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The final report

1 Outline of the project

The present project had been carried out while I have been in possession of a two year NTNF
post-doctoral fellowship ( RE: ST.60.61.221309 - NTNF RESEARCH FELLOWSHIP 13222 )
from October 1st, 1989 to December 31st, 1991. The project was coorparatively organized
under the guide of Professor F. M. Vokes by both of Department of Geology and Mineral
Resources Engineering, University of Trondheim-Norwegian Institute of Technology, and Grong
Gruber A/S, and was funded jointly by N.T.N.F., and Grong Gruber NS.

The project focused on the Caledonian volcanogenic massive Cu-Zn sulphide deposits in the
Gjersvik area, central Norway, aimed to study the paleotectonic setting, volcanostratigraphic
sequence, meta-igneous lithologies and geochemistry, and to study geological features of the ore
bodies, structure and texture of the ores, ore compositions ( chemistry and mineralogy ),
zoning, alteration and origin of the deposits, and to study relationship between volcanic
processes and formation of the deposits, as well as to establish the advantageous targets for
further evaluation and explosion of the massive base metal sulphide deposits.

2 Academic activities

Main academic activities concerning the project include:

Investigating and comparing the Caledonian massive sulphide deposits
outside the Gjersvik area

Joma mine, located in the central Norway, two days, December, 1989

Sulitjelma mine, located in the norther Norway, one week, July, 1990

Lokken mine, located in the south of Trondheim, one day, April, 1991

Joining the academic symposium

A symposium on " Ore Deposits Associated with Granitic Rocks " at Bergverksmuseet,
Kongsberg April 25 - 27, 1991

A series of special lectures on topics relating to the ore depos ts held in NGU ( Geological



Survey of Norway ) and in Department of Geology and Mineral Resources Engineering, NTH.

3 Main work

Surface geological mapping work

In order to establish the geological and stratigraphic relationship between meta-intrusive
and meta-extrusive rocks as well as metafelsic and metamafic volcanic rocks and to investigate
a potentiality finding of new massive sulphide bodies, the detailing surface geological mapping
on the scale of 1:5,000 was carried out by the author in the Gjersvikklumpen-Royrvatnet area
about 18 kilometers squares, located in the west of the Limingen Lake and the northeast of the
Royrvatnet Lake in the Gjersvik area. Two sheets of the geological map in the area were
finished, which spent a total of nine weeks from 19th June to 24th August, 1990. Further
regional surface geological mapping work on the scale of 1:20,000, combined with some
detailing mapping of 1:5,000, was taken in the Gjersvik area in the summer from June to
August of 1991 by Sun Haitian, Reinsbakken and Vokes.

In addition, the drill hole #4 about 370 m in depth within the mapping area was logged.

ldentifying work for the rocks and the ores under microscope

A series of samples representative of different types of the rocks and the ores were collected
from the massive sulphide orebodies, alteration zones, metavolcanic and meta-intrusive rocks
in the mapping area and in the regional district. Among them, a total of 117 thin sections, 27
polished thin sections, and 26 polished sections have been determined under microscope, which
they include mostly essential types of the rocks and the ores occurring within the Gjersvik
volcanic arc.

Geochemical work for the rocks and the ores

A total of 82 specimen, 74 rock samples representative of different types of the meta-
intrusive and meta-extrusive rocks collected mostly from the surface and a few from drill hole,
and 8 altered rock samples of different types from the Gjersvik felsic complex, were selected to
make a full silicate chemical analyses and trace element analysis, which were carried out at
laboratory in Department of Geology and Mineral Resources Engineering, University of
Trondheim-Norwegian Institute of Technology. 14 specimen of the massive sulphide ores and 11
of the alteration zones were selected to make analysis in major ore metal elements such as Cu,
Zn, Pb and Fe as well as precious element Ag in laboratory of Grong Gruber A\S, among which
most of the ores and all of the altered samples were collected from the Gjersvik orebody, some of
the ores being from exposure of the massive sulphide mineralization in the regional area.

4 Main results

During work of the research project, a series of the results related to the project was
delivered to the Grong Gruber A\S or kept in the Department of Geology and Mineral Resources
Engineering, NTH. They include:

I Informal geological maps



5 sheets on the scale of 1:5,000 ( Gjersvikruet DP 159-5-3, Vester-Gjersvikseteren
DP 159-5-1, Gjersvik DP 160-5-3, Bjorkvatnet DO 160-5-4 and part of Kirma

Dp 160-5-1, )

1 sheet on scale of 1:20,000 in the Gjersvik area.

II Reports

Brief Summary of Mapping Work in The Gjersvikklumpen-Royrvatnet Area
of the Gjersvik, 1990

Brief Summary for The Core Logging Bh 4, at RORVATN, in Gjersvik Area

Final Research Report

Title GEOLOGY OF THE VOLCANOGENICMASSIVECu-ZnSULPHIDE DEPOSITS IN GJERSVIK
AREA, CENTRAL NORWAY ' which consists of 5 sections with 83 figures and 10 Tables ( seeing
enclosure of 'contents' ). The final report has been held in Department of Geology and Mineral
Resources Engineering, NTH., and Grong Gruber A\S.

Ill Publications related to the project

The paper ' GENERAL REVIEWOF VOLCANOGENICMASSIVESULPHIDE DEPOSITSIN CHINA ' has
been accepted by an international magazine ORE GEOLOGY REVIEW '

The paper ' DEERNI VOLCEX-TYPE MASSIVE Cu-Zn SULPHIDE DEPOSIT HOSTED BY
ULTRAMAFIC ROCKS IN OINGHAI PROVINCE, CHINA ' was published in EUG VI Supplementary
Programme, pp. 11

Reported from

Cke jia47

SUN HAITIAN

c.c. Professor F. M. Vokes
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Prøve:

GS1-22 Massive py.
GS1-23 Massive po.chal.py.
GS1-24 Massive po.chalco.py
GS1-25 Massive py.+rk:-:J
GS1-29 Strong alteration,

weak min.
_GS1-31 Feeder zone.
GS1-32 Massive banded py.

Sphal.
GS1-33 Massive py.+ „spr.,-(-
GS2-9-1 Feeder zone.
GS2-9-3 Massive pyrite.
GS3-2 Weak altered rock.
GS3-3 Weak alteration.
GS3-4 Weak alteration.
G33-6 Weak alteration.
G33-7 Strong alteration,

weak mineralization.
GS3-8 Altered rock.Strong.

Weak min.
GS3-9 Strong alteration,

strong mineralization
GS3-11 Strong alteration,

min.
RS2-3 Massive py. stafra;
RS2-4 Massive py.
3314 Massive py.
3302 Massive py. sph(?).
GJK. 90.7 (90.1?) Massive

po.chpy.py.
GJK. 90.11 Banded py.Mt.

Laboratoriet Grong Gruber A/S

klkQtj
Hans Øines
(Lab.leder)

Cu Zn
PPn
Pb

%
Fe

PPla
Ag

PPn
Cd

PPn
Ni

0,4000 0,0205 86 42,0 6 1 34

0,7600 0,6300 64 45,5 6 17 15

1,1000 0,2900 147 44,5 7 9 15
1,0600 0,2000 58 45,0 7 4 40

0,0037 0,0240 44 2,1 1 1 32
0,0550 0,0370 38 6,5 2 2 12

0,3700 4,6400 180 27,6 7 83 10

0,8500 6,2900 62 32,3 8 110 14

0,0040 0,9900 1750 3,7 5 2 36
0,5000 0,0300 48 20,3 5 3 12
0,0032 0,0130 11 5,7 1 1 16
0,0062 0,0062 7 4,1 1 1 18
0,0140 0,0160 6 3,2 1 3 12
0,0230 0,0052 7 3,3 0 1 14

0,0013 0,0088 10 1,9 1 1 26

0,0018 0,0180 63 3,9 1 1 24

0,0260 0,1400 75 8,7 2 3 11

0,1300 0,0450 20 15,3 2 3 10
0,0210 0,0150 25 30,2 3 3 73
0,0068 0,0350 27 35,1 3 5 4
0,1900 0,0990 83 40,6 5 6 16

0,2200 4,7600 127 27,2 6 96 13

4,4100 0,1600 43 41,4 12 8 13
0,0056 0,0094 15 21,4 1 8 62



Table 3.1

Major (%) and Trace (ppm) Element Chemistry of the Dark Greenscones

2 3 4 5 6 7 8

RS4-1 RS4-2 RS4-8 RS4-3 DR4# M16-32 M15-17

5i02 53.43 49.83 49.81 51.07 53.19 53.53 52.15
Ti02 1.65 1.20 2.04 1.35 1.33 1.67 1.40
A1203 14.31 15.11 13.61 14.92 14.33 13.97 14.95
*Fe0 14.02 13.99 13.19 14.47 13.43 13.96 14.04
Mg0 2.75 7.83 4.91 5.20 3.89 3.39 4.68
Ca0 3.70 4.38 6.23 3.69 4.65 3.62 4.97
Na20 5.70 4.96 4.41 6.06 5.67 5.05 5.32

K20 9.06 0.09 0.02 0.19 0.13 0.05 0.61
mn0 0.27 0.27 0.16 0.19 0.22 0.29 0.22
2203 0.53 0.11 0.17 0.11 0.18 0.56 0.13
Loss 4.14 3.23 5.70 2.92 3.17 4.47 1.78
SUM 103.56 100.40 100.25 100.71 100.19 100.38 100.25

Sr 122 112 148 81 126 97 111
Rb <1 <1 <1 1 <1 <1 5
Nb 18 18 17 19 8 20 20
Y 41 30 48 35 33 38 31
Zr 54 48 68 49 57 52 52
Ba <10 <10 <10 <10 <10 <10 <10
Ji 61 403 465 490 305 65 377
Ni 3 33 23 11 6 J 18.
2_,
Co 23 55 42 56 41 24 s*,

Cr 13 27 30 17 16 9 33
Pb <I <1 <1 <1 2 <7 C
Cu 24'' 14 11 43 40 21 47
Zn 151 167 140 151 137 151 146



7able 1

9 10 11 12 13 14

M20-23 911213-2 913108 913111 913112 913113 913103

Si02 53.22 47.45 50.58 53.30 51.06 53.50 52.25
Tt02 1.34 1.55 1.65 1.39 1.82 2.06 1.36
A1203 1E-09 :6.76 15.97 18.41 16.28 13.72 15.
'F.,-,C.:30-72 T.4.40 13.93 12.91 14.65 15.15 14.64
, 4.15 E.69 5.47 5.70 4.02 5.35 4.63

-_,
0a2 '.54 7.17 6.65 6.34 6.75 5.22 8.92




7 .39 4.25 4.34 4.73 4.41 3.49 3.95




0.02 0.51 0.14 0.04 0.59 0.22
YinD .21 0.23 0.18 0.07 0.23 0.24 2.23

P2CE .13 0.14 3.14 0.11 0.17 0.16 0.13
Loss 2.83 7.39 2.15 2.07 2.13 2.28 2.03
SUM 100.38 99.66 99.37 100.20 100.15 99.48 101.42

Sr 245 82 130 95 148 99 181
Rb 2 5 12 7 6 16 7




18 12 12 11 13 13 __
v 32 31 32 29 34 39 22
Zr 56 39 47 40 48 57 34




39 <10 <12 <10 <10 <10 <12




392 452 354 316 416 403 369




13 22 20 18 19 14 _,''
Co 54 69 60 45 64 33 56
Cr 23 21 19 17 23 19 18
Pb. <1 <1 <1 <1 <1 <1 <I
fl 46 54 54 19 18 32 i7




95 151 43 132 137 188 I03



Table 3.1, continue 2

17 18 19 20 21 22 23

913105 913106 913107 913506-2 913606 913701 913702

si02 53.20 54.30 54.09 52.68 54.34 61.48 54.30
Ti02 1.43 1.30 1.20 1.68 1.21 1.07 1.90
A120 15.14 15.39 14.67 14.75 15.54 14.15 13.87
*Fe0 15.07 12.16 14.34 15.25 14.36 9.94 14.62
Mg0 7.11 5.20 4.09 4.78 4.36 3.48 4.24
Ca0 3.63 6.67 6.38 5.84 5.56 6.10 7.19

Na20 4.49 4.96 4.89 3.87 4.57 4.49 3.70

K20 <0.03 0.06 0.23 <0.03 0.03 0.50 <0.03
Mn0 0.24 0.27 0.23 0.29 0.21 0.15 0.24

P205 0.11 0.12 0.10 0.25 0.12 0.27 0.18
Loss 3.12 4.97 1.81 5.51 5.41 5.39 4.34
SUM 190.42 100.43 100.22 99.39 100.30 101.63 100.23

Sr 72 120 167 47 90 103 115
Rb 6 7 11 7 <2 9 <1
Nb 13 11 12 13 15 18 i8
r 26 26 20 22 31 39 39
Zr 31 38 32 29 50 60 63
Ba <10 <10 <10 <10 <10 <10 <10
V 455 343 350 257 379 197 345
Ni 11 19 9 9 8 28 24
Co el
-_ 29 48 54 56 28 45
Cr 16 24 17 15 21 52 34
Pb <1 <1 <1 <1 <1 <1 <:'
Cu 3 37 21 20 23 29 54
Zn 154 76 131 161 140 87 134

7 -9 bassive sCi1pn=lane- and biotite-bearing greenstone

Al1 elebenus analysized by Ronme and I. Vokes, with PHILIPS PW1480 :
Spectrebener in CÆpartbent of Geology and Mineral Resources Encineerinb
Cniversicy of Trondheim-Norwegian Institute of Technology, 1991

54.95



Table 3.2

Najor (i;)and Trace (ppm) Element Chemistry of the Pale Greensbones




K5441

2

R5442

3

R5451

4

R5452

5

RS491

6

RS492

7

R54-7 911503

Si02 53.07 51.13 48.90 47.55 47.30 47.04 50.80




1102 0.62 0.63 0.76 0.81 0.52 0.52 0.87




A1203 15.53 15.70 15.63 15.35 13.75 13.65 13.93




*Fe0 9.09 9.33 9.79 10.30 9.24 9.22 10.83 0.
Mg0 7.35 7.55 8.03 7.97 11.96 11.62 6.00 3.42
Ca0 7,22 6.72 7.96 7.17 8.45 8.39 6.27 8.65
Na20 9.76 4.90 4.63 4.51 3.11 3.05 5.73 4.14
K20 0.53 0.52 0.44 0.42 0.52 0.52 0.07 0.63
Mn0 0.15 0.14 0.18 0.19 0.17 0.17 0.18




P205 0.11 0.11 0.11 0.13 0.06 0.06 0.10 0.02
Loss 4.53 9.11 5.78 5.72 6.78 6.76 3.99 5.99
SUM 100.11 100.78 101.21 100.12 101.36 101.00 98.77 99.4

Sr 133 101 137 153 61 60 86




Rb 6 2 <1 3 8 8 <1




Nb 17 15 16 17 17 17 io




Y 19 17 21 22 15 17 23 1"
Zr 46 94 51 53 38 39 97 21
Sa <10 <10 <10 <10 25 35 <10 11
y 253 254 226 230 195 197 277 266
Ni 82 82 96 95 222 226 76 _
Co 43 42 52 53 63 63 47




Cr 153 159 169 162 246 299 129




Pb _' c 9 11 <1 <1 c <1
Cu 69 64 69 79 18 11 7 33
Zn 76 79 91 91 94 97 105






Table 3.2, continue1





9 10 11 12 13 14 15




911611 911906 910612 911213-1 910609-1 910609-2 910204

si02 51.86 49.61 52.93 50.46 50.68 50.32 53.71
Ti02 0.60 0.89 1.09 0.80 1.24 1.02 0.94
A1203 14.99 16.12 15.39 15.23 15.92 16.41 15.68
*Fe0 11.30 12.69 11.39 10.23 11.22 10.77 9.08
Mg0 8.97 8.60 6.43 10.55 7.53 7.39 7.93
Ca0 8.89 6.89 8.14 9.01 9.08 9.78 7.59
Na20 2.79 3.70 4.79 3.72 2.96 2.90 4.73
K20 0.29 0.55 0.23 0.03 <0.03 1.41 0.24
Mn0 0.17 0.20 0.19 0.21 0.19 0.25 0.14

P205 0.08 0.07 0.12 0.08 0.13 0.12 0.13
Loss 5.18 6.05 4.85 8.21 4.21 9.73 3.91
SUM 99.94 99.32 100.70 100.32 98.95 100.37 100.17

Sr 144 88 118 129 337 72 109
Rb 11 14 8 5 6 28 9
Nb 11 11 11 11 12 11 11
Y 12 18 20 16 24 20 16
Zr 25 31 33 32 54 40 39
Ba <10 61 <10 <10 <10 135 <10
V 258 320 279 217 262 264 202
Ni 112 106 78 194 72 73 145
Co 54 60 46 59 47 46 49
Cr 226 183 127 288 132 157 209
Pb <1 <1 <1 <1 <1 4 <1
Cu 65 52 37 38 64 32 68
Zn 89 125 99 76 99 96 74



Table 3.2, conz

16 17 18 19 20 21 22

910323-1 910323-2 913114 913506-1 913601 913602 913603

5i02 48.34 51.88 55.03 49.69 54.28 51.28 82.31
Ti02 1.06 1.11 0.74 0.82 0.73 0.72 0.56
A1203 17.69 16.70 14.79 17.75 15.39 14.59 64.97
*Fe0 8.40 8.75 9.89 12.37 10.47 9.13 9.83
Mg0 5.24 6.06 7.64 7.85 7.31 5.32 7.21
Ca0 14.50 12.05 7.60 8.11 8.07 14.02




Na20 3.87 3.94 4.38 2.78 3.66 4.57 3.24

K20 0.17 <0.03 0.08 <0.03 0.46 0.47 1.66
Mn0 0.12 0.15 0.21 0.31 0.17 0.17




9 205 0.22 0.21 0.06 0.08 0.10 0.14 8.068
Loss 7.81 4.75 2.08 4.61 2.96 7.14 3.45
5006 99.60 100.86 100.42 99.76 100.64 100.41




sr 102 353 190 198 181 131 182
Rb 9 6 6 5 13 6




Nb 9 11 1 1 12 11 15 16
r 21 20 16 19 17 18 64'
Zr 39 57 31 32 44 44 47
Ba <10 <10 <10 <10 <10 <10 <10
V 246 226 235 234 243 218 244
Ni 119 89 74 66 96 115 107
Co 57 30 44 67 45 45 47
Cr 200 189 146 119 205 140 1 90
Pb <1 <1 3 <1 <1 <1 <1
Cu 45 25 <1 44 49 21 02
cn 90 68 125 102 84 62 74

All elesanis analysized by Romse and I. vokes, with PHILIPS PW1480 16
Spectrisieterin Eapartsent of Geology and Mineral Resources
tniversiny cd Ircn.caim-Norwegian Instltute of Technology, 1991



Table 3.3

Major (8) and trace (ppm) element chemiszry
of the keratophyric pyroclastic complexes

1 2 3 4 5 6 7 3

M22-7-1 M22-7-2 M15-13-1 M15-13-2 M17-26 053-12 913102 313183

5i02 75.23 75.05 72.78 72.40 66.73 71.28 75.23
Ti02 0.21 0.22 0.37 0.37 3.54 0.35 0.25
A1202 11.90 12.00 12.95 12.77 14.24 12.94 13.01
*Pe.6 4.33 4.46 5.04 5.28 8.53 5.05 4.10
Mg0 6.64 0.73 0.62 0.68 1.21 0.96 0.22
Ca0 0.73 0.75 0.80 0.83 0.51 0.23 1.92
Na20 6.07 6.02 5.51 5.57 7.28 6.47 5.27

K20 0.27 0.27 0.96 0.79 0.04 0.14 0.19
mn0 0.06 0.06 0.11 0.11 0.10 0.05 0.10
P205 0.03 0.03 0.06 0.07 0.07 0.06 0.04
Loss 0.56 0.60 1.22 1.28 0.85 0.90 0.43
SUM 100.00 100.19 100.42 100.15 100.10 98.43 100.33

sr 131 135 64 70 31 56 165
Pb <1 <1 3 4 <1 <1 7
Nb 14 20 15 19 13 18 8
Y 68 63 67 69 58 68 39
zr 133 138 137 135 94 118 114
p8, <10 <10 248 164 <10 <10 45
V 29 27 34 34 69 36 19
N'3 _ 9 7 5 5 10 5 8
Co 5 3 4 3 11 6 3
Cr 75 58 69 73 40 39 61
Pb 10 <1 <1 <1 4 4 14
Cu 36 39 15 8 10 13 3
zn 45 52 133 127 113 31 46

0.82
0.66
99.24

All elements were analysized by I. Romme and I. Vokes with PHILIPS PW1466
X-Ray Spectrometer, Department of Geology and Mineral Resources EngSneering,
University of Trondneim- Norwegian Institute of Technology, 1991



Table 3.6

Major ( wt.) and Trace (ppm) Element
Chemistry of the Intrusive Rocks




M15-14-1

2 3 4 5 6

M15-14-2 M18-16 913403 913206 M6-5

7


911711 911712

9 iC2 4.1O 74.L4 74.28 75.22 73.62 73.25 75.00




--9 Cc 0.23 0.22 0.36 2.48 0.36 0.41 0.31 0.19




13.18 L3.05 13.65 , 3.77 14.67 13.72 13.28 12.92




3.52 3.61 2.66 3.31 3.10 3.05 3.24 1.73
Mg0 0.31 2.27 0.32 0.58 0.29 0.46 0.56 0.15
Ca0 0.88 1.00 0.67 1.47 1.30 1.02 2.95 2.28
Na20 5.36 5.43 5.14 5.41 5.56 6.88 3.90 3.60

K20 1.24 1.06 1.55 0.97 1.48 0.32 1.24 0.8'3
Mn0 1.04 2.05 0.17 0.11 0.09 0.10 0.05




P205 0.04 0.05 0.07 0.09 0.05 0.08 0.06 0.01
Lcso 1.05 1.09 1.40 0.76 1.20 1.00 0.93
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Table 4.4 Comparison of the Gjersvik deposits with the Kuroko-type deposits

Gjersvik deposits Kuroko deposits in Jahan

Age

metamorphism

deformation

tectonic
environments

continental
crust

development of
the volcanic arcs

Early Palaeozoic

greenschist facies

strong

intra-ocean rifting
environment

complete absence

immature
or primitive

Miocene

zeolite facies

very weak

intra-arc extensional
environment

presence

mature

magma series

volcanic rock
assemblage

dominant types of vol-
canites constituting
volcanic arcs

chemistry of the
host volcanic rocks

sedim.entaryrocks
associated with the
volcanic succession

intrdsive rocks
asscciated with the
the volcanic arc

tendency of ore bodies
in occurrence

orebody
morphology

tholeiitic

well-defined bimodal
basalt-rhyolite volca-
nic assemblages that es-
sentially lack andesites

tholeiites

Na-richment

only small exhala-
tive sediments

major trondhjemite
plus small gabbro

cluster

massive sulphides
horizon underlying
directly a stringer
mineralization

calc-alkaline

basalt, andesite,
dacite and rhyolite
assemblages

andesite, dacite and
rhoylite

K-richment

sandstone, mudstone

quartz-diorite,
granitoids

cluster

massive sulphides
horizon underlying
directly a stringer
ore



7able 4.4 continue

are-asscciated
valcanjcs

rocks hosting
che feeder zone

major alterations
related to mine-
raljpaticn

majcr cre - 'res

major mecal mine-
ral assemblages

minor metal mine-
ral assemblages

major gangue mine-
ral assemblages

_ gangue mine-
assemblages

sulphaces associ-
ated with the ores

major ore-forming
element association

minor ore-forming
element association

Gjersvik deposits

keratophyric pyroclas-
tic complexes of rhyo-
litic ccmposibion

felsic pyroclastic
complexes

silicification
sericitization
carbonitization

ccmpacb, mdssive

pyrite, chalcopy-
rite, pyrrhotite

sphalerite
magnetite

quartz, carbonate
( calcite )

chlorite

none

Cu-Zn

none

Kuroko deposits ln JayJat

dacite, rhyolite

rhyolitic dome

silicification
sericitization
mcatmorillonibe

ccmpact, massjve

pyrite, galena,
sphalerite,

chalcopyrite, barite,
tetrahedrite, tennantiJo

guartz

gypsam,
ar"iydnite

barite, gypsum,
anhydrite

Pb-Zn

Ba, Cu

The ?tsroko depasits are referenced mainly frem
Yatsgkum jkoshj, 1970; and Franklin et. al., liH1
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Section 1: Introduction

1.1 Location

The Scandinavian Caledonides, a belt of Lower Palaeozoic metamorphosed and deformated

volcanic and sedimentary rocks, extends about 2000 km from Regaland in the southwestern

Norway to Nord Troms aIong the western margin of the Scandinavian peninsula ( Stephens et

al., 1985 ), within which occur the various groups of the important stratiform and stratabound

massive sulphide mineralization. Five main regions of the massive sulphide mineralizations

within this complex metaHogenic belt have been recognized and described by Vokes (1968):

Rogaland in south-western Norway; the Trondheim district; Grong-Stekenjokk district;

Sulitjelma, and the Nord-Troms districts. The geographic location of the Grong-Stekenjokk

district and its position within the Caledonites are shown in Figure 1.1. The host rocks consist

predominantly of a varied assemblage of supracrustal volcanic and sedimentary rocks with

closely associated plutonic masses of ultrabasic, basic and acid cornpositions. The conspicuous

quantity of basaltic to andesitic volcanites in the supracrustal sequences, taken together wIth

Iheir deformed and metamorphosed condition, ranging in grade from lower greenschist to

almandine amphibolites facies, has led to the familiar use of the terms greenschist and

greenstone in descriptions of the stratigraphy of various districts ( Strand, 1960 ). It is

generally recognized that the massive sulphide mineralization have close genetic relationship to

ine volcanic rocks with which they are associated ( Vokes, 1973 ). The stratigraphic sequence

hosting the massive sulphide mineralization has been proposed to be chiefly of Ordovician age

Halls, et. al., 1977 ). However, the windows of the underlying Precambrian basement have

produced the segmentation of the allochthon on which the division into separate districts is

broadly based. It is clear that the separate districts that comprise the Ordovician massive

sulphide mineralization lie at a broadly comparable structural level in the Caledonian

allochthon of the Scandinavian peninsula, but there are significant differences in the

paleotectonic environments, the stratigraphy and metamorphic grade of the host rocks from

district to district. The genetic process that relates to the ores and host rocks has been masked

by the effects of metamorphic recrystallization and polyphase deformation, which affected both

1
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ores and host rocks during the process of allochthonous tectonic emplacement consequent upon

collision of the Scandinavian and Lauzentian craton during Middle Silurian times.

The Grong-stekenjøkk district is located in the central Scandinavian Caledonides in where

some of important massive sulphide deposits have been well known to occur in the metavolcano-

stratigraphic sequences belonging to the Koli structural level of the Upper Allochthon, the

Upper structural unit of the Seve-Koli Nappe in the central Scandinavian Caledonides,

representatives of them being Skorovas, Gjersvik, Joma, and Stekenjokk (Fig.1.2).

The Gjersvik and Skorovas ore deposits can be comparative in stratigraphic sequence and

geology of the ore bodies. They are both located within a thick metavolcanic succession of the

greenstones plus subordinate metafelsic volcanic rocks in the Gjersvik Nappe defined by Halls

et. al., (1977). The Skorovas orebody, situated in the south of the Gjersvik Nappe, is the

biggest one of a series of the massive Cu-Zn sulphide mineralization known so far in the area.

The deposit consists of approximately 10 m.t. of massive and disseminated predominantly

pyritic ore with an approximate average grade of 1.3 % Zn and 1.0 % Cu, together with trace

amounts of Pb, As and Ag. Sufficiently detaHed studies in regionally geological setting and

geology of the ore body were carried out by Halls, et. al., (1977) and by Reinsbakken ( 1980 ).

The Gjersvik ore deposit, located in the northern part of the Gjersvik Nappe, consists of

approximately 1.6 m. 1. of ores with an average of 31 % S, 1.6 % Cu and 0.9 % Zn with very

few amounts of Pb and precious metals.

Geographically, the Gjersvik area is situated in north and northwest of the Limingen Lake,

northeastern part of the Grong district of the Nord-Trøndelag in central Norway. The Gjersvik

ore deposit as one of the most potentially economic value in this area is located in the northern

shore of the Limingen Lake, about 800 m east of the cross-road at the Gjersvik vHlage, along

the Gjersvik-Røyryik road.

Geologically, the Gjersvik massive Cu-Zn sulphide ore body lies in a thick, bimodal

metamorphosed volcanic succession, taken together with closely associated intrusive masses.

The metavolcanites consist predominantly of the greenstones of tholeiitic composition plus

subordinate keratophyric pyroclastic rocks of rhyolitic composition. The massive sulphide

2
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mineralization are spatially associated mainly with the metafelsic, Na-rich, keratophyric

pyroclastic cornplexes. The small iron-rich, exhalative chert are extensively present within

the metavolcanic succession. The intrusive rocks associated closely with the metavolcanic

succession comprise coarse-grained metatrondhjemite, fine-grained porphyritic

metatrondhjemile and metagabbro.

1.2 Previous Research History

The Gjersvik deposit was discovered early in this century and was already planned for

production as early as 1920s. However, it was never set into production because of disputes

between the foreign shareholders and the Norwegian government. At present, remnants of the

early elected workshops and offices can be seen along the Limingen Lake shore, near the

entrance to the main exploration positions beneath the western limb of the ore horizon.

Early exploration of the deposit started with some preliminary drilling in 1912, and the ore

reserves were first calculated by Steinar Foslie (1926) to be c. 1.4 m.t. The reserves have

further been treated by Oftedahl (1958) and Pettersen (1972), respectively, to be c. 1.6 m.t.

of ores ( massive and disseminated ) with an average of 31 % S, 1.6 % Cu and 0.9 % Zn with

very few amounts of Pb and precious metals based on later complement drilling during the late

1950's and early 1960's.

Features of the major structural and stratigraphic units of the Gjersvik area were originally

described by Steinar Foslie through the regional geological mapping work during the 1920s and

1930's. This work was published later by the Geological Survey of Norway in a series of

1:100000 map-sheets and synthesized by Oftedahl (1956) and Foslie & Strand (1956). More

recent regional studies in geology, structure and lithology in the Grong-Gjersvik district were

contributed by several authors ( Halls et al., 1977; Kollung, 1979; and Lutro, 1977, 1979 ).

Of them the detailed mapping on the scale of 1:50000 map-sheet in the Gjersvik area completed

by Lutro in 1977 has been served as a basis for present detailed mapping and investigation of

geology and ore deposits. The area around the Gjersvik orebody was mapped on the scale of

1:5,000 by Mellin ( 1979 ). The geological setting and genesis of the Gjersvik deposit were

further discussed by Lutro ( 1979 ), Mellin ( 1979 ), Reinsbakken ( 1980 ) and Stephens &

Reinsbakken ( 1981, 1986 ).

3



1.3 Outline of the present project

The present project was carried out while the author was in possession of a two year post-

doctoral fellowship from N.T.N.F. (Royal Norwegian Council for Scientific and Industrial

Research) from October 1, 1989 to December 31, 1991. The project was coorparatively

organized by Department of Geology and Mineral Resources Engineering, University of

Trondheim-Norwegian Institute of Technology, and Grong Gruber A/S, and was funded jointly by

N.T.N.F., and Grong Gruber A/S. The research team consist mainly of Professor F. M. Vokes, Mr.

A. Reinsbakken and Dr. Sun Haitian. The main aims of the project are to study the paleotectonic

setting, volcanostratioraphic sequence, meta-igneous lithologies and geochemistry, and to study

geological features of the ore bodies, structure and texture of the ores, ore compositions (

chemistry and mineralogy ), zoning, alteration and origin of the deposits, and to study

relationship between volcanic processes and formation of the deposits, as well as to establish the

advantageous targets for further evaluatbn and explosion of the massive base metal sulphide

deposits in the Gjersvik area.

In order to estabHsh the geological and stratigraphic relationship between meta-intrusive

and meta-extrusive rocks as well as metafelsic and metamafic volcanic rocks and to investigate

a potentiafity finding of new massive sulphide bodies, the detalling surface mapping on the scale

of 1:5,000 was carried out in the Gjersvikklumpen-Royrvatnet area about 18 kilometers

souares, located in the west of the Limigen Lake and the northeast of the Royrvalnet Lake in the

Gjersvik area. Two sheets of the geological map in the area were finished, which spent a total of

nine weeks from 19th June to 24th August, 1990. However, it should be emphasized that

complete mapping of the area was impossible due to the heavy cover and lack of good outcrop

exposures on the surface in some places. Further regional surface mapping work on the scale of

1:20,000, combined with some detailing mapping of 1:5,000, was taken in the Gjersvik area in

th,e summer from June to August of 1991 by Sun Haitian, Reinsbakken and Vokes. In addition,

the drill hole #4 about 370 m in depth within the mapping area was logged.

A series of sarnples representative of different types of the rocks and the ores were collected

from the massive sulphide orebodies, alteration zones, metavolcanic and meta-intrusive rocks

4



in the mapping area and in the regional district. Among them, a total of 74 full silicate chemical

analyses and trace elements analyses was performed on different types of the meta-intrusive

and meta-extrusive rocks collected mostly from the surf ace and a few from drill hole. 8

specimen representative of different types of the altered rocks from the Gjersvik felsic complex

were selected to make a full silicate chemical analyses and trace element analysis in order to

study the alteration zoning. A total of 117 thin sections, 27 polished thin sections, and 26

polished sections have been determined, which they include mostly essential types of the rocks

and the ores occurring within the Gjersvik intro-oceanic rifting volcanic arc. 14 specimen of

the massive sulphide ores and 11 of the alteration zones were selected to make analysis in major

ore metal elements such as Cu, Zn, Pb and Fe as well as precious element Ag, among which most

of the ores and all of the altered samples were collected from the Gjersvik orebody, some of the

ores being from exposure of the massive sulphide mineralization in the regional area.

During work of the research project, a series of the results related to the project was

delivered to the Grong Gruber A\S. They include:

I Informal geological maps which cover the surface mapped area

5 sheets on the scale of 1:5,000 ( Gjersvikruet DP 159-5-3, Vester-Gjersvikseteren

DP 159-5-1, Gjersvik DP 160-5-3, Bjørkvatnet DO 160-5-4 and part of Kirma

Dp 160-5-1, )

1 sheet on scale of 1:20,000 in the Gjersvik area.

II Reports

Brief Summary of Mapping Work in The Gjersvikklumpen-Røyrvatnet Area

of the Gjersvik, 1990

Brief Summary for The Core Logging Bh 4, at RORVATN, in Gjersvik Area

Final Report
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Section 2: Regional Geology

2.1 Regional geological setting

Thrust-emplaced terrains constitute the major structural styles of the central Scandinavian

Caledonides shown in Figure 2.1. The Caledonian orogeny was proposed to have experienced one

complete orogenic cycle, a so-called Wilson Cycle ( Vokes, 1986 ). The events of the Caledonian

cycle began in Vendian times ( about 700 Ma ago ) with marine transgression over the

peneplaned surface of the Fennoscandian Shield and lasted until the end of the main period of

Caledonian nappe development of allochthonous tectonic emplacement in the Late Silurian to

Devonian time. Platformal and moigeosynclinal components of the Baltoscandian margin to the

Baltica later Proterozoic-Silurian continent occur within the autochthonous cover sediments

and within the thrust sheets of the Lower and Middle Allochthons consisting of the transported

slabs of Proterozoic crystalline basement and Upper Proterozoic to Silurian sedimentary cover

rocks. The overlying Seve Nappes ( Upper Allochthon ) are thought to have been derived from

the rifted edge of Baltica and represent a continent-ocean transition zone. The higher thrust

sheets, occurring in the Koli Nappes ( Upper Allochthon ) and Uppermost Allochthon, are far-

transported slices of volcanic, intrusive and sedimentary rocks of ocean-floor, rifted arc, auter-

arc basin, and back-arc marginal basin infill association, as well as ensialic fragments with

abundant Lower Palaeozoic intrusions ( Stephens, 1986 ). The Uppermost Allochthon was

emphased to have a pre-tectonic spalial association with a western continent of the

moigeosynclinal components, possible Laurentia ( Stephen et. al 1985 ).

The Gjersvik deposit is one of the chief stratiform massive base-metal sulphide deposits

within the allochthonous meta-volcanic greenstone belt of the central Norwegian Caledonides.

Existing knowledge of the major structural and stratigraphic units of the Grong-Stekenjokk

district indicate that the stratigraphic sequences containing the volcanogenic massive sulphide

mineraHzation belong to the Koli Nappe, which is a structural unit of the Seve-Koli Nappe

complex. Four divisions of the second-order tectonic units within the Koli level have been

distinguished by HaNs, et. al., (1977), which is shown in FiguR 2.1. The first and upper-most

of these is the Gjersvik Nappe, within which lie the Skorovas (Sk) and Gjersvik (Gj) ore

bodies. Below this lies the Leipik Nappe, within which the Joma orebody (Jo) must occurs.
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Below this lies the Gelvernokko Nappe and, finally, the lower Koli Nappe unit, within which are

situated the Stekenjokk orebodies (St). The contact between the second-order tectonic units are

dominated by thrusts and are taken, for the most part, to follow stratigraphic boundaries.

The present term, Gjersvik Nappe, has been defined by Halls et. al.(1977), which was

suggested to use the name of the Limingen Nappe by Kollung (1979). It is structurally overlain

and thrust to the west by the Helgeland Nappe ( Ramberg, 1967 ) or the Helgeland Nappe

Complex ( Gustavson, 1975 ) consisting of a high-grade metamorphic sequences, which is of

Cambrian age or older, which belongs to the Uppermost Allochthon. To the east, the Gjersvik

Nappe is tectonic in contact with the Royrvik Group of the Leipik Nappe consisting of

intercalated layers of greenstone, quartzitic phyllite and graphitic phyllite, which is directly

separated to the west from the overlying metasedimentary succession of the Limingen Group of

the Gjersvik Nappe by major thrust ( Halls et. al., 1977; Odling, 1986 ).

The Gjersvik Nappe has been subdivided into two groups by Halls et. al. (1977) and Lutro

(1979), the Limingen Group, comprising predominantly a thick sequence of melasedimentary

rocks of polymictic conglomerates and flysch-like sediments, and the Gjersvik Group, composed

of meta-volcanic succession dominated by the greenstones of tholeiitic composition plus

subordinate keratophyric pyroclastic rocks of rhyolitic composition, taken together with

closely associated plutonic masses of trondhjemite with minor amounts of gabbro. The

relationship between the Gjersvik and the Limingen Groups used to be proposed as a thrust

contact by Foslie & Strand ( 1956 ) and Oftedahl ( 1956 ). In recent years, however, geological

investigations have shown that the boundary between the two Groups is very probably of a

primary nature ( Halls, et. al., 1977; Lutro, 1979 ). The evidence is that the debris within the

conglomerates in the Limingen Group can be matched directly with the magmatic complexes, i.e.

trondhjemite, keratophyric pyroclastic complexes and greenstones of the Gjersvik Group. The

Limingen Group has, thus, been interpreted as being stratigraphically younger than the

Gjersvik Group and the sequence in the Gjersvik Nappe has been considered to be generally

inverted. The relationship of the eruptive and sedimentary units in the Giersvik Nappe can be

interpreted in terms of the evolution of an ensimatic island arc which underwent uplift and

erosion prior to emplacement on the Fennoseandian basement during the climatic stages of

coflision tectonism of the Caledonian orogeny in Silurian times ( Halls, et. al., 1977 ).
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Structural and stratigraphic correlations in chronology are made difficult by the structural

complexity, by the sparsity of fossil remains and by the penetrative effects of tectonic

deformation and regional metamorphism. Sufficiently detailed studies, however, based on the

comparison of stratigraphy and structure in regional scale have made possible to support the

age of the massive sulphide orebodies and their host stratigraphic sequences. The metavolcanic

greenstones of the Gjersvik Group and of the Røyrvik Group, which host respectively the

Gjersvik and Skorovas ore deposits as well as the Joma ore body, have generally been assumed to

be Early to Middle Ordovician ( Gale & Roberts 1974; Halls et. al. 1977; and Reinsbakken

1986 ). Further more, they were chronologically proposed by Gale and Pearce (1982) that the

greenstone hosting the Joma orebody is stratigraphically younger than that containing the

Gjersvik and the Skorovas ore deposits. The Stekenjokk ore deposits were cited by the faunal

fossil evidence to be a lower Silurian age ( Zachrisson, 1971).

ln recent years, some isotopic dating from the intrusive plutons associated closely with the

Gjersvik volcanic arc made it possible to evaluate age of the magmatic complexes. Two U-Pb

zircon ages of 483 +/- 4 Ma ana 456 +/- 2 Ma have been produced respectively from a

foliated concordant trondhjemite body al the north of the Bjørvatnet about 2 km in the northern

part of the Gjersvik Group by Kullerud et. al., ( 1988 ) and from the Moklevatnet granodiorite

in the most southern part of the Gjersvik metavolcanic complex by Roberts and Tucker ( 1991

). As the present state of knowledge, sufficient geological evidences have demonstrated that the

Moklevatnet granodiorite has been proposed to be lectonostratigraphically highest part of and

the youngest major pluton within the Gjersvik Nappe, and its crystallization age ( 456 +/- 2

Ma ) can also be regarded as a maximum age for the oldest sediments of the unconformable

overlying Limingen Group ( Roberts and Tucker, 1991 ), while the 483 Ma trondhjemite is

closely associated with the dark greenstone that has evidently proposed to be stratigraphically

lower part of the Gjersvik metavolcanic succession on the basis of the detailing surface

mapping. Thus, absolute dating have further confirmed the geological conclusion thal age of the

Gjersvik magmatic complex is most probably early to middle Ordovician. Meanwhile, they also

contribute a considerable evidence that magmatic activity of the Gjersvik Nappe covered a time

span of, at least, 25 to 30 million years. A previous Rb-Sr dating for the plutons, using 3

granodiorite samples together with one sample of assumed cogenetic gabbro yielded an isochron
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age of 433 +/- 1 Ma, which was interpreted as probably representing a deformational and low-

grade metamorphic event ( Raheim et. al., 1979 ).

