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Abstract: Incompatible-element-rich dioritic rocks are common in several Brasiliano/
Pan-African belts. In the Borborema Province, northeastern Brazil, these rocks were
emplaced in an intracontinental setting during regional deformation and intruded high-
grade metamorphic rocks. The diorites have relatively high MgO (up to 7 wt %), FeOt
(up to 10.6 wt %) and CaO (up to 8 wt %) together with high K2O (up to 5.8 wt %) and
large ion lithophile elements (LILE) (e.g., 700-3000 ppm Ba, 30-150 ppm La), and are
characterized isotopically by negative εNd(t)  values (-6.9 to -14.9) and high initial 87Sr/
86Sr ratios (0.7058 - 0.7102). These geochemical and isotopic features are similar to
those of shoshonites erupted in the Tibetan plateau in the advanced stages of the India/
Asia collision, for which a subcontinental lithospheric mantle source is attributed. The
diorites can thus be considered as intrusive analogs of modern shoshonites, pointing to
a significant role of the mantle lithosphere as a magma source.
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Introduction
Shoshonitic magmas, such as those erupted in the Ti-

betan plateau, characterize advanced stages of collision in
young continental orogens and are attributed to partial
melting of subcontinental mantle lithosphere (Turner et al.,
1992; 1996; Miller et al., 1999; Schaefer et al., 2000). Al-
though commonly dubbed "post-orogenic" (Turner et al.,
1992; Schaefer et al., 2000), they were emplaced during
active convergence between major crustal blocks, and are
broadly contemporaneous with, or may even precede the,
emplacement of "syncollisional" leucogranites (Chung et
al., 1998; Miller et al., 1999). In older orogens, where
deeper crustal levels are exposed, this kind of magmatism
can be represented by mafic/intermediate plutonic rocks
rich in K and other mantle-incompatible elements. Dioritic
rocks with these characteristics are widespread in several
Neoproterozoic belts (e.g. Nigeria Province, Dada et al.,
1995; East African Orogen in Sudan, Küster & Harms,
1998; Damara, Jung et al., 2002; Kaoko, van de Flierdt et
al., 2003). In this paper, we focus on diorites from the Bra-
siliano/Pan-African Borborema Province, northeastern
Brazil ( Figure 1 ). Based on a compilation of previously
published work, their geochemical characteristics are re-
viewed and compared to Tibetan shoshonites. It is deduced
that the diorites preserve source-inherited features, despite
modification caused by mixing with felsic magmas and by
small degrees of fractional crystallization and/or assimila-
tion of country rocks. The source is interpreted as ancient,
metasomatized continental mantle lithosphere, akin to that
inferred for modern shoshonites (Turner et al., 1996;
Chung et al., 1998). Possible mechanisms responsible for
partial melting, along with implications for continental dy-
namics and crustal stabilization, are discussed.

Figure 1. Location of Borborema Province

Insert: Location of Borborema Province relative to South
America and sketch showing main shear zones. En-
larged area: Simplified geological map of eastern Bor-
borema Province. Plutons with available geochemical
data used in this study:

1. Caruaru-Arcoverde (Neves & Vauchez, 1995;
Neves et al., 2000);

2. Alagoinhas (Mariano et al., 2001, and unpublished
data);

3. Itaporanga (Mariano & Sial, 1990; Mariano et al.,
1996; Mariano et al., 2001);

4. Serra da Lagoinha (Mariano et al., 2001);

5. Campina Grande (Almeida et al., 2002);

6. Espinharas (Campos et al., 2002);

7. Acari (Jardim de Sá, 1994; Hollanda et al., 2003).

Borborema Province high-K diorites
Dioritic rocks in the Borborema Province are charac-

