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SUMMARY

A simple analysis was conducted on the Green River Formation, Uinta Basin, Utah to quantify
the relationship between factors controlling hydrocarbon-generation microfracturing in organic-
rich shales.

Microfracturing in organic-rich shales due to hydrocarbon generation involves a process of four
stages: 1) volume expansion, 2) pressure increase, 3) microfracture initiation, 4) microfracture
propagation. The existence of water, the level of richness and brittleness are important factors
controlling pressure increase due to volume expansion.

Comparison between two aspect ratios reveals that high aspect ratio, which indicates thin flakes
of kerogen, favors horizontal microfracturing while vertical microfracturing is favored when
aspect ratio is not high enough. This suggests that the geometric shape of the kerogen controls
hydrocarbon-generation microfracturing.

Horizontal propagation of microfractures is favored when the stress ratios product is greater than
1 (R x A > 1). When the ratio of pressure to minimum horizontal stress is greater than 1 (x > 1)
and the stress ratios product is less than 1, vertical propagation is favored. In this study, the
observed horizontal microfractures at low pressures are due to the lack of vertical stress constrain
applied in the study- referenced experiment that was conducted on the Green River Formation
samples. Conducting pyrolysis experiment that includes the application of different values for
vertical stress is recommended.

The study concludes with a suggested sequence that facilitates hydrocarbon-generation
microfracturing: 1) thermal maturation of organic-rich shale, 2) conversion of kerogen to
bitumen, 3) creation of kerogen nanoporosity, 4) conversion of bitumen to oil, 5) significant
expansion of the generated oil volume and increase in pressure, 6) controlled initiation of
microfractures by kerogen aspect ratio, and 7) controlled propagation of microfractures by
poroelastic behavior.

INTRODUCTION

Substantial volume fractions of kerogen in organic-rich shales transforms to hydrocarbons upon
reaching certain thermal maturity levels. During primary migration process within these
extremely low-permeability rocks, hydrocarbons are expelled from kerogen causing a volume
expansion followed by a significant increase in pressure. Consequently, forces of expulsion are
initiated driving hydrocarbons to migrate initially along pressure-induced, bedding-parallel
microfractures until reaching near-vertical microfractures (Momper, 1978).



In this paper, insights on factors controlling the increase in pressure, initiation and propagation of
microfractures are presented. Emphasis is on organic-rich shales of the Green River Formation,
Uinta basin, Utah. The significance of microfractures in organic-rich shales is reviewed followed
by highlights on previous studies conducted. Then, the analysis of hydrocarbon-generation
microfracturing proceeds.

SIGNIFICANCE OF MICROFRACTURES IN ORGANIC-RICH SHALES

Hydrocarbon flow through matrix is an inadequate explanation for migration of hydrocarbon
through these extremely low-permeability rocks. Plug permeabilities are too small to measure.
Permeabilities on powdered samples (“GRI method”) range from 1 micro to 1 femto Darcy
(Cluff et.al., 2007) (Figure 1). Higher permeability pathways through shale seem necessary. A
network of microfractures might explain the high deliverability of shales (O’Brien et.al., 1996)
(Figure 2).
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Figure 1: Gas filled porosity versus permeability as measured shale properties using GRI
method. Notice the extremely low permeabilities nature of this rock (Cluff et.al., 2007).



Figure 2: Hydrocarbon droplet morphology seen in scanning electron microscopy within a
microfracture (O’Brien et.al., 1996).

Due to the density differences between kerogen and hydrocarbons, fluid pressure increases as a
result of a significant volume expansion during the conversion of kerogen to hydrocarbons
Figure 3. This volume expansion, which has been invoked as a mechanism to increase pressures,
has been documented by several authors. A couple of quotes are documented here:

“At peak-oil-generation, the system pressurizes, partings and microfractures open like the safety
valve on a pressure cooker to release the pent-up pressure, and with it, some of the generated
fluids. The phenomenon recurs until the generating system runs down.” (Momper, 1978).

“The processes of kerogen-to-fluid-oil/gas conversion may cause the generation of abnormally
high pressures, facilitating source rock expulsion and migration through fine-grained confining
beds through the formation of fractures.” (Meissner, 1978).
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Figure 3: Volume expansion during the conversion of kerogen to oil and gas (modified after
Swarbrick and Osborne, 1998, which is modified after Meissner, 1978).



Lewan (1987) preformed a petrographic study of primary petroleum migration in the Woodford
shale. He documented that oil expulsion is caused by a net increase in organic components
volume which is attributed to the thermal cracking reactions and thermal expansion of the
generated oil products. He also pointed out that submicron microfractures are generated to
accommodate the net increase in volume (Figure 4).

Figure 4: Photomicrograph (Length is 0.88 mm) of Woodford shale sample showing oil in
bedding-parallel microfractures (Lewan, 1987).

HYDROCARBON-GENERATION MICROFRACTURING IN ORGANIC-
RICH SHALES

The process of microfracturing in organic-rich shales due to hydrocarbon generation involves
four stages:

1. Volume expansion

2. Pressure increase

3. Microfracture initiation
4. Microfracture propagation



A study based on quantifying the nature of excess pressure caused by oil generation was
undertaken by Berg and Gangi (1999). They derived a simple equation to calculate the pressure
change due to oil generation as an application to the Austin Chalk, Texas. With the assumption
that nonmineral volume contains only kerogen and water, they observe that the relationship
between pressure increase and fraction of converted kerogen differs depending on whether the
rock is stiff or compliant.

