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ABSTRACT

An overview is presented of the available documentation on a variety of studies related
to exploratory efforts carried out in the realm of the Ilimaussaq alkaline intrusive complex.
The greater part of the research has been concentrated on the possible exploitation of the
uranium deposit on Kvanefjeld, the northernmost extension of the intrusion. Elemental
enrichment that occurs in the mineral assemblages of the alkaline rock series has attracted
attention as possible resources for future development.

The variety of subjects that are briefly summarised encompasses the geological setting
of the intrusion and the various geophysical surveys. An account is given of processing
and other technical studies related to exploitation, mainly of the uranium deposit.

Environmental studies are presented in summary.
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PREFACE

This Open File Series report on the Ilimaussaq intrusion in South Greenland is meant
to be a brief overview of the broad spectrum of subjects related to geoscientific research,
surveys and experimental development of extraction techniques, combined with planning
and assessment approaches that have been carried out since 1955, within the realm of the
complex.

Basically, the aim has been to refine the overall knowledge of the mode of
emplacement of the different rock types and of the elemental distribution and enrichments
that took place during solidification of a unique type of peralkaline magma. As a
consequence of the early discovery of uranium enrichment efforts were concentrated on a
restricted part of the intrusion, a marginally situated area called Kvanefjeld. Hence this
overview is to a certain extent biased towards exploration and further development of the
uranium resources.

In order to facilitate the search for relevant information it was decided to introduce a
chronological approach to the fields of study whenever needed.

Studies carried out in areas outside the realm of the intrusion, but motivated by the
urge to collect supplementary information needed in relation to a possible exploitation of
the uranium resources, have been included in the present overview.

Since the references quoted in this report cover a restricted number of papers and
reports dealing with the different aspects reviewed, a number of appendices are added,
containing bibliographies, lists of reports etc. of studies carried out within the framework
of dedicated projects, together with a list of internal reports and theses on file at the
Geological Survey of Greenland and the Risg National Laboratory (earlier Research
Establishment Risg). In this respect the overview tends to be a catalogue, containing a
nearly exhaustive coverage of documented activities along with assessment, planning and
evaluation considerations on the prospective exploitation of mineral occurrences, primarily
the uranium deposit at Kvanefjeld. For that reason a number of references in the text of
this report have been omitted though registered in the appendix. Likewise, references
included in the report may also appear in the appendix.

Though a new spelling has been introduced for Greenlandic place names, it has been

decided to retain old spelling when needed for clarity.



Ilimmaasaq is the new spelling of the name of the mountain top that was used to
identify the whole intrusive complex. The designation "Ilimaussaq complex" is maintained
thoughout. New spelling is used in this report when the place names appear on maps that
have been published recently. This is true for the 1:20 000 geological map of the southern
part of the intrusion and for the names of townships like that of Narsaq, formerly spelt

Narssagq.

GEOLOGY AND GEOCHEMISTRY OF THE ILIMAUSSAQ INTRUSION

The first comprehensive description of the rock types and lithochemistry of the
Ilimaussaq igneous complex was given by Ussing (1912). Ferguson (1964) prepared a new
geological map of the intrusion and discussed aspects of its mode of emplacement
(Ferguson 1970a, b, c).

Hamilton (1964) initiated a geochemical approach to the successive development of the
undersaturated magma in connection with the renewed mapping of the intrusion.

Detailed geological mapping has continued since in different parts of the intrusive
complex, generally in connection with surveys aimed at aspects of economic geology. This
is particularly the case for the northernmost part of the complex called Kvanefjeld, of
which a black and white map at the scale of 1:3484 was prepared (see Sgrensen ef al.,
1974), and of the southern part, south of the fjord Tunulliarfik, for which a geological map
at scale 1:20 000 was prepared by the Geological Survey of Greenland in 1988 (Andersen
et al., 1988). This map was based on detailed field work carried out between 1972 and
1983 (cf. Andersen et al., 1981).

In addition a detailed map at a scale of 1:8000 has been published of the layered
cumulates of the floor sequence, the so-called kakortokite series, in conjunction with a
report by Bohse et al. (1971).

Numerous scientific studies dedicated to detailed geology and petrology, to mineralogy
and the geochemistry of the rock units, occasionally combined with aspects of economic
geology, including the use of geophysical methods, have been published since low grade
uranium and thorium enrichment was discovered on Kvanefjeld (Bondam & Sgrensen,
1959). Besides the then obvious incentive for further development of this possible uranium

resource, it soon became evident that further detailed study of the Ilimaussaq igneous



complex was required. As a result, other elemental enrichments in a number of specific
rock types of the complex were thoroughly analysed. This explains the studies of
enrichment of lithium, beryllium, zirconium, REE and to a certain extent niobium and
tantalum.

The growing number of papers and reports that were published since the early 60s has
been reviewed by Sgrensen (1967) and by Bailey et al. (1981a). The bibliographies of
these two reviews are elaborate, they have been selectively combined in the appendix to
this report under the headings "Contributions to the mineralogy of Ilimaussaq" and
"Bibliography of the geology og Ilimaussaq", which both include the publications that
appeared after 1981.

Recently Larsen & Sgrensen (1987) reviewed the present state of knowledge of the

progressive formation of the agpaitic rock suites in the intrusion.

SETTING AND GENERAL STRATIFICATION OF THE INTRUSION

The centre of the Ilimaussaq intrusion is situated at 60°55’N and 45°50'W. The
intrusion is an ellipsoidal body measuring approximately 17 by 8 km, covering an area of
85 km? It is intersected by a deep fjord, called Tunulliarfik, that runs parallel to a NE-SW
trending rift zone.

The Ilimaussaq intrusion belongs to the mid-Proterozoic Gardar Province of South
Greenland. The oldest rocks of this period are continental sandstones and lavas of the
Eriksfjord Formation with an assumed age of 1300 Ma. This formation rests on syn- to late
orogenic Julianehdb granite of the Ketilidian mobile belt. The granite yields a Rb-Sr whole
rock isochron age of about 1745 Ma.

The active phase of the Gardar Province lasted from 1299 to 1119 Ma. Almost all the
extrusive and intrusive rocks from this period have alkaline affinity. They include alkali
gabbro and basalt, hawaiitic to trachytic, phonolitic and rhyolitic lavas and dykes besides
intrusive bodies of alkali granite, syenite and nepheline syenite. In addition relatively small
pipes of carbonatitic rocks and various lamprophyres have been observed. The whole rock
Rb-Sr isochron age of the Ilimaussaq intrusion is 1168+21 Ma (Blaxland et al., 1976).

As to the framework in which the intrusion is placed, reference is made to the



geological map: Sydgrgnland, sheet 1, 1:500 000, with the descriptive text by Kalsbeek et
al. (1990).

A simplified geological sketch map is depicted in Fig. 1; it has been published in a
number of treatises dealing with geological and geochemical aspects of the rock formations

of the intrusion.
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Fig. 1. Geological summary map of the Ilimaussaq intrusion based on Ferguson (1964).

% 1-7 Position of diamond drill holes (Bondam & Ferguson, 1961) cf. p. 20.



Successive intrusive phases within the complex have been recognised. After the initial
emplacement of augite syenite, a pulse of alkali granite and quartz syenite separated out.
With the formation of an agpaitic magma chamber the third phase of development was
initiated. The final derivate, lujavrite, formed an intrusive stage after consolidation of the
roof and bottom sequences. The lujavrite primarily intruded overlying syenites and the
adjacent cover of rocks of the Eriksfjord Formation.

The litho-stratigraphical order of the rock units that constitute the intrusive complex are
typified briefly, as follows.

Augite syenite steeply rims the complex along the southern and western margins and
forms a cap at a high level in its central part. It is a saturated to slightly undersaturated
syenite with a compact, rather coarse-grained texture. Alkali feldspar and a titaniferous
augite characterise the mineral content. The second intrusive phase consists of a single
layer of alkali granite and quartz syenite, exposed at a high level where it is intruded
into the augite syenite roof cover. These acidic intrusives have been designated the "upper
border zone" (Sgrensen, 1992). They are rather fine-grained rocks that carry alkali feldspar
and aegirine augite as typical minerals. Xenoliths of these rock types have been observed
in foyaite.

The agpaitic rock suite has been divided into a floor sequence, solidifying upwards,
and a roof sequence solidifying downwards.

Litho-stratigraphically the exposed bottom accumulates consist of a rhythmically
layered rock type, called kakortokite. The rock forming minerals are alkali feldspar,
nepheline, eudialyte, arfvedsonite and to a certain extent aegirine. The sequence is
composed of 29 layered units that have been numbered from —11 to +17. Each unit consist
of a lower black coloured layer that is enriched in arfvedsonite, after which a red,
eudialyte enriched layer is formed and an upper white layer rich in alkali feldspar and
nepheline. The total magnitude of the exposed series is 280 m of which the upper 70 m
only shows intermittent layering.

The kakortokite merges upwards into the final unit of solidification, the lujavrite series.
The lowest layer is designated green aegirine lujavrite that has been subdivided into two
units, a lower unit carrying lath-shaped aegirine (I) and an equally thick unit which has
needle-shaped aegirine (II), cf. Fig. 2. These rock types are generally laminated and
mesocratic. Aegirine is the dominant dark mineral. The other rock forming minerals are

alkali feldspar and nepheline. A transitional zone, about 50 metres thick, separates this unit
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of green lujavrite from the following sequence, black arfvedsonite lujavrite, in which the
amphibole arfvedsonite predominates as a dark mineral. This rock type has been mobilised
in the final stage of solidification. It contains numerous inclusions of the overlying
naujaite, the main rock type of the roof sequence, after its collapse in a solid state.
Reactions between naujaite and lujavrite have produced a rock variety that is called augen
lujavrite, found in a restricted area in the eastern part of the complex. The latest, truly
intrusive phase of the sequence is called M-C lujavrite, a hetrogeneous, medium to coarse
grained unlaminated variety that is found predominantly along the northern and eastern
part of the complex.

Geochemical studies indicate a gradual compositional change in the development of the
lujavrite series in certain elemental ratios in the residual magma. As an example the Zr/U
and Zr/Y stratigraphy in the solidification sequence of the kakortokites and lujavrites in the
southern part of the intrusion, is compared to the different lujavrite varieties on Kvanefjeld,
is shown in Fig. 2. Studies of other geochemical distribution patterns point in the same
direction (Andersen et al., 1981).

The first cumulate of the roof sequence of the agpaitic magma is pulaskite, a slightly
undersaturated syenite with a very restricted extent. This likewise applies to foyaite, a
nepheline syenite with tabular feldspar texture. The foyaite carries xenoliths of alkali
granite and quartz syenite of the "upper border zone".

