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The Neoproterozoic-Cambrian (Brasiliano) intracontinental Patos-Pernambuco shear system is developed in
Archean to Neoproterozoic crust, reactivating rift margins N of the Sao Francisco Craton. We here use enhanced
aeromagnetic images to reveal internal details of the broad E-W dextral Patos and Pernambuco shear zones, the
intervening Central (Transversal) Domain and the adjacent Northern Domain. We estimate shear strains up to
50-60 and a total of ca. 350 and 200 km dextral displacement for the Patos and Pernambuco shear zones,
respectively. Deflection of foliations, fold axial surfaces and plutons as well as internal S-C fabrics and asym-
metric folds within these large shear zones confirm dextral displacement. However, the dominant population of
NE-trending shear zones in the Central Domain, by many considered dextral, are here confirmed to be sinistral
and thereby elongating this domain. The Northern Domain behaved differently, hence large-scale Ediacaran
strain partitioning in the region is suggested, where different blocks experienced different deformation between
major simple-shear dominated shear zones. We show how much more structural information can now be ob-
tained from enhanced aeromagnetic data than from field mapping alone; aeromagnetic interpretations, never-
theless, still draw on analysis techniques epitomized by John Ramsay.

1. Introduction transpression/transtension (Sanderson and Marchini, 1984; Fossen and

Tikoff, 1993, 1998; Robin and Cruden, 1994). Another important step

A rigorous and mathematical definition of a shear zone was pre-
sented and explored by Ramsay (1967, 1980), Ramsay and Graham
(1970) and Ramsay and Huber (1983). They considered an idealized
case of simple shear with or without additional dilation/compaction
across the zone. Ramsay’s analysis formed the basis for a new way to
deal with shear zones and the relation between their displacement,
strain and internal structure in a quantitative way, as exposed in several
analytical papers from the 1970s and 80s (e.g., Ramsay and Graham,
1970; Ramsay and Allison, 1979; Simpson, 1983). This fundamental
framework was soon expanded into more general strain types (Coward,
1976; Coward and Kim, 1981), including sub-simple shear (Ramberg,
1975; Ramberg and Ghosh, 1977; Simpson and De Paor, 1993) and

forward was the general awareness that deformation in shear zones is
not only heterogeneous, but also partitioned into different components,
from the grain scale to that of plate boundaries (Lister and Williams,
1983; Tikoff and Teyssier, 1994; Jones and Tanner, 1995; Clegg and
Holdsworth, 2005; Carreras et al., 2013) and that many if not most
geologic structures repeat themselves at all such scales. Some of the
earliest studies of foliation trajectories associated with ductile shear
zones were made by John Ramsay (e.g., Ramsay, 1967; Ramsay and
Graham, 1970). An excellent understanding of what was later called S-C
fabrics, asymmetric boudins, and lineations and folding associated with
shear zones followed (e.g., Escher et al., 1975), leading to the classifi-
cation of shear-related foliations as S-C-C’ structures (e.g., Berthé et al.,

* Corresponding author. Museum of Natural History/Department of Earth Science, University of Bergen, Allégaten 41, 5007, Bergen, Norway.
E-mail addresses: haakon.fossen@uib.no (H. Fossen), lyal.harris@inrs.ca (L.B. Harris), geanecarol@gmail.com (C. Cavalcante), archan@usp.br (C.J. Archanjo),

carlosavila@usp.br (C.F. Avila).

https://doi.org/10.1016/j.jsg.2022.104573

Received 31 October 2021; Received in revised form 28 February 2022; Accepted 12 March 2022

Available online 17 March 2022

0191-8141/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:haakon.fossen@uib.no
mailto:lyal.harris@inrs.ca
mailto:geanecarol@gmail.com
mailto:archan@usp.br
mailto:carlosavila@usp.br
www.sciencedirect.com/science/journal/01918141
https://www.elsevier.com/locate/jsg
https://doi.org/10.1016/j.jsg.2022.104573
https://doi.org/10.1016/j.jsg.2022.104573
https://doi.org/10.1016/j.jsg.2022.104573
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsg.2022.104573&domain=pdf
http://creativecommons.org/licenses/by/4.0/

H. Fossen et al.

1979; Lister and Snoke, 1984) and the frequently observed partitioning
of deformation into simple shear bands separating domains dominated
by rotation and/or flattening (Dennis and Secor, 1990), and into zones
of coaxial deformation within a simple shear zone due to slip along layer
contacts (Harris and Cobbold, 1984).

A related example is deformation partitioning in rocks with rigid
inclusions such as porphyroclast systems, and understanding the un-
derlying processes enables us to use the resulting asymmetric geometries
as kinematic indicators in shear zones (Passchier and Simpson, 1986);
they can sometimes also be used to estimate vorticity quantitatively
(Marques et al., 2007; Johnson et al., 2009; Avila et al., 2019). The
understanding of S-C-C’ structures, and asymmetric shear zone fabrics
and other kinematic indicators in general, led in the 1980s to what is
arguably the most important advance in field-related structural geology
for many decades, allowing kinematics to be readily interpreted from
mere field and thin section observations of sheared rock. The same ki-
nematic indicators have subsequently been applied to interpretations of
regional ductile shear zones using remote sensing (e.g., Martelat et al.,
2000) and aeromagnetic data (Stewart and Betts, 2010; Jessell et al.,
2012; Harris and Bédard, 2014; Cleven et al., 2020; Harris, this volume),
including mapping strain partitioning in regional transpressional shear
systems (e.g., Cleven et al., 2020, their Fig. 16).

Understanding shear zone structures is extremely important, given
their close link to tectonics (displacements, strains and kinematics
recorded in sheared rocks are paramount to both the identification and
testing of regional tectonic models), their controls on mineralization and
related hydrothermal fluid flow and pluton emplacement.

In this contribution we will analyze structural aspects of the shear
zone network in the Borborema Province in NE Brazil, based on the
fundamental knowledge that developed from John Ramsay and others’
work in the second half of the 20th century. The shear zone network in
the Borborema Province in NE Brazil on the N margin of the Sao Fran-
cisco Craton (Fig. 1), and its extension into Africa on the N margin of the
Congo Craton in continental reconstructions (e.g., Caby, 1989; Arthaud
et al., 2008) is one of the largest ductile shear zone systems on Earth and
covers aspects of shear zone structure from the micro-scale to that of
more than 2000 km. In NE Brazil, the shear zone system is reasonably
well exposed, mapped on a regional scale by the Brazilian Geological
Survey (CPRM, geosgb.cprm.gov.br; Fig. 2a) and, for the most part,
covered by a consistent medium-resolution aeromagnetic data set that
we here employ to better interpret its internal structure and kinematics.
Whilst, with some exceptions (e.g., the combined aeromagnetic and
gravity research of Oliveira and Medeiros, 2018 and the study of dikes
by Melo et al., 2022), most previous interpretations of aeromagnetic
data in the Borborema Province are either detailed local studies (e.g.,
Santos et al., 2017; Pereira et al., 2019) or were applied more to map-
ping of lithostratigraphy, igneous intrusions, and basement fabric con-
trols on rifts (Bezerra et al., 2014; Vasconcelos et al., 2019), and not the
detailed structure of the Brasiliano shear network. Mocitaiba et al.
(2017) present low resolution aeromagnetic images for the Parnaiba
Basin overlying the western part of this shear system, though only an
approximation of the continuation of the two main E-W shears is
discernible (flight lines are mainly from 1 to 4 km apart, although one
small area is covered by 500 m line data). Our focus, however, is to use
enhanced aeromagnetic data to study the kinematics and geometry of
structures of the two major Patos and Pernambuco shear zones of the
region and the E-W trending deformed Central Domain (a.k.a. Trans-
versal Domain; Van Schmus et al., 2011), and in part the Northern
Domain adjacent to the Patos shear zone. A subordinate aim is to show
how different enhancements of the same initial aeromagnetic data allow
the maximum amount of detail to be extracted in regional structural
analysis, hence additional enlarged high-resolution images are included
in the accompanying Supplementary Material.
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Fig. 1. Tectonic setting of the Patos and Pernambuco shear zones in Brazil,
restored to the pre-drift situation at 142 Ma (from Heine, 2013) relative to the
Congo craton. Key shear zones discussed in the text are marked by red lines, and
the Central Domain of the Borborema province is tinted green. Blue line in-
dicates the seismic SF Craton boundary. Cratons are shown in red. CCSZ;
Central Cameroon shear zone, CD; Central domain, PaSZ; Patos shear zone,
PeSZ; Pernambuco shear zone; Sen P. SB; Serid6 Belt, SZ; Senador Pompeu
shear zone, TSZ; Taua shear zone. The PaSZ, PeSZ and the green-tinted Central
domain define the target of this study. Current long/latitudes indicated by
dashed pale gray lines so that Brazil is rotated anticlockwise with respect to
Africa. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

