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ABSTRACT

Srivastava, D.C. and Engelder, T., 1991, Fluid evolution history of brittle-ductile shear zones on the hanging wall of Yellow
Spring thrust, Valley and Ridge Province, Pennsylvania, U.S.A. Tectonophysics, 198: 23-34,

This work presents the results of structural and fluid inclusion analyses of brittle—ductile shear zones (bdsz) cutting Lower
Paleozoic carbonates in the Appalachian fold and thrust belt, Strike parallel extension of the beds riding up the ramp of
Yellow Spring thrust resulted in development of conjugate bdsz by progressively non-coaxial deformation. During the
shearing, synleclonic extension veins were formed by successive episodes of mode-I cracking and sealing by the precipitation
of quarlz, saddle dolomite and calcite in paragenetic order. Geobarometry on co-existing methane-rich and water-rich fluid
inclusions reveals the trapping of Auids at large range of fluid pressures. The values of maximum and minimum [luid pressures
correspond to the events of crack propagation and complete sealing respectively. Contrary to ductile shear zones in high-grade
metamorphic rocks, this study in unmetamorphosed rocks shows that bdsz evolve by influx of locally derived methane bearing
brines of connate or evolved formation water origin at pressures of 80—40 MPa, temperatures of 155-165° C and a depth of 6
km. It is shown that the salinity and composition of the mineralizing fluids change from one crack-seal episode Lo another, in

spite of a broad consistency in the pressure—temperature conditions.

Introduction

Shear zones ranging from brittle faults to con-
centrated ductile flow zones (Ramsay, 1980a) are
one of the most common consequences of crustal
deformation in rocks of diverse metamorphic grade
and tectonic frame work. Furthermore, shear zones
also represent most conspicuous examples of large
fluid fluxes during deformation. In particular,
brittle-ductile shear zones containing hydraulic
fractures (mode-I cracks Pollard and Aydin, 1988)
and syntectonic extension veins, are the immediate
examples of enhanced permeability and fluid flow
during deformation in natural rocks. These syn-
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tectonic fluids are often preserved as fluid inclu-
sions in extension veins of shear zones. In this
paper, we focus on construing a pressure—temper-
ature (P-T) history of fluids during the develop-
ment of outcrop scale shear zones in the Appa-
lachian foreland fold and thrust belt. Our ap-
proach includes a structural analysis of shear zones
and a systematic fluid inclusion study of the dif-
ferent minerals in veins within these shear zones.

P-T conditions related to shear zone develop-
ment are conventionally determined by analysis of
mineralogical assemblages using isotope and mi-
croprobe data, microtextures and fluid inclusions.
Shear zone settings fall in three categories: (a)
ductile shear zones in high-grade metamorphic
rocks (mostly along retrogressed zones in granu-
litic rocks), (b) dominantly brittle-ductile shear
zones in low- to medium-grade metamorphic rocks
(greenschist to lower amphibolite facies rocks),
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Fig. 2. Z-shaped en-echelon veins in the dexiral shear zones
(length of the pencil: 12 cm).

of brittle-ductile shear zones containing en-eche-
lon arrays of extension veins are well exposed. In
general, the shear zone thickness (perpendicular to
shear zone walls) varies from 10 to 30 cm and they
extend along their strike for less than 2 m. These
shear zones can be classified in two sets (I and II)
on the basis of the sense of shearing and, the
orientation of veins and shear zones. NNW-strik-
ing set-I shear zones dip at 70-80° towards ENE
and contain lensoid and Z-shaped en-echelon
veins, indicating dextral shearing (Figs. 2 and 3).
Set-11 shear zones also strike NN'W-SSE but they

Fig. 3. Lower-hemisphere projection (greal circle) of the mean

orientations of sinistral {§) and dextral (D) shear zones (trian-

gles are orientations of the principal axes of bulk strain el-

lipsoid, X = Y = Z; pluses and circles are poles to the orienta-

tion of veins in dextral and sinistral shear zones respectively;
dots = poles to bedding).

dip towards WSW (Fig. 3) and contain lensoid
and S-shaped en-echelon veins suggesting sinistral
shearing. In outcrops, where set-I and set-1I shear
zones occur together, it is impossible to establish a
distinct or consistent overprinting relationship be-
tween the two. Several lines of evidence including
the consistently opposite sense of shearing in set-]
and set-II shear zones; common strike of both the
sets of shear zones and corresponding veins and;
the parallelism of set-1 shear zones with the veins
in set-II shear zones and vice-versa, suggest that
shear zones of set I and set II have formed syn-
chronously as conjugate pairs.

