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Abstract-Emplacement-related deformation of a Cambrian trondhjemitic dike, located at the western border ofthe 
TeplCBarrandian unit (central European Variscides), is studied in detail. The trondhjemitic melt was emplaced at 
T= 750°C into an active low-temperature (ca 350°C) east-northeast trending dextral transcurrent shear zone. 
Thermal modelling indicates that the rheologically critical melt fraction and the s&dus of the dike were achieved after 
1 and 3 days of cooling, respectively. The major part of the shearing occurred within 8 days after the melt emplaced. 

The zonation of the dike, in strain magnitude, mineralogy and geochemistry, can be explained by the laterally 
varying rheology (from margin to centre) during cooling and shearing. The deformation was volume-constant, and 
the strain data plot in the apparent constrictional field. The unusually high value of the calculated longitudinal 
strain rate ( > 2.8 x 10m6 s-l; equivalent to a displacement rate of > 2 cm hK’) is probably related to the intruding 
melt that ‘lubricated’ the shear zone and thus enhanced its displacement velocity. Consequently, melts that intrude 
as dikes into active transcurrent shear zones mav significantly weaken the strength of the middle and upper 

_ - continental crust. 0 1997 Elsevier Science Ltd. 

INTRODUCTION 

It is widely accepted that granitoid magmas may ascend 
through the continental crust via brittle fracture zones 
(Castro, 1987; Guineberteau et al., 1987; Hutton, 1988, 
1992; Wolf and Saleeby, 1992; Castro et al., 1995; 
Karlstrom and Williams, 1995). Several natural examples 
of fault-controlled magmatism suggest that melts may 
passively intrude into contractional shear zones (Karl- 
Strom er al., 1993; Ingram and Hutton, 1994; Nyman et 

al., 1994), strike-slip regimes (Hutton and Reavy, 1992 
and references therein), and extensional structures 
(Hutton et al., 1990; Aranguren and Tubia, 1992; 
Hudec, 1992; Lister and Baldwin, 1993; Parsons and 
Thompson, 1993). In cases where melts intrude as dikes 
or emplace into active normal faults, the common space 
problem hardly occurs (Hutton et al., 1990; Paterson and 
Fowler, 1993). 

determine the age of the deformation by dating synkine- 
matically emplaced plutons or dikes. Moreover, in 
certain cases the strain rate can be estimated by 
considering strain and cooling data of a magmatic body 
(John and Blundy, 1993; Karlstrom et al., 1993). This 
particularly holds for magmatic dikes. If dikes emplace 
within active brittle to brittle-ductile shear zones of the 
upper crust, the melt will cool down very rapidly. 

Magmatic dikes are commonly oriented perpendicular 
to the least principal stress (Suppe, 1985; Emerman and 
Marrett, 1990). Their emplacement is favored by pre- 
existing fractures that are filled and widened by the melt. 
The internal fluid pressure of the magma may consider- 
ably reduce the effective stress, thus triggering crack 
propagation by hydrofracturing even in contractional 
tectonic settings @pence and Turcotte, 1985; Sleep, 1988; 
Clemens and Mawer, 1992; Petford et al., 1993). Where 
the migrating melt invades active shear zones, the shear 
strength may significantly decrease leading to a rise in the 
strain rate. Consequently, the melt-lubricated shear zone 
will continue to deform more easily than the surrounding 
rocks (Hollister and Crawford, 1986). 

In the present study we have investigated a trondhje- 
mitic dike and its country rocks located in the Domailice 
crystalline complex at the western border of the Teplh- 
Barrandian unit (central European Variscides). The dike 
intruded synkinematically into an early Palaeozoic 
transcurrent shear zone. We determined the temperature 
of both the dike magma and the country rock. These data 
were used to carry out a thermal modelling that yields 
constraints on the thermal history during and after melt 
emplacement. Using strain data derived from the dike, we 
calculated the strain rate of the ‘hot-dike-shearing’ event. 

REGIONAL GEOLOGY 

The Domailice crystalline complex is situated in the 
south-western part of the Tepk-Barrandian unit (see 
inset in Fig. 1). The latter consists of a Cadomian 
basement with moderate Variscan tectono-metamorphic 
imprints (Chlupic, 1993). The rocks of the Domailice 
crystalline complex include metagreywackes, metasilt- 
stones, and minor metabasites all of which show evidence 
of a Cadomian Barrovian-type metamorphism (Vejnar, 
1982; Zulauf et al., 1997). 

Since at upper crustal levels the crystallization time of a The grade of the Barrovian-type metamorphism 
magma is generally short compared with rate of deforma- increases considerably from east-northeast (lowermost 
tion (Paterson and Tobisch, 1988, 1992), we are able to greenschist facies) to west-southwest (amphibolite 
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Fig. 1. Geological map of the Domailice area with structural data; lithology and metamorphic isograds are reproduced from 
Vejnar (1982, 1984). Isograds: Bt = biotite, Grt = garnet, St (+ Ky) = staurolite (including occurrence of rare kyanite), 
Sil + Kfs = sillmanite + K-feldspar, Crd = cordierite. The trondhjemitic dike studied is marked by a thick dashed line near 

Domailice. 

facies). This situation is well documented by meta- 
morphic isograds (biotite, garnet, staurolite) kyanite 
isograd, Vejnar, 1982) that are cut by the Carboniferous 
West Bohemian Shear Zone (Zulauf, 1994; see also Fig. 

1). 
The structural evolution of the Domailice area is 

polyphase. It has been described in detail from the 
eastern greenschist facies part where the Cambrian Stod 
pluton (Dorr et al., 1995) allows separation of Cadomian 
and Variscan events. Di and D2 as well as the Barrovian- 
type metamorphism belong to the Cadomian cycle 
(Zulauf, 1995). The Variscan convergence (Ds) was 
associated with retrograde (greenschist facies) meta- 
morphism, east-southeast directed thrusting, and weak 
folding. 

