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ABSTRACT

Granitic melt migration and pluton 
emplacement are commonly closely asso-
ciated with transcurrent shear zones. The 
processes that link granites to shear zones 
are not yet fully understood. The dextral-
transpressive  Karakoram shear zone in 
Ladakh, NW India, exposes anatectic rocks 
where synkinematic melt migration and 
ponding at kilometer scale were controlled 
by competency contrasts. Metasedimentary 
rocks and a dominantly granodioritic calc-
alkaline intrusion underwent fl uid-present 
partial melting at upper-amphibolite facies 
to produce leucogranite sheets and irregu-
lar intrusive masses dated at 21–14 Ma. 
Leucogranitic magmas ponded in the low-
pressure strain shadow of the competent 
grano dioritic calc-alkaline pluton, giving rise 
to (a) migmatitic rocks that are pervaded by 
irregular leucogranite intrusions at a scale of 
meters or tens of meters, and (b) the growth of 
the Tangtse pluton, a kilometer-scale sheeted 
complex. Thus, magmas accumulated dur-
ing shearing and anatexis in a low-pressure 
strain shadow within the Karakoram shear 
zone. This magma provided a readily avail-
able magma source that could have been 
tapped to feed larger plutons at shallower 
levels by modifi cations in the pressure distri-
bution accompanying changes in shear zone 
geometry and kinematics. We conclude that 
shear zones tapping anatectic regions act 
as magma pumps, creating and destroying 
magma traps at depth as they evolve, and 
leading to incremental magma addition to 
upper-crustal plutons.

Keywords: shear zone, magma emplacement, 
magma transport, strain shadow, sheeted com-
plex, leucogranite, Karakoram.

INTRODUCTION

Plutons are commonly associated with trans-
current shear zones, where they display a num-
ber of characteristic three-dimensional (3-D) 
shapes (Brown and Solar, 1999; D’Lemos et al., 
1992; Elias-Herrera and Ortega-Gutiérrez , 2002; 
Lacroix et al., 1998; McCaffrey , 1992; Roman-
Berdiel et al., 1997; Tikoff and Teyssier , 1992; 
Vigneresse, 1995; Weinberg et al., 2004). The 
close temporal and spatial association between 
synkinematic granitic plutons and crustal-scale 
transcurrent shear zones suggests a causa-
tive link between the two (Hutton and Reavy, 
1992). Either shear zones control ascent and 
emplacement of granitic magmas (Brown and 
Solar, 1998b; Weinberg et al., 2004), or magma 
emplacement triggers nucleation of shear zones 
(e.g., Neves et al., 1996). The hypothesis that 
shear zones control the ascent and emplacement 
of granitic plutons is supported by mesoscale 
structures in migmatites (e.g., Brown and Solar, 
1999; Sawyer, 1999) and is generally ascribed 
to the ability of shear zones to accommodate 
magma infl ux in extensional jogs, as well as 
higher permeability, temperature, and strain 
rate in shear zones (e.g., Brown and Solar, 
1998a; D’Lemos et al., 1992; Leloup et al., 
1999; Pe-Piper et al., 1998).

Weinberg et al. (2004) suggested that low 
mean pressure zones that develop at the shoulders 
of shear zones close to regional rheological con-
tacts control the emplacement of magma bodies. 
Mancktelow (2006) argued for brittle behavior 
in ductile shear zones to account for the low 
mean pressure implied by widespread evidence 
that shear zones act as fl uid or magma channels. 
Most studies of pluton–shear zone relationships 
explore the system at emplacement levels, away 
from the magma source. This is partly because 
signifi cant magma accumulations are rare in 
regions of crustal anatexis (Brown, 2004). The 
lack of such accumulations implies that there 
is either an effi cient mechanism to drain dif-
fuse magma in the source (Rabinowicz and 
Vigneresse, 2004), or that magma accumula-
tions in the source are only transient features.

This paper explores a rare magma accumula-
tion within anatectic rocks presumed to be a part 
of the magma source region for the leucogranitic, 
20–15 Ma Karakoram batholith (Weinberg et al., 
2000). These anatectic rocks are exposed within 
the 7-km-wide, dextral-transpressive Karakoram 
shear zone, in Ladakh, NW India (Weinberg and 
Mark, 2008). These magma accumulations pro-
vide an opportunity to explore simultaneously 
the controls on magma migration and accumu-
lation within source regions, and the ways in 
which shear zones control magma migration.

