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Deep crustal growth of quartz, kyanite and garnet into
large-aperture, fluid-filled fractures, north-eastern
Connecticut, USA

J. J. AGUE

Department of Geology and Geophysics, Yale University, PO Box 208109, New Haven,
CT 06520-8109, USA

ABSTRACT

A petrographic and petrological analysis of exceptionally well-preserved hydrothermal veins from the
Merrimack synclinorium, north-eastern Connecticut, has been carried out in order to place new
field-based constraints on fracture aperture dimensions and porosity in the lower continental crust. The
veins preserve substantial open space today in outcrop, and contain mineral assemblages including
subhedral to euhedral crystals of quartz, kyanite and almandine-rich garnet. Textural evidence indicates
unequivocally that the vein minerals grew into macroscopic (mm- to cm-scale) open space between the
vein walls. The veins are interpreted to have been large-aperture fractures along which significant
advective fluid infiltration and chemical reaction occurred. The porosity of the rock mass due to open
space between fracture walls today is ¢. 0.3%, but it could have been as large as several percent when the
flow system was active. Quantitative thermobarometry results from vein mineral assemblages indicate that
the fractures formed at pressures and corresponding crustal depths of c. 0.8 GPa and c¢. 30km, and
temperatures of 550-600° C. The depth of fracture formation corresponds to published estimates of the
maximum burial depth of the Merrimack synclinorium during the Acadian orogeny. The formation of
large-aperture fractures could increase significantly the transient permeability of the deep crust, and

therefore influence metamorphic heat and mass transfer.
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INTRODUCTION

The apertures and spacings of fractures directly influence
critical rock properties including porosity and permeability
(cf. Norton & Knapp, 1977; Walther & Orville, 1982;
Walther, 1990; Manning & Bird, 1991; Hanson, 1992).
Therefore, the physical characteristics of fracture systems
will have a profound effect on the transport of heat and
mass by metamorphic fluids. It is generally thought that
fluid-filled fractures in the middle to lower continental
crust have microscopic apertures (<107°m), and that
fracture porosity is vanishingly small (<0.1%). However,
deep continental drilling results suggest that ‘open’
(macroscopic-aperture) fluid-filled fractures are present to
depths of at least 11km in continental crust (Kozlovsky,
1987). Furthermore, previous studies of exhumed meta-
morphic rocks indicate that macroscopic-aperture fractures
may form at middle crustal levels in continental orogenic
belts (c¢. 11-15 l§m; Oliver et al., 1990, 1993), and even
deeper levels in high-P, low-T subduction zone environ-
ments (e.g. Essene & Fyfe, 1967; Philippot & Selverstone,
1991). Although significant progress has been made in
understanding fracture-controlled fluid flow in metamor-
phic rocks (cf. Rye et al, 1976; Yardley, 1986;
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Chamberlain & Rumble, 1988; Walther, 1990), the upper
limits on fracture aperture dimensions and fracture .
porosity in the deep parts of high-T continental orogenic
belts are not well constrained. This is largely because
fracture properties are obscured by deformation and
recrystallization during orogenesis. Here I report on an
exceptionally well-preserved metamorphic hydrothermal
system in which high-P mineral assemblages grew into
open (mm- to cm-scale aperture) fluid-filled fractures. The
P-T conditions of hydrothermal mineral assemblage
equilibration -are estimated in order to place new
constraints on the depths at which flow through
large-aperture fractures can take place in high-T
continental orogenic belts.

METHODS

Observations of vein—wallrock relations were made in the field,
and on 58 rock specimens and 43 polished thin sections. Mineral
compositions were determined using the JEOL JXA-8600 electron
microprobe at Yale University in conjunction with natural and
synthetic standards and off-peak background corrections. Five to
25 ‘spot’ analyses of 1-4 crystals of each phase were done in each
thin section. Average compositions of coexistng phases in mutual
contact that were inferred on textural grounds to constitute
hydrothermal parageneses are given in Tables 1-5. Backscattered
electron images were also obtained using the Yale University
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7 81 9-1 11a 11b 151 185l 242 25
Type* @ Gy (i) ) @ (iii) (i) (i) (i)
Sio, 3624 3729 37.66 3583 3898 3774 3644 37.18  35.99
TiO, 151 179 160 190 197 150 182 121 177
ALO, 19.69 17.50 17.96 1915 1597 17.93 17.93 1831 18.83
FeO 1562 17.11 1606 1531 1527 1331 1593 1629 16.87
MnO bd 003 004 003 006 bd 005 007 bd
MgO 1369 1432 1471 1404 1482 1538 1400 1411 1325
BaO 042 011 002 08 013 bd 015 011 022
Na,O 022 018 014 018 009 010 020 012 012
K,O 896 906 925 898 872 88 904 905 931
F 035 079 060 033 046 035 053 035 023
a 013 024 018 016 040 024 020 022 022
Total 96.83 9842 9822 9678 96.87 9544 9629 97.02  96.81

Structural formula (11 O)

Si 267 274 275 266 28 278 272 274 268
Al"Y 133 126 126 - 134 114 122 128 126 132
A" 039 025 029 033 025 034 029 033 033
Ti 008 010 009 011 011 008 010 007 010
Fe 096 105 098 095 094 08 099 100 105
Mg 151 157 160 155 162 169 156 155 147
b3 294 297 296 294 292 293 295 29 294
Ba 0.01 — — 0.03 — — — — 0.01
Na 003 003 002 003 001 001 003 002 002
K 084 08 08 08 08 084 08 08 088
F 008 018 014 008 011 008 013 008 005
cl 002 003 002 002 005 003 003 003 003

*1, inclusion within garnet; ii, in contact with garnet rim in selvage; iii, in contact with garnet rim in

open vein. b.d., below detection.

electron microprobe. Vein volume percents were estimated using

4-8-m-long measurement traverses across outcrops. Vein percent

was computed as (total vein length)/(total vein +rock length).

Fracture apertures along the traverses were measured perpen-

dicular to fracture walls using a mm scale.

