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Applications of Reactive-Transport Models

Characterize
Movement of reactive chemicals through sediments and rocks
Interaction among the chemicals, and with the resident material

Carbon Capture and Storage
Nuclear Waste Disposal Site Management
Contaminant Fate and Transport in Groundwater

Mine Tailing Assessment

Uranium Roll-Front Deposits

Reactive Permeability Barriers
Cellular/Biological Models
Petroleum Reservoir Characterization

And so on ...
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Water-Rock Interaction: Conservation Equation

Conservation equation, solute species

M
acu.

7 2 Lt
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y =1
solute diffusive advective Kinetic
evolution mass-transfer reactions

Evolution of solute concentrations depend on:

mass-transfer (diffusive and advective)
kinetic reaction rate law

¢ porosity ¢ solute concentration K equilibrium constant
D diffusion coefficient e chemical elemental mass Ea activation energy

u water flow velocity G mineral reaction rate R gas constant

v reaction stoichiometry k reaction rate constant T temperature

A mineral surface area
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Water-Rock Interaction: Conservation Equation

dc, ; -\ X
0) =¢DVC_—¢V-(C u)— v. p0,AG
af_ ol L L8 4 oy Y ¥ Y
v =1
solute diffusive  advective Kinetic
evolution mass-transfer reactions
Diffusive Solute movement through water, from
Mass-transfer higher to lower concentration region

(Fick's law)

= : Depends on temperature and solute
dt 0 dx (ionic size, charge)

Tortuosity = ratio of diffusion length of

connected pore space to the shortest
distance; always > 1
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Water-Rock Interaction: Conservation Equation

ac, ; -\
¢ =0D Ve, —¢Ve{c,ii)- v, p,AG
af g ] o g 0y By Y
v =1
solute diffusive advective Kinetic
evolution mass-transfer reactions
Advective Solute movement with water

Mass-transfer
Requires water/fluid saturations and flow

velocities to be resolved separately

Phenomenology used to resolve fluid flow
(Saturated/unsaturated porous media,
multi-phase fluid flow, etc.) does not affect
the characteristics of the conservation
equation, BUT could affect reaction
mechanism (rate law)
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Water-Rock Interaction: Conservation Equation

ac, ; -\
¢ =0D Ve, —¢Ve{c,ii)- v, p,AG
af g ] o g 0y By Y
v =1
solute diffusive advective Kinetic
evolution mass-transfer reactions
Kinetic Reactions Transformation between

solids and solutes

i JUilexEd Assume symmetric and
G, =k . ]_—[ A T 1—[ i reversible: use only
Ku:L K? ool ) dissolution rate constant
V oy <) Y ety >

Reaction rate of a mineral
k =k exp(—Ea/RT) depends on water
s T2 composition, available
reactive surface areas of
minerals, and temperature
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_ Water-Rock Interaction: Geologic Material

porosity
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Water-Rock Interaction: Geologic Material

stress-supporting minerals
pore-filling minerals

rain-gain
cn%tant graa

. \ frae face
surface area

|
,_*

\

gas/water/oil filled pore organic material
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Sediments and rocks as porous composite media

Made up of a number of mineral types, each with variable shape,
size, and population distribution. Each mineral has unique material
properties.

GROSS GENERALIZATION, BUT A NECESSARY PROCESS
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Reactive-Transport Model: Review of Parameters

Rock mechanics or rheology
stress distribution, viscosity, moduli

Heat transfer (temperature)
enthalpy: heat capacity, conductivity

Fluid pressure (fluid flow)
pressure/saturation: temperature, saturations, relative perms

Reactions (kinetic and/or equilibrium)
reaction rate laws and/or reactions: temperature, fluid composition,

solute/solvent properties

Composite media and material properties
composition, density, textural descriptions,

porosity, permeability, tortuosity,
etc.

