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ABSTRACT

Mantle-darived xenaliths contain direct evidence of the nature of mantle melts (a5 veins of frozen basaltic
melt in mantle wall-rock) and of mantle fluids (trapped in cavities and including fluid inclusions in
mantle minerals). Volatile-bearing phases (amphibole, mica, apatite) in mantle Cr-diopside Therzolites
provide structural sites for CO,, C1, F, H,O and §; these phases are also generally enriched in incornpati-
ble elements. Microtkermometry and Raman laser microprobe methods indicate that CO; is the
dominant fluid now present in the fluid inclusions. However, OH-, CO,- and Cl-bearing phases lining
fluid inclusion and cavity walls are inferred to have formed by reaction, implying the original presence of
vy to 15% H,0, and small amourts of Cl. Mass spectrometric analyses reveal the presence of small
quantities of He, COS, SOy, N, Oy, Ar, H,S and hydrocarbons. The *Hef*He ratios are 7-10 times atmo-
spheric, indicating a e contribution from degassing of a deep primitive reservoir. MSe/*Sr and
'Ndf"“Nd ranges in volatile-rich mantle rocks also suggest the existence of at least one primitive reser-
v-ir. Sulphide globules in the clinopyroxenes of some mantle-derived xenoliths are associated with CO,-
¢'ch fluid inclusions. Their microstructure suggests that a sulphide fluid, a CQ»/H,0 fluid and silicate
/magma may coexist as immiscible liquids under certain mantle conditions.

Keywords: carbon dioxide, fluid inclusions, helium isotopes, mantle Fuids, metasomatism, primordial

fluids, sulphide immiscibility.

INTRODUCTION

The occurrence of a fluid phase as a discrete
component of the upper mantle is of crucial
importance in interpreting the mechanisms and
geochemical effects of mantle metasomatism and
of anatexis in the mante and lower crust (eg.
Mysen 1983; Olafsson & Eggler 1983; Andersen
2t al 1984), The natuce of this fluid also has
fundamental implications for the large-scale
structure and dynamics of the Earth’s mantle, its
convection style, the consequences of mantle
degassing, and the existence of a deep, primitive
reservoir (Porcelli et af, in press; Craig e of 1973,
Kurz & Jankins 1981; Xyser & Rison 1982). The
presence of a fluid component may also be a
controlling factor in the incorporation of high-
density xenoliths in basaltic melts (Andersen et af
1984) and in their contiaued suspension in lowes-
density host magma during transport 10 the
surface.

Mantle-derived rock types (mainly high-press-
ure xcnoliths entrained in basaltic and kimber-
litic magmas) provide abundant evidence that
there are two end-member type liquids active
within the mantle. The first type includes silicate
melts + free or dissolved volatiles & dissolved or
immiscible sulphide melts {i.c. basaltic Liguids).
The second type includes free fluid phases
(volatile fluxes). As silicate partial melts may
contain varying proportions of volatiles, there is 8
complete spectrum berween these two end-
members.

EVIDENCE FOR TRAPPED MELTS AND
FLUIDS IN THE MANTLE

Evidence for the presence in the mantle of frozen
partial melts is provided by composite xenoliths
(Fig. 1a) where mantie wall-rocks {Cr-diopside

-spinel [herzolite) are veined by, or are in contact
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Fig. la  Mantle xenolith fram M Leura, western Victoria.
Lighter Cr-diopside spinel lherzolite is veined by
darker Al-augite pyroxenine. Scale bar intervals are 1
cm.

with, pyroxenttes, wehrlites or scme other modal
variant of the Al-augite (Type 1) xenolith series
(Wilshire & Shervais 1975; O'Reilly & Griffin
1986). These latter xenoliths represent curnulates,
or melts of basaliic liquids, which crystallized
within the mantle (Irving 1980).

