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Review of the Survey’s activities in 1987

Martin Ghisler
Director

Over the past few years many functions of the Minis-
try for Greenland have been transferred to the Green-
land Home Rule Administration. Following the reorga-
nisation of the government after the general election in
September 1987 the Ministry for Greenland was abol-
ished and its remaining functions transferred to other
ministries. The Geological Survey of Greenland, to-
gether with the Greenland Mineral Resources Adminis-
tration and the Greenland Environment Research In-
stitute were transferred to the Danish Ministry of En-
ergy. The Minister of Energy, Svend Erik Hovmand,
visited GGU in October.

The systematic geological investigation of Greenland
and its mineral deposits and petroleum potential contin-
ued throughout 1987 - GGU’s work comprised geolog-
ical mapping and reconnaissance surveys combined with
more detailed studies in selected areas with emphasis on
economic geology.

The scientific and technical staff of 114 continues to
be based in Copenhagen. A total of 92 participants were
engaged in the field work in Greenland and carried out
programmes in both East and West Greenland.

East Greenland

Substantial helicopter-supported field activity contin-
ued in two areas in East Greenland involving 40 partici-
pants. One group, operating out from a base camp in
Hudson Land 200 km to the north of Mesters Vig,
studied the geology of the Mesozoic sedimentary basin
between Geographical Society @ and Hochstetter For-
land, with special emphasis on an assessment of the
hydrocarbon potential. To the south of Mesters Vig a
research team financially supported by British Petro-
leum made detailed stratigraphic studies on selected
profiles of the Permo-Triassic sequence in Jameson
Land

The other main group in East Greenland undertook
regional geological investigations from a base camp
near Skjoldungen 300 km south of Ammassalik (Ang-
magssalik), which was shared with a team from the
Danish Geodetic Institute. This group completed the
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1:500 000 geological mapping programme of South-East
Greenland (map sheet 14), together with a reconnais-
sance of the area’s economic mineral potential.

West Greenland

In West Greenland the systematic geological mapping
of the 1:100 000 Fiskefjord sheet (64 V.1 N) was com-
pleted. The programme included sampling throughout
the area of heavy mineral concentrates from streams,
and a detailed study of the scheelite mineralisation at
Ivisartoq in the inner part of Godthabsfjord.

A reconnaissance of the mineral potential of the area
north of Jakobshavn, principally in the Precambrian
supracrustal rocks was undertaken with special empha-
sis on sulphides and gold, including the collection of
heavy mineral concentrates.

On Disko and Niigssuaq the investigation of the Terti-
ary basalts and the associated underlying sediments was
continued with emphasis on a regional understanding of
the evolution of the area.

Near Jakobshavn, where glaciological investigations
have been carried out in connection with the devel-
opment of hydropower, the topography of the base of
the margin of the Inland Ice was mapped with radar-
sounding techniques, and. the thickness of the ice mea-
sured in eight drill holes made by a hot water drill
developed in the Survey. The annual mass balance mea-
surements in the area were also carried out.

In addition glaciological and hydrological data were
collected from GGU’s two field stations near Godthab
and S¢ndre Strgmfjord.

South Greenland .

As a continuation of the reconnaissance for noble and
base metals in the Precambrian supracrustal sequences
in South Greenland, the sulphide mineralisation associ-
ated with gold and silver in the Kobberminebugt area
was investigated and brought to completion.

The niobium-tantalum deposits associated with sye-
nites around Motzfeldt S¢ near Narsarsuaq that were
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identified some years ago were studied in detail. An
airborne radiometric survey was followed by a detailed
sampling programme over the areas of pyrochlore min-
eralisation. More than 1000 chip samples were system-
atically collected from the 1400 m high steep mountain
faces by mountaineers. The project was financed by a
special grant from the Mineral Resources Administra-
tion.

General

GGU inspected the mineral exploration activities of
concessionaires at Disko-Nigssuaq, Ivigtut, Narsaq,
Kangerdluarssuk and Nanortalik in West and South
Greenland, and at Kangerdlugssuaq and Jameson Land
in East Greenland, as well as followed the activities at
the Sorte Engel mine at Marmorilik. The mining activ-
ity at Ivigtut was stopped in December 1987. The pit is
now filled with sea water and all cryolite from the stock
piles has been shipped to Copenhagen. Assistance was
also provided to the Mineral Resources Administration
in negotiations with applicants for concessions and in
the evaluation of concessionaires’ reports.
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. Aeromagnetic measurements, essentially covering
the eastern and western part of the Inland Ice south of
66°N, were continued in co-operation with the Geolog-
ical Survey of Canada and the National Aeronautical
Establishment of Canada.

The ‘Nordolie’ programme funded by the Danish
Ministry of Energy since 1984 was completed by the end
of the year. The final project report, giving an eval-
uation of the hydrocarbon potential of central North
Greenland, will be published by the Survey.

During the year the 1:500 000 Quaternary map sheet
covering South Greenland was printed as well as three
geological maps at 1:100 000 from West Greenland (Ag-
pat 70 V.2 N; Mellemfjord 69 V.1 N; Isukasia 65 V.2 S).
A special Quaternary map at a scale of 1:125 000 along
the coastal area of Jameson Land (East Greenland) was
printed as well as a detailed (1:7500) map of the schee-
lite-bearing rocks at Store Malene near Nuuk. Four
Reports, two Bulletins and a Map Sheet Description
(Mérmorilik, Niogitsiaq, Pangnert6q) were published.
As a result of GGU activities 36 contributions appeared
in international scientific journals in 1987.

Introduction of new computing facilities at the
Geological Survey of Greenland

Leif Thorning

From a cautious start in the use of computers in the
early 1970s, the Geological Survey of Greenland has
developed complex and varied uses of modern comput-
er facilities for both scientific and administrative tasks.
GGU'’s first computer installation, a noisy TTY con-
nected to the Computing Centre of Copenhagen Uni-
versity by a 110 baud telephone modem, was a self-
service facility which was not easy to use. Over the
years, first with use of a PDP-10 with just one Tektronix
4014 graphic terminal and later a succession of increas-
ingly powerful PDP-11s with many terminals, GGU’s
in-house facilities just kept ahead of the ever increasing
demand for computer services. At the same time a
number of programs for special tasks were developed
on external facilities, because they required larger com-
puters or special facilities. In the 1980s the demands on
the computer facilities requiring many different types of
programs, including word processing, had grown so
large that GGU'’s in-house system could no longer han-
dle them satisfactorily. A major reorganisation was re-
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quired, and consequently activities were divided be-
tween personal computers (PCs; mainly administrative)
and a new central computer (mainly scientific). This
development took place in late 1986 with the purchase
of 17 new personal computers and a new central com-
puter with accessory peripheral equipment. This has
allowed an increasing integration of computer methods
into GGU'’s activities. A brief summary is given below.

Hardware

The new central computer facility brought into use in
January 1987 is a VAX-8200 system in a Digital network
(ethernet with Decservers). Two tape stations and three
disk drives are attached to the system. Most terminals
are of the VT200 series, but there are also graphic
terminals (see below). Several printers, among them
two laser printers and a high quality plotter (CalComp
1044GT), provide all necessary types of output. The
system includes an interface (PSI, X25) for communi-
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Fig. 1. Schematic diagram of GGU’s VAX installation, at 26 January 1987.

cation with other computers. The main components of
the system are shown with some specifications in fig. 1.
All data and most programs were transferred from the
old machine, a PDP-11/44; the change of system caused
very little disruption of work. Two main objectives, viz.
greater stability and larger capacity, were thus gained
almost immediately.

There are several other local computer installations in
GGU. These are used for various data-gathering activ-
ities in laboratories, e.g. in the chemical analysis lab-
oratory (Hewlett-Packard and PDP-11), the photoge-
ological laboratory (Hewlett-Packard), and the petro-
physical laboratory (Hewlett-Packard), and they are all
directly or indirectly connected to the central computer
to facilitate transfer of data for further processing and
interpretation. About 20 personal computers (IBM
PC/XT and Rainbow 100+) are connected to the VAX
computer and can be used on their own or as VT220 or
VT100 compatible terminals. They are used for word
processing, minor data bases and other local tasks.

Digitization is performed on a ‘stand-alone’ micro-
computer system with a large Summagraphics table.
The PC used for this (Comet 3400) provides a user-
friendly interface with local editing and processing of
data, and is connected to the VAX so that data can be
transferred for further processing and plotting. Other
graphical devices are Tektronix 4014 terminals with
hard copy units, a Tektronix 4105 with colour printer,

and a Jupiter 7+ high-resolution, colour screen soon to
be extended with a colour printer.

A considerable amount of processing is still done on
external computers, notably on two mainframes in Co-
penhagen belonging to UNI-C (Danish Computing
Center for Research and Education) but also on smaller
installations, e.g. IDIMS at the Technical University of
Denmark used for image processing. Except for the
latter, communication takes place through the public
data net (DATAPAK, X25). Most of the geophysical
computer work which has the longest history in comput-
ing at GGU is in this category. Examples are processing
of large amounts of airborne geophysical data at UNI-C
using GGU programs, or seismic processing done by
contractors on specialized computers abroad.

Software and applications

GGU'’s software policy operates with three levels of
programs, excluding the operating system itself. The
highest level includes standard commercial programs
from Digital Equipment Corporation (e.g. Fortran and
Pascal compilers; Rdb, a relational data base manage-
ment system; DATATRIEVE, a query and reporting
program; FMS, a forms management program; CDD, a
common data dictionary system; PSI, a communication
program) or from other companies (e.g. GPGS, a sub-
routine and program library for plotting; BMDP, a sta-



tistical package; LEX, a word processing program; SPI-
DER, a library of image processing routines; NAG, a
library of numerical algorithms). The next level is com-
posed of what are termed ‘GGU programs’, programs
originally written by GGU employees or obtained from
elsewhere and installed at GGU. These programs are
maintained by GGU'’s computing group, because they
are useful to large groups in GGU. Examples are pro-
grams for geographical transformations, plotting of
maps and geochemical analyses, norm calculations, etc.
The third level consists of ‘user programs‘, maintained
by the users themselves for their own use. This level
includes several programs running on external comput-
ers and many sequential file data bases on a personal/
departmental basis.

Many and varied jobs, including programs for most
types of geoscience interpretation work, are run on
GGU’s VAX computer by nearly 60 regular users.
Three programmers assist the users in different ways
and a computer scientist will be added to the staff in the
spring of 1988. Both development and production type
processing take place.

Trends for the near future

Recently, GGU’s needs and obligations for central
data bases were analyzed by an internal working group
which recommended the construction of central GGU
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data bases for scientific data. The development of the
central data bases will take place in steps, starting with
scientific information related to geological samples
(sample information, sample description, results of
analyses) and later moving on to other types of data,
e.g. map-related data with areal extent, glaciological
data, etc.

Another main trend which GGU has already em-
barked upon is the increased integration of map plotting
facilities.

An increased integration of the processing of miner-
alogical/chemical analyses and interpretation, based on
results from samples, is foreseen.

Image processing has been used by GGU in various
areas. Suitable software will be installed, thus gradually
updating GGU'’s capability for data synthesis, based on
information from GGU’s data bases and from other
sources. In some cases closer ties will be established to
GGU’s map production facilities. To some extent this
has already happened for data types which are well
suited for computer handling, e.g. geophysical and ge-
ochemical data.

In general, GGU’s strategy calls for increasing in-
tegration and rationalization of computer application,
including transfer of GGU programs from external
computer facilities to GGU’s VAX-8200. Hardware
build-up will take advantage of the network facilities
provided by DEC A/S.

Geological reconnaissance in the Precambrian basement of the
Ata area, central West Greenland

C. Knudsen, P. W. U. Appel, B. Hageskov and L. Skjernaa

Geological reconnaissance was carried out in July
1987 as part of regional geological investigations
planned for 1986-1992. The field work was carried out
from three field camps with logistic support from GGU
cutter ‘J. F. Johnstrup’, a helicopter and a rubber
dinghy. The mapping was made on aerial photographs.

General geology

The area has been mapped on a reconnaissance scale
(map sheet 1:500 000) and is described by Escher &
Burri (1967). Kalsbeek ef al. (in press) made an isotope-
geochemical study of some of the rocks in the area.
Steenfelt (1987) carried out a regional stream-sediment
geochemical programme, and the mining companies
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Kryolitselskabet @resund A/S and Vestgron Mines Ltd.
have prospected in the area. :
Escher & Burri (1967) divided the rocks in the area
into the infracrustal Jakobshavn gneiss and At granite,
and the Anap nuna supracrustals (fig. 1). They de-
scribed a gradual transition from the mainly granodior-
itic and locally migmatitic Jakobshavn gneiss to the very
little deformed Ati granite. Escher & Pulvertaft (1976)
described the rocks as belonging to the Proterozoic
Rinkian mobile belt (a'continuation of the Foxe fold
belt in Baffin Island) because dome and basin type
structures described by Escher & Burri (1967) resemble
those of the Rinkian. Escher & Pulvertaft describe the
area as separated from the Proterozoic Nagssugtogidian
mobile belt to the south by the Pikitsoq shear zone.
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Escher & Burri, 1967).

The supracrustal rocks in the area consist of igneous
and sedimentary rocks that have undergone greenschist
to amphibolite facies metamorphism (fig. 1). A wide
range of metamorphosed igneous rock types are repre-
sented, ranging from ultramafic rocks to intermediate
and acid metavolcanics. The metasediments consist of a
variety of siliciclastic rocks, as well as marble, chert and
iron-formation. At least two generations of basic in-
trusive rocks are found in the supracrustals. Abundant
massive and disseminated sulphide mineralisations have
been found in the supracrustals.

The major part of the fieldwork was in the supracrus-
tal rocks at Eqe and on Arveprinsen Ejland. Further the
transition from low strain Ata granitoids to gneiss and
migmatite as well as the fault and shear zones at Paqit-
soq were also studied. However, as only three weeks
were spent in the area the following must be regarded as
a preliminary report.

The supracrustals

Ege. Chlorite schist is the most abundant rock type in
the supracrustal rocks of this area (figs 4 and 35): it
consists mainly of chlorite and plagioclase with varying
amounts of carbonate and calcsilicate minerals. Locally
the chlorite schist contains carbonate lenses or schlie-
ren, and the schists are cut by quartz and carbonate
veins. In the eastern part of the area pillow structures
(fig. 2) deformed to varying degrees can be observed,
and locally it is possible to determine the stratigraphic
way up from the shape of the pillows. Observations
indicate that this is towards the west, which means that
the supracrustal sequence is inverted. The presence of
pillow structures shows that the chlorite schists have
been formed at least partly by metamorphism of basic
submarine lavas. Locally it is possible to identify relict
rims on the pillows, and carbonate or calcsilicate in the
space between pillows. These carbonate filled cavities
may be a precursor to the carbonate schlieren seen in
the chlorite schist.

The chlorite schist is intruded by (meta-)dolerite sills,
locally with relic ophitic texture, but where heavily de-
formed these metadolerites are difficult to differentiate
from the metavolcanic mafic schists, and they may be
more abundant than indicated on the map (fig. 4). The
metadolerites are cut by carbonate and quartz veins and
are locally heavily altered.

As indicated in the tentative stratigraphy (fig. 5),
metasedimentary horizons are fairly widespread in the
supracrustal sequence. In the stratigraphically lower

i
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Fig. 2. Pillow lava. Stratigraphic way up is indicated by arrow.



part there is a thick metasedimentary sequence dom-
inated by quartzites and quartz-feldspar-sericite schists,
locally fuchsite-rich or with intercalations of impure,
dolomite-dominated carbonates. Several sulphide
(mainly pyrite) bearing rust zones occur in these meta-
sediments, often associated with the fuchsite. In the
upper part of this sequence a deformed intraformational
conglomerate is seen. In the upper part of the supra-
crustals the metasediments generally consist of intim-
ately interlayered phyllites and quartz-feldspar-sericite
schists, locally with graded bedding (fig. 3). These rocks
are interpreted as metamorphosed flysch facies rocks.
They are interlayered with 10 to 50 m thick sheets of
chlorite schist. In the south-western part of the Eqe
area, this part of the sequence is characterised by 1 to 5
m thick horizons of iron-formation interlayered with
phyllites and quartz-sericite schists.

Marble occurs as horizons up to 30 m thick in the
northern part of the area, at the same stratigraphic level
as the iron-formation which is, however, not found in
this part of the area. In the southern part of the supra-
crustals carbonate layers only up to 2 m thick are found.
In addition to the marble horizons, carbonate is wide-
spread in the supracrustal pile, occurring between pil-
lows as discordant veins and as schlieren in the chlorite
schists.

The upper part of the supracrustal sequence is dom-
inated by a homogeneous, grey quartz-feldspar-sericite
schist locally with coarse feldspar megacrysts, and in-
terpreted as felsic metavolcanic rocks.

The supracrustals are cut by mafic dykes which are
slightly folded.

The westernmost part of the supracrustal area at Eqe
is dominated by amphibolites, cut by a light, granitic
biotite orthogneiss. This gneiss is assumed to belong to
the Ata granitoids and forms semi-concordant sheets in
the supracrustals. These orthogneiss sheets have partici-
pated in the isoclinal folding which can be observed in
the amphibolite dominated supracrustal rocks. The first
occurrence of orthogneiss in the supracrustals can be
mapped (fig. 4). but there is a gradual transition from
the first occurrence of orthogneiss in the supacrustals to
where the orthogneiss constitutes more than 50% of the
rock (an arbitrary boundary on fig. 4).

There s a general increase in deformational imprint
from east to west, from the almost undeformed pillow
lavas near the Inland Ice, through rocks with a well
developed schistosity to the highly strained, foliated
amphibolite facies rocks adjacent to the orthogneiss in
the west. In the central part of the area, the schistosity is
refolded in open kink folds often with carbonate veins
in the axial plane. In the westernmost part a tightly to

Fig. 3. Metasediments with graded bedding. Stratigraphic way
up is indicated with arrow.

isoclinally folded foliation refolded by kink folds can be
recognised.

East or north-cast dipping 0.5 to 3 m wide breccia
zones have been found, mainly in the metasediments
west of the iron-formation, but breccia zones are also
found in chlorite schists. These zones are sub-concord-
ant, matrix- to clast-supported with phyllite and schist
clasts and a carbonate. chlorite or quartz-rich matrix.
The breccia contains sulphides (described below).

Arveprinsen Ejland. Chlorite schist is the dominant rock
type in the supracrustal belt of this area. The chlorite
schist can be divided into metamorphosed basic extru-
sive rocks and metadiorite/gabbro, and in the major
part of the belt these are separate units. In highly
strained areas it is however difficult to recognise the
relic igneous texture/structure, and hence distinguish
these as separate umts. The metadiorite/gabbro is gen-
erally a medium- to coarse-grained, homogeneous rock
consisting of chlorite and plagioclase, often with relic
igneous texture. In the north-eastern part of the area, a
very light coloured metadiorite/gabbro dominated by
coarse plagioclase crystals is common and intrusive into
the metasediments in the area. The metadiorite/gabbro
is locally cut by carbonate veins, and in the north-
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western part of the supracrustals it is highly strained and
contains carbonate schlieren.

The metasedimentary rocks are generally highly
strained, without preserved sedimentary structures, and
consist of quartz-feldspar-mica schist to quartzite locally
with carbonate layers or carbonate veins. The quartz-
feldspar-mica schist is often rusty due to disseminated
pyrite or pyrrhotite, and locally small bodies of massive
sulphides are found in the metasediments. In the north-
eastern part of the supracrustals, almost undeformed
rafts of metasediments are found in the metagabbro.
Sedimentary structures such as bedding, flame strucures
and intraformational clasts/conglomerate can occasion-
ally be observed. In the central and southern part of the
supracrustals, felsic rocks containing feldspar pheno-
crysts are found. These rocks are likely to be meta-
morphic equivalents to acid and intermediate volcanics.

The metasediments and the metadiorite/gabbro are
cut by slightly deformed and metamorphosed basic
dykes.

The general trend in the supracrustal rocks at Ar-

veprinsen Ejland is NNE-SSW with a steep to moderate
dip towards the east or south-east. In the northern part
of the island the trend is ENE-WSW, with overprinting
by an east-west trending cleavage. The rocks have par-
ticipated in large scale, recumbent folding around shal-
low, north-south trending axes. A crenulation lineation
developed on an earlier schistosity is likely to be related
to this event. Generally the strain as well as the meta-
morphic grade increases towards the contacts between
the supracrustal rocks and the surrounding orthogneiss.
The supracrustals contain a number of highly strained
zones within the felsic metasedimentary rocks. In these
highly strained zones, the metasediments are very fine
grained and have a mylonitic appearance. In the west-
ern part of the supracrustals a metasediment horizon
locally contains a carbonate rock, and this metasedi-
ment horizon also contains a carbonate breccia associ-
ated with highly strained rocks. The breccia is locally
rich in sulphides (see below). All lithologies including
the mylonites are cut by north-south and NNE-S5W
trending faults.



The age of the supracrustals. The Até granite and the
Jakobshavn gneiss have been dated at approximately
2800 Ma, and siltstones from the Anap nuni supracrus-
tals have a minimum age of approximatly 1800 Ma, and
are likly to be of Proterozoic age (Kalsbeek et al., in
press). The Ata granite is, however, intrusive into su-
pracrustals on Arveprinsen Ejland and at Eqe, indicat-
ing that these are Archaean. In the Rinkian mobile belt,
north of the Ata area, large thrusts are responsible for
interleaving of Archaean and Proterozoic rocks (Pulver-
taft, 1986). This may also be the case in the Ati area,
although major thrust zones have not been identified in
the supracrustals.

Metamorphism. The major part of the Eqe area is in
greenschist facies, but in the western part the supracrus-
tals have been metamorphosed under amphibolite fa-
cies conditions. The isograds are discordant to the lay-
ering and the amphibolite facies is transgressive in the
south. The boundary between greenschist and amphibo-
lite facies is also discordant to the layering in the supra-
crustals on Arveprinsen Ejland, and there is a general
increase in metamorphic grade towards the contact to
the orthogneiss. The rocks in the northern part of the
area are mainly in greenschist facies whereas the supra-
crustals at At are mainly in amphibolite facies (fig. 1).
This means that carbonate rocks and the carbonate
breccia (at 3 on fig. 1) disappear towards the south and
are replaced by calcsilicate-rich rocks, common in the
western part of the supracrustals near Ata.

The Ata granitoids and the gneisses

The relations between the At granitoids and the
gneisses and supracrustals of the area have been in-
terpreted in different ways. Escher & Burri (1967)
thought that the granitoids (Ata granite in their termi-
nology) were formed by replacement mainly of the sur-
rounding orthogneisses, but also of the supracrustals.

Kalsbeek et al. (in press) suggest that most of the
gneisses in the area were formed by progressive defor-
mation of the Ata granitoids. This idea was supported
by their isotopic studies. Age determinations give an
age of about 2800 Ma for the undeformed granitoids
- and about 2670 Ma for the neighbouring gneisses, the
latter age being considered to represent the time of
deformation. Undeformed dykelets that cross-cut the
granitoids yield the same age as the granitoids them-
selves.

The reconnaissance visit to the area in 1987 revealed
that the boundary relations of the At granitoid com-
plex are more complex than formerly believed, and at
least some of the relative chronology of the intrusive
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and deformational events in the area has now been
established.

The Atd granitoids are mainly found in the northern half
of Arveprinsen Ejland, at Alingoq and on Igdluluars-
suit island south of Anap nuna. The granitoids include a
variety of types ranging from tonalites to granites, and
where indications of the age succession are seen, the
most granitic types are the youngest. The variation with
respect to fabric is from isotropic, through homogene-
ously foliated and/or lineated to strongly folded. In
narrow anastomosing zones, especially along the north-
east and east coasts of Arveprinsen Ejland, the grani-
toids are strongly sheared and have been transposed to
mylonites and phyllonites. The isotropic varieties of the
granitoids are mainly found in the central parts of the
complex, while the more deformed types are developed
at the borders of the complex approaching the gneisses
and towards the supracrustals. Locally there is a grada-
tional contact between the granitoids and the surround-
ing gneiss. Intense shearing at the boundary between
supracrustals and granitoids is seen.

Relations to the gneisses. A system of up to ten gener-
ations of cross-cutting dykelets is an important time
marker. The composition of these dykelets ranges from
tonalitic to granitic, the grain size ranges from fine
grained to pegmatitic and widths from a couple of centi-
metres to a couple of metres. Although the dykelets
obviously have different ages as they cross-cut each
other, they seem to share a common place in the overall
chronology. Several of the dykelets have characteristic
appearances, which make them easily recogniseable
from one locality to another, even when they are rather
strongly deformed. For example, one generation of
fine-grained tonalitic dykelets has rims of white peg-
matite. Another generation of granitic to tonalitic dyke-
lets show complex internal structures suggesting a synin-
trusion shearing parallel to the dykelets. Undeformed
dykelets are found to cross-cut:

(1) Migmatitic grey gneisses. The folded migmatitic
veins as well as the fabric in the gneiss are cut by the
dykelets.

(2) Foliated and lineated Até granitoids.
(3) Isotropic Até granitoids.

Some parts of the Até granitoids either lack dykelets
or contain only one or two generations. Either the dyke-
lets intruded only parts of the pluton, or some parts of
the pluton were emplaced after the intrusion of (most
of) the dykelets. The dykelets have not been seen cut-
ting the supracrustals. Deformed dykelets are found in
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Table 1. Relative chronology in the Ata granitoids

Deformation in parts of the area
Dykelets (up to ten generations)
Deformation in parts of the area
Granite

Fine-grained tonalite

Medium-grained tonalite

Deformation

Veins

Grey plutonite (now :mgmatmc gneiss)
Supracrustals

Young

] 3 At granitoids

Old

foliated, lineated and folded gneisses along the middle
of the west coast of Arveprinsen Ejland and at the west
coast of Alangoq opposite Ata. In both places there is a
transition southwards from isotropic or slightly foliated
host rock with undeformed dykelets to gneissic host
rock with strongly deformed dykelets. These continue
to banded gneisses where the dykelets have been trans-
posed to gneissic bands, and only the most competent
pegmatites can be recognised as strongly sheared veins
or as rootless folds. These gneisses resemble some of
the gneisses in the Pakitséq area further south. At one
locality, small folded pegmatite veins in metasediments
are cut by tonalite belonging to the At granitoids.

Summary of chronological relations. Based on the rela-
tions mentioned above an incomplete relative chronol-
ogy is proposed (Table 1). The position of the mig-
matitic gneiss is somewhat uncertain; it may be consid-
ered to belong to an early phase of the Ati granitoids
separated from the others by a deformation. At Eqe a
similar migmatitic gneiss contains xenoliths of amphibo-
lite facies supracrustals, but the possibility that parts of
the migmatitic gneiss have formed the basement to the
supracrustals cannot be excluded. The relative age of
possible Proterozoic supracrustals is not indicated in
Table 1. .

Table 2. Chemical analysis of sulphide-bearing grab samples

Sample Aux Ag* Cut Znx* Pbt As* Sb* W Fe=* Cox*
number (ppm) (ppm) (pet) (ppm) (ppm) (ppm) (ppm) (ppm) (pet) (ppm)
341442 0.10 - <5 0.03 <200 <6 4170 2 <8 14.0 1050
341445 3.44 23 1.20 300 <6 359 1 70 6.3 73
341448 0.81 30 1.52 <200 <6 151 1 20 9.3 50
341453 0.05 =] 0.15 <200 <6 24 0 120 2.3 26
341489 12.30 44 2.67 630 70 67 4 17 B.7 72
341510 0.62 320 13.10 9900 12200 3060 61 <11 48.0 2890
341511 0.08 44 1.17 55900 3930 1 3 27 54.9 930
341528 0.12 59 0.30 22700 134 291 3 25 39.0 210
Samples from Ege
341442 Ankerite breccia (matrix supported). ;
341445 Silicified breccia (wnth chalcopy‘nte vems, matrix supported).
341448
341453 Brecc:ated phylhte (clast supported)
341489 - - (clast supported with carbonate and cha]copyrnte veins).
Samples from Arveprinsen Ejland
341510 Massive sulphides (pyrite and chalcopyrite w:th subordinate

pyrrhotite, sphalerite and galena).
341511 Massive sulphides (pyrrhotite and sphalerite together with

amphibole). : )
341528 Massive sulphides (layered pyrite and sphalerite together with

quartz).

* Neutron activation analysis (Bondar-Clegg, Canada).
t Atomic absorption analysis (average of two analyses).



Shear and fault zones at Pakitsoq

The Pakitsoq area south of the At granite complex is
of considerable interest as Escher & Burri (1967) sug-
gested that the ESE-WNW trending fault zone seen in
Pakitsoq separates the Egedesminde complex in the
south from a northern complex including the Umanak
area, This fault zone is postulated to be the continuation
of a Canadian fault zone along which a sinistral dis-
placement of several hundred kilometres is suggested
(Hoffman, in press). The Pikitsoq area is a rather mo-
notonous terrain formed by grey biotite orthogneisses
of granodioritic to tonalitic composition. Presumably
this orthogneiss mass includes elements of the At gran-
ite complex. In the southern part of the area an augen
gneiss occurs with scattered alkali feldspar megacrysts,
up to 5 cm in size. In the country gneisses a little
hornblende and garnet may be found. The gneisses have
been exposed to migmatisation to varying degrees. The
migmatites are cut by deformed. irregular pink peg-
matites likely to be of the same age as the dykelets in
the Até granitoids. Subordinate amounts of basic rocks
occur .in agmatite and amphibolite horizons and in
younger sheets of metadolerite.

Three major deformational events are recognised in
the the Pakitsoq area:

The oldest. This took place under amphibolite facies
conditions and resulted in folding of the migmatite
structure and a pre-existing foliation.

Intermediate. This event was a ductile shearing under
amphibolite facies conditions. The overall ESE-WNW
trending structural grain of the Pikitsoq area results
from this event, and all over the area there is evidence
of shearing followed by refolding of older structures.
During this event an ESE-trending and moderately
plunging stretching lineation was formed and most fold
axes are parallel to this direction. The most intense
shearing is seen in the interior part of Pakitsoq, where
heavily sheared gneisses, protomylonites and mylonites
are possibly related to a north-east dipping thrust com-
plex, with an oblique thrusting from E to ESE. In the
mylonites intrafolial older folds refolded by younger
folds are seen. The ductile shearing event took place
after the intrusion of the metadolerite sheets, which are
deformed to subconformable bodies in the gneisses.
The metadolerites show boudinage, they have been in-
tensly sheared along their margins, and minor shear
zones may be seen in their otherwise well preserved
central parts. This event of ductile shear took place
presumably at the same time as the youngest deforma-
tion seen in the Ata granitoids.
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The most recent. This deformational event resulted in
brittle faulting. The faults are subvertical, trend ESE—
WNW, and are associated with about 50 m wide zones
of cataclastites. The amount of displacement has not
been determined but the faults did not introduce any
exotic rocks into the area and there are no metamorphic
contrasts resulting from the faulting. The faults may be
of importance, but at the moment there is no reason to
suggest very large scale movements connected to the
faulting.

Mineral occurrences in the Atd area

An iron-formation and three types of sulphide occur-
rences have been found in the Até area. Grab-samples
have been analysed by neutron activation and atomic
absorption, and the results are listed in Table 2.

Iron-formation. This has been studied in the central and
southern part of the Eqe area, where it occurs in three
horizons at the lowermost part of a metasedimentary
sequence (fig. 5) . The character of the iron-formation
changes along strike, from a schistose magnetite rich
rock interlayered with phyllites and quartz-sericite
schist in the central part (in greenschist facies) to an
isoclinally folded, banded garnet-quartz-magnetite rock
in the southern part (in amphibolite facies). The iron-
formation is up to 5 m thick and can be followed 4 km
along strike.

Disseminated sulphides. Supracrustals in all parts of the
region contain rust zones caused by disseminated sul-
phides. These zones are up to 100 m long and a few
metres wide, and the sulphide found is mainly pyrite,
constituting up to 10 modal % of the following rock
types: quartzite locally with fuchsite, quartz-sericite
schist, limestone/marble and carbonate rich-graphitic
schists, chlorite schist, pillow lava and altered meta-
dolerite.

Massive sulphides. These occur as bodies up to 20 m
long and several metres wide associated with felsic su-
pracrustals on Arveprinsen Ejland. The largest occur-
rence is the ‘Anderson showing’ (location 1 on fig. 1)
which is an approximately 20 m long and 10 m thick lens
of massive sulphides occurring together with fine-
grained, quartz-rich metasedimentary rocks. Two min-
eral assemblages are present here, a massive pyrite-
chalcopyrite ore with subordinate galena (GGU
341510) and a pyrrhotite-chalcopyrite-sphalerite ore
rich in amphibole (GGU 341511). Apart from this, a
small lens of massive pyrite with subordinate quartz,
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Fig. 5. Tentative columnar sec-

Rust zone
tions in the supracrustals at Eqe.
Breccla Locations of the sections A-B
and C-D are indicated on fig. 4.
Banded iron formation The base of the supracrustal se-

quence has not been found.
Pillow structures

Carbonate schlieren
Way up determination

Homogenous biotite gneiss

Amphibolite dominated
supracrustals with discordent
gneiss sheets

Quartz-feldspar-sericite schist
mainly of metavolcanic origin

Chlorite schist

Layered phyllite and
quartz—feldspar-sericile schist

Quartzite
Conglomerate
Marble

Dolerite

sphalerite rich layers and minor chalcopyrite (GGU  Sulphide impregnations in breccia. Disseminated sul-
341528) is found at location 2 on fig. 1. This lens is  phides are found in breccia zones in the supracrustals.

approximately 3 m long and 30 cm wide.

The most interesting of these have been found at Eqe
and on Arveprinsen Ejland. The breccia zones are semi-
concordant and mainly found in quartz-sericite schist



and phyllite, but are also found in chlorite schists and
ultramafic rocks (on Anap nuni). They generally have
carbonate (ankerite and calcite), chlorite and quartz in
the matrix. The breccia is often slightly porous. The
sulphides, generally located in the matrix, consist dom-
inantly of large, anhedral chalcopyrite with minor
amounts of euhedral pyrite.

In the Eqe area several chalcopyrite-pyrite bearing
breccia zones have been found (fig. 5), and in the south-
ern part of the area a breccia up to 5 m wide could be
followed 100 m along strike. The samples GGU 341442,
341445, 341448, 341453 and 341489 (Table 2) were col-
lected in this zone. This breccia is located where Steen-
felt (1987) found elevated gold values (up to 43 ppb) in
stream sediments.

In the supracrustals at Arveprinsen Ejlanda1lto5m
wide breccia zone has been followed for about 5 km.
The breccia (3 on fig. 1) is locally rich in sulphides,
mainly pyrite, but locally massive chalcopyrite and
sphalerite occur.
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Progress in geochemical mapping of West Greenland

Agnete Steenfelt

Geochemical mapping based on low density sampling
and analysis of stream sediment and stream water is part
of the mineral resources evaluation programme under-
taken by the Geological Survey of Greenland (Steenfelt
1987a, b).

In the field season of 1986 two areas were sampled,
the inner Disko Bugt region (1:250 000 map sheet 69
V.2 and part of 70 V.2), and the Godthab region (map
sheets 64 V.1 and 64 V.2).

Sampling and analysis

The sampling was carried out by one field team sup-
ported by a Bell 206 helicopter from Greenlandair
Charter. At each sample station 200-300 g of stream
sediment was collected from four to five sites in the
stream bed; a 100 ml stream water sample was taken;
and the gamma radiation was measured by averaging

Rapp. Grenlands geol. Unders. 140, 17-24 (1988)
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five to ten scintillometer readings in the immediate sur-
roundings of the sample site. The sample density is one
sample per 20-30 km?.

The 608 stream-sediment samples were dry-sieved in
the laboratory and the < 0.1 mm fraction was analysed
by X-ray fluorescence at the Geological Survey of
Greenland. A selection of 96 samples were also ana-
lysed by Instrumental Neutron Activation at Bondar-
Clegg, Canada. The conductivity and the fluoride con-
centration of the stream water samples were measured
in a field laboratory. Table 1 lists the elements and basic
statistical parameters for the concentrations determined
by X-ray fluorescence and for the water analyses.

The X-ray fluorescence analyses for major and trace
elements were made on a Philips PW 1606 multi-chan-
nel spectrometer. The analyses were made on glass discs
and major elements were determined following the
principles of Petersen & Sgrensen (1980) while the pro-
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Table 1. Statistical parameters for the chemical analyses of the < 0.1 mm fraction of stream-sediment
samples from West Greenland

% min. max. mean s.d. min. max. mean s.d.
Disko Bugt 267 samples Godthab 339 samples

<0.1 mm fraction of stream sediment

Si0, 38.23 73.89 64.57 5.30 38.61 80.85 62.19 4.88

TiO, 0.22 9.68 0.52 0.59 0.17 2.69 0.52 0.21

Al O, 8.89 24.59 13.63 1.23 7.82 17.67 13.94 0.99

Fe,0, 0.70 24.86 4.17 2.09 0.75 14.79 4.88 1.77

MnO 0.04 0.57 0.08 0.05 0.05 0.29 0.10 0.03

MgO 0.47 8.06 1.62 0.97 0.99 25.46 2.52 1.80

Ca0 1.72 10.10 3.03 0.71 2.45 9.31 4.36 0.78

K,0 0.36 2.96 2.00 0.41 0.34 3.01 1.53 0.39

P,0, 0.07 2.57 0.19 0.16 0.06 . 0.48 0.18 0.07

ppm

v 17 1108 71 71 26 247 87 34

Cr 12 993 144 111 34 921 188 125

Ni 0 484 54 51 2 485 84 67

Cu 0 839 56 74 0 440 45 48

Zn 0 308 55 45 0 581 72 46

Rb 1 170 57 21 0 179 37 25

Sr 122 403 288 53 52 973 295 71

Y 10 76 21 9 0 60 22 7

Zr 64 1478 331 165 17 1905 396 223

Nb 0 77 9 5 0 44 9 4

Ba 44 1150 738 126 85 086 602 117

Stream water samples

ppb

F 10 160 16 17.8 10 37 11 3.77

# ohm-! : :

Conductivity 7.8 260.0 28.4 217 6.0 92.0 20.6 11.36

X-ray fluorescence analyses by the Geological Survey of Greenland.
min.: minimum value; max.: maximum value; s.d.: standard deviation.

cedure for trace element determinations is under devel-
opment by Ib Sgrensen. The trace element data used
here have been corrected for background but not for
effects of matrix and line coincidence, and they must be
considered preliminary. However, there are no prob-
lems with line coincidence for Rb and Cu used in this
presentation, and matrix effects are relatively small be-
cause of the use of glass discs.

Presentation and preliminary evaluation of results

As a first approach in the evaluation the two regions
are looked upon as two (arbitrarily chosen) segments of
the Archaean crust. The Godthab region is established
as Archaean (Bridgwater ef al., 1976), and the Disko

Bugt region is described as Archaean with the exception
of some supracrustal sequences of probable Proterozoic
age (Kalsbeek, 1986; Kalsbeek et al., in press). The
average chemical composition of each segment may be
estimated using the values of the stream sediment analy-
ses from Table 1 which lists the range, mean, and stan-
dard deviation for the elements with concentrations
above the analytical detection limit.

