concentration of
dissolved ionic species at the homogenization
temperature. As discussed by Roedder (1984)
and Shepherd et al. (1985), T cannot be rela-
ted directly to the density in such inclusions.
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Fig. 8. Histogram of NaCl-equivalent salinity, calculated from
microthermometric data. Shaded: population 1. Black: popu-
lation 2. White: population 3.

The resulting distribution of inclusion salini-
ties is shown in Fig. 8. The population 2 inclu-
sions have a pronounced salinity maximum
at ca. 40 wt% NaCl, regardless of homogeniza-
tion temperature. The densities of the populati-
on 2 inclusions are in the range 0.9 to 1.1
g/cm?’. The majority of population 1 inclusions
available for study also have salinities close
to 40 wt%, but most of them have higher
homogenization temperatures, corresponding
to d<< 0.9 g/cm’ - with the exception of a sing-
le low salinity inclusion, which may be a wrong-
ly identified population 3 inclusion (Fig. 7b).

The bulk composition and density of CO,-
bearing vl and vix inclusions cannot be asses-
sed quantitatively. It should, however, be no-
ted that vix and xv inclusions must have a
total salinity above 25 wt% at a low total densi-

ty.

Isochore calculation

Isochores for aqueous inclusions with modera-
te (<ca. 30 wt%) total salinity and T, = T¢
can be calculated from the homogenization
temperatures, using the empirical equations
of Zhang & Frantz (1987). For such inclusions
with higher salinities, approximate isochores
can be constructed from data of Potter &
Brown (1977) and Urusova (1975). Minor incon-
sistencies between the three sets of data
should be expected.
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Since the density of an inclusion homogeni-
zing at a liquidus curve cannot be determined
from microthermometric data, no isochores
can be calculated for such inclusions. Howe-
ver, the isochore for any such inclusion is
constrained within a PT sector between the
pertinent bubble-point curve and fluid liquidus
curve (e.g. Shepherd et al. 1985).

Selected isochores are shown in Fig. 9, to-
gether with other pertinent univariant phase
equilibrium curves for the H,0-NaCl system.

Discussion

The fluid inclusions in the Sande nordmarkite
have been trapped from fluids interacting with
the cooling magma or solidified rock over a
range of temperatures, from near the solidus
to the far sub-solidus. The chronological sequ-
ence derived for fluid inclusions in the nord-
markite reflects the cooling history of the rock.
From textural observations, only the primary
population 1 inclusions are expected to give
information about fluids present in the pluton
near the solidus temperature. The younger
generations of fluid inclusions (populations 2
and 3) represent fluids trapped at later stages
of evolution; the late trails of population 3 |
and lv inclusions reflect the very last fluid retai-
ned in inclusions in the quartz.

Trapping mechanism
The relationship between the composition and
density of fluid inclusions in a plutonic rock
and the properties of the magmatic or post-
magmatic fluid phase may not always be
straightforward (e.g. Roedder 1981, 1984,
Weisbrod 1981). Overlooking the effects of
heterogeneous trapping and post-trapping
modification processes (e.g. leakage or nec-
king down, Roedder 1981) can lead to errone-
ous interpretation of the compositional charac-
teristics and PTX evolution of the fluid phase.
Deciding whether a given assemblage of
fluid inclusions has been trapped from a homo-
geneous or heterogeneous fluid phase is al-
ways a major problem. Two types of hetero-
geneities are possible in saline aqueous flu-
ids: (1) Halide (halite) saturation, or (2) immisci-
bility between two fluid phases (boiling, effer-
vescence). The first phenomenon affects fluid
inclusions trapped at temperatures at or below
the relevant liquidus curve, whereas two immis-
cible fluids may be trapped within the two-
phase liquid + vapour region. On the three-
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Fig. 9. PT interpretation of microthermometric data from
the Sande nordmarkite. The figure shows the three-phase |
+ v + x curve of the H,0-NaCl system (solid line) and the
bubble-point curve of a 40 wt% NaCl solution (broken line
labeled B) both from Bodnar et al. (1985). Isochores for
H,0-NaCl solutions (labelled with salinity (wt% NaCl) / densi-
ty (g/cm?)) have been constructed from the data of Potter
& Brown (1977) and Urusova (1975). The dash-dot line is
a liquidus curve for a 40 wt% NaCl solution (labelled L),
after Gunter et al. (1983). The black rectangle represents
the inferred solidus conditions of the nordmarkite magma
(700-720° C, 1.0+0.2 kbar). Circled numbers (1, 2, 3) identi-
fy PT sectors of trapping conditions for population 1, 2 and
3 fluid inclusions, as discussed in the text; a, b and c are
three different cooling PT paths for the fluid system in the
Sande nordmarkite; a and b are allowed by the present
fluid inclusion data, whereas c is not permitted.

phase | +v + x curve, these two phenomena
take place simultaneously.