As the dextral (I} and sinistral (II) sets of shear
zones are equally well developed, their geometry
can be used to determine the orientation of bulk
strain ellipsoid (X = Y = Z). The underlying
principle behind such analysis assumes that the
conjugate shear zones intersect along the inter-
mediate axis (¥) and, the acute and obtuse bisec-
tors of the angle between conjugate pair define Z
and X axes respectively (Ramsay and Huber,
1987). Strain analysis reveals that the bulk strain
ellipsoid for brittle—ductile shear zones considered
here can be defined by subhorizontal X and ¥
axes trending towards ENE and NNW respec-
tively (Fig. 3). The Z axis of finite strain ellipsoid
defining the direction of maximum shortening was
oriented subvertically. In addition, the low angles
(<45°) between shear zone wall and veins (=
35-40° in sinistral and = 25% in dextral shear
zones) and, acute dihedral angles (= 20°) suggest
increase in volume or positive dilation during the
course of deformation with strike-parallel stretch-
ing (Fig. 3).

Internal geometry and composition of veins

Typical en-echelon veins in both dextral and
sinistral shear zones are characterized by three
mineralogically different zones arranged parallel
to the vein boundaries. Each vein is primarily
made up of a pink median zone bounded symmet-
rically on either side by marginal zones of white
calcite (Fig. 4a). Contacts between these zones are
characterized by the occurrence of wall-rock inclu-
sion bands and euhedral quartz crystals. Staining
with alizarin red shows that the pink and white
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Fig. 5. Schematic diagrams showing successive precipitation of

quartz, saddle dolomite and calcite in the en-echelon, extension

veins within shear zones. Average length of vein in Fig. 3¢
varies berween 10 and 20 cm.

was precipitated later than the saddle dolomite. In
summary, quartz, saddle dolomite and calcite
crystallized in paragenetic order within the exten-
sion veins of the investigated shear zones,

Fluid inclusiens
Types of fluid inclusions

Euhedral crystals of quartz, saddle dolomite
and calcite were mechanically separated for the
purpose of fluid inclusion analysis of individual
minerals in the multimineralic extension veins
within shear zones. Petrographic studies on dou-
bly-polished plates revealed the presence of two

types of fluid inclusions in all the minerals (Fig.
4d). Type-I (two phase) fluid inclusions were char-
acterized by more than 80-90% liquid phase and a
small but distinct vapor bubble at room condi-
tions. Type-II (mono-phase) fluid inclusions were
typically dark colored, negative crystal shaped and
did not exhibit any observable vapor phase {(vapor
bubble) at room conditions. In euhedral quartz
crystals, the fluid inclusions were mostly of large
size (10-30 pm) and optically more clear. On the
contrary, the fluid inclusions in dolomite and
calcite were very small (< 5-10 pm) and turbid in
appearance. In all the samples, crushing stage tests
showed presence of numerous gas bubbles which
dissolve in kerosene suggesting occurrence of light
hydrocarbon (methane) in both the types of fluid
inclusions. On the basis of crushing stage experi-
ments we have inferred that type-1 (two-phase)
and type-II (mono-phase) represent water-rich and
methane-rich fluid inclusions respectively.