In the western, amphibolite facies part of the Domailice 
crystalline complex, additional east-northeast to north- 
east trending transcurrent and transtensional (oblique- 
slip normal) shear zones developed between D2 and D3. 
Moreover, there are several types of large plutons that 
formed extensive zones of contact metamorphism. Con- 
ventional U-Pb dating of zircons, separated from the 
large, northeast trending MraEnice trondhjemite (Fig. l), 
yields a well-defined discordia with a lower intercept at 
523 +4/- 5 Ma (D&r et al., 1995; Zulauf et al., 1997). 
This age is interpreted as the intrusion age. It is 
compatible with ages derived from pegmatites that cut 
through the trondhjemites and related trondhjemitic 
dikes. RbSr dating of large undeformed white mica 
from these pegmatites yields ages between 485 and 
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501 Ma (Ko8ler et al., 1994; Glodny et al., 1995). These 
are interpreted as being close to the time of pegmatite 
emplacement. 

The present study will focus on the northeast to east- 
northeast trending trondhjemitic dikes that are up to 5 m 
in width. Their internal structure varies significantly from 
almost non-foliated (porphyritic) to strongly foliated 
(mylonitic). We investigated a dike that belongs to the 
latter type from the quarry ‘Hvizdalka’ at the north- 
eastern margin of Domailice (Fig. 1). 

COUNTRY ROCK OF THE TRONDHJEMITIC 
DIKE 

Composition, structure and kinematics 

The country rocks of the dike consist of paragneiss and 
phyllonite. The phylionites result from pervasive shear- 
ing along east-northeast trending transcurrent shear 
zones that cut the entire quarry under retrograde 
metamorphic conditions. They display a pronounced 
lineation consisting of pressure shadows adjacent to 
garnet, elongated aggregates of quartz and feldspar, 
mica fishes and chlorite, which plunges 20-30” east- 
northeast, mostly on steeply north-northwest dipping 
planes (Fig. 2). Macroscopic shear sense indicators like 
S-C and shear band fabrics clearly indicate a dextral 
displacement that was also confirmed under the micro- 
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Fig. 2. Structural data in the transcurrent shear zone. The direction of 
the stretching lineation is represented on the pole of the mylonitic 
foliation; arrow indicates the transport direction of the hanging wall 
according to the method of Hoeppener (1955). Full circles indicate the 
poles to the mylonitic foliation in the country rocks, and open circles the 
poles to the mylonitic foliation in the trondhjemitic dike. Lower- 

hemisphere equal-area plot. 

scope using drag structures in micas as well as asym- 
metric pressure shadows of chlorite behind rigid 
porphyroclasts of garnet, sillimanite, muscovite and 
biotite (Fig. 3a & b). 

Within the sheared phyllonite, the primary minerals of 
the paragneiss are strongly altered. Garnet is replaced by 
biotite, and sometimes both minerals are altered to 
chlorite. Plagioclase, sillimanite and staurolite are seri- 
citized. In high-strain areas garnet and staurolite display 
pervasive fracturing. Micas are also broken but rather 
show bending and kinking. Deformation features in 
quartz include subgrain boundaries aligned parallel to 
the prism planes, and grain boundary migration asso- 
ciated with local dynamic recrystallization (Fig. 3~). 
Plagioclase is deformed by fracturing and cataclasis. 

Right at the contact with the trondhjemitic dike, 
retrograde metamorphism is absent in the wall rock, 
although intensive shearing occurred at this site as well; 
plagioclase is hardly sericitized, and biotite, muscovite 
and garnet are preserved, although bending, kinking and 
fracturing of these minerals are common features. 
Chlorite is completely lacking. Grain boundary migra- 
tion structures in quartz are more pronounced than 
further away from the contact (Fig. 3d). 

Quartz c-axis fabrics in transcurrent shear zones 

In order to determine temperature-dependent transi- 
tions in the operative glide systems in quartz when 
approaching the trondhjemitic dike, quartz c-axis fabrics 
within the mylonitic shear zones were measured on 
sections cut perpendicular to the mylonitic foliation and 
parallel to the stretching lineation, using a Universal 
stage. Two samples were considered, one close to the 
dike, at 40 cm from the contact and the other taken from 
a shear zone approximately 10 m from the dike. Both 
samples are mylonites belonging to the transcurrent 
movement zone that include S and C domains (sensu 
Berthe et al., 1979). Since S and C domains may display 
different quartz c-axis patterns (Krohe, 1990), C 
domains, which are the principal movement zones in 
sheared quartz veins, were particularly considered when 
measuring the quartz fabrics. 

Both samples show markedly different quartz c-axis 
patterns (Fig. 4). In the shear zone 10 m away from the 
dike, the c-axes form a significant maximum parallel to 
the Z-axis of the finite strain ellipsoid (‘basal’ maximum 
of Bouchez and Pecher, 1981; Fig. 4a & b) Additional 
submaxima occur at Y (‘prismatic submaximum’) and in 
an intermediate position (‘rhomb’ submaximum) in a 
plane dextrally rotated at 35” around Y with respect to 
the Y-Z plane. Combining the ‘basal’ maximum with the 
other submaxima, a poorly defined asymmetric crossed 
girdle, with a small opening angle is defined (Fig. 4a). 

In the sample located close to the dike, c-axes form a 
well-defined type II crossed girdle (sensu Lister and 
Williams, 1979) with ‘prismatic’, ‘rhomb’, and ‘basal’ 
submaxima (Fig. 4c & d). In the latter diagram, the 
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opening angle of the girdles is larger, the ‘basal’ maxima 
are weaker and the ‘prismatic’ and ‘rhomb’ maxima are 
stronger than in Fig. 4(a). 

