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NORDRE GJETTRYGGEN GRUVE,FOLLDAL,NORWAY —
A DETAILED STUDY
by
Norman J Page

AESTRACT

Nordre Gruve in the ¥olldal district, is located at approx-
imately 6299'N. latitude and 100E, longitude in the Hedmark Fylke.
The mining of copper, zinc, and sulfur from pyritic ores began 205
vears ago 1in the area and alone from Nordre Gruve has yeilded up
until 1957, 1.1 metric tons of rsw ore, Since then it has produced
about 65 thousand tons of raw ore per year, The mine has been de-
veloped for asbout 420 meters along a strike N.42°%E. and to a depth
of 510 meters. The ore body dips 380N, in the western part wnd be-
tween 45-50°N, in the eastern part; the zone plunges 48%K.E. The
average thickness of theore is 1,66 meters,

The district, geologically, is located in the southwestern
part of the Trondheim region near the Sparagmite boundary while
Nordre Gruve can be considered to rest in the southwest limb of a
northeasterly plunging syncline composed of schists metamorphosed
to quartz-albite-epidote-almandine subfaciee Fio the greenschist
facies which have been tentutively assigned to a stratigraphy sim-
ilar to that of the Hflonda-FHorg District. The rock units which
were mapped are; undifferentiated schists (composed of an assemb-
lage of six dominant minerals; quartz, chlorite, calcite, biotite,
epidote, and hornblende), quartzitic schists, hornblende-yuartz
schists, trondhjemite (albite-gusurtz-garnet gneiss), and cebris
covering outerops. The trend of the rocks is N,50E. dipping 40-
80°N.,%. containing two trends of minor folding.

The gangue consiste of individual mineral grains and aggre-

f ates of quartz, feldspar, and chlorite lensesj; disturbed and fold-
ed undifferentiazted and quartzitic schist partings; and angular
fragments of calcite. The gangue minerals have exactly the same
characteristics as they do in the country rocks.

The ore minerals are pyrite, pyrrhotite, sphalerite, chalco-
pyrite, galena, cubanite, molybdenite, armsenopyrite, and fahlerts.

There are three types of banding present in the ore (1, mag-
netite banding,(Z) one caused by a change in pyrite grain size,
and (8) banding due to a change in ore to gangue ratio. Pyrite
in some cases contains "inclusions'" of other ore and gangue min-
erals and also exhibits a cataclastic series of textures ranging
from fractured crystals to those with pieces of crystals "floating"
in matrix sulfides. It is also elongated, probably parallel to
the foliation, At some localities a very fine-grained, non-recry-
stallized pyrite was observed,

Trends iIn ore mineral variation across the thickness of ore
were observed. Pyrite in percent:ige decreases from hanging wall

to foot wall while pvrrhotite is concentrated on the foot wall
and chalcopyrite on the hanging wall., BREoth sphalerite and galena
are more concentrated toward the walls, Contoured vertical pro-
files of assay data show trends in high areas of Cu,Zn, amd &
vhich correspond to the directions of minor folding.

The original origin of the ore deposit is uncertain, but if
it is epigenetic related to the trondhjemite or if it is sedimen-
tary, the structural and textural chsracteristics of the ore must
have been inherited from processes of regional metamorphism,. Ver-
ious sulfide geothermometers give temperatures of crystallization
which are consistent with the highest possible temperature of meta-
morphism,



INTRODUCTION

The Folldal distriet, about 20 kilometers in length and
5 kilometers in width, is located in the Hedmark Fylke along
the Folla River Valley at approximately ©€209'N. latitude and
10°E, longitude (50'W. of Oslo). Its general position with
respect to Oslo and Trondheim is indicated on Figure 1. The
Nordre Gjettryggen Gruve (Mine), operated by Folldalsverk
A/S, which is now considered their main mine, lies 11 kilo-
meters by road or about 5 kilometers airline northeast of
the village of Folldal. Access to the mine is by the road
between Hjerkin and Alvdal to the mine road turnoff, 3.8
kilometers east of Folldal.

In general, the topography of the region is represent-
ative of a mountainous area once covered by Pleistocene
glaciation. The mine itself is 961 meters above sea level
on a moraine and glacial lske debris-covered shelf or
plateau a little ahove timher line. ¥ost habitation is
limited to the river valley, except for the scattered summer
seters and the few buildings provided at Nordre Gruve for
the housing of employees. The highest point in the immed-
iate region of the mine is Haanesklekken which is 1220 meters
above sea level. Other topographic high points include
Gjettryggen, 1035 meters above sea level, and Storhovdet, 204
meters above sea level. Svenashekk flows southward, originat=-
ing mear Storhovdet, inte the Follz River, Water for this
stream probably comes from the seepage into the moraine. The
geomorphology of the arez is diseussed in Marlow (1935) by I.

K. Streithen.



In the Folldal region there are five mines; the old mine
or Folldal Hovedgruve, Nordre Gjettryggen, Sgndregruve, Ny-
gruve, and Grimsdalsaruve. llygruave and Grimedalsgruve zre on
the west side of the village of Folldal, while the others are
to the east. This mining region has been in operation for
205 years. The mining which began in 1748 at Folldal Hoved-
gruve for copper lasted until 1878, The total production in
this period was 250,000 metric tons of ore, yielding 3500
metric tons of copper. In 19207, the mining of pyrite for
sulfur recovery was begun after the English company, The
Folldal Copper and Sulphur Co, Litd, who had become owners in
1904, had established a cable car to the Alvdal railroad
station. In 1938, Folldalsverk A/S took over the concesgion
and in 1257 joined with A/S Borregérd., MNore detailed history

of the old mine can bte found in Folldal Verk gjiennom 200 Ar.

Nordre Gruve was discovered in 1917 and was put into
production by 1935. In the same period, a flotation plant
was built in Folldal, From this plant come three concen-
tratesy pyrite, copper, and zine. Up until 1957, Nordre Gruve
had produced 1,1 million metric tonsg of raw ore yielding approx-
imately 11,000 metric tons of copper, 33,00ometric tons of \
zinc, and 330,000 metrie tons of sulfur. &ince then, the

mine hag been producing €5 thousand metrie tons of raw ore per

e a8

year. All of the ore has been mined by shrinkage stop1ng. Levels
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1-13 are serviced by the main haulage shaft’ or 250 Shaft Levels
1-3 were served in the past by the o0ld shaft which is now part of
the ventilation system. Levels €-13 are accegsible by the

Marie Louise Shaft as well as the 250 Shaft (See Flates 1 and 2).
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The ore is crushed on Level € by a cone crusher before being
hoisted to the surface and tsken by cdlbe cars to the flota-
tion plant in Folldal. Nore infarmation on the mining en-

gineering ean be found in KHjelseth (1957).
e Imuxh u.&\)u\}u Y

The Folldal ore deposite are located in the southwest-
ern part of the Trondheim region (Trondheimsfelt), very nesar
the Sparagmite boundary and within the garmet zone of meta-
morphism as delineated by Goldschmidt (1215). The strat-
igraphy and struecture of this region are very poorly known,
Some of the earliest work done in the area is that of K.O.
Bjdrlykke (1205) who, in a series of maps including the
Folldal area, indicates the contacts of granulite, mieca
gchists, and phyllite trending northeast in alternating
bands ("grsnulit, glimmerskifer," and "graalig-fyllit"),.
Carstens (19219) who mapped the sres to the north and northesst
of the Folldal quadrangle, showed what he called eruptive rocks,
probably similar to Bjdrlykke's "granulit", passing through the
Folldal area. G.Folmsen (191€), in mapping the ore belt in the
Trondheimsfelt, included the Folldal ares on his map., He shows
(1218, p.171) an anticline with a core made up of the Hdros
Group and limbs of Stdren-Hovin and Gula Groups plunging north-
eastward as the main structure of the Folldal Juadrangle, but
neglected the existence of the "granulit" that was mapped pre-
viously (See Fig.2). No structural interpretation was made
by Marlow (19235) when he mapped the Folldal (uadrangle, since

ke only indicated areas of outerop, differentiated between



different rock types, and recorded attitudes measured in the
field,

Other guadrangles of importance besices that of Folldal
in interpreting the regional structure are those of Oppdal,
¥vikne, Réros, Dovrefjell, Tynset, Pvre Rendal, Sglnkletten,
Randvasshed, and Sel, Only the Tynset (Holmeen, 1943,1080),
part of the Sel (Strand, 1961), Oppdal (P.Bolmsen, 1255) and
the northern part of the Dowrefjell guadrsngles (F.Eolmsen,
1258) have been mapped. Geiss(1958) has mapped a small region
near Hjerkin in the Dovrefjell Quadrangle. A few broad brush=-
ed structures are indicateé on the Geologic Map of Norway
(Moltedahl, 1960), while Vogt (1253,1954) in attempting to
1link structures of the Caledonian in Scotland with those in
Norway hae drawn his Syneline II through the region. This is
a northeast trending syneline which, south of the vieinity of
Hjerkin, has a bend in it to a northwest-southeast trend and
then returns te the normal northeast trend, Strand in GeoloHy
of Norway, (Holtedahl, 1260) implies that the area under dis-
cussion is a broad synclinorium which has been thrust out over
the Srararmites from the northwest,

The only area of the Trondheim district in which any de-
tailed stratigraphy is known is in the Hflonda-Forg District
near Trondheim (Vogt,,1945), FHolmsen (1960) and Warlow (1935,
P«14) both suggest that the mica schists and phyllites lying
upon the Sparagmites in the Folldal area belong to the Hdros
Group, the oldest unit recognised in the Hélonda-Horg District,

Although it is dangerous to link stratigraphy over such a
great distance, taking the above information of Vegt and Warlow

into account, plus that gathered in the field around the village



of Folldal, one can make a tentative structural and question=-
ahle stratigraphical interpretation of Marlow's (1935) geo-
logical mapring. This has been done in a cross-secticn pass-
ing through Nordre Gruve trending approximately northwest to
southeast (See Fig. 2). Certain rock units as indicated are
taken direetly from Marlow's work, while those in the vicinity
of Nordre Gruve are from the author's surface mappring. Marlow's
phyllite which he tentatively (Marlow, 1935, p.14) assigned to
the Réros Group appears to be the szme unit as Holmsen (1950)
mapped as the Réros Gronp in the Tynset Quadrengle. According
to the gtratigraphical section in the Hglonda-Horg District,
(Vogt, 1245,p.459) the Stdren Group of meta-basalts interlayed
with sedimentary beds is about 2500 meters thick. The sgeries
of undifferentizted schiste include chlorite-eridote schists
with quartz-rich layers, while the other rocke indicated on

the eross-section are guartzitic schists, hornblende-quartz
schists, and trondhjemite. This group is approximately 2500=-
3000 meters thick excluding the trondhjemite., This suggests
that this series could be assigned to the Stdren Group, while
Marlow's large zrea of quurtz-mica schists might possibly re-
present. part of the Hovin Group in this area of the Trondheims-
felt. The structure of anticlines and synelines is taken from
Warlow's map a8 interpreted by the author from attitudes in=-
dicated, except for dip values near Nordre Gruve which come
from the author's work. This locates Nordre Gruve on the south-
west 1limb of a syncline, probably plunging to the northeast,

as part of a broad synelinorium. The extension of the trond-

hjemite to the northeast is not entirely necessary.



Other interpretations are possible for this structural
arrangement. One could interpret the trondhjemite as having
discordant contacts, an uncommon thenomena for this partic-
ular type of rock in the Caledonides, which might add another
anticline to the picture (See Fig., 4). The auther prefers
the first interpretation.

FPETROLOGY AND SURFACE GEOLCOGY OF
NORNDRE GRUVE

An area of approximately 4 kilometers by 3 kilometers
around Nordre Gruve was mapped on a topographical base map,
prepared by the mine, having an original scale of 13;10,C00.
At the time no aerial photographs were available but have
since been obtained., The map (Fig.5) is basically the one
mapped on the topographic base with slight adjustiments for
location made from the photographe. Aerial phiotographic
coverage (scale: 1:20,000) of the region from slightly west
of Folldalsverk to the eastern end of Gjettryggen between
the FPolla River and Grgnko wes also studied for major struc-
tural trends. Five different rock units were differentiated
in the field. Trom south to north they are: undifferentiated
schicts, cguartzitic echists, hornblende-quartz schiste,
trondhjemite, and Pleistocene and Recent cover.

In general, megascopically, the undifferentiated
schists are dark greenish-gray to tlack. fine-grained,
foliated schicts, often characterized by a phyllitic appesa-
ancg, In the southern portion of the map ares, the phyl=-
litic type is especially prevalant, while in the middle to
northern part of the map area, one finds the same schist

type with carbonate or hornblende-rich layers, areas with
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olassy guartz lenses, and sometimes thin beds of dirty quartzite.
Algo there are certain horizons which contairn abundani garnets,
with or without much hornblende. Nowhere were pillow structures
or anything ressembling filled vesicles observed., The major
minerals composing the schist are guartz, members of the epidote
group, chlorite, and hormblende. Albite, orthoclase, biotite,
srhene, moscovite, and disseminated pyrite are the minor consti-
tuents. One modal analysig of the undifferentiated schists is
presented in Table ] to show the veriation in composition of the

rock. For more analyses, the resder is refered to Table &, p.22,

Table 1: Iodal Analysis of Undifferentin ted Schists.

1
2uartz 35.5
Albite 4,6
Chlorite 14,3
Biotite 3.4
Hornblende 15.5
Epidote 25,9
Apatite 0.1
Sphene 0.3
Ore minerals 0.0

1) Juartz-epidote-hornblende schist, Svenasbekk,
Mordre Gruve,

Microscopically, the schist ¥ composed of larger subhedral
to anhedral erystals of guartz; sometimes feldspar, full of
small dusty inclusionsj and chloritized hornblende set in a
ground mass of micas, guartz, and members of the epidote
family. In many specimens, there are closely epaced &heuar
planes as evidenced by trains of chlorite, biotite, and
probably clinozoisite stretched out concordant with the fol-
iation, and by broken or sheared and stretehad feldsper
crystals with quartz tails surrounded by micas, These look
like clots and bumps on & hand specimen, In other thin

sections, one notices a banding of quartz-rich layers alter=-
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nating with more mafic layers.

The rock unit, designated as jusrtzitie schist, is s fol-
iated white to light gray rock composged mainly of subhedral
quartz graine with minor muscovite, chlorite, epidote, cal-
cite, albite, and ore minerals. A modal analysis 1s presentec

L] w"fh - . -
in Table 2 along,the estimated range of miperal variation.

Table 2: Wodal Analysis of the guartzitic Schists

1 Range of Composition (vol.®%)
Quartz 79.1 eo ~ 97
Albite C.4 - 5
Muscovite £.2 0 - 20
Chlorite tr. 0 - 30
Caleite 14.9 1 - 20
Epidote 1.4 0.5 - 10
Cre minerals 2.0 0 - &
hAccessories 0 - 0.5

1) Quartz-calcite-muscovite schist, Svenasbekk, Nordre Gruve.

