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The D, fold rnechanisrn in the Jorna mine district,
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The Joma Cu-Ln orehody lies ititithin the Leipik attnet

Nappe. part of the Köii Nappe stem within the central

Scandinavian Caledonides (Kollung 1979: Reinsbakken

Stephen: 1986), some 250 km NE ut Trondheim
Marshan el al. (1957). Odling (1955) and Nlarshall

(1990) discussed the structural evolution of the Jonla
orebodv and its immediate hostrocks: Odling (19S9) pre-
sented the structural historv of larger portion of the
nappe eentred on the Joma deposit. Although these
works are substamiallv in agreement regarding the
sequenee of defornlation e ents, Odling (1959) and Mar-
shall (1990) differed in relation to the fold mechanism
advocated for the D-, e ent.

Odling (1959) examined lhe redistribution of D: linear
fahric elements iliout the D, hinge line in terms of what
she presented as tuo end-member folding mechanisms:
concennic folding (in fact a geometrie rather than mech-
anistic tehn) and simple shear folding (a mechanism
which ields perfeetly similar fold geometrs ). She stated
(1989. fig. 11) that the redistribution pattern most eloselv
approximated the great-eircle geometry typical of simple
sncar folding. rather than the small-cirele geometrv
associaled with the concentric model (Fig. 2). Odling
(IVS9) therefore eoncluded that folding in D, de  eloped
by dominantiv simple shear mechanism.

Marshall (199(l) analvsed the mesoscale strueture of
Joina mine. I le drew attention to the pre-D, non-hnear
distribution ut the D2 linear fabric elements. and to ffie
non-plane form surfaces in which Di folds developed.
This was to explain irregular ;ispects of the eeumelry of
D: linear elements as redistributed bv Marshall
(1990) noted, however. that D: lincar elements from
surlace exposures (derived from Odling 1954. lig. 3)
eould best be satisfied by a large small-circle redis-
mbution pattern centred on b", and moditied inhomo-
geneous;mre shear. Ile suggested that this interpretation 


was consistent with the D3 fold stvle le.g. Marshall
Gilligan 1959 fw. Nlarshall 1990 . Og. 9C. D) N.‘hich in

no way approached the elass 2 geometry (Rainsav 10611)
indieative ut shear, slip or e folding (e.g. Donath
LC Parker 1964: Ranisav 19(7).

The present contribution will follow up this difference
in interpretation bv considering the relationship between
perfect similar fold geomeny and the ;Icross-layer simple
shear fold mechanism, and presenting the observed
fold geometry in the Jorna district.

Fold mechanism and si.eometry

The geometry of perfect similar folds can only le
explained by across-layer progressive inhomogeneous
simple shear, with or without a uniform homogeneous
strain (Ranlsav 1967. p. 422). The kinematic properties
of this meehanism require that an earher lineation be
redistributed within a great-circle which. in the general
case, is oblique to the new Innge line and is defined by
the original orientation of the lineation and the shp
direetion (e.g. Ramsav 196(1: Turner & Weiss 1963. pp.
4S2-485).

These relationships have resulted in field-derived
great-cirele redistribution patterns being equated with
shear folding and similar fold georne(rv (e.g. Turner
Weiss 1963 p. 486; Donath 11 1: Parker 1964). But 111k is
a misconeeption. First, within the linnts of tield data
contoured on an equal-area stereographic net. a redis-
tribution pattern approximating a great-circle can result
from fold rueehanisins other than across-la  er inhomo-
geneous simple shear (Turner & Weiss 1963, p. 457:
Ramsay 1967, pp, 43(l-436). Second, few natural folds
ha‘e perfect class 2 snllilar geometry. and even those

do approximate this fonn ma be explained with-
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out recourse to progressive tlow or slip parallel to their
axial surfaces (Turner & Weiss 1963, p. 487: Ramsav
1967. p. 434; Hobbs et al. 1976 pp. 195-199: but also note
the model advocated hv Hudleston 1977). 1n cssence,
apparent great-circle redistribution patterns of contoured
linear elements neither require perfect similar geometrv
nor prove simple shear folding.

