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Motivation 1 — Geologic CO, Storage .

 emema N Will initially dry CO,
PowErtiant L dehydrate caprock and
exacerbate leakage
pathways?

Recent studies investigate
intercalation of CO, and H,O
in clay and shrink-swell
behavior under hydrostatic
stress (e.qg., Loring et al.,
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How does lithostatic stress

affect shrink-swell of clay?
2
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Motivation 2 — Shale Pores
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Characterization of multiscale porosity alone is difficullt.
Including coupled processes is even harder...

Example of large-area porosity characterization for context

Multi-beam SEM (mSEM) -

3.1 mmx0.9 mm .

(Heath, Dewers, Milliken, Mozley, Yoon, in prep)

~3 X1 mm area
4 nm resolution, 3 keV
Data collection time:
~16 min.
26,657 images

« Single image:
12.5x10.9 um




Shale Pores

MSEM: 2D imaging; pores
visible but organics not-so-

Backscatter SEM
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(Heath, Dewers, Milliken, Mozley,Yoon, in prep)



Oedometric SANS ) &

Key advances:

« Data collection over 1 to 1000 nm (or to
10s of microns if used with USANS)

« Accommodates pore fluids at high Total
pressure and temperature stress

* Non-hydrostatic stress state applied to o) depth

sample l
\ 4

Land surface
A

Difficulties and opportunities:
 We are developing oedometer v4.0... T T

« Sample preparation for in situ fluids,
pressure, and temperature at beam

facilities (LANSCE; NIST with USANS); Effective Pore
thin sample stress  pressure

» Data interpretation — you don’t “see” G Pr
pores 5
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SWy-2 i Sandia

Oedometer v1.0

MAWP: 27.6 Mpa

Made of Ti

Designed for geomechanics
Drawback: 1-inch sample chamber
Multiple scattering

. Sample
€O, Saturation Vessel chariber
R {Optional) PRV2
l U

v o
Heating / :::'

Jackets

Jackets

IsoparH PRV3
‘Reservoi r

€V = Check Valve

EF = Excess Flow valve

RFO = Restrictive Flow Orifice
Pl = Pressure Indicator

PRV = Pressure Relief Valve
Tl = Temperature Indicator

U = union cross

WV =Valve

CO, Cylinder

w/ scale HIP Pressure

Generator

High Pressure Piping System




Oedometer v2.0

hydraulic over burden
fluid inlet {1/8 NPT}

hydraulic cylinder

« MAWP: 6.89 MPa

* Al window; steel

« Designed for SANS
neutron optics

« Drawback: “penny-
shaped” crack in
metal...

o-ring seal grooves hydravlic piston

CO2 isolation cylinder

LQD OEDOMETER ASSEMBLY

CO2 inlet (1/8 NPT}
4,000psi max

CO2 isolation seal {(o-ring grooves)

clay sample compression ram

neutron

Gl clay sample chamber

/—>coz exit port (1/8' NPT)

~_grade 8 1/4" bolts

ASSEMBLED
CONFIGURATION




Oedometer v3.0

[ injection fuid inlet

Mean Stress (MPa)

0.003 0.002 0.001 0 0.001 0.002 0.003

Volume Strain
A - Elastic Regime
B - Initiation of yielding
C - Near dilational “turn-around”
D - Approaching sample failure

Oedometric-SANS performed on
Mancos Shale

o New oedeometer design with sapphire windows acting as pistons for
uniaxial loading

MAWP: 60 MPa axial and pore pressure

Stress parallel to beam

Used successfully on SANS and USANS instruments (at NIST)

Fluid injection for contrast measurements 3
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Example from Oedometer v2.0 )

What is the change in pore structure of
montmorillonite (SWy-2) as a function of non-
hydrostatic stress conditions and dissolved
water in CO,? Approach:

= Measure compaction or swelling with
oedometer, coupled to SANS

= Take the same clay sample through a
stress path with different pore fluids
(dry and wet CO,) and measure pore
structure with SANS

H,0?
2 /Initially

7_>
dry supercritical
CO, in pores

CO,?
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CO, density and H,O solubility .