KARAKORAM SHEAR ZONE AND THE 
PANGONG METAMORPHIC COMPLEX

The ~800-km-long Karakoram shear zone 
is part of a set of faults that accommodate the 
northward movement of India (e.g., Avouac 
and Tapponnier, 1993). The Tangtse gorge 
in Ladakh (Fig. 1) cuts transversally across 
the shear zone and the Pangong Range, both 
of which trend on average N40W, and ~7 km 
wide, exposing upper-amphibolite-facies rocks 
of the Pangong metamorphic complex (Table 1) 
(Rolland and Pêcher, 2001). The shear zone 
in this area is divided into a number of high-
strain, mylonitic strands. The Tangtse strand 
(Fig. 1) dips 70°NE, with lineations plunging 
20–40°N, defi ning a dextral thrust, separating 
the overriding Pangong metamorphic complex 
to the NE from the down-thrusted Cretaceous 
Ladakh batholith and contemporaneous Khar-
dung volcanics to the SW (Weinberg et al., 
2000). The Pangong strand is a sub vertical 
dextral shear zone, at least 2 km wide that 
separates the Pangong metamorphic complex 
from the Karakoram metamorphic complex  to 
the NE (Fig. 1; Table 1). The Pangong Range, 
bounded by these two strands, is dominated by 
pure shear deformation characterized by NW-
plunging, upright folds, trending N40W to 
N60W (Weinberg and Mark, 2008). This range 
is traversed by simple shear bands defi ned by 
intense dextral mylonitic foliation (Figs. 2 
and 3) and well-defi ned stretching lineation 
plunging 30–40°NW (Weinberg et al., 2000).
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Figure 1. (A) Regional geological map of the Pangong Range where the Pangong metamorphic complex is exposed in Ladakh, NW India. 
The fi lled circle marked Muglib indicates the area covered in (B). (B) Geological map of the NE end of Tangtse gorge, where the Pangong 
strand of the Karakoram shear zone bounds the leucogranite Tangtse pluton and the older, calc-alkaline Muglib pluton. The Tangtse pluton 
is part of a sheet injection complex emplaced where the regional foliation (thick dashed lines) drapes around the NW-plunging nose of the 
competent Muglib pluton, defi ning a pressure shadow. The Muglib strand is not shown in (A). Leucogranites result from crustal anatexis 
as evidenced by migmatites exposed in the Tangtse gorge. Inset: Lower-hemisphere stereonet projection of foliation attitude (great circles) 
around the Muglib nose. Poles to foliation planes defi ne a great circle (dashed line) and a fold axis plunging moderately NW (fi lled triangle), 
parallel to regional stretching lineations and outcrop-scale fold axes (white circles). MBT—Main Boundary thrust; ISZ—Indus suture 
zone; BNS—Bangong-Nujiang suture. 

TABLE 1. SUMMARY OF ROCK SEQUENCES   
 seigolohtiL emaN dleiF

Tangtse pluton and 
leucogranite 
sheets 

21–14 Ma sheeted leucogranite pluton (Fig. 3A). Leucogranites grade to leucotonalites and are composed of 
varying proportions of K-feldspar, plagioclase, quartz, garnet, muscovite, biotite, hornblende, and 
tourmaline. Inherited zircon cores have been dated at ca. 63 Ma and ca. 106 Ma (Searle et al., 1998; 
Weinberg et al., 2000; Weinberg and Searle, 1998). 

Muglib pluton 118 ± 15 Ma (Ravikant, 2006) calc-alkaline batholith composed primarily of medium- to coarse-grained 
granodiorite (Figs. 4A and 4B), and minor quartz diorite and fine-grained biotite granite (border facies). 

Pangong 
metamorphic 
complex  

Upper-amphibolite facies (Rolland and Pêcher, 2001), anatectic sequence of biotite schist, psammites (Fig. 
4C), and amphibolites interlayered with calc-silicate bands up to several hundred meters wide. All are 
intruded by granodiorites and granites interpreted to be related to the Muglib pluton (Weinberg and Mark, 
2008). 