In some localities, the guartzitic schist is entirely given over
to glassy guartz bands or lenses, occasionally containing disseun-
inated magnetite in bands concordant with the foliation. The
rock marked Ts on the map is a good example of this (See Fig.5).
Microscopically, the rock, in some sections, has a banded appesar-
ance due to the alternation of layers of quartz grains of differ-
ent sizes. Quartz grains in most sections show some strained or
wavy extinection.

The hornblende schists zre an easily mapped unit in the
field because of the contrast of dark hornblencde needles at=-
taining, in some cases, 1 centimeter in length, against the
light gray groundmass of guartz, chlorite, epidote, and
occasionally garnet of the almandine-pyrcpe solid solution
series. Other minor minerals in the rock azre muscovite, ortio-
clzse, alhite, sphene, and in one case probhatly a spinel. The
refractive index of the garnet was 1.202t%,.002, which probably

puts it into the almandine pyrope series. The hornblende has
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The major minerals in the rock are quartz, albite (An3-9),
hornhlendas, chlorite, biotite, garnet, and sphene, The refractive
index of this garnet is 1.726x.002, which also puts it into
the pyrope-almundine solid solution series. Zach subhedral
to euhedral plagioclase is full of mica, quartz, and epidote
inelusions giving it a sieve texture. The inclusions are sub-
hedral and unlike most feldspar alteration phenomena have
cleur, sharp edges under a high power objective lens. A few
quartz grains also have similar types of inclusions. lone
of the inclusions are on the edges of the crystals. Cmne pos-
tulated explanation is that the inciusions represent material
from an esrlier period of seritization which has recrystallized.
Some plagioclases seem to be composed of patch gerthites and
norral perthites. The quartz shows a granulated texture which
has been recrystallized in part as evidenced Ly the lack of wavy
extinetion in the guartz grains. The members of the epicote
family are crushed and brokenj; possibly slightl alterated to
gsericite. According to Johangsen's classification the rock is
2 sodaclase tonalite (Z18F) or a sodaclase dacite (2188). This
terminology implies an igneous origin which at this time is
impossible to prove or disprove. Table 4 presents some minersal
modal analvses of the rock (See p.lZ) .

There are & few references (lfarlow,1935,p.16; Geophysical
Malmleting, 1241; Hjelseth, 12€1, rergonal communication) te
gracthitic schiste in the Folldal aresa hut none were ohserved

by the author,



Table 4: Modal Analysés of Plagioclase-guartz-Garnet

Gneiss.
1 P
Yuartz 33.9 5l.4
Albite 4€.2 7.9
Muscovite 3.6 4.5
Chlorite 0.7 0.0
Hornblende 0.2 Tal
Epidote 2.2 1.6
Garnet €.2 3.5
Zircon 0.1 0.2
Sphene 0.0 0.1
Ore minerals 0.1 0.1

1) Albite-quartz-garnet gneisg, Fasnesklekken, Nordre Gruve.
2) wartz-albite-muscovite gneiss, near Hovedgruve, Folldal.

Quarternary cover includes glacial moraine, talus, land-
slide, snd glacial lake debris washed ocut from the lake that
vags dammed upr behind Haanesklekken probably by iece. The
amount of cover males detailed geologicsl mapping difficult,
although at most locationg it is not very thick. For example
at the mine, the cover is about meters.

From the petrographic study of the schists in the IMolldal
area, the rocks have mineral assemblages characteristic of the
quartz-albite-epidote-almandine subfacies of the greenschist
facies (Turner and Verhoogen, 12€0, p.539-541), the highest
of the greenschist facies, This was formally the albite-
epidote-anphibolite facies, chloritoid-almandine subfucies.
Tvpical minersl ssesemblages are horntlende-albite-epidote-
almandine-%iotite-quartz and hornbtlende-chlorite-almandine.
The latter represents magnesiasn-rich schists and the former
bagie schists. Sinee the lowest temperature at which the
almandine -amphibolite facies is probably stzble (Turner and
Verhoogen, 1260, p.553) is 5000C,, this region rrobably
never reached a temperature higher than €00°C., The maximum

pressure was probably well below 4000 bars. In the rims of



chlorite on hornblende crystuls there is also a suggeetion of
retrogreseive metamorphism which ie aleo implied in the amount
of chlorite in the various wodal anslyses., letamorphism and
shearing movement during folding have destroyed most of the
structures, textures, snd probably minerals of the original
rocks which makee it difficult to postulate on the premeta-
morphie stratigraphy. Still it is possible to compare aver=-
age mineral modal analyses with those of some from well-
known areas of the Trondhjemsfelt and with various rock types
from other localities.

In Table 5, the average modal mineral snalysis of the un-
differentiated schist and the hornblende schist is compared
with one given by Vogt for a Tasaltic Stdren greenstone from
Lzke Renma and with average nodal analyses of graywackes
calculated from mineral percentages given by Fettijohn.

Tarle 5: Comparison of Various Modal Analyses of

mreenstones and Graywackes with Folldal
Undifferentiated Schists.

i | 2 3 4 5 €
Quartz 10.90 562.¢ 35,6 33.1 46,7* tr.
Albite 11.2¢ tr. 4,6 5.4 le,74 29,04
Hornblende a7.20 292.9 158.5 8.6 0.0 10.5
Epidote £2.43 Tt 25.9 8.1 0.0 0.0
Chlorite 14,82 0.2 14.3 2b.¢ 25,04 46.2¢
Blotite 0.00 tr. 3.4 8.5 0.0 0.0
Muscovite 0.00 0.0 0.0 1.0 0.0 0.0
Garnet 0.00 2,3 0.0 0.5 0.0 0.0
Titanite £.25 0.0 0.0 0.0 0.0 C.0
Pvrite 0.04 1.3 0.3 0.8 0.0 0.0
Apatite 0.26 0.0 0.0 tr. 0.0 0.0
Calcite 0.48 0.0 0.0 el 4,6 0.0
Rock fragments 0.00 0.0 0.0 C.0 6.7 13.4

1) Fasaltic Storen Greenstone, (Vogt, 1945, p.446).
2} wuartz-hornblende-chlorite achlst, Svenasbekk, Folldal.
3} Quartz-epidote-hornblende echist, Svenasbekk, Folldal.
4) Average mode of undifferentiated schists, 17 analyses,
Folldal.,
5) Averaze of 6 mineral analyses of graywackes, (Pettijohn,
1957, P.SO"‘: 43019 5“\ '-O uh) .
&) hvera%e of 2 pravwackﬂs (Pettijhhn, 19587,p.304,Table 50,
No.E,
*Jusrtz ineludeg chert,Y Feldspar, #Includes sericite.
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It is evident ihat the schists around Vordre Gruve do not
contain a very large amount of altite as do normal greenstones
and graywackes. Thelr mineralogical composition is more like
that expected from calcareous clays metamorphosed to this degree,
Table € compares the wodezl mineral analyses of the guartzitic
schist with Vogt's analyeis of & Stfhren guartz-keratophyre frou
Sagelva and a silieified guartz-keratophyre from Lazke GArtvatn
and an average modal analyeile of guartzite., It is evident that
the composition of the guartzitic schists in no way approach

Table €: Comparison of Liodal Analyses of Quartz-
keratophyres and uartzitic Schists.
1 e | =

£ 3 % 2
Luartz 31.58 €7.22 79.1 T7.2 B6.8
Albite 48,75 15.21 0.4 2.6 3.0
Ifuscovite 15.76 10,92 2.2 8.5 2.3
'iiotite ':)115 D.OO 't.r‘. 109 5-3
Chlorite 1.27 4,63 +tr. 0.2 2:3
Epidote 0.49 0.00 Tk 3.0
Calcite 0.30 0.41 14.9 4,0
Magnetite 0.51 0.74 0.0 0.0
Titanite 0.45 0.21 0.0 0.0
Fyrite 0.04 0.04 2l 0.7 tr.
Rutile 0.00 0.04 0,0
Zirecon 0.00 0.0€ 0.0 0.2
Apatite 0.07 0.03 0.9

Hornblende OOOO 0|00 0.0 l-l

Juartz-keratophyvre, (Vogt, 1945, p.489).

Silicified guartz-keratophyre, (Vogt, 1245, p.462).
<uartzitic schist, Wolldal.

Average mode of € guartzitic schists, Folldal.

Average mode of 4 quartzites from various areas as
determined by associates at Nineralogisk-Geologisk Nuseum,

s QI
R N L N

that of the guartz-keratophyre or an acid pyroclastic as has
been postulated, but the plagioclase-guartz-garnet gneiss
(trondhjemite) more closely approaches this composition (See
Table 4, p,12).

All of the foliation of the rocks in the area mapped
strikes about N.850°E, and dips between 400 and 850 northwest
making fairly constant trending bande of schist as indicated

by Bjorlykke (1205} (See Fig.5). There are also two trends
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of minor folding, one plunging northwestward and the other north-
eagtward., The northeastward trend is probably related directly
to the thrusting movements from the northwest towsrd the south-
aast (See Ore Description anéd Structure, p.lé), while the north-
westiward trend is related to a compressicn at right angles to the
thrusting due to the ghape of the blocks involved in the tec-
tonie movements. The aerial photographs indicate a northwest
trending waryp of the general synclinal strike, as does the
bend in the thick guartzite bed mapped 800 meters south of
Nordre Gruve. The plagioclase-guartz-garnet gneiss (trondhjem-
ite) hodv, on aerial photographs shows the same effect in lhe
northwestern corner of the map area, This is not & major
structure which could offer a "structure control" to the ore
body, nor is the ore body located in its crest or trough.
From the study of aerial photographs, neo major "structural
controls" of either Mordre Gruve, Efndre Gruve, or Hovedgruve
are apparent.

The contacte bLetween the various rock units are sharp
where observahle, except for the different mineral assemblages
of the undifferentiated schiste which appear in some places to
be gradual transitions. This suggests that the veriation in
1lithology is actual bedding and not an effect of the regional
metamorphism. Since the trondhjemite contact was never ob-
served, it is impoasible to say definitely whether the btody is
conformable or not or whether it is an igneous rock or a metla-
morphic one. Rocks of similar composition have been mapped in
northern Norway with conformable contacis, therefore, it is as-

sumed to be similer for this particulzr trondhjemite,
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There are five prospects tesides MNordre Gruve within the
region mapred, z11 located on the western side of Storhovdet.
These are usually shows of pywrite disseminsted in schists,
sometimes with magnetite, and occasionally some chalcopyrite.
They lie on the electromagnetic indications of the geophysical
survey (1941) and all are nothing more than pits in the ground.
From the surface showings one would helieve that they are small
local concentrations of sulfides.

The overall picture precented by the series of schists
seems to indicate that one has an interfingering facies of
sedimentary rocks, both water-laid tuffs ané non volcanic de-
hris mixed in with effusive basic voleanics. The quartzites
represent periods of relative stability, vhile the undifferent-
iated echists ere manifestations of more rapid ssdimentation
and igneous activity. This mass was deposited in & broad syn-
¢linal down-warp, which was leter thrust southwest oul over
the Cparasmites, at the same time heing isoelinally folded
with the main folé axes trending northeast-southwest. it the
same time the compressive forces, resulting from differential
thrusting on different blocks, caused the second axes of minor
folding to be at approximately right angles to the main ore Dur-
ing this time the mass wes regionally metsmorphosed. The
time of emnlacement or deposition of the trondhjemite is not

Known.,
ORE BODY DESCRIFTION AND STRUCTURE

Although lordre Gruve is composed of sever:zl different
ore lenses, the generalized ore zone has a strike length of
420 meters and hus been daveloped to a depth of 510 meters

tLelow the surface. The sverszge thicknese of the ore is 1.66
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meters. The zone strikes W,420E. and dips 380N, in the western
part snd closer to 45-500W, in the esstern part. The general-
ized ore zone plunres about 459 to the northeast. The ore
body, as thus far explored by Folldalsverk, is in agreement
with the elecfromagmetic snomaly found in 1941 (Geophysical
lalmleting, 1941), except that the geophysical survey indic-
ates more ore to the east of where it appeszrs to pinch out
underground. This externtion of the aznomaly could be caused

by zonesg of pyritic impregnations.

The 200 prajection of Nordre Gruve (See Pig.&) better il-
lustrates this information in three dimensions., The pro-
jection is a gimplified represgentation of a series of verti-
ical cross-sections every £0 meters along the x=-ceorcinate
which were prepared by the mine, This has removed many of
the complexities of branching and detailed folding from the
diagram. Also, zny structures behind the plane of the fore-
most ore lenses are obscured. The geologic map prisents a
detailed picture (See Flates 1 and £2)., But neither the geo-
logic map nor the projection shows the zones of disseminwted
pyrite znd chalcopyrite in theichloritic schiets which have been
proven in places by diamond drilling., The schematic drawing
ghowe that the ore hody le not one continucue manto or lens
(See Fig. €) but is instead composed of Tive separate ore
lenses or possibly only four, if one considers lenses 1 anc?
to he interconnected (the numbere of lenses uged here appesr
in the figure). To the maln and largest lens, in the eastern
part of the mine, number 1, are attached as vertical upward
branching lenses, numbers 2,2, and 5, and poseibly lens 7.
Lens 4 aprears to be unconnected to lens 1 and liss in

front of the main plane of the ore zone or to the north of
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lens 1. Lens € is comnected to lens 7 by a similsr type of
branching, and to lens £ is attachod the smaller one, number

2. The most wasterly and first mined lens, number 10 appears to
be separate from the otler lenseafgs piercedé by a hole which

is & parting or an area of cuartz-mics schists,

Flatee 1 and £ present the geology of the mine of all the
presently explored Levels (12€1) except the eastern part of Level
3 and levels 4 and &, This map is compiled from the work of
Sandvik {(1287) who indicated ore, wall rocks, and faulte,
when mapping the western parts of Leveles 1, 2, and 33 from the
work of Geis (1258,1981) who mapped Levels 7,8,8,10, and the
eactern part of Level 11; from the up-to-Cate record of located
ore by Folldaleverk:; and fromw the author's mespping of Levels
13,1245, and the western part of Laevel 11 and his ohservations
in the rest of the mine over a three month period. The pre-
vious workers 4ic¢ not mep the attitudes of foliation, lineation,
gnd minor folding and are not responsible for the interpretations
of structures indicsted by the form lines of the mp. In the
field to egimplify the problem of the compiliation, the sane
three main rock units were used in mapping as were used by the
previous two workers,

Freliminary to a consideration of folding, a discuseion
of ore thicknesses woulé he useful, The thickness of the
massive sulfide ore varies, as messured in the mine €64 times,
end hae a range of 0.1 to 10.4 meters, These values were plot-
ted on a frequency disgram and gave a mode of 1.0 meter. The cal-
culeted averzie thickness is 1.66€ meters. On zecount of the
irregular distribution of measured thicknesses, they were put
inte 19 éifferent classes and the percentage of thicknesses

within each 0.5 meter class was calculsated (See Table 7, p.12).



