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LITHOS Maddock, R.H., Grocott, J. and Van Nes, M., 1987. Vesicles, amygdales and similar structures in fault- 
generated pseudotachylytes. Lithos, 20: 419-432. 

Amygdales in fault-generated pseudotachylytes from the Outer Hebrides Thrust, Scotland, and the Iker- 
t6q Shear Belt, West Greenland, contain mineral assemblages dominated by K-spar + sphene + epidote 
+ quartz and carbonates respectively. These contrasting assemblages indicate that vesicle infilling took 
place under differing environmental conditions. Other 'filled cavities', resembling amygdales in form and 
mineralogy, are recognized as replacement pseudomorphs after porphyroclasts. Using published data 
relating vesicle abundance and solubility functions for H20 and CO2 to pressure, a palaeoseismic depth 
estimate (equivalent to the depth of vesiculation) of about 1.6 km is inferred for the Greenland pseudo- 
tachylytes described in this paper. 

( Received January 16, 1986; accepted August 21, 1986) 

Introduction 

Fault-generated pseudotachylytes (hereafter sim- 
ply termed pseudotachylytes) are believed to form 
by frictional melting during earthquake faulting, 
predominantly in cold dry crystalline rocks 
(McKenzie and Brune, 1972; Sibson, 1975), 
although an essentially cataclastic origin has also 
been proposed (Wenk, 1978). They form at depths 
ranging from perhaps in excess of  15 km, where the 
dominant  mode of  deformation is plastic (e.g. Sib- 
son, 1980; Passchier, 1982), to as little as 0.5 km - 
for example along the Alpine Fault zone, New Zea- 
land (R.H. Sibson, pers. commun.,  1982). Pseudo- 
tachylytes which can be shown unequivocally to 
have cooled from a melt (e.g. Philpotts, 1964; Mad- 
dock, 1983, 1986a; Macaudibre et al., 1985)occa-  
sionally contain amygdales, permitt ing refinement 
of  estimates of  depth of  generation, i.e. palaeo- 
seismic depths according to the model of  Sibson 

*Present address: 31, Mapesbury Road, London, NW2 4HS, 
U.K. 

(1975). A second type of structure resembling a 
filled cavity, results from in situ alteration and 
replacement of  porphyroclasts, forming pseudo- 
morphs which may superficially resemble amyg- 
dales. The purpose of this contribution is to describe 
the form and mineralogy of these structures and 
at tempt to deduce certain environmental  condi- 
tions (temperature,  fluid composition and espe- 
cially confining pressure) during and after 
pseudotachylyte generation. 

Method of study 

Polished thin sections of  pseudotachylyte were 
examined optically and by scanning electron 
microscopy (SEM) operating in the backscattered 
electron (BSE) mode, which is ideal for studying 
fine-grained and mineralogically heterogeneous 
rocks (cf. Hall and Lloyd, 1981 ). Quantitat ive and 
semi-quantitative mineral analyses were obtained in 
a JEOL 733 SEM and a Cambridge Instruments 
Microscan V electron microprobe, both fitted with 
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Link Systems energy-dispersive X-ray analysers. 
Both instruments were operated at 15 kV excitation 
voltage and a beam current of 80-120/tA; well- 
characterized mineral standards were analyzed at 
the same time as the samples. 

Sample localities 

The pseudotachylytes of this study were collected 
from the Outer Hebrides Thrust (OHT), NW Scot- 
land and the Ikert6q Shear Belt, West Greenland. 
Both of these major fault zones have a long history 
of deformation and contain abundant pseudotachy- 
lyte, cataclasite and mylonite series faultrocks (ter- 
minology of Sibson, 1977a). 

The OHT cuts Lewisian Gneisses and the pseu- 
dotachylyte faulting probably occurred during 
Caledonian times (Sibson, 1977a); the main thrust 
was subsequently reactivated as a major exten- 
sional fault (Smythe et al., 1982). A suite of amyg- 
daloidal pseudotachylytes were collected from a sub- 
vertical quasiconglomerate vein complex (see Sib- 
son, 1975; Grocott, 1981, for terminology) cutting 
amphibolite facies quartzofeldspathic gneiss at 
Rubha Ardvule, South Uist (Grid reference 
NF7130), some 8 km W of the main thrust base. 
The NW-trending, sub-vertical pseudotachylytes at 
this locality antedate gently E-dipping vein systems 
(Maddock, 1986b). Amygdaloidal pseudotachy- 
lytes have not previously been reported from the 

OHT, their absence having been used to infer a 
minimum depth of generation of 2 km (cf. Sibson, 
1975). 