2. General setting of the Borborema shear system

The Borborema shear zone network in the Borborema Province
developed in Archean-Proterozoic crust in the late Neoproterozoic
(Ediacaran) to early Cambrian, during the regional Brasiliano-Pan-Af-
rican orogenic cycle associated with the amalgamation of Gondwana
(Caby, 1989; Arthaud et al., 2008; de Wit and Reeves, 2008; Van Schmus
etal., 2008; Neves et al., 2021a). The Borborema Province is tectonically
separated from the presently exposed Sao Francisco-Congo craton by
the Rio do Pontal-Sergipano-Central African belt, whose main Neo-
proterozoic tectonic rift-related events follow either Paleoproterozoic
rifting or subduction and continental arc magmatism, depending on
different authors (discussed below). The Borborema Province is sepa-
rated from the Amazon and West African cratons by the Ceara Central
and Transbrasiliano-Kandi strike-slip system, part of the major West
Gondwana orogen (Fig. 1). The latter includes a collisional event where
subduction of oceanic crust during closure of the Goids-Pharusian ocean
east of Amazonia led to collision between the Amazonian and Sao
Francisco cratons around 620-610 Ma (Fetter et al., 2003; Ganade de
Araujo et al., 2014a,b). Proterozoic and older rocks of the Borborema
Province are overlain by a number of Paleozoic-Mesozoic sedimentary
basins, beneath which the shear zone system can be traced on aero-
magnetic images.

Diverse models have been proposed for the formation of Borborema
Province sequences, especially in the Central and Southern domains.
The Central Domain records evidence for formation, metamorphism and
deformation of a 2125 + 7 and 2044 + 5 Ma juvenile crust, 2.05-2.03
Ga Transamazonian metamorphism, and 1.99-1.97 Ga late-to post-
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Fig. 2. (a) Geologic map of the main Borborema
region, based on public maps by the Brazilian
Geological Survey. Mesozoic dikes are interpreted
from magnetic anomaly maps in Fig. 3. (b) Manual
interpretation of the Ternary anomaly image, on top
of the geologic map in (a) (dimmed). (c) Interpre-
tation of shear zones and their kinematics, mainly
from aeromagnetic images. Rose diagrams show
orientation of dextral and sinistral shear zones in the
Northern and Central domains, respectively. Axial
trace of folds as interpreted from aeromagnetic im-
ages are also shown. Note the differences in short-
ening direction for the two populations.
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Transamazonian magmatism (Neves et al., 2006). Mafic-ultramafic
rocks of the Carmo Suite and felsic rocks of the Pedra d’Agua Suite of
the Central Domain (Santos et al., 2015) overlap formation of the N-S
trending 2.2 to 2.0 Ga Salitre Rift in the N Sao Francisco Craton (de
Paula Garcia et al.,, 2021). Magmatic events and amphibolite facies
metamorphism in orthogneisses and supracrustal rocks (Neves et al.,
2006) in the Central Domain suggest an E-W rift, contemporaneous with
the Salitre Rift, initiated in the Paleoproterozoic, where the change of
rift orientation and mafic-ultramafic magmatism suggest the possibility
for a mantle plume, although more research is required to confirm this.

The Southern and Central domains subsequently went through a
history of intracontinental Tonian rifting from ~1000 to 820 Ma,
reactivating the Paleoproterozoic rift, which may have culminated in, or
have been further reactivated between 630 and 610 Ma. This was a time
of deposition of supracrustal sequences, formation of flat-lying foliations
and Brasiliano high-T/low-P metamorphism (Caby et al., 1995; Caby
and Atthaud, 1986; Neves et al., 2000, 2005, 2016), again consistent
with an extensional tectonic setting. Other models invoke one or more
subduction-accretion events (e.g., Oliveira et al., 2010; Santosde Oli-
veira et al., 2021), but as Neves et al. (2016) contend, no conclusive
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evidence is seen for a subduction-related magmatic arc on the N margin
of the Sao Francisco Craton between 1000 and 920 Ma in the SW part of
the Southern Domain (Caxito et al., 2020) or for the oceanic subduction
and collision between 635 and 580 Ma suggested by Brito Neves et al.
(2016) and Caxito et al. (2014, 2017, 2021). Indeed, seismic tomo-
graphic and gravity data suggest that the Sao Francisco Craton continues
beneath the southern, especially southeastern part of the Borborema
Province (Rocha et al., 2019; Ganade et al., 2021).

Internally, the Borborema Province underwent intracontinental
deformation during this entire Neoproterozoic period, and the general
understanding is that multiple intraplate rifting events described above
were followed by subduction-related orogeny along the northern margin
of Borborema (the Ceara Central domain north of the Patos Shear Zone)
around 620-600 Ma, followed by transcurrent shearing and magmatism
mainly between 590 and 570 Ma (Archanjo et al., 2008, 2011; Neves
et al., 2015, 2016; Ganade et al., 2021). This time interval is largely
based on dating of several of the many granitic bodies in the province
(Ganade de Araujo et al., 2014b; Ganade et al., 2021; Avila et al., 2019).
Along with the intrusion of mostly granitoid bodies, the Borborema crust
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underwent partial melting at the time of shearing, particularly in the
Northern Domain, within the Patos shear zone and in the central and
western part of the Pernambuco shear zone. Basement rocks in the
Central domain are also migmatized, but the age of this migmatization is
not well constrained. The widespread partial melting underscores the
hot nature of the tectonic events in the Ediacaran and the weak nature of
the crust (Cavalcante et al., 2016).

