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(Hibbard and Linde, 2011)
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1. Calcite dissolution is aninportant and ubiquitous process involved
In many reservair applications 00, starage, karst hydrdlogy, and
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(Hibbard and Linde, 2011)
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N Spectral induced polarization (SP) response N
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The spectral induced polarization (=0
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Electric conduction
In porous media

The flows through the poresfilled Hectrical double layer (ED)

with water and dissolved ions.
o
Opulk = ?M:_ The formation
factor

The surface of the grainsis
and also contributes to the electric conduction of
the porous medium

Grains
R]'e water O-mineral"'lo_10 Sm™
o, € [107310°] Sm™

0 = Opyix + Os




The complex electrical conductivity
and surface polarization mechanisms

When a sinusoidal current isinjected, ionsinthe
confined pare space exhibit limited notion, creating
charge accumulation, also called palarization Licuid phase
Selective zone

Polanization mechanisims
* Theelectrical double layer (HL)
~ Trangtory reorganization of the charges at
the mineral suface (10~2 — 10%Hz)

il

« Menrbrane polarization
= lonic exdlusion in pore throats Gas phase Q. =
(1073 — 10™2Hz) as
«  Maxwell-Wagner polarization Mneral Mineral 2

= |nterfaces create discontinuties
(> 103Hz)



Interpretation of ¢'* spectrum

10’
10? } Maxwell-Wagner
polarization
The freq S d . local mexdirma cor 10" Polarization of the Stern layer 3
to speaific relaxation times that can be related to -
. . . . b
charactenstic polarization length scales 10| 1
* Grainsizedistribution "
*  Pore size distribution 10"} ) 4z ’ w
«  Surface roughness . T"T 8D
1000 10" 10° 100 10! 10° 10*
Frequency (Hz)
: I The superposition of polarization lengths 7o  Charaderigtictime
j complexifies the interpretation. d, Characterigtic length

~  Need for direct visualization at the microscale D¢+ Diffusion coefficient of the cations in the Stem layer



A way to conduct SIP at the

microscale with direct visualization?

=~ Mcrofludic experiments

POMS
ﬁbass substrate

Camera
-/
= Cbjectives
T ,/7:[’\ Mcromodel
Trandation stage

L\

<— Mcroscope

The transparency of the mcromodel meterials allows
for direct dbservation with high-resolution imaging



A way to conduct SIP at the .
microscale with direct visualization?
=~ Mcrofludic experiments
, A
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ranslation stage

«  PDMS channel (Lxixh = 4000x1500x150 prm)

* (asssubdtrate I N +— Mcroscope
+ 4 gold electrades per channel G Fig Py &

400 rmithickness ij

The head (900 ) is in contact with the electrolyte N\

Square electric contacts next tothe PDMS cap \~/ S Pinstrurent




Experimental protocol for the
experiment of calcite dissolution

CaCO5 + 2H* & Ca?* + H,0 + CO,

Calcite sanple

me

Top

-

~

» Sanmle carved calcite thin section of 150umthickness

* Initial solution S,:
Deionized water saturated with calcite

* Acd solutiont H1 at 0,05 %, 4, concentration
e Constant flowrate 21 pLmin’
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Monitoring the dissolution of calcite
with high-resolution microscopy

Channel’'s walls

Calcite

Aninitial
saturating
solution
saturated
with calcaite

CaCOz + 2H* & Ca?* + Hy0 + €0y 4

* Image sequence captured every 30 s.
* Mdeo speed of 10 frames per second
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Dissolution in saturated conditions

Surface roughness vanishes

Nucleation of small bubbles

Growth of the bubbles

Merging of the bubbles with their neighbors
Small bubbles feed large bubbles

Lhiform spacing between the bubbles

Hg bubbles are size changing

Calcite sanple has drastically reduced in size
Brutal detachment of the bubbles

. End of dissolution
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Monitoring the dissolution of calcite with SIP

0" (w) =0 (w)+ic"(w)

*  Spectra are recorded
every 7mn

e 50Hzand 100 Hz data are
renmoved due to power grid
coupling.

e Time vanations seemrelated
to calcite dissolution and
bubbles gronth

* Poanzationisdistributed
around peaks at
13Hzand 250 Hz
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Qualitative interpretation from direct visualization
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Modeling warkflow for quantitative snulation

pdating parameters

(Geochemical parameters}b CeedErtesl 8 Minimize b

3 . . :
(Hydrological parameters )-b simulation PetrothS|caI -> the Oggm::
Image t modeling residuals
oo -PCPetrophysmaI parameters)—> \_ )

o'(t) and
Bubbles area o' (t) Flow direction
= Water saturation ——
1 N ' ' — BR2
08 [ Wates satusation :' ] . BR1
06l \\ Porosity : | ‘
|

. ——— Water conductivity

] 1
Y — R R R e //
o 1 2z 3 4 5 fia BR1 | Calcite | BR3 |
Time, t (h) K :
BR2 . T
: Dissolved @~ Compensating
- volume —  volume