The Ikert6q Shear Belt is a major shear zone in 
which the main displacements occurred in the 
period 2700-1650 Ma, when the gneisses in the belt 
were reworked under amphibolite and granulite 
facies conditions (Bak et al., 1975; Grocott, 1979). 
Since then the shear belt has been reactivated sev- 
eral times (Watterson, 1975). In the N part of the 
belt, where material for this study was collected, 
palaeomagnetic data from seven sites point to a late 
Proterozoic reactivation of the belt, either at ca. 
1220 Ma or at ca. 600 Ma (Piper, 1981a). Unfor- 
tunately the palaeomagnetic data cannot discrimi- 
nate between these results, and although Piper 
(1981a) believes the latter age to be that of pseu- 
dotachylyte formation, his arguments are equivocal. 

The gneisses of the shear belt are cut by a suite of 
kimberlite and lamproite dykes ( B.H. Scott, 1981 ). 
Field relationships between faults on which pseu- 
dotachylyte was generated and certain lamproite 
dykes in the northern part of the shear belt clearly 
show that faulting and dyke intrusion were contem- 
poraneous. The dykes occupy extensional fractures 
for the most part, but they change trend and intru- 
sion geometry as they approach pseudotachylyte 
generation zones in which they occupy extensional 
shear fractures. Further evidence of contemporane- 
ity exists where dykes having identical petrology and 
field appearance can be shown to have intruded sin- 

TABLE l 

Minera logy of  amygda les  in Oute r  Hebr ides  pseudotachyly te  

Phase Compos i t i on  ( d e t e r m i n e d  by electron mic roprobe )  Zona t ion /occur rence  

K-spar Or~,s ~7Ab4 ~Anc, 44 
Quar tz  
Sphene ('a~,,s ( Ti ~ ~aFe~] ~ ~AI,, .~ ) Si 4 ooO2o 
Epidote  I 

Epidote  2 
Act inol i te  
Biot i te  
Apat i te  
Magne t i t e  
Pyri te  
Chalcopyr i te  

Chlor i te  
Fe-hydroxide  

Albi te  

(Ca~ ~4Na~j j 2 + 3. . J J - ~ K.~ m ) ( Mg~ 28Fe ~ 58Feo.06Mno 07Tlo.o~Alo 04 ) ( Sly 7sAlo 22 ) 022 ( OH ) 2 
_ _ iMno 04Tlo 2sAIo.2~)(Sls.o3A 2 ~7)O20(OH)4 

( K,,.6~Ca,, 06)( Mg4,8Fe~ 20Mno 06Ti,, 2,Al~i~o)(Si668Al~i4)Oo20(OH ),~ 

Oro 6 Abg~ 6~Ano 76 (wi th  K-spar)  

" 'essent ial"  phases  

"accessory"  phases  

} "*alteration" phases  

micro  jo in t s  
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gle-jerk pseudotachylyte generation zones, both 
before and after melt generation. Finally, some field 
relationships suggest that lamproite magma and 
pseudotachylyte may have mixed in some genera- 
tion zones, a possibility that is to be examined geo- 
chemically. The field relationships between 
pseudotachylyte faults and kimberlite dykes are not 
yet known. Piper ( 1981 b, p. 172) has described field 
relationships between kimberlite dykes and pseu- 
dotachylyte in this shear belt, but in the outcrops 
concerned lamproite rather than kimerlite dykes are 
exposed. Since dated kimberlites and lamproites 
from the Ikert6q Belt yield different ages (L.B. 
Smith, 1979), the dyke types should be clearly dis- 
tinguished when field relationships with pseudota- 
chylyte are described. Although lamproite dykes 
from elsewhere in the belt do yield an age of 
1227_+12 Ma (L.R. Smith, 1979), the range of 
published ages for rocks of the West Greenland car- 
bonatite-lamproite-kimberlite suite is so large (Lar- 
sen et al., 1983), that one hesitates to discriminate 
between the possible palaeomagnetic ages on this 
evidence. 

The pseudotachylyte of this study lies along the 
contact between a biotite tonalitic gneiss and the 
pipe-like intrusion of the kimberlite-lamproite suite 
described by B.H. Scott (1981, pp. 5 and 18). The 
pseudotachylyte cuts the pipe, but is believed to have 
been generated in the tonalitic gneiss. Detailed 
descriptions of the pseudotachylytes at the north- 
ern boundary of the shear belt are given by Grocott  
(1977, 1981). 