15-1

32 7 8-1 9-1 1la 11b 18-sl 242 25 26-1
Type* ® O G Gy O O G G 6@ 0 @) )
Sio, 3767 37.97 3720 37.07 3742 3825 3791 3745 3719 3720 3825
TiO, 010 003 002 003 003 012 004 003 005 010 0.14
ALO, 2148 2131 2124 21.01 21.20 21.57 2143 2124 2130 21.12 21.54
FeO 29.89 3150 3246 33.68 30.75 29.11 33.64 3352 3298 3252 30.62
MnO 130 139 171 161 185 240 1.67 154 188 193 1.13
MgO 437 373 376 355 372 416 358 366 328 323 398
CaO 549 498 326 307 515 533 28 280 366 3.8 552
Total 100.30 100.91 99.65 100.02 100.12 100.94 101.09 100.24 100.34 99.93 101.18

Structural formula (12 O)

Si 298 300 298 298 298 300 300 299 297 298 3.00
Ti 0.01 — — — —_ 0.01 — —_ — 0.01 0.01
Al 200 198 201 199 199 199 200 200 201 200 199
Fe 197 208 218 226 205 191 223 224 221 218 2.01
Mn 009 009 012 011 013 016 011 010 013 0.13 0.08
Mg 051 044 045 043 044 049 042 044 039 039 0.47
Ca 047 042 028 026 044 045 024 024 031 033 046
X jm 065 069 072 074 067 064 074 074 073 072 067
Xops 003 003 004 004 004 005 004 004 004 004 003
Xowp 017 015 015 014 015 016 014 014 013 0.13 0.15
X 015 014 009 009 014 015 008 008 010 011 015

*1, inclusion within garnet; ii, in contact with garnet rim in selvage; iii, in contact with garnet rim in

open vein. b.d., below detection.

Table 1. Biotite analyses.

GEOLOGICAL SETTING

The field area, located in north-eastern Connecticut, is part
of a highly deformed and metamorphosed sequence of

Table 2. Garnet analyses.
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Table 3. Plagioclase analyses.

32 7 81 9-1 11la 11b 151 18sl 242 25 26-1

Type* (i) ® @) @ O @ @@ @) ) () (i)
SiO, 6024 6159 5773 5731 60.60 62.08 59.85 60.01 59.29 5828 58.23
ALO; 25.00 2450 2698 27.51 2493 24.09 2561 2534 26.69 26.85 2643
FeO 029 na. 042 040 003 031 002 018 0.02 005 039
CaO 6.04 550 834 88 58 527 706 689 7170 774 197
' Na,0 8.12 871 692 6.64 854 858 759 1769 7.19 732 111
K,0 0.02 007 003 006 007 008 008 008 0.06 0.05  0.07
Total 99.71 100.37 100.42 100.74 100.00 100.41 100.21 100.19- 99.95 100.29 100.20

Structura] formula (8 O)

Si 269 272 258 255 270 274 266 267 262 260 260
Al 132 128 142 145 131 126 134 133 139 141 1.39
Fe 0.01 — 002 002 — 001 — 001 — — 0.02
Ca 029 026 040 042 028 025 034 033 037 037 038
Na 070 075 060 057 074 074 065 066 062 063 062
K —_ —_ —_ —_ — 0.01 001 0.01 — — —
Xan 029 026 040 042 027 025 034 033 037 037 038
Xap 0.71 074 060 058 072 074 066 067 063 063 0.62
Xor — — — — — 001 001 0.01 — — —
In(Ca/Na) -0.89 —1.05. -041 -031 —-098 —-1.08 —-0.67 -0.70 -0.52 -0.54 —048

P . . . TR} . . . ITTREy t . . .
*§, inclusion within garnet; ii, in contact with garnet rim in selvage; iii, in contact with garnet rim in
open vein. b.d., below detection; n.a., not analysed.

Ordovician—-Devonian sedimentary and igneous rocks
known as the ‘Merrimack synclinorium’ (Figs 1 & 2; cf.
Rodgers, 1981; Robinson & Tucker, 1982; Schumacher et
al., 1989). Deformation and metamorphism  occurred
during the Devonian Acadian orogeny. Throughout much
of central Massachusetts and north-eastern Connecticut,
metamorphic grade reached the granulite facies (Schum-

Table 4, Hornblende analyses.

acher et al., 1989; Thomson, 1992). Based on U-Pb ages of
monazites from granulite facies rocks, Thomson et al
(1992) concluded that ‘peak’ thermal metamorphism
occurred at 362-369 Ma. The synclinorium was apparently
little affected by late Palaecozoic Alleghanian metamorph-
ism and deformation (Gromet, 1989; Wintsch et al., 1992).

Stratigraphic relations and the deformational history of

Table 5. Muscovite analyses.

32 11b 26-1 7 25
Type* @ @) (ii) Type* @) (ii)
Si0, -43.99 46.43 45.09 Sio, 46.52 46.93
TiO, 0.87 0.81 0.90 TiO, 0.32 1.06
ALO, 12.95 11.76 12.33 ALO, 35.19 31.44
FeO 14.37 12.86 14.41 FeO 1.54 375
MnO 0.14 0.17 0.10 MnO b.d. b.d.
MgO 12,01 13.40 11.97 MgO 0.96 2.02
CaO 11.23 11.33 11.04 BaO 0.35 034
Na,O 114 1.10 1.11 Na,O 0.61 0.22
K0 0.65 0.37 0.57 . K,0 9.72 9.63
F 0.12 0.18 0.12 F 0.02 0.10
a 0.38 0.13 023 a 0.02 0.20
Total 97.85 98.54 97.87 Total 95.25 95.69

Structural formula (23 O) Structural formula (11 O)

Si 6.50 6.71 6.62 Si 3.09 3.15
Al"Y 1.50 1.29 138 Al"Y 0.91 0.85
AV 0.75 071 0.76 AV 1.85 1.65
Ti 0.10 0.09 0.10 Ti 0.02 0.05
Fe 1.77 1.55 177 Fe 0.09 0.21
Mn 0.02 0.02 0.01 Mg 0.10 0.20
Mg 2.64 2.89 2.62 = 2.05 2.11
Ca 1.78 175 1.74 Ba 0.01 0.01
Na 0.33 0.31 0.32 Na 0.08 0.03

0.12 0.07 0.11 K 0.83 0.83
F 0.06 0.08 0.06 F — 0.02
cl 0.10 0.03 0.06 a — 0.02

*j, inclusion within garnet; ii, in contact with garnet rim in selvage; iii, in
contact with garnet rim in open vein. b.d., below detection,

*i, inclusion within garnet; ii, in contact with garnet rim in selvage; iii, in
contact with garnet rim in open vein. b.d., below detection.
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Fig. 1. Location of the Merrimack synclinorium (no ornament)
and the Bronson Hill anticlinorium (BHA; horizontal rule) in
north-eastern Connecticut, modified after Rodgers (1981). Map
area is indicated by black box on inset Connecticut State map.
Heavy lines are the major thrust faults discussed in detail by
Rodgers (1981). Tick marks on hanging walls. Map area of Fig, 2
indicated by box with diagonal rule.