Further evidence of the entrapment of basaltic
liquids within the mantle occurs in outcrops of
upper mantle rocks tectonically emplaced in the
upper crust. Examples of exposed complexes are
the Ivrea Zone in the Ttalian Alps {c.g. Mchner
1975; Rivalent er af 1984) and some terranes
where peridotite is associated with eclogite pods or
layers as in Norway (Griffin & Carswel] 1985},
Italy (Meéckel 1969), and Czechoslovakia (e.g.
Misac et ol 1984). Such outcrops have the
advantage that large-scale rock-type relationships
can be observed (Fig. 1b).

Evidence for the presence of a free fluid phase
is provided direcily in mantle-derived xenoliths by
fluid inclusions trapped in minerals at high-
pressure, and indirectly by volatile-bearing min-
eral phases formed by reaction of fluids with
mantle rocks or by fluid infiltration and precipi-
tation.

Fluid inciusions and vugs

High-pressure xenoliths from southwestern Vic-
toria, Australia, contain abundamt fluid inclusions
with trapped fluids and cavities which were fiuid-
filled at high pressure. It is these xenoliths which
provide the data for this study. However, xenoliths

Fig. Ib  Veins of Al-augite pyroxenite in Cr-diopside thergo-
lite in a teconically-emplaced maantle-derived rack
unit near Balmuccia in the lvrea Zone, lalizn Alps.

from Hawaii, Spitsbergen, western USA, the Eifef
(Germany), the Massif Central (France) and other
regions in  eastern Australia, show  similar
phenomena {authors’ unpublished data).

Three types of xenoliths from western Victoria
contzin fluids trapped at high pressure: Cr-
diopside spinel Iherzolites, wehrlite seriss rocks
and garnet and spinel pyroxenires. Cr-diopside
[herzolites represent mantle wall-rock; wehrlite
seties rocks represent frozen basaltic liquids or
cumuiates; and garnet and spinel pyroxenites are
recrysiallized, metamorphosed wehrlite series
rocks which have re-equilibrated by cooling from
igneous temperatures to the temperature on the
ambient geotherm appropriate to their depth. Fuil
details of these rock types are given by O'Reilly &
Griffin (1986).

Gas cavities in these rocks may zonstitute up to

% by volume, and range upwards in size from
typical Auid inclusions, commoniy 10-30 microns
across (Fig. 2¢}). These fluid inclusions show a
range of morphologies. Many have negative
crystal shapes and others have undergone decrepi-
tation due to pressure release andfor heating and
have haloes of secondary, low-pressure  fluid
inclusicns. Small, dark-looking ffuid inclusions
without decrepitation haloes have the highest
densities (determined by microth¢rmometry) cor-
responding to a trapping pressure of 14-15 kbar
(Andersen # af 1984). These may represent the
highest detectable trapping pressure as the
mechanical strength of the host mineral is the
limiting factor {Roedder 1984).

In addition to these *normal’ fluid inclusions,

Fig. 2a Irregularly-shaped vugs {arrowed} inferred 10 be

Muid-filled at high pressure, in p:ﬂ“oxeqilc xenelith
from Lake Bullenmerri, wesiern ¥ictoria.

i ini i ity in mantie-desived

ig. 26 Amphibole lining fuid cavity 1 |
Fie wehrlite xenolith frem Lake Builem_n:ml, western
Victoria, Note sohedral crysial outlines in cavity.

Width of photomicrograph is 1.3 mm.

Fig. 2c  Fluid inclusiens shDWing‘A vatierylof Ijl'll]l'f]:‘lologll.::
in a clinopyraxeae grain in a Cr;dmpsnde erzoli
xenolith from Lake Bulienmerri, wesiern Vnct?rna.
Types visible include one- and two-phase mclus:lonl:
with negative crystal outlinesy ﬂ"nail m_und, _arb
inclusions {deasest); two-phase reticulate mcl_usu?ns,
and tiny secondary inclusiolns due 1o decrepitation.
Width of photomicrograph is 9.13 mm.

Fig. 3a  Sulphide inclusions (orizinally Muid, now solid).

Large inclusion is surrounded by 2 decrepitation halc;
of smaller inclusions. There 15 alse 2 plhane oo
reticulate and discrete inclusions. Cu!-npare with C h
inctusion morphologiesin Fig. 2c. ‘J'-"Ildlh of photomi-
crograph is 0.35 mm. Transmiited Light.