Sodalite foyaite constitutes the upper zone of the main agpaitic rock type of the roof
sequence that is called naujaite. Both rock types are coarse-grained rocks, carrying alkali
feldspar, nepheline and sodalite as major rock forming minerals, besides some arfvedsonite,
aegirine and eudialyte. The texture of sodalite foyaite is massive in contrast to the
poikilitic crystallisation pattern of naujaite. Slightly less than half of the volume of naujaite
consists of sodalite that is poikilitically enclosed into large crystals of feldspar and
nepheline as well as eudialyte. The naujaite layer is considered to have developed towards

a flotation cumulate on the grounds of its textural pattern.
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Fig. 2. Zr/U and Zr/Y stratigraphy of the kakortokite-lujavrite sequence in the southern
part of the Ilimaussaq intrusion compared to the lujavrite sequence on Kvanefjeld. After

Andersen et al. (1981).

®© 00O Black, red and white kakortokite respectively,
" Lujavrites: vertical bar points out uncertainty in stratigraphic position,
+ Zr/U ratio based on fission track analyses of eudialyte (Steenfelt & Bohse, 1975),

Analyses of eudialyte concentrate (e) and steenstrupine concentrate (s).
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ELEMENTAL ENRICHMENT IN THE ILIMAUSSAQ INTRUSION RELATED TO
EXPLORATION

Introductory remarks

The agpaitic rock suites of the Ilimaussaq alkaline complex show characteristic
enrichment of the following chemical elements in ascending order of atomic weight: Li,
Be, F, Y, Zr, Nb, REE, Th and U, often contained in rare minerals. The dominant minerals
arfvedsonite, eudialyte, steenstrupine, rinkite, pyrochlore, chkalovite and villiaumite are

listed in Table 1 with their compositions.

Table 1. Mineral species contributing to elemental enrichment in the Ilimaussaq intrusive

complex

Arfvedsonite  Na,Fe,”"Fe’*Siz-0,,(OH),

Eudialyte (Na,Ca,Fe)(Zr |(OH,Cl)(Si;0,), |

Steenstrupine  Na,, yHyCa(La,Ce,Nd)¢(Mn,Fe,Th,Zr,U),
(Sig0,¢), |(CP,S1)0, |((OH,Ce)nH,0O

Rinkite Na,Ca(Ca,Ce),(Ti,Nb) |(F,0),S1,0;|,

Pyrochlore (Ca,Na),(Nb,Ta),04,(0,0H,F)

Chkalovite Na,BeSi1,0,4

Villiaumite NaF

The abundance of these minerals varies in the different rock types of the complex.
Three of these, arfvedsonite, eudialyte and steenstrupine, occur widespread in the series of
agpaitic rocks. While eudialyte is a rock forming mineral of both the naujaite in the roof
zone and the bottom accumulate, i.e. the kakortokites, it is a less conspicuous rock
component in the different types of lujavrite, which upwards in the sequence contains
steenstrupine as a scavenger for incompatible chemical elements. The beryllium containing
mineral chkalovite is mainly found in veins in hydrothermally altered naujaite and
lujavrite. Pyrochlore and rinkite, the niobium carrying minerals, are preferentially found in

different lujavrite varieties. The same is the case for villiaumite.
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In the following chapters the exploration of the mineral occurrences found in the
[limaussaq complex are briefly reviewed. By far the most extensive exploration efforts
have been carried out on Kvanefjeld, where uranium is mainly contained in steenstrupine.

The exploration of eudialyte occurrences started already in 1888 and has been resumed
intermittently since then. These surveys have exclusively taken place in the southern part
of the Ilimaussaq complex, south of the fjord Tunulliarfik.

Exploration for chkalovite and efforts to extract villiaumite from lujavrite have been
carried out in close conjunction with the on-going exploration of the Kvanefjeld uranium
occurrence.

Lately Steenfelt (1991), Sgrensen (1992) and Kalvig & Appel (1994) have underlined
the statement that peralkaline nepheline syenites, including the Ilimaussaq alkaline
intrusion and related rocks, may be a potential source of rare elements currently utilised in

advanced materials.

Lithium

The enrichment of lithium in the agpaitic rock suite of the Ilimaussaq intrusion is
largely confined to the content of the widely distributed rock-forming mineral arfvedsonite.
Judged from the accumulated data a progressive increase of the lithium content in
arfvedsonite occurs in the late magma derivatives, i.e. the different lujavrites. Bailey et al.
(1993) and Bailey & Gwozdz (1994) have treated the subject of the lithium content in
minerals from the intrusion.

The other Li-bearing minerals that have been identified in the Ilimaussaq complex are
listed in Table 2.

The lithium content of the late, black arfvedsonite lujavrites varies between 600 and
1000 g/t. Lepidolite and neptunite have been found scattered in pegmatites. The lithium
grades of the uraniferous rocks of the Kvanefjeld deposit and the estimated tonnage of the
total content have been given by Nyegaard (1979). However, no efforts have so far been

undertaken to evalue the possible recovery of lithium from these rocks.
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Table 2. Lithium minerals found in the Ilimaussaq intrusion

Mineral Formula

Lepidolite KLi,Al|(F,0H),|Si,0,,

Neptunite KNa,Li(Fe,Mn),Ti, |0Si,O, |,
Riebeckite Na,Fe,**Fe,**Si;0,,(OH,F),

Cookeite Al, |(OH),AlSi,0,,|'LiAlL,(OH)4'*
Ephesite NaLiAl, |(OH),|Al,Si,0,,
Gerasimovskite TiNb(OH),

Astrophyllite (K,Na),(Fe,Mn),(Ti,Zr), |Sig(0,0H)s, |

Source: Semenov (1969).

Beryllium

Since the turn of the century it has been known that leucophane occurs in sodalite
foyaite of the Ilimaussaq intrusion (Bgggild, 1953). Later a number of other beryllium
containing minerals have been identified as listed in Table 3.

Tugtupite and sorensenite are new mineral species so far only found in this alkaline
intrusion. By far the most common mineral species is chkalovite. Chkalovite occurs in late
stage veins that consist of albite, analcime, natrolite and ussingite, often confined to the
roof sequence of the alkaline rock series. More specifically these veins are found in rock
types that have been subjected to hydrothermal alteration and subsequent veining, including
different varieties of lujavrite on Kvanefjeld.

In the northernmost part of the naujaite zone, on the mountain slope between Taseq
and Narsaq Elv, beryllium enrichment is most prominent. Detailed prospecting was carried
out in this area from 1965 until 1967 under the auspicies of the Geological Survey of
Greenland by staff members of the Geological Institute of the University of Copenhagen.
Construction of the beryllometer that was used in the field was undertaken by the Research

Establishment Risg. The instrument has been described by Lgvborg et al. (1968).
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Table 3. Beryllium minerals found in the Ilimaussaq intrusion

Mineral Wt% BeO Formula

Bertrandite 40-43 Be,(OH),(S1,0,)
Beryllite 40 Be,SiO,(OH),H,0
Chkalovite 11-13 Na,BeSi,04
Epididymite ¥ NaBe(OH)Si,0,
Eudidymite 11 NaBeOHS1,0,
Gelbertrandite c. 34 Be,(S1,0,)(OH),-H,O
Genthelvine 11-14 ZnS,(BeSi0,),
Leucophane 10-12 NaCaBe(Si,04)F
Sorensenite 7-8 Na,SnBe¢Si,0,,(OH),
Spherobertrandite 40-43 Be,(Si,0,)(OH),
Tugtupite 3 Na,Cl,(Be-AlSi,0,,),

Hansen (1965) presented a description of different types of beryllium mineralisation
that had been observed in the intrusion. A full account of this exploration effort has been
given by Engell et al. (1971).

The area that was covered is approximately 3 km®, positioned at altitudes between 600
and 430 m a.s.l. Within this area, a sub-area was selected for sampling on the basis of very
detailed field observations with the beryllometer. In the economic appraisal of this exercise
a rough estimate is given of an indicated 180,000 tons of rock with an average content of
0.1% BeO.

As mentioned before, beryllium containing minerals also occur in the uranium
occurrence at Kvanefjeld. No further attempts have been made to pinpoint local
enrichment. Nyegaard (1979) mentions an average Be content of 67 g/t in the
hydrothermally affected lujavrite variety containing the mineral naujakasite. The average
Be content of the total rock volume of the Ilimaussaq intrusion is 30 ppm according to

Gerasimovsky (1969).
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Zirconium, niobium, REE (yttrium, lanthanum and lanthanides) and tantalum

The above chemical elements are all contained in eudialyte, a mineral of variable
composition. Its compositional variation is mainly dependant on the solidification
stratigraphy of the enclosing intrusive rocks.

Markland (1974) has given a recent chemical analysis of an eudialyte concentrate
obtained from red kakortokite. The purity of this sample is 97%, the remainder being
mainly rinkite. This analytical result is given in Table 4. Bgggild (1953) gave older

chemical analyses of eudialyte.

Table 4. Chemical analysis of a eudialyte concentrate

Element %

i 3 11.66
HfO, 0.18
Nb,O4 1.04
Ta,Os 0.072
REE,O, 2.80
Na,O 11.50
K,O 0.28
CaO 10.80
Fe,0O, 4.81
Al O, 0.66
TiO, 0.30
MnO 0.65
SiO, 47.10
Cl 1.45
OH 1.02
W 0.016
U 24 ppm

Th 88 ppm
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The REE composition of eudialyte in different rock types is presented in Table 5
(Sgrensen, 1992).
The distribution of uranium in eudialyte has been studied by Steenfelt & Bohse (1975).

Table 5. REE composition of eudialyte from the Ilimaussaq complex (ppm)

Red kakortokite Green lujavrite

Naujaite Layer-9 Layer-0 Transitional Sodalite

D7-34.5 109269 109202 60755 D7-96 D7-46 foyaite
La 3012 3424 3298 3986 6601 7539 3620
Ce 6560 7750 7130 9260 15,650 17,550 5810
Pr 806 992 884 1197 2081 2276 782
Nd 2615 3227 2823 4008 6953 7658 2600
Sm 506 652 T 838 1449 1528 588
Eu n.a. 67 56 78 135 na 23
Gd 586 737 642 926 1472 1548 614
Tb 91 113 108 139 201 199 -
Dy 644 778 695 932 1369 1407 682
Ho 156 174 167 196 284 286 -
Er 434 515 488 574 793 796 -
Tm (74) (81) (78) (78) (94) (90) -
Yb 41 500 480 535 727 734 579
Lu 61 70 67 78 102 101 105
b 4 2814 3274 3072 3989 6148 6410 3720
Total 15,962 19,080 17,473 22,825 37911 41,712 15,880

La/Yb 1.2 6.8 6.9 1.3 9.1 10.3 6.2
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Exploration

The exploration for eudialyte occurrences in the Ilimaussaq complex dates back to the
last century. It was known then that eudialyte is easily dissolved in dilute acid, hence the
name given to this mineral, derived from Greek.

