Contrib. Mineral. Petrol. 69, 397407 (1979)

Contributions to
Mineralogy and

Petrology
© by Springer-Verlag 1979

Basaltic Glass With High-Temperature Equilibrated Immiscible
Sulphide Bodies With Native Iron From Disko, Central West Greenland

Asger Ken Pedersen

Geologisk Museum, @ster Voldgade 5-7, DK-1350 Kgbenhavn K., Denmark

Abstract. Immiscible sulphide bodies show eutectic
quench textures in a basaltic glass rock (mg=66)
from a native iron-bearing dyke chilled at T=1,200°C
and P=250bars. The sulphide bodies are composed
of troilite (90-91%), iron (9-10%) and very scarce
vanadium-rich chromite and approach a ternary co-
tectic in the Ni-poor part of the system Fe—Ni—S.
Transition element partition between olivine (mg=_83),
silicate glass (mg=>59) and sulphide blebs indicate
that the phases were equilibrated at 1,200° C.
Danadium (olivine/giass) 18 €lose to unity and reflect the
reducing nature of the rock, for which estimates of
fo,~10712*=13 and f; ~107° have been made.
Dnickel, cobalt, copper(sulphide/glass):453007 230 and 380 re-
spectively, are much higher than reported experimen-
tally determined D’S 0N, ;0suiphide/basals glass ¢ the same
temperature and show increasing positive deviation
(4Ni>ACo> ACu) with the increasingly siderophile
character of the elements. K p, ;icxeliron sulphidefolivine) = 03
is much higher than an experimentally reported value
(33) and comparison with published thermodynamic
data on Ni-partition between olivine and iron metal
suggests that the positive deviation is roughly propor-
tional to the excess metal component in the sulphide
melt. The occurrence of strongly Ni-depleted reduced
basalts on Disko shows that fractionation of metal
and sulphides was a common and geologically im-
portant process.

Introduction

A number of rapidly cooled basaltic rocks with tiny
sulphide bodies interpreted as quenched immiscible
sulphide liquids have been reported from Earth, either
from lava lakes (e.g. Desborough et al., 1968 ; Skinner
and Peck, 1969) or from glassy pillow margins (e.g.
Moore and Calk, 1971; Mathez, 1976; Czamanske

and Moore, 1977). These sulphide bodies are com-
posed of Fe — Ni— Cu-sulphides plus varying amounts
of magnetite. Tiny sulphide blebs are also well do-
cumented from extratelluric rocks, such as lunar ba-
salts and breccias (e.g. Skinner, 1970; Blau and Gold-
stein, 1975; Misra and Taylor, 1975) or in chondrites
(e.g. Heymann, 1967). These blebs are devoid of a
magnetite component and are composed of Fe—Ni—
Cu-sulphides plus one or more of the phases nickel-
iron, cohenite and schreibersite. Recently a number
of strongly reduced natural glasses have been re-
covered from Tertiary native iron-bearing volcanic
rock units in Disko and Nigssuaq, Central West
Greenland. Sulphide blebs with native iron are
preserved in several of these glasses, notably in tuffs
(Pedersen, 1978a) and in dyke chills.

Segregation of immiscible sulphide melts from ul-
tramafic and mafic magmas are known to be of major
economic importance for certain elements. However,
igneous rocks, in which high-temperature equilibra-
tion between basic silicate melt and immiscible sul-
phide melt have been preserved, seems to be con-
spicuously lacking and the same seems to be the case
with igneous rocks showing the effects of sulphide
melt fractionation (Fleet et al., 1977) with the possibly
predominantly metal-fractionated eucritic meteorites
as an exception (Nichiporuk et al., 1967). The glassy
dyke rock from Disko to be described below provides
an example of basalt magma equilibrated with a sul-
phide melt at high temperature and low pressure and
low oxygen fugacity.

Geological Setting

Fundal (1975) found and described in detail (under the name the
Kitdlit dyke) a native iron-bearing basalitic dyke in South Disko
(Fig. 1), and Pedersen (1977) made additional observations and
some reinterpretations on the same dyke-body which was called
the Kitdlit-Nangissat dyke. Further observations are given by UIff-
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Fig. 1. Locality map showing the Kitdlit dyke cutting basalt
covered gneiss. The position of the investigated samples at Lucief-
jeld is marked with arrow and star

Maoller (1978 in press). The dyke cuts through Precambrian gneiss
and early Tertiary tholeiitic plateau-basalts (for a review of the
Tertiary volcanism see Clarke and Pedersen, 1976) and is now
known to be more than 55km in N-S extension. In the south
it is 6 to 8 m thick and entirely basaltic. Towards the north the
thickness increases and the dyke becomes composite with a core
of intermediate strongly contaminated rock and a basaltic margin
(Ulff-Mpller, 1978 in press). This is a clear indication that the
magma has been injected from a magma chamber in central Disko
and of extensive horizontal movement of magma towards the south.
A similar magma flow pattern has recently been demonstrated
on Iceland (Sigurdsson and Sparks, 1978).

