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Graphitic andesite tuffs resulting from high-Mg
tholeiite and sediment interaction; Niligssuaq,
West Greenland
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Tuffs from_the Agatdal Formation of Nfigssuaq show a dominance of olivine-graphite-andesites and
orthopyroxene-graphite-andesites while rock types similar to the overlying tholeiite basalts of the Vaigat
Formation are subordinate. The tuffs were formed when highly magnesian tholeiitic picrite melts were
emplaced into high-level magma chambers within carbon-rich sedimentary strata. Explosive reactions
were triggered after extensive reactions with the sediments. Glass grains are well preserved and some
tuffs still contain quenched high-temperature sulphide blebs with metallic iron.Due to the high magnesium
content the graphite-andesites are very unusual magma types and can be compared to some native iron
bearing intermediate lavas from the Vaigat Formation of northern Disko thought to have erupted largely
contemporaneously after having evolved through similar processes.

Asger Ken Pedersen, Geologisk Museum, Oster Voldgade 5-7, DK-1350 Copenhagen K, D

March Ist, 1978,

The native iron found in Tertiary igneous rocks
on the island of Disko in West Greenland has been
famous since the early descriptions by Norden-
skiold (1871) and Steenstrup (1875, 1882). While
localities of native iron are numerous on Disko
(Steenstrup 1882) only two 1 (calities are known
from the neighbouring Niigssuaq peninsula des-
pite a considerable similarity in sedimentary and
volcanic lithology (see reviews by Henderson, Ro-
senkrantz & Schiener 1976 and Clarke & Pedersen
1976). Steenstrup (1882) found iron-bearing gra-
phite-rich lava blocks in the scree slopes at Niik
qiterdleq on the south coast and White & Schu-
chert (1898) found an iron-bearing dolerite dyke
later described by Phalen (1903) at Qaersut on the
north coast (fig. 1). A new major occurrence of
highly reduced volcanic rocks with native iron has
now been found in the tuffs of the AbrahamMem-
ber of the Agatdal Formation in central Nigssuaq.

The tuffs from the Abraham Member (for stra-
tigraphy see table 1 and Rosenkrantz in Koch
(1959), Rosenkrantz (1970) and Henderson et al.
(1976)) were formerly believed by Rosenkrantz
(1951, 1955), Munck & Noe-Nygaard (1957) and
Rosenkrantz & Pulvertaft (1969) to represent an
initial phase of the volcanism, which eventually
led to the build up of the West Greenland Basalt
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Group. However, work by Koch (1959), Pedersen
(1973) and Hald (1977) suggests that the tuffs are
contemporary with the eruption of extensive la-
vas and hyaloclastites of the Vaigat Formation in
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Fig. 1. Sketch map of central Niigssuaq and northern Disko.
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western Nigssuaq and Disko. While non-volcanic
marine and deltaic sediments were deposited in
central and eastern Niigssuaq and Disko, lavas
and hyaloclastites gradually transgressed east-
wards and eventually spread over the sedimentary
basins.

The late Prof. A. Rosenkrantz sampled the
Abraham Member tuff sequence at several locali-
ties in the Agatdal area for study by S. Munck
who, on her retirement, left the material to me.
The sample labels represent the only written re-
cord but from these a rough local stratigraphy has
been constructed (table 1).

Geology of the tuffs

At the type locality in Turritellaklaft, Agatdalen,
the Abraham Member is 12 m thick and is com-
posed of alternating black shales and rather coarse
fossiliferous tuffs., Schematic profiles, photo-
graphs and brief lithological notes are given by
Koch (1963), Hansen (1970), Rosenkrantz (1970),
Floris (1972) and Henderson et al. (1976). The se-
dimentological and. palaeontological evidence in-

Table 1, Schematic section through the Abraham Member tuffs at Turritellaklaft,

Agatdalen,
Stratigraphic ~ Main tuff Thickness M size D
unit horizon no. in mm of volcanic rock type
fragments in
mm
Vaigat -
Formation Picrite basalt
8 400 1.5 Graphite-andesite
with opx
7 150 0.7 Graphite-andesite
with ol + opx
6 500 1 Graphite-andesite
with ol
Between § 80 1.5 Graphite-andesite
and 6. Minor with ol + opx
horizon 2 from
above .
s 200 3 Graphite-andesite
with opx
5|z 4 200 2 Graphite-andesite
'é € with opx
b5}
5= 3 200 1.5 Graphite-andesite
= E with opx
% E 20 300 0.5 Tholeiitic basalt
::n 2 with plag + cpx
2 350 4 Graphite-andesite
with ol + opx
1 .7 7 Graphite-andesite
with ol + opx
30cmbelow! >40 1 Graphite-andesite
with opx

Andreas
Member

* This tuff appears as the main tuff horizon 2 in Qaersutjagerdalen.

dicates that the tuffs were deposited in saline shal-
low water transitional to deltaic facies. The Abra-
ham Member overlies sandstones of the Andreas
Member and is covered by picritic hyaloclastites
from the Vaigat Formation. The tuffs are found
within an area of a few hundred square kilometres
around Agatdalen-Qaersutjegerdalen, but due to
poor exposures and the lack of detailed mapping
the areal distribution is unknown. ‘

The following general notes are based on samp-
les from Turritellaklaft in Agatdalen (table 1).
Eight major tuff horizons have been recognized
by A. Rosenkrantz. They vary in thickness from
below 10 to 50 cm. Below the lowermost major
horizon several thin tuffs are found, and between
the major layers there are numerous thin tuffs.
The major tuff horizons have a cumulative thick-
ness of about 2.5 m, and together with the minor
tuff layers they probably account for about 25 per
cent of the deposits of the Abraham Member. The
maximum size of the volcanic fragments varies
from layer to layer from about 0.5 to 7 mm. Com-
bining evidence from petrography, fragment size
and Jayer thickness it is concluded that in general
the eruption sites were within a few tens of kilo-
metres from Agatdalen.

In most cases a shale layer separates individual
tuff layers, and it can be concluded that the tuffs
of the Abraham Member provide a volcanic mul-
tievent record.