In 1888 and 1889, 59 metric tons of hand picked eudialyte-rich pegmatitic rock were
collected on the tiny island Qegertaasaq at the head of Kangerluarsuk, with the aim of
extracting cerium. However, it was not possible then to find an industrial outlet for a
eudialyte concentrate prepared from this material. In 1946 Kryolitselskabet @resund A/S
undertook a new effort to utilise eudialyte. This time attention was focused on the
eudialyte-rich cumulates of kakortokite. Again the outcome was futile. No detailed records
are available of these early explorations. They were only mentioned in brief notes by
Bggvad (1949, 1950). From 1968 until 1976 Superfos A/S explored the southern part of
the Ilimaussaq intrusion. A number of bulk samples of the eudialyte-rich red kakortokite
variety and of beach sand were tested. Several reports, registered under the heading
Superfos A/S, Udviklingsafdelingen (1971), describe milling and magnetic separation tests.
One report deals with chemical processing of eudialyte concentrates.

Finally a draft concept of the utilisation and mining of the eudialyte occurrences was
presented by Markland (1974).

In 1986 A/S Carl Nielsen (Calkas A/S) obtained an exclusive licence to explore the
floor sequence of the alkaline complex. Not only were the repetitive bands of kakortokite
sampled and analysed for zirconium, yttrium and niobium, also the lowermost aegirine
lujavrite layer was examined. Two diamond drillings were carried out in order to delineate
the true width of one particular layer of red kakortokite, designated +16, situated at a high
level in the banded kakortokite series. (A/S Carl Nielsen, 1986-87, 1988). In 1987, a joint
venture in which Highwood Resources Ltd., Platinova Resources Ltd. and Aber Resources
Ltd. participated, obtained exclusive exploration rights at three different sites in the area
between Tunulliarfik and Kangerluarsuk, an area that is largely covered by naujaite and
pulaskite. Detailed sampling was carried out and nine shallow holes were drilled. Bulk
sampling of the eudialyte carrying rock types provided material for further testing and
processing. In 1990 the two concessionaires in the area south of Tunulliarfik joined forces
and obtained a revised permit to further explore the most promising occurrences of rock

types containing eudialyte. This licence is still in force. Further details can be obtained
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from the operator in this recent joint venture, Highwood Resources Ltd. In 1992 an
exclusive exploration licence, covering an area of 58 km’ of exposed naujaite was issued to
Mineral Development International A/S in order to investigate possible utilisation of
sodalite, found in association with eudialyte.

Besides the above mentioned activities by private companies, the Geological Survey of
Greenland carried out exploration in the area south of Tunulliarfik, in cooperation with the
Geological Institute of the University of Copenhagen and the Research Establishment Risg.

In 1962 seven diamond drillings, all to a depth of 200 m were completed in different
lujavrite localities, especially in the southern part of the complex (Bondam & Ferguson,
1961). The position of these drill holes is indicated in Figure 1. The aim of the drilling
program was to obtain a more detailed picture of the lujavrite magma solidification
stratigraphy and gradual uranium enrichment at higher levels of the sequence as compared
to the distribution of among others, yttrium, zirconium, hafnium, niobium and tantalum in
the floor sequence.

Preliminary descriptions of the drill holes and of the geochemical distribution were
given by Rose-Hansen (1969) and Andersen (1982). One of these drill holes in particular,
the southernmost one, designated number 7, was studied in great detail as it cuts the
aegirine lujavrite I layer found on top of the kakortokite sequence. As an example the
distribution of ZrO, in the drill core is given in Fig. 3.

The mean contents of a number of selected chemical elements present in the floor
sequence rocks of the intrusion and in eudialyte found in these rocks is given in Table 6.
As can be deduced from these figures, eudialyte that occurs in aegirine lujavrite I is
particularly enriched in rare earth elements and niobium.

Andersen et al. (1981) further elaborated the Zr-Y-U solidification stratigraphy in the
floor sequence of igneous rocks in the Ilimaussaq intrusion, as illustrated in Fig. 2.

The drill cores from borehole 4, situated at Naajakasik at the southern shore of
Tunulliarfik and from borehole 2, situated at Tugtup Agtakorfia on the northern shore of
the fjord have served as models for the distribution of Zr, Y, U and REE in the two upper
levels of the floor sequence, aegirine lujavrite II and arfvedsonite lujavrite. Unpublished

data are given in a report by Andersen (1982).



blank

medium- to coarse-grained

20

naujaite
sharp boundary

gradual boundary

lujavrite

arfvedsonite lujavrite

lujavrite transition zone
ocegirine lujavrite TI Bi:
aegirine lujavrite 1
transitional layered
kakortokites

—

lower layered
kakortokites

A

o, Y

05 /'0 15 20 25

M l
&7,?7?
20 = [
i
= e o
x
40" \
X Y |
5 t
=
60 :%J'
g:\j
80 e
Depth —
ep
it ="
T
100f, ¢
— .
120 s S
x i:f
i
140
\ﬁf
=
wot <o
CJ?\L‘J
-2
wol L
o, SE—
X —
Jr-_ — !
200)( Noujaite xenoliths
B

Fig. 3. ZrO, profile of diamond drill core 7 (cf. Fig. 1) in aegirine lujavrite I (B) and its

position in the igneous stratigraphy for the Kangerluarsuk area (Bailey et al., 1981D).

An interesting exploratory study was carried out in 1968 and 1969 by Bohse et al.

(1971) when portable X-ray fluorescence equipment was used to delineate the rhythmically

layered succession of kakortokite varieties. An account is given of the Zr and Nb contents

in different rock types. From the field observations (n = 268) it is concluded that the
ZrO,/Nb,O; ratio on average is 9.5 in red kakortokite, 9.8 in the white kakortokite and 10.7

in black kakortokite.

Several rough estimates of the total content of ZrO, and Nb,Os in the kakortokite series

have been presented. None of these estimates are based on detailed evaluation of drill

cores or careful delineation of prospective occurrences. Sgrensen (1992) cited the



Table 6. Mean contents of selected rare elements in kakortokites and aegirine lujavrite I in the Ilimaussaq alkaline intrusion

Zr0, RE,O, Nb,Oq Hf Ta Th U La Ce Y
% %o %o ppm  ppm  ppm  ppm ppm  ppm  ppm
Whole-rocks'
Lower layered kakortokites’ 1.2 0.28 0.11 190 +4 38 14 460 860 420
Transitional layered kakortokites 1.3 0.30 0.11 200 50 35 15 490 920 500
Aegirine lujavrite I 1.1 0.56 0.09 140 36 35 20 850 1590 760
Eudialytes’
Lower layered kakortokites 133 2.37 0.99 1950 450 30 50 3380 7550 3210
Transitional layered kakortokites 13.6 3.17 0.86 1740 370 40 86 3990 9260 3390
Aegirine lujavrite I 132 3.21 1.17 1400 385 90 190 6770 15900 6030

1. Gerasimovsky (1969); Bohse et al. (1971); Bailey et al. (1978); Bailey (unpublished data).

2. Weighted: 0.760 white, 0.094 red, 0.146 black (thicknesses of Bohse et al., 1971; densitites of Forsberg & Rasmussen, 1978).

3. Analyst: H. Bohse. Method: XRF analysis.
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maximum figures given as 61 Mt ZrO, and 6.5 Mt Nb,O; for the whole volume of
kakortokites.

The use of eudialyte as a stabilising agent in ceramics was the object of study of a
recent BRITE EURAM research project "Alternative stabilizers for zirconia ceramics:

powders derived by processing eudialyte". The registration number of the research contract

is MAIE-0019.

Niobium and tantalum

Consistent moderately elevated levels of niobium and tantalum are found in a variety
of rock types in the Ilimaussaq intrusion (Hansen, 1967, 1968). A number of niobium
containing rare minerals have been identified in different late-stage environments, in
particular in hydrothermal veins in metasomatically altered older rock types. In these
occurrences pyrochlore and murmanite are the dominant niobium and tantalum bearing
minerals (Sgrensen et al., 1974). The niobium and tantalum containing minerals found in

the intrusion are listed in Table 7.

Fluorine

Fluorine is primarily concentrated in villiaumite (NaF); to a far lesser extent it is found
in other rock forming and accessory minerals in the intrusion, i.e. arfvedsonite, eudialyte,
rinkite, pyrochlore and steenstrupine. According to Makovicky ef al. (1980) steenstrupine
contains 0.27 % F. Since villiaumite is soluble in water it is only present in fresh rock.
Bondam & Ferguson (1962) described the presence of villiaumite in naujaite
and in lujavrite, as well as from pegmatic veins, more specifically in mineral parageneses
which have undergone late-stage alteration. Villiaumite is conspicuously present in the
lujavrites of the Kvanefjeld uranium occurrence. Although it is a common accessory
mineral, the distribution of villiaumite in lujavrite is irregular. The fluorine content of the

fine-grained lujavrite variety is reported to vary between 0.65 and 1.07 % (Kalvig, 1983).
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Table 7. Niobium and tantalum containing minerals found in the Ilimaussaq intrusion

Wt%
Nb,O; Ta,O;
Epistolite (Na,Ca),(Nb,Ti,Mg,Fe, Mn),(OH),Si,0, 31.8-37.0  0.24-0.47
Gerasimovskite TiNb(OH), 40.6 0.0
Igdloite NaNbO, 58.5-62.4 0.15
Ilimaussite Na,Ba(CeFe)NbSi,0,,2.5H,0 13.2 n.d.
Murmanite Na,MnTi,[O |Si,0,],-8H,0 0.7-9.4 0.10
Nenadkevichite (Ca,K,Na)(Ti,Nb)Si,0,,H,0 28.1 0.37
Niobophyllite (K,Na),(Fe,Mn),(Nb,Ti),Si3(0,0H);, 4.2-7.1 0.01-0.04
Pyrochlore (Na,Ca),(Nb,Ta),04,(OH,F,0) 40.9-59.9 0.11-1.30
Tundrite Na,Ce,Ti|O,SiO,|,H,0 4.3-6.1 n.d.
Eudialyte (Na,Ca,Ce)(Zr(OH,CI)(S1;0,), 0.6-1.0 0.07
Rinkite Na,Ca(Ca,Ce), |(Ti,Nb)(F,0),Si,0; |, 24 0.09
Sorensenite Na,SnBe,(OH),Si,0,4 1.36 n.d.