Tabhle 7: Thicknesses of Cre

Class Range of Thickness  Percentage of Cumulative
Class (meters) |Neasured Thicknesses [ercentage
1 Ocl- 0-5 2:. 2319
2 0-6"‘ 1-0 20-5 '1‘1.4
3 1-1" 1-5 14-8 59.2
4 116"' 2-0 1314 72.6
5 2.1- 2.5 7.8 80,.4
6’ 2.6- 3-0 7-2 87.6
7 3.1- 3.5 2.6 0.2
8 3.6- 4.0 4.1 94,3
9 4,1- 4,5 1.7 96.0
10’ 4-6— 590 1.1 9?.1
11 S.l= 5.5 0.8 97.9
12 5.6- 6.0 0.5 CB.4
13 G.,1- €,€ Oel 98,5
14 6.6" '?.0 0.6 99.1
15 ?01- l?cﬁ' 0‘.1 99.2
1e 7.6= 8.0 0.3 99,5
17 &.1- 8.5 0.1 29.6
18 8.6- 2.0 0.3 ¢9.9
12 2.1-10.5 0.1 100.0

Note that 44.4 percent of values messured fall below 1.0 meter,
vhile 87.6 percent of the values measured fall below 5.0 meters.
Since all of the thickness data were located on mine maps, it
was possible to yrepare a profile (See Fig.7) of Nordre Gruve
on which the thickness of ore, irrespective of the leng in
which the ore is located, was contoured with an interval of
1.0 meter, From this profile there appear to be two lineations,
one trending northesczt =znd the other northweet. The northeast
trend is marked by the plunge of the ore body, while the north-
west trend is delineated by the individual high areas of
thickrness. 1In the following discussion, thickness of ore is
demonstrated to be controled partially by intensity of folding.
ihe largest structures which can he observed on the pro-
Jection, map, and cross-sections (See Fig.&) are flexures
down the dip of the ore body ané warps along the strike of the

ore as emphasized by the curving drifts on the map. As



can be gesn in the cross-sections 1,2, and 3 (See Fig.8), these
are not tight folds, nor are they structures one would expect
to offer structure control. The present locz=tion of thick and
thin ore, appears though to be controlled by this gentls warp-
ing and a tighter type of folding whieh is responsible for the
branching and lensing shown on the map and cross-section. This
iz not in seccordance with Geis' (1288) suggestion that the
branching is entirely due to oriwinal sedimentary interfinger-
ing of ore beds and rock beds. Nowhere underground were any
interfingering type of relationg observed between ore and rock.

Uncéerground and on the surface whers there are exposure:,
there are many minor folds. These, both in the undifferentiat-
ed schicts and the quartzitic schists, plunge in one of three
directions, either arproiximately N,15-200W,, N.80°E,, and 1,45~
5695, at angles between 10° and 90°, The direction N,.800L, has
a minor number of folds, while the other two trends are about
equal in frequency. Wheare it is possible to measure the attitude
of a mineral alignment, mainly in the hornblende schists, the
same is found to be true. Although not evidence in itself, ilis
suggests two periods of folding if the N,20% . and N.500L.
trends are assumed to belong to the same period, since they are
almost perpendicnulsar to each other. Since the Folldal srea is
supposed to be a sheet thrust out over the Sparasgmites to the
south, it is slausible to connect one set of lineations with
the thrusting and the other to an earlier period of folding.
Others studying the Scandinavian Caledonides have postulated
more than one period of folding (Kvale,1853). Lindstr#m

(1955, 1957, 1958a, 19358b) iz an ardent proponent of more than
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one axes of a tectonic tramsport and therefore many periods of
folding.

Cn the geologic map can be seen branches or pronss of ore
going out from the main massive gsulfide ore lences. On the
footwall the majority of these point eastwardly, while on the
henging wall the larger number of branches or prongs point
westwardly. In about 75 to 80 percent of the cases observed
on the horizontal section, this relation holds. From the under-
ground examination, there were many cases of folding in the
hanging wall rocks which ies manifest in the ore zone by the
thickening and thinning of the ore. In some cases, the prongs
or branches of ore seem to be direct results of folding, for
example on lLevel &, (coordinsates 350x and 310y). Here in the
broader less intense fold, plunging 55°N.W., the ore is thick=-
est, while in the more intense fold the massive sulfide pinches
out into a prong-like form (See Plate 1),

The consistency of branching seems to be best explained
by & shear couple pzrallel to the ore zone during the forma-
tion of the syncline., This would form drsg folds with the
appropriate plunges. Such a ghear couple appears to have been
in operation over the entire period of folding and meta-
morphism and to have continued until a much later time. Earlier
parallel shear couple shows its effects on the ore minerals,
expecially pvrite which has been brecciated and fractured

Cee the (re, p.46). Evidence of movement parallel to the ore
zone ig found in the foot wall cross-cute., These are zones

in the schists where loose chloritic schists are accompanied
by carbonates. Kear the liarie Louise Shaft on Level 11, such

a zone was studied in some detail und was found to contain
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prochlorite, pyrite, sné z carbonate forming a loose schist
hazardous to mining. This appears to be a shear zone. There
are other examples underground of the same relationship. This
could be early or late tectonic movement. The latest tectonic
movements parallel to the ore body are evidenced from slicken-
sides on the ore and immediate wazll rock, in places, and by the
loose chloritic schict envelope generally found on both sides
of the ore.

From Levels & to & near the x-coodinstes 250-350 east,
there are gererally two branches of ore forming and eve-like
area. This is believed to hazve been formed by an area of re-
latively intense folding in a zone plunging about <€0-700 north-
west. Within this zone, many minor folds controlling the thick-
ness of the ore have been observed plungirng to ihe northwest.
The brosader more gentle fords contain the greatest thickness of
ore, while in the narrower more intense folds, the massive
sulfide ore pinches out. On Level 3 (about 250x) there is a
similar suggestion of a zone of folding. On otner levels in
the wall rocks, there are many examples of minor folds, some=-
times affecting the ore, but more often not.

The present location of the ore, besides being partially
controlled by folding, has been afflected by much later tec-
tonic movements transverse to the ore zore . There are two
fairly distinet groups of transverse faults; one striking
northeast and the other northwest. Those of either set may
dip east or west, althouch the majority of the northwest
trending faults dip westward. On Level 1 #here are a large
number of faults, as mapped by Sandvik (1937), many of wihich

die out before reaching Level £, Possibly some of these could
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have been joints or other surface phenomena, especially those
which show no horizontal or vertical displacement. At a depth
below Level 6,post-ore faults are much more persistent and cun
generally be traced from level to level., The maximum apparent
strike-glip désplacement on any one fault is about 18 meters.

The pogt-ore faults are sometimes without a breccia or
crush zone, &nc at other times they have one. For example,
the fault zone on Level 11, (coordinates 500x and €40y) was
studied in detail, The fault strikes N60°W. end dips 77°W.
It has a breccia zone of about 0.2 nieters composed of crushed
and fractured fragments of massive pyrite ore in a carbonate
matrix containing ground up chloritic schists, The massive
gulfide fragments were fractured and later filledc with crystel-
line calcite. The ore fragment-free part of the fault zone
containe small quartz lenses and fragments. A specimen of lhe
brecciated ore shows that there were no strong metallic mineral-
ization solutions at this time (See Flate 3, Fig..) in this
location, as the ore is still composed of primery pyrite and
sphalerite. 411 of the mineral constituents ere the same and
in the same association as samples of ore taken away from the
fault zone. A fault zone on Level 5 (coordinates 180x and 280y)
contains calcite, limonite, and geothite (7) plus maseive ore
fragments, The gecondery iron minersle may be much later than
the faulting and associated with secondary descending oxidizing
golutions.

Another reason for localization of ore appears &t first
glance from the map to be the thicknese of the gquartzitic schist,
but upon further study, the thickness of ore is not mecessarily

relzted to the thickness of the guartzitic schist in the foot



wall nor is the location of the ore related to it. For examnple
on Level 10, there ls a bed of guartzitic schist approximately
0.75 meter thick which has been affected by post-ore faulting.
Un either side of the fault where one would expect to find ore,
as it is normally associsted with the schist, one does not. In
another case on Lavél ¢ west, where the ore is O meters thick
for a strike distance of sbout 75 meters one does not find auy
quartzitic schist intimately adjacent to the ora. (n the lower
levels, cometimes it is noticed that ore pinches out as the
drift approaches more quartz-rich rocks. The occurrence of
guartzite or guartiz-mica schists of the foot walls of massive
sulfide hodies iIn ihe lorvwegilan Calecdonides is quite coumon,
but just because the relationship exists doec not necessarily
imply that the ore and the quirtz-rich rocks werz Tormed at the
sane time. It must be remembered that a guartzite is a compe-
tent rock, vhile chlorite-hiornblende~-epidote schists are incom-
petent and that at the contact of competent and incq%etent rocks
during folding, a shear zone can develop. This could later bLe
a locue of deposition for hydrothermal fluids.

The irregulsr lenses or plates of ore are essentially con-
cordant with the enclosing wall rocks, at the first obzervation.
On the map (See Flates 1 znd £) one c¢an observe many places
where the attitude of folistion appears to be discordsnt with
the ore zone, for example Levels 1£ and 13, This is usually
du=s to both the ore and wall rocks having a concordsnt roll or
flexure at this plsee. Typical of this apparent discordancy is
the minor anticline on Level & (coordinates 300x =snd 320y). Here

the ore is flexed over the antiecline in the chloritic echists



witheut any discordant or cross-cutting relatione. The gentle
folding of the well rocks and the snske-like form of the ofe

and the apparent cross-cutiing relations along strike are clearly
illustrated on the map.

The non-cross-cutting relations shown in a first approx-
imation are not urheld by a detailed scrutiny of the ore to-wall
rock contacts. Underground there are many examples of s=mall
minor folds where the ore has heen folded into the wall rocks or
has replaced a fold in them., There are also cases of the reverse
where thea wall rocks appeaer to have been folded into the ore.

At the crests and troughs of these folds, or in aresas of lower
pressure, the wuall rocke are most often corroded or replaced by
mageive sulfide ore.

Several examplze of this cross-cutiing relation are pre-
sented in Fig. ©. 411 are of varying sizes. Notice that the
minor fold on Level 7 (See Wig. 9(a)) contains glassy qua tz at
its crest where the ore forms an intrusion into the gquartzitic
schists. Also, note the undistrubed remnante of the chloritic
schiste in the ore. If one constructs a theoretical picture of
the fold without the intrusion of the ore, it could rescemble
(b) of Fig. €. In the gentle fold one has, going from the foot
wall to the hanging wall, quartzitic schists, massive sulfide ove
with chloritic schist partings, and chloritic schists. Upon more
intense folding, the ore, being mors mobile than the guartzitic
schists, would he injected or forced into the areaz of leust pres-
sure in the crest of the fold, carrying with it the partings -of
chloritic scnists. Thie would give the result seen in Fig. 2(a).
On the otherhand, it is difficult to picture the chloritic schists

during intense folding, before the emplacsment of the ore, form-



ing an apophysis into the guartzitic schists where massive
sulfide could replace all of the scuhiist except for the oriented
folded partings. One could explain the partinge of &iloritic
sehiste a8 an alteration product accompanying epigenetlic ore
deposition, but then one would have to hydrothermally alter all
of the ehloritic schists for 40 meters In the honging wall, plus
the rest of the chloritic rocke of the area. The mass of glassy
gquartz in the crest of the fold, also suggests that thie wae an
area of tension or low prescure where guartz could reerystallize
from the guartzitic schists. An example of schists folded into
the rocks is Fig.%(e). At this location, the massive sulfidec
appear to have corroded the wall rock &nd pulled pieces of it
out into é sulfide matrix, Fig.S(d){e),(f) are further examples
of the croscs-cutting effects shown underground on different
scales. At one location underground a definite and impressive
cutting relation of the are was observed. On Level (Dee Fig.9(e)
a series of folds plunging W.40°E. at 15-250 had z well preserved
folistion which could be traced to the contact of the guartzitic
schists znd the ore and was found to make an angle of slightly
lass than 929 with the ore. In the majority of cases, the con-
cordancy of the contact is observed.

The study of discordancy can be agproached at a smaller
scale and in more detwil through hand specimens anc polished
sections. On this scale there is no true concordancy of the
wall rocks with the massive ore lens. At every contact, there
are sulfides and silicsate minerals transgressing the imaginary
contact boundary. 1In some specimens, the ore is folded into
the schists tut exhibits cross-cutting relations to the folia-
tion of the schists (See Flate 5,7ig.l). In other cases, the

echists are folded into the ore, generally chloritic schistis
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(See Flate §,Fig.C). At other contacts of ore anc scnists, there
ie an apparent sharp contact, but moving lese than a centimeter
away from it into the schists, there are impregnations of pyrite,
chalcopyrite, and pyrrhotite (Lee Flate §,Fig.l). In some pluces
especially where an actinolite-rich chloritiec schist ie in con-
tacl with the ore, there is a zone of transition bestwesen schists
and ore. 4ctinolite heing the the main remnant of the schists in
the gengue of the ore (See Ilute 6,Fig.2) and pyrrhotite and
chalcopyrite most frequernt in the schists. In general =t the
contact there is a transcression of either zilicste minerals or
sulfides by zones of impregnation, folding, or remnante.

The structures at the ends of the massive pyrite body along
gtrike vary from a gradusl transition hetween the ore lens and
pyrite-impregnated wall rock to an abrupt contect between mus-
sive ore and quartz-rich wall rocks. On Level 1Z, at the west
end, the ore zone within a strike distance of 20 meters narrows
from a thickness of 1,0 meter to a zone of digseminated pyrite
cutes (maximum size is 1 centimeter) and chalcopyrite veinlets
in loose chloritic schists of about 0.25 meter thick. This
narrowing of ore is asccompanied, in some places (for exsmple
Level & wesi), by the main ore gplitting up into branches and
fingers from a half a meter thick down to microscopical size.

On Level 13 st the westerm end, the massive ore has a teil-like
form which looks as if it had been stretched and boudinaged off
in quartz-rich schists. TImmediately adjacent to the pinched off
lenges are loosge chloritic schists! An effect such aes this
probably originsted during the movements at some period parszllel
to the strike length of the ore body. Contrary to what one would

expect, had the Tolldal deposit been formed by the injection of
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a fairly homogeneous pyritic magmus as suggested by Vogt (1935,

1948 ), the wall rocks at the ends of the ore hody sre not bent

o
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nor moulded around the ends of the ore lenses. This would have
besn expected had the "magma" been injected znd forced the wall

rocke apsrt to make room for itself to crystallize,
PETRCLOGY OF THE WALL ROCES

The wall rocks =re similar to those found in the area wmup-
ped around Nordre Gruve, but because of their importance in
theoretical considerstions conecerning the origin of the are,
they were studied in more detail., In general, the hanging wall
rocks are of the undiffersntiated sclhist seriee, except upon
occasion when there are lenses of guartzitic schists., The im=-
mediate foot wall of the ore is generally composigd of quartzitic
schists which se one goes south from the ore, change to the un-
differentiated schists. Unfortunately, there is only one local-
ity where & large section of the hanging wall rocks is exposed.
It is in the rilling eross-cut on Level 10 at coordinates 4&0x
and 520y. Toot wall rocks are well exposed by the cross-cuts from
both shafts below Level €; above that level they are exposed only
in ore cross-cut and in footwall drifte. At some localities,

a quartz-albite gneiss-to-schist is alsoc exposed undergrounc.

