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ABSTRACT

The temperatures and pressures of diagenesis and very low-grade metamorphism of the
Palaeozoic formations of the Valley-and-Ridge province in the central Appalachians are
revealed by analyzing their fluid inclusions. Samples from two areas were studied and
compared: (1) the Silurian and Devonian Delaware Water Gap area and (2) the anthracite
region of eastern Pennsylvania. Gaseous CH,-CO, and aqueous (£CH,) inclusions were
studied by microthermometry; gas compositions were measured by Raman analysis. The
two fluids are thought to have been immiscible, saturated fluids. The isochores calculated
for both types of inclusions indicate fluid trapping P-T conditions of about 195-245 °C,
0.8-1.3 kbar for the anthracite region, but higher pressures (1.3-1.9 kbar at 180-230 °C,
and possibly as much as 2.2-2.5 kbar) for the Delaware Water Gap area. The pressure
difference reflects the relative stratigraphic position of the rock formations, and a higher
thermal gradient for the anthracite region. The fluid trapping temperatures and pressures
are consistent with conodont alteration indices (CAI), illite crystallinities, the anthracite

rank, slaty cleavage development, and the stability of pyrophyllite.

INTRODUCTION

The folded Palaeozoic terranes of the Great Valley and
Valley-and-Ridge provinces of the central Appalachians
are traditionally regarded as unmetamorphosed. How-
ever, their very low-grade metamorphism is evident from
conodont alteration studies (Epstein et al., 1977; Harris
etal., 1978), and from anthracite rank and the occurrence
of pyrophyllite in underclays (Hosterman et al., 1970) in
the Pennsylvanian. As a further test of metamorphic P-T
conditions, we analyzed fluid inclusions in quartz veins
from two different areas (Fig. 1):

1. The Delaware Water Gap-Stroudsburg area, north-
western New Jersey and eastern Pennsylvania whose rock
units include: (a) the Martinsburg Formation (Ordovician
Taconic flysch) of the northwestern margin of the Great
Valley. The prominent slaty cleavage of this unit has been
the subject of extensive studies by Maxwell (1962) and
subsequent workers (e.g., Epstein and Epstein, 1969;
Groshong, 1976; Beutner, 1978); (b) the Shawangunk
(Lower and Middle Silurian), Helderburg and Oriskany
(Lower Devonian), and Marcellus (Middle Devonian)
Formations overlying the Taconic unconformity.

2. The Pennsylvanian coal measures of the anthracite
region of eastern Pennsylvania, situated some 50 to 100
km to the northwest and southwest of the former area.

The rocks mainly consist of metasediments (shales,
mudstones, etc.) crosscut by quartz veins. In addition to
aqueous inclusions, many of these quartz veins contain
methane-rich fluid inclusions that were studied in order
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to obtain information on the rock-forming pressures and
burial depth.

DEFORMATION AND VERY LOW-GRADE
METAMORPHISM

Slaty cleavage in the Martinsburg Formation

The closely spaced slaty cleavage at the Delaware Wa-
ter Gap has been ascribed by some authors to deforma-
tion during the Late-Ordovician Taconic deformation
(e.g., Maxwell, 1962; Beutner and Diegel, 1985), while
others (e.g., Epstein and Epstein, 1969; Drake, 1969) have
considered it to result mainly from the Late-Paleozoic
Alleghenian deformation that has deformed the Silurian-
Pennsylvanian sequence of the northwesterly adjoining
Valley-and-Ridge province.

Holeywell and Tullis (1975) showed that the develop-
ment of slaty cleavage in the Martinsburg Formation in
the nearby Lehigh Gap near its contact with the overlying
Silurian Shawangunk Formation mainly involved mica
solution and recrystallization.

Groshong (1976) and Beutner (1978) showed that the
slaty cleavage southeast of the Delaware Water Gap
formed largely by pressure solution and redepositing of
quartz and phyllosilicates, and that no rotation of the
platy minerals took place during the cleavage formation
(see also Beutner and Diegel, 1985). Lee et al. (1986)
suggested that these processes were syntectonic and in-
volved transitions from imperfect metastable toward or-
dered stable phases. They estimated the sediment thick-
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ness above the Martinsburg Formation at the Lehigh Gap
at the time of the Alleghenian orogeny as approximately
7.5 km (or P, = 2 kbar), and calculated the temperature
as 225 + 75 °C (assuming an average geothermal gradient
of 30 £ 10 °C/km). The Ordovician of the Great Valley
of easternmost Pennsylvania lies in the area wherein the
conodont alteration index (CAI) = 4.5-5, as described by
Harris et al. (1978) and estimated by those authors to
represent a temperature range of 250-300 °C to 350-400
°C for heating durations of >50 to 1 Ma.

