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Abstract 
 
Thermogenic shale-gas produced from the Marcellus Formation in northeastern Pennsylvania is post-mature. The reservoirs reached 
maximum burial temperatures characteristic of prehnite facies low-grade metamorphism. Although methane can be generated and remain 
stable under these conditions, this degree of burial diagenesis raises critical questions regarding metagenesis and reservoir quality. Late 
diagenesis implicates compaction, cementation, redox reactions involving formation fluids and transition metals, water loss, and 
dissolution/re-precipitation processes that may enhance or diminish reservoir potential. 
 
Using a suite of high-resolution analytical techniques, we examined selected core samples from Sullivan County, Pennsylvania, to 
characterize the reservoir and develop a diagenetic history of the Marcellus Formation in the region. The organic-rich intervals in these 
samples comprise mostly quartz, illite, and calcite. Quartz occurs as detrital silt, authigenic overgrowths, cryptocrystalline replacement of 
allochems, pore-filling microquartz and megaquartz, and patchy sheets of silica platelets. Illite occurs as crenulated detrital platelets and 
authigenic clay. The mean illite crystallite thickness is 211Å, and the average Kübler index is 0.428, confirming the shales reached the low 
anchizone prehnite-pumpellyte metamorphic facies. Calcite occurs as crystalline spar replacing allochems and filling fossil molds, as crystals 
dispersed in clay and organic matrix, and as discontinuous parallel laminations of microspar. Additional minerals include anhydrite, 
plagioclase, illite-smectite, chlorite, pyrite, and graphite. Whole pattern fitting and Reitveld refinement quantify the abundance of graphite. 
 
TOC ranges from 0.6 to 11 wt. percent. The original kerogen was mostly Type II.. Microscopy and 3D modeling show that pyrobitumen 
comprises a significant volume of the rocks. Most porosity in the Marcellus is associated with this graphitic pyrobitumen. 
 

Copyright © AAPG. Serial rights given by author.  For all other rights contact author directly.



 

 

Early diagenesis of Marcellus sediments involved mechanical compaction and dewatering of muds during burial to approximately 500 m. 
Chemical compaction at greater burial depths was dominated by quartz cementation and clay mineral transformations. Organic porosity 
developed during late catagenesis and continued on into metagenesis at depths greater than 8 km, where storage capacity continued to evolve 
within a graphitic pyrobitumen matrix. 
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Definition Analyses of Post‐Mature 
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Presentation
• Background: 

– Stratigraphy and drilling activity

– Thermal maturity of Marcellus 
strata in northeast Pennsylvania

– Critical elements for economic 
preservation of natural gas in 
highly mature strata

• Deep burial diagenesis of 
organic‐rich shales and reservoir 
attributes

• Petroleum geochemistry and 
petrology of the Marcellus 
Formation in the northeast core 
region

• Discussion and conclusions
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Stratigraphic Setting
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Marcellus Activity Map, 2010

Drilled Marcellus 

well

Permitted Marcellus

well

Courtesy G. Wrightstone, 2010 

Texas Keystone Oil and Gas 
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Marcellus Formation, NE Pennsylvania:
Prehnite Facies Low‐Grade Metamorphism 

• Mapped %VRo = 2 to >3
• Mapped CAI = 4 to 5 
• Mapped illite crystallinity > 0.13
• Fluid inclusion trapping 

temperatures:
– 195˚ ‐ 245˚C (Pennsylvanian 

strata)
– 180˚ ‐230˚C (Ordovician –

Devonian strata)
• Crenulated to slaty cleavage
• Early metamorphic mineral 

assemblages:
– Albite + quartz + prehnite + 

pumpellyte + chlorite + sphene
– Zeolites
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Critical elements for the economic 
preservation of natural gas in highly 

mature (Ro > 3%) strata:

1. Generation, migration, and accumulation of CH4 and 
nonhydrocarbon gases (CO2, N2, H2S) during late 
catagenesis and metagenesis. Hydrocarbon destruction 
(TSR etc.).

2. Effectiveness and longevity of seals exposed to deep burial, 
high temperatures, and tectonic deformation.

3. Diagenesis of rocks exposed to deep burial and 
high temperatures.

‐ Houseknecht and Spötl, 1993, Empirical observations regarding methane deadlines in deep 
basins and thrust belts, USGS PP 1570, p. 217 – 231. 