Fig. 3b Reflected lighi reveals the sulphides have been
adjacent 1o a fluid phase now cscaped mfi evident as
hales in the polished sucface, ar upper ng}_st of bath
large sulphide inclusions. Width of phovomicrograph

is 0.39 mm.,

Fig. 3¢ The sulphide inclusions are arranged in 2 grid-]l:kc‘
* pattern paraliel o growing crys(a_l surfacesin lhse u‘::l
clinopyroxenc. Width of photomicrograph is .8 mm.
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there are large polygonaily-shaped gas cavities
which are situated at grain boundaries and form
an integral part of the microstructure. There are
alse vugs up 1o 1.5 cm across which are inferred to
have been filled with a fluid phase in the manile
(Andersen o af 1984; O'Reilly 1987) {Fig. 2a).
These vugs are commenly lined with high-
pressure minerais which are euhedrally terminated
into the cavity (Fig. 2b).

Volatile-bearing mineral phases in
mantle rocks

The most abundant upper manile rock 1ype in
eastern Australia is anhydrous Cr-diopside spinel
lherzolite (Wass & Irving 1976} consisting of the
four-phase assemblage of olivine, orthopyraxene,
clinopyroxene and spinel. The presence of vol.
atile-bearing mineral phases in such rocks is
generally considered to be the result of metasoma-
tsm by fluids or fluid-rich silicate melts {Menzies
& Murthy 1980; Wass & Rogers 1980; Jones e ai
1983; O'Reilly & Griffin 19284; Roden ez al 1984).
Volatile-bearing phases present in these lherzo-
lites are amphibales {pargasites and kaersutites),
micas (phlogopites and biotites), apatite {carbon-
ate-bearing hydroxychlorapatite} and rare carbon-
ate (dolomite which may be Fe-bearing). This is a
prior! evidence for the introduction of ar jeast CH,
F, Cl, P,0; and CO,.

Other mantle-derived xenoliths belonging to
the amphibolefapatite series are almost wiaily
cornposed of similar volatile-bearing minerals
{Wass 1979; O'Reilly 1986; O’Reilly & Griffin
1986). These are considered 1o have crystallized
within the mantle from 2 volatile-rich, differen-
tiated kimberlitic magma. Such a magma may
represent a metasomatizing agent rather than a
product of metasomatism (Wass & Rogers 1980,
O'Reilly & Griffin 1984).

COMPOSITION OF MANTLE FLUIDS
Evidence from fluid inclusions

Oxides, halogens and hydrocarbons

Fluid inclusions in the xenoliths studied are
considered to represent primary fluids trapped
within the mantle and uncontaminated by voi-

atiles from the host basaltic magma. The density
of primary CO, fluid inclusions is > 1.19 gfem®
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(Andersen et al 1984). Some show partial decrepi-
tation. during ascent and heating, These abser-
vations, along with the great abundance of
trapped high-pressure volatiles provide evidence
that the fluid pressure within the venoliths greatly
exceeded the fluid pressure in the host magmas,
Hence, these xenoliths have cegassed into the
enciosing magma and are unlikely to be contami-
nated by introduction of volatiles from the
magma, This contrasts with some xenoliths fram
the Eifel, Germany (E. fagoutz, pers. comm.)
which contain no visible primary fAuid inclusions,
but show dendritic cracks filled with fluid inferred
10 have been injected from the host magma. These
zenoliths apparently did not have significant
internal fluid pressure, :
Microthermometry was carriea out on abour 60
fluid inclusions, and Raman spectroscopy on fluid
inclusions from five rocks from western Victoria

in
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dersen et al 1984). Asis usual for mantl_e rocks
Eﬁzcdder 1965; Murck ef al 1978; Miller &
Richter 1982}, €O, is the dominant phase now

