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the Borborema province, northeastern Brazi
a b s t r a c t

Three syenite dike sets, named the Santa Cruz dikes, are coeval with the 627 ± 13 Ma old porphyritic
calc-alkalic Princesa Izabel granitoid, northeastern Brazil. Dike set 1 is up to 1.5 m wide, strike 030
e040 Az, roughly parallel to the regional foliation. Dike set 2 strikes 120�e130 Az and consists of
xenolith-bearing syenites and is roughly parallel to dike set 3, which is up to 1.5 m wide and consists of
xenolith-rich syenites forming matrix-supported breccias. Xenoliths in dike sets 2 and 3 are usually up to
3 cm long, angular to sub-rounded, tend to be evenly distributed and occupy ~50% of the volume of dike
set 3. They are amphibolite, mica-pyroxenite and diorite from deep source, and gneiss and feldspar
xenocrysts from the conduit. The large amount of dense ultramafic/mafic xenoliths in the breccia dikes
indicates rapid ascent of the host magma. The calculated natural viscosity, based on whole-rock chemical
data, is 680e4600 Pa.s for 2.3 wt% water and temperatures from 1000 to 900 �C, respectively. A mini-
mum ascent rate of ~0.3 m/s is estimated from the settling velocity of a 30 cm-long diorite xenolith, the
largest one, and an initial fraction of xenoliths of 5%. Progressive addition of xenoliths to the magma
during its ascent increased the viscosity of the liquidesolid mixture during emplacement, and this would
imply a Bingham rather than Newtonian behavior. These xenoliths were formed by early fracturing of
wall rocks during dike propagation associated with thermal spalling of the wall rocks, by intrusion of
magma along dike-parallel fractures during the development of a sequential conjugate pair of shear
zones. Xenoliths are abundant not only because these magmas have ascended rapidly and could trans-
port them, but also because the initial low viscosity of the magma promoted intense fracturing of the
conduit.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The most efficient mechanism by which magma is transported
from deep reservoirs to shallow crustal levels seems to be via faults
or dikes (e.g. Spera,1984; Lister and Kerr, 1991; Rubin,1995; Petford
et al., 1993), a process that is supported on thermal and fluid-
dynamical grounds (Petford et al., 1994). Most dikes in the upper
crust are nearly vertical, although horizontal sheets are also com-
mon, and they intrude either pre-existing tensile fractures opened
bymagma pressure or fill a pre-existing fracture of the host rock. In
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this case, the self-propagating magma-filled fractures are normal to
the regional direction of least principal stress, the crack propaga-
tion rates depending on the activity of volatile components (e.g.
Pollard et al., 1975; Spera, 1984; Rubin, 1993, 1995). Brittle-elastic
fracturing is a well-known mechanism that allows fast magma
migration as dikes through cold crust. Ductile fractures are an
alternative for ductile environments, where brittle-elastic diking is
inhibited (Weinberg and Regenauer-Lieb, 2010).

Magmatic-hydrothermal breccias are known since long ago as
usually associated with hydrothermal ore deposits (e.g. Shelnutt
and Noble, 1985; Burnham, 1985; Sillitoe, 1985; Russel et al.,
2012). Intrusion breccia dikes result from mechanical fragmenta-
tion of wall rocks and subsequent incorporation of fragments, by
the intrusive magmas (Sillitoe, 1985). Mechanisms of brecciation
and formation of xenoliths include releasing of magmatic
tation, transport of breccia dikes and emplacement: An example from
Earth Sciences (2014), http://dx.doi.org/10.1016/j.jsames.2014.10.006
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hydrothermal fluid, interaction of ground water with magmas,
mechanical disruption of wall rocks, magmatic stoping interactions,
dike propagation and emplacement (e.g. Sillitoe, 1985; Rubin,
1993). However, these processes take place mainly in the upper
crust. The processes of deep-seated fragmentation and transport of
xenoliths are usually associated with kimberlite (e.g. Spera, 1984;
Russel et al., 2012) or lamprophyre magmas (e.g. Morin and
Corriveau, 1996).

