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Folds are commonly found in association with ductile shear zones. However, superimposed folding con-
temporaneous with shearing is rarely reported. Here, we describe a macroscopic fold interference pattern with
geometry intermediate between types 1 and 2 related to development of adjacent transcurrent shear zones. The
interference fold pattern is located in a compartment bounded, on the eastern side, by an ENE-trending, dextral
shear zone that connects with a NE-trending, sinistral shear zone, and, on the western side, by a NE-trending
sinistral shear zone. A first folding episode produced NW-trending, SW-verging inclined folds and a later one NE-
trending, upright folds. Folds of the first event are attributed to a local contractional strain field induced by the
growth of the shear zones with opposed kinematics whereas the later folding episode and nucleation of the
western shear zone reflects regional NW-SE contraction. Folding of a macro-scale NW-trending fold by NE-
trending folds produced the fold interference structure. In contrast with most cases of types 1 and 2 fold in-

terference patterns, in the present case no change on the orientation of regional stress axes is required.

1. Introduction

Since the seminal work of Ramsay (1967), interference patterns
resulting from refolding of preexisting folds by a new folding event
have been recognized in a number of cases worldwide (e.g., Forbes
et al., 1984; Simoén, 2004 and references therein). Refold structures are
commonly divided into types 1, 2 and 3 according to the relative or-
ientations of the two folding phases, which produce interference pat-
terns in horizontal surfaces referred to as “dome-and-basin”, “crescent”
and “coaxial” or “hook”, respectively (Ramsay, 1967; Thiessen, 1986).
Refolding may be a consequence of progressive deformation at constant
orientation of the main stress axes, producing type 3 fold interference
patterns (e.g., Baird and Shrady, 2011). In the cases of types 1 and 2
fold interference patterns, however, polyphase deformation is usually
invoked, and results from different orientations of the main stress axes
(Ramsay and Huber, 1987). This variation may occur by rotation of the
stress axes during a single orogenic event (e.g., Kolb et al., 2013) or
may reflect different boundary conditions resulting from separate or-
ogenies (e.g., Lahtinen et al., 2015).

Another structural feature largely documented since the 1970's is
the association of folds with ductile shear zones (e.g., Escher and
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Watterson, 1974; Karki and Laajoki, 1995; Graseman and Stiiwe, 2001;
Carreras et al., 2005; Van Kranendonk et al., 2013). However, super-
posed folding contemporaneous with shearing is rarely reported (e.g.,
Zhang and Cunningham, 2012; Van Kranendonk et al., 2013). The
Neoproterozoic Borborema Province (northeastern Brazil) is an ideal
place to study the connection between folding and strike-slip shearing
since it contains a complex network of ductile transcurrent shear zones
(Vauchez et al., 1995). For instance, Corsini et al. (1996) described en-
echelon, asymmetric folds developed in unmylonitized lenses wrapped
around by sigmoidal shear zones whereas Neves et al. (2005) and
Archanjo et al. (2008) interpreted macroscopic NE-trending, upright
folds between shear zones as being contemporaneous with strike slip-
shearing.

One case of refolded folds in the Borborema Province was described
by Neves et al. (2017). They attributed formation of NW-trending folds
to contraction at the leading edge of a propagating NE-trending sinistral
shear zone. The folds were subsequently refolded by NE-trending folds
during progressive deformation resulting from bulk NW-SE shortening.
Here we expand the area studied in this previous paper and describe a
macroscopic fold interference pattern with geometry intermediate be-
tween types 1 and 2, referred from now on as the Caroalina fold in-
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terference structure. It will be demonstrated that development of the
fold interference pattern does not necessarily require variation in the
orientation of the regional stress axes, being kinematically controlled
by nearby local transcurrent shear zones.