Figure 1 illustrates the chemical composition of the
two areas. There appears to be a tendency for the crust
at Disko Bugt to be richer in SiO,, K;0, Rb, Cu, and
Ba, and poorer in Fe,0,, MgO, V, Ni, Cr, MnO, Zn,
and Zr, relative to the crust at the Godthéb region. The
latter is dominated by granulite facies gneisses and is
regarded as a deep crustal level. It is therefore sug-
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Fig. 1. Graphic presentation of the average chemical composi-
tion of the Disko Bugt and Godthab regions. The bars show
the mean standard deviation for the analysis of the < 0.1 mm
fraction of stream-sediment samples.

gested that the Disko Bugt region, being richer in ‘fel-
sic’ components, represents a higher crustal level.

The distribution of element concentrations within the
two regions is illustrated in figs 2 and 3. Symbol maps
were made for all elements at the scale of 1:500 000. A
geochemical atlas containing all the element maps will
be published for each region. In the present preliminary
evaluation three elements are chosen to illustrate differ-
ent distribution patterns. Magnesium and rubidium rep-
resent elements associated with basaltic and granitic
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rocks, respectively, and their distribution patterns re-
flect major lithogeochemical changes. Copper repre-
sents an example of an element associated with the
sulphide phase which often appears as an indicator of
mineralisation in supracrustal rocks.

Previous studies (Steenfelt & Kunzendorf, 1979; and
unpublished data) have shown that the chemical compo-
sition of the fine fraction of stream sediment in Green-
land is close to that of the surrounding bedrock. An
illustration of this is presented in Table 2 in which seven
samples of the Ata tonalite (Kalsbeek et al., in press)

. are compared chemically with five sediment samples

from streams draining the Até tonalite. Considering the
fact that the rock samples were not collected with the
aim of finding an average composition of the tonalite,
the agreement is satisfactory. A differential weathering
effect is noted in that feldspar components like SiO,,
Al,O;, Na,0, and Sr have lower values in the sediment,
whereas components typically contained in accessory
minerals like P,O;, Y, and Zr are enriched in the sedi-
ment relative to the rock. In the following, the stream-
sediment data are treated as representative of the bed-
rock, and the distribution patterns displayed by the
three elements are compared with major geological
units and structural features (figs 2 and 3).

Table 2. Chemical comparison between rock
samples and stream-sediment samples derived
from the At tonalite

%o 7 rock samples 5 stream samples
Si0, 67.27 — 72.08 59.83 — 67.74
TiO, 0.22 — 047 0.35 — 0.45
Al,O, 14.74 — 16.73 12.31 — 13.63
Fe,0, 0.25 - 0.81 3.11 = 3.67
FeO 1.24 - 2.30

MnO 0.03 - 0.05 0.05 — 0.16
MgO 0.45 — 1.06 0.93 - 1.15
CaO 2.28 — 341 2.47 - 2.69
Na,O 4,28 — 5.07 2,95 - 3.56
K,0 1.19 — 3.23 1.75 - 2.34
P,0, 0.08 — 0.15 0.17 - 0.30
ppm

Rb 43 - 99 43 - 65
Sr 373 - 471 291 - 316
Y 5- 11 15 - 32
Zr 91 — 163 278 — 381
Ba 574 — 751
v 50 — 61
Cr 85 — 231
Ni 23 - 37
Cu 0-110
Zn 23 - 68
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Fig. 2 Simplified geology of the Disko Bugt region and corresponding element distribution maps based on X-ray fluorescence
analysis of the < 0.1 mm fraction of stream sediment. The dot size is linear proportional to the element concentration up to a
maximum of 5% for MgO, 120 ppm for Rb, and 300 ppm for Cu.



Disko Bugt. Fig. 2 shows that high MgO values delin-
cate the amphibolitic parts of supracrustal sequences in
the area. The high value at the east coast of Arveprin-
sen Ejland marks the presence of a large dolerite dyke.
A considerable difference is noticed between the gener-
" ally low MgO level (< 1.6%) in the gneiss terrain to the
south, and the medium to high level (1.54.0%) in the
gneiss in the north-western corner of Nigssuaq. The
high level may indicate the presence of a dioritic compo-
nent, or more probable the occurrence of amphibolites
included in the gneiss.

The pattern for rubidium shows some distinct changes
in concentration level which must be attributed to litho-
geochemical changes within the established geological
units. The mafic-felsic character of the volcano-sedi-
mentary rocks is reflected in the varying Rb-values in
these rocks. Further it is noted that there are three
levels in the gneiss areas: a low level (< 50 ppm) in the
southern gneiss terrane north and south of Jakobshavn
and also in the central part of the Ati tonalite; a me-
dium to high level (50-90 ppm) in the gneiss surround-
ing the central Ata tonalite as well as in the western part
of the Nigssuaq area; and finally a high level (90-120
ppm) in the eastern Niigssuaq gneiss. Tentative bounda-
ries are drawn between the concentration levels. It is
noteworthy that the northern boundary of the southern
low-Rb area is not coincident with the major shear zone
(A-A in fig. 2) which Escher & Pulvertaft (1976) sug-
gested as representing the boundary between the Nags-
sugtogidian and Rinkian mobile belts. The low-Rb
boundary follows a set of faults with the same direction,
lying ¢. 5 km north of the major zone (cf. Knudsen et
al., 1988). The differentiation of the gneiss terrane by
the Rb-concentration levels adds a new dimension to
the interpretation of the origin and interrelation of the
various gneiss units.

The Cu map for the Disko Bugt region shows a low
background level and a number of scattered medium
and high values mainly, but not exclusively, confined to
the supracrustal rocks. The supracrustal rocks are
known to contain sulphide mineralisation with chalco-
pyrite (Knudsen et al., 1988), and this stream-sediment
survey confirms that Cu is frequently associated with
these rocks. The medium to high Cu values in north-
eastern Nigssuaq coincide with medium to high MgO
values and thereby support the assumption of the pres-
ence of basic (supracrustal?) rocks. '

Godthdb. Fig. 3 shows a belt of high MgO values
(3.0-5.0%) with a north-north-east trend following the
major mafic sequences of the Malene supracrustal
rocks. The north-western corner of the Fiskefjord dis-
trict is rich in MgO (2-10%) which reflects dioritic to
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gabbroic rocks and frequent occurrences of ultramafic
bodies (Garde et al., 1987; Garde & Marker, 1988).

In the distribution pattern for rubidium a diagonal
zoning is observed with a low-level area (< 30 ppm) to
the north-west, a central north-east trending zone with
high Rb (50-180 ppm) and decreasing values towards
the south-east. The low-Rb areas correspond largely to
the distribution of granulite facies gneisses, and the
high-Rb zone appears as a regional crustal feature tran-
secting gneiss and granite units of different age and
origin, i.e. Amitsoq gneiss, Nk gneiss and Qorqut
granite (Bridgwater et al., 1976). The high-Rb zone is
bounded towards the north-west by major faults and to
the south-cast the boundary appears to coincide with a
major thrust according to recent field work by Nutman
& Friend (1988). The high-Rb zone may thus represent
a segment of high-level crust in tectonic contact with
deeper levels. Data from an airborne radiometric sur-
vey support this hypothesis by showing that the Rb-rich
zone is also enriched in U and Th (Steenfelt, 1987a).

The fault running across Nordlandet appears to coin-
cide with a change in concentration level for both Rb
and MgO which may indicate a significant displacement
along the fault. The Cu map shows a low and unsteady

Table 3. Districts with clusters of high values
of ore forming elements

Districts Anomalous metal contents
Disko Bugt
Oqaitsut MgO, MnO, V
Arveprinsen

Ejland Au, Cr, Cu, Ni, Zn
Eqe As, Au, Mo, V, Zn -
Anap nuni Ag, As, Au, Ba, Ni, Zn
Nfgssuaq

south coast Ag, As, Au, Ba, Cr, Ni, V, W, Zn
Godthab
Fiskefjord Cr, Ni
Bjerneo Cr, Cu, MnO, Ni, P,0,, TiO,, V
Ivisdrtoq Ag, Au, Co, Cr, Cu, Ni, W, Zn

The anomalies are defined as values above the 98th percentile
for both areas. The threshold values used are: Ag 5 ppm, As 80
ppm, Au 5 ppb, Ba 950 ppm, Co 80 ppm, Cr 400 ppm, Cu 170
ppm, MnO 0.8%, Mo 5 ppm, Ni 210 ppm, P,0, 0.4%, TiO,
1.1%, V 185 ppm, W 10 ppm, Zn 170 ppm.

Ba, Cr, Cu, Ni, P,0,, TiO,, V, Zn: X-ray fluorescence analysis
by the Geological Survey of Greenland.

Ag, As, Au, Co, Mo, W: Instrumental neutron activation anal--
ysis by Bondar-Clegg. _ } 7
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Fig. 3. Simplified geology of the Godthéb region and corresponding element distribution maps based on X-ray fluorescence of

background variation and a few high values. In general
there are less high values associated with the supracrus-
tal sequences in the Godthéb region than in the Disko
Bugt region. '

Geochemical anomalies

Samples with unusual chemical composition relative
to the geochemical background variation and to the

geology of the drainage area may be indicative of miner-
alisation. The data are not fully evaluated to define and
interpret geochemical anomalies but a number of sites
containing clusters of high values for one or more ore-
forming elements are listed in Table 3 together with the
anomalous elements. ;

In the Disko Bugt region the anomalies are linked to
the supracrustal rocks which appear to have a potential
for base metals, and Ag and Au. This agrees with Knud-
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sen ef al. (1988) who report the frequent occurrence of
sulphide mineralisation at Eqe and on Arveprinsen Ej-
land (fig. 2). The results for gold are reported by Steen-
felt (1987c). The anomalous sites will be targets for
further field work in 1988.

Anomalies in the Godthéb region are scattered and
comprise two types. A number of high Cr and Ni values
occur in the magnesium rich north-western part of the
survey area and are believed to reflect chromite bearing
peridotite bodies in the gneiss. Dunite bodies were ob-
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served during the sampling by the author and are also
described by Garde et al. (1987). A few other anomalies
(Table 3) are associated with the supracrustal rocks at
Bjgrneg, and particularly at Ivisartoq (fig. 3). The min-
eral potential of the supracrustal rocks of the Godthab
region is treated by Appel (1984, 1986, 1988) based on
results from analysis of panned concentrates of stream
sediment and detailed geological prospecting. The dis-
tributions of gold values are reported by Steenfelt
(1987c). :
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Stream sediment sampling in the Até area, central West Greenland

Peter W. Uitterdijk Appel and Christian Knudsen

In 1982 scheelite was identified in stream sediments in
the Nuuk/Godthab area, about 600 km south of Ata.
Subsequently a regional stream-sediment programme
was carried out in the Nuuk area from 1982 to 1987 as a
result of which scheelite was found to be quite abundant
in the 3800 m.y. old Isukasia supracrustal rocks as well
as in the 3300 to 3000 m.y. old Malene supracrustal
sequence (Appel, 1988). It.was also recognised that
there is a close correlation between the number of
scheelite grains and the gold content of the heavy min-
eral concentrates in the Nuuk area (Appel, 1988).

Rapp. Grpnlands geol. Unders. 140, 24-26 (1988)

In the Ata area (fig. 1) extensive outcrops of supra-
crustal rocks arc found. In these supracrustals, which
have been metamorphosed to greenschist and amphibo-
lite facies, abundant sulphide-rich horizons are found,
as well as sulphide-bearing breccia zones with appre-
ciable gold contents (Knudsen et al., 1988).

During the 1987 field season geological reconnais-
sance mapping was carried out in two of the supracrus-
tal areas and the gneiss-granite complex enclosing the
supracrustal rocks.was investigated (Knudsen er al.,

" 1988). A limited programme of stream-scdiment sam-



Fig. 1. Map of the Atd area
showing the sample sites with
tungsten and gold contents indi-
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pling was carried out in the Ata area, where stream-
sediment samples were collected in all the main streams
draining the supracrustal rocks.

Sampling programme

The stream sediments collected in the Até area con-
sisted of coarse gravel and sand collected in sieves which
contain about 3 kg of sample material. The material was
passed through a sieve with 1 mm holes. The fines were
measured by volume and then concentrated by panning.

The heavy mineral concentrates were dried and the
number of scheelite grains counted under ultra-violet
light (except samples 353024 and 353025). The results
are listed in Table 1.

Results

The heavy mineral concentrates were analysed by
neutron activation by Bondar-Clegg, Ontario, Canada
for gold and 33 other elements. The tungsten, gold and
barium contents are listed in Table 1. The analytical
results for the following elements are available on re-
quest: Na, Sc, Cr, Fe, Co, Ni, Zn, As, Se, Br, Rb, Zr,
Mo, Ag, Cd, Sn, Sb, Te, Cs, La, Ce, Sm, Eu, Tb, Yb,
Lu, Hf, Ta, Ir, Th and U.

There is fairly good agreement between the observed
number of scheelite grains and the tungsten content
{Table 1), indicating that scheelite is the common tung-
sten-bearing mineral. There are, however, three nota-
ble exceptions, samples 3530001, 353008 and 353017. In
samples 353001 and 353017 the tungsten mineral could
be wolframite, whereas we cannot explain the discre-
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Table 1. Analyses of heavy mineral concentrates
from stream sediments in the Atd area

Scheelite/l W ppm Auppb Bappm Sieves Vol

353001* 0 16 <17 450 3 0.2
353002 10 65 <5 320 3 0.5
353003 6 <7 <5 270 3 0.6
353004 3 15 <5 250 3 0.3
353005 0 <6 <5 370 3 0.25
353006 2 <5 <5 420 3 0.45
353007 3 <2 <5 460 3 0.3
353008 21 <9 37 280 3 0.35
353009 0 <7 <5 <100 3 0.56
353010 0 <6 <5 650 3 0.5
3s53011* 30 120 <5 4300 3 0.51
353012* 64 81 16 240 3 0.26
353013 1 7 <5 260 60 5.21
353014 0 13 <13 <100 4 0.2
353015 0 <5 <5 500 4 0.42
353016 0 <5 <5 430 4 0.09
353017 0 24 <17 <100 4 0.35
353018 0 <4 <5 730 3 0.1
353019 0 <6 19 320 3 0.2
353020 0 <8 15 1400 6 0.5
353021 1 <5 <5 380 20 1.45
353022 0 <6 <5 <100 2 1.51
353024 <9 <5 440 3 0.2
353025* ) 44 <5 260 3 0.2
353026* 32 93 32 290 6 0.6
353027 6 10 <5 330 6 0.55
353028* 0 7 <5 440 3 0.35

* Samples collected in amphibolite facies.

pancy between 21 grains of scheelite and less than 9
ppm tungsten in sample 353008. '

" The gold contents in the heavy mineral concentrates
are mostly too small to be detected. However, a few

samples do contain interesting amounts of gold, and
there is apparently some correlation between the gold
content and the number of scheelite grains in the heavy
mineral concentrates.

It should be noted that some stream sediments were
collected in streams draining amphibolite facies meta-
morphosed supracrustal rocks; 353001, 353003; 353011—
353012; 353025-353028.

Conclusion

This limited stream-sediment programme indicates
that economically interesting tungsten occurrences may
be found in the supracrustals of the Atd area. Most of
the scheelite apparently occurs in the supracrustal rocks
which have undergone amphibolite facies metamor-
phism.

From this work and from the abundance of scheelite
previously discovered in the supracrustal rocks further
south (Appel, 1988) it is concluded that scheelite is
probably more common in Precambrian supracrustal
sequences than hitherto realised.
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Reconnaissance aeromagnetic survey east of Disko Bugt,
central West Greenland

Leif Thorning

The Geological Survey of Greenland plans a major
aeromagnetic survey in the Disko Bugt region over the
coming years, It has already been started with some
introductory work in 1986 and 1987 (Knudsen et al.,
1988). In this context, closed-file geophysical data were
reviewed at GGU, and it soon-became clear that good
quality regional aeromagnetic data were lacking from
the area and that the geological investigations would
benefit from such data. Funds were not available for a
systematic survey over the entire area, but in April 1987

Rapp. Gronlands geol. Unders. 140, 26-27 (1988}

a situation arose in which at least part of the area could
be surveyed. - !

Due to the change of plans for the aeromagnetic
surveying of the GICAS project, described by Thorning
et al. (1988), it was possible to include one survey flight
east of Disko Bugt. The measurements were made from
the National Aeronautical Establishment aircraft (C-
FNRC), which is a well equipped Convair-580 with very
good navigational capabilities and a 3-axis magnetic
gradiometer.
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Fig. 1. Aeromagnetic lines flown in April 1987 in central West
Greenland. Altogether approximately 1600 line km of data
(total field and three gradients) were acquired.
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The survey shown in fig. 1 was obtained in one 5 hr
flight out of S¢ndre Strgmfjord and comprises seven
north-south lines, spaced 10 km apart and three east—
west tie-lines approximately 80 km apart. The flight
altitude was 1000 ft above ground, sometimes levelling
out at 2000 ft over the narrower fjords and valleys.
Approximately 1600 line km of total field data and
gradients in three directions were obtained. The flight
path was recorded on video for later navigation checks.

It was possible to examine the analogue recordings in
the field, and these showed many well-defined anoma-
lies, many of which could be followed from line to line.
The digital data are still being processed at the National
Aeronautical Establishment, before delivery to GGU
where they will be compiled. It is hoped that, although
the line spacing may be too wide for a faithful rendering
of all the smaller scale anomalies which will then have to
be interpreted on a profile basis, it will be possible to
show at least the larger scale anomalies, corresponding
to regional trends, on a magnetic anomaly map. In 1988
the sources of these anomalies will be checked on the
ground. '

Acknowledgements. The flexibility of my co-workers in the
GICAS project made it possible to include the Disko Bugt
survey in the tight schedule for the 1987 northern arctic oper-
ation. The costs of the operation were defrayed by GGU.
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Investigations of Tertiary volcanic rocks along the south coast
of Nigssuaq and in eastern Disko, 1987

Lotte Melchior Larsen and Asger Ken Pedersen

As a continuation of an integrated study of sedi-
mentary and volcanic facies in the Cretaceous to Terti-
ary West Greenland basin (G. K. Pedersen, 1987; A. K.
Pedersen & Larsen, 1987) early Tertiary volcanic rocks
were studied in 1987 along a NW-SE trending compos-
ite section, about 120 km in length, on Nigssuaq and
Disko. The study attempts to establish and describe
lithostratigraphic volcanic units in the Tertiary volcanic
formations, and through a combination of field map-
ping, photogrammetry and geochemistry to establish
chronostratigraphic horizons through the early Tertiary
deposits of the region. In this respect it is essential to
identify the same eruptive units as subaerial lava facies
and as subaqueous lava or hyaloclastite facies, and to
trace subaerial tuffs throughout the area.

In the first part of the season localities along the
Vaigat coast of Niigssuaq from Kugssinerssuaq in the
east to Nissap qéqarssua in the west were investigated.
In the second part of the season very poorly known
areas in the western and southern part of the Kvandalen
region on east Disko were investigated. The field work
was supported by the Arctic Station in Godhavn and its
cutter Porsild as well as by GGU’s cutter J. F. John-
strup.

South coast of Nigssuaq

The localities investigated are situated along the west-
ern part of the south coast of Nigssuaq (fig. 1). In-
formation on the volcanic rocks along this part of the

T M———NUGSSUAQ
Nik kitdleg

L70°20" Niik giterdleq

L 10km ,

1
Pr bri Cret nd Tertiary lavas and
gﬂee?sa? CED Ter!?ti%crsus%sd?mems E hyaloclastites
Fig. 1. Investigated area on the south coast of Nigssuaq. The
positions of the three profiles shown in fig. 2 are indicated by a,
b and c.
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section is given by Steenstrup (1900), Koch (1959),
Henderson (1973), Miinther (1973), Clarke & Pedersen
(1976) and Henderson et al. (1976), and the section is
covered by the geological map sheet 1:100 000 Qut-
dligssat. In the investigated area the volcanic rocks are
very well exposed in up to 1700 m high mountain sides,
but large parts of these are inaccessible due to the steep
topography. The basal parts of the hyaloclastite depos-
its overlying sediments are, however, usually accessible.
The volcanic rocks of the section belong to the Vaigat
Formation except for some high mountain tops. A de-
tailed lithostratigraphy for the Vaigat Formation has
been established for the nearby parts of northern Disko
(Pedersen, 1985), and attempts were made in 1987 to
extend this stratigraphy to Nigssuaq.

The Vaigat Formation on Disko is divided into six
members which were formed by two major igneous
events. The first event gave rise to the voluminous
picritic volcanics of the Naujanguit Member and two
minor sediment contaminated volcanic systems therein,
the Asuk and Kdaganguaq Members, while the Qordlor-
torssuaq Member basalts constitute the waning phase of
the event. Local erosion and the formation of a wide-
spread water-filled basin (subsidence) took place be-
tween the two igneous events. The second event gave
rise to the voluminous picritic volcanics of the Ordlin-
gassog Member within which are enclosed the alkaline
lavas of the Manitdlat Member.

During the field work on Nigssuaq special attention
was paid to locating the boundary between the rocks
from the two major igneous events recognized on
Disko, i.e. the base of the Ordlingassoq Member,

The following describes the lower hyaloclastite de-
posits and subaerial lava flows from the first igneous
event, followed by the upper hyaloclastite deposits and
subaerial lava flows from the second igneous event.

Lower hyaloclastite deposits. Thick hyaloclastite depos-
its laid down in a water-filled basin form the basal part
of the volcanic sequence from Niissap qéqarssua to Tu-
paussat. The deposits in the basin consist in upward
sequence of mudstone, hyaloclastite tuffs and foreset-
bedded hyaloclastites, the latter being the dominant
lithology. The hyaloclastite sequence just west of Nik
kitdleq (fig. 2a) is the thickest of its kind (c. 650 m) on
Disko and Nigssuaq and exemplifies the development
in the basin.
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Fig. 2. Profiles through the Vaigat Formation on the south coast of Niigssuaq. The location of the profiles is shown in fig. 1.

The lower part of the sequence is ¢. 140 m thick and is
seen in slightly dislocated or isolated exposures. At the
bottom ¢. 5 m mudstone is exposed which is finely
intercalated with hyaloclastite in the upper metre. This
is covered by a sequence of sandy to silty hyaloclastite
tuff units with fining-upwards structure, intercalated
with coarser units with pillow fragments. The hyaloclas-
tites originated from picritic magma of a type character-
istic of the Naujdnguit Member on Disko.

The upper part of the sequence is exposed in near-

vertical cliffs. It is about 500 m thick and is composed of
regularly foreset-bedded coarse hyaloclastites with pil-
low fragments of olivine + plagioclase porphyritic con-
taminated basalt. These hyaloclastites originated from a
sequence of yellowish-brown subaerial lava flows which
forms a marker horizon within the predominantly grey
picritic lava flows towards the west.

The hyaloclastite tuffs in the lower part of the se-
quence are interpreted as deposited from suspension
flows possibly from volcanic sources many kilometres
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away. In contrast, the foreset-bedded hyaloclastites
were formed locally, where subacrial lava flows entered
the sea. The deposits gradually filled in the basin, pro-
grading from the west and north-west.

Contaminated volcanic rocks with native iron. In the
steep mountain side north of Niik kitdleq a sequence of.
sediment-contaminated volcanic rocks is exposed (fig.
2b). A striking feature is an up to 45 m thick rusty
brown weathering lava flow with native iron which rests
on a sequence of picritic lavas. The brown lava is an
erosion resistant columnar jointed andesite with dissem-
inated graphite and native iron. It was first observed on
the coast and identified through the study of scree
blocks by Steenstrup (1883). The lava is exposed over a
distance of 1.2 km and thins rapidly, and stops towards
the east. Heaps of strongly graphitic scoria occur at the
base of the flow and are rich in xenoliths of magma-
modified shale and of a non-graphitic vesicular basalt.
A sequence of grey-brown lava flows of contaminated
basalts cover the andesite lava or are dammed up
against_it. Due to lithological similarities these volcanic
rocks are tentatively correlated with the Asuk Member
on Disko.

Table 1. Chemical compositions of contaminated
and uncontaminated volcanic rocks from the
Vaigat and Maligdt Formations

1 2 3 4
Sio, 50.02 4513 48.73 49.18
TiO, 0.98 1.28 2.51 1.42
ALO, 12.59 1149 1413 14.56
Fe,0, 1.12 2.56 4.23 2.55
FeO 8.66 9.02 8.18 8.00
MnO 0.17 0.19 0.20 0.17
MgO 14.94 17.84 7.15 9.66
Ca0 8.03 10.54 1119 10.42
Na,0 1.38 1.25 2.29 1.65
K,0 0.29 0.06 0.31 0.24
P,0, 0.13 0.13 0.24 0.15
volat. 1.73 0.61 0.60 1.63

100.04  100.10  99.76  99.63

1. GGU 340711, Vaigat Formation: Contaminated Mg-rich
basalt, pillow fragment from the pillow breccia formed late
in the first volcanic event. Tupaussat, south Nfigssuaq.

2. GGU 340755, Vaigat Formation: Picrite, pillow fragment
in pillow breccia from the Ordlingassoq Member (second
volcanic event). Tupaussat, south N{igssuaq.

3. GGU 340844, Maligit Formation: Olivine + plagioclase
porphyritic basalt, pillow fragment in pillow breccia from
the Rinks Dal Member. Westernmost Kvandalen, Disko.

4. GGU 318829, Maligat Formation: Contaminated Mg-rich
basalt lava from the Niaqussat Member. Peak 1240 north
of Kvandalen, Disko.

Olivine porphyritic basalt lavas. A marker horizon
above the inferred Asuk Member at Nik kitdleq is
formed by 30-40 m of prominent erosion-resistant grey
to dark grey lava flows (fig. 2b). Towards the west this
horizon is situated in a subaerial lava sequence, while
towards the east the horizon underlies the eastward
thickening upper hyaloclastite deposits, until the lavas
in the horizon either disappear or develop into hyalo-
clastite facies 6 to 8 km further east. The lavas consist of
olivine-poor tholeiitic basalt and olivine cumulative tho:
leiitic basalt. These lava flows formed in a period of
volcanic stagnation, and the horizon is correlated with
the Qordlortorssuaq Member which completed the first
volcanic event on Disko.

Contaminated olivine porphyritic basalts at Tupaussat. A
sequence of light yellow-brownish weathering pahoehoe
lavas of contaminated basalts forms subaerial lavas just
below the prominent upper hyaloclastite deposits,
stretching from just west of Niik giterdleq to Tupaussat.
The sequence is coeval with or slightly older than the
lava flows assigned to the Qordlortorssuaq Member
further west. In the corrie north-east of Tupaussat (fig.
2c) the sequence consists of more than 100 m of hyalo-
clastite rich in decimetre-sized pillows, covered by 40 m
of pahoehoe lavas, while a few kilometres further to the
east the whole sequence is in hyaloclastite facies. The
rocks are olivine porphyritic contaminated basalts (Ta-
ble 1, no 1), derived from picrite magma.

The second igneous event. Above the lava sequence
assigned to the Qordlortorssuaq Member, the volcanic
sequence from the Vaigat Formation seems to consist of
picrites and olivine-poor tholeiitic basalts, developed
cither in subaerial or subaqueous facies. The chemical
composition of pillows (Table 1, no 2) and their lithol-
ogy can be correlated with the Ordlingassoq Member on
Disko. The subaqueous facies is described below.

An upper sequence of hyaloclastites extends for
about 36 km along the Vaigat coast from just north of
Niik kitdleq in the west to point 1760 east of Pautit in
the east. At Nik kidtleq two thin hyaloclastite horizons,
separated by 25 to 30 picrite flows, start in the otherwise
subaerial lava plateau, and increase gradually in thick-
ness towards the east until they merge. Thereafter they
continue eastwards as a steadily thickening single hori-
zon. Decimetre to metre thick deposits of mudstone
with plant fossils occur at the base of the lower of these
hyaloclastite horizons, and these mudstones, while still
unconsolidated, were often deformed by advancing hya-
loclastite beds. At Kugssinerssuaq the hyaloclastites
overlie about 50 m of black shale assigned to the Naujit
Member by Koch (1959). The hyaloclastites contain



pillow fragments of picrite and olivine tholeiite, and
they are regularly foreset bedded. The infilling pattern
of the basin is quite complex in detail, but in general the
hyaloclastite deposits have formed from subaerial lavas
flowing into the water from the west and north-west. At
the base of some breccia beds are found rounded beach
pebbles of picrite and sometimes of metre-sized frag-
ments of subaerial lava flows brought into the basin by
advancing lava fronts.

On Disko, alkaline picrites and alkaline basalts form
a separate unit (Manitdlat Member) within the Ordlin-
gassoq Member. Careful sampling of pillow fragments
in the hyaloclastite from Tupaussat to Kugssinerssuaq
has not revealed the presence of alkaline basic rocks in
the area. If present at all, the Manitdlat Member is
restricted to the area between Niik giterdleq and Tu-
paussat.

Eastern Disko

The field work in eastern Disko was centred in the
region around Kvandalen where the pre-existing in-
formation on the volcanic rocks is very sparse. Cretace-
ous and early Tertiary sediments occupy the lower levels
up to 450 to 700 m a.s.l., and the interfingering and
overlying volcanics belong to the Maligidt Formation.
Four areas in this region were investigated (fig. 3).

Marine shale. In the westernmost part of Kvandalen a
recently retreated glacier has left an exposure below the
base of the volcanic succession of about 20 m of dark
grey silty micaceous shale. The shale contains plant
debris including leaf imprints of needle and broad-
leafed species. It also contains well-preserved mussels
up to 1 cm in size which N. Noe-Nygaard (personal
communication) has identified as Nucula sp. Nucula is a
marine genus, and this indicates that the water basin
was connected to the sea at least temporarily.

Hyaloclastites. A hitherto unknown sequence of hyalo-
clastites was discovered in the Kvandalen region (fig.
3). It consists of two units.

The lower unit is best developed in the westernmost
part of Kvandalen where it is around 20 m thick. It
consists of several metre-thick layers of relatively fine-
clastic matrix-rich hyaloclastite with sparse pillows,
rarely exceeding 5 cm in size, of plagioclase-porphyritic
basalt. Trains of basalt pebbles and rounded shale xeno-
liths are seen at some levels. Centimetre-thick lenses
and irregular layers of mudstone occur at two levels,
one forming the top of the unit.

The upper unit is up to 90 m thick and consists of a
regularly foreset-bedded coarse hyaloclastite locally
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Fig. 3. Investigated area in eastern Disko.

rich in decimetre-sized pillows, covered by subaerial
pahochoe lavas belonging to the same eruptive unit as
the hyaloclastite. The rock is a tholeiitic basalt (Table 1,
no 3) with abundant microphenocrysts of platy olivine
and phenocrysts of plagioclase. In Frederik Lange Dal
two unusual composite lavas with basal parts of picrite
and upper parts of olivine-poor basalt belong to the
unit.

This hyaloclastite sequence forms an important
marker horizon that has been observed over a large part
of the Kvandalen region (fig. 3). It belongs to the lowest
part of the Maligat Formation and demonstrates the
existence of an easterly, water-filled sedimentary basin
with a water depth of around 50 m. A considerable
volume of this basin was completely filled in with hyalo-
clastite.

Subaerial lavas. After the infilling of the basin subaerial
plateau basalt lavas became widespread. In the eastern
part of Kvandalen and in Sortebzrdalen quartzo-feld-
spathic sandstones occur between the lower lava flows,
and a few coal layers up to several metres thick are
present in some of these sandstones. Towards the west
the sandstones diminish in thickness, and they are en-
tirely absent in the westernmost part of Kvandalen. The
major part of the subaerial lavas, as well as the under-
lying hyaloclastites, belong to the Rinks Dal Member of
the Maligat Formation.

Nordfjord Member. Pedersen & Larsen (1987) reported
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on the widespread occurrence of volcanic rocks from
the Nordfjord Member, overlying the Rinks Dal Mem-
ber, in the castern parts of Nugssuaq and Disko. This
summer lava flows of silica-enriched basalt from this
member were found to the south of Kvandalen, and it
was established that a native iron-bearing lava from this
member, known from the ridge to the north of Kvanda-
len, does not extend south of Kvandalen.

Niaqussat Member. Volcanic rocks from the Niaqussat
Member overlie the Nordfjord Member and constitute
the youngest volcanic rocks known from Disko (Pe-
dersen, 1975). In western Disko widespread lava se-
quences belong to the Niaqussat Member: they include
several iron-bearing lavas as well as iron-bearing craters
and intrusions.

A characteristic feature of this member is the occur-
rence of silica-enriched olivine microporphyritic pahoe-
hoe lavas (Table 1, no 4) which show flow-folding pat-
terns and inhomogencous vesicle distribution. Such la-
vas were Identified among the uppermost lavas in
Frederik Lange Dal. and they form the uppermost lava
flows on the highest peaks along the south wall of Kvan-
dalen (figs 3 and 4).

This discovery considerably extends the known range
of the Niaqussat Member towards the east. It demon-
strates that the volcanic sequence in eastern Disko,
though thinned and degenerated relative to that in west-
ern Disko, still comprises the whole Maligat Formation.
This is very valuable for the time-integrated basin analy-
sis of the region.
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Geological photogrammetry using oblique aerial photographs

Keld S. Dueholm and Asger Ken Pedersen

Large areas in Greenland are covered by oblique aer-
ial photographs, taken with 23 x 23 cm? photogram-
metric cameras of the type ‘Eagle’ between 1948 and
1953. Though almost all of Greenland is now covered by
modern vertical photographs, the oblique photographs
still represent a valuable alternative source of geological
information because of the perspective at right angles to
the mountain side. So far, geologists have only been
able to use the oblique photographs for visual interpre-
tation.

New photogrammetric instruments like the Kern
DSR 11/GP1 Analytical Plotter at the Institute of Sur-
veying and Photogrammetry, the Technical University
of Denmark, make it possible for geologists to map
precisely from oblique photographs. This report de-
scribes an experiment where such photographs have
been used for mapping of steep mountain sides for the

production of geological maps, cross-sections and per-

spective views. Earlier results are reported by Dueholm
& Garde (1986) and Heinesen (1987).

Experimental area

Current geological investigations along the south
coast of Niigssuaq and in northern and eastern Disko
(Pedersen, 1985; Pedersen & Larsen, 1987; Larsen &
Pedersen, 1988) concern Tertiary lavas and hyaloclas-
tites, and their interaction with clastic sediments of non-
volcanic origin. Volcanic units are traced from close to
their eruption sites, where they originate as subaerial
lava flows, to where they enter water-filled basins and
develop into subaqueous lava flows and hyaloclastites
which may show impressive foreset bedding. The vol-
canic units often encounter and interact with sandstones
and mudstones from the Upper Atanikerdluk Forma-
tion (Koch, 1959). Accurate mapping of chronostra-
tigraphic volcanic horizons from subaerial to subaque-
ous facies is important for integrated basin analysis.

The lithological units mapped are lava flows or se-
quences of lava flows, or hyaloclastite beds, which may
be distinctive through variation in thickness, morphol-
ogy or colour.

Photogrammetric orientation

Altogether four pairs of oblique photographs were
analysed; the results from one stereo pair 514G1-N@

Rapp. Grenlands geol. Unders, 140, 33-38 (1988)
3 Rapport nr. 140

nos 8840 and 8841 from 1949 taken with an Eagle cam-
era no. 15 is used as an example (fig. 1). The Eagle
cameras used in the 1940s and 1950s for oblique pho-
tographs are not of the same quality as modern pho-
togrammetric cameras. To increase precision it is there-
fore important not only to know the calibrated focal
length of the camera, but also to obtain the calibration
reports of the camera at the time of operation. Fortu-
nately, the Geodetic Institute, Denmark, who took the
photographs in 1949, can provide such reports for both
cameras used in the experiment.

The Eagle camera has eight fiducial marks (réseau
marks). Average residuals for an affine transformation
of the measurements to the calibrated coordinates are
about 25 microns. This is a relatively high value com-
pared to the results obtained with modern cameras and
film types, but it is not of great significance in the
present experiment, and we were able to orientate three
of four stereomodels and obtain satisfactory results.
However, the fourth model, 514G1-N@ nos 8824 and
8825, taken with Eagle camera no. 15 on July 24 showed
residuals on one fiducial mark close to 1 mm, which is a
very high value, and the relative orientation also gave
very poor results. The optical quality of these pho-
tographs is similar to other photographs taken with the
Eagle camera 15 and is found to be of good geometrical
quality, so the errors do not show up visually.

Errors during photography, or during storage, are
likely sources of the large residuals. Thus, geologists
should be aware during the planning stage that not all
old photographs are of sufficient geometrical quality.

Control points needed for the absolute orientation of
the stereopairs were digitized from topographic maps -
on the scale 1:250 000, and shore lines, intersecting
rivers and mountain tops were identified and used.

The topographic maps of Nigssuaq and northern
Disko are of poor general quality and for this reason the
identification of points is difficult. Therefore, the accu-
racy of the absolute orientation was low i.e. 30 m (10) in
plane and 5 m (10) in elevation. Because of the oblique
view the points were widely spaced (more than 30 km
apart). Therefore, the standard errors on the scale in
the orientated model were better than 1%. in spite of the
fairly large co-ordinate deviations. This was found to be
satisfactory because the aim of the present experiment
was relative measurements within a limited area.

The relative pointing precision varies over the model '
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because the oblique view gives a varying photographic
scale. The mountain sides of interest were normally
situated at a distance of about 7-8 km from the camera,
resulting in a photographic scale of about 1:50 000.

As judged from the relative orientation, the pho-
togrammetric precision obtained was about 20 microns,
which gives a relative pointing error of about 1 metre at
the scale 1:50 000. The resolution of the old photo-
graphs only allowed for a magnification of about five
times, so that the photogrammetric interpreter ob-
served the mountain side of interest at a scale of about
1:10 000.

During the project photograph overlaps of about 60
and 80% were tested. Although the mountain side of
interest was close to orthogonal to the photograph di-
rection, it was difficult to maintain the stereoscopic view
at 60% overlap during the operation. Therefore. 80%
overlap was used and is recommended for future work
although the accuracy of measurement is about half that
for 60% overlap.

Work procedure

The models were orientated by a photogrammetric

Fig. 1. Part of oblique photo-
graph 514G1-N® no 8840 from
Nk kitdleq at the south coast of
Nugssuaq. Courtesy Geodatisk
Institut. Denmark.

operator, who took about two to three hours due to the
troublesome work of finding and digitizing points from
the topographic maps. Subsequently, contours were
digitized by the photogrammetric operator, whereafter
the geologist interpreted and digitized the relevant ge-
ological features in the model. Simultaneously with the
data collection, a test plot was produced on an on-line
plotting table. The average time spent by the geologist
on a 10 km long profile was two days.

After the data collection, different views were plotted
from the data-files. For this project a normal orthogonal
projection. a section, and a perspective plot were
drawn, and examples are given in figs 2 and 3.

Geological interpretation

The selected model. from Nik kitdleq on the south
coast of Nigssuaq. was interpreted and measured pho-
togrammetrically. Observations on the sterco model
were supplemented by visual inspection of a series of
colour slides taken in the model area from a helicopter.
The features studied were the pre-Quaternary sedimen-
tary and volcanic lithologies, with the main emphasis on
the volcanic rocks from the Vaigat Formation. The



three main lithologies are Cretaceous clastic sediments,
Tertiary hyaloclastites and lava flows.

The exposures with Cretaceous sediments can be
mapped easily, and several metre-thick units of sand-
stone or shale can be measured when they are not
obscured by scree and landslides. Solifluction makes
strike and dip measurements uncertain but it is easy to
ascertain that sediments in the western part of the
model show apparent dips of 6 to 9° towards the east,
while sediments in the eastern part of the model are
sub-horizontal.