Fold geometry in the Joma district

Based on dip isogon analysis (Fig. 3). mesoscale F, folds

from various multilavers at and in the vicinitv of Joma

Mine have geometries ranging from class 1C (competent

layers) to class 3 (incompetent layers). Such geometries
are consistent with modified-parallel fold styles and
ate through bucklingprocess Ramsay 1967, pp. 431-

432; Hobbs et al. 1976. p. 195). Further. because the
folds have limited persistence ithin the axial surface

normal to the hingeline, they do not even approximate
similar geometrv.

The same conclusion may be reached bv examining tlw
regional F, loma Synforin (e.g. Kollung 1979; Roberts
1979: Marshall et ai. 1987; Oding 1988,1989: Nlarshall
1990) (Fig. 4). The en echelon axial surface traces, the
apparent class 1C/3 geometry in plan and protile (less
obvious), and the cornpetence contrast under c(mdt tions



NORSK GEOLOGISK TIDSSKRIIT 71 i1991) Fold mechanism, Joma mine district 297

cer

Fsg. 2. A Lambert equal-area stereocram ol D: linear fahrie elernents 162 poinpi

from ione B of the Jonu arca Nje Erg. redharihuted about the local
hingehne: comours ni 2-1-6 data points per :trea: P is the assumed pre-D,

onentation o( Ihe linear dements. The small eirele Idmed) and grcar-eifele

idashcd) are ihe rheorelieffi redraribution loei fof zoneenine folding and the

srrnple shear fffid meehanism 'a is rhe inferred sheffi direetion durine simple

Modiffed from Odling 119SLO 


Marshall et al. 1987; Odling 1988, 1989; Marshall
1990), and, in contrast with what might be expected
for a simple shear mechanism, the D3 axial surface
foliation is rarely penetrative (Odling 1989).

3. Redistribution data from two F3 mesofolds in green-
schist from Joma mine, which falls within Odling's crit-
ical zone B (1989, figs. 9 and 11), do not directly dif-
ferentiate between buckling and inhomogeneous
simple shear mechanisms (Fig. 5). This is because
an approximate 90° relationship existed at mesoscale
between D, and D3 linear elements at this locality.
However, should a simple shear mechanism be
invoked, the redistribution patterns differ significantly
from Odling's regional data in relation to the possible
shear direction (cf. Figs. 2 and 5). In addition, because
the two folds lack a penetrative axial surface foliation
and possess a near-concentric geometry, it should be
noted that they are incompatible with an inhomo-
geneous simple shear model.

The foregoing items strongly suggest that a D3 fold mech-
anism dominated by across-layer inhomogeneous simple
shear is inapplicable in the Joma district.

of low grade metamorphism between massive and  pil-
lowed greenstone and graphitic and quartzose phyllites,
all oppose true similar geometry produced by across-
layer inhomogencous simple shear.

Redistribmion geomerry in the Jonia distriet

Three aspects relating to redistribution geometry of the
D, linear elements in the Joma district have bearing on
the D3 fold mechanism.

1. The pre-D3 orientation of D2 linear elements is uncer-
tain (Odling 1989). A shallow NW plunge is dominant
in regions where D3 influence is deemed minimal. but
evidence exists (Marshall 1990) for a pre-D3 great-
circle dispersion of D2 linear elements. Given these
factors, plus the inconsistent orientation of D3 hinge
lines (Marshall 1990), the redistribution geometry of
D2 about D3 should not be interpreted as a simple
great-cirele pattern.

7 Many natural folds displaying combinations of classes
(e.g. IC/3), result from buckling instability followed
by flattening and simple shear modifications parallel
to the axial surface (e.g. Turner & Weiss 1963, pp.
487-490; Donath & Parker 1964: Ramsay 1967, pp.
482-486). In particular, Ramsay portrayed various
combinations of flexural slip and simple shear that
might explain Odling's results (1989. fig. 11), provided
that 'a' (Fig. 2) constituted the shcar direction.
However. evidence supporting this shear direction
(such as clongation lineation paralleling 'a' in the D3

axial surfaces) has not been reported (e.g. Olsen 1980;