Another source (Nyegaard, 1979) mentions an average of 1.17 % F in the villiaumite
containing lujavrites.

Preliminary studies of the distribution of fluorine in the lujavrite sequences, in which a
number of samples from drill cores were included, were carried out by Bailey et al.
(1981c).

Fluorine is considered a by-product in the possible exploitation of the uranium
occurrence. Flotation of villiaumite from naujakasite lujavrite by means of sodium oleate
has been developed in a small scale operation (Sgrensen, 1973).

Since the solubility of villiaumite may pose environmental hazards in exploitation it
has also been considered to extract sodium fluoride in solution in the carbonate pressure
leaching process which was carried out on a pilot plant scale (Sgrensen, 1983). The
solution was precipitated with gypsum to produce calcium fluoride. Another possibility that

has been preliminary tested is the use of a sodium fluoride solution as an agent in the
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precipitation of synthetic cryolite (Na;AlFy), as reported by Vandel (1983). Nyegaard
(1979) has calculated the total tonnage of fluorine present in the northern part of
Kvanefjeld to be 0.457x10° tons at an average grade of 0.96 % F in the total volume of

uraniferous lujavrite.

Thorium and uranium

The dominant radioactive mineral in the Ilimaussaq intrusive series is steenstrupine, a
complex phosphosilicate with the generalised formula
Na,, H, Ca(La,Ce,Nd); (Mn,Fe,Th,Zr,U); (SisO,,), [(P,S1)O,]s (OH,Cl)- nH,0.

To a far minor extent thorium is concentrated in thorianite. Steenstrupine is subject to
alteration and may be replaced by monazite and uranothorite (see Makovicky, 1981). Small
amounts of thorium and uranium are also present in eudialyte, britholite, pyrochlore and
rinkite. A thorough discussion of the distribution of thorium and uranium in the different

rock types of the intrusion is given by Bailey et al. (1981d).

Exploration

Long term and extensive exploration efforts were undertaken with respect to the
occurrences of uranium. As the mining law for Greenland specifically excludes private
exploration for radioactive minerals, all operations were carried out under the auspicies of
the state authority. The Geological Survey of Greenland and the Research Establishment
Risp cooperated closely in the execution of the exploration efforts.

The Geological Institute of the University of Copenhagen took part in geological and
mineralogical studies related to the exploration activities, and subsequently initiated a
broad environmental study programme, called "Narssaq Project” which lasted from 1974
until 1976 covering the whole area occupied by the intrusion.

In 1956 it was clear that the most promising grades of uranium occurred on Kvanefjeld
in the northernmost part of the Ilimaussaq intrusion. At this locality late-stage lujavrites
intrude, and include, a variety of older rocks, ultimately forming an extensive intrusive
breccia located at the fringe of the complex, bordering extrusives of the Eriksfjord

Formation.
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The final evaluation of the Kvanefjeld uranium deposit was carried out from 1978 until
1983, under the heading "Uranprojekt Kvanefjeld". This project was managed by the
Research Establishment Risg. In a final report, the project group in charge gives an
account of the assessments with respect to mine planning and further development of
extractive processing, energy supply, radiation exposure and protective measures, economic
considerations and finally the environmental impact of an integrated mining operation,
based on an annual capacity of 4.2 million tons of mill feed (Uranprojekt Kvanefjeld,
1983).

A list of references of special and technical reports prepared under the heading of this
research project is given in the appendix. Some of these reports will be referred to in more
detail under different chapters in the present report.

No further exploration efforts were undertaken after the above project was terminated,
partly because uranium oxide spot market prices sharply declined during the period 1979-
1982 and partly because the Home Rule Authority in Greenland voted against the
exploitation of the uranium resources on Kvanefjeld.

A number of reports prepared for the "Uranprojekt Kvanefjeld" deal with relevant
background information collected during previous studies of the deposit and its
environment. Many aspects which are treated in this context are reviewed under separate
headings in the present report. Reports on work carried out exclusively related to
exploration activity on Kvanefjeld since the discovery of the uranium deposit have so far
only been reviewed to a limited extent. This accounts for the results of drilling operations
and reserve estimates, extractive metallurgy, environmental considerations, and actual
mining operations carried out so far. It also accounts for earlier views and studies on the

possible exploitation of the uranium deposit.

THE URANIUM DEPOSIT AT KVANEFJELD

The deposit was discovered in 1956 during a systematic radiometrical reconnaissance
survey of the whole Ilimaussaq intrusion. The subsequent exploration of the deposit has
been reviewed by Nielsen (1981).

In retrospect, an unusually long period of time elapsed between the initial drilling
programme and detailed radiometric surveys in 1957 and 1958, until all further efforts

were finally terminated in 1983. This is mainly due to the singular nature of this type of
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uranium enrichment, in lujavrites, which encouraged further, often scientifically motivated

research and development, on an extensive scale.

Geological setting

The geological structure of this part of the Ilimaussaq intrusion is complicated and
prevents a straightforward description of the mode of emplacement in relation to succesive
phases of hydrothermal alteration and elemental enrichment.

In general terms the whole assemblage of different rock types found on Kvanefjeld, is
an intrusion breccia, the ultimate result of forcefull emplacement of several late-stage
lujavrite injections, causing not only brecciation, but also deformation and alteration of
adjacent earlier intrusive phases.

The oldest brecciated rocks are considered partly as remnants from the Eriksfjord
Formation, i.e. quartzitic sandstone, lavas, gabbroic sills and deep-seated anorthosite, partly
as augite-syenite emplaced at an early stage of alkaline intrusion. To this can be added
younger rock inclusions of earlier emplaced cumulates of the agpaitic magma, i.e. foyaite,
pulaskite and naujaite.

The lujavrites of the uranium deposit at Kvanefjeld occur in a variety of different
types, frequently intersecting and accompanied by late-stage apophyses and pegmatitic
veins (Sgrensen et al., 1984). The prominent types have been named medium- to coarse-
grained black lujavrite, often abbreviated to m-c lujavrite, fine-grained black arfvedsonite
lujavrite, green aegirine lujavrite, and naujakasite lujavrite. This subdivision has been
applied in drill core logging (Nyegaard et al., 1977) and in leaching studies (Makovicky et
al., 1980).

M-c lujavrite is presumably the youngest member of the intrusive suite of late-stage
agpaitic rock types. Its main occurrence on Kvanefjeld is a single sheet underlying a
gabbroic roof remnant. The sheet is furthermore characterised by internal folding of the
fabric and pegmatitic veining, particularly enriched in analcime, but also carrying
pyrochlore and chkalovite (Sgrensen et al., 1971). A few thin lamprophyre dykes cut the
intrusion breccia of Kvanefjeld in a south-western direction.

An account of the structural pattern of the Kvanefjeld plateau is given by Sgrensen et
al. (1969). A detailed geological map of part of the Kvanefjeld area in a scale of 1:3484
has been prepared by Sgrensen et al. (1974).
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A simplified geological map of the Kvanefjeld plateau, also showing the location of

diamond drill holes, the exploration tunnel and designation of sub-areas is given in Fig. 4.

Drilling operations

The first drilling programme was carried out in 1958 at the discovery site on
Kvanefjeld, an area that later has been named "Mine area". It comprised 36 drill holes with
a total length of 3728 m. Of these holes 30 were drilled in the "Mine area" in a grid of
approximately 50 m: the remaining 6 were drilled in the valley beneath the discovery site.
A gamma-logger, Mount Sopris, was used in the field. The cores were relogged in 1969 at
the Research Establishment Risg (Lgvborg et al., 1972).

In 1962 a minor drilling operation was carried out at a number of localities in the
southern part of the intrusion, both to ensure that the Kvanefjeld uranium occurrence could
be considered to be the most prospective one, albeit of low grade, and to obtain further
data on the stratigraphy of the lujavrite sequence. A total of 7 drill holes were completed,
with a combined length of about 1400 m. In the same season 2 previous drill holes at
Kvanefjeld were deepened (Andersen, 1981).

A third drilling programme was carried out at Kvanefjeld in 1969. In all 1621 metres
were drilled covered by 6 holes.

Finally a drilling programme was carried out in 1977 in the northern part of the
Kvanefjeld deposit, along the contact of the intrusion with a series of volcanic rocks of
early Gardar age. In all 27 holes were drilled with a total core length of 5103 metres. Four
of these drill holes were positioned downslope of the deposit to establish the possible
eastern extent of the uranium deposit. A full report on this drilling programme has been
compiled by Nyegaard et al. (1977). The coordinates of a total of 70 drill holes in a
chosen grid system and their length have been reported by Erlendsson (1981). The position

of a number of the above drill holes is given in Figure 4.
Reserve calculations
In a detailed report by Nyegaard (1979) the results of systematic chemical analyses of

core samples from the succesive drilling programmes are compiled. The report offers a

comprehensive geochemical spectra of the uranium-bearing lujavrites found within the
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deposit. The content and distribution of different elements is evalued, i.e. tonnages and
grades are estimated for U, Th and F as major enrichments, besides Zr, Nb, Zn, Li and Rb,
employing frequency distribution diagrams etc.

A total reserve calculation, based on 5658 analysed drill core samples, using
geostatistical estimation methods, was undertaken by Clausen (1982) on the basis of a
model previously described by Clark & Clausen (1981). Tilsley & Fisher (1982) applied a
more convential method for estimating the uranium ore grade and available tonnage, by
creating a 3-dimensional model of the deposit based on sections at a scale of 1:1000. Both
these estimates were based on a cut-off grade of 250 g U/t. The discrepancy between the
two reserve calculations has been discussed by Kalvig (1983). An elaborate assessment is
presented with respect to an ultimate exploitation of the uranium deposit on Kvanefjeld in
an open pit operation. As potential byproducts Li, Be, F, Mn, Ga, Zn, Y and the
lanthanides are mentioned. The report offers a very comprehensive list of references,
including a number of internal reports from the Geological Survey of Greenland, covering
the whole period in which active exploration activity has been carried out, beginning in

1956.

PROCESSING OF URANIUM-THORIUM ORES FROM THE KVANEFJELD
DEPOSIT

As mentioned previously, uranium is chiefly contained in a rare, unstable phospho-
silicate of varying composition called steenstrupine which usually occurs in a more or less
altered form. The alteration is essentially a gradual decomposition of the hexagonal matrix
into a number of phases with different P/Si ratios. Uranium tends to accumulate in P-
deficient phases and may ultimately occur as uranium oxide stain. The decomposition of
steenstrupine is partly due to post-magmatic processes, partly to atmospheric weathering. A
certain amount of uranium is thus present in ill-defined "pigmentary material" that is found
irregularly distributed in the lujavrites, mostly as a coating on the outer rim of other
minerals or dispersed interstitially. This "pigmentary material" is particularly enriched in
Fe, Mn, Zr and Si.