INTERDEPENDENCE OF ALL OF ABOVE PROCESSES:
POTENTIAL FOR DYNAMIC NONLINEAR FEEDBACK
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Reactive-Transport and Mechanical (RTM) Simulator

Slart Simulation

Retrieve input data

Retrieve chemical/physical database

Setup the simulation problem:
assimilate input data with database

Initialize various program modules

Initialization Stage

Simulator Core

Approximate new timestep

Update boundary conditions:
P. T, composition of injectant

primary iteration group

Rock Mechanics Module

porosity [ pore

fluid pressure

Heat/Multiphase Flow Module

)fluid flow pattemn

decrease timestep,; re-start the iteration

Water-Rock Interaction Module

)mmpnsitiun
change rate

Texture Dynamics Module

porosity /

pemeability

Convergence Check

Output

End of Simulation?
¥

End Simulation

()
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Layered iterative forward-
timestepping approach

Construct and implement
each process as a module

Capture nonlinear
behavior of the system by
reserving the feedback
among the processes

Sequence of computation
Is important

Time step determined by
the fastest changing
parameter




Water-Rock Interaction: Conservation Equation

Conservation equation, solute species

aC”_ 2 — o o
o= =90D,Vc, —¢V(c,ii)- Y v, p,AG
at o o ot oy 1y Y Y
¥y =1
solute diffusive advective Kinetic
evolution mass-transfer reactions

Conservation equation, theoretically accurate formulation

ac i Ne M
a llal 2 —*
¢—==¢D,V’c, —oVe(c,ii) - YV F 5 ¥V, pAG,
ar n=1 y =1
solute diffusive  advective reactions Kinetic
evolution mass-transfer among solutes reactions

Difficult to implement in a simulator:
timestep is controlled by the fastest solute reaction rate
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Water-Rock Interaction: Conservation Equation

Conservation equation, solute species

ac Ne M
gl il 2 i
i £ 200 - ¢Ve(c,ii)= Y v, F - Yv,.p,AGC,
n=1 pire
solute diffusive  advective reactions Kinetic
evolution mass-transfer among solutes reactions
unpublished

combined with equation, removed

* for record

Conservation equation, chemical elements

unpublished equation, removed for record

eleme_nt diffusive advective kine_tic
evolution mass-transfer reactions
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Water-Rock Interaction: System of Equation

Example: Calcite dissolution in water

Caleite,, =Call, +COL, O aton reaction
HO,=H +OH_ hydrolysis

Co,, o =H, O, +H/CO, 3

HCO,,, - H;, +HCO,,, foaulibdun) acions

HCO, =H" +CO_°

diaqgi fag) MHag

Couu = 0( [H,CO, ]+ [HCO; |+ [COI™ ]+ fCO" ) - pAG,

mass-balance expression (example, for Carbon)

C&:;:’ CGH{ ) OI_ ICﬂ;[;qn’ Cﬂlmr’ Htiaqr*
unknown variables {snlute species)
Ca,C, H, O

chemical aléments associated with the reactions

alcine

(ng)?

H,0

solute mass- element mass-
conservation conservation
unknown variables
" H 'B
(solute species)
equilibrium 4 4
reactions
(solute bicarbonate speciation reactions,
speciation) and the hydrolysis reaction
mass- ;
conservation  variable,2-6 4
equations minimum required: one for each
Ca and a bicarbonate | chemical
additional options: element
other bicarbonates,
H,and O
mass-balance  yariable, 1. 4 0
expressions
ml:l:nimum required:
additional options:
0, H, Ca

A typical geochemical system consists of:
10+ minerals, 20+ solute species, of 10+ chemical elements
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Water-Rock Interaction: Numerical Approach
P, T, o, are solved globally in their respective modules.

For water-rock interaction, Ne number of equations are solved
for each numerical grid individually.

This is achieved by iterating between discretization of mass-
transfer coefficients, and solving discretized form of elemental
conservation equations and equilibrium reaction expressions

ex., discretized form finite difference (1D)
of elemental conservation equation,

unpublished equation, removed for record

mass-transfer coefficient matrices A and B are derived from
fluid flow velocities and solute concentrations
from the previous numerical iteration

unpublished equation, removed for record
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Reactive-Transport and Mechanical (RTM) Simulator

Start Simulation Initialization Stage Detailed flow chart, primary iteration group