Initiation of pressure-induced microfractures is explained as a result of local stress concentration
around kerogen particles. Ozkaya (1988) preformed a simple analysis of stresses around a
kerogen particle and pointed out the effect of kerogen shape on the orientation of the
microfracture initiated in extremely low permeability organic-rich rocks. Horizontal, layer-
parallel microfracture initiation around kerogen particles in finely laminated organic-rich
Dunkrik shales, western New York has been observed by Lash and Engelder (2005) (Figure 5).
The orientation of flat kerogen particles parallel to the bedding and strength anisotropy of the
finely laminated organic-rich Dunkrik shales was proposed to be responsible for horizontal
microfracturing.

Utilizing the concept of poroelastic deformation and the role of pressure in microfracturing (e.g.
Secor, 1965; Engelder and Lacazette, 1990), conditions that may drive horizontal, layer-parallel
crack propagation were highlighted by Lash and Engelder (2005). These horizontal
microfractures may connect with vertical microfractures leading to vertical oil migration.
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Figure 5: Finely laminated black shale samples showing a microfracture that appear to have
originated within (or along the edges of) kerogen (k) particles (Lash and Engelder, 2005).



OBJECTIVE AND APPROACH

Lewan and Roy (2011) conducted hydrous and anhydrous closed-system pyrolysis experiments
on samples from the Mahogany zone of the Green River Formation. Extensional microfractures
parallel to the bedding fabric were observed as a result of the hydrous pyrolysis. However, there
were no microfractures evident from the anhydrous pyrolysis (Figure 6). This has led to the
belief on the importance of undertaking this study. The objective is to investigate the factors
controlling the increase in pressure due to volume expansion of generated petroleum products,
the initiation and propagation of microfractures (Figure 7). The study is proposed to be based on
a simple analysis for hydrocarbon-generation microfracturing utilizing the pyrolysis experiments
conducted by Lewan and Roy (2011) on samples from the Green River Formation, Uinta basin.
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Figure 6: Photomicrographs of rock-chip surfaces perpendicular to bedding fabric of recovered
rock from anhydrous and from hydrous experiments (Lewan and Roy, 2011).
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Figure 7: Approach taken for the proposed analysis of hydrocarbon-generation microfracturing

GEOLOGIC BACKGROUND:

As a classic example of a Type-I lacustrine source rock, the Green River Formation hosts the
most of the oil shale resources in the United States. A total of 4.29 trillion barrels of oil shale in
place is estimated throughout Piceance Creek Basin, Uinta Basin and Green River Basin
(Johnson et al., 2011) (Figure 8). The Uinta Basin, which is the focus of this study, is a
topographic and structural trough thickly filled with as much as 17,000 ft. of Late Cretaceous and
Tertiary age lacustrine and fluvial sedimentary rocks (Fouch et.al., 1994). It is an asymmetrical
basin with a steep northern flank. Figure 9 is a cross section showing the structural and
stratigraphic configuration of the basin.



The Green River shales are brown, laminated, dolomitic marlstones containing hydrogen-rich
kerogen. Figure 10 shows mineral compositions for several mudrocks (Wren, 2011) including a
typical mineral composition of the Green River Formation (Dusseault and Loftsson, 1985). The
Mahogany zone of Parachute Creek Member encompasses the richest of the Green River
Formation (Figure 9). The sedimentologic signature of the Mahogany zone demonstrates
offshore open-lacustrine facies preserved under anoxic conditions existed at the lake bottom
during deposition (Figure 11). Individual beds can exceed 70 gallons (~32% TOC) of oil per ton
of rock (VVanden Berg, 2008) (Figure 12).
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Figure 8: Shale country of the four basins throughout Colorado, Wyoming and
Utah (modified after Johnson et al., 2011).



(T00Z I "18 31gny) UIseq elulN aY1 SSOIO. UOII8S SS0JI YIN0S-YLON V 6 94nbi-

Jaquisy pelsbeld au) Jo JoNJBW JOMO] .—.—
e > £ . T Aiepunoq aua2003-9U8%03|ed ——
d Jun JaMIew 81euogles Jo doj ——-
JayJew a|ppIW ———
L 0ooe paq ajeys-io Aueboyew .....
0004 Jovew Jaddn ...
UOIJBUWLIOS J9AIY Ud3I9)

L 0009 uBuo suijshoe|-uado aloysyo
000z pue aioysieau Jo sjeuoqied papoddns

-pnw pue auo}sAep umoiq pue Aeio
ul " saloe4 auuysnoe] uadQ [ [ ¥ 0006

3 0006~ 1

uibuo jey) 91euoqies ubiew
s -9)e| pue ‘dle}apIajul 'Ole)ep 4O 9)euoqed
3 0009- ) ; pue auojshAep usaib-Aelb ‘suoispues
saloe4 auuysnoe [eulbiey
2 3 St uibuo |epnied pue uleid oeyep 18MO|
4 000¢- i /