2.2 Stratigraphic sequence of the Gjersvik Group

The present discussion is based on the surface mapping on the scale of 1:5,000 in the

Royrvetnet-Gjersvikklumpen area and on the scale of 1:20,000 in the Gjersvik area ( Fig. 2.2

), carried jointly out by the research team of Department of Geology and Mineral Resources

Engineering, NTH., and Grong Gruber A\S during 1990 - 1991. The attention will focus on the

metavolcanic succession rather than the metasediments of the Limingen Group. This was

designed to re-examine the major structural and lithologic boundaries within the plutonic to

volcanic sequence, to build up further stratigraphic successions, to establish relationship

between meta-volcanic successions, between plutonic and eruptive rocks, and between

lithologies and sulphide mineralization of the Gjersvik Group, and to make, as far as possible, a

further interpretion of geology and paleolectonic environments as an extent of Foslie, Oftedahl

and Lutro since they have affected the Gjersvik area.

The Gjersvik Group is mainly made up of a metamagmatic complex, which was previous!y

called the Gjersvik Nappe ( Oftedahl 1956, Foslie & Strand 1956 ) and the Skorovass

Greenstone ( Oftedahl 1974 ), but has been refined as a group, the Gjersvik Group ( Halls et al.

1977; Lutro 1979 ). Outcrop of the suocession from the Skorovas to the Gjersvik area is over a

strike length of approximateiy 80 km along N.N.E. - S.S.W., with the widest up to about 20 km

in the south, but thins out so quick from the Gjersvik village towards the north so as to becorne

only about 100 m wide at the western part of the Sorvatnet in the north ( Fig. 2.1 ). The

stratigraphic trend is roughly along the N.N.E. - S.S.W.

The succession of the Gjersvik Group was originally subdivided into three Formations (

Lutro, 1979 ) or into four major units ( Reinsbakken, 1981 ). Due to the structural

complexity and the penetrative effects of tectonics during regional deformation and

metamorphism, contact between the meta-extrusive successions and between the meta-

extrusive and meta-intrusive rocks are almost tectonic. This makes it difficult to recognize the

original relationship for diff erent geological bodies. On the basis of the detailing mapping,

9
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however, some geological features such as metamorphic grade, lithologies, rock associations,

geochemistry of the rocks and relationship between rock-types and sulphide mineralization can

be cornprehensively used in determinating the stratigraphic succession. Present work by the

author suggests that the metavolcanic succession of the Gjersvik Group is subdivided into two

major Formations and several units:

Bjorkvatnet Formation: ( oldest unit, including Kleiva and Bjorkvassklumpen formations of

Lutro, 1979 ), cornprising mainly massive amphibolites

Gjersvik Formation: which can be subdivided into three units:

Unit 1, ( older unit ) dark greenstones, consisfing largely of massive, schistose and pillowed

biotite-, stilpnomelane-,epidote-bearing and chlorific greenstones.

Una 2, keratophyritic pyroclastic complexes, massive sulphide mineralization and exhalative

sediments.

Unit 3, ( youngest unit ) pale greenstone.

Relations of the stratigraphic successions in the Gjersvik Group are schematically shown in

the Figure 2.3.

Bjorkvatnet Formation: This Formation extending in a NE-SW direction is located in

the west of the Bjorvatnet lake and occurs at the highest westernmost level of the Gjersvik

Nappe directly beneath the high-grade metamorphic Helgeland Nappe Complex, which

corresponds to the Kleiva and Bjorkvassklumpen Formations of Lutro ( 1979 ). The Formation

is tectonicaly overthrust to the west by the Helgeland Nappe Complex and is structuraly in

direct contact to the east with the greenstones of the Gjersvik Formation. 11 consists

predominantly of dark, massive and banded amphibolites plus small fine-grained actinolite

schists of metamorphosed grade up to amphibolite-greenschist facies, which is different from

and distinct to the Gjersvik Formation the lower greenschist facies. Near the boundary to the
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stilpnomelane-, biotite-, epidote-bearing and
chloritic greenstone characterized by massive
basaltic flow, breccia, tuff and pillowed lava,
which were intruded by trondhjemite and gabbro
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Fig 2.3 Schernatic volcanostraticraphiz colurnn of the Gjersvik Group and its stratigraphic
relationship to Helgeland Nappe and LinnigenGroup ( not to scale )



Gjersvik Formations, the greenstone often becomes intensively schistose and steeply dipping,

generally varying 60 - 80 degrees because of the extensively tectonic compression, and the

greenstone also freguently occur as tectonic thin layers about several meters thick within the

massive amphibolite body. It is obvious that a compressive tectonic belt exists between the

Bjervatnet and Gjersvik Formations and the massive amphiboHte mass appears to thrust

directly on the greenstone of the Gjersvik Formation.

The massive amphibolite comprises largely amphiboIe with minor albite, actinolite, chlorite

and epidote. Amphibole is generally anhedron, bIue-greenish in colour with associating two good

cleavages at angle of the amphibole in the thin section. The amphibole is often strongly oriented

aIong the schistosity. The actinolite schist consists predominantly of actinolite pIus small

amounts of chlorite and epidote. Sometimes, the disseminated sulphide mineraHzation associated

with hydrothermal alterations are present as bands within the amphibolite succession.

Occasionally, closely-packed pillow structure and thin magnetite bands or iron formation attest

to the submarine origin of at least some of the amphibolites and actinolites. The amphibolites

are intruded by gabbro-diorite complexes. Some petrochemical data show that the massive

amphibolites have a MORB affinity, which is thought as the remnant of an ocean-floor based on

which the Gjersvik volcanic arc was built ( Reinsbakken, 1981 ). The Bjerkvatnet Forrnation

is, thus, interpreted stratigraphically as the oldest unit of the Gjersvik Group.

Gjersvik Formation: This formation occurs in the major, eastern part of the Gjersvik

Group and is initially in contact to the east with the metasedimentary succession of the Limingen

Group. 11 lies structurally below and is generally sharp in contact to the western, older

stratigraphic unit of the Bjorkvalnet Formation ( Fig. 2.2 ).

The formation consists predominantly of a thick bimodal meta-volcanic suite in association

with the plutonic infrastructures, which constitutes the Gjersvik volcanic arc. The bimodal

feature is very obvious in both of the eruptive and intrusive complexes which are composed

mainly of basic and acidic but essentially lack intermediate rocks ( Fig. 2.4 ). The metavolcanic

rocks are composed mainly of the tholeiitic greenstones and the keratophyric pyroclastic

complexes of rhyolitic composition, while the meta-intrusive rocks comprise the trondhjemite

and gabbro. No typical andesite and diorite have so far been found to occur within the Gjersvik
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Formation. It should be, however, emphasized that the metavolcanic rocks are dominated by the

mafic metavoIcanic greenstones plus minor amounts of the feIsic keratophyric pyroclastic

complexes. On the basis of the detailing surface mapping work, it is reasonable to make a

fundamental estimation that the mafic metavolcanic rocks occupy at least two thirds of the total

volcanic discharge even though it is, in fact, difficult to describe exactly propertion between the

two. In contrast with this, the plutonic infrastructures are dominated by the trondhjemile in

comparison to the gabbro.

The meta-volcanostratigraphic succession of the Gjersvik Formation has been proposed to be

subdivided into three units: older unit of the dark greenstone, younger unit of the keratophyric

pyroclastic rock, and youngest unit of the pale greenstone. The evidences for this subdivision

result from that (1) these three stratigraphic unils have a considerable scale for each one in

their occurrences and distributions, and they can be apparently distinctive and separated to each

other in a series of features in the field. The keratophyric pyroclastic complexes are pale to

white in colour, very fine-grained, massive, very hard and compact, slight magnetic, and

consist predominantly of acid volcanic lava, pyroclast, tuff and small dykes or sins that are

generally clear in contact with the greenstones. The dark greenstone is generally dark green,

massive or schistose, strong to slight magnetic, well developed pillowed in structure and

associated in places with some special mineral assemblages such as blotite and stilpnomelane,

while the pale greenstone is characterized by pale green colour, massive to schistose, and

poorly developed pillowed structures, no-magnetism, carbonate-rich, and some distinct

mineral assemblage such as actinolite; (2) contact between dark greenstone and pale greenstone

is sharp but original, for the exhalative sediments often occur conformably just in junction

between the two greenstones. More importantly, the dark and pale greenstones can be distinctly

distinguished in geochemical properties, especiany in trace element geochemistry, seeing

discussion later; (3) the exhalative sedimentary horizon, such as magnetite-rich chert, related

in some ways to an episode of the felsic volcanic activities occurring between the tholentic

basalts at two stages occurs extensively between the dark and pale greenstone successions,

which become a very useful stratigraphic mark: (4) The keratophyric pyroclastic complexes

occur mainly between the dark and paIe greenstones or are associated predominantly with the

dark greenstone but very few with the pale greenstone. This reIation appears to display the

keratophyric pyroclastic rock was formed later than the dark greenstone but earlier than the
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pale greenstone. Thus, the keratophyric pyroclastic complexes have been interpreted to be

related mainly to an episode of felsic magmatic activities between the basaltic magma processes

at two stages; and (5) The hydrothermal alterations and sulphide mineralization are mainly

associated with the keratophyric pyroclastic complexes or extensely occur within the dark

greenstone but very few in the pale greenstone. fl is evidently proposed that the major sulphide

mineralization, including the mineralization within the dark greenstone, are predominantly

related to an episode of the felsic volcanic processes between the basaltic magma processes at

two stages.

These subdivided stratigraph c units will be described below in order from older to youngest

one.

Unit 1: dark greenstone

The dark greenstone extends along N.N.E. - S.S.W. trend in strike and occupies in the most

part of the metavolcanic rocks of the Gjersvik Formation ( Fig. 2.2 ). It is generally

characterized by dark green in coior, Fe-rich, slight to strong magnetic property and massive

to variable schistosity as well as deveioped pillowed structures in hand specimen and in the field

outcrops. The magnetic property associated with the dark greenstone had been used as one of the

most characteristic indications distinct from the pale greenstone during the surface mapping

work. The experience of the mapping indicates that it can be confirmed as a subtype of the dark

greenstone when the greenstone is associated with a lesting magnetism with the magnet bar in

the field outcrops, while the pale greenstone and the dark, altered greenstone are certainly not

of magnetism. The dark greenstones are also extensively associated with some typical volcanic

structures such as massive, pillowed, amygdaloidal and fragmental structures (Fig. 2.5, 2.6,

2.7), which appear to indicate that they were originally deposited as pyroclastic breccias and

tuff, pillowed lava and massive flows. The pillowed structure indicates a submarine volcanic

environment ( Wilson 1960; MacDonald 1968 ). The amygdales are round in shape, and

generally vary between 0.5 - 2 mm but occasionally up to 5 - 10 mm in diameter. They consist

predominantly of epidote or epidote quartz + carbonate assemblage, and are over in places 10

vol.% such as the dark greenstone revealed by the drilling core No.4. This feature appears to be

important in determining the paleo-sedimentary environment because the study of a modern
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bimodal volcanic activity in back-arc rifting environment has indicated that basalts associated

with 15-35% vesicles 0.25-5mm in diameter were erupted in depths of 1500-2500 m (

Hochstaedter et. al. 1990 ) or the samples of basalts contain 10-50% vesicles, 1-10 mm in

size despite an eruption depth of 2000 m ( Urabe et.al. 1990 ).

On the basis of the main rock-forming mineral assemblages, several subtypes of the dark

greenstone, i.e. stilpnomelane-, biotite-, epidote-bearing and chloritic greenstones, can be

distinguished. The stilpnomelane- and biolite-bearing greenstones only occur locally in the

dark greenstone succession and are mainly restricted in the vicinity of, especially in the

eastern part of the major N.N.E. - S.S.W. trend fault although they were occasionally found in

other places. The stilpnomelane- and biotite-bearing greenstones are characterized by more

dark colour, massive to slight schistose structure and strong magnetism. The epidote is

sometimes associated with this kind of the greenstone. The massive biotite- and stilpnomelane-

bearing greenstone is generally not associated with pillowed, amygdoloidal and pyroclastic

structure although the pillowed structure does occur in some places, for instance in the western

shore of the Limingen lake. The presence of biotite and stHpnomelane in the dark greenstone has

been interpreted mainly as a product of metamorphism in relation to the major fault

deformation in the area. The evidences result from that (1) the stilpnomelane- and biotite-

bearing greenstone are only present in local places in where they tend to be closely associated

with the major faults; (2) the stilpnomelane and biotite occur not only in the greenstone, but

also in the felsic pyroclastic complexes when they represent; and (3) study of the microscope

indicates that the stilpnomelane crystal cut aH of other rock-forming minerals constituting the

greenstone and metafelsic volcanic rocks, which shows they are of the latest product of the

mineral growth.

The epidote-bearing and chloritic greenstones are major subtypes of the dark greenstone.

They are characterized by variable schistosity and apparently pillowed structure, which

indicale a nature of the basallic breccias, tuff and pillowed lava. The pillowed horizon appears,

sometimes, to constitute the continue bells in occurrence, which often occur in near boundary to

or are in contact with the pale greenstone. The pillowed dark greenstone belt is often associated

with the keratophyric pyroclastic complexes and with the exhalative sediments. For example,

the most important pillowed greenstone belt is mainly distributed along NE-SW trend in the
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west of the trondhjemite complex iocated in the south of Bjorkvatnet, via area surrounding the

Bjorkvatnet, towards the north, extending about 7 km long with varying from several tens to

hundreds meters in thickness. The horizon consists of thick, compact pillowed greenstone plus

together some amygdaloidal and pyroclastic greenstone. This pillowed greenstone belt is directly

in contact to the east with the pale greenstone, which is often separated by the distal exhalative

sedimentary chert and magnetite layers.

Unit 2: keratophyric pyroclastic complexes and exhalative sediments

Keratophyric pyroclastic complexes

The keratophyric pyroclastic complexes are an important type of the metavolcanic rocks

constituting the Gjersvik volcanic arc although they are subordinate in volume in comparison

with the greenstone. They are extensively scattered throughout the metavolcanic pHe and are

characterized by irregular morphologies and variable sizes in occurrence ( Fig.2.2 ) as rather

thin dikes or small complexes ranging generally from several to a few tens, occasionally to

hundreds of meters in thickness, and from tens to hundreds or thousand meters in length. The

keratophyric pyroclastic complexes are light grey or brown in color, massive or lightly

schistory in structure, very fine-grained. very hard and compact and slight magnetism.

According to lithologic association and occurrence, they can be subdivided into two groups.

One is these being massive, homogeneous. very hard and fine-grained, small in size several to

tens meters wide, tens to hundreds meters long. and occurring as dykes or sills ( Fig. 2.8 );

Another is those occurring as the keratophyric pyroclastic complexes in relative larger scales

consisting mainly ot metafelsic pyroclastic rocks, mostly representative of recrystallized felsic

pyroclastic rocks and tuff. For examp;e, the biggest keratophyric pyroclastic complex in the

Gjersvik area, located in the south of Bjorkvatnet, about 1800 m in length with varying 400 to

700 m wide, extending along NE - SW on the surface exposure, is apparently characteristic of

the volcanic fragmental structure, and the felsic complexes associated with massive sulphide

orebodies are also composed mainly of the keratophyric pyroclastic complexes such as the

Gjersvik, Tjiermerjaevrieh and Annlifjellet ( Fig. 2.2 ). This kind of the pyroclastic

complexes consists of the felsic volcanic fragments, generally angular to subangular, about
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several mm to tens cm in size, setting in the matrix of felsic tuff ( Fig. 2.9 ). It seems

reasonable to suppose that the felsic dykes or sills probably represent a sub-volcanic phase of

the extrusive pyroclastic complexes. What is important is that the massive sulphide deposits to

have so far been found in the Gjersvik area are predominantly associated with the extrusive,

keratophyric, pyroclastic complexes rather than the sills or dykes.

Exhalative sediments

The exhalative sediments consisting predominantly of thin, pyritic chert and magnetite-rich

pyritic chert have been recognized to occur extensively within the greenstone succession,

within which they have been found to distribute mainly either within dark, pillowed greenstone

( Fig. 2.10 ) or in ( or near ) junction between dark and pale greenstones ( Fig. 2.11, 2.12 ).

Some of them can be evidently traced in connection with a volcanic episode of the keratophyric

pyroclastic eruption occurring between two major basic magmatic activities of dark and pale

greenstones during construction of the Gjersvik volcanic arc. For example, the thin exhalative

pyritic chert and magnetile-rich pyritic chert extensively occur within the dark, pillowed

greenstone or in boundary between the dark and the pale greenstone in the vicinity in the south

and southeast of the biggest felsic pyroclastic complex in the south of the Bjorkvalnet Lake.

Meanwhile, the proximal exhalative sedimentary massive sulphides and magnetite-rich cherts

have also been recognized to be d•rectly associated with the felsic pyroclastic complex and to

occur between the felsic complex and the greenstone exposed in the southern shore of the

Ejorkvatnet Lake. The proximal exhalative sediments within the greenstone can be traced as a

lateral extension of the exhalative horizon of the massive sulphides and magnetite-rich cherts

associated with the felsic pyroclastic complex.

The exhalative sediments seem to be mainly concentrated in two bells that are consistent with

the distribution of the pillowed greenstone belts, even though they do also occur in other places

outside these two belts. One belt is concentrated in the area from vicinity of the Sorvatnet, via

the Bjorkvatnet extending towards the NE direction, another in the western shore of the

Limingen Lake. The former occur mainly within the dark, pillowed greenstone or between dark

and pale greenstones, while the latter are largely associated with the pale, pillowed greenstone

or in junction between dark and pale greenstone. The exhalative sedimentary layers are thin,

1 6
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generally less one meter but in places up to several meters thick, sheet-like or lens-like, very

regular or folded, and completely concordant with their country rocks of the meta-volcanic

succession. They can be in places discontinuously followed several hundred meters along an

identifical stratigraphic horizon either within the dark, pillowed greenstone such as in the

western shore of the Limingen Lake and vicinity of the Sorvatnet Lake, or in boundary between

dark and pale greenstones such as in the south of the Bjørtvatnet Lake and in the northwest of

the Gjersvik Lake.

Unit 3: pale greenstone

The pale greenstone with a N.E. - S.W. trend occurs mainly in the northwestern and

southeastern parts of the area, respectively ( Fig. 2.2 ). In the southeast, especially in the east

of the Tunnsjoen Lake, the pale greenstone comes in direct contact to the east with the Limingen

Group and is overlain to the west by the dark greenstone. The pale greenstone is mainly paIe

green in color, massive to variably schistose in structure, porphyritic in texture, Fe-poor and

no magnetism, and carbonate-rich. Pillowed and fragmental structures are relatively poorly

associated with the pale greenstone in comparison with the dark greenstone although they do

occur in places. However, a belt with a good pillowed structures is present in the western shore

of the Limingen Lake, within which the pale, pillowed greenstone is often associated with

exhalative sediments. This belt is in contact to the west with the dark greenstone. It appears that

the pale greenstone occurs dominantly as a massive basaltic flow.

The greenstones distributing in the areas both of the southeast and the northwest of the

Bjorvatnet used to be considered as a subtype of the dark greenstone in the map on the scale of

1:50,000 by Lutro (1979), but they have been classified into the pale greenstones based on the

surface mapping in combination with their geochemical natures. These greenstones are

characterized by moderate green, varying, from slight to strong magnetism, very developed

pillowed structure, associating with altered vein and disseminated sulphide mineralization, and

very significant chemical compositions, including major and trace elements, which these

features are consistent with the dark greenstone, but different and distinct from the pale

greenstone. In addition, the exhalative sediments which were found often to occur between the

dark and pale greenstones and within the p'illowed greenstone in these area have been considered
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as one of the important stratigraphic market separating the dark and pale greenstones.

In comparison with the dark greenstone, only few felsic rocks have been found to be

associated with the pale greenstone. This phenomena has also been proposed as an evidence that

the pale greenstone was originally deposited later than the felsic volcanic processes. The

primary contact between the dark and pale greenstones has in places been well observed when

the exhalative sedimentary horizon occurs between them although this contact relationship is

not always clear due to the tectonic affection. In the northwest of the Gjersvika Lake about 1400

m, for instance, there is a very good outcrop that displays a rather clear stratigraphic

relationship among the exhalative horizon, dark and pale greenstones. The exhalative magnetite-

rich chert, about 50 m long and varying 0.5 to 3 m thick, occurs conformably just in the

junction between the dark, magnetite-rich greenstone ( hanging wall ) and the pale, no-

magnetism greenstone ( footwall ) ( Fig. 2.12 ). More significantly, the dark and pale

greenstones occurring directly in each side of the exhalative sedimentary horizon, respectively,

are very different and distinct to each other in the chemical compositions of major and trace

elements. The magnelite-rich chert layer has been interpreted to be related to an episode of

felsic volcanic activity occurring between the periods of two tholehtic magmatic processes, the

dark and pale greenstones being their metamorphosed equivalents, respectively. This kind of

contact relationship among the dark, pale greenstones and exhalative sediments, in which the

dark and pale greenstones are very characteristic and distinct in chernical compositions, was

also observed on the outcrops in the southeast of the Bjorkvatnet.

2.3 Plutonic infrastructures within the Gjersvik volcanic arc

Metavolcanic stratigraphic sequence of the Gjersvik Formation was intruded by a series of

plutonic infrastructure. The intrusives are also characterized by bimodal compositions, which

can be correspond with the metavolcanic rocks within the Gjersvik volcanic arc. Three different

types of the intrusive rocks have been recognized: metagabbro, coarse-grained

metatrondhjemite and middle to fine-grained porphyritic metatrondhjemite. The gabbro and

trondhjemite have been considered, respectively, to form the roots of contempeous, submarine

volcanic sequences of tholeiitic and rhyolitic compositions.
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ln fact, the trondhjemite and gabbro are often closely associated spatially together and

constitute the bimodal intrusive complexes ( Fig. 2.2 ). lt should be emphased, however, that

contact between the trondhjemite and gabbro within the intrusive complexes is generally not

clear but transitional. Enclusions of the gabbro, on the one hand, have locally been found to

occur within coarse-grained trondhjemite as sub-angle to sub-round blocks varying from

several centimeters to meters in size ( Fig. 2.13 ), and some of them still remain the resorted

rims ( Fig. 2.14 ). The trondhjemites, on the other hand, occur sometimes within the gabbro as

bands or lenses ( Fig. 2.15 ). This phenomenon has been considered as two possibilities: One is

that the gabbro blocks occur as xenoliths within the trondhjemite which indicates that intrusion

of the trondhjemite is later than that of the gabbro; Another, most possibly, is that enclusions of

the gabbro represent the remains of partial melting producing trondhjemite magma in gabbro

or basaltic sources and that the intrusive complexes consisting of trondhjemite and gabbro

represent the ascending masses of the tectonic emplacement from the deep crust in where the

remains of gabbro and the trondhjemite produced by the partial melting coexist.

lt is very difficult, in fact, impossible to observe the primary contact relationship between

the plutonic complexes and metavolcanic rocks because of the tectonic destruction, especially

affection of the penetrative structure. The present contact between the two is mostly tectonic,

which has clearly been observed along boundary of the big plutonic complex located in the

western and northwestern part of the Røyrvatnet. The intrusive complex apparently

overthrusts on the dark greenstone with intermediate angle ( Fig. 2.16 ). However, the contact

between the fine-grained porphyry trondhjemite and the massive, dark, stilpnomelane- and

biotite-bearing greenstones occurring in the Gjersvikklumpen area, east of the major NE - SW

trend fault, appears to be more primary. On the basis of detailed mapping, it has been observed

in the outcrop on the surface in the north of Røyrvatnet that the contact between the coarse- and

fine-grained trondhjemites is gradual and transitional, which indicates that they probably

belong to different deep-, and shallow-seated intrusive phases of contemporaneous magmatic

processes.

2.4 Structure styles of the Gjersvik Group

The sequence of the Gjersvik Nappe has suffered a low-grade regional metamorphism and a
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complex deformation history, at least, three or five major and minor phases of Caledonian

deformation (Lutro, 1979; Mellin, 1979). The relationship among these phases of deformation

was well elucidated in sequence of metasedimentary rocks of the Limingen Group ( Lutro 1979

), but is very difficult to be clearly distinguished each other within metavolcanic stratigraphic

sequence of the Gjersvik Group. However, the surface mapping suggests that the strong

deformation do occur and some of them have still been preserved in places within the

metavolcanic stratigraphic sequence. The description of structures in follow is focused in the

mapping area, but the further structure geology concerning the Gjersvik Nappe should be

suggested to see the articles of Lutro (1979).

Fold

The folds can not be often observed on the outcrops in sequence of metarnagmatic complexes in

the Gjersvik Group because of an extensively schistose structures, generally, dipping NW trend

with 40 - 50 dip angles. It appears that the folds have mainly been reserved in two styles: one

is open structure with steeply approximately dipping NE -SW axial planes occurring in the

deforming trondhjemites, metafelsic complexes and greenstones. Some fold was cut by the

schistosity parallel the fold place ( Fig. 2.17 ); another is more tightly structure with steeply

dipping and different striking trends existing mainly in greenstones ( Fig. 2.18 ). In the east of

the Røyrvatnet the pillowed dark greenstone is obviously folded with dipping NW of about 40

dip angle. The axial planes are approximately parallel with the regional schistosity. In the

Gjersvikklumpen area the strong fold of dark greenstone occurs between two blocks of the felsic

rock which is steeply dipping SWW - NEE axial planes, in where the dark greenstone is

associated with laminae of the obvious sulphide mineralization that are contemporaneously

folded.

Thrusting

The main thrusts which separate the Nappes such as occurring as the boundaries between both

of the Helgeland Nappe and the Gjersvik Nappe in the west of the Gjersvik area as well as the

Gjersvik Nappe and the Royrvik Group in the east have been described by Lutro ( 1979 ). The

minor thrusts within the metavolcano-stratigraphic sequence of the Gjersvik Group are not

often obvious because the earlier phase of thrusting is rather possibly eradicated by the effects
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of later recrystallization and deformation of the volcanic rocks during metamorphism and

tectonism. Geological investigation in the mapping area, however, indicates that the relative

small thrusts do occur in places below the intrusive trondhjemite-gabbro complexes as

boundaries between the intrusive complexes and greenstone, especially in the westem area of

the major NE - SW trend fault. These intrusive complexes are frequently bordered by rninor

thrusts and are characteristic of the penetrative structure.

In the north of Røyrvatnet, the contact between trondhjemites and dark greenstone is

tectonic, which seems that the coarse-grained trondhjemite was brought to overlay or thrusts

on the dark greenstone in several piaces. The contact plane generally dips deeply to the NW 320 -

350 ( graduations of 400 degrees in the compass ) with dipping angle ranging from 45 to 60.

With associating the thrusting, the dark greenstone near the contact, on the one hand, is very

schistose, and the coarse-grained trondhjemite itself, on the other hand, is intensively

deformed along northeastern contact. The compression fissures and schistosity with a dominant

NE - SW trend, essentially parallel or subparallel to the thrusting plane, occur extensively

within intrusive of the coarse-grained trondhjemite. The dark greenstone has often been

brought into pIanes of the compression fissures to occur as thin layers or lenses of structure

fUhng, whereas quartz and feldspar tablets or rods in the outcrops of the course-grained

trondhjemite are obviously orientated along schistose structure, which institutes the

compression schistose zone within the coarse-grained trondhjemite. The same tectonic contact

between the fine-grained porphyritic trondhjemite and the dark greenstone has also been found

further to the north of Røyrvatnet.

Faulting

Brittle faulting appears to represent the latest event in the deformation history. Several

minor faults and a series of fractures have been recognized in the mapping area. Among them

relative larger faults have been distinguished as linear structures in the aerial photographs of

the scale 1:10000 and generally very well marked topographicaliy. These faults, however, are

not often easily recognized on the surface.

A NE - SW major trend high-angle fault extending several tens kilometers passing from the
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east of Røyrvatnet to near western shore of the Limingen Lake is most important in the area.

Lithologies occurring in each side of the fault are frequently different. In the north, the fault

occurs mainty as the boundary separating metavolcanic sequence of the Gjersvik Group from

metasedimental sequence of the Limingen Group, whereas in the south, the eastern and near

part of the fault consists predominantly of dark, massive, stilpnomelane- and biotite-bearing

greenstones, but the western part is largely composed of dark, varying schistory, epidote-

bearing or chlorite-dominating greenstones of the Gjersvik Group rnentioned just above. With

associating the fault, strong compression zones occur frequently in the meta-extrusive and meta-

intrusive rocks near two sides of the fault.

Other minor faults of different tends such as extending along N.W. - S.E., N.W.W. - S.E.E., and

near N - S directions are common. These faults have in certain extent made the influence in the

stratigraphic sequence. In the north of Røyrvatnet the coarse-grained trondhjemite is cut by

and displaced up to several hundreds meters along the near NS trend fault of approximately 3

km strike extent. In the Gjersvikklumpen area the faults of extending N.W.W. - S.E.E. trend

have cut and moved the metafelsic complex with obvious sulphide mineralization up to tens

meters ( Fig. 2.2 ).
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Section 3: Metavolcanic and meta-intrusive rocks

constituting the Gjersvik volcanic arc

3.1 Introduction

The Gjersvik volcanic arc comprises the magmatic complexes of the Gjersvik Formation,

which underwent the low-middle regional metamorphism up to greenschist phase and the

extensive deformation. Generally, greenschist facies metamorphism is mainly isochemical, that
is, phase transformations of the minerals are much more than changes of the mineral

compositions during metamorphism although the latter does exist. For example, oceanic basalts

during hydrothermal circulation at the mid-ocean ridge result in considerable major

mineralogical transformations, such as plagioclase -->albite --> chlorite or --> albile +

epidote; plagioclase + pyroxene --> chlorite + epidote; olivine --> chlorite ( +pyrite );

pyroxene --> actinolite; glassy matrix --> chlorite - actinolite intergrowth; and vein

minerals include chlorite, actinolite, epidote, guartz, pyrite and occasionally Cu-Fe-Zn

sulphides (Humphris,1978).

The magmatic complexes of the Gjersvik Formation are mainly composed of the

metamorphosed mineral assemblages of chlorite, epidote, albite and sericite, which occur more

ore less in almost every type of the rocks, especially in the metavolcanic rocks. However, a few

original minerals and a lot of primitive lextures and structures are still remained within them.

For example, augite and gabbro texture representing primitive tholeinic basalt have been

recognized in the dark, pillowed greenstone, and pillowed, amygdaloidal and clastic structures

related to marine volcanic processes are extensively associated with the metavolcanites. Thus,

the regional metamorphism of the Gjersvik volcanic arc has been consided to be low, and to be

mainly isochemical. This nature makes it possible to use geochemical data in determining

property of the original rocks.

The succession of the Gjersvik volcanic arc consists predominantly of a thick bimodal

metavolcanic suite in association with a bimodal plutonic complexes plus small distal exhalative

sediments. The bimodal volcanic rocks comprise the dark and pale greenstones of tholeiitic

composition and the keratophyric pyroclastic complexes of rhyolitic cornposition, while the
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bimodal intrusives are composed by the coarse-grained trondhjemite, fine-grained porphyritic

trondhjernite and gabbro. These rock types are separated each other from colour, texture,

mineral assemblages and contents, chemical compositions as well as their field relationship in

occurrence.

3.2 Metavolcanic rocks

3.2.1 Classification

Three different types of the metavolcanic rocks, i.e., dark greenstone, keratophyric

pyroclastic rocks and pale greenstone, have evidently been distinguished, which represent

respectively the three stratigraphic units formed in different stages of magmatic processes

during construction of the Gjersvik intra-ocean rifting volcanic arc. The greenstones are

extensively associated with submarine sedimentary structures such as massive, pillowed,

amygdaloidal and fragmental structures, whereas some of metafelsic volcanic rocks are often

associated with metafelsic fragments and breccias. These features indicate that the greenstones

were primitively formed mainly as basaltic flow, pillowed lava and clastic volcanic rocks,

while the felsic rocks were deposited as the volcanic pyroclastic rocks in submarine

environments.

Chemically, the dark and pale greenstones are similar in S102 contents to each other and

they all fall in a field of the basaltic rocks, ranging from 47 to 53.5 wt. % Si02, whereas the

metafelsic volcanic rocks vary mainly from 71 to 75 wt.% Si02, which is consistent to

rhyolitic compositions ( Tables 3.1, 3.2, 3.3 ).

Whether the greenstones of basaltic composition or metafelsic volcanic rocks of rhoylitic

composition are all characterized by the Na-rick and K-poor features. For example, on the one

hand, Na20 contents are very high but K20 much low in both of these two types of the rocks,

ranging mainly from 4 to 6 wt.% Na20 and from 0.02 to 0.5 wt.% K20 in the greenstones, and

varying between 5.5 - 7 wt.% Na20 and between 0.1 - 0.9 wt.% K20 in the felsic rocks,

respectively ( Tables 3.1, 3.2, 3.3 ), on the other hand, albite is one of the mostly dominate

rock-forming minerals in these volcanic rocks but very few potassium feldspar has been
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Table 3.1

Najo (%) and Trace (ppm) Elenent Chemistry of the Dark Greenstones

1 2 3 4 5 6 7 8

RS4-1 R54-2 RS4-8 RS4-3 DR4# M16-32 4415-17 M15-23

5i02 53.43 49.83 49.81 51.07 53.19 53.53 52.15 51.03
Ti02 1.65 1.20 2.04 1.35 1.33 1.67 1.40 1.43
A1202 14.31 15.11 13.61 1 4.92 1 4.33 13.97 14.95 14.47
*Fe0 14.02 1 3.99 13.19 14.47 13.43 13.96 1 4.04 1 3.81
mg0 2.75 7.83 4.91 5.20 3.89 3.39 4.68 4.20
Ca0 3.70 4.38 6.23 3.69 4.65 3.62 4.97 5 .36
Na20 5.70 4.96 4.41 6.06 5.67 5.05 5.32 5.16
K20 0.06 0.09 0.02 0.19 0.13 0.05 0.61 0.45
No0 0.27 0.27 0.15 0.19 0.22 0.29 0.22 0.22
P205 0.53 0.11 0.17 0.11 0.18 0.56 0.13 0.13
Loss 4.14 3.23 5.70 2.92 3.17 4.47 1.78 1 .96
SUM 100.56 100.40 100.25 100.71 100.19 100.38 100.25 98.22

Sr 122 112 1 48 81 126 97 ili 173
Rb <1 <1 <1 1 .<1 <1 .c.




Nb 18 18 i 7 19 8 20 20 15
Y 41 30 43




33 38 31 27
Zr 54 48 68 49 57 52 52 .,_-a-




_..c <10 <10 <10 <10 <10 <10 <10 c.2
V 51 403 465 490 305 65 377 287
Ni 3 33 23 11 6 i 19 3
Co 28 55 42 56 ci 24 55 48
Cr 13 27 30 17 16 9 33 14
Pb <1 <1 <1 <1 2 <1 <1 <1
Cu 14 14 11 43 40 21 47 23
Zo 151 167 140 151 127 151 146 124



Table 3.1, con:inue 1




9

M20-23

10

911213-2 913108

12

913111

1 3

913112

14

913113

1 5

913103

1 6

913104

5102 53.22 47.45 50.58 53.30 51.06 53.50 52.25 5 8.32

7102 1 .34 1.55 1 .65 1 .39 1.82 2.06 1.36 1 .43

A1203 15.09 1 6.76 18.87 15.41 16.28 1 3.72 1 5.15 15.17

*Re0 13.72 16.40 -13.98 12 .91 14.65 15.15 1 4.64 14 (22




4.15 5.69 5.47 5.70 4.92 5.35 4.63 2.67

Ca0 7.54 7.17 6.65 6.34 6.75 5.22 8.98 3.22
N,20 2.09 4.25 4.34 4.73 4.41 3.49 3.85 5 .28

K-)0 3.06 3.02 6.51 3.14




0.59 0.20




0.21 0.23 0.18 0.17 0.23 0.24 0.23 0.28

R205 0.13 0.14 0.14 0.11 0.17 0.16 0.13 0.46

2 cos 2.83 7.39 2.15 2.07 2.13 2.29 2.00 2.63

520-1 130.38 92.66 99.37 1 30.20 1 00.15 99.48 101.42 161.65

Sr 246 82 133




1 49 99




Rb 2 5 12




6 16




Nb 19




12 11 13 13 1 1




32




32 22 34 99,





56 39 47 43 42 57 34




8a 39 <10 <10 <10 <10 <10 <-33 <13

tii 13
453
22

354
20

3L6
18

416
19

403
14

368
14

22


- 9

Co 54 69 60 45 64 33 56 22

Cr 23 21 1 9 17 23 19 1 8




rO <1




<1 <1 <1 <1




r, 46 54 54 19 18 32 17 19

Zn 85 151 43 132 137 1 88 103 188



Table 3.1, ccntinue 2

17 18 19 20 21 22 23 24

913105 913106 913107 913506-2 913606 913701 913702 913703

S502 53.29 54.30 54.09 52.68 54.34 61.48 34.30 54.95

Ti02 1.43 1.30 1.20 1.68 1.21 1.07 1.90 1.27

A120 15.14 15.39 14.67 14.75 15.54 14.15 13.87 15.86

*Fe0 15.07 12.16 1 4.34 15.25 14.36 9.94 14.62 18.29

Mg0 7.11 5.20 4.09 4.78 4.36 3.43 4.21 4.51

Ca0 3.63 6.67 6.38 5.84 5.56 6.10 7.19 8.19

Na20 4.49 4.96 4.89 3.87 4.57 4.49 3.70 4.69

K20 <0.23 0.66 2.23 <0.03 0.03 9.50 <0.03 2.22




0.24 0.27 2.23 9.29 0.21 0.15 9.21 2.18

F205 0.11 0.12 0.10 0.25 0.12 0.27 0.16 0.12

Loss 3.12 4.97 1 ..87 5.51 5.41 5.39 1.31




SUL: 100.42 100.13 100.22 99.39 100.30 101.63 129.22 101 .06




72 1 29 167 47 90 103 1 15





7 ___. 7 <2 9 <1





11 12 13 15 13 18 17




25 26 23 23 31 29 39 35

7 r




38 22 29 6fl
-6 60 63 ER

Ra <19 <10 <70 <10 <10 <12 <10 <19




455 343 350 257 379 197 315 331

Ni 11 ig 9 9 8 28 21 18




51 29 49 54 56 23 15




Cr i6 21 17 15 21 52 34 28

Pb <1 <1 <1 <1 <7 <1 <1 <1

Cu 3 27 21 20 23 29 54 59

In 1 51 76 1 31 162 140 87 igr 135

7 - 9 massive stilonomelane- and biotite-bearing greenstone

All elements analysized by I. Romme and I. Vokes, with PHILIPS PW1480 N-Ray

Soectrometer in Department of Geology and Mineral Resources Engineerinc,

University of Trondbeim-Norwegian Institute of Technology, 1991
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Table 2.2, centLnue 1





9 10 11 12 13 14 15




911611 911906 910612 911213-1 910609-1 910609-2 910204

Si02 51.86 49.61 52.93 50.46 50.68 50.32 53.71

T502 0.63 0.89 1.09 0.80 1.24 1.02 0.9:

A1203 11.99 16.12 15.39 15.23 15.92 16.41 15.68'

*6e0 11.33 12.69 11.39 10.23 11.22 10.77




8.97 8.63 6.43 10.55 7.53 7.39




Sa0 8.59 6 '3.6 8.14 9.01 9.08 9.73




Na20 2.33,




4.39 2.72 2.96 2.92




:120 0.29 3.55 •.23 0.03 <0.03 1.t1




0.17 0.20 0.19 0.21 0.19 0.25 3.14
3205 0.03 0.07 0.12 0.08 0.13 0.12




Lcas 5.15 6.05 4.85 8.21 4.21 9.73




5044 99.94 99.32 103.70 100.32 98.95 100.37 3.17

Sr 2.11 95 126 29 337 72




--,:b 11 14 8 5 6 26




11 lI 11 11 12





13 20 16 21 23





33 32 54 43





63. <13<10 <10 <10 135 <1.0




2E2 323 279 217 262 264 232
Ni 112 106 78 194 72 73 145
Co 54 60 46 59 47 16 19
Cr 226 183 127 288 132 157 209
Pb <1 <1 <1 <1 <1 4 <1

Cu 65 52 37 38 64 32 68
Zn 89 125 99 76 99 96 71



Table 3.2, continue 2





1 6 17 18 19 20 21 22




910323-1 910323-2 913114 913506-1 913601 913602 913603

si02 48.34 51.88 55.03 49.69 54.28 51.28 52.31
TiC2 1.06 1.11 0.74 0.82 0.73 0.72 0.56A1203 17.69 16.70 14.79 17.75 15.39 14.59 14.97
*Fe0 8.40 8.75 9.89 12.37 10.47 9.13 9.83
Mg0 5.24 6.06 7.64 7.85 7.31 5.32 7.21
Ca0 14.50 12.05 7.60 8.11 8.07 1 4.02 10.73
Na20 3.87 3.94 4.38 2.78 3.66 4.57 3.24
K20 0.17 <0.03 0.09 <0.03 0.46 0.47 0.66
Mn0 0.12 0.15 0.21 0.31 0.17 0.17 0.17
P205 0.22 0.21 0.06 0.08 0.10 0.14 0.08
Loss 7.81 4.75 2.08 4.61 2.96 7.14 7 .48


99.61 100.86 100.42 99.76 1 00.64 100.41 99.76

Sr 102 353 190 198 181 131 153
Rb 9 6 6 5 i3 6 ,s
Nb 9 11 il 12 11 15 16
v 21 20 16 19 17 18 14
zr 39 57 31 32 44 44 47
Ra <10 <10 <10 <10 <10 <10 <10
v 246 226 235 234 243 218 244
Ni 119 89 74 66 96 115 107
CO 57 30 44 67 45 45 47
Cr 200 189 146 119 205 140 193
sb <1 <1 3 <1 <-; <1 <1
Cu 45 25 <1 44 49 21 62
Zn 90 68 125 102 84 62 74

All elements analysized by I. Romme and I. Vokes, with PHILIPS PW1480 X-Ray
Spectrometer in Repartment offGeology and Mineral Resources Engineering,
University of Trondheim-Norwegian Institute of Technology, 1991



Table 3.3

Major (9.5)and trace (ppm) elemenz chemistry
of the keratophyric pyrcclastic complexes




1 2

M22-7-1 M22-7-2

3

M15-13-1

4 5

M15-13-2 M17-26

6

053-12

7

913102

8

913189

si02 75.20 75.05 72.78 72.40 66.73 71.28 75.23 77.67
TiO2 0.21 0.22 0.37 0.37 0.54 0.35 0.25 0.19

A1203 11.90 12.00 12.95 12.77 14.24 12.94 13.01 11 .46
rFe0 4.33 4.46 5.04 5.23 8.53 5.05 4.10 3.C1
md0 8.64 0.73 0.62 0.63 1.21 0.96 0.22 0.67
Ca0 0.73 0.75 0.80 0.83 0.51 0.23 1.92 0.55
Na50 6.07 6.02 5.51 5.57 7.28 6.47 5.27 5.03
Ez0 0.27 0.27 0.96 0.79 0.04 8.14 0.19 0.29
mn0 3.66 0.06 0.11 0.11 0.10 0.05 0.10. 0.8,
P205 0.03 0.03 0.06 0.07 0.07 0.06 0.04 0.02

ss 0.56 0.60 1.22 1.28 0.85 0.90 0.43 0.66
SUM 180.00 100.19 100.42 100.15 103.10 98.43 180.33




Sr 131 135 64 73 31 56 185 66
FC-L. <1 <1 3 4 <1 <1 7




14 23 15 19 13 18 8




60 63 67 69 58 68 39 44




133 133 137 135 94 118 .1_._,.