Retrieve input data from the main program
Retrieve chemical/physical database
Setup the simulation problem: Rock Mechanics Module
assimilate input data with database solve stress distribution and
- numerical cell deformation.
Initialize various program modules produce porosity change rate.
Simulator Core Heat/Multiphase Flow Module
= Approximate new timestep solve heat transfer and flow
o velocities of all phases
= Update boundary conditions: '
2 P, T, composition of injectant
= Water-Rock Interaction Module
Discritize:
:'i—}_ primary iteration group advective and diffusive mass-transfer use water
(=l
G flow velocilies
ﬁ mock Vechancs Modue g :u'ater rock interaction Solved inthe
fluid pressure E -
E . Solve water-rock interaction occurring :'n?;’d’ﬁlgg’-"
o Heat/Multiphase Flow Module In each numerical cell separately
o )nuid flow pattemn (solute concentrations, reaction rates)
ok
.4 Water-Rock Interaction Module composition “
= change rate Texture Dynamics Module
Texture Dynamics Module porosity / Update mineral texture evolution
permeability Ei;raun size, mode, surface area, etc.) usti.ﬁ rea?ﬂnln o
Convergence Check _ ;?nm tct'z?.::a?er-
Update sediment property rock interaction
(porosity, permeability, etc. ) madule
N Output . Converged?
End of Simulation? ‘ Y
. d back to the main program
End Simulation (a) (b)
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Reactive-Transport and Mechanical (RTM) Simulator

| Detailed flow chart, primary iteration group

N

S

‘ from the main program

l Rock Mechanics Module

solve stress distnbution and
numerical cell deformation.
produce porosity change rate.

‘ Heat/Multiphase Flow Module

solve heal ransfer and flow
velocities of all phases.

/

Water-Rock Interaction Module

Discritize:
advective and diffusive mass-transfer

'

Water-rock interaction:

Solve water-rock interaction eccurring
in each numerical cell separately
(solute concentralions, reaction rates)

}.

Texture Dynamics Module

Update mineral texture evolulion
(grain size, mode, surface area, elc.)

Y

Update sediment property
(porosily, permeability, etc.)

i

Converged?

b

back to the main program

use walter
flow velocities
solved in the
hydrology
module

use reaction
rates calculated
from the water-
rock interaction
module
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Porosity and permeability:
two most important feedback
controlling parameters

Order of computation follows
the order of magnitude of
effects on sediment porosity
and permeability

Sediment properties,
including densities, porosity,
permeability, heat capacity,
conductivity, etc., depend on
composite media model and
extent of alteration imposed
by water-rock interaction




Pattern Formation and Self-Organization

Regular or periodic array of mineralization

Result of nonlinear geochemical and/or mechanical

feedback between various natural processes
(reactions, fluid flow, mechanical stress/strain, etc)

Patterns do not follow inherent or imposed templates,
e.g., autonomously self-generated

(sedimentary features, episodic fluid flow / deformation, etc.)

Examples discussed today: Iron-oxide (hematite)

Liesegang Bands (1D), Concretions or Nodules (2D/3D)
Jurassic Navajo sandstone, Utah, and Mars sediments
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Snow Canyon, Near St. George, Utah
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Iron-Oxide Precipitates in Sandstones: Simulation

Table 2. Chemical and physical properties, patterned hematite precipitation simulation.

mineral reaction stoichometry logK'| Ea? Kg 3 volume | grain radii
Hematite | Fe,0,  +2H,0, =2Fe +050, +40H | -8.59 | 66.2 |2.5x107® 0 0
Quartz 510,,,+2H,0,, =80, non-reactive 65% 0.04 cm

log K: log1o of equilibrium constant; Ea: activation energy, Kjoules; kd: dissolution rate constant, mol/cm?-sec;
volume: starting volume fraction of mineral, clean quartzose sandstone; grain radii: starting mineral grain radii, cm;
'from EQ3/6 database, Wolery et al. (1990); 22 from Palandri and Kharaka (2004)

Formation Water in Solute
Water Fracture Diffusivity 4 fracture ’_l
diffusive and guartzose sandstone
+ ki d -5 -5 ¥ I—[ o ;
H 2.1x10 1.0x10 4.1x10 advective I oxygen-rich aquifer water
} j i infiltration of -
O2z(g) 1.0x10°8 5.0x10°14 5.5x106