Description and mineralogy of structures 

A mygdales, Outer Hebrides thrust 

The pseudotachylyte veins, 3 cm in maximum 
thickness, have a plagioclase-microlitic texture 

indicating primary crystallization from a silicate 
melt (Maddock, 1983). The veins contain approx- 
imately 20 modal % porphyroclasts of brittly 
deformed quartz and plagioclase. The amygdales 
vary from almost perfectly circular (believed spher- 
ical in 3D) to elliptical with increasing size over the 
range 20-200 pm maximum dimension. The larger 
elliptical examples are flattened parallel to the vein 
walls and have maximum aspect ratios of 2 (thin- 
section cut normal to vertical dip of vein). There is 
no evidence of  microlite nucleation on the vesicle 
walls, but locally the microlite long axes are aligned 
parallel to the elongation of the vesicles. Segrega- 
tion vesicles (R.E. Smith, 1967) were not observed. 
The modal proportion of amygdales is 3-5% and 
they are randomly distributed apart from being 
absent within 1 mm of the vein margin. 

The mineralogy of the amygdales is shown in 
Table 1. Each amygdale contains 3-7 subhedral 
grains of one or more of the 'essential' phases (K- 
spar, quartz, sphene and epidote) which occupy 
most of  the volume and exhibit quasi-drusy habit; 
the 'accessory' phases occupy the grain boundaries 
and inclusions within the essential phases (Plate I). 
Extreme modal mineralogical variation from one 
amygdale to another is considered prima facie evi- 
dence that they are indeed amygdales and not 
immiscible silicate liquid droplets (cf. Roedder, 
1979, p, 44). In amygdales where quartz or alkali- 
feldspar dominate, sometimes to the total exclusion 
of  all other phases [e.g. Plate I, (H)] ,  substantial 
optical misorientation exists between the grains but 
there is no optical evidence of  strain. Little chemi- 
cal variation in essential or accessory phases exists 
within or between amygdales. 

The accessory phases occur in varying propor- 
tions and restricted combinations; neither of the 
pairs actinolite and biotite or magnetite and sul- 

PLATEI 

Backscattered electron (BSE) micrographs and line drawings of amygdales in plagioclase microlitic pseudotachylyte from the 
OHT. a = actinolite; b = biotite; e = epidote; f -  Fe-hydroxide; k = K-spar; p = pyrite (diagonal hachuring in F); pl= plagioclase; 
q= quartz; s= sphene. Scale in micrometers. 
A and B. Typical amygdale showing sub-drusy habit of phases dominated by a large grain of epidote containing LREE-enriched 
epidote laths (lighter grey). 
C and D. Amygdale with complex mineralogy; note the actinolite needle (a) which crosses grain boundaries between other 
phases. 
E and F. Amygdale with mineralogy dominated by sphene and pyrite which is partially altered to Fe-hydroxide. 
G. Amygdale containing sphene surrounding plagioclase (pl) believed to be a porphyroclast trapped during vesiculation. 
H. Amygdale entirely filled by K-spar. 
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Fig. 1. Diagrams showing the compositions of selected phases 
in amygdales in Outer Hebrides Thrust pseudotachylytes. 
a. Plot of Si vs. Mg/ (Mg+Fe  2+ ) formula units based on 23 
(O) showing composition ofacicular amphiboles [Fe 2+ esti- 
mated by method of Papike et al. (1974)]. 
b. An-Ab-Or diagram ( • = K-spar in amygdales; • = (?)relict 
feldspar porphyroclast in amygdale; •= fe ld spa r s  in 
microfractures). 
c. Peak intensity (1) vs. energy (keV) plot showing qualita- 
tively the presence of La and Ce in epidote 2 (lowest energy 
peaks only are annotated). 

phide were observed coexisting in the same amyg- 
dale. Epidote 2 is found as laths (10X40/~m max) 
within epidote 1 [Plate I (A) and (B)] ,  and con- 
tains up to 10 wt.% Ce203 and La203 - estimated 
from semi-quantitative analyses (Fig. lc).  Actin- 
olite, perhaps the most abundant accessory phase, 

occurs as needles (15 × 100 #m max.) which are 
included within the essential phases and cross their 
grain boundaries without deflection [Plate I, (C) 
and (D)  ]. This textural relationship implies growth 
of  actinolite and subsequent inclusion within the 
other phases. The actinolite approaches end-mem- 
ber composition (Fig. la) containing very low 
A1203, Na20 and K20. Laths and plates of biotite 
have an average composition shown in Table 1, but 
some of  the grains are partially chloritized. 

Pyrite, the most abundant opaque phase, some- 
times achieves dimensions comparable to the 
essential phases [Plate I, (E) and (F)] .  Magnetite 
occurs as small, rounded grains to 40/zm diameter. 
Both pyrite and magnetite are altered marginally 
and along grain boundaries to a brown/red Fe- 
hydroxide of  bladed habit. 

In one amygdale, a large angular grain of plagio- 
clase of  composition similar to the porphyroclasts 
(Fig. lb)  was found [Plate I, (G)] .  The origin of  
this grain is uncertain; although it appears to con- 
tain inclusions ofactinolite, it is probably a clast that 
was trapped during vesiculation. 