Biotite-hornblende 
metaclastic 
sequence 

Part of the Pangong metamorphic complex. Sequence ranges from biotite schists and psammites to 
amphibolites, depending on the modal contents of biotite, hornblende, quartz and plagioclase. 

Karakoram 
metamorphic 
complex 

Crops out to the northeast of the Karakoram shear zone; composed of biotite schists, amphibolites, and 
marbles. Lower-amphibolite facies, minor leucogranite intrusions and no evidence for migmatization. It 
differs from the Pangong metamorphic complex by the presence of marble layers, rarity of leucogranites, 
and lower metamorphic facies (Weinberg and Mark, 2008). 

Karakoram batholith Ca. 20–15 Ma, two-mica, tourmaline, garnet-bearing leucogranite body cropping out along the Shyok and 
Nubra valleys, N-NNW from the study area (Weinberg et al., 2000). 

Ladakh batholith 
and Khardung 
volcanics 

70–50 Ma calc-alkaline batholith and its volcaniclastic overburden, part of the Transhimalayan batholith 
(Dunlap and Wysoczanski, 2002; Weinberg and Dunlap, 2000), composed of gabbros through to granites. 
Crops out parallel to and south of the Karakoram shear zone. 
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The sequence of rocks comprising the 
Pangong  metamorphic complex is described 
in Table 1. Rolland and Pêcher (2001) esti-
mated upper-amphibolite conditions for rocks 
from this part of the complex, with peak tem-
peratures around 700–750 °C and pressures of 
4–5 kbar. During metamorphism, the biotite-
rich end member of its metaclastic sequence is 
interpreted to have melted in situ without obvi-
ous peritectic minerals. Hornblende-bearing 
rocks are interpreted to have undergone similar 
melting and produced euhedral, poikilitic horn-
blende. Melting is inferred to have occurred at 
the wet solidus for these rocks, involving H

2
O 

as a free phase, where biotite was stable, and 
new hornblende was either a peritectic product  
(Berger et al., 2008; Lappin and Hollister, 
1980) or a result of magmatic crystallization. 
Layer-parallel leucosomes are linked continu-
ously to axial-planar leucosomes, giving rise 
to leucogranite and pegmatite dikes, sheets, 
and plutons, which intrude all major rock types 
(Weinberg, 1999; Weinberg and Searle, 1998). 
Because of the continuous link from leuco-
somes to larger dikes and plutons, we interpret 
that, at least in part, leucogranites are locally 
derived magmas (Weinberg and Mark, 2008).

The Tangtse strand is generally characterized 
by amphibolite-facies mylonites with a strong, 
gently NW-plunging lineation. The Pangong 
strand has an early amphibolite facies stretching 
lineation that plunges from horizontal to moder-
ately NW, indicative of dextral movement with 
a NE-side-up component. Locally it is over-

printed by narrow zones of greenschist-facies 
retrogression with stretching lineation plung-
ing SE, also indicative of dextral movement but 
with a NE-side-down component. A kinematic 
change from amphibolite- to greenschist-facies 
deformation was also documented further SE 
in Tibet along the shear zone (Valli et al., 2007, 
2008), where greenschist-facies shearing also 
was accompanied by a NE-side-down compo-
nent (Lacassin et al., 2004).

Amphibolite-facies mylonites are character-
ized by: (1) sheared leucogranites and pegma-
tites (Fig. 2), (2) biotite-plagioclase-quartz 
schists and psammites, with minor muscovite, 
or (3) competent boudins of hornblende-bio-
tite-plagioclase-quartz amphibolites. Green-
schist-facies retrogression is characterized 
by sheared (1) muscovite-biotite-plagioclase-
quartz schists, where the muscovite makes up 
50% of micas, and (2) mafi c rocks composed 
of tremolite-actinolite , chlorite, biotite, plagio-
clase, quartz, plus minor muscovite and calcite. 
Detailed studies of deformation mechanisms 
of rocks from this shear zone have concluded 
that there is a range of fault rocks from duc-
tile to brittle, including cataclastic rocks and 
clay-bearing fault gouges (Phillips and Searle, 
2007; Rutter et al., 2007).

