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Abstract

Marshall, B., 1990. “Pseudostratigraphy” and thrusting in relation to the structural evolution of the Joma orebody,
North Trendelag, Norway, Ore Geol. Rev., 5: 175-210.

Joma Mine exploits a stratiform Cu-Zn volcanic-associated massive sulphide deposit within the Norwegian Cale-
donides. The ore layer overlies an inferred feeder system hosted by mafic metavolcanites within the grossly inverted
stratigraphy of the Leipik Nappe. Mine-scale inversion is supported by orebody zonation and the relative position of
ore layer and feeder system.

Mesoscale structural data from regionally distributed quartz-rich phyllites require two major periods (D, and D;)
and one minor period (D,) of deformation. D, generated a transposition foliation containing an elongation lineation
essentially co-linear with F, hinge lines. D; formed a NW-dipping crenulation foliation as hinge surface to SW-plung-
ing F; folds. Before F;, D, linear data probably trended NW in the shallowly W-dipping transposition foliation. D,
formed minor kinkbands. Mesoscale data from the ore layer affirm the deformation sequence, but also suggest a D,
thrusting and folding event. F, vergence and facing at regional and mine scales further support D;.

The ore-layer sequence varies between and, less commonly, within layers, and lacks consistent polarity. This vari-
able sequence is ascribed to D, and D, thrusting, folding and sliding, and is herein termed “pseudostratigraphy”. The
existence of level-scale pseudostratigraphy contrasts with preservation of gross relationships at mine scale, and places
limitations on the dimensions and consequences of D, and D, structures.

At the end of D, pseudostratigraphy of the thrust-disrupted ore system occupied the lower limb of an E-closing
regionally developed antiformal anticline. Folding and sliding during D, resulted in the further disrupted ore system
being inverted and occupying the lower limb of a large-scale, E-closing, F, antiform. In Dj, the inverted ore layer
occupied and was slightly S of the broad hinge zone of the regionally developed NE-closing Joma Synform; its present
arcuate geometry reflects this. D, had little influence on the structural evolution of the orebody.

Wit e iyl

Introduction

Joma Mine is situated some 250 km NE of
Trondheim close to the Swedish border in the
Grong district of Norway (Fig. 1). The mine
exploits a Cu-Zn orebody which is one of nu-
merous stratabound and, as is the case with
Joma, stratiformm massive sulphide deposits

0169-1368/90/$03.50

principally within the Norwegian portion of the
Caledonides. The geological setting of these de-
posits, their deposit-type classification, and
their relationship to other types of volcanic-as-
sociated massive sulphide orebodies have been
discussed in many articles (e.g. Vokes, 1976;
Bjorlykke et al., 1979, 1980; Klau and Large,

© 1990 Elsevier Science Publishers B.V.
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Fig. 2. Geological map of the Joma Mine area, showing the
main stratigraphic divisions, the nappes and the Joma
Synform. Geology is based on Kollung (1979) and Reins-
bakken and Stephens (1986).
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though Roberts (1979) and Kollung (1979)
recognized multi-event deformation histories,
complex event sequences have been reported
from adjacent areas in Sweden (Trouw, 1973;
Sjostrand, 1978), Olsen (1980) interpreted the
geometry of the Joma deposit in terms of two
main events (Table 1). Nevertheless, to accom-
modate the possibility of an earlier (“pre-D,”)
event in the Joma region, consistent with that
found in some adjacent areas, the two main me-
soscale events in this paper are designated D,
and Ds.

Olsen (1980) concluded that the orebody ex-
hibits a well-defined stratigraphy (Table 2) and
lies in an inverted position (Fig. 3). His belief
in stratigraphic inversion rested on:

(a) the albite rock and chlorite schist being a
sub-ore alteration assemblage associated
with the feeder system;

(b) zonation in volcanic-associated massive
sulphide deposits (Franklin et al., 1981;
Marshall and Gilligan, 1987) being best
satisfied by chalcopyrite-pyrrhotite ore un-
derlying chalcopyrite-sphalerite-pyrite ore;
and

(¢) Kollung’s (1979) arguments for nappe-scale
inversion.

