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{ Center for Injection and Seismicity Research }

3-year portfolio - 3 pillars - 48 contributing research projects

Pillar | — Research Pillar 1l Pillar 1lI
4 research themes - 43 contributing projects Dataset, model & Broad-scale stakeholder
- 10 cross-cutting study areas tool development communication
I
I I I I
4 N 4 N a N 4 )
RT1 RT2 RT3 RT4
; What geological and .

What are the phy51ca./ How do pore pressure and operational factors influence What surface and near-surface
processes and geologic stress evolve in complex P - s Injluenc hazards are related to large-
conditions that promote P —————— the capacity of act/\./e ’”Jethon scale injection and what do

injection-induced fault to large-scale injection? sy.stel.ns, and hOVI/ IS CGRGC/W they reveal about subsurface
rupture and seismicity? ' distributed str at/gI' aphically dynamics and reservoir

L )L )L and geographically? )L containment? )
( Fault characterization & hazard ) ( Geological characterization & modeling ) ( Reservoir pressure & stress modeling )

( Integrated case studies ) < Seal & containment integrity ) ( Injection capacity assessment ) < Surface deformation (InSAR)>

( Earthquake catalog & seismicity dynamics ) ( Basement geology & rock mechanics )

I I I I
RT1 Projects RT2 Projects RT3 Projects RT4 Projects

15 ongoing or new projects 12 ongoing or new projects 7 ongoing or new projects 9 ongoing or new projects




1. Background Information
2. Shallow Injection, Characterization and Modeling
3. New Analog Field Models
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Nearly all unconventional produced water not recycled for
HF is injected for permanent disposal into strata shallower

(.-...

75% of injection) or deeper (~25%) than shale reservoirs

Shallow injection occurring at rate of ~350 MMbbl/month,
and deep at ~100 MMbbl/month, with total daily injection
of over 18 MMbbl
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Delaware Basin
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Delaware Basin

TYPE LOG STRATIGRAPHY DOMINANT FLOW SWD
42301305000000 LITHOLOGY UNIT VOLUMES
LOVING CO., TX
Depth from Siliciclastic Cumulative
surface RHOB M Mudrock disposal
(m (M | oz | wo |'wew’| or [symsoLs sYSTEM | Dolomite 2000 - 2024
1500 5000 JT_ [z 2005 oi|z0 = 00 0 (1a) one
;E E_— é ppac|  Bell Canyon c Gundmiipan
60001 & | = ! £ Poco
2000 ] g—: {- Poce|  Cherry Canyon é; EEL
7000 ~ B 50 Shallow
_'{=: g P SWD
2500 8000 + ;} Pore|  Brushy Canyon 18.1 Bbbl
“;— Po
9000 - g ;! Po Cutoff Formation Guadaiupian
3000 — 22 Pes1 ==t
10,000 B :g— 3 First Bone Spring | 2
E PEs2
= E @3
11,0004 E econd Bone Spring| E 5 .
3500 3 Third Bone Spring
=3 Wolfcamp A i"""g’d“’” Px:
12,000 4 = - ; C P
~ — Wolfcamp B 5 4
4000 13.000 4 S g
14,000 - 3 3
3 2 Walfcamp C E
4500 15'000 _ -; _r:; Permian
16,000 3 - — e
, * ETm]
5000 = E: 5
17,000 ;—_-é, B ";'.“;?:?‘if %E Pennsylvanian
5500 18,000 - SEY §
b — AVAVAAVAV \VoV Vo et
19,000 4 'k—_ = 2 Mississippian Lime Mississippian DM
3 - Woodford
8000 = o
20,000+ = 1 Devonian/Thirtyone Demma"q
= = Sllurgn
% = -3 :?_ Silurian/Fusselman/Montoya 444
21,000 — o5
8500 i EF i Simpsan Qrdovician
22,0001 = = e OE
F & ',{ Ellenburger 442
= Cambrian
AVAVAVAVAVAVAVAV, 542

=8 BUREAU OF
= EconomIc
> GEOLOGY

CISR %

“shallow”

injection

between
surface and
production

Midland Basin

production
from shales

“‘deep” injection

above
basement

TYPE LOG STRATIGRAPHY DOMINANT FLOW SWD
42173319420000 / 42173371100000 LITHOLOGY UNIT VOLUMES
GLASSCOCK CO., TX )