Very low-grade metamorphism in the
Silurian-Pennsylvanian

Very low-grade metamorphism in the Silurian-Penn-
sylvanian sequence is indicated by several lines of evi-
dence: (1) The predominantly anthracitic rank of the
Pennsylvanian coals in the larger synclines (the Pennsyl-
vania anthracite fields), semianthracitic ranks being found
only in the westernmost extensions of the western middle
and southern fields. (2) The widespread occurrence of py-
rophyllite in the underclays of the anthracites (Hoster-
man et al., 1970); recently, Juster et al. (1987) have re-
ported on the widespread occurrence of ammonium illite
in mudrocks of the northeast Pennsylvania anthracite and
semianthracite fields, occurring together with illite, +
paragonite, + pyrophyllite (two or all of these three phyl-
losilicates in all except one sample), chlorite, and in many
samples of kaolinite. (3) The high CAI of predominantly
four to five in the Silurian through Middle Devonian car-
bonate rocks (Harris et al., 1978); such CAI values cor-
respond with anthracite coal ranks with reflectance R, =
1.95-3.6 to >3.6% and with temperatures of 190-300 °C
to 300-400 °C for heating durations of >50 to 1 Ma
(Epstein et al., 1977, Fig. 11; Harris et al., 1978, Table
1).

Grade of metamorphism: Illite crystallinities

The grades of incipient metamorphism were further
established by the illite crystallinity method (Kubler, 1967,
1968) using the preparation and instrumental settings de-
scribed by Kisch (1980a, 1980b). At these instrumental
settings the limits of the anchimetamorphic zone corre-
sponding to Kubler’s (1967) boundary values of 0.42 and
0.25°A26 are 0.38 and 0.21°A24. For the two terranes
studied these are as follows (all values are from Mg-sat-
urated 2 pm fractions):

1. (a) Anchimetamorphic to epimetamorphic: mean
0.21°A26 (five samples—range 0.16 to 0.25°A26). Some-
what lower-grade illite sharpness-ratio (/,0x//,0sa after
Weaver, 1961) values of 5-10 are reported by Lee et al.
(1986, Fig. 3) from the mudstone to slate transition in
the Martinsburg Formation of the Lehigh Gap (some 40
km southwest of the Delaware Water Gap: see Fig. 1).
From the same section Kisch has measured equivalent
medium- and high-grade anchimetamorphic illite crys-
tallinities of 0.24-0.31°A26 (in Wintsch et al., in prepa-
ration). (b) Medium to high-grade anchimetamorphic in
the Silurian and Lower Devonian: mean 0.27°A28 (eight
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nia. All localities from which illite crystallinity determinations
have been made are indicated (squares: localities from the Mar-
tinsburg Formation; diamonds: Silurian-Mississippian; circles:
Pennsylvanian); sample numbers are given only for localities
from which methane-rich fluid inclusions have been studied.

Geological sketch map of central eastern Pennsylva-

samples—range 0.23 to 0.30°A26); low- to medium-grade
anchimetamorphic in the Middle Devonian (Marcellus
Formation), 0.31-0.36°A26 (two samples). These data
have been earlier summarized by Kisch (1987, Table 7.3).

2. Diagenetic: range 0.40 to 0.80°A28 (19 samples—
seven from the northern, six from the western middle,
two from the eastern middle, and four from the southern
anthracite field). In many of the samples the 10 A peaks
are broadened because of the presence of pyrophyllite
(Hosterman et al., 1970) and the 10.35 A peaks of am-
monium illite (Juster et al., 1987). Of the eight samples
entirely free of these minerals, six have 10 A peak widths
between 0.40 and 0.61°A28. One of the two exceptions
with broader peaks is an underclay from the westernmost
extension of the western middle field where the coal ranks
are semianthracitic, whereas all other samples are taken
from anthracite-rank areas. The other exception is from
a vermiculite-bearing green claystone from the southern
field. Juster et al. (1987) report illite crystallinities of 0.3—
0.45°A20 from the anthracite areas, but no details are
given on instrumental settings.

FLUID INCLUSIONS IN THE QUARTZ VEINS

The quartz veins are up to 2 cm wide and commonly
crosscut the bedding; they also crosscut the slaty cleavage,
where present, as in some of the lower Palaeozoic rocks.
The fluid inclusions occur in clusters or have an isolated
occurrence (i.e., do not occur along planes).

The CH,-CO, fluids, most probably of organic origin,
were found only in the quartz veins from terranes 1b and
2; none were found in those from the Martinsburg slates
(1a). These inclusions show a subhedral to euhedral neg-
ative crystal shape. Necking-down or stretching textures
were observed locally. Inclusions of different gas com-
position and molar volume cannot be distinguished on



232

"

e N +
250 Top 30

I
200
Fig. 2. Histograms of homogenization temperatures of aque-
ous inclusions in quartz veins that also contain methane-rich
inclusions: (A) Silurian and lower Devonian of the Delaware

Water Gap (samples Ap79-5C and Ap79-7B) (B) Pennsylvanian
of the anthracite region (six samples).

textural grounds as they all have a similar appearance.
The size is generally between 20 and 40 um, but much
larger inclusions, up to 90 pm in size, were found in a
few samples from the anthracite fields.

The quartz veins contain two types of fluid inclusions:
aqueous and methane-rich. The aqueous fluid inclusions
generally have a small gas bubble at room temperature,
and homogenize into the liquid phase at temperatures
(T, ,,) ranging from 150 to >290 °C (predominantly 180-
230 °C) in the samples from the Silurian and Devonian,
and from 120 to 275 °C (predominantly 195-245 °C) in
the samples from the Pennsylvania anthracite fields. His-
tograms of the homogenization temperatures measured
in the two areas studied are shown as Figures 2A and 2B.
In the samples from the Silurian and Devonian, several
inclusions decrepitated before homogenization upon
heating at temperatures between 160 and 250 °C.