We have considered only those fluid inclusions
as primary which occurred in arrays parallel to
crystal boundaries in quartz and growth zones in
dolomite and calcite (Fig. 5d). All other fluid
inclusions, particularly those occurring along
transgranular arrays, were considered to be sec-
ondary (Fig. 5e). It was commonly found that the
type-I (two phase) and type-II (mono-phase) fluid
inclusions occurred along the same trail parallel to
crystal boundaries or growth zones suggesting the
synchronous trapping of type-l and type-II fluid
inclusions of the primary origin. Due to very small
sizes (< 3 pm) of secondary fluid inclusions, par-
ticularly in saddle dolomite and calcite, most of
the microthermometric data presented in this
paper have been generated by observations on the
primary inclusions. In quartz, however, type-I (two
phase) primary inclusions exhibited large varia-
tions in size and liquid/vapor ratios at room
conditions due to post-enetrapment changes such
as stretching, necking and resealing of fluid inclu-
sions. Bodnar et al. (1985) have demonstrated
that, although these post-entrapment phenomena
have little or no effect on the salinity of the fluids,
they cause very erroneous estimates of homogeni-
zation and consequently trapping temperatures.
Therefore, in our experiments, the use of primary
inclusions {type I) in quartz was restricted to
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calcite, the salinity of these complex brines went
down from 19-17 wt.% NaCl to about 15 wt.%
NaCl.

In type-1I (mono-phase fluid inclusions, cooling
below —80°C resulted in the appearance of a
vapor bubble which grew larger in size with fur-
ther lowering of the temperature. In few inclu-
sions, the vapor bubble displayed a distinct jerk at
temperatures ranging from —150°C to —140°C
to indicate the freezing of CO,. At extremely low
temperatures, approximately —194°C, these fluid
inclusions were characterized by large vapor bub-
ble showing sharp and angular boundaries. On
slow heating, the sharp and angular boundaries of
vapor bubble changed with a sudden jerk, to
smooth and rounded boundaries. This event
marked the final melting of solid methane (7 -
methane) at temperatures ranging from —183°C

to —178° C. In fluid inclusions containing carbon
dioxide, the last crystal of CO, melted between
—120°C to —103°C. Finally, in all type-II inclu-
sions, the vapor bubble homogenized into liquid
phase at temperatures ranging from —89°C to
—83°C (Fig. 6¢).

The above microthermometric data strongly
suggest a methane-rich composition of type-II in-
clusions. Any possibility of the presence of nitro-
gen in these inclusions is ruled out as the final
melting of methane occurs around its triple point
(—182.47° C). Similarly, low melting temperatures
(—120°C to —103°C) of CO, suggest that the
amount of CO, present in these inclusions is less
than 2% of the total volume of the inclusion. From
these results, it is therefore inferred that type-II
fluid inclusions are compositionally more than
98% pure methane. Consequently, we have used
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in quartz during the late stage of vein formation
(Fig. 5e).

Trapping pressures

On a P-T graph, the intersection of an iso-
chore corresponding to a given density of methane
and a line parallel to the pressure axis at mean
homogenization temperature gives the trapping
pressure (T, -isochore intersection method; Fig. 7).
Our results reveal a wide range of methane densi-
ties due to large variations in the homogenization
temperature of the type-Il fluid inclusions. One
possibility is that variations in the homogenization
temperature are due to post-entrapment changes.
We rule this out on the basis of two lines of
evidence. First, for a given sample, the type-l
inclusions show consistent homogenization tem-
peratures (7, -brine) proving that these inclusions
have not suffered post-entrapment changes. In
view of the co-existence of type-I and type-II
inclusions, it is unlikely that type-1I inclusions
underwent post-entrapment changes while the type
1 escaped these effects. Second, within smaller
domains of a growth zone, both type-I and type-1I
inclusions homogenized at reasonably consistent
homogenization temperatures (7}-brine and 7\-
methane), Therefore, the large variation in the

homogenization temperature of type-II {mono-
phase) inclusions should reflect the trapping of
fluids at varied pressures.