2. Geological setting

The study area is located in the Central Subprovince of the
Borborema Province, a region well-known for presence of conjugate
dextral and sinistral shear zones with lengths of tens to hundreds of
kilometers (Vauchez et al., 1995; Neves and Mariano, 1999; Silva and
Mariano, 2000; Neves et al., 2005; Archanjo et al., 2008). The Central
Subprovince is divided into four tectonic domains (Fig. 1a). The Car-
oalina fold interference structure is located in the Alto Moxoté Domain,
which is separated from the Rio Capibaribe Domain in the east by the
Congo-Cruzeiro do Nordeste shear zone system (Fig. 1b). The Alto
Moxoté Domain consists mainly of high-grade, commonly migmatized,
orthogneisses and metasedimentary rocks (Santos et al., 2002, 2015,
2004; Neves et al., 2015, 2017). Orthogneisses, thought to represent the
basement upon which the supracrustal rocks were deposited, have
dominant ages ranging from 2.15 to 2.00 Ga (Santos et al., 2004, 2015;
Neves et al., 2015, 2017), with local occurrence of Early Proterozoic
and Archean rocks (Santos et al., 2015, 2017a). Metasedimentary rocks
consist mainly of biotite schist and paragneiss, with subordinate
quartzite, marble and calc-silicate rocks. Regional deformation and
metamorphism related to the Brasiliano Orogeny is loosely constrained
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to the interval 642-590 Ma by the ages of, respectively, the youngest
detrital zircons and metamorphic zircons in metasedimentary se-
quences (Neves et al., 2017).

Two generations of outcrop-scale, pre-strike slip shearing fabrics are
recognized in the Alto Moxoté Domain (Neves et al., 2017; this work).
An early deformation phase is only documented by the presence of
intrafolial, tight to isoclinal folds that deform a previous metamorphic
foliation. The dominant foliation (S,) is thus attributed to a second
phase of deformation (D,). This foliation is shared by orthogneisses and
metasedimentary rocks and locally intensifies into centimeter-to deca-
meter-wide belts of mylonites (Fig. 2a). In places where S, is preserved
from subsequent folding events, it has shallow to moderate dip (Fig. 1b)
and the associated stretching lineation trends W to WNW, with shear
sense criteria indicating westward tectonic transport direction (Fig. 2a
and b). A third phase of deformation is represented by folding of S, by
overturned to recumbent, open to tight folds (Fig. 2¢) that locally show
type 3 fold interference patterns with F, folds (Fig. 6a of Neves et al.,
2017).

3. Shear zones, map-scale fold interference pattern and
mesoscopic fabrics

3.1. Shear zones

The Caroalina fold interference structure is located between the
Congo-Cruzeiro do Nordeste shear zone system and the NE-trending

Fig. 1. (a) Sketches showing the subdivision of the
Borborema Province in Northern (NS), Central (CS)
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and Southern (SS) subprovinces and simplified geolo-
gical map of the Alto Moxot6 and Rio Capibaribe do-
mains. Shear zones referred in the text: CSZ, Congo;
CNSZ, Cruzeiro do Nordeste; CaSZ, Caigara. Inset
shows the subdivision of the Central Subprovince in
the Piancé-Alto Brigida (PB), Alto Pajed (AP), Alto
Moxoté (AM) and Rio Capibaribe (RC) domains. (b)
Colour image of the tilt derivative of aeromagnetic
data (see Santos et al., 2017b, for data acquisition,
processing and terminology), with superposed mag-
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netic lineaments and foliations. Inset shows poles to
foliations in equal area, lower hemisphere stereo-
graphic projection. (For interpretation of the refer-
ences to colour in this figure legend, the reader is re-
ferred to the Web version of this article.)
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Fig. 2. Field aspects of pre-shear zone-related structures in the study area. (a, b)
Sigmoidal S, foliation indicating top-to-the-W tectonic transport. In (a), the
foliation intensifies into a mylonitic fabric (top of photo). (c) Folding of S, by
close, recumbent fold displaying a weak axial-plane foliation (S3).

Caicara shear zone (Fig. 1b). Previous works consider the Congo and
Cruzeiro do Nordeste shear zones as a single, sinistral shear zone, in-
flecting southwestward from a NE trend to an ENE one (Santos et al.,
2002; Santos and Accioly, 2010; Santos, 2012). Alike other shear zones
with similar orientation in the Central Subprovince, the sinistral kine-
matics of the Congo shear zone (CSZ) is well-established (Santos et al.,
2002; Santos and Accioly, 2010; Santos, 2012). However, based on
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interpretation of aeromagnetic data and field and microstructural work,
here we demonstrate that the Cruzeiro do Nordeste shear zone (CNSZ)
is dextral, such that these shear zones constitute a conjugate pair with
opposite kinematics.