Past research has established a bulk dextral sense of displacement on
the Patos and Pernambuco shear zones (e.g., Vauchez et al., 1995;
Corsini et al., 1991; Viegas et al., 2014; Archanjo et al., 2021). Most
authors also show a dominance of dextral shear on NE-striking shear
zones north of the Patos shear zone, whereas there are highly conflicting
interpretations of the sense of displacement on similarly oriented shear
zones in the Central Domain. For example, a sinistral sense was assigned
by Archanjo et al. (1999), Neves et al. (2005, 2012, 2021b), Ganade de
Araujo et al. (2014b) and Pereira et al. (2019), while Tommasi et al.
(1995) and Vauchez et al. (1995, 1998), Vauchez and Egydio-Silva
(1992), Caxito et al. (2016, 2020, 2021), Oliveira and Medeiros
(2018) and Liu et al. (2019) infer dextral shearing for the same
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Fig. 3. Processing and enhancements of aeromagnetic data: (a) Original aeromagnetic data (TMI). (b) Reduced to the pole (TMI-RTP) with the same color scale as
(a), which matches mapped geology in Fig. 2a. (c) Short wavelength components edge-enhanced using its theta angle. (d) The shaded first vertical derivative (1VD).
(e) Tilt angle. (f) Ternary image combining gradients and their ratios, assigned to 3 colors. Image (c) has far less noise than (d) and is best for relating to surface
lithology, whilst images (e) and (f) best highlight structures. The effect of sediments of the Tucano-Jatoba basin is more apparent in the 1VD image (d) than in the
short wavelength (residual) image in (c). Note that the white rectangle with titles is an area of no aeromagnetic data at this resolution. Enlarged high resolution
images, additional treatments, and enlarged comparisons between TMI and TMI-RTP images and mapped geology and in profile are provided in Supplementary
Material. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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structures. Our study attempts to clarify these disparate interpretations,
and we demonstrate that these prominent NE-striking shear zones in the
Central Domain are clearly sinistral.

3. Borborema aeromagnetic data, processing and applications
3.1. Aeromagnetic data and its enhancement

The aeromagnetic data employed in this project was a compilation
produced by the Brazilian company GSM Geophysics of data acquired in
2008 through a joint effort by the Brazilian Geological Survey and the
Ministry of Mines and Energy along variably but mainly NW-SE oriented
flight lines at a 100 m nominal height and with a 500 m spacing,
interpolated on a 126 m grid. The initial Total Magnetic Intensity (TMI)
data in Fig. 3a and Supplementary Material Fig. 1a (Supplementary
Material figures are subsequently referred to as SM1a, etc.) show high
(red) to low (blue) anomalies that relate to rock magnetic susceptibility,
largely due to the presence of magnetite and other magnetic minerals
(see Isles and Rankin, 2011 and Dentith and Mudge, 2014 for explana-
tions of the magnetic geophysical technique). In order to use this data for
lithologic and structural mapping, a reduction to the pole (RTP) algo-
rithm was applied to locate the magnetic anomalies above their causa-
tive rock bodies (Fig. 3b, SM1b). Without this initial RTP treatment,
large magnetic highs have commensurate large magnetic lows, giving a
false impression of different juxtaposed high and low magnetic values
for those not used to interpreting geophysical data. Additionally,
anomalies are laterally displaced from their sources and false more E-W
trends sometimes appear in the data that are not validated by mapping,
at the expense of more N-S structures. Some folds and planar structures
that are not recognizable from the original TMI map are then identified;
these are largely consistent with the geologic map (Fig. 2a), but not
completely, because geologic maps show surface expressions in areas of
outcrop while magnetic images also contain information from the
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UTM zono 24|
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subsurface (see Isles and Rankin, 2011). Total field magnetic images
therefore reflect lithologic and structural patterns that are representa-
tive for a volume of crust in comparison to classical geologic maps based
on surface observations. Volumes corresponding to different source
depth ranges can, however, be extracted using filtering techniques in the
frequency domain based on changes of slope of the radially averaged
power spectrum (Spector and Grant, 1970; Likkason, 2011), hence near
surface short wavelength (“residual”) components that, with source
depth less than ca. 10 km, relate more directly to surface geologic maps
were separated from deeper crustal, long wavelength components
(Fig. 3c). This method is preferred to more commonly used vertical
derivatives (e.g. 1VD; Fig. 3d) as residual potential field images contain
less noise and one has a control on source depths portrayed; the images
also reflect measurements in a given depth range in nT instead of gra-
dients (i.e. nT/m) as in the 1VD. RTP aeromagnetic data was also con-
verted to pseudo-gravity potential (Baranov, 1957; more commonly
shorted to pseudo-gravity), a treatment based on Poisson’s relationship
between gravitational and magnetic potential fields (Poisson, 1826)
assuming constant magnetization. Pseudo-gravity (Fig. 4) accentuates
deep crustal domains due to vertical integration incorporated in its
calculation. Especially where their edges are enhanced (Fig. 4b and c),
pseudo-gravity depth slices provide complementary information to that
provided by standard treatments of aeromagnetic and gravity data
(Cooper and Cowan, 2005; Jekeli et al., 2010).

Both residual magnetic and pseudo-gravity images were enhanced
for structural interpretation. The tilt angle (= arctan of the ratio of the
vertical derivative and the total horizontal derivative; Miller and Singh,
1994; Salem et al., 2007, as in Fig. 3e) and theta map/angle (Wijns et al.,
2005) derived from the analytic signal, itself calculated from horizontal
and vertical gradients (Roest et al., 1992), highlight contacts and
structures such as faults and ductile shear zones, and enhance subtle
features in aeromagnetic data. Using the theta angle to highlight edges
(contacts) in aeromagnetic data, as in Fig. 3c, and pseudo-gravity data
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Fig. 4. Pseudo-gravity and its enhancements. (a) Pseudo-gravity calculated from aeromagnetic data enhances deep features. (b) Short wavelength (residual)
components highlight features closer to the surface; although very similar to the residual aeromagnetic image, removing some surface to near-surface effects better
highlights some features. See enlarged comparisons in Supplementary Material. (c) Intermediate wavelength components = intermediate depth slice. See Supple-
mentary Material for corresponding power spectra and depth ranges of (a) to (c). (d) Pseudo-gravity worms, the edges in horizontal gradient calculated at different
depths (i.e. different levels of upwards continuation) highlight geological contacts across which there was a marked difference in magnetic susceptibility.
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(Fig. 4b and c) is especially advantageous close to the equator to help
overcome any distortion arising from the reduction to the pole (Wijns
et al., 2005). More examples of the use of theta angle images for por-
traying complex fold geometries are included in the Supplementary
Material. Ternary combinations of different gradient-based images
(Fig. 3f) increase contrast, and these are especially useful in portraying
foliation trajectories (Fig. 5) and to differentiate between different types
of intrusions.

Multiscale edges in the horizontal gradient of pseudo-gravity data for
different source depths, commonly termed “worms” (a wavelet analysis
technique developed by Hornby et al., 1999, conceived independently,
although purely theoretically, by Moreau et al., 1997). Pseudo-gravity
worms highlight sharp magnetic contrasts that result from discontinu-
ities or interfaces between different lithologies or geologic structures
such as faults, unconformities, or intrusive contacts (Holden et al.,
2000). Worms also portray differences between near-surface and deeper
structures (Fig. 4d), and also provide a rapid means to estimate dips of
faults or lithologic contacts. Further details on ‘worming’ methodology
are provided by Hornby (2019) and Holden et al. (2000), and a regional
example of pseudo-gravity (‘magnetic’) worms is given by Vos et al.
(2006). Worms also provide a means of verifying reduction to the pole
calculations which may be problematic if remanent magnetization is
present or, as for NE Brazil, areas close to the equator. Comparison be-
tween pseudo-gravity worms calculated from RTP aeromagnetic data
with geologic contacts mapped in the field confirms the validity of un-
dertaking RTP for our study area (see SM6-7).