In the absence of evidence to establish the
chronology of successive growth zones, it was not
possible to ascertain the pressure fluctuations be-
tween successive growth zones in individual
minerals (Mullis, 1975). We have used the maxi-
mum and minimum homogenization temperatures
(T,-methane) to calculate the isochores corre-
sponding to the two extreme values of densities.
The line of mean homogenization temperature of
type-1 fluid inclusions intersects these two extreme
isochores at two points defining the maximum and
minimum trapping pressures (Fig. 7).

We attribute the large fuctuations in trapping
pressure at isothermal conditions to the crack-seal
mechanism of vein development in the brittle-
ductile shear zones. This mechanism is char-
acterized by the formation and healing of exten-
sion fractures (mode-I cracks) in episodic manner.
Fluid inclusion data indicate that during each
episode of crack development, the fluid pressures
approached the peak trapping pressure and the
subsequent healing of cracks (by precipitation of
quartz, dolomite and calcite)} occurred at lower
pressures (Fig. 7). Thus, the peak and mimimum
trapping pressures obtained by fluid inclusion
analyses represent the highest (70--80 MPa) and
lowest (40 MPa) pressures achieved between the
episodes of cracking and complete sealing by the
growth of saddle dolomite and calcite in the ex-
tension veins. In quartz, the late microcracks were
developed and healed at 78 MPa and 52 MPa
respectively.

Discussion

Within the Coburn limestones of the Valley
and Ridge, the outcrop scale shear zones have
developed by brittle—ductile mechanism and pro-
gressively non-coaxial shear. Shearing was en-
hanced by the development of high pore pressures
and decrease in effective normal stress leading to
the propagation of hydraulic fractures (mode-I
cracks) forming channelways for hot brines with
Na*, Ca** cations and dissolved methane. As
cracking resulted in the release of pressure, the
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1984; Guha and Kanwar, 1987 and; Klemd et al.,
1989). It is possible that the methane bearing
fluids were generated by degradation of organic
matter present i or near the Coburn Formation.
As a consequence of the increased generation of
hydrocarbons, the pore fluid volume dilated con-
tinually until the pore pressure exceeded the least
compressive stress.

Conclusions

This study demonstrates that the brittle—ductile
shear zones in unmetamorphosed sediments de-
velop at much lower pressure (80-40 MPa) and
temperature {155-165°C) in comparison to shear
zones in low- to medium and high-grade metamor-
phic rocks. Contrary to the shear zones in high-
grade metamorphic rocks where CO, rich fluids of
deep sealed origin play important roles in defor-
mation, the fluids in brittle-ductile shear zones
hosted by unmetamorphosed sediments are locally
derived, methane-rich brines. Fluid inclusion work
further shows that the progressive evelution of the
shear zones can be correlated with the systematic
changes in the composition and salinity of brines
precipitating different minerals in the successively
formed cracks. Lastly, the crack-seal mechanism
for the development of extension vemns is char-
acterized by large fluctuations in pressure under
1sothermal conditions.
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fluids became immiscible into methane-rich and
water-rich components. Furthermore, we presume
that the sudden and substantial drop in pressure
during crack propagation resulted in the decrease
of solubility of the silicates and carbonates. As a
consequence, quartz, saddle dolomite and calcite
were precipitated in open spaces created by crack-
ing. The evolution of shear zones was marked by a
minimum of three such crack-seal episodes de-
marcated by the successive deposition of quartz,
saddle dolomite and calcite. The sequence of
mineral infillings in veins, commencing from
quartz, through saddle dolomite, to calcite is re-
markably consistent in each multimineralic vein of
any given shear zone.

The composition of fluids changed during the
progressive evolution of shear zones. In general,
the fluids diluted from 23 wt.% NaCl during the
precipitation of quartz to 15 wt.% NaCl during the
growth of calcite. It is further evident that the
different minerals crystallized at narrow ranges of
temperature (155-165°C) but under large pres-
sure fluctuations (80-40 MPa). This evidence sug-
gests that the shear zones evolved at nearly iso-
thermal conditions accompanied by the wide
fluctuations in the pressure (AP, = 40 MPa).

