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Tight carbonate
or sandstone

carbonate or 
sandstone

M ultistage hydraulic fracturing

O rganic -rich shale: 
source rock, reservoir 
and seal

Shale or
salt

Fault

Fault

H igh poro
and perm
sandstone or 
carbonate



Conventional VS Unconventional Resources

Smaller Reservoirs  
Easier to Develop

Larger Reservoirs  
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Conventional Reservoirs



Types of Unconventional Resources

Unconventional Natural gas (CBM, Tight Gas, Shale Gas)
-Clean Energy Resources
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Natural Gas from Coal (Coalbed Methane)
➢ Host rock is both source and reservoir 
➢ Reservoir rock is highly compressible and  subject to changes in permeability

Shale Gas

➢ Very high natural gas resource base per volume  of 
reservoir rock due to high micro-porosity

➢ Requires extensive fracture stimulation

Tight Gas and Oil Sands and Carbonates
➢Natural gas or oil has migrated into the micro-  

porosity of the rock matrix
➢Commonly found in basin centered gas deposits

Courtesy of CSUG



Shale Gas  
Shale Oil

Coalbed Methane  
Reservoirs

Tight Gas and Oil  
Reservoir

“Hybrid”  
Reservoir

Conventional Gas  
Reservoir

The shift from conventional to unconventional reservoirs reflects a change 
in  grain size from higher permeability and coarser grained rocks towards 
very fine  grained rocks with low permeability

Reservoir variability both vertical and geographically can lead to the  
development of “sweet spots” of higher permeability in the finer grained  
reservoir rocks

Core photos courtesy of Canadian Discovery
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Organic-rich Black Shale
➢ High TOC & high adsorbed  gas
➢ Low matrix Sw
➢ High matrix Sg
➢ Gas or Oil stored as free &  

adsorbed
➢ Mature Source Rock

Silt - Laminated Shale or Hybrid
➢ Gas or Oil stored in shale and  

silt
➢ Low to moderate TOC
➢ Higher permeabilities in silty  

layers

Highly Fractured Shale
➢ Low TOC & low adsorbed  

gas
➢ High matrix Sw
➢ Low matrix Sg
➢ Gas stored in fractures
➢ Shale is the source rock

From Hall, 2008
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Sidewalk  
Cement

modified from US DOE

Granite

0.0001 0.001 0.01 1.0 10.0 100.0

Moderate HighVery TightExtremely Tight

Shale

Tight Gas or Oil  
Sandstone

Conventional
Oil or Gas Reservoirs

Natural Gas from Coal

Volcanic PumiceTight Oil in Limestone

Tight Low

0.1
Permeability (mD)

Quality of ReservoirPoor Good

Note: Natural Gas from Coal reservoirs are classified as unconventional due to type of gas storage



Conventional reservoir
Unconventional 

tight gas reservoir (Piceance 
and Ordos)

Deltaic and 
deepwater
reservoir

Unconventional 
tight shale gas reservoir 

(inorganic+organic pores)

Frontier areas in Arctic, 
GOM, Atlantic margins, 
South China Sea,
W SE Asia active margin

Focus now and fugure: Marcellus, 
Utica, Longmaxi, Niobrara, 
Vaca Muerta

Unconventional 
CBM reservoir

 (organic adsorption)

Pore size, 
pore throat,
Permeability
decrease
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Start Date: 1967 (46 Years)Start Date: 1958 (55 years)

Shale OilShale Gas



CBM Plays, 1996 Tight Gas Plays, 2003

Shale Plays (2003 to 2016),evolves fast, shale gas revolution driven by technology





Definition of Shale

Shale is a fine-grained sedimentary 
rock whose original constituents 
were detrital material, clays and/or 
organic material. It is characterized 
by thin lamina, often splintery, and 
parallel to the often 
indistinguishable bedding planes. 
These are better called Mud Rocks.

Fine-grained sediments



“Shale” Classification

Dr Prasad SEG-AAPG DL 2012

Argillaceous



New Understandings of Shale Facies

Bakken dolomite 
(Primary reservoir) and shaleNiobrara chalk

(Primary reservoir)
Niobrara  marl

Eagle Ford 
carbonate rich shale

K. Bowker, 2008

Barnett Siliceous shale
L Green River shale 

with ostracod grainstone

Hybrid Lithofacies –Hybrid Plays 
shale+fine-grained organic-lean tight reservoir



Different Lithofacies for One Shale



Unconventional  Tight Reservoirs

Barnett shale (gas)
Tuscaloosa shale(oil)

Hybrid

Shale Gas 
and Oil

CBMTight Gas 
and tight oil

Piceance Basin,
Alberta deep Basin,
Ordos Basin

Black Warrior Basin,
Drunkard’s Wash in Utah
Qinshui Basin

Bakken(oil), Niobrara(oil), 
Eagleford (oil),  Green river (oil)



From 
various 
resources

CBM

Shale gas

Tight gas



Energy Revolution in U.S.

Clean CBM and Tight Gas-
decreasing
Clean Shale Gas-US Shale 
Gas Revolution

Decreased Energy Prices
Increased Economic Activity
Increased Government Revenues
Reduced Emissions





• 1st commercial gas shale well was drilled in New York in the late 
1820s – nearly 40 years before Colonel Drake drilled his famous 
oil well in Pennsylvania.

• 1880’s to 1980’s-Local niche market, vertical wells and natural 
fractures: Appalachian Marcellus shales

• 20th century: shales=SR and seal for conventional
• Late 80’s to 90’s-Naturally fractured production from Antrim, 

Bakken, 1st phase of Barnett
• Late 1990’s to 2000’s-hydraulic fracture completions in Barnett, 

Haynesville, Fayetteville, etc. Shales can be reservoirs.
• Global assessment of shales from regional scale to nano-scale 

and technology improvement





Tight/shale oil

New plays

New plays



3D seismic
Alaska Prudhoe 
Bay

Horizontal HF

Deepwater

Shale 
/tight oil

Both oil and gas 
production surpassed 
1970 peak due to
development of  shale
Plays

Low cost to develop
shale resources

Horizontal well  results in high 
production from fewer wells

Shale /tight oil



Gaffney & Cline, 2013

Geology: 
organic-rich shale can be reservoir
Engineering:
 slickwater + horizontal drilling+ 
hydraulic fracturing

Nano-pores can store 
huge amount of gas

200nm



Man-made fractures to release natural 
gas trapped in tight shale reservoirs

From EIA



Data from USGS



United States
China,
Canada,
Argentina, 
Russia,
ASEAN Countries
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Began in the 1970s, including fields in East Texas (Dew-Mimms 
Creek), the Piceance Basin, the Green River Basin of Wyoming 
(Jonah, Pinedale, Wamsutter), and the Denver-Julesberg Basin of 
Colorado (Wattenberg). 

Drilling accelerated in the 1980s due, in part, to tax credits for low 
permeability (less than 0.1 millidarcy) reservoirs. 

By the 1990s, advances in 3-D seismic, horizontal drilling, and 
hydraulic fracture stimulation allowed wells to be placed and 
completed more effectively, increasing their rates and reserves. 

In the 2000s, rising gas prices coupled with large investments by 
growing companies drove-up rig counts and resulted in tens of 
thousands of wells being drilled.







Porosity= 11.9 % 

k = 0.034 md 

From Corelab,  2008



TST+HST

LST

10uD

60uD

500uD

Perm





Coal: high amplitude, 
continuous reflection

Sandbody: high amplitude,
discontinuous reflection



Fractrure+faults Seismic ant-tracking result





Tectonic fractures

Face cleat

Butt cleat





Source: SPE 103514 





Gas pores

vesicular structure Bubble-shaped
pores

pores Inter-pores

Elliptical pores Irregularly-shaped
 pores

Intra-crystal pores Fractures

Cylinder pores Elliptical pores
Pore types in
CBM reservoir





Abundant 
fractures in
the vitrite

Less fractures in 
the vitrinertite









Structure Gas content



Comparison of Isotherms for Different CBM Basins
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• Fine-grained Organic Rich Rock, Includes 
Shales, Mudstones, Siltstones, and Very Fine 
Grained Sandstone, Both Siliceous and 
Carbonate-rich Composition. 