Although the ‘skeletal outline’ (sensu Lister and 

Williams, 1979) of the girdles is difficult to define, a 
dextral sense of shear can be derived from the girdle 
asymmetry with respect to the C and S planes. This is 
compatible with the dextral sense of shear described 
previously. The diagrams also help to constrain the 
operative glide systems in quartz, which seems to have 
been dominantly on < a > ; basal slip predominated in 
the sample 10 m away from the dike, whereas glide on the 
prism and rhombohedral planes prevailed in the sample 
located close to the dike. 

Geothermometry and metamorphic record 

The sequence of mineral parageneses observed in the 
area reflects a pressure-temperature path related to the 
Cadomian orogeny. It starts with crustal thickening, 
indicated by the Barrovian-type mineral assemblages, 
followed by relatively low-pressure metamorphism 
(growth of sillimanite) attributed to fast exhumation 
and/or magmatic activity (Zulauf et al., 1997). 
Obviously, final uplift was associated with transcurrent 
and transtensional retrograde movement along the east- 
northeast to northeast trending shear zones described 
above. These movements began in the stability field of 
biotite as is indicated by biotite pressure shadows on 
garnet. Subsequent growth of chlorite and sericite, 
together with the deformation and incipient recrystalliza- 
tion of quartz, suggest that the shearing ceased under 
lower greenschist facies conditions. 

Since temperature during shearing is an important 
variable for thermal modelling as presented below, the 
chlorite geothermometer was applied to our material. 
Table 1 gives the compositions of chlorites, formed in 
pressure shadows of garnet and as pseudomorphs after 
biotite. It was determined with a CAMEBAX electron 
microprobe (University of Mainz) with natural wollasto- 
nite (Si, Ca), feldspars (Al, Na, K), and synthetic oxides 
(Ti, Fe, Mg) as standards. We applied the chlorite 
geothermometers of Cathelineau and Nieva (1985) 
Cathelineau (1988) and Jowett (1991) all of which are 
based on the strong temperature dependence of Al(IV) in 
chlorite. Prerequisites for correct use of the Al(IV) 
method are relatively low pressures and Al-saturated 

conditions during chlorite growth. As the dike emplaced 
at a supracrustal level (see below), where the Al-rich 
phase sillimanite was replaced by white mica, these 
conditions can be assumed to apply in our case. The 
geothermometer yields temperatures around 350°C com- 
patible with the lower greenschist facies conditions 
derived by the syn-kinematic mineral paragenesis. This 
is consistent with the observed predominance of basal 
< a > glide in quartz in the shear zone located 10 m away 
from the dike (Tullis et al., 1973; Bouchez and Pecher, 
1981; Krohe, 1990; Hippertt, 1994 and references 
therein). 

The intrusion depth of the dike is assumed to be 7 km, 
i.e. similar to that of the nearby Pobeiovice and MraEnice 
plutons (Zulauf et al., 1997) yielding a geothermal 
gradient of about 50°C km-‘. This considerably elevated 
gradient can be explained as follows: (1) the Cadomian 
regional metamorphism ceased in the stability field of 
sillimanite indicating relatively low pressures; (2) the 
emplacement of the trondhjemitic dikes of the Domailice 
crystalline complex clearly post-dates the intrusion of the 
nearby mafic to intermediate plutons. According to 
thermal modelling data (Zulauf et al., 1996) these plutons 
heated the country rocks significantly to temperatures in 
access of 500°C. This also holds for the area of Domailice 
where the trondhjemitic dike is located. 

TRONDHJEMITIC DIKE 

Composition, structure, kinematics and age 

Two trondhjemitic dikes, 50 m apart and about 1 m in 
width, follow the steep, east-northeast trending transcur- 
rent shear zones of the quarry ‘Hvizdalka’. Both dikes are 
strongly foliated and show a pronounced chilled margin, 
up to 0.8 cm in width (Fig. 3f & g). The dike foliation, 
more intense than the shear-zone foliation of the country 
rock, is present everywhere in the dike including its 
chilled margin. The foliation plane displays a conspic- 
uous stretching lineation defined by strongly stretched 
plagioclase and quartz (Fig. 3f). The foliation plane and 
stretching lineation in the dike are strictly concordant 
with the structures of the shear zones in the country rocks 
(Fig. 2). The dextral shear sense, derived from S-C 
fabrics in the dikes (Fig. 3g), is also compatible with that 
of the wall rock. Detailed investigations, including 

Fig. 3. Shear zone fabrics in the country rock (a-d) and trondhjemitic dike (e-g). (a) Photomicrograph of asymmetric pressure shadows of white 
mica and chlorite on a pseudomorph of vermiculite, sericite and chlorite after garnet showing a dextral sense of shear. The matrix contains quartz, 
plagioclase, white mica and chlorite; plane polarized light. (b) Photomicrograph of shear band fabric within a retrograde paragneiss layer indicating 
a dextral sense of shear; the bright layers displaced by the shear bands in the lower part of the photograph are quartz veins. Plane polarized light. (c) 
Subgrains, strain-induced grain boundary migration and incipient recrystallization structures in quartz of a shear zone located about 10 m away 
from the dike; crossed polarizers. (d) Subgrains and migration recrystallization structures in quartz at about 40 cm away from the dike; crossed 
polarizers. (e) Photomicrograph of the dike/wall rock contact; the wall rock (left) consists of quartz, plagioclase, biotite and white mica; the margin 
of the dike includes recrystallized phenocrysts of plagioclase, quartz and biotite; plane polarized light. (f) Photograph of the sheared trondhjemitic 
dike showing the principal planes of the finite strain ellipsoid; scale bar = 1 cm. (g) X-Z-section of the sheared dike and its wall rock (dark zone at the 
left-hand side of the photo); note the fine-grained chilled margin and the S-C fabric that clearly indicates a sinistral sense of shear (dextral in the 

field); scale bar = 1 cm. 