The observation that the Kitdlit dyke is cutting Precambrian
gneisses has been used as the main argument for the derivation
of native iron on Disko from the earth’s lower crust or mantle
(Fundal, 1975) or deep interior (Bird and Weathers, 1977). This
argument is perceptibly weakened by the new field observations.

Where the dyke intrudes the basaltic lavas a number of up
to 4-5 cm thick glassy apophyses and breccias occur; the quenching
was probably enhanced by the presence of circulating water in
the buried lava pile. Where the dyke forms an even contact against
the lavas a glassy chill has also formed but is rarely more than
0.5 to 1 cm thick.

The dyke rock resembles olivine microporphyritic lavas (now
removed by erosion from that part of Disko) from the upper
part of the Maligit Formation (Pedersen, 1977, Table 9 nos 4-6)
and from the stratigraphy it can be estimated that the samples
to be described here were quenched about 0,7 to 0.9 km below
the palacosurface at a confining pressure of roughly 250 bars (I

Ulff-Mpller, personal communication 1978). Native iron and sul-
phide (pictured by Fundal, 1975, Figs. 7-10) occur as up to centi-
metre-sized aggregates in zones here and there in the inner parts
of the dyke. A decimetre-sized, complex body of intergrown native
iron, cohenite and sulphide with several accessory phases has been
found inside the dyke and demonstrated to have been a sulphide
melt with an excess metal component displaying a complex crystal-
lization history (Ulff-Meller, personal communication 1977). Partly
digested glassy gneiss xenoliths and fragments of tholeiitic basalts
are common, even more so are xenoliths composed of one or
several of the minerals graphite, basic plagioclase (An,q to Angs
measured in a few xenoliths), mullite, corundum, spinel, and cor-
dierite. It has been proposed (Fundal, 1975; Bird and Weathers,
1977) that the graphite-bearing xenolith types should represent
evidence for an unusual lower crust or mantle from which the
native iron should originate. However the graphitic xenolith types
have now been proven elsewhere on Disko to be modified carbon-
aceous shales (see Pedersen, 1979) as suggested by many earlier
workers.

Petrography

The glassy samples were collected from a few centimetres thick
brecciated apophysis at the dyke contact at Luciefjeld (69°19" 17N,
53°46'41"'W), southern Disko. Basaltic glass makes up about 90%
(Table 1) of the rock. It is colourless to light greenish or yellow
in thin section; along cracks and towards sphaerulitic and micro-
crystalline parts of the dyke the glass becomes dark brown in
colour, and a dark brown coloration is also observed around many
microphenocrysts.

Olivine microphenocrysts are next in abundance (8-9 vol%).
The olivines vary in size from 0.4 mm and down to a few microns.
They are euhedral, of short stumpy habit (Fig. 2a) and usually
contain glass inclusions (up to a few microns in size) in the cores.

Plagioclase microphenocrysts are missing in the analysed sam-
ples, in others a few lath-shaped crystals (Anq; to 49) are found.

Sulphide-rich -blebs occur scattered throughout the glass, form-
ing sphaeroidal or lensoidal bodies, mostly with very smooth out-
lines against the enclosing glass (Fig. 2b—d). They are mostly well
below 50 pm in size, but a few reach 150 um. Occasionally larger
sulphide bodies are found, especially in the partly devitrified inner
parts of the glass zone; These have a more irregular outline
(Fig. 2e).

The smoothly shaped sulphide blebs are composed of troilite
and numerous sphaeroidal grains of nickel-iron, mostly less than
1-2 pum in size, and their textures (Fig. 2b—d) are very similar to eutec-