Depth from Siliciclastic Cumulative
surface RHOB -Mudrot_:k disposal
(m) M | sr | uo [wew’| per |sYMBOLS sysTem E_D"’mt"e 2000 - 2024

0 150 |2 oook|0.@ 0|0 10 Age (Ma) imestone
0 0. ._ 5
- PR —
1000 - ; P Rustler
E Gohoan
500 = Pr Tansillf Gugﬁarupran P
2000 - i Sev::te;vers
Psn
Pa
= Pa CQueen
3000 = Pa Shallow
=
1000 3 Pa Grayburg N 3 WD
: 3 9.5 Bbbl
4000 - 1 1 "i Psa San Andres
= i Po
;4 3
1500 5000 = T
T | Clearfork
= L earfor
= f
6000 3] =t U
q :'i = |3 ®
2000 = = g Spraberry
7000 = = |
— = 5 Pim
=4 = | = Middle Leonard o
= 14 Dean
8000 -| == | = |3 c g
2500 —= 5 Wolicamp A £
= s E
R - (5}
— s < P
9000 - }_ﬁ = Walfecamp B E— Permian
ol = Wollcamp G 85 | wofcampian Pwo
— = s 269 Pwo
F Wolfcamp D =
3000 — S e [Pennsylvanian Bsn
10,000 4 ;1 : rg\:?v‘:g;to M\ssisswpp\avggg g‘;‘;
E = . = = VOOUOrMESESIOMET L] pavoniar DTW
£ _Wristen/Thirtyone 1
_‘__" Silurian/Fusselman/Montoyal Silurian,  , oe
11,000 53— | =
ﬁ 3500 i;’ sé_ Ellenburger Qrdocian
= |
12,000 -| ‘;'-1 'i:E_ Cambnanﬁj

Basement Precambrians42




water produced

with oil from ._--—_' ' ;. R %

shales by
horizontal wells

BUREAU OF
EcoNOMIC
GEOLOGY

QO

CISR%

WEST
0

0.5

1

N (&)

~ Depth (ft x 10%) _

[

3.5

Delaware Basin

Central Basin Platform

Midland Basin

Eastern Shelf EAST 0

LT T ;
: 1 | 1 - 'S 0 H.-
! | ~75% injected
| - . ] : “ ”
- ! TR P o s into “shallow
| b2 cos . 2 e . . .
| SO : S AL reservoirs
B ) .ol o Y ! "" ." B % & o b,%h”" @ ’e“ “11;: H
I o te | 4 e S B e B SN o 905%™ (drilling issues,
B Ny, B’ 0 ! g A - sl =H i | s '-.ai' N ¢ '; "X o z "o W “.I“"'. P\ YA
oy o 5L QTR s-ﬁs,ﬁ;f._;aw_ﬁ.%g;r_’:m; S | e ner@! legacy wellbores,
N LN 1 Bl e SN e B ol - AR #at o .
N Spaeiie 3R 2 N s o AN R DS surface flows,
% . s @ Siee o G ! - " s =
s on . e con® - L] g I J -y
LB SNl AN / - groundwater)
g o P /; . 5
! o & 3 Wt ‘
. : - e .‘.. : J \ ,’ .-.
i iR ’ T ‘3 ~25% injected
o I schematic ! . = - o Inj
S ' faults bounding - e % bt Jone ‘ — : “ ”
% I the Ceniral . : 1 3 e into “deep
* : \ BasinPlatorm  + & ° . & — = :
| e = \ K s | A i klg reservoirs
h Eo 1|8 (earthquakes)
&8 A . oA g
\ - .02 s S p— —
L] (] L] ' L] . A N \
. | N g% . { S
g_. s \ - PR Sy Npe -4 = A\
o B : ) : ¥ iy 1 N N
- y .: é‘ ] " \‘ N 10
earthquake B : . . A i~ "
- clusters in CM et T T . 3" e \R\ . -
- “ H e 4 ]
Earthquake Systems Sl g5 S gl
Northern Delaware Basin and Southern Delaware , entral Midlan \
F—Cuiberson-Mentone (NDB, cM)™1~" Basin (spB) ! ' Basin (CMB) 'Fi%?c? ((jglé}'_sﬁgﬁt(egé;'
] | | ] I ]
T T T T
20x vertical ex:-.tggerationc,'2 100 km 04 (EGV%OS'kT # ‘:)02 K 300 km1 0 12 400 km 14
1. evaporites and young basin fill, shallow injection cap rock Shallow SWD N Istance ( X ’ m) %Iim%ztti;? Fl;lrg((:j(l)]r(l;\tli((a)r:]tigggl
allow
2. shallow injection strata, typically Guadalupian series : . A Cumulative SWD Well .
Horiz. Production Well Midpoints it
3. unconventional development strata @ Deep SWD 2010_23%%222”105) Hennlngs and Smye 2024
4. deep injection strata, Ellenburger Gp. in the Midland Top of Basement - :2_02_2 P
Basin, Silurian and Devonian rocks in the Delaware Basin TexNet Earthquakes M, 2.0+ ~40-60 prod&c?ng
o ~60-80 wells
@ ~80-97