the synclinorium are highly controversial. Peper & Pease
(1976) and Rodgers (1981) proposed that the synclinorium
is a roughly homoclinal sequence of west-dipping
metasedimentary and meta-igneous rocks cut by a large
number of throughgoing strike faults. According to
Rodgers (1981), the faults are thrusts that are subparallel
to the compositional layering and do not repeat any of the
stratigraphic units. The faults are often marked by zones of
mylonite or blastomylonite that formed at metamorphic
grades slightly lower than ‘peak’ granulite facies
conditions. In contrast, based on their studies of the same
sequence of rocks in central Massachusetts, Robinson and
co-workers (e.g. Field, 1975; Robinson, 1978; Robinson &
Tucker, 1982) have argued that the synclinorium is a
tightly folded stack of nappes which formed during three
main stages of deformation. The first stage produced large,
west-verging recumbent folds. In the second stage, the
nappes were refolded back to the east such that their axial
planes were rotated through the vertical to dip west.
Robinson & Tucker (1982) concluded that most of the
mylonites discussed by Rodgers (1981) formed during a
third stage of deformation that was associated with the
formation of gneiss domes to the west of the synclinorium.

Because of the major uncertainties which surround the
stratigraphy and structural history of the Merrimack
synclinorium, the tectonic setting in which orogenesis
occurred remains unresolved. One of the most provocative
tectonic interpretations was advanced by Rodgers (1981),
who proposed that the synclinorium represents the deep
roots of an accretionary prism that developed during late
Ordovician to early Devonian subduction beneath the
eastern North American continental margin. Rodgers
(1981) inferred that the meta-igneous rocks of the Bronson
Hill anticlinorium represent the corresponding magmatic
arc (Fig. 1). Rodgers’ (1981) model is consistent with many
aspects of the regional geology, but it continues to be
highly controversial (cf. Robinson & Tucker, 1982).

Fig. 2. Simplified map of geological relations in the vicinity of the
vein locality, modified after Pease (1975), Peper & Pease (1975),
Fahey & Pease (1977) and Rodgers (1985). Vein locality denoted
by filled circle (with arrow). Stratigraphic nomenclature after
Peper & Pease (1975). ‘Peak’ metamorphic grade is granulite
facies. Metamorphic foliations strike NE-SW and dip ¢. 40° to c.
80° north-west throughout the map area. Thick lines denote faults.
Peper & Pease (1975) concluded that most of the faults are
normal faults, and that the intervening crustal blocks were
displaced in a west-side-up sense. All rock units, except Dfqd,
were assigned to the Hamilton Reservoir Formation (Devonian(?)
to Ordovician(?)) by Peper & Pease (1975). hugg, Pl + Qtz + Bt
gneiss with minor Di, Hbl and Grt; hms, Qtz + Pl + Kfs + Bt +
Grt + Sil + Crd gneiss and schist with minor graphitic and
diopsodic gneiss; higg, P1+ Cpx + Opx + Bt + Qtz + Hbl + Cum
gneiss with minor intercalated ultramafic rock and sillimanite
gneiss (see text); hlgs, sulphidic and graphitic sillimanite schist
and gneiss; hlga, amphibolite; hls, Qtz + Pl + Kfs + Bt'+ Grt + Sil
gneiss and schist with minor quartzite and P1+ Qtz + Bt + Grt
gneiss; Dfqd, foliated quartz diorite (Devonian(?)). Minor Early
Jurassic mafic dykes not shown. Mineral abbreviations after Kretz
(1983). :

In spite of the debate over the tectonic history of the
synclinorium, there is general agreement regarding its P-T
path during Acadian orogenesis. The earliest phase of
metamorphism appears to have been a low-P Buchan-style
event which produced andalusite (now preserved as
sillimanite pseudomorphs after andalusite) in pelites over a
wide area within the synclinorium (e.g. Thomson et al.,
1992). As orogenesis continued, the rocks were further
heated and compressed to ‘peak’ granulite facies
conditions of 700-800° C and 0.5-0.7 GPa (cf. Schumacher
et al., 1989; Armstrong et al., 1992). In terms of the
three-stage deformation model advanced by Robinson
and co-workers, the ‘peak’ metamorphism and synchro-
nous regional deformation are inferred to post-date the
nappe stage (e.g. Berry, 1992). Robinson & Tucker (1982)
suggested that the metamorphism occurred during the
stage of regional backfolding. Field relations and
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quantitative thermobarometry indicate that mylonite
formation took place as the synclinorium cooled into the
amphibolite facies during continued compression at
conditions of ¢. 0.8 GPa and 550-600° C (cf. Schumacher et
al., 1989; Armstrong et al., 1992; Thomson ef al., 1992). To
summarize, available evidence indicates that the region
was metamorphosed along a broadly ‘anticlockwise® P-T
path.

VEIN-WALLROCK RELATIONS

Wallrocks

The veins are exposed over an area of ¢. 20 000 m’, and are
hosted by dark grey mafic gneiss which contains small
amounts of intercalated pelitic gneiss and isolated pods
and lenses of ultramafic gneiss (Figs 2 & 3a). Several
different stratigraphic nomenclature systems have been
used in the region; Pease (1975), Peper & Pease (1975) and
Fahey & Pease (1977) mapped the gneiss as part of the
‘Hamilton Reservoir Formation’ (unit hlgg), whereas
Rodgers (1985) referred to it as the ‘gneiss member of the
Brimfield schist’. Rock types in the vicinity of the field area
are summarized in Fig. 2. The typical prograde assemblage
in mafic gneiss is: plagioclase (c. Ang g) + clino-
pyroxene + orthopyroxene + biotite + quartz. The minerals
are listed in the approximate order of decreasing
abundance. The pelitic gneiss contains: orthoclase +
plagioclase + biotite + garnet + sillimanite + cordierite +

spinel + quartz. One pelitic gneiss sample contains
sillilmanite pseudomorphs after andalusite, similar to those
described from other localities in the Merrimack
synclinorium (cf. Schumacher et al., 1989; Thomson, 1992).
The mineral assemblages in the gneisses indicate that

‘peak’ metamorphism took place at or near granulite facies
conditions (cf. Turner, 1981), consistent with field relations
elsewhere in the synclinorium. Variable retrograde
alteration of pyroxenes to cummingtonite and rare
hornblende, comparable to that described by Thomson et
al. (1992), is fairly widespread in mafic gneiss.