The undifferentiated schists both in the hanging and foot
walls consist of vsrious asesemblages of six minerals; quartz,
chlorite, calcite, epidote, biotite, =znd hornblende., The ac-
cessory minerals are muascovite, g=rnet, albite, rutile, apa-
tite, sphene, zircon, zllanite, and ore minerals. Table &
contains modal snalyses of the various mineral assemblages
(See pe29)d A very thin layer of loose chlorite-calcite
schist arpears on the immediate hanging and foot wzlls of the

ore hody in mosl cases.



The texture of the rocks of the undifferentisted schist
series varies from fine-grained and foliated with a homogeneous
assamblage of minerals to schistone, with éistinct interlayering
of the quartz-rich bands with those rich in mafic minerals,

sometimes intense folding and shearing has disrupted the layering

Table E€: lodzl Analyses of Undifferentiated Schists.

1 P 3 4 5
unartz 40,7 23.0 22.4 18.3 50.6
Alhite 0.0 0.0 0.C tr. 0.0
Hornblende 0.9 tr. 53.7 1.6 1.6
Chlorite 16.5 g2.2 11.8 67.9 13.¢
Biotite 2.4 0.0 0.0 0.0 12.4
Muscovi‘b& 000 OQO 0.0 1-9 0-0
Epidote 1..3 35,8 3.5 5.3 4.5
Calcite 19.5 1.3 0.3 0.0 9.5
f;arnet trq 0..~, OQO O.D 0-\’}
Rutile 0.7 0.5 1.0 le2 0.0
Apatite tr, tr. . tr. 0:0
Sthene 0.0 .0 0.0 0.C 0.3
ZiI‘COTI O-O Gcf) OID 0.0 :-1
Ore minersales 1.0 2.0 0.5 3.6 0.5

1) Quartz-cslcite-chlorite schist, foot wall, Level 10
Nordre Gruve.

2) Bpidote-chlorite-quartz schist, foot wall, Level 10
Nordre Gruve.

S) Tornblende jusrtz-epidote schist, foot wall, Level 10
Nordre Gruve.

4) Chlorite-quartz~epidote schict, hanging wall, Level 11
Nordre Gruve.

5) Quasrtz-biotite-chlorite schist, hanging wall, Level 11
Nordre Gruve,

and lensing. At various localities, qusrtz and calecite are in
lenges ranging from microscopic to 0.3 meters or larger in
thickness. Luartz often avpesrs as the only conetituent of a
lens as doeg caleite, Wigures 10 and 11 exhihit typical examples
of zones enriched in calecite and quartz in the foot and hanging
walls. Zones of carbonate and quartz enriched schists were noted
on the original map but hecause of their size could not be re-

produced on the map in this paper.
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Microscopicslly, the minerals are zenerally sulhedral to
anhedral, exhibiting grinulated and crushed grains as well as
recrystallized areas. Guartz has strained extincetion under
crosged nicols and is usually finely granulated in the ground-
mass. When occurring as blastocrysts and lenges, it is recry-
gtallized into larger grains. Hornblende is often in euhedral
crystals forming a matted mass without any alignment of grains,
Frequently the edges of hornblende grains are altered to chlorite.

The biotite is a light brown pleochroic mica, possibly a phlogo-

pite, which can be found altering to chlorite. It occurs as sg-

E

ecates of grains and ss Individual bent and sheared books and
folia. Calcite has a sieve texture with inclusions of quartz,
muscovite, and epidote anéd in many instances apprears to be in

the process of porphryoblastic growth, In some specimens, two
generations of calcite in a porphryotlast could be recognized
because the centers of grains showed extinction under crossed
ricols in one position =and the edge:z showed extinetion at an-
other. In some cases, celeite is a secondary minersl filling

in around grain toundaries a2nd in fracture zones and in other
cases it does not seem to be of this origin. Chlorite is the
ubigquitous mineral of undifferentizted schists, occurring as

an alteration product typical of retrogregsive metamorphism.

The chlorite folia show the effects of she:ring and folding in
their warped and torn grains. A member of the epidote family
occurs in twinned on the (100) plane subthedral crystals, iso-
lated anhedral grains, and aggresgated masses of granulated greins.
In one case, the optics of the mineral were determinec. The
mineral has a ny=1.7252.002, n,=1.7322,002, nyg=1,712:.002, Xnc=Q9°,

positive, and large 2V. It occurred in green elongated tabular
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prisms with & maximum length of 0.5 milimeter and & width of 0.1
milimeter. According to Troger (1952), it is a pistacite con-

taining zbout 15 mnl percent of the molecule HCagFe15iBO At
L= L.

15
other places, tabular prisms of a greenish gray mineral were
found associated with glassy quartz lenses. By E-ray methods,
the mineral was determined to be zoisite. It is evident that
composition of the epidote minerals in the schists varies de-
pending paetly upon the original chemical composition of the
gchiste., In some thin sections, especially rich in ore minerals,
the epidote contained centers or inclusiong of a pleochroic
brown, very high positive relief, high birefringent mineral
which is tentatively identified as allanite. Garnet, where it
occurs ag an accessory mineral, is euhedral with numerous in=-
clusions of guartz. The ore minerals are usually aligned along
foliation plunes in the schiste.

In the foot wall cross-cuts are exposed zonee of loose
chloritic schists, included in the undifferentiated schists,
which range in thickness from 0.7 meter to £ meters or more.
These zonec have the appeazrance of having been highly sheared
and perhaps & locus for the flow of solutions, either hydro-

thermal ascending or secondary de

m

cending ones. The dominant

mineral in the zone is chloriie, usuall amounis ol more

than B& percent by volume. It has a n,~1.615¢.002, is
optically positive and shows green pleoclroic colors. Ac-
cording te Winchell (12581), it would be & prochlorite or rip-
idolite. Fyrite cubes, having an elongated axils parallel to
the follstion, are sometimes present. They attain a size of

i to Z centimeters, TIn other zones, discrete crystals of a

carbonate mineral with a ng=1.€25 to 1,70¢ is found. It was



detearmined by & x-ray powder prattern to be in the group dolo-
mite-ankerite. From its rafractive index using & chart in
Kennedy (1947,p.562) it must be & dolomite contalniiy sebout

25 percent ankerite. Other minersls found in the chleritic
echiste in emsall amounts are actinolite, quartz, sphene, chalco-
pyrite, biotite, and apatite,.

On Level € al coordinates £560Cx to 260x and 580y a distinct
laver or ted of chlorite-epidote-garnet schist containing large
amphibole blades up to 5 centimeters long was mepped. XNo where
else wae this distinct laysr observed, excepl in the Marie
Louise Sheft on Levels O and 10, although the undifferentiated
schiste in the foot wall of the western end of the lower part
of the mine are very rich in amphitoles, usually actinolite.
This schiat containe@ 88 rercent of chlorite in & felted mass
of gnhedral crystais, 5.1 percent of epidote, 4.1 percent of
garnet porphyrotlasts (a maximum size of 0.5 centimeter)} con-
taining epidote inclusions, 1.4 percent of amphibele, more or
less occurring in rosettes of euhedrsl crystals, and minor
amountes of yuartz, calcite, and ore minerals. The garnet has a
refractive index of 1.800+.002 and probably belongs to the
almendine-pyrope family. The optical data of the amphibole are;
Ny 1.6764,008, ng=1.684*,00, e 12.59, X is yellowish btrown,
Y is greenish yellow, Z is dark green, positive, and 2V=789,
This according to Tr8ger (1968,p.72), makes it an actinolite
with 70 to 20 mol percent ol the imsginary molecule CagFey or an
iron-rich actinolite. The chlorite is optically positive and
has a ny=1,6222.002 and according to Winchell is probsbly rip-

idolite, and occurs a: the main mineral in the schist.
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Normally, the quartzitic schists compose the immediate
foot wall of the ore wherever the thin selvages of chloritic
schists are not present. The quartzitic schists are also
present as lenses and boudins "floating" within the undiffer-
entiated schists. They range in composition from mica-{(mus-
covite and sericite) quartz schists to recrystallized, some-
times glassy, quartzite containing less than 5 percent ac-
cessory minefals. The majority of the schists contain 60 to
20 percent quartz, up to 10 percent muscovite and sericite,
up to 20 percent calcite and other minor minerals such as
hornblende, epidote, chlorite, albite, sphene, and ore
minerals. 1In crests of folds the schist contains a higher
percentage of albite than elsewhere., The rock is foliated
by the alignment of the phyllosilicates and trains of ore
minerals at some localities. The main ore mineral is fine-
grained crystals of cubic pyrite, with minor amounts of
of chalcopyrite and pyrrhotite. The quartz generally shows
strained extinction in the larger grains. These large grains
can be surrounded by many finer grains which make it appear
as if the quartz has been granulated and later recrystallized,
A normal microscopic texture is a lens of large recrystallized
quartz grains, sometimes glassy quartz, stretched out parallel
to the foliation. The average grain size of the quartz is
0.5 millimeter, while the larger grains have an average size
of 0.8 millimeters. Table 9 presents several modal analyses
of the quartzitic schists, while in the diagram representing
rocks with more than 60 percent quartz plus feldspar, their
compositions are compared with those of the quartz-plagioclase
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gneisses (See Fig., 12 ).

Table 9: Modal Analyses of Quartzitic Schists.

1 2 3 4 5
Quartz 72.1 85.5 75,2 76.2 66.3
Albite 0.4 3.1 8.2 0.9 1.8
Muscovite 2.2 11.1 0.0 12,7 7.3
Biotite 0.0 tr. 6.6 tr. 4,6
Chlorite tr. tr. 0.0 0.1 0.0
Caleite 14.9 1.1 0.0 7.4 0.1
Hornblende 0.0 0.0 0.5 0.0 6.4
BEpidote 1.4 0.4 2.8 2.2 13.5
Sphene 0.0 0.0 tr. 0.0 6.4
Zircon 0.0 tr. 0.0 tr. tr.
Ore minerals 2.0 0.9 0.0 0.4 0.0

1) Quartz-calcite schist, Level 10, foot wall, Nordre
Gruve.

2) Quartz-muscovite schist, Level 12, foot wall, Nordre
Gruve,

3) Quartz-albite schist, Level 11, near 250 Shaft, Nordre
Gruve,

4) Quartz-muscovite schist, Level 13, foot wall, Nordre
5) gﬂg;‘r?cé-epidote-muscovite schist, Level 10, foot wall,
Nordre Gruve,

Since the quartzitic schists show marked lack of feldspars,
the author believes that they represent metamorphosed equival-~
ents of dirty sandstones, deposited during a period of relative
stability and not the equivalents of metamorphosed quartz-kera-
tophyres or acid tuff accumulations, although no relic sedi-
mentary textures were observed. The strained extinction,
granulated textures, and foliation are evidence of tectonic
movement after deposition.

Underground the quartz-albite gneiss (occasionally with
a schistose texturé)was mapped as undifferentiated schists un-
less it exhibited clear contacts with the other rocks, Where it
did show a definite contact and not a gradiation into schistose

rocks, it was separated, mapped, and indicated on the map(See

Plates 1 and 2) expecially on Level 6, The gneiss occurs as
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distinct bands which continue for short distances along strike
as lenses and boudins and as an indistinguishable gradational
rock. As can be seen on the diagram (See Fig,12), it closely
approaches the composition of trondhjemite mapped on the sur-
face and not that of the quartzitic schists. To explain its
occurrence underground in the distorted and folded lenses within
undifferentiated schists is difficult. One suggestion, though

a poor one, is that it formed more continuous beds or lenses
than it does at the present and that due to the competency of
the gneiss relative to the undifferentiated schists, under fold-
ing and thrusting of the region, the gneiss was boudined and
broken up, while the other schists flowed in around it. Only
one problem with this is that the foliation is generally para-
1lel to that of the surrounding schists, and not different as
would be expected if the gneiss went through such an intense
tectonic movement, Since they do not occur in any one definite
stratigraphic zone, they do not seem to represent lava or tuffs
that were once in a molten state, but are more likely reworked
material or water laid tuffs which could have a more irregular
type of distribution.

The quartz-plagioclase gneiss has an inequigpanular, allo-
triomorphic texture. Mieroscopically, it is composed mainly
of quartz, albite, and epidote. Minor minerals are calcite,
muscovite, chlorite, biotite, orthoclase, garnet, rutile,
sphene, and ore minerals. Table 10 presents some modal ana-
lyses (See p.36). The gquartz tends to ahve a wavy extinction
under crossed nicols. Albite (Ang-Ang) occurs as crystoblasts

as well as in the groundmass. The crystoblasts sometimes show
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Table 10: Modal Analyses of Quartz-albite Gneisees.,

1 2
Quartz 47,2 57.7
Albite 40,0 26,2
Orthoclase 0.4 tr.
Muscovite 0.0 tr.,
Biotite 0.0 1.7
Chlorite 2.1 3.6
Calcite 2.3 0.4
Epidote 0.4 8.1
Garnet 0.1 0.1
Rutide 0.0 tr.
Sphene 0.1 1.8

1) Quartz-albite gneises, occurs as a lens, Level 10,
Nordre Gruve.

2) Quartz-albite schist, occurs as a continuous band,
Level 6, Nordre Gruve,

a perthitic texture and always have a sieve texture caused by
numerous subhedral inclusions of quartz, muscovite, and epi-
dote. Albite in the rock is frequently twinned. Infrequently
the albite is sericitized or kaolinized giving it a dusty ap-
pearance. Garnets, when they occur, are of the pyrope-alman-
dine group and are occasionally rimmed with blotite, and con=-
tain many inclusions of epidote. Calcite seems to be a secon-
dary mineral in most cases, filling in around grains along
cleavage planes and expanding in aggregates from that type of
original position. It generally has a dusty texture to it,
except when it forms clear veins in fractures.