8a <10 <10 243 164 <10 <13 45




v 29 27 34 34 69 36 19




Ni 9 7 5 5 10 5 8 9
Cz 5 3 4 3 ii 6 3 2
Cr 75 58 69 70 40 39 6 rz-




_....
Pb 10 <1 <1 <1 4 4 14 3
Cu 36 39 15 8 10 13 3 ,z
,z
Sz. 45 52 133 127 113 31 48 rn


c,

All elemants were analysized by I. Romme and I. Vokes with PHIEIPS Ex1480
X-Ray Spectrometer, Department of Geology and Mineral Resources Engineering,
University of Trondheim- Norwegian Institute of Technology, 1991



distinguished under microscope until now.

Plots of the greenstones of basaltic composition and of the metafelsic volcanic rocks of

rhyolitic composition in Hughes igneous spectrum (1972) indicate that almost greenstones and

all metafelsic volcanic rocks fall outside in the normal igneous spectrum on the Na-enriched

side but concentrate on field of the spilite and keratophyre ( Fig. 3.1 ). The Na-enriched nature

of the metavolcanic rocks was emphasized as a result of the spilitization of post-eruptive

processes on the ocean floor by Stephens ( 1980 ). Thus, the original rocks of the greenstones

and metafelsic volcanic rocks have been referred as the spilitized basalts and the keratophyric

pyroclastic rocks of rhyolitic composition, respectively.

3.2.2 Description of lithologies

(1) Dark Greenstone

The dark greenstone constitutes one of the most dominate rock-types in the Gjersvik volcanic

arc. It is exposed about 7 - 10 km thick on the surface in the west and southwest of the

Limingen Lake, but thins out towards the north so rapid that the succession of the dark

greenstone only becomes about 100 m thick in the northwest. The succession of the dark

greenstone tends to extend roughly along the N.N.E. - S.S.W. trend although the intensive

tectonic deformation and metamorphic reconstruction makes it difficult to erect a meaningful

volcano-stratigraphy.

The dark greenstone is characterized by dark green in colour, massive to varying schistosity,

fine grain, rarely visibly porphyritic crystals, Fe-rich and slight-magnetism in hand

specimen and field outcrops. It consists mainly of chlorite and albite with considerable, but

variable amounts of epidote, stilpnomelane, biotite, muscovite, sericite, quartz and carbonate.

Magnetite and pyrite are common accessory minerals occurring as fine-grained anhedral or

euhedral, with lessly abundant sphene. The essential mineral assemblages of the dark greenstone

correspond to those of the greenschist facies, which obviously results from the regional low -

middle grade metamorphism. Due to a considerable variety on some major mineral assemblages,

several subtypes of the dark greenstone can be subdivided, i.e., stilpnomelane- and biolite-
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bearing, epidote-rich and chloritic greenstones. Mineralogical differences among these subtypes

result largely from differences in relative proportions of the essential minerals.

Stilpnomelane- and biotite-bearirtg greenstone

The dark, stilpnomelane- and biotite-bearing greenstone are characterized by even darker

in colour, stronger magnetism, massive to slight schistory with few pillowed structure, which

appear to indicate that they were mainly deposited by massive basaltic flows. The surface

mapping have revealed that the dark, stilpnomelane- and biotile-bearing greenstones tend to be

associated with the fault zones and occur mainly in the eastern and near part of the major N.N.E. -

S.S.W. trending fault in the area, even though they are also occasionally present in other places.

They are intercalated with the epidote-bearing and chloritic greenstones in occurrence but

there are no clear contacts among them. In fact, it is, perhaps, only difference of the

stilpnomelane- and biotite-bearing greenstones to other subtypes of the dark greenstones that

is appearance of the stilpnomelane, sometimes, and biolite.

The stilpnomelane- and biolite-bearing greenstones are mainly composed of albile, chlorite,

epidote, stilpnomelane and biotite with small amounts of quartz and carbonate. Magnetite as a

common accessory mineral seems to become richer in the stilpnomelane- and biotite-bearing

greenstone than other subtypes of the dark greenstones. The contents of felsic and mafic

minerals are approximately equal. The felsic minerals are dominated by albite, but the mafic

minerats vary among their proportions each other, especialty epidote, stilpnomelane and

biotite. The epidote is about few to 30 percent, whereas the stilpnomelane and biotite range

usually from n to 10 or more percent in contents, respectively. Stilpnomelane and biotite can

coexist together in the dark greenstone such as in the Royrvatnet-Gjersvikklumpen area ( Fig.

3.2 ), but also occur respectively in different horizons of the dark greenstone, for example in

the Linetjell area ( Mellin 1979 ). It is often difficult to distinguish biotite from stilnomelane

in hand specimen and field outcrops but they can be distinctive to each other in thin section.

StiIpnomelane is brown or dark brown in colour under thin section and occurs as long lath

and needle crystals about 0.2 - 1 mm in length and 0.01 - 0.05 mm wide, frequently showing

radiating aggregates of the needle crystals. The stilpnomelane laths tend to occur without

2 6
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pref erred orientation and to cut all existing textures and fabrics, including hydrothermal

quartz and carbonate veins ( Fig. 3.3 ). This suggests that the growth of stilpnomelane was

probably remained or started after formation of the tectonic fabrics and has strong

crystalloblastic tendencies. Stilpnomelane can be not only limited to occur within the dark

greenstone and but also be associated with the keratophyric pyroclastic rocks ( Fig. 3.4 ). These

features demonstrate that the stilpnomelane is not a primary. Biotite associating with the

stilpnomelane in the fRoyrvatnet-Gjersvikklumpen area is of distinctive green in colour under

thin section. It usually occurs as hypidiomorphic platy porphyritic crystals with perfect

cleavage, about 0.1 - 0.2 mm in size. It is significant that the stilpnomelane often cuts or

replaces the biotite along its edges, which indicates that they appear to have existed as two

unequilibrium phases.

These features of the stilpnomelane described above such as limited distribution in

occurrence, close association with the fault zones, appearance in both types of dark greenstone

and keratophyric pyroclastic rocks, and cutting ail fabric textures and other minerals, appears

to point out that formation of the stilpnomelane is in some ways related to late fault tectonic

activities after the regional low-grade metamorphism.

Epidote-bearing and chloritic greenstones

The epidole-bearing and chloritic greenstones are major subtypes of the dark greenstone.

They are dark to moderate green, massive to very schistose in structure, and varying

magnetism. The chlorite always occurs as one of the major rock-forming minerals, whereas the

epidote in the greenstone varies from very few to over 50 percent in content.

In comparison with the stilpnomelane- and biotite-bearing greenstones, they are only

associated with few biotile and stilpnomelane, but obviously with pillowed, clastic and

amygdaloidal structures. The pillows are generally flattened or irregular and round to somewhat

flatted in cross section, ranging from several cm to 1.5 m in diameters. The interiors of the

pillows comprise mainly either chlorite or epidote. The former is generally dark, massive, Fe-

rich and slightly magnetic, and contains a few vesicles, and is often associated with chilled

margins marked by a 0.5 to 2 cm thick zone rich in epidote ( Fig. 3.5 ). The chilled margins are

2 7
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frequently associated with obvious pyrite mineralization. This kind of pillowed greenstone layer

generally occurs with less deformation and remains in some ways the originally sedimentary

features, which are valuable in determining stratigraphic succession, for example, the pillowed

greenstone layer in the eastern and northeastern parts of the Bjorkvatnet. The latter is usually

moderate green, massive, Fe-poor, and associated with the chilled margins rich in dark chlorite

such as the pillowed belt in the western shore of the Limingen Lake. The stratigraphic layer

associated with the epidote pillowed geenstones is generally deformed so strong that it is

impossible to distinguish any original sedimentary features. These pillows were formed either

by the replacement or by the filling of epidote with quartz and carbonate during extrusion on the

ocean floor. The fragment-bearing greenstones characterized by pyroclastic sedimentary origin

are often associated with or occur near horizon of the pillowed greenstones. They comprise

fragments of the dark greenstone setting in the matrix consisting mainly of chlorite. The

fragments are usually irregular, elongated, about several to hundreds cm long and several mm

to tens cm width, and roughly oriented. The layers of the fragment-bearing dark greenstone are

often very schistory.

The greenstones are frequently vesicular in both recognizable pillowed and unpillowed

successions, which are often infilled by a variely of secondary minerals to form an amygdaloidal

structure. The amygdales are generally rather round, ranging from 0.1 mm to tens cm in

maximum dimension and surround by the schistosity ( Fig. 3.6 ). These amygdaIes are local in

occurrence but can concentrate sometimes over 10 percent in content. The amygdaloidal layers

tend to occur in certain horizons of the succession of the epidote-bearing and chlorite-

dominating greenstones. For instance, three, at least, different levels which concentrate

amygdales have been recognized to occur in the drilling core #4. The amygdales consist mainly

of crystalline individual or aggregate of the epidole ( Fig. 3.6 ), lessly importantly of mineral

assemblages of epidote + quartz or epidote + chlorite + quartz. Some relative larger amygdales

are often associated with obvious interior structures composed of quartz and\or carbonate

surround by epidote. Thus, the succession of epidole-bearing and chloritic greenstones was

originally deposited mainly by the pillowed lava and volcanic clastic material with abundant

volatile components in the submarine environment, and probably represent stratigraphically

an upper level of sequence of the dark greenstone.
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The epidote-bearing and chlorite-dominating greenstones consist mainly of albite, chlorite

and epidote with small amounts of quartz, carbonate and biotile. Occasionally, augite has been

recognized to occur within interior of the pillows with relative low-grade metamorphism and

deformation such as pillowed greenstone in the north of the Bjorvatnet ( thin section No. RS 4-

7 ). The proportion of felsic and mafic minerals are approximately equal. The felsic minerals

are dominated by albite but the proportions of the mafic minerals are variable, most of the

greenstones being very chloritic with only minor amount of epidote, whereas others very

epidote-rich with lesser chlorite. In fact, epidote is very variable and local in occurrence, and

present mainly as very irregular granular individual crystal or aggregates or as the filling

material in the vesiculas and some of the pillows. For example, the epidote can reaches over 50

percent and is present mainly as local epidote-rich bands and filling material of the pillows

within the pillowed, chloritic greenstone succession ( Fig. 3.7 ). Thus, the epidote has been

considered to be mainly related to hydrothermal processes after the eruption on the ocean floor,

especially those being as bands and as infillng of the vesiculas and pillows, or to the regional

metamorphism such as some individual crystal or aggregates of the epidote. Albite is the most

dominant forming-rock mineral, ranging generally from 40 to 50 percent in content. It is

anhedron granular or euhedron laths about 0.05 to 0.5 mm in size, and oflen associated with

obvious twinning of albite. The refractive index of the euhedron laths is lower than that of the

jaffaite. Chlorite is tabular or scaly, very irregular but often orientated to constitute the

schistory, which is obviously a major product of the metamorphism. Biotite occurs mainly as

porphyroblastic crystals, being generally flakes with one perfect basal cleavage. Carbonate and

quartz are mainly secondary minerals, and variable in content, ranging generally from 1 to 5

percent. Augite is subeuhedrol, granular or tabular, and cleavage length fast, which was only

found to be reserved in some of the pillowed lava. Augite crystals are sometimes associated with

two cleavages, one good and another imperfect, at near 90. It appears to represent a residue

mineral phase of the tholeiitic basalt before regional metamorphism.

The dark greenstones are characterized by holocrystalline-porphyritic and holocrystalline-

hamogeneous textures. The former tends to occur in the schistose greenstones, whereas the

latter is mainly associated with massive and pillowed greenstones. The porphyritic texture is

mainly composed of lath-shaped albile, ranging generally from 0.1 to 0.5 mm, setting in

matrix consisting largely of felsic minerals, chlorite and epidote, usually being less 0.05 mm

2 9



in size. Content of the porphyritic minerals ranges generally from 15 to 25 percent. Almost all

porphyritic crystals of the albite are orientated and surrounded by schistory. These features

indicate that the porphyritic greenstones appear to be originally deposited by lava or crystal

tuff. The relics of typical metagabbro textures has been recognized to be associated with the

homogeneous greenstones, that is, the chlorite, epidote and augite tend to occupy within a space

between laths of albite which has no obvious orientation, even though the intergranular texture

was mostly destroyed by the second hydrothermal processes, metamorphism and deformation.

This kind of the primary texture shows that the massive and pillowed greenstones were

originally deposited by basaltic lava.

(2) Pale greenstone

Pale greenstone occurs mainly in the northwestern and southeastern parls of the area. The

contact between pale and dark greenstones is sharp, especially when the exhalative sedimentary

layers occur just in junction between them although this contact reiationship is not always

clear in the outcrops. The pale greenstone is light green in colour, fine-grained, massive to

schistose, Fe-poor and without magnetism, and carbonate-rich. In comparison with the dark

greenstones, pillowed and plastic structures are lessly associated with the pale greenstone

aIthough they do occur in local places, which appears to indicate an origin of the major massive

basaItic flow.

The pale greenstone is mainly holocrystalline-homogeneous and porphyritic in textures and

its main mineral assemblage is similar to that in the dark greenstones, which consists

predominantly of chlorite, epidote and albite, but is characterized by higher property of

carbonate in content and present of iron-poor actinolite. Carbonate ranges generally from 10 to

15 percent, whereas actinolite varies among 0 to 20 percent in content. FeIsic minerals range

from 20 to 40 percent in content, and are usually too fine in grain about or less 0.05 mm in

size to be recognized. Some of them, however, are associated with an obvious twinning of albite.

Sometimes, biotite occurs as the euhedron and flake-shaped porphyroblastic crystals, about

0.05 -0.3 mm in size. It is often associated with veins consisting of guartz and carbonate, which

seems to show that it is related with secondary process.
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(3) keratophyric pyroclastic complexes

The keratophyric pyroclastic complexes scatter extensively as rather thin complexes within

the dark greenstone, which used to be called keratophyres (Oftedahl 1956) and trondhjemites

(Foslie & Strand 1956). They are while to light grey or to light rose in color, very fine-

grained, much hard and dense with at times associating recognizable free quartz in hand

specimen. The felsic extrusive rocks are characterized by their small scales in size and very

irregular morphologies in shape. The relative large felsic extrusive bodies which are usually

several tens meters in width and hundreds meters long but generally less one kilometer square

in scale consist apparently of felsic volcanic pyroclastic rocks. The fragments are generally

angular to subangular, ranging from several to tens cm across, and less 30 percent in contents,

which set within the felsic volcanic rocks with similar components. This feature indicates that

the keratophyric pyroclastic complexes of the relative large scales were formed as an extrusive

sedimentary process of the felsic volcanic pyroclastic rocks and tuff rather than as an origin cf

the feisic lava. More importantly, the massive sulphide deposits known so far in the Gjersvik

area are mainiy associated with this kind of the complexes. For example, the Gjersvik massive

sulphide body and other massive sulphide deposits such as Annlifjellet, Tjiermajaevrieh and

Gjersvikklumpen are all associated with the keratophyric pyroclastic complexes. and the

biggest keratophyric pyroclastic body in the southern shore of the Bjorkvatnet is also associated

with the massive sulphide mineralization. The smaller scale felsic bodies are only several to

tens meters in width and length, respectively, and are often homogeneous in texture and

structure of the rocks. They exhibit, in places, a distinct intrusive contact relation to their wall

rocks. These smaller scale felsic rocks are often associated with obvious porphyritic texture

consisting of quartz and albite porphyritic crystal setting in the matrix of felsic minerals plus

minor chlorite and sericite. They have thus been interpreted as dykes, sills or subvolcanic

rocks.

The keratophyric pyroclastic complexes of rhyolitic composition are characterized by albite-

rich, less mafic minerals in content and very few recognizable potash feldspar. They consist of

albite, quartz with small amounts of sericite, carbonate, chlorite, epidote and biotite, among

which the felsic minerals dominated by albite are most abundant, ranging usually from 80 to 95

percent in content. Magnetite and pyrite are main accessory minerals, being subanhedron to
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anhedron fine grained, about 2 percent in content, whereas apatite and sphene are lessly

important, being euhedron fine-grained.

The felsic extrusive rocks are characterized by hotocrystaline-porphyritic textures

consisting of phenocrysts setting in a very fine-grained, usually less 0.05 mm in size, matrix

of quartz and albite with subordinate chlorite and epidote ( Fig. 3.8 ). Content of the

phenocrysts is generally less 20 percent. The phenocrysts are mainly composed of euhedron to

subeuhedron tabular albite with obvious twinning of albite or Carsbad, ranging generally from

0.1 to 0.6 mm in size, which occur as either individual crystal or aggregates. A few roundish

quartz and subeuhedron biotite phenocrysts also frequently occur. The biotite phenocrysts

associated with one perfect cleavage are often locally or wholly replaced by chloride. All

phenocrysts are in certain extent oriented and surrounded by schistory. Some of phenocrysts

are associated with flow texture.

3.2.3 Chemistry of metavolcanic rocks

(1) Sample selections and analytical techniques

A total of 74 samples including 22 pale greenstones, 24 dark greenstones, 8 felsic volcan c

rocks, 8 coarse-grained trondhjemites, 6 fine-grained porphyritic trondhjemites and 5

gabbros, representative of different types of the metavolcanic and meta-intrusive rocks in the

Gjersvik coIcanic arc were collected from the Gjersvik Formation in the Gjersvik area for

chemical analysis of major and trace elements. The dark greenstone was further chosen from

different subtypes, that is, massive and schistose chloritic greenstones, massive stilpnomelane-

and biotite-bearing greenstones, and pillowed chloritic greenstone. All samples were collected

from the surface outcrops but only one ( DR4 ) from drilling core Bh4 in the mapping area. The

analysized results are shown in Tables 3.1, 3.2, and 3.3.

Due to the fact that Ihe all rocks within the Gjersvik Formation underwent affections of the

regional low-grade metamorphism and, especially, the local replacement of the ocean-fbor

hydrothermal system within the votcanic piles, some of the metavolcanic rocks were changed in

their primary compositions during the second geological processes. Thus, it is necessary to
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make carefully an essay for the collected samples in order to certify if they are fresh enough to

be used. The samples were first carefully selected in outcrops or drilling core in the field, each

of them must then be identified under microscope. The results have shown that all collected

samples but only one ( 913704 ) have a minimum or a negligible affection in their chemical

compositions from the second geological processes. The results are believable and available in

determining the natures of the primitive rocks. The sarnple ( 913704 ) is not good enough to be

used because it was greatly effected by the hydrothermal alterations.

Major and trace elements were analyzed by an instrumental method with PHILIPS PW1480

X-Ray Spectrometer, made by Ivar Romme and I. Vokes, at laboratory of Department of Geology

and Mineral Resources Engineering, University of Trondheim-Norwegian Institute of

Technology.

(2) Metavolcanic rock series

Study of the recent volcanic activity and volcano-petrology has shown that different magma

series tend to be associated with distinct tectonic settings or to occur in different stage during a

volcanic island arc (Wilson, 1989). It has, however, be emphasized that the results from the

major elements must be combined with a consideration of those from the trace elements when

they are used to determine magma series because all knds of the rocks in the Gjersvik volcanic

arc have suffered affections both of ocean floor weathering process ( spilitization ) and regional

low-grade metamorphism, during which some mobile e:ements such as sodium and potassium

have probably been changed in comparison with thel- original compositions. Affection of the

ocean floor weathering process is perhaps more than that of the regional low-grade

metamorphism in compositions of the rocks, since reg:onal metamorphism up to or under low-

grade greenschist facies is generally isochemical, which has no or few affection in chemical

compositions of the rocks.

Generally, volcanic rocks can be classified into two magma series, i.e. alkaline, and sub-

alkaline or low-K sub-alkaline series ( Middlemost 1975 ). Plots of the greenstones of basaltic

composition in the Gjersvik volcanic arc in the diagram of wt % K20 versus wt % Si02 indicate

that they all concentrate on field within the low-K sub-alkaline and sub-alkaline magma series
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( Fig. 3.9 ).

The sub-alkaline magma series, including both of sub-alkaline and low-K sub-alkaline

magma series, can be subdivided into a low-K tholeiitic and a high alumina or calc-alkaline

series. One of the most prominent differences in chemical compositions between the more basic

end-members of typical tholeiitic and calc-alkaline series is in their A1203 content: calc-

alkaline basalts and andesites generally vary between 16-20 wt.% A1203, whereas their

tholeiitic counterparts contain only 12 - 16 wt.% A1203 (Wilson, 1989). A1203 contents of

the greenstones are generally less 16 wl.%, ranging from 13.5 to 16.5 percent ( Tables 3.1,

3.2 ). This feature relative low AI203 is also well exhibited in diagram of Alkali Index (A.I.)

versus wt.% A1203, in which the greenstones almost plot within field of tholeiitic basalt ( Fig.

3.10 ).

Another important difference between tholeiitic and calc-alkaline basalls is that they have

two different differatiation trends called iron-depletion and iron-enrichment trends of the calc-

alkaline and tholeiitic series, respectively. In the triangular diagram F-M-A (MgO-Fe0*-

(Na20+K20)), typical tholeiitic series shows trends approximately parallel to the M-F side in

their early and middle stages of fractional crystallization, whereas typical calc-alkaline series

shows trends approximately normal the M-F side (Akiho Miyashiro, 1974 ). Plots of the

greenstones and the metafelsic rocks in the diagram F-M-A show an apparent tholeHtic trend (

Fig. 3.11 ).

In addition, the Ti02 content decreases with increase FeO.Mg0 in calc-alkaline magma

series, whereas it increases first and then decreases in typical tholeiitic magma series ( Akiho

Miyashiro 1974 ). In diagram of Fe07Mg0 versus wt % Ti02, plots of the greenstones are

consistent with the trend of a typical tholeiitic series, but distinct to a calc-alkaline series (

Fig. 3.12 ).

In a short word, chemical compositions described above have demonstrated that the

metavolcanic rocks constituting the Gjersvik volcanic arc are most probably tholeiitic in

magma series. R is significant when this conclusion combines with the geological fact that the

Gjersvik volcanic arc is dominated by the greenstones of tholeiitic composition, occupying about
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80 per cent in volume, plus only small amounts of felsic volcanic rocks. It hence is concluded

that the Gjersvik volcanic arc was mainly made up by tholeiitic basalts. More importantly, the

immature island arcs are usually made up of basaltic rocks of the tholeiitic series, whereas calc-

alkaline magmas are typical of more mature arcs and active continental margins ( Wilson,

1989 ).

(3) Major elements

Bimodal feature

The Gjersvik volcanic arc is characteristic of a typical bimodal compositions of the

metavolcanic rocks, especially in Si02 contents. The greenstones concentrate mainly on the

range of 50 - 52 percent in Si02 content and vary among 46 to 56 percent, whereas the

keratophyric pyroclastic rocks concentrate largely on 72 - 76 percent and ranges from 70 to

78 percent ( Fig. 3.13 ). This feature is also distinctive in the field, for two kinds of the

metavolcanic rocks can be easily distinguished on rock outcrops during the surface mapping. The

greenstones of tholentic composition are characterized by pale or dark green, whereas the

keratophyric pyroclastic complexes of rhyolitic composition are typical of pale- and grey-

white in colour. No typical volcanic rocks of andesitic composition have so far been found within

Ihe Gjersvik Formation in the mapping area. It should mentions that it is possible that sorne

greenstones contain a relative high Si02 in content. However, they result mainly from the

affection of hydrothermal alteration of silicification, not from transformation of the volcanic

rock types based on the determination under microscope.

In recent review of magmatism and lectonic settings throughout the world, Martin and

Piwinskii (1972) noted that two kinds of magmatism in orogenic and nonorogenic belts are

associated with two tectonic settings, compressional and tensional (rifting) environments. The

prominent igneous rock associations in orogenic belts are predominantly calc-alkaline or

hypersthenic in magma series, consisting of andesitic volcanogenic sequences predominantly of

andesite, high-alumina basalt, and dacite with fragmental volcanoclastic strata and of quartz

monzonite, granodiorite, and quartz diorite with minor granite, diorite, and gabbro in

batholithic belts, which the latter is considered to be the plutonic equivalents of the andesitic
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sequences. In contrast, the igneous rock associations occurring in tensional environments are

characterized by obvious bimodal basalt-rhyolite volcanic assemblages that are essentially lack

or volumetrically insignificant andesites. Otherwise, the recent researches have pointed out

that the igneous rock associations within the back-arc environments throughout the world are

also characterized by bimodal tholeiitic basalt-rhyolite assemblages ( Sinton et. al, 1987;

Hochstaedter el. al, 1990; Smith et. al, 1990; ).

It is very significant to make a comparison of the bimodal volcanic assemblage constituting

the Gjersvik volcanic arc with those of recent igneous associations in different tectonic

environments. The bimodal metavolcanic assemblage dominated by the greenstones of tholeiitic

composition plus small keratophyric pyroclastic rocks of rhyolitic composition in the Gjersvik

Formation is apparently different from those in well-developed island arcs with a thick

continental-type crust consisting of andesites and dacites of the tholeiitic and calc-alkaline

series, and from those in continental margins characterized by andesites, dacites, and rhyolites

of the calc-alkaline series (Wilson, 1989). They are also in some ways distinct from those in

oceanic island, mid-oceanic ridges and intracontinental rifts although they all undoubtedly

belong to tensional or rifting environments. The reason is that the bimodal volcanic assemblages

in intro-plate tectonic settings such as oceanic islands and intracontinental plate rifts are

predominantly associated with or dominated by alkali basalts and their differentiates, such as

alkalic basalt, rhyolitic, trachytic, phonolitic differentiates and their plutonic equivalents, and

locally with important ultramafic, nephelinitic, and carbonatitic volcanic rocks, whereas those

at mid-oceanic ridges are dominated by the abyssal tholeiitic basalt but not or seldom associated

with evolved felsic volcanic rocks and their plutonic equivalents. The bimodal metavolcanic

assemblage in the Gjersvik Formation, however, is probably comparable with those in the

tensional back-arc and the immature, ensimatic island arcs environment formed directly on the

ocean floor.

General feature

As the recent knowledge state, it has been known that most major elements are considered to

be mobile and hence may be of limited use in petrogenetic interpretion. However, in some

studies it has been assumed that certain major elements were not mobile and can be used to infer
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primary magmatic processes ( e. g., Mg0 in the study of Barker et. al., 1989 ).

The general features of the dark and pale greenstones in major elements are presented in the

variation diagrams of Mg0 versus A1203, CaO, T102, Fe0, Na20 and K20 ( Fig. 3.14 ), in which

the greenstones are compared to the tholeiitic basalts occurring in typical but different tectonic

environments such as MORB ( Mid-ocean ridge basalts ), HTB ( Hawa.iian tholeiitic basalts )

and IATB ( Island arc tholeiitic basalts ). Generally, fields of major elements of the greenstones

are not completely coincident with each of those of MORB, IATB and HTB, but they, especially

A1203, Ti02 and Fe0, tend to be concentrated between those of MORB and IATB. Ti02 and Fe0

decrease systematically but A1203 and Ca0 tend to increase with Mg0 increase in contents, whle

Na20 and K20 are mainly random ( Fig. 3.14 ). Thus, Mg0 and Ti02 are assumed to be imrnobne

and can be used in inferring primary magmatic processes, the Fe0, Ca0 and A1203 are probably

in certain levels mobile and can conditionally be used in petrogenetic interpretions, whereas

Na20 and K20 are too mobile to be used in interpreting primary magmatic processes. However,

Na20 and K20 are perhaps valuable in detremining the secondary geological processes such as

ccean-floor weathering and regional metamorphism. It has been revealed that Na20 and K20

contents in the greenstone are probably determined mainly by ocean-floor spilitization, but not

largely by the primary volcanic compositions ( Fig. 3.1 ). It must be emphasized, however, that

any petrogenetic interpretations for the metavolcanic rocks in terms of geochemistry must be

based on the combination of the major with the trace elements of the rocks.

Mg0 contents appear to have different enriched trends in dark and pale greenstones, the

former varying mainly from 2.5 to 7 percent, but the latter from 7 to 12 percent. This means

that the dark greenstone is probably poor in Mg0 content relative to the pale greenstone in their

primary magma compositions. A1203 contents of the pale and dark greenstones range from 13.5

to 15.5 percent that are mainly similar with those of MORB and HTB produced within ocean

crust but relatively lower than those of the IATB. Ca0 contents appear to show a trend similar

with that of IATB, i.e., Ca0 increases with increasing Mg0 contents, and they are generally lower

than those in MORB and HTB. Field of Ti02 in the pale and dark greenstones falls between MORB

and IATB, and are distinct from that in HTB. More significantly, the trend that Ti02 contents

decrease systematically with Mg0 increase is consistent with that of the MORB but distinct with

typical IATB. The same trend also reflects in the Fe0 against Mg0 changes. 1n addition, the dark
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greenstone is characterized by high Ti02, ranging from 1 - 2 percent, and high Fe0*, varying

mainly from 12 to 15 percent in contents that are similar with those of MORB and HTB,

whereas the pale greenstone is relative low both in Ti02, less 1 percent, and in Fe0 content,

ranging from 8 to 12 percent that are similar with those of IATB. Differences between the dark

and pale greenalones in Ti02 and Fe0 contents appear to be originic. The alkalic contents ( Na20

and K20 ) of the greenstones vary greatly and are inconsistent with those of MORB, HTB and

IATB. Na20 contents in the greenstones are generally higher than that of MORB, HTB and IATB

but in some of them are indeed low. K20 contents of some of the greenstones are very low but

others relatively high. The reason leading Na20 and K20 considerable changes has been

interpreted to be produced by secondary geological processes of ocean floor weathering.

In addition, the pale and dark greenstones appear to be clearly separated into two groups on

the basis of some element contents such as Mg0, Ti02 and Fe0*. The pale greenstone is

characterized by high magnesium but low iron and titanium, whereas the dark greenstone by

relatively low rnagnesium but high iron and titanium in contents, which probably indicate an

primary differences between the dark and the pale greenstones in their primary magma

compositions.

(4) Trace Elements

Discussion

Petrogenetic interpretion of altered or metamorphosed igneous rocks is impaired by

difficulties in discriminating between chemical characteristics produced by igneous processes

and those superimposed during subsequent events such as sea-floor hydrothermal alteration,

regional metamorphism, and exposure to hydrothermal fluids accompanying later plutonism. In

the case of the Gjersvik volcanic arc, the latter is not considered as a factor since there is no

later plutonism to be found in the area. And, the low-grade regional metamorphism is most

probably isochemical and hence is also interpreted as a neglect factor. The hydrothermal

alterations related to the mineralization and the ocean-floor weathering ( spilitization ),

however, must be tested before chemical data of the samples are used in petrogenetic

interpretion.
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Some of trace elements were studied as immobile components in hydrothermal fluid such as

Zr, Nb, Hf, Th, Ta, Ti, Cr, P, and Y ( Humphris and Thompson 1978; Winchester and Floyd

1976; Floyd and Winchester 1975; Donato 1991 ) although many major and trace elements are

considered to be mobile. In order to determine element behaviors, pairs of some trace and minor

elements in the dark and pale greenstones are used to judge how immobile they are during the

superimposed hydrothermal processes. Most of the pairs, such as Ti02 - Zr, T102 - Cr, Ti02 -

Ni, Ti02 - Y, Zr - Y, and Nb - Zr exhibit strong systematic covariance, while others, including

Ti02 - P205 and Y - Nb in great extent display the scattered correlations ( Fig. 3.15 ). These

patterns imply that affections of the post-magmatic alterations related to the mineralization and

the ocean-floor weathering ( spilitization ) are minimal in the most trace and minor immobile

elements and that the abundances of Ti, Zr, Cr, Ni and Y, most probably exhibit primary

magmatic compositions, but the Nb and P, perhaps including some mobile elements such as Rb,

Ba and Sr, were in certain extent changed.

General feature

Trace elements in different types of the metavolcanic rocks constituting the Gjersvik

volcanic arc are shown in Table 3.1, 3.2 and 3.3.

Greenstones

The immobile elements in the pale and dark greenstones are very significant and distinct each

other. The pale greenstone is characterized by apparent high Cr, Ni, as well as low Ti and Y in

comparison with the dark greenstone. For example, the Ni contents vary among 66 - 221 ppm,

average 107 ppm, the Cr among 119 - 529 ppm, average 240 ppm, the Ti among 3117 -

7434 ppm, average 4793 ppm, and the Y among 11 - 24 ppm, average 17.5 ppm in the pale

greenstone, whereas the Ni contents range from 2 to 28 ppm, average 13 ppm, the Cr from 12

to 57 ppm, average 25 ppm, the Ti from 6414 to 12350 ppm. average 8940 ppm, and the Y

from 20 to 40 ppm, average 31 ppm in the dark greenstone ( Table 3.1, 3.2 and 3.4 ). In

addition, the Co is slightly high but the Zr and the V are low in the pale greenstone ( 49 ppm Co,

40 ppm Zr, and V 250 ppm average values, respectively ) relative to those in the dark
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greenstone ( 42 ppm Co, 51 ppm Zr, and V 352 average values, respectively ). This is

significant in interpreting petrogenetic processes because systematic differences and changes of

the trace element populations in the dark and pale greenstones reflect to originated magma

compositions since the Ti, V, perhaps, and Zr show parallel behavior but Ni, Co, and Cr are

similar during magmatic processes.

R has been demonstrated that the behaviors of some trace elements in the tholelitic basalts

are determined both by their primary background value, i.e. source material, and by magmatic

processes. For example, high values (e.g. Ni = 250-300 ppm, Cr = 500-600 ppm) for these

elements are good indicators of derivation of parental magmas from a peridotite mantle source

because these trace elements are compatible in peridotite that are concentrated in minerals

rather than the melt phase. The crystal-liquid distribution coefficient data indicates that Ni and

Co will partition into olivine during partial melting and fractional crystallization processes,

while Sc, Cr, and V will enter clinopyroxene, spinel and garnet. Thus, these trace elements

should increase in mantle that has lost basaltic magma, and peridotites with the highest Mg

value and Mg0, NiO, and Cr203 content and the lowest CaO, Ti20, and A1203 content are the most

refractory (Hess, 1989). Thus, a comparable property both of high Cr and Ni concentrations

and Mg-rich nature in the pale greenstones and of much low Cr and Ni contents in the dark

greenstone exhibit they were originated from different magma sources.

1n addition, the diagrams of Mg0 against Ni and Cr ( Fig. 3.16 ) show that the Ni and Cr

increase systematically with the increase Mg0 in the pale greenslone, while the Ni and Cr are

not obviously variable with increase Mg0 in the dark greenstones. The different geochemical

behaviors of the Cr, Ni and Mg in the dark and pale greenstones display the different evolved

trends of magmatic processes. It has been revealed that the Ni abundances in MORS strongly

controlled by olivine fractionation. Contents range from > 300 ppm in primary glass basalts to

25 ppm in highly evolved basalts, and correlate well with Mg0 content. Cr contents similarly

show a marked reduction from 700 to 100 ppm with progressive fractionation ( Wilson, 1989

). Thus, apparently different trends of Mg0 against Ni and Cr point out that the pale and dark

greenstones were originated from the more differentiated and undifferentiated tholehtic basaltic

magmas, respectively. Different differentiated trends of the dark and pale greenstones are

further revealed in terms of V and Ti correlation. Diagram of V against Ti02 shows that V and Ti
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have good linear correlation in the pale greenstone, i.e., V has no apparent variation with Ti

increase, while V and Ti show obvious divergent behaviour in the dark greenstone ( Fig. 3.17 ).

Due to the fact that V and Ti should display parallel behaviour during melting and crystallization

processes, the good linear correlation point out that the fraction of Fe-Ti oxides such as

ilmenite and titanomagnelite play an important role during tholeiitic magma process leading

formation of the pale greenstone, whereas V and Ti divergent behaviour in the dark greenstone

probably indicates Ti substitution into some accessory phase such as sphene or rutile.

Paleotectonic environments evidenced from geochemistry of the greenstones

Study of the recent volcanic activities has well been revealed that the calc-alkaline magmas

are apparently associated uniquely with subduction, while low-K tholleiitic basalts are the

typical products of magma generation at constructive plate margins ( Wilson, 1989 ).

However, the tholleiitic basalls are present not only al mid-oceanic ridges, but also in back-arc

basins, oceanic islands, island arcs, active continental and continental flood basalt provinces.

The Gjersvik volcanic arc is composed of a bimodal volcanic suite, consisting predominantly of

the greenstones of tholeiitic basaltic compositions plus small felsic volcanic rocks, and hence

the question is led, i.e., what is paleotectonic environment generating the Gjersvik tholeiitic

basaltic volcanic arc becomes important.

In general, the major element characteristics of primary mantle derived magmas are not

particularly sensentive indicators of tectonic setting. Fortunately, it is now well established

that distinctive trace elements are associated with different magma generation environments,

allhough their petrogenetic interpretation in some instances remains ambiguous. It is useful to

make a comparation of some immobile element populations and their ratios between the dark and

pale greenstones and tholeiitic basalts generated in distinct tectonic environments ( see Table

3.4 ). The compatible trace elements Ni and Co in the pale greenstone are correlated to those in

the E-Type MORB, and the Cr to that in the Back-arc tholeiitic basalts (BATB), while the Cr/Ni

and Ni/Co ratios ( Cr/Ni, Ni/Co ) are very closed those in the N-type MORB and the E-type

MORB, respectively. In contrast to this, the Ni and Cr contents as well as the Ni/Co ratio in the

dark greenstone are correlated to those in the Island-arc tholeiitic basalts (IATB) although the

Co and Cr/Ni ration are comparable with those in the N-Type MORB. The incompatible trace
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Table 3.5

Correlative analysis of the dark and pale greenstones

to tholeiitic basaRs occurring in distinct tectonic

environments based on the immobile trace elements

N type E -type Back-Arc Island Arc
MORB MORB BATB IATB

Zr X +
Ti

Ni
Co
Cr

Cr/Ni X +
NI/Co
Zr/Y
Ti/Zr

orrelative X 0.27 0.45 0.1 0.18
oefficient







0.2 0.1 0.2 0.5

x pale greenstone; + dark greenstone



elements Ti in the pale greenstone is comparable to that in the IATB, Y is correlated to that in E-

type MORB, and Zr lies between those in the E-type MORB and the IATB, but their rations (

Zr/Y, Ttir ) are all correlated to that in the N-type MORB. However, the Ti and Y in the dark

greenstone are very closed those in the BATB, while the Zr and Zr/Y ratio are comparable to

that in the IATB.

Simply, these relations of the pale and dark greenstones to other tholeiitic basalts in the

distinct tectonic environments resulting directly from data of the compatible and incompatible

elements are further treated on the basis of correlative analysis. Each of the trace elements or

their ratios in the pale and dark greenstones is assumed as a factor, which is proposed to be

correlative to that having the nearest content in each of the tholeiitic basalts representive of

distinct tectonic environments. The result points out that the correlative coefficient of the pale

greenstone to E-type MORB is 0.45, to N-type MORB 0.27, to IATB 0.18, and to BATB 0.1,

whereas the dark greenstone to IATB 0.5, to BATB 0.2, to N-type MORB 0.2, and to E-type

MORB 0.1 ( Table 3.5 ). It appears that the immobile trace element compositions in the pale and

dark greenstone are not completely identical to those in each of tholeiitic basalts occurring in

distinct tectonic environments. However, the trends show that the pale greenstone can be

compared mainly with the E-type MORB and in certain extent to the N-type MORB, while the

dark greenstone is in great extent corrlated to the IATB and to, in some ways, the BATB. Thus,

the pale greenstone was probably originated from source of the E-Type MORB mantle, but it was

in certain extent rnixed by some material of back-arc or island arc tholeiitic basalt, and that the

dark greenstone was mainly generated in the back-arc or island arc environments.

The paleotectonic environments of the pale and dark greenstones would be further discussed

in terms of some tectonomagmatic discrimination diagrarns of trace elements, especially

immobile elements, that are often used in determining lectonic environments. On the Cr - Ti

diagram, the dark greenstone plot in field of the island arc tholeiitic basalt, while the pale

greenstone exhibits a transitional nature from the island arc to the ocean ridge tholeiites ( Fig.

3.18 ). In contrast to this, the pale greenstone plots in field of the island-arc tholeiitic basalts,

but the dark greenstone in a transitional field from the island-arc tholehtes to the within-plate

basalt affinities on the Cr - Y diagram ( Fig. 3.19 ). On the Zr - Ti diagram, plots of the pale

and dark greenstone mainly fall within or in outside A, B, and D fields, which indicate a trend
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parallel to ocean floor basalts and low-potassium tholeiites but different to calc-alkaline

basalts ( Fig. 3.20 ). The pale greenstone is concentrated mainly on field of the island-arc

tholeiites in the triangular Ti/100 - Zr -Y.3 diagram ( Fig. 3.21 ), but plots on field of the

low-potassium tholeiites in the triangular Ti/100 - Zr - Sr/2 diagram ( Fig. 3.22 ), while

the dark greenstone fall mainly in field outside the basalts in the distinct tectonic environments.

These immobile element behaviors have well confirmed that the dark and pale greenstone are

tholeiitic in magma series and they were not originated from the calc-alkaline basalts associated

uniquely with subduction. However, it is not easy to make a direct comparison because each of

the dark and pale greenstones is not completely coincident in the immobile trace element

compositions with one of the basaltic rocks occurring in recent distinct tectonic environments.

It appears that the dark and pale greenstones are of a transitional nature. For example, the dark

greenstone tend to be correlated mainly to the IATB, but is also in certain extent related to the

MORB and BATB, whereas the pale greenstone is comparable largely to the E-type MORB, and is

also in some ways correlated to the N-type MORB, BATB and IATB in immobile trace element

compositions and their behaviors.