terized petrographically by the presence of biotite as a main
mafic phase, commonly associated with sub-equal amounts
of amphibole, and rare clinopyroxene. Most modal com-
positions plot in the quartz-diorite and quartz-monzodiorite
fields. These rocks are associated with coarse-grained, por-
phyritic high-K calc-alkalic quartz monzonites to granites
that form numerous composite plutons up to 2000 km2 in
area in the central and northeastern portions of the province
( Figure 1 ; Mariano & Sial, 1990; Jardim de Sá, 1994;
Neves & Mariano, 1997; Ferreira et al., 1998; Neves et al.,
2000). Commingling features are widespread, indicating
that dioritic and granitic magmas coexisted. The main fea-
tures are: gradational contacts ( Figure 2a ), locally char-
acterized by alternation of felsic and mafic bands giving
rise to net-veined complexes which resemble stromatic
structures of migmatites ( Figure 2b ); lobate and cuspate
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contacts ( Figure 2c ); and the frequent entrapment of K-
feldspar megacrysts by diorites ( Figure 2a  and  b ).
Abundant aligned elongated dioritic enclaves may repre-
sent disrupted syn-plutonic dikes ( Figure 2d ). Late frac-
ture-controlled dioritic dikes free of K-feldspar megacrysts
attest to recurrence of dioritic magmatism. The diorites
generally represents 5 to10 % of the outcrop area of the
plutons, but in a few cases they may reach up to 40 %.

Figure 2. Field relationships

Field relationships between felsic porphyritic quartz
monzonite to granite and diorites in the Borborema
Province.

a. Gradational contact between large dioritic enclaves
and granite developing hybrid bands;

b. net-veined complex similar to stromatic structures
of migmatites;

c. three-dimensional view of irregular lobate and cus-
pate contacts indicating coexistence in magmatic
stage; and

d. swarm of aligned elongated dioritic enclaves, sug-
gesting disrupted syn-plutonic dikes.

Plutons of the diorite-granite association intrude low-
to medium-pressure, high-temperature metamorphic rocks
and are associated with transcurrent shear zones ( Figure
1 ; Vauchez et al., 1995; Neves et al., 1996; Archanjo et al.,
2002; Weinberg et al., 2004). Available zircon U-Pb and
206Pb-207Pb ages range from 592 to 579 Ma (Leterrier et
al., 1994; Guimarães et al., 1998; Almeida et al., 2002;
Brito Neves et al., 2003; Neves et al., 2004). Intrusion oc-
curred when the Brasiliano orogeny was well-advanced,
post-dating its beginning by 40-60 Ma (see review in
Neves, 2003), indicating the intracontinental nature of
plutons and associated shear zones.

Comparison with Tibetan lavas
Ranges and means of major-elements and selected

trace-element compositions of diorites (Mariano & Sial,
1990; Jardim de Sá, 1994; Neves & Vauchez, 1995; Ma-
riano et al., 1996; Neves & Mariano, 1997; Neves et al.,
2000; Mariano et al., 2001; Almeida et al., 2002; Campos
et al., 2002; Hollanda et al., 2003) are compared to shosh-
onites from eastern Tibet (Turner et al., 1996) in Table 1.
Selected major- and trace-element compositions for the di-
orites are presented in  Table 2 . The only noticeable
differences in the major-element chemistry are that the
shoshonites have slightly higher K2O ( Figure 3a ) and
lower Al2O3 ( Figure 3b ). In both datasets, MgO ranges
mainly from 2 to 5 wt%, but may reach up to 7 wt%. CaO
and FeO correlate positively with MgO, respectively,
reaching up to 8.0 and 10.6 wt%, in the Borborema Prov-
ince, and 11 and 12 wt% in the shoshonites ( Figure 3c
and  d ). In the Peccerillo & Taylor (1976) diagram, the
dioritic samples plot in the shoshonitic field and transi-
tional between the high-K calc-alkalic and shoshonitic
fields ( Figure 3a ). Selected trace element ( Figure 4 ) show
superposition of fields for diorites and shoshonites with the
main difference due to the Rb enrichment ( Figure 4a ) of
most of the shoshonitic samples.

Figure 3. Plots of K2O versus SiO2

Plots of K2O versus SiO2 (A) and Al2O3 (B), CaO (C) and
FeO (D) versus MgO for samples of diorites from Bor-
borema Province (crosses) and shoshonites from
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Tibetan plateau (open diamonds). The shoshonitic,
high-K calc-alkalic and calc-alkalic and fields in (a) are
from Peccerillo & Taylor (1976). See text and Fig. 1 for
sources of data.