On Level 5 west at about coordinates 200x and 280y, an
odd occurrence for Nordre Gruve and the surrounding area was
observed. A large carbonate mass, 2,5 meters thick, was
found exposed at various localities along 100 meters strike
distance in the foot wall, The exposures are limited by the
areas which have been stoped out probably removing part of the
body and by unstoped areas where the rock disappears into the

walls. In thin section, it consists of 95 percent carbonate
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with traces of quartz, micas, and ore minerals. Magnetite is
occasionally found aligned in planes in the carbonate. The
contact of the carbonate with the ore is of a gradational type.
Several samples of the carbonate was separated and identified
by an x-ray powder pattern as belonging to the dolomite-ankerite
group. The n, refractive index was determined for these samples
and found to range from 1.692 to 1.711. According to Trlger's
chart (1959,p.26), this makes it a dolomite with about 25 per-
cent CaFe(CO3)2 in it. No dolomites or limestones have been
reported in the Folldal district previously, but this could be
due to the limited amount of geology done in the area, The
author believes that this dolomitic mass represgents a thin bed
of carbonate deposited in the original synelinorium, Besides
ites occurrence, other evidence for its sedimentary origin, is
the large amount of calcium in the o ther schists as shown by
calcite in the modal analyses. Thin bands of limestone in a
similar series of rocks, although less metamorphosed, are
common in the geologic column,

In Fig. 13 are plotted the recalculated modal analyses of
all schists containing less than 60 percent quartz plus feldspar.
The apices of this compositional diagram were chosen to be
calcite; the micas, chlorite plus biotite plus muscovite; and
epidote plus hornblende, Each analysis is distinguished as a
hanging wall, foot wall, or surface rock depending upon its
occurrence. Those schists and gneisses with more than 60 per-
cent quartz plus feldspar zre represented in Fig. 12 in a tri-
angular diagrem with quartz, feldspar, and mafic minerals at
the apices. Fig. 13 represents the more basic and magnesium

rich schists, while Fig. 12 illustrates the compositional
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variance in the more acid rocks. The acid rocks are clustered
into two groups, one around the analysis of trondhjemite and
the other along the quartz-mafic minerals' composition line
near 70 to 80 percent quartz.

The trinagular diagram of the more basic rocks combined
with the general geology of the region considered in this study
suggests interesting, but so far unproven, clues concerning
the depositional environment of the original rocks forming the
schists around Nordre Gruve. Assuming that the schist series
is not overturned, there was a change from argillaceous csed-
imentation, as illustrated by the modal analyses of the foot
wall which are near the mica apex to a more caicareous type of
deposition as shown by the modal analyses of hanging wall schists.
Following the argillaceous sedimentation, a dolomitic limestone
was deposited, succeeded by a quartz-rich sandstone before the
hanging wall calcereous @ediments. This sequence is suggestive
of conditions similar to a border facies of a basin., Geis
(1961) states that some massive sulfide deposits in the Folldal
district occur on the flanks of & trough. The problem of sed-
imentary envoronment of the schists has only been opened up
by the work so far done and has by no means been solved.

An attempt was made to distinguish whether an alteration
halo or zone existed around the ore body. This was done by
making a detailed mineralogical study of a hanging wall and
foot wall section of the undifferentisted schists., The re-
sults of this detailed study were then compared with wall rock
samples collected in various other locations near the ore zone.
Figures 10 and 11 summarize the results of the detailed study,
In each diagram, a graph of the modal analyses versus location

with respect to the ore body is exhibited and remarks on the



various other samples are made. One can see that immediately
there is no simple trend or variation in mineral percentages
with respect to distance from the ore zone. In part, this

again reflects the original heterogeneity of the undifferentiated
schists, and in part, reflects probable results of varying meta-
morphic processes, but it does not give evidence for an alter-
ation halo around the ore body. As shown in pages 8 through 12
chlorite as a secondary alteration product is present all over
the area mapped, and therefore, can not be used as evidence of
hydrothermal alteration accompanying the ore. Other rock

sam mples studied throughout the mine give no evidence for an

alteration halo.

THE CRE

There are really two different types of ore. One is the
massive sulfide ore consisting meinly of pyrite, pyrrhotite,
magnetite, sphalerite, chalcopyrite, and gangue. The cther is
dissemanated ore which occurs in the wall rocks and along the
continuation of the strike of the massive ore in some localities,
which is composed of euhedral crystals of pyrite and veins and
aggregates of pyrrhotite, chalcopyrite, and occasionally sphaler-
ite. The abundance of the disseminated type in relative volume
percentage is exceedingly small nor ‘it is generally mined or
exposed in many localitie s. It seems to occur mostly in sheared
zones either related to the main ore or separate from it. Thésé
type ranges from very sparse disseminations of single crystals
of pyrite to the more concentrated occurrences approaching in

their concentration of sulfides to that of the massive sulfide.
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In the massive ore three types of ore can be distinguished;
magnetite banded ore, a banded ore causde by changes in the
gangue to ore minerals' ratio, and a banded ore due to changes
in pyrite grain size. Only the first type of banding can be
followed for more than a meter underground because of the
difficulties in recognizing the characteristics of tlkee other
types of banding., The massive sulfide type of ore has in the
past been assumed to be a very homogeneous type of mineralization

and by rough approximation appears as such., The following
discussion should demonstrate that this is by no means true.
Before continuing on this, one needs to know the detziled ore
mineralogy.

The silicates and ghague minerals have been either de-
rived mechanically or chemically from the wall rocks, although
it is possible that some are of hydrothermzl origin and are
therefore discussed under Gangue Minerals (See p.G&4),

The only primary oxide mineral observed is magnetite,
Feg04, which is a relatively abundant constituent of the mas-
sive ore. 1In distinguishing different sub-types of mussive
ore, one variety is the magnetite banded ore where the mag-
netite occurs among the sulfides as euhedral to subhedral
crystals of an everage grain size of 0.5 millimeters and as
aggregates in lens-like forms or beds concordant to the fol-
iation of the wall rocks (See Plate 3,Fig.l). This could be
descrited as a type of discontinuous bandirg, each lens or
band of solid magnetite extends along strike for a few centi-
meters, but the zone of lenses extends along strike for great

distances., There are several examples of a conformzble re-
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relation where the wall rocks have been folded controlling the
thickness of the ore. In these cases the magnetite bands are
also folded in a similar fashion., Also in some localities, the
magnetite bands were found to bend around glassy quartz lenses,
This sub-type is mixed with the banded massive type caused by

a variation in the ore to gangue ratio. A suggested possibility
for the origin of the magnetite banding is that the ore could
have been folded after deposition if one considers the magnetite
to be of the same depositional phase as the sulfides., If one
assumes magnetite to be of any earlier mineralizing phase on
textural relations, then it and the wall rocks could have been
folded with a favorable horizon which was later replaced by
sulfide minerals, Magnetite also occurs as subhedral and eu-
hedral grains, sometimes fractured and crushed, concentrated
around carbonate fragments in the massive sulfide ore, In either
mode of occurrence, the sulfide minerals are moulded around and
occasionally replace the magnetite grains therefore suggesting
that the magnetite is of an earlier age of crystallization than
the sulfides, Small blebs of pyrrhotite are found within the
magnetite in some cases. An example of magnetite banded ore is
illustrated in Plate 7,Fig.l., The lenses or bands of magnetdte
banded ore can attain a thickness of 2 centimeters, In a couple
of cases, magnetite was replaced along its crystallographic
growth boundaries by a carbonate mineral ESee Plate4,Fig.2).

This is an uncommon rhenomena in Nordre Gruve.

The sulfide and sulfosalt minerals icentified in the mas-
sive sulfide ore of Nordre Gruve are the following(See p.42):



42

Main minersls Accessory minerals
Pyrite, FeS Galena, PbS
Pyrrhotite,ﬁel-xs Cubanite, CuFeS
Chalcopyrite, CuFeSo Molybdenite, Mo
Sphalerite, ZnS Arsenopyrite, FeAsS

Fahlerts

The accessory minerals amountto less than one percent of a
modal analysis of 1000 points in any one specimen. Cubanite
never appears in a modal analysis of the ore because of its
scarcity.

Pyrite is an ubiquitous mineral and also by far the most
abundant mineral of the ore, For this reason, a detailed study
of pyrite grain size was done. Grain size, in this case, is
the size in length and width of rectangular sections of pyrite
with a cubic habit as shown in a polished section. Some 200
rectangular sections were measured and plotted on a graph of
length versus width. The mode of the maximum dimensions that the
pyrite cubes have is 0.67 millimeters squared and that of
minimum dimensions of the cubes is 0.58 millimeters squared
based on 200 measurements (See Figure 14). The range i¢ from
smallest measurable size to about 3 millimeters squared, (this
includes maeroscopic measurements), although there are examples
of euhedral pyrite in the disseminated type of a maximum size
of 2.5 centimeters and places in the massive ore where the
pyrite attains a much larger size.

If one takes a large number of randomly oriented cubes
and passes a randomly oriented plane through the cubes, in
practice a polished section of ore minerals with cubic habit,
it is possible to calculate the longest theoretical edge of
a rectangle made by the random cut. Of course such a plane

will give other sections besides rectangles, i.e., triangles,
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rhombs, and five sided polygons, but one is interested in only
those sections that are definitely rectangles. The longest
side of a rectangle made by a random cut in a cube is, simply,
the diagonal of a square., A line representing the diagonal
as an edge of a rectangle and a line representing a perfect
cube can be plogted on a graph of length versus width as is
done 1in Figure 14, Any measurement of rectangles which fall
in the region below the line representing the diagonal as an
edge line on the figure, indicates a theoretical impossibility
if one assumes the habit is cubic. Such points as these in
Figure 14 can be explained in several ways; (1) a subjective
error exists in choosing only rectangles to measure, (2) the
actual habit of pyrite departs from a cubic formand tends to-
wafd an octahedral habit, or (3) the pyrite cubes have been
elongated in one direction due to stresses either during or
after deposition of the minerals. About 20 percent of the
rectangles mezsured fall into the region of elongation, which
suggests case (1) not to be entirely adequate, There are no
visual reasons for believing in case (2) from macroscopic
specimens. Therefore, to the author the elongation of the
pyrite cubes offers the best explanation.

The variation in grain size of pyrite gives rise to a
third major sub-type of massive sulfide ore which is character-
ized by a textural banding and lensing due to more or less
abrupt changes in grain size, which is generally conformable to
the follation of the immediate wall rocks. This type of Banding
is impossible to follow underground for large distances and
so it is difficult to determine its extent. This sub-type
is complicated by occuuring not only by itself, but in the same
specimen with magnetite banded and/or gangue to ore banded

types. Pyrite also forms a massive ore without conspicuous
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banding.

An example of pyrite texture banding is presented in Platie
7,Fig.2. On the right side of the specimen, there is a band
6 millimeters wide of euhedral to subhedral pyrite crystals
0.25 millimeters in size. There is about 10 percent gangue in
this band, Following this, comes a zone of 5 to 6 millimeters
wide of pyrite crystals 1 to 2 millimeters in &ize with about
30 percent gangue., Newt is a band 8 to 10 millimeters thick
of pyrite crystals with a maximum size of 0.5 millimeter but
containing more than 25 percent gangue minerals, The next zeone
is similar to the first band of 0.25 millimeter crystals
but is &5 millimeters thick. The following zone ressembles the
fourth band of 0,5 millimeter crystals with 25 percent gangue.
The first band type is again repeated for a thickness of 25
millimeters or more., In this speciment the pyrite grain size
banding is evident as is also the relstion of tpe gangue to
ore mineral ratio banding. Although the grain sizes and
zones above are typical of this type of banding, they are
not of any use in determining a succession of grain size bands
throughout the mine because of the great variation from one :
location to the next which is illustrated by Plate 8,Fig.l and
2. In Plate 8,Fig.l the specimen has one band of coarse
crystals while the specimens in Plate 9,Fig.2 and Plate 10,Fig.1l
show a more lensing and irregular arrangement of different
grain sizes set off more or less by concentrations of gangue
minerals, The subhedral and euhedral crystals of pyrite in
polished section sit in a matrix of chalcopyrite, pyrrhotite,
and sphalerite. Often the edges of the pyrite crystals have
been corroded by chalcopyrite and pyrrhotite and exhibit

irregular boundaries against these two matrix minerals,
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Generally, pyrite shows distincg crystal edges when against
sphalerite, In many cases, what appear to be inclusions of
sphalerite, chalcopyrite, galena and silicstes are seen in

the middle of euhedral pyrite crystals, Interestingly,
pyrrhotite is scarce as "inclusion" material. If these re-
present true inclusions in three dimensions and not embayments
in the pyrite, they could therefore be explained by the pyrite
crystal growing around the other minerals during metamorphic
processes. A three dimensional investigation was carried out
in the following manner. Specimens which showed "inclusions™

in polished specimen similar to those seen in Nordre Gruve
sections were chosen from friable ore material from Bleikvassli
and were leeched #n nitric acid to remove all other sulfides
which may have made caries in the pyrite and therefore appeur

as "inclusions" in two dimensions, After this,polished specimens
were prepared of the leached pyrite grains and observed under
the microscope. In Plate 4,Fig.d, the result is shown by the
gray areas of plastic, used as a mounting medium, where the
inclusions would have been in a polished section such as Plate
13,Fig.l. One or two inclusions were observed after this
process, but the majority of "inclusions" did not exist. From
this, it can be assumed that most of the "“inclusions" really
represent a three dimensional continuation of the cerie structure,
It ie still possible for some of such textures to be inclusions.
Plate 1Q,Fig.%? shows a pyrite crystal penetrated by a silicate
grain, probably an amphibole, which could be interpreted as
pyrite growing around a silicate or as a silicate repiacing
pyrite. The author prefers the sulfide growth theory.
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In many places, the pyrite crystals have been fractured
along cleavage plane, crushed, or granulated and therefore
exhibit a cataclastic texture. The intensity of this texm-
ture varies from pyrite crystals which show only slight
traces of fracturing to erystals where the fracture parts
of the pyrite grains have "“floated" away from the crystal
and have later been filled around by the matrix minerals.

Each fragment could be joined back together to form the
original crystals because of the slight amount of corrosion

of the pieces (See Plate 11,Fig.Z). At stages in between the
extremes, one finds the pyrite crystal still as an entity but
with cleavage fractures not filled with ore minerals as in

Plate 11,Fdg.l. There is a continuous series of textures from
those crystals whdch are euhedral and unfractured to those which
are broken into pieces "floating'" in matrix minerals. From the
given examples it can not te assumed that there has not also
been some replacement along the fractures and at the edges of
pyrite crystals by the matrix minerals. FPlate 14, Fig.l shows a
late stage of this ty; e of replacement of pyrite by sphalerite.

