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= |ntro to the Woodford Shale

= Regional Geology
= Depositional Model

= \Woodford Facies

= Facies (Outcrop/Core)
= Fractures

= Mechanostratigraphy
= Geochemistry

= RCand CQ model

= Chemostratigraphy and
Sequence Stratigraphy

= Summary | Galvis, 2017
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T T - - - _—
F - A
b3 gv!‘ | I
LRl |
Aty A%
NIE € | 10.
RS P
% 2 20
£ 4
i v « o 30
. i, W w’ ™ 40
11N 1 A4 mn AN 4E 50
. s 60.
"
' 0.
. 0 l‘. L
. A i : 80
1 lad 90
’ Y 1| T
p o v v 1 100
e v R sP 110
G
g . A »* 120
5
zdl,w *f “oNE: - ane o b
3
By = 7
. RIS :
™ Lol AR af |
W - sl T ¥
” 3 =
cous Lo o - 160
SNAW T AV s . ‘ - 17
L * -~ - - - -
BT OO R ] e 180
. B L PR - 190
3 e e
2 1 & 7 200
. . ¥ o 210
2, 4 ¢ . o 3 U4
5 K 220
.. A 230
T ", BN 1E &N e 240
- o & *
6 mi .S i ) 250
v. > N 9 4
o & o 260
) ; 270
g . ¥ = . ¥ - - b
4 v 3 7 3
CI = 10’ - - . - IO i : ! , i  PONTOTOC
T T T 1 1 LT LAR AVE ATAY T

(in McCullough, 2014)

Nov 2020 Geology of the Woodford Shale in Oklahoma (Brito and Slatt, 2020 - OGS Workshop)



SCHOOL OF
VYV G1OL.OGY &

Woodford Structure Map

illman

Jefferson

Structure WDFD.TVDSS ft-EJT

1
r
8

48000 16400 14800 1300 11600 10000 8400 6800 5200 . 3600 |

Torres, 2020

Nov 2020

Woodford Regional Maps

Woodford Thickness (Isochore) Map

illman

Cotton =
Jefferson Jefferson
Isopach WDFD-HNTN_EJT-0K { Isopach HNTN-SLVN EJT [
0 50 100 150 0 0. /30 % | ae ) 280 350 420 490 ) 560 )0 | 630

) w :
Torres, 2020

Geology of the Woodford Shale in Oklahoma (Brito and Slatt, 2020 - OGS Workshop)

Torres, 2020



SCHOOL OF
GEOLOGY &
GEOPHYSICS

Depositional Model
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(Modified from Galvis, 2017)

(Modified from Galvis, 2017)
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Regional paleogeography of North America’s mid-continent region during

the Late Devonian and Early Mississippian, showing the extensive epeiric sea covering

most of the area of Oklahoma (modified from Comer, 2008).
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Lithofacies Classification of Speake Ranch Outcrop (Galvis, 2017)

Brown Claystone
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Green Silty Claystone
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Weathering
response
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Grain Size
Thin (<2mm) Black Argillaceous Shale*
—r— 9
550% of grains Fissile () Black Siliceous Shale*
<62,5u .
 Thick (>2mm) €&—>(_) Brown Siliceous Shale*
Siliceous Dolomitic Shale*
HCl reaction . i
Crystalline Limestone
Calcareous o
Micritic Limestone
Dolomitic Mudstone*
Non- Siliceous Mudstone*
Calcareous
Black Chert*
prors—— e Non-Organic Chert
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The most dominant facies from outcrop are the Siliceous
Shale, Siliceous Mudstone, Black Chert and Argillaceous
Shale.