State of preservation of the tuffs

The tuffs may have been subject to chemical and

.mineralogical modifications in three main stages,

(a) recent weathering, (b) regional metamorphism
and metasomatism and (c) pre-diagenesis altera-
tion and diagenesis.

(a) recent weathering

A number of samples are hard non-porous ce-
mented rocks. These are generally unaffected by’
recent weathering, while weakly or non-cemented
samples, which constitute the bulk of the material,
form crumbly strongly weathered masses. Some
of this weathering may be of early Tertiary age.
However, even in such masses glass cores may be
preserved in some grains, and most pyroxene phe-
nocrysts are still fresh. Most of the non-cemented
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samples have been altered to palagonite and clay
and other sheet silicates. Even in these rocks the
volcanic grain boundaries and textures can still be
distinguished, enabling identification of the domi-
nant volcanic rock types present.

(b) regional metamorphism and metasomatism

The tuffs of the Abraham Member are covered by
more than a kilometre of hyaloclastites and lavas
which have suffered widespread alteration through
circulating hot water, resulting in the formation of
zeolites, Ca-hydrosilicates and sheet silicates. Tuff
horizons within these volcanic rocks are mostly
extensively altered. In contrast, no trace of such
hot water alteration can be found in the under-
lying tuffs of the Abraham Member. Zeolites are
absent or, if present, very scarce; instead there are
subordinate silica precipitates. It can be concluded
petrographically that the tuffs are virtually unme-
tamorphosed. In agreement with this E.J. Schie-
ner (pers. comm. 1976) has observed from coal pe-
trography that the organic components in the se-
diments of the Agatdal Formation in this area
have never been heated above 55°C.,

Fig. 2. Yellow basaltic glass with chromite crystals and a carbo-
nate pseudomorph after olivine. Note the colourless palagonite
Jormed along the margins and along cracks in the glass. GGU
8542,

A

(c) pre-diagenesis alteration and diagenesis

Apart from possible early weathering two types of
early alteration have been observed. First, a cha-
racteristic rim of colourless isotropic palagonite is
found around and along cracks in yellow basaltic
glass grains in many samples (fig. 2). In several
tuffs this rim has a fairly constant thickness of
about 12 microns., Table 2 shows the chemical
composition of the fresh yellow basaltic glasscom-
pared with that of the colourless rims. The colour-
less rims are hydrated (low totals) and have suf-
fered loss of the basic oxides Fe0, Mg0 and Ca0,
while an enrichment in K,0 has taken place. The
considerable loss of iron is unusual and is attri-
buted to a reducing local environment in the gra-
phite-rich tuffs which may have prevented oxida-
tion to the less soluble ferric iron. Apart from the
iron the chemical pattern of change is similar to
that observed when Mid-Ocean-Ridge-Basalt
(MORB) glasses are altered on the sea floor, e.g.
Thompson (1973), Hart, Erlank & Kable (1974)
and Scarfe & Smith (1977). It is concluded
that the colourless palagonite rims resulted from
an initial exposure to saline water. Although the
Abraham Member glasses were exposed to sea-
water in a near-shore environment (lower PH,G)
and at different temperatures (higher), a qualitati-
ve exposure-time estimate of 3000-4000 vears can
be obtained from the data of Hekinian & Hoffert

Table 2. Chemical analyses illustrating the alteration processes.

1 2 3 4 5

No. of analyses 4 stdt 1 1 1 1
Si0, 48.55 0.23 58.85 52,42 48.57 45.30
TiO; 1.41 0.06 1.84 1.00 0.86 0.83
AlLO, 15.03 0.14 18.08 1493 1516 13.33
FeO* 10.39 0.12 0.36 12.09 16.55 20.22
MgO 8.40 0.13 0.81 T.44 5.96 6.62
CaO 12.76 0.08 2.58 8.43 7.99 71.65
Na,O 2.13 0.12 2.41 2.05 2.07 1.79
K.O 0.19 0,04 0.95 0.67 0.62 0.58
98.86 85.88 99.03 97.78 96.32
Me/(Mg + Feora)  0.59 080 0.52 039 037

* Total iron as FeO + One standard deviation

: Yellow glass with plagioclase microphenocrysts. GGU 8542,

: Colourless palagonite rim on glass of analysis 1.

: Yellow basaltic glass, sediment contaminated, unaltered.
GGU 5646, tuff layer 1.

4: Dark brown core of coloured spherical glass grain.
GGU 5646, tuff layer 1.

: Black glass margin of same grain as analysis 4.
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(1975), using their observed palagonite growth
rate estimate of 3.5 microns per 1000 years on
MORB glasses. This is considered to represent the
time from eruption to the chemical sealing of the
sediment system.

The second type of alteration has only been ob-
served in sample GGU 5646, tuff layer no. 1,
where glass grains in the upper part of the tuff
have been abraded to spherical bodies. Many of
these grains become increasingly dark-coloured
outwards and may be opaque at the margins. The
chemical composition of a strongly colour-zoned
glass and of an opaque sphere is compared with an
unaltered glass from the same tuff table 2 (analy-
ses 4-5). The dominant effect of this alteration is a
strong increase in the total iron content while hy-
dration is moderate. The alteration probably took
place under oxidizing conditions when parts of the
ash were being reworked prior to the final deposi-
tion. In the same sample a tuff 2 mm above layer
no. 1is unaffected by this alteration.

A general alteration affected most samples,
probably during the diagenetic stage: with the ex-
ception of olivine microphenocrysts in some glassy
andesites, olivines have been altered to carbonates
or green sheet silicates, while a carbonate-impreg-
nation and formation of clay and palagonite sub-
stances affected a number of tuffs.

Petrography of the volcanic rocks

The predominant volcanic rock in the tuffs is gra-
phite-andesite with phenocrysts of orthopyroxene
and/or olivine (table 1). In addition tholeiitic ba-
salts are found with varying amounts of pseu-
domorphed olivine, plagioclase, chromite and
rare augite. Descriptions of three selected samples
(of which one is composed of several individual
tuff layers) cover the range of magma types occur-
ring in the tuffs.