Table 1. Modal analyses of glass rocks

GGU 176669 GGU 176671
In vol %
Olivine 9 9
Basaltic glass 91 90
Xenoliths + xenocrysts tr 0.8
Points counted 1,605 2,055
Graphite 0.01 0.02
Sulphide blebs® 0.07 0.23°
*  Points counted with grid 72,000 115,000
ocular
b Very inhomogenous size
population
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Fig. 2a-d. GGU 176669. e GGU 176671. a Euhedral olivine phenocrysts with numerous glass inclusions in slightly green to colourless
basaltic glass. Dark brown patches of glass in a state of incipient quench crystallization is seen around the olivines. O: olivine; G:
glass. b Ellipsoidal immiscible sulphide bleb in glass. Tiny nickel-iron up to 2-3 pm are set in a mass of troilite. ¢ Large sausage
shaped immiscible sulphide body in glass. Note the smooth outlines against the glass. The sulphide bleb is estimated to have been
quenched from more than 200° C above its liquidus. d Magnification of the bleb shown in e. The bleb is composed of troilite and
iron, while oxides are extremely scarce of missing. The texture indicates very fast quenching. e Large sulphide body from a slightly
less fast cooled part of the dyke chill. Similar textures have been produced experimentally from eutectic Fe-FeS melts. T: troilite
with numerous thin platelets of exsolved Cu- and Ni-rich sulphides; Fe: nickel-iron; Gr: graphite found along the margins; Ch: early
crystallized vanadium-rich chromite. A few tiny unidentified oxides in the centre may be wiistites
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tic quench textures illustrated by Albright and Kraft (1966, Fig. 2)
and Usselman (1975, Plate 1). The sulphide textures become grad-
ually coarser when moving from the glassy into the sphaerulitic
to the microcrystalline parts of the rock. One of these coarser
sulphide bodies is shown in Fig. 2e. They consist of froilite grains
with numerous thin platelets of copper- and nickel-rich phases and
up to 10 pm sized grains of native iron. Eubedral crystals of chro-
mite, which apparently crystallized early, can be observed very rarely
within the sulphide blebs (Fig. 2¢).

Modal analyses (Table 1) of the quench-textured sulphide blebs
made on high-magnification microphotographs show a close ap-
proach to the composition iron monosulphide 90-91 vol%, iron
9-10 vol%. Modal analyses of sections through the more coarse-
textured blebs are less likely to be representative and show in
accordance with this a considerable scatter in iron from
6-12 vol %.

Graphite occurs as single flakes or as small clusters of flakes,
rarely exceeding a few tens of microns in size. It also occurs inter-
grown with troilite.

Chemiistry
Bulk Rock and Glass

Chemical analyses of two glass chill samples are
presented in Table 2. It is slightly olivine- or quartz-
normative tholeiitic basalt with very high Ay
(32-35%), a high hy/di-ratio (2.1-2.7) and with basic
plag (An 62-63%). Ferric iron was not detected by
wet chemical methods in analysed separated glass,
indicating both the unusually reduced nature of the
rocks and also that it is unaltered. The mg-number
is 0.66.

The H,O" contents are very low for Tertiary
basalt glasses, and similar to those found in MORB-
glasses with a corresponding K, O level (Moore, 1970).
The low H,O" may partly reflect the strongly reduced
state of the magma (high H,/H,O-ratio). Total sul-
phur as sulphide is around 850 ppm in the separated
basalt glasses, which is similar to the sulphur satura-
tion level as determined experimentally for basaltic
melt at the same FeO-level and temperatures (Haugh-
ton et al., 1974) and in natural MORB-glasses (Moore
and Fabbi, 1971). The sulphur contents of the bulk
chill samples vary substantially, even from chip to
chip within the same sample, the range found being
from 1,000-1,600 ppm, which means that 15-43% of
the sulphur in the rocks is bound in the immiscible
sulphide blebs. For comparison, Czamanske and
Moore (1977) found only 12 ppm S bound in immisci-
ble sulphides in MORB-glasses, that is only about
1.5% of the total sulphur in these glasses.

Trace Elements. Table 2 shows some trace elements
in the bulk chill rocks and in separated glass. The
chill rocks are low in Ni, Cu and less so in Co for
high magnesium basalts, and the separated glasses

are exceedingly low in these elements. Cr is remark-
ably high in the glasses, compared to normal basaltic
glass from Earth (e.g. Leeman and Scheidegger, 1977;
Hill and Roeder, 1974). It clearly reflects the low
oxygen fugacity in the magma. The extremely low
Ni/Cr ratios of about 0.01-0.02 are probably unique
for any basalt glass from Earth.

The chill rocks are enriched in the large lithophile
elements Cs, Ba, Th, and U and in the light RE
elements (normalized La/Sm ~ 1.4) compared to
MORB-glasses.

The chill rocks, which compositionally approach
the boninites (e.g. Dallwitz et al., 1966; Kuroda and
Shiraki, 1975) but are more Ca-rich, closecly resemble
in major and trace element chemistry magnesium-rich
silicic basalts from the Vaigat and Maligat Forma-
tions from Disko and tuffs from Ngssuaq. These
basalts has been shown by Pedersen (1975; 1978a)
to have been formed by sediment-contamination of
high-Mg tholeiitic basalts (picrites) from which they
differ by higher concentrations in some incompatible
elements and light REE, by enrichment in radiogenic
Sr(Sr®7/S18¢ ~ 0.710, S. Pedersen, personal communi-
cation) and by the widespread occurrence of sedimen-
tary xenoliths and xenocrysts. A similar origin caused
by magma reaction with carbonaceous sediments with
compositions as given by Pedersen (1979) is therefore
inferred. From Fig. 3 the parental magma (crystals-
+melt) is estimated to have contained at least
12-14 wt% MgO and hence at least 300-500 ppm Ni.