9
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Deep Burial Diagenesis of Organic‐
Rich Shales

• Compaction

• Mineral dissolution/re‐
precipitation reactions

• Cementation

• Redox reactions involving 
hydrocarbons, transition 
metals, and water

• Water loss

• Organic metamorphism

• Basic Shale Reservoir 
Attributes:

– Rock composition 
(bulk and grain 
density)

– Total organic carbon

– Porosity and 
permeability

– Free  and sorbed gas

– Water saturations

– Thermal maturity

10

Presenter’s Notes: All of these processes may enhance or diminish reservoir potential by retaining or releasing gas from the system at 
high thermal maturities and by diagenetically altering shale reservoir properties.
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Petroleum Geochemistry and Petrology of 
the Marcellus Formation in the Northeast 

Core Region

• Quantity, quality, and thermal maturity of organic matter

• Quantitative mineralogy

• Construct a 3D model of mineral, organic matter, and 
porosity distribution in the rock

• Describe and classify porosity

• Interpret the diagenetic history of the shale‐gas reservoir

• Define the key reservoir attributes of post‐mature Marcellus 
Formation rocks in the northeast core region

• Compare these attributes in productive and unproductive 
areas

11
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Bennett #1 well Marcellus Formation organic‐rich intervals:
Laminated to thinly bedded or bioturbated fossiliferous, calcareous, quartzose mudstone and mudshale

LAMINATED
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0 200API
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Petroleum Geochemistry

• Leco TOC

• Rock‐Eval and SRA 
pyrolysis

• Organic petrography:
– Organic matter type

– Vitrinite reflectance

– Solid hydrocarbon 
reflectance

• Micropaleontology 
– CAI

14



Total Organic Matter

0

2

4

6

8

10

12

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Sample Number

Presenter’s Notes: TOC ranges from 0.58 – 11 wt. % with most of the cored interval TOCpd = 2 – 4 wt%.
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Kerogens Types

• Inertinite

• Solid hydrocarbons 
(SHC)/pyrobitumen

• Vitrinite

• Alginite

• Amorphous

16

Bennett #1, 8371.2 ft.
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Whole Rock vs. Mineral Corrected 
Kerogen Percentages

• Mean whole rock:
– Minerals: 49
– Inertinite: 43.6

• Semifusinite: 0.27

– Solid hydrocarbons/pyrobitumen: 2.6
– Framboidal pyrite: 2
– Vitrinite: 1.8
– Alginite: 1.4
– AOM: 0.9

• Mean mineral corrected kerogen:
– Inertinite: 84

• Semifusinite: 0.6

– Solid hydrocarbons/pyrobitumen: 5.7
– Framboidal pyrite: 4.5
– Vitrinite: 1.2
– Alginite: 2.2
– AOM: 1.9

Presenter’s Notes: Framboidal pyrite: Microscopic aggregate of pyrite grains (spheroidal clusters resemble a raspberry; Sulfide crystals 
fill chambers or cells in bacteria/algae.
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Original Composition

• Kerogen quality:
– Type II mean % = 95.5
– Type I mean % = 2.7
– Type III: mean % = 1.2
– Type IV mean % = 0.6
– Mean % oil‐prone: 98.2
– Mean % gas‐prone: 1.3
– Original organic matter mean percentage of whole 
rock: 46.6

– Mean AOM conversion = 97.9 % (ratio inert OM/ 
total OM)

18



Generation Potential (S2) versus Organic Richness

Presenter’s Notes: Large yellow squares are early mature Marcellus from southwestern Ontario (Obermajer and others, 1997)  
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Thermal Maturity

• Thermally post mature:

– Mean %VRo = 2.99

– CAI = 4.5 ‐ 5

– Tmax: 
• 348° ‐ 377°C (ltS2p)

• 464.8°C (high‐
temperature pyrolysis)

– Tmax Spy: 724°C

– PI: 0.54 – 0.87

20

Presenter’s Notes: Metagenesis: semi-anthracite to anthracite coal rank.
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Post‐Mature Marcellus, 8371.2 feet

• Programmed pyrolysis data:

– TOC = 8 wt. percent

– S1 = 0.22 mg HC/g

– S2 = 0.36 mg HC/g

– Tmax = 395.9˚C

– PI = 0.38

– S3 = 1.36 mg/g

– HI = 4 mg HC/g TOC

– OI = 16 mg CO2/g TOC

– Spy peak resolved

21
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Quantitative Mineralogy

• Automated 
quantitative 
mineralogy (QEMSCAN)