In this study, we focus on the intrusion history of Neo-
proterozoic breccia dikes with syenitic matrix from northeastern
Brazil that form three coeval dike sets carrying different amounts of
xenoliths. We discuss the mechanism of rock fragmentation and
transport using field descriptions, major element chemistry and
theoretical analysis. The dataset provides evidence of a deep-seated
mechanism of fragmentation associated with felsic magmas, which
is a rare phenomenon, reported for the first time for the Borborema
province.
2. Regional geology

The Borborema province consists of a complex mosaic of folded
crustal segments separated by shear zones. The major features in
this province were developed during late Mesoproterozoic to early
Neoproterozoic times (Cariris Velhos Event), and late Neo-
proterozoic times (0.65e0.55 Ga) during the Brasiliano Cycle
(Santos, 2000; Brito Neves et al., 2000). A large volume of inter-
mediate to felsic magma was added to the crust during late Neo-
proterozoic indicating that this orogeny was the major
tectonothermal event in the Borborema province (e.g. Ferreira
et al., 2004; Van Schmus et al., 2008).

Two EW-trending shear zones, marked by the Patos Shear Zone
and Pernambuco Shear Zone, divide the province into three major
domains (Fig. 1): (a) North domain, to the north of the Patos shear
zone; (b) Central domain also known as Transversal Zone, and (c)
the South domain, to the south of the Pernambuco shear zone.
These domains are interpreted as representative of a collage of
smaller lithotectonic domains (Brito Neves et al., 2000). The
Transversal Zone domain is subdivided into sub-domains by
Fig. 1. The dike sets: Xenolith-free syenite dike (dike 1; a, b), xenolith-bearing syenite dike (d
granodiorite. Although sharp, the contacts between dikes and host rock are not rectilinear
feature of syn-plutonic dikes (b, e). Dikes 2 and 3 includes small deep-seated mafic as wel
margins (Fig. 2d). Arrow in (c ) points to a xenolith of the host granodiorite.
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NEeSW dextral transcurrent shear zones that link the Patos and
Pernambuco shear zones forming a domino structure. The crustal
evolution of this domain has involved the mobilization of signifi-
cant volume of molten material, preserved as granites and syenites,
suggesting high temperatures during the thermal evolution of the
region. This thermal activity can be partially related to underplating
of mafic magma at the base of the crust, as suggested by coeval
granites and syenites with dioritic magma, which occurs as syn-
plutonic dikes and co-magmatic intrusions. These rocks present
field relationships suggestive of coexistence and local mixing with
the host granitoid a feature observed in most batholiths and stocks
of this domain (e.g. Sial, 1986; Guimar~aes and Silva Filho, 1993;
Mariano et al., 1996; Neves andMariano, 1997; Ferreira et al., 1998).

Granitic magmatism in the eastern Borborema province
occurred in three main time intervals: (a) 650-610 Ma, (b) 590-
570 Ma (largest number and most voluminous plutons), and (c)
550-510 Ma (Ferreira et al., 1998). The oldest plutons consist of
magmatic epidote-bearing- high-K calc-alkaline, calc-alkaline and
shoshonitic granitoids. The second time interval is marked by
abundant intrusions of magmatic epidote-free, high-K calc-alkaline
magmas, besides peralkaline, metaluminous high-K syenitic,
ultrapotassic, and rare shoshonitic magmas. Peralkaline and rare A-
type magmas mark the end of the Brasiliano Cycle in the region at
550-510 Ma (Ferreira et al., 2004). The Santa Cruz dikes are ultra-
potassic syenites intrusive into the Princesa Izabel granodiorite, a
627 ± 13 Ma high-K calc-alkaline pluton, part of the oldest group of
granitoids, close to the contact with the 566 ± 12 Ma Triunfo
ultrapotassic peralkaline syenite (Ferreira et al., 1997), not far from
the border between the states of Pernambuco and Paraíba, north of
the Santa Cruz village (Fig. 1).
3. Chemical, field aspects and relationships of the dike sets

The Santa Cruz intrusions form three dike sets. Dike set 1 (dike
1; Fig. 2a, b) is at least 10 m long and up to 1.5 m wide, striking
030e040 Az, roughly parallel to the regional foliation. They can be
disrupted and have either sharp or smooth contours (e.g. Fig. 2b),
and is interfingered with the host granodiorite in a feature typical
ike 2; c,d) and xenolith-rich (breccia) dike (dike 3; e,f) intrusive into the Princesa Izabel
. Locally, dikes are disrupted and interfingered with the host granodiorite in a typical
l as the host rock xenoliths. Dikes 1 and 2 show in places thin (1e2 cm) finer-grained
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Fig. 2. The dike sets: Xenolith-free syenite dike (dike 1; a, b), xenolith-bearing syenite dike (dike 2; c,d) and xenolith-rich (breccia) dike (dike 3) intrusive into the Princesa Izabel
granodiorite. Although sharp, the contacts between dikes and host rock are not rectilinear. Locally, dikes are disrupted and interfingered with the host granodiorite in a typical
feature of syn-plutonic dikes (b, e). Dikes 2 and 3 includes small deep-seated mafic as well as the host rock xenoliths. Dikes 1 and 2 show in places thin (1e2 cm) finer-grained
margins (Fig. 2d).
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of syn-plutonic dikes. The second dike set (dike set 2; Fig. 2c, d)
strikes 120e130 Az and contains xenoliths of basic igneous, met-
aigneous and metasedimentary rocks. Xenoliths are usually small
(<3 cm long) and have either random distribution within the dikes
or are aligned parallel to their strike. Dike set 2 cuts, sometimes,
dike set 1 (e.g. Fig. 3a).