Olivines

Olivine microphenocrysts show very little composi-
tional variation, being slightly normally zoned from
mg=2_84.5 to 83.3 in cores, to 82.5 in the margin of
crystals. The trace element analyses (Table 1 no. 5
to 6) show that the olivines are remarkably low in
Ni (110-160 ppm) compared to magnesian olivines
in ultramafic nodules and mafic igneous rocks as
compiled by Flect et al. (1977, Fig. 1). However, they
are Ni-rich compared to olivine equilibrated with
nickel-iron in pallasitic meteorites (Buseck and Gold-
stein, 1969). The Cr content is not significantly differ-
ent from that of many terrestrial basaltic olivines
(Leeman and Scheidegger, 1977), but much lower
than in many lunar basaltic olivines (e.g. Hewins and
Goldstein, 1974).

Sulphide Bleb Chemistry

Microprobe analyses have been made of the bulk
composition of a number of the smoothly shaped
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Table 2. Chemical analyses of rocks, glasses and olivines

Analyses 1 2 3f 4 5¢ 6f
Major elements in wt %

Si0, 52.09 51.87 53.11 53.24 39.8 39.40
TiO, 1.35 1.35 1.50¢ 1.50° 0.06
Al,O4 13.81 13.86 15.46 15.57 0.1 0.07
FeO" 9.44 9.64 8.84 8.73 15.7 15.69
MnO 0.16 0.17 0.14¢ 0.15¢ 0.2 0.20
MgO 10.48 10.50 7.16 7.00 44.0 44.22
CaO 9.06 9.64 9.90 9.96 0.3 0.25
Na,O 1.82 1.88 2.14 2.16

K,0 0.66 0.67 0.68 0.72

P,0;, 0.16 0.15 0.16° 0.15¢

H,0" 0.42 0.33 0.22 0.16

C 0.09° 0.12#

S 0.10° 0.15° 0.09° 0.09°

Less O 0.05 0.08 0.05 0.05

Total 99.59 100.25 99.19 99.38 100.1 99.89
mg 66.4 66.0 59.1 58.8 83.3 83.4
Trace elements, in ppm

S 1,000° 1,500° 890° 850°

Sc 30° 27¢ 33¢ 30¢ < 104 < 104
v 240¢ 240¢ 2304 2354 240¢ 280¢
Cr 810° 810° 810° 830° 700¢ 980" 10004
Co 764 78¢ 20¢ 21¢ 884 1004
Ni 135¢ 1604 9¢ 15 110? 160¢
Cu 674 78¢ 274 36¢ 14¢ 16¢
Ga 124 15¢ 164 17¢ < 10¢ < 104
Sr 1424 155¢ 200¢ 2204 164 n.d.
Zr 123¢ 1284 135¢ 1504 354 424
Sb 0.03¢ 0.08°

Cs 0.43° 0.48°

Ba 131° 131¢ 182¢ 210¢ 25¢ 20¢
La 9.1° 13.3¢

Sm 3.66° 4.12°

Yb 1.98° 2.66°

Hf 3.24¢ 3.61°

Ta 0.46°

Th 2.18¢ 2.36°

U 0.99° 0.84°

Major elements by GGU’s chemical laboratories after the procedure by Serensen (1975)

Total carbon as C, by LECO carbon analyser
Sulphur by LECO iodometric titration. E. Kiss

e o o m

L

X-ray fluorescence

.

2

B Total iron as Fe?*

1: GGU 176669, glassy basalt with native iron-bearing sulphide blebs from chilled apophyses where dyke intrudes
tholeiitic plateau basalts. Luciefjeld, Disko; 2: GGU 176671, glassy basalt from brecciated dyke apophyses. Locality
as GGU 176669; 3: Separated glass from GGU 176669; 4: Separated glass from GGU 176671 ; 5: Separated olivine

Electron microprobe, wavelength dispersive analysis
Electron microprobe, energy dispersive analysis. mg= 100 x Mg/Mg-+Fe?" | total Fe as Fe?*

from GGU 176669 ; 6: Separated olivine from GGU 176671

Instrumental neutron activation. Procedure after Brunfelt and Steinnes (1969) and Gordon et al. (1968)
Optical emmission spectrography. H. Bollingberg
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Fig. 3. a Cr-MgO diagram. Solid circles show the Luciefjeld rocks,
arrows point from bulk compositions to the separated basalt glasses.
Vertical ruling shows magnesian tholeiites from the Vaigat Forma-
tion of Disko, which define an olivine control line. By comparison
with these tholeiites it can be estimated that the Luciefjeld rocks
originated from a parent with at least 12-14 wt% MgO. For com-
parison are also shown microprobe analyses of reduced tuff glasses
from Nigssuaq (Pedersen, 1978a) b Ni-MgO diagram. Solid circles
and vertical ruling as above. Solid squares, outlined by a fine-dotted
field, indicate nickel-poor basalts from Disko which must have
been affected by iron and sulphide fractionation. If the parental
magma for the Luciefjeld rocks is assumed to conform to the
Vaigat Formation trend and contained at least 12-14 wt% MgO
it contained at least 300-500 ppm Ni