Figure 4. Selected trace element

Selected trace element vs. MgO diagrams for samples
of diorites from the Borborema Province (crosses) and
shoshonites from Tibetan plateau (open diamonds).

The Borborema diorites and Tibetan shoshonites show
comparable LILE and high-field strength elements (HFSE)
concentrations, Sr, La and Nb, which are more abundant in
the shoshonites ( Table 1 ;  Figure 5 ). The diorites have
high light rare earth element (LREE) contents, with La/Yb
ratios varying from 16 to 90, and negligible Eu anomalies.
This results in fractionated REE patterns ( Figure 5a ), bet-
ter marked from La to Dy, and with the heavy REEs
showing a much flatter slope. These REE patterns are sim-
ilar to those of Tibetan shoshonites ( Figure 5b ) except for
their more fractionated patterns characterized by La/Yb ra-
tios varying from 56 to 129.

The diorites are characterized by negative εNd values

(-6.9 to -14.9), high initial 87Sr/86Sr ratios (0.7058-07102),
and intermediate δ18O whole-rock values (between 7.5 and

8.2 ‰). Unradiogenic Nd and radiogenic Sr isotopic values
are also characteristic of Tibetan shoshonites ( Table 1 ).

Figure 5. Selected REE-patterns

Selected REE-patterns for dioritic rocks from Borbore-
ma Province (A) and shoshonites from Tibetan plateau
(B). Normalizing factors from Evensen et al. (1978). See
text and Fig. 1 for sources of data.

Petrogenesis
Interaction between mafic and felsic melts are reported

in all studied plutons in the Borborema Province (Mariano
& Sial, 1990; Neves & Vauchez, 1995; Neves & Mariano,
1997; Campos et al., 2002). Absence of cumulates, rela-
tively constant K2O with increasing SiO2 ( Figure 3a ),
linear trends in major- (e.g.,  Figure 3c  and  d ) and trace-
elements (e.g.  Figure 4c  and  d ) against MgO diagrams,
and lack of negative Eu anomalies in REE diagrams ( Fig-
ure 5a ), indicate that samples with higher SiO2 reflect
mixing with granitic melts rather than fractional crystalli-
zation. The relatively low δO18 whole-rock values (< 8.2

%), although higher than typical mantle values of 5-6 %,
indicate that assimilation of high δO18 crustal rocks was

minor if at all.
Given the relatively high MgO and low SiO2 in most

dioritic samples, mafic or ultramafic sources are required.
Since geochemical and isotopic characteristics are not
compatible with an origin by partial melting of normal
mantle peridotitic sources, other possibilities include mafic
lower continental crust, oceanic crust, mantle wedge above
subducting oceanic plate, and subcontinental lithospheric
mantle.

Partial melting of mafic protoliths appears unlikely be-
cause most dehydration-melting experiments of metaba-
salts have produced tonalitic to granitic melts rather than
dioritic ones (e.g. Rushmer, 1991; Patiño-Douce & Beard,
1995). Wolf & Wyllie (1994) and Rapp & Watson (1995)
report experimental melts produced at temperatures above
1000°C with SiO2 contents similar to those of the studied
diorites. However, their TiO2 and MgO contents are lower
and Na2O/K2O ratios much higher (>> 2-3) than in the
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Borborema Province diorites (Table 1). Also, the high tem-
peratures required to produce the low- SiO2 experimental
melts are hard to attain at crustal pressures, even by repea-
ted injections of basaltic magmas at the Moho, the most
efficient mechanism to heat up the lower crust (Petford &
Gallagher, 2001; Annen & Sparks, 2002). Mafic compo-
nents within the subcontinental mantle, rather than in the
lower continental crust, could be considered as an alterna-
tive. However, partial melting of eclogites, the stable mafic
rock type at upper mantle conditions, produces melts
strongly depleted in heavy REEs and Y due to partitioning
of these elements into garnet (Green, 1994; Rapp & Wat-
son, 1995; Rapp et al., 2003). This is inconsistent with the
observed REE patterns and concentration of HREE (ca.
5-10 times chondritic values) ( Figure 5 ). Similar reason-
ing can be applied against partial melts from subducted
oceanic crust, from which they can also be distinguished
by negative εNd(t)  values.