‘lely pnw yb1y ‘uey [eIAN][e JO BuolsAeD
Aeib 0} pal pue ‘sjesawo|Buod ‘sucispues

sajoe [eIAN|lY [

¥4 0009~

-3 000¢-
|on9] Bag L |oA9| BAS
4 000¢€ =1} 000€
4 0009 — 4 0009
¥ 0006 ] ~ 4 0006
_ 9l mc_.ﬂms_ MS

| | uonew o 19A1Y USDIL) X
plel4 110 Juoweyy pield 10 ausayong

N p@-11-| Uosieyjoig




Calcite + Dolomite

& Calcite+Dolomite
O Quartz+Feldspar
# Clay

Green River

siliceous
maristone

Haynesville
Montney

Horn River’ Barnett pmuskwa

0 Bakken smccm»s.
Vaca Muerta mudstone

Clay \ Quartz + Feldspar

Figure 10: Mineral composition of several mudrocks including a typical mineral composition of
the Green River Formation (Wren, 2011) (typical mineral composition data from (Dusseault and
Loftsson, 1985). Notice the high percentage of calcite and Dolomite which makes it fall within
the brittle mudrocks group.
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Figure 11: Lacustrine Depositional environment (Ruble et. al., 2001).



Stratigraphic Units Fischer Assays
(gallons per tan)
0 20 40 60 80
I
Uinta Formation
________________ 9
R8 L
R-7 (Mahagany Zone)
T —
5|2
T | @
£ | =
213
2 |3 |R6
B
= g —
5§ | £
g% —
vlg -
B socrrzone
T B ::cerzone
p—
—| | I 25 GeTzone
15 GPT Zone

Figure 12: Stratigraphy of the Parachute Creek Member of the upper Green River Formation
illustrated by oil-yield plots. “R” refers to a rich oil-shale zone and “L” refers to a lean oil shale
zone (Vanden Berg, 2008).



ANALYSIS OF HYDROCARBON-GENERATION MICROFRACTURING:

Samples from the Mahogany zone of the Green River Formation were used by Lewan and Roy
(2011) to conduct hydrous and anhydrous closed-system pyrolysis experiments. Hydrous
pyrolysis provides insights on stages of petroleum generation: 1) pre-oil generation, 2) initial oil
generation, 3) primary oil generation, and 4) post-oil generation (Lewan, 1985) (Figure 13).
These stages are reflected by the conversion reactions (kerogen-to-bitumen-to-oil-to-gas). The
objective of (Lewan and Roy, 2011) experiment was to examine the role of water during the four
stages of petroleum generation. The experiments resulted in 29% more total hydrocarbons
generated from the hydrous than the anhydrous experiment. Lewan and Roy (2011) attributed
this to the source of hydrogen provided by water, which improves thermal cracking over cross
linking. The results showed that the role of water was more significant in bitumen decomposition
to oil at 350 °C than in kerogen decomposition to bitumen at 330 °C. Extensional microfractures
parallel to the bedding fabric were observed as a result of volume expansion due to bitumen
decomposition to oil in the hydrous pyrolysis. However, there were no microfractures evident
from the anhydrous.

Development of Nanoporosity within kerogen particle has been documented by many authors
(e.g. Jarvie et.al. 2007; Chalmers and Bustin, 2007; Loucks et.al. 2009) (Figure 14). It has been
attributed to the kerogen conversion during thermal maturation. By considering the four stages of
petroleum generation, one can postulate that kerogen nanoporosity may be formed during late
pre-oil generation to early initial oil generation stage. However, microfractures could be initiated
during primary oil generation stage. In (Lewan and Roy, 2011) experiment; there are differences
in the generated petroleum products between hydrous and anhydrous experiments. There is more
bitumen extract resulted from the anhydrous experiment while there is more generated oil from
the hydrous (Figure 15). It implies that only nanoporosity may be found in the samples
undergone anhydrous pyrolysis while samples in the hydrous experiment experienced both the
development of nanoporosity and microfracturing.
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Figure 13: The four stages of petroleum generation (Lewan, 1985).
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Figure 14: Kerogen nanoporosity (A, B, C, D)( Loucks et.al. 2009). Bottom left figure is the
organic content-kerogen nanoporosity relationship (Chalmers and Bustin, 2007).
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Figure 15: Comparison between (Lewan and Roy, 2011) hydrous and anhydrous pyrolysis
according to the generated petroleum products.

The following sections will investigate the factors controlling the pressure increase due to
volume expansion, microfracture initiation, and microfracture propagation. Specifically, the role
of water, organic richness, brittleness, kerogen aspect ratio, and poroelastic deformation is
investigated. Table 1a and b show the input parameters used in the analysis. The data inputs are
estimates that are either adapted from actual studies on the Green River Formation or generally
known from similar organic-rich shales.



Table 1: Input parameters used in the analysis. a) for the volume expansion and pressure increase
and b) for the microfracture initiation and propagation.

(a)

Volume Expansion & Pressure Increase

Contr Olllng Role of Water Role of Organic Richness Role of Brittleness
Factors
Hydroous Anhydrous Rich Lean Brittle Ductile
TOC% 15.8 15.8 25 3 15.8 15.8
Converted Fraction 02-03 0203 02-03 02-03 02-03 02-03
V., (cm®) 400 0 400 400 400 400
/ for 15.8% TOC | for 15.8% TOC for 25% TOC for 3% TOC for 15.8% TOC | for 15.8% TOC
118 0 8 50 11.8 11.8
13 14 12 12 13 13
- - 0.44 0.44 - -
28x%10° 0 28X 10° 28X 10° 28%10° 28%10°
3.0%10° 3.0%10° 30X 10° 30X 10° - -
‘ 1.0Xx10° 1.0Xx10° 10X 107 10X 107 10X 107 10X 107
o (1/psi) Lo X 10° 5.0x10™ LOX10° LOX10° LOX10° LOX10°
E (psi) = - - - 10X 107 25X10°
v - - - - 0.1 0.26
Sv (psi) : : = = = =
R - - - - - -
T (psi) - - - - - -
a - - 13 13 - -
0 % - - 10 10 - -