Outcrop Facies Classification

Ft  Outcrop Gamma-Ray (cps)
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Proportions of Lithofacies across
the entire Woodford Section

Galvis, 2017
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Woodford Core Facies

Geology of the Woodford Shale in Oklahoma (Brito and Slatt, 2020 - OGS Workshop)
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Siliceous Mudstone (SM)

* Color: Dark gray (N3) to Grayish Black (N2)
e Light Reflectivity: Medium

* Mineralogy: 60% Quartz - 20% Clay

e TOC:4-6%

. . . . . ! Siliceous
* Laminations: Subtle (aligned Radiolaria/Tas.) | Mudstone

(sm)

* Fractures: Vertical — Mineralized (Compacted)

* HCI: No

Siliceous Mudstone

OQtz ODol @Clays OFspar @Apat EPy
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Brito, 2019
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* Color: Brownish Black (5YR 2/1) to Grayish Black (N2)

* Light Reflectivity: Low

* Mineralogy: 50% Quartz - 30% Clay

* TOC:6-8%

* Laminations: Well-defined e siliceous MR
: Shale (SS) f =,

* Fractures: Mostly HZ; some Vert. RSN
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Siliceous
Shale (SS)
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}' 7
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Argillaceous Shale (AS)

e Color: Black (N1)

* Light Reflectivity: None

* Mineralogy: 30% Quartz - 40% Clay
e TOC:7-10%

* Laminations: Fine, Very well-defined
* Fractures: Horizontal

e HCI: No

Argillaceous
Shale (AS)
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Geology of the Woodford Shale in Oklahoma (Brito and Slatt, 2020 - OGS Workshop)

Brito, 2019

17



SCHOOL OF
GEOLOGY &
= GEOPHYSICS a c e r

* Color: Dark Gray (N3) to Black (N1)
* Light Reflectivity: High

* Mineralogy: 90% Quartz - <10% Clay
e TOC:2-4%

* Laminations: Few to none

* Fractures: Vertical

e HCI: No
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Hard:

Quartz > 80%
Clays < 15%
TOC0.5t06 %

Quartz< 60 %
Clays 25 to 60%
TOC 7to16 %

Blisoftbeds | CLAYS (Becerra, 2017; Galvis, 2017)

Il Hard beds / \ QUARTZ CLAYS CARBONATES

QUARTZ ' " CARBONATES Becerra, 2017 courtesy of Brito
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Weathering

Physical

Lithofacies Microfabric Fossils
Response Appareance
Siliceous Fissile, Subtle preferred parallel -
Shales Laminated orientation Hatiened eemanites
Random oriented Well-preserved, rounded
Chert Hard, massive microcrystalline silicified radiolarians and

aggregates

tasmanites

Galvis, 2017
Becerra, 2017

Tasmanites
Organic-walled marine
microfossils.

Image from Bas van de
Schootbrugge.

100pm % e 100pi"
: - FL

100pm

Radiolarians
Microfossils that possess a
skeleton composed of amorphous
silica. Image from Zeiss
Microscopy flickr page.

Galvis, 2017
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Hard (Brittle) — Soft (Ductile)

BIOGENIC

Upper Woodford Middlg/Lower Basal Woodford
Wo rd
Distal (?) Proximal (?)
< “GOOD” MECHANICAL PROPERTIES I | “BAD” MECHANICAL PROPERTIES

aggregates

Weathering Lithofacies plysica Microfabric Fossils
Response Appareance
Siliceous Fissile, Subtle preferred parallel :
Shales Laminated orientation Hatiened eemanites
Random oriented Well-preserved, rounded
Chert Hard, massive microcrystalline silicified radiolarians and

tasmanites

Galvis, 2017
Becerra, 2017

Detrital quartz Organic/clay mudstone

Slatt, 2016

Nov 2020
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Fracture Propagation

Natural Fractures, Woodford Shale: The effect of
Iithoo | :

Mudstone

Chert

-
i
e

| Mudstone

Chert

o

“Brittle-Ductile Couplets”
(Slatt and Abousleiman, 2011)

Vertical Fractures

Mineralized
Vertical
Fractures
(Convoluted)

&\

Brito, 2019
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Woodford Fractures

Vertical Fractures
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Mineralized
Vertical
Fractures
(Convoluted)

fe

3 (SEM)

Mgpdata 741 - .
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V| 5.0 11.34

Fractures that are formed/healed before compaction. '
Then after compaction they get convoluted. Brito, 2019
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Matrix effect in Fractures

Vertical Fractures
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Hardness

Becerra, 2017
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Brittle - Ductile