The melting temperatures of the ice (7,,,,) are higher
than about —8 °C, indicating low salt contents of less than
12 wt% NaCl-equivalent; no correlation between T, ,, and
T, was found. In some distorted parts, large halite crys-
tals could be incidentally observed at room temperature
in aqueous inclusions (>25 wi% NaCl). Their homoge-
nization temperatures (260-340 °C) are mostly in the
higher T, ,, range and about equal to T, for the directly
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associated H,O inclusions. Neither can these inclusions
be clearly distinguished from the other H,O inclusions on
textural grounds. Clathrates in H,0-CH, inclusions, if
formed during freezing experiments, were not observed,
probably because of the small size of the vapor bubble.

The methane-rich inclusions contain a single-phase flu-
id at room temperature. In most inclusions both a gas
bubble and solid CO, appear upon cooling to tempera-
tures below —70 °C. Upon subsequent heating, these gas
and solid phases disappear— predominantly in this order,
but in a subordinate population in the opposite order—
by homogenization into the liquid phase (see below).

Both types of inclusions occur as isolated inclusions
and clusters, usually with a somewhat elongated shape,
and have the appearance of being primary. Aqueous and
methane-rich inclusions of this type often occur in close
proximity, and even in the same quartz crystals. Areas
with primary-like fluid inclusions are separated by planar
zones containing fluid inclusions that are evidently later
in origin, formed either by decrepitation of the primary
fluid inclusions or by trapping of fluids on healed cracks.
The presence of extremely irregular shapes of empty cav-
ities, which possibly contain very low-density gas, may
be evidence for local strong decrepitation.

The primary aspects and the close proximity of the
aqueous and methane-rich inclusions suggest trapping of
two immiscible fluids (e.g., Pichavant et al., 1982), i.e.,
the methane-rich fluid must have been saturated with
H,O, and the aqueous fluid with CH,, at the time of trap-
ping. High homogenization temperatures of some of the
aqueous inclusions (>240 °C in the Silurian and lower
Devonian of the Delaware Water Gap) probably repre-
sent heterogeneous trapping.

PHASE TRANSITIONS IN METHANE-RICH FLUID
INCLUSIONS

Phase transitions were studied at temperatures between
—180 and + 35 °C with a Chaixmeca heating-freezing stage
(Poty et al., 1976) cooled by liquid N,. Calibration was
carried out by using the melting temperatures of methyl-
cyclopentane (— 142 °C), n-heptane (—90.6 °C), pure CO,
(—56.6 °C), and H,0 (0 °C) and of several other com-
pounds above room temperature.

The classification of phase transitions upon warming
from —180 °C—the minimum temperature obtainable
when cooling with liquid N,—is that proposed by van
den Kerkhof (1988a, 1990) and shown as Table 1.

It was found that the inclusions contain three phases
at temperatures below about —100 °C, namely a liquid
phase (L), a vapor phase (V), and solid CO, (S). Complete
solidification of the inclusions is not possible by cooling
our stage with liquid N,. On subsequent warming, most
inclusions show homogenization of liquid and vapor be-
fore the melting of the solid phase, some other inclusions
show melting followed by homogenization.

Sublimation is defined here as the direct transition from
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TaeLe 1. Phase transitions on warming CO,-CH,-N, inclusions at constant volume
Phase transition Denotation
Incipient melting* S+V-8+L+V TL
S+L-S+L+V TV
(Final) melting S+L+V-L+V T
Partial homogenization** S+L+V-S+V TV
S+L+V-8S+L T L
Homogenization/metastable homogenization L+V-V TWVITe V
L+V-L T.UTmL
Sublimation (evaporation) S+V-V .V
Sublimation (dissolution) S+L-L T.L
Eutectic melting $,+8,+V-8, +L+V T,

* In earlier works of the author T, L was denoted as T;V, T;V as T, L. The modification was suggested by E. Roedder (personal communication).
** Homogenization of liquid and vapor in the presence of solid CO, (after van den Kerkhof, 1988a; 1990).

solid to vapor or from solid to liquid without the equil-
ibration of three phases. The transition S + V - V was
earlier denoted as evaporation by some authors (Kreulen
and Schuiling, 1982) whereas the transition S + L - L
was denoted as final melting (Herskowitz and Kisch, 1984)
or dissolution. The term sublimation is preferred here for
both transitions as a distinction between liquid and vapor
cannot be made by observation. In the more general case
of CO,-CH,-N, inclusions, it cannot always be decided if
the resulting fluid has the character of a liquid at the
temperature of disappearance of the solid, even when this
transition is preceded by partial homogenization to liquid
or vapor.

The behavior of fluid inclusions can be typified with
the help of a classification model (van den Kerkhof, 1988a,
1988b, 1990), based on a distinction in two main types:
(1) H-type inclusions characterized by homogenization
(T,) as the final phase transition, preceded by incipient
and final melting (7; and T, respectively): S + Vor S +
L-S+L+V-L+YV->LorV and (2) S-type
inclusions characterized by sublimation (77,), preceded by
partial homogenization (T,,): S+ L+ V - S+ VorS
+ L - V or L. The sequence of phase transitions is fixed
for both groups. The groups can be further typified ac-
cording to the total number of phase transitions between
—160 and +35 °C (types H1-5 and S1-4) and to the re-
sulting phase: liquid, vapor, or critical {e.g., types H2(L),
H2(V), H2(C)].