(b)

Microfracture Initiation Microfracture Propagation
Controlling
Role of Aspect Ratio Role of Poroelastic Deformation
Factors - o . e
Minimum wy Favoring Maximum y Favoring . . s -
. e e . . e e Horizontal Propegation Vertical Propagation
Horizontal Intitiation Vertical Initiation
TOC% 158 15.8 15.8 15.8
Converted Fraction 02-03 02-03 02-03 0.2-03
n’) 400 400 400 400
for 15.8% TOC for 15.8% TOC for 15.8% TOC for 15.8% TOC
11.8 11.8 11.8 11.8
13 13 13 13
28X 10° 28X 10° 2.8x10° 2.8X10°
30X%10° 30x10° 3.0X10° 30X 10°
10X 10° 10X 10° 10x10° 10x10°
10X 10° 10X 10° 1.0Xx10° 1.0Xx10°
- - 0.1 0.1
Sv (psi) 200 200 200 600
R 0.7 0.7 - -
T (psi) 1350 1350 2 _
a - - - -
= = 10 10




Volume expansion and pressure increase:
The nature of excess pressure caused by oil generation (Figure 16) was undertaken by Berg and
Gangi (1999) with the assumption that:

Organic-rich shale with very low permeability

Isotropic stress state

Compressibility are independent of pressure and temperature
VVolume change due to thermal expansion is neglected
Non-mineral volume contains only water and kerogen

Vw

D e |
Vo
Vp

Vp.

L

Figure 16: Volume expansion due to kerogen conversion. V,,;, Vi; , Vp, are the initial water,
kerogen volume and pressure increase. V,,,, V, , Vp are the volumes pressure increase after

conversion. With F as the converted fraction of kerogen, (Vy = Vy; — FVy) and (V, = F (’;—") Vii)-

(Z—" is the kerogen to oil density ratio)

Following steps in (Berg and Gangi, 1999) for pressure increase due to volume expansion
(Appendix), the following is derived:

F(Dko_l)

AP =
VR(CP+CW)+F(Ck+DkOCO)+Cp+Cw

1)



For the role of water, the results show that there is a significant increase in pressure in the
hydrous experiment compared to the anhydrous (Figure 17). This is attributed to the low
compressibility of water that exists in the hydrous experiment, and lacks in the anhydrous. Also,
there are differences in compressibility of the generated oil between the two pyrolysis
experiments. Volatile oil has been generated in anhydrous pyrolysis (Lewan and Roy, 2011),
which should have higher compressibility than the oil generated in the hydrous pyrolysis. The
type of generated petroleum products after kerogen and bitumen conversion is the factor here.
Compressibility of the volatile oil is higher than compressibility of the lower molecular weight-
oils generated in the hydrous experiment. This resulted in higher pressure increase due to volume
expansion in the hydrous experiment.

Hydrous Pyrolysis Anhydrous Pyrolysis
v, F D, C, C, C, C, AP V, F D, C, C, C, C, AP
11.80 0.00 1.30 0.000000028 3.00E-06 1.00E-05 1.50E-06 0.00 0.00 0.00 1.40 2.8E-08 3.00E-06 1.00E-05 5.00E-04 0.00
11.80 0.10 1.30 0.000000028 3.00E-06 1.00E-05 1.50E-06 600.90 0.00 0.10 1.40 2.8E-08 3.00E-06 1.00E-05 5.00E-04 476.19
11.80 0.20 1.30 0.000000028 3.00E-06 1.00E-05 1.50E-06 1173.70 0.00 0.20 1.40 2.8E-08 3.00E-06 1.00E-05 5.00E-04 516.13
11.80 0.30 1.30 0.000000028 3.00E-06 1.00E-05 1.50E-06 1720.33 0.00 0.30 1.40 2.8E-08 3.00E-06 1.00E-05 5.00E-04 530.97
11.80 0.40 1.30 0.000000028 3.00E-06 1.00E-05 1.50E-06 2242.55 0.00 0.40 1.40 2.8E-08 3.00E-06 1.00E-05 5.00E-04 538.72
11.80 0.50 1.30 0.000000028 3.00E-06 1.00E-05 1.50E-06 2741.96 0.00 0.50 1.40 2.8E-08 3.00E-06 1.00E-05 5.00E-04 543.48
11.80 0.60 1.30 0.000000028 3.00E-06 1.00E-05 1.50E-06 3220.01 0.00 0.60 1.40 2.8E-08 3.00E-06 1.00E-05 5.00E-04 546.70
11.80 0.70 1.30 0.000000028 3.00E-06 1.00E-05 1.50E-06 3678.05 0.00 0.70 1.40 2.8E-08 3.00E-06 1.00E-05 5.00E-04 549.02
11.80 0.80 1.30 0.000000028 3.00E-06 1.00E-05 1.50E-06 4117.32 0.00 0.80 1.40 2.8E-08 3.00E-06 1.00E-05 5.00E-04 550.77
11.80 0.50 1.30 0.000000028 | 3.00E-06 1.00E-05 1.50E-06 4538.93 0.00 0.0 1.40 2.8E-08 3.00E-06 1.00E-03 5.00E-04 552.15
11.80 1.00 1.30 0.000000028 3.00E-06 1.00E-05 1.50E-06 4943.94 0.00 1.00 1.40 2.8E-08 3.00E-06 1.00E-05 5.00E-04 553.25
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Figure 17: The role of water as a factor in pressure increase due to volume expansion.