The hyaloclastite basins are very suitable for this type
of photogrammetry. Thickness of hyaloclastite units,
and strike and dip of foresets can easily be measured
and units with different colours can be mapped. The
transition from subaerial lava facies to subaqueous hya-
loclastite facies is easily recorded. As an example, lava
flow a (fig. 2) developed into hyaloclastite foreset @ with

a strike of 01° and a dip of 27°E, and the water depth of,

the basin at the time of eruption of lava a was more than
491 m.

The varying erosion resistance and colours of the
subaerial lava flows make it possible to map a sequence
of lava flows and some individual lavas. Structures and
variations in thickness of flows or series of flows as well
as dips and strikes are easily measured. The method is
not well suited for measuring and mapping dykes and
faults cutting at oblique angles to the direction of obser-
vation.

The area of the model was subsequently visited in the
field (Larsen & Pedersen, 1988) and the photo-inter-
preted features were found to be correctly recorded.
However, some geologically important features which
are not clearly distinguishable on the old photographs
were also found.

Conclusion

During the project we found that the oblique view has
the following advantages:

(1) The steep mountain sides facing the camera pro-
vide an excellent target for photo-interpretation.

(2) The angle of sight is suitable for some map projec-
tions and excellent for the construction of vertical sec-
tions.

(3) The angle of sight, which resembles that of the
geologist’s normal field situation, is of great help in the
interpretation of the geology of sub-horizontal and dip-
ping lithological sequences.

(4) In some models the oblique view permitted the
identification of marker horizons over distances of up to
100 km, which may be very useful in reconnaissance
work.

3+
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The following general problems were encountered
with the use of oblique as opposed to vertical pho-
tographs:

(1) It is very difficult to base regional mapping on
oblique photographs alone because of the varying scale
and the shadowed areas.

(2) It takes more practice for the geologists to use the
measuring mark in the oblique view than in vertical
views.

The following special problems were encountered for
the actual photographs taken with Eagle cameras
around 1949:

(1) Photographs from one flight line were of poor
geometrical quality.

(2) Photographs are of greatly varying quality for
resolution and sharpness of details. Generally a magni-
fication of more than five times brings out the grain in
the photograph. Modern photographs would allow a
much higher magnification.

However, despite these shortcomings, valuable ge-
ological information can be extracted from all the in-
vestigated photographs, though with variable geomet-
rical accuracy and information density. In general, the
methods are very suitable for producing detailed sec-
tions and profiles. Due to shadowed areas, however,
regional mapping projects should still be based on verti-
cal aerial photographs.

The variable quality of the old oblique photographs
and the wide spacing on the flight lines raise the ques-
tion of how to obtain new oblique photographs for
geological investigations where, owing to financial and
practical factors, new photographic missions with mod-
ern photogrammetric cameras cannot be expected. For
this reason we have started experimental work on
oblique photogrammetry with a series of colour diapos-
itives taken with a Hasselblad camera from a helicopter.
Several photographic series taken by F. Ulff-Mgller for
us in the Disko and Nigssuaq areas in the summer of
1987 gave encouraging results.
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Examples of bar accretion in fluvial sand, the Atane Formation,
eastern Disko, West Greenland

Gunver Krarup Pedersen and Morten Willaing Jeppesen

The aim of the present paper is to supply additional
sedimentological observations and to add new details to
the existing interpretation of the Atane Formation on
eastern Disko. Examples of epsilon cross-bedding re-
flect formation of point bars and indicate intermittent
development of sinuous channels in the coarse-grained
braided river. Large tabular sets of planar cross-bedding
are interpreted as transverse bars and the coalescence of
two such bars are discussed in detail. The field work was
carried out during five days in July 1987 as part of a
sedimentological research project supported by GGU
and financed by SNF.

Background

White to pale yellow, slightly consolidated sand is
widely exposed on eastern Disko below the Tertiary
volcanic rocks. The sand was deposited in 10-40 m thick
sequences capped by relatively thin clay horizons and
eventually by coal seams. Palaeobotanical studies of
these indicate a late Cretaceous age (Miner, 1932) and
the sand is referred to the Atane Formation (Henderson
et al., 1976).

Johannessen & Nielsen (1982) and Bennike et al.
(1981) studied the Atane Formation at Pingo and Skan-
sen (fig. 1) and suggested deposition by a sandy braided
river. They based their interpretation on the predom-
inance of current-generated sedimentary structures, the

Rapp. Granlands geol. Unders. 140, 3843 (1988)

unimodal palacocurrents and the lack of channel aban-
donment or classical, fining-upwards point bar se-
quences characteristic of meandering rivers. The
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Fig. 1. Location map, showing the distribution of the Cretace-
ous sediments in the Nigssuaq Embayment and the localities
where the fluvial sediments have been studied.
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Fig. 2. A brief summary of the
sedimentary facies of the Gule
Ryg area accompanied by two

vertical logs measured through
exposures adjacent to those of
figs 4 and 6. The lithofacies de-
nominations of Miall (1977) have
been used.

210m

palaeogeography of the northward flowing river is il-
lustrated by Surlyk (1982).

Miall (1977, 1978) grouped braided rivers into six
types of which the Platte type is characterized by an
abundance of linguoid (transverse) bar and dune depos-
its, lack of well-developed cyclicity, and by a predom-
inance of sand-sized sediment. The South Saskatchewan
type is dominated by trough cross-bedded sand and
characterized by thinning- and fining-upward cyclic se-
quences. Conceptual models of the distribution of bed-
forms and macroforms within these two types of rivers
are illustrated as models 9 and 10 by Miall (1985). One
or both of these models may encompass the Cretaccous
sand of the Gule Ryg area.

Observations

Our observations show that vertical sequences are
highly variable and fining-upward trends are weak and
generally restricted to the upper 2-3 m below laterally
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-Fm_ Facies Description Interpretation
s Sm Coarse-grained, Rapid deposition from
5 poorly sorted decellerating current.
?p; structureless sand. Poseibly chanel floor
(association with St1
m at 210 m and pebble
r lag at 245 m).
Rl
5t 1 Medium- to coarse—
_Sp_i ~grained, locally pebbly
-S—LT sand with indistinct
=il cross strata. Troughs
are 10-20 cm deep and up Dunes migrating within
Sp2 to 100 cm wide. channels or super=-
512 imposed on bars or
sSt1 5t 2 Medium-grained sand sandflats (Miall,
with distinct cross 1977; Cant & Walker,
strata. Troughs are 1976).
generally 8-10 cm deep
and 30-50 cm wide.
_;‘_; sp 1 Solitary sets of planar Transverse bar.
def. tabular cross strata,
often 50-150 cm thick.
—— Facies 1, see text.
%;2 Sp 2 Medium- to very Trains of straight
}-’ﬂ- coarse—-grained sand crested sandwaves
Se with tabular angular migrating across
St2 cross strata. Individoal sandflats (Johannesen
“SF beds are 10-40 cm thick & Nielsen, 1982).
— and form cosets up to
1 5-6 m thick.
-3_9_ Se Epsilon cross Point bar.
— stratification.
del
Facies 3, see text.
Sto Sr Cross laminated Eine- Low energy subenvir.,
to medium-grained slough channels,
-— sand, current top of sand flat,
sp1 generated structures, lower point bar.
% S def  Soft sediment Deformation of
Sm deformation ranging from liquefied sediment

oversteep £

to intricate slump folds.

d by water
escape (Plint, 1983).

persistent beds of silt, shale and thin coal seams (fig. 2).
These horizons of fine-grained sediments delineate
stages in vertical accretion of the fluvial system and
range as third order bounding surfaces in the classifica-
tion of Allen (1983) and Miall (1985). The sedimentary
facies described by Johannessen & Nielsen (1982) are
all recognized at Gule Ryg but occur in different pro-
portions. A summary of the sedimentary facies is given
in fig. 2, and only the transverse bar (facies 1 and 2) and
the point bar (facies 3 and 4) are described below in
greater detail and illustrated in figs 3, 4, 5 and 6.

Transverse bar

Facies 1: transverse bar front (figs 3, 4). Facies 1 com-
prises solitary tabular sets, (D) and (F), of large-scale
cross-bedded, medium-grained sand with planar, tan-
gential foresets. The foreset laminae are 1-2 cm thick,
normally graded up-dip, while grading across individual
foresets is insignificant. Large variations in grain size
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Large scale lrough cross strata *.. Palaesocurrent

Medium —— _— (F) Depositional unit
Large scale planar —— == Pebbly sand

E Cross lamination

are, however, found between successive foreset lami-
nae. Some of these pinch out halfway down the slip-face
and some are lenticular in cross section similar to the
subaqueous grain flows discussed by Hunter (1985).
The down-dip increase in grain size is especially pro-
nounced in G, where the cross strata are seen to have
sharp, locally lobate toes, which strongly point to depo-
sition from avalanching. Coal debris is locally accumu-
lated at the base of foresets. Reactivation surfaces are
rare.

Topset strata are neither preserved in D, which is
truncated upwards by a Quaternary erosion surface, nor
in F which is cut by small scours and erosively overlain
by a thin wedge of pebbly sand succeeded by cosets of
tabular cross-bedded sand (fig. 3). Both D and F
formed through lateral accretion on a core of trough
cross-bedded sand which was an erosional remnant of
slightly older deposits. Adjacent to the cores the fore-
sets are oversteepened and slightly deformed by small
slump folds (fig. 4).

Facies 2: bottom sets of the bar (figs 3, 4). Facies 2
comprises parallel-bedded, medium-grained sand with a
low angle of dip denoted by C. The beds are ¢. 5 cm
thick and form the continuation of the foreset laminae
of D (fig. 4). Cross laminated intrabeds show ripple
migration obliquely towards the slip face of the bar.
This cross-lamination was produced by a subordinate
current, similar to the low stage flow discussed by Col-
linson (1970) and Hobday et al. (1981).

Fig. 3. Section through two trans-
verse bars. Note the systematic
change in palacocurrent direc-
tions in F which indicate that the
front of the bar was lobate.

Soft sediment deformation

Interpretation. Facies 1is interpreted as avalanche depo-
sition on the slip face of a bedform similar to the trans-
verse, linguoid or cross-channel bars discussed by Col-
linson (1970), Smith (1971), Cant & Walker (1978),
Miall (1977), Hobday et al. (1981). The systematic
change in foreset orientation, indicating palacocurrents
from 310° to 240° in (F) (fig. 3), indicate that the bar
front was lobate.

Figure 3 shows that the two bars F and D formed
simultaneously. F migrated across the bottom sets C of
D, but F was finally overlain by G which succeeded D
(figs 3, 4). The coexistence of two bars support the
interpretation of the bar front of F as lobate, because
linguoid transverse bars are reported to occur in large
fields in recent rivers (Collinson, 1970, Blodgett & Stan-
ley, 1980).

The scarcity of reactivation surfaces may indicate that
the discharge was relatively stable or that the bedform
migrated more rapidly than fluctuations in discharge
occurred, Oversteepened foresets and the small-scale
slump deformations are compatible with rapid deposi-
tion during high-flow stage (Plint, 1983).

Reactivation surfaces were, however, generated
where one transverse bar was overtaken by its successor
(Johannessen & Nielsen, 1982, fig. 13e, f). Repetitive
reactivation surfaces of this type were also seen at Gule
Ryg, but appear here to be restricted to smaller bars
(slip faces 50-60 cm high). A similar pattern of reactiva-
tion surfaces is described from mid-channel bars by
Haszeldine (1983).

Fig. 4. Details of fig. 3 showing

slip face strata D, bar bottomsets -

C and a core of older sediment B.
The trough cross-bedding of B
was distorted through water es-
cape liquefaction prior to deposi-
tion of D. The foreset strata of D

are oversteepened adjacent to B

indicating continued plastic de-
formation. Same signature as fig,
3
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Fig. 5. Point bar intercalated between two transverse bars. A: transverse bars. B: epsilon cross-bedding. C: proximal part of facies
4. D: distal part of facies 4. Palacocurrents of the depositional units are plotted for comparison.

Hobday et al. (1981) reported small scour channels on
top of transverse bars and interpreted them as low stage
dissection during partial emergence of the bar. Similar
scours are seen in F (fig. 3) and in fig. 5.

Both bars are seen to have evolved through lateral
accretion on cores of slightly older, trough cross-bedded
sand (facies St2, units B and E, fig. 3). This supports the
interpretation (Johannessen & Nielsen, 1982) of the
river as characterized by frequent shifts between
flooded or partially emergent bedforms.

Point bar

Facies 3: epsilon cross-bedding (figs 5, 6). Facies 3 con-
sists of large-scale, gently dipping, planar cross-bedded,
medium- to coarse-grained sand. The foreset laminae
are 2-5 cm thick and normally graded across. Coal clasts
of 1 cm are accumulated in the bottomsets. The unit
contains several reactivation surfaces separating 15-20
cm thick bundles of foresets. The upper terminations of
the foresets show offlap, while their lower terminations
downlap on the channel floor or interfinger with facies
4. The top of the foresets dip ¢. 15° while the tangential
bottom sets grade laterally into facies 4. In the upper
part some small scour channels are seen.

Facies 3 is interpreted as epsilon cross-bedding. The
lateral transition of facies 3 into facies 4 suggests a
morphology like the lower point bar of McGowen &

Fig. 6. Point bar complex show-
ing that the lateral sequence from
facies 3 to 4 shown in fig. 5 is
repeated.

=

e

Garner (1970: fig. 4), though without associated chute
bars. The properties of facies 3 are also comparable to
those of the lateral accretion element or epsilon cross-
bedding proposed by Miall (1985).

Facies 4: cross-lamination of lower point bar (figs 5, 6).
The second depositional unit is built up by subhorizon-
tal, 510 cm thick sets of cross-laminated medium-
grained sand. The distal parts are comparable to the
trough fill and foreset cross-stratification of McGowen
& Garner (1970). In the proximal parts the sets become
steeper, while the intrasets show ripple migration across
the foresets of facies 3. Parallel laminae of sand are
interbedded with the cross-laminated sand and drape
the whole structure (fig. 5). The transitional zone be-
tween facies 3 and 4 is characterized by contortion of
the cross-bedding and obliteration of all the internal
small-scale structures. This feature is possibly related to
liquefaction during the rapid deposition (Levey, 1978).
Facies 4 was probably deposited in a lower point bar
environment similar to the deposition at low stage flow
conditions in the Amite and Colorado rivers (McGowen
& Garner, 1970).

Interpretation. The point bars are thought to have
formed under relatively quiet flow conditions in a ‘sec-
ondary meandering river’ between the emergent sand
flats in the braided river system.

= —

f 3

facies 3 =] facies 4



42

290°

Fig. 7. Palaeogeographical
sketch of the Nigssuaq Embay-
ment during deposition of the
Atane Formation. Modified from
Surlyk (1982). Palacocurrent di-
rections at Pingo, Gule Ryg and
Skansen suggest sediment influx
via an alluvial fan adjacent to the
fault which borders the basin. Di-
agrams A, B, C include the total
number of measurements, while
D, E, F illustrate orientation of
slip faces of facies 1. Diagrams
A, C, D, F are redrawn from
Bennike ef al. (1981) and Johan-
nessen & Nielsen (1982). A: n =
100,B:n=73,C:n=34,D:n=
79, E:n =25 F:n =27

Figure 6 illustrates repetition of the lateral sequence
composed of facies 3 and 4. The cyclic development of
the point bar reflects varying discharge within this lower
flood stage. Epsilon cross-strata represent maximum
discharge and the cross-laminated and parallel lamina-
ted sand formed during minimum discharge conditions.

Discussion

The presence of epsilon cross-bedding associated with
cross-lamination indicate deposition on point bars.
Classical point bar sequences (Allen, 1970) with pro-
nounced fining-upward trends and capped by overbank
mud and coal are, however, lacking. Neither are chan-
nel abandonment sequences found. Point bar devel-
opment was therefore presumably restricted to shorter
periods of low-flow stage when sinuous channels devel-
oped between emergent sand flats. These may have
been vegetated as comminuted plant debris is ubiqui-
tous.

Transverse bars are seen in association with sand flat
or point bar facies in figs 3 and 6. The former associ-
ation corresponds to the facies model of the South Sas-
katchewan River (Cant & Walker, 1978). This model
illustrates further the importance of channel floor depo-
sition (facies St) which has occurred frequently in the
sequence shown in fig. 2. The fluvial deposits in the
Gule Ryg area do, however, have less pronounced fin-
ing-upward trends and less fine-grained sediment than
has the South Saskatchewan model. Thin shale layers
locally associated with thin coal seams are laterally con-
tinuous over hundreds of metres at Gule Ryg and divide

the formation into 10-40 m thick sequences. Johan-
nessen & Nielsen (1982) found that transverse bars pre-
dominate in the Pingo area and that signs of exposure
are rare. They therefore concluded that the bars mi-
grated in a wide, shallow river which only developed a
braided channel pattern during low-flow stage.

Palaeocurrents

Palaeocurrent data from facies 1-4 are shown in de-
tail in figs 3 and 5, and are included in fig. 7. The large
spread in current directions is noteworthy, as is the lack
of easterly directions. Most measurements were made
of foreset orientations, and variations are found both
between and within facies. This wide range of local flow
directions indicates that the river was a multichannel
system at least during low-water stages where the flow
was channelled between metastable bars and sand flats.

The regional distribution of sedimentary facies within
the Cretaceous of the Niigssuaq Embayment shows flu-
vial sand on eastern Disko, delta-plain sand-shale-coal
in southern Nigssuaq and marine shales in northern
Niigssuaq. The main sediment transport was therefore
towards the north as shown by Surlyk (1982).

Johannessen & Nielsen (1982) found unimodal
palaeocurrents towards the north-west at Pingo while
south-westerly directions predominate at Skansen (Ben-
nike et al., 1981). The current data from Gule Ryg are
thus intermediate and all three current-roses are plotted
for comparison in fig. 7. The many westerly current
directions” could reflect sediment transport into the
Niigssuaq Embayment via an alluvial fan adjacent to the



regional fault which now separates this basin from the
Precambrian terrain to the east.

Conclusion

Our observations support the existing interpretation
of the Atane Formation on eastern Disko as a sandy
braided river (Bennike et al., 1981; Johannessen & Niel-
sen, 1982; Surlyk, 1982). The recognition of point bar
sequences indicates the establishment of sinuous chan-
nels during low-flow stage. The palaeocurrents show a
variety of directions, most with a westerly component.
Compared with palaeocurrent directions from Pingo
and Skansen this suggests sediment transport into the
Nigssuaq Embayment via alluvial fans along the east-
ern margin of the basin.
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Tourmaline in Precambrian supracrustal rocks from Aasiaat,
central West Greenland

Peter W. Uitterdijk Appel

Close to the town Aasiaat/Egedesminde supracrustal
rocks outcrop on some small islands situated around the
position 68°46'N and 52°38'W. The largest of these is-
lands, Isuamiut, is barely a few kilometres long and the
islands are situated more than 10 km from the main-
land.

On Isuamiut two tourmaline-rich layers or tourmali-
nites have been found (Ellitsgaard-Rasmussen, 1954).
Tourmalinite is a peculiar rock type consisting mainly of
tourmaline together with quartz, feldspar or mica,
sometimes with appreciable amounts of sulphides
and/or scheelite. The chemical composition of the tour-
‘maline in tourmalinites is to some extent indicative of
the genesis of the boron. I therefore decided to collect
some samples of tourmaline on Isuamiut when passing
the area on a boat journey along the west coast of
Greenland during July 1987.

Geology of the islands

The islands have been mapped in detail by Ellits-

gaard-Rasmussen (1954). The following brief descrip-
tion of the geology is based on his work, but includes
some further information gathered during the short visit
to the islands.
* The supracrustal rocks consist largely of metasedi-
ments and some metavolcanics which have been in-
truded by metagabbros. The metasediments comprise a
surprisingly wide sedimentological set of rocks, ranging
from very fine-grained black shales to coarse-grained
metaconglomerates together with metamorphosed
sandstones, quartzites and carbonate layers. The black
shales which are found in layers up to tens of metres
wide are rusty-weathering rocks sometimes stained with
malachite and locally with appreciable amounts of
graphite, pyrrhotite and small amounts of chalcopyrite.
These layers can be traced for hundreds of metres along
strike. The metamorphosed sandstones occur as metre-
wide light grey to white layers with occasional clasts.
The conglomerate layers are up to one metre wide with
rounded to slightly angular pebbles which are up to 30
cm long. The carbonates occur as yellowish weathering
layers up to one metre wide.

On the south-western part of Isuamiut a sequence of
green mica schists, tens of metres thick with scattered
grains of hornblende occur in which tourmaline-rich
layers are seen (see below).

Rapp. Gronlands geol. Unders. 140, 4446 (1953)

A thick sequence of staurolite-rich metasediments
occurs on a small island south-east of Isuamiut. The
staurolite crystals are up to 10 cm long and locally make
up more than 50% of the rock. Staurolite has not been
observed on the other islands,

Intercalated in the mectasediments are frequent thin
amphibolites which are locally quite rich in garnets.
These amphibolites may represent basic tuffs.

The supracrustals have been repeatedly folded and
metamorphosed under low- to medium-grade amphibo-
lite facies. Subsequent to the deformation some carbon-
ate and quartz veining has taken place.

Tourmalinites

Tourmalinites occur as layers up to a few tens of
centimetres wide in the green mica schists of south-
western Isuamiut. They are stratiform (Ellitsgaard-Ras-
mussen, 1954) and can be traced for some tens of metres
along strike. The mica schists have up to 30% tourma-
line. The tourmaline is black and often appears as clus-
ters up to 5 cm long containing almost 100% tourmaline
as fine crystals.

The tourmaline-bearing chlorite schists are cut by
carbonate veins near which calcic amphiboles and thin
massive tourmalinites are found. The carbonate veins
have been deformed and at a later stage the tourmaline-
rich schists have been cut by quartz veins. These quartz
veins contain no tourmaline, but thin massive tourmali-
nites have been developed along their contacts.

On some foliation planes of the green mica schists
very coarse-grained black tourmaline occurs. The tour-
maline is up to 10 cm long sub- to euhedral crystals
which have been broken up during deformation. These
coarse tourmaline crystals and the tourmaline clusters
are surrounded by a tourmaline-free halo of green mica
schist.

In thin section the tourmaline is mostly brown to
brownish green without any zonation. However, in
some of the massive tourmalinite next to quartz and
carbonate veins many of the tourmaline crystals display
a well-developed zonality. These tourmalines consist of
a light bluish centre surrounded by a brownish rim, and
have sharp borders between the centres and rims.



Table 1. Microprobe analyses of
homogeneous tourmalines

Sample No. 341214A 341214 341215 341217
(No. of analyses)  (10) a1n (10) Centre (15) Rim (15)
Si0, 36.12 35.88 - 36.31 36.37 35.90
_TiO, 0.80 0.51 0.26 0.43 1.13
ALO, 3070 3033 3047 3170  29.82
FeO 7.07 6.94 6.02 7.57 7.97
MgO 7.11 7.21 8.21 6.31 6.91
Ca0 1.20 1.32 1.59 0.76 1.34
Na,0 1.91 2,02 2.01 1.96 2.00

341214, 321214A, 341215 homogeneous tourmaline.
341217 zoned tourmaline.

"All results in percent.

Chemistry of the tourmalines

Tourmalines from three samples of chlorite schist and
one sample of massive tourmalinite next to a quartz vein
have been analysed on a Jeol Super 733 microprobe
using olivine, corundum, wollastonite and hematite as
standards at 15 kV and 20 nA.

A total of 61 microprobe analyses were carried out
where each analysis is an average of four analyses car-
ried out 10 papart. The results are listed in Table 1. The
tourmalines have also been analysed for potassium,
manganese and chromium, all of which appear in quan-
tities at or below the detection limit.

The chemical composition of the tourmalines com-
pares fairly well with that of tourmalines in tourmali-
nites from the Malene supracrustal rocks in the Nuuk
area (Appel & Garde, 1987). The optical zonality ob-
served in the tourmalines from the massive tourmali-
nites next to quartz veins is obviously due to significant
differences in chemical composition between centres
and rims of the tourmalines as shown in sample 341217
(Table 1). Sodium occurs in the same concentrations in
the centres and rims, whereas MgO, CaO, TiO, and
FeO are enriched in the rims of the zoned tourmalines
and Al,O, and SiO, show highest concentrations in the
centres of the zoned tourmalines compared- with the
rims. These relationships correlate very well with the
chemical zonation in zoned tourmalines from the Ma-
lene supracrustal rocks (Appel & Garde, 1987).

Conclusion

Until recently tourmaline was regarded as a mineral
of granitic pedigree, but during the last decade it has
become increasingly recognised that tourmaline can
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also be formed by other processes. In greenstone belts
in North America and in Australia stratiform tourmali-
nites have been recognised and have been interpreted as
products of submarine exhalative activity (Slack, 1982;
Plimer, 1983). Recently similar stratiform tourmalinites
have been recognised in the Malene supracrustal rocks
of the Nuuk area, West Greenland (Appel, 1985; Appel
& Garde, 1987) where they have been interpreted as
exhalites which were precipitated on the sea floor con-
temporaneously with the deposition of the mafic tuffs
which are frequently their hosts.

In his detailed description of the tourmaline-rich
rocks in the supracrustals at Isnamiut, Ellitsgaard-Ras-
mussen (1954) interpreted the tourmalines as stratiform
and suggested that the boron was derived from sea
water and scavenged by precipitating clay minerals. His
suggestion, which was quite controversial in the fifties,
is in close agreement with the most recent theories
regarding formation of tourmalinites.

The geological setting and the chemical composition
of the Isuamiut tourmalines correspond very well with
the composition of tourmalines found in metamor-
phosed pelitic sediments in the Archaean Malene supra-
crustal rocks (Appel & Garde, 1987).

The following mode of formation of the Isuamiut
tourmaline-rich rocks is proposed. Boron, possibly of
submarine exhalative origin, in sea water was scavenged
by clay minerals. This first step is substantiated by the
fact that certain clay minerals are able to scavenge ap-
preciable amounts of boron, resulting in a pelite with up
to 1000 ppm boron (Reynolds, 1965). After deposition
of the boron-rich clay minerals at Isuamiut, tourmaline
was formed during diagenesis at an early stage of meta-
morphism, resulting in fine-grained tourmaline crystals,
more or less evenly distributed throughout the mica
schist.

During prograde metamorphic conditions when the
temperatures reached 400 to 500°C (Weisbrod, 1987)
the solubility of tourmaline increased considerably, dur-
ing which period the tourmaline-rich clusters and fairly
coarse-grained tourmalines, which appear brownish in
thin section, were formed. After the first deformation
the tourmaline-rich mica schists were intruded by thin
carbonate veins followed by thin quartz veins, the tour-
maline then migrated at high temperatures to low pres-
sure zones in the vicinity of the carbonate and quartz
veins, and the bluish cores of the tourmalines were
formed. The brownish rims around the bluish cores
were formed at a later stage.

The presence of tourmaline-rich rocks and tourmali-
nites in supracrustal rocks has often been taken as an
indication of economically interesting mineralisation
such as the tourmalinites associated with the Broken
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Hill ore body, Australia (Plimer, 1983). It seems there-
fore worthwhile to look closer at the supracrustal rocks
at Isuamiut and at their conterparts on the mainland in
order to locate interesting mineralisation such as mas-
sive sulphide ore bodies.

Acknowledgements. J. Rgnsbo, Mineralogical Institute, Uni-
versity of Copenhagen made the microprobe analyses of the
tourmalines. The microprobe was bought with funds from the
Danish Natural Science Council.
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Corundum crystals with blue-red colour zoning near Kangerdluarssuk,
Sukkertoppen district, West Greenland

Adam A. Garde and Mogens Marker

Results are presented of field work at a corundum
locality near the head of Kangerdluarssuk, east of Mani-
itsog/Sukkertoppen, West Greenland. The authors car-
ried out geological mapping and sampling over four
days in August 1987 to evaluate the quality of the corun-
dum as a possible gemstone.

Previous investigations

The corundum locality has probably been known to
the local population for a long time. It was first visited
by geologists in 1977 during reconnaissance mapping by
GGU. The locality is mentioned by Secher et al. (1982),
and by Petersen & Secher (1985) who reported rose red
bipyramidal corundum crystals up to 15 cm long.

General geological setting

The Sukkertoppen district, which is part of the Ar-
chaean of southern West Greenland, has only been
covered by reconnaissance geological mapping at a scale
of 1:500 000 (Noe-Nygaard & Ramberg, 1961; Allaart
et al., 1978; Allaart, 1982). The area consists of granu-
lite and upper amphibolite facies, quartzofeldspathic
gneisses and supracrustal rocks, mostly amphibolites
and their granulite facies equivalents, as well as clastic
metasediments which are common in this part of the

Rapp. Gronlands geol. Unders. 140, 4649 (1988)

Archaean basement, e.g. on Hamborger Land north of
Maniitsoq. Pods and lenses of ultrabasic rocks, some-
times several hundred metres long, occur within the
supracrustal sequences and most commonly consist of
ortho- and clinopyroxene and lesser olivine, togéther
with Mg-rich amphibole and various low-grade alter-
ation products.

Country rocks at the corundum locality

In the vicinity of Kangerdluarssuk there are several
sequences of supracrustal amphibolites and metasedi-
ments with local ultrabasic lenses in the gneisses. The
structural trend is persistently north-east with sub-verti-
cal dips and a strong planar fabric particularly well
developed in the metasediments. ' .

The corundum locality occurs within one of these
supracrustal sequences at the contacts between two
small lensoid ultrabasic bodies and a spectacular hori-
zon of bluish and rusty kyanite-garnet schist (fig. 1).
The ultrabasic bodies are situated entirely within the
metasediments which are in turn intercalated between
calc-silicate banded and veined amphibolites. Pegma-
tites composed of quartz, feldspar, mica and occasion-
ally black tourmaline occur within the amphibolites in
the vicinity of, but not immediately adjacent to, the
corundum locality.
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Fig. 1. Geological map of the corundum locality at Kangerdluarssuk.

The ultrabasic bodies are somewhat unusual for the
West Greenland Archaean, being very olivine-rich and
with appreciable amounts of interstitial carbonate. The
outcrops are massive, dull grey on fresh surfaces, and
have light brown weathering surfaces without the crum-
bling that is characteristic of most ultrabasic bodies in
the region. Thin sections are dominated by subhedral
fresh olivine grains up to ¢. 5 mm long with a weak
preferred orientation. Interstitial carbonate, pale Mg-
rich orthopyroxene and amphibole are common, as well
as serpentine or Mg-rich chlorite, dark green spinel
sensu lato (probably hercynite) and opaque oxide.
Within the two ultrabasic bodies there are several veins
up to c. 20 cm thick of slender prismatic to fibrous, pale
brown to almost white, amphibole orientated perpen-
dicular to vein surfaces.

The metasediments in the vicinity of the corundum
locality both comprise kyanite-garnet schists and quart-
zofeldspathic paragneisses, with a gradual transition
from one to the other over a few metres (fig. 1). The
south-eastern part of the north-east striking metasedi-
mentary unit consists of kyanite-garnet schists which are
composed of alternating grey-brown quartz-feldspar-
garnet rich layers a few centimetres thick, and bluish
rusty layers of similar thickness with red garnet spots in
a pale blue matrix. The blue matrix owes its colour to
aggregates of prismatic kyanite c. 1-2 mm long, with
additional fine-grained biotite, plagioclase, quartz,
graphite, tourmaline, rutile and apatite. Fine needles in
the matrix adjacent to kyanite aggregates may be kya-
nite or possibly sillimanite, The abundant light<pinkish-. _

red garnets are up to 2 cm in size with local inclusions of
staurolite. The grey quartzofeldspathic paragneisses at
the north-western margin of the metasedimentary unit
are uniform, weakly foliated, pale grey, fine-grained
rocks consisting of quartz, plagioclase and microcline
with minor biotite, muscovite, epidote and tourmaline.

The corundum occurrence

Between the two lensoid ultrabasic bodies and the
kyanite-garnet schists characteristic metamorphic con-
tact zones are developed which are at most a few
metres, often only about one metre, thick. In the con-
tact zone along the south-eastern side of the larger
ultrabasic body there is a well-developed corundum-
bearing schist. The innermost layer, along the margin of
the ultrabasic body, is a pale yellowish to greenish am-
phibole rock with minor serpentine or Mg-rich chlorite,
which is followed outwards by a coarse-grained greenish
chlorite with or without amphibole rock with accessory
graphite and rutile. Then follows a medium- to coarse-
grained, brown  phlogopite/biotite-amphibole-plagio-
clase rock with accessory apatite and zircon. Yellow-
green apatite crystals up to 4 cm long were found in this
layer.

The mica-amphibole-plagioclase rock just described
grades into a corundum schist. This rock is composed of
medium- to coarse-grained biotite, abundant barrel-
shaped corundum porphyroblasts (about 10-20% of the
rock), interstitial plagioclase and accessory graphite,
rutile, tourmaline and zircon. Both graphite and rutile
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may be present in appreciable amounts. The corundum
schist is about half a metre thick and extends for ¢. 20 m
between the ultrabasic body and the kyanite-garnet
schist. Adjacent to the corundum schists a brown stau-
rolite-rich rock is locally developed. In this rock short
prismatic staurolite prisms up to 1 cm in length, often
with tourmaline inclusions, are set in a matrix of biotite,
plagioclase, minor tourmaline and opaque oxides.

Corundum also occurs at three other, smaller out-
crops at the margins of the ultrabasic bodies (fig. 1).
Here the corundum crystals usually have a deeper red
colour but are much smaller and not idiomorphic.

In several places at the contacts of the ultrabasic
bodies there are lenses up to a few metres thick of green
to almost black fine-grained rocks. The green lenses
consist of graphite-rich, millimetre-banded, plagioclase-
amphibole rocks, as well as massive monomineralic,
dark green, fine-grained, amphibole rocks. Within the
green rocks there are occasional small lenses a few
centimetres thick, which consist of black spinel sensu
lato (probably hercynite, as octahedra up to 2 cm in
size), carbonate and chlorite.

The contact zones described above, like the ultrabasic
bodies and the metasediments themselves, have been
deformed during high grade P-T conditions. The con-
tact zones and metasediments wrap around the ultra-
basic bodies and are generally distinctly foliated, and
tight irregular small folds are common in the contact
zones especially at the tips of the ultrabasic bodies.

The corundum crystals

The corundum crystals are quite variable. At the
largest occurrence south-east of the larger ultrabasic
body described above, the corundums are usually idi-
omorphic barrel-shaped bipyramidal crystals, 2-5 cm in
length with irregular terminations, very rough surfaces
and a coarse horizontal striation. Several weathered-out
crystals between 7 and 10 cm long were collected, as
well as one broken specimen 16 cm long. The corun-
dums are never transparent but are typically zoned with
bluish grey cores and pale purple rims. Individuals that
are purple throughout also occur. The corundum crys-
tals are sometimes partially overgrown with graphite
and/or rutile. The latter also forms inclusions up to
about 1 mm in size perpendicular to the corundum
c-axis.

‘When cleaned corundum fragments are viewed along
the c-axis a silky lustre in a star-like fashion is some-
times visible. This lustre may be due to frequent tiny
needle-like inclusions, probably of rutile, observed in
thin section under high magnification. Test polishing has
shown that weak asterism is present, but all the five

polished specimens also contain many inclusions of
larger (c. 0.1-1 mm) rutile grains.

Genesis of the corundum

At present it is only possible to present a general
statement of the corundum genesis. Field relations and
preliminary observations of thin sections indicate that
the corundum schists were produced during the high-
grade Archaean regional deformation and metamor-
phism. We think that the corundum was produced by
metamorphic desilication reactions between the ultra-
basic rocks and aluminous metasediments, and that
chromium supplied from the ultrabasic rocks is respon-
sible for the red colour of the corundum. The presence
of both staurolite and kyanite in rocks that are consid-
ered to be cogenetic with the corundum schists indicates
minimum P-T" conditions of around 550°C and 5.5 kb
(Winkler, 1979) during corundum growth.

Corundum of presumed metamorphic origin is known
to occur elsewhere in schists adjacent to ultrabasic
rocks.. Schreyer et al. (1972), Ohnmacht (1974), and
Cribb (1982) have described lensoid carbonate-orthopy-
roxenites (sagvandites) associated with amphibolites
and kyanite schists from several localities in North Nor-
way, where high-grade metamorphic corundum-bearing
contact zones have developed. The above mentioned
authors believe that the carbonate minerals (dolomite,
magnesite and/or breunnerite, Mg,Fe(CO;),,) in the
sagvandites formed from metasomatic interaction be-
tween ultrabasic rocks and calcareous metasediments.
The descriptions of the sagvandites and their contacts
resemble the Kangerdluarssuk occurrence in many re-
spects. It is possible that the widespread calc-silicate
minerals in the amphibolites adjacent to the Kanger-
dluarssuk occurrence indicate a former source for the
carbonate material in the ultrabasic lenses, and that
decarbonation reactions have played a role in corun-
dum-forming reactions.

Acknowledgement. We thank Aage Jensen, Geological Insti-
tute, University of Copenhagen, for encouraging us to carry
out this investigation, as well as for arranging the test polishing
of the corundum crystals.
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Border relations between the amphibolite facies Finnefjeld gnéiss
complex and granulite facies grey gneisses in the Fiskefjord area,
southern West Greenland

Mogens Marker and Adam A. Garde

The authors carried out geological mapping in August
1987 at the south-eastern boundary of the Finnefjeld
gneiss complex around 65°N. The field work was sup-
ported by the GGU cutter ‘J. F. Johnstrup’.

Based on reconnaissance mapping in the 1950s Ber-
thelsen (1951, 1957, 1962) divided the Archaean gneiss
terrain in the southern Sukkertoppen district between
Godthébsfjord and Sgndre Isortoq into three major
tectonic units: the Nordland, the Finnefjeld and the
Alidngua complexes. This division was also followed by
Noe-Nygaard & Ramberg (1961).

The Nordland complex of Berthelsen in the south
(fig. 1) consists of mainly basic supracrustal rocks in-
truded by voluminous c. 3000 Ma old grey tonalitic
gneisses, referred to as grey gneisses by Garde et al.
(1986) and Garde (in press). The supracrustal rocks and
orthogneisses show complex polyphase folding and have

- been metamorphosed under granulite facies conditions

and later partially retrograded to amphibolite facies
mineral parageneses.

The Finnefjeld complex in the central part of the
region mainly consists of homogeneous grey biotite- and
hornblende-bearing orthogneisses with amphibolite fa-
cies mineral assemblages. Berthelsen (1957, 1962)
found occasional relics of hypersthene in the Finnefjeld
gneiss complex and suggested that an episode of granu-
lite facies metamorphisn preceded the amphibolite fa-
cies episode in the whole complex.

The Aldngua complex to the north (fig. 1) consists of
pelitic to semipelitic schists and basic supracrustal rocks

Rapp. Gronlands geol. Unders. 140, 49-54 (1988)
4 Rapport nr. 140

embedded in homogeneous orthogneisses. The rocks
are intensively folded and metamorphosed under high-
grade conditions, with garnet and sillimanite in pelitic
lithologies.
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Fig. 1. Index map of the area between Sukkertoppen and
Fiskefjord. The extent of the Finnefjeld gneiss complex is
shown with dots.
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Fig. 2. Geological map of the southern border area of the Finnefjeld gneiss complex.

Berthelsen (1957, 1962) concluded that the Finnefjeld
gneiss complex represents the retrograded and tecto-
nised northern continuation of his Nordland complex
which was thrust over the Aldngua complex to the
north-west. Berthelsen’s investigations concentrated on
the north-western part of the Finnefjeld complex,

whereas no details of the border relations of its southern
part were known until recently.