• Can be ductile or brittle. Fractures may or may 
not open

• Vertically and laterally heterogeneous
• Nano to Pico darcy matrix permeablity
• Low Natural Production, Requires Stimulation
• Usually Self-Enclosed, Source, cap and 

Reservoir Same
• Gas Stored As Free, Solution, and Sorbed.  



 G&G and Engineering Data
 integration & analysis

Core, well data, sample test

QEMSCAN®

H. Wang and S. Li, 2004

Regional tectonic framework Satellite data analysisBasin scale maps

Shale system modeling

Geochem

FIB/SEM

Phase 1
Phase 1



Image from Ziff Energy
Source: Advanced Resources, SPE/Holditch Nov. 2002; 
Hill 1991,  Cain, 1994; Hart Publishing 2008

Foreland tectonic and marine depositional control

S.Steven, 2011

High TOC and brittle fine-grained 
sediments far away from clastic influx

Mancos NiobraraBaxter
Increase

TOC, Brittleness



M. Pospisil and R.Powell, 2011Depositional control

Lacustrine Transitional Marine



Corelab, C.D. Hall, 2010

Significant
in US



Corelab,  C.D. Hall, 2010

Significant
in US





“smallest mean pore throat 
sizes roughly ten times the 
diameter of water and 
methane”

…but smallest pore throat sizes 
roughly equal to liquid oil molecules

Nelson, Philip H., 2009,



Close-up view of nano-pore (arrow) in fecal pellet in 
phosphatic facies of Barnett Shale. X and Y are fluorapatite 
crystals.
Source: Slatt and O’Brien, 2011, Pore Types in the Barnett and 
Woodford Gas Shales: AAPG Search & Discovery 80166

C

H

C

Methane CH4 
3.75 Å
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Production results indicate we are able to extract oil at flow rates previously thought 
impossible.  We are evaluating how liquid molecules flow through nano-pore-throats.

Water H2O 
3.0 Å

Octane C8H18 
length 13.17 Å, height 4.85 Å

200 nm



For a “Typical” Shale Gas the current TOC = 5 wt%

10 vol% TOC 

(Solid)

If 50 vol% of the 
original organic 
matter volume is 
now pores, the 

volume impacted 
by the current 5 

wt% TOC is 
approximately 20 
vol% of the rock.

5 wt% 
TOC

(Solid)
Because the 

grain density of 
organic matter 
is ~½ that of 

rock minerals, 
the vol% TOC 
is ~2 times the 

wt% TOC

10 vol% TOC

(Solid)

~2
0 

vo
lu

m
e 

%
 o

f t
he

 ro
ck

(After Passey et al., 2010)

Importance of Organic Matter



TOC = 5.24%, Ro = 0.77%, 
and quartz content is 19%.

TOC = 2.5%, Ro = 1.5%, 
and quartz content is 53%.

Silurian Marine Triassic Lacustrine

More nano-pores
in high maturity marine shale

than low maturity lacustrine shale

China marine shales are generally 
more tight (with 2-5% porosity)

 than US shales





Marine shale Lacustrine shale

Not published

High mature to over-mature Low mature





§ Type I kerogens:  Rare because it limited to anoxic lakes and to a 
few unusual marine environments, but have high generative 
capacities for liquid hydrocarbons

§ Type II kerogens: Several very different sources, including marine 
algae, pollen and spores, leaf waxes, and fossil resin; grouped 
together because all have great capacities to generate liquid 
hydrocarbons. Most found in marine sediments deposited under 
reducing conditions

§ Type III kerogens: Composed of terrestrial organic material, 
normally considered to generate mainly gas

§ Type IV kerogens: Mainly reworked organic debris and highly 
oxidized material of various origins, generally considered to have 
essentially no hydrocarbon-source potential



Gas shales and low permeability sands display a variety organic 
matter types OMT) ranging among Type I, II (oil prone), and III 
(gas prone). Not all shale gas is from gas prone organic matter type; 
the majority is from marine OMT. 

Shale Age OMT
Barnett Mississippian Type II
Lewis Campanian Type III

Fayetteville U. Mississippian Type II or Type II-III 
Antrim M. Devonian to L. 

Mississippian
Type III

New Albany U. Devonian Type II
Ohio Devonian Type I and II

Alberta-Montana 
trend

Upper Cretaceous Type II or Type II-III



Shale Age TOC
Barnett Mississippian Av 3.5% Up to 20%
Lewis Campanian Up to 2.5%

Fayetteville U. Mississippian Up to 5.0%
Antrim M. Devonian to L. 

Mississippian
Variable Up to 24%

New Albany U. Devonian Variable Up to 25%
Ohio Devonian 3 to 11%

Alberta-Montana 
trend

Upper Cretaceous Variable Up to 4%

NOTE: SGS shales with low TOC values in many cases have been 
subjected to higher levels of organic maturity and thus measured 
(TOCm) values will be significantly lower than original (TOCo). 

TOC values up to 25%, but most producing thermogenic Shale 
Gas Systems have measured TOC values less than 5%. 



Cretaceous Mowry shale 

G.Lash and R.Blood, 2011

MFS

TST,
High TOC,
High Quartz

Siliciclastic type shale



JY1 well in SE Sichuan Basin

Similar to US Barnett
siliceous shales,
best reservoir interval 
at organic rich siliceous
shale interval (geology), 
Commercial production 
using horizontal
well and slick water
hydraulic fracturing 
(engineering);

Natural fractures
does not play role in 
production

Application of lessons learned from US shales



Abundant natural fractures
in marine shale

Less to no fractures
in lacustrine shale



Is organic-rich and quartz-rich 
prerequisite for shale reservoir?



XRD

Ø Los Molles Formation 
mineralogically 
distinct: low carbonate, 
high silica.

Ø Vaca Muerta and Agrio 
mineralogically similar: 
increasing carbonate, 
decreasing silica.



1.

2.

Pore restricted to inorganic matter 
– mainly clays





Good Poor

Good

Poor



Pengye1

Jiaoye1

High production rate 
with high gas content
3–5 m3/ton

Low production rate 
with low gas content
1–2 m3/ton

Oil

Gas

Excess 
Pressure

Gas

Excess 
Pressure

Oil

Jiaoye1 well 
Partial 
overpressure &
shale gas were 
released
due to uplifting.
Still overpressured

Pengye1 well
Multi-stage 
extensive uplifting 
& erosion 
unloaded the 
overburden. 
Overpressure was 
totally released 
resulting in low 
gas content.



Geologic Control on US Shale Production
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Shale Gas Play Production: cum vs sqrt(time)

Haynesville
Colony wash
Marcellus
Barnett
Fayettville

1.36

1.11

0.755

0.464
0.409

Shale Haynesville Barnett Fayetteville

TOC(%) 3 4.5 2-5%

Pressure 
gradient 
(psi/ft)

0.95 0.526 0.42

Quartz 
content(%)

10-40% 41 40-60%

Porosity(%) 10 6 4

data from M. Roth, 2010 and various resources

I. Walton, EGI

High production from 
sweet spot with high TOC, 
high porosity, high 
pressure, high brittle 
mineral content, etc.

Fayetteville production vs mineralogy



Piceance Basin, Illustration for US geology S Sichuan Basin, China

Photo courtesy of EcoFlight / SkyTruth



Complex tectonic activities in China may 
have disrupted shale gas accumulation; 

it also influence hydraulic fracturing.

Pressure coefficient

Daily production
x10^4 m^3/day



China Marine Shales – 
Complex tectonics influence development

Complex tectonic activities in 
China may have disrupted shale 
gas accumulation; 

it also influence hydraulic 
fracturing.