• Thin‐section analyses

• X‐ray diffraction

• SEM (SE and BE) with 
EDS

Presenter’s Notes: Detrital and authigenic silt-size quartz, carbonate allochems, clay, organic matrix, and minor to trace components  
– daunting to approach the petrography of such fine-grained material.
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Marcellus shale QEMSCAN mineralogy

Background
Illite
Quartz
Calcite
Alkali Feldspar
Plagioclase Feldspar
Chlorite
Dolomite
Ankerite/Siderite
Apatite
Anhydrite/Gypsum
Rutile/Anatase
Pyrite/Marcasite
Kaolinite
Organics
Others

31mm, EDX every 10 microns

Presenter’s Notes: QEMSCAN image of the Marcellus Shale (8365 feet) analyzed at 10-μm spacing.
Area analyzed: 31 × 14 mm (sample size is 70 × 20 mm).
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Rocks are dominated by quartz, illite, and 
calcite 

24

Presenter’s Notes: Detailed view of a small area (1 × 1 mm) mapped at 2.5-μm spacing.
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Quartz

• Detrital silt and associated authigenic silica 
overgrowths

• Diagenetic quartz silt: cryptocrystalline 
quartz replaces fossil allochems and fills algal 
cysts : accounts for >90% of silt‐sized quartz! 

• Pore‐filling microquartz and megaquartz
cements

• Patchy sheets of quartz cement platelets

25

Presenter’s Notes: Bullets in approximate order of diagenetic sequence.
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Detrital Silt

• Medium/coarse silt‐size

• Low‐sphericity, angular 
grains with sharp corners

• Conchoidal fracture

• Surface textures

• Polymodal

• Strong luminescence

• Authigenic silica 
overgrowths

Diagnostic criteria of Schieber, Krinsley, and 
Riciputi, 2000

Presenter’s Notes: Detrital quartz – coarse silt, low-sphericity, polymodal, angular grains with sharp corners, conchoidal fracture, 
surface textures, and strong luminescence.   
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Diagenetic Quartz Silt 

• Embayments

• Lobate to pointed 
projections

• Unimodal quartz

– Internal zoning visible 
with CL

• Non‐luminescent to 
low luminescence

• Algal wall fragments

Diagnostic criteria of Schieber, Krinsley, 
and Riciputi, 2000
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28

Megaquartz cement (>20 μm)  

Microquartz cement (<20 μm)

Detrital quartz silt 
and quartz 
overgrowths

Quartz cement platelets

Presenter’s Notes: Megaquartz/microquartz cutoff = 20 μm (Scholle, 1979).
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Illite

• 2M polytype

• Crenulated (So), flake‐
like detrital platelets

• Thin flakes and 
filaments of pore‐filling 
authigenic clay

• Mean illite crystallite 
thickness is 211 Å.

• Average Kübler index is 
0.428

29
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•Kübler Index: 0.428
•Crystallite (Å): 211
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Presenter’s Notes: Relationship between the sharpness of the illite 10 A diffraction peak and the degree of low-temperature 
metamorphism in argillaceous rocks. Sharpness of the 10 A illite basal reflection peak width at half the maximum height. B = angular 
width at half maximum (in 2 theta).
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Correlation of metamorphic facies, fluid zones, 
maturation stages, and organic maturity 

indices (Isabel Abad, 2010)
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Calcite

• Finely crystalline equant
spar replacing allochems
and filling fossil molds

• Micron‐ and decimicron‐
sized crystals dispersed 
in clay and organic 
matrix

• Discontinuous parallel 
laminations of microspar
and pseudospar:
– Associated with minor 

amounts (trace to 2.5%) of 
anhydrite

32
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Presenter’s Notes: 8361.7 feet, TOC = 2.0 wt. %. 
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Additional Minerals (mean %)

• Authigenic albite (9%)

• Authigenic pyrite (4%) 

• Authigenic chlorite (4%)

• Authigenic dolomite, 
apatite, kaolinite

and zeolites (1% each)

• Trace amounts of ankerite, 
siderite, k‐ feldspar, 
muscovite, rutile, and 
anatase

• “Graphite”

35



Actually a carbonaceous, graphite‐like residue

• 3 wt. % of sample from 8364 ft. 

• Graphite‐like atomic 
arrangement developed  in 
kerogen and pyrobitumen as a 
function of high burial 
temperatures:

• Increased aromaticity

• Highly condensed ring 
systems

• Increased dimensions of 
aromatic clusters:

– aromatic layers 
ordered enough to 
develop a graphite‐
like structure.