quench-textured sulphide blebs and of minerals in
a single coarse-textured sulphide body (Table 3). The
blebs consist essentially of the elements Fe, Ni, and
S and the composition plots close to a ternary cotectic
(Fig. 4). A liquidus temperature not higher than
990° C is indicated from the works of Jensen (1942),
Kullerud (1963), and Usselman (1975). Next in abun-
dance is Cu followed by Co. Cr is detected while
Zn (<0.03%) and P (<0.01%) are not. The analyses
total close to 100% suggesting at most a very small
oxide component. This is in accordance with the mic-

50

Fe 50 Ni

Ni{+Co)

Q0 0.0 o

Fe Ni(+Co)

weight per cent

Fig. 4. The Luciefjeld sulphide blebs (solid circles) and their min-
erals (open circles, see also Table 3) plotted in the Ni-poor part
of system Fe-Ni-S. Phase fields at 1,000° C and 900° C after Kulle-
rud (1963). Field of w-iron is omitted. Cobalt is included with
nickel for the natural phases

roscopic observations. Trace element analyses made
on separated sulphide blebs (Table 3) show the pres-
ence of Mn, V, and Ti. These separates may possibly
have included a few chromites of the type described
below.
Monosulphide originally formed the bulk of the sul-
phide blebs. The grains now consist of troilite (Table 3
no. 4) with numberous extremely tiny platelets of
exsolved copper and nickel-rich sulphides.

Metallic iron in a coarse sulphide bleb (Fig. 2¢)
show a considerable range in the 100 x Ni/Ni+Fe
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Table 3. Microprobe analyses of sulphides and iron from sulphide blebs

403

Analyses 1® 28 3® 4° 5P 6° 7b 8 9b
Major elements, in wt %
P < 0.03 < 0.03 < 0.03 < 0.05 < 0.05 < 0.05 < 0.05 < 0.03 < 0.05
S 30.64 30.76 30.86 36.9 0.80 0.35 0.70 0.41 0.40
Cr 0.08 0.06 0.05 n.d. n.d. n.d. n.d. n.d. n.d.
Fe 64.06 63.49 63.47 62.2 82.4 80.7 74.9 72.63 66.2
Co 0.43 0.41 0.53 n.d. 2.1 1.9 2.2 2.15 1.9
Ni 392 4.11 3.55 0.35 13.4 16.4 21.6 24.50 309
Cu 1.10 1.06 0.91 0.38 0.50 0.63 0.68 0.69 1.5
Total 100.23 99.89 99.37 98.83 99.20 99.98 100.08 100.38 100.9
Major elements, in atomic %
S 43.53 43.79 44.08 49.86 1.40 0.61 1.23 0.72 0.70
Cr 0.07 0.05 0.04
Fe 52.24 1.89 52.04 49.60 83.26 81.30 75.38 73.14 66.58
Co 0.33 0.32 0.41 2.01 1.81 2.10 2.05 1.81
Ni 3.04 3.20 2.77 0.27 12.88 15.72 20.69 23.48 29.58
Cu 0.79 0.76 0.65 0.27 0.45 0.56 0.60 0.61 1.33
100 x 0.6
Cu/Cu+Ni 19.1 22.0 50.9 33 3.4 2.8 2.5 4.2
100 x
Ni/Fe + Ni 5.5 5.80 4.9 0.5 134 16.2 21.5 243 30.6

Separated sulphide blebs from GGU 176669.
Modal composition in volume % Trace elements, in ppm
Sulphide 91 90 90 Sc < 10
Metallic iron 9 10 10 Ti 430

v 135

Cr 730

Mn 340

Analysis by optical emission spectrography. H. Bollingberg

o

Energy dispersive microprobe analysis

: Immiscible sulphide bleb with native iron, Fig. 2c—d

1

2: Immiscible sulphide bleb
3: Immiscible sulphide bleb
4

Wavelength dispersive microprobe analysis

: Troilite from coarse sulphide bleb, Fig. 2e
5-9: Nicke! iron bodies from coarse sulphide bleb, Fig. 2e

1-3: GGU 176669
4-9: GGU 176671

Wavelength dispersive microprobe analyses reported in this paper were made on a Hitachi XMA-5B scanning electron Microanalyser
at the Institute of Mineralogy, University of Copenhagen.
Energy dispersive microprobe analyses were made on a TPD-microprobe at Research School of Earth Sciences, Cdnberra using a
procedure modified after Reed and Ware (1975)

ratio from 13.4 to 30.6 (Table 3 no. 5 to 9). This
is by far the most nickeliferous iron yet analysed
from Disko. Next in abundance is Co followed by
Cu while neither Cr nor P are detected. Because of
the small size of the iron grains ( < 12 pm) the sulphur
content reported may partly originate from the en-
closing troilite matrix. The high totals indicate a very
low carbide component in the iron.