= Operational activities throughout Texas still cause seismicity

— the Earth is a dynamic system!

What spatiotemporal changes are observed?
Regulatory changes in the Permian Basin in the past few

years have decreased the risk of larger earthquakes

How are the patterns evolving?
What causes different types of seismicity?

What matters for sustainable development?
How does seismicity relate to other hazards?
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Over 250k legacy vertical wells in the Permian Basin region 2026 shallow DPp, orphaned well flows, and
Frequently TD in shallow injection reservoirs preliminary SSI tracked incidents
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1. Seismicity (D&S EQs) 3¢ Breached Caprock

. N *  Freshwater aquifers
2. Loss of Containment —4— +  Legacy oil wells

. Water wells
»  Surface Deformation
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1. Background Information
2. Shallow Injection, Characterization and Modeling
3. New Analog Field Models
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Central Delaware Basin:
DB DMG Shallow Zone: Sl B Shallow, strata-bound normal faults &

. ! oblique, segmented fault zones & inversion
Deepwater sandstones with ! it B basement structures B’

minor carbonates and %]
siltstones, good matrix porosity
and permeability, deformed by
strata-bound normal faults, :
likely hydraulically-fractured
during injection el — : _

(Smye et al. 2021) T Ve

Porosity (%)

Permeability (md)

Elevation (km)

Horne et al. (2021, 2022, 2025)

Charzynski et al. (2019)
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Lithofacies Distributions from Petrophysical Core Facies
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Channelized sandstone
Tabular siltstone
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Cherry Canyon
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Smye et al. (2021)
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Thickness in meters
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Rock sample

AV18
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AVO07
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AV01

silt ! velry fine
fine sand
sand

CISRY%

Structureless, thick-bedded sandstone

Texture

Fine to very fine-grained sandstone

Moderately to well sorted

Composition

Quartzarenite to subarkose. Variable content of calcite
cement

Thickness 0.2-1.6 m beds

Sedimentary  Sybtle soft-sediment deformation at bases, faint trough
structures cross-beds and elongated calcareous concretions.
Lateral >20 m. Internally beds are amalgamated and present 0.2-
continuity 1.6 m erosional surfaces.
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Thickness in meters

si\t‘ve'ry fi

Rock sample

= AV18
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fine sand

sand
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Lenticular sandstone

Texture

Fine-grained sandstone

Moderately sorted

Composition

Quartzarenite to subarkose. Moderately to significant
calcite cement. Variable organic matter content.

Thickness 0.2- 0.4 m lenticular beds
Sedimentary  Faint trough cross-bedding
structures

Lateral >100 m

continuity

18



Bell Canyon Sedimentary Facies

Rock sample

Preliminary)

Very fine-grained sandstone and coarse siltstone

Moderately sorted

Litharenite with clay rich matrix and organic matter.
Alternating beds with significant calcite cement

0.2-2 cm bed

<8 cm bedsets

Planar lamination

: - Planar laminated siltstone and sandstone
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» Synthesize regional depositional trends and
environments from basin-scale mapping, well

control, and seismic attribute data.

« Combine core- and log-derived porosity and
permeability data with injectivity permeability,

compressibility, shut-in, etc. data to build

robust dynamic simulation models.