See Harrison, 1979 SEPM Special Publication 26, 
p. 45 – 53.

Presenter’s Notes: 3 wt % of sample from 8364 ft = graphite from x-ray diffraction using whole-pattern fitting and Reitveld refinement: 
Quantitative phase analysis using calculated full patterns as a method of refining crystal structures using neutron powder diffraction data. 
Minimize the sum of the weighted squared differences between observed and calculated intensities.
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Graphitic Marcellus Sample

• TOC = 4.39 wt.%
• Abundant pyrobitumen
• High‐temperature 

pyrolysis shows no 
response in the 600˚ –
800˚C region of the 
pyrogram where 
pyrobitumen is typically 
detected.

• Undetected by the FID 
due to highly aromatic 
graphitic nature?

37



Dual Beam FIB/SEM 3D Model

Acquire images

Set of images

Align image stack

Reconstruct 3D Volume

3D modelL. HOLZER, et al., Journal of Microscopy
Vol. 216, Pt 1 October 2004, pp. 84–95
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Marcellus Sample 20 keV EDS Maps

Iron TitaniumPotassium

Carbon

Silicon Aluminum Magnesium

Oxygen Calcium

20 keV EDS 
At 2.7 nA



Marcellus 3D Model (8363 ft.) 

• TOC = 4.39 wt. percent
• Porosity = 4.97 percent
• Data set

– 1 keV;  340 pA Backscatter Electrons

– Image Resolution of 4096 x 3536 
pixels

• Pixel Dimensions (2 nm X 2.5 nm 
X 10 nm)

– Horizontal Field Width of 8 µm

– Number of Slices 220

– Slice Thickness:   10 nm

– Voxel Size: 50 nm3

• Image) s  resolution times slice 
thickness (2 nm X 2.5 nm X 15 
nm)

Presenter’s Notes: 8 μm – 10 μm (image dimensions) is the size of fine to medium silt between 1/64 – 1/128 mm or 7 – 6 phi).
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Porosity in the Marcellus Formation

• As received porosity:
– 2.44 – 16.6 % of BV

• Organic porosity:
– Interconnected nanopore‐

to micropore‐scale voids 
in pyrobitumen and 
kerogen

• Carbonate pore textures:
– Moldic

– Intercrystalline

• Intercrystalline porosity 
in clay matrix

Presenter’s Notes: 8363 feet: porosity = 4.97%; TOC = 4.39 wt.%.
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Diagenetic History

• Deposition and early diagenesis

• Mechanical compaction and dewatering

• Chemical compaction

• Organic catagenesis and metagenesis

• Low anchizone metamorphism

• Porosity loss and development

• Fate of hydrocarbons

43
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Deposition and Early Diagenesis

• Organic aggregates of planktonic
tests, radiolarians, fecal pellets, and 
clay descend through the water 
column (“marine snow”)

• Microbial degradation and micro‐
anoxic environment within the snow 
particles in shallow‐water column 
and bottom sediments

• Rapid episodic suspension settling 
after phytoplankton blooms 
(episodic anoxia?)

• Deposition beneath an oxic/sub‐oxic
to seasonally anoxic, density‐
stratified shallow‐marine water 
column

• Hypersaline bottom conditions with 
restricted benthos; anoxic sediment 
within cm’s of the sediment/water 
interface.

See Macquaker, 2010 and 2011 AGC
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Deposition and Early Diagenesis
• Dissolved oxygen depleted from 

pore waters a few tens of cm 
beneath the sediment/water 
interface:

– Sulfate reduction and iron 
sulfide, siderite, ankerite
cementation

– Carbonate precipitation

• Biogenic silica dissolution 
and redistribution –
development of major 
diagenetic silt

• Muds contain 70% to 90% water by 
volume, but expulsion of excess pore 
water accelerates as burial 
compaction increases.