Based on the metavolcanite geochemistry,
Olsen (1980) suggested that the Joma deposit
formed in a back-arc basinal environment.

TABLE 1

Deformational history of the Joma Orebody (after Olsen,
1980)

Event  Description

D¥ Represented by isoclinal folds (F,) with a SE-
trending axial direction and amplitudes up to a
few meters, that deform wallrocks as well as ore
layers - larger amplitudes of several hundred
meters are inferred - the event was associated
with thrusting and nappe development

D3 The main deformation developed open to tight,
asymmetric crenulation folds trending nearly at
right angles to the F; axis

*Respectively equated with D, and Dj in the present article.
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to the mine, to outline the rock sequence in dif-
ferent parts of the orebody within the context
of Olsen’s stratigraphy, and to discuss the im-
plications of these data for the internal struc-
ture and external morphology of the orebody.
In turn, this will provide an overview of the me-
chanical behaviour of ore and hostrocks in con-
vergent tectonic terrains involving thrusting
and nappe formation.

Structural relationships
Surface structure

Investigation of the surface structure by
Odling (1984), together with limited traversing
by the present author, provided a framework for
evaluating the mine structure. Of the main rock
units (Fig. 2), the quartzose phyllites yielded
the most informative structural data. The prin-
cipal surface is a transposition foliation (S,_;)
comprising a discontinuous primary layering
(S,) and a penetrative, non-crenulate cleavage
or low grade schistosity (S,). So_, carries a
mineral lineation (L,,) and is overprinted by a
crenulation foliation (S;; see Fig. 4), which may
be a conjugate structure in well-laminated rocks
(Marshall, 1984).
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S, is the hinge surface foliation of tight to
isoclinal folds (F'9; see Fig. 5), and S, parallels
the hinge surface of mesoscale folds which are
parasitic upon the Joma Synform (F3$2). The
hinge surfaces of minor kinkbands, that over-
print S, are designated S, and S’;.

Orientation data for all the linear and planar
fabric elements mapped at surface are shown in
Fig. 6 (based on Odling, 1984; fig. 3). Disre-
garding the relatively uncommon D, struc-
tures, which have no significant effect on D,
elements, F32 comprises tight to near-iso-
clinal folds of S,_, with shallow SW-plunging
hinge lines and moderate to steep NW-dipping
hinge surfaces. The great-circle dispersion of D
hinge-line data is consistent with some varia-
tion in S,, orientation pre-D;. Linear data
for D,, comprising F3 hinge lines and a mostly
co-linear mineral lineation, define an arc. Var-
ious factors, such as local divergence between
F9Y and the mineral lineation, plunge variation
of F,, and inhomogeneous flattening accompa-
nying F,, impede interpretation of the redistri-
bution pattern. However, consistent with the
morphology of F; mesofolds, the pattern fits
best a large (60-90°) small-circle distribution
centred on F; and modified by inhomogeneous
pure shear. Allowing that S,_, dipped shallowly

Fig. 4. S,_, in quartzose phyllites overprinted by an inhomogeneously-developed crenulation foliation S;.
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Fig. 6. Orientation data from surface exposures for planar and linear fabric elements from the Joma Mine area, modified
from Odling (1984). Data are plotted on Lambert equal-area stereonets and contoured at 1-2-4-6-8-9+ % per 1% area.
Planar elements are plotted as poles.

(A) Transposition foliations (S,_,): 243 data points defining a great circle distribution with /T-axis (= F$?) plunging

18/230°.

(B) Mineral lineation (L.,) and co-linear F, hinge lines: 146 data points (125 L, 21 F,,); F$? and S; are based on Figs.
6A, C and D.

(C) Crenulation foliation (S;) and F3? hinge surfaces: 139 data points; the maximum concentration suggests that re-
gional S; dips 56/306°.

(D) F22 hinge lines and associated co-linear intersection and crenulation lineations: 147 data points; the maximum
concentration is consistent with regional F 32 plunging shallowly SW (cf. Fig. 6A). Minor non-cylindricality is re-
flected by dispersion within the S; great circle (from Fig. 6C).