Pressure coefficient

Daily production
x10^4 m^3/day



Tectonic Effects on Gas Retention

PY1

JY1
High production rate 
with high gas content
3–5 m3/ton

Low production rate 
with low gas content
1–2 m3/ton

Oil

Gas

Excess 
Pressure

Gas

Excess 
Pressure

Oil

JY1 well 
Partial overpressure &
shale gas were released
due to uplifting.

PY1 well
Multi-stage extensive 
uplifting & erosion 
unloaded the overburden. 
Overpressure was totally 
released resulting in low 
gas content.



PY1

   JY1    PY1

Shallow shelf

Deep Intra-shelf low

Tectonically stable area, 
high gas content (3–5 m3/t)

Tectonically transitional area, 
low gas content (1–2 m3/t)

Broad syncline with local anticline in Jiaoshiba

Influence of Tectonic Setting on Gas Content

JY1

Gas content in Silurian
Longmaxi marine shale 
with similar TOC 
decreases from tectonically
stable area to tectonically
active area



Influence of Tectonic Setting on Gas Content

The gas content of Cambrian Qiongzhusi 
shale and Silurian
Longmaxi shale in China is generally
lower than that of Haynesville &
Barnett shale plays & may be
caused by active tectonics in China

Data for the Jiaoye1 well is from Guo (2013). Data for typical U.S. marine 
shales are from Hill and Nelson, 2000, Mavor, 2003 and Jarvie, 2012.



Tectonic & Stress Field Effects on Hydraulic Fracturing

• Hydraulic fracturing may not 
form complex fracture networks 
in the Tibetan Plateau area, Tarim, 
West Sichuan Basin, and maybe 
local areas in Qaidam and 
Songliao Basins due to large stress 
anisotropy.

 South & Southeast Sichuan Basin 
areas in UYZ & areas in MYZ and LYZ 
are less influenced by the collision 
between India &Eurasia.

 Stress field is sH,MAX ~> sH,MIN   

 Small far-field stress difference cannot 
compete with the stress shadow 
effects which may lead to complex 
fracture geometry

SPE 167006, Zonggang lv et al., 2013



Hydraulic Fracturing Lab Test and Simulation for
Longmaxi Shale in SE Sichuan Basin

Fracture propagation simulation resultsCT Scan

Horizontal
Vertical

Stress contrast:
5 MPa

Stress contrast:
14 MPa

Courtesy of
Y. Zhang



Silurian Marine Longmaxi Shale’s geology
And engineering parameters 
suitable for hydraulic fracturing

Hydraulic Fractures Containment Example and Simulation



Nordeng, et al, 2010, NDGS (AAPG)

Barnett

Role of Natural Fractures

Bakken

K. Bowker, 2008

Natural fractures may not or may 
play key role in storage and production

Larger bubble=higher production



What Makes A Good Shale Gas Play?

• TOC >2%: 
       good source rock
• Maturation: 
     “gas” window  - 1.1 to 1.4 Ro, abundant gas
• Low hydrogen content:
   gas prone.
• Moderate clay content:
    less than 40%-brittle
• Thickness: 
    greater than 100 ft.
• Good gas content: 
   greater than 100 scf/ton.
• Hydraulic fracture barrier. 





Ideas of What to Look For In a Gas Shale?
Characteristic  Core Producing Area Range Minimum for Development Importance

TOC 3 to >10 >0.5 High

% Silica and/or calcite >40%? >25% Mod/High

Maturity, Vitrinite Reflection, % 1.0 to >2, >1.4 for dry gas 1.4 High

Shale thickness, ft 100 to >1000 >>100 ft High

Gas in Place, bcf/sq mile 30 to 350 >25 High

Matrix Permeability, md E-4 to 0.001 md >0.00005 md Low

Matrix Porosity (effective) <2 TO >8% >4% High

Depth of pay 400 to 17000 3000 to 12000? Mod/High

Modulus of Elasticity 3MM to >9MM Depends on frac barriers High

Nat. Frac Presence Yes, open during production Same High

Boundaries for Frac Yes Absence requires special fracs Mod/High

Gas Content scf/ton <30 to >300 >80 High

Gas % in pore >50% >30% High

Gas % adsorbed  <50% <70% Moderate

Typical prod rates, scf/d 0.3 to >5 mmscf/d 1.5 to >2MM Highest

Water saturation 0.1 to <0.35 <0.25 High

Oil Saturation Low <0.1 High

Horizontal well length, ft 500 to >4000 ft >1500 ft High

Horiz direction rel to frac dir. Transverse Between 60 and 135o High

Fracture needs Rubblize the zone Rubblize the zone High

Dewatering (frac cleanup) Time 0.1 to 1 months 0.1 to 2 months Moderate

Decline Rates 50% 1st yr 65% 1st yr Mod/High

Est. Ultimate Recovery, EUR >1 to 3 bcf 1 to 2 bcf Moderate



Quick Comparisons of Shales From Which Gas Production Is Possible

Pay Character Barnett Marcellus Fayetteville Woodford Devonian Antrim N Albany Lewis

Basin FW Appalachia Arkoma Arkoma App Michigan Illinois San Juan

Location TX PA,WVA AR OK KY, NY, PA, WV MI, IN, OH IN, KY CO, NM

Depth (ft) 6 to 9000+ 4 -10,000’ 1500 to 6000’ 6 to 12,000’ 2 to 8000+ 0.6 to 2K+ 0.5 to 2K+ 3 to 6000

H, thick: gross/net 100+: 50% 50 to 300 50-550: 50% 200 to 350 30 to 300: 40% 160: 40 - 60 180: 40 - 60 3000:0.35

Modulus, psi 7 to 9MM 4 to 7MM 3MM 3 to 5MM 3 to 7MM

BHT F 180-210 150-200F 120 to 160 100 to 140 80 80 130-170

Press Grad, psi/ft 0.4 to 0.5 0.3 to 0.55 0.35 to 0.4 0.43 - 0.46 0.2 to 0.4 0.35 0.43 0.25

Maturity, Ro, % 1.4+ gas 1.4 to 2+ 1.9 to 5 1.1 to 3 0.9 to 2 0.4 to 1.6  0.6 to 1.6 1 to 1.3

TOC, wt % 1 to 5 5 to 12 5 to 15 10 to 20 3 to 20 3 to 20 3 to 20 0.5 to 2.5

Total Porosity % 1-8 1 to 7 1 to 5 1 to 5+ 2 to 5 2 to 10 5 to 15 0.5 to 5

Sw 0.1 -0.25 0.1 - 0.25+ 0.1 to 0.2  0.1 to 0.25 0.1 to 0.25 0.1 to 0.3 0.1 to 0.3 0.1 to 0.8

Gas Cnt, scf/ton 100-500 80 to 250+ 150-225 60 to 100 40 to 100 40 to 80 15-45

Adsorb Gas, % 20 40 30 30 50 70 40 to 60 15 to 40

VWell Cost, MM$ 1.6 MM 1. MM 1.3 to 1.6 0.150 0.150 -0.200 0.3 to 0.5

V Gas IP/6mo, MM 0.3 to 1 0.1 to 1 0.5 to 0.8 40 – 500/? 10-50/?

