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Ingredient 1: solute transport

+ Advection: v =q/¢ (q proportional to K)
» Dispersion: Proportional to: a g

- Reactions

* Mass Conservation

¢Z—; =V(DVec)—-qVec+f-r

Dispersion Water peactions

Porosity

coeff. flux

Written compactly 4 (C) =—-qQ-Vc+V- (DVC)




Ingredient 2: Chemical reactions:

Stoichiometric

VIVU Wil T

COF = Heo; - H'
€O, = HCO; + H* — H,0

H' Hcoy | cor
11 1
s pu—
1 1 0
1 1| 0

Ca® =CaCo,, + H" — HCO;

0
-1

Assume a chemical system

Let r;be the number of moles
of reactants that evolve into
products for the i-th reaction

o)
0

Stoichiometric Matrix (rows: reactions; columns: species)

CO, ca* |cacO,, H,O)|The columns of S
0 O ||can be viewed as
0 _1 | | the contribution
1 o | |of reactions to

0

-1

R=Sr

Primary <Secondary -

mc. each species

Reaction rate: Mass balance
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3r‘d

Reactive transport

- Reactions
/"1 5'032_ = HCO.

r2 €O, = HEO(+ H )~ HO
r3 ca = caco,(+ H)- Heo;

» Transport of all species

Let r, be the number of moles
of reactants that evolve into
products for the i-th reaction

oH'" .\
¢ ot = L(H

y 0CO;"

- Recall

=L(COF)-r,

¢ OHCG; LIHCO )+ r+n—n
86'0 2+
2= UCO) 1, ¢M‘; _ [(ca*)-n
H: Hco; | cor co, ca* |caco,, H,0
1 0 O 0 0
0O -1 o0 0 -1
O o0 -1 1 0

Primary

<Secondar'y -

Constant Ac.




Formulation of Reactive transport problems

ocC

— =ML(c) + S.r. + S/n(c) n.transport equations

ot

S, logc, =logK )

n =r(c)

Looks awf

~ n,.algebraic equations

ull (n.+ n, unknowns at every point)

Seek tricks and/or simplifications
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So.. objectives of this presentation

- Is reactive transport needed?
- Can be understood?
- Can be solved efficiently?

.. and the answer is YES

- Do we really know how to do it?
.. hot quite.. but getting there
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Why worry reactive transport?
Ex: Karst development in coastal areas

)

—| Land surface

Water table¥

Salinity (CE) >

Water 1

Sample

Water 2

Solubility

Aparently, the sample is ater 2
undersaturated. Yet, waters 1 and
2 are in equilibrium.

Sample
ater 1

. . >
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Calcite dissolution in coastal aqf.

A
. . C
Mixture of two calcite | g ity

saturated waters may

ater 2

be under or
oversaturated with Mixture
respect to calcite ater 1

-
Salinity

To simulate this effect, consider 1D diffusion
experiment

saltwater

freshwater

(Rezaei et al, 2005)




SI &r

0.05 — s .
a) Simple mixing o
0.00 Mixing leads to
. -0.05 (no 'I'r'qnsPor"l') 1 maximum
Saturation It | undersaturation for
Index (SI) -o1s| | 20% fresh.wa‘rer'.
and max. dissolution
el 1 for 50% mixing
-0.25
: 05— - .
Reaction b) Dissolution rate , ,
© 0.0 Dissolution rate
Rate S /@n‘rr‘olled by diffusion) proportional fo
= 05 - .
2 Diff coeff. and
ﬂg 1.0 1 maximum at the
S i | fresh water end
g 0.2 0.4 0.6 0.8 1
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Speciation

745 ) . . . . 8.0 b) . . . .
Hea EEH I ISR R R E R IR AL ) Nonreactive mixing | |
s —Carbonate medium il i
7.35 2 6.0
2 . .
L 730! = 50 Dissolution
o | =
7.25 4.0
£ causes
7.20 ~_ 3.0 R L . .
___________ © -----Nonreactive mixing
R T sy . © 20 : — Carbonate medium| | dlfoS|on Of
710 ! ! ! I 10 ! Al I ! COZ (GClleY)
-1.90 . ————— 10.0 . . . . at the
C) ----- Nonreactive mixing 9.0
-1.95 L — Carbonate medium _ - fr‘es hwaTer‘
~ : 8.0
® 2 1
S 200 < 70 end, which
8 g dri
0205 2 60 rives
8 0" 50
210 KBt e RS E SRR s a0 Nonreactive mixing fUF‘Ther'
: 4.0 — Carbonate medium d I 1_
-2.15 ' ' ' ' 3.0 ' ' ' lSSO ution
0 0.2 04 0.6 0.8 1 0.2 04 0.6 0.8
Saline water fraction Saline water fraction
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Sensitivity to CO,