Uranium is also contained in monazite and eudialyte, accessory minerals that may

occur in some of the lujavrite types. Another commonly occurring radioactive accessory
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mineral is thorite.

Erratic and often unsatisfactory results of uranium beneficiation tests in the laboratory,
on different types of lujavrite, gave rise to detailed mineralogical and leaching studies in
order to obtain a better understanding of the problems encountered. Makovicky et al.
(1980) found that the recovery of uranium from the different rocks of the Kvanefjeld
deposit was dependent on a variety of parameters. They recognised that autometamorphic
hydration of the lujavrites, variations in the mineral paragenesis of the different rock types
and the stage of alteration of the steenstrupine are the dominant factors that influence the
uranium yield.

With the available knowledge of the distribution of uranium in the lujavrites a number
of benefication methods were tested in the laboratory and on a minor pilot plant scale for a
number of years. These included froth flotation and high intensity magnetic mineral
separation, besides sulphating roasting and carbonate pressure leaching as uranium
extraction methods.

In 1962 about 180 metric tons of uraniferous lujavrite containing 380 g/t U was
quarried in the southernmost part of the deposit. In 1980 an additional 4700 tons of
lujavrite was extracted from an exploration addit in order to obtain a more representative
bulk ore sample of uraniferous lujavrites for further metallurgical processing in a pilot
plant. To this end uranium recovery was carried out by continuous carbonate leaching
under high pressure in a pipe autocalve. The experiments were discontinued in 1984.

In the following sections a short review is given of available data of the benefication

aspects mentioned above.

Froth flotation, high intensity magnetic separation

Sgrensen & Lundgaard (1966) reported on 7 laboratory experiments to classify
steenstrupine and monazite from —100 mesh samples of m-c lujavrite, using a Fagergren
cell.

It was found that linoleic acid is a more efficient collector than oleic acid. Trace
amounts of La(NO,), added to the raw pulp enhances the adsorption of the collector agent.
Though good separation of both steenstrupine and monazite was obtained, a considerable
amount of uranium remained in the tailings due to its distribution in very fine grained

material of less well-defined composition and of a partially amorphous structure.
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An "Appendix I" was added to these preliminary experiments by the same authors
(Sgrensen & Lundgaard, 1967). Further elaboration of flotation techniques indicated that
uranium and thorium recoveries in excess of 70 per cent could be achieved.

In order to verify these findings Klassen (1979) completed 103 flotation tests on 4
different samples that covered the different types of ore found in the deposit. He also
carried out 5 high intensity magnetic separation runs on the different types of lujavrite.

In addition, high intensive magnetic separation tests were conducted on flotation
concentrates in order to evalue the feasibility of further upgrading prior to metallurgical
extraction of uranium. A number of different reagents were tested, i.e. desliming with
sodium silicate "N" and Quebracho, and conditioning with both pine oil, Acintol FA-1 and
FA-2 and Cyanamid 845. The effects of increased reagent rates and the influence of pH
control have also been considered. As experienced previously the recovery of uranium and
thorium varied between wide ranges; only in a few test runs could a uranium recovery
slightly over 70 per cent be obtained. Further testing of mechanical separation methods
was deemed to be futile.

Sgrensen (1973) described the adsorption of a number of collectors on villiaumite.

Sulphating roasting

Ways to solubilize uranium from the refractive type of ore like lujavrite has been
studied in detail over a period of years.

After discarding leaching with diluted sulphuric acid on the grounds of the alkalinity of
the ore, and carbonate leaching as being ineffective, sulphating roasting was found to be
applicable as a first approach.

The method is basically treatment of milled ore with SO, gas mixed with dry air at
temperatures around 700°C. In the process the refractory uraniferous minerals are
selectively affected and disintegrated, after which a number of different soluble sulphates
are formed. After subsequent extraction of the pregnant liquid, uranium is recovered either
by precipitation or by solvent extraction using Alamine 336 (Sgrensen & Lundgaard,
1967). It was found that steenstrupine, arfvedsonite and monazite are the most reactive
minerals present in the ore, when subjected to sulphating roasting. However it was evident
from laboratory experiments that the yield of uranium could vary appreciably from sample

to sample.
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The reactivity of the mineral content and the uranium recovery of the sulphating
roasting process was studied by Hansen (1977).

The chemistry of the uranium carrying silicate phases and the kinetics of sulphating
roasting were investigated by Asmund (1971). A general account of the findings of this
experimental work on uranium extraction from the lujavrites was presented by Asmund et
al. (1971).

It was decided to carry out sulphating roasting on a semi-pilot plant scale at a capacity
of 100 kg/h. About 130 metric tons of m-c lujavrite were available for the test runs. A
continuous process, including pelletising of ground ore, roasting, dissolving, clarifying and
final recovery of uranium was established. Test runs were carried out over a number of
weeks in 1976 and 1977. The results of these tests have been reported by Sgrensen et al.
(1978). The obtainable recovery of uranium was unsatisfactory, hovering around
60 + 10 % of the contained ore grade. For that reason sulphating roasting was no longer

considered a feasible way of uranium extraction from lujavrite.

Carbonate pressure leaching (CPL)

The next approach to metallurgical benefication was to initiate carbonate pressure
leaching (CPL) experiments on a laboratory scale (Sgrensen et al., 1979a, b; Lurgi Chemie
und Hiittentechnik GmbH, 1979), prior to continuous extraction of uranium by the CPL
method in a pipe autoclave on a pilot plant scale.

Carbonate pressure leaching is based on the observation that steenstrupine is
decomposed by soda at an optimal temperature of 260°C. The leach liquor contains 120 g/l
sodium bicarbonate and 20 g/l sodium carbonate. Addition of oxygen is required to bring
the uranium present in the ore to its highest oxidation state. Grinding the ore with the
carbonate leach liquor down to a size of around 80 % minus 200 mesh, feeding a suitable
slurry with a solid-liquid ratio 1:1 into a pipe autoclave at a rate of 3 m’/h and pressure of
120 atm., leads to an effective carbonatisation of uranium. The uranium pregnant filtrate
obtained from the successive filtering process is then precipitated to form yellow cake. A
simplified flow sheet of the pilot plant processing is given in Figure 5. The CPL
experiments on a pilot plant scale were carried out under the aegis of "Uranprojekt
Kvanefjeld", mentioned previously, at the Research Establishment Risg. A bulk sample of

4700 tons of ore was available, of which 1100 tons have so far been processed.
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A full report of both the laboratory experiments and of the pilot plant leaching runs is
given in Danish by Sgrensen et al. (1983). An abbreviated English version was prepared
by the same authors. Sgrensen & Jensen (1985) presented a short description of the CPL
process employed.

Several minor reports deal with technical aspects of the CPL process. An important
subject for further testing has been a study of corrosion effects under the prevailing
conditions of high pressure and high temperature in the pipe autoclave. Test results have
been reported by Weidemann (1979) and by Nielsen (1983). The recovery of sodium

fluorite, present at around 1 % in the ore as the soluble mineral villiaumite, has been
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another topic of CPL processing. A laboratory study aimed at optimising the conditions for
washing and subsequent precipitation of calcium fluoride is reported by Koefoed (1983).
Preliminary leaching tests on a laboratory scale were also carried out on steenstrupine
concentrates as reported by Holm et al. (1982). These tests indicated that a 2 M
ammonium sulphate solution is an effective leaching medium with a recovery of 80 to 98

percent of the uranium content.

STUDIES RELATED TO THE POSSIBLE EXPLOITATION OF THE
KVANEFJELD URANIUM DEPOSIT

Several studies have been devoted to different aspects of the exploitation of the
uranium deposit at Kvanefjeld.

In 1964 the Atomic Energy Commission of Denmark, a governmental advisory body,
commissioned the preparation of a preliminary estimate for the economic development of
the deposit as delineated so far by diamond drilling carried out in 1958 and 1962, i.e.
before the northern extent of the mineralised lujavrites was proven by further drilling
(Smidth & Co. A/S, 1965). This estimate offers a detailed account of capital investment
and operating costs for integrated mining and processing operations, based on an annual
capacity of 0.6 million tons of mined ore.

The next approach appeared in 1974 in a study by Pryor et al. (1974). Since this study
more specifically concernes a sensitivity analysis on which a preliminary pre-feasibility
study was based, a number of recommendations were put forward in the report, stressing
further initiatives to be taken before an evaluation of a possible exploitation of the deposit
could be anticipated. In particular, ore processing as experimented so far, gave
prohibitively low uranium recoveries, varying between 15 and 60 per cent, depending on
different types of lujavrite mill feed. The uranium extraction method considered so far was
based on sulphating roasting of the ore.

A second evaluation of a possible exploitation of the deposit was undertaken a few
years later (Robertson et al., 1977). This report comprises an analysis of existing data
related to ore reserves and ore grade, and to pilot plant testing with respect to uranium
extraction by the sulphating roasting process. The study moreover seeks to outline areas in

which the available data are deficient or lacking in one way or another. Further evaluation
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was carried out with respect to pre-feasibility studies (Robertson et al., 1979) and ore
benefication (Klassen, 1979).

The Danish administration commissioned an analysis of the socio-economic
consequences of the establishment of open pit mining and affiliated uranium extraction
plant near the township of Narsaq, as part of a more general analysis of supply services
and employment on future development of a mining industry in Greenland

(Arbejdsgruppen, 1978).

Tunneling

Considerations on the possible future exploitation of the uranium deposit resulted in
further activities related to mining and radiological hazards and an urgent need for bulk
samples of different types of lujavrite.

On the basis of drill hole profiles a tunnel project was proposed (Nyegaard, 1978). The
actual position of the adit that was driven in 1979 is given in Figure 4. Ultimately 4700
tons of ore were selected for metallurgical processing and shipped to the Research
Establishment Risg. Selection of suitable ore batches was carried out according to a
proposal made by Clausen (1979).

Technical descriptions of the tunneling operations have been given by Pihl & Sgn A/S
(1979, 1980). A report on systematic chip sampling and gamma spectometric assaying was
presented by Nyegaard (1980a), accompanied by a continuous geological registration of the
rock types encountered during tunneling, on a scale of 1:100 (Nyegaard, 1980b).