Silicates, oxides and glasses

Sample GGU 5646 from an unspecified position in Agatkleft is
the most complex and informative specimen (fig. 3). The sample
is 6 cm thick with nine individual ash layers separated by shale,
the whole carbonate cemented. The most homogeneous are fuff
layers 2 and 3, each of which is only a few millimetresthick. They
are composed of clear yellow basaltic glass which often carries
euhedral plagioclase phenocrysts (An,,—Ans) (fig. 4). The glass
(table 3 no. 2) is an only slightly hydrated and homogeneous tho-
leiitic basalt.,

Tuff tayer I is about 20 mm thick and contains a large range of

2cm
Fig. 3. Sketch of a section cut through sample GGU 5646 from
Agatklafi. Nine individual ash falls (indicated by numbers) sepa-
rated by shale layers (sh) are recorded in this rock, which became

Sractured prior to extensive carbonate-impregnation. Tuff layers

mentioned in the text are stippled, the others are light grey. Shale
sediments are dark grey,

glass compositions with abraded and altered grains. The volcanic
grains vary in crystallinity, some are entirely crystalline but most
are glasses with or without phenocrysts or xenocrysts. All the
analysed glasses show evidence of reaction with sediments at
high temperatures. The least modified are yellow basaltic grains
(table 3 no. 3) some of which carry native iron. The grains are

Fig. 4. Yellow basaltic glass with euhedral phenocrysis of plagio-
clase. Note radiating masses of carbonate and opaque matrix,
GGU 5646, tuff laver no. 1.
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Table 3. Chemical analyses of fresh natural glasses from tuff grains.
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1 2 - 3 5 7 8

No. of analyses 9 std + 4 std 1 std 1 4 std 4 std 1
Si0, 48.54 0.17 48.87 0.22 51.67 55.68 0.34 52.97 54.81 0.18 55.13 0.15 54.82
TiO, 1.38 0.05 1.65 0.06 0.96 1.15 0.03 1.22 1.06 0.04 1.00 0.03 1.05
ALO, 15.05 0.14 13.67 0.11 15.08 15.97 0.17 15.21 15.53 0.05 15.68 0.12 15.56
FeO* 10.35 0.11 12.46 0.17 11.89 7.30 0.36 9.63 8.15 0.05 8.01 0.07 7.96
MgO 8.44 0.14 7.04 0.15 7.27 6.85 0.01 7.13 8.21 0.09 7.88 0.04 7.99
Ca0O 12.74 0.06 11.63 0.08 8.44 9.28 0.16 9.64 8.33 0.07 8.33 0.05 8.28
Na,0 2.15 o.11 2.50 0.03 2.13 2.09 0.21 2.15 - 2.19 0.08 2.16 0.09 2.19
K,O 0.17 0.04 0.21 0.02 0.73 0.76 0.02 0.41 1.00 0.04 0.98 0.05 0.94

98.82 98.03 98.17 99.08 98.36 99.28 99.17 98.79
Cr in ppm 180 1270 900 880 860 880
CIPW norm
Q - 1.03 8.32 4,16 4.67 5.68 5.39
or 1.01 1.24 4.31 4.50 2.41 591 5.79 5.55
ab 18.15 21.11 18.03 17.69 18.10 18.53 18.28 18.53
an 30.86 25.42 29.44 31.96 30.50 29.60 30.20 29.85
di 26.27 26.55 10.32 11.50 14.56 9.57 9.09 9.15
hy 8.24 11.96 33.22 22.95 26.32 28.99 28.24 28.32
ol - 9.64 6.23
mt 1.98 2.39 ]
il 2.62 3.13 1.82 2.18 231 2.01 1.89 2.00
Mg/(Mg +
Feyotal) 0.59 0.50 0.52 0.66 0.57 0.67 0.64 0.64
norm. plag.
An % from
cation norm 61.6 53.2 60.6 63.0 61.4 60.1 60.9 60.3
* Totaliron as FeO. + One standard deviation. 5: Very fine grained, partly glassy basaltic groundmass. The

Fe,0,/Fe0 ratio in norm calculation is 0.15 for 1 and 2, and

0.00 for 3 to 8.

1: Yellow basaltic glass grains, with or without olivine
pseadomorphs, chromite and plagioclase. GGU 8542.

2: Yellow basaltic glass grains with plagioclase phenocrysts.
GGU 5646, tuff layer 3.

3: Yellow sediment contaminated basaltic glass with native iron.
GGU 5646, tuff layer 1.

4: Colourless andesite glass with graphite and phenocrysts of

" plagioclase and orthopyroxene. GGU 5647, tuff layer 1.

_ often strongly vesicular. These glasses are mostly homogeneous
although small scale inhomogeneities are not uncommon. Cry-
stals of chromite (table 4 no. 5) and carbonate pseudomorphs
after olivine or orthopyroxene are observed in some glasses.

In addition to basaltic glasses a large variety of more silicic
glass grains are found mostly of andesitic composition. Some are
extremely inhomogeneous (fig. 5), and quenching of very diffe-
rent melts in a state of initial mixing is clearly recorded. Some in-
homogeneous andesitic grains contain graphite and disseminated
native iron together with chromite and sometimes plagioclase
and/or orthopyroxene. Several fairly homogeneous graphite-
andesite grains (table 3 no. 4) with phenocrysts of plagioclase
(An,;.»s) and orthopyroxene (Ens;) occur.

Crystalline fragments are widespread especially in the top of
the layer. Micronoritic rocks composed of plagioclase, orthopy-
roxene, glassy residuum, rutile and sometimes graphite are com-
mon here. Microxenoliths and xenocrysts derived through reac-
tions between the magma and the sediment at high temperatures
are widespread, although a minor component. Light reddish
magnesian spinel (table 4 no. 6), with or without graphite-
bearing basic plagioclase (Angp-s1), is most common, while green
spinel, mullite and corundum are scarce.

grains contain plagioclase phenocrysts. GGU 5646, tuff layer
layer 7. . )

6: Light brown basic andesite with microphenocrysts of olivine.
The glass contains graphite and native iron bearing sulphide
blebs. GGU 8034.

7: Colourless andesite glass with microphenocrysts of olivine
and orthopyroxene. The glass contains graphite and native
iron bearing sulphide blebs. GGU 8034.