In our samples four types of fluid inclusions could be
distinguished according to this classification: S2(L),
H2(L,C), HI1(L,C), and H1(V). These types generally do
not show any textural distinctions, except for a portion
of the H1(V) inclusions, which also include the irregular
decrepitated inclusions. The decrepitated inclusions do
not show any phase transition and are not further con-
sidered. S2(L) and H2(L,C) inclusions were most fre-
quently observed; the other 2 types are probably the re-
sult of partial decrepitation.

The type S2(L) inclusions are most common among
the methane-rich inclusions. Two examples of the phase
behavior are shown in Figure 3a. Partial homogenization
(T,) and sublimation (T) temperatures fall into two dis-

tinct groups: (1) samples (Ap79-5C and 7B) from the Si-
lurian and Lower Devonian of the Delaware Water Gap-
Stroudsburg area (terrane 1b) showing T, largely between
—124 and —103 °C and T, from —98 to —85 °C; (2)
samples from the Pennsylvanian of the anthracite fields
(Ap80-26, 33A, 49, 51, 56F, and 64) showing T, between
—90 and —74.5°C and T, from —79 to —71.5 °C. In the
only exception, sample Ap80-26 from the Bear Valley
strip mine in the western middle anthracite field, shows
somewhat lower T, temperatures of —92 to —84 °C.

In some inclusions of the S2(L) type, homogenization
of the metastable (undercooled) liquid was observed in
the absence of solid CO,; the metastable T,, tempera-
tures were 3-35 °C higher than the stable T, temperatures
of the same inclusion, which reflects the oversaturation
of the undercooled liquid with CO,.

The type H2(L,C) inclusions are less frequent than S2(L)
inclusions. Examples of phase sequences are shown in
Figure 3b. Melting temperatures (—97 to —72 °C) are in
the same range as sublimation. However, homogeniza-
tion temperatures (T7,) are up to 13 °C higher than melting
of solid CO, (T,,) for the same inclusions. In a few cases
homogenization was accompanied by critical phenomena
(meniscus fading or meniscus efferverscence). The simi-
larity of the T, temperatures to the 7, temperatures of
the type S2(L) inclusions from the same area indicate the
similarity in composition of the fluids.

When type H1(L,C) inclusions are cooled, solid CO,
does not nucleate even at temperatures as low as —180
°C. Homogenization (to the liquid phase or critical phase)
is therefore the only phase transition that can be observed
(Fig. 3¢). T, shows a narrow range between —87 and —81
°C, not far from the critical temperature of CH, (—82.6
°C). The absence of solid CO, at low temperatures indi-
cates that compositions are between the eutectic com-
position and pure CH,. However, the eutectic approxi-
mates the triple point of CH, (Davis et al., 1962), but
optical restrictions may hinder the observation of the sol-
id particle. It was found that solid CO, can be observed
in CH,-CO, inclusions containing more than about 3
mol% CO..

Type H1(V) inclusions show homogenization temper-
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Fig. 3. Examples of phase sequences in CH,-CO, inclusions
observed in the temperature range from —160 to +35 °C. The
stippled parts indicate the vapor phase. (a) Type S2(L) showing
the phase sequence S + L + V - S + L — L for the stable phases
and L + V - L for the metastable phases. The latter transition
can only be observed for inclusions that show the nucleation of
the bubble before the nucleation of solid CO, on cooling. (b)
Type H2(L) characterized by the phase sequence S + L + V —

L + V - L. Some inclusions show final critical homogenization
[H2(C)]. (¢) Type HI(L,C) showing only homogenization of lig-
uid and vapor, and no nucleation of solid CO, on cooling to
—180 °C. Some inclusions show critical homogenization around
—82.6 °C (the critical temperature of methane). (d) Type H1(V)
representing methane inclusions of low density with homogeni-
zations to the vapor phase.

atures between —100 and —94 °C, significantly lower than
for the H1(L,C) inclusions (Fig. 3d).

RAMAN ANALYSIS

Quantitative analysis of the gaseous inclusions were
made by obtaining Raman spectra. The apparatus used
is a Microdil-28 Raman microspectometer provided with
a multichannel detector (Burke and Lustenhouwer, 1987).

Six samples were selected for Raman analysis:

Group la: Ap79-56 from the Lizard Creek member of
the Shawangunk Formation (Silurian), Delaware Water
Gap, New Jersey; Ap79-7B from the Oriskany Forma-
tion, Route 611 between Delaware Water Gap and
Stroudsburg, Monroe County, Pennsylvania.

Group 2: Ap80-26 and 281 from the Bear Valley mine,
western middle anthracite field, Northcumberland Coun-
ty, Pennsylvania (Shamokin 7' min quadrangle); Ap80-
51 from Sugar Noth near Wilkes Barre, northern anthra-
cite field, Luzerne County, Pennsylvania (Wilkes-Barre
west 72 min quadrangle); Ap80-56F from interstate Route
81 near junction with Route 115 near Wilkes-Barre,
northern anthracite field, Northcumberland County,
Pennsylvania (Wilkes-Barre east 7%2 min quadrangle).

The most important gases, detected in these samples,
are CH, and CO, (up to 22 mol%); the amount of N, was
less than 1.5 mol% in the samples from the Delaware
Water Gap area and absent in the anthracite fields. Given
the recorded presence of ammonium-bearing illites for
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Fig. 4. Raman spectra recorded for one inclusion (Ap80-281-A1) for the compounds CH,, HS-, and CO,. The peak at about

3069 cm~! indicates the presence of higher hydrocarbons.

the anthracite fields (Juster et al., 1987), the low N, con-
tents are remarkable.