In connection with the systematic mapping for the
Fiskefjord map sheet 64 V.1 N at scale 1:100 000
(Garde & McGregor, 1982; Garde, 1984, 1986),
gneisses belonging to the Finnefjeld complex were re-



examined in 1986 on the island of Talerulik in the north-
western corner of the map sheet area (Garde et al.,
1987). This mapping revealed that the Finnefjeld gneiss
complex is composed of at least four successive phases
of homogeneous grey biotite (-hornblende) gneisses
showing well preserved intrusive relations to each
other. Similar polyphase intrusive relations were ob-
served at a few localities on the coast of Iliverdlup
qéarssua.

The Finnefjeld gneisses show equilibrium amphibo-
lite facies mineral assemblages and clear polyphase in-
trusive relations, and do not contain retrograde blebby
textures (see e.g. McGregor et al., 1986). Therefore the
conclusion (Berthelsen, 1957, 1962) that the Finnefjeld
gueiss complex represents retrograded gneisses belong-
ing to the northern part of the Nordland complex, i.e.
grey gneisses, could not be substantiated.

The boundary between the Finnefjeld gneiss complex
and the grey gneisses was not located during reconnais-
sance mapping in 1986. However, the boundary did not
appear to be in the position shown by Berthelsen (1962,
Plate 1). Therefore the border area between these two
important groups of gneisses was closely examined in
1987, in the light of the observations in 1986. The in-
vestigation concentrated on the area between Pétdq in

_the south and Iliverdlup gérssua in the north, as well as
the island of Talerulik.

Field relations and rock types

The mapping in 1987 revealed that the boundary be-
tween the Finnefjeld gneiss complex and grey gneisses is
situated some kilometres further to the south-east (fig.
1) than hitherto believed (cf. Berthelsen, 1962 Plate 1;
Allaart, 1982). The Finnefjeld gneisses were every-
where found to be intrusive into the grey Nik-type
gneisses (viz. the Nordland complex of Berthelsen). In
the Iliverdlup gérssua area, the boundary curves around
the western shore of Timivta taserssua (fig. 2). From the
southern point of this lake it runs north-south to Qerru-
lik before it curves eastwards to Eqalugirssuit qéava,
where it ends in an eastward-pointing apex. From the
western coast of Eqalugarssuit géva the boundary
curves to the south (fig. 1) and it is inferred that it runs
close to the southern tip of the island of Terqarnat (see
below).

The best area to study the border relations is around
Qerrulik and on Eqalugérssuit gava. Particularly in the
latter area, Finnefjeld gneisses are clearly seen to cut
across rocks and structures within the grey gneiss terrain

(fig. 2).
The grey gneisses and supracrustal rocks. In the arca
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studied these are similar to those described from else-
where in the Fiskefjord area (Berthelsen, 1960; Garde
& McGregor, 1982; Garde, 1984, 1986; Garde et al.,
1987). The supracrustal rocks mainly consist of mafic,
commonly hypersthene-bearing, rocks (pyribolites)
with local metasediments, which are intruded by volu-
minous grey tonalitic gneisses. The gneisses are mainly
light grey to grey rocks with retrogressive amphibolite
facies parageneses and textures, and occasionally
blebby textures visible in the field. Part of the gneisses,
particularly around the head of Qerrulik, still contain a
granulite facies mineralogy with hypersthene. Tracts of
purple coloured gneisses (Berthelsen, 1960) with grano-
dioritic to granitic compositions are widespread on
Qaersup géva and on the two small islands between
Qaersup qéva and Terqarnat. It seems to be a general
regional feature that purple gneisses are most common
in a wide zone up to the north-western boundary of the
grey gneisses. This pattern may suggest that it is genet-
ically related to the Finnefjeld gneiss complex.

The Finnefjeld gneiss complex. This is composed of at
least four intrusive phases. On the mainland in the
Iliverdlup qérssua — Eqalugarssuit qiva area the pre-
dominant second phase (corresponding to Finnefjeld
gneiss, Berthelsen, 1957, 1962) is a medium-grained
homogeneous spotted grey gneiss of intermediate com-
position, often with feldspar porphyroblasts. In the less
strained varicties biotite and/or hornblende occur
within irregular 1-4 mm large, evenly distributed spots.
The rock is massive and almost unfoliated on Eqalu-
garssuit giva and north-west of Qerrulik in the southern
part of the Finnefjeld gneiss area. It intrudes both grey
tonalitic gneisses and pyribolite in the border zone to
the south. At one locality original magmatic banding
can still be observed (fig. 3). The strain increases to-
wards the north-west, and northwards from around Nia-
qorndarssuk the spotted, second phase gneiss is gradually
transformed into a somewhat more fine-grained, fo-
liated, rather striated rock. About 1 km east of Sisak the
spotted phase is seen to form veins in an even older,
dark grey, medium-grained gneiss (Finnefjeld gneiss
phase one).

The third phase of Finnefjeld gneiss is a homogene-
ous, fine- to medium-grained, light grey, leucocratic
rock with fine-grained dispersed biotite that forms a
weak foliation. This phase, which may contain inclu-
sions of the spotted phase two (fig. 4), seems to occur
mainly in the border zone between the spotted (phase
1-2) Finnefjeld gneiss and the grey gneisses to the south
(fig. 2). It intrudes the latter in a zone over one kilo-.
metre wide which forms a diffuse boundary to the grey
gneisses. Their mutual relations are best observed on



Fig. 3. Compositional layering of presumed magmatic origin in
Finnefjeld gneiss phase two; south side of Qerrulik.

clean-washed coastal exposures. The third phase of Fin-
nefjeld gneiss also has a more pronounced foliation
towards the north-west.

The fourth phase is a light greyish to white, medium-
to rather coarse-grained. leucocratic, biotite gneiss or
granite with granitic composition. It has high-angle in-
trusive contact relations to the earlier phases and to the
grey gneisses in the border zone (fig. 2). The fourth
phase seems to have been only partially involved in the
folding affecting the first three phases of Finnefjeld
gneiss, and it is therefore considered to be syntectonic.
It has often been intruded parallel to axial surfaces of
folds deforming the earlier intrusive phases. Phase four
was succeeded by cross-cutting pegmatite dykes which
may, however, be closely related to the fourth phase.
Grey dykes seen at several localities cut all four in-
trusive phases of Finnefjeld gneiss.

The Finnefjeld gneisses on Talerulik (fig. 2) are
mainly medium to light grey. very homogeneous, highly
strained, biotite gneisses. Occasionally feldspar- and
biotite-spotted textures like those common in the in-

Fig. 4. Inclusion of spotted Finnefjeld gneiss (intrusive phase
two) in Finnefjeld gneiss with dispersed biotie (intrusive phase
three): c. 800 m north-east of Sisak.

trusive second phase of the Finnefjeld gneisses on the
mainland can be discerned in the least deformed varie-
ties. Cross-cutting and axial surface-parallel white gran-
itic gneisses (intrusive phase four) are particularly com-
mon in the south-western part of the island. where large
pegmatites also occur.

The island of Terqarnat (fig. 2) is divided by a curved,
cast-west trending amphibolite/pyribolite unit with an
cast-facing isoclinal fold. In the northern part of the
island easily recognisable biotite (-hornblende) and pla-
gioclase-spotted, amphibolite facies, Finnefjeld gneisses
belonging to the first and second phases predominate,
but all four intrusive phases are present. The area to the
south of the amphibolite and on the two small islands to
the south-ecast are composed of homogeneous, light
grey, apparently un-retrograded amphibolite facies
gneiss characterised by fine-grained dispersed biotite.
This area is tentatively ascribed to the third phase of
Finnefjeld gneiss in the border zone, but correlation
with other islands and the mainland is uncertain.



Structural geology

A coherent structural analysis has not yet been made
in the area studied here, or in the grey gneiss terrain
further south, but some general statements can be
made.

At least the north-western part of the Finnefjeld
gneiss complex is highly deformed with high-strain fab-
rics and tight to isoclinal mesoscopic folds, although the
structures are not always clearly mappable due to lack
of marker horizons. The axial surfaces generally dip
moderately to steeply to the south-east, parallel to the
regional foliation. At Iliverdlup garssua (fig. 2) the fold
axes generally plunge south-west, while a few mineral
lineations plunge gently to the SSE. At Talerulik most
fold axes plunge gently to the south. At Terqarnat the
plunge of folds is generally to the south-east and a
strong NW-SE striking cleavage parallel to the axial
surfaces is present. These folds everywhere affect the
first three intrusive phases of Finnefjeld gneiss, and in
part the fourth. The leucocratic fourth phase is often
intruded as veins parallel to the axial surfaces, and
folded veins of the fourth phase often show preferred
orientations of their dark minerals (biotite, hornblende,
garnet) in the same direction.

In the western part of Talerulik a large north-south
trending unit of metasediments and (hypersthene-bear-
ing) pyribolites, perhaps originally part of the Aldngua
complex, occurs adjacent to Finnefjeld gneiss. The su-
pracrustal rocks were already folded before the intru-
sion of the Finnefjeld gneiss protoliths. During sub-
sequent folding of both units, the supracrustal rocks
were refolded into tight to isoclinal folds with subhori-
zontal north-south trending fold axes and steep east-
dipping axial surfaces. The refolding was accompanied
by recrystallisation and incipient anatexis in the meta-
sediments under amphibolite facies conditions (Garde
et al., 1987). The synkinematic fourth phase of Finne-
fjeld gneiss intrudes the supracrustal rocks as well as the
earlier phases of Finnefjeld gneiss.

Unfortunately the southern and western boundaries
of the Finnefjeld gneiss complex are hidden beneath the
sea. Along its south-eastern margin the Finnefjeld
gneiss intrudes large-scale fold structures in the grey
gneiss-pyribolite terrain between Qerrulik and Pétdq
(fig. 2). These folds in the grey gneiss terrain have
horizontal to gentle SE-plunging axes and SW-dipping
axial surfaces. The axial directions and the structural
style suggest that these folds are equivalent to the Pékit-
soq fold phase on Tovqussap nuni (Berthelsen, 1960,
1962), which took place under granulite facies condi-
tions. If this correlation is correct, the intrusion of the
Finnefjeld gneisses took place after the last main epi-
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sode of folding in the grey gneisses (the Pakitsoq fold
phase). The possibility remains, however, that the folds
in the grey gneisses between Qerrulik and Pitéq are
reorientated folds formed at an earlier stage than the
Pikitsoq phase, perhaps during the Smalledal fold
phase of Berthelsen (1960). At present we prefer the
former correlation; a safer conclusion may be reached
when the fold interference patterns in the grey gneisses
in the Fiskefjord area have been analysed.

Discussion and conclusions

Mapping of the Finnefjeld gneiss complex and the
grey gneisses along its southern boundary does not sup-
port the conclusion (Berthelsen, 1957, 1962) that the
former was reworked from the latter during retrograde
metamorphism and tectonisation. That conclusion was
influenced by the then topical ‘granitisation theory’ (A.
Berthelsen, personal communication, 1987). Instead,
we interpret the Finnefjeld gneiss complex as a batho-
lith complex that intruded the grey gneiss-pyribolite
terrain. The intrusion appears to have caused quite
extensive remobilisation of the country rocks, giving
rise to a hybrid border zone and back-veining of granitic
material into the early phases of the Finnefjeld gneisses.

Mineral assemblages and rock textures strongly sug-
gest that the Finnefjeld gneisses themselves never reac-
hed granulite facies conditions, although the Finnefjeld
gneiss complex may contain older gneiss enclaves with a
more complex metamorphic history. Berthelsen (1962)
described some small patches with a dark variety of
Finnefjeld gneiss that contain relic hypersthene close to
the boundary to the Aldngua complex. These patches
may well represent partially digested xenoliths derived
from the southern part of the Aldngua complex, where
hypersthene-bearing gneisses are known to occur (Ber-
thelsen, 1962). Alternatively they may reflect local dry
patches within the batholith (A. Berthelsen, personal
communication, 1987).

It is evident from the new field work that the Finne-
fjeld gneisses intrude into earlier fold structures in the
grey gneisses and supracrustal rocks. This may also be
inferred from the 1:500 000 geological map Frede-
rikshab Isblink — Sgndre Strgmfjord (Allaart, 1982)
which shows that large-scale structures in the grey
gneisses terminate against the Finnefjeld gneiss. It is
likely that the NW-SE orientated Pikitsoq fold phase,
which took place under granulite facies conditions in the
grey gneisses, predates intrusion of the Finnefjeld
gneiss protoliths. Folding of the Finnefjeld gneisses is
possibly equivalent to the ‘Posthumous phase’ in Ber-
thelsen’s Nordland complex.

The following evolutional history for the Finnefjeld
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gneiss is proposed from our investigation. After the
main deformation, granulite facies metamorphism and
possibly retrogression of the grey gneiss terrain, the
protoliths to the Finnefjeld gneisses were intruded as a
polyphase batholithic complex. The earlier and more
voluminous first and notably second Finnefjeld gneiss
phases caused remobilisation of the country rock, giving
rise to a hybrid border zone and back-veining into the
early phases of the Finnefjeld gneiss complex. The light
grey, dispersed biotite-bearing Finnefjeld gneiss (the

_ third intrusive phase), which preferably occurs along
the contact zone adjacent to the grey gneisses (fig. 2),
seems to have formed during the remobilisation. The
Finnefjeld gneiss complex was then deformed under
amphibolite facies conditions in a NW-SE orientated
stress field, during which folding and local overthrusting
to the north-west took place (cf. Berthelsen, 1957,
1962). At the same time syntectonic granitic veins and
minor bodies of the fourth Finnefjeld gneiss phase were
intruded.

In several ways the Finnefjeld gneiss complex re-
sembles the Taserssuaq tonalite some 75 km to the
south-east (see Garde er al., 1983, 1986; Nutman &
Garde, in press). Both are large, polyphase, homogene-
ous batholithic masses of predominantly tonalitic
gneisses with locally preserved igneous layering, which

have intruded into already folded and metamorphosed .

supracrustal rocks and middle Archaecan grey gneisses.
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Basic rocks of the inner Fiskefjord area, southern West Greenland

Hans-Jgrgen Bengaard

During mapping for the Fiskefjord map sheet (64 V.1
N — 1:100 000) observations were made on the basic
rocks. Earlier reports on the mapping of the Fiskefjord
area have been given by Garde (1984, 1986) and Garde
et al. (1987), and the reader is referred to these for more
detailed descriptions of the general geology.

Most of the inner Fiskefjord area is made up of a
variety of gneisses, correlated with the late Archaean
Nik gneisses. The most common type is a weakly
banded, tonalitic gneiss, usually grey, sometimes with a
lilac tint. Metagranites and more mafic gneisses of dior-
itic to quartz dioritic composition form mappable units
as well as bands of inclusions in the tonalitic gneisses.
The gneisses show intrusive relationships to a group of
basic and ultrabasic rocks, mainly two-pyroxene basic
granulites (named ‘pyribolites’ by Berthelsen, 1960)
with minor dunite and norite. Small amounts of meta-
sedimentary gneiss are associated with the norite.

Most of the gneisses have an amphibolite facies mine-
ralogy, but with disequilibrium textures; these are
thought to have arisen during retrogression from earlier
granulite facies textures and mineralogy (Garde, in
press). Unretrogressed patches, generally on a 10 m
scale retaining granulite facies textures and minerals,
are widespread in the gneisses; in contrast, the basic
rocks are only locally retrogressed.

The gneisses and the basic rocks together underwent
several phases of deformation. In the whole Fiskefjord
area, three phases of folding followed by a phase of
doming, have been recognised (Garde et al., 1987); in
the inner Fiskefjord area, two folding phases were dis-
tinguished. The last of these produced open to tight
folds with steep, N-S trending axial planes, and variably
plunging axes.

Norite and metasedimentary gneiss

The norite is a light grey, generally granular rock,
rather friable and weathering to a white gravel, making
it easily distinguishable in the field. It occurs mainly as a
sheet within some of the pyribolites; the largest sheet
has a maximum thickness of 150 m, though 10 to 50 m is
more common, and it can be traced along the bottom of
a pyribolite horizon for at least 15 km. In the central
parts of thick sheets, the norite consists mainly of pla-
gioclase and brown orthopyroxene (hypersthene), and
is massive or weakly lincated. Towards the borders,
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amphibole replaces hypersthene and a prominent folia-
tion may develop. :

The norite is mostly homogeneous; at one locality
hypersthene-rich layers were found, several metres
thick. They are interpreted as an original igneous lay-
ering. Inclusions of ultrabasic rock are frequently found
within the norite.

The norite often occurs together with garnet-bearing
gneisses, interpreted as metasediments. They are rusty
and friable, and appear deeply weathered in outcrop;
besides garnet, they consist of varying amounts of
quartz, plagioclase and biotite. Cordierite and sillima-
nite have not been seen in place; cordierite has been

I
51930
Pyribolite
- Norite

s+se0s Metasediment

Fig. 1. Simplified map showing the distribution of pyribolite,
norite and metasedimentary gneiss in the inner Fiskefjord
area.



Fig. 2. Conglomeratic structure in pyribolite. Location: 2 km
SSW of the mouth of Suversoq.

found in a loose block. probably from a nearby outcrop.

A compositional banding is generally present in the
garnet-bearing gneisses. At one locality, this was seen
to be cut by norite; the norite was undeformed along the
contact, indicating that it had intruded the metasedi-
mentary gneiss.

The norite — metasedimentary gneiss association is
found in several of the pyribolites in the inner Fiskef-
jord area (fig. 1), and may eventually prove a useful
marker horizon in the structural analysis of the area.

A conglomerate in the pyribolitic rocks

The pyribolites in the inner Fiskefjord area are gener-
ally rather homogeneous and structureless showing only
an indistinct compositional banding; only in the large
pyribolite at the mouth of Suversoq (fig. 1) are more
variable types found. Here a 10-20 m thick horizon,
with transitional boundaries to the surrounding homo-
geneous pyribolites, is rich in olivine and contains scat-
tered millimetre-thick streaks of orthopyroxene. This
horizon is situated 50-150 m above a large sheet of
norite, associated with metasediment. Calc-silicate
streaks occur in the surrounding pyribolite, testifying to
its supracrustal origin.

At one locality the banded horizon exhibits a con-
glomeratic structure containing clasts of pyribolite. The
clasts are mostly angular to subangular, oblong in sec-
tion, up to 15 ¢cm long and well separated by the sur-
rounding matrix (fig. 2). They are bordered by a dark,
2-5 mm thick rim of orthopyroxene. The oblong clasts
are parallel to the boundaries of the horizon. The clasts
are completely recrystallised under granulite facies con-
ditions, but appear to be undeformed.

If the whole conglomerate is indeed relatively un-
deformed. then the shape and orientation of its clasts
suggest that it is a resedimented conglomerate, prob-
ably originating in an unstable, volcanic environment.
However, the possibility of a flattened agglomerate or
pillow breccia cannot be excluded.
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Scheelite in Malene supracrustals of the Ivisirtoq area,
southern West Greenland

Peter W. Uitterdijk Appel

In 1982 the first traces of scheelite were found in the
Godthébsfjord area in heavy mineral concentrates from
stream sediments. The same year the first in situ schee-
lite occurrences were found. In the following year a
stream-sediment sampling programme was carried out
in the area and in the area to the south. This programme
demonstrated that scheelite is a frequent constituent of
the 3800 m.y. old Isua supracrustal rocks and in the
3300 to 3000 m.y. old Malene supracrustals, whereas
the gneisses in the Nuuk/Godthab area are barren. The
Malene supracrustal rocks, which form extensive out-
crops, are the larger of the two supracrustal belts, and
outcrops are found scattered over an area of at least
35 000 km?.

During the field season of 1986 stream sediment sam-
ples were collected in the Ivisdrtoq area of the inner
Godthabsfjord region, and they proved to contain high
amounts of scheelite. It was thus decided to carry out
field work with ultra-violet light, but early snow precip-
itation prevented any field work. During the field sea-
son the following year, another attempt was made to
carry out field work with ultra-violet light in the Ivisar-
toq area.

Geology of the Ivisdrtoq area

The Ivisirtoq area has been mapped in detail by
Chadwick (1986). The following brief account is based
on his work combined with additional field information
collected in 1987.

The Ivisartoq area consists of Amitsoq and Nik
gneisses, Malene supracrustal rocks, intrusive gabbro-
anorthosites, pegmatites and a number of late dykes.

The Malene supracrustal rocks which form major out-
crops in the area consist of a thick sequence of mafic
volcanic rocks with thin intercalated sedimentary hori-

~zons together with thin ultramafic intrusives.

The Malene sequence at Ivisartoq has been subdi-
vided into a lower pillow-lava sequence, which is sep-
arated from an upper pillow-lava sequence by the so-
called magnetite-bearing marker (see below). The up-
per pillow-lava sequence has been subdivided into sev-
eral units which are separated by thin, but persistent
sheets of ultramafic rocks of presumed intrusive origin
(Chadwick, 1986). Intercalated in the mafic volcanics
are frequent sulphide-rich metasedimentary horizons
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with disseminated and massive to semi-massive pyrite,
which locally are fuchsite stained. These sulphide-rich
zones are up to 50 m thick and can be traced for several
kilometres along strike.

The magnetite-rich marker, which subdivides the vol-
canic pile of the Ivisartoq area, is a sequence up to 50 m
wide, which so far has been traced for well over 7 km.
The sequence consists of a magnetite-bearing greenish
schistose rock up to 10 m thick, which locally displays
lapilli-like structures (Chadwick, 1986). The marker ho-
rizon furthermore includes white to light grey metasedi-
ments which are either metamorphosed sediments’ or
acid volcanics. Very thin tourmaline layers occur in
some of the metasedimentary beds. In the marker hori-
zon there is also a horizon of skarn up to 20 m wide,
which has been traced at intervals for well over 3 km. In
this skarn horizon extensive scheelite occurrences have
been found (see below). Malachite staining together
with small amounts of sulphides such as pyrrhotite and
chalcopyrite have been observed in the magnetic
marker,

After deposition of the volcanic rocks and sediments
the sequence has been repeatedly deformed, metamor-
phosed and intruded by numerous large pegmatite bod-
ies. The pegmatites intruded at an early stage and have
been strongly deformed. Rare examples of thin post-
deformational pegmatites do however occur. The supra-
crustal rocks have been metamorphosed under amphi-
bolite-facies conditions.

The supracrustals have been affected by extensive
skarn alteration, whereby the amphibolites as well as
the metasediments have been replaced by calc-silicates.
In some places the amphibolites have been completely
replaced, but usually they have been only partly re-
placed, with the central parts of pillows replaced and
the outer parts of the pillows intact. Skarn is also fre-
quently developed as clearly discordant patches and
veins cross-cutting the amphibolites and metasedi-
ments.

There appear to be two distinct types of skarn, of
which the most common occurs as patches of calc-sil-
icates, while the less common type mainly occurs as
distinct bands of garnet-rich calc-silicates. These garnet
skarns are generally stratabound and scheelite bearing.
The time of skarn formation is still uncertain, but it
predates the deformation.
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Stream sediment sampling

During the field season of 1987 only four stream
sediment samples were collected in the Ivisirtoq area,
but all of them contained high amounts of scheelite. The
samples were collected in the same way as the previous
samples from the Godthébsfjord area (Appel, 1988),
which involves sampling of 10 to 30 kg of gravel and
sand which is sieved with a 1 mm mesh, and the fine
material is then concentrated by panning. In the final
heavy mineral concentrates the number of scheelite
grains are counted after drying the sample. One of the
collected samples contained 80 grains of scheelite per
litre of fines, while the other samples contained well
over 500 grains of scheelite per litre. These scheelite
anomalies are the highest so far recorded in the God-
thabsfjord area (Appel, 1988). It is nevertheless quite
clear that none of the scheelite-rich horizons located in
the Ivisirtoq area (see below) would have been found
by stream-sediment sampling alone. The drainage pat-
tern in this area is poorly developed, and the streams
generally carry only small amounts of sediment.

Scheelite occurrences

Field work with ultra-violet light was carried out for
about three weeks in the Ivisirtoq area, involving an
almost complete traverse across the whole supracrustal
belt, and also detailed work in specific areas.

Scheelite is widely distributed throughout the lower
as well as the upper sequence of pillow lavas where it
occurs as small disseminated grains, but it is generally in
small amounts. Scheelite is often found to be partic-
ularly abundant in the central part of pillows which have
been wholly or partly replaced by skarn. In such pillows
the scheelite mostly occurs in the central part of the
pillows. Scheelite is also often seen in skarn patches
replacing the amphibolites.

In the amphibolites, massive scheelite is found locally
in clearly discordant veins which can be traced for a few
tens of metres along strike. Scheelite is furthermore
found as porphyroblasts up to 10 cm long and as joint
coatings in the amphibolites. It is apparently equally
abundant in the lower and upper sequence of meta-
morphosed pillow lavas.

From an economic point of view the most interesting
scheelite occurrences are found in garnet-bearing skarn
horizons. One scheelite-rich garnet skarn has been
found interlayered in the lower amphibolite sequence.
This horizon is about 1 m wide and was traced for about
50 m along strike.

This horizon lies juxtaposed to the magnetite-bearing
schistose rock in the marker horizon. A skarn horizon
up to 20 m wide, which has been traced for well over 3

km along strike, ‘is garnetiferous and hosts extensive
disseminated scheelite yielding a high grade. The garnet
skarn horizon contains bands up to 4 m thick with high
amounts of scheelite. The average width of the well-
mineralised garnet skarn is of the order of one to two
metres. The scheelite in these ‘high grade’ bands is
mostly medium to rather coarse grained, and displays a
white to light yellowish fluorescence indicating a molyb-
denum content of the order of 1%.

There was inadequate time for a systematic chip-
sampling programme so no estimates are be presented
on the grade of this ‘high grade’ zone. However, analy-
sis of 12 grab samples yielded an average of 0.97%
tungsten with a range of 0.15 to 1.91% (Appel, 1988).

Discussion

A detailed discussion of the genesis of the scheelite in
the Ivisdrtoq area is premature. In the Malene supra-
crustal rocks of the outer Godthabsfjord area quite
extensive stratabound scheelite mineralisation has been
found in banded amphibolites and in tourmalinites (Ap-
pel & Garde, 1987), and it has been shown that this
scheelite mineralisation is of submarine exhalative ori-
gin and that the scheelite precursor was precipitated on
the sea floor contemporaneously with the deposition of
the mafic tuffs and the chemical precipitation of the
tourmaline precursor in the tourmalinites (Appel &
Garde, 1987).

In the Ivisirtoq area the scheelite is generally strata-
bound and the highest scheelite concentrations occur at
the same stratigraphic level as the tourmaline-banded
metasediments. It is thus realistic to invoke the same
origin for the scheelite occurrences in the Malene supra-
crustals at Ivisirtoq as in the other parts of the Malene
supracrustal belt,
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Evolution and emplacement of Archaean terranes in the Kapisigdlit
area, southern West Greenland

Clark R. L. Friend and Allen P. Nutman

In the Godthabsfjord region, early Archaean Amit-
soq gneisses are found in association with the middle
Archaean Nik gneisses (McGregor, 1973). Early mod-
els of crustal evolution in the Godthabsfjord region
suggested that the Amitsoq gneisses were reworked in a
major crustal accretion-differentiation event, which was
marked by the injection of the voluminous Niik gneisses
(e.g. Bridgwater ef al., 1974; McGregor, 1979; Moor-

" bath et al., 1986). This event has been interpreted as
having culminated in a granulite-amphibolite facies
metamorphic event at c. 2800 Ma, which outlasted all
significant ductile deformation (e.g. Wells, 1979; Coe,
1980).

However, recent detailed mapping combined with
U-Pb zircon dating (Friend et al., 1987; H. Baadsgaard,
personal communication, 1987; P. D. Kinny, personal
communication, 1987) shows that between outer Amer-
alik and Tre Brgdre 40 to 75 km to the south and west of
the Kapisigdlit area (fig. 1), there are three litholog-
ically distinct terranes. These terranes were tectonically
juxtaposed and then folded together under amphibolite
facies conditions between c. 2750 and 2550 Ma. The
Tasiusarsuaq terrane is dominated by middle Archaean
gneisses affected by c. 2800 Ma granulite facies meta-
morphism. The Tasiusarsuaq terrane structurally over-
lies the Tre Brgdre terrane, which is dominated by a
suite of 28002750 Ma granodioritic gneisses, named
Ikitoq gneisses (Nutman & Friend, in press). The Tre
Brgdre terrane in turn structurally overlies the Feringe-
havn terrane, dominated by the > 3600 Ma Amitsoq
gneisses. Unlike the overlying Tasiusarsuaq terrane,
neither the Tre Brgdre terrane nor the Fzringehavn
terrane underwent granulite facies metamorphism at c.
2800 Ma.,

The main aim of the field work in 1987 was to see if
the terranes and structural history established between
outer Ameralik and Tre Brgdre could be traced to the
north and east into the Kapisigdlit area (fig. 1). An
invaluable starting point of this work was an unpub-
lished 1:100 000 geological map of much of the area
produced from helicopter reconnaissance mapping in
1976 (Allaart et al., 1977).

Terranes of the Kapisigdlit area

Feringehavn terrane. Units of streaky, tonalitic-grano-
dioritic gneisses, with closely-spaced irregular pegma-
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tite banding outcrop in the Kapisigdlit area. These
gneisses are cut by abundant, locally discordant amphi-
bolite dykes, correlated with the Ameralik dykes
(McGregor, 1973), and are continuous with the type
Amitsoq gneisses of the Faringehavn terrane in the
outer Ameralik area. However, no units of augen gran-
ite gneiss, a common Amitsoq lithology in the outer
Ameralik region (e.g. Nutman et al., 1984), were found.
The streaky Amitsoq gneisses in the Kapisigdlit area
contain inclusions of banded amphibolite, banded iron
formation, and clinopyroxene-rich rocks. Collectively,
these resemble the Akilia (supracrustal) association
found as inclusions in the Amitsoq gneisses of the outer
Ameralik area (McGregor & Mason, 1977). The Amit-
soq gneisses are not intruded by the late Archaean
Ikatoq gneisses which are the dominant lithology in the
adjacent Tre Brgdre terrane.

Amitsoq gneisses outcrop on the north and south
shores of inner Ameralik, Itivdleq and Ameragdla.
However, they were not found to be as extensive as was
stated by Allaart et al. (1977). Coastal work and hel-
icopter reconnaissance failed to find either the large
unit of Amitsoq gneisses running from inner Ameragdla
eastwards along the valley of Austmannadalen, or the
Amitsoq gneisses east of Kapisigdlit, both described by
Allaart er al. (1977).

Tre Brgdre terrane. Much of the Kapisigdlit area con-
sists of rather homogeneous biotite + garnet granodior-
itic gneisses, with widely spaced pegmatite layering.
These gneisses grade locally into rather more schlieric,
heterogeneous gneisses, which in areas of poor expo-
sure can be hard to distinguish from the Amitsoq
gneisses. The granodioritic gneisses contain inclusions
of homogeneous hornblende + biotite dioritic gneiss.
These granodioritic and dioritic gneisses resemble, and
are continuous to the south-west with, the type Ikitoq
gneisses of the Tre Brgdre terrane.

In the Kapisigdlit area, the Tkitoq gneisses contain
abundant inclusions of garnet + biotite =+ sillimanite +
cordierite * staurolite metasediment, banded amphibo-
lite, metaquartzite, metagabbro, anorthosite and sub-
ordinate ultramafic rocks. The metasediments are lo-
cally found as inclusions in the gabbro and lencogabbro.

The metaquartzite apparently forms a single unit up
to 50 m thick, which can be traced for many kilometres
along strike, despite being intruded and disrupted by
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Fig. 1. Geological sketch map of the Kapisigdlit area. Blank areas not visited in 1987. Western 5 km of Ameralik on the figure was
mapped by V. R. McGregor.



Ikdtoq gneisses. The quartzite is commonly white, and
consists of quartz-rich layers a few millimetres to a few
centimetres thick, separated by thin seams containing
mica and opaque minerals. Locally the quartzite con-
tains finely disseminated chromian muscovite, giving it
a green colouration. Two new localities were found
(64° 15" 40"N,  50°5' 15"W  and  64°23' 45"N,
50° 1' 5"W) where this colouration is sufficiently strong
for the quartzite to be worked for ‘greenlandite’.
Previously this quartzite had been reported at only two
localities (64° 20" 20"N, 50° 10’ 50"W) in the Kapisigdlit
area (found by V. R. McGregor), and on the island of
Simiut4, outer Ameralik (Nutman & Bridgwater, 1983).
Detrital zircons separated from quartzite at these local-

ities are early Archaean in age, showing that they are.

derived at least in part from erosion of ancient crustal
rocks, such as the Amitsoq gneisses (P. Kinny, personal
communication, 1987; Schigtte ef al., in press).

The gabbro and leucogabbro commonly show lay-
ering. This is interpreted as due to igneous structures
transposed during later ductile deformation. The leuco-
gabbros, gabbros and ultramafic rocks are interpreted
as having been derived from a large stratiform intrusion
at least 200 m thick, consisting of layered gabbro with
interspersed ultramafic units at the base, followed up-
wards by leucogabbro with subordinate units of gabbro
and anorthosite. No chromite-rich units were found in
these rocks.

In the Kapisigdlit area, the Tre Brgdre terrane does
not contain inclusions of Amitsoq gneisses, as seen lo-
cally in this terrane to the south-west (Friend et al.,
1987).

Tasiusarsuaq terrane. The south of the area consists of
polyphase, nebulitic tonalitic gneisses containing scat-
tered inclusions of basic rocks. These rocks are contin-
uous with the Tasiusarsuaq terrane to the south and
west, affected by granulite facies metamorphism at c.
2800 Ma (McGregor et al., 1986; Friend et al., 1987). In
the Kapisigdlit area these nebulitic gneisses with their
basic inclusions have brown-weathered patches up to
500 m across, with relict granulite facies assemblages.
The gneisses with their basic inclusions adjacent to
these patches have amphibolite facies assemblages.
However, these gneisses have blebby textures attri-
buted to recrystallisation under granulite facies condi-
tions (McGregor er al., 1986). The blebby textures have
subsequently been transposed to varying degrees during
deformation as the rocks were retrogressed under am-
phibolite facies conditions. On the south side of Kan-
gerdluarssingiip taserssua (fig. 1), helicopter reconnais-
sance showed that granulite facies assemblages with
subvertical foliation are commonly best preserved on
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hill tops above 1000 m. At lower altitudes on the same
hills, these granulite facies gneisses are totally retro-
gressed under amphibolite facies conditions, with their
subvertical foliation transposed into a new southerly
dipping foliation.

Tectonometamorphic evolution

Terrane boundaries. The boundaries between terranes
are marked by zones, generally about 10 m wide, but in
places up to 50 m wide. These zones consist of finely
layered quartzo-feldspathic and quartz-rich rocks and
mica and amphibole rich schistose rocks. The schistose
rocks commonly contain thin disrupted pegmatite veins
and feldspar grains up to 1 cm across, which may repre-
sent porphyroclasts. The finely layered quartzo-feld-
spathic rocks and quartz-rich rocks have mylonitic to
ultramylonitic textures with superimposed blastomylon-
itic textures. By analogy with studies in the Tre Brgdre
area (Friend et al., 1987), these rocks are interpreted as
mylonites developed during the juxtaposition (emplace-
ment) of the three terranes.

Emplacement of terranes and folding. The cross-section
(fig. 1) shows that the Fzringehavn terrane is structur-
ally lowest, and that the Tasiusarsuaq terrane, affected
by granulite facies metamorphism at 2800 Ma, is struc-
turally highest. This is the same order of stacking of
terranes found in the Tre Brgdre area (Friend et al.,
1987), and indicates that the emplacement of the ter-
ranes must have occurred after 2800 Ma (the age of the
granulite facies) and must have involved thrusting of the
Tasiusarsuaq terrane over the other two terranes. Fur-
ther evidence for this comes from south of Kanger-
dluarsstingtip taserssua (fig. 1), where granulite facies
assemblages are least retrogressed on the tops of hills.

After their tectonic juxtaposition, the Fzringehavn
and the Tre Bredre terranes were folded together in
large, tight to isoclinal folds (F,). These folds were
mapped by tracing the tectonic boundary between the
Faringehavn and the Tre Brgdre terranes, by using as
structural markers large inclusion trains of metasedi-
ment, gabbro and leucogabbro in the Tre Brgdre ter-
rane, and by making extensive use of the sense of ver-
gence of F, parasitic folds. Traces of the hinges of major
F, folds are indicated on fig. 1. The F, folds have associ-
ated with them a mineral lineation parallel to their
hinges.

The F, folds seem to die away southwards towards the
Tasiusarsuaq terrane, so that the boundary between the
Tasiusarsuaq and the Tre Brgdre terranes has a simpler
outcrop pattern than the boundary between the Fz-
ringehavn and the Tre Brgdre terranes (fig. 1). To ex-
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Table 1. Geological evolution of the Kapisigdlit area

Events common to all three terranes

3 Intrusion of the Q6rqut granite complex at ¢. 2550 Ma.
Intrusion of late tectonic granite at ¢. 2610 Ma.

2 Intrusion of granitic sheets correlated with the c. 2690 Ma Nipinganeq granite sheets of middlé
Ameralik.
Formation of F, folds and subvertical shear zones.

1 Tectonic juxtaposition of first the Fzeringehavn and Tre Bradre terranes, and then the Tasiusarsuaq

terrane with F, folding in the Faeringehavn and Tre Bredre terranes. Events 1 and 2 occurred between
2550 and 2750 Ma, and were accompanied by amphibolite facies metamorphism, with retrogression

of granulite facies assemblages in the Tasiusarsuaq terrane.

Evolution of the Tasiusarsuaq terrane (upper structural unit)

2 Granulite facies metamorphism at ¢. 2800 Ma.

1 Intrusion of the protoliths of voluminous, predominantly tonalitic gneisses into a sequence of

volcanic rocks and related intrusions.

Deformation and high grade metamorphism. 2800 to 3000 Ma?

Evolution of the Tre Bradre terrane (middle structural unit)
2 Intrusion of the dioritic and granodioritic protoliths of the Ikitoq gneisses, with deformation and

metamorphism, between 2750 and 2800 Ma.

1 Formation of supracrustal rocks and intrusion of a gabbro - leucogabbro complex into them.

Evolution of the Feeringehavn terrane (lower structural unit)

3 High grade metamorphism at c. 3600 Ma?

2 Intrusion of protoliths of polyphase tonalitic Amitsoq gneiss and granite sheets. High grade

metamorphism and deformation. Pre-3600 Ma.

1 Formation of the Akilia (supracrustal) association. 3800 to 3850 Ma.

plain this, we suggest that the F; folds developed at
structural levels below the Tasiusarsuaq terrane which
acted as a rigid block as it was thrust into position.
Therefore, if the Tre Brgdre and Feringehavn terranes
had already been emplaced by the time the Tasiusarsuaq
terrane was thrust into position, their outcrop pattern
would be controlled by F, folds. It is concluded that the
Faringehavn and Tre Brgdre terranes were emplaced
first, and that subsequently the Tasiusarsuaq terrane
was thrust into position (Table 1).

After the emplacement of all three terranes, but prior
to intrusion of the ¢. 2550 Ma (Baadsgaard, 1976; Moor-
bath et al., 1981) post-tectonic Qbrqut granite complex
(fig. 1), non-cylindrical folds (F,) developed. These
folds commonly have an en echelon basin and dome
form, are closed to tight, trend NNE and their axial
surfaces dip to the north-west. F, parasitic folds are
generally close to open, with the same style as the larger
structures. Overprinting of F, folds onto F, folds is
responsible for the complex outcrop pattern of the
boundary between the Fazringehavn and Tre Brgdre
terranes (fig. 1). F, structures seem to become more
open and with a greater wavelength eastwards towards
the Inland Ice. Mineral lineations coaxial with F, folds
are rotated around F, structures (fig. 2). In the tighter
F, structures in the west of the area, F, lineations are
commonly rotated into near parallelism with F, fold

hinges, giving the impression that new linear fabrics
formed during the F, event.