Fig. 3a shows clearly the curvature of magnetic lineaments at the
western terminus of the CNSZ, defining folds with a south-facing con-
cavity, consistent with dextral shear. This is in contrast to the anti-
clockwise rotation of magnetic lineaments in the Northeast due to the
sinistral drag of the CSZ (Fig. 1b). The boundaries of the CNSZ, defined
by the first appearance of a mylonitic fabric observed in the field
(Fig. 3c), together with the trend of magnetic lineaments inside it, de-
fine a large S-C structure, also indicating dextral shear. Protoliths of
mylonites include orthogneiss, coarse-grained to pegmatitic granite and
fine-to medium-grained equigranular granite. Kinematic indicators at
mesoscopic and microscopic scales corroborate the macroscopic-scale
shear criteria (Fig. 3). S-C and S-C-C’ fabrics (Fig. 3c, i-iv), syn-mylo-
nitic asymmetric Z-type folds (Fig. 3c, v), asymmetric boudins, and
sigmoids (Fig. 3, iv) are common at the mesoscale, with shear sense
becoming less clear only in ultramylonites. At the microscopic scale,
oblique foliation in quartz ribbons (Fig. 3, vi) and o-type porphyroclasts
(Fig. 3c, vii) are ubiquitous, and 8-type porphyroclasts (Fig. 3c, vi) are
occasionally observed.

The Caicara shear zone (CaSZ) terminates northeastward inside the
study area (Fig. 1a). Rotation of the regional foliation and magnetic
lineaments (Fig. 1b), as well as mesoscopic shear sense indicators,
clearly show its sinistral character.

3.2. The Caroalina fold interference structure

The Caroalina fold interference structure is delineated by micaschist
and quartzite of the Caroalina Complex surrounded by Paleoproterozoic
orthogneisses of the Floresta and Cabaceiras complexes (Fig. 4). In the
core and rim of the structure, S, has dominant moderate to steep dips to
the N, with steeper dips in the northern side indicating that the main
architecture is that of a large, south-verging synform (Fig. 4). NE-SW-
striking folds affected the orientation of this early formed fold, causing
the curvature of its axial trace and forming an intermediate 1-2 fold
interference pattern. Poles to S, plotted on a stereographic diagram
generate a great circle with a pole 030°, 70° (azimuth, plunge), re-
presenting the axis of the younger folding event (Fig. 4). Together with
the fold axial trace of c. 035°, this axis allow to calculate an axial plane
330°, 85° (dip direction, dip).

Two sets of inclined to upright folds are also observed at outcrop
scale. E-W to NW-SE-striking folds have axial planes steeply dipping
northwards with hinge lines showing shallow to steep plunges (Figs. 4
and 5a, b), probably as a result of modification associated with the
younger folding event. They range from open to tight, with develop-
ment of a strong axial plane foliation in sites of higher strain (Fig. 5a).
NE-SW-striking folds generally are more open and have hinge lines with
steep plunges (Figs. 4 and 5c¢), characteristic of shear zone-related folds.
Type 2 fold interference patterns are locally observed (Fig. 5d).

4. Discussion

Structures and fabrics in the Alto Moxoté Domain have mostly NW-
SE direction, contrasting with the dominant NE trend throughout the
Central Subprovince (Fig. 1b). Development of NW-trending folds in an
area to the northeast of the present one was interpreted by Neves et al.
(2017) as forming at the front of the southwestward propagating CSZ. It
is now considered more probable that these folds were produced due to
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A Stretching lineation (n = 35)