The Raman spectrum of methane is characterized by
a strong peak that shifts in position between 2913.5 and
2916.2 + 0.6 cm~! for most of the samples (from higher
to lower density) and 1919.5 cm~! for the inclusions of
lowest density. From these values the maximum pressure
in the inclusions at room temperature is interpreted to be
about 0.5 kbar (van den Kerkhof, 1988a). The Raman
spectrum of CO, consists of two peaks with the positions
at 1280-1283 + 0.8 cm~! and 1383-1386 = 0.8 cm™!
i.e., slightly below the theoretical values of 1285 and 1388
cm~! for pure CO, at 1 atm. Calculations are made by
using the latter peak of higher intensity. N, in the fluid
inclusions shows a single peak around 2327-2329 + 0.7
cm~! (2331 cm~! at 1 atm).

Small amounts of hydrogenated S (<1 mol%) could be
detected in several samples. The peaks are situated in the
range between 2576 and 2582 cm~! corresponding to hy-
drogenated S in the ionic state (HS—) (Rosasco and
Roedder, 1979; Bény et al.,, 1982; van den Kerkhof,
1988a).

A weak peak around 3069 cm~! in sample Ap80-28
(Fig. 4) was earlier described by Guilhaumou (1982), and
it is assumed to indicate the presence of aliphatic hydro-
carbons or aromatic hydrocarbons, or both. These com-
pounds indicate lower temperatures of formation as they
will decompose above 250 °C. This finding agrees with

trapping temperatures for the anthracite region indicated
by microthermometry (see below).

The relative amounts (in molar proportions) of the gas-
es were calculated from the peak integrals and by using
the following relative Raman cross-sections (¢): CH, (8.9),
CO, (1.21), N, (1), HS— (as for H.,S, 6.8). For the two
compounds CH, and CO,, the relative amounts can be
calculated from the following expression which was de-
duced from the Placzek equation (Placzek, 1934; Dubes-
sy, 1985; van den Kerkhof, 1988a):

Neo, _AeorTan g Neg, + Neo, = 100%

Acny 0co,

where 4 = peak integral, ¢ = relative Raman scattering
cross-section, and N = the number of molecules. The
results are listed in Table 2.

In one inclusion, the formation of graphite in a gas
inclusion was noticed during the analysis. It is assumed
that the following reaction is initiated by the induction
of the laser: CO, + CH, - 2C + 2H,0.

The gas bubbles of the aqueous inclusions were checked
for their composition by Raman analysis. As the Raman
activity of H,O is extremely weak, it is not possible to do
quantitative analysis on H,O gas inclusions. However,
qualitative indications on the CH, content of the gas bub-
ble can be obtained by the detection of Raman spectra at
comparable conditions (inclusion size and depth, laser
power, etc.). It was found that the CH, content varies
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TasLE 2. Microthermometric and Raman data

Num- -
ber Ty" Trs Tom T, Toe H,O CH, CO, N, HS- v

(1) Delaware Water Gap area:

Ap79-5C
Al S2 L -108.2 S —-89.3 - 92.0 6.5 0.7 08 46
A4 S2 L -107.7 S —-89.3 = 92.9 5.8 1.3 46
A6 H1 L -814 — — + 94.5 43 1.2 72
— 92.4 73 03

Ap79-7B
Al H1 L -866 — — = 96.2 3.0 0.8 62
A2 H2 LU/C =775 M -90.7 - 95.9 3.6 — 05 ~80
A3 S2 L -123.5 S -95.8 = 95.4 3.8 0.8 41
A4 S2 L -124.2 S —95.8 = 96.3 29 — 08 41

(2) Pennsylvania anthracite fields:

Ap80-26
Al S2 L -84.1 —81.1 S —76.4 = 85.1 149 — 58

Ap80-51
Al S2 L -77.2 ~74.4 S -735 = 85.1 14.9 — 62
A4 S2 L -824 -78.0 S -73.9 = 84.7 15.3 — 60
A7 H2 L -671 M -72.8 = 79.0 21.0 64
— 85.7 14.3

Ap80-56F
Al S2 L —88.4 —85.1 S —78.4 = 91.9 8.9 — 57
A3 S2 L -90.4 —86.5 S ~78.4 - 86.1 13.9 54
A5 S2 L —88.1 -85.1 S -79.1 = - - 56

Ap80-281
Al H2 L -708 M -77.4 = 89.7 9.5 — 0.7 72
B1 H2 L ~-708 M —76.9 = 89.3 10.7 — — 70
B15 H1 Vv -947 — — = 100 — — 281
C1 H2 L -706 M —76.9 = 77.7 223 —_ — 69
c9 Ht C -820 — — = 99.5 — — 0.5 99
(3]} H1 Vv -963 — — = 100 — — — 303

Note: The results for some selected fluid inclusions: only Raman-analyzed inclusions are listed (most of the data, used for the interpretation of

trapping P-T conditions, are not listed).

* Ty = type of fluid inclusion (see text); T, Tom Th T (see text for definitions). All temperatures are given in Celcius; H,O = water observed
optically; gas compositions are measured by Raman analysis and expressed in mol%.
“* Denotes the formation of graphite during Raman analysis by induction of the laser beam according to the reaction CO, + CH, — 2C + 2H,0.