Heterogeneous trapping of a solid-saturated
fluid can be recognized by microscopy; the
presence of coeval liquid- and halite-dominated
inclusions within a single secondary trail or
primary domains in a section is sufficient evi-
dence that the fluid was saturated at the time
of trapping. Observations of simultaneous inc-
lusions with locally variable, relative liquid and
vapour contents are necessary, but not suffici-
ent, evidence for heterogeneous trapping of
immiscible liquid and vapour phases, since
mixing of fluids of different provenance may
sometimes give similar textures. To distinguish
splitting of a homogeneous fluid by liquid im-
miscibility from mixing of two (miscible) fluids,
careful microthermometry is needed (Picha-
vant et el. 1982, Ramboz et al. 1982). How-
ever, for the purpose of the present discussi-
on, it is important to note that both of these
heterogeneous trapping mechanisms may usu-
ally be ruled out by microscopy. Uniform relati-
ve phase volumes within coeval groups of flu-
id inclusions are good evidence in favour of
trapping from a homogeneous fluid.
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Zones of population 1 lvx inclusions, and
individual groups and clusters of population 2
lvx(x) inclusions show uniform relative phase
volumes (Figs. 4, 5). This contradicts trapping
from a heterogeneous fluid, and also sug-
gests that the effects of post-entrapment
modification processes (leakage, decrepitation,
necking down) on the compositions and salini-
ties of these inclusions have been negligible.
The solid phases in the population 1 and 2
Ivx(x) inclusions are therefore regarded as true
daughter minerals rather than accidentally trap-
ped solids. The composition and densities
determined for the different groups or generati-
ons of inclusions reflect the properties of the
fluid at the time of trapping.

A similar argument may be applied to the
latest among the fluid inclusions in the samp-
les: the late population 3 | and Iv trails have
internally uniform degrees of fill, and do not
contain inclusions with aberrant properties.
These trails must have been trapped from a
homogeneous fluid.

The population 3 trails which predate the Iv
and | trails contain inclusions with different
phase contents and degree of fill (lvx, xlv, vix,
vx). This indicates more complex trapping
mechanisms, which involved two (I + x, possib-
ly also | + v) or three (I + v + x) phases in
the system. Such inclusions do not give a simp-
le representation of the bulk composition of
the fluid at the time of trapping.

P-T-X evolution of the fluid phase

In the following discussion, the H,0-NaCl sys-
tem will be used as a model for the high-
temperature behaviour of the fluid phase in
the Sande nordmarkite.

Near-solidus fluids. The population 1 inclusi-
ons contain an aqueous fluid, with wg ca. 40
wt% NaCl and density less than 0.9 g/cm?.
These inclusions homogenized either on the
40 wt% NaCl bubble-point curve, or they decre-
pitated before Tg was reached. Isochores for
these inclusions extend from homogenization
points on the bubble-point curve into a PT
sector limited by this curve and the 40 wt%
NaCl, 0.9 g/cm® isochore (Fig. 9). The only
feasible source for the fiuid contained in these
inclusions is the magma itself.

Based on analogies with quartz + feldspar
+ aluminosilicate melt equilibria in comparable
experimental systems (Tuttle & Bowen 1958,
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Hamilton & MacKenzie 1965, Thompson &
MacKenzie 1967), Andersen (1984a) estimated
a solidus-temperature of 700-720°C for quartz-
bearing nordmarkite. The lithostatic pressure
during in-situ crystallization of the magma can
only be assessed by comparison with the lo-
cal geology. The Sande pluton has penetrated
into top of the Lower Paleozoic sedimentary
sequence of the Oslo region, and the lower-
most Permo-Carboniferous lavas (Oftedahl
1953). In the southern part of the Oslo Region,
the lava pile attains a maximum thickness of
ca. 3000 m (Oftedahl 1978). This limits the litho-
static pressure during in-situ crystallization to
ca. 1 kbar. In Fig. 9, P= 1.0+0.2 kbar, T=
700-720° C are adopted as solidus conditi-
ons. The hydrostatic pressure in a 3000 m
high fivid column with d= 1.0 g/cm’ is 300
bar. This is a maximum estimate for the hydro-
static pressure in the Sande pluton shortly
after its emplacement.