K r h

Mobile elements vary greally in the keratophyric pyroclastic complexes such as Sr ranging

from 12 to 165 ppm, Ba from < 10 to 342 ppm ( see Table 3.3 ), which indicates they were

greatly effected during later hydrothermal alterations and ocean-floor weathering. Compatible

elements Co and Ni are low, generally less 5 ppm, but Cr is much high, ranging from 39 to 90

ppm, average 68.5 ppm in the keratophyric pyroclastic complexes.

3.3 Meta-intrusive rocks

3.3.1 Types of the intrusive rocks

Two main different types of the intrusive rocks, that is, trondhjemite and gabbro, have been

recognized to be associated with the Gjersvik volcanic arc. The trondhjemite is subdivided into

two subtypes of the fine-grained porphyritic trondhjemite and the coarse-grained
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trondhjemite.

The trondhjemite within the Gjersvik Formation was named as the granodiorite by Lutro (

1979 ). What is different between trondhjemite and granodiorite is in their sodium and

potassium relative contents. Trondhjemite is characterized by Na-rick and K-poor but

granodiorite by relative K-rick and Na-poor. The name trondhjemite comes from the old

spelling, " Trondhjem", of Trondheim, Norway. V. M. Goldschmidt originated the term in 1916

in his famous paper on the intrusives of the Trondheim-Oppdal region, in which he defined

trondhjemite as " holocrystalline, leucocratic rock that consists largely of sodic plagioclase and

quartz and contains only minor biotite and potassic feldspar, that biotite is the typical dark

phase, and that amphibole or, rarely, diopsidic pyroxene may occur in place of biolite ".

An approximate definition of trondhjemite has also been given in terms of major elements by

Barker (1979). The major-element contents of trondhjemites, either as limits or as typical

concentrations are:

Si02 > ca. 68 percent, usuaily < 75 percent;

AL203 typicaIly > 15 percent when being 70 percent Si02 and <14 percent

75 percent Si02;

( Fe0" + Mg0 ) < 3.4 percent, and Fe0":Mg0 commonly is 2 - 3;

Ca0 ranges from 4.4 - 4.5 percent in calcic trondhjemite to typical values

of 1.5 - 3.0 per cent;

Na20 typically is 4.0 - 5.5 percent; and

K20 < ca. 2.5 percent, and typically < 2 percent.

Further division was suggested that trondhjemite can be divided into low-A1203 and high-

A1203 types at 15 percent AL203 at 70 percent Si02 (Barker, 1979).

The coarse-grained and fine-grained perphyritic trondhjemites within the Gjersvik volcanic

arc are all characterized by holocrystalline, leucocratic, greyish-while in colour, massive to

slight schistory. These two kinds of the rocks are very similar in mineral components and

chemical compositions but can be distinguished in the fine-grained porphyritic and the coarse-
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grained holocrystalline textures. They consist mainly of albile or oligoclase ( about 60 percent

in volume ), quartz ( about 30 per cent ), biotite and chlorite ( generally less 5 per cent ),

with small amounts of sericite but very few potassium feldspar. Major element compositions of

the rocks illustrate that Si02 contents are higher, ranging mainly from 72 to 75 per cent;

A1203 from 12.8 to 14.8 per cent; Ca0 from 0.6 to 3 per cent; Na20 from 3.4 to 6.9 per cent;

K20 from 0.3 to 2.2 per cent; ( Fe01 + Mg0 ) from 1.6 to 4.2 per cent, and Fe01:Mg0 is

mainly 5 - 8 ( Table 3.6 ). The mineral assemblages and chemical compositions of the felsic

intrusive rocks discribed above are comparable with the definition of the trondhjemite by

Goldschmidt ( 1916 ) and Barker ( 1979 ), but are distinct from normal granodiorite.

In addition, the felsic intrusives have further been confirmed as trondhjemite in terms of a

normative An-Ab-Or classification diagram for common siliceous igneous rocks proposed by

O'Connor (1965). Plots of the felsic intrusive rocks lie mainly within a field of the typical

trondhjemile composition ( Fig. 3.23 ). Thus, it is concluded that the felsic intrusives

associated with the Gjersvik volcanic arc can be reasonably named as a subtype of low-A1203

trondhjemile.

3.3.2 Morphylogies, occurrences and sizes of the intrusive bodies

The intrusives within the Gjersvik volcanic arc consist predominantly of trondhjemite or

gabbro. They are generally associated with the dark greenstone but a few with pale greenstone.

However, a kind of gabbro that often occur as small dykes, generally less 5 m in width, within

the meta-volcanic sequence apparently intrude into and cut every type of the meta-volcanic

rock such as felsic volcanic rocks, dark and pale greenstones. This type of the gabbro has been

proposed to represent, perhaps, the latest magmatic process in the Gjersvik volcanic arc. The

intrusives are various in scale, generally among several hundreds meters to kilometer squares,

some of big bodies being up to ten kilometers squares, and are apparently small in comparison

with the batholiths in the continental environment in scale. The smalI intrusives are generally

irregular, while the relative large bodies are in certain extent similar with ellipse in shape.

The relative large bodies are characteristic of the intrusive complexes composed

predominantly of the trondhjemite plus minor gabbro. For example, the biggest intrusive body
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in the Gjersvik area, located in the west and northwest of the Rorvatnet Lake, is an intrusive

complex consisting of an association of the coarse-grained trondhjemite plus gabbro. Two

contact relations between trondhjemite and gabbro within the complex have been observed.

Gabbro, on the one hand, often occur as xenoliths or big blocks within the coarse-grained

trondhjemite. The xenoliths are irregular to subrounded, about several cm to meters in

diameters. Some of them are associated with a resorting rim, but others are clear in contact to

the trondhjemite. On the other hand, the trondhjemite occur as irregular veins, blocks or as

bands filling along the fissures within big block of the gabbro. The relationships between

trondhjemite and gabbro appear to indicate that the gabbro probably represent a plutonic

cognate residual enclusion derived from the basaltic or gabbroic source producing the

trondhjemite magma through the partial melting processes.

The fine-grained porphyritic trondhjemite are generally small in scale and not associated

with the gabbro. They are very similar in mineral assemblages and chemical compositions with,

but can be distinct in textures to the coarse-grained trondhjemite. The relationship between the

coarse-grained and fine-grained porphyritic trondhjemites has been revealed on the basis of

detailing surface mapping. For example, in the north of Horvatnet Lake about 1.5 km the coarse-

grained trondhejmite is immediately transitional into the fine-grained porphyritic

trondhjemite and no clear and direct contact boundary exists between the two. Thus, the fine-

grained porphyritic trondhejmite and coarse-grained trondhejmite have been interpreted to

represent a shallow-seated and deep-seated phase of co-magmatic processes, respectively.

Contacts between the intrusive bodies and the greenstones are almostly tectonic and no clear

primary contact relations have so far been observed. The intrusive complexes, including coarse-

grained and fine-grained porphyritic trondhjemites, freguently overthrust on the greenstone.

Near the boundaries the greenstone are often characterized by intensive schistosity and small

tight fold as well as very deeply dipping, varying generally from 60 to 80 degrees. The thrust

in the regional often exists in the boundary between the intrusive bodies and the greenstones. In

the northern and northeastern parl of the Royrvatnet, for example, the coarse-grained and fine-

grained porphyritic trondhjemites are structurely overlain on the dark greenstone ( Fig. 2.18

), which seems to show that the coarse-grained and fine-grained porphyritic trondhjemiles

were brought to thrust over the greenstones. In addition, the bodies of the trondhjemiles
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themselv are associated with the intensive foliation zone parallel or subparallel to the contact,

emphasized by obvious oriention of the albite and quartz tablets which must be related to

regional tectonics rather than primary emplacement of the pluton. The fine-grained

porphyritic trondhjemite associated with the pale greenstone in the northwest of the Gjersvika

Lake was also revealed to be tectonic in contact to the pale greenstone on the basis of the surface

mapping. Thus, the lectonic contacts between the intrusives and greenstones within the Gjersvik

Formation results apparently from penetrated structural emplacement of the rigidity massive

intrusive bodies into the lower intensity mafic basalls during tectonic processes.

3.3.3 Description of lithologies

The coarse-grained and fine-grained porphyritic trondhjemites underwent the regional low-

grade metamorphisrn, which leads to the secondary mineral assemblages such as chloHte,

epidote, muscovile, sericite and carbonate associated with the trondhjemites.

It is very difficult to be distinguished between the coarse-grained and the fine-grained

porphyritic trondhjemites on the hand specimen and field outcrops because they are all

holocrystalline, leucocratic, greyish in colour, massive to slight schistose. And, the coarse-

grained and fine-grained porphyritic metatrondhjemites have similar mineral assemblages.

Only distinction, perhaps, between the two is in their grained size and texture. The fine-grained

porphyritic trondhjemite is frequently characterized by relative fine grain and porphyritic

texture, whereas the coarse-grained trondhjemite generally by holocrystalline and coarse-

grained lextures. In fact, difference between the felsic extrusives and intrusives in the Gjersvik

volcanic arc is also in their textures but not in mineral assemblages ( Fig. 3.24 ).

The intrusive bodies of the coarse-grained trondhjemite, such as in the north of Royrvatnet

Lake, are often associated with a narrow zone, about meters in width, of fine-grained

porphyritic marginal facies near the contact between the greenstone and trondhjemite. it

transfers towards the big intrusive body in grain size, but is similar in mineral assemblage,

which has been interpretated as a chilling marginal zone formed during the intrusive processes.

It is probably significant to mention that the chilling zone is in some ways similar in mineral

assemblages and texture with the fine-grained porphyritic trondhjemite.
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The trondhjemites consist predominantly of plagioclase of dominating albite or oligoclase,

quartz with small amounts of chlofide, epidote, muscovite, sericite and carbonate plus very few

potassic feldspar, and pydte is are main accessory minerals. The mafic minerals are very low

in content, ranging usually from 2 to 3 percent and occasionally up to 10 % ( chlorite after

epidote, chloritized biotite ), but the albite is high, generally about 60 per cent, and very few

potassium feldspar. The albite is often associated with obvious twinning but without zoning. The

fine-grained porphyritic trondhjemite consists of phenocrystals ranging usually from 1 to 2

mm in size setting in the matrix composed mainly of albite, quartz, chlorite, carbonate,

muscovite and sericite, generally less 0.1 mm in size. The phenocrystals rang usually from 20

to 30 percent in content and comprise predominantly anhedron to euhedron, tabular albite with

obvious twinning and a few amount of subrounded quartz. Phenocrystals of the albite occur as

either individual or aggregate of the crystals, and some of them are altered by muscovite and

seridte. The coarse-grained trondhjemite is similar in main mineral assemblages to the fine-

grained porphyritic trondhjemite, but not associated with the porphyritic textures. It is of

typical holocrystalline with approximately equigranular granitic texture, although

recrystallization of quartz is common, resulting in the development of a mosaic texture. The

albite is about 60 percent in content, and mainly euhedron and tabular grains with obvious

twinning, about 1 - 3 mm in size. The albite is locally clotted with secondary sericite and

muscovite. The quartz is anhedron grains, varying from 0.2 to 2 mm in size, and about 35

percent in content. The mafic minerals are bw, generally less 5 percent in content, and consist

mainly of chlorite with small amounts of epidote and chloritized biotite.

The gabbro is composed of chlorite, clinozoisite, chloritized biotite and amphibolite with

small amounts of secondary quartz and carbonate. The clinozoisite often keep in pseudomorphs of

the plagioclase and is about 40 - 50 percent in content. The biotite is anhedron, scaly, with

perfect cleavage, but frequently chloritized. The amphibolite have two good cleavages.

3.3.4 Chemistry of the rocks

(1) Bimodal feature
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The meta-intrusives in the Gjersvik Formation are also characterized by an obvious

bimodal chemical composition that are comparable with the rneta-extrusives with which they

are associated in the Gjersvik volcanic arc ( Fig. 3.13 ). Spectrum of the meta-intrusive rocks

in chemical compositions is obviously bimodal in Si02 contents, that is, Si02 contents vary

mainly between 45 - 53 in the gabbro and between 70 - 78 percent in the trondhjemites, but

are obviously lack of intermediate composition ( Table 3.4 ). No typical diorite has so far been

found within the Gjersvik Formation.

(2) Chemical series of the intrusive rocks

Chemical series of different types of the intrusive rocks and their relationships to tectonic

environments were discussed by several authors. The trondhjemite has been considered as a low-

K\Na-ratio type of calc-alkaline rock ( Barker and Arth, 1976) or as a low-(Fe0* + Mg0)

type (Barker, 1979). They are dif ferent from the calc-alkaline quartz diorite-tonalite-

granodiorite-granite suites that form the bulk of the Mesozoic circum-Pacific batholiths. As the

recent knowledge state, magma of the normal calc-alkaline series are totally restricted in their

occurrence to subduction-related tectonic settings (Wilson, 1989). However, the trondhjemite

and cogenetic, less siliceous and more mafic rocks are now known to be a major component of

Archean greiss terranes, which occur in the volcanic and plutonic parts of Late Archean granite-

greenstone terranes, to form widely scattered extrusive and intrusive bodies in plate-tectonic

environments of convergent oceanic-continental and oceanic-oceanic types, and to be a

prominent if volumetrically minor component of many ophiolites ( Barker, 1979 ).

Plots of the trondhjemites occurring within the Gjersvik volcanic arc on the K-Na-Ca

ternary diagram define a compositional variation trend towards the Na-apex that is similar to

that of the trondhjemite suite from S.W.Finland ( Barker and Arth, 1976 ), but is distinct to

the calc-alkaline suite ( Fig. 3.25 ). A corresponding trend of the trondhjemites is also

displayed in a normal Q-Ab-Or diagram ( Fig. 3.26 ). This strong trondhjemitic trend is rather

different from the normal calc-alkaline suites in chemical series.

(3) Major elements
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which indicates a gabbro-trondhjemite trend. The calc-alkaline and gabbro-
trondhjemite trends are from Barker and Arth (1976)



The bulk chemical composition of the trondhjemite is different from that of normal granite

in continental environment in sodium and potassium contents. The trondhjemites are

characterized by unique low-K20 and high-Na20 contents comparative of granites. For

example, the trondhjemites in the Gjersvik Formation generally contain K20 less 2 percent

varying from 0.32 to 2.22 percent in content and Na20 more than 4, ranges from 4.49 to 6.88

percent ( Table 3.4 ), whereas granite usually contains about 4 percent or more K20 and less 4

percent Na20 in contents ( Middlemost, 1985 ) when the trondhjemites are compared with

granites containing Si02 content over 70 percent.

The trondhjemiles have been subdivided into two suites: low-A1203 and high-A1203 types at

15 percent A1203 and 70 percent Si02 ( Barker, 1979 ). These two kinds of trondhjemites

tend to occur in different environments: continental trondhjemites generally contain more than

14.5 to 15 percent A1203, whereas oceanic trondhjemites contain less than 14.5 to 15 percent

( Arth J.G. 1979 ). The trondhjemites in the Gjersvik volcanic arc generally contain less than

14 percent A1203, ranging from 12.8 to 14.8 ( Table 3.4 ), which appears to indicate that

they originated from the ocean environment.

The trondhjemite has further been divided into coarse-grained and fine-grained porphyritic

subtypes. And, they have been proposed to represent the deep-seated and shallow-seated phases

of a co-magmatic processes, respectively, based on the transitional contact relationship and

parallel mineral assemblages and chemical compositions between the two. Due to the fact that

the extrusive keratophyric pyroclastic rock is completely comparative in major mineralogy

and chemical compositions and only different in rock textures to the intrusive trondhjemites,

the keratophyric pyroclastic rock can possibly be interpreted as an extrusive equivalent of the

felsic pluton. This point is further supported by Na20, K20 and Ca0 systematic exchanges in

these three kinds of the felsic rocks. K20 and Ca0 contents are higher, but Na20 is much low in

the coarse-grained trondhjemite, K20 and Ca0 contents become very low, but Na20 is very high

in the keratophyric pyroclastic rock, while Ke0, Na20 and Ca0 contents in the fine-grained

porphyritic trondhjemite lie between the two. More importantly, the changes of K20, Ca0 and

Na20 contents in these three types of the felsic rocks are systematic and gradually transitional

to each other. For example, the K20 and Ca0 gradually decrease with Na20 increase from the

coarse-grained, via fine-grained porphyritic trondhjemites to the keratophyric pyroclastic
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Table 3.6

Major ( wt.%) and Trace (ppm) Rlement
Chemistry of the Intrusive Rocks

1 2 3 4 5 6 7 8 9

m15-14-1 M15-14-2 M18-16 913403 913206 116-5 911711 911712 911713

5i02 74.10 74.14 74.28 75.20 73.62 73.25 75.00 73.15 76.77
Ti02 0.23 0.22 0.36 0.48 0.36 0.41 0.31 0.19 0.25
A1202 13.18 13.05 13.65 13.77 14.67 13.72 13.28 12.92 13.65
*Fe0 3.52 3.61 2.66 3.31 3.10 3.05 3.04 1.73 2.16
Mg0 0.31 0.27 0.32 0.58 0.29 0.46 0.56 0.15 0.43
Ca0 0.88 1.00 0.67 1.47 1.30 1.02 2.95 2.28 2.52
Na20 5.36 5.43 5.14 5.41 5.56 6.88 3.90 3.63 4.06
K20 1.24 1 .06 1 .55 0.97 1.48 0.32 1.24 0.33 1.00
mn0 0.84 0.05 0.17 0.11 0.09 0.10 0.03 0.04 0.04
P205 0.04 0.05 0.07 0.09 0.05 0.08 0.06 0.02 0.01
Loss 1 .05 1.09 1.40 0.76 1.20 1.80 9.93 0.64 0.68
SUM 99.95 99.97 120.27 101.39 199.62 100.29 100.49 99.59 10.92




94 112 101 179 26 136 196 252 114




28 21 33 22 38 <1 29 2; 27




, 10 15 12 15 10 9 9 10




42 43 58 41 46 47 17 20 18
Zr 123 115 157 127 167 115 123 123 131
s 96 91 237 133 231 <10 484 269 E35




23 21 10 16 26 29 36 20 31
Ni 6 7 43 5 6 3 10 6 7
Co 3 3 3 3 4 3 4 2 3
Cr 92 118 63 74 61 50 137 113 94
.0b 3 7 9 4 10 15 6 14 6
Cu 15 13 28 7 43 15 14 17 1
Zn 23 28 51 74 37 66 21 11 10



Table 3.6, continne




10


912323

11

912502

12

46-9

13


M7-20

14

M7-4

15


(16-41

16


M6-42

17


M6-49

13

913110

19

913101

5i02 72.11 74.31 74.99 70.32 74.92 47.54 44.65 50.13 52.27 53.29
Ti02 0.31 0.23 0.22 0.17 0.19 0.80 1.55 0.63 1.04 1.12
A1203 14.45 14.03 12.80 14.83 14.19 15.36 17.44 11.97 15.33 14.50
*Ke0 3.32 2.70 2.23 2.13 1.60 13.21 15.18 10.33 11.05 12.10
!.:g0 0.76 0.50 0.33 0.34 3.23 5.64 4.77 11.93 4.31 6.37
Ca0 2 .86 2.68 1.67 2.05 1.41 8.87 10.42 11.39 10.41 9.22
Na20 3.45 3.36 4.93 4.63 4.49 2.21 2.14 1.53 3.16 3.32
K20 2.19 2.14 1.24 2.01 1.85 0.04 0.03 0.35 3.04 0L03




0.10 0.08 0.36 2.03 0.04 3.20 0.19 0.19 0.17 6.21
P20.5 0.08 0.05 0.05 3.05 0.04 3.09 0.10 0.09 3.09 0.10
Lcss 1 .97 2.49 1.96 2.73 1.22 6.57 2.55 1.87 1.61 1.99
SUX 1 03.11 102.13 130.42 99.23 1 23.23 100.52 99.02 130.11 133.37 302.73

Sr 242 202 1 91 264 203 160 210 137 212 125
Rb 67 58 25 56 47 <1 <1 <1 5 7
IDo 11 11 13 16 12 16 17 22 il 11
v 18 20 32 11 22 16 16 17 71 21
Zr 123 113 126 121 114 44 43 42 36 33
za 739 665 493 745 860 <10 <10 <20 <19 <10
v 57 46 33 31 33 392 3612 214 244 291
Ni 6 6 3 4 I 28 22 181 41 79
Co 5 , 4 3 4 63 62 62 49 56
Cr 130 1 20




92 80 33 17 361 63 142
Pb '2 9 14 9 12 <1 <1 <1 <1 .ci
Cu 8 13 t 7 7 43 51 51 49 36
Zn 36 30 31 22 13 92 89 86 26 93

1 - 5 fine-grained corphvritic trondhjemite; 6 fine-grained trondhjemi7e
( a marginal phase of the coarse-grained trondhjemite ); 7 - 14 coarse-
grained trondhjemite; 15 - 19 gabbro

All elements were analysized by I. Romme and I. Vokes with PHILIDS RW1480
X-Ray Spectrometer in Department of Geology and Mineral Resources Engineering,
University of Trondheim-Norwegian Institute of Technology, 1991



rock, which show a linear and negative correlation ( Fig. 3.27 ). This phenomena can be

explained by evolution of the magma system and reaction between magma and sea water during

magma ascent processes. The magma composition would be gradually exchanged with magma

ascent from deep-seated, via shallow-seated intrusion to extrusion due to magma evolution by

itself and the reaction of the oceanic water to magma system, which the latter is getting stronger

and stronger from deep, via shallow to ocean floor environments. In this case sodium in the

ocean water constantly attach into the magma system or replace plagioclase, while the potassium

( perhaps including Ca ) in the magma system is gradually removed by oceanic water system.

Good linear correlations in K20, Ca0 and Na20 among coarse-grained, fine-grained porphyritic

trondhjemites and keratophyric pyroclastic rocks ( see Fig. 3.27 ) can be interpreted as a

considerate evidence in connection to this kind of geological processes, which should further be

confirmed by systematic variations of the trace elements.

(4) Trace elements

Due to similarity in mineralogy and chemical compositions between the trondhjemites and

the keratophyric pyroclastic complexes, they will be discussed in trace element behaviors

together. Study of trace element behavior during magmatic processes indicates that Ba and Rb

are major substitutes for K in K-feldspar, hornblende and biotite, while Sr often substitutes

readily for Ca in plagioclase and for K in K-feldspar. Thus, change in Ba or K/Ba ratio and Rb

and KtRb ratio may indicate the role of one of these phases in petrogenesis, whereas Sr or CalSr

ration is a useful indicator of plagioclase involvement al shallow levels ( WUson, 1989 ). These

element content changes are gradual and systematic in the felsic intrusives and extrusives. Rb,

Sr, and Ba concentrations gradually decrease from the coarse-grained ( av. 41.63 ppm Rb,

211.5 ppm Sr, and 601.25 ppm Ba ), via the fine-grained porphyritic trondhjemites ( av.

27.2 ppm Rb, 104.4 ppm Sr, and 172.6 ppm Ba ) to the keratophyric pyroclastic rock ( av. 3

ppm Rb, 90 ppm Sr, and 63 ppm Ba ) ( see Table 3.3, 3.6 ), white their substitutes K and Ca

display parallel geochemical behaviors. For example, diagrams of K20 versus Ba and Rb show

that these element changes in the coarse-grained, the fine-grained porphyritic trondhjemites

and the keratophyric pyroclastic rock are characterized by very well positive correlations, that

is, the Ba and Rb systematically increase from the coarse-grained, the fine-grained

porphyritic trondhjemites and the keratophyric pyroclastic rock with K20 increase ( Fig. 3.28
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). Parallel situation is shown in diagrams of Ca0 versus Sr and Rb versus Sr that display good

positive, linear correlative trends between both of Rb and Sr as well as Ca0 and Sr ( Fig. 3.29

). This property of the element correlations and their behaviors indicates an evolution of the

trondhjemitic magma frorn relative deep, via shallow levels to extrusive phase and the co-

magmatic affinity of the trondhjemites and keratophyric pyroclastic complexes.

This conclusion is further confirmed by the incompatible element behaviors. For example,

the incompatible elements, Zr, Y, and Nb tend to be gradually concentrated in residual phase

during magma evolution, which is revealed by their concentrated tendency of step-by-step

supplements from the coarse-grained trondhjemite ( av. 116.5 ppm Zr, 17.5 ppm Y, and

11.25 ppm Nb ), via the fine-grained porphyritic trondhjemite ( av. 147.6 ppm Zr, 40.4 ppm

Y, and 27.8 ppm Nb ) to the keratophyric pyroclastic rock ( 157 ppm Zr, 47.75 ppm Y, and

47.4 ppm Nb ) ( see Table 3.3, 3.6 ). In addition, these incompatible elements such as Y - Nb

and Y - Zr also exhibit trends of positive, linear correlation from the coarse-grained, via the

fine-grained porphyritic trondhjemites to the keratophyric pyroclastic rock ( Fig. 3.30 ).

3.4 Relationships among different types of the rocks

3.4.1 Relationship between dark and pale greenstones

The pale and dark greenstones are the most dominant types of the rocks constituting the

Gjersvik volcanic arc. They are very characteristic of and distinct in geological contact

relationship and geochemistry to each other. The pale greenstone has evidently proposed to be

stratigraphically younger than the dark greenstone and contact is sharp but original because the

exhalative sedimentary layers often occur conformably just in junction between the two. And,

the pale greenstone are characterized by much high Cr, Ni, and relative high Mg, but low Fe and

Ti relative to the dark greenstone. Cr content in the pale greenstone is generally higher than

130 ppm, Ni higher than 65 ppm, and Mg0 higher than 6 wt.%, but Fe0 less than 12 wt.%, and

Ti02 less than 1.2 wt.%, while Cr and Ni in the dark greenstone are usually less than 50 ppm,

Mg0 less than 6 wt.%, but Fe0 higher than 13 wt.%, and Ti02 higher than 1.2 wt.% ( Fig. 3.31

). Especially, average Cr and Ni contents in the pale greenstone are roughly eight times as much

as those in the dark greenstone, respectively ( Table 3.4 ). Representative contact and
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distinctive geochemical behaviors between pale and dark greenstones have well been revealed in

some exposures. For example, the exposure on the surface in the northeast of Bjorkvatnet Lake

about 2000 m shows that contact between pale and dark greenstone is sharp and they are

separated by distal exhalative sedimentary magnetite + pyrite layer ( Fig. 2.12 ), and that they

are very different and distinct in geochemical behaviors such as elements Ni, Cr, Ti, Mg0 and Fe

( Fig. 3.32 ). These distinct and systematic differences in abundance of chemical elements most

probably imply a difference of magma sources generating the dark and pale greenstones of

tholeiitic composition, respectively. At same time, correlations of Mg0 against Ni and Cr point

out that the pale greenstone was generated by more evolved tholeiitic magma, while the dark

greenstone was produced from undifferentiated tholeiitic magma.

	

3.4.2 Reiationship between greenstones and keratophyric pyroclastic rocks

Keratophyric pyroclastic complexes are evidently interpreted to be formed as an episode of

felsic magma processes between tholeiffes, representative of their metamorphosed equivalents

of dark and pale greenstones. Major massive sulphide mineralization occurring within the

Gjersvik volcanic arc are predominantly associated with the keratophyric pyroclastic

complexes.

	

3.4.3 Relationship between felsic intrusive and extrusive rocks

The felsic plutons are mainly coarse-gratned and fine-grained porphyritic trondhjemites.

The geological evidence from detaiiing surface mapping shows that the coarse-grained

trondhjemite is transitional and continue in contact with the fine-grained porphyritic

trondhjemite, which has been considered as a considerable evidence that they are co-rnagmatic

and that the fine-grained porphyritic trondhjemite most probably represent a shallow-seated

phase in connection with relative deep-seated coarse-grained trondhjemite. This conclusion is

further confirmed by major and trace element compositions.

Furthermore, what is relationship between the intrusive trondhjemites and the extrusive

keratophyric pyroclastic complexes is asked because they are completely comparable in

mineralogy and chemical compositions, but only distinct in textures. The problem of
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keratophyre and its possible relationship to trondhjemite have been addressed by several

authors. For example, one interpretion of keratophyre is that its high-Na, Iow-K character is

the result of low-temperature hydrothermal alteration of intermediate to siliceous lava,

involving interaction with seawater (Amstutz, 1974). However, there is textural and field

evidence to suggest that the "keratophyre" are indeed magmatic, not metasomatic products, and

may be thought of as the volcanic equivalents of plagiogranite ( Coleman R.G. and Dinato M.M.

1979). No matter how to interpret relationship between felsic plutons and extrusives

associated with the Gjersvik volcanic arc, two aspects must be considered: the extrusive

keratophyric pyroclastic rocks and the plutonic trondhjemites, on the one hand, are completely

comparative in mineralogy and chemical compositions and only different in rock textures to

each other; on the other hand, correlations between some major elements such as Na20, K20 and

Ca0 and trace elements, including Rb, Sr, Ba, Nb, and Y as well as between trace elements

exhibit strongly systematic and linear variations from deep-seated coarse-grained

trondhjemite, via shallowed-seated fine-grained porphyritic trondhjemile to extrusive

keratophyric pyroclastic complexes. These properties have been interpreted as a result both of

felsic rnagma evolution in the crust higher level and of reactions of ocean water to felsic magma

system during magma ascent processes from relative deep portion towards the surface. Thus,

the felsic intrusive and extrusive populations are proposed to be co-magmatic and the

keratophyric pyroclastic rocks can be interpreted as an extrusive equivalent of the intrusive

trondhjemites. Property of rich sodium and poor potassium of the keratophyric pyroclastic

complexes are considered to be related mainly to magma evolution, reaction of ocean water to

magma system as well as low-temperature hydrothermal alterations on the ocean floor.

The felsic plutons and their eruptive equivalent are mainly related to an epidose of felsic

magma activity between two tholeiitic magma processes. It must be emphasized, however, that

some felsic plutons associated with the pale greenstone such as those in the northern part of the

Gjersvik-Royrvik road have two possibilities. First, they were formed earlier than the pale

greenstone and are as same as their eruptive equivalents in chronology, but the later tectonic

movements, especially penetrated structures, made them to be associated with the pale

greenstone, which is illustrated by obviously tectonic contact between the trondhjemites and the

pale greenstone. Second, they probably represent a latest episode of felsic magma activities

which was later than the tholeiitic magma processes producing the pale greenstone. Otherwise,
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felsic magmatic activity is most probably multystages, which has been proved in terms of

absolute dating for the felsic plutons associated with the Gjersvik volcanic arc on the regional

scape. For example, the Moklevatnet granodiorite as an most extensive and yougest plutonic body

in the souther part of the Gjersvik Napper has yielded a U-Pb zircon age of 456 -1-\-2 Ma (

Roberts & Tucker, 1991 ), while the trondhjemitic body that occurs in the lower level of the

Gjersvik metavolcanic succession in the northern part of the Gjersvik Group is associated with

a U-Pb zircon age of 483 4 Ma ( Kullerud, et. al., 1988 ). This means that the felsic

magrnatic activities were multistages and covered a time span of, at least, 25 to 30 Ma during

construction of the Gjersvik volcanic arc.

3.5 Petrogenetic and paleotectonic model

3.5.1 Principal philosophy

We must be cautious in assuming that the present is the key to the past. Plate tectonics, as it

operates in the modern earth, represents in a fundamental sense a mechanism by which excess

thermal energy from the mantle is dissipated ( Sclater et al., 1980 ). This may be essentially

correct for the Phanerozoic (<600 Ma), even though Precambrian magma generation processes

may have been significantly different from those of today ( Wilson, 1989 ). Thus, the proposed

petrogenetic and paleotectonic model is mainly based on a comparison of the volcanic-plutonic

complexes constituting the Gjersvik volcanic arc to those in recent distinct and typical tectonic

environments.

3.5.2 Fundamental considerations in interpreting origin of

the Gjersvik volcanic arc

dark and al

The dark and pale greenstones are the most dorninant rock types and hence their origins are of

importance in petrogenetic interpretion of the Gjersvik volcanic arc. Due to the fact that the

geochemical characteristics of the primary magmas depend mainly upon parameters such as the

source composition and mineralogy and the depth and degree of partial melting as well as
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magmatic crystalization and fractional processes, some aspects described below have a

considerable significance in petrogenetic interpretions of the dark and pale greenstones.

(1) The dark and pale greenstones represent the metamorphosed equivalents of ocean-floor

basaltic lavas of tholeiitic composition. Distinct and systernatic differences in chemical

compositions and geological characteristics between the two show that they were formed

respectively in different stages of tholeiitic magma processes during accumulation of the

Gjersvik volcanic arc, the dark greenstone was formed earlier than the pale greenstone.

Distinguished and systematic difference in chemical compositions, i.e., the pale


greenstone is characterized mainly by higher Mg, Cr, and Ni but lower Ti and Fe relative to the

dark greenstone, most probably reveal distinction of the magma sources where they were

generated. The reason is that it has been known that the upper mantle to depths of about 200 km

are not homogeneous and consist predominantly of the two principal rock types: peridotite (

olivine, orthopyroxene, diopside, garnet ) and eclogite ( garnet, pyroxene ). The


peridotites are characterized in chemical compositions by higher Mg0, NiO, and Cr203 but the

lower CaO, Ti02, and A1203 contents relative to the eclogite. 1n addition, xenoliths derived from

the mantle have been revealed that they can be classified as two groups: Group 1inclusions are

mainly olivine-rich rocks ( Iherzolite, harzburgite), and Group 11pyroxene-rich xenoliths (

orthopyroxenens, clinopyroxenes, websterites ). Geochemically, Group I xenoliths are more

rich Mg, Cr, Ni relative to Group II, while Group 11xenoliths typically are more Fe-rich,

contain more Ti02, A1203, and less Cr203 and Ni02 than Group I ( Hess, 1989 ).

Correlative analysis in immobile trace elements and their ratios such as Zr, Ti, Y, Ni,

Co, Cr, Cr/Ni, Ni/Co, Zr/Y and Ti/Zr points out that the pale greenstone is largely correlative

to E-type MORB and, in certain extends, to N-type MORB, but has few relations to back-arc and

island-arc tholeiitic basalts, while the dark greenstone is broadly related to island-arc and

back-arc tholeiitic basalts but has few correlations to the E-type and N-type MORB ( see Table

3.5 ). Study of the recent igneous petrogenesis points out that the mid-ocean ridge basalts have

been classified as normal ( N-type or depleted-type ) and plume ( P-type or E-type, enriched-

type ) (Bryan et al. 1976; Sun et al. 1979; Schilling et al. 1983 ). N-type basalts are

recovered mostly from the Pacific and from the Atlantic south of 30 N, whereas N-type basalts
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come mostly from the Atlantic north of 30 N and from the Galapagos spreading center. These two

types of the MORB have significant variations in the trace element concentrations, but major

elements compositions remain remarkably uniform. N-type MORB are derived mainly by

partial melting of the isotopically fairly homogeneous, well mixed, depleted upper-mantle

reservoir, whereas N-type MORB are derived from sources containing variable amounts of a

"blob" component from the underlying isotopically heterogeneous reservoir, which is also the

source of oceanic-island basalts (Wilson, 1989). Thus, the immobile element behaviors

further confirm the difference of magma sources between the pale and dark greenstones and the

pale greenstone was originated from more deep-crust magma source than the dark greenstone.

(4) The different geochemical behaviors of the Cr, Ni and Mg in the dark and pale

greenstones display the different evolved trends of magmatic processes. Correlative relationship

between Mg0 and Ni as well as Mg0 and Cr are apparently positive and linear, i.e., the Ni and Cr

systematically, obviously increase with the increase Mg0 in the pale greenstone, but the Ni and

Cr are not obviously variable with increase Mg0 in the dark greenstones. It has been revealed

that Ni0 in peridolite strongly prefers olivine, and Cr203 prefers spinel, clinopyroxene, and

garnet. High values (e.g. Ni = 250-300 ppm, Cr = 500-600 ppm) for these elements are good

indicators of derivation of parental magmas from a peridotite mantle source because these trace

elements are compatible in peridotite that are concentrated in minerals rather than the melt

phase. Thus, Ni abundances in MORB strongly controlled by olivine fractionation. Its content

ranges from > 300 ppm in primary glass basalts to 25 ppm in highly evolved basalls, and

correlate well with Mg0 content. Cr contents similarly show a marked reduction from 700 to

100 ppm with progressive fractionation ( Wilson, 1989 ). Good correlations between Mg0 and

Ni as well as Mg0 and Cr in the pale greenstone indicate the importance of olivine fractionation

or accumulation. Same good correlations between Mg0 and Ni as well as Cr are frequently

displayed in oceanic-island basalts ( Le Roex, 1985 ). Thus, different correlative trends

between Mg0 and Ni as well as Cr point out that the pale and dark greenstones were originated

from the more differentiated and undifferentiated tholeiitic basallic magmas and further

confirm that they most probably originated from different magma sources, respectively.

I i I
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The Gjersvik voIcanic arc is characterized by volcanic-plutonic association. The feIsic

plutonic and extrusive complexes have geochemically been demonstrated to be co-magmatic, and

their low-Al properties, generally A1203 < 14.5 percent, seem to point out an oceanic

environment because it has been proved that Low-A1203-, high-Yb-type trondhjemites

generally originate in oceanic environments whereas the high-A1203-, low-Yb-type generally

originates at continental margins or interiors (Arth J.G. 1979)

1t is now generaIly accepted that the generation of trondhjemites is related to a basaltic or

gabbro source. Generation of low-A1203-type trondhjemites is thought to occur by fractional

crystallization or partial melling of basalt at shallow depths where residual phases would

include plagioclase. Generation of high-A1203-type trondhjemites is thought to occur by

fractional crystallization of basalt at intermediate depths where residual phases include

hornblende and plagioclase or by partial melting of metabasalt at intermediate depths leaving a

hornblende-rich residue; or by partial melting at mantle depths leaving an eclogitic residue (

Barker, 1979; Arth, 1979 ). 11is advantageous to support this opinion of trondhjemite origin

that the trondhjemites and their eruptive equivalent are closely associated with the greenstones

of tholeiitic composition and gabbro within the Gjersvik volcanic arc.

It is perhaps important to mention that geological evidences reveal that the felsic volcanic

rocks and their plutonic equivalents, i.e., trondhjemites, are mainly related to an episode of the

felsic magma processes between two tholeiitic magma processes.

3.5.3 Major evidences reconstructing paleotectonic environment

of the Gjersvik volcanic arc

The Gjersvik Group has been proposed to form in an island arc environment ( Gale &

Roberts, 1974; Halls et al., 1977; Lutro, 1979; Reinsbakken, 1980, 1981; Gale & Peace,

1982 ). On the basis of the recent study, it may be necessary and fundamental to pay more

considerable attentions in major geological and geochemistrical characteristics described below

when paleotectonic environment of the Gjersvik volcanic arc would be reconstructed.

(1) Stratigraphic successions
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The Gjersvik Nappe ( Halls et al., 1977 ) consists of a sequence of polymict conglomerates

and flysch-like sediments ( Limingen Group ) in the east of the area generally overlain by

metavolcanic and meta-intrusive rocks ( Gjersvik Group ) to the west. And, the Limingen Group

is evidently interpreted as being stratigraphically younger than the Gjersvik Group ( Halls et

al., 1977; Kollung, 1979; and Lutro, 1979 ).

The Gjersvik Group is subdivided into two Formations, i.e., Boyrvatnet and Gjersvik

Formations. The former consisting of massive amphibolite and actinolite-bearing schist with a

MORB affinity is proposed to be stratigraphically older than the latter, and represents a

remnant of the ancient ocean crust on which the Gjersvik volcanic arc was built.

The Gjersvik Formation dominates the Gjersvik Group and constitutes the Gjersvik volcanic

arc. It consists of a thick bimodal volcanic suite with associated bimodal intrusive complexes.

The metavolcanic succession comprises the greenstones of tholeiitic composition and the

keratophyric pyroclastic complexes of rhyolitic composition, while the plutons are composed of

the trondhjemites and gabbro. On basis of the isostatic principle, Sawkins (1984) pointed out

that thicknesses of sedimentary and/or volcanic rocks in excess of the felsic volcanic rocks with

their plutonic equivalent few thousand meters and associated massive sulphide deposits related

to them cannot accumulate and be preserved in intracontinental areas unless extensional

attenuation of the between the episodes of magmatic process of tholeiitic basalts crust takes

place.

The metavolcanic succession constituting the Gjersvik volcanic arc has been subdivided into

three stratigraphic units, i.e., felsic volcanic complexes, dark and pale greenstones. The dark

greenstone is evidently proposed to be stratigraphically older than the pale greenstone, whereas

the keratophyric pyroclastic complexes represent an episode of felsic volcanic activity between

tholeiitic basalts, their present metamorphosed equivalents of the dark and pale greenstones,

respectively. It is very significant and important in reconstructing primary magma processes

that the Gjersvik volcanic arc was buill by multicycle magma processes that can roughly be

divided into three stages, i.e., early undifferentiated tholeiitic, via felsic

to late differentiated magma processes.
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Rock types and magma series

The Gjersvik volcanic arc consists of ocean-floor volcanic-plutonic complexes with

extensively associated the distal exhalative chemical sedimentary horizon related to the felsic

volcanic processes. It is significant, however, that no any sorts of normal sedimentary rocks

have so far been found within the Gjersvik volcanic arc. This means the Gjersvik volcanic arc

was undoubtedly formed in an ocean-floor environment in where there are no a voluminous

sediment supply, perhaps, far away from the continental crust, which diff ers from the

convergent margins near continents or in areas with extensive sediment supply.

The metavolcanic rocks are predominantly composed of the greenstones of tholeiitic

composition plus only small keratophyre pyroclastic complexes of rhyolitic composition, the

latter being about 20 % in volume. That means the Gjersvik volcanic arc was built mainly by

basalts of the tholeiitic series. It has been recognized that the typical volcanic-plutonic series

of more mature island arcs and active continental margin is generally "andesitic" and "catc-

alkalic", but basaltic rocks of the tholeHtic series may actually be the fundamental magma type

in young or immature arcs in intro-oceanic settings (Coats, 1962, 1968; Ewart el al., 1973;

Shiraki and Kuroda, 1977; Wilson, 1989 ).