The gneissic foliation in the host rocks probably formed
at or near ‘peak’ thermal conditions (cf. Rodgers, 1981); it
strikes northeast—southwest and dips between about 40°
and 80° north-west. Strike faults and associated mylonite
zones (e.g. Fig. 1) have not been observed where the veins
are exposed (Fig. 2).

Physical properties of the vein system

The mafic gneiss is cut by a system of throughgoing,
interconnected veins. A representative exposure is shown
in Fig. 3. The total relief in the field area is about 30 m; the
veins are exposed throughout this elevation interval. Most
of the veins strike ¢. 170° and have subvertical dips,
although rare, nearly horizontal ones that strike ¢. 90° and
dip ¢ 15° north also occur. Consistent cross-cutting
relations between these vein sets have mnot been
recognized. The veins are not folded, and they clearly
cross-cut the gneissic foliation of the host rocks. The
distance between the walls of a given vein varies along its
length; average vein widths are generally in the range
1mm to 3cm. The veins have well-defined terminations
that resemble typical crack tips (cf. Lacazette & Engelder,
1992, and references therein). The most striking feature of
the veins is that substantial open space is present between
their walls foday in outcrop (Figs 4 & 5). The open zones
may be open continuously over vein surface areas as great

Fig. 3. (a) Typical field appearance of hydrothermal veins (vertical) cutting dark grey mafic gneiss wallrock. Veins comprise about 3 vol.%
of the exposure. Light grey areas surrounding the veins are wallrock alteration zones (selvages). Hammer head is 10 cm wide. (b) Drawing
of the central part of (a). Veins are black; largest, best-developed selvages are indicated by the horizontal rule. Note that selvages are

widest adjacent to the widest parts of veins.
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as ¢. 4m”. The veins are surrounded by a zone of altered
wallrock (selvage) ranging from about 1mm to several
centimetres in width (Fig. 3). The selvages tend to be
widest adjacent to the widest portions of the veins, and the
most altered wallrocks are found where several veins form
an anastomosing network (e.g. right portion of Fig. 3b).

Vein frequencies range from ¢. 1 to ¢. 20m™". Veins (not
including selvages) make up about 2% of the total rock
mass (e.g. Fig. 3). The overall porosity of the rock mass
(preserved as open space between vein walls today) is, on
average, about 0.3%.

Minor late veinlets with subvertical dips are present in a
few samples. The veinlets cross-cut the main set of veins at
high angles, are narrow (<c. 2mm wide), are composed
mostly of magnesite and sulphides, and generally preserve
no open space between their walls (Fig. 4b). In the
following discussion, attention is focused on the major
open veins described above; the veinlets will not be
discussed further.

Vein and selvage mineral assemblages

The mineral assemblages in the veins and their adjacent
selvages contrast strongly with those in the mafic wallrock
gneiss (Fig. 4b). The veins are characterized by intimately
intergrown, subhedral to euhedral crystals of quartz,
garnet, biotite, kyanite and carbonate minerals which
project out into open cavities along the vein walls (Figs
4-6). Typical mineral assemblages are

quartz + almandine-rich garnet
+ kyanite + magnesite + biotite + plagioclase (c. Any, 4)
+ ankerite + muscovite (A)
and
quartz + almandine-rich garnet
+ hornblende + magnesite + plagioclase (c. Anyg 4)
. t.ankerite x biotite. (B)

Assemblage (A) is considerably more common than
assemblage (B). A few samples contain coexisting

hornblende and kyanite, but these minerals generally do -
not occur together. Accessory minerals include staurolite,
apatite, tourmaline, zircon, ilmenite, pyrrhotite and

chalcopyrite. The mineral assemblages in the selvages are.’

the same as those in the adjacent veins. Because the vein
mineralogy is characteristic of the amphibolite facies of
metamorphism, temperatures of formation were probably
at least ¢. 500°C (cf. Turner 1981). The presence of
kyanite in vein parageneses simultaneously constrains
pressures to be in excess of ¢. 0.4 GPa.

Vein mineral compositions and key petrographic
relations
Garnets range in size from ¢. 2mm to ¢. 7 cm in diameter,

and are compositionally zoned.- As shown in Fig. 7, Ca/Fe
and Mg/Fe decrease as garnet rims are approached.

Garnet rims in contact with mineral assemblages in open
veins have essentially the same composition as rims in
contact with selvages (Fig. 7). High-contrast backscattered
electron imaging reveals that garnet Ca/Fe and Mg/Fe also
decrease in regions surrounding cross-cutting microcracks
(Fig. 8). The above observations strongly suggest that
garnet cores preserve original growth compositions,
whereas the rims and areas around microcracks were
chemically altered after growth had finished.

Many of the garnets that line open veins contain
assemblages of mineral inclusions (e.g. Fig. 5c,d). The
inclusion assemblages are generally the same as assem-
blages in contact with the garnet rims (e.g. assemblages A
or B discussed above). However, the cores of garnets in
several samples contain hornblende, whereas their rims are
in contact with kyanite-bearing parageneses. In addition,
both hornblende- and kyanite-bearing inclusion as-
semblages are present in sample JAQ-11, but they are not
in contact with each other. The contrasting inclusion
assemblages in JAQ-11 probably formed at different times
under different chemical and/or physical conditions.
Garnets may also have inclusions (generally <c. 100 um
long) of apatite, zircon, sulphides and rare ilmenite. Both
hornblende- and kyanite-bearing inclusion assemblages can
contain apatite, sulphides, and zircon, but not ilmenite.

Quartz occurs as subhedral to euhedral crystals in open
veins, and as anhedral crystals in selvages. In addition,
most garnets in open veins contain subhedral to euhedral
quartz inclusions. Crystals range in length from c¢. 1 mm or
less in selvages, to several centimetres in open veins.
Euhedral crystals generally have the tapering wedge-form
of the ‘“Tessin’ habit (Fig. 5b,d; cf. Weibel, 1966). Textures
indicative of intracrystalline deformation, such as undulose
extinction and deformation bands, are absent.

Kyanite occurs as subhedral bladed crystals that are
flattened parallel to (100) (Fig. 5a,b,e). Kyanite crystals in
selvages or included within garnets range in length from c.
0.5mm to ¢. 1 cm, whereas those in open veins may be as
much as c. 5 cm long. Crystals in open veins have irregular,
finger-like terminations (Fig. 5a). Reconnaissance micro-
probe analyses indicate that kyanite is nearly pure ALSiOs
(Fe,0; + MnO + TiO, + V;05 + Cr,0; <c. 0.5 wt%).