(E) Hinge line and hinge surface elements ascribed to D,.
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TABLE 3

Fabric catalogue — mesoscale elements
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Deformation Form surfaces Folds formed Elements generated  Comments
D, So No elements proved to belong to D,
S, in part pre-S, but not provably pre-D,
D, Early Sos Sh ? S, not all S, generated
So Sp Group 1: Sy Ly F$//F%//LY
S, FYF} L3L3 L%//tosub//L$
. So-2 82 Transposition foliations
F3 Sp-2
Late not pertinent S, reactivated and extended (?) —
new slides form
D, Strong So-2 Group 2: S; S, S, ete. included in
transposition foliations
S0 F;inall form L,
Sp-2 surfaces Ss//S.
Sy Fy//L,
Weak as above Group 2: S5 S, Si//8.
Fjinallform L F3//L;
surfaces
D, as above plus S, S’ is not a significant form surface Faulting -

possible folding and crenulation, but data
sparse - could be S}

fabric elements are in Fig. 11. Stereograms were
firstly compiled for the discrete elements on
each level (e.g. S, separate form S;) and then,
if shown to have the same distribution, assem-
bled into composite plots (e.g. So+S,+S),). The
level data for these composite diagrams were
subsequently compiled into synoptic diagrams
for the mine (e.g. Fig. 11A).

Nothing in the subsurface distribution of D,
structures suggests a significant redistribution
of D, elements. F; may therefore be interpreted
in terms of a moderately steep NW-dipping
hinge surface, and a SW-trending subhorizon-
tal hinge line with a tendency towards a hinge-
surface-related great circle dispersion (Figs.
11F, H). As with the surface data (see above),
the non-cylindricality is at least partly consis-
tent with development of F; in a non-planar

form surface; but, as indicated below, this is not
the sole cause. The NW-SE trend in Fig. 11F
results from S; shallowing as it passes from sil-
icate hostrocks into massive sulphides. (This
tendency is well illustrated by Figs. 11G and 12).
Partly in conjunction with the decrease in
hinge-surface dip, hinge lines rotate from NE-
SW towards more northerly and westerly trends
(Fig. 11H), although some non-cylindricality
is still evident for steeply dipping hinge sur-
faces. Shallowing of hinge surfaces and concur-
rent rotation of hinge lines, as F; passes from
silicate into sulphide rocks, is consistent with
shear strains partitioning into sulphides.
Despite the abundance of D3 mesofolds, syn-
optic S, and S, (Figs. 11A, B) show no indi-
cation of redistribution by a NE-trending F; (cf.
Fig. 6A). This is consistent with data coming



185

THE JOMA ORE BODY, NORTH TRONDELAG, NORWAY

"2UI[D0ST £ 7 U} JO qUII| IaMO0] Pajenuajye o} 10N "soprydns yoL-a3130yL14d Ul s1948[ 3SIYIS SLI0[YD /878UOqIRD UL , £ pue &1

"P103-7 pR3dnastp oy yo quuiy 1addn oy ut pado[aAap st plog , & uy

"90BJINS 23UTY $71 SUO[E INO ISNIY} Usa( SBY YOIYM dIMdNIs § 7 1951e] B A PIP[O] SI 048] SJLULUIE] O SOUULKIE] JLG[R 9Y1 JO SLUTWE] Ut & f
*9[qISA BXe SAUI[I0SI § 7 JO[[BWS YIIym Ul seprydins jsutese jno pareays uooq sey quii] Joddn 9y3 3s1yds 93101y pue Jjrutwre| iqpe ur & 4

) ‘paredIpul

are y depraso Appred yotym ) pue ¢ Jo sp[aly Y], ‘enxafj , &7 Sutddip £[deays azowr B £q pajuLadians 910 d1jLi&d Ul 3SIYas SILIOYD Ut § .