For the Spruce Creek area, Srivastava et al.
(unpublished) have calculated a geothermal gradi-
ent of 27°C/km on the basis of fluid inclusion
data from bedding parallel veins in the Coburn
Formation and an overburden thickness of 6.5
km. Using this geothermal gradient, we have
plotted lithostatic (26 MPa/km) and hydrostatic
(10 MPa/km) thermobaric gradients on a P-T
diagram illustrating the trapping conditions of
fluids (Fig. 7). The maximum trapping pressure
obtained from fluid inclusion analysis is less than
lithostatic pressure (Fig. 7) suggesting the propa-
gation of mode-I cracks in shear zones at sublitho-
slatic pressures.

The paradoxical situation of the propagation of
mode-I cracks at sub-lithostatic pressure is ex-
plained by a model where steep cross-fold veins
develop due to stretching of beds parallel to strike,
on the hanging-wall side of the thrust surface
during fault-bend folding (Srivastava and En-
gelder, 1990). As the Coburn Formation at Spruce
Creek is located on the hanging-wall side of the

[.C_SRIVASTAVA AND T. ENGELDER

Yellow Spring thrust, we infer that the steep shear
zone veins (close in orientation to cross-fold veins)
have developed during the ramping of Coburn
beds along the Yellow Spring thrust. This in-
ference is supported by shear zone analysis reveal-
ing that the direction of maximum elongation ( X)
is parallel to the strike of the beds at Spruce
Creek. We, therefore, attribute the development of
extension veins and shear zones to the stretching
of beds parallel to strike direction (ENE) during
thrusting,

Unlike horizontal fractures, the pore fluid pres-
sure need not approach or exceed the lithostatic
pressure for the propagation of steep fractures.
This fact is supported by fluid inclusion data
which show that the peak trapping pressure during
the development of NNW-SSE striking and
steeply dipping shear zone veins was below litho-
static pressure (Fig. 7). The lower limit of trapping
pressure approached sub-hydrostatic pressure at
which the saddle dolomite and calcite were pre-
cipitated to completely seal the open fractures.

The orientations of the local maximum (o))
and minimum (o,) principal stress axes are con-
strained by the thrust fault regime of the area and
steep dips of the extension veins, respectively.
Therefore, the local stress ellipsoid respoensible for
the development of shear zones can be defined by
subhorizontal o, and o, axes trending NNE-SSW
and NNW-SSE, respectively, and subvertical in-
termediate stress axis (o,). Results of this study
suggest that the orientations of X, Y, and Z-axes
determined by shear zone analyses did not coin-
cide with the orientations of local oy, 0, and q
axes, respectively. This non-coincidence of the
principal axes of stress and strain ellipsoids is
attributable to the non-coaxial nature of deforma-
tion {Hancock et al., 1987; Means, 1976).

Evidence, such as the localized nature of shear
zones; their restricted lateral and vertical extents
(few centimeters to a couple of meters) and; their
confinement to carbonate beds of a few meters
thickness, imply that the source for fluids is likely
to be local. This inference is also corroborated by
fluid inclusion results revealing highly saline fluids
containing methane and cations like Na, Ca and
Mg. Such fluids may owe their origin to connate
water and /or modified formation water {(Roedder,
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the equation of state for pure methane (Angus et
al., 1976) to calculate the density and isochores of
type-II inclusions.

Heating experiments

Healing experiments were carried out only on
type-1 inclusions, to measure the homogenization
temperatures (7),-brine). These inclusions were
primary in saddle dolomite and calcite and sec-
ondary in quartz. A minimum accuracy of +3°C
was achieved during the measurement of homo-
genization temperatures (7-brine). On progres-
sive heating of a typical type-I inclusion, the vapor
bubble was observed gradually reducing in size
until it totally disappeared upon homogenization
with the liquid phase. None of the type-1 inclu-
sions showed homogenization into vapor phase or
critical homogenization. Three precautions were
taken to avoid the effects of necking and stretch-
ing during the heating runs (Roedder, 1984). First,
only those groups of fluid inclusions which ex-
hibited consistent liquid /vapor ratios at room
temperature were heated to obtain the data on
homogenization temperature, Second, in any par-
ticular doubly-polished plate placed under thée
heating-freezing stage, the 7|, measurements were
made in the ascending order of homogenization
temperature. Third, on any single chip under the
stage, the number of T, observations were re-
stricted to less than ten in order to avoid thermal
stretching due to repeated heating. In general, all
the type-I inclusions homogenized into liquid
phase at temperatures between 100°C to 185°C
{Fig. 6d).