The amygdale walls vary from sharp boundaries 
to narrow zones ( < 10 #m wide) of replacemen- 
t/alteration of  the pseudotachylyte matrix by the 
phases within the amygdale proper. 

The pseudotachylyte is cut by two generations of 
microfractures. The earliest microfractures ( <  10 
#m wide) appear to have been healed, mainly by K- 
spar, contemporaneously with the infilling of  the 
amygdales. However, a minority of  the amygdales 
are seen to be connected to microfractures. A later 
set of microfractures (up to 100 #m wide), 
demonstrably postdates the infilling of the amyg- 
dales and are healed by a xenoblastic intergrowth of 
albite and K-spar (Fig. lb).  

Porphyroclast replacement pseudomorphs, Outer 
Hebrides Thrust 

Porphyroclast replacement pseudomorphs are 
distinguished from amygdales by their more irreg- 
ular form and generally larger dimensions. In the 
amygdaloidal pseudotachylytes described above, 
incipient marginal alteration of  the plagioclase por- 
phyroclasts to epidote + clinozoisite + sericite 
+calcite has occurred especially adjacent to the 
microfractures. Similar marginal alteration of  por- 



phyroclasts has been noted by Philpotts (1964) (see 
Table 3). 

In a more general sense, the pseudomorphs are 
best developed in pseudotachylytes with a high con- 
tent of chlorite in their groundmass (probably devi- 
trifled glass) and with a high density of 
microfractures. An example (from a non-amygda- 
loidal pseudotachylyte) is shown in Plate II, (C) and 
(D). The plate shows a porphyroclast largely 
replaced by a rim of fibrous chlorite enclosing plates 
of weakly ferroan calcite, 200/~m across and with 
finely saw-toothed grain boundaries. Detailed 
examination in the SEM/microprobe reveals that 
the chlorite is replacing actinolitic hornblende and 
that the calcite includes small grains of quartz [Plate 
II, (D)]. The concentric pattern of replacement 
could result from nucleation effects or partial dis- 
solution followed by void infilling, or both. Chlor- 
ite healed microfractures occur in close proximity 
to the replacement pseudomorph [Plate II, (C)]. 

Amygdales, Ikertbq Shear Belt 

The 1.5 cm thick pseudotachylyte vein is conspic- 
uously zoned. The central zone is brown and spher- 
ulitic with amygdales, the marginal zones are for the 
most part black and opaque and lack amygdales. The 
volume fraction ofamygdales is 3-5%, and the lower 
figure is used in subsequent calculations. The amyg- 
dales, up to 1 mm long, show aspect ratios up to 10 
or more, perhaps resulting from simple shear or 
flattening of the still hot and viscous 
pseudotachylyte. 

The larger amygdales [Plate II, (A) and (B)] 
contain a zoned arrangement of chiefly carbonate 
minerals whose composition is given in Table 2. The 
pattern of zonation from amygdale centre to mar- 
gin follows an increasingly complex mineralogy and 
decreasing grain size [Plate II, (B)]. The overall 
structure suggests vesicle in filling with nucleation 
dominating over growth initially (marginal zone) 
followed by growth dominating over nucleation 
(axial zone). Similar patterns, and indeed miner- 
alogies, are frequently seen in vug and pore-space 
cementation and are explicable in terms of chang- 
ing substrate structure and chemistry during crys- 
tallization. Growth of non-carbonate phases (barite, 
celadonite and magnetite) in the amygdales may 
have been relegated to grain boundary environ- 
ments for similar reasons. The dolomite is presum- 
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ably secondary-perhaps after calcite, although no 
porosity increase is apparent. It is not clear whether 
the zoning in the dolomite [Plate II, (B)] is 'pri- 
mar5,' (i.e. it formed during growth of the dolom- 
ite) or a later exsolution feature. 

Celadonite, distinguished from glauconite by the 
former's negligible AI vl content (Buckley et al., 
1978), occurs as verdant wispy laths to 75x 15 ~tm 
maximum dimensions [Plate II (B) ]. Celadonite 
is also found as an alteration product after biotite 
in the pseudotachylyte matrix and in the host-rock. 

Carbonate- and barite-bearing microfractures 
intersect some of the amygdales with textures clearly 
demonstrating coeval filling of both structures 
[Plate II, (A) and (B)]. As with the Hebridean 
example however, by no means all of the amygdales 
are visibly connected to microfractures. 

Discussion 

Physical conditions qf amygdale formation 

In the Himalayan Langtang and Alpine K6fels 
landslides, frictionites with unequivocal vesicular 
texture are observed (Fig. 2; Scott and Drever, 1953; 
Erismann et al., 1977). The vesicles are testament 
to the exsolution of a vapour phase from the melt 
under conditions of low lithostatic pressure, esti- 
mated at 200 bar by Masch et al. (1985) for the 
Langtang slide. Amygdaloidal pseudotachylytes 
have been described from at least four other locali- 
ties in addition to the Ikert6q Shear Belt and the 
Outer Hebrides Thrust (Table 3). 