HWell Cost MM$ 2.2 2.0? 2.9 to 3

H Gas IP/6mo 0.8 to 3 0.5 to 3 0.8 to 2

Water Prod BWPD 10 -100+ 10 -100+ 0 0 20 to 100 5 – 500 0

Well spacing 80-160 80 to 160 40 to 80 40 to 160 40 to 160 80 80 to 320

GIP BCF/Section 30 to 40 30 to 50 55 to 65 5 to 10 8 to 16 7 to 10 90

Basin Resources (TCF) 25 to 250 275+ 10 to 15 225 12 to 20 2 to 80 100

EUR (BCF/well) 2 to 5 2 to 4+  0.6 to 0.9 0.3 to 0.5

Recovery Factor % 8-15 10 to 15 10 to 15 UNK 10 to 20 20 to 60 10 to 20 5 to 15





J. Rosink, 2013
Uinta Basin in Utah, US



Michael Vanden Berg, 2013

Resource Play-mainly tight oil from 
fine grained carbonate reservoir

Porosity:20%
K: 0.076mD



Hybrid Plays Example-Ordos Basin, NW China

YAO Jingli et al., 2013

Tight SS oil

Shale oil
(potential)

Tight SS oil

Shale oil
(potential)

More permeable in SS interval

Triassic Chang7 SR interval

Emerging Shale gas
-SE Ordos(e.g. 
LP177 well )



Hybrid Plays in Permian Lacustrine SR Interval 
in Junggar Basin, NW China

KUANG Lichun, et al., 2012

Permian Lucaogou 
shale and tight oil

Tight dolomite oil

Shale oil

Shale oil

Tight dolomite oil

Tight dolomite oil



Hybrid Plays Model for Lacustrine Source Rock Interval



Continental Basins in China and ASEAN Countries

Huge hybrid play potentials 
(shale oil and gas, tight oil 
and gas, sand and CBM) in 
continental basins

North Sumatra
Shale Gas—338 Tcf

Central Sumatra
Shale Gas—558 Tcf
CBM—165 Tcf

South Sumatra
Shale Gas—964 Tcf
CBM—375 Tcf

West & East Java
Shale Gas—722 Tcf
CBM—56 Tcf

East Kalimantan
Shale Gas—1,723 Tcf
CBM—496 Tcf

West Papua
Shale Gas—648 Tcf

Data from Talisman, 2012



Tight/Shale Oil Evolving Fast Recently

Tight/shale oil



Liquids Producing 
Shale Plays



D-J Basin-Niobrara Producing Areas

D-J Basin



Niobrara Setting

Source: Sonnenberg, Steven, 2011, (after Longman, et al, 1998, and Kauffman, 1977), The Niobrara Petroleum System: A New Resource Play in 
the Rocky Mountain Region; in Estes-Jackson , Jane E. and Anderson, Donna S., eds., 2011, Revisiting and revitalizing the Niobrara in the Central 
Rockies: Rocky Mountain Association of Geologists

Generalized 
cross section 
across the 
Western
Interior Creta-
ceous Basin. 
Limestone and 
chalk beds are 
present over the 
eastern two-
thirds of the 
basin.

West to east 
diagrammatic 
cross section for 
Denver Basin. 
Shallow 
biogenic 
accumulations
in the Niobrara 
are found on the 
east flank of 
basin where 
source beds are 
thermally 
immature for 
petroleum 
generation.
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Teapot Dome 
Niobrara Production

Water Bbls
Gas Mcf
Oil Bbls

The spikes in the oil production are due to individual wells 
coming on-line, with large “flush production” from natural 
fractures, and rapid declines as the fractures close. These 
Teapot Dome wells are all vertical wells, with no frac jobs, and 
mainly fall-back completions when another deeper target zone 
was disappointing, but shows were seen when drilling through 
the shales.

Digital production data is only 
available since 1978. 
The actual Niobrara Shale pro-
duction at Teapot Dome goes 
back to 1922, and for example, 
Well 301 blew out (pictured 
below), flowing 28,000 BO for six 
days.

Historical Niobrara Example: Teapot Dome



Source: Sonnenberg, Steve, 2011, The 
Niobrara Petroleum System: A New 
Resource Play in the Rocky Mountain Region 
in Estes-Jackson , Jane E. and Anderson, 
Donna S., eds., 2011, Revisiting and 
revitalizing the Niobrara in the Central 
Rockies: Rocky Mountain Association of 
Geologists

CaCO3 TOC

Niobrara Facies



Six Mile Fold

Gustason, G., and M. Deacon, 2010, 
Niobrara Stratigraphy & Shale Resource, DJ 
Basin: PTTC Field Trip Guidebook, 104 pg.



Selected core examination Niobrara

Coors 42-21 Bickling
Sec 21-T6N-R65W
Weld Co. CO

Bass 25-12 Belvoir
Sec 25-T13N-R68W
Laramie Co. WY

Inexco 1-12 J T Federal
Sec 12-T32N-R69W
Converse Co. WY



Niobrara Carbonate –rich Shale in U.S.
Niobrara  marlNiobrara chalk

Best reservoir-MFS  Low 
GR, high R, low quartz, high 
carbonate

Poor reservoir- early TEST 
and late HST, High GR, low 
R, high quartz and clay
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QEMScan and SEM Analysis



Eagle Ford Base Map



Eagle Ford Shale

Hentz and Ruppel, 2011, TX BEG (AAPG)



Source: Donovan, A. D., and T. S. 
Staerker, 2010, Sequence 
stratigraphy of the Eagle Ford 
(Boquillas) Formation in the 
subsurface of South Texas and 
outcrops of West Texas: Gulf 
Coast Association of Geological 
Societies Transactions, v. 60, p. 
861-899.

Eagle Ford Outcrop



Source: Hentz and 
Ruppel, 2011, 
Regional 
Stratigraphic and 
Rock Characteristics 
of Eagle Ford Shale 
in Its Play Area: 
Maverick Basin to 
East Texas Basin*; 
S&D Article 
#10325*Adapted from 
oral presentation at 
AAPG Annual 
Convention and 
Exhibition, Houston, 
Texas, USA, April 10-
13, 2011

Eagle Ford Cross Section 1-1’



Source: EOG Investor Meeting, Eagle Ford, April 2010;
www.eogresources.com

Eagle Ford Isopach Map – EOG



•  Basin Area = ~3,800 mi² (~10,000 km2) 
•  Reported recoverable volumes = 21 Tcf 
•  Depth = 4,000 – 12,000 ft 
•  Thickness = 100 – 475 ft (30 – 150 m) 
•  TOC = 3-5% 
•  Vitrinite Reflectance = 1.0 - 1.27 %Ro 
•  Porosity = 9-12% 
•  Permeability = Nanodarcy Range 
•  Pressure Gradient = 0.43 – 0.70 psi/ft 
•  Avg. Well IP = 7.0 MMcfd + Cond 
•  Cond Ratio ~ 50 Bbl/MMcf 
•  First Production ~2008 

Oil Wells 
•  Well IP Range = 400 

– 1,800 Bopd 
•  API Gravity = 41.5° 

Eagle Ford Shale Characteristics





shale

calc. silt (Middle Bakken)

Bakken Fm

New stratigraphic 
nomenclature:
Pronghorn 
Member



Bakken Formation



Bakken Pool (per NDIC and NDGS)



Bakken Target Zones

The Upper and Lower Bakken organic black shale members serve as both source rock and reservoirs. 
The Middle Bakken is a conventional, but tight, clastic and carbonate reservoir. The upper Three Forks 
can have similar characteristics as the Middle Bakken and be a target as well. Long-term production 
analysis indicates Bakken Upper and Lower Shales can be significant contributors of overall storage in 
the system. (Hough and McClurg, 2011, Impact of Geological Variation and Completion Type in the U.S. 
Bakken Oil Shale Play Using Decline Curve Analysis and Transient Flow Character*; 
Search and Discovery Article #40857; *Adapted from oral presentation at AAPG International 
Conference and Exhibition, Milan, Italy, October 23-26, 2011



1950’s 1960’s 1970’s

1980’s 1990’s 2000’s

Bakken Drilling/Development History



Federal 10 #1, Elkhorn Ranch, Billings County, North Dakota

Early Horizontal Drilling Attempts



Source: Grau, et al, 2011, Characterization of the Bakken Reservoir at Parshall Field and East of the Nesson Anticline, North Dakota, in The 
Bakken–Three Forks Petroleum System in the Williston Basin, John W. Robinson, Julie A. LeFever, Stephanie B. Gaswirth, eds. Denver, Colo.: 
Rocky Mountain Association of Geologists, 2011.