Metamorphism. Since the intrusion of the Ameralik
dykes in the middle Archaean, the Feringehavn terrane
has not been affected by granulite facies metamor-
phism. Likewise, the Tre Brgdre terrane has never been

1 south coast of Ameragdla
2 north coast of inner Ameralik
3 west of Kapisigdlit

Fig. 2. Lambert equal area projection of mineral lineations
parallel to F, fold hinges, folded around F; parasitic folds.



affected by granulite facies metamorphism. Amphiboles
and sillimanite that are part of the amphibolite facies
assemblages of the Faringehavn and Tre Bredre ter-
ranes generally have the mineral lineation parallel to
the F, fold hinges. On the other hand, the Tasiusarsuaq
terrane contains relict c. 2800 Ma granulite facies as-
semblages and amphibolite facies assemblages pro-
duced by retrogression of the granulite facies assem-
blages. Therefore most of the amphibolite facies as-
semblages in the area reflect P, T conditions during
emplacement of the terranes and F, and F, folding later
than 2800 Ma, but before 2550 Ma (Table 1). Simplistic
models of crustal evolution such as those suggested by
Wells (1979) for adjoining areas to the south, which
involve a single post-tectonic metamorphic peak at c.
2800 Ma, cannot therefore be applied.

Late Archaean granites

Roberts (1979) described granitic sheets (Nipinganeq
granites) from middle Ameralik, which give a Rb-Sr
whole rock isochron age of ¢. 2690 Ma. These sheets are
commonly composite, with pegmatitic margins and fo-
liated gneissic cores. Many of them were intruded along
active shear fractures. Similar sheets of granite were
found in all three terranes to the east in the Kapisigdlit
area. These granitic sheets post-date emplacement of
the terranes and F, folding,-but seem to be affected by
F, folding. To the west of Kapisigdlit village there are
swarms of pale, medium to fine grained granite sheets
that are very weakly deformed. They seem to post-date
F, folding. These sheets increase in abundance west-
wards, giving rise to the late tectonic granite (fig. 1),
dated at c. 2610 Ma (C. R. L. Friend, unpublished
data). Undeformed pegmatite sheets up to 10 m thick
occur sporadically throughout the area, increasing in
abundance westwards. They are correlated with the c.
2550 Ma Qérqut granite complex (fig. 1). Dating of
these granitic sheets provides further evidence that duc-
tile deformation continued sporadically throughout the
late Archaean with associated recrystallisation under
amphibolite facies conditions, and did not cease at c.
2800 Ma.

Discussion

The investigation of the Kapisigdlit area supports the
model of crustal evolution for the area to the south and
west recently proposed by Friend ez al. (1987), involving
the separate evolution and then emplacement of three
terranes in the late Archaean.
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Application of seismo-stratigraphic interpretation techniques
to offshore West Greenland

James A. Chalmers

- A pilot study is being conducted to determine if the
use of seismo-stratigraphic interpretation techniques
can increase the understanding of the geology of off-
shore West Greenland in order to reassess the prospec-
tivity of the area.

During the period 1975 to 1979, a number of conces-
sions offshore West Greenland were licensed to various
consortia of oil companies to search for petroleum.
Some 40 000 km of seismic data were acquired, all of
which is now released. Five wells were drilled, all of
them dry, and all concessions were relinquished by the
industry by 1979.

The regional geology of offshore West Greenland has
been summarised by Manderscheid (1980) and Hen-
derson et al. (1981). They show the West Greenland
Basin to consist of fairly uniformly westward dipping
sediments bordered near the shelf break by a basement
ridge. These authors used what may be termed ‘conven-
tional’ techniques of seismic interpretation. However,
since that time the techniques of seismo-stratigraphy
(Vail et al., 1977; Hubbard et al., 1985) have become
established. They are now being applied to study seis-
mic data acquired during the mid-1970s.

Interpretation

Concession 26, held by a group operated by Amoco
Greenland, lies south-west of Fzringechavn on GGU
1:100 000 base map 63 S 51 30 (fig. 1). It was relin-
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quished during 1978 without drilling. A seismic grid of
roughly 3 X 5 km exists over the former concession. The
data were acquired in 1975 and 1977 and are either 24-
or 48-fold. None of the lines have been migrated. The
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Fig. 1. Location of former concession 26 offshore West Green-
land.
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area is a sclf-contained study area covered by a grid of
fair quality seismic data and in which the most recent
sediments are thin (see later). This allows easier pene-
tration of seismic waves to deeper levels, which can
perhaps be seen more clearly here than farther north.

Using the techniques described by Vail et al. (1977),
depositional sequence boundaries were identified and
traced round the grid. It was found that there existed
four megasequences in the sense defined by Hubbard et
al. (1985). These are shown in fig. 2 on a depth-con-
verted interpretation of seismic line AGDF-05.

Megasequence 1 is a syn-rift sequence of unknown age.
It lies within a series of coalescing half-graben. Within it
a number of individual sequences can tentatively be
identified, though it is unlikely that the depositional
environment can be identified within these, due to the
comparatively poor quality of the seismic data. Reproc-
essing of the seismic data could change this situation,
however.

Megasequence 2 is also a syn-rift sequence. It overlies
Megasequence 1, but the two rift phases have not been
bounded by the same faults, and extension has been in
different directions in places. This has resulted in space
problems which have been resolved by the formation of
thrust faults, as at shot point 1350 of fig. 2. Mega-
sequence 2 is of uniform seismic character and seems to
consist of only one sequence.

Megasequence 3 is a post-rift sequence which seems to
correspond to the thermal phase (in the sense used by
McKenzie, 1978) of the rift containing Megasequence 2.
It contains four sequences within which it is probably
possible to identify the depositional environments.

5 Rapport nr. 140

Megasequence 4 is a second post-rift sequence which
overlies Megasequence 3 and truncates it with marked
unconformity to the north and west. It again contains
several individual sequences.

Ages of the sediments

There is no direct way to date these sequences at
present. It may be possible to follow them northwards
into the wells that have been drilled there, but that will
require much more work than is at present underway.
However, it is tempting to speculate that Megasequence
4 lies above the unconformity of Oligocene age which is
widely identified around the Atlantic (Vail et al., 1977).
If so, then Megasequences 3 and 4 could be the rift and
post-rift sequences associated with the Late Cretaceous
onset of sea-floor spreading in the Labrador Sea (Sri-
vastava et al., 1981). This would mean that Megase-
quence 1 is of unknown earlier age. One can speculate
as to how old, but it seems that no rocks of that mega-
sequence have yet been sampled on the West Greenland
Continental Shelf.

An alternative interpretation of the unconformity se-
quences could be that the unconformity between Mega-
sequences 3 and 4 was produced by the change in tec-
tonic regime at the start of sea-floor spreading in the
Norwegian Sea. This would make it early Eocene in age
(Talwani & Eldholm, 1977). If so, Megasequences 2 and
3 would still be associated with the onset of spreading in
the Labrador Sea, at anomaly 32 time (Srivastava et al.,
1981). This would make them Late Cretaceous to Palae-
ocene in age. Yet again, however, this means that
Megasequence 1 is of unknown age and provenance.

Work is still continuing on mapping these sequences
and attempting ‘to identify the depositional environ-
ments. A full report is planned for publication in 1988.

200 S5HOT POINT No
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Detailed investigation of the niobium-tantalum distribution within
the Motzfeldt Centre, South Greenland

Bjern Thomassen, Tapani Tukiainen and Karsten Secher

A one year programme for detailed investigation of
selected parts of the Nb-Ta-U-bearing pyrochlore min-
eralisation within the Motzfeldt Centre, South Green-
land, was initiated in June 1987. The aim of the pro-
gramme is to delineate areas with a potential for high-
grade accumulation of Ta-enriched pyrochlore which is
important if international exploration and mining activ-
ity is to be attracted. It is also important for official
decisions in relation to any application for concession-
ary activity. The programme is carried out as a joint
project between GGU and -Nunaoil A/S under super-
vision of GGU, and a major part of the funding is
granted by the Mineral Resources Administration for
Greenland.

On the basis of information obtained during survey
activity from 1980 to 1986 (Tukiainen, 1986), six miner-
alised areas covering c. 1.5 km? were selected for de-
tailed investigation by gamma-spectrometry and rock
sampling (fig. 1). Most of the areas are situated on very
steep slopes in alpine terrain with altitudes up to 1900 m
a.s.l. Therefore, the gamma-spectrometric measure-
ments were.made by helicopter, and the sampling was
carried out by mountaineers.

In total 20 people were engaged during the field sea-
son from the end of June to the end of August (Thomas-
sen & Tukiainen; 1987). The authors functioned as pro-
ject geologist, consultant and leader, respectively. The
GGU station in Narsarsuaq was operated as the field
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base by J. Lau. The helicopter service was by Greenlan-
dair Charter A/S, the geophysical survey by Global
Earth Sciences Ltd. (England), and the mountaineers
were provided by Garaventa AG (Switzerland).

Geology and mineralisation

The Motzfeldt Centre (1310 + 10 Ma, Blaxland et al.,
1978) is one of the major central complexes in the
Gardar Province of alkaline igneous activity. The centre
belongs to the Igaliko nepheline syenite complex of
which a general account was given by Emeleus & Harry
(1970). Following the discovery of radioactive mineral-
isation in 1979 (Armour-Brown et al., 1980), the centre
has been the objective of intensive research. The de-
tailed geological and radiometric mapping of the Motz-
feldt Centre was initiated in 1982 as a part of the ‘Syd-
uran project’ (Armour-Brown et al., 1983), and gradu-
ally its potential for large-scale Nb-Ta mineralisation
was tecognised (Tukiainen ef al., 1984). The research
was continued during the project ‘Pyrochlore in alkaline
intrusions of Greenland’ which was partly funded by the
European Economic Communities (Bradshaw, 1985;
Tukiainen, 1986, in press).

- The Motzfeldt Centre covers an area of ¢. 300 km?. It
is made up of multiple intrusions of syenites emplaced
into the Proterozoic Julianehdb Granite and the over-
lying Gardar supracrustal rocks. The main igneous
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Fig. 1. Map of the Motzfeldt Sg
area. The Motzfeldt Centre is
dark grey, other Gardar intru-
sions are light grey. The investi-
gated localities are indicated with
stars.

Ice Cap

phase (the Motzfeldt Ring Series) consists of a number
of largely concentric, steep-sided, outward dipping units
of predominantly peralkaline syenite and nepheline sye-
nite which young inwards. It is the outermost of these
units, the Motzfeldt S¢ Formation, which hosts the min-
eralisation. The apparent intrusion mechanism was a
combination of ring fracture and block subsidence.
Post-dating the syenite intrusions the centre was dis-
sected by a number of faults with displacements up to 6
km horizontally and 600 m vertically.

Large quantities of roofing sandstones and volcanics
have been incorporated into the Motzfeldt Sg Forma-
tion. The volcanics are preserved as large rafts, but the
sandstones have largely been assimilated and caused an
outer zone of the Motzfeldt S¢ Formation with a silica
saturated composition. The formation underwent an
extreme in situ differentiation, probably due to effective
crystal fractionation, which resulted in the formation of
a peralkaline residuum rich in volatile and incompatible
elements. The peralkaline residuum gave rise to a com-
plex of late peralkaline sheets of microsyenite and peg-
matite, and to hydrothermal alteration with associated
Th-U-Nb-Ta-Zr-REE mineralisation which increases in
intensity outwards, especially towards the roof of the
intrusion. '

The mineralisation is probably the result of a combi-
nation of an incompatible element/volatile enriched
magmatic residuum and an influx of silica and meteoric

water, which resulted in a dramatic increase in oxygen
fugacity, acidity, and hydrothermal activity. A volatile-
saturated outer shell developed which facilitated the
migration, accumulation, and precipitation of the in-
compatible elements.

The Motzfeldt S¢ Formation hosts zones of econom-
ically interesting pyrochlore enrichment in altered sye-
nite and in peralkaline microsyenite. The pyrochlore is
enriched in Ta, U and LREE. The Ta content and the
Nb/Ta ratio of the pyrochlore vary from 1.5 to 10.0%
Ta,O; and from 8 to more than 50, respectively, but in
general Ta contents are higher in pyrochlore from al-
tered syenite than in pyrochlore from peralkaline micro-
syenite. The pyrochlore shows also a marked composi-
tional variation depending on its relative depth in the
Motzfeldt S¢ Formation. At the deeper levels it is en-
riched in Ta and Ca, whereas at the higher levels of the
igneous column it is more enriched in Nb, U and
LREE.

Airborne gamma-spectrometric survey

A gamma-spectrometric survey of the whole Motz-
feldt Sg area in 1982 (Tukiainen et al., 1984) and sub-
sequent research (Tukiainen, 1986) has demonstrated a
good correlation between radiometric anomalies with
high U content and high U/Th ratio, and pyrochlore
mineralisation. In order to outline the anomalies in
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detail and to facilitate the extrapolation of element con-
centrations beyond the sampled areas, the six most
anomalous localities were reflown at the beginning of
the season with a more advanced airborne survey sys-
tem installed in a larger helicopter (fig. 1).

Equipment. The survey system with a total weight of
201 kg was installed in an Ecurcuil AS 350 B1 helicopter
and consisted of a 256 channel gamma-ray spectrometer
with a crystal detector of 16.6 litres of Tl-activated Nal
crystals, a data acquisition system with tape deck, a
six-channel analogue recorder, radar and barometric
altimeters, and a video flight path tracking system. The
various items of the survey system were fully synchro-
nized.

Procedure. The survey was carried out by contour flying
with a contour spacing of 30 m. The system was flown at
a speed of 25-40 knots (45-72 km/h), and an average
terrain clearance of 30 m was attempted. To improve
the reliability of the radar altimeter recordings in areas
with steep mountain slopes, the altimeter was tilted c,
30° against the mountain face to be surveyed. The fixed
position and tilt of the radar altimeter on the pilot’s side
of the aircraft meant that the survey had to be carried
out unidirectionally. In order to improve the spatial
resolution of the survey, the counting time was set to 0.5
sec., which was considered adequate for the known high
level of radiation and the large detector volume. The
airborne system recorded the accumulated counts (total
counts, K, Th and U windows) on magnetic tape to-
gether with radar-measured ground clearance, baromet-
ric altitude, real time and fiducial number, and gener-
ated an analogue chart of these data. The flight paths
were recorded by a video camera which was installed
below the aircraft. These recordings were used for the
final flight path recovery. Navigation was based on con-
toured orthoscopic aerial photographs at a scale of
1:5000 supplemented by oblique photographs.

The energy calibration of the system was performed
with a '¥Cs gamma-ray source. The background radi-
ation level and instrumental drift were checked at the
beginning and end of each flight. The background radi-
ation test was carried out over sea water, and checks for
instrumental drift and determination of the attenuation
coefficients were made over a 2.5 km long test strip.
Checks for cosmic radiation were made at the beginning
and end of the survey programme.

Results. The survey involved 23 hours 52 minutes of -

flying time, of which 19 hours 25 minutes were used for
the survey proper and the remaining time for atten-
uation and cosmic tests. A total of 454 line km were

flown, and 63,443 measurements with an average point
separation of ¢. 7 m were recorded over an area of c.
16.3 km? (Table 1).

A preliminary evaluation and interpretation of the
data based on uncorrected raw data from the analogue
charts was made immediately after the survey was com-
pleted. The anomalies were manually plotted on the
flight track maps and used to guide the chip sampling
programme.

The final processing by Global Earth Sciences Ltd.
included correction of the spectrometric data for back-
ground variations, spectral interferences and ground
clearance, and merging of this data with navigation
information.

Detailed chip sampling

To obtain reliable data from the best mineralised
areas in the Motzfeldt Centre, chip samples were col-
lected systematically at five localities (1-5 on fig.1). At
the first four localities the mountains are so steep (slope
angles 50°-90°) that the sampling was performed by six
mountaineers under supervision of the project geol-
ogist. The group was lodged in a mobile ficld camp
consisting of three caravans. Selection of the localities
was based on previous work (Tukiainen, 1986), with the
main emphasis on tantalum mineralisation in altered
syenite of the Motzfeldt Sg Formation.

Procedure. The mineralised localities were sampled as
far as possible on a grid with the grid lines perpendicular
to the contours. The spacing between grid lines was
originally 50 m and the vertical distance between sample
points in the lines was also 50 m. After the acroradiom-
etric survey had localized the anomalies, additional
sampling on a 25 X 25 m grid was performed over the
best anomaly at locality 1 (fig. 2), and a 25 X 25 m grid
was used from the beginning at localities 3 to 5.

Table 1. Summary of results of aeroradiometric
survey and chip sampling in 1987,
Motzfeldt Centre, South Greenland

Aeroradiometric survey Chip sampling programme

Number of km? Number of km?

Loc. measurements covered samples covered
1 329 0.26
2 15,017 34 119 0.15
3 8,922 1.8 286 0.12
4 10,501 3.0 145 0.07
5 15,257 33 49 0.04
6 13,736 4.8 0 0.00
Total 63,443 16.3 928 0.64
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The daily sampling started at the top of the anomaly,
where the climbers went by helicopter or on foot from
the field camp. They measured out the distances be-
tween the grid lines and descended over the mountain-
side in groups of two or three, as far as possible in
straight lines. At each sample point (determined by a
barometric altimeter) a2 X 2 m cross was spray-painted
together with a preliminary number. A chip sample and
two small reference samples were collected inside the 4
m? defined by the cross, and thereafter a scintillometer
measurement was performed. Working its way down in
this manner, a two man group could typically collect 10
samples during a 10-12 hour working day.

The sample sites were plotted on enlarged oblique
photographs by the project geologist from observation
points in the middle of the glacier. With a X 16 binoc-
ular mounted on a tripod it was possible to locate most
sample points, and also to direct the sampling via a
portable VHF radio.

In a laboratory established in Narsarsuaq, the chip
samples were run through a jaw crusher and a mill, after
which 100 g large splits were shipped directly to two
commercial chemical laboratories in Canada. The sam-
ples are to be assayed for Nb, Ta, Th and U, and
analysed for Be, Ce, La, Li, Mo, Sn, Y and Zr.

Aeroradiometric anomalies are hatched, and chip sampled grid lines are

Results. Most of the radiometric anomalies defined in
localities 1 to 5 by the aeroradiometric survey were
covered by the chip sampling programme. An area with
overhanging rock at locality 3 could not be sampled,
and at other places a combination of steepness and
loose rocks made sampling too dangerous, but on the
whole, a satisfactory coverage was obtained at the main
targets, localities 1 to 3. At localities 4 and 5, where
several anomalies occur, the best anomaly was selected
for detailed sampling. Locality 6 was not visited.

A total of 928 chip samples were collected over an
anomalous area of 0.64 km? (Table 1). The sample
weights ranged from 1.0 kg to 2.5 kg with an average of
1.8 kg. :

Additional sampling

Bulk sample. With a view to possible beneficiation tests,
a 200 kg sample was collected by means of drilling and
blasting at locality 1. It consists of relatively fresh aplitic
microsyenite or syenite with a high radiation.

Alluvial sands. In order to evaluate the Nb-Ta-mineral
placer potential, 10 litre sediment samples were col-
lected from the main drainage systems and the plains
bordering Motzfeldt S¢. Heavy mineral concentrates
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were panned out from 29 stream-sediment samples,
while four samples from a large glaciofluvial plain will
be analysed untreated. .

Concluding remarks

The aeroradiometric survey successfully reduced the
areal extent of the previously known gamma anomalies
by about 50%. This was due to the use of equipment
with better resolution and a helicopter with better per-
formance, compared with the 1982 survey. Conse-
quently, smaller areas had to be covered by the system-
atic chip sampling, which enabled the collection of
larger samples in closer spaced grids than originally
planned.

The acquired geophysical and geochemical data will -

be treated statistically in co-operation with IMSOR (In-
stitute of Mathematical Statistics and Operations Re-
search), Technical University of Denmark, and will be
interpreted in a final report.
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Greenland ice cap aeromagnetic survey 1987: completion of the
survey over the southern end of the Greenland ice cap

L. Thorning, M. Bower, C. D. Hardwick and P. Hood

The Geological Survey of Greenland (GGU), the
Geological Survey of Canada (GSC), and the National
Aeronautical Establishment (NAE) of the National Re-
search Council of Canada are cooperating in the GI-
CAS project. The objective of the project is to achieve a
regional, aeromagnetic coverage of the Greenland ice
cap, and to produce magnetic anomaly maps for use in
research on the large scale geological structures. Field
work was carried out in 1983, 1984, and 1985 (Thorning
etal. , 1984, 1985, 1986). The work reported in this note
was originally planned for April 1986, but for technical
reasons it had to be postponed until April 1987. Conse-
quently, the subsequent processing of all the data into a
regional magnetic anomaly map has been correspond-
ingly delayed.

Rapp. Grenlands geol. Unders. 140, 70-72 (1988)

Field work

In 1985 parts of the southernmost ice cap were cov-
ered (Thorning et al., 1986), and the 1987 operation was
planned to make the coverage complete over this part of
the ice cap. The operation was carried out as part of a
larger programme to compile a magnetic anomaly map
of North America, which also involved work in north-
ern Canada and the Nares Strait region between Cana-
da and Greenland, and a tie-line from the North Green-
land continental shelf over the ice cap along its western
margin to Sgndre Stremfjord. Tie-lines from Alert to
Svalbard to Iceland had to be abandoned due to un-
favourable weather conditions around Svalbard.

The flights for the GICAS were based at Sgndre
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Fig. 1. Schematic representation of lines flown in April 1987.
Approximately 8000 line km, line spacing approximately 10
km, flight altitude 1000 ft over ice surface or tops of mountains
in ice-free, coastal areas.

Strgmfjord airport, and Narsarsuaq was used for re-
fuelling. A base magnetometer was operated in Sgndre
Strgmfjord during flights to record diurnal variations.

The aeromagnetic data comprise both total field and
three gradients (Hardwick, 1982). The NAE Convair
580 aircraft (C-FNRC, Research-9), already well
equipped for navigation over the ice cap, carried a new
global satellite navigation system.

The lines flown in April 1987 are shown in fig. 1. As
in previous surveys the line separation is approximately
12 minutes of longitude which, at the latitude of Narsar-
suaq, corresponds to 10.9 km and at the northern end of
the area to 9.5 km. Approximately 8000 line kilometres
were flown, including two additional east—west tie-lines.
The coverage is now nearly complete over the southern
part of the ice cap, with only a few gaps between the
lines which it was not economic to fill out.

Further work

The data are undergoing post-flight processing at
NAE, and will be transferred to GGU for further proc-
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essing in the spring of 1988. In the field, inspection of
the data confirms the observations from the 1985 survey
(Thorning et al., 1986) and closes the gaps in the cov-
erage of major geological features. All data acquired in
1983-1987 (fig. 2) will be compiled into a magnetic
anomaly map covering the entire area. No flying is
contemplated in 1988, but it is hoped later to survey the
triangular area north of Angmagssalik up to 71° north
and across the ice cap.

Acknowledgements. Besides the authors the following partici-
pated in the field operations: W. T. Chevrier (aircraft captain),
J. Aitken (co-captain), T. Slack, G. Hoftyzer, W. Budarick
(project crew), M. Larsen (maintenance crew chief), S.
O’Connor and D. Blythe (maintenance crew) all from NAE.
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Reconnaissance investigations in the Skjoldungen region,
South-East Greenland

Troels F. D. Nielsen and Jan C. Escher

From 1 July to 25 August 1987 a GGU expedition
made reconnaissance investigations between 62°N and
64° 20'N in South-East Greenland. The programme was
a continuation of the investigations in the Ammassalik/
Angmagssalik district in 1986 (Kalsbeek & Nielsen,
1987) and the completion of the fieldwork describing
areas in East Greenland between 62° 30'N and 65° 45'N
for the planned map sheet (no. 14) in the 1:500 000
geological map series. The Skjoldungen district was
known mainly from previous boat-supported work in
the coastal areas as described by Bridgwater & Gorm-
sen, 1969; Andrews et al., 1971, 1973; Bridgwater et al.,
1976; Escher & Nielsen, 1982, 1983; Nielsen & Escher
1985 and Escher ef al., 1986.

Organization

The investigations were carried out as in 1986 in close

co-operation with a team from the Geodetic Institute,
Copenhagen, led by T. I. Hauge Andersson.
. During an earlier airborne reconnaissance a camp site
with a natural airstrip was located in the innermost part
of Kagssortdq fjord (fig. 1). All equipment and person-
nel were transported to the base camp with a de Havil-
land Twin Otter (chartered by GI from Flugfélag No-
rourlands hf., Iceland) from Kulusuk airfield near Am-
massalik. The field- work was supported by an
Aerospaciale Ecureil (AS 350 B1) helicopter (chartered
by GGU from Uni-Fly, Denmark). Both aircraft were
chartered through Greenlandair Charter A/S and
shared by GI and GGU.

The base camp was manned by P. Bay (materials,
GGU), R. Fedder (cook, GGU), J. Wulff (radio com-
munications, shared by GI and GGU) supported by A.
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Petersen (GGU) and P. B. Andersen (GI), both stu-
dents. The helicopter was operated by two crews: S.
Forsstedt (pilot) and S. Nielsen (maintenance) during
the first three and the last two weeks of the season and
by U. Stoller (pilot) and C. Jgrgensen (maintenance)
between 23 July and 12 August. The preparation for the
field work and co-ordination in the field were undertak-
en by T. F. D. Nielsen (GGU) in co-operation with T, I.
Hauge Andersson (GI).

The group of geologists included five two-man teams
(fig. 1): a northern mapping team: J. C. Escher (GGU)
and M. J. Ryan (Portsmouth Polytechnic); a southern
mapping team: B. Chadwick (University of Exeter) and
B. J. Walton (Portsmouth Polytechnic); two inter-
changeable mapping teams: M. T. Rosing (Geologisk
Museum, Copenhagen), V. N. Vasudev (Department of
Mines and Geology, Bangalore, India), T. F. D. Nielsen
(GGU) and A. Petersen (GGU); and an age dating
team through the last four weeks of the season: F. Kals-
beek (GGU) and P. N. Taylor (Oxford University).
Reporting on mineral occurrences was assigned to V. N.
Vasudev and M. J. Ryan.

The northern and southern reconnaissance teams
were mainly based in field camps and were supported by
reconnaissance with a helicopter and rubber dinghy.
The rest of the group worked mainly from the base
camp, also supported by both a helicopter and rubber
dinghies.

Geology

The area investigated during the field season broadly
corresponds with the Archaean terrain of South-East
Greenland (Andrews ef al., 1973) which is bounded to
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the north at 64° 20'N by the Proterozoic ‘Ammassalik
mobile belt’, previously called the Nagssugtoqidian of
East Greenland (Bridgwater, 1976; Kalsbeek & Niel-
sen, 1987; Escher et al., in press; Chadwick et al., in
press) and to the south at ¢. 62° 15'N by the acid volcan-
ics and sediments of the Proterozoic Ketilidian mobile
belt (Andrews et al., 1971, 1973).

Reconnaissance age dating from a variety of rocks
(Escher et al., 1986) suggests that most of the gneisses
were formed in the course of a major metamorphic-
tectonic event 3000-2600 Ma ago. No evidence of early
Archaean events has been observed.

A short description of the region, which has been
divided into four areas each with its own geological
characteristics, is given below. A detailed report of the
summer’s work will be given in a separate volume in
GGU’s report series.

Ghneisses and supracrustal rocks

The region comprises gneissic and supracrustal rocks

(fig. 2). The gneisses, which are the most common rock
type, range from tonalitic to granitic and contain var-
iable amounts of mafic inclusions. In the ficld they have
been mapped as agmatitic gneisses and gneisses lacking
inclusions, or with only a few. The bulk of the inclusions
consist of amphibolites and ultramafic rocks and they
have presumably been derived from supracrustal units.
Together with the supracrustals they possibly represent
the oldest rocks of the region. The supracrustals mainly
comprise banded amphibolites with thin layers of ultra-
mafic rocks, garnet-sillimanite paragneisses and quart-
zites. No igneous layering or pillow lava structures have
been observed in the supracrustal sequences, but the
impression is that most of the amphibolites are of vol-
canic origin.

Orthopyroxene has been identified in most of the
gneisses and supracrustals throughout the region, even
though most rocks have suffered retrogression to a var-
iable extent.

The coastal area between Gyldenlgve Fjord and Skjol-
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Fig. 2. Simplified geological map

- of the central part of the investi-
gation areca between Sehested
Fjord and Bernstorff Isfjord
showing the most important rock
types.
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dungen. Many supracrustal units can be traced along
strike for 30 km or more, permitting large-scale in-
terference fold patterns to be distinguished, which
shows that the area has been affected by at least three
major phases of deformation. The contact between
gneisses and supracrustals is generally sharp and con-
cordant; where local discordances occur, they are of
tectonic origin. At a few localities a specific suite of
lithologies occurs in the same order across strike: ag-
matitic gneiss, supracrustal amphibolite with thin ultra-
mafics, metasediments and tonalitic to granitic gneiss
with only few mafic inclusions. Folded and discordant
trains of amphibolite inclusions show the occurrence of
a few early dykes in the gneiss complex. The rocks are
of amphibolite facies, but to the south near Skjoldungen
orthopyroxene is frequently observed in the agmatitic
gneisses and supracrustals.

The area along the margin of the Inland Ice between
Gyldenlpve Fjord and Skjoldungen. In contrast to the
coastal area, the area along the margin of the Inland Ice
has only a small proportion of agmatitic gneiss. The
most common rock types are tonalitic-granodioritic
gneisses and foliated granites, which all intrude banded
amphibolites, ultramafic rocks and occasionally thin
layers of metasediments. The supracrustals occur as
elongated kilometre-sized rafts in the gneisses and gran-
ites. Regional folding has also here resulted in large-
scale interference patterns, and a few large, recumbent,

isoclinal fold hinges are well exposed in steep cliffs. The
rocks are of amphibolite facies, but to the south they
become brownish weathered and orthopyroxene bear-
ing.

The Skjoldungen — Thrymheim area. The area consists
of a ¢. 35 km wide zone that runs NW-SE from the
Inland Ice to the sea and includes brownish-weathered
agmatitic gneisses, grey gneisses, thick units of supra-
crustal rocks and a suite of intrusive complexes. The
agmatitic gneisses, which form the main rock unit of this
area, are rich in mafic inclusions. In parts of the area
they have been partially remelted, and the mobilisates
appear to intrude both agmatitic gneisses and supracrus-
tals. At two localities in the paragneisses a fine layering
of possible primary origin is preserved. As in the north-
ern area, the supracrustal amphibolites and metasedi-
ments are locally bounded by agmatitic gneisses on the
one side and tonalitic to granitic gneisses (poor in in-
clusions) on the other side. Some of the. supracrustal
belts can be followed up to 20 km along strike, but in
the southern part of the area they are rapidly disrupted
and form trains of xenoliths in the agmatitic gneiss.
Locally the matrix is very rich in quartz and has presum-
ably been derived from remobilised quartz-rich meta-
sedimentary paragneisses.

Up to 10 km wide homogeneous sheets of syenitic to
granitic gneisses occur in the agmatitic gneisses. These
‘grey gneisses’ lack, or contain only a few, mafic in-



clusions and may locally contain deformed, irregular,
amphibolite dykes. Pegmatites related to these gneisses
are often quartz-poor but are rich in large green amphi-
bole. '

The Skjoldungen area is characterised by a suite of
intrusive bodies of gabbroic, dioritic, granitic and syen-
itic rock types. Similar intrusions have not been ob-
served in the northern and southern parts of the region.
They range from somewhat deformed to perfectly well
preserved intrusions with well preserved primary mag-
matic textures. The largest gabbro and syenite com-
plexes are found in the north-western part of Skjoldun-
gen, whereas reddish-brown weathered granites dom-
inate the nunatak area of Thrymheim. At present it is
not clear whether the intrusions belong to several peri-
ods of plutonic activity or if they represent a suite of
late- to post-tectonic intrusions.

The rocks in the coastal area from Skjoldungen and
southwards to around Sehested Fjord are of granulite
facies. In the rest of the area they are mainly amphibo-
lite facies, but the presence of orthopyroxene indicates
that at one time the agmatitic gneisses and the supra-
crustals attained granulite-facies conditions.

The region between Sehested Fjord and Tingmiarmiut
weather station. This area is characterised by monoto-
nous masses of agmatitic gneisses which represent about
95% of the rocks. The matrix is generally tonalitic and
mafic inclusions are generally well rounded. An ag-
matised gabbro complex was also observed in the area.
The only continuous supracrustal unit is found on Gry-
defjeldet west of Tingmiarmiut weather station. It is
dominated by deformed amphibolites and minor garnet-
sillimanite-bearing paragneisses. The belt can be fol-
lowed over about 10 km and forms a major fold. Ortho-
pyroxene has been identified in most parts of the area,
but apart from the area around Sehested Fjord which is
of granulite facies the rocks are of amphibolite facies.
Many of the gneisses are epidote and K-feldspar bear-
ing, as a result of the late intense shearing described
below.

Alkaline complex

By a stroke of luck the base camp was erected within
the perimeter of a previously unknown alkaline com-
plex. Only a small part of the complex is exposed on the
shores of Kagssortdq. It is about 8 km?® in area and is
composed of ultramafic, melteigitic, ijolitic and urtitic
interlayered sheets cut by sgvitic carbonatite and sye-
nite dykes and pegmatites. The complex intrudes shear
zones that affect all the gneiss types and most of the
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intrusions mentioned above. The age of the complex
has not yet been determined.

Dykes and sheets

The earliest dykes are a few N-S orientated noritic
dykes with characteristic interfingering contacts with
the agmatitic gneisses. The dykes, which have not been
identified north of Skjoldungen, appear fresh. They are
followed by a dominant dyke generation of 20-80 m
wide ENE-WSW orientated vertical dolerite dykes.
South of Bernstorff Isfjord the dykes are unaltered
magmatic rocks but northwards they become increas-
ingly metamorphosed with amphibolitisation of their
margins. In the Umivik area at 64° 20'N the dykes are
severely epidotised and amphibolitised and still further
to the north in the Ammassalik Mobile Belt the same
dykes are strongly deformed (Bridgwater & Gormsen,
1969).

Gently dipping green appinitic to carbonatitic sheets
occur in the Tingmiarmiut region. They are of possible
Ketilidian (middle-Proterozoic) age. In the same region
a few NE-SW basaltic dykes of possible Gardar age (c.
1200 Ma) have been observed.

The youngest of the dyke generations consists of 10 to
40 m wide N-S trending dolerite dykes. They are often
plagioclase phyric and very well preserved and are un-
affected by shearing (see below). Similar dykes in the
Umivik area are regarded as Tertiary (Hall et al., in
press).

Shear and crush zones

A characteristic of the Archaean belt in South-East
Greenland is the large number of shear and brittle crush
zones. The zones affect gneisses and supracrustals and
some of the intrusions in the Skjoldungen area. Large
areas have been intensely affected, which hinders obser-
vation work during helicopter reconnaissance. Most of
the zones are retrogressed to greenschist facies and are
heavily mineralised by K-feldspar and epidote. A set of
NE-SW trending zones cuts a NW-SE trending set. The
alkaline complex is emplaced at a junction of major
NW-SE and NE-SW shear zones, which it post-dates.

Mineral occurrences

Only a few mineral indications of possible economic
interest have been noticed during the reconnaissance,
and these are related to the supracrustal rocks. Some of
the paragneisses are very rich in sillimanite (up to 50%)
and some of the quartzites contain only a little sillima-
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nite. Many of the paragneisses and the amphibolites
contain sulphides, mostly pyrite and pyrrhotite. The
alkaline complex contains small amounts of sgvite car-
bonatite and has no anomalous radioactivity. Some of
the s@vites are rich in large apatite crystals and some of
the pegmatitic feldspars show weak schillerization and
contain massive sky blue cancrinite.
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Sedimentological studies of the fluviatile-shallow marine
Upper Triassic to Lower Jurassic succession in
Jameson Land, East Greenland

Gregers Dam

A three-year research fellowship programme sup-
ported by British Petroleum Development, London,
was initiated in the summer of 1987. The main subject
of the study is the Upper Triassic to Lower Jurassic
succession in Jameson Land, East Greenland. This stra-
tigraphic interval includes the Kap Stewart and the Neill
Klinter Formations which have many features in com-
mon with some of the largest coeval hydrocarbon reser-
voir formations known in N.W. Europe (e.g. Statfjord
field). .

The core of the project is a lithofacies analysis but
ichnology, palynology, source-rock analyses and poros-
ity/permeability analyses will be included where rele-
vant. If possible, corresponding intervals from the Nor-

Rapp. Gronlands geol. Unders. 140, 76-79 (1988)

wegian continental shelf will be included in the project.
The aim of the project is:

(1) to provide detailed and regional facies models for
the two formations. Special stress will be laid on the
physical stratigraphic relations in order to ascertain
if regional unconformities are present and what or-
der of magnitude they may represent.

(2) to establish a reservoir geological model which
might help in the understanding of comparable res-
ervoirs in the Norwegian-Greenland region. Partic-
ular attention will be paid to the geometry of individ-
ual sand bodies.



Field work

The field work in 1987 was carried out by one geolog-
ical team and lasted for 5 weeks from late July to late
August. Four localities were visited along the eastern
margin of Jameson Land and in the southern part of
Scoresby Land (fig. 1). Sedimentological studies in-
volved detailed lithofacies and ichnofacies analyses as
well as sampling for palynofacies analyses and porosny
and permeability measurements.

Regional setting

The Mesozoic basins of East Greenland were formed
in a failed rift system that was initiated in Carboniferous
and Permian times (Surlyk et al., 1981). The rift is
orientated north-south and is cut by major NW-SE
cross-faults that developed in the Jurassic and led to
progressive northward-stepping downfaulting of blocks
(Surlyk, 1977). Jameson Land is situated on the block
farthest to the south in the exposed part of the graben
system. This is the largest block and has the most com-
plete Mesozoic succession which is at least 5 km thick
(Surlyk et al., 1981).

Throughout the Triassic the block was characterised
mainly by continental rift deposition in an arid climate
(Clemmensen, 1980). In Rhaetian — Hettangian times
the basin was affected by cross-fault activity. To the
north the basin was bounded by a NW-SE cross-fault in
Kong Oscars Fjord (fig. 1). The southern boundary is
unknown, but the continental fluvial deposits show that
the palaeodrainage was towards the north, suggesting
that a cross-fault was operative in Scoresby Sund (Sur-
lyk et al., 1981). The basin was bounded to the west by
the same major fault zone as the Triassic basin and to
the east probably by a N-S elongated landmass in-
cluding the present day Liverpool Land (Surlyk ef al.,
1981). The Rhaetian — Hettangian phase was dominated
by fluvial and restricted marine deltaic sedimentation of
the Kap Stewart Formation (Sykes 1974a; Clemmensen,
1976). The flora and presence of thin coal seams and
rootlet horizons suggest that the climate had now be-
come temperate and humid (Pedersen, 1976; Surlyk et
al., 1981).

During Pliensbachian — Toarcian times the basin was
transgressed by tidal and shelf deposits of the Neill
Klinter Formation (Sykes, 1974b). These deposits are
also restricted to Jameson Land and Scoresby Land and
indicate that the basin was bounded by the same major
fault zones as during Rhaetian — Hettangian times.
However, the new data suggest that there may have
been an opening of the basin to the south.