Determination of the physical conditions of ves- 
icle/amygdale formation is of importance in 
attempts to specify the palaeoseismic source 
parameters of the earthquakes during which pseu- 
dotachylyte generation zones were formed (cf. Sib- 
son, 1975; Grocott, 1981; J. Grocott and M. van 
Nes, in prep.). One significant source parameter is 
the drop in shearing stress in the plane of the fault 
during slip, and this parameter is limited during 
shallow earthquakes by the lithostatic pressure. If a 
method can be found whereby the formation depth 
of amygdaloidal pseudotachylyte can be estimated, 
the path would be open to more straightforward 
determination of palaeoseismic source parameters, 
and the search for scaling relationships between such 
source parameters could begin. In this section the 
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TABLE 2 

Mineralogy of amygdales in Greenland pseudotachylyte 

Phase Composition Zonation/occurrence 

Ferroandolomitel } } 
Ferroan dolimite 2 Sid4 7¢,Magn43.60Rhod~ o¢,Cal%0 5~ axial zone 

Ferroan dolomite Sid~ ,, Magn4o 82Rhodo 62Calc4~.65 ] 
Ankerite Sid~ ~ ~aMagns4 ~Rhodo 45Calc48 ~_~ ~ marginal zone 

Barite } 
Magnetite 
Celadonite s+ • marginal zone and (K~ 9tCao 06)(Mg~.s8Fe2 38)(S17 9oAlo.o2)O2o(OH)4 
Quartz grain boundaries 
Calcite Sid~ ~Magnj 87Rhod0.5~Calcy63J 

Fig. 2. BSE micrograph of highly vesicular landslide friction- 
ite from Langtang, Himalayas. Scale bar = 50/~m. 

possibilities for determining the depth of  formation 
of pseudotachylyte using amygdales are reviewed, 
and a depth estimate is made for the Greenland 
pseudotachylyte described in detail in this paper. 

In an unconfined igneous system it may be pos- 
sible to estimate the depth of lava eruption on the 
sea floor if vesiculation has occurred (e.g. Moore, 
1965, 1979). Bubbles form in the magma when the 
partial fictive vapour pressure of a dissolved gas 
phase exceeds the liquid pressure. They will only be 
preserved if this condition is maintained until the 
magma is largely solidified. In an unconfined body 
this can occur when the magma has access to the sea 
floor, and the liquid pressure is hydrostatic. The 
volume fraction of  bubbles which form in a melt 
depends on the liquid pressure, temperature, the 
mass fraction of each gas phase and the solubility 
function of  each gas phase (Macpherson, 1984). 

Pseudotachylyte generation zones have no access 
to the surface and are thus confined systems. How- 
ever, amygdaloidal pseudotachylyte is not uncom- 
mon (Table 3), and it is necessary to consider the 
circumstances in which the partial fictive vapour 
pressure of one or more of  the gas phases could 
exceed the liquid pressure, at least transiently, in 
confined systems. Generation of pseudotachylyte on 
fault surfaces involves rapid, near-total, non-equi- 

PLATE II 

BSE micrographs of amygdale (Greenland) and porphyroclast replacement pseudomorph (OHT). Scale bar = 100/~m. 
A. A flattened vesicle with intersecting microfracture are infilled by large grains of carbonate with barite, celadonite and magne- 
tite along grain boundaries. 
B. Detail of (A) showing irregularly zoned plates of ferroan dolomite (d) and grain boundary location of barite (b), celadonite 
(c) and magnetite (m). Note increase in grain size away from margin and continuity of microfracture and amygdale infilling. 
C. Porphyroclast replacement structure in chlorite-rich pseudotaehylyte.; note proximity of chlorite healed microfracture (rn). 
D. Detail of (C) showing zoned arrangement with rim of chlorite (c) enclosing calcite (d) with small grains of quartz. 
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TABLE 3 

Literature-reported occurrences ofamygdales in pseudotachylytes 

Reference Locality Description 

Beckholmen (1982) Sweden 

Bisschoff ( 1962 ) Vredefort 
(South Africa) 

Nockolds ( 1944 ) Antarctica 

Philpotts (1964) Canada 

irregular cavities to 3 mm dia. in spherulitic pseudotachylyte; filled with drusy quartz _+ calcite 

irregular/elliptical cavities parallel to flow-banding; filled with drusy 
calcite _+ quartz _+ chlorite _+ chalcopyrite 

irregular/elliptical cavities filled with calcite + chlorite + epidote + quartz: microfractures healed 
with same phases may connect cavities 

spherical/irregular cavities to 50/~m dia., in microlitic pseudo- tachylyte; up to 20 modal vol.%; 
filled with quartz _+ calcite _+ magnetite _+ pyrite; infilling attributed to vapour precipitate from 
pseudotachylyte melt; rims of feldspar porpbyroclasts locally replaced by carbonate 

librium melting [unpublished data of  one of  us 
(R.H.M.) suggest that a degree of  selective melting 
can occur during pseudotachylyte genesis]. For 
rocks of tonalitic composition, melting will involve 
a volume increase of  about 12% (Clark, 1966). 
Consequently a high liquid pressure will tend to 
develop in the melt on the fault surface, but is lim- 
ited by the tensile strength of the surrounding rocks. 