3.2. Aeromagnetic expression of Brasiliano shear zones in the Borborema
Province

In addition to complementing previous regional mapping, enhanced
aeromagnetic images provide hitherto unknown details of shear zone
kinematics and geometries, fold styles and orientation, strain distribu-
tion, and controls on shear localization. The ternary gradient images
shown in Figs. 3f and 6 enhance the foliation trajectories to produce a
high-contrast structural image that portrays the structural shear zone
pattern particularly well. This image tends to display felsic rocks in red-
orange, and supracrustal rocks in tones of blue and black. Neo-
proterozoic and younger metasedimentary rocks with rather uniform
magnetic properties have a bright and uniform expression. Paleozoic-
Mesozoic basins attenuate the magnetic signal from underlying units,
but they can still be recognized to some degree, for instance under the
Araripe and Parnaiba basins. A modified version of this map (included in
Supplementary Material) that provides another visual representation of
structure was used together with Fig. 3f for structural interpretation. A
manual structural interpretation based on the enhanced residual aero-
magnetic anomaly maps and an interpretation of main shear zones and
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their kinematics is shown in Fig. 2b and c, respectively. Mesozoic dikes
have been excluded in these map interpretations.

Comparing the processed aeromagnetic images and the manual
structural interpretation with the surface geologic maps produced by the
Brazilian Geological Survey, we see a clear correlation between litho-
logic boundaries and RTP aeromagnetic anomalies (compare Fig. 2a
with 2b and images in Fig. 3). Several of the granitoid bodies are easily
correlated, as are fold and shear zone patterns. The aeromagnetic images
also reveal how the Patos and Pernambuco shear zones continue west-
wards underneath the Parnaiba basin. Fig. 6 provides an example of an
enlarged area to show the expression of shear zones on different en-
hancements. The increased contrast in the ternary image better portrays
foliation trajectories. Overlaying a simplified interpretation of ductile
shears from the ternary image on the intermediate wavelength pseudo-
gravity image in Fig. 6¢ (highlighting deeper lithologic domains) in
Fig. 6d shows that several NE-SW to ENE-WSW sinistral, antithetic
shears are controlled by lithologic domain margins. The ternary image
in Fig. 6b also clearly shows the location and differences in deformation
of felsic rocks not so apparent in the initial, residual image in (a): the
orange-colored granitoid body at the left (W) margin is unfoliated but
cut by fractures whereas many other layers in orange are highly foliated.
Further detailed comparisons are given in the Supplementary Material.

4. The Patos and Pernambuco shear zones

The roughly E-W trending Patos and Pernambuco shear zones are the
main features of the shear network of the Borborema Province (Figs. 1
and 2). They are up to a few tens of kilometers wide and characterized by
steep foliation and dextral offsets, although the Patos shear zone is
thicker and internally more complex. Calculations of average dips from
the surface to 5 km depth based on pseudo-gravity worms show E-W
shear structures within the Patos shear zone dipping between ca. 50° S
and 78° S, although in its western part one shear zone between two S-
dipping shear structures dips northwards between ca. 45° and 65°. Shear
structures in the western half of the Pernambuco shear zone dip between
ca. 40° NNE and 55° NNE, while no clear dips could be established in its
eastern half. The Patos and Pernabuco shear zones can be traced
continuously for more than 700 km in length; aeromagnetic data suggest
they continue southwestward beneath the Parnaiba Basin and merges
with the Transbrasiliano lineament (de Castro et al., 2016). In tectonic
reconstructions, the Patos-Pernambuco shear system correlates with
shear zones of the same age on the N margin of the Congo Craton, hence
their total original length was at least 2000 km (Fig. 1; Caby, 1989; de
Wit at al., 2008; Julios et al., 2020). Occurrences of unsheared Cambrian
to Cretaceous sediments (Fig. 2) provide a minimum age for the ductile
shearing history. They are, however, affected by brittle deformation
associated with the Cretaceous rifting that led to the pre-opening rifting

Fig. 5. 3D perspective view of the ternary magnetic
anomaly pattern (Fig. 3f) over the Pernambuco (a)
and Patos (b) shear zones, looking west. The pattern
reveals the structure of the shear zones very well,
confirming the overall dextral rotation of fabrics into
the two main shear zones. Warm and cool colors have
been given a positive and negative relief, respectably,
using the imageJ software (https://imagej.nih.gov/ij/
). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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Fig. 6. Examples of enlarged areas to show how a
combination of enhancements of magnetic and
pseudo-gravity derived from the same original data
aids structural interpretations. (a)-(d) show how both
aeromagnetic and pseudogravity data provide com-
plementary information on regional folding in the
Northern Domain N of the Patos shear zone and (e) to
(g) provide an example of the expression of shear
zones and controls on their localization in the Central
Domain (see Supplementary Materials for location
maps). Although there are hints of a possible fold
closure, the edge enhanced residual aeromagnetic
image in (a) gives little indication for the presence of
regional isoclinal folding in this part of the Northern
Domain, and no regional folds are shown on CPRM
geological maps in this enlarged area. A regional-
scale isoclinal fold is, however, clearly portrayed by
the intermediate pseudo-gravity image in the top
right (NE corner) of (b), hence NNE-striking foliations
in (a) represent a transposed tectono-metamorphic
fabric axial planar to regional folds. Hints of this
foliation are seen in (b), but the fold-axial planar
foliation relationships are best seen in combining the
residual tilt angle image in gray with the pseudo-
gravity image in (b) in (c). The axial trace away
from the shear zone suggests an S/C relationship
consistent dextral shear. The NW-SE shear zone is
oriented with respect to C equivalent to a C’ shear in a
mylonite.” The short wavelength aeromagnetic image
in (d) and a ternary image combining different gra-
dients and their ratios in (e) highlight near surface
foliations and their deformation, e.g.: (1) folds
formed during back rotation between antithetic

shears, (2) offset isoclinal fold whose axial surface has been reoriented into parallelism with a dextral shear zone, (3) fracturing within a more competent intrusion,
(4) fold with axial traces at 45° to shear zone margins, (5) foliation asymmetry around an intrusion akin to a sigma porphyroclast. The intermediate wavelength
ternary image in (f), and a paler copy in (g), highlights different lithologic packages. This image better shows the complete outline of an intrusion at 6, which could
have easily been misinterpreted (without geological maps) as a fold closure. The shear zone interpretation in (g) shows that whilst dextral synthetic (C') shears occur
within lithologic units, lithologic contacts control the orientation of several antithetic sinistral shears. Color ramps as in Figs. 3 and 4. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

of the Atlantic margins.

4.1. The Pernambuco shear zone

The Pernambuco shear zone is composed of two almost straight
segments (west and east Pernambuco shear zone, separated by the
Mesozoic Jatoba Basin) with a rather abrupt but continuous change in
orientation at the northern boundary of the Jatobd basin (Figs. 2 and 3).
The shear zone stands out as a marked and continuous lineament on the
aeromagnetic images that separates rocks of different ages and of
different lithologies and magnetic properties (Fig. 3). It has previously
been suggested that these two segments are unconnected and associated
with relatively limited displacements (Vauchez and Egydio-Silva, 1992;
Neves and Mariano, 1999). However, the magnetic data (Fig. 3) and
structural considerations presented here support the view that the seg-
ments are connected and form a single large-displacement ductile shear
zone, and that one or two sub-parallel shear segments occur south of the
east Pernambuco shear zone (Fig. 7).