Sgrensen (1980a, 1983a) has summarized the current regulations for transportation of
radioactive materials, and given figures for both expected and actually measured exposure

levels in connection with the tunneling in progress.

Mine planning

A detailed draft project for mining operations and the deposition of mine waste rock
and tailings from the uranium extraction plant was presented by Erlendsson ez al. (1983).
The starting point for this excercise is a proven ore reserve of 56 M tons containing

365 g U/t on average. The proportion of ore to waste rock is 1 to 1.43.



36

With an annual mining capacity of 4.2 M tons in an open pit, an expected life time of
15 to 20 years is foreseen. On this basis an extraction plant, with an hourly capacity of
about 500 tons mill-feed, would ultimatively produce around 1500 t UO, annually.

The total volume of mine waste is 24 M tons, the amount of processing waste is close
to 55 M tons.

The report encompasses details on a number of different aspects related to a full-scale
mining operation.

Apart from open pit design in five successive years of exploitation and the erection of
the uranium processing plant, further data are given in terms of energy supply, facilities,
infrastructure, mine waste and tailings disposal, investment and general economic
considerations. Two alternative sites for placement of the extraction plant, one near the
open pit, the other one at a coastal locality called Nuussuaq, about 20 kilometres north-east
of the pit, are discussed.

The need for both electrical and thermal energy, estimated to be 450 Gwh/year
combined, is assumed to be met from two different sources: electrical energy to be
generated in a hydropower plant in Johan Dahl Land, near the Narsarsuaq airfield; thermal
energy generated in a coal-fired district heating plant as part of the processing complex.

The total investment, over a period of 4 to 5 years before full production, has been
estimated to be of the order of 4000 M DKK (1983 - prices). The ultimate production
costs would then have been 121 DKK/t of ore in the first 7 years of development,
ultimatively reduced to 115 DKK/t.

All calculations are based on a sales value of US $ 35 for one pound of U;Oq, and on a
rate of exchange of US $ 1.00 to 8.74 DKK.

Technical details of the open pit mining of the deposit have been discussed by Kalvig
(1983) encompassing slope stability considerations and the consequences on stripping

related to the ore to waste rock ratio.
Potential pollutants in mining
Background information with reference to ecological aspects, potential pollutants,

critical pathways and other environmental issues related to a mining and processing

operation at Kvanefjeld is elaborated in Pilegaard (1983).
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A concentrated effort to identify, and if possible to quantify, potential pollutants is
presented on the basis of a limited number of leaching experiments and of data collected in
the field.

The most important gaseous effluent is obviously radon which is exhaled from several
sources in the mining and milling operation. Sgrensen (1983) treated the different aspects
of the radiogenic hazards in a full-scale operation. Based on sets of measurements of
gamma-exposure velocities, and of actual doses received under normal working conditions
during tunelling, it is concluded that the sum of both external gamma-radiation, inhaled
radon-thoron-daughter products and of inhaled ore dust outlines the range of an annual
dose in an open pit operation a: H ~ 3.1-16.5 m SV.

See also Sgrensen (1979), Sgrensen (1980) and Bgtter-Jensen et al. (1978) for further
details. The level of radiation as measured in the exsisting tunnel is illustrated in Fig. 6.

To evaluate possible concentration of pollutants in solid effluents, Pilegaard (1983) has
given the chemical analyses of four different size fractions of milled ore (Table 8). None
of these fractions were appreciably different from the mill-feed analysis.

The liquid effluents constitue the principal hazard in the mining and processing

operations, partly because of the solubility of enclosed minerals, i.e. villiaumite and
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Fig 6. Radiation level (mRh™) in the exploration tunnel at Kvanefjeld. (Sgrensen, A.,
1980).
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Table 8. Chemical analyses of ore particles (lujavrite in different size classes)

45-71p 71-100p  100-200p  200-300p crude ore

Na % 8.56 2.36 -

Sc ppm 0.35 0.35 0.35

Cr ppm 74.9 84.1 93.2

Fe % 10.5 8.76 6.61

Co ppm 1.08 1.01 0.974

Zn % 0.186 0.200 0.235

Rb ppm 678 694 697

Zr % 0.412 0.486 0.601

Sn ppm - - - - -
Sb ppm 7.25 8.31 8.27 5.48 8
Cs ppm 6.82 8.21 7.34 9.16 7.8
La % 0.220 0.260 0.278 0.148 0.23
Ce % 0.309 0.344 0.377 0.451 0.37
Nd % 0.143 0.162 0.171 0.220 0.17
Sm % 0.011 0.012 0.014 0.018 0.014
Eu ppm 10.7 11.8 12.2 15.6 13
Tb ppm 152 16.6 16.8 212 18
Yb ppm 41.0 43.8 33.0 511.0 41
Lu ppm 4.5 4.96 6.26 6.44 3.7
Hf ppm 13.0 14.5 14.0 14.9 15
Ta ppm 1.3 7.4 6.94 7.44 8
Th ppm 697 542 350 647 600

U ppm 341 384 378 497 400

Pilegaard (1983).
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Fig. 7. Relative solubility of chemical elements both in uranium ore (®) and tailings (O).

<0 indicates values below detection limit (Pilegaard, 1983).

natrosilite, and partly because of relative elemental solubility, as illustrated in Fig. 7, where
the elements in question are ranked in descending order of solubility. Two leaching
experiments were conducted on the tailings after CPL extraction of uranium. It appears that
the solubility of these elements is reduced by processing, with the exception of Fe, Mn and
U, clearly due to the breakdown of steenstrupine. In general the solubility of elements in
the tailings is appreciably lower than that of the mill-feed. This may be due to
reprecipitation as less soluble carbonates formed in the CPL extraction process (Pilegaard,
1983). It is concluded that there is still a considerable lack of knowledge on the
environmental characteristics of the area, as well as of some technical aspects of a full-

scale uranium extraction operation by the CPL method.
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SURVEYS AND GEOPHYSICAL STUDIES

General introduction

As a direct consequence of the emerging "Peacefull uses of atomic energy", the newly
established Danish Atomic Energy Commission (=Atomenergikommissionen) made funds
available in 1955 for a search for uraniferous minerals in Greenland. Upon advice from the
Geological Survey of Greenland radiometric field surveys were initiated within the area
covered by the Ilimaussaq intrusion as it was known that the radioactive mineral
steenstrupine was found there in pegmatities etc.

Apart from radiometric surveys and observations on the natural radiation levels, only
scant geophysical field observations were carried out.

The beryllometer was introduced as a prospecting tool and tested in a survey aimed at
the delineation of the aereal extent of chkalovite found in rocks of the roof sequence on a
mountain slope adjacent to the Kvanefjeld uranium deposit. The results of the beryllometer
tests are briefly discussed in the chapter on economic minerals (cf. p. 7).

Scientists of the Danish Geodetic Institute, now Kort- og Matrikelstyrelsen (KMS),
made a study of Bouguer anomalies that occur in relation to the intrusion.

No further magnetic and electromagnetic field surveys for prospecting purposes have so
far been carried out within the area covered by the intrusion beyond the Kvanefjeld
plateau. The magnetic properties of lujavrite have only been considered in relation to
mineral separation tests.

A regional airborne geomagnetic survey was carried out over an extensive area in
South Greenland, including the Ilimaussaq intrusion. Satellite images have been utilised as

a means of discrimination in weathering patterns etc.

Radiometric surveys

A succesion of radiometric surveys have been carried out in the field within the realm
of the intrusion. They were conducted in the very early stage of uranium exploration in
order to pinpoint promising prospects (GEOX 55, GEOX 56). Since the immediate results
of these early surveys in 1956 led to the discovery of the Kvanefjeld uranium occurrence,

only scant detailed field surveys were carried out at a later stage at other localities, i.e.
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Agpat, Tugtup Agtakorfia and Sgndre Siorarsuit, along the shores of Tunulliarfik (Bondam,
1957a, b, 1958a, b; Larsen-Badse, 1958). These later surveys provided background data for
the positioning of 7 additional drill holes in the lujavrite sequence of the intrusion
(Bondam & Ferguson, 1962). A number of radiometric field maps of the Kvanefjeld area
have been published (Lgvborg et al., 1968; Nyegaard et al., 1977). In connection with the
design and use of gamma-ray spectrometric analytical tools, the Research Establishment
Risg maintained a number of calibration pads on the Kvanefjeld deposit, and ultimately
extended coverage with the use of portable equipment (Lgvborg et al., 1968; Lgvborg,
1968). Aspects of the applicability and reliability of spectrometric techniques for uranium,
thorium and potassium determination in the field, have been treated by Lgvborg (1972) and
Lgvborg et al. (1972, 1978).

The use and the results of spectral gamma-ray logging of the additional drill holes in
the Kvanefjeld deposit have been reported by Lgvborg er al. (1980).

A regional airborne radiometric map, covering South Greenland between latitudes 60°
and 61°30’N, was prepared by the Geological Survey of Greenland under a uranium

prospecting drive that took place between 1977 and 1981 (Armour-Brown et al., 1983).

Natural background radiation

A number of studies have been carried out to determine the natural gamma-ray
radiation levels and exposure rates, primarily on the Kvanefjeld plateau, where monitoring
during a period of three months was performed at four different localities using LiF
thermoluminescence dosimeters (TLD). In summary, the average radio-element
concentrations and exposure rates at the above localities is given in Table 9. The skyshine
exposure rate was determined to be 10 mR/h, the cosmic ray contribution was
approximately 4 mR/h (Lgvborg et al., 1980). Bgtter-Jensen et al. (1979) compared the
results obtained from the study on the Kvanefjeld plateau with natural exposure rates
measured at a number of localities in West and East Greenland by Nielsen & Bgtter-Jensen

(1973).
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Table 9. Average radio-element concentrations and exposure rates determined for the four

monitored areas on Kvanefjeld

puR/hr
Area ppm Th ppm U % K Calculation TLD Ionization chamber
1 476 223 3.1 254 293 251
2 20.6 i1 1.4 30.5 23.3 23.0
3 418 248 1.7 251 253 240
- 1314 454 1t 578 273

Lgvborg et al. (1978).

Supplementary, personnel radiation exposure was monitored for an extended period of
time. It has been estimated that the annual radiation dose at Kvanefjeld amounts to a
maximum of 1.3 rad (Bgtter-Jensen et al., 1978).

Thermoluminescence dosimetry has been tested as a feasible and reliable alternative to
bore-hole logging by scintillation detectors (Nielsen & Mejdahl, 1970). Despite a number
of advantages, in particular a high level of precision with a standard deviation less than 3
per cent, the method is not recommended for general logging purposes.

