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Benefit to the Program

 Program goals addressed:

O

O

O

Improve resource optimization (unconventional stimulation)
Improve water quality and environmental impact
Address fundamental subsurface science knowledge gaps

« Benefits to project: fundamental scientific research

O

Baseline improvements to knowledge base: (i) Identify shale-fluid
processes, (ii) quantify rates of reactions, (iii) Characterize physical
damage to shale

This research provides the knowledge base critical to understanding
chemical and physical evolution of reservoir shale, assessing risk to
reservoirs. Process knowledge obtained provides a framework and
criteria to evaluate improved fracture fluid compositions and
stimulation best practices.
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Project overview

Project goals: improve knowledge base - critical
Processes

* (1) Identify shale-fluid processes

* () Quantify rates of reactions

* (i) Characterize physical/chemical damage to shale

Success criteria:
« On-time completion of specific tasks in PMP

 ldentification of primary fluid-shale processes
 ldentification of damage mechanisms to shale, kerogen

« Development of quantitative reactive transport model

* Presentation of results at national/international meetings

« Publication of 3 peer-reviewed manuscripts in major journals



Project overview

HYDRAULIC FRACTURING

Fluids react strongly

with shale
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Fracture fluid compositions
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Processes: initial acid injection
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Processes: initial acid injection
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Processes: initial acid injection

Oxidative pyrite
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Prediction: acid neutralization
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Positive and negative impacts on transport
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Positive and negative impacts on transport

Can we predict (and mitigate) mineral
precipitation and formation damage?

What are rates of reactions?; What reactions
occur on relevant timescale?

Where does precipitation occur? (fracture
apertures?, surfaces?, matrix?)

Transport: how quickly does fluid penetrate matrix/
dissolved solids escape?




Positive and negative impacts on transport
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Objectives:

ldentify processes, damage to shale
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Develop geochemical model that can
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Approach:
Carbonate poor Vvs. carbonate rich
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Approach: Imaging — spectroscopy — modeling

ol AR

S [ B o\

Oxidized
coating —_
Spectroscopy
f A
Experiments FeOOH
N Ve
Modeling ii ,
25 pm ety 1N
5 // N

Barnett Shale 00 100 200 300 400 500 J6Q0

Time (h)



Synchrotron: unique, time-resolved imaging
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Evolution of fracture
surface damage

Types of damage?
Rates (How fast)?
Implications for flow?



Porosity evolution: dictated by mineralogy

Carbonate-poor Barnett
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A. Harrison et al. (2016) in submission to Appl. Geochem.



Rapid reactions controlled by calcite
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Physical damage: Secondary porosity
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* Physical protection of carbonate is important



Physical damage: Secondary porosity
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Physical damage: Secondary porosity

Carbonate-rich Green River

Rates: fast (few hours)
Damage zone thickness: approaches mm
Secondary porosity: potential for capillary barrier

Affects mechanical properties of fractures

Green River shale reacted for 5 h
at 80°C, imaged at 1 h intervals

A. Kiss et al. (2016) in preparation with synchrotron radiation



Iron oxidation / precipitation

Under what conditions does iron
oxidation occur?

Rates?

Where are precipitates localized?
What phases occur?



Pyrite dissolution
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Iron dissolution,

Organics:

Fracture fluid- iron interactions
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Organics in fracture fluid accelerate iron oxidation
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Iron oxides precipitate in shale matrix

Reacted Eagle Ford Shale
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Iron oxides precipitate in shale matrix

Reacted Eagle Ford Shale
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PH (carbonate) controls precipitate distribution
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Carbonate controls pH... and Fe oxidation rates
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PH (carbonate) controls precipitate distribution
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Pulling this together



Chemical model: Iron oxidation and precipitation
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Chemical model: Iron oxidation and precipitation
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Accomplishments to date

Advanced knowledge baseline in following areas:
v ldentified key processes / regimes

v" Quantified reaction rates

v Characterized physical/chemical damage

v Quantitative geochemical model

v Concept model for iron behavior

v Concept for kerogen behavior

v' Constraints on U behavior

v Presented results at national/international meetings

v 3 Manuscripts in submission/preparation



Summary and conclusions

Conclusions

* Dissolution rapidly damages fracture surfaces (hours)

* Mineral precipitation causes matrix damage (days)

* Primary control: pH (carbonate): Rates, extent

* Important secondary controls on rates: Mineral texture, organics



Summary and conclusions

Conclusions

* Dissolution rapidly damages fracture surfaces (hours)

* Mineral precipitation causes matrix damage (days)

* Primary control: pH (carbonate): Rates, extent

* Important secondary controls on rates: Mineral texture, organics

Lessons Learned

* Rapid formation damage follows fracture fluid everywhere

* Large variations in pH are bad for formations prone to iron scale
* Organic iron control additives should be carefully evaluated

e Shale matrix is important location for mineral precipitation



Looking forward:
New model for
damage zone (‘skin’)



Shale alteration occurs everywhere fluid is imbibed
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Damage zone (‘skin’)

QUESTIONS:
« What is the impact of damage zone on production?
« How to minimize?

OBJECTIVES:
* Image/model geochemistry and flow in damage zone
 Assess reservoir-scale impact on gas/fluid flow



Synergy Opportunities

COLLABORATIONS:

* Fracture-scale geochemistry

Field context experiments (MSEEL )

Reservoir-scale simulations

Alternative fracture fluid compositions

Properties of sub-100 nm pores

NETL
NETL
LANL
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Organization Chart, Expertise, and Roles

SLAC director
Chi-Chang Kao
|
SSRL director

Kelly Gaffney
|

SSRL Science Director,
Co-lead, Chemistry and
Catalysis Group
Britt Hedman

Senior Scientist, Research
Manager
John Bargar, Geochemistry,
Synchrotron-based
spectroscopy, imaging

SLAC scientific staff
Postdoctorals(2)

Co-Principle Investigators:

Stanford University
Gordon Brown, Geochemistry

Tony Kovscek, Reservoir engineering,
Fluid flow

Kate Maher, Geochemistry, Reactive
transport

Mark Zoback, Geomechanics

SLAC
Yijin Liu, CT imaging
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Gantt Chart — reproduced from Quarter 7 report (9-30-2016)
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Project overview

Fluidy
with 9

Can we predict (and mitigate) mineral
precipitation and formation damage?

What are rates of reactions?; What reactions
occur on relevant timescale?

Where will reactions occur? (fracture apertures?,
surfaces?, matrix?)

Transport: how quickly does fluid penetrate
matrix/ dissolved solids escape?

What are the relevant thermodynamic parameters?
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Project overview

Objectives:

ldentify processes, damage to shale
Quantify rates

Develop geochemical model that can
Inform reservoir simulators




Summary: reaction progress dictated by pH
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