RIagchlase’ is- present as millimetre-scale, subhedral to
anhedral crystals regardless of position in the vein—selvage
system. Plagioclase grains may contain irregularly shaped
domains of variable composition; the total variability in a
given grain is typically less than +An,. Plagioclase grains
included within garnets are more albite-rich (An,s_;
average In(Ca/Na)= —1.00+0.086, 20) than those in
selvages or open veins (Ans 4,; average In(Ca/Na)=
—0.52 £0.104) (Table 3). The two averages are different at
the 99.98% confidence level. See Aitchison (1989),
Woronow & Love (1990) and Ague (1994a) for detailed
discussions of the statistical analysis of compositional data.
Plagioclase grains in the mafic gneiss (c. Any g) are much
more calcic than those in open veins or selvages (cf.
Table 3).
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Fig. 6. Schematic drawing of some of the major [racture zone
minerals and the assemblages used for thermobarometry. View is
parallel to fracture surface. Zone of altered wallrock (selvage) is
indicated by diagonal rule. The thermobarometry assemblages
are: i, included within garnets; ii, in contact with garnet rims in
selvages; iii, in contact with garnet rims in open fractures. For
clarity, assemblage types i and ii are not drawn in detail. Scale
bar=c. 1 cm.
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Fig. 7. Compositional profiles across hydrothermal garnet in
sample JAQ-24-2. Left and right sides of the profiles are in
contact with selvage kyanite and open fracture, respectively. Note
pronounced decreases in Mg/Fe and Ca/Fe at the garnet rims.
Data points are sparse in the region between x =7 and 10 mm
because it is largely occupied by inclusions of euhedral quartz.

Fig. 8. Backscattered electron image of chemical variations in a
fracture zone garnet (sample JAQ-24-2). Open fracture appears
black and runs across the top of the photograph. The garnet rim
and areas around microcracks which extend inwards from the rim
(e.g. arrowheads) appear light grey because they have significantly
lower Mg/Fe and Ca/Fe than the rest of the garnet. Rims and
regions around microcracks are interpreted to have been
chemically altered after the garnets grew (see text). The three
large black regions within the garnet are inclusions of

plagioclase + quartz. Small white inclusions are zircons. Garnet
rim does not appear perfectly euhedral because it was damaged
slightly during sample preparation.

Hornblende occurs as subhedral to euhedral crystals c.
0.1 mm to c¢. 1cm long. Chemical zonation has not been
observed.

Biotite and muscovite generally range from a few tenths of
a millimetre to about 1 cm in length, and are unzoned. The
Ti content of biotite in the veins and selvages (c.
1.2-2.0 wt%) is significantly lower than that of biotite in
the mafic gneiss wallrock (c. 3—4 wt%). Muscovite coexists
only with kyanite-bearing assemblages. Muscovite inclu-
sions within garnets contain less Mg, Fe and Ti, and more
Al and Na than do grains in open veins or selvages (Table
S

Carbonate minerals are found as subhedral to euhedial
rhombs in open veins and within garnets, and as subhedral
to anhedral crystals in selvages. Grain size ranges from
several hundred micrometres to several centimetres. The
most common carbonate is magnesite. Reconnaissance
microprobe analyses indicate that magnesite compositions
vary between about Mg, 7o.095F€.30-00sCO3. However, ina
few samples, the outermost rims of magnesite crystals in
open veins grade to compositions that are nearly pure
siderite. Ankerite and magnesite occur together in some
samples.

Fluid inclusions are widespread in garnet, quartz and
carbonate minerals. They occur principally on euhedral
growth facies, but they are also abundant along
cross-cutting microcracks which appear to have formed
after the minerals grew.

Retrograde alteration of vein biotite, garnet and kyanite to
assemblages containing various combinations of sericite,
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chlorite and clay minerals is fairly common. Euhedral
crystals of calcite and/or pyrite are found coating
assemblages (A) and (B) in some veins. The calcite and
pyrite growth is interpreted to be a late phenomenon that
post-dates the amphibolite facies vein assemblages.

VEIN MINERAL GROWTH INTO
MACROSCOPIC OPEN SPACE

Quartz is the key mineral whose textural relations clarify

the environment of vein mineral assemblage growth. .

Quartz is a low-density framework silicate which, in
general, develops as well-formed euhedral prisms only
when it grows unrestricted into fluid-filled space (Williams
et al., 1982, pp. 438-439). The small euhedral crystals of
authigenic quartz which replace calcite in some limestones
are the only exception to this general rule. The intimate
intergrowth of euhedral quartz, kyanite and garnet crystals
establishes that each of the minerals must have grown into
an environment of macroscopic open space between the
vein walls (Figs 4 & 5). Fluid or mineral inclusion trails
consistent with the ‘crack-seal’ mechanism of vein
formation are absent from the 43 thin sections examined,
as are fibrous syntaxial or antitaxial mineral growth habits
(cf. Durney & Ramsay, 1973; Ramsay, 1980). Therefore,
the veins did not form by repeated episodes of opening at
the micrometre-scale followed by ‘healing’ caused by
mineral precipitation.

The occurrence of kyanite in the vein mineral
assemblages and the conclusion that it grew into fluid-filled
open space deserves further comment. Kyanite is relatively
common in the quartz veins of metamorphic rocks (cf.
Kerrick, 1990, Chapter 10, and references therein).
Kyanite generally occurs as sub- to euhedral bladed
crystals in veins, but this habit is not diagnostic of original
open space growth conditions because kyanite will always
tend to develop idioblastic surfaces at contacts with quartz
(Williams et al., 1982, pp. 438—439).

Quartz + kyanite veins commonly have widths in the
centimetre to metre range, but these widths need not
directly reflect fracture apertures at the time of fluid flow.
Veins record the time-integrated history of flow and mass
transfer, and large vein structures can be built up by
repeated microfracturing and precipitation according to
the crack-seal mechanism (Ramsay, 1980; Walther, 1990).
Unequivocal examples of quartz and kyanite growth into
macroscopic open space between vein walls are rare, but
several have been documented (cf. Miyashiro, 1951;
Kerrick, 1990, pp. 325-326). However, these previously
recognized examples are not necessarily indicative of deep
- crustal mass transfer because quartz + kyanite is stable at
pressures and corresponding depths as low as c¢. 0.23 GPa
and ¢ 8km, respectively (calculations done using the
thermodynamic data of Berman, 1988).