K-Ar dating reveals that the Ladakh batholith, 
SW of the Pangong Range, had cooled signifi -
cantly by ca. 36 Ma and was locally reheated in the 
vicinity of the Karakoram shear zone as a result 
of overthrusting of the Pangong metamorphic 
complex (see Dunlap et al. [1998] for a full dis-

cussion). The Karakoram metamorphic com-
plex, NE of the Pangong Range, is composed 
of marbles, calc-silicate rocks interlayered 
with amphibolites, schists, and fi ne-grained 
slates (Dunlap et al., 1998). Their mineral para-
geneses are indicative of lower-amphibolite 
facies, where schists lack evidence for partial 
melting and are composed of muscovite, bio-
tite, plagioclase, quartz, cordierite, and garnet.

Leucogranite samples from within the Tangtse 
gorge yielded U-Pb zircon crystallization ages 
between 21 and 14 Ma (Phillips  et al., 2004; 
Searle et al., 1998). Two leuco granite sam-
ples yielded two inherited zircon age groups: 
ca. 63 Ma and ca. 106 Ma, consistent with low-
temperature remelting of rocks related tempo-
rally to the calc-alkaline Ladakh batholith (e.g., 
Weinberg and Dunlap, 2000; Weinberg et al., 
2000). The calc-alkaline rocks that are exposed 
in the gorge forming the Muglib  pluton, which 
is interpreted to have undergone partial melt-
ing (see following) are the most likely source 
of these inherited zircons, as indicated by our 
unpublished zircon and sphene, U-Pb sensitive 
high-resolution ion microprobe (SHRIMP) ages, 
and by Rb-Sr geochronology (Ravikant, 2006).

CALC-ALKALINE MUGLIB PLUTON 
AND LEUCOGRANITE TANGTSE 
PLUTON

In the NE corner of the Tangtse gorge, 
leucogranitic rocks form an injection complex, 
which includes a sheeted pluton at the contact 

BA

Figure 2. Leucogranitic mylonites of the Pangong strand of the 
Karakoram shear zone (33°59′57.1″N, 78°20′02.6″E). (A) Hori-
zontal surface. The presence of K-feldspar augen suggests a peg-
matitic precursor. (B) Vertical surface with shear fold (looking 
SE up fold axis plunge). 
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Figure 3. (A) Tangtse pluton NW of the Muglib pluton (34°03′30″N, 78°14′00″E) showing dark screens of country rock within the pluton, and 
boudinaged leucogranite dikes in the distance, NW of the pluton and parallel to the dextral Pangong strand of the Karakoram shear zone, 
on the right-hand-side. All rocks are strongly sheared. The plane identifi ed as the shear zone marks the contact between a mylonitic marble 
to the NE and strained migmatitic metasedimentary rocks intruded by leucogranite dikes to the SW. S.Z.—shear zone. Box on the left repre-
sents approximate position of B. (B) Foliation triple point resulting from the bifurcation of the regional trend around the NW termination of 
the Muglib pluton. (C) Irregular leucogranite sheets and pods on the SW of B where the regional foliation curves around the Muglib pluton. 
Photograph is looking NE. (D) Muglib strand characterized by intensely foliated rocks marking the SE boundary of the pressure shadow. The 
boundary of the shear zone is marked by two short white lines; a narrow band of leucogranite within the shear zone is also marked. 
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of the calc-alkaline Muglib pluton (Fig. 1B; 
Table 1). This area is bounded by the Pangong 
strand to the NE and the Muglib strand to the 
SE (Fig. 3D). The Muglib pluton is an elongate 
body trending parallel to the Pangong strand for 
at least 15 km. Close to the Muglib village , the 
northern contact is exposed where this  pluton 
plunges under metasedimentary rocks and 
leucogranites, and defi nes a closure referred 
to here as the Muglib nose (Fig. 1B). The 
main facies of the Muglib pluton is a sheared 
medium- to coarse-grained biotite-hornblende 

granodiorite that grades locally toward quartz-
diorite and is intruded by leucogranitic dikes 
(Fig. 4A). Close to the NE margin, a medium-
grained biotite-granite with local microdioritic 
enclaves defi nes a sheared, ~200-m-wide bor-
der facies. This facies forms dikes that intrude 
the country rocks and has narrow, foliation-
parallel  leucosomes with diffuse margins that 
lack melano some rims. Leucosomes merge 
along the strike to form irregular coarse-grained 
leuco granitic patches, 10–30 cm wide, also with 
diffuse margins, such as in the boudin neck in 