The Pernambuco shear zone is a predominantly ductile (plastic)
structure with classic rotation of foliations and lithologic units into the
zone, particularly well-developed along its northern margin (Fig. 7). The
shear zone contains evidence for both high- and low-temperature
deformation (Neves and Mariano, 1999; Castellan et al., 2020), sug-
gesting that the shear zone was active at a range of thermal conditions.
For the eastern Pernambuco shear zone, Castellan et al. (2020) estimate
conditions of 0.475 + 0.03 GPa and 526 + 9 °C in synkinematic gran-
itoids of the Caruaru domain and 0.59 + 0.1 GPa and 437 + 17 °C in the
Gravata domain further east. Brittle reactivation of the ductile gneissic
or mylonitic fabric is also seen, and a U-Pb age of calcite fibers on one

such normal-sense slip surface provided a lower Cretaceous age of 135
4+ 5 Ma, taken to date the time of reactivation (Miranda et al., 2020).
This is the time of Mesozoic rifting of the region, with formation of the
nearby Jatoba basin of the Réconcavo-Tucano-Jatoba rift system.

The shear zone thickness is here defined as the distance between
points where the external fabric starts to rotate into the shear zone. This
thickness is ~20 km in the west, where the Pernambuco shear zone gets
covered by Silurian and younger rocks of the Parnaiba basin. It then
decreases to 10 km near the W margin of the Jatobd basin, where part of
the shear zone has been faulted and covered by the clastic basin fill.
Eastwards from the Jatobd basin, the zone seems to be only around 5 km
thick on average, getting close to 10 km again near the Atlantic coast.
This could reflect an eastward drop in displacement from the location of
the Jatoba basin. Such an eastward drop in displacement was explained
by a northeastward splaying of the shear zone (Vauchez and
Egydio-Silva, 1992). However, this model predicts the splays to be
dextral, whereas they are clearly portrayed as sinistral on the aero-
magnetic images. Instead, our study shows that dextral displacement is
accommodated on several dextral shear zones parallel to and S of the
east Pernambuco shear zone with both N and S dips (Figs. 2b and 3).

The magnetic images also show a southern shear zone segment that
underlies the basin, forming a lens-shaped geometry with the main
Pernambuco trend. We interpret this lens-shaped geometry as a possible
linkage structure, where the two main segments of the Pernambuco
shear zone initiated as individual shear zones of slightly different ori-
entations and linked during mutual propagation (Fig. 7e-f) — a length-
ening mechanism that is extremely common for faults (e.g., Walsh et al.,
2003; Fossen, 2016), but also demonstrated for ductile shear zones
(Fossen and Cavalcante, 2017).
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Fig. 7. Pernambuco shear zone. a) Enhanced magnetic anomaly map showing the structure of the east and central part of the shear zone. (b) Lithologic map (see
Fig. 2a for legend). (c) Structural interpretation. (d) Shear strain profiles and displacement assuming simple shear. (e-f) Simple linkage model for the connection
between the east and west segments of the Pernambuco shear zone. Full black arrows indicate propagation directions.

A dextral sense of shear is consistently observed along the Pernam-
buco shear zone. This is clearly expressed by rotation of foliations and
lithologic units into the shear zone that can be seen both from the
geologic and aeromagnetic anomaly maps (Fig. 7). This shear sense is
also evident from outcrop to microscale structures as observed in the
field and thin section (e.g., Neves et al., 2000).

4.1.1. Horizontal displacements

The aeromagnetic data helps to constrain the thickness of the shear
zone and to visualize the pattern of rotation of host-rock fabrics into the
zone. This pattern can be utilized to construct strain profiles across the
shear zone, as has been done along two sections across the western
segment where the pattern is particularly clear (Fig. 7). We assumed
simple shear deformation and employed the equation for rotation of
preexisting passive markers (Ramsay 1980):

cotp’ = cotp + y

where p is the angle that the marker initially makes with the shear zone,
and p’ is the new angle whose value will depend on the local shear strain
(). It is possible that the shear zone deformation deviates from simple
shear, which would introduce an error to the strain estimates. However,
the large offset of this shear zone suggests that the simple shear
component is completely dominating, and the largest error comes from
accurately determining the angle p’ where strain is high. In this portion
of the zone the foliation is almost parallel to the shear zone, and small
variations in the angle make large differences in calculated shear strain.
We have used the assumption that the strain in the central part of the
zone is as high as it is where we lose control as we move through its
margin, i.e. y & 50-60. In other words, we made the strain profile flat
across the inner and highest strained part of the zone. The results
(Fig. 7d) show classical shear strain profiles, and integration of shear
strain over the width of the zone (Ramsay 1980) yields estimates of
around 308 and 222 km.

This amount of displacement (222-308 km) is corroborated by the

offset of units along the shear zone. In particular, the Tonian Lagoa das
Contendas complex, shown in Fig. 7b in violet color, appears to have
been displaced around 200 km along the zone before vanishing in a
highly sheared state within the zone. If we consider other Tonian sub-
racrustal units on both sides of the shear zone, an offset on the order of
200 km is also indicated (Figs. 7c and 8c). Paleoproterozoic gneissic
units also show an apparent lateral offset in excess of 200 km (Fig. 8b). A
similar estimate was made by Ganade et al. (2021) based on the regional
distribution of radiometric model ages. In summary, the consistency
between our structural analysis and offset patterns of rock units leads us
to the conclusion that the ductile Ediacaran strike-slip displacement of
the Pernambuco shear zone is about 200-250 km.

4.2. The Patos shear zone

The more than 700 km long Patos shear zone is located almost 200
km north of the Pernambuco shear zone, in the middle of the Borborema
Province (Fig. 1). A NE-trending segment links the Western Patos shear
zone with the Pernambuco shear zone and continues under the eastern
part of the Parnaiba basin to merge with the Transbrasiliano lineament
(de Castro et al., 2016). In our main study area, the Patos shear zone
continues eastwards from the Parnaiba basin for ~700 km (Fig. 2);
Fig. 9a-c shows an enlarged image, geologic map and interpreted in-
ternal geometry of its central section. An up to 70 km wide strike-slip
duplex (Fig. 10) marks the change from its NE-trending western sec-
tion to the E-W central section (Corsini et al., 1996), possibly with
another, somewhat smaller duplex to the southwest (ca. 40.5°W, 7.5°S;
Fig. 3e and f). The latter is partly covered by Phanerozoic deposits but
discernible from the aeromagnetic data.

Eastwards the shear zone continues as the straight central segment of
around 30 km thickness until it bifurcates into several E-W to NE-SW
trending branches. The aeromagnetic images show that one branch
continues more or less straight towards the coast. Another set of
branches is located along the NNE-trending Seridé belt (Fig. 9). The
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Fig. 8. Distribution of rock units across the Pernam-
buco and Patos shear zones and their indication of
apparent lateral displacement. (a) Deflection of the
Seridé Formation from the north into the Patos shear
zone indicates a minimum of 230 km apparent offset.
Ediacaran supracrustals are sheared 100 km along the
south margin of the Patos, suggesting that the total
offset of the Patos is much more than 100 km. (b)
Paleoproterozoic metaigneous rocks are sheared for
350 km along the Patos shear zone, indicating a
minimum of 350 km offset. Paleoproterozoic gneisses
in the east Pernambuco first reappear in the south
wall some 250 km to the west. The western zone of
Paleoproterozoic gneisses is sheared 130 km along
the Pernambuco shear zone. (¢) Archean units and
their apparent minimum offset of 350 km along the
Patos shear zone. Tonian supracrustals indicate 200
km offset along the Pernambuco shear zone. Each
estimate is uncertain, but together they are internally
consistent and also consistent with strain-based
displacement estimates (Figs. 7 and 9).
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Serid¢ belt is interpreted as a high-T transpressional segment with peak
metamorphism around 575 Ma in which deformation is partitioned into
a set of subparallel NNE-trending dextral shear zones, thrusts and folds
(Archanjo and Bouchez, 1991; Archanjo et al., 2002, 2013; Domingos
et al., 2020; Cioffi et al., 2021).