Bimodal compositions both in the metavolcanic and meta-intrusive rocks

Bimodal compositions both in the metavolcanic and meta-intrusive rocks are one of the most

characteristic features of the Gjersvik volcanic arc, that is, the volcanic rocks are mainly

tholeiitic and rhoylitic in compositions, but lack of andesitic rocks, and the associated plutons

consist of trondhjemite-gabbro complexes short of diorite. Martin and Piwinskii (1972)

pointed out that igneous rocks generated at convergent plate boundaries tend to be characterized

by unimodal petrochemistry, whereas those generated in rift zones are characterized by

bimodal petrochemistry, especially in silica content of volcanics.

(4) Meta-intrusive association
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The co-existence of basaltic and silicic rocks is typical of the convergent margin setting

where these lava occur ( Smith et aL 1990 ). The plutons associated extensively with the

Gjersvik volcanic arc comprise the trondhjemite-gabbro complexes dominated by the

trondhjemites. The trondhjemite has so far been known to occur mainly in three tectonic

settings: Archean gneiss terrances and Late Archean greenstone-granite terrances; Phaneaozoic

and some Proterozoic extrusive and intrusive bodies in plate-tectonic environments of

convergent oceanic-continental and oceanic-oceanic types; and as volumetrically minor

component of many ophiolites ( Barker, 1979 ).

(5) Geochemistry of the metavolcanites

The dark and pale greenstones can be well distinct in geochemistry to each other. The pale

greenstone has strong enrichment in Cr, Ni, and Mg, but depletion in Ti and Fe relative to the

dark greenstone. Greatly systematic differences in chemical, especially trace elements,

compositions between the dark and pale greenstones demonstrate their different primary magma

sources. Correlations of Mg against Cr and Ni point out that the pale greenstone was formed by

differentiated tholeiitic magma, while the dark greenstone was originated from undifferentiated

tholeiitic magma. Immobile trace element behaviors in the pale greenstone are largely

comparative to these in E-type MORB, whereas in the dark greenstone are relative mainly to the

island arc tholeiites.

On the basis of discussions above, it is perhaps essential for reconstruction of the

paleotectonic environment to consider some fundamental and characteristic features in advance.

(1) the Gjersvik volcanic arc was formed in an intro-ocean floor environment in where there

are no a voluminous sediment supply, perhaps, far away from the continents; (2) the

fundamental lectonic environments during accumulation of the Gjersvik volcanic arc is

extensive or rifting rather than compressive; (3) the magma processes leading formation of the

Gjersvik volcanic arc must be multi-stages or polycychc, but they can be roughly confined in

three major stages: early undifferentiated tholeiitic, middle felsic, and late differentiated

tholeiitic magma processes. And, each stage of major magma activities may corresponds to a

limited paleo-tectonic environment; (4) the Gjersvik volcanic arc consists of bimodal volcanic-

plutonic complexes, which are definitely different from those in mature island arc or
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continental margin related to convergent plate, and are also distinct from those in typical mid-

ocean ridge and within ocean plate island arc environments related to divergent plate; (5)

structure of the Gjersvik Nappe reveals that the metasedimentary succession of the Limingen

Group is stratigraphically younger than the metavolcanic succession of the Gjersvik Group, and

hence this makes it very difficult to assume that the Gjersvik volcanic arc was present in an

back-arc environment; (6) the Gjersvik volcanic arc was most probably formed in an intro-

ocean, immature, rifting volcanic arc. And, the rifting development corresponds to the magma

processes during accumulation of the Gjersvik volcanic arc.

3.5.4 A simplified petrogenic and paleotectonic model

A model for petrogenic and lectonic evolution of the Gjersvik volcanic arc is proposed to has

focused on the development of intro-ocean crustal extension in where there is no an extensive

supply of sediment but it is in some ways related to the plate convergence processes. Figure

3.33 shows a series of schematic cross sections depicting the petrogenetic and tectonic evolution

of the Gjersvik intro-ocean rifting voicanic arc.

Section (a) shows that the first step in development of an intra-ocean rifting system at a

convergent plate margin may involve the imbrication of lithosphere plates of, perhaps,

different net density and thickness. The fault zones may be important in determining the locus

and the beginning of a subduction cycle.

Section (b) represents that subduction sets up mantle counterflow which causes thermal

upwelling of overriding plate and crustal rupture, and hence the initial rifting begins over the

subduction zone. Accompanying this processes, a volcanic arc begins to form in a deep intro-

ocean floor. The volcanic arc is immature and consists predominantly of the undifferentiated

tholeHtes. At this stage, hydrous fluids derived from the subducting oceanic lithosphere

metasomatize a MORB-like mantle source, i.e., depleted mantle source, which then partialty

melts to produce the rifting arc tholeiites. The newly erupted undifferentiated tholentes are

characterized by relative high Ti and Fe but low Cr, Ni and Mg, and are associated mainly with of

island-arc but mixing back-arc tholeiite and MORB affinity. Therefore, mixture of preexisting
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abyssal tholeiites may be important during accumulation of the rifting arc tholeiites.

Section (c) represents a more advanced stage of the rifting development. The tholeiitic

magma processes appear to cease around time when the subduction becomes failure, but the

rifting is not cessation. At this stage, the rifting is further developed, perhaps, as a consequence

of high thermal anomaly derived from deep mantle initial upwelling. Continue extension of the

developed rifting causes partial melt of the arc undifferentiated tholeiites and gabbro within

lower crust to produce the trondhjemitic magma. An episode of the felsic volcanic activity and

felsic plutons begin to emerge in following the undifferentiated tholeiitic magma processes

within the rifting volcanic arc.

Section (d) points out the deeper rifting development and formation of a new oceanic crust,

generated as a consequence of the diapiric upwelling of deep, enriched mantle source. The deep

mantle diapiric upwelling parlially melt to produce E-type MORB-like rifting tholeiites, which

display good affinity mainly similar with E-type MORB but plus E-type MORB, island-arc and

back-arc tholeiites. This indicates that the new tholeiites derived from relative deeper mantle

are in some ways related to enriched mantle source. The new tholeiites are characteristic of

high Cr, Ni, and Mg as well as lower Ti and Fe and exhibit a well considerably differentiated

property. At this stage, the subduction system may be not important, but fractional melting of

the rising deep mantle diapir and interference of preexisting arc tholeiftes play probably an

essential role during deep rifting development, accumulation of new tholeiitic volcanic arc and

formation of new ocean crust.
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Fa. 3.33 A simplified petrogenefic and tectonic model of the Gjersvik intro-ocean riffing volcanic arc

(a) first step in development of an intro-ocean rifting system at a convergent plate margin, and
emphasizing an important role of the fault zone in determining the locus and the beginning of a
subduction cycle; (b) processes of the initial rifting over a subduction zone accompanying eruption cf
the undifferentiated tholeiitic basalts derived from the depleted mantle source and formation of new
oceanic crust; (c) an advanced stage of the riffing system development around which the tholelitic
magma processes appear to cease due to failure of the subduction, but emergency of the felsic magma
activity which is generated by partial melt of the preexisting tholeiitic basalts caused by the deeper
heat anomaly related to the rifting system development: (d) step of the deeper rifting development
associated with activities of the differentiated tholeiitic basalt magma derived from the more deeper
enriched mantle source and with formation of the new ocean crust



Section 4: Massive sulphide mineralization

4.1 Introduction

4.1.1 Distribution of massive sulphide mineralization

The massive Cu-Zn sulphide deposits have so far been found to occur extensivety within the

bimodal metavolcanic sequence of the Gjersvik volcanic arc. They are present as a part of the

volcanic sequence and are predominantly closely associated with the keratophyric pyroclastic

complexes of rhyolitic composition. Of them the Gjersvik and the Skorovass deposits are most

important both in sizes and in economic value. The Gjersvik ore deposit as second big one

following the Skorovas orebody in size is associated with c. 1.6 m.t. of ores (massive and

disseminated) with an average of 31 % S, 1.6 % Cu and 0.9 % Zn with few amounts of Pb and

precious metals (Oftedahl, 1958). Unfortunately, the deposit has never been set into producnon

although it was discovered early in this century and was already planned for production as early

as 1920s. The Skorovas orebody, located in about 40 km to the south of the Gjersvik deposit,

with c.10 m.t. of ores massive and disseminated predominantly pyritic ore with an average

grade of 1.3 % Zn and 1.0 % Cu, together with trace amounts of Pb, As and Ag ( Halls et. al.

1977 ) used to be in production, but was closed in 1986. The Skorovas deposit was proposed to

be comparative with and very similar to the Gjersvik ore body in tectonic setting, stratigraphic

horizon, geological and lithological environments, as well as geology of ore bodies by

Reinsbakken (1980, 1981). Some considerable differences, however, do exist between the two

deposits. On the one hand, for example, the Skorovas massive sulphide ore body is associated

with relative more Zn and Pb metals and is lack of pyrrhotite, while the Gjersvik ore body is

dominated by Cu plus minor Zn but without Pb metals and the pyrrhotite is one of the most

important components of ore mineral assemblages; on the other hand, a lot of jasper has been

distinguished to occur as distal exhatative sediments in the mineralization horizon in the

Skorovas area ( Reinsbakken, 1980 ), whereas magnetite-rich cherts constitute the most

important distal exhalative sediments extending in the mineralization horizon, but very few

jasper have so far been found in the Gjersvik area. These sorts of differences appear to point out

that the Gjersvik deposit was probably formed in a relative more reduced, higher temperature,

more restricting basin on ocean floor environment in comparison with the Skorovas orebody. In
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addition, the other smaller deposits such as Annlifjellet, Tjiermajaevrieh, Gjersvikklumpen

and those in the southern and northern shore of the Bjorkvatnet Lake, have been found to have

less importantly economic value. These deposits are also associated with the keratophyric

pyroclastic complexes and are comparative and similar to the Gjersvik deposit.

The thin, iron- and silica-rich, base-metal-depleted, pyrite-rich, exhalative sedimentary

mineralization occur extensively within the extrusive sequence. They are generally present

within the greenstones but not associated with the felsic volcanic rocks. This kind of

rnineralization has been interpreted as exhalative chernical sediments related mainly to a

volcanic episode of the keratophyric pyroclastic complexes. The veining mineralization

characterized by veining and veinlet sulphide mineralization associated with apparent

hydrothermal alterations are also extensively present in the underlying dark greenstone, but

very few within the overlying pale greenstone. Th is kind of mineralization has been well

revealed by drilling core such as Drilling core Nr.4, and the detailing surface mapping ( Fig.

4.1 ). lt should, however, mention that no any economic value has so far been found from the

later two kinds of minerahzation.

4.1.2 Types of mineralization and their structural styles

The sulphide mineralization can be subdivided into three types, i.e., massive sulphide,

exhalative, and veining mineralization. They can be clearly separated in host rock associations,

relationship of mineralization to their wall rocks, mode of ore bodies in occurrence, ore

mineral assemblages and hydrothermal alterations. The detailing descriptions are given in

follow.

(1) Massive sulphlde mineralization

This kind of mineralization refers to those that the ore horizon, situated generally at an

interface between metavolcanic stratigraphic units of the greenstone and of the keratophyric

pyroclastic rock, consists of massive sulphide ores ( sulphides generally over 60 vol.% )

associated initially with a stringer ( so-called feeder zone ) characterized both by intensive

wall-rock hydrothermal alterations and by extensively interconnected and disseminated
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sulphide mineralization which occur within and cut through the keratophyric pyroclastic

complexes directly below the massive orebody. The association relationship between massive

sulphide ores and altered stringer is intimated and the feeder zone has been interpreted as a path

leading the mineralized solution flow towards the surface on the ocean floor in where accumulate

the massive sulphides. This type of mineralization is only and most important in economic value

known so far in the Gjersvik area, such as the Gjersvik and Skorovas ore bodies all belonging to

this group.

The keratophyric pyroclastic complexes associated with massive sulphide mineralization

consist predominantly of the metavolcanic clastic and tuffaceous rocks. For example, the

keratophyric pyroclastic complex hosting the Gjersvik ore body is exposed on the surface as an

approximately ellipsoid shape with axis length 350 meters in N-S direction and 200 meters

wide and composed of pale-moderate, massive, keratophyric pyroclastic rocks plus welded

lapilli tuff. The felsic pyroclastic rocks comprise flattened, angular, pale keratophyric

fragments setting in a while-moderate greenish, quartz-sericite-chlorite-calcile matrix

containing much pyrite disseminatation. The angular and lensoid fragments vary in size from 1-

5 cm ( maximum dimension ) and consist of a very fine-grained, porphyritic, homocrystalline

quartz, albite and sericite with subordinate chlorite and small epidote. Pyrite and magnetite, up

to 2%, are nearly always present in fragments along with accessary apatite and sphene.

Immediately adjacent to the massive sulphide ores, there often occur a paler, more massive and

dense, highly siliceous, sericite- and carbonate-rich metarhyolite, which is commonly

characterized by associated interconnected network of thin pyrite vein and veinlet

minerahzation. The quartz-sericite-carbonale rocks which result from intensive silicification,

sericitization and carbonalization frequently occur in the most intensively pyrite-veined and

disseminated portions. These altered felsic rocks associated with interconnected vein and veinlet

sulphide mineralization have been interpreted as the feeder zone connecting directly to the

massive ores. The parallel situations also well repeat in the other places where occur the

massive sulphide mineralization associated with the keratophyric pyroclastic complexes. For

example, the Tjiermajaevrieh massive sulphide body is directly overlain by a small felsic

pyroclastic complex consisting of felsic volcanic fragments, about 10 - 20 cm in size, cemented

by fine-grained, pyrite-rich, altered felsic tuff ( Fig. 4.2 ). And, the biggest keratophyric

pyroclastic body in the Gjersvik area, located at the south of the Bjorkvatnet Lake, is also
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associated with the massive sulphide mineralization ( Fig. 4.1 ). Apart from the keratophyric

pyroclastic complex at the level where the ore horizon is located, the sequence becomes the

unaltered, dark greenstone of tholeiitic basaltic composifion. The massive sulphide horizon is,

however, underlain by the unaltered greenstone but overlain by the altered, interconnected

pyritic felsic complex in Gjersvik deposit. In this case, relationship between massive sulphide

bodies and their wall rocks has been interpreted to indicate an inverted stratigraphic

succession. The same stratigraphic succession and relationship between ore bodies and wall

rocks were reported from the Skorovas ore deposit ( Reinsbakken 1980 ).

The massive sulphide ore bodies are generally stratiform, lensoid, and plate-like, varying

from tens cm to several meters in thickness and from tens to several hundred meters in length

and are conformable with their wall rock, while the feeder zone underlying directly beIow

massive orebody is usually pipe-like or irregular, and is discordant with the host keratophyric

pyroclastic complex. For example, the drilled exploration for the ore bodies was revealed that

the present geometry of the Gjersvik orebody consists of an asymmetrical, spoon-shaped,

synformal structure which plunges southerly with the eastern limb more steeply dipping than

the western. The horizon of massive ores itself is an irregular 1 - 5 m thick and occurs just in

junction between felsic pyroclastic complex and the greenstone, extending into within the

greenstone ( Fig. 4.3 ). The road sections ( both old and new roads ) cutting through both limbs

of this structure exhibit clearly outcrops of the massive orebody which is directly overlain by

the interconnected network of sulphide veining and sulphide disseminated mineralization

associated with intensive hydrothermal wall-rock alterations cutting and occurring within the

felsic pyroclastic complex. The present sequence that the massive sulphide horizon is overlain

by the altered, pyritic felsic complex but underlain by unaltered dark greenstone most probably

indicates an inverted stratigraphic position.

(2) Exhalative sedimentary mineralization

A thin, iron- and silica-rich, base-metal-depleted facies occurs extensiveIy but generally

not associated with the felsic volcanic rocks in the metabasaltic succession of the Gjersvik

Formation. The exhalative sedimentary horizon is comfortable with their wall rocks and occurs

mainly either in or near junction between the dark and pale greenstones or within the dark
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Fig. 4.3 Simplified geobgical map (a) and a series of geological sections of the Gjersvik deposit

(b) ( Modified from Gjersvik Malmfelt report by Øystein Pettersen, 1973 )

1 - positions and number of the drilling core; 2 - slope wash; 3 and A - keratophyric

pyroclastic rocks; 4 - massive sulphide horizon; 5 and B - dark greenstone;



pillowed greenstone. They are usually characterized by obvious sedimentary structures and not

associated with hydrothermal alterations. This kind of mineralized horizon is interpreted as an

exhalative sediment of setting of colloidal iron and silica hydrosol following explosive dispersal

into the submarine environment related either to a volcanic episode of the keratophyrical

pyroclastic rocks or to the pillowed tholeiitic basalts during construction of the Gjersvik

volcanic arc. The exhalative sediments occur mainly as thin, sheet- or plate-like layers or

lenses, generally several tens cm to meters in thickness and several to tens meters in length or

width. They are very regular in occurrence and concordant with the metavolcanic host

succession, but some of them are obviously synchronously folded together with their wall rocks.

These thin, exhalative sedimentary layers can in places be traced about several hundreds to

thousand meters along an identical stratigraphic horizon either between the dark and pale

greenstones or within the dark pillowed greenstone, which have frequently been used as an

useful key horizon that separates the metamorphosed volcanic-stratigraphic units formed in

different episodes of tholeiitic basaltic magma activities.

(3) Veining mineralization

This kind of mineralization refers to those that occur mainly as thin vein, stockwork and

disseminated sulphide mineralization associated with intensive hydrothermal alterations within

the underlying dark greenstone but that are not associated with the felsic volcanic complexes.

They were well revealed by the surface detailing mapping and the drilling core. It is, perhaps,

significant to discuss them as an independent mineralization type in interpreting origin of the

ore deposits although there are no any valuable value with thern known so far. The vein

sulphide mineralization associated with the dark greenstone extensively occur in the western

part of the Gjersvik Formation and are characteristic of yellow-brown color on exposures on

the surface. They occur mainly as long belts, generally several to tens meters wide and tens to

hundreds meters long, which cut through the dark greenstone and are sharp in contact with

their wall rocks ( Fig. 4.1 ). This kind of relationship in contact and in occurrence shows that

they are apparently controlled by fault or fissure structures. The same type of the

mineralization was revealed by the drilling core Bh.4 in the northeastern part of the

Royrvatnet lake, within which the vein sulphide mineralization occur non-homogeneously but

intensively in different levels of the drilling core such as in 317 - 325 m, and 369 - 360 m

6 8



within the dark greenstone.

4.2 Ore mineralogy, types, textures and zoning

Mineralogy of the Gjersvik deposits is comparatively simple, dominated by pyrite,

pyrrhotite, chalcopyrite, sphalerite and magnetite in decreasing order of abundance. The

principal gangue minerals include quartz, carbonate ( calcite ) together with minor chlorite

and sericite. Three different types of mineralization above described, i.e. massive sulphide,

exhalative sedimentary and veining mineralization are generally different each other in host

rock, ore types, ore and gangue mineral assemblages as well as their zoning.

4.2.1 Massive sulphides

This kind of mineralization consists of massive sulphides associated with a stringer zone (

feeder zone ) characterized by interconnected pyritic mineralization plus intense hydrothermal

alterations. The massive sulphide body generally occurs between stratigraphic units of

metavolcanic greenstone and felsic volcanic complex, whereas a stringer mineralization is

present within the felsic complex directly below the massive body.

The terms of 'massive sulphides are here defined as > 50 vol.%, and 'disseminated' as < 50

vol.% sulphides.

Massive sul hide h s

The massive sulphide phase consists largely of massive sulphide ores containing sulphides

generally over 90 vol.% with less importantly banded sulphide ores containing sulphides about

50 - 70 vol.%. The ores comprise predominantly pyrite, pyrrhotite, chalcopyrite, and

sphalerite with a considerable amount of magnetite. Non-metal minerals include quartz ( about

60 - 90 % ), chlorite ( about 10 - 30 % ) as well as minor carbonate and sericite ( generally

less 10 % ). Quartz is generally less 0.05 mm, but some up to 0.1 - 0.3 mm in size. Chlorite

often occur as aggregate or recrystalline big crystal. Sericite is mainly associated with chlorite.
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Textures of the ores indicate an extensive and intense affection of metamorphism and

deformation on the deposits. For example, typical foam textures of the massive pyrite indicate

an aff ection of slow heating during metamorphism to the ores, which made pyrite

recrystalization to minimize the areas of grain surface and interfacial tension through the

development of roughly equal grains with 120 degree interfacial angles ( Fig. 4.4 ). The

sphalerite also recrystallized along fissures of or between pyrite grains during metamorphism

( Fig. 4.5 ). Deformation of the ores is strongly evidenced by cataclastic texture of the pyrite (

Fig. 4.6 ) and compressive strain texture in the massive pyhte ores ( Fig. 4.7 ). It must be

emphasized, however, that some primary textures can still be reserved in the ores even though

metamorphic and deformed textures are most dominant within the ores. For example, small

pyrrhotite crystal occur as discontinue circling drops within big pyrite crystal ( Fig. 4.8 ).

This kind of texture most probably reflects a primary paragenetic relationship between pyrite

and pyrrhotile during the pyrite crystallization from mineratized fluid, and also indicates a

relative high temperature condition because phase rffiation in the Fe-S system demonstrates

that temperature of pyrite + pyrrhotite paragenesis is about 350 - 600 C ( Vaughan & Craig,

1978 ).

On the basis of major metal mineral assemblages, mineral content, their spatial

relationship to each other and to the adjacent host rocks, the ore horizon of the Gjersvik

massive orebody can be subdivided into five major ore facies or ore types ( Fig. 4.9 ).

Distribution and zonation of these different ore types constitute a part of volcanic stratigraphic

succession and display a feature of the sedimentary succession. Their orders are described from

the felsic cornplex to the greenstone as follows:

unaltered greenstone ( in top )

Type V: fine-grained, massive, banded pyrite-magnetile facies

Type IV: fine-grained, compact, massive pyrite-sphalerite ( with magnetite ) facies

Type fine-grained, massive to banded pyrite facies

Type fine- and coarse grained, compact, massive pyrrhotite-pyrite-chalcopyrite facies

Type I: fine-grained, compact, massive Cu-rich pyrite facies

7 0
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Fig. 4.9 Ideal section and original zoning of the massive sulphide horizon, and

of the hydrothermal alteration and mineralization in the feeder zone

1 - dark greenstone of tholeiitic composition; 2 - weak alteration zone ( silicification )

associated with slight pyrite mineralization within the keratophyric pyroclastic complex; 3 -

moderate alteration zone ( silicification, sericitization and carbonitization ) with obvious

veining, veinlet and stockwork pyrite, sphalerite, and chalcopyrite mineralization within the

keratophyric pyroclastic complex; 4 - intense alteration zone ( silicification, sericitization )

with strong or slight disseminated Cu-rich pyrite minerarization within the keratophyrio

pyrociastic complex; 5 - magnetite-rich chert; 6 - massive, compact pyrite + chalcopyrite

ores; 7 - massive, compact pyrite + chaloopyrite + pyrrhotite ores; 8 - massive to banded

pyrite ores; 9 - massive pyrite + sphalerite ( with magnetite ) ores; 10 - massive to banded

pyrite + magnetite ores



keratophyric pyroclastic complex associated with the feeder zone ( in bottom )

Type I: fine-grained, compact, massive Cu-rich pyrite-chalcopyrite facies

Representative polished sections are GS1-25, GS2-8 (?).

This type of ores is characteristic of pyrite + chalcopyrite + magnetite assemblages, sa-

cafled pyrite facies, and tends to occur in side of the massive orebody irnmediately

overlying or adjacent to the altered pyritic feeder zone occurring within keratophyric

pyroclastic complex. The Cu-rich pyritic ores are yellow-colored, fine-grained, harder,

massive, very homogeneous and compact, being seldom of primary layering. Sulphides in the

ores are over 95 vol.%, consisting rnainly of pyrite ( 60 - 70 vol.% ) with varying

chalcopyrite ( 10 - 20 vol.% ) and magnetite plus small sphalerite and pyrrhotile. Pyrite are

generally anhedron, very fine-grained about 50 um, but some of recrystalline pyrite become

euhedron, relative coarse-grained, ranging from 0.2 - 0.4 mm in size. Chalcopyrite and

magnetite are very irregular, generally less 0.1 mm but some up to 0.2 - 0.3 mm in size.

Chalcopyrite and pyrrhotile often replace the pyrite and occur mainly along edges and fractures

of or as intergranular minerals within pyrite grains, as well as between boundaries of pyrite

grains ( Fig. 4.10 ).

Type 2: fine- and coarse-grained, compact, massive Cu-rich

pyrrhotite-chalcopyrite-pyrite facies

Representative polished sections are GS1-23, GS1-24, GJK90.7, GJK90.8, and J30.

This type of the ores occurs within inside of the massive sulphide body and grades into

massive Cu-rich pyrite and compact pyritic facies. It is characterized by rich pyrrhotite and

contains sulphides over 95 vol.% consisting of pyrrhotile ( about 50 vol.% ), chalcopyrite (

varying between 10 - 40 vol.% ), and pyrite ( ranging from 10 to 35 vol.% ) with minor

amounts of sphalerite and magnetite. In general, pyrrhotite, sphalerite and magnetite have a few

variation in volume, but chalcopyrite and pyrite vary from sample to sample. For instance,

samples GS1-23, GS1-24 comprise pyrrhotite ( 50 vol.% ), pyrite ( 25 - 35 vol.% ),
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chalcopyrite ( 5 - 15 vol.% ) with small sphalerite and magnetite ( Fig. 4.11 ), whereas

samples GJK90.7 pyrrhotite ( 50 % ), chalcopyrite ( about 40 % ) and pyrite ( about 10 % )

( see Fig. 4.12 ). Because of the larger amounts of pyrrhotite and chalcopyrite in these ores,

this type of the ores is typically more yellow to brownish-yellow in color. Pyrite are euhedron

to subhedron or rounded, very fine to fine-grained, varying generally between 0.01 to 0.6 mm

in size. A good cataclastic texture is, sometimes, associated with pyrite. They generally set in a

matrix consisting of irregular, anhedron monoclinic pyrrhotite and chalcopyrite ( Fig. 4.11,

4.12 ). Magnetite are often associated with sphalerite as individual, anhedron crystal or occur

as very thin layers dominated by magnetite ( less 0.1 mm wide ) intercalated with sulphides (

Fig. 4.13 ).

According to sulphide grain size, this type of ores can be separated into two phases, i.e., fine-

grained phase ( sulphides generally 0.01 mm - 0.1 mm ) and coarse-grained phase ( sulphides

usually 0.1 - 0.6 mm ) in size. According to microscope study of limited ore specimen, it may

be significant to mention that the coarse-grained phase generally contains more chalcopyrite

than the fine-grained phase. It appears that the coarser the sulphides are in size, the higher the

chalcopyrite is in content.

Type 3: fine-grained, massive and banded pyrite facies

Representative polished sections include GS1-22, RS2-4, GS2-9-2, 0S2-9-3, 0S2-9-4,

J3Q, and J3N.

This ore type constitutes the most simplest ore facies consisting almost totally of

monominerallic pyrite setting in a matrix of quartz, carbonate with a minor chlorite. It

immediately lies outside and drapes the massive pyrrholite-pyrite-chalcopyrite and Cu-rich

pyritic ores. II goes towards outside, in places, to be direct contact with greenstone. The pyritic

facies are mainly composed of massive, very dense, harder, and compact pyritic ores that grade,

in places, into banded pyrite in peripheral parts of the orebody adjacent to the dark greenstone.

The massive ores contain sulphides generally over 90 vol.%, whereas the banded ores from 50 -

70 vol.%. The ores are characteristic of yellow color. Metal minerals include pyrite ( over 90

percent ) with small amount of chalcopyrite, sphalerite, and magnetite. Massive, compact
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pyrite shows anhedron to subhedron, extremely fine grains. In general, it is not ease to

distinguish boundary between pyrite grains under microscope. However, outline of the pyrite

grain becomes very clear when dropped HNO3 liquid on surface of the polished section, which

shows that pyrite ranges from 0.04 to 0.4 mm in size ( Fig. 4.14 ). Some pyrite are

characterized by recrystallization, especially in banded ores, which show euhedron to

subhedron, relative coarse grains about 0.1 - 1 mm, even up to 2.5 mm in size. Chalcopyrite

and sphalerite are irregular, and often occur or replace along edges and fractures of or as

intergranular minerals within pyrite grain.

Type 4: fine-grained, compact, massive pyrite-sphalerite

( with magnetite ) facies

Representative polished sections are GS1-32, GS1-33, and J3D.2, and polished thin section

J3D1.

This facies is characterized by comparative rich sphalerite. Metal minerals are generally

over 80 vol.% consisting of pyrite about 70 percent, sphalerite ranging 15 - 25 percent, and

magnetite ranging 5 - 15 percent with a trace amount of chalcopyrite ( Fig. 4.15 ). It is only

present in local places in where they occur as part of marginal zone or of lateral extent of the

massive orebody transitional from the fine-grained massive pyrite to waH-rock greenstone.

The sphalerite-rich layers are directly in contact with and underlain by the greenstone. Pyrite

is anhedron to subhedron, generally varying from 0.04 to 0.4 mm in size. Sphalerite is very

irregular and often associated with pyrite, but it often occurs along edges and fractures of or

between pyrite grains. Magnetite is very irregular, fine-grained, generally less 0.1 mm in

size. II occurs mainly as thin banded or very small lenses intercalated with sulphides, which

sometimes constitutes a good banded structure. Magnetile bands or lenses are generally

associated without or with few pyrite. Sometimes, magnetite bands are synchronously folded

with host sulphides, which indicates an original structure feature. Gangue minerals consist of

quarlz and calcite. They are approximately equal in content. Quartz and calcite are all anhedron,

generally 0.2 - 0.5 mm in size. They often intergrowth each other and constitute a paragenetic

texture. In the banded locality, gangue minerals often occur as thin bands alternated with thin

sulphide bands.
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Type 5: fine-grained, massive, banded pyrite-magnetite facies

Representative polished section is RS2-3, and polished thin sections are J3R and GJK90.11.

This facies is also present in bcal places in where they occur rnainly as part of marginal zone

or lateral extend of the massive orebody transitional from massive, compact pyritic phase to

wall rock greenstone. The ores are characterized by relative rich magnetite. Metal minerals

generally range from 50 to 60 percent consisting of pyrite ( about 60 - 80 percent ) and

magnetite ( ranging from 20 to 40 percent ) with trace amounts of chalcopyrite and sphalerite.

Pyrite and magnetite often occur respectively as very thin alternating bands, which are

intercalated each other to constitute a banded structure. Pyrite is mainly anhedron, generally

0.1 - 0.7 mm in size, but often characterized by good cataclastic texture. Magnelite is euhedron

to anhedron, usually less 0.1 mm in size, sometimes up to 0.5 mm.

Sul hid trin er has r feeder zon

A stockwork mineralized system consisting of interconnected pyritic quartz-calcite veining

with associated extensive wall-rock hydrothermal alterations occurs within and cuts through

the metafelsic volcanic complex directly beneath and adjacent to the massive, Cu-rich pyritic

facies or fine-grained, compact pyritic ores, which have been interpreted as •feeder zone' or

'root zone of the ores. In the case of the Gjersvik ore body, the feeder zone ' within the

keratophyric pyroclastic complex is overlain directly on the massive sulphide horizon, in

which individual thin sulphide vein, generally several to tens mrn wide, often coalesces upwards

the massive sulphide horizon into larger mineralized zones about several meters in width,

consisting of sulphide veins or channels associated with hydrothermal alterations.

It has been recognized that mineralization in the feeder zone is in sorne ways related to grade

of the hydrothermal alterations. In the case of the Gjersvik deposit, for example, the intense

alteration zone consisting mainly of silicification and sericitization is often associated with

relative strong mineralization. In this zone, mineralization is largely disseminated, sulphides

being in places up to approximate 40 percent. The sulphides are composed mainly of pyrite (
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generally over 80 percent ) with small amounts of chalcopyrite with trace sphalerite and

pyrrhotite. Pyrite is mainly disseminated, anhedron to subhedron, ranging from 0.1 to 1 mm in

size. The chalcopyrite and sphalerite occur mainly as replacements along edges of fracture of

pyrite gains. Gangue minerals include quartz and sericite with small chlorite. The intermediate

alteration zone characterized by silicification, carbonitization and sericitization is associated

mainly with veining and veinlet sulphide mineralization. The sulphides range generally from

several to about 20 percent and are composed either of dominant pydte or of approximately

equal pyrite and sphalerite. Pyrite is generally 0.1 - 0.4 mm in size and often associated with

sphalerite together if the latter occurs. Non-metal minerals consist mainly of quartz, calcite,

and albite with minor amount of sericite and chlorite. The weak silicification zone is mainly is

only associated with weak pyrite mineralization, pyrite being is usually less 5 percent in

content, and non-metal minerals are similar with those in unaltered metafelsic rocks.

4.2.2 Exhalative sediments

Exhalative sediments are simple in mineralogy and consist predominantly of magnelite,

quartz and pyrite associated with or without subordinate sericite or muscovite and carbonate,

which has been referred to as a special term vasskis ' in Norway. The exhalites are thin

layered, plate-like and are conformable with their wall rocks. They are characterized by very

well laminated structure, consisting predominantly of alternating laminae of pyrite, magnetite

and chert, which are often superimposed by later fold structure ( Fig. 4.16 ), and by very fine-

grained texture, generally less 0.05 mm in size. The very fine-grained minerals in the

exhalites are all anhedron, and often intergrowth each other to form a poikiloblastic texture.

According to major mineral assemblages, they can be subdivided into three main subtypes, i.e.,

pyritic chert, magnetite-rich pyritic chert and chert. The former two types are distributed

mainly in the west of the Gjersvik Formation and occur just in junction between dark and pale

greenstones or within dark, pillowed greenstone, while the latter is largely associated with

pale, piilowed greenstone in the eastern area. The pyritic chert is moderate-grayish and grey-

yellowish in color, and consists mainly of quartz and pyrite with/without magnetite and

sericite. The magnetite-rich chert are blackish to black grey in color which depends on

magnetite and disseminated pyrite contents, and consist mainly of magnetite, quartz and pyrite.

The pyrite and magnetite varies greatly in contents, ranging from several to over 40 per cent,

7 5



-

•-

	

. - .
. • „. a: •

,

-41

-

-

Fig 4.16 Folded magnetite-rich cherts, collected from the northeasl of the Bjorkvatnet
about 2000 m ( upper ) and the weslern shore of the Limingen Lake ( bffiow )



respectively. The chert are generally pale-grayish and grey-pinkish in color, and comprise

predominantly quartz plus small hematite, magnetite, pyrite and epidote. Some of them are

associated with minor amounts of jaspers. This kind of exhalative horizon was found to be

present mainly in the western shore of Limingen Lake and to occur in association with the pale

greenstone, either within pale pillowed greenstone or in boundary between the pale, pillowed

and schistose greenstones, which indicates an relative oxide ocean floor environment in where

this kind of exhalative sediments were deposited.

The exhalative sediments have been interpreted as a setting of colloidai iron and silica

hydrosol following explosive dispersal into the submarine environment related mainly either to

a volcanic episode of the keratophyrical pyroclastic eruption occurring between basic magmatic

activities of dark and pale greenstones or to pillowed tholeiitic basalts during construction of

the Gjersvik volcanic arc. For example, the stockwork magnetite have in places been found to

represent within the keratophyric pyroclastic complexes ( Fig. 4.17 ), which are considered to

be a root of the exhalative sedimentary magnetile. However, the exhalative sediments which are

associated with the pale greenstone are probably related to the late magmatic activity of

tholeiitic composition.

4.2.3 Vein mineralization in the underlying dark greenstone

The vein mineralization within the underlying dark greenstone are mainly veining,

stockwork and linear-type disseminated in structures, and consist mainly of pyrite with

varying amounts of chalcopyrite and sphalerite plus small magnetite. Sulphides within the

mineralization zones generally varies from 20 to 30 percent in contents. According to main

metal mineral assemblages, three types of mineralization can be separated: (1) pyrite,

consisting of pyrite together with\without trace chalcopyrite and sphalerite; (2) pyrite-

chalcopyrite, consisting mainly of pyrite ( 70 percent ) and chalcopyrite ( 10 - 30 % ) with

small amounts of sphalerite; (3) pyrite-sphalerite, consisting largely of pyrite ( 80 - 60 % )

and sphalerite ( 20 - 40 % ) together with\without trace chalcopyrite. Pyrite is anhedron to

euhedron, generally 0.1 - 0.5 mm, some recrystallized up to 1 - 1.5 mm in size. fl appears

that pyrite is often closely associated with altered chlorite. Chalcopyrite and sphalerite are

irregular, and occur mainly along edge of pyrite or between pyrite grains. Magnetite is
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euhedron but extremely fine-grained, usually less 0.05 mm in size. It is often associated with

greenstone adjacent to hydrothermal alteration zones. It is significant to mention that the metal

mineral assemblages and hydrothermal alterations in the vein mineralization are very similar

and comparative with those in the feeder zone.

4.3 Hydrothermal wall-rock alterations

4.3.1 Regional metamorphism and its relation to hydrothermal alterations

Mineralogical and textural evidence indicates that the rocks occurring the Gjersvik volcanic

arc all have suffered regional low-grade metamorphism up to greenschist phase. Thus, it is

necessary to justify relationship between regional metamorphism and hydrothermal wall-rock

allerations. Due to the fact that the massive sulphide deposits are often associated with felsic

volcanic complex containing a feeder zone characterized both by intense hydrothermal

alterations and by veining, veinlet and disseminated sulphide mineralization, relationship

between the hydrothermal alterations and the regional metamorphism can be evaluated through

comparison of the altered, mineralized felsic pyroclastic complexes with regional unaltered

felsic complexes away from the ore bodies.

The mineral assemblages of the regional low-grade metamorphic rocks in the Gjersvik

volcanic arc contain mainly chlorite, epidole, plagiocIase ( albite and oligoclase ), and less

sericite, muscovite, biotile, and stilpnomelane. The contents and proportion of the metamorphic

minerals depend on the types and the bulk compositions of the rocks. The regional unaltered

felsic volcanic complexes consist mainly of albite or oligoclase, quartz with small amounts of

sericite, muscovite, biotite, and chlorite, occasionally in places with few amounts of epidote and

stilpnomelane. In contrast to this, the felsic cornplexes associated with alterations and

mineralization contain much more hydrothermal allered minerals such as sericite, quartz,

chlorite and carbonate, but less albite in content. Even more, the intense altered felsic

complexes are almostly composed of sericite and quartz, while the weak allered felsic complexes

mainly of quartz and subordernate albite with small amounts of sericite, muscovite, carbonate,

chlorite, occasionally with few of epidote. Thus, sericite (muscovite) - quartz - chlorite

assemblage become essential mineral assemblage in the altered felsic complexes although they
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do represent widespreadly in the unaltered felsic complexes as subordinate mineral cornponents

resulted from regional metamorphism.

Another imporlant distinction between altered and unaltered felsic volcanic complexes is of

difference in their textures. The unaltered felsic volcanic complexes of-ten remain some typical

volcanic textures such as obvious porphyritic and clastic textures, whereas the altered felsic

volcanic complexes are characterized by obviously hydrothermal metasomatic textures, but

associated poorly with ( in the weak hydrothermal altered rocks ) or without ( in the intense

hydrothermal altered rocks ) typical volcanic textures. Thus, the hydrothermal alterations

have been interpreted as a main result produced by hydrothermal replacement before the

regional metamorphism. Due to the fact that the regional metamorphism is so low in grade that

they have been considered as being isochemical, there are no enough evidences to demonstrate

that the altered felsic pyroclastic complexes have been, to a great extent, affected by the

regional metamorphism in their chemical compositions and mineral assemblages although they

were indeed superimposed by the retrogressive regional low-grade metamorphism.

4.3.2 Sample collections

Owing to the (ad that the Gjersvik ore body has so far been known to be still the biggest one

in the Gjersvik area, the Gjersvik altered feIsic pyroclastic complex has been selected as a

typical example of systematic study in the hydrothermal alterations to be described below. This

result is probably applied in comparison to other mineralization that are similar with the

Gjersvik deposit

A series of samples were systematically collected from surface exposures along section

across the Gjersvik felsic pyroclastic complex from the south near shore of the Limingen Lake (

at new road ) to the north end both of the northern massive sulphide horizon and the northern

boundary of the Gjersvik felsic complex ( at old road ), and from outcrops of the altered felsic

rocks overlain directly on the western flank of the Gjersvik massive sulphide horizon along

road sections ( new road in the south and old road in the north ), which the latter are

characterized by obvious veining and stockwork sulphide mineralization ( Fig. 4.18 ). All

samples were examined and described under microscope. According to assemblages and contents
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of the altered minerals in the samples, they are classified into three groups, i.e., weal allered

group representative of samples ( GS3-1, 0S3-2, GS3-3, 0S3-4, GS3-5, and GS3-6

),intermediate altered group of samples ( GS1-29, GS1-31, and GS2-9-1 ), and intense

altered group of samples ( GS3-7, GS3-8, GS3-9, GS3-10, and GS3-11 ). The intense

hydrothermal alteration samples have been subdivided into two group, i.e. slight ( GS3-7, and

GS3-8 ) and strong mineralization ( GS3-9, GS3-10, and GS3-11 ). Some of them, for

example, GS3-3 and G53-6 as weak altered, GS1-29, GS1-31 and GS2-9-1 as intermediate

altered, and GS3-7, 0S3-9 and GS3-11 as intense altered representatives, were selected

respectively to make chemical analysis.

All chemical compositions of the samples were analysized by I. Romme with PHILLIPS

PW1480 X-Ray Spectrometer in Departrnent of Geology and Mineral Resources Engineering,

University of Trondheim-Norwegian Institute of Technology, Norway.

4.3.3 Alteration mineralogy and zoning

The Gjersvik orebody is directly associated with an altered felsic pyroclastic complex

characterized by extensive hydrothermal alterations plus obvious stockwork and dense

disseminated sulphide mineralization, which has been interpreted as the feeder zone, and is

underlain by the dark, unaltered greenstone. Succession of the Gjersvik deposit, i.e., hanging

wall altered felsic complex, via rnassive sulphide horizon to foot wall dark greenstone, has

generally been interpreted to be reversed.