For the role of organic richness, comparison between rich (25% TOC) and lean (3% TOC) is
performed. Although the samples of (Lewan, 2011) experiment were 15.8 % TOC, two extremes
in richness in the Green River Formation were intended to be used in the comparison. The factor
is the water-to-kerogen volume ratio Vg and it is found to be:

VwilDir+a(TOC)(1-¢)(1-Dy,)]
a(TOC)(1-¢)x100

Vg = 2)



D, a, ¢ are the kerogen to the rock density ratio, the transformation coefficient to organic
matter (~1.33) (Vernic, 1994), and matrix porosity (= 10%), respectively. By substituting back
into equation (1), the difference in pressure increase for different organic richness can be
observed (Figure 18). When 25% TOC is used to calculate the pressure increase, the volumetric
ratio between water and kerogen is lowered. Consequently, the pressure significantly increased
compared to a 3% TOC.

RICH LEAN
25%TOC 3% TOC

: . C C, [ Vv, F D, C C, [ C ap
2.00 0.00 1.30 2.80E-08 | 3.00E06 | 1.00E05 | 1.50E06 0.00 50.00 0.00 1.30 2.80E-08 | 3.00E06 | 1.00E05 | 1.5006 0.00
2.00 0.10 1.30 2.80E08 | 3.00E06 | 1.00E05 | 1.50E06 | 780.86 50.00 0.10 1.30 2.80E08 | 3.00E06 | 1.00£05 | 1.5006 181.16
.00 0.20 1.30 2.80E-08 | 3.00E-06 | 1.00E-05 | 1.50E-06 | 1514.62 50.00 0.20 1.30 2.80E-08 | 3.00E-06 | 1.00E-05 | 1.50E-06 359.73
.00 0.30 1.30 2.80E-08 | 3.00E-06 | 1.00E-05 | 1.50E-06 | 2205.40 50.00 0.30 1.30 2.80E-08 | 3.00E-06 | 1.00E-05 | 1.50E-06 | 535.76
3.00 0.40 1.30 2.805-08 | 3.00E-06 | 1.00E-05 | 1.50E-06 | 2856.87 50.00 0.40 1.30 2.80E-08 | 3.00E-06 | 1.00E-05 | 1.50E-06 709.30
3.00 0.50 1.30 2.80E-08 | 3.006-06 | 1.008-05 | 1.50E-06 | 3472.30 50.00 0.50 1.30 2.80E-08 | 3.00E-06 | 1.00e-05 | 1.50-06 | 880.41
2.00 0.60 1.30 2.80E08 | 3.00E06 | 1OOEOS | L50E06 | 4054.60 50.00 0.60 1.30 2.80E08 | 3.00E06 | 1.OOEOS | 1.50E06 | 1049.13
2.00 0.70 1.30 2.80E08 | 3.00E06 | LOOEOS | 150E06 | 4606.37 50.00 0.70 1.30 2.80E08 | 3.00E06 | 1.00E05 | 1.50E06 | 1215.52
2.00 0.80 1.30 2.80E08 | 3.00E06 | 1.0OEO5S | 1.50E06 | 5129.96 50.00 0.80 1.30 2.80E08 | 3.00E06 | 1.00E0S | 1.50E06 | 1379.63
2.00 0.90 1.30 2.80E08 | 3.00E06 | 1.00EO5 | 1.50E06 | 5627.46 50.00 0.90 1.30 2.80E08 | 3.00E06 | 1.00E05 | 1.50E06 | 154149
.00 1.00 1.30 2.80E-08 | 3.00E-06 | 1.00E-05 | 1.50E-06 | 6100.78 50.00 1.00 1.30 2.80E-08 | 3.00E-06 | 1.00E-05 | 1.50E-06 | 1701.16
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Figure 18: The role of organic richness in pressure increase.

Equation (1) can be written incorporating Young’s modulus (E) and Poisson’s ratio (v) to
investigate the role of brittleness:

F(Dyo—1)

AP =
+Cy )+F(Ci+DyeoCo)+

3(1-2v) 3)

3(1-2v) 20, C,

VR(



The effect of the brittleness in pressure increase is shown in Figure 19. A range of (2.5 X 10° to
1.0 x 107psi) is used for Young’s modulus E , and (0.1 to 0.26) is used for Poisson’s ratio .
High Young’s modulus and low Poisson’s ratio indicate high brittleness. High brittleness appears
to generate higher pressure increase due to volume expansion.