A characteristic feature of the sheared rocks within the Patos shear
zone is the range in thermal conditions recorded during deformation. In
its main E-W segment from Cajazeiras past Patos (Fig. 2c), the main
portion of the shear zone is hot with the occurrence of syn-kinematic
metatexites and diatexites that formed together with high-temperature
banded gneisses, where the melt has been dated to around 565 Ma
(Viegas et al., 2014; Archanjo et al., 2021). Temperatures of 550-600 °C
at 0.3-0.4 GPa were determined from metamorphic assemblages in the
Serid6 Belt ca. 60 km N of the Patos shear zone (Cioffi et al., 2021).
However, its southern part is constituted by low-temperature mylonites.
It is not clear if these variations in thermal conditions are due to

differential syntectonic exhumation or migration or localization of
deformation during regional cooling. It has been suggested that the
shear zone acted as a vertical conduit for melt that would weaken and
heat it (Cavalcante et al., 2016), which could also cause lateral thermal
variations. Transpressional deformation is suggested for internal parts of
the strike-slip duplex, where thrusting appears to be synchronous with
the overall strike-slip motion (Corsini et al., 1996). Overall, however, we
consider the Patos shear zone to be approximately simple shear. The
consistent dextral sense of shear (little evidence of conjugate shear
bands) exhibited by abundant field-scale kinematic indicators (Fig. 7)
supports this view.

4.2.1. Relationship between regional folding and shearing N of the Patos
shear zone

The area N of the Patos shear zone, enlarged in Fig. 6a—c, shows that
whilst in the NE corner of the residual aeromagnetic image in (a) a
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Fig. 9. Patos shear zone. (a) Enhanced magnetic anomaly map revealing the structure of the shear zone. (b) Lithology (see Fig. 2a for legend). (c) Structural
interpretation, with sections analyzed for strain and displacement in (d). Gray areas in (d) are high-strain parts of the profile where the foliation is at a very low angle

to the shear zone, and therefore uncertain.

foliation trending NE-SW appears to be sheared into parallelism with the
Patos shear zone, the intermediate wavelength pseudo-gravity image
(Fig. 6b) clearly portrays a very tight to isoclinal overturned synform
with NE-dipping axial surface, thickening in the hinge and/or thinning
in the limbs (“regional isoclinal fold” in Fig. 6b). The fold axial trace and
shear zone thus define a regional S-C relationship (as described by
Ramsay, 1967). This fold was not shown on the geologic map of the
Borborema Province in Fig. 2 nor in other enhancements of aero-
magnetic data in Fig. 3c—e. Folds with similarly oriented axial traces are
also observed in regional pseudo-gravity data in the Northern Domain
outside our study area. This is an excellent example of how significant
regional folds may easily go unidentified in high grade terrains, as fo-
liations mapped in the field and conventional enhancements to show
near surface features (such as the most commonly used first vertical
derivative, 1VD) are tectonic fabrics where lithologic layering is trans-
posed into parallelism with fold axial surfaces. A similar example in
another high-grade gneiss terrain is portrayed in pseudo-gravity data by
Harris (this volume).

4.2.2. Internal structures and kinematics of the Patos shear zone

The rotation of external fabrics into the shear zone and synthetic
dextral C’ shears indicate dextral kinematics within the main shear zone,
although merging shear zones of the Central Domain give sinistral shear
along parts of its southern margin. Dextral kinematics are also consis-
tently observed in the field (Fig. 11) and thin section, associated with
subhorizontal lineations and a steep shear zone foliation in outcrop
(although pseudo-gravity worms indicate that dips may shallow with
depth). As observed from the processed aeromagnetic maps, asymmetric
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folds occur in several places. A particularly clear example of such folding
exists on the NE side of the duplex (Fig. 10c). These folds occur in the
extensional sector of the instantaneous strain ellipse for dextral shear
(Fig. 12a) and represent a classical example of quarter structures
commonly seen on smaller scales (F in Fig. 11). There are also slightly
oblique km-scale shear bands within the shear zone that, together with
the foliation, create large-scale S-C’ structures (Fig. 10a). Also, large
asymmetric lenses that bear similarities to asymmetric porphyroclasts
can be seen from the aeromagnetic images (Fig. 10b; c.f. Harris and
Bédard, 2014 and Harris, this volume).

4.2.3. Shear strain and displacement

As for the Pernambuco shear zone, rotation of foliation in the wall
rock into the shear zone can be used to constrain displacement. We have
performed such analyses across three profiles (Fig. 9d). The western one
(Profile A) captures the shear strain immediately west of the Serido belt.
A gradual increase in shear strain is recorded across the northern margin
over a distance of about 12 km, adding up to a displacement of ~170 km
before entering the core of the shear zone. In the core, where the average
shear strain is roughly estimated to around 50-60 (Fig. 9d), the foliation
is subparallel to the shear zone and affected by low-angle C’ shear bands,
which makes shear strain estimation inaccurate. As for the Pernambuco
sections above, we could take the shear zone in the core to be similar to
that of the most sheared part of the margin. This assumption, together
with the ~17 km thickness of the zone, would imply around 1000 km of
displacement. However, this must be an overestimate, because kine-
matically, the southern part of the Patos shear zone is sinistral, repre-
senting the northern part of NE-striking sinistral shear zones of the
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Fig. 10. The strike-slip duplex of the Patos shear zone as expressed by details from the magnetic anomaly map from Fig. 2e (a-d) and the geologic map with structural
interpretation derived from the magnetic anomaly map. (a) km-scale S-C structure in the Patos shear zone east of the duplex. (b) sigmoidal structure at the base of the
duplex. (c) asymmetric folds in the extensional sector of the duplex. (d) magnetic anomaly map with locations of a-c, (¢) Geologic map and structural interpretation
based on (d). See Fig. 2a for legend. All structures are consistent with dextral shear.

Central Domain that were zipped together with the dextral Patos during
shearing.

The other two profiles show similar marginal geometry and strain
and suggest similar levels of shear strain (y close to 60) and minimum
horizontal displacements of roughly 300 km (Profile B) and 200 km
(Profile C). The eastward reduction in displacement estimates for pro-
files B and C goes together with an eastward reduction in thickness,
which again is related to the bifurcation of the Patos shear zone
immediately east of Profile A. A considerable part of the Patos shear
zone strain is probably taken up by the Seridé belt, as documented as a
dextral transpressional zone by several authors (e.g., Corsini et al., 1991;
Hackspacher et al., 1997; Archanjo et al., 2002, 2013; Cioffi et al.,
2021). This belt represents an eastward dextral splay of the shear zone.
As such, it is different from the apparent splays seen along the Per-
nambuco shear zone, where the NE-SW splays themselves are sinistral
(see below). Hence, we conclude that the main Patos shear zone involves
displacement on the order of several hundred kilometers, and that this
displacement is partitioned between northeastward-trending shear
zones within and parallel to the Seridé belt and the eastward direct
continuation of the Patos shear zone toward the Atlantic coast.

Displacement can be independently evaluated by the offset of lith-
ologic units. Dextral shearing of the Edicarian Serid6 Formation (Fig. 8a)
implies more than 230 km of displacement in the northern margin and
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central part of the Patos shear zone. Along the southern margin, other
Edicarian supracrustals are sheared at least 100 km. Adding these two
components gives a minimum displacement estimate of 330 km for the
Patos shear zone as a whole. Similarly, a minimum of 350 km
displacement is indicated by sheared Archean units (notably the Gran-
jeiro Complex; Archanjo et al., 2021) (Fig. 8c). Deflection of Tonian
supracrustals indicates at least 120 km displacement along the south
side of the East Patos shear zone (Fig. 8a). Paleoproterozoic metaigneous
rocks within the Patos shear zone may also suggest displacement on the
order of 350 km (Fig. 8b). Hence, the estimates from structural analysis
and the distribution of lithologic units as observed from the geologic
map pattern roughly agree, with a displacement of around 350 km, and a
displacement of >100 km for the eastern segment that continues straight
eastward to the Atlantic coast.