Thermobarometry

All the three minerals (quartz, saddle dolomite
and calcite) comprising extension veins in shear
zones contained both water-rich {type 1) and
methane-rich fluid inclusions (type II). As both
these types of fluid inclusions were observed within
the same petrographic feature, such as growth
zones or microfractures, we infer that methane-rich
and water-rich fluid inclusions were trapped
simultanecusly and, the water-rich fluid inclusions
were saturated with methane. The simultaneous
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trapping of type-I and type-II inclusions is reaf-
firmed by reasonable consistencies in homogeniza-
tion temperatures of type-1 (7,-brine) and type-11
(T),-methane) fluid inclusions occurring within
same growth zone. Considering the fact that
water-methane saturation occurs at homogeniza-
tion conditions, the homogenization temperature
of methane-saturated, water-rich fluid inclusions
(type 1) is the trapping temperature.

When the methane-rich and water-rich fluid
inclusions co-exist, three different methods are
commonly applicable for geobarometry, viz. (a)
the isochore intersection method, (b) the 7, -iso-
chore intersection method and (¢) the methane—
water saturation method (Mullis, 1987). A critical
evaluation and comparison of these methods by
Mullis (1987) has revealed that the “T,-isochore
intersection method” yields the best estimates of
trapping pressure, This is due to the fact that this
method does not require any pressure correction,
which if applied in case of methane-bearing inclu-
sions, gives erroneously high trapping temperature
(Hanor, 1980; Burruss, 1981; Mullis, 1987).

Trapping temperatures

Following the principles of geothermometry
outlined in the preceding section, the homogeniza-
tion temperature of type-I inclusions represent the
trapping temperature. In saddle dolomite and
calcite, these inclusions homogenized at tempera-
tures ranging from 130°C to 190°C. The modal
values of this range of temperature lie between
155°C and 165°C and represent the trapping
temperature of the fluids that precipitated saddle
dolomite and calcite during the vein growth in
shear zones. It was not possible to estimate the
temperature of fluids trapped during the growth
of quartz because primary type-I inclusions ex-
hibited large variations in size and liquid /vapor
ratios due to stretching and necking. Quartz
crystals, however, contained workable sizes of (> 5
um) of secondary type-1 (two phase) inclusions
along the microfractures. These secondary inclu-
sions homogenized at temperatures ranging from
100°C to 152° C (with mean at 128° C; Fig. 6d).
It is evident that these temperatures represent the
healing temperatures in the micro-cracks formed
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measurements of freezing point depressions only
and no heating runs were performed on them.

Freezing experiments

Freezing experiments were made on primary
{type-I and type-II) inclusions in quartz, saddle
dolomite and calcite, using a modified U.S.G.S.
type of gas flow heating-freezing stage manufac-
tured by Fluid Inc. For type-I (two phase) fluid
inclusions, the temperatures of first melting (7,,)
and final melting (7;,) are precise to +3°C and
+1°C respectively. In case of type II (mono-
phase) inclusions, the temperatures of final melt-
ing of methane (7, -methane), final melting of
carbon dioxide (7, — CO,) and, the homogeniza-
tion of methane (7,-methane) are precise within
the ranges of +8°C, +5°C and %3°C respec-
tively. The generalized heating—freezing character-
istics of type-I and type-II fluid inclusions are
represented in Table 1.