(@

(D)
(&)

(V)

"g "1 10J Se SJOQUIAS 19399] }DOI 2JBOI[IS JO sI9Ke] poje[edIejul pue soptydins ut spioj & 4 "¢ "S1f




THE JOMA ORE BODY, NORTH TRONDELAG, NORWAY

rotated during thrusting towards parallelism
with L,,.

The subsurface fabric catalogue (Table 3)
and orientation data (Fig. 11) are therefore
consistent with two main periods of folding (F,
and F3) and one minor period (F,; cf. Olsen,
1980; Odling, 1986; Marshall et al., 1987). They
provide insight into the reorientation of F, and
F; elements by thrusting and, as a consequence
of folds passing from silicate rocks into massive
sulphides, by a form of refraction. They also
suggest that a significant thrusting or sliding
episode pre-dated S, development, and this
raises the possibility of a D, event with an as-
sociated phase of folding (F,). These ideas, to-
gether with an indication of the amount of sup-
porting evidence, are summarized as a
deformation-event sequence (Table 4).

Vergence considerations

Vergence mapping is fraught with difficulty
due to conjugate folds produced in D3, the pos-

TABLE 4

Deformation sequences ~ mesoscale evidence
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sible presence of D, folds, the inadequacy of ori-
entation data as an absolute means of discrim-
inating between F, and F;, and the particular
difficulty of distinguishing F, from F; folds in
sulphide rocks where silicate foliations and lin-
eations are not evident. Nevertheless, mapping
of F, and F; vergence has provided important
constraints on regional and mine scale
structure.

At surface, based on the author’s observa-
tions and on mapping by Odling (1984), F,
vergence data in quartz-rich phyllites on both
limbs of the Joma Synform indicate consis-
tently that the region is positioned on the upper
limb of a NE-closing F, antiform. If regional
stratigraphy is inverted, as proposed by Kol-
lung (see above), the vergence data require that
inversion pre-dated F,. However, at mine scale,
the present study and previous investigations
(Odling, 1984; Reinsbakken, 1986, fig. 32) are
consistent with the position of the orebody being
on the lower limb of a NE-closing F, antiform
and thereby, based on the proposed regional in-

Event Component event

Support

D, (a) Isoclinal, large amplitude

(b) Thrusting along and shallowly oblique to S; forming

imbricate stacks

Very weak at mesoscale
Strong but D, age not proved

D, (a) Asin (b) above - (b) and (a) are alternatives Strong for pre-S,
(b) Tight to isoclinal folding with short limbs exceeding 30m in Very strong
level scale folds
(c) Sliding along old and newly formed surfaces Strong
Dy (a) Folding with close to isoclinal styles and moderate to shallow Very strong
NW dipping hinge surfaces
(b) Thrusting along old (?) and newly formed surfaces Strong
(c) Folding with open to close styles and moderate to steep SE Limited
dipping hinge surfaces
(d) Relaxation faulting and development of dilation veins - NW Weak
dips for both structures
D, (a) As above in (d) - (d) and (a) are alternatives Weak
(b) Folding with open style and shallow SE dipping hinge surfaces Very weak
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Fig. 12. Refraction (shallowing) of the F; hinge surface as it passes from thinly-layered greenstone into a layer of banded
pyritic ore. In the pyritic ore, the hinge surface is marked by segregation of pyrrhotite-chalcopyrite (cross-hatched symbol).
GS =greenstone, C = carbonate and P=pyritic ore.

version, being the correct way-up. These rela-
tionships, which conflict with proposals (e.g.
Olsen, 1980; Reinsbakken, 1986) that the ore-
body stratigraphy is inverted, will be discussed
later in this paper.

F, vergence varies regionally across the hinge

surface of the Joma Synform, and this geome-
try is largely supported at mine scale. Meso-
scale vergence has either a hinge zone “M” ge-
ometry, as at the north end of the open cut (560
level), or a lower limb “S” geometry (looking

SW) in all subsurface levels investigated. Thus,

Fig. 11. Orientation data of planar and linear fabric elements from Joma Mine. Data are plotted on Lambert equal-area
stereonets; planar elements are plotted as poles.