The greatest concentration of euhedral, non-cataclastic
pyrite crystals, entirely free from "inclusions" appear in
the crests of folds which have gone off from the main ore into
the wall rocks. Flate 13, Fig 2 illustrates this texture and
also shows each of the matrix minerals at such locations. Also,
under reflected light, pyrite grains uesar prassy quartz and
guartz-cartonate inclusions seem to be relatively free from

“inclusionsw

Besides the above normal types of pyrite textures for

the massive ore of Nordre Gruve, there is at certain localities

quite a different appearing pyrite (See Flate 13, Fig. 1).
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This type is very fire -grained, less than 0,015 millimeter in
diameter and dusty because of the atundance of fine flecks of
silicates in the pyrite. It is similar in grain size for
Lgkken pyrite deposit which varies in grain size from 0.01
millimeter to 0,10 millimeter (Vokes, 1960). The main matrix
mineral is sphalerite while pyrrhotite and chalcopyrite are
rare in this type of ore. The pyrite of fine grain size, in
some cases, seems to be & result of intense shearing and gran-
ulation. 1In other cases, it could be remnants of originally
deposited pyrite which has not recrystallized to the same
degree as the rest of the ore body. This explanation only
holds if one accepts the theory that the ore body was deposited
earlier and then later involved in the regional me tamorphism,
Where this fine-grained pyrite occurs as a brecciz in a post
ore fault, as illustrated in Plate 3, Fig.2, it is reasonable
to postulate that it originated from shearing movements. This
is also true of its occurrence within a courle of centimeters
of the wall of the ore body, as associated with slickensides
caused Dy the parallel shear couples. When it occurs at loca-
tions where there are no visible evidences of post-ore movement,
the origin of the fim -grained pyrite may be explained by local
areas of unmetamorphosed ore. An example of this occurs on
Level 10 at coordinates 540x and €90y. The hanging wall and
foot wall areas are medium-grained messive pyrite ore with
normal amounts of matrix minerals. The pyrite crystals are well
developed, generally euhedral, with few inclusions, while the
middle ore is composed of the fine-grained, dusty type of
pyrite with sphalerite as the main matrix mineral. This zone
does not appear to continue along strike more than a few meters,

nor does it at any point become hanging or foot wall ore,
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Sphalerite occurs as one of the matrix minerals for the
pyrite crystals. In some cases where there is ore relatively
rich in magnetite, sphalerite is sparce or lacking, otherwise
it is an almost ever present mineral of the are. It occurs us
irregular masses or aggragates moulding around and replacing
pyrite, as caries in pyrite, replacing chalcopyrite, and
alone associuted with silicate and carbonate minerals., It
is extremely rare to find sphalerite associated with pyrrho-
tite. CEphalerite is some cases, segregates into large masses
which appear as bands or zones in pyrite ore without other
matrix minerals. Embayed and acalloped contacts of sphaler-
ite with chalcopyrite are freguently obgerved, while the op-
posite effect also has been noted. This makes the determin-
ation of a general crystallization series impossible between
sphalerite and chalcopyrite, but the overall evidence can be
interpreted that both minerals probably have crystallized
simultaneously.

Occasionally, sphalerite containg blets and dots of
chalcopyrite oriented along parallel planes. This seems to
be an exsolution texture although in many cases, it has been
completely destroyed., Bueger (1934) gives as a temperature
range of chalcopyrite unmixing from sphalerite as 350 to 400°C.
Sometimes the chalcopyrite in the sphulerite appears in no
definite orientution but is more like an emulsion testure,

The sphalerite in thin section has a dark red-brown color
caused by its iron content. Vokes (1962, personal communication)
has analyzed clean sphalerite from the zinc concentrates of

Nordre Gruve and obtained the following results for iron content:
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FeS in Sphalerite Temperature Temperature at

Wt. % DMol. % (uncorrected) 1500=1000 atms.
Analysis 1 11.81 12,93 4250C 462+25°C
Analysis 2 11.56 12,66 4200C 457+ 250C

The tempersatures given are based on the refined investigations
of Barton and Kullerud (1958) for the Fe-Zn-S system. Ac-
cording to Barton (1962, personal communication) the Fe-Zn-S
system for the sphalerite-prrite-pvrrhogite curve is still
not completely established below temperatures of 600°C, but
must be near to Kullerud's solvus., This means that the amount
of error expressed in Vokes' corrected temperatures must be
greater than 1s shown,

Chalcopyrite is found as a matrix sulfide in associetion
with both sphalerite and pyrrhotite as well as pyrite,.
There is a tendency for it to be concentrated on the foot
wall of the ore, around inclusions of carbonate, and in
chlorite schist partings. Chalcopyrite generally has mutual
boundaries with both other matrix minerals, but it is seen
to replace pyrite and upon occasions to form veinlets seemingly
cutting across pyrrhotite. Sometimes 1t contains minute blebs
of sphalerite which may be remnants of a former exsolution
texture, but now can not te definitely so classified. The
association of cﬂhcopyrite with pyrrhotite is typical of
veinlets and disseminations in chloritic hanging wall schists.
Pyrite infrequently gets into the immediate rock of this
hanging wall zone, The chalcopyrite occurs as irregular
mouldings or groups throughout the ore but in far lesser
amount than does sphalerite., It often appears to be replacing
silicate minerals, especially amphiboles, along cross-fractures
and cleavage planes. As can be seen, it is difficult to inter-

pret this as anything other than a replacement phenomenon,
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Pyrrhotite is perhaps the thiré most abundant ore mineral.
It has the tehdency to be concentrated along wall zones, in
the immediate chlorite schists of the hanging wall, in chloritic
schist partings in the ore, and around inclusions of glassy
quartz and carbonate (See Plate 10. Fig.2). Rarely does it
occur as inclusions in the pyrite as do the other matrix minerals.
The texture of pyrrhotite is allotriomorphic and never shows
crystal boundaries under crossed nicols in reflected lizht,
occurring as anhedrsal and rounded grains in aggregates assoc-
iated with chalcopyrite but rarely with sphalerite., Some-
times it shows strained extinetion and is further evidence
of tectonic movement in the ore zone, Examples of pyrrhotite
cross—-cutting and embaying the other matrix minerals has been
observed as well as the reverse relationship.

Galena occurs in amounte of less than 0.5 percent by
volume in the ore as small masses in the other matrix minersals
and in pyrite as inclusions., In one specimen one euhedral
crystal was observed. It is not abundant enough to be able
to defiine any textural or time of erystsllization relationships.

Cubanite is a rare mineral in the massive ore (observed
in only two polished sections) and occurs only in copper rich
areas where there are  high concentrations of magnetite and
pyrrhotite., The megnetite in these cases is usually partly
replaced by chalcopyrite and pyrrhotite. It is found only
in chalcopyrite where it forms single lamellae or groups of
lamellae having variable dimensions probably oriented along
(111) planes in chalcopyrite. Under crossed nicols it shows
a strong anisotropism while in plain 1light it ehyibits slight
pleochroism. Schwartz (1927) showed by experiments that

cubanite was exsolved out of chalcopyrite solid-solution at
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temperatures ranging from 400 to 4500C, Ramdohr (1962) says
that this exsolution tukes place at lower temperatures (about
250°C) without giving evidence for the stutement. Any chalco-
pyrite containing cubanite lamellae must have been above the
temperature of 250°C at least.

Arsenopyrite was observed in a few cases to occur in
qgkgd;al grains in pyrite rich ore from samples only near the
hanéihg wall of the ore body. In most cases, it was not cor-
féded by other sulfide minerals, but in a few cases the arsent-
pyrite grains were rounded anhedral fragments which had the
appearance of having been rolled, breaking off the crystal
corners, The Fe-As-S system has been worked out in some detail
by Clark (1960). He states that the maximum temperature of
pyrite-arsenopyrite association in nature must be 491+12° C
(Clark, 1960, p.1642) and that this applies whether pyrrhotite
is present or not. Therefore one of the two minerals, pyrite
or ersenopyrite, probably érystallized below 491+12°C in Nordre
Gruve. This only applies to those specific localities in the
mine where the association is found,

Molybdenite was observed in a couple of polished sections.
It always occurs as small blades either in sphalerite or more
normally in pyrite. None of the blades seen was bent or twisted.

A mineral occurring in small amountc in a few specimens
was observed, It is isotropic, has a white to bluish-white
color, is harder than chalcopyrite and is softer than pyrrho-
tite. It was only obaserved in areas of the ore relatively
rich in galena, Its properties seem to indicate that it is
a member of the fahlerts group (tetrshedrite-tennatite) com-

prising sulfosalts containing As, Sb, Cu, Zn, Fe, Ag, and Bi.
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Nowhere was it present in large enough grains to assign more
than a tentative identification.

Earlier it was mentioned that massive sulfide ore deposits
similar to Folldal have been considered to be fairly homogeneous
bodies in mineralogical and chemical composition., 1In light of
this, a study of the compositional variation of the ore minerals
with respect to the location of the sample in the ore body was
carried out. Polished sections of well located ore samples were
point counted to obtain modal analyses. These were then tab-
ulated and plotted on triangular diagrams in all possible com-
binations in an attemtp to find trends in mineralogical varia-
tion,

The mineralogical composition of the ore in volume percent

as summarized in Table 12. The gangue free composition of a

Table 12: Mineralogical Composition of Ore,

Mineral Average (%) Range (minimum % - maximum %)
pyrite 56.6 1.5-81.3
Sphalerite 7.5 0.0-44.9
Chalcopyrite 5.5 0.0-62.0
Magnetite 1.8 0.0-12.9
Galena 0.0- 0,6
Arsenopyrite ‘}0.5 0.0- 0,2
Fahlerts 0.0- 0.3
Gangue 23.8 1.2-72,7

limited number of sections can be observed in Table 13 while
Figures 15,16, and 17 are triangular diagrams of ganguelfree
massive sulfide ore. In Figure 15 the three components plotted
are pyrite volume percent, pyrrhotite volume percent, and the
volume percent of matrix sulfide minerals (chalcopyrite, sphaler-
ite, galena, arsenopyrite, and fahlerts)., This shows that the
Folldal massive ore is mainly a pyritic ore and that it is un-

like certain others of the massive Caledonian ore bodies, for
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example Bleikvassli, which shows both a pyrrhotitie and pyritic
ore type (Vokes, 1961, personal communication). In Figure 16,
the components of the ore are split up in a different fashion.
Since pyrite is an ubiquitous mineral and its occurrence is
generally unrelated directly to the occurrence of other ore
minerals, it was chosen as one apex., In polished sections and
hand specimens, pyrrhotite and chalcopyrite are usually intim-
ately associated and therefore form the second apex of the
diagram, while sphalerite and galena form a common assemblage
in the ore snd are the third apex. The diagram illustrates
that the pyrrhotite-chalcopyrite assemblage is a more dominant
one in volume percentage of the ore than is the sphalerite-
galena assemblage. The third triangular diagram (See Fig. 17)
is plotted with the components being pyrite, sphalerite, and
chalcopyrite. Analyses of Folldal ore are represented by the
black points. These indicate that the ore is not one of dom-
inant pyrite-chalcopyrite composition but tends to have a
larger amount of the zinc bearing constituent, sphalerite,
Du Rietz (1951) gave 63 modal analyses of four types of ore;
wet, dry, zinc, and pyrite, from the Kristineberg deposit in
Sweden. These analyses were recalculated to pyrite plus
sphalerite plus chalcopyrite totaling 100 percent and plotted
on Figure 17 as black crosses. Except for the zinc ore of
Kristineberg, which contains 10 percent galena enclosed in a
dashed line on the diagram, there is a very close similarity
of Kristineberg bulk composition to that of Nordre Gruve.

Table 13 (See p.54) presents the results of 49 modal ana-
lyses of samples collected at 13 different locations as

sections across the width of the ore body. Since thickness
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Loc.
HW,
0.25
0.50
0.75
W,

Loc.
HW.
0.25
0.50
0.75
Fw.

Loec,

0.25
0.50
0.75
Fw,

Loe,
HW,
0.25
0.50
0.75
FU‘U‘ .

Loc.
HW,
0.25
0.50
0.75
W,

Analyses of Ore Located with Respect to Wall

Rocks by Percentage of Thickness. (Pyrite
pyvrrhotite-sphalerite-chalcopyrite-galena 100%).

Pyrite, gangue free (volume %)

2B

77.8
82.3

75.7 86.5 €3.8 82.8 63.4 70.0

Pyrrhotite, gangue free (volume

2B 3
0.5

2.5
4,9
5.8

Matrix sulfide minerals, gangue
3A

2B
11,9

19.7
18.4
18.5

Pyrrhotite plus chalcopyrite, gangue

4B
1.2 1.5 9.1 23.4 3.7 10.0

2B
5.8

8.0
5.4
2.6

3A

3A

59.5 84,9 54,7 87.5

A 4B
0.1 0.1

12.6 4.8 18,9 1,9
0.9 0.8 2.4 6.4 10.6

£7.9 10.3 26.2 10.6

4B
87.6 88.4 85.6 85,6 68.3 92.8

4B
11.5 14.3 10.6 12.2 4.8

oC

6C

ec

eC

G

&G

3.8 19,56 2.4

oG

G

8A 11F
88,7

75.2

8A
2.7
7.5

SA

8.6
17.0

17.3 21.0

12.6 35.4 14.8 24.2 19.4 8.2 13.4

8A 9D

3.8 18.4

21.9 9.2 35.2 7.7 16.1

4,3 5.0 8.2 11.4 16.3 42.0

18.0 1.5

83.2 84,0 62.4
71.7 83.2 75.3

72.6 73.2
86.1 70.0 64.2

5.7 25,0

23.6 14.9
3.4

11H  1&G

75.3

22.7
24,8 35.8 14,2

(volume %)

13.0 0.21

Sphalerite plus galena, gangue free (volume %)

2B

14,2
12.5

Locality
Locality
Locality
Locality
Loecality
Lbhcality
Locality
Locality
Locality
Locality
Locality
Locality
Locality

3A

0
7
18.7 5.9 10.0 4.8 7.4
9

2B:
SA:
4B:
oCs
oG

4B
6.6 10.4 12.9 5,5 8.3 3.6 11.

eC

240x,
180x,
330x,
470x,
310x y
260x,

: 300x s

420x,
460x,

: 500x ’

540x 3
500x,
4'70x,

&G

150y;
200y
250y
420y ;

8A 9D

7.4 1,

6.5 12,

om o

30.6

thickness,0.76 metér, level 2,
thickness,0.80 meter, Level 3.

thickness,0.70
thickness,0.61
thickness,1.22
thickness, 0,72
thickness,1.52
thickness,0.91
thickness,1.22
thickness, 2,50
thickness, 0,61
thickness,2.00
thickness, 0,20

meter, Level 4.

meter, Level 6.

meters, Level 6.
meter, Level &,

meters, Level 9.
meter, Level 1l.
me ters, Level 11.
meters, Level 1Z.
meter, Level 12.
meters, Level 13.
meter, Level 13,

54

134 13E
47.5
c8.1 86,8
16.5
2.6
87,1

83.2

96.7
70.0
oz.4
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varies from location to location, the analyses are located
with respect to the hanging wall and foot wall by percent of
thickness. The thickness of the sections analyzed range from
0.20 meter (Locality 13E) to 2.50 meters at Locality 12G. The
table presents data for the variation in pyrite, pyrrhotite,
matrix sulfide minerals, pyrrhotite,plus chalcopyrite, and
sphalerite plus galena, all calculated on a gangue free bases.
The average volume percent of pyrite for 42 analyses is 75.8:
pyrrhotite, 7.6; matrix sulfides, 17.2; pyrrhotite plus chalco-
pyrite, 14,0; and sphalerite plus galena, 2.9. Histograms of
each one of the five components tabulated showed that from 49
analyses, the matrix sulfides were normally distributed with a
mode around 12 percent and that pyrite gave a normal distri-
bution skewed toward the higher percentages with a mode about
80 percent, while the other three components gave distribu-
tions that skewed toward lower percentages. In thirteen sec-
tions, eight can be considered to have pyrite percent decreasing
from hanging wall to foot wall, two have pyrrhotite decreasing
and three have matrix sulfides decreasing., In six sections,
matrix sulfides increase from hanging wall to foot wall, while
in four, these percentages tend to fluctuate. In seven
sections, pyrrhotite fluctuates while in six sections pyrrho-
tite plus chalcopyrite fluctuate, Seven sections have sphaler-
ite plus galena tending to increase. Each observed variation

is for only the locality stated and the specimen used.