The third dike set (dike set 3) is usually subparallel to dike set 2,
cuts dikes 1 and is comprised of matrix-supported breccias in
which the matrix has syenitic composition and fragments are xe-
noliths (Figs. 2e, f, 3bee). Dikes in this set end in sharp, triangular
tips, have strongly irregular, either curved or interfingeredmargins,
indicative of a viscous surrounding. The largest of these intrusions
is ~7 m long and up to 1.5 mwide. In these breccia dikes, xenoliths
occupy around 50% of the volume, are angular to sub-rounded,
commonly up to 3 cm long, and tend to have uniform distribu-
tion in the matrix (Fig. 4). Among the xenoliths we have found a
slightly foliated diorite of c. 30 cm long (Fig. 4f). Xenoliths at the
inner part of the dike are sub-parallel to the dike wall, but closer to
the dike wall they are randomly oriented (Fig. 3e), suggesting that
Please cite this article in press as: Ferreira, V.P., et al., Deep-seated fragmen
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there was flow in the inner portion of the dike while borders ten-
ded to cool faster.

The three dike sets contain fragments of the host Princesa Izabel
granodiorite (Fig. 2), which in this area is coarse-grained, and
locally foliated. The contacts among the intrusions are well-defined
although not rectilinear, on the contrary contacts are usually curved
and even interfingered (Fig. 3). Dikes 1 and 2 show in places thin
(1e2 cm) finer-grained margins (Fig. 2d). The dikes show variable
thickness and orientation, and can be oblique to the host rock
magmatic foliation, ending as apophysis or abruptly (e.g. Fig. 4a).

The Santa Cruz dikes are made up of medium-to fine-grained
orthoclase syenites composed of subhedral perthitic orthoclase and
light green diopside (Mg number from 53 to 75) as major phases;
titanite, apatite, and rare magnetite are also present. Whole-rock
chemical analyses indicate that the syenite is calc-alkaline, metal-
uminous, potassium-rich with K2O > 6.5 wt% (average 7.5 wt%),
K2O/Na2O > 2.5 (average 3.4) and is enriched in large incompatible
elements (Ba ~2700e7200 ppm, Rb ~200e260 ppm) (Table 1). The
major and trace element concentrations are typical of ultrapotassic
tation, transport of breccia dikes and emplacement: An example from
Earth Sciences (2014), http://dx.doi.org/10.1016/j.jsames.2014.10.006



Fig. 3. Field relationships between the dikes: (a) dike 2 cuts dike 1; (b) dikes and 3 roughly 3 parallel to each other with no sharp contact; (c) dike 3 cuts dike 1; (d) dike 2 cuts dike
3; dikes 1, 2, and 3 mutually syn plutonic relative to each other and to the host granodiorite.
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rocks in classification schemes such as Foley et al. (1987) and
Pecerillo and Taylor (1976) (Fig. 5). High Nb/Ta ratios (10e104,
average 42) and low Rb/Sr ratios (0.22e0.34, average 0.27), besides
presence of mantle-derived xenoliths such as pyroxenite, are
compatible with the hypothesis that the syenite magma is derived
from the mantle.

4. The xenoliths

The xenoliths occupy an average of 50% of the volume of set 3
breccia dikes. Approximately half the xenoliths in dike set 3 are of
ultramafic rocks (mainly pyroxenite), 30% are mafic rocks (diorite,
amphibolite), and 20% are silica-rich rocks (gneiss, schist), i.e., rocks
from both upper mantle and lower/medium crust (Fig. 4). Presence
of pyroxenite fragments among the xenoliths but absence of py-
roxenite or any other ultramafic rock outcrops anywhere in this
region suggests that ultramafic rocks are abundant deep below and
that they could have been extracted by the magma.