t. _

szSﬁce::ﬂnning-cle::trcrn microscope techniques were
also used to show the detajied topography of 1h§
fluid inclusions. Combined use of SEM and
energy-dispersive microprobe analyses shn'wcd
that fluid inclusions on walls commonly are line
with euhedral crystals {usually Fe-rich and Ca-
rich amphiboles with signiﬁcant C1l contents)
coated with Fe-rich dolomite {Andersen et al
1984). These crystals appear to have forr}'lcd by
reaction of the cavity wall (us'.!aliy host chpopyr-
oxene) with the original fluid trapped in lh_c
cavity. This means that the CO; ebs_crvcd now, is
residual after post-entrapment reaction. This has
resulied in removal of at least OH, Cl, F and
passible CO from the original trapped fluid.

1.1}

£

Calculations show that about 15% of H,0 may
have been present before reaction (Andersen er af
1984). Some of the gas-rich rocks were crushed
under vacuum and the condensable and noncon-
densable fractions measured_ on a mass-spec-
trometer. This crushing technique ellmmatcs‘lhe
possibility of synthesis of gases due 1o heating,
which can occur if a thermal release method s
usc'](_i}.w mass-number peaks of the noncqndcnsal?lc
fraction for 2 therzalite are shown in Flg‘l4a, Fig.
4b shows peaks for the condensable fracuon.c(g;s
species pesitively identified are Ny, 0,, H;0, ﬁ
Ar, 50, and COS and hydrocarbons. Some Sn;?o
peaks corresponding to the presence of HCI', {
and N; and O, may be due to aic contaminalion in
the spectrometer. Peaks at m:uln?le masslnuml:ier;
for multiple C and H combman}cns are re_corF_c
in Fig. 4b (compare with machine blank in Fig.
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4c). _Gas chromatography on the condensable
fraction of sample DR10162 (Table 1) showed no
methane or ethane but the instrument sensitivit
is low for these mass-members. However propanz
{i- and n~_), butane {i- and n-), hexane {i-) and
pentane (i- and n-) were all present at the 1-15
ppm level. All hydrocarbons detected are aliphatic
and not arematic, thus excluding contamination
from surface or biological sources. The mass
spectrometer traces (Fig. 4b} also confirm the
presence of these hydrocarbon species, with more
up to mass-number 100. This method of analysis
could cause eracking of hydrocarbons on the
filament so these results strongly imply the
presence of hydrocarbons with mass-numbers
greater than 100. As hydrocarbons other than
methane and ethane are predicted to be unstable
under mantle conditions (W.R. Taylor pers
comm.), the higher mass numbers may be a'rlifacts:
of the lower pressure environment but the
presence of significant C and H is confirmed. This
apparent conflict cannot be resolved with the data
available, but highlights problems to be solved by
further work. Hydrocarbons have been previousl
recorded in mantle-derived material such as dias-(
moqu (Giardini & Melton 1975). Such nonbio-
genic hydr_ocarbons may be a significant source
for some high-level oil and gas deposits (Giardinj
:;vqf 1982; Green 1985) if a given tectonic
marlll[‘f)cn;n;z;.gan tap and concenirate appropriate
Isotopic data were obtained
mantle xenoliths (Table 1). Thf:og‘{’:é)\faqrj;?rt:r:c:
from —_2.9' to —8.7, but the value may reﬂegct
contamination from the very abundanmt hydro-
carbons in that sample, These values are ver
close 1o the restricted *heavy’ range of §'°C vafuc{
of ~4 10 —8 which characterizes the majority of
ma_m[c—derived material in which carbon is 2
major element, such as in COQ,, diamonds and
carbonates (Pineau & Javoy 1983). The 50
valu_es for the CO, are +3&6.1 10 +51.5 and are o
sentally within the range of +8,I9 to +4lst;
sh_own t«;: Fcpresdcm 8"*0 of the CO, (inferred 1o t:;e
primary) in mid-ocean ri
1977); Pineau & [avoy ;;%%;.basahs (Mooe et ol

Heliunm isotopes

The isotopic composition of H i

‘ e was also obta
for these xenoliths (Porcelli e af 1986). !Tr‘lgi
selected xencliths are so Auid-rich that they yield

TasLe I Summary of isatopic data and hydrocarbon

abundances for thrre mantle xenoliths.

