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Driving Forces For Understanding Mic

A

A

Historically attention focused on gabalesbut economic
led to focus on liquidsich plays.

Microstructureof shalewill control both storage and transpo
hydrocarbons

¢ Pore sizes/shapes/number

¢ Pore habits

¢@ Pore connectivity

Thermal maturity tied to hydrocarbon generation and should have a
iInfluence on the structure of the organic matter.

Want to know what arehe key factorsthat control the microstructure and
will this allow us to start to makperedictions about storage and transpart
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OrganicShales

Microstructure of

ATP synthase

—— The Nanoworld

: Carbon nanotube
ol ... ~2 nm diameter

Quantum corral of 48 iron atoms on copper surface
positioned one at a time with an STM tip  Office of Basic Energy Scien
Corral diameter 14 nm Office of Science, U.S. DOE Verdi&23

~21/2 nm diameter

Atoms of silicon
spacing ~tenths of nm




Scanning Electron Microscopy

Tip
A Not a direct imagindgechnique (more akin [E———g—"—" ' High Voltage

to a scanning probe method). _

Focused beam of electronsssanned over 1% CondenserLens |
sample.

Sgnalis generated and detected at each
point along thescan. Objective/ Final
Magnification determined by raster area Sl
size.

Sample must be conductive & under high
vacuum.

Electron-Boam

o To o o

Detector

Schematic of an SEM.

Modified from http://www.microstructure.ethz.ch/?node_ID=22¢



Electron Beam Signals

Incident e Beam

Cathodoluminescence Backscattered Electrons

Secondary Electrons
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Sample Preparation BIB © oy o @ Heavyions
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A Want surface with minimal artifacts. SoAT
A Broken surfaces very useful for 3D info but
can have ambiguities. © sputered
puttere
A Mechanical polishing leaves many artifactssssssss J ¢ Maera
on sample surface. Sesesss -
A lon milling is typically the best method. §§§§§§§
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Shale Microstructure
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Backscattered electron (BSE) image of an FIB milled
shale surface.



Organic Matter, Thermal Maturity, & Microstru

A Different types okerogen(Type 1IV) are
prone to produce different hydrocarbons
with increasing thermal maturity.

A Thermal maturity determined using
several methods.
I Vitrinite Reflectance (%R0)
I PyrolysisTmax Transformation Ratio)

A All of the thermal maturity indices have
Intrinsic shortcomings.

A Need a robust index of thermal maturity
across althermogenicwindows.

A Also dealing with presence of bitumen
and not justkerogenin shales

A Influence ofclay and metatatalysts,
sulfur, & water in hydrocarbon generation
and microstructure transformation.
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Modified from Dow, W.GJournal of Geochemical Exploratid®77.



of Porosity Observed

mode det WD HFW mag ¢

Organic Porosity PhyllosilicatePorosity

A Shalesan show a dominance of one pore system or a combination of both.
A Differences in wettability of the pore systems duehimst materials.

A Difference in pore morphology suggests different reactions to stress.
10




Importance of Organic Porosity

HV

ADF STEM image of organ
matter in shale

mode  det WD HFW mag

3Dreconstruction of Organic network:
shale microstructure 93.6% is a single
connected network

STEM imaging of organic matter shows it to have a nebulous structure.
Organic networks show high degree of connectivity in 3D FIB/SEM tomography.

Together these raise the possibility of connected pathway for flow through the
organic matter.

Eventually must connect up to a fracture.

In systems with both organic porosity and inorganic matrix porosity, need to
determine whether flow is predominantly in series or parallel.

o Do I Io I
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Curtis et al. SPE1443912011



3D Pore Size Distributions

Pore Size Distribution Pore Volume Contribution
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=
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Large pores dominate the volume but the small pores may limit the radius of
Curtis, M.E. et alAAPG Bullefir2012. connected pathways!




Other Types of Porosity
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Microstructure in Wet& Dry Gas Windows
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Microstructure in the Oil Window

ot R S

mode de W ag s  HFW

Woodford Shale BakkenShale

Note the complete lack of porosity in the organic matter. Some cracks can be seen
on the edge of the organic matter between it the inorganic grains.

Possible that pores destroyed due to further compaction.

Curtis et al. SPE16454®013 15
Curtis, M.E. et allnternational Journal of Coal Geolo@p12.



COTganict S Thermal Maturlty In Woodford

16

Curtis, M.E. et allnternational Journal of Coal Geolo@p12.
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Curtis, M.E. et allnternational Journal of Coal Geolo@p12.



%R0 vs Organic Porosity and % Organic Matter

A % organic matter and % organic porosity estimated by setting thresholds on

grayscales of images.
A No trend was observed in % organic porosity with changing %Ro.
A This has been previously observed in the Marcellus shale (Curtis et al., 2011).

A % organic matter observed to decrease with increasing %Ro.
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Curtis, M.E. et allnternational Journal of Coal Geolo@p12.



In Shale

Porosity In

Primary

the organic matter not caused by thermal maturation.
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Curtis, M.E. et allJRTeC2013.




Incomplete Porosity Formation

sl

HV mode det WD HFW mag® ——07Hr—1pum—

Woodford shale at 1.4 %Ro showing non-uniform
porosity formation in the organic matter. This suggests
that something in addition to thermal maturity (e.g. type
of organic matter) is controlling organic pore formation.

Curtis, M.E. et allnternational Journal of Coal Geolo@p12.



Shales in the Oil Window

A Oil window samples show a general lack of porosity in the organi

A Fits idea that secondary organic matter nanoporosity is a result of
generation(Bernard et al.2012;Louckset al.,2009; Schiebe010.

A Lack of porosity presents a problem for storage and transport in the sha
known to produce oil.
I In the case oBakken oil is stored in middle porous dolomite layer.
I Need to focus attention on porosity in inorganic matrix which could have
significant storage.
I Possibility that there are thinly stacked layers of source & storaghares
below the log scale.
I Question still remains how does oil get to these layers.
I Are there pores below the resolution of the microscope and how significant is
this population?
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Avalon Shale Microstru

2 Wells ~ 1 mile apart

*Samples courtesy the Mewbourne Oil Company



Sample Properties

Well/Depth (ft) TOC Mineralogy |
(wt %)

% Quartz %Carbonate % Clay % Other
A 8764 9.57 35 4 44 17

A 9180 5.62 38 13 43 6

A 9300 3.08 48 1 44 7

B 8890 5.92 60

11 18

B 9210 5.28 38 7 43

B 9330 5.41 40 13 38

Two wells labeled A and B
3 samples from each well

Samples mostly quartz and clays with good organic content.

Curtis et al. SPE16454@013



Pyrolysis Results

No. of Ave.Tmax

Samples (°C)

BWell A
aWell B

435+3 0.67 0.21

439+4  0.75 0.26

TYPEII

Pyrolysis indicates that the kerogen is type Il

Indicates thermal maturity of well B is slightly

greater than A, but unfortunately the error bars

overlap. May explore FTIR to better determine
the thermal maturity of each well.
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Curtis et al. SPE16454®013



Well A: Tmax =435 N3 AC

A Organic microstructure in well A dominated by fractures contained wholly wi
organic regions.

A This is a marked difference from the previous oil window samples.

A These fractures are possibly due to hydraulic fracturing during oil generation b
excess volume created by the oil (Curtis et al.; Dahl et al., 2012).

Curtis et al. SPE16454®013