Finally, displacement can also be constrained from shear zone
thickness, as thickness generally scales with displacement. Displacement
was estimated for twelve shear zones (excluding the Pernambuco and
Patos) using patterns of rotation of structures through the zones or the
offset of lithologies and magnetically distinct anomalies. With a 10-72
km range in maximum displacement and a 2.5-20 km range in
maximum thickness (Fig. 13) the data confirms that displacement scales
positively and linearly with thickness, so that displacement for a given
shear zone is close to 10 times its thickness. Our Borborema observations
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Fig. 11. Field example of kinematic indicators observable in the dextral Patos shear zone. F; asymmetric shear-related folds, several formed around boudinage
corners. SB: shear bands. PC, asymmetric porphyroclasts (delta-type). Asymmetric boudinage of felsic layer also consistent with dextral sense of shear. Note the
similarity between the fold at the boudinage corner (F) and the large-scale example of Fig. 10c. Location shown in Fig. 9.

are consistent with the global trend presented by Fossen and Cavalcante
(2017). When plotting our 200 km estimate from the Pernambuco and
350 km estimate from the Patos shear zone in Fig. 13, it is clear that they
fit the trend defined by the other Borborema shear zones.

4.3. The shear zone network of the Central Domain

The Central (or Transverse) Domain is the volume of rocks bounded
by the Patos and Pernambuco shear zones. This 200 km wide domain
exposed in Borborema for 700 km is affected by a number of inter-
connected steep shear zones, each with a thickness of up to 20 km. Its

12

Fig. 12. (a) Formation of asymmetric folds around
geometric irregularities (modified from Fossen and
Cavalcante, 2017). ISA; and ISA3 are the maximum
and minimum instantaneous stretching axes, respec-
tively. (b) Shear-band type structures in the Central
domain south of the Patos shear zone, and a
porphyroblast-style structure developed around a
rigid granitic body. (c¢) Formation of back-rotated
domains between shear bands (from Harris et al.,
2002). (d) Two back-rotated domains bounded by
shear bands, north of the Pernambuco shear zone. (b)
and (d) are 3D perspective images based on a
color-modified ternary image (Fig. 3f). (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

Sinistral
shear
band

numerous Neoproterozoic granites also show an average NE-SW ori-
ented long axis (X-strain axis) that is different from that of the Northern
Domain (closer to NNE-SSW), reflecting the difference in strain in these
two domains (Fig. 2). This defines a structural expression that is
different from the northern and, in particular, the southern domain,
suggesting that these shear zones formed during the ductile shearing on
the Patos and Pernambuco shear zones.

Based on our structural analysis of aeromagnetic anomaly images,
the internal shear zones of the Central Domain fall into two populations
that can be separated based on both orientation and kinematics (Fig. 2c).
The dominant group is NE-SW oriented (average strike of 050 + 2°) and
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Fig. 13. Displacement plotted against thickness for shear zone in the Borbor-
ema region, mostly from the Central Domain. The Pernambuco shear zone is
plotted with a thickness of 20 km and a displacement of 200 km, and the Patos
with a displacement of 350 km.

sinistral, and thus antithetic to the other, dextral population (average
strike of 100 + 4°). The most prominent shear zone belonging to the
dextral population is the Coxixola shear zone (Fig. 2c), which stretches
for about 300 km in the eastern and central part of the Central Domain
(Hollanda et al., 2010).

Different models can be called for to explain the internal shear zone
pattern of the Central Domain. First of all, the prominent NE-SW
trending set parallels the general lithologic structure of the domain,
and if this map-scale lithologic zonation is pre-shearing, as indicated by
Ganade de Araujo et al. (2014), this may explain why there are so many
NE-SW trending shear zones in the Central Domain. One approach is to
consider the two sets as extensional shear bands. The dextral set has a
few elements that would classify as reverse shear bands (Dennis and
Secor, 1990) and some are parallel to the Patos shear zone (C-bands), but
most are slightly oblique to the Patos shear zone in an extensional sense,
and can be classified as (extensional) C’ shear bands (e.g., Berthé et al.,
1979) or eccl (Platt, 1984). The sinistral antithetic set would then be
considered conjugate C” shear bands or ecc2 (Platt, 1984; Xypolias,
2010). Well-developed C” bands characterize shear zones with a coaxial
component (e.g., subsimple shear or transpression), implying a
component of N-S shortening across the system. Based primarily on
numerical modeling, Grasemann et al. (2003) concluded that conjugate
sets of shear bands indicate pure shear-dominated flow with a kinematic
vorticity number Wk < 0.6, and Xypolias et al. (2010) used this
approach to map variations in vorticity in ductile thrust zones in Greece.
Xypolias (2010) also pointed out that shear bands can be used to
calculate vorticity, as shown in his Fig. 11. Using this rather uncertain
approach, the maximum angle of our synthetic set (30°) to the Patos
shear zone would give a Wk of roughly 0.5 for the bulk deformation of
the Central Domain (note that individual shear zones would still be
approximately simple shear).

On the contrary, Finch et al. (2020) demonstrate numerically that
subordinate antithetic shears can develop also during bulk simple
shearing, particularly in models with a large (45%) weak phase. In the
case of the Borborema, partial melt could possibly represent the weak
phase, as seen in other migmatitic terrains (e.g., Cleven et al., 2020). If
so, the deformation may be less coaxial than the above estimate of Wk ~
0.5. On the other hand, the antithetic shear bands reported by Finch
et al. (2020) are very short, rather diffuse and not comparable to the
extensive NE-striking shear zones of the Central Domain that are local-
ized along lithostratigraphic domains.

In anisotropic rocks and analogue materials, antithetic shears may
also be associated with boudinage of a competent layer (e.g., Lister and
Snoke, 1984) or develop within a layer, forming a conjugate set with
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shear zones of the opposite sense of displacement due to strain parti-
tioning during layer parallel slip (Harris and Cobbold, 1984).

As an alternative approach, we consider the two sets of semi-regional
shear zones within the Central Domain as classical conjugate shear zones
that initially were bisected by the instantaneous shortening direction.
Any noncoaxial component would cause progressive rotation of the sets,
and the bisector would not accurately represent the finite shortening
direction anymore. In our case the antithetic set would rotate faster
(clockwise) by an amount that increases with increasing Wy. The current
angle between the bisectrix is only 15° west of north, making a 6 = 75°
to an E-W shear plane. Back-rotating the sinistral set counterclockwise
would lower this angle, but the 60° counterclockwise rotation required
for a simple shear deformation is unrealistic. Hence, although we do not
know the exact rotation of this set, this approach implies a component of
coaxial deformation that thinned and extended the Central Domain.

Based on the above considerations, we find indications of a compo-
nent of N-S shortening across (and E-W stretching of) the Central
Domain, and a roughly NNW shortening direction. This agrees with the
interpretation by Archanjo et al. (2008), who pointed out the strong
pure shear (N-S shortening) seen in the northern part of the Central
Domain ESE of the town of Patos (Fig. 2c). It also agrees with shear zone
data presented by Neves et al. (2012) from the SE Central Domain.
Furthermore, several minor thrusts have been mapped and although
their ages are not well constrained, they may be an expression of Neo-
proterozoic shortening (e.g., Neves et al., 2012; Silva and Neves, 2021).
Regardless of the interpretation of the thrust, it is clear that the struc-
tural pattern observed in the Central Domain is different from the
pattern north of the Patos shear zone, meaning that different domains
accommodated strain in different ways.