The inferred solidus PT conditions of the
nordmarkite fall to the high-T, low-P side of
the population 1 isochore sector; increasing
the salinity of the system to 50 wt% NaCl
shifts the low-P — high-T limit of the possible
trapping conditions of the population 1 fluid
inclusions towards high temperature, but only
to give marginal improvement of the overlap
with the estimated solidus conditions. How-
ever, it is a very real possibility that the outer
zones of the zoned quartz grains and the
aegirine and magnetite crystals included in
them, may have grown from the aqueous fluid
itself, rather than from a silicate melt proper.
In his classical study of the stability of aeger-
ine, Bailey (1969) reported evidence of aegiri-
ne and other mafic minerals having grown from
a vapour phase. He also found that his ex-
perimental charges contained a liquid after
quenching to room temperature. This liquid
corresponded to a strongly alkaline aqueous
fluid which coexisted with aegirine, quartz,
magnetite etc. at experimental pressure and
temperature, and was directly responsible for
growth of silicate phases from 'vapour’. Such
a fluid would have close similarity to that con-
tained in the present population 1 fluid inclu-
sions.

‘Early’ sub-solidus fluid. The fluid trapped in
the population 2 Ivx(x) inclusions has a salini-
ty of ca. 40 wt% NaCl, which overlaps with
the salinity of the near-solidus fluid contained
in population 1 inclusions. This limited salinity
range, and the textural evidence for trapping
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from a single, homogeneous fluid phase sug-
gest that the influence of externally derived
fluids at this stage of evolution was modera-
te. However, the density of population 2 lvx(x)
inclusions ranges from 0.9 to 1.1 g/cm?, yiel-
ding a broad sector of isochores in the PT-
plane. In Fig. 9, the isochore of a fluid inclusi-
on with 50 wit% NaCl and d= 1.1 g/cm® defi-
nes the upper temperature limit for this field;
the minimum temperature limit is given by the
liquidus of a 40 wt% NaCl solution (Gunter et
al. 1983). Below this liquidus curve, a 40 wit%
NaCl solution would be saturated in halite, and
homogeneous trapping of such a fluid would
be impossible. The less dense fluid inclusions
define isochores at higher temperatures than
do the more dense. Given a uniform and conti-
nuous cooling path for the pluton, the less
dense inclusions must have been trapped at
higher temperatures or earlier than the more
dense ones, regardless of the actual shape
of the cooling path. An increase in density at
constant salinity is what should be expected
from a homogeneous fluid phase cooling with-
in a closed system at P-T conditions within
the single-phase region of the fluid composi-
tion in question. The response of homogeniza-
tion temperature and halite dissolution tempe-
rature to closed system cooling is illustrated
as an inset to Fig. 7b.

‘Late’ sub-solidus fluid. At the time the popula-
tion 3 fluid inclusions were trapped, the fluid
phase in the pluton was no longer homogene-
ous; textural evidence suggest that two- or
three-phase immiscibility may have taken pla-
ce, and that externally derived fluids became
important at this stage, most likely as a result
of onset hydrothermal circulation (Andersen
et al. 1990). It should be noted that the ‘'mag-
matic’ 40 wt% NaCl fluid would become satura-
ted in halite on cooling below ca. 320°C (Gun-
ter et al. 1983), making heterogeneous trap-
ping of halite and aqueous fluid possible over
a wide pressure range below this temperatu-
re. Furthermore, the present observations
suggest that a CO,-bearing low-density fluid
was also present in the pluton at this stage.
This fiuid may have exsolved from the 'mag-
matic’ aqueous fluid, or it may have been intro-
duced from an external source, such as Lo-
wer Paleozoic limestones among the country
rocks.

The maximum salinity observed among po-
pulation 3 Iv inclusions is ca. 25 wt% NaCl,

NGU - BULL. 417, 1990

with a corresponding density of 0.96 g/cm’
(Fig. 8). The isochore corresponding to such
an inclusion is illustrated in Fig. 9; this isocho-
re defines a maximum temperature limit for
the trapping conditions of population 3 Iv and
| inclusions and intersects the the 40 wt%
NaCl liquidus at 320° C, ca. 400 bar.