Strain and strain rate in a trondhjemitic dike, Bohemian Massif 
643 



644 G. ZULAUF and S. HELFERICH 

Fig. 4. Quartz c-axes distribution in X-Z sections of the country-rock 
transcurrent shear zone (lower-hemisphere equal-area plot). (a) and (b) 
at ca 10 m from the dike. (c) and (d) at ca 40 cm from the dike (see text). 

conventional and cathodoluminescence microscopy, 
XRD, XRF and microprobe analyses, strain measure- 
ments, and thermal modelling, have been carried out on 
the northern dike. 

Microscopic investigations as well as XRD and XRF 
analyses show that the central part of the dike is 
strikingly different from the chilled margin. The latter 
consists primarily of quartz (25%) plagioclase (72%) 
and biotite (2%), while the central part of the dike is rich 
in quartz (32%) and white mica (20%) and lower in 
plagioclase (48%). The composition of plagioclase 
depends on its degree of recrystallization: primary non- 
recrystallized magmatic crystals have a higher anorthite 
and K-feldspar component (An20-22, Or,.,-,.J than the 
recrystallized grains (Ani*-is, Ore.s& (Fig. 5). Biotite 
and K-feldspar are very rare in the dike. 

The conspicuous mineralogical variation between the 
centre and margin of the dike is compatible with the 
geochemistry determined by XRF chemical analyses 
(Fig. 6). The amount of KzO, Rb, and Sr drop drastically 
towards the chilled margin, whereas the amount of Na20 
increases. 

The age of the dike should be close to that of the nearby 
Mraenice trondhjemite (523 Ma, see above). This is 
supported by the following facts: (1) the mineralogy and 
geochemistry of the MraEnice body and the trondhjemitic 

Table 1. Chemical composition (microprobe analyses) of dike plagioclase and wall-rock chlorite (porph. = plagioclase porphyroclast; 
matrix = recrystallized plagioclase) 

1 5 10 
porph. porph. matrix 

Plagioclase in dike 

114 116 
matrix matrix 

120 
matrix 

123 
matrix 

126 
matrix 

Chlorite in wall rock 

IO 12 13 

SiOz 

A1203 

Fe0 
MnO 
NarO 

K20 

MgO 

CaO 
Ti02 

C&3 

Total 

Si 
Al 
Fe 
Mn 
Na 
K 

Mg 
Ca 
Ti 
Cr 

Total 

AB 
OR 
AN 

62.99 62.72 64.38 65.45 65.12 64.77 
23.18 23.05 22.42 21.76 21.96 22.17 

0.07 0.00 0.04 0.01 0.00 0.00 
0.00 0.05 0.02 0.00 0.03 0.03 
8.51 8.85 8.91 9.70 9.60 9.35 
0.28 0.19 0.08 0.07 0.07 0.09 
0.00 0.00 0.00 0.00 0.02 0.00 
4.41 4.12 3.53 2.98 2.94 3.22 
0.00 0.00 0.02 0.03 0.02 0.00 
0.01 0.01 0.01 0.00 0.05 0.00 

99.45 98.99 99.40 99.99 99.81 99.62 

2.80 2.80 2.85 2.88 2.87 2.86 
1.21 1.21 1.17 1.13 1.14 1.15 
0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 
0.73 0.77 0.76 0.83 0.82 0.80 
0.02 0.01 0.00 0.00 0.00 0.01 
0.00 0.00 0.00 0.00 0.00 0.00 
0.21 0.20 0.17 0.14 0.14 0.15 
0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 

4.97 4.98 4.95 4.97 4.97 4.97 

76.46 78.66 81.66 85.15 85.17 83.58 
1.63 1.09 0.47 0.40 0.42 0.53 

21.91 20.25 17.87 14.44 14.41 15.89 

64.52 
22.19 

0.12 
0.02 
9.37 
0.10 
0.01 
3.78 
0.02 
0.02 

100.16 

2.84 
1.15 
0.00 
0.00 
0.80 
0.01 
0.00 
0.18 
0.00 
0.00 

4.98 

81.30 
0.59 

18.11 

65.74 

21.41 
0.00 

0.04 
9.93 

0.05 
0.00 

2.49 
0.00 
0.00 

99.65 

2.89 
1.11 
0.00 
0.00 

0.85 
0.00 

0.00 
0.12 
0.00 
0.00 

4.97 

87.57 
0.30 

12.13 

SiO2 

A1203 

Fe0 
MnO 
NarO 

K20 

MN 

CaO 
TiOz 

Total 

Si 
Al(lV) 

Total 

AI$yf) 
Fe 

Mg 
Mn 

Total 

XFe 

24.33 24.61 24.98 
19.83 21.10 20.54 
26.24 25.33 26.36 

0.31 0.24 0.37 
0.00 0.00 0.00 
0.02 0.03 0.00 

12.65 13.98 12.44 
0.15 0.06 0.08 
0.02 0.07 0.00 

83.55 85.43 84.77 

5.45 5.34 5.50 
2.55 2.66 2.50 

8.00 8.00 8.00 

2.69 2.14 2.82 
4.92 4.60 4.85 
4.22 4.53 4.08 
0.06 0.05 0.07 

11.89 

0.54 

11.91 

0.50 

I 1.82 

0.54 
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Fig. 6. Geochemical data of the trondhjemitic dike. Note the change in 
composition from the chilled margin (zone I) to the central parts of the 

dike (zones 2 to 5). 

dikes are similar (Vejnar, 1984), (2) the trondhjemites are 
cut by late Cambrian to early Ordovician pegmatites, (3) 
in the quarry U baldovske Kaple (north of Domailice), 
the trondhjemitic dikes are affected by Variscan thrusts 
and folds. RbSr whole rock and K-Ar dating of white 
mica of the dike yield ages between 362 and 371 Ma 
(Wemmer and Ahrendt, pers. commun.). These ages are 
comparable with those of the adjacent metasediments of 
the Domailice area and thus are interpreted as cooling 
ages. They clearly indicate that the K-Ar and Rb-Sr 
isotopic systems were still open during the Variscan cycle. 
This is compatible with the greenschist facies conditions 
described above for the Variscan event. 