Synoptic S, a composite plot of Sy+.S,+ 8, from all mapped levels: 230 poles contoured at 1-3-6-9-12% per 1%

(A)
area; the partial girde distribution defines /1Sy, (=F,) as 20/302°.

(B) Synoptic S,: 72 poles contoured at 1-3-7-10% per 1% area. The weak partial girdle defines /IS, as 22/324°. The
statistically defined S, (equivalent to the maximum concentration of S, poles) dips 22/324°.

(C) Synoptic F,+ Ly: 113 data points contoured at 1-3-5-8-11% per 1% area. The S, great circle is from Fig. 11B. The
maximum concentration plunges at 20/311°.

(D) Synoptic L,: 93 data points contoured at 1-4-7% per 1% area. The S, great circle is from Fig. 11B. The maxima
plunge 20/320° and 25/340°.

(E) Synoptic stereogram of D, linear elements comprising Fy+ Lo+ Ly, 206 data points contoured at 1-3-6-8% per 1%
area. The maximum concentration plunges at 23/320°. The best-fit great circle (=S,) dips 23/305°.

(F) Synoptic stereogram of D; planar elements comprising S, and F; hinge surfaces. Circles are S,: 184 poles contoured
at 1-3-6-9-12% per 1% area. The statistically defined S, dips 50/318°.

(G) Crenulation foliation (S.) and F; hinge surfaces from level 387 (located on Fig. 7): 73 poles contoured at 1-5-9-12-
15% per 1% area. Concentrations 1 and 2 are, respectively, from silicate and sulphide rocks and dip 54/325° and 24/
332°.

(H)

Synoptic stereogram of D, linear elements comprising L. and F; hinge lines. Circles are L.: 214 data points contoured
at 1-2-4-7-10% per 1% area. Great circles 1 and 2 (delimiting a suite of great circles that could be fitted to the data)
dip 80/312° and 22/330° and are, respectively, equated with silicate and sulphide rocks.
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TABLE 6

The principal sulphide rock units (ore type)

Units (ore types) Subdivisions Comments

(ore subtypes)
Zinc-rich pyritic Banded sphalerite Fine- to medium-grained pyritic ore, expressing recrystallization banding;
ore ore (BS) contains carbonate as matrix, streaks and more continuous layers;

(A)

Copper-rich
pyritic ore
(B)

Copper/zinc-poor
pyritic ore
(9]

Chalcopyrite-
pyrrhotite ore
(D)

Massive medium-
coarse grained ore
(MMG)

Banded to massive,
medium grained ore
(BMG)

Banded actinolite-
rich ore (BA)

Banded quartz-
carbonate ore

(BQC)

Massive actinolite-
rich ore
(MA)

Massive fine-grained

ore

(MFG)

Banded fine-grained
ore

(BFG)

Banded to massive
ore (BM)

Durchbewegt ore
(DB)

sphalerite-rich layers (<5 mm up to 50 mm) are variably spaced
throughout; a variant with silica instead of carbonate is similar to BQC
(below)

Pyritic ore with variable amounts of carbonate matrix and disseminated
sphalerite; gradational into BS as layering becomes more obvious and the
sphalerite content increases

Pyritic ore with pyrrhotite and variable amounts of sphalerite and/or
chalcopyrite

Fine- to medium-grained banded (on a scale of 0.25 to 1.5 cm) pyrite-
pyrrhotite-chalcopyrite ore; alternate bands consist of layers (probable
bedding) of richly disseminated actinolite (?) needles; magnetite layers
also present

Fine- to medium-grained pyrite with pyrrhotite and chalcopyrite displaying
recrystallisation banding up to 3 cm thick; associated with discontinuous
layers and streaks of grey-black chert-like quartz and carbonate, and
uncommon magnetic layers

Fine-grained pyritic ore with disseminated oriented/disoriented
actinolite (?) needles; with decreasing actinolite it is transitional into MFG
(below); with increasing pyrrhotite-chalcopyrite it is transitional into ore-
type D (below)

Very fine- to fine-grained flinty pyrite with minor amounts of zinc and
copper; is brecciated and healed with diffuse-margined veins of medium-
grained pyrite; lacks a carbonate matrix; transitional into MMG