The xenoliths are angular to subrounded, some of them have
oval shape, and they tend to have a regular distribution within the
dikes, in random orientation (Fig. 4aed). Locally, however, xeno-
liths exhibit a weak preferred orientation in the center of the dikes
(Fig. 4e). Schistose xenoliths are usually elongate, and small, with
average size of few centimeters. Larger mafic xenoliths can also be
observed, the largest one found is a 30 cm long diorite (Fig. 4f).
Large (up to 30 cm) xenoliths of the host granodioritewere found in
the three dike sets.

Ultramafic xenoliths typically comprise small (up to 3 cm long)
subangular mica-pyroxenite composed of augite aggregates and
Please cite this article in press as: Ferreira, V.P., et al., Deep-seated fragmen
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non-deformed phlogopite, and minor magnetite, apatite, titanite,
and interstitial calcite. Some xenoliths are armored by a darker
green clinopyroxene layer (mm thick) that has isolated the xeno-
liths and prevented their further reaction with the liquid. Defor-
mation is not recorded in the minerals of the xenoliths, except for a
negligible brittle-ductile deformation.

5. Magma ascent and transport of the xenoliths

The magma flow velocity through a dike depends basically on
the width of the dike, viscosity and contrast density between
magma and host rock (Rubin, 1995). Ascent velocity can also be
affected by the presence of solids in suspension: rigid crystals
produce a yield strength that increases the apparent viscosity
leading to a non-Newtonian behavior of the magma (Sparks et al.,
1977; Caricchi et al., 2007). Most authors relate the occurrence of
xenoliths in alkaline magmas to a high ascent velocity, between 10
and 10�3 m/s (e.g. Spera, 1984; Maaloe, 1987). The high abundance
and lithological diversity of xenoliths in the studied breccia in-
trusions suggest that the syenite magma had to ascend rapidly
through the lithosphere, which allowed for numerous fragments
from source and conduits to be extracted and carried up.

In order to estimate the conditions of flow and transport of the
syenite magma, which form the groundmass of the breccia dike,
and their xenoliths from a deep-magma reservoir to shallower
depth, it is necessary to estimate the magma viscosity and density.

The magma viscosity was calculated following the steps of
Giordano et al. (2008), using all chemical analyses listed on Table 1.
It ranges from 4600 to 74,000 Pa.s at 900 �C and from 680 to
tation, transport of breccia dikes and emplacement: An example from
Earth Sciences (2014), http://dx.doi.org/10.1016/j.jsames.2014.10.006



Fig. 4. The xenoliths: rock type, size and shape of xenoliths are varied. Xenoliths are usually small, angular to sub-rounded, of unsorted size, and tend to have even distribution
within the dike, without preferential orientation (a, b, c, d) and do not touch each other. Elongate xenoliths also are observed, aligned parallel to the dike wall in the inner dike (e).
Xenoliths are mainly composed of olivine-free ultramafic and mafic rocks. Figures (a,b) show dike 3 with end tip with sharp contact in one wall and smooth in the other, and
corresponds to the crack tip of the dike shown in Fig. 2e. Figure (f) shows a diorite xenolith in the breccia dike that was used for viscosity and velocity calculations in this study.
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7700 Pa.s at 1000 �C. Calculated viscosities for the samples listed on
Table 1 at different temperatures are shown in the Fig. 6. For the
ascent velocity calculation the lower calculated viscosity value was
used, i.e. that from sample m2, that has the highest fluorine content
and the LOI value was considered as the maximumwater content of
the magma (Table 1) (see Fig. 7).

The densities of the syenitemagma (2.63 g/cm3 at 900 �C) and of
the diorite xenolith rock (2.85 g/cm3 at 600 �C) were estimated
using the method of Bottinga and Weill (1970) and chemical ana-
lyses of sample m2 listed in the Table 1.

According to Stoke's Law, the minimum ascent rate of a sus-
pension can be estimated by the sinking velocity of the denser
fragment (e.g. Maaloe, 1987; Best, 2003). For a sphere of radius r
moving without interference in a Newtonian magma:

v ¼ 2Dr:g:r2:
.
9h (1)

where g ¼ acceleration of gravity (in m/s2); Dr ¼ density difference
between xenolith and magma (in kg/m3); r ¼ radius of the sphere
(xenoliths) (in m); h ¼ viscosity of the magma (in Pa.s).