Sample §1%Cppg SI‘O&"?'
DR1I0l62 =10
K +46.5
BM 164 29 +51.5
gﬁ;?ﬂl -§.7 +36.1
i0is2 Garnet pyroxenite, Lake Bullenmers
western Victoria, Hydrocarbons not
BMI6 abundant ar a CO, signal level of 0.8 ¥
Garaier [‘?roxeni'(e, Lake Bullenmerr
western Victoria. Hydrocarbons ver b
] ¥ abun-
dant (Fig. 4) ava CO; signai level of O.Snv
_and rmay be a source of interference for she '
BM901 iIclopic measurements,

Cr-dit?psidc spinel Therzolite with
;[mph:bo!c and apatite.

ydrocarbons abundang ag i
level 0.5 V. 2 COusigeat

Isotopic analyses were carried ou i

t on the Finnegan MAT 251
mass speetrometer by T.V. Segalstad at €2 Instituee for Ene
Technolagy at Kjeller, Narway., e

Hydrocarbons were also deteeted

¥ on the above Finnegan MA

;5 lEr_nass spectzameter and by gas chromatography cfr:itd o:;
¥ Einar Brevik (at the Institute for Energy Technology) on

sample DR16162 using a Porapak Q column.

relfgive!y large volumes of these gases (107% w
'lO atm.}. The He appears to occur in the fluid
inclusions rather than in structural sites in
minerals as there is an empincal correlation
bl:lwcen the_ presence of fluid inclusions and He
:Oéll?:ance in both mineral separates and whaole

‘He is con‘t{nuously produced by Uranium decay
series reactions bug *He represents primordial gas
trapped during Earth's accretion (Clarke e af
1969). The xenoliths measured yicld *He/*He(R)
ratios which are 7 tw 10 times the present
atmospheric level (Ra). Because of the young
eruption ages of the host magima (O'Reilly &
Griffin 1985), negligible ‘He would have evolved
since eruption and thus these ratios reflect pristine
mantle values.

_The R;'Ra‘vallucs of_? 1o 10 for these xenoliths
(Fig. '5} coincide with the range for other
xcnoht}?s from continental areas and for mid-
ocean ridge basalts (MORBY) as shown in Porceili
et al (19886). These results imply that He found in
xenoliths  from  widely-distributed continental
areas and from MORB, is derived from a similar
well-mixed source with a significant component
of primordial He. This further suggests that there
must be a deep reservoir which has not totally

Nature and role of flurds in the upper mantle
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Main diagram shows RfRa (R = "He/'He in sample,
fa == 'Hef'He in che atmosphere) values of mantle-
derived xencliths from contnental regions and
oceanic islands. Sources are given in Porcelli et af,
1986, [nset shows R/Ra values for xeneliths from
western Victoria (Poreelli er af, 1986}

degassed during the evolution of the upper mantie
by partial melting,

Sulphides

Sulphides represent an additional fluid phase
within the mantle. Spherical and cylindrical
inclusions of sulphides are commeon in clinopyr-
oxenes in upper mantle vocks (Andersen el al
1987). They are specidlly abundant in, but not
confined Io, those high-pressure rocks that formed
as frozen basalic melts at high pressure. The
sulphides are pyrrhotite and chalcopyrite, with
rare pyrite (the laner being confined to some
unusual relatively oxidised rock types). These
sulphides show the same range of morphalogies as
COj-rich fluid inclusions. They range from small
spherical droplets w0 those with decrepitation
haloes (Fig. 3a). .

The compasitions of the sulphide-bearing clino-
pyroxenes from different lacalities worldwide are
remarkably uniform. They are Fe-rich and Cr-
poor, suggesling crystallization from relatively
evolved liquids. This is consistent with the
interpretation that a sulphide liquid became
immiscible at a ceftain stage of evolution of the
patent mMagmas.