Layers ( <1 cm up to 20 cm) of very fine-grained and fine-grained flinty
pyrite with breccia veining; transitional into MFG and with increasing
matrix carbonate, into A ore-types

With increasing chalcopyrite and pyrrhotite contents, the B ore-types
develop thin and segregations of chalcopyrite-pyrrhotite mineralisation;
also see the MA sub-type (above)

Further increase and segregation of chalcopyrite and/or pyrrhotite results
in layers and masses of chalcopyrite-pyrrhotite ore containing angular to
subrounded pieces of once continuous layers of silicate rock, vein quartz
and pyritic ore

Silicate rock units (Table 5)

Types 1 and 2 greenstone are believed to rep-
resent pre- and post-ore metavolcanites, re-
spectively (cf. Olsen, 1980; Reinsbakken, 1986),
principally because type 1 carries disseminated

and stringer pyrite and is more altered. In other
respects, such as the presence of small pillow
and pillow-breccia horizons associated with
thinly layered tuffs (?7), the two types are simi-
lar, although Reinsbakken reported significant
differences in TiO, and Zr contents.
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Fig. 14B. Caption see Fig. 14C.

hangingwall to footwall in level 375 decline, and
levels 387 and 495 (located on Fig. 7), are pre-
sented in Figs. 13, 14 and 15, respectively.
Where F, and F; folding have influenced the
sequence, this is either shown on the section or
the effect has been removed. Contacts clearly
of tectonic origin are also shown on the section.

The ore-layer sequences from these and other

mapped levels are summarised in Table 4, and

collectively portray the following principal

characteristics:

(a) Although individual layers may be lenticu-
lar or wedge out, and others (particularly
silicate rock intercalations involving Abl



THE JOMA ORE BODY, NORTH TRONDELAG, NORWAY

197

NNW

LOC LOC
109/110/111

115 114

i

Vertical Scale 2 §m

“ 1

1
2 B557

3]

105(a)

o 20 m
10 -
102 e
~¥iot
+ -+

SSE

LOC LOC
108 107

LoC
104/106/106

LoC
101/102

Hanging wall greenstone (GS type 1)

Zinc rich pyritic ore (ore-type A), subtype BS

¥ine grained pyritic ore (ore-type C), subtype MA
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Fig. 15. Ore-layer sequences and locality plan, ievel 495. (A) Sequences from hangingwall to footwall at designated localities.
Refer to Tables 5 and 6 amplification of the legend. (B) Plan of S end of level 495 (see Fig. 7) showing localities in Fig. 15A.

and Chs type 2) may be repeated with con-
stant polarity (Fig. 16), a reasonably con-
sistent sequence can be mapped throughout
substantial portions of a given level (Figs.
14, 15).

(b) Despite parts of the sequences being com-
mon to several levels, there is no obvious
sequence common to all mapped levels; that
is, the order of rock units is inconsistent.
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TABLE 7

Ore-layer sequence in selected levels of Joma mine
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Level 560 495 387 375 375 decline 362
Hanging *GS type 1; pillow GS type 1(?)/ GS - well layered  GS - well GS - pale GS - well
wall lavas, sulphide Chs type 1 but of uncertain layered and chlorite-rich - layered but type
veins and “transition” type pale chlorite-  type 2 affinity uncertain
disseminations rocks rich - type
MFG/MFG with  2(?) BA/BFG/MA MFG/BFG
Abl/minor MA/MFG with  COglayers -
Abt/Abp grading COslayersand  pyrrhotite-richin  BFG/BA BMG/DBat BS
to Chs type 2 Chs type 3 places various levels
MFG Dark green
MA/BA/MMG Chstype20over BM/DB BA/BQC chlorite schist -
with minor BS CO; + Chs type BA/BFG Chs type 1(?)
and COj; layers 3 + Abl Chs type 2 MFG/DB
DB but
MFG/BFG/ BS Abl position varies Chs type 1/GS
MMG type 1/CO; rich
Abl/Abp over MA/MFG/BMG BQCoverBS GS
BS Chs type 2
Chs rich in Chs type 1 and
GS type 2; well-  BS actinolite - type dark-chlorite
layered tuffs and 1(?) GS - type 1(?)
pillow lavas -no MA
sulphides BMG/BQC/BS
Abp/Chs type 3/
GS (type Chs type 1/GS
uncertain but type uncertain -
suspect 2) type 1(?)
Footwall
Exploited  25-30 m ~70m ~7.0m 45-715m ~15m
thickness

*No lateral correlation is implied between units; abbreviations as in Tables 5 and 6.