Using the viscosity of sample m2 at 900 �C and density calcu-
lated as described above, and the largest diorite xenoliths (30 cm
long), the calculated minimum ascent velocity (Equation (1)) is
v ~ 0.4 m/s. This is comparable to the ascent rate of garnet/spinel
peridotite xenolith-bearing alkali basalt magmas, as estimated by
kinetic and fluid dynamics (10�2 to 10 m/s; Spera, 1984).

A melt containing large amounts of suspended xenoliths may
behave rheologically like a Bingham body because xenoliths pro-
mote increase of the apparent magma viscosity and yield strength.
Therefore, Newtonian viscous behavior, inwhich the strain rate and
shear stress are linearly proportional, is invalidated. The change
Please cite this article in press as: Ferreira, V.P., et al., Deep-seated fragmen
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from Newtonian to Bingham behavior implies that velocity is
diminished due to increased yield strength and viscosity of the
magma which provides additional resistance to flow. The sinking
velocity of a particle in a liquid containing solid fraction can be
calculated using the equation (Shaw, 1969):

v ¼ voð1� FÞ4:65 (2)

where: vo ¼ sinking velocity of a particle in a Newtonian liquid;
F ¼ solid fraction.

For estimating the solid fraction, it was considered that the
amount of fragments has progressively increased during magma
ascent, fragmentation and capturing of conduit rocks (as suggested
by the variety of petrographic types of xenoliths), up to ~50% of the
volume of magma at the final emplacement level. Further,
assuming that: Most xenoliths a from the upper mantle and/or
lower crust; Xenoliths have been fragmented and decreased in size
during magma ascent. An initial fraction of xenoliths of ~5% is
estimated from the amount of pyroxenite xenoliths, the most ul-
tramafic ones, resulting v ~ 0.3 m/s, at the initial emplacement
phase, and v ~ 0.02 m/s at the final phase, with ~50% of solid phase.

The estimated final velocity is much lower than that obtained
considering the sinking of an isolated solid in a Newtonian magma.

Similar values are obtained when calculation is done
substituting the Newtonian viscosity of Equation (1) by the effec-
tive viscosity he that is dependent of the solid fraction (Marsh,
1981), considering for the 5% of pyroxenite as solid fraction:

he ¼ hð1� 1:67FÞ�2:5z5700 Pa:s (3)
tation, transport of breccia dikes and emplacement: An example from
Earth Sciences (2014), http://dx.doi.org/10.1016/j.jsames.2014.10.006



Table 1
Representative whole-rock chemical analyses of the Santa Cruz dikes. Samples d1to
d3 are from the xenolith-free dikes; samples m1 and m2 are from the matrix of the
breccia dikes. Major elements in wt%; trace elements in ppm. Density and viscosity
calculations were based on the analysis of the sample m2. Chemical analyses were
performed at the SGS Laboratories, Belo Horizonte, Brazil.

d1 d2 d3 m1 m2

SiO2 59.66 65.71 60.05 65.81 64.36
TiO2 0.73 0.31 0.52 0.26 0.38
Al2O3 13.16 13.53 14.01 13.26 12.27
FeO 1.44 1.05 1.03 1.23 2.01
Fe2O3 6.29 4.03 5.73 2.96 4.35
MnO 0.13 0.09 0.2 0.05 0.09
MgO 1.35 0.29 1.21 0.99 1.27
CaO 3.85 1.33 3.52 1.7 1.81
Na2O 1.82 2.09 2.09 2.39 2.06
K2O 7.79 8.31 8.11 6.95 6.27
Cr2O3 0.03 0.03 0.02 0.04 0.08
P2O5 0.24 0.13 0.32 0.14 0.17
LOI 1.2 1.16 0.83 0.92 2.28
total 97.69 98.06 97.64 96.7 97.4
F 530 215 410 749 1045
Ba 5708 7142 5225 2660 1833
Sr 918 830 927 582 443
Zr 336 242 268 164 302
V 148 112 119 100 42
Ce 144 144 211 62 128
Hf 7 5 5 3 7
Ho 0.6 0.2 0.9 0.1 0.7
La 107 109 148 67 74
Nb 7 13 5 1.1 8
Nd 59 56 86 23 42
Ni 51 24 31 56 49
Rb 248 282 261 236 201
Sm 10 9 14 3 7
Ta 0.2 0.4 0.1 0.1 0.8
Tb 0.6 0.4 1.1 0.1 0.4
Th 20 8 8 19 29
U 5 2 3 3 4
Y 31 22 43 18 40
Yb 3 2 3 1.3 4
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6. Discussion: processes of fragmentation and xenolith
entrainment