The chromites (Table 4) are very low in Mg, Al,
and Mn, low in Ti but unusually high in V. When
cations are calculated on the basis of 32 oxygens on

the assumptions of divalent Fe and trivalent Cr and
V, they total around 24.15. Assuming stoichiometry
this indicates that parts of one or more of Fe, Cr,
and Vare present in a higher oxidation state. Recent
work on strongly reduced magnesian spinels from
Disko (Pedersen, 1978D) indicates a strong preferred
acceptance of Cr as Cr®* in the spinels, and this is
probably also valid for the present ones. Stoichiom-
. Fe3 " .
etry wouII/d4 fequlre a FlT 1 Foir ratio of 0.04-0.05,

ora I LA ratio of 0.20-0.25 or a combination
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Table 4. Vanadium rich chromites crystallized from sulphide melt
(Fig. 2e) in sample GGU 176671

Analysis 12 2@ 3® 42 5b
SiO, 0.27 0.28 n.a. 0.49 n.a.
TiO, 0.69 0.70 0.7 1.91 1.1
Al,O4 0.25 0.20 0.2 0.52 0.2
V,0, 6.60 7.85 8.2 8.73 9.5
Cr,04 57.01 56.63 56.6 52.64 52.6
FeO® 33.77 34.00 33.6 33.87 343
MnO 0.39 0.35 0.5 0.36 n.d.
NiO 0.10 0.08 n.d. 0.09 n.d.
MgO 0.32 0.24 0.3 1.45 0.4
ZnO 0.23 0.12 0.2 0.12 0.2
Total 99.63 100.45 100.3 100.18 100.3
mg 1.7 1.2 1.8 7.1 22
100 x V/

Al+V L Cr 104 12.3 12.8 14.2 14.9

Cations on the basis of 32 oxygens

Si 0.081 0.083 0.144

Ti** 0.155 0.156 0.157 0.423 0.246
Al 0.088 0.070 0.070 0.181 0.070
V3t : 1.585 1.868 1.957 2.062 2.264
Cr3* 13.496 13.290 13.319 12.257 12.835
Fe?* 8.457 8.441 8.365 8.343 8.530
Mn 0.099 0.087 0.125 0.089

Ni 0.024 0.019 0.021

Mg 0.143 0.106 0.133 0.636 0.177
Zn 0.051 0.026 0.044 0.026 0.045
Total cations 24.179 24.147 24.170 24.182 24.167

a

b

Wavelength dispersive microprobe analysis
Energy dispersive microprobe analysis
total iron as FeO

n.a.: not analysed for; n.d.: not detected
mg=100 x Mg/Mg+Fe?*

¢

of both. The work by Schreiber (1977) on simulated
lunar magmas indicates that V" may have been present
in a combination of the states V3%, ¥**, and V>
in the chill rocks. The oxidation state of Fe or V
in the chromite has therefore not been conclusively
determined.

The chromites resemble spinels crystallized in sul-
phide melts from La Perouse gabbro (Czamanske
et al., 1976) and from nickel ores in Western Australia
(Ewers et al., 1976; Groves et al., 1977) but differ
in having a much smaller magnetite component, if
any.

Transition Element Partition in the Chilled Rocks

The chilled rocks consisted prior to quenching essen-
tially of three phases each of which showed only very
limited compositional variation, namely forsteritic
olivine, basaltic melt and an iron-nickel-sulphide melt
(neglecting the rare early chromites in sulphide melts,
the graphite flakes and the scarce xenoliths and xeno-

crysts). Table 5 shows empirical element partition
coefficients for the three phases.

To test for evidence of any sulphide contamination
in the olivine and glass separates, an olivine — glass
pair was analysed in each of the two chill rocks where
the two glasses showed significantly different but very
low contents of Ni (9 and 15 ppm). The resulting
two pairs of very similar partition coecfficients (Ta-
ble 5) indicate clean separates and probably also
small-scale effects of fractionation and re-equilibra-
tion between sulphide melt and silicate melt + olivine.

The transition element partition of the rock was
strongly affected by the composition of the sulphide
melt, which was governed by the intensive parameters
Jfo, and f,. The oxygen fugacity prior to quenching
is not well determined, some constraint being that
Jo, was high enough to stabilize chromite and low
enough to exsolve nickel-iron upon cooling. Ulff-
Mpoller (personal communication 1977) observed
coexisting wiistite, chromite and iron during the cool-
ing of related sulphide melts from the same dyke.
The unidentified tiny grey phase on Fig. 2e is proba-
bly wiistite. As a crude approximation an fg, of 1072
to 10712 at 1,200° C can be estimated by extrapolat-
ing the iron-wilstite f,, buffer (Sato et al., 1973) allow-
ing for the activity of iron being well below 1 in
the sulphide melt prior to quenching. An estimate
of fg, of 107 % at 1,200° C is obtained from the experi-
mental work on iron-sulphur melts by Stofko et al.
(1974).