» 3D static and dynamic models used for
pressure evolution, injection capacity, and

risking decisions.
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Regional Reservoir Simulation Models — DMG V1

V1 Model — Full Delaware Basin

Pressure_Jan01_2025

— 2000

— 2100

— 2000

PPgrad_Jan01_2025

— 070

06

Pore Pressure (psi) Top Bell Canyon Pore Pressure Gradient (psi/ft)
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Vertical Exaggeration = 5x
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PPgrad
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PPgrad
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V2 Delaware Basin DMG:
» Model dimensions: 69.8 mi x 90.5 mi (142 x 107 cells)

» Grid cell dimensions: 3280.84 ft x 3280.84 ft (1 km x 1 km)
» Cell thickness up to 509 ft with average ~300 ft
» Active cells: 143,159

AP (psi)

IOOO.OO-I

~—800.00

Pore pressure change
2022.1-2025.1

600.00

Multiple Model Updates: Geology and Engineering Inputs

. Porosity
SR Pore pressure change -
2 2019.1-2025.1
- e
o Top layer: Bell canyonlayer 1

A1

om

Pore pressure change
1983.1-2025.1

Annual Review 2024 Q12025
(based mostly on facies distribution) (complex combination of injectivity
and well log permeabilities

Norﬂﬁ

Smye et al., 2025
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What is the effect of features below the
resolution of the regional models?

Photos: S. Busetti
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QO

1D Advection-Diffusion Equation:

Matrix (Darcy’s Law):

Ez 0x?

Solute Diffusivity and Advection:

aoc 9%C ac

ot ox2 ”a

D = diffusion coefficient
v = advection velocity

Thermal Diffusivity and Convection:

oT 92T oT

E=“ax2 ”&

a = thermal diffusivity
k v =advection velocity
pC, k= thermal conductivity
C, = specific heat
p = density

é Pressure Diffusivity:

oP a2p
ot Sox?

¢ = pressure diffusion coefficient

N

d 0% d -
u_ 0% Caz @_ #Vp

A = cross sectional area
q = volumetric flux

k = permeability

U = viscosity

Vp = pressure drop

Fracture (Cubic Law):

b2
kr =—
I 712
b3
(@OF - 12u'?
b = aperture
ks = fracture permeability
U = viscosity

Vp = pressure drop
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<+ Representative 2D seismic section as a flexible FE laboratory to test injection scenarios

Sw NE

e o e—————— L _—mm e

Elevation (km)

T N S I SR

Seismic section by E. Horne

Py

Model top = "ground surface"

Rustler-Castile

| BT R \
(R \! \\\ \\\‘\ |k\ T\ ‘\\\ ‘\ n
nyon
5 km | 74 u
_:I(VE=O) )/ Basement

Base 2D FE model by K. Smart
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Orthotropic Permeability Modifications

Inj. PP FDZ Perm. Inj. Zone Perm.
0.45-0.48 0.5*k | =Kk| kH:kV =0.1
psi/ft by zone 1* k k| =0.05 kH:kV =1

0.66 psi/ft 10* k}:k|=0.05 kH:kV=0.1or1
100* kp:k|| =0.05  (far/close faults)

k11 k22 k33 Void Ratio
1 7.25E-12 1.45E-11 145E-11 0.010101
2 7.5E-1 1.5E-10 1.5E-10 0.0204082
3 2.95E-10 5.88E-10 5.89E-10 0.0309273
4 1.75E-10 1.53E-09 1.55E-09 0.0416667
5 1.65E-09 3.29E-09 3.29E-09 0.0526316
& 3.05E-09 68.0SE-09 6.09E-09 0.0638298

(*hydraulic conductivity and void ratio)
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Pore
Pressure
(MPa)

35

otropic Sub-Layers

20 (D)

Isotropic Sub-Layers

kV:kH = 1.0 FDZ: 100" k;:ky = 0.05

()

V,, Vector I

t=12 years
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Results: Fault Flow Restriction/Bypass & PP Profile

m/s

FLVEL, Magnitude
(Avg: 75%)

+9.671e-07
+1.000e-08
+9.000e-09

+8.000e-09
+7.000e-09
+6.000e-09
+5.000e-09
+4.000e-09
+3.000e-09
+2.000e-09
+1.000e-09
+0.000e+00

~0.03-0.3 m/yr

Pore
Pressure
(MPa)
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t =12 years

Pressure Gradient (psi/ft)
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Questions that can be answered with seismic scale conceptual models:

* Faults can channelize and redirect flow and facilitate out-of-
zone pressure migration in areas where fault parallel flow
exceeds injection zone flow.