IMPLICATIONS FOR MASS TRANSPORT

The vein mineral assemblages place constraints on fluid
behaviour in the system. Although carbonate minerals are

widespread in the veins and their selvages, no carbonate
minerals have been observed in ‘unaltered” mafic gneiss
wallrocks located beyond the selvage margins, and no
other local source of CO, can be identified where the veins
are exposed. Diopsidic calc-silicate granofels layers, some
of which are carbonate-bearing, occur in some of the
adjacent units, but these rocks are far removed
(0.5-1.0km) from the vein locality (Fig. 2). The vein
system is exposed over thousands of square metres, which
is much larger than the characteristic length scales for
diffusive mass transfer.

The above evidence strongly suggests that the
production of vein parageneses containing carbonates
required advective infiltration of CO,-bearing fluids that
were out of chemical equilibrium with mafic gneiss
wallrocks when they entered the system. The simplest
interpretation of the field relations is that the veins were
originally fractures through which the fluids flowed.
Because the vein minerals grew into open space along the
vein walls and are not deformed, present-day vein widths
almost certainly represent original fracture apertures. The
most intense mineralization and wallrock alteration is
found where the veins are widest (Fig. 3), which suggests
that fluid flow was preferentially channellized along the
widest (and therefore most permeable) portions of the
fractures. The vein and selvage mineral assemblages
provide a record of irreversible mass transfer which
proceeded as wallrocks and infiltrating fluids reacted in
order to approach chemical equilibrium (cf. Brimhall,
1979; Ague, 1994b). A detailed investigation of fracture-
controlled fluid flow, metasomatism and reaction histories
will be presented in a forthcoming paper (J. J. Ague
unpubl. data).

THERMOBAROMETRY

Pressure—temperature estimation methods

The hydrothermal vein mineral assemblages offer an
important opportunity to constrain the temperature,
pressure and crustal depth at which the fracture flow
system operated. Study was focused on mineral as-
semblages that are: (i) included within garnets (JAQ-3-2,
=7, —11), (i) in contact with garnet rims in selvages
(JAQ-10, -18-sl, -24-2, -25, -26-1) and (iii) in contact with
garnet rims in open veins (JAQ-8-1, -9-1, -15-1) (Fig. 6).

Four methods were used to constrain the P-T
conditions of mineral assemblage equilibration. The P-T
estimates for the kyanite-bearing samples were computed
by simultaneous solution of the garnet-biotite thermo-
meter (GARB): :

almandine + phlogopite = pyrope + annite,

and the garnet-aluminosilicate—plagioclase—quartz ther-
mobarometer (GASP):

3anorthite = grossular + 2kyanite + quartz

(Method I). Method I employs the calibrations of Ferry &
Spear (1978) and Koziol & Newton (1988) for GARB and
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GASP, respectively, in conjunction with an ideal solution
model for biotite and the activity models of Hodges &
Royden (1984) for garnet and Newton & Haselton (1981)
for plagioclase. Samples JAQ-7 and -25 contain muscovite
in textural equilibrium with the GARB and GASP
assemblages. This facilitates application of the SGAM
thermobarometer, which involves GARB and the follow-
ing two equilibria (McMullin et al., 1991):

almandine + muscovite = annite + 2kyanite + quartz
and
phlogopite + 2kyanite + quartz = pyrope + muscovite.

Method II P-T estimates were obtained by simultaneous
solution of the GARB, GASP and SGAM equilibria using
the TWEEQU software package of Berman (1991).
TWEEQU incorporates the internally consistent thermo-
dynamic data of Berman (1988, 1990), Médder & Berman
(1991) and McMullin et al. (1991). Activity—composition
relations for garnet, muscovite—paragonite, biotite and
plagioclase were computed using the models of Berman
(1990), Chatterjee & Froese (1975), McMullin et al. (1991)
and Furhman & Lindsley (1988), respectively. The biotite
activity model of McMullin et al. (1991) was modified
slightly by assuming that Xg'=K/1.0 (structural formula
on an 11 oxygen basis; R. G. Berman, pers. comm., 1992).
Equilibration P-T conditions were estimated for
hornblende-bearing assemblages using the garnet-
hornblende—plagioclase—quartz barometer calibrations and
recommended activity models of Kohn & Spear (1990) in
conjunction with GARB (Method III) or, if biotite was
absent from the assemblage, the garnet-hornblende
thermometer of Graham & Powell (1984) (Method IV).
‘Method IIT and IV pressure estimates are averages of
results from the Fe- and Mg-end-member barometers of
Kohn & Spear (1990). Method IV temperature estimates
probably have greater overall uncertainties than those of
the other methods owing to the simple activity—
composition relations for garnet and hornblende used by
Graham & Powell (1984). Quartz and kyanite activities
were set to one in the calculations.

The precision of the P-T estimates must be known so
that results from different samples may be compared.
Uncertainties due to random errors of analysis and real
variations in mineral compositions were propagated
through the thermobarometric equations of Methods I, I11
and IV using bootstrap statistical techniques (Efron, 1982;
Ague & Brandon, 1992; Ague, 1994a). Average mole
fractions used in the bootstrap analysis were computed
with the measure of location advocated by Aitchison
(1989), in order to account for the closure problem and the
multivariate nature of compositional data. The calculated
uncertainties reflect the precision of mean P-T estimates,
not the inaccuracies associated with activity models or
end-member reaction calibrations. (e.g. Hodges &
McKenna, 1987). Although calculated precision limits will
change somewhat depending upon the activity models
used, interpretation of P-T histories should not be
significantly affected. For example, discrepancies between

GARB-GASP P-T estimates calculated using Method 1
and TWEEQU are <c. 0.03 GPa and c. 20°C, regardless
of mineral composition.

For Method II, a measure of uncertainty is provided by
the ranges in P-T over which the calculated GARB,
GASP and SGAM equilibrium curves intersect (Berman,
1991).