As a consequence of driving a 960 m long adit into the Kvanefjeld uranium deposit it
was regarded as essential to determine the exposure to natural radiation and radon gas of
the work force in the adit. Routine monitoring was carried out by personnel employed at
the site. Extraction of about 5000 tons of ore took place between June 1979 and May
1980. Sgrensen (1980) has given an account of the findings, and described the methods
and analytical procedures in use.

Prior to this exercise the natural radon gas exhalation and the background levels were
measured in the autumn of 1978, both at the uranium deposit and in the nearby township
of Narsaq. These analyses are summarised in Sgrensen (1979). The apparent exhalation
rate of radon and radon daughters from the ore body is calculated to be J=1.74 pCi m™s™,
while the same rate for crushed ore is J=0.085 pCi kg''s™".

An assessment of the exposure hazards in mining and milling of the uranium ore from

the Kvanefjeld deposit is given by Sgrensen (1983).
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Heat flow measurements

Sass et al. (1972) determined the heat flow in four drill holes at Kvanefjeld, designated
DH-I, DH-1, DH-37 and DH-38. The result of the measurements of both temperature and
thermal conductivity of 83 rock samples versus depth is reproduced in Fig. 8. The average
corrected heat flow, HFU, at Kvanefjeld is 0.9+ 0.1 p cal cm * sec ™. This is a rather low
HFU value compared with heat flow determinations made at Ivittuut in Archaean gneiss
where the average heat flow has been measured to be 1.0 + 0.1 HFU, despite a far lower
radiogenic heat production than at Kvanefjeld. This observation implies that the layer of
strongly radioactive lujavrites of the Ilimaussaq intrusion is not more than about 1000 m
thick, provided that the heat flow from the mantle is not unexpectedly low beneath that

part of South Greenland in which Gardar Province igneous activity is dominant.
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Gravity

Already in the 1950s it was known that a large positive gravity anomaly occurred close
to the township of Narsaq (Kejlsg, 1958). More detailed observations of the gravity
distribution and the determination of the densities of the agpaitic rock suits by Forsberg &
Rasmussen (1977, 1978) led to refinement of the existing Bouguer anomaly covering the
Ilimaussaq intrusive complex, cf. Fig. 9. Modelling suggests that the intrusion is underlain
by a dense rock type with a density of at least 2.9 g/cm’. This rock mass seems to have
nearly vertical intrusive boundaries, i.e. prismatic shaped. It is present at a depth of
between 2 and 5 km below surface, reaching down to at least a depth of 20 km.

This is all the more remarkable as the Ilimaussaq nepheline syenite complex is

apparently the only intrusion of the Gardar period that is situated on top of a dense rock

type at depth. Blundell (1978) extended the gravity survey over the immediate

Fig. 9. Residual Bouguer anomaly contours at 5 mGal intervals, covering the Ilimaussaq

intrusion and its surroundings. (After Forsberg & Rasmussen, 1978).
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surroundings of the complex. The consequences for the geological setting of the agpaitic
rock suite in relation to the observed gravity anomaly covering the area have been

discussed in Larsen & Sgrensen (1987).

Geomagnetism

Regional airborne total field and gradient geomagnetic surveys have been carried out
over South Greenland. A short note by Thorning et al. (1985) marks the position of the
flight lines. The data collected on these flights are on file at the Geological Survey of
Greenland and are incorporated in a recently issued thematic map series. The map also
includes the geomagnetic data from surveys carried out by mining companies that have
operated in South Greenland (GGU, Thematic Map Series No. 94/1, Kap Farvel-Ivittuut,
South Greenland).

Part of the geomagnetic data from such a survey in the area bordering Tunulliarfik
were provided by Kryolitselskabet @resund A/S for use in a research project sponsored by
the ECC/Euratom, contract EXU-41-DK(G), to evaluate the applicability of remote sensing
techniques in uranium exploration. From a composite IHS image, combining Landsat Band
7, aecromagnetic values and kriged values of the iron content in stream sediments, it
appears that the Ilimaussaq intrusion stands out as a significant negative magnetic anomaly
(Conradsen ef al. 1984, 1986). Piper (1976) made a palacomagnetic study on samples
collected in the marginal augite syenite and the main cumulates in the southern part of the

Ilimaussaq intrusion.

ENVIRONMENTAL STUDIES

A concentrated effort to combine geochemical and ecological background data in
relation to the Ilimaussaq intrusion was undertaken with the support of the Danish Natural
Science Research Council in the period from 1974 to 1977. This so-called "Narssaq
Project” was managed by the Geological Institute of the University of Copenhagen. The
object of the studies undertaken was to provide background data for a number of
parameters indicative for the environmental equilibrium in the area prior to possible mining

activity, in particular the exploitation of the uranium-thorium deposit on Kvanefjeld. To
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this end a number of biologists participated in the project. Several field studies were
carried out by graduate students; their theses are listed in the appendix, together with a
number of other reports and scientific papers published under the aegis of the Narssaq
Project. Hansen (1980) reviewed all these publications in a report to the Mineral Resources
Administration for Greenland. In a preliminary environmental impact statement (Pilegaard,
1983) it is stated that although much information is available there is still a lack of
analyses of a number of chemical elements and other variables in the aquatic environments
within the area. Monitoring the run-off in three drainage basins within the realm of the
intrusion, and automatic registration of an extended number of meteorological parameters
were undertaken as a supplement to the environmental studies. The results are discussed in
a separate chapter.

The topics for the environmental studies have thus been subdivided into:
- soil, recent bottom sediments, Quaternary cover,
- terrestrial vegetation, fresh water and marine faunas,
- hydrological, hydrochemical and meteorological data.

For references, see also the appendix with respect to environmental studies carried out

under the aegis of the "Narssaq Project".

Soils, recent bottom sediments, Quaternary cover

In a thesis by Larsen (1977) a large number of soil profiles within and adjacent to the
Ilimaussaq intrusion are described. Soil cover is restricted to the low lands and valleys.

The distribution of a selected number of trace elements, i.e. Nb, Ta, Zr, Hf, Li, Rb, Sc,
Y and the lanthanides, that are specific for the agpaitic rock suites, have been determined
in profile. The main conclusion drawn from these findings is that all the chosen trace
elements are mobilised under the prevailing climatic conditions.

In order to gain some quantitative measure for weathering processes in the area Nielsen
(1979) analysed a large number of soils, recent bottom sediments in lakes, streams and the
adjacent fjords, for an extended number of both major elements and trace elements,
including U and Th. The content of organic carbon was also determined. The over-all
picture gained from these analyses is, that Fe, Mn, Co, U, Th, Zn, Mg, P, Y and the
lanthanides are washed out from the mineral particles in the soils, and only to a limited

extent reprecipitated in bottom sediments or not at all. Uranium is adsorbed to organic
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matter. This is not the case for thorium. The figures obtained for apparent outwash of the
above named elements are not quite comparable to the hydrochemistry in the area, as
investigated by Christensen (1980) on the grounds of seasonal variations of dissolved
matter content in stream water. With support from the European Communities (grant 016-
79-1 EXU-DK), the supergene distribution of 22 chemical elements, including U and Th,
was studied in the soils and bottom sediments in rivers, lakes and fjord areas, covering and
adjacent to two main alkaline intrusions in South Greenland, Ilimaussaq and Igaliko. The
analytical data have been treated statistically using the PCA (i.e. principal component
analysis) technique (Rose-Hansen et al., 1986).

The Quaternary geology of the Narsaq area has been treated by Funder (1979). Besides
observations on different phases of glaciation, ice movements and Holocene retreat of the
ice cover, an estimate is given of the dissipation of agpaitic rock types in the surroundings.
It is concluded that 72 percent of stony material and boulders have been transported by
glacial movement less than 1 km from the outcrops in the field, indicating that the glacial

cover has not been affected by glaciers extending from the central Inland Ice.

Terrestrial vegetation, fresh water and marine faunas

Feilberg (1976) systematically listed all vesicular plant species found in South
Greenland, and described the different plant populations in relation to geographical
disposal and climatological conditions. The vegetational cover, graduated according to the
different species found in the area, is given for 31 localities in the Narsaq region. A
preliminary map of this vegetational cover is given in Rose-Hansen et al. (1977). In order
to gain insight into the airborne heavy metal dispersion Pilegaard (1981, 1987) analysed
samples taken of a lichen (Cetraria nivalis), a moss (Hylocomium splendens) and a grass
(Calamagrostis langsdorffii) at 26 localities both within and outside the limits of the
Ilimaussaq intrusion. The spread of the analysed heavy metals, i.e. Cd, Cu, Fe, Pb and Zn,
is due to small-scale particulate dust transportation. Thus the metal values found in all
samples taken within the realm of the intrusion are markedly higher than those found for
the analysed plant species outside.

The proportional enrichment given for Cetraria nivalis, as an example, is Ce 1.5, Fe
1.8, Pb 1.8 and Zn 2.2, reflecting a markedly higher content of these metals in the

intrusive rocks. The copper content of the agpaitic rocks is very low, not more than 65 g/t
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on average in the latest magma derivates, the lujavrites (Lgvborg et al., 1979).

Further biological observations are reported in Mahl (1978), Lindegaard et al. (1978)
and Nygaard (1978). M&hl’s thesis is a study of variations in the production rate of
phytoplankton and zoobenthos in an ultra-oligotrophic lake in the southern part of the
Ilimaussaq intrusion; the other two publications are primarily dedicated to taxometric
surveys of fresh water phytoplankton and zoobenthos in lakes within and outside the
intrusion.

The fresh water zoobenthos in two lakes in the southern part of the Ilimaussaq
intrusion have been studied by Nielsen (1977) and Mosegaard (1978). In the first-named
study, a general picture is given of the number of species present, the variations in
populations and life cycles are described and conditions for growth are given. The thesis
by Mosegaard (1978) is on the population dynamics of a single copepod species
(Leptodiaptomus minutus) in a single lake. This lake, which has been named "S¢ 95", has
also been used by Mzhl (1978) in the study mentioned above. As a curiosity it is noted
here that a new diptera species, Micropsectra Crundini n.sp., was discovered as a result of
the above cited detailed limnic studies (Sidwedal, 1979). In the littoral zone along the fjords
and inlets adjacent to the Ilimaussaq intrusion samples of both seaweed (Fucus
vericulosus) and mussel (Mytilus edilus) were collected and analysed for their content of a
number of trace elements. The findings have been reported by Hansen (1979). Among
other valuable data on the spread of background values in different parts of South
Greenland, this study is concerned with, among other parameters, the load and annual
variations of the content of Zn, lanthanides, Hf, Ta and Th, which are specific for the
uranium-thorium deposit at Kvanefjeld. These trace elements in particular are carried to the
marine environment by Narsaq Elv that drains the area in question and discharges in an
inlet called "Dyrnasbugt" or Narsap Ilua. These trace element contents, plus a number of
others, were monitored at 16 stations. In particular the content of lanthanides in mussels
was markedly higher at the mouth of the stream than further outwards along the shores of
the inlet (Hansen, 1978). As can be seen from the appendix, a number of minor accounts
on the environmental studies as part of the "Narssaq Project”, have been published in
Reports of Activities, issued yearly by the Geological Survey of Greenland. In connection
with a proposed construction of a hydroelectric plant the invertebrate fauna of Narsaq Elv

and the lake Taseq was sampled (Vandkraftvaerk Taseq, Narssaq, 1981).
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Hydrological, hydrochemical and meteorological data

The Greenland contribution to the International Hydrological Decade (IHD), under the
anspices of UNESCO, was chosen to be the "Narssaq Representative Basin" - project,

catalogue no: 2.2013 (Larsen, 1973), cf. Fig. 10.