Microfabrics and deformation mechanisms 

The fine-grained chilled margin can be further sub- 
divided under the microscope. A completely isotropic 
narrow zone of 0.3 mm wide occurs along the contact to 
the wall rock (Fig. 3e). The remaining part of the chilled 
margin has a faint, but distinct, foliation marked by the 

weak shape-preferred orientation of rare biotites, and of 
zoned plagioclase grains up to 300 pm in size. Most 
plagioclase and quartz grains of the chilled margin are 
dynamically recrystallized with recrystallized grains of 
less than 50 pm in size. 

Towards the centre of the dike a strongly foliated zone, 
ca 5 mm in width, appears where biotite is the only mica 
phase. Although plagioclase porphyroclasts are more 
frequent than in the chilled margin, most of them are 
completely recrystallized. 

The central part of the dike is not very different from 
the marginal biotite-bearing zone except that, instead of 
biotite, muscovite is the dominant mica phase. Rare 
biotite is restricted to small inclusions within primary 
grains of plagioclase as well as to streaked clusters of 
biotite. Frequently observed pseudomorphs of muscovite 
after biotite suggest that biotite was the primary 
(magmatic) phase. The pseudomorphs can be easily 
recognized by plates of ilmenite that decorate the 
cleavage planes of the new muscovite. Other muscovite 
grains, free from ilmenite, grew at the expense of 
plagioclase, thus increasing the mica content of the 
central part of the dike up to more than 20%. All 
muscovites show a strong shape-preferred orientation 
that, together with the dynamically recrystallized plagi- 
oclase and quartz grains, contributes to the mylonitic 
foliation. 

Microscopic shear sense indicators are rare in the 
central part of the dike. In a few cases we observed 
weakly developed shear bands and asymmetric pressure 
shadows of recrystallized plagioclase and muscovite on 
plagioclase porphyroclasts (d clasts) confirming the 
macroscopically derived dextral displacement sense. 

Strain analysis 

Since quartz and plagioclase are strongly recrystal- 
lized, both minerals cannot be used to determine the finite 
strain of the dike. Randomly oriented micas of igneous 
origin are generally suitable ‘passive’ markers for meas- 
uring the strain within deformed magmatic rocks 
(March, 1932). As the narrow zone at the very contact 
to the wall rock shows almost no preferred orientation of 
biotite and plagioclase phenocrysts, a magmatic foliation 
probably did not exist in the dike before the subsolidus 
shearing occurred. This is also confirmed by the non- 
foliated porphyritic trondhjemitic dikes of the Domailice 
area that do not display a shape-preferred orientation of 
micas due to magmatic flow. 

To determine the strain of the trondhjemitic dike is 
complicated by the fact that the micas formed at different 
stages during the cooling of the magma (see above). 
Biotite of the chilled margin and adjacent domains 
represents the magmatic mica phase, the shape of which 
was hardly affected during subsequent shearing. Biotite is 
therefore most appropriate for measuring early strain 
increments. The white micas at the centre of the dike, that 
grew during the subsolidus shearing at the expense of 
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plagioclase and biotite, should reflect only the late 
increments of the bulk strain. 

To measure the strain of the dike, we applied the image 
analysis system DIAna developed by Duyster (1991), 
which includes the procedure ‘Partikelprojektions- 
methode’ that measures strain by the SURFOR method 
(see Panozzo, 1984). We assumed that the particles 
(micas) did not vary in shape during deformation. As 
the SURFOR technique, analogous to the theory of 
March (1932), assumes that deformation is homogeneous 
including the change in length of the particles (lines), the 
strain determined by this method does not reflect the real 
strain. The ‘real’ strain was obtained from the SURFOR 
strain as follows. By means of a vector graphics program, 
we homogeneously ‘deformed’ a square area by simple 
shear. The square contains a circle, used as strain marker, 
and randomly oriented segments that change in length 
and orientation during the ‘deformation’. The SURFOR 
strain of the deformed square, determined by measuring 
the orientation and length of the lines with the ‘Partikel- 
projektionsmethode’, is similar to the strain derived from 
the strain ellipse inscribed in the deformed square. The 
square was incrementally deformed, and in every state of 
finite strain the change in length of all lines was cancelled 
while their orientation was retained. The real strain of the 
revised object is here referred to as the ‘modified 
SURFOR strain’. When plotted against the SURFOR 
strain (es) in a X-Y diagram, the modified SURFOR 

strain (cR) varies almost linear according to the equation: 

ER=2.1 XQ-1.25. (1) 

This equation was applied to the strain data deter- 
mined with the ‘Partikelprojektionsmethode’ to calculate 
the real strain. 

We measured about 3500 micas on X-Z and Y-Z thin 
sections. As primary biotite is largely preserved in the 
marginal part of the dike, the latter was divided into 4 
distinct zones (each 0.5 cm wide) oriented parallel to the 
dike boundary. Each of these zones was studied 
separately. The inset in Fig. 7 shows the increase in 
length of the micas from the chilled margin (zone 1) 
towards the central parts (zones 2 to 4). The chilled 
margin and the adjacent zone 2 contain magmatic biotite, 
whereas the remaining zones (3 and 4) contain secondary 
white mica. On the Flinn graph, the strain data of every 
zone, depicted as rhombs, plot within the apparent 
constrictional field (Fig. 7). However, the strain intensity 
increases considerably from the chilled margin (ex= 1.7) 
to zone 4 (ex= 2.6). 