8: Colourless andesite glass with phenocrysts of orthopyroxene.
GGU 8034, ’

Tuff layers 6 and 7 resemblé layer 1 but are less complex. Most
of the volcanic fragments are microcrystalline or semicrystalline,
with a nearly opaque fine-grained groundmass (table 3 no. 5) in
which plagioclase is the most common phenocryst while augite
and chromite are subordinate. A few glass fragments with fresh
microphenocrysts of olivine (Fos) and plagioclase are also
found. Numerous glass grains with mullite needles and rare
grains with euhedral red spinel (table 4 no. 7) and mullite are
found. Xenocrysts of sedimentary origin, including cordierite
capped by plagioclase are common. Fragments of basic plagio-
clase, augite and tholeiitic basalt are numerous.

Sample GGU 8034, the major tuff horizon no.3 from Qaersut-
jaegerdalen, is typical of the olivine-microporphyritic graphite-
andesites. It is a moderately well-cemented tuff with volcanic
fragments occasionally exceeding 8 mm in size. The matrix is
composed of very fine-grained masses of light green to brownish
sheet-silicates and silica. The volcanic components are glassy to
microcrystalline andesite fragments which always show extensive
alteration along the margins. The glass is light brownish to co-
lourless and individual grains are homogeneous, althoughaslight
inter-grain variation has been recorded (table 3 no. 6-8). A gene-
ration of olivine phenocrysts of up to 1 mm shows resorption
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Fig. 5. Flow-folded, highly inhomogeneous glass, recording the
initial stage of mixing of basaltic magma and liguid derived from
the melting of sediment. Some of the tiny black spots are spheres
of sulphide and iron, others are gas bubbles. GGU 5646, uff
laver no. 1. Analyses from this grain are shown in table 4,

and are pseudomorphosed, while a generation of euhedral mi-
crophenocryst olivine (FOss.ss) (table 4 no. 1) has been pre-
served in some glasses (fig. 6). Euhedral orthopyroxene micro-
phenocrysts (Ens.) are widespread. Some andesite grains carry
reversely zoned orthopyroxene phenocrysts (table 4 no, 2). Gra-
phite occurs throughout the voleanic fragments, dispersed in the
groundmass of the crystalline andesites while in the glass grains it
is nearly confined to the interior of vesicles. This indicates that
gas evolved around the graphite grains during eruption,

Sample GGU 8542 (from the top of the tuff sequence on south
side of Agatkleft in Agatdalen) exemplifies the orthopyroxene-
porphyritic graphite-andesites. 1t is a carbonate-cemented rock
with up to 4 mm volcanic grains which, apart from a thin pala-
gonite rim, are very fresh-looking. The dominant fragments are
colourless glassy to microcrystalline andesite, with varying de-
grees of vesicle formation. The glass is very homogeneous with
only negligible inter-grain variation. The only phenocrysts are
orthopyroxenes showing a reverse zonation from Eny, in the
cores to Eny, in the margins, which is the typical composition of
the microphenocrysts (table 4 no. 3). Graphite is widespread,
showing the same type of occurrence as in the olivine graphite-
andesites.

Inhomogeneous glass grains compose very little of this wff.
They show strong flow folding and pigmentation and include
crystals of plagioclase and/or orthopyroxene. Their composi-
tion varies from basaltic to basic andesitic.

Another minor component is yellow basaltic glass grains some
of which are rich in carbonate-pseudomorphosed olivine pheno-

crysts. Semiopaque chromite (table 4 no. 4) and micropheno-
crystic plagioclase (Anss.,;) also occur in the glass. Some glasses
carry plagioclase alone or are aphyric. Irrespective of crystal
content the yellow glasses are of nearly identical composition
(table 3 no. 1). Scattered throughout the tuff are red magnesian
spinels and graphite-bearing plagioclase xenocrysts.

Chemistry of the glasses

Yellow basaltic glasses (GGU 8542) with chromite,
olivine pseudomorphs and plagioclase are similar
to phenocryst-poor tholeiitic basalts and glasses
in picritic pillows from the Vaigat Formation (VF)
and plot within the field of the Vaigat Formation
basalt while plagioclase-porphyritic yellow glass
(GGU 5646, tuff layer no. 3) is slightly more evol-
ved and similar to the Vaigat Formation plagio-
clase-porphyritic basalts (fig. 7). Both types of
yellow glass are olivine-normative tholeiitic basalts
resembling MORB glasses. Representative analy-
ses of glasses considered only slightly hydrated are
presented in table 3.

Fig. 6. Graphite-andesite glass with an euhedral phenocryst of
olivine (top) and an immiscible sulphide-metallic iron sphere
(bottom) similar to that shown in fig. 10. A few flakes in the
glass are graphite. GGU 8034.
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Table 4. Chemical analyses of phenocrysts and xenocrysts.
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1 2 3 4 5 6 7
Olivine  Orthopx  Orthopx Chromite Chromite Spinel Spinel
Si0, 39.73 53.54 55.25 0.28 0.09 n.d. n.d.
TiO, n.d. n.d. n.d. 0.96 0.99 n.d. 0.23
ALO, n.d. 3.65 2.02 24.36 23.39 66.55 62.34
Cr,0, n.d. 0.71 0.61 36.03 43.14 n.d. 0.25
V.0, n.d. n.a. n.a. n.d. 1.54*° 0.08 n.d.
Fe,0; n.a. n.a. n.a. 9.13 1.50 n.a. n.a.
FeO 14,01 11.44 8.55 15.82 17.08 16.47 28.40
MnO n.d. n.d. 0.12 0.31 n.d. n.d. n.d.
MgO 45.60 29.57 31.71 13.60 12.62 17.03 8.75
Ca0 012 0.45 114 0.26 0.17 n.d. _nd,
99.46 99.36 99.40 100.75 100.52 100.13 -99.97
Calc. basis 4(0) 6(0) 6(0) A24cat/  A24cat/ 32(0) 32(0)
320 32(0)
Si 0.998 1.906 1.944 0.068 0.022
Ti 0.175 0.181 0.037
Al 0.153 0.084 6.954 6.715 15.998 15.926
Cr 0.020 0.017 0.175 8.305 0.043
v 0.300 0.013
Felll 1.663 0.274
Fell 0.294 0.341 0.252 3.204 3.579 2.809 5.147
Mn 0.004 0.064
Mg 1.707 1.569 1.663 4.908 4.580 5.175 2.826
Ca w 0.017 0.043 0.067 0.044
cation sum 3.002 4.007 4.006 24.000 24.000 23.995 23.978
100 Mg/(Mg +Fe*) 85.3 82.2 86.9 60.5 56.1 64.8 35.4