BRITTLE DUCTILE
A F D, C, E (psi) v [ c, AP A F D, C, E (psi) v c, [ AP
11.80 0.00 130 2 BOE-08 1.00E+07 010 1 00E-05 150E-06 0.00 1180 0.00 130 2 BOE-08 2.50E+06 0.26 1.00E-05 1.50E-06 000
11.80 0.10 130 2 BOE-08 1.00E+07 010 1.00E-05 150E-06 2055.16 11.80 0.1o 130 2 BOE-08 2.50E+06 0.26 1.00E-05 1.50E-06 1587 45
11.80 0.20 130 2.80E-08 1.00E+07 0.10 1.00E-05 1.50E-06 3799.30 1180 0.20 130 2.80E-08 2.50E+06 0.26 1.00E-05 1.50€-06 2986.08
11.80 030 130 2 BOE-08 1.00E+07 010 1.00E-05 150E-06 5298.04 11.80 0.30 130 2 BOE-08 2.50E+06 0.26 1.00E-05 1.50E-06 4227 69
11.80 0.40 130 2.80E-08 1.00E4+07 0.10 1.00E-05 1.50E-06 6599.79 11.80 0.40 130 2.80E-08 2.50E+06 0.26 1.00E-05 1.50€-06 5337.32
11.80 0.50 130 2 BOE-08 1.00E+07 010 1.00E-05 1.50E-06 774098 1180 0.50 130 2 BOE-08 2.50E+06 0.26 1.00E-05 1.50E-06 633494
11.80 0.60 130 2.80E-08 1.00E+07 0.10 1.00E-05 1.50E-06 8749.59 11.80 0.60 130 2.80E-08 2.50E+06 0.26 1.00E-05 1.50E-06 7236.70
11.80 0.70 130 2.80E-08 1.00E+07 0.10 1.00E-05 1.50E-06 9647.45 1180 0.70 130 2.80E-08 2.50E+06 0.26 1.00E-05 1.50E-06 8055.79
11.80 0.80 130 2 BOE-08 1.00E+07 010 1.00E-05 150E-06 1045187 11.80 0.80 130 2 BOE-08 2.50E+06 0.26 1.00E-05 1.50E-06 8803 .08
11.80 0.90 130 2.80E-08 1.00E+07 0.10 1.00E-05 1.50E-06 1117670 1180 0.90 130 2.80E-08 2.50E+06 0.26 1.00E-05 1.50€-06 9487.60
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Figure 19: The role of brittleness in pressure increase.

Microfracture initiation:
Stress concentration around kerogen depends on its shape. Microfracture is initiated when the
stress concentration is higher than the tensile strength of the rock:

-5 >T )

The relationship between Oil-Yield and Total organic carbon (TOC) is utilized in this study for
the purpose of determining the percentage of organic content (% Oc) and tensile strength. Oil-
Yield has been defined by (Cook, 1974) for the Green River Formation:




Oily;.1a(gallon per ton) = 2.216 (%TOC) — 0.7714 5)

In (Chong et.al., 1979) (% Oc) is defined as:

157.76(0ilyje1a)
0.957(0ilyje1q)+107

(% 0c) = (6)

A study by (Dusseault et al., 1983) of mechanical properties of oil shales defines the tensile
strength of the Mahogany zone of the Green River Formation as:

T =13.64—-0.1211% (% 0,) (7)

According to (Dusseault et al., 1983), the organic content is the property that primarily affects
the results obtained in mechanical testing. The effects of varying quantities of other minerals
such as dolomite on the strength and deformation properties of the Green River Formation are
also important.

Considering a kerogen particle cross section projected along the principle (S,) and the least (S;,)
stresses plane (Figure 20). The kerogen is measured with an aspect ratio (y) having a width (w)
and a height (h). At point x and vy, the total stress concentration is equal to the internal
concentration within the kerogen plus the external concentration outside the kerogen:

St = Sout + Sin (8)

The aspect ratio () of the kerogen plays an important role in the initiation of the microfracture.
For the minimum pressure increase to initiate horizontal microfracture, the following relationship
is derived (Ozkaya, 1988):
Sy(2—R)+T
AP > =2 ©)

For initiating vertical microfracture, the minimum pressure increase to initiate vertical
microfracture is:

RSv+(2/¢)Sv(R—1)+T

(%/p=1)

AP > (10)



By comparing two different aspect ratios () = 3 and iy = 1), and considering a kerogen
converted fraction between 20% to 30%, a microfracture will not be initiated when the aspect
ratio is 1. Figure 21 shows the minimum pressure increase required to initiate a microfracture for
both aspect ratios.

Figure 20: A section of a kerogen particle along (S,,) and (S;,) plane.



15.8%TOC Favoring horizontal microfractures

A F D, C, C, C, [ AP
1180 0.00 130 | 2.80E-08 | 3.00E-06 | 1.00E-05 | 1.50E-06 | 0.00 200 0.7 1350 3 322 200 0.7 1350 1 2013
1180 0.10 130 | 2BOE-0B | 3.00E-06 | 1.00E-05 | 150E-06 | 600.90 200 07 1350 3 322 200 07 1350 1 2013
1180 020 130 2 BOE-08 3.00E-06 1.00E-05 1.50E-06 117370 200 a7 1350 3 322 200 07 1350 1 2013
11.80 030 130 2 BOE-08 3.00E-06 1.00E-05 1.50E-06 1720.33 200 a7 1350 3 322 200 o7 1350 1 2013
1180 0.40 130 | 2.80E08 | 3.00E06 | 1.00E-05 | 1.50E06 | 2242.55 200 07 1350 3 322 200 07 1350 1 2013
1180 050 130 2 BOE-08 3.00E-06 1.00E-05 1.50E-06 274196 200 a7 1350 3 322 200 07 1350 1 2013
1180 060 130 2 BOE-08 3.00E-06 1.00E-05 1.50E-06 322001 200 a7 1350 3 322 200 07 1350 1 2013
1180 070 130 2 BOE-08 3.00E-06 1.00E-05 1.50E-06 3678.05 200 a7 1350 3 322 200 o7 1350 1 2013
1180 0.80 130 | 2.80E08 | 3.00E06 | 1.00E-05 | 1.50E06 | 4117.32 200 0.7 1350 3 322 200 07 1350 1 2013
1180 0.30 130 | 2.80E08 | 3.00E06 | 1.00E-05 | 1.50E06 | 4538.93 200 07 1350 3 322 200 07 1350 1 2013
1180 100 130 | 2BOE-0B | 300E-06 | 100505 | 150E-06 | 494394 200 07 1350 3 322 200 07 1350 1 2013
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Figure 21: The role of aspect ratio in pressure increase. For aspect ratio of 3, the minimum
pressure increase is 322 psi while a minimum of 2013 psi required for an aspect ratio of 1.