Although it is possible by using such a method to trace
variations in mineral composition across the ore body for
specific locations, it does not tend to give an overall gen-

eralized picture. In order to summarize the data of the
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thirteen sections, the analyses for each component at all of

the five thickness positions in the ore were averaged together
to give one value for each of the five positions in the ore

for each component. The author may not be justified in doing
this because of lack of many more analyses and not knowing
whether the samples, except thes e on the hanging and foot walls,
correspond to each other in location, but such a summation as
presented in Figure 18 1s useful and also the frequency diagrams
of each component seem to represent fairly well distributed
samples in each population. In Figure 18, the average percent-
age of each component at five positions across the ore is
plotted. Pyrite shows a decrease from hanging wall to foot
wall with a slight increase in the middle of the ore., MWatrix
minerals, as a group, are @& out equal in bulk percentage at the
wallj but tend to fluctuate in the middle of the ore body, being
more concentrated in the foot wall half of the ore thickness.
Pyrrhotite is more concentrated on the foot wall than on the
hanging wall and is at a minimum in the middle of the ore body.
This can be seen both in polished hand specimens and polished
sections (See Plate 10, Fig.2). There generally seems to be a
concentration of pyrrhotite near the contact of the ore with

the wall rocks. In Figure 15, there are analyses which fall
closer to the pyrrhotite apex than the majority of analyses

and are accounted for by this variation in pyrrhotite composition
across the ore body. Sphalerite and galena are concentrated
more toward the walls as is pyrrhotite with a minimum concen-
tration in the middle of the ore. Thus, sphalerite (this is the
main component of sphalerite plus galena wihce the g4 ena per-

centage mever rises above 0.5 volume percent) is more concentrated
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on the foot wall. Chalcopyrite seems to be concentrated moétly
on the hanging wall, but has a large amount near the center of
the ore body,

Du Rietz's (1951) study of the pyritic ore of Kristenberg,
Swecden, showed a decrease in Fe percent and pyrite across the
orebody from the hanging wall to the foot wall. This is exactly
analogous with Nordre Gruve. The Cu decreased as did the
chalcopyrite from hanging wall to Woot wall which is alco sim-
ilar to Nordre Gruve massive ore. Below is an ubstract of
hls data for pyritic ore (See Table 14).

Table 14: Analyses of Pyritic Ore, Kristime berg, Sweden,
from Du Rietz (1951, p.51).

Foot wall Middle Hanging wall
S109 17.50 2.30 3.77
TiOeo 0.13 0.07 0.02
Alo05 7.62 3.41 0.94
Mn 0.07 0.10 0,01
MgO 6.71 5,13 1.13
Fe 30,92 36.08 42,10
Cu 2.44 3.40 3.53
S 29.07 38.14 46,61
Zn 0.0 tr. tr.
Pb 0.0 0.0 0.0
(vol.%)

Fyrite 49,0 64,2 81.0
Chalcopyrite 7.0 9.8 10.2
Chlorite 3€¢.0 15.0 4,5

Vokes (1957) has found that, within the Birtavarre dig-
trict, Troms, Northern Norway, chalcopyrite terde to be con-
centrated around frock fragments in the ore and on the walls,
He suggeste that the chalcopyrite wae influenced by the
physical presence of the wall rocks and their chemical com-
position. Vokes (1262, personal communication) has found for
Rleikvessli that there are fiairly definite variations in modal

mineral composition from foot wzll to hanging wall for the mas-



o8

sive pyrite ore, besides there is a pyrrhotitic ore on the foot
wall at some locations. He studied twelve cross-sections of
various types of ore and found that in eight out of nine sec-
tiong there was a moderate to marked increuse in pyrite per-
centages from foot wall to hanging wall, and that there was a
decrease in matrix sulfides from foot wall to hanging wall for
seven out of twelve sections. In general the individual matrix
sulfides showed a decrease from foot wall to hanging wall., This
is exactly analogous to Nordre Gruve except in Nordre Gruve the
trend is not as pronounced, This may be due to the fact that
Bleilkvassli ore was probably subjected to a higher degree of
regional matamorphism than Nordre Gruve or it may be due to dif-
ferences in the original conditions of depositions o £ the
sulfides at the two different locations.

There heve been relatively few studies of this type done
on massive sulfide ore bodies and as can be seen from the
probable trends found sbove, similar studies would be very
helpful to contribute facts which may aid in the solution of
the probleme of origin, From this, it can be seen that mas-
slve sulfide deposits are probably not homogeneous, but do
indeed contain mineralogical varistions possibly unique to

them that can only be recognized by a detailed study.
CHEMISTRY OF THE ORE

Unfortunately, Folldalsverk has no located assay data
above Level 4, below this there are 201 usable assays all
located with respect to the mine coordinsates. Copper, zinc,
sulfur, and occasionally iron were analyzed in samples across

the thickness of the ore body. Although in poiished sections,
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one finds traces of galena, giving the ore a lead component.
Folldalsverk has not analyzed for this metal. Table 15 pre-
sents a summary of modes, aversges, and ranges for copper,

zine, and sulfur,

Table 15: Statistical Parameters of the Assays.

Metal Mode (%) Aversge (%) Range (%)
Copper 1.25 1.25 0.32- 4,2
Zine 3.25 5.25 0.75- 8.0

Frequency-distribution curves were drawn from the data
(See Fig.19). All of the curves are unimodal except the one
of sulfur which tends to be bimodal. The copper frequency
curve is skewed toward the lower percentages of copper.

An attempt was made of correlating copper versus zinc by
using the product moment correlation coefficient (Moroney,
1260) which in this case is defined as

r /N 2 (Cu - Ca)(@n - Zn_,
SCu X Sgzp

where r is the correlation coefficient; N, the number of ana-

lyses; Cu and Zm, the average percentage of copper and of zinc;
and Scu andSyy,, the standard deviation of copper and zinc. With
the values N equals 201, Scu equals 55,2, S,n equals 219,06,

Cu equals 1.25, @nd Zn equals 5,25,upon substitution r equals
-0.32. A perfect straight line correlation would have a r equal
to 1.0 and no correlation is represented by r equals 0.0. The
minus sigh on -0,32 mesns that as the copper percentage increases,
the zinc percentage decreases, The number 0.32 represents a
fairly poor correlation at a high level of significance. From
this, one would say that the distribution of zine is probably

not related to that of copper,
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Values of the ratio Cu/Cu Zn were calculated and plotted
in a frequency distribution (See Figure 19) which gave a normal
distribution skewed toward the lower ratios. This cuarve has
a similar shape to one published by Wilson and Anderson (1959)
for the Geco massive sulfide ore in Canada which contains more
zinc than copper as does the Folldal ore deposit.

In an attempt to better understand the distribution of
copper, zinc, and sulfur in Nordre Gruve or to spot any zonal
relationships, the located assay data were plotted on a vertical
profilesand contoured, Figure 20 presents the sulfur distri-
bution with a contour interval of ¢ percent. There are no
readily epparent trends here, except that the sulfur percentage
seems higher in the eastern part of the mine. Figure 21 is a
similar diagram of the zinc percentages, interval 1,0 percent,
One trend is readily apparent, plunging northeasterly due to
the trend of the ore. Another trend is discernible in the
individual contour lines which seem to plunge northwesterly.

In Figure 22 of the copper distribution, one sees the same two
trends, but they are more apparant. The areas of high zinc
percentage fell on a zone plunging about 45°E. in the plane of
the profile, while the individual contoured highs plunge 40Q0W,
in the plane of the profile. Projecting such a profile into
the true plane of the ore body gives the two trends of the
plunging lineations, one northeast and the other northwest.
These two trends are in accordance with the directions of
minor folding and the broader structural features of the Nordre
Gruve massive ore. In order to check on representing assay
data on vertical profiles, an average value of eaah metal was

calculated for an individual level. Where the level passed
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through the largest number of high contours relative to the
adjacent levels, the average value for the level was high re-
lative to the other levels, thus supporiing the method used.

The distribution of copper and zinc is by no means as regular

in Nordre Gruve as Gjelsvik (1960) found for tke Skorovass ore
body in the Grong area, Norway, although they both seem to have
other similar characteristics such as the banding due to changes
in grain size of pyrite.

The ratio of copper to zinc was also contoured in a vertical
profile (See Fig.23). All values of the ratio greater than 0.6,
lie within the heavy black contour. This has a flame-like shape
upwards along the western edge of the ore body. Again, one
notices two different trends in the contours. Interestingly, the
very lowest values of the ratio are associated with the extreme
high wvalues (at coordinates 240x and ©€75y). The lowest value is
0.20 and the highest, 54.1.

There are other elements in the Folldd ore as shown by a
few scattered analyses. Folldalsverk recieves a reward from the
smelter for gold and silver recovered in their zinc concentrate,
Carstens (1941) presents an analysis for Folldal pyrite concen-
trate which gives in weight rercent; Cu, 0.32; S, 48; and Se,

43 grams per metric ton. One must remember that Folldal's pyrite
concentrate does not all originate from the same mine, although
the majority of the ore comes from Nordre Gruve. Also Oftedal
(1940) gives an analysis of the zinc concentrate (See Tatle 16).
The Bi reported in the analysis may be associated with the traces
of fahlerts found in the ore. Arsenic has been reported in ana-
lysis of Hovedgruve ore (Marlow, 1935) and, if analyzed for,

would probably occur in Nordre Gruve. Any arsenic found in
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Table 16: Oftedal's Analysis of Zinc Concentrate.

Element Weight (%) Element Weight (%)
Ca 0.3 Mn 0.3
In 0.001 Co 0.005
Ga 0.001 Pb 0.1
Sn 0.001 Ag 0.003
Heg 0.001 (?) BY 0,005
Fe 10.

Nordre Gruve can probably be atkributed to the minor anounts of
arsenopyrite found in the ore from polished section study. This

is the extent of the data on the minor elements in the Folldsl ore.
THE GANGUE

The abundance of gangue in the massive sulfide ore varies
from 1.2 to 72.7 volume percent as found from the polished and
thin sections studied. It averages sabout 23.8 volume percent.
The variation of percent gangue with percent thickness of the
ore does not seem to showa a trend for the whole mine, Some
localities have more gangue in the foot wall ore and hanging wall
ore than in the middle, but others show the reverse relation-
ship. 1In the cross-sections of volume percent gangue plotted
versus thickness percentage of ore, no consistent trends were
found,

Gangue, in this discussion, includes individual mineral
graing and aggregates; quartz, feldspar, and chloritic lenses;
disturbed and folded undifferentiated and quartzitic schist
partings; and angular fragments of carbonate. All are composed
of the same dominant minerals, quartz, calcite, and amphibole.
Minor minerals are plagioclase (albite in some cases, where
determined by optics), epidote, garnet, biotite, chlorite,

muscovite, and the common accessories found in the wall rocks.
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In some cases the amphibole was determined by optical methods
to be an actinolite. It had the following optical dataj ny~=
1.628-1.633, ny=1,643-1.646, n,=1,654-1.658; ZAc-13-159, neg-
ative, 2V about 800, X is very pale yellow, Z is pale green,
and Y is yellow green. Quartz grains generally show strained
extinction and occasionally granulated and recrystalized tex-
tures. This is exactly analygous to the quartz observed in thin
section from schists within the entire region of study. The
amphibole occurs as euhedral to subhedral crystals and aggre-
gates which are fractured perpendicular to their c crystallo-
graphic axes, These fractures are filled with sulfide matrix
minerals. Calcite exhibits two generation porphyroblastis,
oceurs as late secondary fillings in cracks and shear planes,
and also is moulded around other silicate minerals. Flagiocclase,
which occurs in greater abundance as a gangue mineral than as a
constituent of the wall rocks, is broken along cleavage direc-
tions. 1In polished sections and thin sections, the micas were
observed as blades which are bent around other gangue minerals
and in some cases around the ore minerals. Very seldom: do mica
foliae project into a crystal or aggregate of an ore mineral.
The other gangue minerals have exactly the same characteristics
as they did in the country rocks.

Schist partings either of the undifferentiated schists or
the quartzitic schists are found in all sizes ranging from a
microscopic thickness to greater than 0.75 meter in thickness.
They extend aling strike for distances from microscopic to more
than 5.0 meters. Generally, attitudes of foliation mesasured in
such partings are similar to those measured in the adjacent wall

rocks. In many cases such partings consist of discontinuous,
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highly distorted and folded hands in the ore. In all cases, they
appear to be remnants of the original wall rocks.

Glassy quartz lenses pr masses, sometimes surrounded by rims
of chlorite, but more generally not, are very common in the
massive ore. They do not seem to occur along any particular
horizon or position within the ore body except that in some cases
near the foot wall, there were trains of glassy quartz lenses
encased in chlorite in a horizon parallel with the guartzitic
schists in the foot wall. Sometimes there are disseminations
of chalcopyrite and pyrrhotite within the quartz lenses.

Another type of gangue accumulation in the massive ore is
angular, and some round, carbonate fragments composed of ag-
gregates of coarse crystals. These fragments are spread through-
out the massive ore within theentire ore zone. The greatest
concentration of their occurrence seems to be on the lower six
levels west of the Marie Louise Shaft., They are especially
abundant on levels 4 and 5, A number of the fragments from loc-
alities covering the extent of the ore zone were x-rayed and
shown to be calcite. Also the ny refractive indexes were deter-
mined and fell with the range 1.653 to 1.664+.002. The calcite
fragments usually at their edges have a rich concentration of
magnetite or minerals of the pyrrhotite-cﬁalcopyrite assemblage,
Infrequently they are cut by veins of matrix minerals, usually
along fractures and cracks within the fragments. The general
appearance of the fragments in the ore is that of limestone
bfeccia which contains some fragments that have had their
corners and edges rounded due to tectonic movements. In pos-
tulating possible origins of the calcite fragments, it should

be remembered that on Level 5 there is a large carbonate
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mass which is ankeritic dolomite and that various carbonate
porphyroblasts in the loose chloritic schists were ankeritic
dolomite. One possible origin is that the fragments represent
hydrothermally introduced carbonates. Either theory makes it
possible for later metamorphism to have redistributed the car-
bonate. There i1s no definite evidence for the last statement,
but it remains as a possibliiy.