900 — —0.01 3
% \ — CO, density — 0.008 E
< — - - i o
= 600 . H,O mass fraction —0.006 B
2 ‘ 0,004 £
$ 300 — haa”
S \ L~ —0.002 2
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Timeline of oedometer stress path )

1000
— —+{ ¢ Pressure on packing ram ? N
D 800 — Pore pressure ﬁ S .
(7] 4 T :
£ 500 A : i
600 i
(] :
| . 7 .
7 400 -
()] 4 e . -
S 200 E =
o | . : | ~
.‘ i s .L"- N —
0 -t | — | | |
16:00 8:00 16:00 8:00 16:00 8:00 16:00
9/17/13 0:00 9/18/13 0:00 10/12/13 0:00
Placement in LOD . .
Press. packing ram: ~ 40 psig Time Line Placement in LOD, wet CO,
Pore pressure: 0 psig Press. pack. ram: ~ 828 psig Placement in LOD, wet CO,
Pore fluid port open (drained) Placement in LOD, dry CO Pore pressure: ~ 836 psig Press. pack. ram: ~ 129 psig
a v Pore fluid port closed Pore pressure: ~ 3 psig
Placement in LQD - Press. pack. ram: ~ 4.1 psig Pore fluid port closed
i ' . Placement in LOD, dry CO, Pore pressure: ~ 0 psig P
Press. pac mg ram. ~ > psig Press. packing ram: ~ 915 psig Pore fluid port closed
Pore pressure: 0 psig Pore pressure: ~ 930 psig

Pore fluid port open to atm Pore fluid port closed

(drained)
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1000 =
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Unified and Fractal Fitting

1000 Avg. pore
—~ 100 Bl Stage size (nm) n
= 1st comp. 37.9 3.64 2.36
o 10 2nd comp. 37.5 3.66 2.34
> 1 HP, dry CO, 34.4 2.83 3.17
‘» LP, dry CO, 37.6 3.60 240
o 01 . HP,wetCO, 395 3.14 2.86
£ 001 £ LP,wetCO,  34.6 3.71 229
T« |ncrease in fractal dimension
0.001 under load
0.001 0.01 01'1 « Recoverable changes in fractal
Q (Angstrom™) dimension relate to elastic
Power-law relationship: compression
* Irreversible changes in D relate
1(Q) = in +B to plastic and/or creep strains
¢ * Intercalation not obvious

Fitting used Irena Tool Suite: llavsky and Jemian, P.R., 2009 15
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Dry CO, at 930 psig Dry CO, at 0 psig
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100 1000 10000 9 1 1 y "
168, 2 468 2 43838 ] 1080 2 ass 0, 480 °
] Size Distribution o — L 6 =
10 1 Intensity -25x10° @ 100 8x10" 2
> ——  Sizes Fit Intensity | < > <
'@ 1 ¢ Original Intensity 20 =2 7 10 -6 =
qs:) ®  Normalized Residuall 15 o 5 1 a
€ 0.1 7} = L4 =
5 10 7 o =4
0.01 c L) g
i -5 = w 0.01 S
0.001 . 5 o
3 2 0 &L S000%6- 0 >
o -2 - ) 2 E G
o 456 2 3 456 2 3 ~ ) -5 : S
0.01 . o1 7
QA ]
Wet CO, at 836 psig Wet CO, after bleed to 129 psig
Pore diameter [A] Pore diameter [A]
100 1000 10000 5 100 1000 10000 3
4,68, 2 468, 2 468, 3 ., 468, 2 468, 2 468, 3
10 - = s 2 [ s 2
~10x10° @ > 10 -2.0x10° ®
3 1 4 8 é ‘@ é
-g) B . 6 1 _15 -
01 - 6 a £ &
£ =l Z 5 o1 1.0 Q
= 0.01 T — 4 o 0.01 o
0.001 2 =S 05 =
40 0.001 - ’ S T3 0.001 o
3 -0 > o AT -0.0 >
o 2 E P o 04 L P
@ -2 O 8 -4 s O
e 456 2 3 456 2 3 ~ ~




Pore Size Distributions

m< 3 —l— Wet CO, high pressure
gZOX1 0 7 Wet CO, low pressure B
™ —&— Dry CO, high pressure
g 15 Dry CO, low pressure _
- —@— Air with packing ram at ~ 40 psig
C o : :
o 10- Air with packing ram at ~ 5 psig i
5
0
| -
@ 5- -
©
()
g 0 _~ .':"é_
6 [ [l
> Pore size diameter [A]

* Release of pore pressure for dry CO, seems reversible (falls back near initial
compaction curve — elastic strain)

» To release to lower pressure of wet CO, shows a major change to broader pore
sizes (irreversible strain)
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PSD obtained with: Irena Tool Suite: llavsky and Jemian, P.R., 2009
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Transmission and multiple scattering &
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