Bakken Stratigraphy



Core examination Bakken 

Oryx 1HD Big Sky
Sec 2-T30N-R58E
Roosevelt Co. MT

Pennzoil 15-22 Depco
Sec 15-T146N-R101W
McKenzie Co. ND

Texaco 1-5 Thompson
Sec 5-T143N-R99W
Billings Co. ND



Clay Quartz Calcite Dolomite Clay QuartzQuartz Calcite Calcite
Carbonate = Dolomite + Calcite

Steptoe and Carr 2011 AAPG Bakken poster

Bakken Mineralogy



“Oil Generation Rates and Subtle 
Structural Flexure: Keys to 
Forming the Bakken Sweetspot in 
the Parshall Field of Mountrail 
County, North Dakota”

Nordeng, et al, 2010, NDGS (AAPG)



Source: Oil Generation Rates and Subtle Structural Flexure: Keys to Forming the Bakken Sweetspot in the Parshall Field of Mountrail County, North Dakota*
Stephan H. Nordeng1, Julie A. Lefever3, Fred J. Anderson1, and Eric H. Johnson2; Search and Discovery Article #20094 (2010); Posted October 22, 2010
*Adapted from oral presentation at AAPG Rocky Mountain Section 58th Annual Rocky Mountain Rendezvous, Durango, Colorado, June 13-16, 2010

Example 1 – Antelope Field, North Dakota 
(Bakken/Sanish sand):

Example 2 – Parshall Field, North Dakota 
(Bakken):



Ø CBM, Tight Sand Gas, Shale Gas, and Tight Oil are primary unconventional 
resources

Ø Low mobility from low permeability results in the unconventional reservoir. SR 
quality, tectonics, sedimentology, petrophysics, gas content, mineralogy, 
geomechanics, etc. all matter

Ø Organic rich shale-past source rocks to current reservoirs
Ø Complex shale lithofacies: shale to fine grained tight carbonate/siltstone and 

hybrid plays, most shale oil plays are fine-grained tight plays
Ø Traditional reservoir prediction method  may not work for some plays, e.g. 

siliceous high TOC shale vs carbonate-rich low TOC shale
Ø Production performance vary depending shale geology and reservoir conditions 

(tectonic, depositional, TOC, mineralogy, pressure, porosity, fracture, etc.). 
Tectonically stable area is key for shale gas E&P.

Ø Sweet spot determined by both favorable geology and frackable engineering 
parameters

Ø Lacustrine model of hybrid shale related plays will work for ASEAN, South 
America, Africa countries



Chapter 8  Unconventional Hydrocarbon Reservoirs 



EUR  

OGIP

IP

Estimated Ultimate Recoverable reserves from a well

Original Gas in Place before production (usually quoted in billions or  
trillions of cubic feet)

Initial production rate of a gas well – often much higher than the  
sustained production rate – usually quoted as millions or thousands  
of cubic feet per day (Mmcf/d or mcf/d)

Hydraulic Fracturing

Multi-Stage Fracturing

Microseismic

Commonly referred to as fracing, this is the process where  
the reservoir rock is cracked using pressure and fluids to  
create a series of fractures in the rock through which the  
natural gas will flow to the wellbore

The process of undertaking multiple fracture stimulations  
in the reservoir section where selected parts of the  
reservoir are isolated and fractured separately

The methods by which fracturing of the reservoir can be  
observed by geophysical methods to determine where the  
fractures occurred within the reservoir

Glossary of Terms



Development Strategies

Drillinginfo: While most of the Permian strata have been developed by  
conventional methods over many decades, vast resources are being explored by  
unconventional drilling

Permian Three-Zone 
stacked Lateral



What Made Unconventional Development Successful

• The price of gas has always been the driving factor
• Production in Appalachian and Michigan basins for 

decades
• Technologies that drove 

change are horizontal 
drilling, low viscosity 
treatments, intensive 
stimulation.



Development Technologies

➢ Accessing the Reservoir -  Why and How

➢ Drilling and Completion Technologies
➢Coiled Tubing Drilling
➢Horizontal Drilling
➢Multi-Lateral Drilling

➢ Completion and Stimulation Techniques
➢Vertical Fracture Stimulations and Co-Mingling
➢Multi-Stage Fracture Stimulation Techniques
➢Micro-Seismic Monitoring to Determine Effectiveness of 

Stimulation

➢ Gas Factory Ideology
➢Optimization of Reservoir Production
➢Key Aspects of Unconventional Gas Development
➢Stages of Exploration and Development
➢Economies of Scale and Economic Benefits



Accessing the Reservoir

➢The fundamental purpose of drilling a oil or gas wellbore is to  intersect 
the maximum amount of pay zone within the reservoir and  optimize the 
productivity from the wellbore

➢In unconventional reservoirs the ability of the hydrocarbons to flow to  the 
well is hindered due to lower permeability

➢To counter this lower productivity, drilling and stimulation techniques  are 
used to maximize the amount of the reservoir exposed to the  wellbore

➢Techniques include:

➢Vertical well multi-zone stimulation

➢Horizontal wells

➢Multistage fracturing

• Essentially all unconventional gas reservoirs require some form of  
improved access either through drilling or hydraulic fracturing



Drilling

11 branches

Cluster wells (Small footprint)

Ruichen Shen et al., 2015, AAPG U-type  Horizontal Well



Drilling and Completion Technologies

Different types of drilling equipment and methodology are available 
dependent on  reservoir depth, thickness and expected flow properties

Some choices include: Coiled Tubing Drilling and multi-zone 
completions  Horizontal Drilling with 
mono reservoir completion  Mult i-
L a t e r a l  D r i l l i n g  w i t h  m u l t i p l e 
completions



Drilling Efficiencies and Savings have been 
achieved  through:

➢Speed of drilling using new bit technology  (PDC 
bits achieve penetration rates of up to 80  m/hr)

➢Multiple drill string assemblies that reduce  
tripping time

➢Geosteering in real time in horizontal and  
multilateral wells

➢Automation of rig floor equipment eliminating  
additional manpower

➢Fit for purpose rigs that can move on site  
without teardown

Eg. Range Resources operates two fit for purpose 
drilling rigs  that can move to the next well location 
on a common pad with  over 3000 m of drill pipe 
stacked on the derrick – rig move  reduced from 
days to hours

From Range Resources, 2010



Drilling and Completion Technologies

Geosteering of horizontal wells  
in real time allows optimal reservoir
penetration

Multiple well orientations either vertical 
or  horizontal from single surface well 
pads minimizes footprint

courtesy Halliburton



•Drilling of horizontal wells with the horizontal  
legs being up to 3500 m in length

•Multi stage fracture stimulations using slick  
water and sand to essentially “create reservoir”  
in rock that would not have been considered  
reservoir quality previously

Zonal isolation packer systems in horizontal  
and multi-lateral wells allow for selective  

stimulation as well as production



Horizontal Wellbore and Multi-Lateral Wellbore Completions

➢Commonly multi-stage fracture stimulations are conducted to 
optimize the  amount of fracture energy entering into the wellbore

➢The horizontal leg is broken into stages where fracture stimulation 
for each  stage is isolated from the rest of the wellbore

► Fracture design for each stage within the horizontal leg is 
dependent on  borehole logging indicators of gas concentration as 
well as natural fracture  density



From Fairborne Energy, 2009



How Do We Measure Success in Reservoir Stimulation

Micro-Seismic to Determine Effectiveness of Stimulation
➢Measures micro seismic events related to the propagation of fractures  

within the reservoir

➢Requires one or more observation wells to allow proper mapping of  
location geographically and vertically of microseismic events

➢Can be run independently or as permanent seismic arrays in field to be  
developed