Numerical resolution: 500 finite difference grids; Temperature fixed, 64 °C; Water flux 0, 10, 50, 100 cm/year

4from Boudreau (1996), cm-cm/sec

Liesegang Diffusion-Reaction Mechanism:

Nucleation thresh-hold: Necessary chemical reaction criteria
Degree of heterogeneity: Along the axis of diffusion (1D)

Natural sediments and rocks: 3D heterogeneity, produce spotty precipitates

L
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Solutes converging from opposite directions produce patterned precipitate bands




Reaction-Diffusion (Liesegang) Process

Fe' Ozg)
source D source
i 1 meter i
Simulation Parameters Solute Diffusivity Concentrations
(cm-cm/sec) (moles/L)
Temperature 64 degrees C H 1.4x107
Hematite reaction OH  9.0x10° H* 1.0x10°
rate coefficient 1.8x10"" cm/sec Fe™*  1.2x10° Fe'™™  4.0x10
Equilibrium constant 1.9x10°% Oxg  5.4x10° Oz  5.0x10™
Nucleation threshold 1.5
System length 1.0m Numerical grid resolution 1 grid / cm

Variations in Simulation Conditions:

1. No advective influx of water: Liesegang-type reaction system.
2. Imposed influx of Fe-charged water at a rate of 2.6 cm/yr.
3. Imposed influx of Fe-charged water at a rate of 2.6 cm/yr;

pH of water reduced: [H'] concentration of inlet at 2.0x10°®.
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Reaction-Diffusion (Liesegang) Process

1.9

4.0x10°"

—

[Fe™ ]
saturation

waer

DD 0.0 0 0.2 0.4 0.6
distance (meter)

Sienna Geodynamics & Consulting, Inc.

DIE

6.0x10-™

SmidedTive
(BODRys

[ Oz29) ]

{ °F




Reaction-Diffusion (Liesegang) Process

1.9

4.0x10°"

—

[Fe™ ]
saturation

waer

DD 0.0 ;I 0.2 0.4 0.6
distance (meter)
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Reaction-Diffusion (Liesegang) Process

1.9 v

4.0x10°"

—

[Fe™ ]
saturation

waer

DD 0.0 ;I 0.2 0.4 0.6
distance (meter)
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Reaction-Diffusion (Liesegang) Process

1.5 V 6.0x10"4
Smldad Tne
4.0x10°15 217185
T
all
s i
2| S 5
T -'EE PR
Fecherged Q-dherged
weer ’ \ ‘ wee
DD DD 0 0.2 0.4 0.6 0.B 1 DD

distance (meter)
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Reaction-Diffusion (Liesegang) Process

i W 6.0x10"

Shmldad Tne
4.0x10°1° 22[135
]
il
il = s
2| S S
ety *EE (—
Fe-cherged Q-dagd
waer ’ \ ‘ wae
DD D'D 0 0.2 0.4 0.6 0.8 1 Du

distance (meter)
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Reaction-Diffusion (Liesegang) Process

i W 6.0x10"

Smilded Tne
4.0x10°15 22185
T
i
il = s
2| S 5
T -'EE PR
Fecherged Q-dherged
waer ’ \ ‘ weer
DD DD 0 0.2 0.4 0.6 0.8 1 DD

distance (meter)
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Reaction-Diffusion (Liesegang) Process

1.9 W

4.0x10°"

—

[Fe™ ]
saturation

waer

DD 0.0 ;I 0.2 0.4 0.6
distance (meter)
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Reaction-Diffusion (Liesegang) Process

1.9 W

4.0x10°"

—

[Fe™ ]
saturation

waer

DD 0.0 ;I 0.2 0.4 0.6
distance (meter)
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Reaction-Diffusion (Liesegang) Process

i W 6.0x10"

SmidedTive
795

4.0x10°"

—

[ Oz29) ]

[Fe™ ]
saturation

= (g

0.0' 0.0

0 0.2 0.4 0.6 0.8 1
distance (meter)
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Reaction-Diffusion (Liesegang) Process

1.5 W

6.0x10"
4.0x10°"