Many theories have been proposed for the origin of breccias
associated to intrusion of magmas, but most of them are related to
shallow-depth mechanisms. Sillitoe (1985) provided an overview of
breccias related to volcanoplutonic arcs discussing possible mecha-
nisms for brecciation. Among them are breccia formation due to
releasing of magmatic-hydrothermal fluids, interactions of ground
waterswithmagmas,mechanical disruption ofwall rocks,magmatic
stoping interactions, fracturing of conduit wall rocks during dike
propagation and emplacement, continuous delamination of wall
rock by intrusion of magma along dike-parallel fractures, or thermal
delamination (e.g. Sillitoe,1985; Rubin,1993; Spera,1984;Morin and
Corriveau, 1996; Motoki et al., 2009; Russel et al., 2012).

In evaluating the probable mechanism of rock fragmentation by
the Santa Cruz breccia dikes it has to be considered that the ma-
jority of fragments is mantle-derived or is from lower crust rocks
and that they include many lithological types, which suggest a
continuous fragmentation process in a large section of the litho-
sphere. These features rule out shallow mechanisms such as
remobilization of clasts in fault zone (e.g. Bryant, 1968), interaction
of rising magma with meteoric water (e.g. Sillitoe, 1985; Shelnutt
and Noble, 1985) or hydraulic shear fracturing associated with
detachment by thermal delamination (Motoki et al., 2009) as major
process of fragmentation.

Another hypothesis used to explain brecciation is magmatic
stoping. Stoping is a process in which magma provides space for
Please cite this article in press as: Ferreira, V.P., et al., Deep-seated fragmen
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intrusion by having blocks fall from the roof of the magma chamber
and sink to lower parts (Philpotts, 1990; Best, 2003), allowing
magma to move vertically or horizontally. Denser blocks of already
fractured rocks can sink into the magma and new fractures can be
created in the country rocks due to the thermal stress imposed by
the intruding magma and by hydraulic fracturing (Marsh, 1982;
Best, 2003). In order to be an effective process, the country rocks
must be denser than the magma, and be fractured or capable of
being fractured, and therefore stoping is limited to the upper part of
the crust, a prerequisite not reached by the studied breccia dikes
because the xenoliths are mainly made up of mantle-derived and
lower crust rocks. Besides, the size of the studied dikes suggests
small volume of magma. This implies that the duration of heating of
the country rocks is also small and not enough to induce significant
thermal stress that would be necessary for allowing detachment of
pieces of rocks, their incorporation and transportation by the rising
magma. Thus, the hypothesis of magmatic stoping due to thermal
stress of magma emplacement (e.g. Furlong and Myers, 1985) fails
to explain the formation of the studied breccias.

The Santa Cruz dikes can be roughly parallel to the regional
foliation, and locally parallel to the foliation of host rock but they
may also change orientation and cut the host granodiorite structure
(Fig. 3). Additionally, the high abundance of massive xenoliths in-
dicates that foliation was not a pre-requisite for fragmentation.
These features also suggest that the model of dike intrusion filling a
pre-existing fracture of the host rock (e.g. Delaney et al., 1986; Bear
et al., 1994) does not explain the present case. Conversely, the 90�

angle between the orientations of breccia dikes and xenolith-free
dikes suggest they have emplaced along a conjugate fracture sys-
tem (see discussion below).

The crack-tip propagation model seems to apply to the Santa
Cruz breccias dikes. In this model, dikes intrude opening a new
tensile fracture by magma pressure in the direction perpendicular
to the minimum compressive stress, s3. Intrusion of magmas
through fracture propagation is driven by internal magma pressure.
The direction of crack propagation is determined by the orientation
of stress at the crack tip (e.g. Pollard, 1987; Rubin, 1995. A dike
propagating through a homogenous medium where an ambient
stress external to the dike is appliedmay undergo shear stress on its
walls, causing the rotation of s3 at the crack tip (Pollard, 1987).
Three modes of dike propagation, which result in different dike
patterns and geometries, have been distinguished depending on
the orientation between the shear stress resolved on the dike walls
and propagation direction of the dike (Clemente et al., 2007).