➢Provides a 3D image of fracture propagation that can be measured in real  
time during the fracture stages
➢Allows fracture propagation trends to be identified and adjusted for  

additional stages so fractures can be contained within zone
➢Identifies areas of poor fracture generation or geological barriers to  

effective stimulation



Micro-seismic monitoring of fracture  
events for each staged stimulation  allows 
the lateral and vertical envelope  of the 
fracture stimulated rock to be  determined

Dots represent individual  micro-seismic 
events that  occur during the fracturing  of the 
reservoir

Track of the horizontal 
wellbore

Courtesy of Nexen, 2011



Role of Hydraulic Fracturing

十亿立方英尺/天

年

来自压裂的井
生产的天然气

来自非压裂的井
生产的天然气

EIA, 2016



Drilling and Completion Technologies

The Pinnate Drainage Pattern

Horizontal Drilling/ Multi-Lateral Drilling



Completion and Stimulation Techniques

• Fracture stimulations are required for most 
unconventional resource plays  due to low 
permeabilities of the reservoirs

• Type of fracture stimulation used is defined by:
➢Depth and number of reservoirs to be stimulated
➢Reservoir quality
➢Type of wellbore (vertical versus horizontal)
➢Fluid sensitivity
➢Geomechanical properties of the reservoir
➢Availability of equipment and materials
➢Economic assessment of wellbore deliverability



From Hall, 2008

Fracture Stimulation Parameters

➢The main purpose of fracture stimulation is to create open pathways  for fluid flow within the 
reservoir either by creation of fractures or  intersection of existing fracture systems
➢ Ideally the reservoir rock should be “brittle” so that it fractures easily
➢Mineral content of the shale component will determine “fracability” of  reservoir – ideally a silica 
rich shale is preferred

Sheared and slickensided fractures

Open vertical fractures



Typical coil tubing  
unit used for multi-  

zone fracture  
stimulation

Courtesy of Halliburton, 2009

Completion techniques as well as size  
and amount of equipment will be  

dependent on the depth of the reservoir,  
size of fracture stimulation and number of  

fracs designed for the well



Economies Through “Manufacturing Style”
Fracture stimulation costs now  
account for more than half of the total  
well costs

➢ Minimize completion time

➢ Mitigate operational risk

➢ Define synergies and economies 
of scale

➢ Maximize EUR - completion 
methods which are adaptable to 
future recompletion  capabilities 
reserves

➢ Minimize Logistics Costs: Re-
using water from flowback and 
production,  innovative fluid 
handling & storage

➢ Minimize Surface Impact & Costs: 
Pad drilling and completions, 
multi-lateral  capability from E. Schmelzel, 2008



Completion and Stimulation Techniques

➢ Multi-stage fracture stimulations are labor and equipment  
intensive that requires planning for wellsite activities as well as  
supply of frac materials (sand and water primarily)

➢ Multi-stage fracture stimulations are costly and should be  
undertaken only after reservoir properties have been tested from  
vertical wellbores and core data



Hydraulic Fracture

Hydraulic Fracturing

Oil and gas fracking wells.



• Frac Target

Simple Bi-wing.
Common used one in conventional reservoirs 

     Intensive Complex Frac.
     Massive frac is needed for unconventional shale gas 



Geologic Control on US Shale Production

Shale Haynesville Barnett Fayetteville

TOC(%) 3 4.5 2-5%

Pressure 
gradient 
(psi/ft)

0.95 0.526 0.42

Quartz 
content(%)

10-40% 41 40-60%

Porosity(%) 10 6 4

data from M. Roth, 2010 and various resources

High production from sweet spot 
with high TOC, high porosity, high 
pressure, high brittle mineral content, 
etc.

Fayetteville production vs mineralogy



Production Model and Analysis
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CBM

Barnett shale

Antrim shale



Water and Gas Production 

CBM Deeper shale
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CBM Development



Conventional vs Unconventional Development

Schoenfeldt et al., CDX Gas, 2004



NpV for 20 years production

320-acre well-spacing has the lowest NPV
The optimum well-spacing is 40-80 acres

P.D. Sinurat, 2010, Texas AM



CBM Horizontal Well

Country Basin Rank Permeability  
(mD) Well Type Completion Well Prod.（m3/d）

The U.S. West Virginia low 3~4 pinnate  
horizontal well Open hole 28000~56000

Australia Bowen middle 1~30 V-type PE slotted  
screen 15000~2000

China Qinshui high <1 multilaterals、U-
type、L-type

Open hole、 
slotted screen 5000

Ruichen Shen et al., 2015, AAPG



Open Hole Completion

Open Hole Completion 
•Simple, cheap & Fracturing not 
required 
•Generally in high permeability 
and high thickness areas 
•No Casing is left to obstruct 
mining activities 
•Cementing does not damage the 
coals 
•Gives unobstructed access to 
the coal face from the wellbore 



Open Hole Cavitation 

•Increases well radius 
•Thick seams. 
•Good permeability. 
•Extensive cleating. 
•Ranks of coal beyond the 
coalification break. 
•Low ash content. 
•Over pressured zones 
•High in-situ stress 



Cased Hole Completion 

•Multiple seams per well. 
•Thin seams of inches to a few feet 
thick. 
•Marginal economics for producing. 
•Large volumes of water produced 
early in the life. 
•Normally pressured (some under 
pressured). 
•Depth (1,000–4,500 ft). 
•Coal fines. 
•Optimum coal rank, hvAb-lvb. 
•Good permeability. 



Successful Well Completion Types 



New Completion



What Controls the CBM Production-Chinese Case

Permeability Thickness Porosity

Gas content
Langmuir pressure Langmuir 

volume



P.D. Sinurat, 2010, Texas AM

What Controls the CBM Production-US Case



Well Placement vs Fracture Orientation

Horizontal well to be drilled in the 
direction of minimum horizontal 
stress (minimum permeability), 
perpendicular to maximum 
horizontal stress direction. 



Reservoir Modeling and Simulation for Development

Gas saturation Porosity

K

Development area: 
high gas saturation,
High porosity, high K?? 



Structure vs Gas Content vs K

Structure Gas content

What relationship 
did you 
find between 
structure,
gas content and 
permeability?



CBM Production in China



Shale Reservoirs

Located on a regional basis 
Large area 
Extremely low permeability < 
0.1 md 
Oil and gas are produced in 
shales and they are the 
reservoir 

Produced by multiple 
hydraulic fracture  treatment 
of long horizontal wells

Production is typically only 
for a few years Optimal 
placement of wells critical 
Refracturing is option for 
increasing production 



Stages of Exploration and Development

Stage 3:
Pilot Project Drilling

Stage 5:
Commercial Development

Time (years)

0 1 2 3 4 5

Project  
Reclamation

20

Stage 1:  
Identification of  
UCG Resource

Stage 4:
Pilot Production  
Testing

Stage 2:
Early Evaluation  
Drilling

Pace of development is largely  
dependent on technical success  

and market conditions

Ex
pl

or
at

io
n 

Ta
sk

s

Vertical drilling to obtain  
core samples for  
reservoir properties  
along with estimation of  
resource potential and  
geographic limits of  
potential field

Early horizontal drilling  
to evaluate well  
performance with  
varying hydraulic  
fracturing technologies  
along with continued  
reservoir testing to  
determine engineering  
properties

Advanced hydraulic  
fracturing testing and  
improvements of  
productivity with  
reduced expenditure

Preliminary  
geological  
assessment to  
determine  
potential for  
hydrocarbons



Unconventional Resource Play Strategy is Critical to Success

Understanding the Play
➢ Reservoir Characterization
➢ Resource Assessment
➢ Formation Properties & Analogs

Address The Resource Play Challenges
➢ Which technologies, services or products are most appropriate
➢ Operational Risk / Cost Assessment
➢ Field Trials / Pilot

Build in Efficiency
➢ Scale of operations is usually large
➢ Remote areas may add significant cost
➢ Bundling of Services, Concurrent / Continuous Operations

Key Aspects of Unconventional Play Development



Evolution of Treatments - Barnett Shale

“Progression of shale development 
has  been dr iven by technology 
adaptation and innovation in many 
different shale areas. For example, 
h o r i z o n t a l  w e l l s ,  m u l t i s t a g e 
fracturing and step-rate increases and 
slick water fracturing were all tested 
in the Devonian shale  10 years 
before being used in the Barnett – 
the adaptation that made them work 
in the Barnett was large volume fracs 
at very high rates.”