 Figure 4B. This suggests that the leucosomes 
and leucogranitic patches are a result of in 
situ partial melting of the biotite-granite. By 
contrast, the main facies, although intruded by 
leucogranites (Fig. 4A), lacks widespread evi-
dence for in situ melting. This anatexis is likely 
related to the regional 21–14 Ma anatexis that 
gave rise to leucogranites elsewhere, caused by 
the infl ux of a water-rich volatile phase (e.g., 
Fig. 4C; Weinberg and Mark, 2008).

Rocks of the Muglib pluton and country rocks 
have a strong penetrative solid-state  foliation 

B)

A B

C

Figure 4. (A) Deformed granodiorite of the Muglib pluton intruded by pegmatitic leucogranite dikes, folded, and stretched. Inset: dextral 
shearing of granodiorite indicated by S-C-C′ foliations. Both images are from nearly horizontal planes, and NW is to the right (33°59′05.0″N, 
78°18′37.8″E). (B) Medium-grained biotite-granite and leucosome layers with indistinct boundaries linked to a pod in the boudin neck. This 
is interpreted to indicate in situ melting during deformation. Horizontal exposure, NW is toward the top of the photograph. (C) Migmatitic 
biotite-psammite with chaotically folded layered leucosomes in steep exposure within the Tangtse pluton. Looking WNW, up is to the left 
(34°03′42.6″N, 78°13′52.2″E).
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(Fig. 4A) that strikes generally N40W, with vari-
ably steep dips, and lineation plunging moder-
ately NW. Dextral shear deformation is indicated 
by S-C-C′ fabric (Fig. 4A, inset), asymmetric 
folds, and asymmetric boudinage. Bedding in 
country rocks NE of the pluton is parallel to pen-
etrative foliation and to the  Pangong strand of the 
shear zone, but both deviate from that trend to 
drape around the Muglib nose, where they have 
moderate northerly dips (Figs. 1B, 3B, and 3C). 
Poles to foliation (Fig. 1, inset) in the Muglib 
nose defi ne a great circle, from which a fold axis 
plunging moderately NW can be inferred. This is 
roughly parallel to both local and regional linea-
tion (Weinberg et al., 2000) and to hinge lines of 
metric open folds mapped in the area.

Leucogranitic sheets and irregular pods crop 
out in the region of defl ected foliation (Figs. 1 
and 3) and occupy more than 50% of the surface 
area where they form an injection migmatite 
(Weinberg and Searle, 1998). The Tangtse pluton 
(Fig. 3A) was formed in this zone by the amalga-
mation of numerous leucogranite sheets. The plu-
ton is 1.5 km long and is bounded by the Pangong 
strand to the NE. Its vertical exposure is ~600 m, 
and it is 200–300 m wide. The leucogranite 
sheets intrude older, fi ne- to medium-grained 
biotite-granite sheets, possibly related to the calc-
alkaline Muglib pluton, and migmatitic biotite-
hornblende metaclastic rocks that are preserved 
as screens inside the pluton (Figs. 3A and 3B). 
The regional foliation trend defl ects not only 
around the Muglib pluton, but also around the 
northwestern end of the Tangtse pluton (Fig. 1B), 
implying that after solidifi cation, it also behaved 
as a competent body during continued deforma-
tion. In the shear zones that surround the Muglib 
nose area, the volume of leucogranites is reduced 
to 10%–30% of the total. This is clear in the 
Muglib strand (Fig. 3D), where narrow, irregular 
bands of leucogranite are recognizable but less 
voluminous than away from the shear zone.

DISCUSSION

Contemporaneous Magmatism, Folding, 
and Dextral Shearing

Folds generally have steep axial-planar folia-
tion striking between N60W to N40W, with 
NW-plunging fold axes (e.g., Fig. 4A; Weinberg 
and Mark, 2008). This fold geometry is compat-
ible with the dominantly dextral shearing in the 
two NW-striking  bounding strands of the Kara-
koram shear zone. Together, they account for 
transpression, which explains the large scale pop-
up structure that characterizes the Pangong Range 
(Weinberg et al., 2000).