Estimated molar volumes (V) are given in cm3/mol.

strongly: some bubbles show high intensities for the CH,
line, while others show only a weak or no CH, signal. It
can be assumed that the aqueous inclusions with highest
CH, contents were also saturated with methane at the
trapping conditions. A rough indication of the maximum
CH, content can be made from the degree of filling (0.8~
0.9) and the molar volumes of the H,O (18 cm?/mol) and
gas phases (>100 cm?/mol). The total molar volume of
the inclusions is about 20-22.5 cm?mol. It can be as-
sumed that the maximum CH, content is about 2-4.3
mol%. Even these small amounts of CH, in aqueous in-
clusions have important implications for the interpreta-
tion of trapping temperatures (see below). On the other
hand, the CH, contents of aqueous inclusions in veins
without methane-rich inclusions are very low; no CH,
was found in aqueous inclusions in a quartz vein from
the Martinsburg Formation, and very little in two from
the underlying Ordovician Epler Limestone. These inclu-
sions show low homogenization temperatures of respec-
tively 96—-127 °C and 105-137 °C.

THE MOLAR VOLUME OF GASEQUS INCLUSIONS

The gaseous inclusions can be considered as binary
mixtures between CH, and CO, as the other compounds

are only accessory. The topology of the multiphase region
of the system CO,-CH, (Burruss, 1981; van den Kerkhof,
1988a, 1990) was established from Donnely and Katz
(1953), Davis et al. (1962), Arai et al. (1971), Hwang et
al. (1976), and Mraw et al. (1978). An equation of state
valid for the low temperature region was given by Heyen
et al. (1982). Several other equations were checked by
Herskowitz and Kisch (1984) who proposed a model for
the region for which “T, < T, (type S2), based on the
Peng-Robinson equation (Fig. 5).

The diversity of phase behavior and the combined mi-
crothermometric and Raman data give rise to two dis-
tinct generations of fluid inclusions: (1) S2(L) and H2(L)
inclusions showing a wide volumetric variation: the mo-
lar volume varies between 41 and 62 cm?/mol for the
type S2 inclusions and between 62 and 80 cm?/mol for
type H2 inclusions (Fig. 5). The good correlation between
molar volume and composition is remarkable; higher CO,
contents occur for inclusions of higher molar volume
(lower density). (2) HI(L,C) and H1(V) inclusions with
molar volumes up to about 1000 cm®/mol. There is a
tendency for lower CO, contents with higher molar vol-
umes: inclusions of highest molar volume consist of pure
CH,.
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EVALUATION OF MICROTHERMOMETRY ON AQUEOUS
INCLUSIONS IN THE QUARTZ VEINS;
CONDITIONS OF TRAPPING

The aqueous inclusions on which the melting behavior
of ice was observed showed final melting temperatures
ranging from approximately —8 to —1 °C, corresponding
to equivalent NaCl contents of about 12 to 2 wt% re-
spectively. Since the differences in the slope of the iso-
chores caused by variations in salinity in the range of 0-
10 wt% NaCl are minor, their effect on the intersection
temperature with the isochores of the methane-rich fluids
in the pressure range of interest are negligible. In view of
this, and of the scatter in the homogenization tempera-
tures, observation of the melting behavior of ice in most
of these aqueous fluid inclusions was dispensed with.

Assumption of pure H,O

The predominant T,,, values measured in samples
Ap79-5C and 7B from the Silurian and Delaware Water
Gap-Stroudsburg area lie at 180 °C to 230 °C, but several
much higher temperatures were found (Fig. 2). The cor-
responding densities (for pure H,0) are 0.83-0.88 g/cm?
(V = 20.5-21.7 cm3/mol) (Fisher, 1976). Isochores for
pure H,O with these densities would intersect the iso-
chores for methane-rich inclusions with 7, = —110 °C to
—103 °C, the most common in these samples, as calcu-
lated using the Peng-Robinson equation of state (Her-
skowitz and Kisch, 1984), in the P-T range 1.8 kbar, 300
°C to 2.4 kbar, 320 °C (for 7,., = 180 °C) to 2.2 kbar,
360 °C to 2.8 kbar, 410 °C (for T,,, = 230 °C). For the
aqueous inclusions in samples from the Pennsylvanian
anthracite fields, the predominant T} ,, values are slightly
higher, ranging from 195 to 245 °C. Intersection of the
pure H,O isochores for these temperatures with the iso-
chores of the most common methane-rich fluid inclu-
sions, with T, = —90.5 to —77 °C (or ¥ = 52-64 cm?¥/
mol), as calculated using the same method, yields pres-
sures and temperatures in the range 0.95 kbar, 255 °C to
1.5 kbar, 290 °C (for T, ,, = 195 °C) to 1.1 kbar, 320 °C
to 1.7 kbar, 360 °C (for T, ,, = 245 °C).

Assumption of methane-saturated H,O

As mentioned above, CH, was detected in the bubbles
of H,O inclusions. However, quantitative analysis of H,O-
CH, inclusions is not possible by Raman analysis. Ad-
dition of CH, to H,O inclusions results in a shift of H,O
isochores to lower temperatures compared to pure H,O
(Hanor, 1980; Burruss, 1989). The H,0-CH, isochores
should start at the interception of the CH,-CQO, isochores,
lines of constant T}, ,,, and an appropriate saturation curve
(Price, 1979) (Fig. 6). Hanor (1980) stated that, if the
homogenization temperatures took place at relatively high
pressures, the pressure correction would be smaller by
some 60 °C for every kilobar increase in pressure at 7.