[- Pole mylonitic foliation (n = 75) }

Fig. 3. (a) Colour image of the analytic signal amplitude of the total magnetic field with superposed magnetic lineaments (see Santos et al., 2017b, for data
acquisition, processing and terminology). (b) Lower hemisphere, equal area projection of poles to mylonitic foliation (n = 75) and stretching lineations (n = 35)
along the Cruzeiro do Nordeste shear zone (CNSZ). (c) Representative photographs of shear sense criteria indicating dextral shear in the CNSZ. Boundaries of the
CNSZ as determined from the first appearance of mylonitic foliation in the field. (i, ii) Banded orthogneiss with sub-horizontal foliation capped by protomylonitic
pegmatitic granite, which shows (ii) S-C fabric. (iii) Granitic S-C mylonite. (iv) Mylonitic gneiss with S-C fabric (top of photo), C’-type shear band (parallel to pencil)
and sigmoid of quartz-feldspar aggregate (base of photo). (v) Asymmetric Z fold. (vi) Quartz ribbon with oblique foliation and &-type porphyroclast (photo-
micrograph in crossed polarized light). (vii) o-type porphyroclasts (photomicrograph in plain polarized light). (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

a local contractional strain field resulting from nucleation and growth
of shear zones with opposed kinematics (Fig. 6a). In fact, the dextral
and sinistral kinematics of, respectively, CNSZ and CSZ require a
dominant pure shear regime in the block located at their left side. The
resulting NE-SW contraction can explain the anomalous orientation of
structures in this portion of the Central Subprovince. The lack of offset
of one shear zone by the other indicates that movement in the CNSZ and
CSZ has not continued after their intersection. Since relative displace-
ments are not observed, this suggests that deformation was relocated
elsewhere after they merged. . We propose that nucleation of the Cai-
cara shear zone occurred at a late stage, associated with development of
NE-trending folds, ultimately leading to formation of the Caroalina fold
interference structure (Fig. 6b).

Field observations integrated with regional structural analysis
(Ramsay and Huber, 1987; Mukhopadhyay and Haimanot, 1989) as

well as theoretical considerations (Zheng et al., 2004, 2011) show that,
in the ductile field, the maximum compressive stress bisects the obtuse
angle between conjugate shear zones, although it is possible that the
original angle was about 90° and increased during progressive de-
formation (Carreras et al., 2010). Therefore, the orientation of the CNSZ
and CSZ suggests that the maximum compressive stress was approxi-
mately NW-SE and the formation of the Caroalina interference structure
does not require any modification in the orientation of the regional
stress axes between the first and second folding events.

5. Conclusion
Field work in combination with analysis of aeromagnetic data show

that the Congo (CSZ) and Cruzeiro do Nordeste (CNSZ) shear zones
constitute a conjugate pair of transcurrent shear zones with sinistral
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Fig. 5. Field aspects of shear zone-related folds. (a, b) SW-verging inclined folds with shallow (a) and steep (b) hinge lines. Note strong axial plane foliation in (a).
h.l, hinge line; a.t., axial trace. (c) Upright NE-trending fold. (d) Tight fold refolded by NE-trending open fold.

and dextral kinematics, respectively. Lack of relative displacements at
their junction attests their contemporaneous development, which in-
duced a local contractional strain field at their left side and formation of
NW-trending, SW-verging inclined folds. One macro-scale fold was
subsequently refolded by upright, NE-trending folds coeval with a new
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sinistral shear zone, resulting in a macroscopic fold interference pat-
tern. Formation of the Caroalina fold interference structure was thus
controlled by nearby shear zones, requiring no rotation of the regional
stress axes, with the maximum compressive stress remaining in an ap-
proximate NW-SE direction throughout the time of its development.
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Fig. 6. Schematic block diagrams showing the proposed sequential develop-
ment of structures in the study area. Inset in (a) shows the shortening direction
resulting from the opposed kinematics of the Congo (CSZ) and Cruzeiro do
Nordeste (CNSZ) shear zones. The actual angle between the shear zones is
greater than shown in the block diagrams, where it was diminished to facilitate
visualization. (a) Interference between the growing CSZ and CNSZ induces a
local contractional strain field at their northwestern side, promoting develop-
ment of SW-verging inclined folds. Depicted folds are not meant to represent
real structures, only to illustrate the style of meso- and macroscale SW-verging
folds. (b) After they intersect, movement is blocked in the CSZ and CNSZ; NW-
SE regional compression leads to nucleation of the Caicara shear zone (CaSZ),
refolding of NW-trending folds by NE-trending folds, and development of the
Caroalina fold interference structure. Between (a) and (b) the direction of re-
gional compression remains unchanged (yellow arrow). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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