Veins of  pseudotachylyte occur in three settings 
within pseudotachylyte generation zones; as lenses 
on non-planar generation surfaces, as veins which 
dilate pre-existing second order fractures and as 
injection veins (Grocott ,  1981). Injection veins 
occupy simple extensional fractures and are com- 
monly observed to have left planar pseudotachylyte 
generation surfaces at right angles. When melt is 
generated, liquid pressure (P~q) may exceed lith- 
ostatic pressure (P~t,) due to volume change. (It is 
clear from field relationships that melt may con- 
tinue to be generated on fault surfaces in spite of  the 
expected reduction in friction.) If  the differential 
stress is small, P~q may approach a value of  
--/°lith + at, where at is the tensile strength (Fig. 3a). 
When extension failure occurs, Pt~q will fall and it is 
assumed that vesiculation occurs at this stage in the 
injection vein. Preservation of  bubbles is expected 
owing to rapid solidification of  pseudotachylyte 
veins which are rarely wider than 1 or 2 cm. 

In order to determine the depth of formation of 
amygdaloidal pseudotachylyte, data on the mass 
fraction of  each gaseous component and their solu- 
bility functions are required. Solubility functions for 
H20 in basalt and andesite at 1100°C have long 
been available (Hamilton et al., 1964), and more 
recently the solubility functions for CO2 in basalt 
and andesite have been determined (Spera and 
Bergman, 1980; Harris, 1981 ). Macpherson (1984) 

makes use of  these data to predict the volumes of  
vesicles in submarine basalts, and his model may be 
used conditionally as a palaeodepth indicator if 
vesicle volume fractions are known. One problem 
with the method concerns the use of one solubility 
function for a wide range of  basalt compositions, 
and there is certainly disagreement over the applic- 
ability of  the results of  Hamilton et al. (1964) to all 
andesite compositions (Sakuyama and Kushiro, 
1979). The results of  Hamilton et al. (1964) are 
difficult to apply to pseudotachylyte of andesitic 
composition formed at relatively shallow levels in 
the crust, because the solubility function for water 
in andesite is poorly defined at low pressures. Fur- 
thermore pseudotachylyte liquids may easily 
become superheated. On the other hand, Spera and 
Bergman (1980) show that the solubility of  CO2 is 
similar in both tholeiitic and andesitic melts at low 
pressures especially when the temperature exceeds 
1450°C. In addition solubility of CO2 is almost 
independent of  temperature in andesitic magma at 
pressures below 4 kbar. 

With these results and reservations in mind, the 
solubility functions for basalt may be applied to the 
pseudotachylytes of this study, noting that even at 
pressures below 1 kbar the solubility of  water in 
andesite is not more than double that in basalt. Pro- 
vided differences in the solubility function for CO2 
in andesite and basalt are indeed low under condi- 
tions relevant to amygdaloidal pseudotachylyte, use 
of  basalt solubility data on the pseudotachylytes 
studied here should provide a depth estimate to 
within a factor of  2 or 3. This estimate will be 
improved as more solubility data becomes available. 

The mass fraction of  gaseous components origi- 
nally in solution can be obtained from analysis of 
the country rocks of  the pseudotachylyte since near- 
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Fig. 3. a. Mohr diagram with a stress circle representing the 
stale of stress in a pseudotachylyte generation zone at the stage 
of melt generation. The differential stress is low (a large frac- 
tion of the stress drop preceeds melt generation (Grocott, 
1981 )), and a state of plane stress is assumed with litbostatic 
pressure equal to the mean stress. 
b. Due to volume change on melting, pseudotachylyte is gen- 
erated with a high fluid pressure. Pressure in the liquid will 
act against the lithostatic pressure. On the Molar diagram this 
can be represented as a shift of the stress circle towards the 
origin. Extension failure occurs when the stress circle becomes 
tangent to the failure envelope. In the limit represented by a 
vanishingly small stress circle, the difference between the 
lithostatic pressure, P,,,, and the effective lithostatic pres- 
sure, P~,,, approaches a value of - PU,h + ~,, where at is the ten- 
sile strength. This is the maximum possible value of the liquid 
pressure. When fracturing occurs, liquid pressure is assumed 
to revert to lithostatic pressure, and under this condition the 
melt vesiculates. 