The ore contains lenses and friegments which consist of
mixtures of glassy quartz and calcite distributed rather ran-
domly in the ore zone,

At one or two locations were noted rounded lenses of
qQuartz and feldsgpar, where well-crystallized albitic feldspar
was the dominant mineral. The groundmass or matrix of these
lenses consisted almost entirely of ore minerals, mainly chalcO-
pyrite and pyrrhotite. Besides these very localized concentra-
tions of plagioclase, there are thin bands in the ore which
consist dominantly of albite with mbnor quartz, These bands,
about 0.5 centimeters thick, do not appear to be very common in
the ore, nor do they have grest aerial extent. All of the gan=
gue, except the schist partings which shov characteristics due
to tectonic movements of folding, exhibit evidences of tectonic
activity in the ore zone either due to movements during folding
and metamorphism or much later tectonic activity parallel to
the ore zone. Evidence for later tectonic movement as the
cause of rounded fragments seems to be poor because of the way
in which sulfide minerals, particularly the matrix sulfides,
are moulded around the gangue fragments. This is very striking
in a number of cases where ore containing a large number of the
various gangue fragments which were rounded and apparently

rolled were found, This is similar to the "Durchbewgugg



66

structures described in German and other literature.

The author believes that the majority of the gangue minerals,
if not all, have been deriwged mechanically from the surrounding
schists and dolomitic beds and that all of the structures
found in the gangue canbe related to tectonic activity during

metamorphism and the folding of the ore horizon.
CONCLUDING REMARKS CONCERNING ORIGIN

The origin of ore deposits of the massive sulfide type is
a much debated question and highly confusing, since theory not
based on experiments, is liberally mixed with the interpretations
and presentations of facts. The schools of thought may be
basically divided into those who favor sedimentary processes as
being responsible for the original deposition of the sulfides
and thos& who prefer deposition of the ore minerals by methods
related to thke fluids emanating from a magma. Before entering
the realm of origin, one must be able to unravel the history
of the deposit from the present time back to its birth. This
includes, in this case, the effects of the metamorphic and
tectonic history, if there have been any,

Starting with two possibilities, sedimentary and epigenetic,
one may arrive at the conclusion that Nordre Gruve, though not
every other deposit of this type, has been metamorphosed. First
suppose that the original origin of the deposit is epigenetic,
then one must have an igneous source at depth for the mineraliz-
ing fluids. The only rock which could be of magmatic origin
within the area is the trondhjemite, whose contact with the
schists at the surface is less than a kilometer away from the

ore deposit. The relation of trondhjemites to nearby ore deposits
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is not a new idea but has existed in Norwegian as well as
foreign literature for many years. As has been shown, the rock
contains metamorphic minerals, such as garnet, and has been
strongly foliated; both of which point to the fact that it nas
been metamorphosed. If one does not accept the trondhjemite

as being of magmatic origin and as the source of ore fluids

and postulates some mysterious, unknown source, the epigenetic
therefore metamorphosed argument is invalidated. The conclu-
sions arrived at if the original origin is sedimentary are
obvious. This argument is naturally limited to one deposit
within the Folldal district because of the nature of this study,
but from the nature of their occurrence, probably could be
applied equally well at least to Sgndre Gruve and Hovedgruve

1f not also to the other three deposits in the district. On
the overall picture of similar deposits in the Norwegian
Caledonides, the argument is generally not valid., This neces-
sitates another approach to the problem which uses observable
facts to build a theoretical model.

Observed facts which must be explained by such a model
are: (1) the different types of banding, especially the mag-
netite banding, which are conformable with the folded wall
rocks; (2) the non-esistence of an alterstion haloj (3) the
gangue minerals not having characteristics of introduced
minerals byt ones similar to the same minerals found in the
wall rocks; (4) the existence of gangue lenses which have the
appearance of having been moved or rolled; (5) the existence
of breccia-like structures formed by gangue and ore minerals
("Durchbewegung " structures); (6) the wall rock to ore relations

which are non-conforme ble and the crests of folds in the wall
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rocks broken by the massive sulfide orej (7) the texture evi-
dence of the pyrite cataclastic series which shows that there
was continuous tectonic movement during or post deposition and
continuing to a much later timej; (8) the "inclusions' in the
pyrite; (9) the contentration of matrix minerals, i.e. chalco-
pyrite, sphalerite, and pyrrhotite near the walls of the ore
body; (10) the occurrence of assay high areas of Cu and Zn
corresponding with the directions of folding found in the wall
rocks; (11) the elongation of tre pyrite crystals; and (12) the
local unvecrystallized areas of pyrite. All of these facts
can and have been explained for individual cages in various
ways, but to use these rast explanations requires the con~
gtruction of a highly comples series of eventc to explain
gimultaneously all of the observed facts for Nordre Gruve.

The author's theoretic model of origin to explain the
known facts about Nordre Gruve emphasizes the effects of regional
metamorphism within the conditions of the high greenschist
facies. The original origin of the main part of the ore
minerals could be either sedimentury, hydrothermal, or a
contribution from both processes. Evidence presented by Shaw
(1254) and Kuroca (1961) on trace elements in metamorphic as-
semblages suggests that the amount of ore material needed to
form an ore deposit the size of Nordre Gruve could not comé
from scattered amounts of metals in the original rocks which
were later cencentrated by metsmorphic procésses, If origihally
of hydrothermal origin, the ore was probably emplaced before or
at the same time as metamorphiem and folding. During regional
metamorphism and continuing to a later date, there were tec-
tonic movements parallel to the ore zore and in the latest

stage transverse to it. The clastic texture of pyrite is
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accounted for, as are the rolled gangue lenses, the wall rock
1o ore relationships, and the variations in the compositions
in the ore body by the conditions of temperzture and tectonics
imposed upon the area. Any hydrothermal alteration halo would
have been destroyed by metamorphism. The "inclusions" in
pyrite and local areas of fine-grained pyrite could be the
regults of differences in local recrystallization rates. Ad-
mittedly, little is known about such a complex system exper-
imentally, but this model seems to test explain the evidence
from Nordre Gruve,

On a larger scale, samples of ore from other Norwegisan
Caledonian massive sulfide ore deposits, show a definite in-
crease in grain size of pyrite as there is a corresponding in-
crease 1n the metamorphic grade of the rocks in which the de-
posits occur. This can be seen in any representative set of
examples of Caledonian ores from the various regional meta-
morphic grades., Other evidence to support a metamorphism of
the ore is the close similarity between the assumed tempera-
tures for quartz-albite-epidote~almandine subfacies of the
greenschist facies and the possible indications of the various
geothermometers as to the final temperatures of formstion or

recrystallization of the ore. These are summarized in Tsble 17.

Table 17: Summary of Temperature Data

Metamorphic temperature maxumum 550°¢

Sphalerite geothermometer, average 459 = 250C
Arsenopyrie geothermometer maxumum 491 = 120C
Sphalerite-chalcopyrite exsolution 300~ 400°C
Cubanite-chalcopyrite exsolution 400~ 4500C

A1l of these temperatures fall within the same range.
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Other geologista are at the present time advocating the
theory of metamorphosed ore deposits no matter what their
original origin was. Also in the past literature, there are
references and discussions of similar cases to Nordre Gruve.
Emmons (1910) discussed deposits of the massive sulfice tyre
located in Hancock County, Maine, and the Milan Mine in New
Hampshire which he thought had suffered the effects of regional
metamorphism. He stresses, in the case of the Milan Mine, that
the ore is folded exactly as are the wall rocks and that this
fold as well as the ore has been broken and off set by a shear
fault in the folds crest. He, of course, emphasized the effects
of dynamic metamorphism. Newhouse and Flaherty (1930) did
experiments to explain the origin of textures of some banded
sulfide ores by applying deforming pressures to various sulfide
minerals. Pyritewas sheared into thin plates and arranged '"en
echelon" producing elongated masses, chalcopyrite flowed with
the crystals becoming elongated 2 to 3 times their width and
sphalerite was fractured, Zavaritsky (1950) discussed effects
of metasomatism and metamorphism of pyrite deposits in the Urals,
briefly. Marmo and Mikkola (1951) studied sulfid€és in black
schists and their local concentration in the crests of folds
and explained their origin was due to migration of sulfides
under metamorphism to areas of least pressure. Their evidende
consisted mainly of textural interpretations and was backed by
no experimental evidence. Williams (1960) also describes and
theorizes on the cataclastic effects pyrite suffered and the
migration of softer sulfides to crests of drag folds from their
limbs in Rammelsberg, Germany, during folding. A1l of which
took place at temperstures of about £250C, Schadlun (1958,
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1960) strongly supports the theories emphasizing the dynamic
metamorrhism of ore deposits, The photographs of massive sulfide
ore from Russia which Schadlun has studied, are almost identical
with similar texture found in polished sections of the ore of
Nordre Gruve. Eanno and Kanehira (1961) attempted to build up

a sulfide and oxide mineral facies andstability fields to cor-
respond with those worked out for metamorphic silicate assemb-
lages. Their results were only schematic but represent a notable
approach to the problem, From this list of work done in the past
it can be noted that the metamorphism of an ore deposit has been
suggested, but the effects of such conditions in the ore is
little known experimentzlly or in detail from the field. Textmal
evidence and criteria for mineral replacements, such as Eastin,
Graton, et.al. (1931) suggest, can not be used as evidence alone
for a past metamorphic history because of the great ambiguity
involved in distinguishing an epigenetic replacement and a
metamorphic growth process. Probsbly the original origin of such
a deposit can never be understcod until much more is known about
the distribution of minor elements in ore minerals under sed-
imentary and hydrothermal conditions, since any structures or
textures due to original deposition are probably destroyed

partially or completely by metamorphism,
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Flate 3, Fig. 1. Magnetite (gray) banded massive pyrite
ore (white) with gangue (black). Reflected light.
X 65,

Plate 3, Fig., 2. PBrecciated pyrite (white) with sphalerite
(gray) in gangue (black) from a post-ore fault,
Reflected light. X 200.
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Plate 4, Fig. 1. HRiched pyrite erystal (white) mounted in
vlastic (gray) srowing an emtaymeni whieh in polished
gaction appears to be sn inclusion, Reflected light.
X 200,

Flate 4, Fig, £, lagnetite crystal (gray) bteing replaced
bv ecarbonate (hlack) along octahedral partings.
Fvrite crystal (white). Oil immersion, reflected
1ight. X 310,
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Flate 5, Fig. 1, Massive pyrite ore folded into guartzitic
schists of the foot wall, Daylight.

Plate 5, Fig., 2. Mascive pyrite ore with undifferentiated
schists folded into the ore, Note pyrrhotite in
schists and aleng the contact. Dsylight,






Plate 6, Pig. 1. Typical contsct relations beiween massive
pyrite ore and quartzitie echists, Daylight,

Flate 6, Fig, 2. Contact of amphibole rich undifferentiated
gchists with massive pyrite ore which is enriched in
chalcopyrite and prrrhotite, Daylight.
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Plate 8, Fig, 1, MNassive pvrita ore banded by change in
grain size in contact with undifferentiated schists.
Daylight.

Plate £, Fig, 2. lassive prrite ore banded by change in
grain size and the ore mineral to gungue ratilo.
Raylight.



Flate




™ig., 1, lascive pyrite ore with hand of coarse

Flata O,
pvrite crvstale. Daylight.

Flate 2, Pig, Z. lMassive pyrite ore banded by change in
grain size, Daylighi.






Flate 10, M™g. 1. %nlarcement of ilate £, "iz., & showing
letall of handed pyrite ore, Daylight,

Flats 10, Tig. 2. Laseive pyrite ore showing pyrrhotite
and chaleopyrite concentrzted at contact of un-
differentiated schists. Daylight.






Flate 11, Fig. 1, Catsclastic P”P;LE (white) fractured
Put not filled with mutrix minerals such as
sphulerite (durk grav) and chaleopyrite (1light

gray), Gangue (hlack)., Reflected light, X 200,

Flate 11, Pig. £, Cataclastic pyrite (vhite) with fractures
£illed with chamnrwite (1ight gray) and sphsler-
ite (dark zray), eflectad light. X 200.






Plate 17, FTig,1l. Iyrite c¢uba (white) renetrszted by a
cilfeats runmie mineral (black). Reflected light.
X 270,

Plate 17, Pig.rT, halerite (JFark sray) anc chalcopyrite
(1ight Fra-g #{nclusions” in prite (white),
Teflactead 1ight. X €5.
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Flate 17, Fig. 1., Tine-grained dusty pyrite (white) with
sphalerite (grzv), Reflscted 1ight, X 200.

Flate 12, Plg, £, Trvpical non-cataclastic pyrite (white)
with chalcopyrite (licht gpray) and sphalerite
(dark gray). Reflected light. X &6,






Plate 14, ¥ig, 1, Fyrite (white) Teing replaced Dy
sthalerite (gray). Reflected 1light. X 200,






Seterveien 9,
Hordstrandhdgda
October 20, 1261

Megsars, Hjelseth and Klunderud
Foll2al Verk A/S,
Fo0lldal Verk, Folléal

Dear llessers, Fjelsethard FKlunderud:

Enclosed are copies of the assay Cu/Zn ratio, contour
maps, as well as a geologic map of the part of the mine that
I mapped this summer., Remarks on the probable value of the
items follow. There is still much more work to be done before
any real interpretations of the assembled data can be made.

Aemarks of the Cu/Zn ratio Profile.

The Cu/Zn ratio was arrived at, by using the precent
values of Cu and Zn given os the mine analysis. A high
ratio indicates higher Cu percent, while a low ratio indi-
cates a lower percent of Cu. It also indicates the total
metal content of the ore, Q- i

4

Tte highest ratios attained are £5,0 and 54.0, both ail
coordinates x=2240, z=€75, while the lowest ratio 0.08 ob-
tained, is at coordinates x=270, z=6¢60. The association of
the low ratio with that of the high ratio suggests the possi-
bility that the metale originally at the location of the
low ratio migrated up and westward to form the rich concent-
ration.

Notice also that all of the ratios above .€0 are in the
western part of tlie mine, as far as it has been explored am
acsayed, except for two small local areas of Cu concentration
on the esrt part of level 11 and 1€2.

The exact centour pattern on the profile may be an illusion
due to numter and locations of the asgaye and the judgement
of the one who contoured the ratios, or it may be real. In
either case it definitely showe the tendency of the highest
metal values to bte located in the western part of the mine.

Remarks on tre Geologic Map. .

The map sent to wou includes only those parts of the mine
that T mapped in detsil, Tre unite mapped are similar to
thoge 4 Dr.Geis, =2s are the symbdls used, except for those
indieatineg strike and dip of foliation which is probably
similar te Dedding, Notiece that where the roek is highly
folded, so is the ore, (See egpecially, level £ coordinatas
x=2E80, v=310), Later, a2 more interpretive geologic map will
be made including Geis! work and my own.

T will he intersgted 1o know the resulis from the exy lor-
ation west of the 250 ghaft =znd also any at depth,

Thanlke you for an enjoyable summei~.
Sincerely,

Norman J Fage
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