(a) S,, which constitutes the tectonic contacts
between different units in the ore-layer se-
quences in Table 7, being overprinted by S
in F, hinge zones.

(b) S, being form-surface to F, folds. This is
well illustrated by a large F, fold (Fig. 17)
from level 387; the pseudostratigraphy (S,),
which characterises much of level 387 (Fig.
14B, Table 7), clearly developed before F,.

It now remains to consider whether the event

which generated the pseudostratigraphy (S;)

solely involved thrusting (compatible with

early-D, or D; possibilities), or folding and
thrusting (only compatible with a D, event).

Evidence for D, folding and thrusting

Limited support for a D, event is provided by
sparse microfabric data, inter-regional compar-
ison of deformation-event sequences, and the
need to reconcile younging and vergence data.
Each of these is considered below.

Microfabric data

Remnants of a rare pre-S, foliation are pre-
served in the noses of a few F, folds in layered
metavolcanites. The pre-S, foliation is defined
by a felt of fine-grained chlorite within thin ( <2
cm) layers. The layers are slightly crenulated
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205

Inter-regional “equivalence” of deformation/fold events - Joma and adjacent regions

Kollung Lutro Roberts This article Zachrisson Trouw Sjostrand
(1979) (1979) (1979) (1969-"71) (1973) (1978)
Ak pre-F 1 ) Dl
D§ pre-Di D, { F, } { D,
F D, D, D, Fy F, Dy
Fye D, D, D F, F, D,
Fo, D, Dy ? F, F, Ds
D4 D4
Fy Dj D,

*Of restricted distribution.

**Known from outside the area mapped but of limited significance.
**+Eyvent producing the principal foliation and mineral lineation.
#+#*The Joma Synform (Kollung, 1979) and Ransaren or Eastern Synform (Zachrisson, 1969; Trouw, 1973).

ing is an assumption based on inversion of the
Limingen and Gjersvik Groups in the structur-
ally overlying Limingen Nappe (Kollung,
1979), and on Kollung’s extensive experience
in the Central Norwegian Caledonides. The au-
thor’s knowledge of the region is insufficient to
evaluate the assumption, which must necessar-
ily detract from the argument for F, based on
opposed vergence. In relation to (b), conclusive
support for F; would come from opposed-facing
within individual F, folds, but younging data
are extremely scarce. On a regional basis, Kol-
lung (1979) cited an example from pillow lavas
and one case of graded bedding. In the mine dis-
trict, despite the abundance of small pillows, the
evidence was inconclusive, because the devel-
opment of secondary cusps (during D;) at
pillow interfaces precludes unambiguous
interpretation.

Reconciliation of vergence data with pub-
lished stratigraphic facing clearly requires an
F, event, but inability to substantiate pub-
lished facing by younging data means that F
remains contentious.

Conclusion

Although there is no mesoscale evidence ex-
clusively favouring D, there is incontrovertible
evidence for a pre-S,/pre-F, thrusting event.

Inconclusive support for an F; event with which
the pre-F, thrusting could be associated, is pro-
vided by three lines of evidence (microfabric
data, inter-regional comparison of event se-
quences, and interpretation of facing and verg-
ence data); although weak individually, they
collectively constitute a significant argument
for a D, event.

Implications of mine-scale stratigraphy

Despite the existence of pseudostratigraphy
at level scale, a systematic relationship be-
tween host rocks, wallrock alteration, and the
main ore types at mine scale has been desig-
nated gross stratigraphy. Although parts of the
sequence may be absent (cf. Figs. 3 and 18), the
interpretation is consistent with popular models
of volcanic-associated massive sulphide depos-
its (Franklin et al., 1981; Marshall and Gilli-
gan, 1987) and has considerable appeal over the
alternative view that the sequence is a thrust
package lacking stratigraphic significance.