The influence of a possible volumetric strain on the 
finite strain ellipsoid (Ramsay and Wood, 1973) was 
investigated using the geochemical method of Grant 
(1976). The concentrations of immobile elements (Zr, 
Ti, Nb, Al) of the almost non-altered chilled margin 
(zone 1) were plotted against those of the strongly altered 
part of the dike (zones 2 to 4) (Fig. 8). As the immobile 
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Fig. 7. Flinn graph showing the strain geometry in the chilled margin 
(1) and adjacent marginal zones of the trondhjemitic dike (24) 
determined by the SURFOR method (see text). Black field (C) denotes 
the strain in the central part of the dike. The inset gives the increase of 
mica length from the chilled margin towards the centre of the dike (mean 

values) 
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Fig. 8. Grant (1976) diagram showing the content of immobile elements 
in the chilled margin (zone 1) and adjacent marginal zones (2 to 5) of the 

dike. 

should be ruled out for the altered parts of the dike. Thus, 
the apparent constrictional strain determined above 
should reflect the actual state of strain. 

The apparent constrictional strain makes it difficult to 
determine the shear strain of the dike and its relation to 

elements do not significantly vary, a volumetric strain the longitudinal strain. To simplify the calculation, we 
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assumed simple shear, being aware that the results may 

deviate from those expected from apparent constrictional 
conditions. Assuming simple shear, the shear strain (y) 
can be determined from the angle between the S and C 
planes of the shear zone 

y = 2/tan 28’ (2) 

where 8’ is the acute angle between the Sand C planes (see 
Ramsay and Graham, 1970). In the present case, 6’ 

ranges from 10” to 15” (Fig. 3g) yielding a shear strain 
between 3.5 and 5.5. In simple shear, the longitudinal 
strain along the major principal axis of the finite strain 
ellipsoid (ex) is approximately half the value of the shear 
strain (Pfiffner and Ramsay, 1982). In the present case, 
the longitudinal strain, calculated from the shear strain, 
ranges from 1.8 to 2.9. Thus, although the prerequisites 

for the above calculations are not entirely fulfilled 
because of the deviation from simple shear, the calculated 
longitudinal strain is approximately compatible with the 
modified SURFOR strain (1.7-2.6) determined by 
applying the ‘Partikelprojektionsmethode’ described 
above. 

Finally, it has to be noted that the strain magnitude of 
the central part of the dike (C in Fig. 7) is as low as that of 
the chilled margin. 

THERMAL MODELLING 

The thermal history of the dike and its surroundings 
has been numerically simulated assuming a temperature 
of 350°C for the wall rock. The temperature of the 
intruding trondhjemitic melt was determined applying 
the zircon saturation method of Watson and Harrison 
(1983). As the chilled margin of the trondhjemitic dike 
hardly shows post-magmatic chemical and mineralogical 
alteration, it is the most suitable candidate for carrying 
out this calculation. Taking into account the cation ratio 
and Zr content (114 ppm) of the chilled margin, a 
temperature of 750°C was determined. Since no zircon 
could be found in the dike, the amount of inherited 
zircons should be low. Consequently, the temperature 
determined should approximately reflect the temperature 
of the melt (Watson and Harrison, 1986). It has to be 
further emphasized that calculations of the melt tem- 
perature of the large MraEnice trondhjemite and of 
several non-foliated porphyritic trondhjemitic dikes 
yield nearly the same values as that of the foliated dike 
described here. 

Calculations with the FUSION program of Nieder- 
korn and Blumenfeld (1989) suggest that, under water- 
saturated conditions, a tonalitic melt can be expected to 
include about 50% crystals at a temperature of 750°C 
and the solidus should be close to 650°C (Bouchez et al., 
1992) (Fig. 9). The relatively high amount of An in the 
magmatic plagioclase of the trondhjemitic dike (Fig. 5) 
suggests that the composition of the dike is close to that 
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Fig. 9. Melting curve of a tonalite under water-saturated conditions 
(after Bouchez et al., 1992). CMF = critical melt fraction. 

of a tonalite (see An-Ab-Or diagram of Barker, 1979). 
Hence, we adopt the data of the tonalite by setting the 
temperature interval of crystallisation of the trondhjemi- 
tic dike at 100°C. 

The heat of fusion was also taken at lOO”C, i.e. half the 
value for felsic melts (see Peacock, 1989). Fifty percent of 
crystals already existed when the melt emplaced. The 
thermal conductivity was set at 2.63 W m-l K-‘, and 
the heat capacity was assumed to be 1 kJ kg-’ K-’ 
(Cermak et al., 1982). From the results of the XRD 
analyses, the density of the dike was set at 2663 kg m-‘, 
and for the sake of simplicity, the heat was assumed to be 
transported by conduction only, and the width of the dike 
was fixed at 1 m. 

The numerical simulation was carried out with the 
program ‘CONTACT’ (Peacock, 1989) based on a finite 
difference algorithm to solve the one-dimensional heat 
transfer equation. It assumes that the igneous body 
intrudes instantaneously. This should be the case for the 
trondhjemitic dike, since the chilled margin of the dike as 
well as the absence of significant contact heating of the 
wall rock clearly indicate a single-stage fast intrusion (see 
Jaeger, 1968, p. 516; Clemens and Mawer, 1992). 