A Ferric iron calculated by assuming stonchlometry (Finger 1972)
* Wavelength dispersive analysis.
n.d. notdetected. n.a. not analysed.
1: Olivine microphenocrysts in graphlc—andesne glass,
GGU 8034,

2: Core of orthopyroxene phenocrysts in graphlte-andesite glass.
) GGU 8034,
3: Orthopyroxene microphenocrysts in andesiteglass. GGU8542.

The sediment-contaminated glasses deviate
strongly from the VF basalt field. They are mode-
rately to strongly enriched in Si0, and AL0, but
‘depleted in Ca0 (fig. 7). Enrichment in K,0 was
also noted. At comparable Mg0 levels the glasses
are to a varying degree depleted in FeQ (fig. 7a).
The glasses are unusually Cr rich (table 3), the
only comparable glasses on earth being from the
highly reduced sediment-contaminated volcanics
from Disko and Precambrian komatiite glasses in
their inferred original unaltered condition (Green
et al. 1975).

In terms of normative mineralogy (fig. 8) the
yellow glasses plot around the olivine-poor end of
the Vaigat Formation olivine control line in the
normative hypersthene space. The magmas af-
fected by sediments deviate from this trend by

4: Chromite in yellow basaltic glass with olivine pseudomorphs.
GGU 8542.

5: Chromite in sediment contaminated basalt glass. GGU 5646,
tuff layer 1.

6: Slightly reddish spinel in xenolithic plagioclase-graphite-
spinel rock. GGU 5646, tuff layer 1.

7: Euhedral dark red spinel in alumina-rich glass with mullite.
GGU 5646, tuff layer 1.

their much lower diopside component and the pre-
sence of normative quartz, even when total iron is
calculated as Fe0.

Two stages in the magma-sediment reactions
have been preserved by the eruptive quenching.
The first stage is represented by GGU 5646, tuff
layer no. 1, where quartz-normative Ca-depleted
basalt compositions are found together with inho-
mogeneous glasses ranging from basaltic to nearly
plagioclase-glass compositions within a single
grain. High degrees of melting of non-volcanic
materials are clearly displayed in an initial stage of
mixing with basalt. The inhomogeneous graphite-
bearing andesite grains with native iron represent
a more advanced stage of contamination where
strong variations in Fe0, Mg0 and CaO contents
show that disequilibrium down to the scale of a
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Fig. 7. Giass analyses from the Abraham Member. The shaded
area shows the variation in the basalls from the Vaigat Forma-
tion (VF) on northern Disko. Filled symbols denote uncontami-
nated (u.c.) and open symbols sediment-contaminated (s.c.} ba-

saltic compositions. The large symbols indicate compositions of .

homogeneous glass types, encircled to show scatter, and with
numbers indicating the number of analysed points. Thin lines
connect analysed glass points from within inhomogeneous glass
grains, Note that the uncontaminated basalt glasses plot within
the field of the Vaigat Formation basalts. In fig. 7¢ note the
unusual combination of high magnesia and silica, exemplified by

few microns was still present. However, the high
Cr contents of the glasses and the commonly in-
cluded chromite grains show that the predominant
melt component of these grains was basaltic.

the olivine-graphite-andesites (GGU 8034) and the orthopyroxe-
ne-graphite-andesites (GGU 8542). The sediment-contaminated
glasses are characterized by lower Ca/Al ratios than the uncon-
taminated glasses (fig. 7b). Note the presence of high-alumina
glasses derived from sediments. In fig. 7d P shows the composi-
tion of glass in a picritic pillow from northern Disko. The unu-
sually high Cr contents in the contaminated glasses were caused
by prevailing low oxygen fugacities, preventing chromite preci-
Dpitation at the time of quenching, and show that the parent mag-
mas were highly magnesian picrites.

The second stage is represented by the olivine-
graphite-andesites (GGU 8054) and the orthopy-
roxene-graphite-andesites (GGU 8542). Here a
considerable homogenization of the sediment-con-
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Fig. 8. Glass analyses from the Abraham Member. Cation-nor-
mative ternary plots. Filled circle pairs with arrows show picrites
from the Vaigat Formation connected with their quench glasses.
Otherwise symbols as in fig. 7. Norms are calculated with Fe;0,/
Fe0 = 0.15 in uncontaminated rocks and glasses, and 0.0 in sedi-
ment-contaminated glasses. In 8 a note the higher hy/pl ratio in
most sediment-contaminated glasses compared to the uncont-

aminated glasses. In 8 b note the similarity between uncontami-_

nated basalt glasses and Vaigat Formation picrite glass. In com-
parison, note the much lower normative di in sediment-conta-
minated andesites. Some glasses with a high sediment compo-
nent are corundum-normative. Only compositions with ol’+ qz’
+di > 25 % are shown.

taminated melts is recorded by the small standard
deviations shown by analyses on many andesite
glass grains. A similar substantial homogenization
has been observed in contaminated iron-bearing
andesite lavas on Disko where many cubic kilome-
tres of fairly homogeneous, strongly contaminated
andesite were sometimes the product of a single
eruption (Pedersen 1977). The hombgenized ande-
sites must be characterized és sqbalkaline high-
magnesium andesites, They are’ of anunusualtype,
but are found as sediment-contaminated highly
reduced andesites in the Vaigat Formation on

Disko. The closest analogues found outside West
Greenland are probably high-magnesium andesites
from western Papua New Guinea (Mackenzie -
1976) or from the western Sunda Arc (Nicholls &
Whitford 1976); however these rocks are much
more alkaline and with a different genesis.