The uncertainty of CH, contents of the aqueous inclu-
sions can be evaded by assuming that the aqueous and
methane-rich fluids were in equilibrium at the time of

40 50

CHy

Fig. 5. VX diagram of the system CO,-CH, for molar vol-
umes between 30 and 80 cm?/mol (after Herskowitz and Kisch,
1984). The three-phase curve L(+ S + V) delimits the regions
characterized by sublimation (stippled) and homogenization
(open) (see text). A selection of isotherms (°C) marking partial
homogenization (7},,L) and sublimation (CO, dissolution) (7.L)
temperatures is shown for the S-type inclusions; the isotherms
marking homogenization (7,L) and melting (T,) for the H-type
inclusions are tentative. Plotted are the microthermometry data
of the type S2 inclusions (black dots), some H2 (open dots) and
H1 inclusions (squares) from the Silurian-Devonian of the Del-
aware Water Gap area (A) and from the anthracite region of east
Pennsylvania (B).

their trapping. This assumption of simultaneous entrap-
ment is supported by the similarity in shape, distribution,
and mode of occurrence of aqueous and methane-rich
inclusions. Consequently, the aqueous inclusions must
have been CH, saturated at the time of trapping. Since
any saturated fluid will exsolve its solute upon cooling
(unless cooling is accompanied by an increase in pres-
sure—a rare combination in constant-volume systems),
a CH,-rich gas phase should have exsolved upon the in-
ception of cooling from the trapping temperature. The
T, .. thus measured must represent the real trapping tem-
perature, without any need for applying a pressure cor-
rection, and the T,,, intercepts on the isochores of the
methane-rich inclusions approximate the P-T conditions
of trapping (Fig. 6). If the aqueous fluids were CH, sat-
urated upon trapping, accordingly the methane-rich flu-
ids should have been H,O saturated. However, no exso-
lution of an aqueous phase was observed in the latter,
probably because a minor aqueous phase only wets the
wall of the inclusion and forms a very thin film, which is
almost impossible to observe. One might have expected
to observe clathrate melting upon heating these inclu-
sions after cooling to —30 °C, but since clathrate contains
much more H,O than CH,, the quantities of clathrate will
be very small, and similarly not observable.

In the case of the Delaware Water Gap samples, the
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Fig. 6. The estimation of fluid trapping P-T conditions from
isochores. The isochores for the CH,-CO, inclusions (solid lines)
are calculated from the Peng-Robinson equation of state (Her-
skowitz and Kisch, 1984); isochores for pure H,0 (dotted lines)
are taken from Fisher (1976). The assumption of CH, saturated
H,O at trapping implies forming temperatures equal to T, T
(dashed lines). The isochores for the aqueous inclusions contain-
ing CH, (H,0-CH,-sat.) are shifted to lower temperatures com-
pared to the isochores for pure H,0O with the same molar volume.
The estimated trapping pressures for the Silurian-Devonian of
the Delaware Water Gap area (A) are significantly higher than
for the anthracite region of east Pennsylvania (B). The saturation
curves for 5, 3, 2, 1, and 0.5% CH, are extrapolated after the
data of Price (1979). Also shown are the geothermal gradients
corresponding to A (22 and 30 °C/km) and B (50 and 60 °C/km).
The heavily dotted lines show the equilibrium of the reaction
kaolinite + quartz = pyrophyllite + H,O at Xio = 1 and Xy 0
=0.5.

intercepts of the isochores of the methane-rich fluids (7,
= —110 to —103 °C) with 180 and 230 °C correspond to
pressures of 1.3-1.6 kbar for T, ,, = 180 °C and 1.6-1.9
kbar for T, ,, = 230 °C. The occasional higher T, values
measured in some of the aqueous inclusions are consid-
ered to represent heterogeneous trapping of H,O-CH,
mixtures. For the denser CH,-rich inclusions with 7}, =
—124 °C in sample Ap79-7B, the assumption of satura-
tion of the aqueous fluids with CH, implies even higher
pressures of trapping, the 180 and 230 °C intercepts on
the isochore corresponding to pressures of respectively
2.2 and 2.5 kbar. If pressures are taken to be lithostatic,
these correspond to burial depths of 8-9 km and give a
mean geothermal gradient of about 180 °C/8-9 km or
22-20 °C/km, a rather normal continental and metamor-
phic thermal gradient. These temperatures are corrobo-
rated by the much lower homogenization temperatures
T, ., of methane-poor aqueous fluid inclusions in nearby
samples from the Ordovician underlying the Taconic un-
conformity of the Delaware Water Gap in which no
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methane-rich inclusions were found. T, ,, values of 96—
127 °C were measured on aqueous inclusions in the Mar-
tinsburg Formation (no methane detected) and 105-136
°C (115-137 °C in all except one of 25 inclusions) on
aqueous inclusions in the Epler Limestone (very little
methane detected). Assuming these fluids to be pure H,O,
the isochore for the mean 7,,, value at ~120 °C inter-
sects the isochores 7, = —103 to —110 °C of the meth-
ane-rich fluids in samples Ap79-5C and 7B at 180 °C, 1.3
kbar to 200 °C, 1.7 kbar (Fig. 6), in good agreement with
the P-T box A found on the assumption of methane sat-
uration of the aqueous inclusions in these samples.