Results

Mineral assemblages included within garnets and mineral
assemblages in contact with garnet rims define two P-T
fields that are distinct from each other (Figs 9 & 10).
Average P-T conditions for the inclusion assemblages are
c. 560° C and c. 0.8 GPa, whereas the averages for the rim
assemblages are c¢. 500°C and c¢. 0.4 GPa (Table 6). The
differences in average P-T are large enough to be
accurately resolved by comparative thermobarometry (cf.
Hodges & McKenna, 1987; Berman, 1991), and cannot be
explained by analytical uncertainty alone (Fig. 9).
Independent P-T estimates for samples suitable for
application of multiple thermometers or barometers agree
well with each other. For example, because both kyanite-
and hornblende-bearing assemblages are included within
garnets in JAQ-11, Methods I and III can be used. Results
for the two methods differ by only 31°C and 0.08 GPa
(Table 6; Fig. 9). Assemblages in samples JAQ-7 and -25
are suitable for Method II. For both samples, the
calculated GARB, GASP and SGAM equilibria intersect
over a very small region of P-T space (Fig. 10). The
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Fig. 9. Results of bootstrap P-T calculations for methods I, III
and IV. Mean P-T estimates are indicated by the black dots, and
the elliptical clouds of ‘bootstrap replicates’ which surround them
closely approximate 95% confidence regions (cf. Efron, 1982;
Ague & Brandon, 1992; Ague, 1994a). Note that inclusion
assemblages within garnets preserve a significantly higher P-T
signature than assemblages in contact with garnet rims.
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Fig. 10. Method II (GARB-GASP-SGAM) results for samples JAQ-7 and -25 computed using the TWEEQU software of Berman
(1991). The graphs include all equilibria, both stable and metastable, that can be calculated for the assemblage Bt + Ms + Ky + Grt +
Qtz + Pl (see McMullin et al., 1991, for detailed discussion). Equilibria are unlabelled for clarity. The analysed assemblages in JAQ-7 and
-25 probably represent a close approach to equilibrium, because their respective equilibrium curves intersect over very small regions of
P-T space. Note that the assemblage included within garnets in JAQ-7 preserves a much higher pressure of equilibration than does the

assemblage in contact with garnet rims in JAQ-25.

internal consistency of P-T estimates obtained from
independent thermometers and barometers strongly
suggests -that measured mineral compositions record
conditions when local fluid-rock equilibrium was attained
or closely approached.

DISCUSSION

Interpretation of P-T estimates

Backscattered electron images and compositional analysis
of garnet (Figs 7 & 8) indicate that garnet interiors

Table 6. T (°C) and P (GPa) estimates.

Method I  Method I Method I Method IV
Assemb-

Sample Type* laget T P T P P T P
JAQ-3-2 i C - = - = — 538 077
JAQ-7 i AB 559 089 575 0.86 _ . = -
JAQ-8-1 il A 537 054 — — —_ = =
JAQ-9-1 i A 481 039 — — - = -
JAQ-11a i A 553 086 — — - @ — - —
JAQ-11b i D - - —  — 584 078 - —
JAQ-15-1 i A 424 030 — — - - =
JAQ-18-sl il A 499 046 — @ — - - =
JAQ-24-2 ii A 490 049 — — _ = =
JAQ-25 i . AB 517 056 530 0.53 —_ - -
JAQ-26-1 i C - = = — — 499 0.58

* Assemblage type. i, inclusions within garnet; ii, in contact with garnet rim in selvage; iii, in

contact with garnet rim in open vein.

+ Mineral assemblage used for thermobarometry. A, Grt+Ky+Qtz+ Bt+Pl; B, Grt+ Ky +

Qtz + Bt + Pl + Ms; C, Grt + Qtz + P1 + Hbl; D, Grt + Qtz + Pl + Hbl + Bt.
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preserve original growth compositions, whereas rims and
areas around microcracks were altered after growth had
finished. Therefore, inclusion assemblages within garnets
probably provide the best estimate of P-T conditions
attending fracture formation (c. 560° C and c. 0.8 GPa).

Of critical importance is determining if the high
equilibration pressures are a consequence of mineral
growth in the deep crust or of fluid overpressures at
shallower crustal levels. Results from fluid inclusion studies
(cf. Sisson & Hollister, 1990) suggest that fluid pressure
can exceed lithostatic pressure by 0.1 GPa or more during
orogenesis. The high fluid pressures may result from fluid
production by devolatization reactions (e.g. Yardley, 1986)
and/or tectonism (e.g. Vrolijk, 1987; Nur & Walder, 1990).
As deformation and metamorphism proceed, the rocks
eventually fail, the overpressured fluid escapes and
residual fluid pressure in the system falis to levels at or
below lithostatic .pressure. Continued deformation and
metamorphism causes the cycle of fluid pressure buildup
and release to be repeated many times (e.g. Yardley, 1986;
Nur & Walder, 1990). Metamorphic minerals that grow in
environments where fluid pressures cycle over a large
range (+£0.1GPa or more) should have oscillatory
compositional growth zonation. For the veins studied here,
the zonation would be preserved in garnet and hornblende,
because temperatures of vein formation were far below
those required to cause complete compositional homogen-
ization by intracrystalline diffusion (cf. Cygan & Lasaga,
1985; Hammarstrom & Zen, 1986). However, oscillatory
zonation has not been observed in any of the vein minerals
(cf. Fig. 7). I conclude that although increases in fluid
pressure above lithostatic pressure may have been part of
the fluid flow process, they were not large enough to
account for the high pressures of vein mineral assemblage
equilibration. Therefore, the thermobarometry results for
mineral inclusion assemblages within garnets are inter-
preted to reflect fracturing, fluid flow and vein growth at
deep crustal levels of c. 30 km.

Because the fractures were open at depths in excess of
15km, they were almost certainly held open by a fluid
phase (cf. Walther, 1990). Mineral assemblages in contact
with garnet rims in selvages and open veins would have
been exposed to fracture fluids for longer times than
assemblages included within garents. In a fluid-rich
environment, intercrystalline diffusion is enhanced, and
extensive re-equilibration of mineral compositions in
response to changing P-T-X .conditions can occur.
Therefore, minerals in contact with garnet rims are
interpreted to have equilibrated with each other during
exhumation-related cooling and decompression after the
fractures were formed. Because garnet rims have lower
grossular content than garnet interiors, and plagioclase in
contact with garnet rims has higher anorthite content than
plagioclase inclusions within garnet, equilibration may
have involved coupled Ca exchange between garnet and
plagioclase via reactions such as GASP. However, Ca and
other elements may also have been transported into or out
of the system by fracture-controlled fiuid flow during
exhumation. The variable retrograde alteration of vein

biotite, garnet and kyanite to sericite, chlorite and clay
minerals suggests that fluids were present in some of the
fractures to very low temperatures and crustal depths.

It is extremely unlikely that the fractures were conduits
for silicate melts, because the maximum temperature
estimates for vein assemblages are about 100° C less than
the water-saturated tonalite solidus. Furthermore, cooling
of known silicate or carbonatite magma types will not
produce the observed vein mineral assemblages.