Steinsberger, N., “The Barnett Shale and Evolution of North American Gas Plays,” SPE ATW on 
Unconventional Reservoirs, Barossa Valley, Australia, 2008



Optimization of Reservoir Production

Understanding the Reservoir is Key to  Optimizing 
Production and Reserve Recovery

This is achieved through continuous improvements and experimentation  
in drilling, completion and production techniques

From Southwestern Energy, 2009



Gas Production Process in Naturally-fractured 
organic-bearing reservoirs

Desorption From
Internal Surfaces

Flow Through
the Matrix

Flow in the
Fracture Network

Stage 1 Stage 2 Stage 3

SAH97.4

``



Triple Porosity Gas Storage

• Micro- (<2 nm) and Meso-Porosity (< 50 nm)
• Gas Storage by Adsorption
• Mass Transfer by Diffusion

• Macro-Porosity
• Gas Storage by Solution and Compression
• Mass Transfer by Diffusion and Darcy Flow

• Natural or Induced Fractures
• Gas Storage by Solution and Compression
• Mass Transfer by Darcy Flow



Flow through the matrix

• permeability: 1nd to 400 nd
• diffusion or
•Darcy flow or
•Modified Darcy flow

• Klinkenberg effect
•Two-phase flow effects

                  changes in  pressure or 
concentration diffuse through the 
matrix










p
bkk lg 1



Diffusion Types

• Bulk Diffusion
• Molecular concentration smoothing
• Similar to classic iodine spreading experiment

• Knudsen Diffusion
• Dominated by molecule-wall interactions (slip flow)
• Molecules move from sorbed to free to sorbed phases

• Surface Diffusion
• Molecules remain in sorbed gas phase



Shale
Flow
Schematic

Very Low 
Perm Darcy 

Flow
Diffusion

Micro-Porosity

Macro-Porosity

Wellbore

Fracture Porosity

Induced
Fracture

Sorption Diffusion Darcy Flow Pipe
Flow

Very Low 
Perm Darcy 

Flow
Diffusion

Shale
Flow

Schematic



Gas In Place

Devonian-like 
Shale Barnett-like 

Shale



Shallow Gas Shales
Devonian, Antrim and New Albany

• Shallow, low pressure
• Most gas content is adsorbed on pore walls, about 20%-30% 

as free gas in pores
• Desorbtion is a major production process
• Matrix permeability is very low, ~0.1 nD.: non-Darcy effects 

are likely to be important
• Substantial open natural fracture system, closely-spaced, with 

large surface area and possibly initially water-saturated.



Deeper Gas Shales
Barnett,……, Haynesville,….

• Higher pressure
• Most gas content is stored as free gas in pores, less than 

50% adsorbed on pore walls, 
• Desorbtion is a minor production process except at late time.
• Matrix permeability is low, ~100 nD.

• Substantial natural fracture system, initially mineralized.



Sweet Spots – Best Production Rates

Mapping a “sweet spot” in a 
shale play reduces the risk of 
economic failure.

Critical Variables?
• Pore Pressure
• Gas in Place
• TOC
• Maturation
• Depth of Burial
• Natural Fractures
• Shale Thickness
• Pore or Reservoir Pressure
• porosity
• permeability
• texture
• Structures



\

Indirect 
determinants
•maturity, Ro
•TOC  (current 
and original)
•depth
•pressure 
gradient
•play thickness
•natural fractures
• water 
saturation

Drilling, 
Completion and 
Stimulation

Production 
Strategy

Direct 
determinants
• matrix 
permeability
•matrix porosity
•reservoir 
pressure
•reservoir 
temperature
•adsorption 
parameters: C1, 
P1

•productive 
fracture surface 
area
•fracture spacing
•drawdown

•Deposition/burial 
history
• diagenesis
• Kerogen type
• mineralogy
• Uplift
• Structural 
evolution
• hydrocarbon 
expulsion, retention
• Geomechanics

• Rock-fluid 
interactions

Fundamental 
p
r
o
d
u
c
t
i
v
i
t
y

What controls shale gas production?



Ideas of What to Look For In a Gas Shale?
Characteristic  Core Producing Area Range Minimum for Development Importance

TOC 3 to >10 >0.5 High

% Silica and/or calcite >40%? >25% Mod/High

Maturity, Vitrinite Reflection, % 1.0 to >2, >1.4 for dry gas 1.4 High

Shale thickness, ft 100 to >1000 >>100 ft High

Gas in Place, bcf/sq mile 30 to 350 >25 High

Matrix Permeability, md E-4 to 0.001 md >0.00005 md Low

Matrix Porosity (effective) <2 TO >8% >4% High

Depth of pay 400 to 17000 3000 to 12000? Mod/High

Modulus of Elasticity 3MM to >9MM Depends on frac barriers High

Nat. Frac Presence Yes, open during production Same High

Boundaries for Frac Yes Absence requires special fracs Mod/High

Gas Content scf/ton <30 to >300 >80 High

Gas % in pore >50% >30% High

Gas % adsorbed  <50% <70% Moderate

Typical prod rates, scf/d 0.3 to >5 mmscf/d 1.5 to >2MM Highest

Water saturation 0.1 to <0.35 <0.25 High

Oil Saturation Low <0.1 High

Horizontal well length, ft 500 to >4000 ft >1500 ft High

Horiz direction rel to frac dir. Transverse Between 60 and 135o High

Fracture needs Rubblize the zone Rubblize the zone High

Dewatering (frac cleanup) Time 0.1 to 1 months 0.1 to 2 months Moderate

Decline Rates 50% 1st yr 65% 1st yr Mod/High

Est. Ultimate Recovery, EUR >1 to 3 bcf 1 to 2 bcf Moderate



Technologies That Made a Difference

• Slickwater Fracturing using 1 to 3 or more million gallons of 
water – with friction reducer (less polymer damage, increased 
penetration and surface area)

• Horizontal Wells replacing vertical wells for production. 
Newer horizontals with over 3000 m reach - either cased and 
cemented or open-hole and isolated with packers

• Multi-Stage Fracturing Treatments: Numerous (10 to 40) 
fracture stages per well develop very large fracture-to-
formation contact areas and higher gas rates



Impact of Technology on Production



Frac Development



How much surface area do we create?

• Fracture model: network of 
“mineralized” natural 
fractures opened up during 
pumping and filled with frac 
fluid

• Frac width governed by 
stresses, fluid pressure, frac 
toughness, “leakoff”, pump 
rate.