Sulphides and metallic iron

High-temperature sulphides and iron metal have
only been preserved in well cemented samples.
That such phases have survived at all in Tertiary
tuffs, deposited in saline water, is surprising. The
following description deals only with magmatic
sulphides and iron from the three tuff samplesthat
have already been described petrographically. (A
brief of the diagenetic opaque phases in GGU
5646, tuff layer no. 1, indicates complex and unu-
sual parageneses including a Fe and Cu bearing
NiS phase, heazlewoodite, Co and Cu bearing
violarites, siegenite, chalcopyrite, pyrite and Ni-
Cu-alloy. Detailed descriptions will be presented
elsewhere).

GGU 5646, tuff layer no. 1, contains scarce magmatic sulphi-
des and iron occurring as small (less than 15 microns) spheres
with a metal-rich core and a troilite mantle (fig. 9). Detailed me-
tal textures have not been resolved due to the tiny size of the
spheres, but their gross structure resembles the iron-troilite bo-
dies described in detail by Pauly (1969) from Asuk on Disko. In
the inhomogeneous graphite-andesite grains the iron-troilite
spheres are finely disseminated in the glass and never exceed a
few microns in size; therefore no analyses could be obtained. In
the olivine-graphite-andesite (GGU 8034) nearly unaltered sphe-
rical or ellipsoidal sulphide bodies (figs 6,10) are preserved in
some glass grains, whereas they are partly or completely decom-

.posed in the microcrystalline andesite fragments. The sulphide

bodies occasionally exceed SO microns in size. They consist of
iron monosulphide, pentlandite, a Cu-rich phase, and a very
minor, highly reflecting phase only up to 2 microns in size, rich
in Fe and Ni, which is identified as native iron. No oxide phase is
observed in the sulphide bodies but Cr has an inhomogeneous di-
stribution, probably caused by submicroscopic chromites ex-
solved from the sulphides. Representative modal analyses of
sulphide blebs obtained from grid-counting of enlarged high-
magnification photographs (table 6 no. 5-7) show consistency
with bulk chemical analyses of the blebs (table 5 no. 5-7).

In the orthopyroxene-graphite-andesite (GGU 8542) sulphide
blebs are found similar to those in the olivine-graphite-andesite
(GGU 8034), also here only well preserved when included in
glass. Occasionally a size of up to 125 microns hasbeenobserved,
but only blebs less than 40 microns in size have preserved parts
of a very minor iron metal phase. Compared to the olivine-gra-
phite-andesite, the blebs have mostly a slightly coarser texture
(fig. 11) indicating a slightly longer cooling time. A few modal
analyses (table 6 no. 1, 2 and 4) and bulk chemical analyses
(table $ no. 1, 2 and 4) are given.
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Fig. 9. A tiny sphere consisting of a mantle of iron monosul-
phide and a core of metallic iron. The core contains very small
spheres of iron monosulphide. The body is enclosed in yellow
basaltic glass. GGU 5646, tuff layer no. 1. An analysis of the
core is shown in table 5, col. 8.

Fig. 10. A spheroidal body of iron monosulphide (grev), pent-
landite + Cu-rich phases flighter greyv) and iron (white), An im-
miscible, quenched sulphide meli now enclosed in olivine-gra-
phite-andesite glass. GGU 8034. Chemical analysis in table 5,
col. 5.

Chemistry of the sulphide blebs

A single iron-core from the iron-troilite spheres in
sample GGU 5646, tuff layer no. 1, was analysed
and shown in table 5 no. 8. It contains a substan-
tial schreibersite (Fe;P) component, and high S
which is caused by tiny troilite spheres in the iron.

0.02mm

Fig. 11. Fairly coarse-textured small body of iron monosulphide
fgrey), pentlandite + Cu-rich phases (lighter grev) and iron
{white). The pentlandite + the Cu-rich phases form caps around
the iron and small veins between and inside the troilitic iron mo-
nosulphide grains. Immiscible sulphide-iron bleb enclosed in or-
thopyroxene-graphite-andesite glass. GGU 8542, Chemical ana-
lvses are shown in table 5, cols. 4, and modal analysis in table 6.

Other iron-cores are poor in P, and no generaliza-
tions can be made. The chemical composition of
sulphide blebs in the graphite-andesites (GGU 8034
and 8542) closely approximates the Fe-Ni-S-system
(table 6). Next in abundance are Cuand Cowhile P
has not been detected. Cr is present in small but
analytically significant amounts. The Cu/(Cu + Ni)
atomic ratios vary from 0.07-0.26 and are typical
forsulphide melts equilibrated with very magnesian
magmas (e.g. Naldrett & Cabri 1976 and Czaman-
ske & Moore 1977) and the observed ratios can be
interpreted as an inheritance from a Ni-rich picri-
tic parent. However, the total content of Ni+ Cu
+ Co is unusually low for immiscible sulphide
melts from basic magnas (e.g. compare with Ma-
thez & Yeats 1976 and Czamanske & Moore 1977)
and is a strong indication that sedimentary sul-
phur was assimilated into the Nigssuag magmas
causing a dilution of the highly chalcophile minor
elements in the immiscible sulphide melts. With
their low content of Ni + Cu + Co, their small con-
tent of a metallic phase and the absence of notable
oxides, the sulphide blebs form a hitherto unre-
corded type of immiscible sulphide-rich melt.
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Table 5. Chemical ana]yse§ of sulphides and iron (wt. %o).

1 2 4 5 6 7 8

Fe 59.05 60.50 59.52 59.52 60.35 59.58 58.10 85.10
Ni 2.90 5.07 4.50 3.62 5.52 4.99 4.88 3.03
Cu 1.08 0.95 0.95 0.31 0.88 0.52 0.85 0.81
Co 0.26 0.33 0.23 0.19 0.30 0.28 0.28 0.58
Cr 0.11 0.14 0.12 0.05 0.13 0.11 0.13 0.01
S 33.91 33.46 33.56 35.00 32.04 31.83 33.40 2,75
P < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 2.61

97.32 100.46 98.89 98.70 99.23 97.32 97.65 94.89
Atomic ratio
(Fe+ Ni+ Cu+ Co)/S 1.066 1.140 1.109 1.040 1.194 1.173 1.096
Atomic ratio
Cu/(Cu +Ni) 0.26 0.15 0.16 0.07 0.13 0.09 0.14 0.20
Size in microns . '
of analysed bleb 30 25 20 26 32 24 .17 9.5

: Sulphide bleb, fairly coarse in texture, included in ortho-
pyroxene graphite-andesite glass. GGU 8542.