Progressive cooling of type-I inclusions resulted
in sudden jerk or collapse of vapor bubble mark-

TABLE 1

Summary of the heating—freezing characteristics of fluid inclusions
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ing the complete freezing of fluid. Subsequently,
on slow warming the appearance of a very granu-
lar lexture demarcated the first melting of ice
crystals (T} at the eutectic temperature of the
salt—water system (Shepherd et al., 1985). As the
range of observed T, temperatures (-30°C to
—~50°C) is much lower than the eutectic tempera-
ture (—20.8°C) of the H,0-NaCl system, the
presence of bivalent cations (Ca and Mg) in type-I
fluid inclusions is indicated (Fig. 6a). On further
heating, the remaining crystals of ice gradually
melted and the melting temperature of the last ice
crystal was carefully recorded to mark the freezing
point depression (7, -brine). T, -brine was re-
corded either by direct observation on the melting
of last ice crystal or by a cycling technique, the
latter applied mostly to small inclusions (<5 pm)
in the saddle dolomite and calcite. The conversion
of data on freezing point depression (7,,-brine) to
wt.% equivalent NaCl salinities reveals that the
oldest mineral quartz was precipitated by the most
saline brines (23-21 wt.% NaCl, Fig. 6b). During
the subsequent growth of saddle dolomite and

FI. T range QObservation Interpretation
type ("0
Type-1 —~501t0 =70 Collapse of vapor bubble Complete freezing of fluid
(two-phase} with sudden jerk
methane saturated —30to0 —50 Very granular texture Eutectic lemperature (T;,,)
water-rich fluid -8 —205 Melting of the last ice crystal Freezing point depression (T,,,)
inclusions
+100 1o + 185 Disappearance of vapor bubble Homogentzation
temperature (7 -bring)
Type-i1 < —190 Sharp and angular boundaries Freezing of methane
(mono-phase) of the vapor bubble
methane-grich
fluid inclusions —-183 10 —178 Rounding and smoothening of Freezing point depression of
vapor bubble boundaries with methane (7, -methane)}
sudden jerk
=120 1o —102 Gradual melting of the last Melting lemperature
crystal of CO, of CO, (T,, = CO,;)
—8%tc —83 Disappearance of Homogenization temperature of

of vapor bubble

methane (T} -methane)
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carbonates are dolomite and calcite zones respec-
tively. Microscopically, the pink median zones in
these veins consists of coarse (40-300 um), spear-
shaped dolomite grains showing curved crystal
faces, warped cleavages, denticulate intergranular
boundaries and wavy extinctions (Figs. 4b and
4c). Such characteristics imply that these “grains
are “saddie dolomite”, commonly found in associ-
ation with hydrocarbons and epigenetic minerali-
zations (Radke and Mathis, 1980). In contrast to
the median zones of saddle dolomite, the white
marginal zones are characterized by medium
grained (40-100 pm) subhedral calcite crystals
showing occasional microtwins.

Outcrop and petrographic evidence showing the
lack of lateral offset in the pre-existing bio-markers
and veins across the shear zone veins suggest their
development by mode-I cracking (Pollard and