There is considerable discussion regarding 
the relative timing of melting and deformation 

in the Karakoram shear zone. The geometries 
of leucosomes, representing what were once 
melt-rich parts of partially molten rocks, and 
folds demonstrate that melting took place dur-
ing folding. For example, leucosomes parallel 
with migmatite layering merge continuously 
with leucosomes parallel to axial-planar folia-
tion. Magma transfer through this leucosome 
network assisted folding (Weinberg and Mark, 
2008). Evidence of contemporaneity between 
melting and dextral shearing can be found, but 
is obscured by subsequent subsolidus shear-
ing (Dunlap et al., 1998; Rutter et al., 2007). 
Subsolidus deformation is refl ected in variable 
strain intensities recorded by leucogranites as 
a function of grain size and as a function of 
their location in relation to high-strain zones. 
Leucogranites vary from virtually undeformed 
in coarse-grained pegmatitic portions, to weakly 
foliated in areas of folding, to fully recrystal-
lized mylonites within shear zones (Figs. 2A 
and 2B). These foliations generally strike NW 
and dip steeply, and lineations in mylonitic 
leucogranites plunge NW, all of which are 
paral lel to the shear zone fabric.

The outcrop at Tangtse Gompa, on the 
Tangtse strand of the shear zone (described in 
Phillips et al., 2004; Rutter et al., 2007), pre-
serves evidence for the synkinematic intrusion 
of leucogranites. Here, the dominant strike of 
mylonitic foliation and lithologic layering is 
N70W, with a nearly vertical dip. A 20-cm-
wide leucogranite dike intrudes a dextral brittle 
fault that strikes N-S, and displaces layering 
and mylonitic shear planes. This N-S–trending  
fault is kinematically compatible with the dex-
tral shearing on the Tangtse strand, and the 
leucogranite that intrudes it records also a faint 
N70W-striking and steeply dipping foliation 
parallel to mylonitic foliation in surrounding 
rocks. These features suggest that dextral brittle 
faulting formed during shearing on the Tangtse 
strand and was exploited by a syn kine matic 
leucogranite dike. Once solidifi ed, the dike was 
overprinted by continued shearing.

In the same outcrop there are also layer-par-
allel leucogranite mylonitic bands, as well as 
leucogranitic dikes cutting across the main fabric 
at a variety of angles. When hosted by competent 
rocks, such as amphibolites, crosscutting dikes 
tend to be continuous and of regular width. How-
ever, when these dikes enter a less-competent 
rock type, such as marble, their trends deviate 
towards that of the shear zone orientation, in a 
manner consistent with increased straining. In the 
process, the dikes become strongly boudinaged, 
while, internally, they record varying bulk strain, 
from strongly deformed mylonites to apparently 
undeformed pegmatites. Strain in these magmatic 
rocks seems to decrease with decreasing age (Phil-

lips et al., 2004) but also decreases with increas-
ing grain size. There are examples of folded 
dikes with apparently undeformed pegmatites 
coexisting in the same dike with strongly foliated 
medium-grained leucogranite. All the evidence 
in this outcrop is strongly suggestive of contin-
ued magma intrusion during shearing. This is at 
odds with conclusions by Phillips et al. (2004), 
but confi rms a similar conclusion reached farther 
south along the shear zone in Tibet in rocks with 
a broadly similar history (Lacassin et al., 2004; 
Valli et al., 2007).

Thus, we conclude, based on: (1) the strain 
compatibility arguments, (2) the large-scale 
pop-up structure that exhumed the Pangong 
metamorphic complex (Weinberg et al., 2000), 
and (3) the evidence for synkinematic 21–14 Ma 
in situ melting and leucogranite intrusion, that 
all three events—folding, dextral shearing, and 
melting—were contemporaneous and related.

Pressure Shadow and Magma Accumulation

The large accumulation of younger leuco-
granitic rocks mapped immediately northwest 
and physically above the Muglib nose (Figs. 1 
and 3) contrasts with the less volumi nous 
leucogranite bands in the shear zones (Fig. 3D) 
including those that border the Muglib  pluton. 
The irregular shape of leucogranite sheets and 
pods in the nose area, leading to the pervasive 
breakup of country rocks (Fig. 3C), suggests 
that this region was at temperatures above or 
close to magma solidus at the time of intru-
sion (Weinberg and Mark, 2008; Weinberg and 
Searle, 1998).