4.4. The Northern Domain

The aeromagnetic images show a more complex picture north of the
Patos shear zone, and location and kinematics of shear zones are not as
easily defined as in the Central Domain. This domain shows an overall
NNE-SSW trend of fabrics and lithologic contacts, with a variation in
planar structures from steep to low-angle. Field observations show that
steep shear zones are strike-slip dominated, while there are also low-
angle shear zones interpreted as thrusts or extensional shear zones
(Archanjo et al., 2002). There are also basement domes that may have
resulted from extensive partial melting in the Neoproterozoic, and
extensional shear zones may be related to this doming process. Hence,
we have supported the aeromagnetic image interpretation with field
observations when compiling the shear zone map shown in Fig. 2¢c. This
map shows multiple NNE-striking dextral shear zones and an additional
conjugate NNW-striking set of sinistral zones. Kinematic criteria
involved include numerous kinematic indicators such as porphyroclast
systems, veins, shear bands and boudins, and map-scale asymmetric
shape of syntectonic granite plutons (e.g., Archanjo and Bouchez, 1991;
Trindade et al., 1999; Archanjo et al., 2002; Souza et al., 2006; Archanjo
et al., 2008).

5. Discussion and conclusions
5.1. Shear zone geometry, displacement and kinematics

This study shows how interpretations of different enhancements of
aeromagnetic data not commonly used by structural geology researchers
(although more common in the mineral exploration industry), and
enhanced pseudo-gravity data (derived from the same original aero-
magnetic data), may be integrated to provide a wealth of additional
structural information that complements field mapping of the Borbor-
ema shear system in NE Brazil. In addition to identifying or confirming
shear zones and confidentially constraining their shear sense (particu-
larly successful in the Central Domain), regional tight to isoclinal folds
are identified in the Northern Domain using edge enhanced pseudo-
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gravity images (which are shown to be invaluable in defining deep
domain boundaries and their geometry), where only a few minor folds
appear in aeromagnetic images enhancing the upper crust. This inter-
pretation is consistent with field observations of NNE-SSW striking
dextral shear zones and thrusts (Fig. 2c). Aeromagnetic images portray
spectacular examples of the range of fold styles, reorientation and su-
perposition, producing a full spectrum of fold interference patterns
establish by Ramsay (1967) at a regional scale similar to those observed
at the outcrop and thin section scales, and produced in physical and
numerical simulations (e.g., Grasemann et al., 2004).

The analyses presented here are consistent with an interpretation of
the Patos-Pernambuco shear zone system as an enormous intra-
continental dextral transcurrent shear system, where the exposed level
developed at mid-crustal depths. We have employed classical shear zone
theory to estimate the kinematics and strains related to the shear zones
and find a consistent pattern of both dextral and sinistral zones. The
Patos and Pernambuco shear zones show evidence of very high shear
strains and accumulated lateral dextral offsets on the order of 200 and
350 km, respectively. These shear zones themselves must therefore be
close to simple shear, as confirmed by very consistent asymmetry of
internal shear zone structures. However, the domains between and
outside of these two major shear zones show a different deformation
style with two sets of conjugate shear zones.

A particularly interesting feature in this respect is the many NE-
striking sinistral antithetic shear zones in the Central Domain, and
similarly oriented shear zones in the Northern Domain with opposite
(dextral) kinematics. This alone implies a change in strain regime across
the Patos shear zone. In the Northern Domain, field-based kinematic
indicators show a combination of NE-striking dextral shear zones
accompanied by N to NNW-striking sinistral shear zones (Fig. 2¢), and
together they indicate an ENE-WSW apparent shortening direction that
is very different from that of the Central Domain (see rose diagrams in
Fig. 2¢). The orientations of these internal shear zones do not fit those of
typical shear bands (C, C' or C”) and suggest an influence of coaxial
strain. The Southern Domain (south of the Pernambuco shear zone) also
show shear zones with kinematics and orientations in agreement with a
component of N-S shortening, similar to the Central Domain. We suggest
from these observations that the Neoproterozoic deformation in the
Borborema Province is participated into simple shear localized on the
two major shear zones and more complex and overall lower vorticity-
type deformation of a nature that differs between the Central and
Northern domains.

To better constrain this strain partitioning and the deformation in
general in the Borborema region, dating of individual shear zones is
necessary. It is unlikely that all shear zones were active at the same time
everywhere, and it is also unlikely that the far-field kinematic boundary
conditions were stable over the ca. 50 million years of dextral shearing
in this region. More work could also be done on constraining the pre-
shearing rheologic structure, including the rift-related structures and
how they influence the development of the Borborema shear zone
system.

5.2. Tectonic implications

Altogether, following peak metamorphism between 650 and 590 Ma
in the Central Domain Neves et al., 2015), more than 550 km of com-
bined dextral shear is indicated during the Ediacaran. Based on AMS
studies and radiometric dating, synkinematic plutons were emplaced
between 585 and 571 Ma (Archanjo et al., 2998, 2013; Hollanda et al.,
2010; Avila et al., 2020). Shearing appears to have peaked at around
590-560 Ma, but locally lasted into the Cambrian (Hollanda et al., 2010;
Cioffi et al., 2021) when brittle reactivation resulted in the formation of
pull-apart basins in which molasse sediments were deposited (Avila
et al., 2020). Regionally the Brasiliano orogeny initiated with conti-
nental collisions around 640-630 Ma, following a prolonged period of
rifting (Neves et al., 2015). The interpretation that the Pernambuco
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shear zone represents a reactivated rift boundary of such an Early
Tonian pre-Brasiliano rift system (Neves et al., 2020) is supported by the
total field pseudo-gravity image in Fig. 4a that is dominated by deep
crustal features that may equate to rift margins. That this may also be the
case for the Patos shear zone (Neves, 2018) is supported by the same
pseudogravity image, and the continuity of some units from the South-
ern to Northern domains places doubt on the suture model presented for
this structure (Brito Neves et al., 2016). In general, a model where the
shear zones formed in response to Brasiliano-Pan-African shortening of
arifted hot crust (Ganade et al., 2021) seems likely. Our observations fit
the widely accepted model of lateral dextral shear primarily driven by
an eastward push from the Amazon craton (Archanjo et al., 2021).

Our structural interpretation shows that the Patos and Pernambuco
shear zones accumulated approximately 350 and 200 km of lateral
offset, respectively, through simple shear-dominated deformation,
amounting to a total of ca. 550 km of lateral displacement between the
Northern and Southern domains. In addition, the different domains that
are delimited by the major shear zones deformed in different ways,
reflecting complex deformation partitioning at the 100-km scale. The
difference in deformation between the Central and Northern domains
suggest a more complex deformation pattern than the rotational extru-
sion model presented by Ganade de Araujo et al. (2014b), who also
assign an undocumented sinistral movement to the NNE-striking dextral
shear zones in the Northern Domain west of the Seridé belt to fit their
model (their Fig. 4). Although more work is needed to better understand
the strain patterns portrayed in this work, particularly through dating of
shear zone activity in this complex shear zone array, we have shown
how aeromagnetic data can contribute to map and interpret the Neo-
proterozoic deformation of this and similar regions of variable ductile
crustal deformation.
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