Figure 10(a) shows a temperature vs distance plot 
where the calculated isotherms within the dike and 
country rock are depicted for time-steps of 1 day. 
Figure IO(b) shows the maximum temperature achieved 
at each point during, and subsequent to, the magmatic 
event. Finally, in a time vs temperature plot (Fig. 10~) the 
temperature-time path is given for 5 points located at 
distances of -0.5 m (centre of the dike), -0.25 m, 0 m 
(dike/wall rock boundary), + 0.25 m and + 0.5 m. In the 
following section we will focus on three distinct tempera- 
tures critical for the rheology of the dike during its 
deformation: (1) the temperature of the rheologically 
critical melt fraction (CMF= 3&35% melt, Van der 
Molen and Paterson, 1979), which in our case is around 
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Fig. 10. Thermal modelling carried out with the program CONTACT of Peacock (1989). (a) Temperature vs distance plot 
showing the temperature profiles for 40 days (each curve = 1 day); the steepest curve represents the temperature profile at the 
moment of melt emplacement; for symmetry reasons only half the dike is shown. (b) Temperature vs distance plot showing the 
maximum temperature at each point achieved during and subsequent to the intrusion. (c) Temperature vs time plot showing 
the temperature-time paths at different distances from the centre of the dike. (d) Cooling time (in days) to reach rheologically 

critical temperatures at different distances (in meters) from the dike centre. Further explanation in text. 

720°C (Fig. 9); (2) the solidus temperature (650°C; Fig. 
9); and (3) the threshold temperature for the onset of 
pervasive crystal plastic deformation by recrystallization- 
accomodated dislocation climb of plagioclase, i.e. 
approximately 500°C for plagioclase that is poor in An 
component and at natural strain rates (Voll, 1976; Tullis 
and Yund, 1991; Pryer, 1993). 

At the dike/wall rock contact, where the chilled margin 
developed and at t = 0, the temperature does not exceed 
550°C (Fig. 10a). Due to the latent heat of crystallization, 
the temperature slightly increased up to a maximum 
value of 580°C after 1.25 days. Then, the temperature 
decreased down to 500°C after 7 days. 

At the centre of the dike (Fig. 10 a & b) a temperature 

of T= 720°C was realized after about 1 day. The solidus 
temperature (T= 650°C) was reached after 2 days, and 
T=5OO”C after 8 days. Regarding the country rock, 
T= 500°C was never reached at a distance of more than 
+ 0.4 m away from the dike (Fig. lob), and at + 2.5 m the 
maximum temperature was T= 380°C. 

DISCUSSION 

Structural and microstructural data, presented in this 
paper, indicate the syn-emplacement deformation of a 
trondhjemitic dike. Intrusion of the dike into an active 
shear zone is documented by the following facts: 
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(1) the structural elements, shear plane, stretching 
lineation, and the sense of shear are concordant in the 
dike and country-rock; 

(2) plagioclase was strongly recrystallized in the dike, 
including its foliated chilled margin, but not in the 
country rock; this indicates that the temperature within 
the dike exceeded that of the country rock during ductile 
deformation; 

(3) pervasive recrystallization of plagioclase and 
quartz in the dike contributes to a ‘high-temperature’ 
foliation that is considerably stronger than in the sheared 
country rock; 

(4) the degree of retrograde metamorphism is much 
weaker in the country-rock close to the dike (< 0.5 m), 
than farther away from it, indicating a slight contact 
heating during shearing; 

(5) the major glide systems in quartz of the country- 
rock change significantly from the basal <a> glide to 
rhombohedral and prism < a > glide when approaching 
the dike; this also indicates that the temperature 
increased during shearing when approaching the dike. 

Thermal modelling suggests that the rheology of the 
dike must have changed significantly within about 8 days. 
Figure 11 shows how, during cooling, the high-viscosity 
zone migrates from the margins of the dike towards its 
centre. After 12 h of cooling, the amount of melt in the 
centre of the dike was still above the rheological critical 
melt fraction (30-35%), meaning that this part of the 
dike behaved as a melt with approximately Newtonian 
properties. The margins of the dike were already below 
the solidus temperature, but the plagioclase could still 
recrystallize. The amounts of melt in-between the centre 
and the margin of the dike were below the CMF. Thus, 
analogous to the margin, this part of the dike behaved 
like a solid. After 1 day of cooling, the entire dike 
behaved as a solid, i.e. T< 720°C and after 2 days, 
remnants of melt were restricted to the very centre of the 
dike. During the following 3 to 6 days after melt 
emplacement, the entire dike was in a subsolidus state, 
i.e. at temperatures in-between 650 and 500°C where 
plagioclase could still recrystallize. After 7 days the 
temperature at the margins was less than 500°C. 
Consequently, plagioclase should behave brittlely. After 
8 days, the whole dike was in a state where plagioclase is 
expected to deform by fracturing. Hence, recrystalliza- 
tion of plagioclase should have been restricted to a time 
interval of about 8 days after the melt was emplaced. If 
the threshold temperature for recrystallization of plagi- 
oclase is lower, say 450°C this critical time interval 
increases to 16 days. 

It is emphasized that the chilled margin became a solid 
instantaneously. Nevertheless, during the first 7 days, the 
temperature was high enough for recrystallization of 
quartz and plagioclase. Thus, the rheological contrast 
within the chilled margin was markedly low supporting 
pervasive and fully ductile deformation during the 
shearing event. Taking into account the magnitude of 
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Fig. 11. Sketches showing the time-dependent change in distribution of 
temperature, and hence- of rheologically distinct domains. Black 
area = T> 720°C: melt content is above the rheologicallv critical melt 
fraction; dark grey area = 650°C < 7’~ 720°C: melt is present but in 
amount below the rheologically critical fraction; grey 
area = 500°C < T< 650°C: solidus is reached but temperature was high 
enough for plagioclase recrystallization; light grey area = T< 500°C: 

plagioclase does not recrystallize. 

finite strain as well as the maximum possible time that 
was necessary for imposing this strain, we are able to 
calculate the strain rate of the shearing event. Since the 
chilled margin yields reliable strain data, it is suitable to 
carry out such a calculation. There are several reasons for 
why the major part of the strain in the chilled margin 
should have developed within the first 7 days: 

(1) plagioclase behaved exclusively by crystal plastic 
deformation suggesting a temperature higher than ca 
500°C; 

(2) in contrast to the centre of the dike, magmatic 
biotite and plagioclase phenocrysts were not replaced by 
white mica in the rim; 

(3) the low amounts of quartz within the chilled 
margin (25%) are probably not sufficient to weaken the 
plagioclase-controlled shear zone by its shape-preferred 
orientation at temperatures lower than about 500°C 
(Handy, 1990). 