Equilibria Benwveen Olivine and Basalt Melt

Work on Mg - Fe partition (Roeder and Emslie, 1970;
Roeder, 1974; Leeman, 1978; Longhi et al., 1978) has
Xfo Xifo
Xiho Xi%
independent at low pressures and close to 0.30 within
wide magma compositional limits (spanning the pre-
sently studied glass rocks). By this criterion olivine
and melt were in equilibrium in the Luciefjeld chilled
rocks (K, =0.28 and 0.29), and application of olivine/
melt thermometry (Table 5) indicates that quenching
occurred around 1,200° C.

The Ni-partition is known to show a strong depen-
dence on the Mg-content of the melt (see review by
Hart and Davis, 1978). The present rocks have Dy
(Nigiyine/Nigrass Wt%) values of 10.7-12.2 slightly out-
side the range of most experimental determinations
at comparative MgO. Dy; is, however, likely to be
dependent of f;,, (Mysen and Kushiro, 1976) and this
effect is presently not well established.

shown that K=

is largely temperature

Xebo Xito
X%/}go XICI:}O
fjeld rocks is 0.72 and 0.75. This is slightly higher
than the K;,=0.61 found in a cobalt-analogue basalt

for the two Lucie-

The Mg—Co Kp=
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Table 5. Element partition in the glass rock GGU 176669 and 176671

Elements Sc Ti \Y Cr Mn Co Ni Cu

D, wt% ratio

Olivine/glass <0.04 0.08 1.0 1.0 1.2 4.4 12.2 0.5
(<0.04) (0.04) (1.2) (1.2) 1.3 (4.8) (10.7) 0.4

Sulphide bleb/glass 0.05 0.6 0.9 0.3 230 4,300 380

Sulphide bleb/olivine 52 351 730

Sulphide/glass, Rajamani and Naldrett (1978) 80 274 243

Kp, mole fraction ratio.

T°Cy, = 1188 (1181), Roeder and Emslie [1970, Eq. (11)}

T°Cg,=1203 (1200), Roeder and Emslie [1970 Eq. (12)]

Olivine/glass, Mg—Fe 0.29
(0.28)

Olivine/glass, Mg—Co 0.72
0.75)

Sulphide bleb/olivine, Fe—Ni 64

same, estimate from litera-

ture, see text 53

at temperatures above 1,200° C by Coons et al. (1976).
The Co-partition between olivine and glass indicates
equilibrium compared to experimental results (see
review by Irving, 1978).

Cr partition has been established by many workers
(e.g. Ringwood and Essene, 1970; Schreiber and Ha-
skin, 1976; and Leeman and Scheidegger, 1977). The
present Dg.-values are close to unity, which is in ac-
cordance with experiments simulating lunar basalts
and imply proximity to equilibrium.

The V-partition is strongly f,, dependent, Dy of
about 0.05 being found at values of f,, characteristic
for terrestrial basalt magmas (Duke, 1976) while
much higher Dy (1.3) has been determined in experi-
ments simulating lunar basalts (Ringwood, 1970). The
Luciefjield chilled rocks show Dy ~ 1.0 and 1.2 in
accordance with the reduced nature of the chill rocks.

In conclusion, element partition imply equilibra-
tion at 1,200° C between olivine and melt (glass),
which constitutes more than 99 vol % of the rock,
and reflects a low fo,.

Equilibria Between Sulphide and Silicates

Table 5 gives sulphide melt-silicate melt partition
coefficients. Dy; (Ni sulphide/Ni glass wt%) is extre-
mely high (4.3 x 10%) while D¢, (230) and D¢, (378)
are much smaller, though still reflecting the strong
siderophile and chalcophile character of these ele-
ments. Rajamani and Naldrett (1978) determined
Dyi o and ¢, in coexisting slightly magnetite bearing
monosulphide melt and basalt melt and found D
values (Table 5) much lower than in the Luciefjeld
chill rocks. The discrepancy decreases from Dy
(x 15.7) through D¢, (%2.9) to D¢, (x1.6), that is
with decreasing siderophile character. This suggests
that the D’s found in the Luciefjeld rocks are func-

Sulphide bleb composition is taken as the mean of anal. 1-3 in Table 3

without brackets: GGU 176669
Bracketed: GGU 176671.

tions of excess metal components in the sulphide
melts.