160 1 Siliceous shale 160 - Chert
140 - 140 -
120 -
= E 100
a
H ?,:
A @ 80
< =
= [%,]
w 60 -
40 -
20 -
-0.01 0.00 0.01 0.02 -0.010 0.000 0.010 0.020
Strain Strain
Weathering Lithofacies ucs Young's ModquJ Poisson's | Hardness | Mineralogical |Stress-Strain
Response (Mpa) (GPa) Ratio (LH) Brittleness Index| Brittleness
ili
Siliceous 135 9 0.2 540 0.6 0.82
Shales
Chert 153 27 0.14 815 0.92 0.98
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Becerra, 2017

“Brittle-Ductile Couplets”
(Slatt and Abousleiman, 2011)
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niversity of Oklahor

Low Frequency
Interbeddings {
(thicker beds)

High Frequency
Interbeddings *
(thinner beds)

Galvis, 2017

Soft/Hard
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Low Frequency Interbedding
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Bed thickness (in)

12

Cross-plot of fracture density and bed thickness. Histogram displaying
fracture density measured along scan-lines. Note the greater amount of fractures within

hard beds n= 576.
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Torres, 2020

Geochem: Organic Richness
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Figure B.9. Rock-Eval remaining hydrocarbon potential (S2) vs. TOC plot for determination of kerogen type and maturity for all the
553 Woodford Shale core, cuttings, and outcrop samples. Note that most of the samples plot in the type 11 Kerogen area, but some are
in the type I kerogen yield. The Ridenour 1-20H well shows a high maturity level and apparent type III kerogen because of the depletion
of S2 by thermal cracking.
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RQ and CQ Model

Stacking Pattern

Characteristics

RQand CQ

Model 3

Hard >>> Soft

* Thick chert beds (8-12 cm)

* Very thin shale beds (<3cm)

* Moderate organic contents (<5%)

* Very Hard (high UCS and Brittleness)
* Moderate natural fracture intensity

Better QC - Poor RQ

* Fracturability, high fracture conductivity ;

* Efficient proppant placement

* Low potential as a hydrocarbon source
rock (Low expulsion efficiencies)

* Poor matrix porosity

Woodford Examples

Model 2

Soft = Hard

* Homogeneous bed thickness (~4 cm)
* High frequency interlayering (thinly)
* Organic-rich shales and brittle cherts
* Moderate Hardness

*Very high natural fracture intensity

Balance between RCand CQ

* Storage capacity in fractures of cherts
asin the shale matrix primary porosity
* Development of more complex
hydraulic fractures

* Excellent matrix-fracture connectivity
* Efficient proppant placement

Model 1

Soft >>> Hard

* Thick shale beds (>10cm)

* Very thin scattered chert beds (<3cm)
* Excellent organic contents (8-20%)

* Low Hardness (high ductility)

* Very low density of natural fractures

Better RQ - Poor CQ

* Super high potential as a hydrocarbon
sourceinterval (with matrix storage)

* High ductility, Low fracability

* Poor reservoir connectivity

* Proppant embedment
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Organic-poor claystone,
intense bioturbation and
silt-sized detrital quartz
(late HST)

Landward

4—Relative Sea Level cycle——»

Silty Shale with glauconite, chaotic
fabric, reworked particles (Early TST)

Moderate organic-rich
radiolarian chert (biogenic),
amorphous organic matter,
quartz-rich matrix (HST)

Basinward
>

Organic-rich and clay-rich shale,
amorphous organic matrix,
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v' The Woodford Shale is a Late-Devonian/Early Mississippian deposit mainly composed of 4 major facies:

= Argillaceous Shale and Siliceous Shale
= Siliceous Mudstone and Chert
=  Other minor dominant facies: Dolomitic Mudstones/Shales and Green Claystones

v These facies can be grouped in “Soft” (less brittle) and “Hard” (more brittle) rock types. Most of their
geochemical (RockEval - TOC) and geomechanics properties (Hardness, Brittleness, Fractures) are driven by the
alternation and proportion these two groups along the stratigraphic package and what mineralogy dominates.

v There is evidence of early formation of fractures before compaction that are bounded by bedding/facies and
fracture density/frequency are directly related to bed thickness.

v' The Woodford Shale depositional model consist of an early TST and a late HST. Chemostratigraphy is an
excellent tool/methodology to interpret the changes in depositional trends by looking a XRF proxies
particularly the interplay between biogenic and detrital deposition.
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