1.0

=
b = =
+ L=y
2| S S
—| ®

ol
0.0 ﬂ.ﬂn II.'II:i D:d l.'ll:lli l'.'Il! 1 0.0

distance (meter)

Diffusive infiltration only:

limited infiltration into country rock
results in formation of Liesegang Bands
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Reaction-Diffusion (Liesegang) Process

-t
Fe D
source

1 meter

Simulation Parameters

Temperature
Hematite reaction
rate coefficient
Equilibrium constant
Nucleation threshold

System length

\Gigticn Inposec
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64 degrees C

1.8x10™" cm/sec
1.9x10°%°
1.5

1.0m

Solute Diffusivity
(cm-cm/sec)
H*  1.4x10°
OH  9.0x10°
Fe'*  1.2x10°
Oxy  5.4x10°

adedion(26 aviy) f Fedr

wda

Oz(g)
source

Concentrations
(moles/L)

H* 1.0x10°®
Fe™ 4.0x10"
Oxg  5.0x10"

Numerical grid resolution 1 grid / cm




Reaction-Diffusion (Liesegang) Process

1.9

4.0x10°"

i
-

[Fe™ ]
saturation

VoV

S

rednerged > water flow

SmidedTive
156D

q o

\Gigticn Inposec
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Reaction-Diffusion (Liesegang) Process

1.9

4.0x10°"

i
-

[Fe™ ]
saturation

waer

vV V

S

rednerged > water flow

SmidedTive
160Das

q o

0.0" 0.0
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Reaction-Diffusion (Liesegang) Process

1.9

4.0x10°"

i
-

[Fe™ ]
saturation

waer

s it i AN ¢

S

rednerged > water flow

SmidedTive
169D

q o

0.0" 0.0

\Gigticn Inposec
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Reaction-Diffusion (Liesegang) Process

1.9

4.0x10°"

i
-

[Fe™ ]
saturation

waer

VvV V VY

\

S

rednerged > water flow

SmidedTive
18108

q o

0.0" 0.0

\Gigticn Inposec
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Reaction-Diffusion (Liesegang) Process

1.9

4.0x10°"

i
-

[Fe™ ]
saturation

waer

VvV V VY

S

rednerged > water flow

SmidedTive
D15

q o

0.0" 0.0

\Gigticn Inposec
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Reaction-Diffusion (Liesegang) Process

VvV V VY

S

SmidedTive
D65

q o

]
0.2 0.4

1
0.6 0.8 1

distance (meter)

15
4.0x10°1°
10 1
SE
—| S
3 b
i | 'S
o |
Fecherged
kol ) water flow
0.0 00
\aidian Inposec
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Reaction-Diffusion (Liesegang) Process

RAiRl. {1 6 . il Ak ¢

S

SmidedTive
D65

q o

]
0.2 0.4

1
0.6 0.8 1

distance (meter)

4.0x10°1°
10 1
SE
—| S
A -
i | 'S
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Fecherged
kol ) water flow
0.0 00
\aidian Inposec
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Reaction-Diffusion (Liesegang) Process

RAiRl. {1 6 . il Ak ¢

S

SmidedTive
H1Dis

q o

]
0.2 0.4

1
0.6 0.8 1

distance (meter)

4.0x10°1°
10 1
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—| S
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kol ) water flow
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Reaction-Diffusion (Liesegang) Process

RAiRl. {1 6 . il Ak ¢

S

SmidedTive
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Reaction-Diffusion (Liesegang) Process

RAiRl. {1 6 . il Ak ¢

S

SmidedTive
B1Dis
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]
0.2 0.4

1
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4.0x10°1°
10 1
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Reaction-Diffusion (Liesegang) Process
L A A

4.0x10°

—
=

[Fe™ ]
saturation

water flow

0.0" 0.0

0 0.2 ﬂ:d D:E 0.8 1
distance {meter)

Diffusive infiltration assisted with
advective influx:

Distributed nodule precipitation
Pattern depends on solute supply rate
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Horseshoe Canyon and Colorado River, Page, Arizona
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1.5 {a) 0 emiyr, 1.82 yrs

(b) 10 cmiyr, 2 yrs

(e) 50 emlyr, 0.05 yrs

(d) 100 emlyr, 0.02 yrs

0 61 02 03 04 05 06 07 08 09 1
Distance (meters)

Greater abundance of oxygen results
in greater complexity of the pattern

Given time, nucleates form
throughout the sediment

e e — e ———rrr— e — T —— = == = = = e DS = e S e ———— = —
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Iron-Oxide “Liesegang” Bands in Sandstones

Red ivrnre, Cumberland Falls, Natural Brdge and Cumberland Gap aréé. i
The source of the iron is the carbonate mineral siderite. But when siderite weathers, it
oxidizes forming the yellow-brown mineral limonite as well as hematite and goethite.