During Jurassic times the depositional environment
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sured sections and major faults based on Surlyk ef al. (1981).

changed from the tidal deposits of the Neill Klinter
Formation to a shallow siliciclastic shelf and finally to a
wide muddy shelf (Surlyk et al., 1981).

Kap Stewart Formation

The Rhaetian — Hettangian sediments of the Kap
Stewart Formation (Rosenkrantz, 1929) were studied in
two areas along the west coast of Hurry Inlet (Astarte
Klgft and Constable Pynt) and in Horsedal in southern
Scoresby Land (fig. 1). The sediments along Hurry Inlet
are known for their well-preserved and extensive flora
described in a series of papers by T. M. Harris, pub-
lished from 1926 to 1937. Harris (1937) divided the
upper ‘plant-bearing’ series of the formation into two
macroplant zones; a lower Lepidopteris Zone and an
upper Thaumatopteris Zone. Pedersen & Lund (1980)
made detailed palynological studies on the same local-
ities in order to obtain a firmer dating of the macroplant
zones of Harris by comparing spores and pollen from
these zones with well-dated microfloras from north-
western Europe.

The formation is approximately 200 m thick along
Hurry Inlet but well-exposed sections are present only
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in the upper 100 m in Astarte Klgft. At Constable Pynt
the succession is poorly exposed but a virtually com-
plete section through the formation is displayed. In
Astarte Kigft and at Constable Pynt, fluvial-dominated
delta plain facies associations occur which comprise flu-
vial-distributary channel sandstone, bank sandstone and
interdistributary bay siltstone. Sykes (1974a) inter-
preted the sediments as being deposited in a low sinuos-
ity non-braided river environment. The bank deposits
occasionally show rootlet horizons; and plant debris and
thin coal seams often occur in the interdistributary bay
sediments. Palaeocurrent data from the distributary
channels, although often very complex, suggest a gen-
eral eastern to southern source area, the channels prob-
ably draining a landmass over present day Liverpool
Land and a more southern area during this period.

In southern Scoresby Land the Kap Stewart Forma-
tion has an estimated thickness of approximately 350 m
(Surlyk et al., 1973). In Horsedal the uppermost 265 m
are accessible often with good exposures. The sedi-
ments are characterised by wave-dominated delta-facies
associations and have been interpreted by Clemmensen
(1976) as tidally influenced deltaic deposits. Delta plain
facies comprise fluvial-distributary channel sandstone
and interdistributary bay mudstone and siltstone. Very
little plant debris has been found in Horsedal. Howev-
er, rootlet horizons and thin coal seams occur locally.
The delta-front facies comprises 4-8 m thick coarsening-
upwards sequences. The fine members at the base of the
delta front are dominated by siltstone often with storm
sand layers. The fine members grade up into well-sorted
fine- to medium-grained sandstone which exhibits wave
ripple lamination, horizontal stratification and cross-
bedding. The sequences are often erosively overlain by
medium- to coarse-grained fluvial-distributary channel
sandstone. Sequences not topped by fluvial-distributary
channels may represent longshore shoals formed under
the influence of wave action. Palacocurrent data from
distributary channels suggest a source area to the north-
north-west. Crest-line orientations of wave ripples in-
dicate that the palaeo-coastline had a general E-W to
NW-SE trend. -

No invertebrate body fossils were found in the forma-
tion, and only a few unidentifiable trace fossils were
observed at the three localities examined. The upper
boundary to the overlying Neill Klinter Formation is
well exposed in Horsedal and seems to be much more
gradual here than along the Hurry Inlet where the Kap
Stewart Formation is sharply overlain by probable
shoreface deposits of the Reveklaft Member.

Neill Klinter Formation

The Pliensbachian — Toarcian sediments of the Neill
Klinter Formation (Rosenkrantz, 1929; Lund & Peder-
sen, 1985) were studied in three areas; at Neill Klinter
(Astarte Klgft and Constable Pynt), in Lias Elv (east of
Carlsberg Fjord), and in southern Scoresby Land (fig.
1). The formation consists of three members (Surlyk et
al., 1973): the Raveklgft Member (base), the Gule
Horn Member and the Ostrea Elv Member (top). These
three members will be considered in turn.

Reveklpft Member. Deposition was initiated with the
probable shoreface deposits of the Reveklgft Member.
This member is approximately 9 m thick at Constable
Pynt, thinning northwards to disappear entirely south of
Carlsberg Fjord (Surlyk ez al., 1973). It is composed of
poorly-sorted medium- to very coarse-grained sand-
stone and contains a rich Pliensbachian marine fauna,
particularly in the lower part (Rosenkrantz, 1934; Do-
novan, 1957). Large-scale trough and planar cross-strat-
ification indicate north-east flowing currents.

Gule Horn Member. The Gule Horn Member is approx-
imately 195 m thick along the west coast of Hurry Inlet
where it overlies the Razveklgft Member (Surlyk et al.,
1973). To the north, in Lias Elv and Horsedal the mem-
ber is approximately 200 m thick and directly overlies
the Kap Stewart Formation. The sediments in Astarte
Klgft and at Constable Pynt are characterised by tidal
and shelf facies associations and have earlier been in-
terpreted as offshore estuarine in origin (Sykes, 1974b).
The tidal sediments are dominated by lenticular-, wavy-
and flaser-bedded very fine to fine sandstone, alternat-
ing coarse sandstone and mudstone and cross-bedded
medium- to coarse-grained sandstone. No indications of
subaerial exposure were observed in the Gule Horn
Member at Neill Klinter and probably the sediments
were laid down on subtidal shoals. The shelf sediments
are dominated by siltstone occasionally with storm sand
layers. At the top of the succession at Constable Pynt
possible tidal ridge deposits are present, suggesting that
the palaecoshelf may have been both storm and tide
dominated. Palacocurrent data measured on small- and
large-scale cross-stratification are strongly bipolar from
N-S to NE-SW, but herringbone structures are seldom
observed. The deposits of the Gule Horn Member at
Lias Elv are very similar to the deposits along Neill
Klinter. Palacocurrent data from Lias Elv are also
strongly bipolar from north-east and south-west. The
crests of the wave ripples at Lias Elv are usually orien-
tated ESE-WNW, possibly suggestive of an ESE-
WNW trending coastline.



At Horsedal there seems to be a gradual transition
between the Kap Stewart Formation and the Gule Horn
Member. Wave-generated facies associations continue
to dominate the deposits but bipolar palacocurrent di-
rections and current-generated wavy and flaser bedding
indicate an increasing tidal influence in the Gule Horn
Member. Shelf facies associations are not as common as
to the south, and the local presence of rootlet horizons
and thin coal seams indicate a more coastal position for
the deposits in Horsedal. Palaeocurrent data are bipolar
with currents from north-north-cast and south-south-
west. The crests of the wave ripples in Horsedal are
orientated ESE-WSW pointing to the same palaeo-
coastline orientation as in the Kap Stewart Formation.

Ostrea Elv Member. The tidal deposits of Gule Horn
Member pass gradually throughout the area into the
sediments of the Ostrea Elv Member. This member is
approximately 90 m thick (Surlyk et al., 1973) and is
composed of very well sorted fine- to medium-grained
sand. Bioturbation and the uniform grain size of the
sediments often obscure primary sedimentary structures
but locally wave ripples and large-scale cross-bedding
are present. At the very top of the sequence at Horsedal
a well exposed section with hummocky cross-stratifica-
tion is present, which may indicate a storm-dominated
shelf environment. The marine fauna present in several
horizons of the Ostrea Elv Member is listed by Rosenk-
rantz (1934) and Donovan (1957).

The Neill Klinter Formation contains a wide variety
of trace fossils which represent a wide range of beha-
vioural patterns. A classification of behaviour gives at
least three ethological groups (domichnia, repichnia and
fodichnia), whereas the spatial distribution of the traces
allows recognition of several trace fossil assemblages.
These can possibly be followed throughout Jameson
Land and southern Scoresby Land.

Laboratory work and future studies

The main objective for future work is the develop-
ment of detailed and regional facies models for the
sedimentary history of the Jameson Land basin during
Late Triassic and Early Jurassic times. Detailed ich-
nofacies studies will be incorporated in the facies mod-
els. In order to evaluate the reservoir potential, porosity
and permeability analyses will be carried out. Special
emphasis will be placed on the correlation between
reservoir properties and lithofacies. Palynological stud-
ies and source rock-analysis will be made on samples
from shale sequences. Detailed biostratigraphical stud-
ies of the two formations in southern Scoresby Land are
important as the precise age relations are very poorly
known. Field work is planned to be continued in 1988
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and 1989. In 1988 the main investigation will be in the
areas along Hurry Inlet and Carlsberg Fjord near the
eastern basin margin, in Schuchert Dal to the west, and
around Gurreholm Bjerge to the north.
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A preliminary study of the porosity and permeability of limestones
and sandstones in the Jameson Land area, central East Greenland

Lars Stemmerik

The Upper Palaeozoic — Mesozoic sequence in the
Jameson Land area (figs 1, 2) is well known from nu-
merous studies carried out since GGU initiated map-
ping of the area in 1968 (e.g. Clemmensen, 1980a, b;
Surlyk et al., 1973, 1984, 1986a; Surlyk, 1983, 1987;
Heinberg & Birkelund, 1984). Based on these studies,
Surlyk et al. (1986b) proposed that a number of Upper
Permian — Cretaceous formations have a reservoir po-
tential. Sandstone and limestone samples from these
and a few additional formations (fig. 2) have been ana-
lysed for porosity and air-permeability. The analyses,
all performed on surface samples or shallow cores, rep-

resent the first numerical approach to the evaluation of
reservoir properties in the Jameson Land — Scoresby
Land basin, and form a preliminary background for a
more detailed reservoir study presently being undertak-
en by GGU.

The analyses were carried out commercially by the
Core Analysis Laboratory of the Geological Survey of
Denmark (Haslund, 1985; Springer, 1986). Air-perme-
ability, He-porosity and grain density were measured
conventionally on uncleaned 1” X 1” plugs after humid-

ity drying.
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Fig. 1. Geological map of Jame-
son Land showing position of lo-
calities mentioned in the text and
drilling locations. The geology is
simplified from Surlyk er al
(1973).
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Upper Permian

Within the Upper Permian sequence potential reser-
voir rocks are confined to the limestones of the Karst-
ryggen and Wegener Halvg Formations (Surlyk et al.,
1986a; Hurst et al., in press) and the sandy part of the
Schuchert Dal Formation (Surlyk et al., 1986b). The
juxtaposition of the Karstryggen and Wegener Halvg
limestones with the potential source rocks of Ravnefjeld
Formation makes these some of the more interesting
targets in the subsurface. Therefore most of the ana-
lysed material comes from these two formations.

The Karstryggen Formation is 10~100 m thick and in-
cludes a variety of hypersaline limestones and calcium
sulphate evaporites (Surlyk et al., 1986a, b; Stemmerik,
1987). The analysed material includes 13 limestone sam-

Fig. 2. Schematic stratigraphic
section of the Upper Permian —
Mesozoic sequence of Jameson
Land. Main lithology and maxi-
mum thickness shown. R indi-
cates potential reservoir and S in-
dicates potential source rock.
Modified from Surlyk et al
(1986b).
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ples from a shallow core (GGU 303101) drilled in the
middle part of the formation near Revdal (fig. 1). The
results of the analyses are shown in fig. 3a.

The Wegener Halvp Formation varies in thickness from
less than 5 m centrally in the basin to more than 150 m
along the margin (Surlyk et al., 1986a). The thick plat-
form sequences are dominated by algal mounds in the
lower part, and bryozoan-cement mounds and shallow-
water limestones in the upper part (Surlyk et al., 1986a;
Hurst et al., in press). The analysed material includes 33
core samples from bryozoan-cement mounds at We-
gener Halvg (GGU 303117, 303118) and Karstryggen
(GGU 303113), and five samples from an algal mound
at Karstryggen (core GGU 303119) (for location see fig.
1). The results of the analyses are shown in fig. 3b.

JAMESON LAND
LITHOLOGY FORMATION THICKNESS
m

Hesteelv 120
Raukelv 100 -400
Hareelv 200-350

Olympen 300
Vardekloft 220-720
Neill Klinter 200-280
Kap Stewart 175-300
Fleming Fjord 130-400
Gipsdalen 100-375
Pingo Dal 70 -700
= 70 -500
120-300

f~~- stromatoiite

Siltstone Channels
Sandstone Build-ups
Conglomerate l:] Hiatus
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Fig. 3. Porosity-permeability
plots of the Upper Permian —
Lower Jurassic formations men-
tioned in the text.
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Schuchert Dal Formation. The sandy part of the Schuch-
ert Dal Formation, the Bredehorn Member, varies in
thickness from 50-150 m. It consists of fine- to medium-
grained micaceous sandstone deposited in short-headed
fan deltas (Surlyk er al., 1986a). The analyses were
performed on surface samples from the east slope of
Schuchert Dal (fig. 1). The results are shown in fig. 3c.

Triassic
Within the Triassic sequence it is suggested that po-

tential reservoir rocks include sandstones from the Wor-
die Creek and Pingo Dal Formations.

Wordie Creek Formation. Potential reservoir rocks are
confined to large submarine sandy channels within the
otherwise shale-dominated unit. The largest channel
sandstone recognized is more than 20 m thick and sev-
eral kilometres across. Most of the analyses were car-

ried out on surface samples from this sandstone unit in
Triaselv (fig. 1). However, a few samples from thin
sandstone beds elsewhere were also included. The re-
sults are shown in fig. 3d.

The Pingo Dal Formation varies in thickness from 70 m
centrally in the basin to 700 m along the margins (Clem-
mensen, 1980a, b). The formation is dominated by two
wedge-shaped members composed of alluvial-fan sand-
stones and conglomerates. The analysed material only
includes surface samples from the northern part of the
region. Sandstones from the two members have similar
porosity/permeability values (fig. 3e).

Jurassic

The Jurassic succession outcrops in most of Jameson
Land (fig. 1). Hence potential reservoirs are limited to
the southern part where the Jurassic rocks are covered
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by Cretaceous sediments (fig. 1). However, the Lower
Jurassic Kap Stewart and Neill Klinter Formations may
be buried deeply enough to form potential reservoirs
also in northern Jameson Land. In addition to the
Lower Jurassic formations, the Middle Jurassic Varde-
klgft Formation and the Upper Jurassic Hareelv Forma-
tion include potential reservoir rocks. The late Jurassic
succession is mainly of interest for possible future off-
shore exploration.

Kap Stewart and Neill Klinter Formations. The material
available from these formations is sparse and relatively
poor and only includes surface samples from the south
eastern margin of the basin. Here, the Kap Stewart
Formation is 200 m thick and composed of fluviatile
sandstones. The Neill Klinter Formation is 250-300 m
thick and dominated by tidal deposits. Analyses from
the two formations are presented together in fig. 3f.

Vardeklgft Formation. Within this formation potential
reservoir rocks are found in the sandy Pelion Member.
This member consists of a large wedge-shaped body of
medium- to coarse-grained shelf sandstone, which in-
creases in thickness northwards from 10 m to more than
600 'm (Surlyk et al., 1973; Heinberg & Birkelund,
1984). The analyses were carried out on surface samples
from the northern part of the region. The results are
shown in fig. 4a.

Hareelv Formation. Potential reservoir rocks in the Ha-

reelv Formation are restricted to slope and deep-shelf
gully sandstones enclosed in the otherwise shale-dom-
inated unit (Surlyk, 1987). The sand bodies are up to 50
m thick and hundreds of metres wide, and may be more
than 5 km long in downcurrent direction (Surlyk, 1987).
Samples from core GGU 303115 drilled in Sjllandselv
(fig. 1) were analysed. The results are shown in fig. 4b.

Cretaceous

Both the Raukelv and the Hesteelv Formations in-

clude sandstones that may be potential reservoirs. How-

ever, the distribution of the Cretaceous sediments in
Jameson Land (fig. 1) prevents them being reservoirs
here, so they are mainly of interest for possible future
offshore exploration. During this study only material
from the Raukelv Formation was available.

The Raukelv Formation is estimated to be 300 m thick
(Surlyk et al., 1973). It consists of thick, homogeneous
or large-scale cross-bedded sandstone units alternating
with shaly siltstones. The materials analysed are surface
samples of sandstones from Sjzllandselv (fig. 1). The
results are shown in fig. 4c.

Discussion

The use of surface material to predict reservoir prop-
erties in the subsurface is very difficult, particularly
where carbonates are involved. The main problem is the
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timing of different diagenetic events in relation to hy-
drocarbon generation and migration.

It is evident from figs 3a and 3b that the analysed
Upper Permian limestones have very low values for
both porosity and permeability. However, diagenetic
studies show that much of the primary porosity is filled
by a late high-temperature cement (Surlyk et al., 1986a;
Hurst ef al., in press). The reservoir potential in the
subsurface is therefore strongly dependent on the age of
this cement relative to hydrocarbon migration.

The sandstones show highly variable porosities and
permeabilities, both from formation to formation, and
within a single formation. It is evident that the most
promising analytical values are recorded from the Var-
deklgft and Hareelv Formations (figs 4a & 4b). Alsoitis
obvious that the porosities and permeabilities are gener-
ally higher in the Jurassic and Cretaceous sandstones
compared with the Upper Permian and Triassic values
(figs 3, 4). However, detailed diagenetic studies are
needed to see whether this pattern is related to differ-
ences in the primary lithology, thermal maturity and
subsidence depth, or if it is related to preferential sec-
ondary leaching of carbonate cement in the Jurassic —
Cretaceous sandstones during uplift. Also, the Triassic
and Upper Permian feldspar-rich sandstones may have
increased secondary porosity in their deeper buried set-
tings in the subsurface.

This preliminary study of potential reservoir rocks
will be followed by more detailed diagenetic studies of
the Upper Permian Karstryggen and Wegener Halvg
Formations, the Lower Jurassic Kap Stewart and Neill
Klinter Formations (see Dam, 1988), and the Lower
Cretaceous Raukelv Formation.
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Preliminary report of fission track studies in the
Jameson Land basin, East Greenland

Kirsten Hansen

Fission track (FT) analysis is especially suited to re-
veal and date low temperature events. The closure tem-
perature of apatite (100 =+ 30°C) and its annealing char-
acteristics in the interval of 70-125°C are especially
relevant to the study of the maturation of hydrocarbons
(Gleadow et al., 1983).

FT analyses were made on Permian to Cretaceous,
quartzose sandstones and arkoses from the Jameson
Land basin. Both FT ages and track length distributions
for apatites were obtained for samples taken along the
western and eastern margin of the basin (fig. 1 and
Table 1) in order to study the tectonic and thermal
history of the area. The investigation takes advantage of
earlier FT work in the neighbouring Caledonian moun-
tain belt which is believed to be the source of the terri-
genous material, including the apatites, which make up
the sediments (Hansen, 1985). A report of further in-
vestigations in this area is in preparation.
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Fig. 1. Sample localities, Jameson Land, East Greenland.
Shadings indicate different thermal type areas. Key to localities
in Table 1.

b

Rapp. Grenlands geol. Unders, 140, 85-89 (1958)

Technique

Samples of c. half a kilogram were crushed and sep-
arated using magnetic and heavy liquid methods. Most
samples yielded apatites. Polished and etched apatite
mounts were irradiated together with mica detectors in
the J1 facility of the HERALD reactor in Aldermaston,
England, for age determinations. Specially polished and
etched mounts were prepared for track length mea-
surements. The measurements were carried out using a
Zeiss-Jena microscope with a X 100 oil objective and a
cover slip, and either a calibrated net or a scale bar
inserted in the X 12.5 ocular. The calibration used in
the age determinations follows the suggestions of Hur-
ford & Green (1983). The NBS SRM612 and Corning
CN1 and CN2 glasses were Lsed as fluence monitors and
the Fish Canyon and Mt. Dromedary apatites as age
standards in the zeta calibration.

Results

Table 2 shows results of FT apatite age determina-
tions and mean track length distributions. Table 3 shows
track densities for glass standards for the two irradia-

Table 1. Basic data for sample localities,
Jameson Land, East Greenland

Locality area GGU elevation sediment

type sampleno. ma.s.l. formation age
Traill @
a 4 327371 880  Cretaceous
Wegener Halve
b 4 298343 490  Triassic
[ 4 327546 880  Permian
West Jameson Land
d 4 221247 1100  Upper Permian
e 3 292005 900  Upper Permian
f 3 248628 400 Lower Permian
g 3 293284 771 Upper Permian
h 3 293252 213 Lower Triassic
South Jameson Land
i 2 292016 300  Upper Jurassic
Ugle Elv, east Jameson Land
k 1 248652 500  Upper Jurassic

Deposition ages are obtained from Piasecki (personal commu-
nication, 1987). :
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Table 2. Mean track lengths and apatite fission track ages of sedimentary rocks from the Jameson
Land basin, East Greenland

Sample Irr. g, X 1°(N) ¢; x 105(N)  grain age(Ma) mean length (um)
GGU no. no. no. + lo + 1o(N)
Traill @
327371 KHI18 7.4369 (160) 51.500 (1108) T 15.57 T
+1.69
Wegener Halvo ‘
298343 T t 12.28
+3.34 ( 44)
327546 KH18 5.2455 ( B6) 29.643 ( 486) 9 19.23 10.64
+2.59 +3.76 ( 33)
West Jameson Land
221247 KHI18 7.4746 ( 31) 40.025 ( 166) 4 20.29 10.83
+4.20 +3.20 ( 28)
292005 KH17 57.029 (340) 50.320 ( 300) 8 135.56 10.01
+14.01 +£2.49 ( 37)
248628 * KH17  25.658 (281) 45.290 ( 496) 8 70.23 10.55
+9.49 +2.95 (110)
293284 KHI18 8.2379( 71) 8.0058 ( 69) 7 111.10 1
+20.19
293252 KHI17 29.628 (432) 45.677 ( 666) 9 77.93 10.05
+7.05 +2.75 (100)
South Jameson Land
292016 KH17 15.630 (472) 34.406 (1039) 15 54.68 11.51
+4.71 22.30 (100)
Ugle Elv, east Jameson Land
248652 % KHIi8 29.176 (467) 16.931 ( 271) 10 205.30 1
+31.39

* failed the chi-squared test. Ages calculated on the basis of individual grain g /p; ratios.

1 not determined.

g, and g, are track densities of spontaneous and induced tracks respectively, N, and N, similarly are
the number of tracks counted and N represents the number of tracks measured.

tions and the zeta values which were employed. Fig. 2
shows the measured track length distributions.

Discussion

Apatite FT ages, except for the area in the south-east
which is described below, are annealing ages modified
by a post-sedimentary heating event (Table 2). This is
shown by FT ages which are younger than the 150 Ma
apatite cooling ages found for the neighbouring base-
ment (Hansen, 1985) and also younger than the sedi-
ment deposition age of individual samples given in Ta-
ble 1. The FT age distribution suggests that different
parts of the area suffered different heating histories.
The different parts of the area are shown in fig. 1 and
are described below.

(1) Area type 1 is an area in the south-east which is only
weakly annealed and probably slowly uplifted. It gives
an apatite FT age of c. 200 Ma. The material for the
sample representing this area may originate from the
nearby Hurry Inlet granite of 425 Ma (Hansen &

Steiger, 1971). The FT age for the granite yields 203 Ma
for apatite for a surface sample (Gleadow & Brooks,
1979) taken to represent apatite FT ages at today’s
erosion level for the Hurry Inlet granite. This means
that apatites in the sediment may range from 425 to 200
Ma for an unannealed sample. The actual age spread
found for the sediment (Upper Jurassic) is between 80
and 330 Ma, i.e. lower than expected for unannealed
samples, the youngest being younger than the sediment
age indicating that the partial annealing was experi-
enced after deposition. The mild annealing suggests that
the temperature was close to the lower temperature
limit of the annealing interval, e.g. c. 80°C, which is in
accordance with vitrinite reflectance measurements
found for the area (E. Thomsen, personal communi-
cation, 1987).

(2) Area type 2 is an area in the south which was prob-
ably almost totally annealed (close to 125°C) and was
slowly uplifted at, or later than 55 Ma ago, the thermal
activity perhaps being indirectly related to the Scoresby
Sund igneous activity at 53-56 Ma (Watt et al., 1986). A
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Fig. 2. Track length distributions,
Jameson Land, East Greenland.
Mean track lengths, uncertain-
ties, deposition ages and apatite
fission track ages are also given
in the figure.

TRIASSIC

56789101 12134151617181920

!

MEAN  UNITS

0.805um
PERMIAN

S6 78 010N 12131415817 18192021

MEAN UNITS
0BOSLm
U JURASSIC

4 5678 9011213141516 17181920

MEAN uNITS
DBOSum

temperature not much lower than 125°C fits the maturi-
ty pattern revealed by, e.g. reflectance measurements
(E. Thomsen, personal communication, 1987). This ar-
ea could be related to the partly annealed area of type 3,
representing a more deeply buried section.

(3) Area type 3 in the west shows varying ages, 70-135
Ma, which can be partly ascribed to different degrees of
annealing due to different elevations (Table 1). Thus the
samples from the highest levels cooled below the an-

TTTTTTT
45678 910121311516 71810920

MEAN uNITS

0B05.um

nealing interval first and also did not proceed so far into
the annealing interval. Temperature differences at
30°C/km would be c. 15-20°C for differences in altitudes
of ¢. 600 m which could produce marked age differences
at temperatures around 100°C (Gleadow et al., 1983).
The time of the uplift may coincide with the uplift of the
southern area. Hydrocarbon maturity measurements re-
veal a 'complex pattern with a major maturity shift be-
tween Lower and Upper Permian (Surlyk et al., 1986)
not found in the FT data.
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(4) Area type 4 in the north shows young uplift ages of c.
20 Ma which implie almost total annealing. The connec-
tion between the eastern and western part is unclear, as
is the influence of the Werner Bjerge intrusion which
also gives an apatite uplift age of 20.5 Ma (Gleadow &
Brooks, 1979) and similar K-Ar ages (Schassberger,
personal communication to C. K. Brooks). Maturity
measurements also show these northern areas to be
post-mature with respect to oil generation (Surlyk et al.,
1986).

The above findings are supported by track length
distributions, mean track lengths, and their uncertain-
ties (Table 2 and fig. 2). Heating into the annealing
interval reduces track lengths, the track length distribu-
tion thus being diagnostic of the path through the heat-
ing interval (Gleadow et al., 1986).

Track length distributions have so far been obtained
for samples from the southern area (type 2), the western
area (type 3), and the northern areas (type 4), although
the restricted amount of material makes it difficult to
obtain reliable results. However, the internal consis-
tency of the few data allows a generalised description of
track length distributions for three of the areas de-
scribed.

The youngest area (type 4) shows the simplest track
length distributions in its eastern part, where distribu-
tions are dominated by young tracks in a typical skewed
uplift pattern (Gleadow et al., 1986). However, the
broad distribution and the low mean indicate a small
admixture of pre-uplift age to the measured age. This
means, as suggested above, that temperatures close to
total annealing (125°C) were attained together with late
uplift (after 20 Ma ago). The distribution for the sample
taken close to the contact of Werner Bjerge intrusion
(221247) does not reveal a typical uplift pattern. This
may, however, be due to the difficult and restricted
material and interpretation must await further determi-
nations.

The track length distribution of the northern samples
(area type 4) contrasts with the distribution for the
western area (type 3) which shows a very broad sym-
metrical pattern. A symmetrical distribution is charac-
teristic of partial annealing with only a small proportion
of newly formed long tracks, i.e. the resulting mixed age
is dominated by partly annealed old tracks and the uplift
age is much younger than the mixed age. A temperature
close to 100°C must be assumed as the maximum tem-
perature experienced.

In the southern area (type 2) the track length distribu-
tion is narrower with a younger (55 Ma) age compared
to the western area, but it still has-an old component as
shown by mean lengths and uncertainties; it is probably

Table 3. Track density of glass standards,

calibration factors
0.SRM612 0,CN1 2,CN2
Number Number Number
KHI17 8.089194 x 10° 24.86787 x 10 22.96979 x 10°
5242 6446 5954
KH18 7.100035 x 10° 21.90888 x 10° 21.64268 x 105
4601 5679 5610
¢ 288:(9.38%)  101:(4.95%) 105 (4.76%)

KH17 and KH18 are irradiation numbers, p, track densities of
mica detectors for the respective glass standards and zeta cali-
bration factors (Hurford & Green 1983) used for the age deter-
mination based on age standards.

a result of further annealing due to deeper burial than
found in the western area. This implies a temperature
close to, but not exceeding, 125°C and a slow uplift, not
much later than 55 Ma ago. The area has been uplifted
together with the neighbouring areas which were never
so deeply buried, as shown by their higher ages and
greater spread in track lengths.

Conclusions

In general the results support the maturity pattern
found for the area by Surlyk et al. (1986). Assuming a
geothermal gradient of 30°C/km, the maximum burial is
constrained to be less than 3 km by by the maximum
temperature experienced (less than c. 125°C), except
perhaps to the north. During uplift, sediments in the
southern part first passed the 100°C isotherm not much
later than 55 Ma ago and were uplifted together with the
less deeply buried neighbouring areas. To the north,
uplift led to the passing of the 100°C isotherm much
later, around 20 Ma ago. The reasons for the young ages
to the north, compared to more southern areas could be
delayed uplift followed by a rapid uplift during the last
20 Ma. The rapid uplift is not likely to have proceeded
for a longer time span than the 20 Ma as this would lead
to exposure of sedimentary rocks of higher formation
age to the north compared to the rest of the area, and
this did not occur. Alternatively, younger ages could
also result from a higher geothermal gradient which
would be likely to accompany the Tertiary intrusive
activity. Finally a combination of the two explanations
is possible.

Acknowledgements. This study was supported by the Nordic
Council of Ministers and the Danish Natural Science Research
Council. The Geological Survey of Greenland supplied the
samples. I am especially grateful to S. Piasecki (Geological



Survey of Greenland, Denmark) for his help during the work.
Age standards were supplied by C. W. Naeser (USGS Denver,
USA) and A. J. W. Gleadow (University of Melbourne, Aus-
tralia). Corning glasses were supplied by Corning Glass Works,
USA. C. K. Brooks (University of Copenhagen, Denmark)
and F. Surlyk (Geological Survey of Greenland) contributed
valuable comments on the manuscript.

References

Gleadow, A. J. W. & Brooks, C. K. 1979: Fission track dating,
thermal histories and tectonics of igneous intrusions in East
Greenland. Contr. miner. Petrol. 71, 45-60.

Gleadow, A. J. W., Duddy, I. R. & Lovering, J. F. 1983:
Fission track analysis: a new tool for evaluation of thermal
histories and hydrocarbon potential. J. Aust. Petrol. Explor.
Ass. 23, 93-102.

Gleadow, A. J. W., Duddy, I. R., Green, P. F. & Lovering, J.
F. 1986: Confined fission track lengths in apatite: a diag-
nostic tool for thermal history analysis. Contr. miner. Petrol.
94, 405-415.

Hansen, B. T. & Steiger, R. H. 1971: The geochronology of
the Scoresby Sund area I: Rb-Sr mineral ages. Rapp. Gron-
lands geol. Unders. 37, 55-57.

89

Hansen, K. 1985: Fission track age determinations of vertical
movements in the crust caused by continental rifting: A
fission track age study of the Scoresby Sund area; method
and results. Unpublished thesis, Univ, Copenhagen, 119 pp.

Hurford, A. J. & Green, P. F. 1983; The zeta age calibration of
fission track dating. Isorope Geosci. 1, 285-317.

Surlyk, F., Hurst, J. M., Piasecki, S., Rolle, F., Scholle, P. A.,
Stemmerik, L. & Thomsen, E. 1986: The Permian of the
western margin of the Greenland Sea — A future exploration
target. In Halbouty, M. T. (edit.) Future petroleum prov-
inces of the world. Mem. Am. Ass. Petrol. Geol. 40, 629—
659.

Watt, W. S., Larsen, L. M. & Watt, M. 1986: Volcanic history
of the lower Tertiary plateau basalts in the Scoresby Sund
region, East Greenland. Rapp. Grgnlands geol. Unders. 128,
147-156.

Institut for Petrologi,
@ster Voldgade 10,
DK-1350 Copenhagen K,
Denmark.

Studies of the onshore hydrocarbon potential in East Greenland
1986-87: field work from 73° to 76°N

C. Marcussen, P.-H. Larsen, H. Nghr-Hansen, H. Olsen,
S. Piasecki and L. Stemmerik

The study of the Devonian to Cretaceous sequence in
central and northern East Greenland was continued in
1987. Field work was carried out from early July to mid
August covering the region between Ymer @ and Hoch-
stetter Forland (fig. 1). This was the second year of a
two-year field work programme (Marcussen et al., 1987)
which forms part of a regional programme comprising
sedimentological, stratigraphic, structural, and petro-
leum geological studies of the sedimentary basin in cen-
tral East Greenland (e.g. Surlyk, 1983; Surlyk et al.,
1984, 1986a,b).

Stordal in Hudson Land, which offers a natural land-
ing strip for STOL aircraft, was used as base camp for
the 1987 expedition. The expedition group of 15 in-
cluded four to five geological field parties and five sup-
porting personnel, including a helicopter pilot and me-
chanic. In addition a five-man British-Danish East
Greenland  ‘vertebrate—paleontological’ expedition
(Bendix-Almgreen, 1988) and a group from GGU plan-

Rapp. Grenlands geol. Unders. 140, 89-95 (1988)

ning the 1988 expedition to North-East Greenland were
present. Two teams (led by P.-H, Larsen and H. Olsen)
studied the tectonics and sedimentology of the Devo-
nian succession. Two teams (led by L. Stemmerik and S.
Piasecki) investigated the Carboniferous, Permian and
Triassic sedimentology of the region. The Jurassic and
Cretaceous sequences were studied by two teams (led
by S. Piasecki and in the late half of the season by H.
Nghr-Hansen). All the teams collected material for
source rock analyses and a large number of samples
were also collected for determining reservoir rock prop-
erties.

Devonian

Sedimentological studies. The field work in 1987 was
concentrated on Ymer @, Gauss Halvg, Moskusokse-
landet and Strindberg Land (figs 1, 2). Detailed facies
analyses were made by vertical facies logging and 2-
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dimensional facies mapping in the Middle to Upper
Devonian Kap Kolthoff Supergroup (Friend et al.,
1983). Sandy braidplain deposits, alluvial fan conglom-
erates and windblown sandstones were present. The
Upper Devonian Kap Graah Group (Friend et al., 1983)
was studied in detail in Ymer @ and Gauss Halvg. By
facies association mapping, a stratigraphic subdivision
of the formerly undivided group was attempted. Facies
analysis of meandering stream deposits implies an asym-
metric development of the point bar deposits which may
be controlled by tectonics. Similarly an asymmetric dis-
tribution of facies associations and palaeocurrent direc-
tions seemed to indicate a tectonic influence on the
depositional environments. The Upper Devonian Mt.
Celcius Supergroup (Friend et al., 1983) was briefly
studied on Stensié Bjerg, Gauss Halvg. Facies associ-

ations were logged and two black shale units of poten-
tial source quality, 1 m and 5 m thick, were sampled in
detail for analytical work.

Structural studies. The structural investigations in the
Devonian outcrop area were concentrated on Moskus-
okselandet, Ole Rgmer Land, Hudson Land and Ymer
@ (figs 1, 2). Selected areas and meso-structures were
mapped on aerial photographs (1:50 000), while larger
structures were studied by reconnaissance work sup-
ported by helicopter.

The coastal cliffs of Sofia Sund, Kejser Franz Joseph
Fjord, Nordfjord and Moskusoksefjord were photo-
graphed by Jacob Lautrup. These coast panoramas to-
gether with new aerial photographs taken by the Geo-
detic Institute in 1987 (1:150 000) will be important
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Fig. 2. Geological map of the
study area. Simplified after Koch |
& Haller (1971) with minor revi-
sions based on Surlyk (1978b)
and 1987 field work.
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tools in the continued structural work. According to
Biitler (1959) the structural style is dominated by thrust-
ing and folding in various synsedimentary phases, the
Hudson Land phases, resulting in angular disconform-
ities and breaks in the sedimentation. The present work
has shown that these deformations are local in character
reflecting the sedimentological evolution in local parts
of the basin, but not necessarily in the entire basin. In
Carboniferous time the area was deformed during the
Ymer @ phase of Biitler (1959). This deformation espe-
cially affected the southern part of the basin and the
1987 work shows that the deformation here caused the
development of low-angle thrusts and ramp anticlines in
a contractional thin-skinned tectonic environment (fig.
3). Some attention was paid to the granitic ‘Moskusok-
selandet Inlier’ which Biitler (1959) suggests was devel-

oped during the Devonian. Eleven samples were col-
lected for radiometric dating (Rb/Sr) to investigate the
timing of the granitic emplacement within the inlier.
Collection of fossil plant material from the Devonian
sandstones was continued this year. The state of preser-
vation is rather poor and preliminary investigation of
the material by Dianne Edwards, University College,
Cardiff, Wales, has not yet yielded any new strati-
graphic information.

Carboniferous

Sediments of Carboniferous age were studied briefly
around Moskusoksefjord and Passagehgjene, and in
some detail in Hallebjerge, western Clavering @ (figs 1,
2). Tentatively, this more than 600 m thick succession is



Fig. 3. Devonian sandstone forming a huge box-fold which to
the east is overridden by a thrust. Redebjerg at the south coast
of Ymer ). Height of cliff is approximately 1600 m.

correlated with the lowermost of the three units de-
scribed from the Traill @ — Ymer @ area by Marcussen
et al. (1987).

The succession is dominated by fluviatile sandstones.
Malmquist (1932) and Sive-Soderbergh (1934) subdi-
vided the succession at Hallebjerge and Passagehojene,
respectively, based on the different colour of the sand-
stones and the content of the conglomerates.

The present study indicates that fine-grained, shaly
deposits are more widespread than previously assumed.
The recovery at western Clavering @ of two shaly se-
quences in the lower red sandstone unit of Malmquist
(1932) may be of interest as potential source rocks. The
15-20 m thick shaly sequences yield abundant ostracods
and are thought to be of lacustrine origin. Lacustrine
shales of Carboniferous age with a fair to good source-
rock potential are known from several locations further
to the south and suggest that the Clavering @ shales
may hold similar source-rock quantities.

Upper Permian — Lower Triassic
Pl

The outcrops of Upper Permian — Lower Triassic
sediments in the northern part of the basin are ge-
ographically subdivided into three regions: Gauss
Halve, Kap Stosch and eastern Clavering @. (figs 1. 2).
These regions were investigated in detail for sedimen-
tology. stratigraphy, thermal maturity and source-rock
analyses. The lithological subdivision of the Upper Per-
mian sequence, the Foldvik Creek Group. employed by
Surlyk er al. (1986a) in the Jameson Land region, ap-
pears to be applicable to the complete region with only
minor adjustments.

The basal Upper Permian Huledal Formation is de-
posited unconformably on a variety of substrata in-

cluding crystalline basement, post-Caledonian intru-
sions, Devonian and Carboniferous sediments. The
thickness depends on local topography and differen-
tiated subsidence of the substratum and varies from 0 to
more than 100 m. The overlying Karstryggen Formation
is 5 to more than 30 m thick and consists of a varicty of
hypersaline shallow marine limestones and evaporites.
Preliminary investigations suggest that deposition took
place in environments similar to those described from
the formation in Jameson Land (Surlyk er al., 1986a).