(Rembert et al., 2024) 15



(Rembert et al., 2024)

Modeling warkflow for quantitative snulation

pdating parameters

(Geochemical parameters}b Geochemical 8 Minimize h

3 . 0 :
( Hydrological parameters )-b simulation PetrothS|caI -> the ﬂggm:
Image t modeling residuals
srzmvadioe -b(PetrophysmaI parameters)—> \_ )

Bulk o'(t) and
7
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We quantify the microscopic couplings in terms of parameters of interest obtained from this mechanistic appr
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MLH.G‘]S am Wtiva S - , ' (\{Vang et al., in prep)

Conclusions

*  Poneer study that miniaturizes 9P on microfludic chips

* Drect visualization helps the SPinterpretation,

»  Strong palarization is measured during calcite dissolution,

 The developed workflow enables quantifying petrophysical
and geophysical paraneters

Perspectives
=~ Enhance the nodel toward a fully mechanistic approach
based on CHQ

:::::3:: - Flow direction
[[[[[

- Coplexify the geonretry towards a etrix of electrodes for P, —1 G
2D acquisition to nrinric the geolagical porous matrix, P, \'o eooo0
~ Beplore SPfor other coupled processes; including diphasic t e eee
flow, calloidal transport, and bidogical activity. ceocooe0
® 0606 00O
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| | Additional slides

Testing the feasibility of the measurement at this scale

Saturating the micromodel with brine at two different concentrations
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There are lownon-zero quadrature
conductivities towards high
frequencies for high salinity.
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| | Additional slides

Monitoring the dissolution rate

002%, Hl at

— 08} 1.25mLh!
el This study
3 .~ The bubbles slow down
= the reaction of dissolution
Noaf
g 005°AW(\N!-D at
S A 21 pLmin N

— Soulaine et al. (2017) “

— Anather experiment without IP

0 i | i i \ i

0 2000 4000 6000 8000 10000 12000
Time, t (s)

Entire inmage
sequence

Contour detection with inmage processing
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ILLI| Additional slides
A way to conduct SIP at the

microscale with direct visualization?

=~ Mcrofludic experiments

Au/Qr electrodes manufacturing Uy L Wilight
N W W =
1 2 3
PDMS channel manufacturing Vb Wiight

POMS microfluidic channel

Hud
Hectrode's romd\ drculation
head in the channel ; - T—
Hectrode's contact —"*\q/\P‘/ P2/7
ALY,
(ass substrate
\ BEEE 5. mEnE ¢ gaasm

BN BN BN BN SR

Resin Au POMS L

Resin deposit
Glass " Noy mm Silicon wafer 2 Insolation
3. Development

4 Ordepost 7. POMSnolding
5 Audepost 8 Demoldingand piercing
6 Lift-off 9. 0, plasa bonding
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ILLI| Additional slides
Key equations of the workflow

I/ volume of the window

Porosity; ¢ = V=Vcaco, Veaco,: calate vaume

%4

 V—Veo,~Veacos 1, pore water volume

Water content: 6 = I:‘/” =

v Veo,: 00, volure
Water saturation S, = 5 _w e
6~ VVeaco, h: height of the channel
Specific surface area S, = " Peacos Pcaco,: calcite perimeter
Vcacoz P

p (= 2M0 kg n3): calcite density



| | Additional slides

Key equations of the workflow

Geochemical nodeling PireeqC nodel
« Batchreactos
BRI: pre-reaction
BR2: non-reactive
BR3: post-reaction
* 10 stime step for partial replacement (55% of initial Pv).
* The volume of BR2 was estimated to retrieve the
porosity.
 BR3 volume s adapted to conpensate calcite
dissolution

BR2

ti+1

BR2

Flow direction
—————

—
-
v
/’
£
[

.\ Calcite

BR1 I}

Dissolved Compensating

volume —  volume



| | Additional slides

Key equations of the workflow

Petrophysical modeling

Minegar and Waxman (1984) model for partially saturated
conditions

o =¢"Sy, (O'W + iQ”)

w

0" = $™SETIAQ,

Qy = *27 pCEC

1
p = > ()/H+,B£I+ + )/Ca+,8ga2+)

m: cementation exponent (m = 1)

n: saturation exponent (n = 2)
£ (més!V): nobility of counterions contributing to
conduction (hydrogen and calcium)

A = B/6 (m?s?VH): nohility of counterions contributing to
polarization (n¢s'W)

Q,, (Cn13): charge compensating the surface charge of the
solid phase per unit of pare volume

p (= 2M0 kg n3): calcite density
CEC (mEq g™): cationic exchange capacity
v activity coefficient dbtained fromPhreeqC nmodel



ILLI| Additional slides
Key equations of the workflow

Petrophysical nnodeling result Q, (Cnmd): surface charge density of calcite

Vinegar and Waxman (1984) nodel for partially saturated

conditions:

CEC == _QOSS

Theproportionality means ;

that Q, remains stable. Ty 2 o
3 108 S
o 104 &
2 o5

0 1 2 3 4 6
Time, ¢ (h)
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