Kentucky Geological Survey, http://www.uky.edu/KGS/rocksmn/liesegang.htm

Liesegang Banding is used to describe the morphological similarity
between iron-oxide reaction front bands and the patterns observed in
lab experiments. Lab experiments impose only 1D variability.
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Reaction-Diffusion Process: 2D Heterogeneity

DUTPUT SET: feox_w 4 8.3
porosi ity time = 8,374241 yr 8,05 —
a2
B.15

v b
e l\*{%" ‘M H‘ .r,‘," *\f !;‘ I
i th i
ol VhRAL "I"r( ﬂufl "‘}‘rlm it mﬁ'*'\“
aﬂa: b 5_:_ ;_ i) N

2D: flow-reaction feedback, between naturally occurring sedimentological
heterogeneity (variation in grain size and porosity) and imposed fluid flow
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Reaction-Diffusion Process: 2D Heterogeneity

t
OUTPUT SET: feon_vd i
saturation of henatite-o2g tine = 8.8525963 yr ‘1 —
8.3

I \ '{\
]
1.6 J,lu
1.4 -._r ;
1.2 - Y “ ‘ A A
! I . i e
: *""*”'J"‘g:_i:ﬁ_::ﬂfj’ Ay iy gririet
1f \‘ i ‘4‘11,1¢¢ﬁ¢$ﬁﬁififfgiffif‘iﬁ:::::fiff:‘fﬁi?"
| [ R s A p g SR el o 7 0
| \I \ ﬁ‘-“ﬁ""’#ﬁ:'ﬂ"fFff.r"""’*—*ffltt""'""""‘"‘*"""5*""'
e e e i bt o T T e
L\ R\ e )
Hq-E B K "'"-:5"" :
B.4 o

B8.38

z {(n)

¥ {n) 1.1%

2D: flow-reaction feedback, between naturally occurring sedimentological
heterogeneity (variation in grain size and porosity) and imposed fluid flow
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Reaction-Diffusion Process: 2D Heterogeneity
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2D: flow-reaction feedback, between naturally occurring sedimentological
heterogeneity (variation in grain size and porosity) and imposed fluid flow
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Reaction-Diffusion Process: 2D Heterogeneity

contours
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2D: flow-reaction feedback, between naturally occurring sedimentological
heterogeneity (variation in grain size and porosity) and imposed fluid flow
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Reaction-Diffusion Process: 2D Heterogeneity
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heterogeneity (variation in grain size and porosity) and imposed fluid flow
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Reaction-Diffusion Process: 2D Heterogeneity
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2D: flow-reaction feedback, between naturally occurring sedimentological
heterogeneity (variation in grain size and porosity) and imposed fluid flow

Sienna Geodynamics & Consulting, Inc.




Reaction-Diffusion Process: 2D Heterogeneity

t
OUTPUT SET: feon_vd i
saturation of henatite-o2g tine = 8.380838 yr 8,5 ——

] iy
ba 7 ,ﬁ%ﬁﬁﬁﬁﬁ;
AL
A
ﬂfi&hﬁﬁ“* "'* \i
1.6 A Tl ‘ ‘\
1.4 ‘ ' )
1.2
1
8,8
8.6

B8.38

z {(n)