: Sulphide bleb included in orthopyroxene graphite-andesite
glass. GGU 8542.

: Sulphide bleb included in orthopyroxene graphite-andesite
glass. GGU 8542.

4: Sulphide bleb (fig. 11) included in orthopyroxene graphite-

andesite, GGU 8542.

—

»n
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Table 6. -Modal analyses of chemically énalysed immiscible
sulphide blebs (vol. %s).

Analysis no in table 5 1 2 4 5 6 7
Iron monosulphide 92 93 94 8 90 89
Pentlandite + Cu

rich phase 47 3.0 49 83 75 9.1
Iron metal* 07 15 02 07 19 05
Scratches and holes 24 23 03 1.8 1.1 14

* Iron, cohenite and schreibersite.

Interpretation and discussion

Thermometry

In order to place some constraints on the magma-
tic evolution two empirically calibrated crystal-
glass thermometers have been applied to glass
grains containing either olivine, plagioclase or
both. The results, summarized in table 7, rest
heavily on the assumption that the glasses are
unaltered.

The olivine-glass thermometer of Roeder &
Emslie (1970) as updated by Roeder (1974) was
applied to the few glasses with microphenocrystic
olivine. Kp, values (table 7) indicating equilibrium
are found for olivine-glass pairs when all iron in
the glasses is calculated as Fe0, an expression of
the reduced state of the rocks.

5: Sulphide bleb in olivine graphite-andesite glass (fig. 10).
GGU 8034.

6: Sulphide bleb in olivine graphite-andesite glass. GGU 8034.

7: Sulphide bleb in olivine graphite-andesite glass. GGU 8034,

8: Spheroidal iron metal with tiny iron sulphide spheres. The
iron is capped by iron monosulphide (fig. 9). GGU 5646, tuff
layer 1.

Table 7. Mineral - glass thermometry,

GGU sample no. Glass type Method Temperature °C Kp*
Uncontaminated rock types
5646, tuff 3 basalt + plag A 1204, 1216, 1218
8542 basalt + plag + A 1198
ol pseud + chr
8542 basalt + plag A 1212
Sediment contaminated rock types
8034 graphite-andesite B, 1198 } 0.30
+ ol + opx B, 1213 "
8034 graphite-andesite B. 1208 } 031
+ ol + opx B, 1208 "
8542 inhomog. andesite A 1164
+ plag + opx N
5648, tuff 1 basalt + plag A s
5646, tuff 1 basic andesite + A 1167
plag + iron
5646, tuff 1 graphite-andesite A 1176
+ plag + opx
5646, tuff 7 basic andesite + B, 1166 } 0.31
plag + ol B 1165
5646, tuff 7 basalt matrix + A 1184
plag
5646, tuff 7 Al Os-rich glass A 1135
+ plag

A: Plagioclase-glass thermometry, Mathez (1973, equation 7 a).
PH,0 =1 bar assumed.

B,: Olivine-glass thermometry, Roeder (1974, equation 4).

B,: Olivine-glass thermometry, Roeder (1974}, eqation 5).

*: Fe,0;/FeQ is assumed to be 0.

ol ol liq . liq
Kp=XFeo /X Mo "X M0 /X Feo

ol=olivine, chr=chromite, opx=ortho-

plag = plagioclase,
pyroxene.

The Kudo-Weill plagioclase-glass thermometer
as modified by Mathez (1973) has been applied to
numerous plagioclase-glass pairs. A water pressure
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of 1 bar is assumed in the calculations, clearly a
minimum for explosive eruptions.

The uncomtaminated yellow basaltic glasses give
quench temperatures of 1200-1220°C, which is si-

milar to temperatures obtained by the same me-’

thods from the Vaigat Formation picrite pillows
from Disko. Olivine-graphite-andesites quenched
in the range 1200-1215°C while some contami-
nated basalts and the other andesites seemingly
quenched in the temperature range 1135-1185°C.
The‘quench temperatures of the olivine-graphite-
andesite give support to the textural interpreta-

tion that the sulphide blebs in these glasses were

entirely liquid prior to the quenching. It seems

justified to assume that the bulk of the magmas of

the Abraham Member equilibrated around 1200°

C, and that some magmas had temperatures down
" to 1150°C.

Parent magma compositions

The Cretaceous to Tertiary sediments in the Disko-
Nigssuaq region contain less than 200 ppm Cr,
and it can be concluded that high Cr contents in
the sediment-contaminated glasses were inherited
from the parent magnas. If Vaigat Formation
type parent magmas are assumed, the Mg0 con-
tent of the parent magmas can be estimated from
the Cr-Mg ratio (fig. 7d). With about 1200 ppm
Cr in some sediment-contaminated glasses (which
may carry chromite microphenocrysts in addition)
a minimum content of 17-18 per cent Mg0 is esti-
mated. (Measured olivine-glass partition coeffi-
cients for Cr in Disko picrite glass and in olivine-
graphite-andesite (GGU 8034) are close to unity).
Allowing for some Cr to have precipitated aschro-
mite or orthopyroxene and for the dilution effect
of the sediment-contamination, a parent magma
(melt + crystals) with a Mg0 content of above 20
weight pericent is indicated. It is therefore con-
cluded that the parent magmas were highly mag-
nesian tholeiitic picrite basalts. This is further sup-
ported by the picrite Ni-Cu-Co ratios found in the
immiscible sulphide blebsinthe graphite-andesites.

Fe-metal/Fe0 ratios

The iron-bearing graphite-andesites from the

Abraham Member have a composition very si-
milar to several iron-bearing andesites from the
Vaigat Formation on Disko, but deviate from the

latter by their much lower Fe-metal/Fe0 ratios.
This could be due either to metal fractionation or
to a difference in state of oxidation.