If the aspect ratio is large enough, higher chance for horizontal microfracturing. However, small
aspect ratio favors vertical microfracturing (Figure 22 and 23).
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Figure 22: The minimum aspect ratio favoring horizontal microfracturing.
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Figure 23: The maximum aspect ratio favoring vertical microfracturing.

Microfracture propagation:
The poroelastic behavior is expressed by (Engelder and Fischer, 1994):

v
Sh ZE(Sv—CZP) + aP (112)
Microfractures propagate vertically when the following conditions are true:
Kk>1
Rx A<1

S AP AP
WhereR =22 2 =— andk =—
Sy Sy Sh

The poroelastic behavior favoring horizontal propagation is as follows:
Rx A>1

Figure 24 shows two examples of microfracture propagation (vertical and horizontal). Poisson’s
ratio and Biot coefficient are important factors controlling microfracture propagation. A set of
different values are used and shown in figure 25, 26 and 27. Vertical propagation favors higher

passion’s ratio and lower Biot coefficient.
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Figure 24: Vertical versus horizontal microfracture propagations
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Figure 25: Poroelastic behavior for Poisson’s ratio of 0.1 and different values for Biot
coefficient.



Figure 26: Poroelastic behavior for Poisson’s ratio of 0.2 and different values for Biot
coefficient.

Figure 27: Poroelastic behavior for Poisson’s ratio of 0.3 and different values for Biot
coefficient.



CONCLUSIONS AND RECOMMENDATIONS

The significance of microfractures resides in its ability to provide higher permeability pathways
through organic-rich shales that may explain their high deliverability. The volume expansion due
to hydrocarbon generation has been invoked as a mechanism to increase pressures to the level of
inducing bedding-parallel microfractures responsible for primary migration of oil from kerogen.
The process of microfracturing in organic-rich shales due to hydrocarbon generation involves
four stages: 1) volume expansion, 2) pressure increase, 3) microfracture initiation, 4)
microfracture propagation.

Despite the widespread observed evidence for the existence of hydrocarbon-generation
microfracturing, a comprehensive description of this phenomenon has proven to be
extraordinarily difficult to develop. However, As a result of an understanding which currently is
evolving concerning the factors controlling volume expansion, pressure increase, initiation and
propagation of microfractures, it appears that the existence of water, the level of richness and
brittleness play a major role in controlling pressure increase due to volume expansion.

The geometric shape of the kerogen controls hydrocarbon-generation microfracturing. High
aspect ratio which indicate thin flakes of kerogen favor horizontal microfracturing. If the aspect
ratio is not high enough, vertical microfracturing is favored.

The in-situ stress state completely governs the propagation of microfractures. There is no vertical
stress constrain on the experiment done on the Green River Formation samples. This will cause
horizontal microfracturing without the need to have higher pressures to overcome the principle
vertical stress and create the observed horizontal microfractures. It is recommended to preform
similar pyrolysis experiment using different conditions with different vertical stress applied. This
will enable to have more robust analysis for microfracture prorogation.

As shown in Figure 28, the hydrocarbon-generation microfracturing follows a sequence of:

1.
2.
3.
4.
S.
6.
7.

Thermal maturation of organic-rich shale

Conversion of kerogen to bitumen

Creation of kerogen nanoporosity

Conversion of bitumen to oil

Significant expansion of hydrocarbon volume and increase in pressure
Controlled initiation of microfractures by kerogen aspect ratio
Controlled propagation of microfractures by poroelastic behavior

Conversion of bitumen to
oil

Conversion of kerogen to
bitumen

Significant expansion in
volume and increase in
pressure

Creation of kerogen
nanoporosity

Thermally matured Kerogen nanoporosity Hydrocarbon-generation
Organic-rich shale microfractures
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APPENDIX

Volume Expansion Equations (Berg, 1999):

Before HC generation: Vp(P) =Vp, =V + Vi

After HC generation: Vp(P)=Vp=V,+V, +V,

Vp(P;) = Vp, = Pore volume at initial pressure, before hydrocarbon generation
Vp(P) = Vp = Pore volume at increased pressure, after hydrocarbon generation
Vwi = Volumetric water content before hydrocarbon generation

V,, = Volumetric water content after hydrocarbon generation

Vii = Volumetric Kerogen content before hydrocarbon generation

Vi, = Volumetric Kerogen content after hydrocarbon generation

V, = Volumetric hydrocarbon content generated

Mass Balance Approach:

Vp(Py) =Vp(P)
Vp,=Vp
Vi, =V (No water loss)

Vi=Vii—FVy

Vo=F(2)vy (%= Dy,)