Slightly higher homogenization temperatures of 132—
138 °C (nine inclusions) were measured on aqueous in-
clusions in a quartz vein from the Silurian in which no
methane-rich inclusions were found; the unusually low
temperatures of final ice melting (— 14 to —11 °C) in these
aqueous fluids attest to their high salinity, which explains
the low solubility of methane (Hanor, 1980, Fig. 2).

If saturation of aqueous solutions with CH, is similarly
assumed for the samples from the Pennsylvanian anthra-
cite, the intercepts of the isochores of the methane-rich
fluids (T}, = —90.5 to —77 °C) with 195 and 245 °C cor-
respond to pressures of 0.8-1.1 kbar for T;,,, = 195 °C,
and 0.9-1.3 kbar for T,,, = 245 °C. Even if the denser
inclusions (~53 cm?/mol) with the lower homogenization
temperatures around —90 °C are regarded as most closely
approximating the original trapping conditions (and the
maxima of the above pressure ranges adopted according-
ly), these values would imply much higher geothermal
gradients of about 170 °C/3.0 km or 220 °C/4.5 km, or
45-50 °C/km.

The assumption that T}, represents trapping temper-
atures requires that the pressures (P, ,,) in the fluid inclu-
sions at T}, should equal the trapping pressures. The
frequent observation of decrepitation of the inclusions,
mostly shortly after homogenization, may indicate the
high internal pressures. Several inclusions decrepitated at
temperatures lower than those of homogenization.

The difference in burial depth of 3 to 4 km deduced
from the inclusions from the Silurian and Devonian of
the Delaware Water Gap-Stroudsburg area agrees with
published data on the combined thickness of the Devo-
nian and Mississippian in the Valley and Ridge province
of eastern Pennsylvania, which totals about 3300 m— the
Silurian having an additional thickness of 900 m (King,
1977, Fig. 35).

The high geothermal gradients found for the Pennsyl-
vanian anthracite fields agree with other evidence for high-
temperature (low P-7) metamorphic gradients in the an-
thracite fields, such as the almost ubiquitous association
of pyrophyllite with illite that has not yet become suffi-
ciently coarse to be considered anchimetamorphic crys-
tallinities (cf. Kisch, 1987). Use of the less dense inclu-
sions with T, values of —80 °C to —75 °C would imply
even higher geothermal gradients.

The occurrence of pyrophyllite in underclays of the an-
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thracites (Hosterman et al., 1970; see also Kisch, 1987,
p. 263) is compatible with the above temperature range.
The univariant equilibrium kaolinite + quartz = pyro-
phyllite + H,O is in equilibrium at 295 and 310 °C at
fluid pressures of 1.5 and 4.0 kbar (Reed and Hemley,
1966; Frey, 1987, Fig. 2.9). Haas and Holdaway (1973)
consider the temperatures of 325 to 375 °C of Thompson
(1970) “a little high.” However, these equilibrium tem-
peratures are depressed at increased X, (or decreased
Xn,0) at constant total fluid pressure by about 17 °C/0.1
Xco,, and for instance are 215 and 225 °C at X, = 0.5
at total fluid pressures of 1.5 and 4.0 kbar (Fig. 6). The
appearance of pyrophyllite together with kaolinite at rel-
atively low temperatures can thus be accounted for by
the high methane and CO, contents of the fluids.

The temperatures of 195-245 °C found in the anthra-
cite fields correspond to the lower part of the temperature
range of the anchimetamorphic zone (cf. Kisch, 1987).
The occurrence of poorly evolved diagenetic illite crys-
tallites in the anthracite fields therefore requires an ex-
planation. Two possibilities may be suggested, which may
have acted in combination: (1) The postkinematic occur-
rence of the heating or its brief duration, which have been
shown in other areas to result in a lag of the evolution of
illite crystallinity after that of other parameters of very
low-grade metamorphism (cf. Kisch, 1987), and (2) A low
K+*/H* ratio in the fluid due to the high organic matter
content in the coal measures, and partly evident from the
persistence of kaolinite, and the widespread occurrence
of the K-poor phyllosilicates, pyrophyllite and ammoni-
um illite. Such a potassium deficiency could inhibit the
evolution of illite to muscovite (Kubler, 1967, p. 390-
391; Kisch, 1983, p. 351-352).

It is concluded that very low-grade metamorphism of
the Delaware Water Gap—Stroudsburg area (180-230 °C,
1.3-1.9 kbar) and the Pennsylvanian coal measures (195-
245 °C, 0.8-1.3 kbar) is reflected by fluid inclusions that
formed from immiscible fluids in the system H,O
(£NaCl)-CH,-CO,. The metamorphic temperatures found
by the interpretation of microthermometry and Raman
data are mostly in agreement with earlier results by other
methods (anthracite ranks, pyrophyllite stability, illite
crystallinity, stratigraphic data, conodont alteration in-
dices, slaty cleavage). The fluid inclusion study appeared
to be most suitable to reveal more accurate data on meta-
morphic pressures. However, illite crystallinities some-
times indicate much lower temperatures of rock forma-
tion and these data need further evaluation.
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