total non-equilibrium melting was involved. In the 
Ikert6q Shear Belt the country rock temperature was 
below 250°C when most of the pseudotachylyte was 
generated (Grocott, 1977; Piper, 1981 a), and there 
are no reasons to suppose that country rock com- 
positions away from generation zones have changed 
since that time. Whole rock analyses of eight 
amphibolite facies tonalitic gneisses from the north 
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part of the shear belt have an average H20 content 
of 0.38 wt.% (standard deviation 0.07) (Grocott, 
1977, table 2-2b, p. 100). Unfortunately CO2 has not 
been determined for the same rocks, but other 
amphibolite facies gneisses of similar composition 
from the North Atlantic Shield yield rather consis- 
tent values in the range 0.1-0.2 wt.% CO2 (e.g. 
Beach, 1976; Maddock, 1986b). There is no reason 
to expect significant departures from these values 
in the Greenland rocks, given the major element 
geochemical uniformity of such rocks in the shield. 

The Greenland pseudotachylyte sample contains 
a minimum volume fraction of amygdales of 3%, 
and we assume that H20 and CO2 are the only vesi- 
cle forming components of  importance (cf. Mac- 
pherson, 1984, p.73). Using a graph of volume % 
vesicles against pressure for 0.2 wt.% CO2 and 0.5 
wt.% H20 (Macpherson, 1984, fig. 2), a lithostatic 
pressure of 410 bar is obtained corresponding to a 
depth of 1.6 km. In taking our lower estimate of 
amygdale volume (3%) and our higher estimate of  
CO2 content of amphibolite facies tonalitic gneiss 
(0.2 wt.%), the result represents a maximum depth 
estimate. 

This result of course is only as good as the solu- 
bility functions used to obtain it and depends on 
the validity of  the assumptions made to justify their 
use. Given solubility data truly applicable to pseu- 
dotachylytes, together with appropriate analyses for 
volatiles, more accurate determination of forma- 
tion depths of amygdaloidal pseudotachylyte should 
be possible. 

Allen (1979) has suggested that vesicles and 
(feldspar) microlites are mutually exclusive in 
pseudotachylytes and that both are related to depth 
of generation. This is demonstrably not the case in 
the present Hebridean example and in Canadian 
pseudotachylytes described by Philpotts (1964) (see 
Table 3). The presence or absence of  microlites 
should not therefore be used to infer the depth of  
pseudotachylyte generation; their occurrence is 
more likely a function of  host-rock/pseudotachy- 
lyte melt composition and crystal nucleation kinet- 
ics (Maddock, 1986b). 

Significance qf amygdale mineral assemblages 

Leaving aside the Hebridean amygdaloidal pseu- 
dotachylytes, a marked mineralogical uniformity 
exists between the vein material in microfractures, 
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the replacement pseudomorphs, the Greenland 
pseudotachylyte amygdales and those described in 
the literature (Table 3). The widespread phase 
assemblage quartz _+ epidote _+ chlorite _ carbonate 
indicates growth of these phases under conditions 
of low temperature and pressure - below those of 
greenschist facies metamorphism (Winkler, 1967). 
Notably, the common occurrence of carbonate sug- 
gests that cavity filling took place under conditions 
of moderate partial pressure of CO2-favouring 
breakdown of Ca-silicates yielding calcite and an 
aluminous phase (especially chlorite). Microprobe 
analyses demonstrate chemical heterogeneity (i.e. 
disequilibrium) between, for example, chlorite in 
the replacement pseudomorph and the microfrac- 
ture of Plate II, (C) and (D). For this reason it is 
difficult to write precise reactions describing the 
alteration/replacement/cavity filling processes. 
However, for the replacement pseudomorph 
described above an appropriate end-member reac- 
tion involving the phases present is (Deer et al., 
1966): 

actinolite + clinozoisite + CO2 + H20 

chlorite + calcite + quartz 

with reaction tending to the r.h.s, favoured by mod- 
erate to high Pmo and Pco_,. 

Summarizing, the mineralogy indicates that a low 
temperature ( ~ < 200 ° C) assemblage was precipi- 
tated from a hydrous fluid, locally or temporally 
enriched in CO2 and containing solutes Si, A1, Ca, 
K, Fe, Mg and S. The timing of vesicle infilling and 
origin of the infilling fluids is difficult to ascertain. 
Philpotts (1964) suggested that pseudotachylyte 
amygdale minerals might be precipitated directly 
from vapour phases exsolved from the pseudota- 
chylyte melt. This possibility seems unlikely in the 
present examples because of the mineralogy of the 
amygdales. Further, it is clear that in at least some 
cases vesicle infiiling was related to healing of the 
microfractures [e.g. Plate II, (A) and (B)], and the 
sub-drusy habit is good evidence that the amyg- 
dales contain an assemblage precipitated in vesicle 
void space. In addition to the microfractures, the 
vesicles themselves may have locally provided a 
gross 'porosity' allowing ingress of fluids. 