An alternative model would be that of continuous delamination
or spalling of walls during magma intrusions along fractures par-
allel to the dike. This mechanism was proposed by Morin and
Corriveau (1996) to explain the fragmentation process and xeno-
lith transport of minnete dikes in the Quebec Province, Canada. In
their model, xenoliths were formed by early fracturing of wall rock
during dike propagation, together with continuous delamination of
wall rock by intrusion of magma along dike-parallel fractures.

Most features presented by the Santa Cruz dikes, despite their
smaller dike and xenolith sizes compared to those described by
Corriveau and Morin, seem to point to a similar model. A mecha-
nism like that would explain the high abundance of xenoliths as
due not only to rapid magma ascent (that would allow xenoliths to
be carried up) but also to magma intrusion promoting intense
fracturing on the host conduit rocks. The xenolith size probably
decreased during magma transport and ascent, in particular in the
initial diking process. Different abundance of xenoliths could be
explained by progressive losing of magmatic ability to fragment
and entrain xenoliths during ascent. Similarly to xenolith-rich
kimberlite intrusion, whose high xenolith abundance is due rapid
ascent associated to exsolution of dissolved volatiles, the breccia
tation, transport of breccia dikes and emplacement: An example from
Earth Sciences (2014), http://dx.doi.org/10.1016/j.jsames.2014.10.006



Fig. 5. Whole-rock chemical analyses of xenolith-free syenite dikes (circle) and matrix of breccia dikes (cross) on a SiO2 versus K2O diagram (a), with fields of rock series clas-
sification of Pecerillo and Taylor (1976); CaO vs Al2O3 classification diagram (b) for ultrapotassic rocks into groups I (lamproites), II and III after Foley et al. (1987), and primitive
mantle-normalized multi-element diagram (c), with normalization factors from Sun and McDonough (1989). Fields for SW Tibet ultrapotassic rocks from Miller et al. (1999) and for
lamproites from SW Spain compiled from several authors by Miller et al. (1999) are shown for comparison. Al2O3 versus TiO2 diagram (d) of mica from mica pyroxenite xenolith
(circle) and from syenite (cross). Outlined fields for micas from kimberlites and lamproites (Scott-Smith and Skinner, 1984) are shown for comparison.

Fig. 6. Calculated Newtonian viscosity (pink lines) of xenolith-free and xenolith-rich
(breccia) dikes as a function of temperature. Viscosity was calculated after Giordano
et al. (2008). Curves for basaltic, andesitic and rhyolite melts at 1 atm as compiled
by Best (2003) are shown for comparison. Numbers at the low-T end of the rhyolite
curves (dotted lines) are water in weight percentage. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)
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intrusion was probably initially volatile rich, and the first batch of
magma to ascend. Progressive entrainment of fragments during
magma ascent would increase the effective magma viscosity,
resulting in decreasing magma ascent velocity. This way, the pro-
gressive decreasing rate of wall rock fragmentation and their
entrainment would give rise to the observed coeval xenolith rich,
bearing and free dikes.