Some Abraham Member graphite-andesites con-
tain reversely zoned orthopyroxene phenocrysts
which indicate that the Mg/(Mg+ Fe**) ratios in-
creased in these magmas during the pyroxene cry-
stallization prior to the eruptions. This increase
was almost certainly caused by removal of iron
from the silicate melt into either Fe-metal or FeS.
Iron and sulphides, when segregated in larger than
very minute bodies, are subject to strong gravita-
tive fractionation in a magma, provided the visco-
sity is low, and to extreme aeolian fractionation.
However, the Abraham Member graphite-andesi-
tes have only a few weight per cent less FeOyqq
than their Vaigat Formation type picritic parents’
(fig. 7), and it can therefore be concluded that
they have at most lost a few weight per cent of iron
through metal or sulphide fractionation. The dif-
ference in the Fe-metal/Fe0 ratios must therefore
reflect equilibration under low but different oxy-
gen fugacities; A simple explanation may be
found in the eruption mechanisms. Graphite-oxy-
gen equilibria are strongly pressure dependent in
the pressure range 1 bar to 1 kbar, pressure in-
crease leading to increased oxygen fugacities

-(French & Eugster 1965, French 1966). Neglecting

the other gas-components (graphite-oxygen do
not form an oxygen buffer in a natural multicom-
ponent gas system) an explosive quenching of a
magma from a moderate pressure regime (e.g. 0.5
-1 kbar) will reflect a higher fj, (as exemplified by
the Abraham Member graphite-andesites) than a
slow upflow followed by low pressure equilibra-
tion of the same magma (as exemplified by native
iron bearing andesites from Disko).

Summary and conclusions

The Abraham Member tuffs contain a detailed
volcanic record which, despite the present frag-
mentary knowledge, allows some general interpre-
tations. The compositional range and volume pro-
portions of the rock types show a dominance of
olivine-graphite-andesites and orthopyroxene-gra-
phite-andesites, while rock types similar to the un-
contaminated — tholeiitic basalts from the over-
lying Vaigat Formation are very subordinate. This
scarcity of uncontaminated tuff material does not
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imply that such eruptions were rare at the time of
deposition of the Abraham Member, but that
these eruptions were largely effusive and that their
eruption products were not spread as far as the
Agatdal ‘area. So, the Abraham Member tuffs re-
present mainly the magmas which became gas-en-
riched prior to eruption through reaction with se-
diments.

~ The formation of the Abraham Member tuffs
can thus be summarized. At a time when regional
picritic lavas and hyaloclastites of the Vaigat For-
mation volcanism were gradually transgressing
older and contemporary sedlmentary basins, very
magnesian picritic magmas were trapped in high-
level magma chambers in carbon-rich sedimentary
strata which overlie the Precambrian basement.
The magmas reacted with the sediments at tempe-
ratures around or slightly above 1200°C and at
pressures of less than 1 kbar (geophysical evidence
(Elder 1975) indicates that the sediments in central
Nigssuaq are no more than 3 km thick) and be-
came gas-enriched from volatile sedimentary com-
ponents. This led to a large number of explosive
eruptions which spread graphite-andesite ash into
areas which had not earlier received volcanic de-
posits. The length of the time interval spanned by
the tuffs is not known. The very short time ex-
posed to sea-water before effective chemical seal-
ing of the individual tuffs was achieved, together
with the overall homogeneity of the tuff sequence,
indicates a rather short duration.

The Abraham Member tuffs thus seem to con-
stitute a new major occurrence of iron-bearing ba-
salts and andesites. In the number of recorded
iron-bearing eruptions it exceeds the activity from
all other known centres with native iron volcanism
in the early epoch spanned by the Vaigat Forma-
tion volcanism and draws attention to central and
eastern N(gssuaq as a potentially important cen-
tre for an unusual volcanism.

Appendix: methods

Chemical analyses of glasses, silicates, oxides, sulphides and me-
tals were obtained by microprobe analysis. Most of the work on
glasses, silicates and oxides was made with TPD microprobe at
the Research School of Earth Sciences, Canberra, with an ener-
gy-dispersive analysis system described by Reed & Ware (1975).
The probe is operated at 15 kV and with a sample current of §
nA as measured in a Faraday cage. A few analyses of Cr in
glasses were made using a semifocussing crystal spectrometer at
20 kV and with a sample current of 50 nA.

A few analyses of glasses, silicates and oxides were obtained at
the Grant Institute of Geology, Edinburgh, with a Microscan 5
microprobe operated at 20 kV and with a sample current of 30
nA as measured in a Faraday cage.

Analyses of sulphides and metals were made at Institute of Mi-
neralogy, University of Copenhagen, with a Hitachi XMA 5B
Scanning Electron Microanalyser operated at 20 kV and with a
sample current of 25 nA as measured in a Faraday cage. Synthe-
tic sulphide standards supplied by S. Kissin were applied toge-
ther with metals.

Quantitative matrix correction was apphed to all results,
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Dansk sammendrag

Tuffer fra Agatdal Formationen pa det centrale Nigssuaq Vest-
gronland, bestir overvejende af olivin-grafit-andesit og ortho-
pyroxen-grafit-andesit, mens bjergarttyper, der i sammensast-
ning svarer til de overliggende magnesium-rige, tholeiitiske ba-
salt-lavaer fra Vaigat Formationen, er mindre almindelige. Det

" antages, at de grafitforende andesiter er dannet som folge af en

reaktion mellem magnesium-rige basaltsmelter og kulstofholdige
sedimenter i hejtliggende magmakamre ved temperaturer om-
kring eller lidt over 1200°. Ved reaktionen fik smelterne bl.a.
tilfart gasser, hvilket resulterede i eksplosive udbrud. Tuffernes
glaskorn er szdvanligvis velbevarede og nogle tuffer indeholder
smé lynafkelede sulfidlegemer med metallisk jern. De grafitfa-
rende, andesitiske tuffer svarer i sammensztning til visse inter-
medijzre lavaer med metallisk jern, der forekommer i Vaigat
Formationen pa Disko, og som formodes at vaere kommet til
udbrud omtrent samtidig med tufferne.
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