Comparison with the P-T path and tectonic history
of the Merrimack synclinorium

Previous workers, including Schumacher et al. (1989),
Armstrong et al. (1992) and Thomson et al. (1992), among
others, have concluded that the Merrimack synclinorium
was metamorphosed along an anticlockwise P-T path
which started in the andalusite stability field and reached
peak thermal conditions in the granulite facies (Fig. 11).
The petrological relations of the fracture zone host rocks
(e.g. sillimanite pseudomorphs after andalusite; granulite
facies metamorphism) are consistent with this P—T history.
Following granulite facies metamorphism, burial and
compression of the synclinorium continued while it cooled
to amphibolite facies temperatures within the stability field
of kyanite (Fig. 11; Schumacher et al., 1989; Armstrong et
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Fig. 11. P-T estimates compared with the previously determined
P-T path of the Merrimack synclinorium. Anticlockwise P-T
path discussed by Schumacher ef al. (1989), Armstrong et al.
(1992) and Thomson et al. (1992) shown with heavy dashed line.
Inferred conditions of fracture formation correspond to the
greatest depth of burial of the synclinorium. Possible exhumation
path is indicated by the large black arrow (cf. Armstrong et al.,
1992). Filled symbols, assemblages included within garnets; open
symbols, assemblages in contact with garnet rims. Circles, Method
I; triangles, Method II; diamonds, Method I1I; squares, Method
IV. Depth of burial computed using an average crustal density of
2800 kg m >, See text for further discussion.
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al., 1992). The estimated conditions of fracture formation
(c. 560°C, c. 0.8 GPa) lie along this part of the P-T path,
and correspond to the maximum pressure and crustal
depth reached by the synclinorium (¢. 30 km).

The tectonic regime leading to fracturing and vein
growth remains to be determined, but some potentially
important relations can be highlighted. The timing of
fracturing deduced from the P-T path (Fig. 11) is
consistent with the observation that the fractures cross-cut
(and therefore post-date) the gneissic fabric of their
granulite facies host rocks. The P-T conditions of
fracturing correspond to those attending regional mylonite
formation along the major NE-SW-trending faults that cut
the synclinorium (Fig. 1). Furthermore, the roughly N-S
strike of the main set of veins is subparallel to that of
numerous small, subvertical cross-faults that run between
the major faults (Peper & Pease, 1975; Fig. 2). Peper &
Pease (1975) inferred that most of these smaller faults are
normal faults, and reported that large flakes of retrograde
muscovite are commonly found on the fault surfaces. The
exact sequence of faulting is not known, but Peper &
Pease (1975) noted that some of the cross-faults terminate
against the major NE-SW-trending faults. The above
relations indicate that the veins could have developed
during the formation of the major NE-SW-trending faults,
or sometime thereafter. The large retrograde muscovite
crystals associated with the smaller, dominantly N-S-
trending cross-faults demonstrate that fluid infiltration
occurred along faults in the region. Because the main vein
set and many of the cross-faults have similar orientations,
they may be genetically related. One, admittedly
speculative, scenario consistent with available evidence is
that veining and the required increases in volume were
associated with the initial phases of exhumation of the
synclinorium.

The P-T estimates from mineral assemblages in contact
with garnet rims place new constraints on the exhumation
path of the synclinorium. Thermobarometry suggests that
the area was at temperatures of c¢.500°C as it was
exhumed through the 20-15km depth interval (Fig. 11).
This result is comparable with the exhumation path
postulated for the synclinorium by Armstrong et al. (1992):
Whether fluid flow occurred throughout exhumation or
was restricted to the deep crustal levels where the fractures
formed is presently unknown.

Implications for deep crustal permeability and
porosity

The extreme chemical alteration that took place along the
fracture walls and adjacent selvages (e.g. Fig. 4) provides
strong evidence that the fractures were major fluid
conduits having permeabilities well in excess of the mafic
gneiss host rocks (cf. Ferry & Dipple, 1991). Rock failure
producing large-aperture fractures could have dramatic
transient effects on the permeability of the lower crust (cf.
Sibson et al., 1988). A rough order of magnitude estimate
of the intrinsic fracture permeability, k., of a rock mass can
be obtained using the expression: k;=(nd>)/12, where n

and d are the average frequencies and apertures of the
fractures, respectively (Norton & Knapp, 1977). Taking d
to be 1mm, a representative value for the system
described here, k; estimates range from c. 107 to ¢
107" m? for values of n between 1 and 1000 km™". The k;
estimates are a factor of 10°-10" larger than the
permeabilities that are generally assumed for deeply seated
rocks (cf. England & Thompson, 1984).

Determining the porosity of the system when it was
active requires detailed knowledge of the timing of
fracture opening. Although the sequence of fracturing
events remains to be established, some constraints can be
placed on the porosity of the original system. The total
volume of veins provides an upper limit for the original
fracture porosity if it is assumed that all the fractures were
open simultaneously; field measurements indicate that
veins comprise about 2% of the rock mass (e.g. Fig. 3).
The porosity preserved as open space between fracture
today (c. 0.3%) reflects the final state of the system in the
deep crust. This amount of porosity may be smaller than
that which attended fluid flow because the fractures are
now partially or completely filled with minerals.

CONCLUDING REMARKS

The results of this study indicate that large-aperture,
fluid-filled fractures can be present in continental orogens
to depths of c. 30 km. Furthermore, because the fractures
are zones of elevated permeability, they can facilitate fluid
flow and metasomatic alteration of wallrocks (cf. Ague,
1991, 1994a,b).

Evidence from geophysical studies strongly suggests that
fracturing is common at middle to lower crustal levels in
continental orogenic belts. For example, from April 1980
through February 1994, 1076 seismic events were recorded
at depths of 20-35 km in the Los Angeles area (data from
the California Institute of Technology Earthquake
Catalog). In addition, seismic events routinely occur over
the 20-35km depth range in continental crust along the
convergent margin in western Washington State (cf. Lees
& Crowder, 1990). Moreover, results from a variety of
seismic and magnetotelluric investigations suggest that
fluid-filled fractures and pores comprising as much as
several percent porosity may be widespread in middle to
lower continental crust (cf. Matthews & Cheadle, 1986;
Hyndman & Shearer, 1989). Consequently, it is tempting
to speculate that networks of large-aperture fractures play
a significant role in deep crustal hydrological systems, and
that their importance has been greatly underestimated.
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