In the chilled margin the longitudinal strain along X is 
ex = 1.7. If this strain was imposed within the first 7 days 
after the dike emplaced, the average strain rate would be 
2.8 x 1O-6 s-l, equivalent to a displacement rate of 
2 cm h- ‘. This strain rate is several orders of magnitudes 
higher than geological strain rates given in the literature. 
The large amount of data compiled by Pfiffner and 
Ramsay (1982) suggest that geological strain rates 
commonly range from 1 x lo-l3 to 1 x lo-l5 s-‘. In 
high-strain domains, like shear zones, these values may 
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reach values up to 1 x lo-” s-’ (Carter and Tsenn, 1987 
and references therein). Concerning emplacement-related 
deformation of granitoid magmas, John and Blundy 
(1993) calculated a strain rate of 4 to 13 x lo-l3 s- ’ for 
granitoids of the Adamello Massif of the Italian Alps. A 

higher strain rate of 1 x lo-” to 1 x lo-i2 s-’ was 
derived by Karlstrom et al. (1993) from a synkinematic 
pluton of the Piute Mountains (southern California). 

We explain the extremely high strain rate, derived from 
the chilled margin of the trondhjemitic dike, as the result 
of local strain accumulation supported by the ‘lubricat- 
ing’ melt (see Arzi, 1978; Hollister and Crawford, 1986; 

Karlstrom et al., 1993). Regarding the whole dike, this 
strain rate is probably a minimum strain rate, since: 

(1) the thermal modelling does not consider advective 
heat transported by circulating fluids that probably 
increased the cooling rate of the dike, hence increasing 
the strain rate; 

(2) the higher amounts of melt in the centre of the dike 

weakened this part of the dike compared with the solid 
marginal parts where the strain and strain rate should be 
lower; 

(3) the assumed time interval of 7 days should be 
treated as a maximum value, because the chilled margin 
may have been strained in a time interval that is 
considerably smaller. 

The latter point is particularly important. Taking the 
results of experimental deformation of plagioclase into 
account, the high strain rate determined above is hardly 
compatible with crystal plastic deformation of plagio- 
clase. At a strain rate of lop6 s-‘, recrystallization- 
accomodated dislocation climb of An-poor plagioclase 
should be possible only at temperatures above 700°C 
under dry conditions (Tullis and Yund, 1991; Fig. 7a). 
Below this temperature, cataclastic flow should be 
expected. This suggests that the time interval for 
plagioclase recrystallization shrinks to a few hours, and 
this would further increase the strain rate. The question 
arises of whether the experimental results apply to our 
case. The experiments, for example, do not consider the 
presence of a melt phase from which plagioclase crystal- 
lized. Under wet deformation conditions, on the other 
hand, diffusion creep and grain boundary sliding should 
be the prevailing deformation mechanisms at a strain rate 
of 10e6 s-’ and T< 700°C (Tullis and Yund, 1991; Fig. 
7b). Since evidence for pervasive diffusion creep is lacking 
in the chilled margin, relatively dry conditions must be 
assumed during the initial shearing phase. 

It is difficult to interpret the strain data of the central 
part of the dike. Replacement of large amounts of 
plagioclase by white mica decreased the plagioclase 
content from 72% (chilled margin) to 48%, and increased 
the mica content from 2% (chilled margin) to 20%. These 
fluid-assisted mineralogical and textural changes should 
have contributed to significant strain softening in the 
central part of the dike. This holds also for temperatures 
lower than 500°C. It cannot be excluded that, in the 

central part of the dike, a considerable part of the late- 
stage displacement was accommodated by the weak 
phases (mica and quartz). Thus, the deformation may 
have continued within the brittle regime of plagioclase, 

although the latter does not show evidence for pervasive 
fracturing and cold working. It is assumed that these 
processes may have contributed to a more homogeneous 
strain in the central part of the dike as is indicated by the 
weak scattering of the data points in the Flinn diagram. 

There are two reasons to interpret the markedly low 
strain in the central part of the dike as a minimum strain: 
(1) the white micas grew late in the deformation history 
and do not record the bulk strain; and (2) the displace- 
ment in the central part of the dike may have initially 

occurred under magmatic conditions. 

CONCLUSIONS 

Our results clearly show that synkinematically 
intruded dikes may display significant lateral zonations 
in strain, mineralogy and geochemistry. These zonations 
are interpreted as the result of the time-dependent shift in 
rheological conditions of the cooling dike from its 
margins to its centre. The shift in the rheological state 
goes in concert with a shift in the intensity of deforma- 
tion. Subsolidus strain occurred first in the chilled margin 
of the investigated trondhjemitic dike and was shifted 
from there towards its centre. As the subsolidus deforma- 
tion ‘migrated’ towards the weak centre of the dike, the 
rigid chilled margin was prevented from further deforma- 
tion, and its strain was ‘frozen’. The fact that fluid- 
controlled alteration is restricted to the central parts of 
the dike suggests that a migrating fluid front appeared 
late during the shearing event and thus post-dated the 
intrusion of the melt. Although shearing of the dike was 
approximately volume-constant, the fluids contributed to 
a significant exchange in sodium and potassium, whereas 
the amount of other main elements did not markedly 
change. We believe that similar synkinematic dikes may 
be present in other areas of active magmatism, particu- 
larly in regions with active volcanism. The extremely high 
strain rate, derived from the chilled margin of the 
trondhjemitic dike, is probably not an exception. How- 
ever, the prerequisites for calculating strain rates of 
synkinematic dikes are rarely given in nature. 
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