The major-element chemistry of our most primitive di-
oritic samples, except for their high K2O content, are
similar to: (a) mid-ocean ridge basalt (MORB) from a seg-
ment of the southwestern Indian ridge characterized by
high Na2O (3.3-4.0 wt%) and Al2O3 (16.1-18.3 wt%), low
TiO2 (1.2-1.5 wt%), and low CaO/Al2O3 (0.56-0.66) (Mey-
zen et al., 2003); (b) experimental melts produced by partial
melting of lherzolite under water-undersaturated condi-
tions (0.5 and 0.9 wt% H2O added) at 1100°C and 1 GPa
(Hirose and Kawamoto, 1995). The unusual MORB com-
positions have been attributed by Meyzen et al. (2003) to
partial melting of a mantle depleted in clinopyroxene, due
to earlier melting events. This explanation can also account
for the higher CaO content of the experimental melts as
compared with the Borborema diorites (Table 1). Thus, a
refractory source appears to be involved in the genesis of
the diorites. This source could only be subcontinental litho-
spheric mantle, depleted due to early melt extraction of
continental crust. Because the high contents of incompati-
ble elements cannot be explained by interaction with gran-
itic magmas (e.g., Ba is higher in the diorites than in the
coexisting granites;  Figure 4b ; Neves et al., 2000), meta-
somatic enrichment of the source following melt depletion
is required. Calculated compositions produced by dehy-
dration melting experiments of phlogopite-bearing perido-
tite at 1075°C and 1GPa under water-undersaturated
condition (Conceição & Green, 2004) are similar to the
Borborema diorites, except for lower FeO and higher MgO
and CaO (Table 1). This represents a strong argument

favorable to the genesis of the diorites by small degree par-
tial melting (5-8 %; Conceição & Green, 2004) of a meta-
somatized mantle source.

Nd model ages of diorites suggest that the metasomatic
event occurred in the Paleoproterozoic ( Table 1 ), during
which much of continental crust in Borborema Province
was produced (Van Schmus et al., 1995; Brito Neves et al.,
2000, Neves, 2003 and references therein). The possibility
that the old TDM ages reflect crustal contamination through
assimilation of supracrustal rocks can be ruled out because
these rocks have lower TDM ages than the diorites (typically
1.0-1.3Ga; Van Schmus et al., 1995; 2003)

The source proposed for Tibetan shoshonites is also
lithospheric mantle metasomatized well before (0.9-1.3
Ga; Turner et al., 1996; Chung et al., 1998) the partial
melting event. Higher alumina contents in the Borborema
diorites ( Figure 3b ) might reflect higher degrees of partial
melting from a source with similar composition and/or an
alumina-poorer source for the shoshonites. The first pos-
sibility is consistent with higher LILE contents of the
shoshonites.

Discussion and conclusion
Dioritic rocks with characteristics akin to those dis-

cussed here are found in several other Neoproterozoic
belts, such as the Nigerian Province (Dada et al., 1995), the
East African Orogen in Sudan (Küster & Harms, 1998),
and the Damara (Jung et al., 2002) and Kaoko (van de Fli-
erdt et al., 2003) belts in Namibia. This indicates that partial
melting of subcontinental mantle lithosphere is a common
process during orogenic events. Although the volume frac-
tion of diorites is generally not large, the presently exposed
outcrop surface places only a lower bound on the amount
of magmas produced. Due to their low viscosities, mafic
magmas tend to extrude at the surface and can normally
only be arrested during ascent if they found some rheolog-
ical trap, such as partial melting zones or felsic magma
chambers or if they reach their neutral buoyancy level. It
is thus possible that large granitic batholiths are floored by
diorites, as observed in several upper-crustal silicic magma
chambers (e.g., Wiebe, 1993), and that granitoids contain
a significant fraction of mantle-derived material due to
their interaction with dioritic melts (e.g. Neves et al., 2000).