Fig. 10. The topography and drainage of the "Narssaq Representative Basin" or Narsaq
basin from Larsen (1973).

A network of recording stations was erected which were operated from 1966 to 1972.

The main research object was to account for the water budget on the basis of
intermittent and continuous monitoring of a number of parameters, not only of the usual
meteorological nature, such as precipitation, evaporation, air temperature and wind

directions and speed, but also including run-off, soil cover permeability, ground water level
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fluctuations and ground water movement. A special study was made of accumulation and

ablation of a local glacier, and of its movements.

e

~r — drainage
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\

Fig. 11. Lille Elv and Reference III drainage basins. Position of monitoring gauges is

marked with a dot. (Christensen, 1980).

An extension of the hydrological and local meteorological monitoring was supported by
the Danish Natural Science Research Council (SNF) under the heading of the already
established "Narssaq Project". Further automatic monitoring was undertaken between 1
January, 1977 and 1 January, 1980 (Christensen, 1980). The equipment in use has been an
Anderaa datalogger, type DL-1, set at automatic logging with 2 hour intervals. The records
and the computer transcripts are on file at the Geological Survey of Greenland.

Monitoring and water sampling was carried out in three minor drainage basins within
the area covered by the Ilimaussaq intrusion. They were called Narsaq Elv - Lille Elv -
and Reference III drainage basins respectively (cf. figs. 10 and 11).

Most observations over a longer period of time have been made in the Narsaq Elv
basin, originally called "Narssaq representative basin", as mentioned above. This basin
covers an area of 33.2 km?® The area is drained by three streams, the main one called
Narsaq Elv, originating at the local glacier. The other two originate from lakes at altitudes

of 505 and 510 m respectively; they are named Taseq elv and Kvaneelv. The total annual
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discharge for the three-year period 1977-79 is shown in Table 10, together with the
estimated net precipitation in the same period of time.

Under the heading "Vandkraftvaerk Taseq, Narssaq" (1981) Grgnlands Tekniske
Organisation (GTO) and Grgnlands Fiskeriundersggelser (GF) presented a proposal for a
hydropower plant to be constructed downstream in the Narsaq basin, north of Narsaq
township. A number of reports dealing with the hydrological and environmental aspects are
available, besides the final planning with its financial implications, as estimated by a
number of consultants, cf. GTO (1981).

Ground water storage in the Narsaq Elv basin is very limited. The total storage
capacity has been calculated to be approximately 7.10° m?, corresponding to about 17 per

cent of the annual precipitation.

Table. 10. Annual river water discharges and estimates of net precipition for the Narsaq

basin, 1977-1979, according to Christensen (1980)

Annual river water discharges

1977 1.30 x 10° m’
1978 1.45 x 10®* m’
1979 1.66 x 10° m’

Estimates of net precipitation based on the river discharges and a basin area of 33.2 km®
1977 3916 mm
1978 4367 mm
1979 5010 mm

Larsen (1973) made a survey of the local glacier, situated in the north-eastern part of
the Narsaq drainage basin. The glacier occupies two coalescing cirques. Accumulation and
ablation were measured as well as glacial movements in the period from 1967 to 1971.
These investigations indicated that the glacier at present must be considered stationary, or
even slightly retreating. From photographic records at irregular intervals, dating back to the

year 1900, it is apparent that the mass balance of the glacier has been negative during the
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greater part of the 20th century. Records of the actual discharge from the glacier
correspond, within an accuracy of 2 per cent, for total precipitation and ablation.

The discharge from the largest lake in the area, Taseq, has been estimated by
Grgnlands Tekniske Organisation (GTO, 1981), based on monitoring its run-off conditions
during a restricted period of time. For observations on ground water storage, 7 shallow
drill holes were positioned around the lake.

Braithwaite (1981) recalculated the water balance of the lake on the basis of modelling,
showing close agreement to previous figures given by GTO (1981). According to the
above estimates the annual run-off varies between 27.2 and 29.9 M cubic metres.
Expressed in terms of annual electrical power generation these figures are supposed to be
equivalent to 21-26 GWh.

In 1975 glacier-hydrological studies were initiated in the so-called "Nordbosg¢ basin" in
Johan Dahl Land, situated at 61°25’N, 45°30’W, north of Narsarsuaq airport. The aim of
these studies was to collect sufficient data for an evaluation of the hydropower potential
available for utilisation in adjacent areas and townships, including the Kvanefjeld uranium
deposit. The field work was carried out jointly by the Geological Survey of Greenland
(GGU) and Grgnlands Tekniske Organisation (GTO). It lasted until 1983. The background
data obtained, including general climatic conditions, meteorological observations, glacial
conditions, ablation and mass-balance, and run-off have been summarised by Clement
(1982, 1983a, b) on the basis of annual records and reports that are on file at GGU and at
GTO.

The available hydropower potential of the Nordbosg basin is included in an evaluation
of the energy supply for full-scale mining operations on Kvanefjeld (Erlendsson et al.,
1983).

The hydrochemistry of the Narsaq drainage basin has been treated at length by Larsen
(1973) and Christensen (1980). Based on the analytical results, Christensen (1980)
estimated the annual discharge of dissolved matter in the period 1977 to 1979 into the
surrounding fjord system at Narsap Ilua. This estimate, expressed in metric tons, is
reproduced in Table 11. It is noted that the content of dissolved fluorine is fairly high in
the streams of the Narsaq drainage basin. This also applies to the zinc content compared to
the other base metals. The enhanced fluorine values are attributed to the occurrence of
villiaumite (NaF) in the lujavrites of Kvanefjeld, while the main sulphide phase in these

rocks is sphalerite. A study of the dissolution rates of fluorine from samples of lujavrite
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containing accessory villiaumite has been carried out by Asmund (1980). The results of the
tests has given a measure for the determination of the dissolution rate of exposed rock on
the basis of fluorine content, and can be expressed as D = (7.5 + 0.98Cs) %107 cm?h. In

this formula D stands for "dissolution rate", Cs expresses the fluorine content in mg/cm3.

Table 11. Annual discharge of dissolved matter by river water into Narsap Ilua, 1977-1979

Element tons tons tons tons
1977 1978 1979 1977-79
F 376 419 480 425
cl 754 841 963 853
HCO, 1781 1987 2274 2014
NO, 39 44 50 44
SO, 260 290 332 294
Na 1274 1421 1627 1441
K 62 70 80 71
Mg 47 52 60 53
Ca 286 319 365 322
NH, 26 29 33 29
Li 0.28 0.32 0.37 0.32
Cu 0.05 0.05 0.06 0.05
Zn 0.75 0.84 1.00 0.86
Pb 0.02 0.02 0.02 0.02
cd 0.02 0.03 0.03 0.03
U 0.03 0.03 0.03 0.03
Sio, 481 537 614 544
Sum, tons 5387 6010 6380 6091

Source: Christensen (1980a).

The actual content of dissolved fluorine in stream water sampled weekly at the month

of Narsaq Elv, between November 1974 and November 1975, fluctuates depending on the
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seasonal variation of the discharge. A high fluorine content corresponds to a low level of

discharge (Asmund, 1980).
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Fig. 12. Seasonal variations in the ionic fluorine content in Narsaq Elv, after Sgrensen

(1983).

Monitoring the content of dissolved fluorine in Narsaq Elv was repeated between June
1979 and June 1981 in connection with tunelling and uranium ore extraction that took
place simultaneously, as part of the "Uranprojekt Kvanefjeld". Frequent sampling of stream
water at two sites, one upstream and the other downstream of the excavated ore pile,
revealed fluctuations similar to those observed earlier. Figure 12 shows the result of
specific ion determinations of the dissolved fluorine content in stream water during that
period, as reported by Sgrensen (1983).

The content of dissolved uranium in Narsaq Elv has been determined with the help of
ion exchange resin (Asmund, 1975). It was found that the ionic uranium content varied
from 0.15 to 15.7 ppb U, depending on the passage of surface water through environments
in which organic matter presumably acts as an adsorber of ionic uranium. Scattered assays
taken in streams in the central and southern part of the Ilimaussaq intrusion generally
showed low ionic uranium levels varying from 0.05 to 0.98 ppb U.

In connection with "Uranprojekt Kvanefjeld", meteorological observations were carried
out between September 1979 and March 1983. Data on wind speed, wind direction,
temperature, humidity and atmospheric pressure were automatically recorded at two
stations close to the uranium deposit at Kvanefjeld. One of these stations was positioned at
an altitude of 564 m a.s.l., the other in the adjacent valley, at an altitude of 206 m a.s.1.
The records are included in reports by Kristensen (1983).

Under the same heading of "Uranprojektet Kvanefjeld", a study was made of the wind

field in the valley of Narsaq (Gryning & Lyck, 1983). A limited number of experiments
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was carried out in the mid-summer period of 1981. Sulphur hexa-fluoride was used as a
tracer in these experiments. The aim of this study was to gain some knowledge of the
distribution and dilution pattern of air polluting dusts that would be released as a result of

mining operations.
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APPENDIX

The appendix is subdivided into a number of topics, as follows:

Internal reports and diaries, Geological Survey of Greenland,

Unpublished theses on file in the library of the Survey,

» Reports prepared for the "Kvanefjeld Uranium Project", 1978-83, Research
Establishment Risg,

o Theses, reports and other publications prepared for the "Narssaq Project", 1974-1979,
Geological Insitute, University of Copenhagen,

e "Contributions to the mineralogy of Ilimaussaq", Geological Institute, University of
Copenhagen, 1994,

» Bibliography of the geology of Ilimaussag.
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