In contrast to the mineralogy discussed above, the 
mineralogy of the Hebridean pseudotachylyte 
amygdales indicates a higher temperature parage- 

nesis comparable to that found in greenschist facies 
metavolcanics (e.g. Morrison, 1979; Studemeister, 
1983 ). The assemblage (albite + ) actinolite + epi- 
dote + quartz + sphene is indicative ofgreenschist 
facies conditions with T >~350°C and P >2 kbar 
(Winkler, 1967 ). Further, the absence of carbonate 
suggests a low partial pressure of CO2. The chemis- 
try and mineralogy of these amygdales suggests that 
the phases were precipitated from a hydrous fluid 
enriched in Si, K, Ca, Ti, A1 and Fe, with lesser 
amounts of Mg, S, P, Na, Ce and La. The LREE 
content of the epidote confirms that short range 
LREE mobility at least is possible in a hydrous fluid 
at low metamorphic grade (cf. Hellman et al., 1977; 
Nystr6m, 1984), and that the LREE's are prefer- 
entially partitioned into epidote rather than sphene. 
The minimal compositional variation between 
analyses of the same phase suggests that a reasona- 
ble degree of equilibrium was obtained. The extreme 
modal variation is perhaps due to different times of 
filling and kinetic nucleation effects. 

As with the amygdales and filled cavities 
described above, this mineral assemblage appears 
to be restricted to structures with suitable mechan- 
ical pathways allowing fluid ingress. Thus the pla- 
gioclase microlites (An25_4o) and porphyroclasts 
(An25) in the pseudotachylyte show no sign of albi- 
tization or adularization. 

A problem arises with the Hebridean pseudota- 
chylytes as to how vesicles, shown above to be likely 
to have formed at depths <2 km, may contain a 
greenschist facies mineral assemblage implying T 
>~350 C. A palaeogeothermal gradient of 175°C 
km J is unlikely even in a potentially shear-heated 
thrust fault environment! An explanation for this 
may lie in the geological setting of these particular 
pseudotachylytes. 

It was noted earlier that the sub-vertical quasi- 
conglomerate vein systems at Ruhba Ardvule, in 
which the amygdales occur, represent the earliest 
stages of pseudotachylyte generation, followed by E 
to W directed low angle thrusting. Sibson (1977b) 
has estimated a finite vertical component of thrust- 
sense movement across the main Outer Hebrides 
Thrust of 4.2 + 2.1 km. Notwithstanding the sub- 
aerial erosion that must accompany thrusting, it is 
possible that the early amygdaloidal pseudotachy- 
lytes were buried by a substantial thrust pile, with 
higher P T  conditions achieved through a combina- 
tion of burial and shear-heating. 



Conclusions 

( 1 ) The  occurence  o f  amygda les  in pseudo tachy-  
lyres f rom var ious  local i t ies  s t rengthens  the case for 
an origin by mel t ing  for these faul t rocks  (cf. Wenk,  
1978: Masch et al., 1985).  

(2)  Using reasonable  values for the H 2 0  and CO2 
contents  o f  pseudo tachy ly te  mel t  a ssumed  to 
approx ima te  andesi te  in compos i t ion ,  a depth  o f  1.6 
km is e s t ima ted  for the G r e e n l a n d  pseudo tachy ly te  
descr ibed  in this  paper .  

(3)  The  carbona tes  and  assoc ia ted  phases  fill ing 
amygdales  in Green land  pseudotachyly tes  and other  
examples  descr ibed  in the l i tera ture ,  are cons is ten t  
with vesicle infi l l ing at shal low depths .  

(4)  Amygdales  are repor ted  from Outer  Hebr ides  
Thrust  pseudo tachy ly tes  for the first t ime.  

(5)  The  greenschis t  facies minera l  assemblage  in 
Outer  Hebr ides  Thrus t  p seudo tachy ly te  amygda les  
s trongly suggests that  the pseudo tachy ly tes  were 
bur ied  to greater  dep ths  subsequent  to the i r  fo rma-  
tion. This  is cons is ten t  with field ev idence  and  Sib- 
son's (1977b) model  for the thrust-sense movemen t  
o f  the Outer  Hebr ides  Thrust .  

(6)  St ructures  superf ic ia l ly  resembl ing  amyg-  
dales  in pseudo tachy ly tes  are recognized  as porphy-  
roclast  r ep lacement  p seudomorphs .  
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