* Flow restricting fault zones and stratigraphic flow barriers
act to restrict lateral flow and amplify pressure buildup
adjacent to faults:

e could play a role in the generation of earthquakes
* may contribute to containment issues in areas where
pressure capacity is exceeded.

Several more mechanistic questions
Flow at 1-10km scale require higher resolution models. ..
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1. Background Information
2. Shallow Injection, Characterization and Modeling
3. New Analog Field Models
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How does structural
fabric affect flow and
pressure migration?

DMG DBN/NM Shallow Seismic Faults

Horne (2022)

terop of Delaware
Mountain Group

New Mexico

[ ;| (predominantly normal)

\l exas

shallow faults
*\ in the basin

outcropping faults’

)Wy Yy
vy

Bell Canyon Shear Fractures and Faults in Outcrop

Hennings (2023) / |

QO

DBS Shallow Seismic Faults

BuREAU OF -
kst CISR!
GEOLOGY \

Photos: S. Busetti
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Well Cemented Fracture Beds

« FBO1,FB02, FBO3

* In 3+ ledge-forming resistant units only

* Grey, fine sandstone, moderate to well
cemented, fine laminations to w/o
depositional structure, unweathered parts el B L DL A
very brittle and strong (hammer ringers) RN R A T e I R

L 1-"‘4_': o

Systematic fracture spacing AT R G R

i g el
i i

b %%

FB03 — Topmost, orange iron
staining from overlying thick

planar laminated beds

: forming pavement around

outcrop extent
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Bell Canyon Outcrop — 3D Reservoir Model (Preliminary)

Drone Image Overlain on USGS 1m DEM
Mechanical Stratigraphy Simulation Model N

¥

- Stratigraphic measured section ,p
- Thin sections for each main layer |
- 3D drone photogrammetry N et s

« Bedding contacts

* Fracture stratigraphy
» Fracture orientations
* High resolution DEM

j' '--E‘_._-.: - =
.. | | .~ Private | (Permissions Granted)
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Bell Canyon Outcrop — 3D R

3D Digital Outcrop Model

Thickness in meters

n

L4

n

£7558 Bureau OF
== EcoNnomic

R i <
gaﬁg(.lrialxnx.v

eservoir Model (Preliminary)

3D Geomodel

Rock sample

AV1g
AVAT7 (FBO3)

AV16

AV15

AV14

AV13
Avi2
AV11 (FBO2)
AV10

AV0g
Avo8

Avor

AV06
AV05 (FBO1)
AV04
Avo3

AV02

Avo1

REE

EE

JARBRNCNRRCRRCRR

400m x 400m x 50m
1m lateral grid resolution
25 layers/zones
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Fracture Trace Orientation

Aerial Photo Interpreted Fracture Traces on 3D Model
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Bell Canyon Outcrop — 3D Fracture Model (Preliminary)

Surface Trace Outcrop Model 3D Conditioned DFN Model

Is
- W=
- IFas ..-"'- - l l ll¢l l- im gy

i x_r_r "1': 1.] !\.u| \" |.‘ ﬂg"
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Hypothetical Fault Zone Enhancement

« Condition 3D outcrop model matrix to thin ~ (Of maybe flow barriers?)
section porosity and subsurface poro-
perm relations

» Synthesize previous outcrop work
(Hennings and others) and macro-faults

« Single vs dual porosity behaviors

* Injectivity and diffusivity conditioning

« Evaluate grid upscaling effects

« Explore mechanistic conditions for
anisotropic or fracture-assisted fault
activation, pressure compartmentalization,
and out-of-zone flow

| Hennings Faults
O CISRY 39



CISR's Ongoing Basement to Surface Research

Water production and injection trends

Earthquake rates and association with deep and shallow injection

Fault characterization across the Permian Basin

Updated basement horizon mapping

DMG and top seal (Castile and Salado Fm. evaporites) characterization

Shallow pore pressure increase and impact to legacy wells
Injection capacity (pore pressure change)
Available pore space (fill capacity)
Updates to simulation models (facies, stratigraphy, fractures, faults, etc.)

7. InSAR monitoring on injection uplift and production subsidence

o0k w0bdh -~
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