In this model, however, breccia dikes would be the first ones to
be emplaced, followed by the xenolith-bearing and xenolith-free
dikes, although in a short time interval, a sequence not observed
in the field. Strike of dikes 1 usually around 90� relative to strike of
dikes 2 and 3 is another feature to be considered in the formation
and emplacement model. We propose that these features could be
explained bymagmatic intrusion during the formation of conjugate
shears that had a sequential development, that is, each shear zone
formed in distinct, although short, time interval (Fig. 3), taking into
account the angle between dike strikes, and that one of the dike
sets strike (030e040 Az) is parallel to the regional structure (Fig. 1).
The increasing of the effective viscosity of the ascending xenoliths-
rich dike would lead to a drastic decreasing of the ascending ve-
locity. The bottom lower viscosity xenolith-free magmawould look
for a new ascending path once the second conjugate shear zone
starts forming, this way ascending more rapidly than the xenolith-
bearing and xenolith-rich magmas (Fig. 6). Conjugate shear zones
usually form at around 60� but can be sequential and initiate at
approximate perpendicular orientations (e.g. Mancktelow, 2002;
Mitra, 1979; Carreras et al., 2010), and even rotate with increasing
deformation. In order to have conjugate sets formed at right angle
to s3, s1 and s3 should swap around. Alternately, the conjugate
sets formed at 45� to s1 and s3. There is field evidence of dike
orientation change and rotation, and this makes more likely that
the dikes formed at 45� to s1 and s3.
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Fig. 7. Schematic model of the emplacement of the three dike sets by fracturing of wall rocks during propagation of the dikes in a brittle-ductile sequential development of
conjugate shear zones. The first batch of magma ascended very rapid detaching and entraining fragments from the conduit, in continuous delamination of walls during magma
ascent. Decreasing fragmentation and entrainment of wall rocks would increase the effective viscosity, decreasing the ascending velocity. The bottom lower viscosity xenolith-free
magma takes a new ascending path once the second conjugate shear zone starts forming, ascending more rapidly than the xenolith-bearing and xenolith-rich magmas.
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UePb zircon LA-ICPMS age of the granite host of the breccia
dikes indicates a crystallization age of 627 ± 13 Ma (Ferreira et al.,
unpublished data); as field relations suggest that they coexisted as
magmas for a certain period of time, this implies that this is also
the age of emplacement of the syenite breccia dikes. The magma
of the breccias dikes is ultrapotassic (Fig. 2a, b) and we speculate
about the relationship of this magmatism with that of the ultra-
potassic syenitic magmatism expressed by the so-called syenitoid
line (SL; Ferreira et al., 1998), a series of plutons emplaced at ca.
570 Ma at the boundary between the Alto Pajeú and Cachoeirinha-
Salgueiro terranes (Fig. 1). Olivine-free mica-pyroxenite xenoliths
found in the breccia dikes also occur in the 566 Ma Triunfo
batholith, the largest ultrapotassic pluton in the SL and in the
vicinity of the dikes investigated here (Fig. 1). Micas from xenoliths
of the breccia dikes (Fig. 5c) as well as from the Triunfo pluton (see
Ferreira and Sial, 1993) have chemistry similar to those of xeno-
liths from kimberlites, suggesting their mantle origin. It is known
that phlogopite melts incongruently under a wide range of con-
ditions producing melts of variable compositions. Experiments
conducted by Wyllie and Sekine (1982) show that at depths above
100 km hybridism between cool hydrous siliceous magma rising
from subducted oceanic crust, and the hotter overlying mantle
peridotite produces olivine-free phlogopite pyroxenite. The Tri-
unfo syenite is considered to be derived from an incompatible
element-rich mantle source (Ferreira et al., 1997), and its mica-
pyroxenite xenoliths are regarded as derived from the magma
source, that probably resulted from hybridization at ~2.4 Ga as
estimated from Nd model ages (Ferreira et al., 1994). Primitive-
mantle normalized multi-variation diagram for the Santa Cruz
breccia dikes (Fig. 5d) show enrichment in LIL relative to HFS
Please cite this article in press as: Ferreira, V.P., et al., Deep-seated fragmen
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elements, and strong Ta, Nb, P and Ti depletions, chemical char-
acteristics ascribed to subduction-related magmatism.

Taken together, we interpret the data as suggestive that the
Santa Cruz ultrapotassic syenite magma was formed during an
earlier stage of a subduction event at the beginning of the Brasiliano
Cycle, in a mantle region close to where hybridism took place
producing olivine-free pyroxenite. In a later stage of the Brasiliano
cycle, transcurrent movements that followed collision facilitated
partial melting of this mica pyroxenite source, which originated the
570 Ma ultrapotassic syenitic magmatism in the region. Although
existence of subduction zone at the earliest stages of the Brasiliano
Cycle is not a consensus, geodynamic models for the Transversal
Zone domain discussed by some authors, such as Brito Neves et al.
(2005) and Caby et al. (2009) invoke a pre-620 Ma subduction
setting.

7. Concluding remarks

The xenolith-free, xenoliths-bearing and xenoliths-rich
(breccia) syenite dikes are coeval with the calc-alkaline granodio-
rite host rock. Major characteristics of the xenolith-rich (breccias)
dikes include: (a) large abundance of xenoliths; (b) small xenolith
size (usually ~5 cm); (c) dominance of ultramafic/mafic xenolith
composition; and (d) maximum dike width of 1.5 m. Progressive
addition of xenoliths to the magma during ascent increased the
effective viscosity of the liquidesolid mixture during emplacement.
Breccia dikes were formed at depth during dike propagation as a
result of continuous delamination of the wall rocks by intrusion of
magma along dike-parallel fractures and thermal spalling during
the development of conjugate shear fractures. Xenoliths are
tation, transport of breccia dikes and emplacement: An example from
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abundant not only because these magmas have ascended rapidly
enough so as to transport source xenoliths, but also because the
initial low viscosity of the magma promoted intense physical and
thermal disaggregation through fracturing of the conduit.
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