The Karstryggen Formation is overlain by normal
marine limestone of the Wegener Halve Formation
along the western margin of the basin, particularly in
north-eastern Clavering @, and by scattered outcrops in
southern Wollaston Forland. The formation is mainly
composed of bedded biogene limestone of probable reef
flank origin. However, in situ reefs or mounds were not
found in this less than 60 m thick carbonate sequence.
Laterally to the east, shales of the Ravnefjeld Forma-
tion were deposited.

The Ravnefjeld Formation, formerly Posidonia
Shale. occurs throughout the region. The maximum
thickness appears to be 15 to 20 m. Maync (1942) in-
dicated 70 m of ‘Posidonia Shale’ from Fiskeelv on
Clavering @, but due to scree cover of the section, no
precise measurement of the thickness is possible; how-
ever, the estimated thickness is about 20 m rather than
the 70 m suggested by Maync (1942). The Ravnefjeld
Formation is generally reduced in thickness to a few
metres near carbonate buildups at the western margin
of the basin. The Ravnefjeld Formation may be sub-
divided into a lower grey, bioturbated siltstone with
calcareous beds and an upper black. laminated silty
shale with intervals of laminated. graded or massive
carbonate beds and high concentrations of Posidonia
permica. The lower unit is generally less than 5 m in
thickness but exceptionally a thickness of 25 m was
measured at the north side of Forposten, Clavering .
This lower unit is not known in the outcrops in Jameson
Land. However, the upper part, the traditional ‘Posido-
nia Shale’, is very similar in the northern region to the
outcrops in Jameson Land except for the presence of a
rich nektonic vertebrate fauna which is especially con-
fined to the calcareous intervals (Nielsen, 1935).

The overlying shale of the Schuchert Dal Formation is
relatively calcareous compared to the southern region.
The shale, tentatively included in the Oksedal Member,
may be subdivided into a lower unit of calcareous silty
shale and/or massive carbonate beds (formerly *Marti-
nia Limestone’) and an upper unit of grey. green to red
calcareous siltstone which consistently forms the top of
the Upper Permian sequence. Carbonate debris flows
(formerly “Productus Limestone’) rich in brachiopods,



Fig. 4. Erosive channels filled
with giant cross-bedded sand-
stone and conglomerates. Wor-
dic  Creek Formation, Kap
Stosch. Height of lower sand-
stone unit is approximately 25 m.

bryozoans and gastropods, occur scattered throughout.

The Lower Triassic Wordie Creek Formation follows
the Upper Permian succession with a sharp boundary
most likely representing a depositional break. Howev-
er, in most cases, Triassic sediments conformably over-
lie the Permian sequence without any significant erosion
in between. The earliest Triassic sediments are siltstone
and conglomerates with coarse- to fine-grained sand-
stone. Higher in the sequence fine-grained wavy-bed-
ded to lenticular sandstones alternate with red, brown
and green siltstone. Six horizons of sandstone in the
upper silty sequence transform laterally into deep ero-
sional channels filled with sandstone and conglomer-
ates. Giant epsilon cross bedding (fig. 4) can be seen
within these channels.

Jurassic—Cretaceous

The Jurassic-Cretaceous succession is widely exposed
particularly in the eastern part of the area (fig. 2). It
overlies unconformably Caledonian to Triassic rocks
and is covered by Tertiary plateau basalts (fig. 2).

The aim of the field work in the Jurassic-Cretaceous
sequence was to obtain samples of material for stra-
tigraphical, source potential and maturity studies. In
order to understand the regional maturity pattern, sam-
pling in large areas in the eastern part of the region,
including Hold with Hope, Clavering @, Lille Pendu-
lum, Shannon, Hochstetter Forland (figs 1, 2) was car-
ried out during a helicopter reconnaissance programme.

The Middle Jurassic Vardeklgft Formation was stud-

ied in some detail in Hochstetter Forland, Wollaston
Forland and Th. Thomsen Land (fig. 1). Material from
the type section of the Muslingebjerg Member (Surlyk,
1977) at Sendre Muslingebjerg (fig. 1) and a previously
poorly known section of the Pelion Member at Agnete-
spelven (fig. 1) may be particularly important in under-
standing the Middle Jurassic stratigraphy.

The overlying dark silty shale of the Upper Jurassic
Bernbjerg Formation and the syntectonic sediments of
the Upper Jurassic — Lower Cretaceous Wollaston For-
land Group (Surlyk, 1978a) were sampled intensively.

The Mesozoic succession is terminated by a more
than 500 m thick transgressive sequence of dark silty
shale with streaked and cross-bedded sandy horizons in
the upper part. The shales overlie unconformably Up-
per Permian — Lower Cretaceous sediments. They are
poorly dated as Aptian — Albian on the basis of very
scattered macrofossils (Maync, 1949). Therefore, a sys-
tematic palynological sampling programme was carried
out to establish a biostratigraphical zonation. However,
Tertiary sills preferentially intrude these shales and may
have altered the organic material in much of the area. It
is hoped that analyses will show that well preserved
sections are found on the north and east coast of Hold
with Hope, Jackson @, Clavering @, Kuhn © and sev-
eral places in Wollaston Forland.

The thickness of the Albian — Aptian sequence varies
from 25 to 115 m in Kuhn @ to more than 500 m at the
mountain Gyldenspids (fig. 1) in Wollaston Forland.
Further to the south on Hold with Hope and Gauss
Halve the thickness is approximately 400 m.
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Evidence of hydrocarbon generation

Previously, evidence of hydrocarbon generation was
presented by Secher & Steenfelt (1976), who found
degraded bitumen in Devonian and Carboniferous
rocks from geographically widely separated localities in
the south-western part of the study area. Many of the
localities mentioned were revisited this summer. The
bitumen occurrences are very localized and seem to be
related to hydrocarbon generation in the vicinity of
major faults or intrusions.

New evidence of hydrocarbon generation includes:

(1) A local discovery of degraded bitumen in an
Upper Permian oolitic grainstone at Kap Stosch.

(2) Common occurrences of bitumen in Upper Per-
mian algal boundstone (fig. 5) and Triassic sandstone
at Margrethedal. At this locality, the bitumen is
associated with hydrothermal minerals such as flou-
rite, dolomite and galena in the limestone. Gener-
ation of hydrocarbons probably took place in the
Ravnefjeld Formation shales during intrusions of the
numerous Tertiary sills in the area.

Discussion

The investigations in the Devonian mainly focussed
on the tectonic and sedimentary history of the basin. It
was evident from the 1986 field work (Marcussen et al.,
1987) and the following analyses that the source poten-
tial of the Devonian sequence is very restricted. This

Fig. 5. Bitumen filled vugs in an

Upper Permian algal bound-

stone, Margrethedal.

was confirmed as only two very thin shaly sequences of
restricted lateral extension were found.

The oil potential of the onshore part of the East
Greenland basin is apparently confined to the Carbon-
iferous to Cretaceous part of the sequence. Rock Eval
analyses of parts of the material collected this year
indicate that the potential source rock units identified in
the southern part of the area (Surlyk et al., 1986a;
Piasecki, 1986, 1987; Marcussen et al., 1987) also have
source potential. This is particularly the case for the
marine shales of the Upper Permian Ravnefjeld Forma-
tion and the Upper Jurassic Bernbjerg Formation. In
contrast the Carboniferous lacustrine shales and the
thick Cretaceous Aptian — Albian shale sequence have
not yet proved to have any source potential.

Potential reservoir units occur throughout the se-
quence. However, onshore prospects may be found pri-
marily in the Carboniferous to Triassic succession hav-
ing fluviatile sandstones, carbonate mounds or subma-
rine channel sandstones in stratigraphical positions
close to the respective potential source rocks.
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Upper Devonian and Upper Permian vertebrates collected in 1987
around Kejser Franz Joseph Fjord, central East Greenland

Svend Erik Bendix-Almgreen, Jennifer Alice Clack and Henrik Olsen

In July and August 1987 a five-man British/Danish
vertebrate palaeontological expedition carried out field
work on Gauss Halvg and eastern Ymer @ to collect
fossil vertebrates from exposures of the Upper Devo-
nian continental and Upper Permian marine deposits.
In the context of sampling for vertebrates the Upper

Rapp. Gronlands geol. Unders. 140, 95-102 (1958)

Devonian deposits were last visited in 1955 when one of
the writers (SEB-A) assisted the late Dr Eigil Nielsen
with field work while the Upper Permian marine depos-
its have not been examined since Bendix-Almgreen’s
field work in the Kap Stosch area in the summer of
1967.
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Fig. 1. Continental Devonian deposits in central East Green-
land range from the Givetian to the Fammenian-Strunian.
Vertebrate fossils, including tetrapods, were collected from
deposits of the latter age-bracket, exposed on Stensi6é Bjerg
and Wiman Bjerg (1) and on Celsius Bjerg (2). At Margrethe-
dal (3) elasmobranchs and actinopterygians were collected
from outcrops of the marine Upper Permian. Map from Ben-
dix-Almgreen (1976).

The project was supported from various funds. After
flying to Mesters Vig on 5 July the team joined the
GGU East Greenland project which provided equip-
ment, provisions and logistic support. On 6 July the
team was lifted by helicopter to the first camp site
situated at the south-east corner of Stensié Bjerg. For
the subsequent 28 days the team worked from this
camp, collecting exclusively from the Upper Devonian
deposits cropping out on Stensié Bjerg and Wiman
Bjerg (fig. 1). On 4 August the expedition split into
two: one team was transported by helicopter to eastern
Ymer @ where they camped close to the West Circus
Valley and the other team proceeded on foot along the

north coast of Kejser Franz Joseph Fjord towards Mar-
grethedal, on the east side of which a camp site was
chosen for the remaining days of the field season. Both
teams were evacuated by helicopter to the GGU Stordal
base camp on 16 August. .

Upper Devonian vertebrates

The Fammenian-Strunian continental deposits of cen-
tral East Greenland have yielded a rich fossil vertebrate
fauna which in addition to representatives of the clado-
dontids, acanthodians, arthrodires, antiarchs, dipnoans,
porolepiformes, osteolepiformes and struniiformes,
also comprises the much celebrated ichthyostegid stego-
cephalians which until recently were the only known
tetrapods of undisputed Devonian age (see e.g. Bendix-
Almgreen, 1976; Jarvik, 1980; Clack, in press).

In the summers of 1968-70 expeditions from Cam-
bridge University, under the leadership of Dr Peter
Friend, carried out extensive sedimentological field
studies of the Devonian deposits of central East Green-
land (Friend et al., 1976a,b; Alexander-Marrack &
Friend, 1976; Nicholson & Friend, 1976; Yeats &
Friend, 1978; Friend et al., 1983). During the field work
J. Nicholson succeeded in collecting various tetrapod
fossils among which several more or less fragmentary
skulls and some postcranial bones came from scree lo-
cated about 800 m up and close to the south-eastern
ridge of Stensi6 Bjerg (fig. 2). The material was recently
investigated by one of the present writers (JAC) who
found that three skulls, preserved juxtaposed to each
other in one block of very fine-grained sandstone, all
belonged to Acanthostega gunnari which had been
erected by Jarvik in 1952 (Clack, in press).

Until this discovery Acanthostega gunnari was known
only from a couple of incomplete skull roofs and the
additional material greatly extended the knowledge of
the species’ skull morphology. The fact that the material
from Nicholson’s locality also contained other tetrapod
remains indicated that this locality had great potential
for yielding significant collections of these fossils. Ac-
cordingly, the locality was revisited for further collect-
ing during the 1987 field season when not only the rich
scree locality was refound, but also the actual horizon of
fossiliferous deposits that had yielded the fossils in the
scree was located, The deposits belong to the upper part
of the Britta Dal Formation (Friend et al., 1983) which
in general corresponds to what has earlier been referred
to as the Upper Division of the Remigolepis series (Jar-
vik, 1961; Bendix-Almgreen, 1976).

Sedimentology. The Britta Dal Formation (Friend et al.,
1983) in which the fossils were found is composed of



Fig. 2. Outcrop of the beds from
which tetrapod fossils were col-
lected in situ at the south-east
crest of Stensié Bjerg. The se-
quence, consisting of about 1 m
thick channel fill deposits par-
tially laid down on point bars,
indicates that deposition took
shallow meandering
which  apparently
formed part of a highly ephem-
cral low gradient stream systent.
Tetrapod remains predominate in
both number and preservation in
the fossil assemblage which also
includes plant macrofossils, dis-
articulated skeletal elements of
dipnoans and Holoptychius but
only a single plate of Remigole-
pis. Photo: H.O. 21.7.1987.

place in
channels

alternating siltstone and very fine to fine-grained sand-
stone. However, detailed sedimentological investiga-
tions are not possible due to pronounced weathering
and scree development. The siltstone occupies ¢. 80%
and is mainly reddish with some greyish beds. In the
upper half of the formation greenish beds also occur.
Cross-lamination is the dominant primary structure.
Desiccation cracks are common and bioturbation occurs
in several intervals. The siltstone is usually highly brec-
ciated either due to frequent desiccation or disruption
by rootlets. The sandstone mainly occurs as channel-
shaped bodies, 0.5-1 m thick. Individual sandstone-
bodies are commonly multistorey. The storeys very of-
ten exhibit lateral accretion bedding and fining-upwards
lithology. Parallel lamination, cross-lamination and
trough cross-bedding dominate the sandstone. Internal
mud partings are common, sometimes associated with
desiccation cracks. The sandstone was deposited as
point bars in shallow meandering fluvial channels. The
discharge was highly fluctuating to ephemeral. The dep-
ositional environment is accordingly an (ephemeral)
meandering channel belt with extensive muddy flood
basins,

Tetrapods. Most of the new tetrapod fossils were col-
lected on Stensié Bjerg from the point bar deposits,
forming the outcrop at the 772 m locality and yielding
the scree material just below. In addition to a large
variety of detached skull and postcranial bones, these
comprise a number of articulated skulls of varying de-
grees of completeness, preservation and size. Some
could be identified immediately as belonging to Acan-
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thostega and probably pertain to the species A. gunnari.
However, the bulk of the skull material, which may
even comprise [chthyostega specimens, awaits determi-
nation. It seems that some of the specimens, preserving
skull remains in association with postcranial skeleton
parts (including elements of the vertebral column), ac-
tually pertain to the genus Acanthostega. A specimen
showing a sizeable, articulated portion of a body squa-
mation preserved in association with pelvic girdle ele-
ments may also belong to this genus (fig. 3). A similar
partially preserved body squamation was collected from
a locality on Wiman Bjerg where a much weathered and
entirely flattened skull of Acanthostega (skull length c. 9
cm) (fig. 4) was also found preserved in association with
articulated parts of the shoulder girdle.

New specimens of the genus [chthyostega were col-
lected from scree derived from the upper part of the
Aina Dal Formation (Friend er al., 1983) as exposed just
west of Aina Dal. These include part of a skull and
associated lower jaw and parts of the pelvic girdle, hind
limb (fig. 5) and tail. Yet another partially preserved,
but so far unidentified tetrapod specimen showing re-
mains of skull and shoulder girdle in association, was
found at the same scree locality. This specimen may
derive either from the Wiman Bjerg Formation’s low-
ermost part or perhaps from the Aina Dal Formation.

Ichthyostega skull parts and jaws and other tetrapod
remains were also collected from localities on the north
side of Celsius Bjerg on eastern Ymer @.

Osteolepiformes, Porolepiformes and  Stuntiformes.
New specimens of the large osteolepiform Eusthenodon
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Fig. 3. Tetrapod fossils collected from scree just below the fossiliferous point bar deposits shown on fig. 2. A & B: Incomplete
skull roofs of Acanthostega cf. gunnari. C: Part of articulated body squamation associated with limb endoskeleton elements.
Specimens shown in approx. nat. size. A-C: Geological Museum Copenhagen field nos 230a, 251 and 252a, respectively.



Fig. 4. Acanthostega sp.: flat-
tened, much weathered skull
roof of a small individual col-
lected on Wiman Bjerg. Ap-
prox. nat. size. Geological
Museum Copenhagen field
no. 1400a-b.

Fig. 5. Ichthyosiega sp.;
partially exposed articu-
lated hind-limb and foot
endoskeleton. Aina Dal
Formation, Stensio Bjerg.
Approx. nat. size. Geo-
logical Museum Copen-
hagen field no. 1384a”.
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(Jarvik, 1952; Bendix-Almgreen, 1976) were collected
at localities both on Stensi6 Bjerg and on the north side
of Celsius Bjerg. Most of the collected rhipidistian ma-
terial pertains, however, to the porolepiform genus Ho-
loptychius (Jarvik, 1972) and includes specimens dis-
playing skull roof, cheek and lower jaw bones, which
may provide new ‘information concerning the entire
skull bone pattern. Other specimens may give new in-
formation regarding the fin endoskeleton. The material
derives from localities on Stensié Bjerg and on the

north side of Celsius Bjerg. One locality discovered on-

Stensio Bjerg showed an in situ concentration of a con-

siderable number of Holoptychius individuals preserved

articulated, but totally compacted. :
A single Onychodus parasymphysial tooth whorl de-
serves mention because its occurrence on Stensié Bjerg,
in scree derived either from the top of the Wiman Bjerg
Formation or from the Britta Dal Formation above,
establishes the presence of this struniiform genus at
higher stratigraphical levels in the East Greenland Up-
per Devonian than hitherto recorded (Stensi6, 1936).

Dipnoi. New skull material of the genus Soederberghia
(Lehman, 1959; sec also Bendix-Almgreen, 1976) was
collected. Other specimens show a partial skull roof,
and the palaté, ribs, vertebral centra, anal fin and other
associated parts possibly from the same genus. This
material from localities on the north side of Celsius
Bjerg supplements that found on Stensié Bjerg which
probably derives from deposits of the Aina Dal Forma-
tion and includes specimens showing parts of vertebral
columns. Specimens from deposits of the Britta Dal
Formation comprise detached skull roof bones and parts
of the palate; among them a pterygoid and associated
tooth plate possibly representing the genus Oervigia
(Lehman, 1959). Significant dipnoan remains also occur
in the richly fossiliferous point bar .deposits which
yielded a large part of the considered tetrapod fossils.

Arthrodires and Antiarchs. A fe\-pv exoskeletal bones of
unidentified arthrodires were collected from scree on

Stensié Bjerg (? Britta Dal Formation) and an arthro- -

dire jaw was found in scree on the north side of Celsius
Bjerg. A few specimens of the very common antiarch
Remigolepis (Stensio, 1931; Jarvik, 1985, p. 4) pre-
served articulated, were taken from scree localities on
both Stensio Bjerg and on the north side of Celsius
Bjerg.

Plant fossils and palynological samples. Some stem sec-
tions derived from the point bar deposits of the 772 m
locality on Stensié Bjerg were considered worth lab-
oratory inspection but it has turned out that only one of

these might be identifiable (Dianne Edwards, personal
communication_1987). ‘Samples for palynological in-

-spection were also brought back from this locality but

processing in the laboratory gave no identifiable spores'
(Stefan Piasecki, personal communication 1987).

Notes on tetrapods and habitat. The fact that the large
number of in situ tetrapod fossils from the point bar
deposits exposed at the 772 m locality on Stensité Bjerg
comprises fairly complete crania and larger associated
parts of skeletons indicates that the tetrapod carcasses
had not been subject to any long transport before they
became embedded in the deposits. Accordingly it seems
reasonable to assume that the deposition site was lo-
cated within the very area in which the tetrapods lived.
This area was characterised by shallow, meandering
fluvial channels. '

The tetrapods may have searched for their prey
mainly in the meandering and intertwining streams -
where mating and breeding also took place. However,
the habitat for these early tetrapods may have included
the land immediately around the stream banks. Direct

~ evidence for this in' the form of fossil trackways like

those known from the Upper Devonian of Australia
(Warren & Wakefield, 1972) has not yet been found in
East Greenland. However, the structure of the postcra-
nial endoskeleton of Ichthyostega indicates that this had
the functional prerequisites for body support and loco-
motion also out of the water and this may have been the
case also with Acanthostega. There are features suggest-
ing that Ichthyostega physiologically was dependent on
cutaneous respiration (Jarvik, 1980, p. 226) and Acan-
thostega may have had similar requirements. It should
be noted therefore, from finds of fossil plants including
impressions of large-size trunks, and from other evi-
dence such as brecciation of siltstone due to disruption
by rootlets, that a fairly diversified flora existed in the
area during the late Devonian. This can only mean that
on the moist ground adjacent to the streams there was
enough vegetation to give the early tetrapods which
ventured out of the water, adequate shelter also against -
the desiccating effect of the wind upon their skin.

The habitats and mode of life of such early tetrapods
as Acanthostega and Ichthyostega may to some extent
have differed from each other though hardly radically
so. Bjerring (1985, p. 44) suggests that “Ichthyostega...
could_hardly walk”, since in his interpretation of its

pelvic appendicular endoskeleton, Ichthyostega lacks

the articulatio cruropedalis (see also Jarvik, 1980, figs
163-164). This may be so, but the suggestion that Ich-
thyostega could not walk seems to disagree with almost
all-the structural features characteristic of the postcra-
nial endoskeleton of this genus. According to Jarvik



(1980), the entire thoracal, abdominal and sacral por-
tion-of the vertebral column forms an arched and prob-
ably fairly rigid structure apparently capable of support-
ing the body. The articulation between humerus, ulna
- and radius is generally like that in other early tetrapods.
There are well developed articular connections between
sacral vertebrae and the pelvic girdle. This latter forms
a large supporting structure and the shape of its two
~halves suggests that the attaching leg musculature was
strongly developed. The compact femur abuts proxi-
mally against thé well developed acetabulum and has
distally articilar areas which, judging from their posi-
tion and shape, suggest that the articulatio genus
formed an angle as in other early (etrapnds generally
considered capable of walking.

Although the articulatio cruropedalis may be lacking
in Ichthyostega,-the shape and other features of the
articulations between the middle and distal tarsals, and
between the distal tarsals and the metatarsals suggest
- that the hind feet with their muscle-clad, skin-covered
metatarsals and phalanges resting on the ground were
fully capable of walking when this tetrapod: emerged on
land. :

Upper Permian marine vertebrates

Collections were made from Upper Permian marine
deposits (the Foldvik Creck Formation: Maync, 1942;
Birkelund & Perch-Nielsen, 1976) exposed in the deep
ravines located on Vestreplateau and @streplateau on
both sides of Margrethedal. Fossil fish remains from the
deposits in this area have been reported previously by
Maync (1942) and some few palaeoniscoid specimens
were collected by Biitler in the late 1940s and early
1950s.

The new fish fossils were, like those just referred to,
collected exclusively from the Posidonia Shale Member

" (Birkelund & Perch-Nielsen, 1976). They occur here
both in the shale proper and in the often very large
- concretions forming horizontal bands in the shale. The
shale locally attains a considerable thickness on @stre-
plateau, as shown by the exposures around and between
rivers F and G (for geographical details see Biitler,
1954, PI. 6). In general the occurrence and preservation
of the vertebrate fossils correspond closely to those
encountered in the Kap Stosch area towards the north
(Nielsen, 1935; Bendix-Almgreen, 1976) and, as a
whole, the fossil content of the Posidonia Shale and its
" concretions is also similar.
. The bivalve Posidonia permica frequently occurs-in
large concentrations on slabs of the shale in which there

‘are also concentrations of cephaloped prehensile arm--

hooks representing no doubt distorted natural assem-
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blages from single individuals. A specimen of Macro-
theca almgreeni (Peel & Yochelson, 1984) was also

found. This, hyolithid mollusc has hitherto been re- -
.ported only from. the Kap Stosch exposures where it -

also occurs in the Productus Limestone Member of t.hc
Foldvik Creek Formation which hére is intercalated
with the Martinia Limestone Member (Maync, 1942;
fig. 17 & Pl. 6; Blrkelund & Perch-Nielsen, 1976).

Elasmobranchu Among these the edestid Fadenia cren-
ulata is représented by specimens showing articulated
large parts of skulls and the associated dentition, and a
single specimen preserving a part of an articulated cau-
dal fin endoskeleton and the associated scale covering. - .
Another of the edestids, Erikodus groenlandicus, is rep-

resented by large parts of a skull and the dentition. The
petalodontid Janassa, either the species J. kochi or J.
unguicula, can now also be recorded. as part of the
elasmobranch fauna of this area as in that of the Kap
Stosch area (Bendix-Almgreen, 1976)." :

Acrmoprerygu The palaeoniscoids, represented by both

incomplete specimens, detached bones and several vir-

tually -complete specimens; include - apparently also

some juveniles. According to preliminary inspection in
the field, the material appears to comprise species re-

ferable to the genera Elonichthys, Pygopterus, Palaeo-

niscus, Boreolepis and Platysomus. _~

The new material suggests a faunal composition simi- -
lar to that of the Kap Stosch area (Bendix-Almgreen,
1976). There is also similarity with the elasmobranch-
palaconiscoid assemblage from localitics in Jameson
Land and Wegener Halvg, towards the south, known
from collections made during GGU’s field survey and -
inspected by one of us (SEB-A).

During the field work in the Margrethedal area several
specimens of the actinopterygians Bobasatrania, Ptero-
nisculus and Boreosomus, as well as a single selachian (?
Polyacrodus), were collected. All these derive from the
concretions characteristic of the marine early Triassic -
(Lower Scythian) deposits which are quite extensively

" developed within the area.
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Glacier velocities from aerial photographs in North and
North-East Greenland

'A. K. Higgins

General descriptions of the glaciers of North and
North-East Greenland have been given by Koch (1928),
Davies & Krinsley (1962) and Weidick (1975). These

Rapp. Gronlands geol. Unders. 140, 102-105 (1988)

descriptions, however, provide little in the way of quan-
titative data on glacier velocities, although Davies &
Krinsley concluded that a large number of glaciers and
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HF. Hagen Fjord
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1. Petermann Gletscher

2. Steensby Gletscher

3. Ryder Gletscher

4, C.H. Ostenfeld Gletscher
5. Jungersen Gletscher

6. Hans Tavsen Iskappe

7. Hunt Fjord ice shelf

8. Academy Gletscher
™ 9, Hagen Brae
10. Flade Isblink
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N. Nordenskio!d Fjord
V. Victoria Fjord

Fig. 1. Map of North and North-East Greenland showing location of glaciers dcscnbed in text. Land areas are shadcd The
marginal area of the Inland Ice and independent ice caps and glaclcrs have a dotted ornament. .

small ice caps in North Greenland exhibited stable con-
ditions, with a significant number showing evidence of
recent retreat. Comparisons of vertical aerial photo-
graphs taken in 1959-63, 1971 and 1978 permit mea-
surements of glacier velocity to be made on floating ice
tongues which have preserved a distinctive surface pat-
tern of meandering streams and crevasses. These show
the largest glaciers draining the Inland Ice in North and
North-East Greenland to have average velocities rang-
ing from 300 to 900 m/year.

This study of vertical aerial photographs has also
demonstrated that for floating glacier tongues the posi-
tion of the glacier terminus is not a reliable indicator of
advance or retreat. In the fjords of North Greenland
semi-permanent sea ice often maintains the integrity of
advancing floating glacier fronts for periods of ten to
twenty years (Koch, 1928; Weidick, 1975); the break-up
of the floating tongue in rare summers when the sea ice
melts completely may give the impression of a sudden
retreat, but this ‘retreat’ is unrelated to changes in the
mass balance.

Petermann G!mcher (ﬁg 1: no. 1) is 110 km long and 15
km wide at its front, and occupies a deep cleft between

Washington Land and Hall Land. At least the northern
40 km of the glacier is afloat, and  matching of surface
features on aerial photographs from 1959 and 1978 dem-
onstrate that the central part of the glacier has moved 17
km in 19 years, an average velocity of 895 m/year.

The position of the glacier terminus is reported to
have had a fairly stable position since 1876 (Koch, 1928;
Davies & Krinsley, 1962), which indicates that large
icebergs must regularly calve from the front and escape
into Robeson Channel, where there is often open water
in the summer.

Steensby Gletscher (fig. 1: no. 2) drains into the head of
Sankt George Fjord, between Warming Land and Nye-
boe Land. Itis 62 km long, and about 3.5 km wide at the
front where it characteristically breaks up into several
floating lobes separated by aggregates of small icebergs
(Ahnert, 1963). Aerial photographs from 1963, 1971
and 1978 demonstrate a velocity of 430 m/year. Ah-
nert’s estimate of an annual advance of 5.4 to 8.7 km
was based on an incorrect assumption. The semi-perma-
nent sea ice has maintained the advancing front of
Steensby Gletscher as an intact mass, and no large
icebergs drifted away from the fronl between 1953 and
1978.
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Ryder Gletscher (fig. 1: no. 3) is more than 80 km long
and drains northwards between Wulff Land and Permin
Land, where it is 8 km wide. Characteristic surface
features on the frontal floating segment of the glacier
demonstrate a movement of up to 8 km between 1963
and 1978, an average velocity of about 535 m/year.

- Lauge Koch’s observations in 1917 showed the float-
ing glacier tongue to extend a considerable distance
farther north than at present, into the fjord between
Hendrik @ and Wulff Land (Koch, 1928). Davies &
Krinsley (1962) note that this tongue had broken up
prior to 1947, and that the position of the glacier front
withdrew a further 5 km from 1947 to 1956. Between
1971 and 1978 the front has advanced without drift of
significant icebergs away from the front.

" Break-up and dispersal of the floating glacier tongue
clearly takes place only in rare summers when the sea
ice melts completely. Oblique aerial photographs from
1953 show a collection of large icebergs off the front of
Ryder Gletscher, which in an ice-free summer prior to
1963 had drifted 15 to 45 km northwards to positions
between Hendrik @ and Wulff Land. These tabular
icebergs occupied virtually unchanged positions on 1963
and 1978 aerial photographs and in 1985 (personal ob-
servations), showing the sea ice had not melted com-
pletely for at least 22 years.

C. H. Ostenfeld Gletscher (fig. 1: no. 4). In May 1917
Lauge Koch encountered in the outer part of Victoria
Fjord what he initially took to be glacier ice from the
floating tongue of C. H. Ostenfeld Gletscher, but later
" concluded it might be old sea ice (Koch, 1928). His first
impression. was correct, and as shown by Davies &
Krinsley (1962) the inner 75 km of Victoria Fjord is
tightly packed by large and small icebergs derived from
the glaciers at the head of the fjord. The position of the
iceberg front is currently much the same as in 1917,
Six large glaciers merge at the head of Victoria Fjord,
of which the most .important is C. H. Ostenfeld
Gletscher; it is up to 7 km wide and has a more or less

connected floating segment projecting for 25 km into

Victoria Fjord. Velocity measurements made on the
basis of aerial photographs from 1963, 1971 -and 1978

range from 750 to 815 m/year. Two glaciers west of C..

H. Ostenfeld Gletscher are inactive, whereas the three
- glaciers to the east have velocities of 400-550 m/year.

' Jungersen Gletscher (fig. 1: no. 5). This is not a large
glacier filling Nordenskidld Fjord as depicted by Koch
(1928), but as shown on modern maps it is a relatively
small glacier 2.5 km wide draining from the Inland Ice
south of Freuchen Land into the head of the fjord. The

measured velocity determined from 1963 and 1978 verti-
cal aerial photographs is 350 mfyear '

Hans Tavsen Iskappe (ﬁg. 1: no. 6)-is anindependent ice

cap about 70 km across. Three small outlet gla’ciérs_
draining into the fjord to the west have measured veloc-
ities of 40-70 m/year, and a largér glacier draining-
northwards 100 m/year. A drilling operation was carried
out on Hans Tavsen Iskappe during the 1975 Greenland
Ice Sheet Programme (Langway et al., 1985). '

Hunt Fjord ice shelf (fig. 1: no. 7). Small ice shelves
occur in northern Peary Land, one of which completely
fills Hunt Fjord; a smaller ice shelf partially blocks the
sound west of Hunt Fjord. These are the only ice
shelves in North Greenland which bear comparison with -
the better known ice shelves fringing northern Ellesm-
ere Island (Jeffries, 1987). Like them they appear to be
very ancient features and éxhibit a comparable surface
pattern of undulating ridges and water-filled hollows.
However, the North Greenland ice shelves are clearly
fed by the alpine glaciers in north Peary Land, and
while they generally show little sign of movement be-
tween 1963 and 1978 aerial photographs, a glacier feed-
ing a'portion of the west front of Hunt Fjord ice shelf is
moving forward at 23 m/year.

Academy Gletscher (fig. 1: no. 8). Early observations of =
the 10 km wide glacier at the head of Independence
Fjord indicate a floating frontal portion of hummocky - -
ice and densely packed icebergs, extending about 12 km
into the fjord (Peary, 1898; Freuchen, 1915; Koch,
1928). This floating portion of Academy Gletscher -had
dispersed by 1956 (Davies & Krinsley, 1962), and aerial
photographs from 1962 and 1978 show no indication of *

. re-establishment. It is inferred that since the 1950s the

fjord ice has melted sufficiently frequently that floating
segments of the glacier disintegrate and disperse before
they can form substantial ice tongues. No velocity mea-._

_surements are possible on aerial photographs of -the

present crevassed frontal portion..

Hagen Bre (fig. 1: no. 9), at the head of Hagen Fjord, is

75 km long and about 10 km wide in its central part.
Towards the front the glacier widens, and while the

southern part is partially dammed by two islands -and

breaks up, the northern part of the front continues into

- the fjord as a floating segment 6 km wide and up to 18

km long. Davies & Krinsley (1962) describe the floating -
glacier tongue as stagnant with a surface of interlacing
streams and large interconnecting ponds in parallel
troughs. Aerial photographs from 1960 and 1978 show



that Acadeniy Gletscher with its floating front is moving
outwards at 540 m/year. Large tabular icebergs up to 5
km by 2 km in size, which formed the front of the glacier
tongue in 1960, had broken free and drifted up to 45 km
towards the -outer part of Hagen Fjord by 1978. -

Flade Isblink (fig. 1: no. 10). Northern Kronprins Chris-
tian Land supports a large independent ice cap, Flade
Isblink. It is more than 100 km long and up to 75 km
wide but has only a-few outlet glaciers which reach the
sea, the most important being that east of Station Nord
where a floating glacier up to 25 km broad extends
northwards into the sea for up to 15 km. The eastern
lobe of this floating glacier moves at 175 m annually and
the western lobe at 360 m annually. There was no signif-

icant loss from the advancing front between 1961 and’

1978, although extensive open water leads were ad-
jacent to the front on the 1978 aerial photographs.

Nioghalvfjerdsfjorden (fig. 1: no. 11). The interior of
Nioghalvfjerdsfjorden is filled by an extensive floating
_glacier tongue, of which a northern branch projects into
Dijmphna Sund west of Hovgaard @. The main glacier
is 60 km long and 18 km wide at its narrowest point. It
widens eastwards and the outer 30 km segment is afloat.
A prominent system of undulating ridges and hollows,
first described by Koch & Wegener (1911), is developed
on the surface of the floating glacier.

The velocity of parts of the main glacier have been
measured from 1962 and 1978 aerial photographs at
310-330 m/year. The main floating front of the glacier in
Nioghalvfjerdsfjorden abuts against a series of small
islarids. On the north side of the fjord movements of
only 3540 m/year have been measured, whereas on the
south side of the fjord tongues of ice projecting between
islands move seawards at rates of up to 160 m/year. The
branch of the glacier moving north into Dijmphna Sund
has an average velocity of 210-230 m/year. '

Zacharie Isstromlickelbugten (fig. 1: no. 12). The
largest area of floating glacier ice in Greenland is that
filling Jokelbugten, which emanates from Zachariz Iss-
trgm. This area of ice-covered sea was initially de-
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scribed by Koch & Wegener (1911) as ‘Das schwim-
mende Indlandeis der Jokelbugt’, and was classified by
Koch (1928) as ‘confluent ice’. The floating glacier ice
cover a region 100 km from north to south and a maxi-
mum of 50 km from east to west.

Zachariz Isstrgm has a minimum width of 20 km, and
the central active stream has a velocity estimated from
1963 and 1978 vertical aerial photographs to be at least
470 m/year. The northern part of the floating glacier ice
is a single intact mass whose outward expansion is hin-
dered by large and small islands. Between the islands

-narrow tongues of shelf ice up to 15 km long move

outwards at 220-280 m/year. The southern area of float-
ing glacier ice filling J6kelbugten comprises tightly
packed, broken, tabular icebergs. Movement of individ-
ual icebergs varies from 66 m to 600 m/year averaged
over 15 years, the rate of movement being clearly re-
lated to the damming effect of islands, and large ice-
bergs trapped between islands.
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Surging glaciers in Greenland — a status

Anker Weidick

New wide-angle vertical aerial photography covering
most of West and East Greenland were flown in the
years 1981 and 1985 by Mark Hurd Corp., Minneapolis,
Minnesota, for the Geodetic Institute, Copenhagen.
The photographs are on a scale of approximately
1:150 000, so that single photographs cover a large area,
and are valuable as bench marks for glacier changes.
These photographs have been used for updating in-
formation on West Greenland glacier changes and the
history of West Greenland glacier surges. Those cov-
ering East Greenland have been used for location of
important centres of surging glaciers.

Procedure

Glacier surges are defined as a mass “transfer of a
large volume of ice from a reservoir area to a receiving
area” (Paterson, 1981, p. 279). Usually surges are lo-
cated by diagnostic features resulting from the surging
activity, such as strong crevassing, complex lobation of
the frontal areas, or widespread pitting of the glacier
surface. Since these features ‘heal’ with time a full cov-
erage of glacier surges in a given region requires re-
peated aerial photography over several decades. This
has been possible in West Greenland where the glacier
surges concentrated around Disko island and Nigssuaq
peninsula are well documented.

In East Greenland new photographic coverage in
1981 has pinpointed areas around the Blosseville Kyst
as having the highest frequency of glacier surges in
Greenland. The possibility of unravelling the surge his-
tory is more restricted here and has not yet been at-
tempted; the present article indicates some of the
trends.

Disko and Nigssuaq

Both areas were among the first to be mapped by the
Geodetic Institute (map sheets 1:250 000 in 1931/33),
and since 1942 they have been covered by aerial photog-
raphy on several occasions. About a score of glaciers
exhibit more or less pronounced morphological criteria
of glacier surges, but at only half of them can surge
events be documented and dated.

Individual localities. On the basis of the documented
surges and delay in healing of surge features, reces-

Rapp. Gronlands geol. Unders. 140, 106-110 (1958)

sional rates of the glacier fronts' during quiescent
phases, and geomorphological ice-contact features of
the foreland, an approximate age of older surge events
can be suggested for some of the glaciers (fig. 1). Nearly
all the surging glaciers are located in areas of Tertiary
basalt overlying and intercalated by Cretaceous sedi-
ments. Only a single glacier (11B26003-Agssakait ser-
mia) is situated in the area of Archaean gneiss.

‘Infig. 1 the position of the glacier fronts are generally
shown as the distance from the neoglacial outer mo-
raines. Exceptions are 1HDO06030-Stordal and
1HB15012-Kuanerssuit where the reference points are
at a supposed minimum of glacier advance in the last
100-200 years but where maximum extension of the
neoglacial advances might be essentially greater. The
frontal advances are shown with arrows. Hatched ar-
rows indicate documented and dated advances, and
plain arrows those suggested from the evidence de-
scribed above. The extent of the advances is indicated
by the position of the arrow point.

The frontal recession in the quiescent phase is at rates
of 10-100 m per year, but thinning of the glacier is
usually more pronounced. This implies that the outer
glacier lobe of some of the glaciers can become de-
tached over thresholds and then transformed into dead
ice. During the surges, the reactivated glacier lobes in
some cases move over old glacier ice, and in one exam-
ple (1HE09051-Kaganguaq head) the advancing glacier
front does not extend beyond the margin of the ice of
the former glacier, so that two contemporaneous, reces-
sional curves have to be drawn.