Sulphide melt-olivine equilibria shall next be com-
pared. These are more easily compared with experi-
ments since transition element values of D show a
considerable dependance on the silicate melt composi-
tion (e.g., Irving, 1978) Table 5 gives sulphide melt
— olivine partition coefficients. Clark and Naldrett
(1972) studied the reaction

FeS + NiSig 5O, < NiS + FeSi, s0, and found

KD=XNiS  Hresin 00 33.24+3.4 at 900°C

XFeS XNiSio_soz
and Fleet et al. (1977) equilibrated slightly oxide bear-
ing sulphide melt with forsterite-rich olivine + basaltic
melt, both not much different from the Luciefjeld chill
phases and found K, ~33 and possibly insensitive
to olivine composition and temperature. The Luciefjeld

“NiS” = NiS + excess Ni
“FeS” = FeS + excess Fe

K _X“NiS” . XFeSio.st
D s

X“FeS" XNiSi()‘sO;_
is distinctly higher (64) and this deviation is probably
due to the excess metal component of the sulphide melt.

A simplistic approach is to consider the sulphide
melt as being composed of stoichiometric monosul-
phide and excess metal. Buseck and Goldstein (1969)
investigated nickel-iron-olivine equilibria in pallasites
and calculated the equilibrium constant for the ex-
change reaction

Femetal + NISIO‘SOZ olivine S Nlmetal + FeSIOAS()Z olivine

as a function of temperature, assuming ideality, and
calculated a K, around 190 at 1,200° C for olivines
similar to the Luciefjeld olivines. By simply combin-
ing the Kp’s for monosulphide (Fleet ¢t al., 1977) and



406 A. K. Pedersen: Basaltic Glass With Native Iron-Bearing Sulphide Bodies From Disko

metal parts (Buseck and Goldstein, 1969) of the sul-
phide melt in proportion to their atomic % mode
in the Luciefjeld sulphide blebs (87.6% Monosul-
phide, 12.4% Metal), a K of about 53 is found,
which is not far from the measured value (64). This
may be a further indication that the sulphide melt
was equilibrated with melt+ olivine. In the absence
of successful experiments on Ni partition between
olivine and metal, no better estimate has presently
been obtained.

Evidence of Sulphide Fractionation

The Luciefjeld chill rocks display evidence of sulphide
fractionation (see Fig. 3). The estimated parent
magma possibly contained about 300-500 ppm Ni and
the silicate (olivine+ glass) part of the chill rocks has
only about 20-30 ppm. Neglecting the important ef-
fect of a few per cent of olivine fractionation, the
total variation in Ni from 400-20 ppm could be ac-
counted for by only 0.5 wt% sulphide melt fractiona-
tion (equilibrium fractionation, Shaw [1970 p. 239 Eq.
(1D

More detailed modelling is unrealistic because
studies of other iron-bearing volcanic rocks and their
xenoliths on Disko indicate that the early stages of
magma/sediment interactions was characterized by a
rapid exchange of elements, in particular sulphur and
C-H-O-components. The rapidly varying f,, would
affect the content of excess metal components in im-
miscible sulphide melts and hence affect the transition
metal element partition dramatically.

The presence among the reduced volcanic rocks
on Disko of (a) segregated sulphide and metal bodies
(igneous cumulates) and (b) basaltic intrusives and
lavas with strongly depleted patterns of chalco- and
siderophile transition metal elements (e.g. Fig. 3)
strongly suggests that magmatic metal and sulphide
fractionation was a common and important process.

Conclusion

The Luciefjeld glass rocks provide an example of fresh
quenched strongly reduced basalt. At a quenching
temperature close to 1,200° C, 250 bars pressure, fo,
~ 10712 t0 10713, f;, ~ 107 %, the magma was un-
dersaturated in H,O and consisted of olivine, basalt
melt and minor immiscible sulphide melt. Sulphide
blebs showing quench textures are of nearly cotectic
composition in the Ni-poor part of the system Fe-Ni-S
and quenching of the chilled rocks started more than
200° C above the liquidus temperature of the sulphide
melt. Despite the small amounts of immiscible sul-
phide blebs the three phases were apparently high-
temperature equilibrated. Comparison with experi-

mental determination of Ni, Co, and Cu partition
between basalt and monosulphide and olivine and
monosulphide shows that these elements in the Lu-
ciefjeld case are unusually strongly partitioned into
the sulphide phase. The deviation from the literature
values increases with the increasingly siderophile
character of the elements (Ni>Co>Cu) suggesting
that the partition is strongly dependent on the excess
metal component in the sulphide melt. Comparison .
with experimental and thermodynamic data on Ni-
partition in olivine-sulphide and olivine-metal pairs
suggests that the increase in partition coefficients is
roughly proportional to the excess metal component.
Examples from the native iron bearing volcanic rocks
on Disko show that the magmatic sulphide and metal
fractionation was both common and geologically im-
portant.
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