Several types of hydrothermal alterahions can be distinguished within the felsic pyroclastic

complex such as silicification, sericitization, carbonitization, in places, chloritization and

albilization (?). Based on main altered mineral assemblages and their spatial distribution,

three alteration zones can be subdivided: weak, intermediate and intense alleration zones. The

weak alteration zone is generally away from the massive sulphide horizon, whereas

intermediate and intense alteration zone occur usually in direct or near the massive sulphide

body. Distribution of the hydrothermal alteration zones appears to indicate a trend that

alteration grades gradually increase towards the massive sulphide horizon. The weak alteration

zone directly grades into intermediale or into intense alteration zones. The weak alteration zone
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is characteristic of less differences from the unaltered metafelsic pyroclastic rocks in

mineralogy, whereas the intense alteration zone almostly consists of altered minerals. The

unaltered rocks as a comparable standard were taken from an average value of regional

metafelsic volcanic complexes without associated massive sulphide bodies. lt must be

emphasized, however, that they may not be completely fresh, strictly speaking, since the most

felsic complexes at the Gjersvik area contain more ore less stockwork or disseminated pyrite (

generally less 2 % ), which is undoubtedly of hydrothermal origin.

The weak alteration zone is generally associated with slight mineralization, the

intermediated alteration zone often with obvious veining, veinlet and stockwork mineralization,

whereas the intense alteration zone with either slight or strong disseminated mineralization.

Different alteration zones are often distinct in altered and sulphide mineral assemblages ( Table

4.1 ). More detailing descriptions will be given below.

weak alt rati n zone r ilicifi ati n z n

The zone comprises the felsic pyroclastic complex with weak silicification and grades to

intermediate or intense alteration zone, but generally doesn't contacts directly with the massive

sulphide body. The altered rocks only have few differences in mineral assemblages and texture

relative to regional metafelsic rocks that have been considered as the unaltered metafelsic

rocks. They are composed predominantly of quartz and plagioclase (albite and oligociase) with

small amounts of chlorite, sericite, muscovite, epidote, calcite and pyrite, and are

characterized by typical porphyritic texture consisting mainly of euhedron plagioclase with a

few amounts of anhedron, rounded, and corroded quartz setting in the matrix. An only difference,

however, is perhaps that the weak altered rocks contain more quartz but less albite than the

unaltered felsic pyroclastic rocks. These quartz occur mainly as veinlet and fine-grained,

allotriomorphic, and very irregular aggregates that are apparently of hydrothermal origin. The

weak alteration zone is generally associated with slight mineralization consisting predominantly

of disseminated pyrite about 3 - 5 percent in content.

i rrn i I r fl iliifi i - ri i i i n- r ni iz n

zone 
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Table 4.1 A comparison in mineral assemblages of unaltered
and altered metafelsic pyroclastic compleses

main altered unaltered meta- weak altered intermediate
and metal felsic rocks metafelsic altered meta-
mineral rocks felsic rocks

assemblage

intense altered metafelsic rocks

weal sulphide strong sulphide
mineralization mineralization

031-29, 031-31, 033-7, 033-8033-1, 033-3,
033-4, 033-5, 032-9-1
GS3-6

033-9, 033-10,
GS3-11

quartz

albite or
oligoclase

sericite

muscovite

chlorite

epidotp

calcite

garnet

pyrite

sphalerite

chalecopyrite

fiff14 !! I 1 f'f

+++ major; *** subordernate major; crr.all; tracc



This alteration zone associated with obvious veining, veinlet and stockwork sulphide

mineralization is usually in contact directly with the massive sulphide body, which has been

proposed as ' feeder zone ' ( Fig. 4.18 ). The hydrothermal alteration minerals abruptly

increase in this zone, sometimes, being up to 80 percent in their contents and no porphyritic

lexture occurs, that is, relics of plagioclase phenocrysts that are very typical and extensively

present within the unaltered or weak altered felsic rocks are absent in this zone ( Fig. 4.19 ).

Furthermore, it is sole arnong these three alteration zones that this zone is associated with

immense altered calcite. The zone consists mainly of quartz and subordinately of carbonate

(calcite), sericite and albite with small amounts of muscovite, chlorite and epidote. The quartz

is very fine-grained and anhedron, and occurs either as a gangue mineral of the vein and veinlet

or as irregular aggregate. The calcite present rnainly as gangue mineral in the mineralized vein

and veinlet that is obviously of hydrothermal origin. The plagioclase ( albile or oHgoclase ) is

too small in size to be not recognized under microscope. fl is very difficult to say that the albite

is related to hydrothermal precesses or as a remnant of unallered metafelsic rocks.

The veining, veinlet and stockwork sulphide mineralization in this zone are very thin,

generally varying from less 1 mm to 5 mm, and consist predominantly of pyrite with minor

amounts of chalcopyrite and sphalerite plus non-metal minerals such as quartz and calcite with

a small amount of chlorite. The mineralized sulphides vary in this zone, ranging generally from

4 to 10 percent in contents,

int ns I r inzn r iliifi i n - ri i iz ti n z n :

In this zone, the rocks are almost entirely composed of altered minerals consisting of quartz

and sericite together with small chlorite, carbonate and muscovite as well as varying sulphides.

A few garnet occurs in places. The albite are completely destroyed in this zone. The

hydrothermal quartz and sericile are generally over 80 percent and they are both

approximately equal in contents ( Fig. 4.20 ). The quartz and sericite are very fine-grained or

scaly, very anhedron, and occur mainly as individual or irregular aggregates. The muscovite is

only associated with sericite in occurrence, the carbonate occurs as individual and aggregate or

in veining and veinlets. The chlorite is similar with those occurring within unaltered felsic

8 1



'a
; .• ''' 7 '

11 . , . .

	

t 1 •• • å ..•
,/fis ".....•- -

,  
4.4.

a

. . •

-•;IL kefr."1141
b-'"' •

'a r

34*

ø

FR-j. 4.19 Alterahons ( siliciflcaUon, sericitization, carbonitization ? ) and veining pyritic
mineralization in the feeder zone frorn the Gjersvik deposit 2.5 x 3.2 x 1.25

.20 Intense alterations ( sericitization and siliciticHon and pyritic mincralization

2.5 x 32 x 1.25 " + "



rocks, which appears to show a product of regional low-grade matemorphism.

This alteration zone is often associated with disseminated sulphide mineralization but the

mineralization grade is various. Based on content of the sulphides, two subtypes can be

comparatively subdivided: weak mineralization, which lies on the place transitional from the

weak or the intermediale alteration zone towards to the strong mineralization, and intense

mineralization zone. Mineralization in the weak mineralized zone consists mainly of

disseminated pyrite about 4 - 6 percent in content, whereas in the intense mineralized zone are

composed predominantly of disseminated or dense disseminated pyrite with a small amount of

chalcopyrite, vatying between 20 - 50 percent.

In addition, some other samples of the altered felsic rocks were taken from other places on

the exposures in where occur small massive sulphide bodies associated with felsic rocks, for

instance, on surface exposures in the Gjersviklumpen area, and near the northern shore of the

Bjorkvalnet along the Gjersvik-Royrvik road section. They are while to light grey in color,

very hard, fine-grained, and are associated with disseminated pyrite on the outcrop. However,

they appear to be similar with the rocks of the weak alteration zone, i.e. they are characteristic

of weak silicification and still remain typical porphyritic texture, being consistent with

unaltered metafelsic rocks. The mineralization associated with these weak altered felsic rocks is

mainly disseminated pyrite, usually up to 5 percent in content.

4.3.4 Relative chernical variations of the alteration zones

Some typical samples selected from the different alteration zones were used to make chemical

analysis of major and trace elements after they were first carefully examined under

microscope. In comparison with unaltered metafelsic volcanic rocks, chemical data indicate that

the major elements such as Fe0, Mg0, CaO, K20, and Na20 were in great extent mobile to each

other in different alteration zones if the constant volume is assumed. It is obvious that changes

of bulk chemical composition of the altered rocks mainly result from hydrothermal alteration

processes. Trends of major element behaviors and their contents in the different alteration

zones are shown respectively in Fig. 4.21 and Table 4.2. In comparison with the unaltered felsic

rocks, Si02 increases in weak alteration zone and in intense alteration associated with slight
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Table 4.2

Najor ( wt.% ) and Frace ( ppm ) Flement Chemistry
of The Altered Felsic Volcanic Rocks

2 3 4 5 6 7 8 9

	

av.(8) 053-3 GS3-6 052-9-1 051-29 051-31 053-7 053-9 033-11

5i02 73.29 73.14 73.61 65.05 78.08 65.22 74.54 57.16 51.39
Ti02 0.31 0.38 0.21 0.33 0.19 0.31 0.30 0.47 0.19
A1203 12.66 11.37 9.65 14.61 9.35 13.36 12.62 15.31 7.51
*Fe0 5.03 6.89 5.05 6.31 3.40 10.52 3.44 15.23 24.61
Ng0 0.71 2.31 1.34 1.63 0.03 2.78 2.90 0.11 0.44
Ca0 0.73 0.06 0.70 2.09 2.68 0.95 0.12 0.02 0.02
Na20 5.90 3.80 3.43 6.31 5.09 4.88 2.11 1.22 0.41
K20 0.36 0.29 0.21 0.92 0.27 0.63 1.12 9.71 1.49
Vr',(3) 0.07 0.06 0.1: 0.13 0.28 0.16 0.93 0.03 0.03
F285 0.04 0.04 0.03 0.05 0.04 0.05 0.05 0.03 0.02
Toss 0.81 2.10 1.11 1.96 0.81 3.02 2.81 8.69 12.84

	

99.96 100.44 180.50 99.39 100.22 101.88 100.99 100.98 93.95

2: 121 169 „

	

,3 110 77 96 127 121 61

	

hb14 10 16 17 17 22 23 24 21
v 5.8 67 43 66 31 57 83 74 23

	

99 89 89 110 83 52 94 85 23
Pb 3 <1 <1 1 0 4 12 26 14
8o, 83 <13 <1 : 476 <10 31 885 857 334
V 33 zt 2o

	

_J 13 i 7 3037 7 ",1

	

___ i3.

	

3 5 fl 9 6 4 3 3 io
Co 5 5 3 2 3 6 1 5 13
Cr 63 33 73 33 45 29 54 73 75
Fb 5 3 2 146' 72 27 12 43 <1

	

Fn.52 77 54 7154 153 5:2 113 1771 43

	

Cc17 56 205 36 13 462 1 72 833

1 una1tered rooks ( an averame cf G samcles ); 2 - 3 weak altered rocks;
6 intermediate altered rocks asscciated with obvious veining mineralization;
7 intense altered rock associated with weak mineralization; 8 - 9 intense
altered rocks associated with intense dense disseminated minera14T-on

All elertentsanalyzed bv Tvar Rotme w'th PHILTCPS PW1480 X-Kay Spectremeter,
Department of Geology and 1,:inera1Resources Engineering, University of
Trondbeim-Ncrwegian institute of Technology, 1991



mineralization, but seems to decrease in intermediate alteration zone and in intense alteration

zone with strong mineralization. A1203 trends to decrease obviously in weak alteration, but

appears to be approxirnately consistent in intermediate and intense alteration zones. Fe0 has a

roughly equal content in unaltered, weak and intermediate alteration zones, but decrease or

increase very sharply within intense alteration zone. Mg0 increases in different extent in weak,

intermediate and intense alteration zones, but decreases in the intense alteration zone associated

with strong mineralization. Ca0 decreases gradually in weak and intense alterations but

increases suddenly in intermediate alteration zone, which results from immense occurrence of

the hydrothermal calcite in this alteration zone. Na20 decreases rapidly in weak and intense

alleration zones but has less decrease in intermediate alteration zone. K20 decreases slightly in

weak alteration zone, but increases distinctly from intermediate to intense alteration zones (

Fig. 4.21 ).

The bulk chemical changes are parallel and comparative to those of mineralogy in different

alteration zones ( Table 4.1 ), strictly speaking, the chemical changes result from variation of

mineral assemblages and their relative contents in the different alteration zones. According to

knowledge of the mineral chemical compositions, Mg and Fe are major components of the

chlorite, while Na and a smail amount of Ca can be considered as main components of plagioclase.

1naddition, Fe is also major element of pyrite, whereas Ca constitutes an essential component of

the calcite. Similarly, K and Al may be considered to be joined mainly in sericite, micas and

feldspars. Si is always present in excess as quartz.

1n weak alteration zone, silicification is a major type of hydrothermal alterations, and

quartz content increases but albite content decreases in comparison with unaltered felsic rocks

( Table 4.1 ). Chemically, this reflects in Si02 increase, while A1203, Na20 and Ca0 decreases

( Fig. 21 ). Similarly, Mg0 increase results kom chlorite growth in this zone. 1n intermediate

alteration zone, hydrothermal alterations are largely silicification, sericitization and

carbonalization with scanly albitization, which consist of quartz, albite, sericite and calcite

assemblages. This leads 0a0 abrupt increase relative of all other alteration zones and unaltered

rocks, K20 greatly increases, Na20 increases, whereas A1203 and Si02 slight decreases

relative to unaltered rocks. The intense alteration zones consist predominantly of distinctive

silicification and sericitization. Chemically, it apparently reflects in K20 irnmense increase but
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Na20 obvious decrease. When the strong mineralization is associated with this alteration zone,

Fe0 abruptly increases, but in slight mineralization zone, Fe0 relatively decreases, which

apparently reflects in variations of the pyrite contents.

Thus, it can probably conclude that K20 continuous, great increase is consistent with rapid

sericite growth, while Na20 decrease is related to albite successive decomposition from weak,

via intermediated to intense alteration zones. ln general, Ca0 should gradually decreases with

decomposilion of the plagioclase from weak to intense alteration zones, but it abruptly increases

in the intermediate alteration zone. This change is consistent with immense addition of the

calcite in this zone comparative of other alteration zones and unaltered rocks. Similar, Mg0

trend in different alteration zones is approximately consistent with variation of the chlorite,

whereas Si02 and A1203 behaviors depend mainly on variations of quartz, albite and sericite

each other in different alteration zones.

Trend of the gained or lost cations during the hydrothermal alteration process is shown

based on isovolume change ( Fig. 4.22 ). In comparison with unaltered rocks, Si and Al appear

to be relatively immobile during hydrothermal alteration process although they are rather

gained or lost, to a certain extent, in different alteration zones. Fe has no much change in each

alteration zone but becomes very apparently additional component only in intense alterarion

zone associated with strong mineralization. However, K, Na, Ca, and Mg are very mobile during

the hydrothermal alleration process, and trend seems to show that the stronger the

hydrothermal alterations are, the more mobile they are. During the hydrothermal alteration

processes, Na is a mostly principal lost component, which loses about 40 % in weak alteration

zone, 10 % in intermediate alteration zone, and up to 65 - 85 % in intense alteration zones,

whereas K is a mostly principal gained component that rapidly increases in intermediate

alteration zone about 40 % and up to 170 % and 450 % in intense alteration zones associated

with weak and strong mineralization, respectively, although it decreases about 40 % in weak

alteration zone relative to unallered rocks. Changes of Na, K compositions are consistent with

bit-by-bit albile decomposition and step-by-step sericite addition from weak, via intermediate

to intense alteration zones. Similarly, Ca displays an exceptional trend that it loses about 40 %

and 83 - 97 % in weak and intense alteration zones, respectively, but extraordinarily

increases up to 200 % in intermediate alteration zone, which was most probably caused by
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calcite vast growth in intermediate alteration zone relative of other alteration zones and

unaltered rocks. Mg is a largely grained component in weak and intermediale alteration zones,

but is grained or lost in great extent in intense alteration zone, which mainly reflects chlorite

variation in different alteration zones. Fe has less additions in weak and intermediate alteration

zones, but abruptly increases in intense alteration zone associated with strong mineralization

up to 300 % comparative of unaltered rocks, which is obviously caused by immense

precipitation of pyrite in this zone. Al also displays a lost trend in weak and intermediate

alteration zones, but has no much change in intense alteration zones relative of unaltered rocks.

Si is only a slight gained or lost component in every alteration zone but seems to be lost greatly

in intense alteration zone associated with strong mineralization. The reason causing Si relative

decrease is due to Fe immense addition in this zone.

4.3.5 Alterations associated with the vein mineralization

The vein sulphide mineralization within the dark greenstone are usually associated with

obvious hydrothermal alterations consisting mainly of silicification, chloritization plus

varying, in places, carbonitization, sericitization and albitization. The allered minerals vary

from 30 up to 90 percent in content. The hydrothermal alterations are generaHy non-

homogenous and linear-type, and are controlled by fissures and fractures in occurrence. It is

obvious that the vein mineralization and associating hydrothermal alterations represent a mark

of mineralized solution flow through the tholeiitic basalt. The altered mineral assemblages are

largely quartz - chlorite, quartz - calcite, chlorite - sericite, quartz - sericite - chlorite and

quartz - calcite - chlorite. The altered quartz occur mainly as thin vein, very small lenses or

irregular aggregate. It is mainly very anhedron, fine-grained generally less 0.05 mm in size,

and often associated with other altered minerals such as chlorite, calcite and sericite. Sericite

results mainly from rock-forming chlorite decomposition since it is often associated with the

chlorite. Sericitization is generally not strong, and occurs mainly within the greenstone near

quartz and carbonate veins. However, sericilization is, in places, so strong that the dark

greenstone is almost replaced by sericite and quartz with minor amounts of chlorite such as at

about 319.73 m level in the drilling core Bh4. Altered chlorite is mainly clinochlorite, and is

different from rock-forming chlorite in crystalline behavior that it is generally twice to four

times as big as rock-forming chlorite in crystal size. Calcite is non-homogenous, ranging from
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trace to about 40 percent in content of altered minerals, and often associated with quartz in

occurrence.

More importantly, this kind of vein mineralization occurring within the dark greenstone is

similar in alteration types and sulphide mineral assemblages with the feeder zone occurring in

the felsic pyroclastic complexes directly below the massive sulphide mineralization. The only

difference between them is that chloritization associated with the veining rnineralization in the

greenstone is obviously stronger more than that with the felsic complexes. This relationship

points out that the hydrothermal convective system related to volcanogenic exhalative processes

in ocean floor environment must be covered in a wide scope, but was not only limited within the

felsic volcanic complexes.

4.3.6 Relationship of hydrothermal alteration in the Gjersvik deposits

to those in other volcanogenic massive sulphide deposits

Two distinct groups of hydrothermal alterations associated with the two compositional

groups of volcanogenic massive sulphide deposits have been summarized on the basis of the

mineralogical characteristics and distribution of alterations by Franklin et. al., ( 1981 ):

alterations associated with Cu-Zn deposits and with Zn-Pb-Cu deposits, respectively.

The alterations associated with Cu-Zn deposits occur often as the alteration pipes under Cu-

Zn deposits, which is characterized by (1) weii-defined, in some cases vertically extensive (

1,000 m or more ); by (2) an Mg-rich chlorite or talc-rich core surrounded by a sericite +/-

quartz-rich halo; this zonation occurs on both the scale of an individual vein and through the

entire pipe; and by (3) pervasive Na20 and Ca0 depletion, some K20 addition, and minor

addition of Si02; the central Mg-rich core is depleted in Si02, whereas the outer sericite zone

may be enriched in Si02 such as the Millenbach Cu-Zn Mine, Noranda, Quebec, ( Riverin and

Hodgson, 1980 ). However, the alteration associated with the Zn-Pb-Cu deposits, as typified by

the Kuroko and Tasmanian deposits, has a few different characteristics: (1) pipes are not as

vertically extensive although they are mineralogically well defined, and (2) the zonation is

essentially opposite to that in the Cu-Zn group, with a sericite-quartz core surrounded by an

Mg-enriched cNorite halo.
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The hydrothermal alteration in the Gjersvik deposit is in some extent closely similar with

the second alteration group described above. From the view of ore composition, however, the

Gjersvik deposit consists mainly of copper and zinc associated without\with only very few lead.

Within the Gjersvik felsic complex, alterations are generally distributed in a central zone

consisting most entirely of quartz and sericite, surrounded by a zone of sericite and quartz plus

abundant carbonate, and finally enveloped in a weakly altered zone of dominantly silicification.

Mg-enriched chlorite tends to increase within each alteration zone relative to unaltered felsic

rocks, but is uneven in occurrence.

4.4 Zonation of the deposit and chemistry of the ores

4.4.1 Zonation of the deposit

Zonation of the ore facies and of the hydrothermal alterations does exist in the massive ore

horizon and in the feeder zone, respectively. An ideal model of original zoning of the Gjersvik

deposit has been proposed ( Fig. 4.9 ). The model shows clearly that the massive sulphide

horizon is directly overlain on a stringer zone characterized by intense hydrothermal alteration

and mineralization, which constitutes a path leading mineralized fluid movement. These

zonations are mostly probably present a primary variation determined by mineralized fluid

compositions and physico-chemical conditions during ore-forming processes in ocean-floor

basin environment.

Within the metafelsic complex, three hydrothermal alteration zones which each is associated

with essential mineralization type have been separated described above. Weak alteration zone

has no big difference in mineral assemblage and textures with regional metafelsic volcanic

rocks besides more altered quartz, and is only associated with slight pyrite ( usually less 5

percent ) mineralization. However, great differences occur in intermediale and intense

alteration zones comparative of regional felsic rocks. The intermediale alteration zone consists

mainly of silicification, sericitization and carbonitization, and the altered mineral assemblages

generally vary from 60 to 80 percent. And, distinct textures of the volcanic remnant such as

porphyritic texture disappear in this alteration zone. This zone is often associated with
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distinctive veining and veinlet mineralization consisting either of pyrite-quartz-calcite or

pyrite-sphalerite-quartz-calcite thin veins and stockwork. The intense alteration zone

comprises almost totally altered minerals, quartz, sericite plus srnall chlorite characterized by

silicification and sericitization. This altered zone is associated with slight or dense disseminated

sulphides up to 40 percent, consisting mainly of pyrite with small chalcopyrite, sphalerite and

pyrrhotite. The intermediate and intense alteration zones have hence been interpreted as the

feeder zone or root zone of the massive ores, attesting to their submarine hydrothermal-

exhalative origin.

Within the massive ore body, a distinct zonation consisting of five different ore facies has

been separated. Massive, very compact, fine-grained Cu-rich pyrite facies occurs mainly in

side contacting directly with and adjacent to the altered and mineralized feeder zone, which

consists mainly of pyrite and chalcopyrite plus small pyrrhotite and magnelite. This zone grades

outward into massive, compact, fine- or coarse-grained pyrrhotite-pyrite-chalcopyrite facies

or into massive, compact pyrite facies. The pyrrhotile-pyrite-chalcopyrite facies occurs

between Cu-rich pyrite and pyrite facies, and comprises mainly pyrrhotite, pyrite,

chalcopyrite together with small sphalerite and magnetite. Pyrite and chalcopyrite seem to have

a antipathetical variety each other in this facies, ranging from 20 to 50 percent in content, but

pyrrhotite is relatively stable about 50 percent. The massive, compact pyrite facies constitutes

mainly peripheral zone of the massive sulphide orebody and is composed almost of pyrite with a

few chalcopyrite, pyrrhotile, sphalerite and magnetite. Some banded pyrite ores in this zone

occur in places near the greenstone. The pyrite-sphalerite facies and pyrite-magnetite facies

occur in places as parts of peripheral zone of massive ore body. The pyrite-sphalerite facies

comprises largely pyrite and sphalerite logether with a considerable content of megnelite,

whereas the pyrite-magnetite facies is mainly composed of pyrite and magnetile. The gangue

minerals in each ore facies are afl quartz and calcite plus small chlorite. The chlorite increases

in content in place near or adjacent to the greenstone.

The veining mineralization within the dark greenstone is similar with the feeder zone in

mineralization, and allerations, metal and gangue mineral assemblages, but the feeder zone

occurs within the felsic complex. This feature indicates that the path leading mineralized fluid

movement is only not limited within the felsic complexes, and that it must be covered in a wide
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scope. This in certain extent means that the felsic complex is not sole and essential factor

controlling formation of the massive sulphide deposits although they are both often spatially

associated logether.

4.4.2 Chemistry of the ores

The Gjersvik deposit comprises mainly Cu-Zn ore association with average grade of 1.55 %

Cu and 0.84 % Zn, but no valuable Pb metal is associated with the ores, which was concluded

from ore reserve estimation of the Gjersvik ore body by Oystein Pettersen ( 1973 ). However,

it is also very interesting and important that distributions of the ore-forming rnetals are

uneven and variable but zoning within the ore body, and their contents and variety depend on

types, structure and texture of the ores.

Chemistry of the ores displays that the metal compositions of the ores are variable within

the massive sulphide orebody, which depends mainly on the ore types. Cu is predominantly

associated with in ore type I and II, i.e., in the pyrite + chalcopyrite and pyrite + pyrrhotite +

chalcopyrite ores, within which Cu content is generally over 1 percent, while is low and

variable in the ore type III, IV and V, Le. in the pyrite, pyrite + sphalerite, and pyrite +

magnetite ores, within which Cu is generally less 1 but over 0.1 percent but occationally less

0.1 percent in content such as in exposure of the rnassive pyrite mineralization in the northern

shore of the Bjorkvatnet along Gjersvik-Royrvik road, in which ore minerals are almostly

composed of pure pyrite and Cu content varies between 0.02 to 0.006 percent. Mineralogical

study shows that the later three types of the ores consist predominantly of pyrite, pyrite and

sphalerite as well as pyrite and magnelite, respectively, and hence Cu should occur mainly in

pyrite lattice if they occur. Zn is the most dominant component in the ore type IV, i.e., pyrite +

sphalerite ores, being up to 4 - 7 percent in content, and varies in the ore type I and II, ranging

generally between 1 and 0.1 percent, while it is very low in the ore types III and V, usually less

0.01 percent in content.

Representative samples of the different ore types collected mainly from the Gjersvik ore

body and lesserly from other massive sulphide exposure were analysized in their metal

contents, which are shown in Table 4.3. Plots of the different ore types in triangular Cu-Zn-Pb
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Table 4.3
Compositions of ore-forming elements

in massive ores and in altered zones

massive ores

Sample
No.




Cu wt% Zn wt% Pb

ppm
Fe wt% Ag ppmOre Type Major Metal

Assemblages

GS1-25




Py + Cpy




1.0600 0.2000 58 45.0




GS1-24 11 Py % Cpy Po 1.1000 0.2900 147 44.5 7
GS1-23




0.7600 0.6300 64 45.5 6

GJK.90.7




4.4100 0.1630 43 41.4 12

051-22 111




Py




0.4000 0.0205 86 42.0 6
GS2-9-3




fl




0.5000 0.0300 48 20.3 5
RS2-3




0.0210 0.0150 25 30.2 3

RS2-4





0.0068 0.0350 27 35.1 3
J314





0.1900 0.0990 83 40.6 5
051-32 1V




Py + Sph




0.3700 4.6400 180 27.6




GS1-33





0.8500 6.2900 62 32.3 8
J302





0.2200 4.7600 127 27.2 6
GJK.90.11




Py + mt




0.0056 0.0094 15 21.4 1

1 - 6 and 9 - 13 samples collected from the Gjersytk massive sflphide ore body;
7 and 8 samples collected from exposcre of the massive pyritic mineralizati•n

the northern shore cf the Bjørkvatnet Lake alono the Gjersv1k-Røyrvik road

Altered zones







Sample Na Ail.ereiZones Cc wt% Zn wt% Pb ppm Pc Ag PF-rn

GS3-2 weak alteration zone 0.0032 0.0130 11 5.7 1




GS3-3




0.0062 0.0062 7 4.1 1




GS3-4




0.0140 0.0160 6 3.2 1




GS3-6




0.0230 0.0052 7 3.3 0




GS1-29 medium alteration zone 0.0237 0.0240 44 2.1





( feeder zone )






GS1-31




0.0550 0.0370 38 6.5 2




GS2-9-1




0.0040 0.9900 1750 3.7 5




GS3-7 intense alteration zone
with weak min.

0.0013 0.0088 10 1.9 1




0.53-8 II 0.0018 0.0180 63 3.9 1




GS3-9 intense alteration zone
with strong min.

0.0260 0.1400 75 8.7 2




GS3-11




0.1300 0.0450 20 15.3 2




all altered samples collected from the Gjersvik keratophyric pyroclastic ccmplen

All elements were analysized by Hans Cines, at laboratory of Grong Gruber A/S,
1991

No

1
2
3
4
5
6
7
8
9
10
11
12
13

1
2
3
4
5

6
7
8

9
10

11



Cpy + Py or
Cpy + Po + Py
ores

Cu

Py ores

Sph + Py
ores

Zn
Pb

Fig. 4.23 Cu, Zn and Pb ratio of the different massive sulphide ore types
in the Gjersvik deposits

+ average value of the pyrite + chalcopyrite and pydte + chalcopyrite + pyrrhotite ores;
average value of the pyrite ores; o average value of the former two types 01 the ores



diagram show that Pb content is very low, generally less 5 percent, and hence the ores all

belong to Cu-Zn association. However, ratio of Cu and Zn is different from type to type of the

ores. The ores of pyrite + chalcopyrite and pyrite + chalcopyrite + pyrrhotite assemblages

have highest ratio of Cu:Zn about 5.5, and hence they are dominated by Cu metal, while the ores

of pyrite + sphalerite assemblages have lowest ratio of Cu:Zn about 0.09, and they are mainly

associated with Zn metal. The pyrite ores have a variable scope in ratio of Cu: Zn, but their

average value is about 5.5 ( Fig. 4.23 ).

Due to the fact that metal contents and their varieties are related to the ore types which

display an apparent zonation in the ore body, rnetals in the ores also exhibit zonation. For

example, Cu tends to decrease and Fe gradually decreases in contents, while Zn tends to increase,

and Pb seems to have a parallel behavior with Zn from the core ore zone grating towards outside

zones, i.e., from pyrite + chalcopyrite, and pyrite + pyrrhotite + chalcopyrite, via pyrite, to

most outside pyrite + sphalerite or pyrite + magnetite ore zones ( Fig. 4.9, 4.24 ). This

feature becomes much clear when Cu, Zn and Pb in different ore types are recalculated in

percentage. Cu and Zn have an apparently and systematically antithetical behavior outward from

the core ore zone, i.e., from ore type I to type V. Cu gradually decreases from the highest

property in the ore type I ( pyrite + chalcopyrite association ), via ore type Il and III ( pyrite

+ pyrrhotite + chalcopyrite and pyrite associations ) to ore type V ( pyrite + magnetite

association ), and has the lowest property in ore type IV ( pyrite + sphalerite association ),

while Zn tends to increase from the lowest property in the ore type I, via ore type Il and III to

ore type V, but has the highest property in ore type IV. Pb metal appears to have no obvious

variely in different ore types although it also tends to be parallel with Zn in geochemical

behavior ( Fig. 4.24 ). Zonation of the ores and systematic variely of their chemical

compositions in the diff erent ore zones are most probably primary, which are related to

chemico-physical conditions during precipitation of the ores.

Furthermore, a parallel trend in variations of the ore types and their metal compositions is

further revealed through systematical study of the samples collected from the exposure of the

eastern flank of the Gjersvik ore body along Gjersvik-Royrvik road section. The outcrop is

about 10 m wide and consists of massive sulphides of the ore types I, Il and tI. Its section from

the west to the east along the road section displays that the rnassive, fine-grained pyrite +
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Ore Ore Fabric Major Metal Cu % Zn % Pb ppm Fe % Recalculation

Type mineral as- percentamong
semblages Cu, Zn andPb

0 0.0 1 1 G 7 0 2 4 0 0 GO 100 150 20 30 40 50 0 20 40 no 00 100

	

	 I • 4 • - • • 


1 massive, Py + Cpy •

‘Zn
/

fine-grained 1

	

11 massive, Py + Po f Cpy
1

1
.

7
fine- or
coarse-grained

1
1
1




111 massive Py  andbanded,
Pb

fine-grained \
\

	

1V massive Py + Sph
\

\
/

and banded,
fine-grained

	 /

	

V massive Py + Mt i 1


and banded,
fine-grained

Fig. 4.24 Average contents and variations of metals Cu, Zn, Pb, and Fe, as well as percentages

of Cu, Zn and Pb in the different ore types within the massive sulphide horizon



chalcopyrite assemblage ( ore type I ) is in direct contact with the altered, pyritic

keratophyric pyroclastic rocks in the west, and grades to the east into the massive, coarse-

grained and fine-grained pyrite + chalcopyrite + pyrrhotite assemblages ( ore type II ), which

transfer to the massive, fine-grained pyrite ores ( ore type 111) further towards the east. The

pyrite ores is in contact with the unaltered, dark greenstone in the east. Metal elements in the

ores display that Cu and Fe tend to decrease from ore type I in the west, via ore type 11to type 111

in the east, while Zn and Pb increase although Zn and Pb increase in ore type III and 11zones,

respectively ( Fig. 4.25 ). More importantly, this section also reveals that variation of metal

compositions in the ores not only depends on the ore types, but also is related to texture of the

ores. For example, the coarse-grained pyrite + chalcopyrite + pyrrhotite ores contain higher

Cu and lower Zn than their fine-grained ore equivalents ( Fig. 4.25 ). Changes of the metal

composition depond mainly on variation of ore mineral assemblages of the ores. On the basis of

observation under microscope, for instance, the coarse-grained pyrite + chalcopyrite +

pyrrhotile ores contain more chalcopyrite and lesser sphalerite than the fine-gained pyrite +

chalcopyrite + pyrrholite ores.

11is also interesting in ore-forming metal geochemical behaviors in different alteration

zones associated with the feeder zone in the keratophyric pyroclastic complexes. In the Gjersvik

felsic pyroclastic body, for example, Cu has the highest content in the strong alteration zone.

but gradually decreases from strong, via intermediate to weak alteration zones. Zn and Pb

display a simUar geochemical behavior in different alleration zones, i.e., they are low in the

weak and strong alteration zones in contents, but abruptly increase in intermediate alteration

zone ( Fig. 4.26 ). The reason is that the intermediate alteration zone is mainly associated with

vein and veinlet mineralization, within which sphalerite and galena are relative higher in

contents than in the weak and strong alteration zones.

4.5 Origin of the deposits

4.5.1 Geological environments

The Gjersvik deposits occur in a thick metavolcanic sequence within the Gjersvik Nappe. The

metavolcanic sequence have been subdivided into the Bjorkvatnet and the Gjersvik Formations.
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2 11 GS1-24 massive, Py I Po iOpy
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fine-grained
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Fig. 4.25 Average contents and variations of metals Cu, Zn, Pb, and Fe in Um dilferent ore types
within the massive sulphide horizon on exposure of the eastern flank of the Gjersvik
ore body along the Gjersvik-Royrvik section
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Fig. 4.26 Average contents and variations of metals Cu, Zn, and Pb in the different alteration
zones within the Gjersvik keratophyric pyroclastic complex



The massive sulphide mineralization to have so far been found are all present in the Gjersvik

Formation although few disseminated sulphide mineralization also occur wilhin the Bjorkvatnet

Formation. The Bjorkvatnet Formation is predominantly composed of relative high-grade

metamorphosed amphibolite with MORB affinity on which was built the Gjersvik volcanic arc

consisting of the magmatic complexes of the Gjersvik Forrnation. The Gjersvik volcanic arc is

characterized by well-defined bimodal basalt-rhyolite volcanic assemblages that are essentially

lack of andesite, and consists predominantly of the greenstones of tholeiitic composition plus

small amounts of the keratophyric pyroclastic complexes of rhyolitic cornposition, which has

been considered as a main evidence of the rift tectonic environment. The metavolcanites are

tholentic in magma series, and are dominated by metamorphosed tholentic lava, massive flow

and volcanic clastic rocks, within which the felsic pyroclastic volcanic rocks, about 20 % in

volume of all volcanic rocks, are extensively scattered. The Gjersvik volcanic arc is also

associated with the vast plutonic infrastructures consisting mainly of trondhjernites and gabbro.

It is significant, however, that no identified sediments deriving from continental sources have

so far been found to be represented in the volcanic arc besides of a lot of thin, conformable

exhalative sedimentary layers. The Gjersvik massive sulphide deposits have thus been proposed

to occur mainly within an immature volcanic arc which was built on the ocean floor in

connection with rifting environments in where there are complete absence of the continental

crust and no supply of normal sediments.

Geological and geochemical evidences have demonstrated that the Gjersvik volcano-

stratigraphical succession can be further divided into three units, i.e., the dark and pale

greenstones of tholeiitic composition as well as the keratophyric pyroclastic complexes of

rhyolitic composition. The dark greenstone has evidently been proposed to be stratigraphically

older than the pale greenstone, while the keratophyric pyroclastic complexes represent an

episode of felsic volcanic processes between tholeiitic basalt activities at two stages, dark and

pale greenstones as their present metamophised equivalents. Thus, it can be concluded that

magmatic processes during construction of the Gjersvik volcanic arc are recyclic or multistage,

and are all related to rift system development, during which the magmas were guided by

extensional fault zones.

The massive sulphide mineralization are predominantly associated with the keratophyric
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pyroclastic complexes. Meanwhile, the veining and disseminated sulphide mineralization also

occur extensively within the underlain dark greenstone but very few are associated with the

overlain pale greenstone. And, the dark, pHlowed greenstone is often accentuated by a pyrite-

bearing rim around individual pillows, which is a good indication of distal mineralization. The

exhalative sediments are extensively present just in junction between the dark and pale

greenstones or within the pillowed greenstones. Thus, It can be further deduced that the massive

sulphide mineralization within the Gjersvik volcanic arc are largely associated with an episode

of the felsic volcanic processes between tholeiitic basalt activities at two stages, and are in some

ways related to the dark greenstone, but it is very difficult to connect them with the pale

greenstone.

The keratophyric pyroclastic complexes scattered extensively within the Gjersvik volcanic

arc consist of felsic pyroclastic rocks, sills and dikes, and are characterized by small and

variable scales in occurrences. The massive sulphide mineralization are mainly associated with

the felsic pyroclastic complexes. Their distributions are mainly controlled by extensional fault

zones in connection to the rift system development. Petrology and geochemistry of the

metavolcanic rocks points out that the early rifting activity was characterized by voicanic

process of the undifferentiated tholeiitic basall related in some ways to the subduction between

oceanic plates, while the late developing rifting environment was associated with new volcanic

process of the differentiated tholeiitic basalts derived from deeper mantle source. The

keratophyric pyroclastic complexes have been proposed to be formed at a stage during the

rifting evolution between the early initial and late developing rifts.

4.5.2 Original evidences from distributions, types, zonation

and chemistry of the ores

Mineralization associated with the Gjersvik volcanic arc can be apparently subdivided into

three types: massive sulphide ores associated directly with a feeder zone, exhalative sediments

and vein sulphide minerahzation in the underlying dark greenstone, even though the later two

types have no any recoverable value to have known so far. These different mineralization have a

strict stratigraphic restriction and a distinctive host association in mode of occurrence to each
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other. The massive sulphide horizon is predominantly associated with the keratophyric

pyroclastic complex within which often occurs a feeder zone characterized by both of apparent

vein, stockwork sulphide mineralization and intense hydrothermal alterations directly below

the massive sulphide orebody. The exhalative sediments are mainly present within the dark,

pillowed greenstone as a distal extension of the exhalative massive sulphide horizon or in

junction between the dark and pale greenstone although they can also occupy at level of the pale,

pillowed greenstone near the boundary to the dark greenstone. The vein sulphide mineralization

associated with apparent hydrothermal alterations are mainly limited to occur within the

underlying dark greenstone.

Furthermore, the vein mineralization and the feeder zone directly below the massive

sulphide horizon result mainly from reaction between solution and country rocks because they

are all characterized by obvious hydrothermal alterations. It is more interesting that they are

consistent and comparative in their metal and altered mineral assemblages and hydrothermal

alteration types although the former occurs mainly within the underlying dark greenstone,

while the latter is associated with the keratophyric pyroclastic complexes. This leads to a

deduction that solution which passed to and reacted with country rocks of the dark greenstone or

of the felsic pyroclastic complexes are similar in their compositions and natures. On the other

hand, the exhalative sediments consisting mainly of magnetite, pyrite and quartz are

comparative in mineral assemblages with the massive sulphide orebodies. Thus, these different

types of mineralization have been proposed to have a primitive and syslematic connection during

ore-forming processes. The massive sulphides associated directly with a feeder zone have been

considered to be formed at or near the discharge vents of a submarine hydrothermal systems,

the veining sulphide mineralization in the underlying dark greenstone probably represent a

product of seawater-rock reaction between the circulating hydrothermal solution and the

underlying tholeiitic basalt pile within which they passed along fracture zones, while the

exhalative sediments were very probably formed by silica and iron oxides precipitation of the

discharge hydrothermal solution plumes in distal, or stratigraphically higher positions relative

to the massive sulphide body within the reduced convenient basins on the ocean floor.

Mineralization in the Gjersvik volcanic arc has been interpreted to be formed mainly in a

strong reduced environment in where they precipitated because the massive sulphide horizon
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consist predominantly of pyrite, chalcopyrite, pyrrhotite and sphalerite with minor but

considerable amounts of magnetite, while exhalative sediments are also composed largely of

pyrite and magnetite. The massive sulphide ores are mainly fine-grained, compact and massive

in the central orebody, but they often become banded in texture upward and outward to the

boundary near wall rocks of the dark greenstone, which display a feature of sedimentary

processes. The exhalative sediments are also very fine-grained in texture and often reserve

very good primary structures of the sedimentary bands or laminae although they have generally

been folded by the late structure.

It is also important in understanding origin of the deposit that gangue mineral assemblages

associated with the massive sulphide ores are mainly quartz and carbonate (calcite), which are

also most essential altered mineral components in the feeder zone and in the underlying vein

mineralization zone. It is interesting, however, that quartz and calcite in the massive sulphide

ores occur mainly as thin bands alternating with sulphide bands or as paragenetic association

with the sulphide gains, while they are present in the feeder zone and the vein mineralization as

hydrothermal filling, replacements and precipitation associated with other altered minerals.

Gangue mineral assemblages between feeder zone, vein mineralization zone and massWe sulphide

ores display an important nature rich Si, CO2 and Ca components of the solution from which the

sulphides precipitated, while textures and occurrences of quartz and calcite between the two

exhibit a difference of the environments in where they precipitated.

On the basis of systematic studies of the ores mainly in the Gjersvik massive sulphide

horizon, the massive sulphide body displays a very good zonation which the pyrite +

chalcopyrite ores located in the central part in direct contact to the feeder zone, through pyrite

+ pyrrhotite + chalcopyrite ores grade upward and outward to pyrite ores which grade outside

to either the sphalerite-pyrite ores or magnetite-pyrite ores in contact to the outside unaltered

wall rocks of the dark greenstone. This kind of zonation of the massive ores shows that the

central facies of the pyrite + chalcopyrite and the pyrite + chalcopyrite + pyrrhotile ores were

formed in condition of higher temperature relative to the outside and marginal other ore facies.