General trends of the surges. Information on the eleven
surging glaciers is mainly restricted to the most recent
surge events, but even here.the evidence for the events
of the glaciers on Agatfjeldet (1HE09090 and
1HEQ9095) is questionable. For three glaciers
(1HB10013, THD06030 and 11A02034) two events, and
for one glacier (1HB10036, cf. fig. 2) three events can
be suggested. The quiescent phase for all the examples
given seems to be around thirty to fifty years while the
surge event lasts for up to a few years.

The magnitude of the frontal variations due to the
surges vary between one and a little more than two
kilometres. A general feature is that the surges in the
last century did not reach the neoglacial maximum and
that there is a tendency for subsequent surge advances
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Fig. 2. Strongly crevassed surface of a surging glacier (glacier IHB10036) and a pitted surface of a glacier witnessing a former

surge (glacier 1HB11029), central Disko. Aerial photograph Geodetic Institute route 268E no. 268 of August 27th,

Reproduced with permission A, 200/87.

to be smaller. This must be connected with the general
glacier thinning of the same period which also caused
decreasing surge activity: thus no evidence of recent
surges in the region can be found on the latest aerial
photograph coverage of the region in 1985.

Evidence which could have been interpreted as relict
structures has been found on a number of glaciers other
than those described. Possibly many glaciers of the re-
gion passed through a period of optimum conditions for
surging during the “Little Ice Age’ and the observations
presented here just indicate the end of this period for
the glaciers in the region.

Other parts of West Greenland

In spite of extensive work on the registration of all
West Greenland glaciers, little evidence of surging has
been found outside the regions of Disko and Nigssuagq.
Surge behaviour in the middle of the 19th century may
possibly have brought the outlet of an ice cap, Sermeq
in Sendre Sermilik fjord in South Greenland, 12 km

1964.

down the fjord (Weidick. 1984a), and in the same re-
gion a pulsation of an outlet of the Inland Ice (Eqalorut-
sit kitdlit sermiat) around 1944 suddenly caused the
front to advance 3-4 km down the fjord which might be
interpreted as surge-like behaviour (Weidick, 1984b).

East Greenland

The first observation of surges in East Greenland was
made during GGU field work in the Scoresby Sund
region, where descriptions of the glacier Loberen were
given by Henriksen & Watt (1968) and Olesen & Reeh
(1969), and of Bjernbo Gletscher by Rutishauser
(1971). Both glaciers are situated in the Stauning Alper,
a mountainous area of Caledonian migmatites and gran-
ites (Henriksen & Higgins, 1976, especially map fig.
198, p. 218). The length of the quiescent phase has not
been determined in the case of Le@beren where the
documented surge took place in the early 1960s, but a
preceding quiescent phase must have covered several
decades or even a century of downwasting of a 7 km
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Fig. 3. Unnamed glacier at Johan Petersen Bugt, Blosseville K

yst, East Grecnand (approximately 68° 50'N, 26° 30"W). The

surface is strongly pitted after a former surge. Aecrial photograph. Geodetic Institute route 878 B no. 1964 of August 14th, 1981.

Reproduced with permission A. 200/87.

long glacier lobe with a maximum thickness of at least
300 m. As far as Bjgrnbo Gletscher is concerned, Rut-
ishauser (1971, p. 236) suggests an interval of 100 years
between a surge around 1890 and an expected one at
around 1990.

More surges can probably be documented in the
Scoresby Sund region, since a number of glaciers in-
dicate structures which might be interpreted as results
of surges. However, the greatest concentration of active
surging glaciers can be observed on aerial photographs
of the stretch between Scoresby Sund and Kangerdlugs-
suaq. Here a study of the most recent acrial photo-
graphs from 1981 (fig. 3) gives good evidence (crevass-
ing, pitting and lobation of moraines) of surging events
at 26 localities. The coverage of older photographs of
the region is probably insufficient for detailed docu-
mentation of events, and thus the glaciers plotted in fig.
4 must indicate a minimum of surges in the region. A
widespread pitting of the firn area of the large unnamed
glacier south of Torvgletscher in this region is described

8 Rapport nr. 140

by Rucklidge (1966), but without connecting their ori-
gin to surges.

The area of Scoresby Sund — Kangerdlugssuagq is built
up of Tertiary basalts as in the case of the Disko—
Nigssuaq area on the west coast.

Regional occurrences of surges in Greenland

Although no systematic investigation of surging gla-
ciers has been made in Greenland, the examples de-
scribed here are evidence of widespread occurrence of
this behaviour, especially in the basalt provinces of
West and East Greenland. This might imply a connec-
tion of many surges to special conditions of permeability
or roughness of the subsurface, as pointed out by Post
(1969) for glacier surges in North America.

The surging glaciers range from modest cirque gla-
ciers to great outlets of ice fields or ice caps, which in
East Greenland form complex systems of merging ice
streams.
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Fig. 4. Surging glaciers in Greenland.

Classification of surges according to time

Dating of events is possible for only a few of the
surging glaciers. The ice covers of the wide plateaus of
Disko seem very sensitive to climatic fluctuations; rise
of the climatic snow line by only about 200 m in the last
century meant that large areas of the ice bodiés here
were converted from accumulation areas to ablation
areas.

Apart from the general thinning of the glaciers on
Disko and Niigssuaq, it is possible to study an area
where glaciers in most recent time pass from a surging
phase to a ‘normal one’. This is not the case for the East
Greenland localities, which are essentially situated in
areas where fluctuations of the climatic snow line rarely
imply the same consequences as in West Greenland.
Specific conditions apply to the Inland Ice margin where
only a single event of pulsation of the outlet Eqalorutsit
kitdlit sermiat in South Greenland has been docu-
mented (Weidick, 1984b).

The ice streams of the Inland Ice have been labelled

‘permanent surges’, which in a systematic sense can only

be connected with the temporary surges described
above in so far as there is a gradation between:

(1) Glacier areas with more or less continuous surging
(ice streams). ' .
(2) Glaciers with more or less repeated temporary surge
events. ;
(3) Glaciers with a single surge event. i
Transitions between (1) and (2) might be found in the
East Greenland basalt area of complex systems of out-
lets from large ice caps, or possibly from the example of
the calf-ice producing outlet from the Inland Ice in
North-West Greenland (Harald Moltke Brz)..The latter
glacier is normally regarded as in permanent surge, but
its velocity near the front has varied in this century
between 30 m/year and 1 km/year or more (Mock,
1966). s
Transitions between (2) and (3) can be either isolated
glaciers that only pass through a period of surge condi-
tions for a short time, or where the glacier area is so
extensive that a build up for surging takes considerably
longer than the 10-100 years (Paterson, 1981, p. 289)
usually recorded for a quiescent phase.

References

Henriksen, N. & Higgins, A. K. 1976: East Greenland Caledo-
nian Fold Belt. In Escher, A. & Watt, W. S. (edit.): Geology
of Greenland, 182-246. Copenhagen: Geol. Surv. Green-
land.

Henriksen, N. & Watt, W. S. 1968: Geological reconnaissance
of the Scoresby Sund Fjord complex. Rapp Granhmds geol.
Unders. 15, 72-77.

Mock, S. J. 1966: Fluctuations of the terminus of Harald
Moltke Brz, Greenland. J. Glaciol. 6, 369-373.

Olesen, O. B. & Reeh, N. 1969: Preliminary report on glacier
observations in Nordvestfjord, East Greenland. Rapp.
Grgnlands geol. Unders. 21, 41-53.

Paterson, W. S. B. 1981: The physics of glaciers, 2nd ed., 380
pp- Oxford: Pergamon Press.

Post, A. 1969: Distribution of surging glaciers in Western
North America. J. Glaciol. 8, 229-240. )

Rucklidge, J. 1966: Observations of hollows in the snow sur-
face of Torv Gletscher, East Greenland. J. GIar:m! 6, 446~
449,

Rutishauser, H. 1971: Observations on a surging glacier in East
Greenland. J. Glaciol. 10, 227-236.

Weidick, A. 1984a: Studies of glacier behaviour and glamer
mass balance in Greenland — a review.- Geogr. Annlr 66A,
183-195.

Weidick, A. 1984b: Location of two glacier surgcs in Wes:
Greenland. Rapp. Grpnlands geol. Unders. 120, 100-104.



111

Mass balance, ice velocity and ice temperature at the Inland Ice
margin north-east of Jakobshavn, central West Greenland

Henrik Hgjmark Thomsen

Glaciological field investigations were made on the
Inland Ice north-east of Jakobshavn. The work is part of
the hydropower investigations at Pikitsoq in a drainage
basin proposed for a local hydropower project. Brief
reports of the work have been given by Thomsen (1983,
1984, 1985, 1986).

Mass balance measurements 1986/1987

The glaciological programme was started in August
1982 when stakes were drilled into the ice for measuring
the mass balance (fig. 1). The stakes were visited by
‘helicopter on 13 May and 13 August. Six of the stakes
are located near the ice margin ending in lake 187 (fig.
2) and are represented by stake 2 in fig. 1. The stakes

have been plotted on the most recent map of the area,

based on aerial photographs from 1985 (see Thomsen,
1988).

The winter snow cover on the ice was very patchy and
confined mainly to drifts in gullies and crevasses up to
an elevation of about 500 m a.s.l., but snow cover was
continuous at higher elevations. The transient balance
for the winter period was measured in snow pits and by

depth soundings at the stakes. As there were no signs of
heavy melting during the winter, the observed distribu-
tion of snow cover is probably due to wind drifting. At
elevations of about 500 m a.s.l. the 1987 summer abla-
tion is high compared to earlier years.

At lower elevations the stakes were melted out con-
firming strong melting during the summer. The tran-
sient and annual balances are shown in Table 1. In the
case of stakes which melted out, a minimum balance

“ figure can be given based on the length of the stake still

in the ice at the time of the spring stake readings. These
figures are given in brackets in Table 1.

Ice temperature measurements

To measure englacial temperatures two sets of therm-
istor strings were drilled down to depths of 202 m and
300 m in the ablation area (fig. 2). The holes were
drilled with a newly constructed hot water drill (see
Olesen & Clausen, 1988). The drilling operation was
carried out from a base camp established on the ice. The
202 m hole is situated 4.4 km upstream from the ice
margin with an ice-surface elevation of 490 m a.s.l. The
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Fig. 1. Drainage basin at Pakitsoq. Stakes drilled into the ice are shown. Contours in metres.

B .'_hj:p, Gronlands geol. Unders. 140, 111114 (1988)



112

Table 1. Transient and annual balances for the Inland Ice at Pékitsoq
millimetres of water

Stake Elevation 25th Aug 86 13th May 87 25th Aug 86
ma.s.l. 13th May 87 13th Aug 87 13th Aug 87
2.0 210 - 580 >(—2900) >(—3500)
2.1 205 -850 >(—2900) >(—3800)
22 205 —800 >(—2900) >(—3700)
2.3 200 —740 >(—2800) > (—3600)
2.4 200 -810 >(—2800) >(—3600)
2.5 200 -560 >(~2900) >(—3500)
3.0 235 -630 >(—2900) >(—3500) -
4.0 380 -570 >(=2700) >(—3300)
5.0 415 -560 >(~-3200) > (—3800)
6.0 560 =100 —2080 —2180
7.0 615 -180 —1980 —2160
7.5 720 - 70 —2000 —2080
8.0 780 140 —-2370 —-2230
9.0 850 60 -2270 -2210
10.0 890 130 — 1560 —1430
11.0 965 140 —1750 - 1620
11.5 1020 140 -~ 1580 —1430
12.0 1070 340 ~ 480+* - 130
* estimated.

* Staks drilled into the ice
®x Hot water drilling
T Thermistor

A Base Camp

K =

[Z] tce margin E=] Lake and tjord Contours on ice
Fig. 2. Sector of drainage basin near ice margin at Pékitsoq showing locations of stakes, drill sites and thermistor strings.

o] 1 2 3 km




ice thickness at this location is 300 m according to radio
echo soundings (Thorning & Hansen, 1987). The 300 m
hole which extends to the bottom of the ice in accord-
ance with radar measurements is situated 3.2 km up-
stream from the ice margin with an ice surface elevation
of 455 m a.s.l.

Thermistors were mounted at every 25 m on the
strings except for the lower end where the distance
between the three lowest thermistors were 10 and 15 m,
respectively. The accuracy of the temperature measure-
ments in the ice is = 0.2°C. Temperature readings were
made several times during the two weeks duration of
the drilling operation and were read five weeks later by
a visiting field team from Greenland Technical Orga-
nisation (GTO). Temperature readings of thermistors
drilled into the ice with a hot water drill on White
Glacier, Axel Heiberg Island, showed temperatures to
be sufficiently close to the equilibrium state to allow
measurements after 2 to 3 weeks (Blatter, 1985). The
latest readings at Pakitsoq are assumed to be close to
the equilibrium state, but exact verification is needed
next year. The temperature readings reveal negative
temperatures in the whole ice body and a small range
through the profiles with a minimum temperature of
—2.1°C and a maximum temperature of —0.6°C. Tem-
perature measured at the bottom of the ice is —0.9°C.

Ice velocity measurements

Ice velocity was measured on the glacier tongue end-
ing in lake 187. Ice velocity is measured by theodolite
survey at stakes drilled into the ice from fixed points
established on the ground. Ice velocities are given in

Table 2 and stake locations are given in fig. 2. Ice.

movement is highest at stake 3 located at the foot of a
small icefall. For the stakes near to the ice margin there
is generally a higher velocity at the southern lateral part
of the tongue compared to the central part. For all
stakes there is a marked seasonal variation in ice move-
ment, with mean summer velocities up to twice the
mean winter velocity. Variations in sliding velocity
could be an explanation (Paterson, 1981; Andreasen,
1985) which in turn implies that the basal ice is at the
melting point and that surface meltwater can penetrate
to the bed and build up high water pressure. It is not
possible at present to determine if this movement pat-
tern applies to the whole marginal area as no velocity
measurements have been made further upstream. From
depth soundings in lake 187 and ice thickness mea-
surements with radar, it is reasonable to believe that the
glacier tongue is floating. Water level recordings in lake
187 show that the mean water level is 2 m higher in
summer (GTO, 1983). The possibility that the move-
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Table 2. Ice velocity on the margin of
the Inland Ice at Pakitsoq

metres per day

Stake 31st May 86  15th Sep 86  31st May 86

15th Sep 86  15th May 87  15th May 87
2.0 0.10 0.05 0.06
2.1 0.15 0.08 0.09
2.2 0.09 0.04 0.06
2.3 _ 0.13 0.08 0.09
24 . 0.10 0.06 0.07
2.5 0.18 0.09 0.12
3 0.30 0.19 0.23
4 0.14 = -

- Stake not seen. See fig. 2 for stake locations.

ment pattern is connected with a floating ice tongue and
thus is of local origin cannot be excluded.

Acknowfédgemenu. Bo Madsen, (GTO) helped to survey the
stakes, and Peer Jgrgensen (GTO) helped with last thermistor
readings.
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Mapping and modelling of glacier drainage in the Pakitsoq basin,
central West Greenland

Henrik Hgjmark Thomsen

Mapping of surface hydrology and modelling of gla-
cier hydraulics at the margin of the Inland Ice north-east
of Jakobshavn have been used for investigating glacier
drainage. The work is part of the hydropower investiga-
tions at Pékitsoq in a drainage basin proposed for a local
hydropower project. Excluding its Inland Ice sector the
basin covers an area of 33.6 km® and is situated at about
200-600 m a.s.l. (fig. 1; Thomsen, 1988, fig. 1). The
main part of the runoff from the basin is meltwater from
the ice sheet draining through three lakes, 326, 233 and
187. Lake 187 and 233 are proposed as two separate
reservoirs, with tunnels leading to the fjord north-west
of the basin.

Glacier hydrological conditions

Meltwater drainage on the ice itself is complicated.
Over large areas meltwater drains through innumerable
rivers whose drainage courses are influencéd by the
surface undulation and different structural features on
the ice surface. In most cases the rivers escape down
into moulins or crevasses, after which the meltwater
drainage is controlled by englacial and subglacial drain-
age conditions. Delineation of drainage basins requires
information about supraglacial and subglacial condi-
tions.

E= Lake and tjord

7] ice margin

Fig. 1. Drainage cells on the Inland Ice at Pikitsoq, each draining to a moulin or moulin complex.
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Surface topography and drainage

A photogrammetric map on a scale of 1:75 000 was
prepared covering the ice-free part of the basin and the
adjoining sector of the Inland Ice. The map, based on
vertical aerial photographs on the scale 1:150 000 from
10 July 1985, was plotted on a Kern PG-2 stereo plotting
instrument connected to a computer system. The map
gives physiographic information and surface topography
with contour intervals of 50 m in the ice-free area and 20
m on the ice. All possible details have been plotted for
the glacier area and -trimline zone. This includes fea-
tures on the ice especially related to surface hydrology
such as rivers, lakes and moulins as well as crevasses
and lineaments influencing the drainage pattern. The
map is supported by observations in the field on foot or
from a helicopter.

On the basis of the glacier hydrological map, the ice
surface was divided into a number of drainage cells,
each draining to a moulin or moulin complex (fig. 1). At
the highest elevation, the individual drainage cells have
been arbitrarily cut at an elevation of 1100 m a.s.l. The
meltwater drainage course from each cell will depend
on englacial and subglacial conditions below the point
of escape into the ice.

It is reasonable to assume that the drainage pattern
on the ice is semi-permanent. It means that drainage
takes place in the same valley system on the ice from
year to year because the valleys are features of the local
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topography caused by ice movement over the hilly sub-
glacial terrain. Comparisons with older maps, plotted
on vertical aerial photographs from 1959 (Thomsen,
1986) and oblique aerial photographs from 1948 show a
stable main drainage pattern with rivers draining in the
same valley systems and moulins lying in approximately
the same positions. This is despite a mean glacier thin-
ning of 14 m up to an elevation of 500 m a.s.l. in the
period 1959-1985.

Englacial and ;subgiacfaf drainage

Studies of englacial and subglacial water drainage
usually deal with drainage in temperate ice conditions.
Some water drains through tiny cracks and openings
along the single ice crystals (Shreve, 1972), but most
water drains in larger channels and conduits starting at
moulins and crevasses on the surface. Moulins can reach
several hundreds of metres down into the ice, directly to
the bottom (Iken, 1972; Meier, 1973). At the bottom of
the ice water can drain in a thin water film or in sub-
glacial channels, depending on the regional and local
subglacial conditions (Rathlisberger & Lang, 1987).

No direct observations exist about englacial and sub-
glacial drainage from the area at Pakitsoq. The few ice
temperature measurements (see Thomsen, 1988) show
slightly negative temperatures in the whole ice body.
Observations from White Glacier on Axel Heiberg Is-
land suggest that water escaping down into moulins is

i

49°30'
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)

Fig. 2. Calculated subglacial water potential for & = 0.7. Units in 10°N/m®. Subglacial water divides are given by dotted lines.
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Fig. 3. Calculated subglacial water potential for k = 1.0. Units in 10°N/m?. Subglacial water divides are given by dotted lines

able to reach the bottom of the ice, even under condi-
tions of cold ice (Iken, 1972). From the above it is
assumed that surface water at Pikitsoq which escapes
down into the ice through moulins quickly flows to the
bottom -of the ice and there drains according to the
subglacial conditions.

Modelling of Subglacial drainage

A model by Bjornsson (1982) describing subglacial
drainage was used for calculating the drainage at the
glacier bed. The model describes water drainage down
the gradient at a potential which depends upon both
surface and subglacial topopgraphy. Data from the pho-
togrammetric surface mapping and data from radio
echo sounding of the bed (Thorning et al., 1986; Thorn-
ing & Hansen, 1987) were used as input for the model.
The potential is expressed as

POT = (r,—k1))-G-Zy+k-r-G-Z,

r, and r; are the density of water and ice, respectively. G
is the acceleration due to gravity, Z, and Z, are the
elevation of glacier bed and surface relative to a hori-
zontal datum, and k is a hydraulic factor expressing the
relation between subglacial water pressure and ice over-
burden pressure.. Water flowing in an isotropic basal
layer drains perpendicular to the potential lines. The

model is a first-order approximation of subglacial drain-
age and does not describe details in water flow.

In practice the- k factor will vary in time and with
location in a way which is difficult to describe and will,
as a minimum, require extensive measurements of the
basal water pressure. Subglacial potentials are therefore
calculated for a number of k values from zero to one
and are plotted as potential maps, some of which are
shown in figs 2 and 3.

The subglacial water divides under conditions of var-
ying k factor were drawn from the potential maps. This
includes delineation of sub-basins draining to the three
separate lakes, 326, 233 and 187. The results show that
subglacial drainage is slightly sensitive to changes in the
k factor. The drainage area and the sub-basins are
nearly constant for k = 0 to k = 0.5. For k = 0.7 there is
a slight increase of drainage area in the north-eastern
part of the basin and for k = 1.0 this tendency is further
reinforced, but with a marked change in configuration
of sub-basins (figs 2 and 3). The modelling suggests that
changes in the subglacial conditions will not create crit-
ical changes in the basin size.
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Electromagnetic reflection survey 1987 in key areas of the
Pakitsoq basin at the margin of the Inland Ice,
central West Greenland

Leif Thorning and Egon Hansen

The EMR surveys of previous years (Thorning et al.,
1986; Thorning & Hansen, 1987) provided the ice-thick-
ness data necessary for a detailed evaluation of the
glaciological-hydrological conditions of the Inland Ice
required for planning a hydropower plant at Pakitsoq
(Thomsen et al., 1986). This evaluation also identified
some locations where ambiguity in the hydrological in-
terpretation resulted in uncertainties in the estimate of
water supply to the Pikitsoq basin, because the data
available did not allow the model to predict the direc-
tion of drainage of meltwater. Therefore, further ge-
ophysical work was undertaken to provide more de-
tailed information on the subglacial relief of these local-
ities on the ice.

Field work 1987

In May 1987, the helicopter-borne clectromagnetic

- reflection (EMR) survey was continued in the Pékitsoq
area. As in previous years a Bell 206 Jetranger hel-
icopter (Glace, OY-HBF) was used. The antenna (a
better version in more durable materials) was mounted
between the floats, and a new video recorder (Sony
VO-6800PS, U-matic format) was used for the record-
ing of EMR data, navigational check marks and naviga-
tor comments. A Del Norte line-of-sight navigation sys-
tem with four remote stations was used for accurate
positioning. The remote stations were placed so as to
provide optimal coverage in the area of interest and
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therefore not at the same positions as in 1986. Flight
elevation was 10 m above the ice surface. Operations
were carried out from Jakobshavn airport with two or
three refuelling stops at the camp at Lake 187, Pikitsoq,
where fuel had been landed by a larger helicopter.
The objective of the measurements was to obtain data
from two specific areas where problems in hydrological
interpretation existed. Thus, from the outset it was in-
tended to utilize the navigation system for feedback of
inflight information to navigator and pilot to make it
possible to place lines closely and accurately over the
critical areas. For a number of reasons this failed in the

_field, and instead navigation was visual, based on the

combined experience of pilot and navigator, and aimed
at a concentration of measurements in the areas of
special interest. The navigational data were thus only
recorded for later processing and were not used in
flight.

Processing of data

The navigational data were processed by Bo Madsen,
GTO, and transferred to GGU as calculated positions
in UTM coordinates correlated with time. Due to errors
in the recording of the data in the field, the positioning
is less accurate than in 1986. This prolonged the sub-
sequent processing of EMR data because a number of
extra checks and corrections have been necessary,

The EMR data were processed using the same meth-
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ods and computer programs as in 1986 (Thorning &
Hansen, 1987). By October 1987 all profiles were repro-
duced in hard copy, digitized and processed to migrated
ice-thickness data. However, the data have not yet been
gridded into maps, as it is the intention to compile a
combined data base of EMR data from 1985-1987, and
scrutinize this for internal consistency before producing
improved maps of ice-thickness, subglacial relief and
hydrological potential.
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Construction and testing of a lightweight radar for ice-thickness
~ determinations on glaciers in the Pakitsoq area,
central West Greenland

Leif Thorning and Egon Hansen

Although the helicopter-borne EMR surveys de-
scribed in Thorning & Hansen (1988) resulted in excel-
lent results from most of the catchment area of interest
for the hydropower plant planned for Jakobshavn, there
are still some local areas, such as the glacier lobes and
ice-falls; where no meaningful data could be obtained.
“In the autumn of 1986 it was decided to construct a
monopulse ice radar for use in such areas.

Construction -

" The instrument was constructed at GGU using a sub-
contractor for the high voltage power supply. The prin-
ciple of the ice radar and good advice on its construction
is given in Hodge (1978), which we followed closely.
The principle and main components are shown in fig. 1.
The instrument consists of two separate parts: the
transmitter and the receiver. '

The transmitter contains a 750 V DC power supply -

and a circuit containing four transistors. Thesec are
brought to avalanche and pulse with a repetition rate of
approximately 6 kHz over a load of 400 ohm. The
choice of output frequency is then made through the
choice of antenna length.

The signal from the receiver antenna is fed into an
oscilloscope. The signal on the oscilloscope shows the
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direct pulse through air (used for triggering the sweep)
and the reflected pulse delayed in proportion to the
distance travelled through ice (fig. 2). The two-way
travel time is calculated as the delay time for the arrival
of the reflected pulse read off the oscilloscope plus the
travel time for the direct pulse through air. For docu-
mentation a photograph is taken of the oscilloscope
screen and its setting using a camera with date/time
backpanel.

TRANSMITTER RECEIVER
10m~5MHz %
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Fig. 1. Principle of the mono-pulse ice radar. For explanation,
see text.



Several sets of antennas were constructed for differ-
ent frequencies, in half-antenna lengths of 1.25, 2.5, 5,
10, 20, and 40 m, corresponding to peak frequencies of

40, 20, 10.5, 2.5, and 1.25 mHz. Each antenna is a i

resistively-loaded, centre-fed dipole, identical and sym-
metric about the feed point.- The antenna wire with
interspersed resistors was enclosed in a plastic tube with
test points at the ends to check for continuity. The
.antennas were flexible and easy to handle.even at the

low temperatures prevailing on the ice. The power sup-

ply was from rechargeable batteries for both transmitter
and receiver. : - .t

Velocities for radio waves were chosen at 300 m/us in
air and 168 m/us in ice.

Field work 1987

"As part of the glaciological work in the Pékitsoq area
(Thomsen, 1988) and the continuation of the EMR

surveys, the last of which took place in April 1987

(Thorning et al., 1986; Thorning & Hansen, 1987;
Thorning & Hansen 1988), a program was planned for
detailed measurements around drill sites and on the
glacier lobes to test the instrument -and produce useful
data for the hydrological work. Besides using the ice
radar at different localities and on different types of ice,
a series of experiments using different frequencies, dif-
ferent transmitter-receiver distances, profiling and ex-
panding spread around a fixed common midpoint were

planned to demonstrate the capabilities and limitations

of the equipment on the Greenland Inland Ice. Howev-
er, as it turned out, much time was wasted on equip-
ment failures manifesting themselves in burned-out
components in the high voltage supply circuit. Thus,
only a limited part of the program could be carried out.
It was, however, enough to demonstrate the usefulness
of the ice radar, and to get some ideas on how to
improve GGU’s version. The work was based at the
camp on the Inland Ice shared with the GGU glaciol-
ogist working in the area (Thomsen, 1988).

Discussion of results

Work was carried out in three areas.

In the area adjacent to the first hole drilled through
the ice (Olesen & Clausen, 1988), the ice thickness of
approximately 300 m fitted well with both the results
from the EMR surveys and from the logging of the hole.
The returned signal was weak, but easily recognizable.

The second area was near a drainage system in a
depression in the ice surface where the drilling ran into
difficulties, probably due to material of some sort in the
ice at approximately 270 m depth and some 60 m above
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Fig. 2. Example of recording (redrawn from photo).

the bedrock. Here transmitter-receiver (T-R) distance
was varied from 50 to 200 m and all frequencies were
tried. Although the direct pulse was always well de-
fined, no reflected pulse could be recognized in the
field. Presumably, the material (sand, gravel, rock ?)
which gave difficulties for the drilling, also completely
scattered the radar waves and diminished the returning
signal to below the noise level. This does not mean that

it is impossible to obtain data from such an area in the

future. The ‘contamination” of the ice may vary locally,

Fig. 3. Position of profiles on the surface of the glacier into lake
187. Transmitter-receiver distance 100 m. The circled points
are positions of stakes. Contours and points show elevation of
surface.
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and it may be a question of moving the equipment
around, until a place is found where the signal gets
through. Unfortunately, there was no time to do this in
1987.

The third area, the lobe of the glacier into lake 187,
yielded the most promising results. Here 2 km of pro-
files with a T-R separation of 100 m gave good, clear
return signals at all measuring points. The antenna
length was 20 m corresponding to 5 mHz, a frequency
often quoted in the literature as suitable for this type of
environment. In fig. 3 the position of the profiles on the
glacier is shown where point C is at stake 2.1.

The calculated two-way travel time cannot be directly
converted into ice thickness, because it cannot be as-
sumed that the return signal comes from below the
midpoint. For each position of the transmitter and re-
ceiver the reflected signal may come from any point on
an ellipsoid with transmitter and receiver in the focal
points. A program has been made following Blatter
(1987; personnal communication, 1987), which calcu-
lates and plots this ellipse in the vertical plane of the
profile for each measurement position (fig. 4). If no
other information is available, the envelope of these
ellipses probably represents the best estimate of the
upper limit of the bedrock relief. However, alternative
interpretations are possible, as indicated on fig. 4. More
detailed measurements using other geometries and sam-
pling intervals may well limit the ambiguity- signifi-
cantly.

Using this simple approach the cross-sections (fig. 5)
were constructed giving ice thicknesses of 70-50 m.
These represent the first estimates of the ice thickness
of this glacier based on direct measurements, but they
are not yet sufficiently detailed to determine the charac-
ter of the bottom of the glacier, i.e. whether it is a
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Fig. 5. Sections constructed from the ice radar measurements.
Profile positions indicated on fig. 3.

bedrock/ice or water/ice interface; at present the former
possibility is favoured. The results will be added to the
EMR data base, and improve map accuracy in this area.

Future work

Based on the experiences with the monopulse ice
radar, technical improvements have been planned.
More detailed work will probably be attempted next
year on the lobe of the glacier into lake 187, aimed at an
accurate mapping of the bedrock/water surface below
the glacier. Methods for data reduction will also be
refined.
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Test drilling with a hot water jet at the Inland Ice margin,
Pakitsup, central West Greenland

Ole B. Olesen and Anders Clausen

A new hot water jet drill was tested on the Inland Ice
margin north-east of Jakobshavn. A total of 2436 m was
drilled and data on drilling performance is presented
together with the preliminary interpretation of borehole

logging.

Introduction

One of the main problems in assessing potential water
sources for hydroelectric power plants using meltwater
from the Inland Ice is the delineation of the drainage
basin. In the case of the proposed project at Paakitsup
Akuliarusersua this delineation has been attempted by a
combination of surface topography and drainage sys-
tems, radio-echo soundings, mass balance measure-
ments, ice dynamics and present theories on the internal
drainage of glaciers (summarized by Thomsen et al.,
1986).

The subglacial or englacial drainage of glaciers, par-
ticularly where temperatures are below the pressure
melting point is not very well understood. From both
practical and scientific considerations it therefore
seemed reasonable for GGU to start research using the
basin at Paakitsup Akuliarusersua as a test area.
Among important aspects of this research are the mon-
itoring of hydrostatic pressure variations within the
drainage system, tracer experiments and subglacial and
surface topographic mapping. This requires the installa-

- tion of gauges at different levels in the ice, the injection
of tracers and withdrawal of water from specified loca-
tions and spot checks on the accuracy of the radio-echo
soundings made in the area. The only practical way of
accomplishing this programme is by drilling, and it was
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therefore decided that GGU should either buy or devel-
op its own drill.

Equipment

As no ice-core samples were required and a regular
borchole diameter was unimportant, it was decided to
use a hot water jet to penetrate the ice. This type of
drilling is the fastest and most reliable method and has
been widely used in the Alps (Iken et al., 1977). We had
an opportunity to examine the Swiss system at the Swiss
Federal Institute of Technology (ETH) in Ziirich and
used it as a basis for our own drill.

The basic principle consists of pumping water through
a heating system and into a hose with a rigid drill tip
with a nozzle. The hot water from the nozzle melts the
ice in front of it and flows back up the drill hole. All the
main elements in the system are commercially available,
but the actual fitting and mounting of the different
components is unique to this system. The central part of
the drill consist of two units, a power unit and a heating
unit (fig. 1). The power unit is a 6 kW four stroke
gasoline engine with reduction gear connected with an
0.4 kW 220 V generator and a piston pump capable of
delivering 18 U/min. of water with a pressure of up to 100
bar. Fuel consumption is 2.5 /hr and the total weight of
this unit is 79 kg. The heating unit is a water circulation
coil with an oil burner (modified for using jet Al fuel).
The airblower and oil pump are driven by a flexible axle

- from the power unit, and current for the ignition is

drawn from the generator. Fuel consumption is 11.6 I/hr
corresponding to 113 kW and the weight is 127 kg.
During drilling the two units can be used separately (to



the extent of the flexible axle) but will normally be
bolted together to work as a single unit.

Further equipment used is 500 m of heat resistant
high pressure hose (working temperature and pressure
are 121°C and 138 bar) in lengths of 100 m, a2 m long 25
mm diameter stainless steel drill tip with interchange-
able nozzles and a clinometer on top, a lightweight
tripod with winch and pulley, and a low pressure pump-
ing unit for use when water has to be drawn from farther
away.

The total weight of the complete drilling system in-
clusive of tools and spare parts is 435 kg.

Field tests

Before the actual deep drillings a few tests were made
to determine the size of nozzle to be used. It was soon
discovered that with the given weight of just under 5 kg
for the drill tip, nozzles with an inner diameter of 2.4
mm or less forced the tube back up the drill hole. With a
2.5 mm nozzle it was impossible to steer the drill verti-
cally, so in the end a 2.7 mm nozzle was chosen. This
gives a pump pressure of 35 bar with one 100 m length
of hose and all subsequent drillings were made with this
nozzle.

Eight deep holes were made to depths between 270
and 383 m totalling 2.436 m (see Table 1). In two areas,
two holes were drilled 10 to 15 m apart, while in the
other areas only one hole was made (for site location,
see map in Thomsen, 1988). Of the eight holes, five
went to the bottom while two (nos 1A and 6) are un-
certain and one definitely stopped in the ice (no. 3A).
The outlet temperature from the heating unit was just

Fig. 1. Components of the drill-
ing system. To the right, a gaso-
line engine and high pressure
pump form the power unit. The
heating unit is on the left. Units
are bolted together for field op-
eration.

about 82°C, giving a heating efficiency of above 90%.
To get an idea of the heat loss in the hose a thermistor
was mounted in the drill tip and exposed to the circulat-
ing bore-hole water.

The measured temperatures are plotted in fig. 2
against length of hose between heater and thermistor
housing. Typically about 20 m of hose was above the
water-filled drill hole when temperatures were mea-
sured. As only a few data points are available a straight
line has been fitted to the points. The data are, howev-
er. consistent with a heat loss of 2% per 10 m of hose
which is very close to the 1.8% measured in an experi-
ment in Copenhagen prior to the field tests.

In Table I measured drilling speeds in m/min. are

°C
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Fig. 2. Fall in temperature with increasing hose length. Tem-
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peratures are read with about 20 m of hose above the hole. For
explanation of index temperature and thermistor setting see
text.



Table 1. Drilling speed and depth for hot water
jet Paakitsup Akuliarusersua, Jakobshavn, West
Greenland August 1987

Drilling speeds in metres per minute.

Site Depth intervals in metres Max. depth
m
0-90 " 90-190 190-290 >290
8 T 4.1 2.6 22 - 298
3 6.0 - - - 305
A -— - - - 275%
2 5.6 - - - 270 .
2A = - - - 278
! | 6.4 3.6 2.1 1.1 382
1A 4.5 a0 s = 208+
6 - - - - 330*
Mean :
drilling 5.2 3.3 2.1 “1.1- 2436 Total

- speed

* Drilling did not reach bottom of glacier

listed for various intervals and the same’ figures are
plotted in fig. 3. The actual measurements refer to times

‘between fitting successive 100 m lengths of hose. No.
corrections have been attempted to compensate for “dif-

_ ficult’ drilling conditions when the drill penetrated lay-
ers of ice with debris which had a considerable slowing
effect. ) -

All the listed drillings in Table 1 were carried out with
the same nozzle which means that the pressure at the tip
of the drill was constant. However, on one occasion a
large nozzle (3.0 mm) was tried at a depth of 200 m and

- the drilling speed dropped to about one third of that
with the 2.7 mm nozzle. Although this was the only trial
it indicates that pressure has a very strong influence on
drilling performance. ’

Comments

In general, drilling proceeded at an even speed but at
sites 3 and 3A a very resistant layer was encountered
220 m below the surface where drilling speed dropped
to almost nil for 10 to 20 m. Subsequent inspection of
the nozzle showed distinct scratches along the sides but
no fine particles were observed in the upwelling water in
the drill hole. Most probably the layer encountered was _
a shear plane carrying material from the- bottom up-
stream of the drill site. Downstream from the site shear
planes could be secen on the surface although these

_seemed to carry a relatively high content of fine parti-
cles of silt and clay sizes.

At site 1A a deep layer carrying debris was encoun-
tered and a sample was unwittingly brought to the sur-
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) DEPTH
Fig. 3. Decrease of drilling speed with increasing depth. Snmc
data as in Table 1.

face. In order to read the clinometer, water pressure
was taken off the drill by suddenly turning the relief.
valve. The subsequent sudden pressure drop must have -
created a vacuum in the hose (probably due to the
elastic stretching and contraction) and the nozzle be-
came clogged with sand. The individual grains are up to
2.5 mm in diameter and are mostly sharp edged and

“hence have not been transported for long distances. The

samples are being mineralogically examined for compo-.
sition and possible provenance. The hole was not fin-
ished to the bottom because of refreezing in-the hole
while the nozzle was being changed and exannned for

.damage.

At drill site 1 the drill seemed to hit a vond at 180 m
below the surface when the water level in the drill hole
suddenly dropped. When the drilling stopped, the water
level rose again and stood at 20 m below surface, that is
when an additional 2.5 m® of water had been purnped
into the hole.

_In Table 2 ice thickness measured by both radio-echo
soundings (EMR) and by drilling with the hot water jet
is compared. EMR thickness is read by interpolation
between computer-generated contours based on a 100

5 i
Table 2. Comparison-of ice thickness measured by
- radio-echo soundings (‘@'MR) and hot—water

jet drill holes

Site Drilling EMR Difference

m ~ m m - %o
8 298 300 2 0.7
3 305 - 300 5 1.7
217 270 240 30 11.1
2A 278 240 38 13.7
1 382 400 - 18 4.7
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m grid of filtered data. Sites 2 and 2A are only 10 m
apart and the difference of 11% and 14% in the two
data sets are probably due to the great bottom gradient
of approximately 40° which both aggravates positioning
errors and influences EMR interpretation.

Although the overall performance of the drilling sys-
tem was very satisfactory, a few things must be changed
to improve determination of when the bottom has been
reached. For instance, the present clinometer is too
sensitive to vibrations so that the pump has to be stop-
ped during the ‘feeling’ for the bottom. A heavier drill
tip should be used both for the advantage of drilling
with a smaller diameter nozzle and for the bigger loss of
weight when the tip rests on the bottom, making it
easier for the drilling crew to detect when to stop paying
out more hose.
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