The cooling path

Although no method to estimate trapping pres-
sure for different types of sub-solidus fluid
inclusions is available, it appears safe to assu-
me that a hydrostatic pressure regime was
established by the time hydrothermal circulati-
on had started and the trapping of lv and |
inclusions took place (T < 300°C).

In Fig. 9, three alternative cooling paths lea-
ding from lithostatic pressure at the solidus
to hydrostatic pressures at 300°C are shown.
Closed-system cooling along an ’isobaric’ PT
path close to lithostatic pressure (i.e. path a
in Fig. 9), or at decreasing pressures above
the bubble-point curve of a 40 wt% NaCl solu-
tion (path b in Fig. 9) are permitted by the
present fluid inclusion data, as they would not
lead to heterogeneity phenomena within the
trapping range of population 1 and 2 inclusi-
ons. If the bubble-point curve had been cros-
sed, textural evidence of two-fluid immiscibility
would have been expected.

The third path (c) illustrated in Fig. 9 repre-
sents a case of abrupt pressure-decrease to
hydrostatic levels at near-solidus temperatu-
res, akin to the evolution of many porphyry-
type ore deposits (e.g. Roedder 1984). Given
a starting-point of a 40 wt% NaCl solution
above its bubble point curve at 700°C this
path would lead to condensation of a liquid
phase at temperatures very close to the soli-
dus of the silicate melt (intersection with the
40 wt% bubble-point curve) and saturation
with halite where cooling path ¢ hits the | + v +
x curve. Along this path, the liquid phase
would have wg > 60 wt% NaCl at the time
halite saturation took place. Cooling along
path ¢ would lead to complex fluid inclusion
assemblages characteristic of | + vorl + v +
x immiscibility / saturation at temperatures
where the present data show that the fluid
phase in the Sande nordmarkite still remained
homogeneous. This path thus cannot account
for the fluid inclusion textures and compositi-
ons observed in the Sande nordmarkite. In
this respect, the Sande pluton is similar to the
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Drammen biotite granite pluton, where a litho-
static pressure regime has dominated, except
in a marginal zone (Olsen & Griffin 1984a,b).

Implications

The Sande nordmarkite resembles several
other evolved, acid plutons in the Oslo Region
in having lower concentrations of LIL ele-
ments than expected from a fractional crystal-
lization model (Dietrich et al. 1965, Dietrich &
Heier 1965, Raade 1973, Andersen 1981,
Rasmussen et al. 1988). In a magmatic system
consisting of silicate melt, minerals and an
aqueous fluid, trace elements will be distribu-
ted between crystals, melt and fluid, the solubi-
lities of the elements determining their relative
enrichment in the fluid phase (Neumann et al.
1989). In the Sande pluton, the magmatic fluid
may have been retained within the rock body
until the onset of hydrothermal circulation at
ca. 300° C. The trace elements partitioned
into the fluid phase during igneous crystallizati-
on may have been lost together with the rem-
ains of primary fluid at this stage.

Also, the radiogenic isotopic system of the
nordmarkite may have been disturbed at this
stage, by isotopic exchange with the country
rocks via a migrant fluid phase. Rasmussen
et al. (1988) reported new Rb-Sr data on the
Sande pluton, showing that this intrusion does
not define an isochron, in contrast to several
other syenitic - granitic intrusions in the Oslo
Region.

Conclusions
The fluid inclusions contained in interstitial
quartz in the Sande nordmarkite are dominant-
ly aqueous solutions (NaCl = CaCl, + KCI +
carbonate components + sulphate compo-
nents). 'Solidus’ and early sub-solidus fluid
inclusions were trapped from a homogeneous
fluid phase which originated from a magmatic
fluid (ca. 40 wt% NaCl) which cooled in a clo-
sed system within the rock body. The evoluti-
on of this fluid phase may be traced in inclusi-
ons from solidus temperatures (ca. 700°C). to
300°C, where immiscibility phenomena and
influx of externally derived fluids may have
become important. CO, occurs only in late
secondary inclusions, and may have an exter-
nal origin,

The cooling-path of the Sande nordmarkite
pluton was confined within the single-phase
region of a 40 wt% NaCl solution from the

Fluid inclusions in the Sande nordmarkite 53

solidus to ca. 300°C. In this respect, the sub-
solidus cooling history of the Sande nord-
markite intrusion is different from many porphy-
ry-mineralized intrusions, where intense fractu-
ring, immiscible splitting of magmatic fiuid into
liquid and vapour fractions and influx of exter-
nally derived fluids take place at temperatures
much closer to the solidus (600-700°C).
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