• Mass balance
• Liquid: Frac surface area ~ 

100m sq ft
• Proppant: Propped frac surface 

area ~ 2-3 m sq ft



The Next Technologies for Shales

200

• Fracture Complexity: Increasing contact area of shale with the frac by 
increasing fracture complexity - could start as many as 30 to 70 primary 
fractures then produce highly developed complex fracture network with 
substantial contact areas.  OR GO SMALLER

• Avoid Orphaned Fractures: Improving placement and longevity of the 
small fractures: Although improvements in fracture complexity open small 
fractures, it may not mean that cracks remain open or a viable flow path

• Evolving Shale Gas Production Techniques: Flowback of frac load water, 
determining levels of production backpressures via a choke to maximize 
reserve recovery or prevent formation instability, and to recover adsorbed 
gas while still keeping wells unloaded

• Environmental: Developing methods of treating and reusing frac flowback 
water: sharply cut dependence on fresh water for slickwater fracturing



Niobrara Example: Silo Field, Wyoming

Original 
Vertical 
Wells

Horizontal
Wells

Silo 
Field



Top Ten wells (cumulative)

Bakken Elm Coulee Production



Source: Sonnenberg, Steven, 2010, Petroleum Geology of the Giant Elm Coulee Field, 
Williston Basin*; Search and Discovery Article #20096; Posted December 14, 2010; 
*Adapted from poster presentation at AAPG Annual Convention and Exhibition, New 
Orleans, Louisiana, April 11-15, 2010

The main reservoir in Elm Coulee is the middle member which has 
low matrix porosity and permeability and is found at depths of 8500 
to 10500 ft. The current field limits cover approximately 450 mi2. 
The porosities range from 3 to 9% and permeabilities average 0.04 
md...The middle Bakken is interpreted to be a dolomitized 
carbonate-shoal deposit based on subsurface mapping and 
dolomite lithology. The main production is interpreted to come from 
matrix permeability in the field area. Occasional vertical and 
horizontal fractures are noted in cores. The vertical pay ranges in 
thickness from 8 to 14 ft. The Bakken is slightly overpressured with 
a pressure gradient of 0.53 psi/ft. Horizontal wells are drilled on 640 
to 1280 acre spacing units…The upper Bakken shale probably also 
contributes to the overall production in the field.

Summary of Elm Coulee Field



Top Ten wells (cumulative)

Bakken Parshall Production



Source: Grau, et al, 2011, Characterization of the Bakken Reservoir at Parshall Field and East of the Nesson Anticline, North Dakota, in The 
Bakken–Three Forks Petroleum System in the Williston Basin, John W. Robinson, Julie A. LeFever, Stephanie B. Gaswirth, eds. Denver, Colo.: 
Rocky Mountain Association of Geologists, 2011.

Relationships at Parshall Field



from Encana, 2011

What determines economic production



• Depletion of free gas stored in the 
fracture network (Darcy Flow) 

• Gas Production Mechanisms

• Depletion of free gas stored in the 
matrix

• (Knudsen diffusion and slip flow in 
micropores)

• Desorption of  Adsorbed Gas

• (Gas diffusion )



Eect of desorption on gas production in Marcellus shale (from Heller and Zoback）



Fracture conductivity as a function of eective stress in Marcellus shale
(from McGinley et al）





Jamal Cherry, 2016, Stanford



Jamal Cherry, 2016, Stanford



Jamal Cherry, 2016, Stanford



Key Success Factors for Hydraulic Fracturing
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▌ Prediction of fracture direction, length and 
height

§ Regional stress maps
§ Experience in area
§ Completion design

▌ Monitoring of fracture creation
§ Fluid volumes, proppant placed
§ Microseismic monitoring (borehole and 

surface)
§ Tilt monitoring
§ Flow noise (via fiber optics)

▌ Evaluation of fracture performance
§ Production logs
§ Tracer measurements
§ Flow noise



Microseismic Monitoring of Hydraulic Fracturing

▌ Geophones in a monitor well(s)
▌ Listen during each frac stage
▌ Locate the events
▌ Modify program to ensure you  

don’t frac out of zone

Frac wellMonitor well

Monitor well
https://www.neb-  
one.gc.ca/nrg/sttstc/ntrlgs/rprt/archive/prmrndrstndngshlgs2009/pr  
mrndrstndngshlgs2009-eng.html
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• Frac Process 

1.  Pad injection 

2.  Increased prop concentrations

3.  Flush 

4.  Pressure bled off

5.  Recovery of injected fluids



• Frac Parameters

Frac Network Size
Higher SRV results in better well performance. 

Frac Network Density
Small frac spacing results in better well performance
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Conventional Production Analysis Techniques:
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Semi-analytic solution

Theory suggests that for a substantial period of time 
cumulative production and production rate can be 
approximated by

 
        where       depends on

– Pressures (bhfp, pore or reservoir pressure)
– Reservoir quality/ GIP (permeability, porosity)
– Gas properties (viscosity, compressibility, equation 

of state)
– Productive fracture surface area
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New Production Data Analysis Method

• Production data analysis is efficient and effective
• Anticipates and explains non-uniqueness of conventional history matching
• Slope of the line is the best metric of well productivity
• Solution is valid for many years of production
• Provides a rational basis for evaluating the production drivers, quantifying 

“what makes a good well”, assessing play-by-play variations and estimating 
productive fracture surface area.
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Haynesville
Colony wash
Marcellus
Barnett
Fayettville

线性 (Haynesville)

1.36

1.11

0.755

0.464

0.409

Play-by-play Production Comparison



Shale Gas Production Data Analysis

0

500

1000

1500

2000

2500

3000

3500

0 1 2 3 4 5

cu
m

ul
at

iv
e 

pr
od

uc
tio

n 
(m

m
sc

f)

sqrt(time) (months^0.5)

3 stages
8 stages
10 stages
12 stages
24 stages

0

0.5

1

1.5

2

0 0.5 1 1.5 2

cu
m

ul
at

iv
e 

pr
od

uc
tio

n 
(b

sc
f)

sqrt(time) (years^0.5)

Montney Shale Gas Production



Impact of Clean-up Period



Oil Production Data
•Silo field, Niobrara
•Single-phase ?
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Oil Production Data-Parshall field
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Oil Production Data
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Oil Production Data
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Oil Production Analysis
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So far we have identified 
three main flow 
periods
1. Linear flow into 

fractures, but impacted 
by variable drawdown

2. ‘conventional” root 
time period where 
GOR is constant, free 
gas in reservoir is 
immobile.

3. Emergence of two-
phase flow leads to a 
reduction in relative 
permeability and a 
concomitant reduction 
in production rate.



• Reservoir pressure 
§ higher pressure provides energy to drive oil out of 

the reservoir.
§maintaining reservoir pressure above the bubble 

point (pressure at which dissolved gas separates 
from oil) increases the recovery of oil.

• Gas‐ oil ratio (GOR) 
§ above the bubble point, GOR is constant, well 

produces as single-phase. 
§ below the bubble point, GOR increases rapidly, 

free gas competes with oil for flow and may hinder, 
not help, oil production.

Key Factors



Evolution of U.S. “Tight Oil” Development and Its Applicability to Other Global Plays

Is “Tight Oil” Development and Growth Sustainable?

232 | JAF2018_007.PPT | Revised/Updated March 5, 2018 | www.adv-
res.com

With the rebound in rig utilization and well drilling, oil-field service  
companies have begun to increase rig day-rates and frac costs. Use of more  
intensive development practices, such as longer laterals, greater number of  
frac stages, and higher volumes of proppant, will also raise well D&C costs.

In contrast, improving efficiencies in days to drill a well, greater use of lower  
cost sand, and more competitive procurement of services will continue to help hold  
down these costs.

The question is - - How will the combination of increased oil-field service  costs, 
more intensive development practices, and improving well productivities  drive 
future, say Year 2025, “tight oil” “break-even” costs?

To address this, we again used five “tight oil” plays, one from each of the  major 
“tight oil” basins. (These five plays are a sample from a larger set of 85  geologically 
distinct plays in these five “tight oil” basins.)



J. Rosink, 2013

For Lacustrine- Hybrid Plays

Uinta Basin in Utah



Suggestions for China 
Hybrid Pays Development

Permian, 
Willinston Basins



Refracturing
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• CBM, Tight Gas, Shale Gas, and Geothermal Energy are primary 
unconventional clean energy resources

ØGeology + Engineering-Key for unconventional resources
ØOrganic rich shale-past source rocks to current reservoirs
ØGeothermal energy-mainly direct use now. Power generation from 

conventional hydrothermal system, EGS experiment is ongoing