F = Converted fraction of Kerogen



pr = Density of Kerogen
po = Density of 0il
Dy, = Kerogen — 0Oil density ratio

Compressibility and relationship with volume and pressure:

10V
P=*yap,
Vo(Py) = Vp,(1+ CpAP)
= (Vwi +Vi)(1 + CpAP)

19V
Cwko =~y 5p
VP(P) = Vw,k,o(l - Cw,k,oAP)

Solving for AP using mass balance approach:

Vp,=Vp

WVwi + Vi@ + CpaAP) =V,;(1-C,AP) +V;(1 — CAP) — FV,;(1 — C,AP) + FDy,,V;;(1 — C,AP)

Expand:

Vi + VyiCpAP + Vi + V,;CpAP
=V, +VyiC,AP + Vi — V3, ;,C AP — FVy; — FV;C AP + FDy,Vy; — FDy, V1, Co, AP
Rearranging and dividing by V; :

Vi Vi
(V—‘“) CpAP + CpAP + (V—W‘> C,,AP + C, AP + FCL AP + FD;,CoAP = F(Dy, — 1)
ki ki

Vwi Vwi _
AP|(—|Cp+Cp+|—]|C, +C; + FC, + FD},Cy | = F(D}, — 1)
Vii Vi

Vwi
— =V,
(Vki) R



. F(Dko_l)
Ve(Cp +C,) + F(Cy + Dy,Cp) +Cp +C,,

AP

Volumetric Kerogen content in terms of TOC and porosity:

Vernic (1994):

_ a(TOC)(1 — P)pm,
e+ a(TOC)(1 — ¢) (P — Pr)

Dividing byp,,:

B a(TOC)(1 — ¢)
" Dy +a(TOC)(1 — d)(1 — Dy,)

Vki x 100

Substituting into Vg

VilDir + a(TOC)(1 — ¢)(1 — Dy,)]

Ve = a(TOC)(1 — ¢) x 100

a = transformation coef ficient to organic matter =~ 1.33
Pm = matrix density

¢ = matrix porosity

Dy, = Kerogen — rock density

Brittleness effect in pressure increase:

(Rickman et.al., 2008)

_EB+173

B
2

E (E_l) 100
= X
B—\g-1

= ( v-04 ) x 100
VB =\0.15- 0.4

Brittleness can be calculated separately to avoid making a complicated term.



High Young’s’ modulus, Low Poisson’s ratio —> more Dbrittleness

c 1
P™ Kk
K E
T 3(1-2v)
3(1 - 2v)
Cp=——>
P E

Substituting back into AP:

AP =

F(Dko B 1)
3(1—2v 3(1—2v
Ve CE522 4+ €,) + F(Cy + Dy Co) + 2L 22

E + C,,

K = Bulk modulus

E = Young's modulus
v = Poisson’s ratio

B = Brittleness

Pressure increase and principle stresses:

P = pressure

AP = Pressure increase

S, = Total vertical stress

Sy = Total minimum horizontal stress

R = Total minimum horizontal stress to vertical stress ratio

Conditions for initiation of microfractures:




Modified from (Ozkaya, 1987) this is
modified from (Jaeger and Cook, 1976)

Tangential stress at x, y due to §,, and
Sh:

ALX Soue =Sy (1+ 2/¢) —5,
AtY:  Sour = Sy(1+ 21) — S,

Tangential stress at x, y due to internal
stress S;,, that is due to Pressure P:

Atx: Sy =P(1- 2/¢)
Aty: S, =P —-2¢Y)

Total tangential stress at x and y:

St = Sout + Sin

Se, = Sn(1+ 2/¢) - S, +P(1- 2/¢)
Se, = Sy(1+29) — S, + P(1 — 29)

Initiation of microfracture:

_St>T

Favoring horizontal microfracturing:
_Sty > T

=S, (1+2Y)+S, —P(1—-2¢y)>T
PRYy—-1)>S,(1+2¢y)—S, +T

From (P =S, + AP) and (R = Z—’l)

v

(S, + AP)(2¢p — 1) > S, (1 + 21)) — RS, + T

Rearranging:
AP(2yY —1) > 2S5, — RS, +T

For minimum pressure increase to initiate horizontal microfracture:



Ss2—-R)+T
AP > ————
2y —1
For minimum aspect ratio to initiate horizontal microfracture:
1 S,(2—-R)+T
ll) > -4 u

2 2AP
_ w
V= h
Favoring vertical microfracturing:
_Stx > T

—Su(1+2/y) +8, =P (1=2%/y)>T
P(%fy=1)>sn(142/y) =S, +T

From (P =S, + AP) and (R = “;—")

(S, + AP) (2/1/, ~1)>Rs,(1+ 2/¢) —S,+T
Rearranging:
AP (2/¢ —1)>RS, + C/SeR=1)+T

For minimum pressure increase to initiate vertical microfracture:
RS, + (z/lp)S,,(R —1)+T

AP >
2/ _
(%/p=1)
For minimum aspect ratio to initiate vertical microfracture:
2AP

V< RS, + (2/1/))5,,(1% —1)+T + AP

Poroelastic behavior is expressed (Engelder and Fischer, 1994):

v
Sh =—U(S,,—aP) + aP

1_
Ry
R=21
Sy
AP
A=—



AP

K=§

a = Biot poroelastic coef ficient

Poroelastic behavior favoring vertical propagation:
Kk>1

Rx A<1

Poroelastic behavior favoring horizontal propagation:
Rx A1>1