Discussion and conclusions

Various combinations of non-commutative flexural slip
and homogencous flattening, tlexural slip and across-
layer simple shear. and buckling instability or across-
layer simple shear with superimposed progressive
inhomogeneous contraction, can all yield folds of
approximately similar composite geometry, and can
redistribute carlier rectilinear elements into near-great-
circle patterns (Ramsay 1967). Careful selection of shear
directions and strain axis orientations for the various
components of strain enables any of these complex fold
models to explain Odling's (1989) data. particularly when
the geometries of the pre-D3 form surface and linear
elements are conidered. However Figs. 2. 3 and 4 allow
an interpretation which is in keeping with the competence
contrasts and pre-D3 geometry of the main lithological
units. The regional sequence comprises intercalations of
graphitic and quartz-rich phyllites. thin-bedded quartz-
iles, and massive, pillowed and tuffaceous greenstones.
Compared with the greenslones, the phyllites and thin-
bedded quartzites were less competent and thereby
weakly exhibit class 3 geometry. Within these less com-
petent portions of the sequence, regional macrofolds
could have involved a significant component of pro-
gressive inhomogeneous contraction (see Ramsay 1967,
p. 484). This is despite mesofolds in thin competent layers
within the same portion of the sequence having class IC
geometry and being initiated bv bucking. Since pro-
gressive inhomogeneous contraction redistributes lin-
cations along complex loci akin to an incornplete great-
circle pattern (Ramsay 1967, p. 485). D: linear elements
from less competent portions of the Joma sequence could
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vield such a distribution. Thus. provided that a substantial
proportion of the D2 data were derived from less corn-
petent sources (as is iniplied by Odling 1984, 1989, pers.
comm. 1991), it is possible to reconcde an approximate
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great-circle redistribution pattern with a fold style requir-
ing buckling processes.

Extending the interpretation further, strain X and 'a'
for the components of the inhomogeneous contraetion
throughout much of the rerzion would have been approxi-
mately normal to the SW plung.ing regional F3 hingeline.
However. in zone 8 (Odling 1989, figs. 9, 11; Fig. 4),
although strain X and 'a' remained constantly oriented,
the F3 hingeline reversed its plunge, this probably being
due to a local variation in form surface orientation (an
interpretation also made by Odling 1989), since zone 13
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centres upon an F2 maerofold presersed within a len-

ticular hody of greenstone.

The above interpretation is presented on a series of

equal-area steteographic projections (Fig. 6). S: and the

D: lincar elements are folded bv an component of

SE-serging asymmetric buckling (Fig. (sA). as would have

esolsed in the competent ers and been transferred

into the incompetent layers. The resulting small-cirele

distribution of D: linear elements is moditied in the

incompetent la  ers by a progressive inhomogeneous con-

traction which, in accordance wiih Ramsav (1967, pp.
484-485). i imposed as an inhomogencous simple shear

parallei to the fold axial surface (Fig. 613) followed by an

inhomogeneous pure strain N ith Z normal to the axial

surface (Fig. 6(.1. Again following Ramsas (1967, ).

485). strain X is made to parallel the slip direction 'a. of

the shear component. The pattern of D2 linear elements

arising from this deformation can be approximated by a

great-circle of similar orientation to that in Fig. 2 (Fig.

6D). Partly based on Odling (1989) and Marshall (1990).

assumptions hase been milde regarding the pre-D; orien-

tations oK1 and D, linear elements. and the orientations

of S;. 'a' and strain X. The selected salues result
in the D; redistribution of D: linear elements being

consistent with the field relationships. Nesertheless, the

result is moderatels insensitise to reasonable sariations

of the selected values, particularly since, by its sery

nature. a progressive inhomogeneous contraction can not

be specified in detad.

The 1)1 fold stvle and the great-circle redistribution

geometry at Joma mas be reconciled by differing com-

binations of buckling and inhomogeneous contraction in

the competent and less competent portionsof the regional
sequence. The less competent portions were donnnated

by inhomogeneous contraction such that D2 linear

clements rotated towards an approximate great-cirele

pattern. The more competent portions were dominated

by flexural processes and underwent little modification
by inhomogeneous contraction. Only where the angle

between the 1.)3 hingeline and D, linear elements was

substantially less than 90t, was it possible to appreciate

the rok of inhomogencous contraction. There is no jus-

tification, either generally or at Jorna, for unquestioningly

equating an approximate great-circle redistribution of

linear elements with a fold mechanism involving across-

layer simple shear.

Understanding the D3 fold mechanism has bearing on

kinematic interpretation within the Upper Allochthon

(Fig. 1) of the central Scandinavian Caledonides (e.g. see


the diseussion in Odling 1989). 11 also enables a

understanding of remobilization geometry (and therieby

deselopment needs) within the Joma orebody.
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