Textural studies of the ores have demonstrated that chalcopyrite and pyrrhotite result largely

from fractural filling and replacement along or between preexisting pyrite gains. On the other

hand, chemical zonation of the massive ores is also obvious and comparative with their mineral
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zonation. For example, Cu and Fe decrease but Zn increases upward and outward from the central

zone of the massive ores ( Fig. 4.24 ), and Cu/Zn ratio has no big changes in the central zones of

massive pyrite + chalcopyrite, pyrite + pyrrhotite + chalcopyrite and pyrite ores, but

abruptly increases outward to the outside zones of pyrite + sphalerite and pyrite + magnetite

ores.

Zonation of the massive sulphide ores both in ore mineral assemblages and metal

compositions have been interpreted to be originally related to and to be forrned during the

accumulation of a sulphide mound around the vent ( Frankfin et. al., 1981 ). In the Gjersvik

deposit, however, Cu increase in the central massive ore zones, i.e., pyrite + chalcopyrite and

pyrite + pyrrhotite + chalcopyrite ores results mainly from the remobilization of previously

deposited sulphides by the action of continued hydrothermal flow through the mound, while

Cu/Zn ratios decrease toward and outward from the central massive ore zones, especially in

outside massive ore zones such as from pyrite zone grading to pyrite + sphalerite and pyrite +

magnetite zones is mainly due to deposition taking place by accumulation of sulphide

precipitated in a hydrothermal plume. The zonation of the massive sulphide body indicates that

the ores with the highest Cu/Zn ratios were deposited at higher temperature and lower Po2 than

those with lower Cu/Zn ratios ( Franklin et. al., 1981 ).

4.5.3 Feeder zone and hydrothermal alterations

The petrologically distinctive alteration zones in the Gjersvik volcanic arc occur either

within the keratophyric pyroclastic complexes below directly the massive sulphide horizon or

in the underlying dark greenstone. These zones have been interpreted to be formed by a

progressive reaction of rising ore-forming fluids with the wall rocks in a circulating

hydrothermal system.

The hydrothermal alterations are mainly silicification, sericitization and carbonatization.

The sericitization was produced mainly by formation of the altered sericite due to breakdown of

albite in the feeder zone or to K replacement to the chlorite in the underlying vein

mineralization zone in condition of addition of the K-rich fluid during hydrothermal alteration

processes, which are shown in following reactions:
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3NaAlSi308 + K+ + 2H+ 	 > 6Si02 + KAl2(AISi3010)(OH)2 + 3Na+ (albite)

(sericite)

3(Mg, Fe)5A1(AlSi3010)(OH)8 2K+ 24H+ 	

(chlorite)

> 3Si02 + 2KAl2(AlSi3010)(OH)2 + 15(Mg, Fe) + 24H20

(sericite)

The silicification and carbonitization resulted largely from precipitations of quartz and

calcite during the hydrothermal alteration. Chemistry of the alteration zones have shown that K,

Ca, Si and Mg are major addition components, while Na and Al are major loss compositions.

Experiment of chemical exchange during hydrothermal alteration between natural seawater

and oceanic basalt in the conditions that are at 200 to 500 C, 500 - 800 bars, water/rock

mass ratios of 1 - 3, and durations ranged from 2 to 20 months indicates that Si02, Ca, K, Ba, B

and 002 were leached from basalt and enriched in the seawater, but Mg, Na and SO4 were

removed from seawater into solid phases as the Mg-rich alteration products such as smectite,

tremolite-actinolite and into solids by formation of sodic feldspar and possibly analcime,

respectively ( Mottle et. al. 1978 ). Same experiment under nearly same conditions as Mottle

(1978) but only two weeks duration also showed a comparable result, that is, Mg and Na net

loss but Ca, K, Fe, Mn, and Si net addition to seawater ( Hajash, 1975 ). Thus, K, Si, and Ca that

extensely precipitate in the feeder zone and the underlying vein mineralization zone came

mainly from the circulating seawater leaching through the underling dark greenstone pile in

where they passed.

4.5.4 Source of ore-forming material

The essential constitutes of the massive sulphide depesits are the metals Fe, Cu, Zn, and Pb

and sulphur, for which three major possibilities have been assumed in regard to the sources of

metals and/or sulphur, that is, seawater, the rocks stratigraphically below the massive
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sulphide horizon and through which solutions of the ore-forming hydrothermal system have

passed, and magmas either directly as the volatile components of a crystallizing magma or

indirectly by a hydrothermal convection cell involved in the direct cooling of the magma body.

Seawater as the main sources of sulfur have been supported from evidences of S, 0, H, and Sr

isotopes ( Franklin, et. al., 1981 ). The concentration of the main ore metals Cu, Zn and Pb in

modern seawater, however, is about 0.01 ppm, nearly four orders of magnitude smaller than

the minimum concentration of about 10 ppm that is generally regards as being necessary for

ore deposition (Barnes and Czamanski, 1967). This fact make it very difficult that the ore

metals of massive sulphide deposits are presumed to be derived directly from seawater.

Cu and Zn as major ore metals of the Gjersvik deposits are here being proposed to be mainly

leached from the underlying dark greenstone pile through which the ore-forming hydrothermal

fluids passed. The close association between the massive sulphide orebodies and the keratophyric

pyroclastic complexes have been considered to be very important for the felsic magma as heat

source driving the convection cell in the circulating ore-forming system during formation of

the massive sulphide deposits. This conclusion results mainly from the evidences in follow.

(1) Relation between the deposits and sizes of the keratophyric pyrociastic complexes

There is no positive interrelation between the deposits and size of the keratophyric

pyroclastic complexes with which the massive sulphide bodies are generally associated. For

example, the Gjersvik ore body as the biggest one in size in this area is only associated with a

small keratophyric pyroclastic body about 700 m long and 400 m wide on the surface exposure,

while the biggest keratophyric pyroclastic complex about 18000 m in length and 5000 m in

width located in the southern shore of the Bjorkvatnet is associated with few massive sulphide

mineralization although they do occur. At the same time, the massive sulphide bodies in the

Annlifjellet and in the Tjiermajaevrieh areas are much bigger than those in the shore of the

Bjorkvatnet, but the keratophyric pyroclastic complexes associated with them are much

smaller than the Bjorkvatnet body. Otherwise, the keratophyric pyroclastic complexes

associated with relative bigger massive sulphide bodies are usually characterized by apparent

hydrothermal alterations. Thus, this phenomena becomes an unfavorable evidence that the

major ore metals of the Gjersvik deposits should be assumed to be mainly derived from the

9 8



keratophyric pyroclastic complexes with which they are associated.

Ratio of Cu, Zn and Pb metals in the ores and major but different types of the rocks

in the Gjersvik volcanic arc

Ratios of Cu, Zn and Pb metals in the different types of the rocks and the massive sulphide

ores are compared, which is shown in Figure 4.27. Ratio of Cu, Zn and Pb in the massive

sulphide orebodies is comparative with that in the dark and pale greenstones, i.e., they all have

very low Pb, generally less 5 % percent although the Cu and Zn are variable in their ratio. In

contrast to this, ratio of Cu, Zn and Pb metals in the massive sulphide ores are different from

those in the felsic intrusive and extrusive rocks that are characterized by relative lead

enrichments. The altered rocks have both properties of the massive sulphide ores and of the

keratophyric pyroclastic rocks in ratio of the Cu, Zn and Pb, i.e., Cu-rich trend can be

comparative with that in the massive sulphide ores, while Pb content is simiiar with that in the

keratophyric pyroclastic rocks. This is due to that the altered rocks are mainly associated with

the feeder zone occurring within the keratophyric pyroclastic complexes.

In addition, Cu contents are generally lower in the dark greenstone relative to those in the

pale greenstone, being average about 30 ppm and 45 ppm, respectively. It is very interesting

that the geological evidences have demonstrated that major mineralization related mainly to an

episode of the felsic magmatic activities occurring between the tholeiitic basalts at two stages in

the Gjersvik volcanic arc are present after the undifferentiated, but before the differentiated

tholeiitic magma processes that led to formation of the dark and the pale greenstones,

respectively and that the dark greenstone is stratigraphically lower than the massive sulphide

horizon. Order of magnitude calculations (Solomon, 1976) have suggested that asonvection celI

model would require a depletion of 10 to 20 ppm in total ore metal of the source rocks.

Extensive mineralization and alleration zones within the dark greenstone

The detailing surface mapping and the drilling have revealed that the dark greenstone are

often associated with the solution channelways that are characterized by both of extensive vein,

stockwork and disseminated sulphide mineralization and hydrothermal alterations. They are
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Fia. 4.27 Comparisons of Cu, Zn and Pb ratios in the massive sulphide ores, the alteration

zones in the feeder zone, and the different types ot the rocks in Me Gjersvik volcanic arc

a, massive sulphide ores, + average value of the pyrite + chalcopyrite and pyrite +

chalcopyrite + pyrrholite ores, x average value of the pygte ores, and o average value of the

former two types of the ores; b, alferation zones within the feeder zone; c, dark and pale

creenstones, + average value of the pale greenstone, x average value of the dark greenstone;

d, felsic extrusive and infrusive rocks including the keratophyric pyroolastic cornplexes, fine-

grained porphyrillo trondhjemite and coarse-grained trondhjemite
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present as long, narrow zones within the dark greenstone, which are apparently controlied by

fault zones, and are not associated with the massive sulphide mineralization and the felsic

bodies. These altered and mineralized zones are similar with and comparative in metal and

altered mineral assemblages and their fabrics to the feeder zone associated with the

keratophyric pyroclastic complexes directly below the massive sulphide horizon. Obviously,

they represent a product of the hydrothermal replacements, which very probably results from

the reaction between seawater and wall rocks when the solution passed from channelways within

the tholeiitic basalt pile. Experience of reaction between seawater and basalt has shown that Cu

and Zn are leached from the basall during hydrothermal alteration, and some Cu are precipitate

as sulphides in the basalt ( Humphris & Thompson, 1978 ).

4.5.5 Working model of the deposits

The Gjersvik massive sulphide deposits were formed in an immature volcanic arc which was

built on and related to the rift system development in the intra-ocean floor environment. Main

mineralization in the Gjercvik volcanic arc are related to an episode of the felsic magmatic

activities between depositions of the tholeiitic basalts at two stages during the intra-ocean rift

system development. The deposits have been proposed to be originally related to a circulating

hydrothermal system occurring in the thick, undifferentiated tholeiitic basalt pile of the

Gjersvik volcanic arc. The hydrothermal ore-forming system has been considered to be

essentially a convective cell which consists mainly of sea-water, though magmatic water cannot

be rule out. The major ore metals such as Cu, Zn and Fe have been interpreted to be derived

predominantly from the underlying tholeiitic basalt pile within which the ore-forming solution

passed. Due to the fact that the massive sulphide orebodies are generally associated with the

keratophyric pyroclastic complexes which extensively scatter within the dark greenstone

succession, heat energy driving the convection cell is thought to be mainly connected with the

local felsic intrusive-extrusive complexes controlled by extensional fault zones in relation to

the intra-ocean rift system development ( Fig. 4.28 ).

When descending in the circulating ore-forming system in subsurface on the ocean floor,

seawater gradually becomes heated and modified in chemical composition due to the bit-by-bit

reaction between seawater and wall rocks of the undifferentiated tholeiitic basalts through
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which the solution passed, and hence some elements in the underlying tholeiitic basalt pile such

as Cu, Zn, Ca, K, Fe, Mn, and Si begin net addition to solution of the convective cell, while Mg

and Na net loss. After passing through the locations where there is the heat anomaly to be caused

mainly by the cooling felsic magma chambers occurring along the extensional fault zones, the

hydrothermal solutions rise along the extensional fault or fracture zones of high permeability

following the felsic clastic volcanic eruption, which is obviously deducted from the closely

spatial association of the massive sulphide mineralization with the felsic pyroclastic complexes

in occurrence. On nearing the surface, physico-chernical changes to the hydrothermal solutions,

induced by their mixing with ambient sea- or pore-water, boiling, or reaction with their wall

rocks, cause the precipitation of ore and gangue minerals. Initial chemical reaction takes place

in the subsurface and is characterized by potassium metasomatism, depositions of silica and

carbonate, which leads to formation of the alteration pipe and precipitation of the sulphides such

as pyrite, chalcopyrite and sphalerite within a stringer zone in the felsic pyroclastic

complexes. At the seawater-rock interface, chemical precipitation is much more rapid and

results in the accumulation of a sulphide mound around the vent and in the exhalative chemical

sediments of the iron formation along a distal extension of the massive sulphide horizon in

strong reduced environments on the ocean floor local basins. The ore-forming solution may

rises along the fracture zones within the underlying tholeiitic basalts rather than following the

felsic volcanic eruption, which leads the vein sulphide mineralization accompanying the

hydrothermal alterations within the basalt pile due to reaction between the ore-forming fluid

and the basaltic wall rocks ( Fig. 4.29 ).

The ore-forming solution activity should be continue to keeps a certain period. At the early

stage, the solution processes may mainly lead to the precipitation of pyrite in both massive

sulphide phase on the seawater-rock interface and the disseminated phase in the feeder zone

because the ore textures display that the chalcopyrite, pyrrhotite and part of sphalerite were

formed mainly by replacements to the preexisting pyrite.

During the ore-forming processes, reactions between the moving solution and the wall rocks

linking the channelways and boiling of the ore-forming fluid may be important in the

subsurface because the feeder zone and the vein mineralization zone characterized by both of

intensively hydrothermal alterations and stockwork and disseminated mineralization are
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generally present directly below the massive sulphide horizon or occur extensively within the

underlying dark greenstone, respectively. During the hydrothermal allerations, extraction of

hydrogen ions from solution and potassium replacement to the wall rock tend to reduce the

stability of chbride complexes and lead to sulphide mineral precipitation, about which an

obvious evidence is that the intense sericitization owing to potassium replacement to the

feldspar or chlorite in the wall rocks is often associated with the feeder zone within the

keratophyric pyroclastic complexes diractly below the massive sulphide horizon ( Fig. 4.30 ).

On the other hand, temperature and pressure changes, rapid cooling and mixing of a hot, rising

solution with a cold seawater mass may be major factors leading to precipitation of the

sulphides in seawater-rocks interface on the ocean floor.

4.5.6 Comparison of the Gjersvik deposits to Kuroko-type deposits

It is significant to make a comparison of the Gjersvik massive sulphide deposits to the

Kuroko-type deposit, for the Gjersvik deposit was proposed by Lutro (1979) to be comparative

in stratigraphical succession of the deposit to Kuroko-type ore deposit that has been considered

to be standard voicanic-hosted massive sulphide deposits to which virtually all other deposits

are compared ( Franklin et. al., 1981 ).

It is obvious that some macroscope to megascopic similarities do exist between the Gjersvik

and the Kuroko deposits, such as their apparent volcanite-host association with felsic, and

especially fragmental volcanic rocks, the tendency for orebodies to occur in clusters, the

presence of a footwall alteration zone, the presence of both massive and stratigraphically lower

stringer ore, the chemical zonation of the deposits, especially of the Cu/Zn ratio. It must be

emphasized, however, that many important differences which are imposed on restrictions to a

direct correlation of the Gjersvik to the Kuroko-type deposits have been distinguished ( Table

4.4 ).

Some significant aspects in differences between the Gjersvik and the Kuroko-type deposits

should be accentuated: (1) The continental crust is completely absent and no normal sediments

deriving from the continental sources have so far been found to occur within the Gjersvik

volcanic arc, while the continental crust is present in and sandstone and mudstone are associated
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with the volcanic succession in which the Kuroko deposits occur. This nature has been proposed

as an evidence that the Gjersvik volcanic arc was built on the intra-ocean floor distinct from

the intra-arc environment in which occur the Kuroko-type deposits; (2) The Gjersvik deposits

are typically associated with well-defined bimodal basalt-rhyolite volcanic assemblages that

essentially lack andesites, which indicates an rifting environment distinctive from the

extensional environments that generate Kuroko-type deposits; (3) The volcanic succession

hosting the Gjersvik ores is tholeiitic in magma series, and dominated by the tholeiitic basalts,

which display an immature volcanic arc environment. In contrast to this, the volcanic sequence

hosting the Kuroko deposits is calc-alkaline, and comprises mainly the felsic volcanic rocks

that have been proposed to represent a mature island arc environment; (4) The Gjersvik

volcanites are characterized by Na-richment and extensively associated with their plutonic

infrastructures of trondhjemite and gabbro, while the island arc volcanic succession in where

the Kuroko-type deposits are located by K-richment and with quartz-diorite and granitoids;

(5) the Kuroko-type deposit is originally related generally to the rhyolitic dome, while the

Gjersvik deposits are mainly associated with the felsic pyroclastic volcanic rocks; (4) the

exhalative sediments associated with the Gjersvik deposits consist predominantly of

cryptocrystalline quartz and magnetite, while they are cryptocrystalline quartsz and hematite

in the Kuroko-type deposits; (7) there are great differences in the ore mineral assembiages and

in the ore cornpositions between these two types of the deposits. For example, main ore mineral

assemblages in the Gjersvik deposits are pyrite, chalcopyrite and pyrrhotite plus minor

amounts of sphalerite and magnetite that are essentially lack sulphate mineraI assemblages,

while the Kuroko-type deposit consist predominantly of pyrite, galena and sphalerite with

small amounts of chalcopyrite, tetrahedrite and tennantite and the sulphate minerals such as

barite, gypsum and anhydrite constitute an essential components of the ores. In ore

cornpositions, the Gjersvik deposits are mainly Cu-Zn association and essentially lack Pb and Ba

metals, while the Kuroko-type ores are Pb-Zn association with a small amount of Cu but an

immense of Ba metal.
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Section 5: Summary and conclusions

5.1 Stratigraphic seguence of the Gjersvik Group

The metavolcanic succession of the Gjersvik Group is subdivided into the Bjorkvatnet and the

Gjersvik Formations. The former cornprises mainly massive amphibolites with a MORB

affinity, which has been proposed as the remnant of an ocean-floor based on which the Gjersvik

volcanic arc consisting of the magmatic complexes of a thick bimodal meta-volcanic suite in

association with the plutonic infrastructures of the Gjersvik Formation was built.

The Gjersvik Formation has been subdivided into three units: older unit of the dark

greenstone, younger unit of the keratophyric pyroclastic rock, and youngest unit of the pale

greenstone. The evidences for this subdivision result from that (1) these three stratigraphic

units have a considerable scale for each one in their occurrences and distributions, and they can

be apparently distinctive and separated to each other in the field based on a series of the

considerable distinct features such as colour, magnetism, lithologies, mineral assemblages,

textures and structures of the rocks; (2) contact between dark greenstone and pale greenstone

is sharp but original because the exhalative sediments often occur conformably just in junction

between the two. More importantly, the dark and pale greenstones can be distinctly

distinguished in geochernical properties, especially in systematic differences of the immobile

elements contents and their behaviors such as Fe0, Mg0, Ti, Cr and Ni; (3) The keratophyric

pyroclastic complexes occur mainly between the dark and pale greenstones or are associated

predominantly with the dark greenstone, but very few with the pale greenstone. This relation

appears to display the keratophyric pyroclastic rock was largely formed later than the dark

greenstone but earlier than the pale greenstone, and it has hence been interpreted to be related

mainly to an episode of felsic magmatic activities between the basaltic magma processes al two

stages; (4) The hydrothermal alterations and sulphide mineralization are mainly associated

with the keratophyric pyroclastic complexes or extensively occur within the uinderlying dark

greenstone but very few in the pale greenstone, which leads to a deduction that the main sulphide

mineralization are predominantly related to an episode of the felsic volcanic processes between

depositions of the tholeiitic basalts at two stages; and (5) the exhalative sediments such as

magnetite-rich chert related in some ways to an episode of the felsic volcanic activities occurs
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extensively just in junction between the dark and pale greenstone successions, which become a

very useful stratigraphic mark.

5.2 Paleotectonic environment of the Gjersvik deposits

lt has been propesed that the Gjersvik massive sulphide deposits were formed mainly within

an immature voicanic arc which was built on the ocean floor environment in connection with a

rift system development in where there is a complete absence of the continental crust and no

supply of normal sediments. Reconstruction of paleotectonic setting of the Gjersvik deposits is

mainly based on the evidences in follow.

(1) Stratigraphic successions

Regional geological investigation has indicated the Gjersvik Nappe consists of a sequence of

metasedimentary rocks of the Limingen Group and a metamagmatic complex of the Gjersvik

Group. And, the Gjersvik Group has been evidently interpreted to be stratigraphically lower

than the Limingen Group ( Halls, el. al., 1977; Kollung, 1979; and Lutro, 1979 ). The

Gjersvik Group has been subdivided into Bjørkvatnet and Gjersvik Formations, the former

being stratigraphically older than the latter, and present a remnant of the ancient ocean crust

on which the Gjersvik volcanic arc. The metavolcanic succession of the Gjersvik volcanic arc

has been subdivided into three stratigraphic units, i.e., felsic volcanic complexes, dark and pale

greenstones. The dark greenstone is evidently proposed to be stratigraphically older than the

pale greenstone, whereas the keratophyric pyroclastic complexes represent an episode of felsic

volcanic activity between tholeiitic basalts, the dark and pale greenstones being their present

metamorphosed equivalents, respectively. This can be dedicated that the primary magma

processes are multicyclic during construction of the Gjersvik volcanic arc, which can be divided

into three main stages, i.e., early undifferentiated tholeiitic, felsic to late differentiated

tholleiitic magma processes related to a rift system development in the intro-ocean floor

environment.

(2) Bimodal compositions both in the metavolcanic and meta-intrusive rocks
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The Gjersvik volcanic arc is characterized by well-defined bimodal basalt-rhyolite

volcanic assemblages plus their plutonic infrastructures that are essentially lack of andesite

and diorite. The metavolcanic rocks are composed mainly of the greenstones of tholeiitic

composition and the keratophyric pyroclastic complexes of rhyolitic composition, while the

meta-intrusive rocks cornprise trondhjemite and gabbro. Marlin and Piwinskii (1972) pointed

out that igneous rocks generated at convergent plate boundaries tend to be characterized by

unimodal petrochemistry, whereas those generated in rift zones are characterized by bimodal

petrochemistry, especially in silica content of volcanics.

Rock types and magma series

The metavolcanites in the Gjersvik volcanic arc are tholeiitic in magma series, and are

dorninated by tholeiitic lava, massive flow and volcanic clastic rocks. the greenstones being

their present metamorphosed eguivalents. The felsic pyroclastic volcanic rocks extensively

scatter in the lower part of the rnafic volcanic pile but are only about 20 % in voluree of all

volcanic rocks, which means the Gjersvik volcanic arc was made up mainly by tholehtic basalts.

It has been recognized thal the typical volcanic-plutonic series of more mature island arcs and

active continental margin is generally "andesitic" and "calc-alkaline", but basaltic rocks of the

tholeHtic series may actually be the fundamental maama type in young or immature arcs in

intro-oceanic settings (Coats, 1962, 1968: Ewart et al., 1973; Shiraki and Kuroda, 1977:

Wilson, 1989 ). In addition, 11 is significant that no identified sediments deriving directly from

continental sources and the continental crust have so far been found to be represented in the

volcanic arc besides of a lot of thin, conformable exhalative sedimentary layers. These features

have accentuated the Gjersvik volcanic arc as an immature volcanic arc in where there is an

absence in supply of the normal sediments from the continental source.

Meta-intrusive association

The Gjersvik volcanic arc is extensively associated with the plutonic infrastructures

consistina mainly of trondhjemites and gatibro, which constitute respectively roots of the

rnetavolcanic keratophyric pyroclastic complexes and the greenstone. Trondhjemite has in a

global sense been known to occur mainly in three tectonic settings: Archean gneiss terraces and
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Late Archean greenstone-granite terraces; Phanaeozoic and some Proterozoic extrusive and

intrusive bodies in plate-tectonic environments of convergent oceanic-continental and oceanic-

oceanic types; and as volumetrically minor component of many ophiohtes ( Barker, 1979 ).

This kind of the magmatic complex associations in the Gjersvik volcanic arc can be distinct and

different from those in the present mid-ocean ridge environments and in the present oceanic

islands.

(5) Geochemistry of the metavolcanites

The dark and pale greenstones can be well distinct in geochernical properties to each other,

especially in systematic differences of the immobile elements contents and their behaviors such

as Fe0, Mg0, Ti, Cr and Ni. The pale greenstone has strong enrichment in Cr, Ni. and Mg, but

depletion in Ti and Fe relative to the dark greenstone. This kind of systematic differences in

trace element compositions reveals differences of the primary magma sources. Correlations of

Mg against Cr and Ni point out that the pale greenstone was formed by differentiated tholeiift

magma, white the dark greenstone was originated from undifferentiated tholehtic magma. In

addition, the dark greenstone in the immobile elements contents and behaviors is in certain

extent associated with the island arc and back-arc tholeiitic basalt affinity, but the pale

greenstone tends to be comparative to the E-type MORB affinity. These features have accentualed

the differences of tectonic environments and primary magma sources between the dark and paIe.

greenstones.

5.3 Metavolcanic rocks and their plutonic infrastructures

constituting the Gjersvik volcanic arc

5.3.1 Main rock types of the magmatic complexes

The Gjersvik volcanic arc consists predominantly of a magrnatic complex plus srnaH

exhalative sedirnents. The metavolcanic rocks of the dark and pale greenstones are extansively

associated with submarine sedimentary structures such as massive, pillowed, arnygdaloidal and

fragmental structures, whereas some of the felsic voIcanic rocks often with felsic fragments and

breccias, which indicate their prirnary origins mainly as basaltic flow, pillowed lava and
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clastic volcanic rocks and as felsic volcanic pyroclastic rocks in submarine environments.

Chemically, the greenstones are consistent with the basaltic rocks in Si02 contents, ranging

from 47 to 53.5 wt. % Si02, whereas the metafelsic volcanic rocks vary mainly from 71 to 75

wt.% Si02 that can be comparative to rhyolitic compositions. Whether the greenstones or

metafelsic volcanic rocks are all characterized by the Na-rick and K-poor features, being

mainly from 4 to 6 wt.% Na20 and from 0.02 to 0.5 wt.% K20 in contents, and between 5.5 - 7

wt.% Na20 and between 0.1 - 0.9 wt.% K20 in the greenstones and in the felsic rocks,

respectively. And, albite is one of the mostly dominate rock-forming minerals in these volcanic

rocks but very few potassium feldspar has been distinguished. Furthermore, plots in

Hughes'igneous spectrum indicate that almost greenstones and all metafetsic volcanic rocks fall

oulside in the normal igneous spectrum on the Na-enriched side but concentrate on field of the

spilite and keratophyre. The original rocks of the greenstones and metafelsic volcanic rocks

have hence been referred as the spilitized basalts and the keratophyric pyroclastic rocks of

rhyolitic composition, respectively.

The plutons are composed of the mafic and felsic rocks. The felsic plutonic rocks are

characteristic of Na rich and relative Al203 low, generally less 14.5 wt.%, and their mineral

assemblages and chemical compositions are comparable with those of the trondhjernite defined

by Goldschmidt ( 1916 ) and Barker ( 1979 ), but are distinct from granodlorite, which has

further confirmed in terms of a normative An-Ab-Or classification diaaram for commcn

siliceous igneous rocks. The felsic plutons are hence proposed as a subtype of low-A1203

tronahjemite, thereas the mafic intrusives as gabbro.

5.3.2 Lithologies

(1) Metavolcanic rocks

Park Greenstone

The dark greenstone is characterized by dark green in colour, massive to variable sehistose,

fine grain, rarely visibly porphyritic crystals, Fe-rich and slight-magnetism in hand

specimen and field outcrops and by holocrystalline-porphyritic and holocrystalline-
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homogeneous lextures. The porphyritic texture is mainly composed of lath-shaped albite setting

in matrix consisting largely of felsic minerals, chlorite and epidote. Content of the porphyritic

minerals ranges generally from 15 to 25 percent. Almost all porphyritic crystals of the albite

are orientated and surrounded by schistosity. The dark greenstone consists mainly of chlorite

and albite with considerable, but variable amounts of epidole, stilpnomelane, biolite,

muscovite, sericite, quartz and carbonate. Occasionally, augite as a remnant of primary mineral

phase has been recognized to occur within interior of the pillows with relative low-grade

metamorphism and deformation. Magnelite and pyrite are common accessory minerals occurring

as fine-grained anhedral or euhedral, with lessly abundant sphene. On the basis of major

mineral assemblages, several subtypes can be separated, i.e., stilpnomelane- and biotite-

bearing, epidote-rich and chloritic greenstones.

The epidote-bearing and chloritic greenstones constitute the most dominant types of the dark

greenstone. They are often associated with some typical volcanic structures deposited in the

submarine environment such as pillowed, clastic and amygdaloidal structures. The

stilpnomelane- and biolite-bearing greenstones are restricted to occur in locations in where

they tend to be associated with the fault zones. They can be distinct in appearance of the

stilpnomelane and biotite and in relative massive structure to the epidote-bearing and chloritic

greenstones. The stilpnomelane laths tend to occur without preferred orientation and to cut aH

existing textures and fabrics, including hydrotherrnal quartz and carbonate veins. MeanwhiLe,

stilpnomelane can be not onty limited to occur within the dark greenstone and but also be

associated with the keratophyric pyroclastic complexes. These features appear to point out that

the stilpnomelane must be very late in their form and are, perhaps, related in some ways to late

fault lectonic activities after the regional low-grade metamorphism.

P 1 r n

The pale greenstone is mainly holocrystaliine-homogeneous and porphyritic in textures and

characteristic of less pillowed and clastic structures relative to the dark greenstones, which

appears to indicate an origin of the major massive basallic flow. fl is light green in colour, fine-

grained, massive to schistose, Fe-poor and no magnetism, and carbonate-rich. Its main rnineral

assemblage is similar to that in the dark greenstcnes consisting predominantly of chlorite.
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epidote and albite, but is characterized by higher property of carbonate in content and by

presence of iron-poor actinolite. Carbonate ranges generally from 10 to 15 percent, whereas

actinolite varies among 0 to 20 percent in content.

kerato h ri r I i m I x

The keratophyric pyroclastic rocks scatter extensively as rather thin complexes within the

dark greenstone. They are white to light grey or to light rose in color, very fine-grained, much

hard and dense with associating, sometimes, recognizable free quartz in hand specimen. The

relative large complexes consist apparently of the felsic volcanic pyroclastic rocks, while the

smaller felsic bodies are generally dykes, sills or subvolcanic rocks. The massive sulphide

deposits known so far in the Gjersvik area are mainly associated with the pyroclastic

complexes.

The keratophyric pyroclastic complexes consist of albite, quartz with small amounts of

sericite, carbonate, chlorite, epidote and biotite, among which the felsic minerals which are

dominated by albite range usually from 80 to 95 percent. The complexes are characteristic of

holocrystaline-porphyritic textures consisting of phenocrysts setting in a very fine-grained

malrix of quartz and albite with subordinate chlorite and epidote. The phenocrysts, generany

less 20 percent in content, are mainly composed of euhedron to subeuhedron tabular albite

occurring as either individual crystal or aggregates with a few roundish quartz and subeuhedron

biotite. All phenocrysts are in certain extent oriented and surrounded by schistosity.

(2) Plutonic complexes

The plutonic complexes are dominated by trondhjemites with minor arnounts of gabbro The

trondhjemite is subdivided into two coarse-grained and fine-grained porphyritic phases. The

intrusive bodies are various in scale, arnong which the relative large bodies comprise either the

complexes consisting of the trondhjemite plus minor xenoliths of the gabbro or the coarse-

grained trondhjemite, while the relative sman bodies include fine-grained porphyritic

trondhjemite and gabbro. Contact between the coarse-grained and fine-grained porphyritic

trondhjemites has been revealed to be continue and immediately transitional, and the coarse-
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grained and fine-grained porphyritic trondhjemites are very similar in their mineral

assemblages. Only distinction between the two is, perhaps, in their textures, being the relative

fine-grained and porphyritic, and the coarse-grained, holocrystalline and approximately

equigranular granitic textures, respectively. They have hence been interpreted to represent a

shallow-seated and deep-seated phase of co-magmatic processes, respectively. However,

contacts between the intrusive bodies and the greenstones are almost tectonic and no clear

primary contact relations can be observed. It seems that the thrusts in the regional scale often

exist in boundary between the intrusive bodies and the greenstones.

The trondhjemites consist predominantly of plagioclase dominating albite or oligoclase,

quartz with small amounts of chloride, epidote, muscovite, sericite and carbonate plus very few

potassic feldspar, and pyrite is are main accessory minerals, within which the mafic minerals

( chlorite after epidote, chloritized biotite ) are low, usually between 2 - 3 percent and

occasionally up to 10 % in contents. The albile is about 60 percent in content, and mainIy

euhedron and tabular grains with obvious twinning but without zoning, about 1 - 3 mm in stze.

The albift is locally but often clotted with secondary sericite and muscovite. The quartz is

anhedron grains, varying from 0.2 to 2 mm in size, and about 35 percent in content.

The gabbro is composed of chlorite, clinozoisite, chloritized biolite and amphibolite viIth

small amounts of secondary quartz and carbonate. The clinozoisite often keep in pseudomorphs of

the plagioclase and is about 40 - 50 percent in content. The biotite is anhedron, scaly, with

perfect cleavage, but frequently chloritized. The amphibolite have two good cleavages.

5.3.3 Chemistry of the magmatic complexes

(1) metavolcanic rocks

Metavoicani r k eries

On the basis of a series of the rock chemical diagrams such as K20 - Si02, Alkau Index (A.1.)

-A1203, Fe07Mg0 - Ti02 and F-M-A, the metavolcanic rocks are plotted on them to display a

nature of the tholeiitic magma series. Due to the fact that the Gjersvik volcanic arc is dominated
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by the greenstones occupying probably about 80 per cent in volume, plus only small amounts of

felsic volcanic rocks, it is hence proposed to be made up mainly by tholeiitic basalts. It has been

shown that immature island arcs are usually made up of basallic rocks of the tholeiitic series,

whereas calc-alkaline magma are typical of more mature arcs and active continental margins (

Wilson, 1989 ).

The metavolcanic rocks in the Gjersvik volcanic arc are characterized by a typical bimodal

compositions, especially in Si02 content. Si02 content of the greenstones concentrates on the

range of 50 - 52 percent and varies mainly among 46 to 56 percent, whereas the keratophyric

pyroclastic rocks concentrates on 72 - 76 wt.% SiO2 and ranges largely from 70 to 78

percent. No typical volcanic rocks of andesitic composition have so far been found to occur

within the Gjersvik volcanic arc. 1n recent review of magmatism and tectonic settings

throughout the world, Martin and Piwinskii (1972) noted that two kinds of magmatism in

orogenic and nonorogenic belts are associated with two tectonic settings, compressional and

tensional (rifting) environments, the former being calc-alkahne or hypersthenic in magma

series, consisting of andesitic volcanogenic sequences predominantly of andesite, high-alurnina

basalt, and dacite with fragmental volcanoclastic strata and of quarlz monzonite, granodiorite,

and quartz diorite with minor granite, diorite, and gabbro in batholithic belts, the latter

obvious bimodal basalt-rhyolite volcanic assemblages that are essentially lack or

volumetrically insignificant andesites.

Ma'r Imn

Generally, fields of major elements of the greenstones in variation diagrams of Mg0 versus

A1203, CaO, Ti02, Fe0, Na20 and K20 are not completely coincident with each of tholeiitic

basalts occurring in typical but different tectonic environments such as MORE ( Mid-ocean

ridge basalts ), HTB ( Hawaiian tholeiitic basalts ) and IATB ( Island arc tholeillic basalts ).

However, they, especially Mg0 versus A1203, Ti02 and Fe0, tend to be concentrated on field

between MORB and IATB. Relationships between pairs of the major elernents show that Mg0 and

Ti02 are immobiIe and can be used in inferring primary magmatic processes, the Fe0, Ca0 and
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A1203 are probably in certain extent mobile and can conditionally be used in petrogenetic

interpretions, whereas Na20 and K20 are too mobile to be used in interpreting primary

magmatic processes. The reason leading Na20 and K20 changes has been interpreted to be related

mainly to the secondary geological processes. There is a big difference in a group of element

populations such as Mg0, Ti02 and Fe0 between the pale and dark greenstones. The pale

greenstone is characterized by high rnagnesium but low iron and titanium in contents relative to

the dark greenstone, which probably indicates a difference of their primary magma

compositions.

Trac El m n

Interrelations of the pairs of some trace and minor elements point out that post-magmatic

alterations related to the mineralization and the regional metamorphism are minimal and

neglect in the most trace and minor immobile elements and that abundances of Ti, Zr, Cr, Ni and

Y, most probably exhibit primary magmatic compositions, but the Nb and P, perhaps including

some mobile elements such as Rb, Ba and Sr, were in certain extent changed during the second

geological processes.

A group of immobile element populations in the pale and dark greenstones are very

significant and distinct to each other. The pale greenstone is characterized by apparent high Cr,

Ni, but low Ti and Y relative to the dark greenstone. And, Co is slightly high but the Zr and the V

are low in the pale greenstone reIative to those in the dark greenstone. The difference in the

trace element populations between the dark and pale greenstones has been interpreted as the

differences of their magma sources. In addition, plots of the greenstones on the diagrams of Mg0

against Ni and Cr show that the Ni and Cr increase systematicatly and apparently with the

increase Mg0 in the pale greenstone, but they have no obvious variation with increase Mg0 in

the dark greenstones. It has been reveated that the Ni abundances in MORB strongly controtled

by olivine fractionation ( Wilson, 1989 ). Thus, the different geochemical behaviors among the

Cr, Ni and Mg display that the dark greenstone was oriainated from the undifferentiated

tholeHtic basalt magma, while the pale greenstone from the differentiated tholeiitic basrtIt

magma. These different difterentiated trends are further revealed in plots of the dark and pale

greenstones on the diagram of V - Ti02.
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Abundances of some immobile elements and their ratios in the dark and pale greenstones are

used to make a comparison with tholeiitic basalts generated in distinct tectonic environments.

The cornpatible trace elements Ni and Co in the pale greenstone are correlated to those in the E-

Type MORB, and the Cr to that in the Back-arc tholeiitic basalts (BATB), while the Cr/Ni and

Ni/Co ratios ( Cr/Ni, Ni/Co ) are very closed those in the N-type MORB and the E-type MORB,

respectively. In contrast to this, the Ni and Cr contents as well as the Ni/Co ratio in the dark

greenstone are correlated to those in the Island-arc tholeiitic basalts (IATB), but the Co and

Cr/Ni ration are comparable with those in the N-Type MORB. The incompatible trace elements

Ti in the pale greenstone is comparable to that in the IATB, Y is correlated to that in E-type

MORB, and Zr lies between those in the E-type MORB and the IATB, but their rations ( Zr/Y,

Ti/Zr ) are all correlated to that in the N-type MORB. However, the Ti and Y in the dark

greenstone are very closed those in the BATB, while the Zr and Zr/Y ratio are comparable to

that in the IATB. Furthermore, it is calculated that the correlative coefficient of the pale

greenstone to E-type MORB is 0.45, to N-type MORB 0.27, to IATB 0.18, and to BATB 0.1,

whereas the dark greenstone to IATB 0.5, to BATB 0.2, to N-type MORB 0.2, and to E-type

MORB 0.1, which show that the pale greenstone tends to be related mainly with the E-type

MORB and in certain extent to the N-type MORB, while the dark greenstone is in great extent

correlated to the IATB and to, in some ways, the BATB. This nature demonstrates that the pale

greenstone was probably originated from source of the E-Type MORB mantle, but it was

probably in certain extent mixed by some material of island arc tholeiitic basalt, while the dark

greenstone was mainly generated in the island arc environments.

In addition, the pale and dark greenstones are further discussed in terms of some

tectonomagmatic discrimination diagrams of trace elements, especially immobile elements, such

as Cr - Ti, Cr - Y, Zr - Ti, Ti/100 - Zr -Y.3, and Ti/100 - Zr - Sr/2 diagrams in order to

reconstruct their paleotectonic environments. The results have demonstrated that the dark and

pale greenstones are tholeiitic in magma series and were not originated from the calc-alkallne

basalts associated uniquely with subduction, and they appear to be of a transitional nature, i.e.,

the dark areenstone tends to be correlated main!y to the IATB, but with in certain extent the

MORB and BATB affinities, whereas the pale greenstone is comparable largely to the E-type

MORB, bul is also in some ways correlated to the N-type MORB, BATB and IATB.
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(2) Intrusive rocks

Bim I f r

The plutonic rocks are also characterized by bimodal composition, ranging 45 - 53 wt.c/0

Si02 in the gabbro and varying 70 - 78 percent in the trondhjemites that are obviously lack of

diorite composition, which are comparable with the eruptive equivalences with which they are

associated in the Gjersvik volcanic arc.

Chemi al ri

The trondhjemites exhibit a strong trondhjemitic trend that is rather different from the

normal calc-alkaline suites in magma series. This feature is revealed in terms of plots of the

felsic intrusive rocks in the K•Na-Ca and in the normal Q-Ab-Or diagram, It has been

recognized that the trondhjemite represents a low-K\Na-ratio type of calc-alkaline rock (

Barker and Arth, 1976) or a low-(Fe0* + Mg0) type (Barker, 1979), which is different

from the calc-alkaline quartz diorite-tonalite-granodiorite-granite suites that form the buk

of the Mesozoic circum-Pacific batholiths. As the recent knowledge state, magma of the normal

calc-alkaline series are generally restricted in their occurrence to subduction-related tectonic

settings (Wilson, 1989), the trondhjemite and cogenetic, less siliceous and more mafic rocks

are a major component of Archean greiss terranes, which occur in the volcanic and plutonic

parts of Late Archean granite-greenstone terranes, or scatter widely within extrusive and

intrusive bodies in plate-tectonic environments of convergent oceanic-continental and cceanlo-

oceanlc types, or constitute a prominent if volumetrically minor component of many aphioktes

( Barker, 1979 ).

Ma'or elements

The trondhjemites are characterized by rehative high Na20 but low K20 and A1203. For

example, K20 content varies from 0.32 to 2.22 percent, Na20 from 4.49 to 6.88 percent,

whereas granite usually contains about 4 percent or more K20 and less 4 percent Na20 in

contents. And, A1203 content is generally less than 14 percent, which appears to indicate an
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ocean environment because the continental trondhjemite generally contains more than 14.5 to

15 percent A1203, whereas oceanic trondhjemite has less than 14.5 to 15 percent ( Arlh J.G.