The defl ection of the regional foliation trend 
around the Muglib pluton to drape around the 
Muglib nose (Fig. 1) is interpreted to result from 
the Muglib pluton behaving as a competent body 
during deformation. The defl ection defi nes what 
is known as a foliation triple point (Johnson et 
al., 2003; Pons et al., 1995) and is associated 
with a low pressure strain shadow, like those 
developed around porphyroblasts. We argue that 
the magma accumulation resulted from migra-
tion and ponding driven by a negative pressure 
gradient into this zone. In this way, the older, 
competent Muglib  pluton not only contributed 
with magma to the new pluton, as inferred from 
its partial melting  and presence of inherited zir-
cons in the leuco granites, but also created the 
conditions for growth of the younger pluton.

Magma Traps and Magma Pumping in 
Shear Zones

Shear zones can give rise to a number of low-
pressure sites, not only in pressure shadows 
around competent rocks, but also in dilational 
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jogs (Fig. 5), pull-apart regions, shear zone ter-
minations (Brown and Solar, 1998a; D’Lemos 
et al., 1992; Davies, 1982), or dilational areas 
resulting from active, crosscutting shear zones. 
These low-pressure sites form effective magma 
traps, and the volume of magma accumulated 
depends on: (1) the scale of the heterogeneity 
leading to low pressures, (2) pressure gradients 
driving melt into the low-pressure sites, which 
are a function of regional stresses, (3) the 
degree of partial melting and permeability of 
the system, and (4) the time available before 
the system is modifi ed.

If the nature of strain and the distribution of 
stress in dilatant sites in shear zones are modi-
fi ed before magma solidifi cation, traps can 
be destroyed, and magma accumulations can be 
pumped out, becoming available for pluton 
growth elsewhere in the system. Considering 
the evolving dynamic, kinematic, and geometric  
nature of large-scale tectonic systems, any 
particular shear zone in the system is likely to 
evolve through time. For example, changes in 
plate geometry, movement direction, or velocity 
will impact on the movement sense and stress 
distribution in shear zones. Shear zones are also 
sensitive to local block rearrangements. Further-
more, as the system evolves, the thermal profi le 
and rock rheology around and within a shear 
zone will also change, triggering fl uctuations in 
stress intensity and direction, changes in compe-
tency contrasts between rock types, and thus the 
nature of deformation and stress in and around 
the shear zones. All of these changes affect the 
stability of magma traps. 

We postulate that magma traps are most 
likely transitory features that provide a tempo-
rary residence for magmas along their general 
upward migration. This is shown schematically 
in Figure 5, where a change from transtension to 
transpression is depicted. Tortuous shear zones 
that act to deform complex anatectic rock pack-
ages and undergo varied kinematic histories are 
likely to develop a number of such traps that can 
be created and destroyed during the history of 
the system. During periods of steady straining, 
magmas accumulate in traps with only minor 
leakage out of the anatectic zone (Fig. 5A). Dur-
ing periods of transition in the nature of strain-
ing, large volumes of melt are expelled from the 
anatectic shear zone (period between Figs. 5A 
and 5B) (e.g., Glazner, 1991). Each trap, and 
consequently each major magma batch being 
expelled, may have a distinct chemical signature 
that represents different proportions of magmas 
from different sources, degrees of partial melt-
ing and residuum separation.

In conclusion, shear zones may act as pumps 
by locally trapping magma in anatectic ter-
ranes until local or regional changes force the 

magma out, feeding batch growth of batholiths 
elsewhere. Major periods of magma pumping 
should accompany periods of changes in shear 
zone kinematics (D’Lemos et al., 1992). Thus, 
magma trapping in anatectic shear zones and 
shear pumping events during periods of change 
could explain incremental growth of complex 
plutons over millions of years (Coleman et al., 
2004; Deniel et al., 1987; Mahan et al., 2003) 
punctuated by short periods of high magma fl ux 
(Matzel et al., 2006).
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