(4

Fig. 4. (a) Photomicrograph showing geometry and mineralogy of a typical extension vein in shear zone. Crossed nicols, field of view
53X 7 mm; ¢ =calcile; W= wall-rock inclusion band; D = saddle dolomite}. (b} Photomicrograph showing growth zones (indicated
by arrow) parallel to the boundary of spear shaped grain of the saddle dolomite. Crossed nicols; field of view 2.5 % 3.8 mm, (¢)
Photomicrograph showing curved cleavages in saddle dolomite. Crossed nicols; field of view 2.5 % 3.8 mm. (d) Photomicrograph
showing the occurrence of type-I (two-phase) and type-II (mono-phase) fluid inclusion. Uncrossed nicols, field of view 0.3 X 0.5 mm.
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Aydin, 1988). Furthermore, the occurrence of
wall-rock inclusion bands at both the contacts
between the median zone of saddle dolomite and
the marginal zones of calcite indicate the forma-
tion of these veins by successive crack-seal events
(Ramsay, 1980b). The first event resulted in the
growth of euhedral quartz crystals in the open
space created as a consequence of the earliest
episode of mode-I cracking (Fig. 5a). Further frac-
turing resulted in the enlargement of open spaces
and their infillings by saddle dolomite (Fig. 5b).
The last crack-seal event included fracturing along
the contacts of saddle dolomite and host rock, and
the subsequent sealing by precipitation of white
calcite (Fig. 5¢). As a rule, thin late offshoots of
the main extension veins are devoid of saddle
dolomite and consist entirely of white calcite only.
This geometrical evidence reaffirms that the calcite
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and (c) brittle to brittle—ductile shear zones in
very low-grade metamorphic or unmetamorphosed
sediments. In high-prade {granulitic) rocks, the
deformation leading to shear zone development
takes place at 600-900°C temperature, 600-900
MPa pressure and the syntectonic fluids are CO,
rich brines of deep seated origin (Beach and Fyfe,
1972; Beach, 1973; Behr, 1980; Goldstein, 1982;
Raith et al., 1988). In general, shear zones in low-
to medium-grade metamorphosed rocks develop
through the influx of low salinity brines (£ COQ,)
at temperatures ranging from 200°C to less than
500°C and pressures varying from 200 MPa to
less than 500 MPa (McCallum, 1974; Brethe et al.,
1979; McCaig, 1984; Jamieson, 1986; Robert and
Kelly, 1987; Davis., 1988; O’Hara, 1988; Losh,
1989; Sibson, 1989). Low-pressure fluid inclusions
are found in Au-Cu mineralized, brittle—ductile
shear zones in granite—greenstone terrain of
Quebec (Guha et al, 1979; Guha and Kanwar,
1987). The mineralizing fluids in these shear zones
are highly saline brines co-existing with methane-
rich fluids trapped at 240°C and 80 4+ 0.5 MPa.
P-T data on brittle and brittle-ductile shear
zones developed in very low-grade metamorphic
or unmetamorphosed sediments are very scarce.
On the basis of zeolite facies assemblage, Ander-
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son et al. (1983) deciphered the development of
the San Gabriel fault (brittle shear zone) at 200 +
30°C temperature and 2-5 km depth. Similarly,
microstructural studies in the Appalachian fore-
land fold and thrust belt have revealed the devel-
opment of cataclasites in Saltville thrust at 250°C
temperature and 65-130 MPa pressure (House
and Gray, 1982). In this paper, we present the
P-T conditions for the development of brittle—
ductile shear zones in the unmetamorphosed
carbonates in the Appalachian Valley and Ridge.

Geometry and anzlysis of shear zones

The brittle-ductile shear zones discussed in this
paper are hosted by the Ordovician Coburn For-
mation exposed along Spruce Creek in the Valley
and Ridge of central Pennsylvania (Fig. 1). At this
locality, the Coburn Formation comprises a se-
quence of predominantly bio-micritic limestones
and dolomites. With reference to the regional
structure, these outcrops define the closure region
of a low plunging fold located on the hanging wall
of Yellow Spring thrust (Figs. 1b). Dip of beds in
the outcrop vary from 40° to 55°.

In a 100 m strike length of the Coburn Forma-
tion outcropping at Spruce Creek, about a dozen

i

L4 km

Fig. 1. (a) Location of study area in the Valley and Ridge Province of central Pennsylvania. Black = Cambrian; dots = Silurian:

blank between black and dots = Ordovician. Inset shows the location of Valley and Ridge Province in Pennsylvania. (b) Geological

map of the area around Spruce Creek. Conlinuous line = formation boundary; dashed line = fault; star = sample location and

outcrops showing brittle-ductile shear zones; (, = Gatesburg Formation; ©,, = Nittany and Stonehenge/Larke Formations;

O,y = Beilefonte Formation; O, = Cobum through Loysburg Formations; O, = Reedsville Formation; Oy, = Bald Eagle Formation;

O; = Juniata Formation; §, = Tuscarora Formation; S, = Clinlon Gp.; SC = Spruce Creek. Fault placing 0,; over C, is the Yellow
Springs thrust.