¥ {n) 1.1%

2D: flow-reaction feedback, between naturally occurring sedimentological
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Reaction-Diffusion Process: 2D Heterogeneity
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2D: flow-reaction feedback, between naturally occurring sedimentological
heterogeneity (variation in grain size and porosity) and imposed fluid flow
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Reaction-Diffusion Process: 2D Heterogeneity
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2D: flow-reaction feedback, between naturally occurring sedimentological
heterogeneity (variation in grain size and porosity) and imposed fluid flow
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Reaction-Diffusion Process: 2D Heterogeneity
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2D: flow-reaction feedback, between naturally occurring sedimentological
heterogeneity (variation in grain size and porosity) and imposed fluid flow
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Reaction-Diffusion Process: 2D Heterogeneity

t
OUTPUT SET: feon_vd Y
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2D: flow-reaction feedback, between naturally occurring sedimentological
heterogeneity (variation in grain size and porosity) and imposed fluid flow
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Comparison, Terrestrial and Marsian Spherules

Mars

Terrestrial iron oxide concretions (A-C) with comparable images from Mars (D-F).
Terrestrial concretions shown are ~1-2 cm diameter. Mars concretions <0.5 cm diameter.
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_Dolomitization: 2D Pattern-Forming Process

Geologic time-scale process

Takes millions of years to
replace deposited carbonate
mineral with dolomite

: *e»= Influx of hypersaline water as
“‘"‘. .,H.L ,_ *ﬁ the chemical driving force

- frnm HV|D lIfJ-'l.'Z:II'IE-I:I'I"ﬂI.JI'I"I report, PI"Df Dﬂ‘uﬂd El.ldﬂ Univ, of Golorado Euuldar
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volune Fraction of calcite-np.B25-ti tine = B yr H.&E e

:Do_lqm_i_t_izatio

Initial calcite distribution pattern:

based on extensive and thorough field
sampling study

shows statistical normal calcite
abundance variation of 60% +/- 15%

dolomite CaMg(CO:s): replaces calcite
(CaCO:s) when hypersaline water with
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a.7
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water flow rate of 1 m/yr approximated

= EmF #

advection-reaction coupling produces a
pattern of dolomite abundance that
does not correlate with initial calcite
abundance
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~ Carbon Capture and Storage (CCS) Simulator

Gralagical Sherags Optians ler T ™M EET
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leakage through
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sediments permeability paths
concern: alteration of (fracture network,
the confining strata interlayered high-
integrity perm sediments)
injection well j
overlying strata v ‘ 1 1

p— | g | —
e | | —
fp— | —
/ \ target sequestration strata
injection of transition: super-critical to liquid form?
super-critical CO: reaction-front instability: fingering, flow self-focusing
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Preliminary CCS Simulation, 1D

: target reservoir
infl swee diffusion
thian: fron front
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water COz-rich resident
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Objective

characterize interaction
between CO2-rich water
and resident formation
water and sediment

Finding

varying diffusivities of
solutes result in formation
of multiple fronts

diffusion front of H and
bicarbonates preced the
sweep front

extent of mineral alteration
is minor, but suggest
significant leakage of
solutes through diffusion




Preliminary CCS Simulation, 1D

—Quarlz —K-feldspar Plagioclase = Albite

+ sandstone ! +1.0 yr

ill (2 meters)

E 5 25

= resident
=D formation water
85 2
=y —
£8 5
-y £ il
o = - —
££ | Mdiffusion £
E.E fm“b"“ﬁ--, ¥ % Sandstone
é’ o 4 ; T , | Shale
5.5 resident confining

£ | formation water layer, shale
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— solutes from

target reservoir ,
* _ _ ¥ 5 | Reservoir - i .
COz-rich water top of -8 -5 -4 -3 -2 -1 0 1 2 3
target reservoir Saturation (Log1o; ppctn > 0)

Total diffusive leakage of solutes through confining sediments may be significant

Important consequence of the alteration of the sediment property:
mineral dissolution/precipitation may make the sediment more brittle or ductile

Result in formation of secondary reaction zones surrounding the target reservoir
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Applications of Reactive-Transport Models

Characterize
Movement of reactive chemicals through sediments and rocks
Interaction among the chemicals, and with the resident material

Carbon Capture and Storage
Nuclear Waste Disposal Site Management
Contaminant Fate and Transport in Groundwater

Mine Tailing Assessment

Uranium Roll-Front Deposits

Reactive Permeability Barriers
Cellular/Biological Models
Petroleum Reservoir Characterization

And so on ...
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