The sulphide droplets are commonly aligned in
a grid-like pattern, paraliel to growth planes in the
host clinopyroxene (Fig. 3c). Some sulphide

3

droplets contain, or adjoin, trapped C0O, fluid
inclusions (Fig. 3b). All of these characteristics
strongly suggest that under certain conditions,
three immiscible fluids {CO,fH,Q, sulphide, and -
silicate melt) may coexist in the upper mantle
(Andersen et al, in press).

Evidence from valatile-bearing minerals

Most data are available for the amphibole/apatite
series xenoliths referred to above. They have high
incompatible clement abundances (especially Ti,
K, P, REE), high volatile contents {mainly COy,
Cl1, F, H,0, $). The Cl and F are largely accom-
modated in apatite, CO; in primary carbonate
and § in sulphides {Wass 1279). Isotopically the
amphibole/apaiite xenoliths show a restricted
range in S¢St (0.70369-0.70398) and in
1IN/ NG (0.512583-0.512716) (Wass & Shaw
1984; Menzies & Wass 1983). On a conventional
14ING/HNd vs Sr/V'Sr diagram they plot to the
left of the "mantle array’ and trend downwards
paralle! to the & Nd axis.

Prefiminary isotopic data for metasomatized
Cr-diopside lherzolites from eastern Australia
{authors' unpublished data) suggest varying de-
grees of mixing of at least two components with
mantle wall-tock. One component has high
5P up to 0715, with nonradiogenic
43N d/"*Nd around 0.51280.

* The presence of amphibole * mica + apatite in
these |herzolites also correlate with high incorm-
patible element contents {especiaily Ba, Sr, Y and
REE) and high volatile contents {¢.g. .0, CO,,

Cl, F, H;0).

SIGNIFICANCE OF MANTLE FLUIDS

The nature of mantle fluids is of fundamental
significance 1o 3 wide spectrum of geological
phenomena.

{a) Mantle fluids provide a mechanism for
movement of heat in the upper mantle and lower
crust. They may initiate partal melting in the
upper mantle to yield basaltic liquids. They may
invade the lower crust and promote granulite-
facies metamorphism by dehydration and heat
wansfer {Touret 1974; Schuiling & Kreulen 1979;
Newton et af 1980; Andersen et af 1984).

(b) The presence of mantle volatiles may be
an important factor in the fragmentation of some
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mantle horizons, and hence the entrainment of
sel;c:cd xenoliths. Empirically, xenoliths charac.
Iench by abundant fluid contens commonly
occur in explosively erupted host rocks {Andersen
et of 1984). Gas-rich mantle horizons may frag-
ment due w0 degassing in contact with an
ascending magma. This would result both jn
eatrainment of fragments from these mantie
horizons and in increased volatile content of the
!wst magma. Increased volatile content will
mcrease ascent velocity (Spera 1984) not by a
propellant effect, but by determining the local
magma presure and the dynamics of advance
crack propagation.

(e} Mantle fluids represent the mechanisms of
transport and concentration of certain elements in
the mantle. They arc therefore the agenis of
mantie metasomarism and control its geochemical
c_h_aract:r. COH;0 fluids {Mysen 1983) and
s1|1catc‘ melts (z.g. O'Reilly & Griffin 1984)
determine the movement of REE and LIL
e!cmlems_, while sulphide liquids determine the
distribution of chalcophile elements,

(d) Noble gas isotapic catios {c.g. Het'He)
Provide cvidence for mantle evelution and con.
vection models. The presence of significant *He
Suggests that degassing of a deep, primitive
reservolr (the lpwer mantle?) is continually taking
place (?orcelli et of 1986). This also implies
convective isolation of this deep reservoir fram the
upper mantle during the evolution of the upper
mantle through parijal melting events.

(c) The degassing of mantle fluids is the
ul_urr}atc sourcc,cf all the fluids and volariles
;;T:p;l;:farth § crust, on its surface and in jts
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NOTE ADDED IN PROOF
This paper was first submitted in 1983; interpretations are
thezefore four years out of date. No attempt has been made 1@

update the manuscript.