Presenter’s Notes: Diagenesis dominated by redox processes involving organic matter and the products of organic-matter decomposition.
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Mechanical Compaction and 
Dewatering

• Compaction reduces thickness of deposited 
sediment

• At 1 – 1.5 km burial mudrocks still retain ~ 
30% water mostly in the lattice of clay 
minerals and adsorbed onto the clays

• Early catagenesis and petroleum generation 
at burial temperatures ~ 60˚ ‐ 70˚ C
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Chemical Compaction and Organic 
Catagenesis

• Burial depths 4 to 7 km and 
temperatures to 180˚C:

– Dehydration of clays

– Increasing crystallinity
of illite

– Quartz cementation and 
rock hardening (porosity 
loss)

• Smectite + Al+3 + K+5 = illite 
+ chlorite + quartz

• Peak oil through wet gas 
generation and expulsion

47



Organic Metagenesis

• Maximum burial depth > 8 km and temperatures ~ 
200˚ ‐ 250˚C

• Residual bitumen and petroleum crack to CH4;
aromatization (graphitization)

• Evolution of organic porosity
• Late‐stage methane?

– C20H4 = 19C + CH4

– C20H4 + 2H2O = 17C + 2CH4 + CO2

– C + 2H2O + 4Fe3O4 = 3Fe2O3 + CH4

• Hydrocarbon destruction?
• Uplift; overpressure?
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Porosity loss: mechanical and 
chemical compaction

Late Mature: Ro = 1.35% Postmature: Ro = 3.0%Postmature: Ro = 3.0%

49



Organic porosity development and 
changes

Late Mature: VRo = 1.1% Postmature: VRo = 3.0%

Courtesy Bill Zagorski, Range Resources

Presenter’s Notes: RANGE: Marcellus – 2-4 percent organic porosity.
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Several Key Marcellus Formation Reservoir Attributes 
In The Bennett #1 Well Core Yield Desired Results:

• Mean rock composition:

– 33% quartz:
• ≥ 90% biogenic (“authigenic
silt”)  

– 20% carbonate:
• 19% calcite; 1% dolomite

– 32% clay
• Essentially no expandability

• TOCpd: 
– O.58 to 11 wt. percent

– Mean TOCpd = 4.91 wt. percent

• Thermal maturity:

– Dry gas window
• %Ro = 2.54 to 3.22 (2.99 
mean)

• Thermogenic dry gas

• Porosity and permeability:
– Porosity: 2.44 to 16.6% of BV

– Permeability (pressure‐
decay): 0.000047 to 0.000217 
md

• Free versus sorbed GIP?

Parameters from Sondergeld and others, 2010

Presenter’s Notes: Quartz: 8 – 46 %; mean = 33%.
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I Walk 
the Line
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Critical elements for the economic 
preservation of natural gas in highly 

mature (Ro > 3%) strata:

1. Generation, migration, and accumulation of CH4

and nonhydrocarbon gases (CO2, N2, H2S) during 
late catagenesis and metagenesis. Hydrocarbon 
destruction (TSR etc.).

2. Effectiveness and longevity of seals exposed to 
deep burial, high temperatures, and tectonic 
deformation.

3. Diagenesis of rocks exposed to deep burial and high 
temperatures.

‐ Houseknecht and Spötl, 1993, Empirical observations regarding methane deadlines in deep 
basins and thrust belts, USGS PP 1570, p. 217 – 231. 
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Fate of the Hydrocarbons?
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∂13C of Devonian 
Organic Matter 
(Maynard, 1981)

Marcellus Gas Isotopes, Southwestern versus 
Northeastern Pennsylvania

PRODUCTIVE
WELLS

UNPRODUCTIVE
WELLS
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Effectiveness and Longevity of Seals?

• Elevated temperatures

• Abnormal fluid 
pressures

• High confining or 
tectonic pressures 
accompanying deep 
burial in sedimentary 
basins and thrust belts

Houseknecht and Spötl, 1993

Courtesy Duff Gold, Pennsylvania State University
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Conclusions

• Integrated high‐resolution petrologic techniques and organic 
geochemistry provide a powerful approach to investigating 
the diagenesis and reservoir characteristics of post‐mature 
shale‐gas prospects.

• The data obtained by such an approach address several key 
attributes of thermogenic shale‐gas reservoir properties in 
the Marcellus Formation of northeastern PA that were 
subjected to deep burial and high temperatures:
– Rock composition

– TOC

– Thermal maturity

– Porosity and permeability

– Free and sorbed gas? 
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Conclusions 

• Although post‐mature, early metamorphic 
Marcellus Formation rocks may still exhibit 
desirable shale‐gas reservoir characteristics, several 
critical elements remain ambiguous:

– Permeability to gas with increasing aromaticity of 
organic matter

– Graphitization of kerogen and Rt?

– Methane stability in the metagenetic zone 

– Geologic structure and integrity of reservoir seals
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Courtesy Duff Gold, Pennsylvania State University
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