Of course, crude preservation of strati-
graphic and genetic relationships does not pre-
clude substantial distortion and disruption
during folding and thrusting, but it does have
implications regarding the scale of the struc-
tures. Thus:
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does not, however, preclude folding at a
much larger scale, as advocated by Kollung
(1979).

Structural evolution of the orebody

The existence of primary layering within the
orebody defined variously by silicate, magne-
tite, and quartz-carbonate laminae together
with layers with different percentages of the
principal iron, copper and zinc sulphides, sup-
ports a syn-sedimentary genesis. Bearing in
mind the associated pillow lavas and tuffs, the
hydrothermal alteration effects that are inter-
preted as a feeder system, and the grossly con-
cordant tabulate geometry of the ore layer, it
may be concluded that the massive sulphide de-
posit most probably formed by seafloor exhal-
ative processes. Its original geometry and zon-
ation most likely approximated Cu-Zn deposits
of similar mafic volcanic affiliation. (See, for
example, Vokes, 1976; Franklin et al., 1981;
Stephens et al., 1984; Marshall and Gilligan,
1987.)

Because the orebody experienced all of the
deformation events, the questions become to
what extent and at what scale have these events
modified original relationships? Particularly so,
given Olsen’s (1980) proposal (endorsed by
Reinsbakken, 1986) that the relative position
and bulk chemistry of original layers were
maintained during deformation and metamor-
phism. The questions are partly answered un-
der mine scale stratigraphy (above), but they
will be more closely examined in the context of
orebody evolution. The events will be discussed
in their order of superposition.

The D, event

F, folding is required on a scale exceeding 650
m and probably 1200 m (current orebody di-
mensions ), such that the orebody lies within a
single limb. Small-scale folds were not observed
and this, coupled with S, being weak to absent,
suggests only small finite strains on the limbs
of F,. Given these circumstances, orebody re-
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lationships would have undergone negligible
redistribution by folding.

In contrast, D; thrusting has induced pseu-
dostratigraphy at level scale, but at mine scale
it has produced neither gross repetition of the
ore layer, nor dismemberment to a degree where
the ore became isolated from the feeder system.
These relationships are consistent with the ore
layer being composed of a zone of shear dis-
placements between relatively rigid plates of
hangingwall and footwall greenstone. The sense
of displacement could not be determined, but
translation from N'W to SE is favoured by the
possibility that D, and D, are kinematically
similar. At the end of D,, allowing that F, pro-
duced recumbent folds, the thrust-disrupted ore
layer would have occupied the upper limb of a
regionally developed E-closing antiformal
anticline.

The D, event

F, produced the principal schistosity and
mineral elongation lineation, and folded the ore
on scales ranging from a few centimeters upto
a hundred meters in amplitude. It also folded
regional F, into an E-closing, near recumbent,
antiform of regional dimensions, thereby in-
verting the ore layer and ensuring the appro-
priate distribution of younging and vergence.
The near isoclinal to isoclinal folds have thick-
ened disrupted hinge zones and highly-atten-
uated sheared-out limbs. Hinge-line orienta-
tions rotated towards parallelism with the SE-
trending elongation fabric during general thrust
translation from NW to SE. According to Vokes
(1986) F, and F, fold systems are probably
coaxial.

Thrusting and sliding accompanied F, and
probably reactivated some of the D, tectonic
surfaces. They also disrupted the ore layer and
formed level-scale ellipsoidal bodies with long
axes paralleling the local hinge-line orientation.

Despite the extreme distortions accompany-
ing D, gross relationships between ore layer and
feeder system were apparently preserved. Thus,
at the end of D,, the downward younging and
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acteristics in the ore where the sulphides act as
a décollement layer between hanging wall and
footwall silicate rocks, typify deposits in thrust
and nappe tectonic regimes.
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