The widespread distribution of dioritic rocks in Bor-
borema Province requires a regionally extensive heat
source. Mechanisms commonly invoked for production of
lithosphere-derived magmas are delamination or
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convective removal of the lower part of lithospheric mantle
(Kay & Kay, 1993; Platt & England, 1994). These pro-
cesses prompt high rates of uplift, denudation, subsequent
extension and cooling, and thus appear to be inappropriate
in the case of Borborema Province, where evidence for
large-scale post-orogenic extension have not been reported
in any of the studies conducted so far. The delamination
model owes its popularity to the perceived intrinsic gravi-
tational instability of post-Archean as compared with Ar-
chean continental lithosphere. Buoyancy of Archean
mantle lithosphere results from its highly depleted nature,
while high Fe/Mg ratios is responsible for a greater density
of younger lithosphere (e.g. Griffin et al., 2003). However,
thermal effects can counter compositional ones and inhibit
delamination of post-Archean continental lithosphere, as
discussed below.

In metasomatically enriched mantle, as that inferred be-
low Borborema Province during the Proterozoic, the con-
tents of U, Th and K can be high enough to result in
significant heat production (O'Reilly & Green, 2000;
Neves & Mariano, 2004). This aspect has not been taken
into account in models of continental deformation, and can
strongly influence the thermal structure and evolution of
the lithosphere. Hot (and thus weak) continental litho-
sphere can be easily deformed when affected by relatively
small tectonic forces. So, large-scale remobilization of
HPE and other icompatible element-enriched Proterozoic
lithosphere during orogenesis may be a natural conse-
quence of its intrinsic greater fertility and smaller strength
as compared with depleted Archean lithosphere (Pollack,
1986). During contractional deformation, the composition-
ally defined lithosphere, i.e. the portion of the mantle with
trace element and isotopic concentrations distinct from the
convecting asthenosphere (e.g., McDonough, 1990), will
increase in thickness to accommodate the imposed hori-
zontal shortening. The thermal lithosphere, given by the
depth of the 1280°C isotherm (e.g., McKenzie & Bickle,
1988), will also increase in thickness, but the ratio of ther-
mal to chemical lithospheric thickness is expected to de-
crease with root thickness due to lateral and basal heating
by the asthenosphere. The base of an already hot chemical
lithosphere submitted to increased depths and temperatures
may result in the "asthenospherization" (i.e. attainment of
temperatures greater than 1280°C) of its lower part. Be-
cause temperature decreases rock density, the developing

root may thus never attain negative buoyancy or, if it does,
its magnitude may not be enough to prompt delamination.

Increased temperature in the chemical lithosphere may
ultimately lead to partial melting. If temperatures are not
high enough to surpass the dry peridotite solidus, only re-
gions capable of underwent dehydration melting or fluid-
present melting will be affected. This is consistent with
geochemical arguments suggesting that potassic magmas
with the characteristics discussed here are derived from low
degree partial melting of phlogopite bearing peridotite
(Turner et al., 1996), a view reinforced by recent experi-
mental work on model rocks with this composition (Con-
ceição et al., 2004). Once volatiles or water-bearing phases
are depleted by melt extraction, a shift toward the dry per-
idotite melting relation will occur, resulting in short-lived
magmatism. This inference is consistent with the relatively
narrow range of U-Pb ages (590-580 Ma) of plutons of the
granite/diorite association in Borborema Province (Leter-
rier et al., 1994; Guimarães et al., 1998; Almeida et al.,
2002; Brito Neves et al., 2003; Neves et al., 2004). A vis-
cosity increase produced by complete dehydration explains
how originally hot mantle can eventually be stabilized after
their fusible components are removed by melting (Neves
et al., 2000).

The occurrence of shoshonites in zones of thickened
crust and their spatial association with strike-slip shear
zones in Boborema Province suggest a genetic link be-
tween melt flow and mantle deformation during continued
convergence of lithospheric blocks in an intracontinental
setting. In this setting, zones of localized deformation
might reflect heterogeneous degrees of mantle metasoma-
tism, with the parts more strongly affected being more
prone to deformation and partial melting. The presence of
melt could enhance recrystallization rates in these zones,
leading to faster deformation and, eventually, to the devel-
opment of shear zones.
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Table A.2. Selected chemical data of diorites from the
borborema province
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