1979 ).

Due to the fact that the keratophyric pyroclastic rock and the trondhjemites are completely

comparative in their main rnineralogy and bulk chemical compositions, the keratophyric

pyroclastic rocks can be interpreted as an extrusive equivalent of the felsic plutons. This point

may further be supported by Na20, K20 and Ca0 systematic variations in these three kinds of

the felsic rocks, i.e., K20, Na20 and Ca0 contents in the fine-grained porphyritic trondhjernite

generally lie between the coarse-grained trondhjemite, which is characterized by relative

higher K20 and Ca0 but much low Na20 contents, and the keratophyric pyroclastic rocks with

very low K20 and Ca0 but very high Na20. And, the K20 and Ca0 gradually decrease with Na20

increase from the coarse-grained, via fine-grained porphyritic trondhjemites to the

keratophyric pyroclastic rock, which show a good linear and negative correlation. This

phenornena can be explained by evolution of the magma system and bit-by-bit reaction between

magma and sea water during magma ascent processes.

Trace elements

Study of trace element behaviors during magmatic processes indicates that Ba and Ab are

major substitutes for K in K-feldspar, hornblende and biotite, while Sr often substitutes

readHy for Ca in plagioclase and for K in K-feldspar. Thus, change in Ba or K'Ba ratio and Ab

and K/Rb ratio may indicate the role of one of these phases in petrogenesis, whereas Sr or CaiSr

ration is a useful indicator of plagioclase involvement at shallow levels ( Wilson, 1989 ). These

element changes in contents are gradual and systematic in the felsic intrusives and extrusives.

Rb. Sr, and Ba concentrations gradually decrease from the coarse-grained ( av. 41.63 opm Rb.

211.5 ppm Sr, and 601.25 ppm Ba ), via the fine-grained porphyritic trondhjernites ( av.

27.2 pprn Rb, 104.4 ppm Sr, and 172.6 ppm Ba ) to the keratophyric pyroclastic rock ( av. 3

pprn Rb. 90 ppm Sr, and 63 ppm Ba ) ( see Table 3.3, 3.6 ), while their substitutes K and Ca

display parallel geochemical behaviors. For example, variations of K20 versus Ba and Rb show

display very well positive correlations in the coarse-grained, the fine-grained porphyritic

trondhjernites and the keratophyric pyroclastic rocks. Parallei trends are also shown in
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diagrams of Ca0 versus Sr and Rb versus S. Property of the element correlations and their

systematic variation behaviors indicate an evolution of the trondhjemitic magma from relative

deep-seated, via shallow-seated levels to extrusive phase and the co-magmatic affinity between

the trondhjemites and keratophyric pyrociastic complexes.

5.3.4 Relationship among different types of the magmatic rocks

Relationship between dark and pale greenstones

The pale and dark greenstones are very characteristic of and distinct ro each other in geobgy

and geochemistry. Contact between the dark and pale greenstones is sharp but original because

the exhalative sediment layers often occur conformably just in junction between the two. The

pale greenstone are characterized by much high Cr, Ni, and relative high Mg, but low Fe and Ti

relative to the dark greenstone. Cr content in the pale greenstone is generally higher than 130

ppm, Ni higher than 65 ppm, and Mg0 higher than 6 wt.%, but Fe0 less than 12 wt.%, and Ti02

iess than 1.2 wt.%, while Cr and Ni in the dark greenstone are usually less than 50 ppm, Mg0

less than 6 wt.%, but Fe0 higher than 13 wt.%, and Ti02 higher than 1.2 wt.%. Espedally.

average Cr and Ni contents in the pale greenstone are roughly eight times as much as those in the

dark greenstone, respectively. These distinct and systematic differences in chernical

compositions very probably imply a difference of magrna sources between the dark and paiie

greenstones, respectively. in addition, correlations of Mg0 against Ni and Cr pc:nt cut that the

pale greenstone was generated by more evolved tholeiitic magma, while the dark creenstone was

produced from undifferentiated tholeiitic magma.

Relationship between greenstones and keratophyric pyroclastic rocks

The keratophyric pyroclastic complexes are stratigraphically interpreted to occur mainiy

between the dark and pale greenstones, which represent an episode of felsic magma processes

between depositions of tholeiitic basalts. Major massive sulphide mineralization occurrina

within the Gjersvik volcanic arc are predominantly associated with the keratophyric

pyroclastic complexes.
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(3) Relationship between felsic intrusive and extrusive rocks

The geological evidence from detailing surface mapping shows that the coarse-grained

trondhjemite is transitional and continue in contact with the fine-grained porphyritic

trondhjemite, which indicate a co-magmatic origin. The fine-grained porphyritic trondhjemite

most probably represent a shallow-seated phase in connection with relative deep-seated coarse-

grained trondhjemite. This conclusion is further confirmed by major and trace element

compositions.

Relationship between the trondhjemite and the keratophyric pyroclastic complexes is

further accentuated on two aspects. One is that the keratophyric pyroclastic rocks and the

trondhjemites are completely comparative in mineralogy and chemical compositions, and only

different in rock textures to each other. Another that correlations between some major elements

such as Na20, K20 and Ca0 and trace elements including Rb, Sr, Ba, Nb, and Y exhibit strongly

systematic and linear variations from deep-seated coarse-grained, via shanow-seated fine-

grained porphyritic trondhjemites to extrusive keratophyric pyroclastic complexes. These

properties have been interpreted as a result both felsic magrna evolution in the crust higher

level and of reactions between ocean water and felsic rnagma system during magma ascent

processes towards the surface from relative deep portion. The felsic rocks associated with the

Gjersvik volcanic arc have hence been proposed to be mainly co-magmatic and the keratophyric

pyroclastic rocks can be interpreted as an extrusive equivalent of the deep-seated coarse-

grained and the shallow-seated fine-grained porphyritic trondhjemites.

lt must be emphasized, however, that some felsic intrusives associated with the pale

greenstone probably represent later felsic magma activities. The felsic magmatic activity is

probably multystage, which has been shown in terms of U-Pb zircon absolute dating for the

felsic plutons associated with the Gjersvik volcanic arc on the regional scape ( Roberts &

Tucker, 1991• Kullerud, et. al., 1988 ).

5.3.5 Petrogenetic and paleotectonic model

A simplitied petrogenic and paleotectonic model for the Gjersvik volcanic arc proposed here
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has accentuated mainly on several aspects in follow.

The Gjersvik volcanic arc represents an immature or primitive volcanic arc which was


formed in and built on the ocean floor environments in connection with a rift system

development, in where there are a complete absence of the continental crust and no a voluminous

sediment supply, perhaps, far away from the continents. And, the fundamental tectonic

environments during construction of the Gjersvik volcanic arc is extensive or rifting rather

than compressive.

The Gjersvik volcanic arc consists of bimodal volcanic-plutonic complexes, which are

definitely different in lithologies and geochemistry from those in mature island arc or

continental margin related to convergent plate, and are also distinct from those in typical mid-

ocean ridge and within ocean island arc environments related to divergent plate

Magma processes of the Gjersvik volcanic arc must be multi-cyclic. probably major

three stages, and each magma cycle may corresponds to a limited rifting environment related to

the rift system development. At the early and late stages, magma processes are characterized

respectively by the undifferentiated and the differentiated tholeiitic basalts, while the felsic

magmatic processes are mainly present in an interval between depositions of the tholeiitic

basalts.

The early undifferentiated tholeiitic basalts were derived mainly from the depleted mantle

source and were in some ways related to the initial rifting over the subduction zone between the

ocean-floor plates, whereas the late tholeiltic basalts were generated as a conseguence of the

diapiric upwelling of deeper, enriched mantle source and were connected with the deeper,

developing rift system. Due to the fact that the keratophyric pyroclastic complexes and their

plutonic eguivalents are mainly associated with the dark greenstones and gabbro within the

Gjersvik volcanic arc, the felsic magma processes are thought to occur by partial melflng of the

undifferentiated tholeiitic basaltic or gabbro sources at shallow depths, which is also related to

the rift system development.

5.4 Massive sulphide mineralization
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5.4.1 Distribution and size

The massive Cu-Zn sulphide deposits have so far been found to occur extensively as a part of

the bimodal metavolcanic sequence in the Gjersvik volcanic arc. Of them the Gjersvik and the

Skorovas deposits are most important both in sizes and in economic value. The Gjersvik ore

deposit as second big one following the Skorovas orebody in size is associated with c. 1.6 m.t. of

ores (massive and disseminated) with an average of 31 % S, 1.6 % Cu and 0.9 % Zn with few

amounts of Pb and precious metals (Oftedahl, 1958). The Skorovas orebody, located in about 40

km to the south of the Gjersvik deposit, with c.10 m.t. of ores massive and disseminated

predominantly pyritic ore with an average grade of 1.3 % Zn and 1.0 % Cu, together with trace

amounts of Pb, As and Ag ( Halls et. al. 1977 ) used to be in production, but was closed in 1986.

The Skorovas deposit was proposed to be comparative with and very similar to the Gjersvik ore

body in tectonic setting, stratigraphic horizon, geological and lithological environments, as weli

as geology of ore bodies by Reinsbakken (1980, 1981). Some considerable differences,

however, do exist between the two deposits. On the one hand, for example, the Skorovas massive

sulphide ore body is associated with relative more Zn and Pb metals and is lack of pyrrhotite.

while the Gjersvik ore body is dominated by Cu plus minor Zn but without Pb metals and the

pyrrhotite is one of the most important components of ore mineral assemblages; on the other

hand, a lot of jasper has been distinguished to occur as distal exhalative sediments in the

mineralization horizon in the Skorovas area, whereas magnetite-rich cherts constitute the mosf

important distal exhalative sediments extending in the mineralization horizon, but very few

jasper have so far been found in the Gjersvik area. ln addilion, the other smaller deposits such

as Annlifjellet, Tjiermajaevrieh, Gjersvikklumpen and those in the southern and northern

shore of the Bjorkvatnet Lake, have been found to have less importantly economic value. These

deposits are comparative and similar to the Gjersvik deposit.

5.4.2 Types and main features of the mineralization

The sulphide mineralization can be subdivided into three types, Le., massive sulphide,

exhalative, and veining mineralization.

Massive i I.
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Massive sulphide mineralization are generally situated at an interface between metavolcanic

stratigraphic units of the greenstones and of the keratophyric pyroclastic complexes and the ore

horizon consists of massive sulphide ores ( sulphides generally over 60 vol.% ) associated

initially with a stringer ( so-called feeder zone ) characterized both by intensive wall-rock

hydrothermal alterations and by extensively interconnected and disseminated sulphide

mineralization which occur within and cut through the keratophyric pyroclastic complexes

directly below the massive orebody. The association relationship between massive sulphide ores

and altered stringer is intimated and the feeder zone has been interpreted as a path leading the

mineralized solution flow towards the surface on the ocean floor in where accumulate the

massive sulphides.

The massive sulphide ore bodies are generally stratiform, lensoid, and plate-like, varying

from tens cm to several meters in thickness and from tens to several hundred meters in length

and are conformable with their wan rock, while the feeder zone underlying directly below

massive orebody is usually pipe-like or irregular, and is discordant with the host keratophyric

pyroclastic complex. For example, present geometry of the Gjersvik orebody consists of an

asymmetrical, spoon-shaped, synformal structure which plunges southerly with the eastern

limb more steeply dipping than the western. The horizon of massive ores itself is an irregular 1 -

5 rn thick and occurs just in junction between felsic pyroclastic complex and the greenstone,

extending into within the greenstone. The road sections ( both old and new roads ) cuttinc

through both limbs of this structure exhibit clearly outcrops of the massive orebody which is

directly overlain by the interconnected network of sulphide veining and sulphide disseminated

mineralization associated with intensive hydrothermal wall-rock alterations cutting and

occurring within the felsic pyroclastic complex. The present sequence that the massive sulphide

horizon is overlain by the altered, pyritic felsic complex but underlain by unaltered dark

greenstone most probably indicates an inverted stratigraphic position.

Exhalativ im n r min ralization

A thin, iron- and silica-rich, base-metat-depleted facies occurs extensively either in or

near junction between the dark and pale greenstones or within the dark pillowed greenstone.

They are usuany characterized by obvious sedimentary structures and no hydrothermal
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alterations. This kind of mineralized horizon is interpreted as an exhalative sediment of setting

of colloidal iron and silica hydrosol following explosive dispersal into the submarine

environment related either to a volcanic episode of the keratophyrical pyroclastic eruption

occurring between basic magmatic activities of dark and pale greenstones or to the pillowed

tholeiitic basalls during construction of the Gjersvik volcanic arc.

The exhalative sediments occur mainly as thin, sheet- or plate-like layers or lenses,

generally several tens cm to meters in thickness and several to tens meters in length or width.

They are very regular in occurrence and conformable with the metavolcanic host succession and

some of them are obviously synchronously folded together with their wall rocks. These thin,

exhalative sedimentary tayers can in places be traced about several hundreds to thousand meters

along an identical stratigraphic horizon either between the dark and pale greenstones or within

the dark pillowed greenstone, which have frequently been used as an useful key horizon thal

separates the metamorphosed volcanic-stratigraphic unils formed in different episodes of

tholentic basaltic magma activities. The exhalative sediments are simple in mineralogy and

consist predominantly of magnetite, quartz and pyrite associated with or without subordinate

sericite or muscovite and carbonate minerals. They are characterized by both of very eU

laminated structure, consisting predominantly of alternating laminae of pyrite, magnetite and

chert, which are often superimposed by later fold structure, and of very fine-grained,

paragenetic texture, generally less 0.05 mm in size, which appear to point out a circumstance

of their primary chemica! sedimentary processes.

Veinin min r lizati n

This kind of minerahzation, which were well revealed by the surface detailing rnapping and

the drilling core, occurs mainly as thin vein, stockwork and disseminated sulphide

mineralization associated with intensive hydrothermal allerations within the underlying dark

greenstone. They are present mainly as long belts, generally several to tens meters wide and

tens to hundreds meters long, which cut through the dark greenstone and are sharp in contact

with their wall rocks, which shows that they are apparently controlled by fault or fissure

structures.
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The vein mineralization are mainly veining, stockwork and linear-type disseminated in

structures, and consist mainly of pyrite with varying amounts of chalcopyrite and sphaIerite

plus small magnelite. Sulphide content within the mineralization zones generally varies from

20 to 30 percent. It is significant to mention that the metal mineral assemblages and

hydrothermal alterations in the vein mineralization are very similar and comparative with

those in the feeder zone.

5.4.3 Ore mineralogy, textures and zoning

Massive sulphide horizon consists of massive sulphides associated with a stringer zone (

feeder zone ) characterized by interconnected pyritic mineralization plus intense hydrothermal

alterations.

M iv I h'

The massive sulphide phase cornprises largely massive ores containing sulphides generally

over 90 vol.% with less importantly banded sulphide ores containing sulphides about 50 - 70

voI.%. The ores comprise predominantly pyrite, pyrrhotite, chalcopyrite, and sphalerite with a

considerable amount of magnetite. Non-metal minerals include quartz and carbonate as well as

minor chbrite and sericite. Quartz is generally less 0.05 mm, but some up to 0.1 - 0.3 mm in

size. Chlorite often occur as aggregate or recrystalline big crystal and tends to increase in

places near the greenstone wall rocks. Sericite is mainly associated with chlorite. The quartz

and calcite are all anhedron, generally 0.2 - 0.5 mm in size, and often intergrowth

to each other to constitute a paragenetic texture.

Textures of the ores indicate an extensive and intense affection of metamorphism and

deformatbn on the deposits. For example, typical foam texture of massive pyrite indicate an

aff ection of slow heating during metamorphism to the ores, and recrystallization of the

sphalerite related to the metamorphism was observed to occur extensively in the massive ores,

while cataclastic texture of the pyrite and compressive strain texture in the massive pyrite

ores are regarded as en evidence of the ore deformation. It must be emphasized, however, that

some primary textures can still be reserved in the ores even though metamorphic and deformed
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textures are most dominant within the ores. For exarnple, the texture which small pyrrhotite

crystal occur as discontinue circling drops within big pyrite crystal most probably reflects a

primary paragenetic relationship between pyrite and pyrrhotite during the pyrite

crystallization from mineralized fluid, and also indicates a relative high temperature condition

when they formed.

On the basis of major metal mineral assemblages, mineral content, their spatial

relationship to each other and to the adjacent host rocks, the ore horizon of the Gjersvik

massive orebody can be subdivided into five major ore facies or ore types, and their

distribution and zonation constitute a part of volcanic stratigraphic succession. Succession of

the massive sulphide horizon and relationship to their wall rocks are shown in follow:

greenstone ( in top )

Type V: fine-grained, massive, banded pyrite-magnetite facies

Type IV: fine-grained, compact, massive pyrite-sphalerite ( with magnetite ) facies

Type fine-grained, massive to banded pyrite facies

Type II: fine- and coarse grained, compact, massive pyrrhotite-pyrite-chalcopyrite facies

Type I: fine-grained, compact, massive Cu-rich pyrite facies

keratophyric pyroclastic complex associated with a feeder zone ( in bottom )

The massive sulphide horizon is dominated by type I, II, and Ill, and the massive Cu-rich

pyrite ( chalcopyrite + pyrite ) and the massive pyrrhotite + chalcopyrite + pyrite phases

which tend to occur in side of the massive orebody immediately overlying or adjacent to the

altered pyritic feeder zone associated with keratophyric pyroclastic complex, grading upward

and outward to the massive pyrite phase, while the type IV and V are only present in local places

in where they occur as part of marginal zone or of lateral extent of the massive orebody

bordering to the greenstone. The former is characteristic of very compact, massive, whereas

the latter of massive and banded textures. The type I and Il are the most important Cu-bearing

ores, whereas the type III is dominated by pyrite with small amounts of Cu-bearing minerals.

The ores are mainly fine-grained, but become in places relative coarse-grained in texture. It
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appears that the coarser the sulphides are in size, the higher the chalcopyrite is in content. The

chalcopyrite and pyrrhotite often replace the pyrite to occur along edges and fractures of or as

intergranular minerals within pyrite grains, as well as between boundaries of pyrite grains.

Sul hi rin r h r f r z n

A stockwork system of interconnected pyritic quartz-calcite veining with associated

extensive wall-rock hydrothermal alterations occurs within and cuts through the metafelsic

volcanic complex directly beneath the massive sulphide horizon, which has been interpreted as

•feeder zone' or 'root zone'.

1n the case of the Gjersvik ore body, the individual thin sulphide vein within the feeder zone,

generally several to tens mm wide, often coalesces upwards the sulphide horizon into larger

mineralized zones about several meters in width, consisting of sulphide veins or channels

associated with intermediate alterations or of dense disseminated sulphide mineralization with

intense alterations in the keratophyric pyroclastic complex. Generalty, the intense alteration

zone is often associated with relative strong mineralization characterized by disseminated

sulphides, varying from several to approximate 40 percent in content, consisting mainly of

pyrite ( generally over 80 percent ) with small amounts of chalcopyrite with trace sphalerite

and pyrrhotite, the intermediate alteration zone is characteristic of veining and veinlet sulphide

mineralization consisting either of dominant pyrite or of approximately equal pyrite and

sphalerite plus minor chalcopyrite, while the weak alteration zone is only associated with weak

pyri1ic mineralization, which pyrite is usually less 5 percent in content. Ganaue minerals

include quartz, sericite, albite and calcite with small chlorite.

5.4.4 Hydrothermal wall-rock alterations

The hydrothermal alterations are mainly but extensively associated with the feeder zone and

the vein mineralization occurring underlying the dark greenstone and consist largely of

silicification, sericitization, carbonitization and chloritization. Based on main mineral

assemblages, alteration grades as well as their spatial distribution, three alteration zones

associated with the feeder zone within the keratophyric pyroclastic complexes directly under
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massive sulphide horizon can be subdivided: weak, intermediate and intense aiteration zones.

Distribution of the hydrothermal alteration zones tends to increase gradually in alteration grade

towards the massive sulphide horizon. The weak alteration zone directly grades into

intermediate or into intense alteration zones. The weak alteration zone is characterized by less

differences from the unaltered metafelsic pyroclastic rocks in mineralogy, whereas the intense

alteration zone armostly consists of altered minerals.

The weak alteration zone is characterized by slight alteration consisting of siiicification and

trends to occur in outside of the felsic cornplex adjacent to intermediate or intense alteration

zone, but generally doesn't contacts directly with the massive sulphide body. 11,in fact, has no

big diff erence in mineral assemblages and textures to the regional metafelsic rocks and is

generally associated with slight mineralization consisting predominantly of disseminated pyrite

about 3 - 5 percent in content. The intermediate alteration zone is mainly silicification,

sericilization and carbonitization, and characterized by obvious veining, veinlet and stockwork

sulphide mineralization. This altered zone consists mainly of altered minerals of quariz,

sericite, and calcite with minor amounts of albite, chlorite and epidate, being up, sometimes. to

80 percent in their contents. This altered zone is often characterized by obvious veining,

veinlet and stockwork sulphide mineralization consisting mainly of pyrite with rninor amounts

of chalcopyrite and sphalerite. The intense alleration zone is dominated by silicification and

sericilization ana almost entirely composed of altered minerals consisting of quartz and sericile

together with small chlorite, carbonate and muscovite as well as varying sulphides. R is often

associated with disseminated sulphide mineralization but the mineralization grade is varicus,

ranging from very weak to 20 - 50 percent of sulphides.

Variation of bulk chemical compositions of the alteration zones in comparison with

unaltered rocks shows that Si and Al appear to be relatively immobile during hydrothermal

alteration process although they are rather gained or lost, to a certain extent, in different

alteration zones. Fe has no much change in each alleration zone but becomes very apparently

additional component only in intense alleration zone associated with strong mineralization,

which is obviously caused by immense precipitation of pyrite in this zone. However, K, Na, Ca,

and Mg are very mobile during the hydrothermal alteration process. Na is a mostly principal

lost component, whereas K is a mostly principal gained component. Changes in Na and K
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compositions are consistent with bit-by-bit albile decomposition and step-by-step sericite

addition from weak, via intermediate to intense alteration zones during the hydrothermal

alteration processes. Similarly, Ca displays an exceptional trend that it loses about 40 % and

83 - 97 % in weak and intense alteration zones, respectively, but extraordinarily increases up

to 200 % in intermediate alteration zone, which was most probably caused by calcite vast

growth in intermediate alteration zone. Mg is a largely grained component in weak and

intermediate alteration zones, but is grained or lost in great extent in intense alteration zone,

which mainly reflects chforite variation in different alteration zones.

5.4.5 Chemistry of the ores

The Gjersvik deposit comprises mainly Cu-Zn ore association with average grade of 1.55 0/0

Cu and 0.84 % Zn, but no valuable Pb metal is associated with the ores. Plots of the different

ore types in tnangular Cu-Zn-Pb diagram show that Pb content is very low, generally less 5

percent, and hence the ores all belong to Cu-Zn association. However, ratio of Cu and Zn is

different from type to type of the ores. The ores of pyrite + chalcopyrite and pyrite +

chalcopyrite + pyrrhotile assemblages have highest ratio of Cu:Zn about 5.5, while the ores of

pyrite + sphalerite assemblages have lowest ratio of Cu:Zn about 0.09. The pyrite ores have a

variable scope in ratio of Cu: Zn, but their average value is about 5.5. And, chemistry of the

ores displays that variety of the ore-forming metals depend mainly on the ore types. It seems

clear that Cu is the most dominant component in the ores of pyrite + chalcopyrite and pyri:e

pyrrhotite + chalcopyrite assemblages, within which Cu content is generaIly over 1 percent,

but is low and variable in the ore of pyrite and pyrite + sphalerite assemblages, within which

Cu is generally less 1 but over 0.1 percent in content. Zn is the most dominant component in the

ores of pyrite sphalerite ores, up to 4 - 7 percent in content, but varies in the ores, ranging

generally between 1 and 0.1 percent of pyrite + chalcopyrite and pyrite + pyrrhotite +

chalcopyrite assemblages, while it is very low in the ores of pyrite and pyrite + magnetite

assemblages

Metal contents and variations in the ores are mainly related to zonation of the ore types. For

example, Cu tends to decrease and Fe gradually decreases in contents, while Zn tends to increase,

and Pb seems to have a parallel behavior with Zn from the core ore zone grating towards outside
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zones, i.e., from pyrite + chalcopyrite, and pyrite + pyrrhotite + chalcopyrite, via pyrite, to

most outside pyrite + sphalerite or pyrite + magnetite ore zones. Zonation of the ores and

systematic variely of their chemical compositions in the different ore zones are most probably

primary and related to chemico-physical conditions during precipitation of the ores.

Furthermore, Cu has the highest content in the strong alteration zone, but gradually

decreases from strong, via moderate to weak alteration zones within the feeder zone. Zn and Pb

display a similar geochemical behavior in different alteration zones, i.e., they are low in the

weak and strong alteration zones, but abruptly increase in contents in moderate alteration zone.

The reason is that the moderate alteration zone is mainly associated with vein and veinlet

mineralization, within which sphalerite and galena are relative higher in contents than in the

weak and strong alteration zones.

	

5.4.6 Origin of the deposits

It has been compared that the Gjersvik deposits are associated with much more differences

rather than similarity relative to the Kuroko-type deposit. Origin of the Gjersvik deposits has

hence been accentuated on the several aspects in follow.

	

I i I vir m n

The deposits have been proposed to occur mainly within an immature or primitive volcanic

arc which was built on the ocean floor in connection with rifting environments in where there

are complete absence of the continental crust and no supply of normal sediments. Study of the

volcano-stratigraphic succession, petrology and geochemistry points out that the early rifting

activity was characterized by volcanic process of the undifferentiated tholeiitic basalt related in

some ways to the subduction between oceanic plates, the late developing rifling environment was

associated with new volcanic process of the differentiated tholeiitic basalls derived from deeper

mantle source, while the keratophyric pyroclastic cornplexes were formed mainly at a stage

between the early initial and the late developing rifts during construction of the Gjersvik

volcanic arc.
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The keratophyric pyroclastic complexes extensively scatter as small and variable scales in

occurrences within the Gjersvik volcanic arc and consist of felsic pyroclastic rocks, sills and

dikes. The massive sulphide minerafization are mainly associated with the relative big

keratophyric pyroclastic rocks. Distribution of the felsic complexes is mainly controned by

extensional fault zones, and the massive sulphide mineralization are hence also thought to be

related to extensional fault zones in connection with the rifting system development.

r -f

Mineralization in the Gjersvik volcanic arc can be apparently subdivided into three types:

rnassive sulphide ores associated directly with a feeder zone, exhalative sediments and vein

sulphide mineralization, even though the later two types have no any recoverable value to have

known so far. The massive sifphide horizon is predominantly associated with the keratophyric

pyroclastic complex within which often oocurs a feeder zone characterized by both of apparent

vein, stockwork sulphide mineralization and intense hydrothermal alterations directly below

the massive sulphide orebody. The exhalative sediments are mainly present within the dark,

pillowed greenstone as a distal extens:on of the exhalative massive sulphide horizon or in

junction between the dark and pale greenstone, although they can also occupy at level of the pale,

pillowed greenstone near the boundary to the dark greenstone. The vein sulphide mineralization

associated with apparent hydrothermal alterations are mainly limited to occur within the

underlying dark greenstone. 11is more interesting that the vein mineralization and the feeder

zone directly below the massive sulphide horizon are consistent in both of their metal and

altered mineral assemblages as well as hydrothermal alteration types and that the exhalative

sediments are comparative in mineral assemblages with the massive sulphide orebodies.

Furthermore, the massive sulphide ores are mainly fine-grained, compact and massive in the

central phases of the orebody, which often grades into the banded ores upward and outward to the

boundary near wall rocks of the dark greenstone, while the exhalative sediments are very fine-

grained in texture and often reserve very good primary sedimentary bands or laminae in

structure although they have generally been folded by the late structure. Zonation of the massive

sulphide ores both in ore mineral assemb!ages and metal compositions have shown an original

and genetic feature related to the accumulation of a sulphide mound around the vent. Thus, these

three types of the mineralization have been considered to have a primitive and genetic
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connection during ore-forming processes. The massive sulphides with the feeder zone have bet,n

proposed to be formed at or near the discharge vents of a submarine hydrothermal systems, the

veining sulphide mineralization probably represent a product of seawater-rock reaction

between the circulating hydrothermal solution and the underlying tholeiitic basalt pile within

which they passed along fracture zones, while the exhalative sediments is interpreted to be

formed by chemical precipitation of colloidal iron and silica hydrosol or their oxides of the

discharge hydrothermal solution plumes in distal, or stratigraphically higher positions reblive

to the massive sulphide body following explosive dispersal into the reduced subrnarine

environment.

Physi - h mi I n i i n

Mineratization in the Gjersvik volcanic arc are mainly related to an episode of the felsic

magmatic processes between depositions of the tholeiitic basalts. The metabasalts, especially the

relative older dark greenstone, are extensively associated with submarine pillowed and

vesicular textures that indicate a deep water environment. And, pillow rims of the dark

greenstone are often associated with pyrite, which is a good indicator of the distal

rnineralization.

The mineralization has been interpreted to be formed mainly in a strong reduced

environment in where they precipitated, since the massive sulphide horizon consist

predominantly of pyrite, chalcopyrite, pyrrhotite and sphalerite with minor but considerable

amounts of magnelite, while exhalative sediments are composed largely of pyrite and magnetile.

Metal mineral assemblages of the ores have shown that the deposits were formed at a relative

high temperature condition, probably over 300 C, while zonation of the massive sulphide

horizon displays the central facies of pyrite + chalcopyrite and the pyrite + chalcopyrite +

pyrrhotite ores were formed in condition of the higher temperature relative to the outside

massive pyrite ores and the marginal massive sphalerite + pyrite and pyrite + magnetite ore

facies.

The massive sulphide orebodies are generally associated with the keratophyric pyroclastic

complexes but not related to the scales of the felsic complexes, which has been considered as an
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Inlportant evidence that heat energy driving the convection ceH is mainly connected with the

local felsic intrusive-extrusive complexes controlled by extensional fault zones in relation to

the intra-ocean rifting system development.

Or - f rmin I i n

The petrologicany distinctive alteration zones occurring in the keralophyric pyroclastic

cornplexes below directly the massive sulphide horizon or within the underlying dark

greenstone have been interpreted to be formed by a progressive reaction of rising cre-forming

fluids with the wafl rocks in a circulating hydrothermal system. The hydrothermal alterations

are mainly silicification, sericitization and carbonatization plus minor and variable

chlorilization. The sericitization was produced mainly by formation of the altered sericite due to

breakdown of albite in the feeder zone or to K replacement to the chlorite in the underlying vein

fnineralization zone in condition of addition of the K-rich fluid, while the silicification and

carbonitization resulted largely from precipitations of quartz and calcite during the

hydrothermal alterarion. Chemistry of the alteration zones have shown that K, Ca, Si and Mg are

major addition components, whiie Na and Al are major loss compositions.

On the other hand, gangue mineral assemblages of the massive sulphide ores are mainly

quartz and calcite. It is interesting that these minerals are also most essential components of the

altered mineraIs in the feeder zone and in the underlying vein mineralization zone. However,

quartz and calcite in the massive suIphide ores have the paragenetic textures with the sulphide

gains and occur mainly as thin bands alternating with sulphide bands, which display an apparent

sedimentary feature, while they are present in the feeder zone and the vein mineralization

mainly as hydrothermal filling, replacements and precipitation in association with other

altered minerals. The affinity of mineral components between the massive sulphide ores and the

feeder zone points out that the Si, CO2 and Ca pIay an important role in the ore-forming solution

from which the sulphides precipitated, whHe difference in their textures and occurrences

exhibits different ways and conditions when they precipitated.

Experiment of chemical exchange during hydrothermal alteration between natural seawater

and oceanic basalt indicates that Si02, Ca, K, Ba, B and CO2 were leached from basalt and
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enriched in the seawater, but Mg, Na and 504 were removed from seawater into solid phases as

the Mg-rich alteration products such as smectite, tremolite-actinolite and into solids by

formation of sodic feldspar and possibly analcime, respectively. Thus, K, Si, and Ca that

extensely precipitate in the feeder zone and the underlying vein mineralization zone probably

came mainly from the circulating seawater leaching through the underling dark greenstone pile

in where they passed.

During the ore-forming processes, reactions between the moving solution and the wall rocks

linking the channelways and boiling of the ore-forming fluid may be important in the

subsurface. During the hydrothermal alterations, extraction of hydrogen ions from solution and

potassium replacement to the wall rock tend to reduce the stability of chloride complexes and

lead to sulphide mineral precipitation, about which an obvious evidence is potassium

replacement to the feldspar or chlorite in the wall rocks to form sericitization. On the other

hand, temperature and pressure changes, rapid cooling and mixing of a hot, rising solution with

a cold seawater mass may be major factors leading to precipitation of the sulphides in seawater-

rocks interface on the ocean floor.

Cu, Zn and Fe as major ore metals of the Gjersvik deposits have been proposed to be mainly

leached from the underlying dark greenstone pile through which the ore-forming fluids passed,

which is concluded on the basis of the comparison of ratios of Cu, Zn and Pb metals in the ores

with the major but different types of the rocks in the Gjersvik volcanic arc.

5.5 Possible application for further prospecting and evaluation

in the Gjersvik area

5.5.1 Restriction of the stratigraphic succession for mineralization

within the Gjersvik volcanic arc

The regional geological investigations have revealed that the volcano-stratigraphical

succession of the Gjersvik volcanic arc can evidently be subdivided into three units, i.e., older
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dark greenstone, younger keratophyric pyroclastic complexes and youngest pale greenstone.

And, the mineralization are predominantly associated with the underlying dark greenstone and

the keratophyric pyroclastic complexes, but very few with the overlying pale greenstone. The

Gjersvik deposits have thus been considered to be mainly related to an episode of the felsic

magmatic processes between depositions of the tholeiitic basalts, the dark and pale greenstones

being their present metamorphosed equivalents at the early and the late stages, respectively.

This point is extended to an opinion that attention of the further prospecting work for finding

the new, valuable massive su(phide bodies should focus on the underlying stratigraphic units of

the dark greenstone and the felsic complexes rather than the overlying pale greenstone.

5.5.2 Types of mineralization and their significance

The sulphide mineralization have been subdivided into three types, i.e., massive sulphide,

exhalative, and veining mineralization. The massive sulphide mineralization refers to those that

the ore horizon, situated generally at an interface between metavolcanic stratigraphic units of

the greenstone and of the keratophyric pyroclastic rock, consists of massive sulphide ores (

sulphides generally over 60 vol.% ) associated initially with feeder zone characterized both by

intensive wall-rock hydrothermal alterations and by extensively interconnected and

disseminated sulphide mineralization which occur within and cut through the keratophyric

pyroclastic complexes directly below the massive orebody. The exhalative sediments consist

predominantly of magnetile-rich chert, pyritic chert and chert which occur extensively as

thin, small, and conformable layers or lenses in the metabasaltic succession. The veining

mineralization are restricted to occur in the underlying dark greenstone and characterized by

obvious hydrothermal alterations and veining, stockwork and disseminated sulphide

mineralization. It must be emphasized that only massive sulphide mineralization have so far

been found to be valuable in size and economic potential, while the later two types of

mineralization have no any considerable value.

fl should mention that the exhalative sediments are present either in junction between the

dark and pale greenstones or within the dark and pale pillowed greenstones. Of them the

exhalites which occur within the dark, pillowed greenstone and in boundary between two types

of the greenstones are composed mainly of pyritic chert and magnetite-rich chert, which
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probably represent a distal extend of the exhalative massive sulphide horizon, while others

within the pale, pillowed greenstone are characteristic of chert and hematite- and magnetite-

bearing chert. The exhalites can be also composed mainly of massive pyrite ores such as those

occurring in the northern shore and the southeastern part of the Bjorkvatnet. However, they

are generally small in size and contain very few Cu metal because they consist almost of pure

pyrite.

The veining mineralization have been interpreted to be formed by reaction between ore-

forming solution and the underlying tholeiitic pile through which the fluid passed. They are

generally not associated with the massive sulphide bodies. Thus, their importance are most

probably in understanding origin of the deposits rather than in taking them as a direct indicator

for further prospecting.

5.5.3 Close association of the massive sulphide horizon

to the keratophyric pyroclastic complexes

II is significant that massive sulphide deposits with considerable economic potential have so

far been known to be associated with the keratophyric pyroclastic complexes. This close:y

associated relationship has been connected in terms of an interpretion of the felsic magrna as

heat source or as heat machine ' driving ore-forming system of the connective cell that is

necessary for formation of the ores. On the other hand, the keratophyric pyrodastic cornplexes

are distributed along and controlled mainly by extensional fault zones in relation to the nft

system development, and hence the massive sulphide orebodies associated with the felsic

complexes should more or less be controlled by the extensional fault zones. The fault zones are

also of the convenient structure paths leading to ascent of the mineralized solution toward the

ocean floor surface in where the massive sulphides were precipitated.

5.5.4 Indicator of the hydrothermal alterations

Another important indicator for further prospecting is that the petrologically distinctive

alteration zones generally occur within and cut through the felsic complex directly below the

massive sulphide body. The main alterations are silicification, sericitization and
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carbonatization, which were produced by reaction of the ore-forming fluid with the felsic

volcanic wall rocks. Furthermore, recognition of the mineralogical and chemical attributes of

these alteration zones is also important as an indicator in exploration for these deposits, since

the intense silicification + sericitization and silicification + sericilization + carbonitization

zones generally occur directly below the massive sulphide orebody, while weak alteration,

mainly silicification, away from the massive sulphide orebody. It seems that the relative large

massive sulphide orebodies are often associated with relative stronger and apparent

hydrothermal alterations. Thus, the hydrothermal alterations, especially intense aIterations

occurring within the keratophyric pyroclastic complexes may be a highly significant

exploration guide

5.5.5 Types and fabric of the ores and their zonation

It is valuable and useful in evaluation of the deposits that the massive sulphide orebodies

with considerable economic potential such as the Gjersvik orebody are associated with good

zonation of the ores and with high chalcopyrite and pyrrhotite in contents, while the massive

sulphide bodies which were probably formed by distal exhalative sediments are generally small

in size and consist almost of pyrite with very low Cu content, such as exposures of the massive

pyrite bodies in the northern shore of the Bjorkvatnet along the Gjersvik-Ryorvik road, in the

southeastern and northeastern parts of the Bjorkvalnet.

In the case of the Gjersvik deposit, the massive sulphide orebody consists mainly of massive

pyrite + chalcopyrite, pyrite + chalcopyrite + pyrrhotite, pyrite ores with small amounts of

massive to banded pyrite + sphalerite and pyrite + magnetite ores. It is, perhaps, important to

pay more attentions in three aspects for further exploration. The first is zonation of the

massive sulphide orebody. The ores constituting the massive sulphide body has been divided into

five ore types or phases. Type I and II, i.e., massive pyrite + chalcopyrite, and pyrrhotite +

chalcopyrite + pyrite phases tend to occur in side of the massive orebody immediately overlying

or adjacent to the allered pyritic feeder zone associated with keratophyric pyroclastic complex,

grading upward and outward to the massive Cu-low pyrite ore phase ( Type Il ), while the

pyrite + sphalerite and the pyrite + magnetite phases ( Type IV and V ) are only located in

places where they occur as part of marginal zone or of lateral extent of the massive orebody
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bordering to the greenstone. The second is Cu metal distribution in the orebody. Chemistry of the

ores displays that Cu rnetal is largely associated with the pyrite + chalcopyrite and pyrite

chalcopyrite + pyrrhotite ores ( Type I and Il ), being generally over 1 %, whereas the pyrite

ores are usually less 1 % and very variable in Cu content, and the pyrite + sphalerite and

pyrite + magnetite ores only contain few Cu metal. The third, Cu content in the ores also depends

in certain extent on the ore lextures. For example, the pyrite + chalcopyrite and pyrite

chalcopyrite + pyrrhotite ores as rnost dominant Cu-bearing ore types can be subdivided into

fine-grained and coarse-grained two phases. It appears that the coarser are the grains of the

metal minerals, the higher are the Cu contents.

5.5.6 Possible potential target area for further prospecting

Present suggestion of the potential target area for further prospecting is mainly based on

the surface mapping work in combination with some indicators associated with the known

deposits in the Gjersvik area, for instance, volcano-stratigraphic succession in where occurs

the massive sulphide horizon, close association of the massive sulphide orebodies with the

keratophyric pyroclastic complexes, mineralization types, and alteration associated with the

feeder zone directly, perhaps, below the massive sulphide horizon. lt appears that the

keratophyric pyroclastic complexes associated with the dark greenstone tend to occur in two

belts with NE-SW trends in the east and the west of the Gjersvik village, respectively, and the

massive sulphide orebodies to have so far known are all associated with them. It is being

suggested that the attention for further prospecting would focus on the western area from about

Sorvatnet, via Bjorkvatnet to Kirma Luvlie Tjierme-laevrie, especially in the north of the

Gjersvik-Royrvik road, although the Gjersvik orebody occurs in the eastern area. This

suggestion is based on several considerable reasons.

(1) In the eastern area, the belt consists ot some bodies of the keratophyric pyroclastic

complexes such as at Gjersvik, Gjersvikklumpen and Royrvatnet and many small, felsic sill,

dike or subvolcanic rocks, while the belt in the western area is composed mainly of the

keratophyric pyroclastic complexes.

(2) It is obvious that mineralization in the west is more extensive and intense than that in
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the east but the Gjersvik deposit. For example, most of the keratophyric pyroclastic complex

bodies in the westem belt, each of them is associated with a series of exposures of the massive

sulphide mineralization such as exposures of the massive sulphides at the southern and the

northern shores of the Bjorkvatnet, at the Annlifjellet, and at the Tjiermajaevrieh, but only a

small massive sulphide mineralization in the eastern belt has been known to be associated with

the Gjersvikklumpen keratophyric pyroclastic complex besides of the Gjersvik body. And,

indicators of the distal mineralization such as exhalative magnetite-rich chert, pyritic chert

and the pyrite-bearing rims of the pillowes extensively occur in the underlying dark

greenstone succession in the west relative to the east. Furthermore, the veining mineralization

associated with the underlying dark greenstone are much more extensive in the western than in

the eastern area.

(3) Some of the keratophyric pyroclastic complexes accompanying the massive sulphide

mineralization in the western belt such as the Annlifjellet are associate with apparent wall rock

alterations such as silicification and sericitization, but they in the eastern area generally with

very weak alterations if they are present in local places such as at Gjersvikklumpen.
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