0.05
000 {2 Reducing concentration of
005 CO, at the freshwater end,
5 010 causes an increase in
Hiliiitad i subsaturation. Therefore,
-0.20 |3 - .
PR e i el )i one .would gxpec‘r an increase
o ——heshwatogPco2= 3[1 - jn dissolution rate
0.5
c)
S 0.0 E
ikl However, dissolution rate
S —eeconea) IS dramatically reduced
v ----- freshwat logPCO2= -3
-2.0 1 ! | I
0 0.2 0.4 0.6 0.8

Saline water fraction




First conclusion

The interplay between transport and
reactions is non-trivial.

Saturation index calculations are needed
but they fail to indicate

1) how much calcite is dissolved, which is
controlled by mixing rate,

2) nor where (or under which conditions)
dissolution rate is maximum.

Simulating reactive transport is needed to
understand the fate of reacting solutes!

3rd Kaplan Workshop, 2010, Israel
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Still, isn't it too difficult?

* Yes, if using brute force

depending on the type of chemical system

- If all reactions in equilibrium (Desimoni et al,
2005)

- If also kinetic reactions (Molins et al, 2007)
- Tn nononnl annH'lnll et n| 1QQR\

d=il 39l

 However, a number of "tricks" are possible,

3rd Kaplan Workshop, 2010, Israel
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The basic trick: components

% =ML(c)+ Slr, + S/r.(c)

Choose component matrix U, such that

US, =0 = US;r, =0 \ Components: u=Uc

Then \ Linear combinations
' of species that

U e _ UML(c)+USin(c) | remain unaltered by
or equilibrium reactions

n.-n,.transport equations.
(A good choice of U allows these equations to be decoupled!)
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Example

Chemical system co} =+Hco; - H-
€O, = HCO; + H* - H,0
ca*t = caCo,, + H" — HCO;

+ Stoichiometric Matrix (H* Hco; | cof co, ca* |
S.=(S;; -I st 1t i1 0 0
(517 -1) ==l 1 10 -1 o0

1 -1 10 0 -1,

Components matrix o, ’
H* Hco;  coi” cO, ca*

_ . + 3 3 2 |
se—(I ‘ sl ) U=| 1 0 -1 1 1
|

0 1 1 1 -1

Components o
uy=H" -CO" +c@ +ca* (acidity)

u, = HCO; + COZF + €O, - ca* (Total Inorganic Carbon)

3rd K




Rol

e of components

oH" |

P =LH")-n+n+n

¢a/_gi03 =L(HCO;Y+r+n—n,
0CO;" _

¢ 57"3 :L(CO; )—/I

0CO.

9% - (o) r

oca® .

p— =) -n

U =H —COF +CO, + Ca?
u, = HCO; + CO? +CO, — Ca*

H' Heo; | coF co, ca®!
11 1!
1 1 -1

Components are linear
combinations of species such
that equilibrium r's cancel
out, so that 5y

—L = L(U1)

or




Procedure

1. Define chemical system and components

2. Solve transport equations for components
(and/or primary species)

3. Speciation: Compute species
concentrations from components (and/or

ANitmAarms enosrise )
IJl IAR1®Y Y DPCLICDJ

4. Substitute species back into transport
equations to obtain reaction rates

3rd Kaplan Workshop, 2010, Israel
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Analytical solution for 2 species

Assume 2 species (e.g. SO, *“and Ca®") in eq. with gypsum

_Step 1: Chemical system

Reaction cz* +507 0 caso,, = ca® |[SO7 |=K
Stoichiometric matrix S, =(-1 -1 1)

Components: U=(1 -1)=u=|ca* |-| SO} | is conservativel

Step 2: Solve transport of u

7 .
ransport equations M L(C)=—r ()
where L(c)=-q-Vc+V-(DVc) of
W) Le)=r @
. o(gu) or
()-(2) yields:  — .~ =4(v)
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Analytical solution for 2 species

_Step 3: Speciation

We obtain

Chemistry

Solve U:C;_CH::} C—U+\/U -l
Together with &G =K \/ 4K
6'2 :—U-|- L; + IC'Z(U)
_Step 4: Compute r
Plugging &, into 5(_;552)_ L(G)=-r L(c)=—q-Vc+V-(DVc)

20



Solution of binary system for pulse input

u,/vK=-15 u,/JK=-375

— y=z=0
U(x,f') = UO 4+ “S,. 1.50 0 ae - 19.0
O 1s{ T L 16.0
2 —
18 u 1 (X_Vf) yZ +22 v 100 L 13.0
1/2 - EXP| — T S
(272') p(a’ 2 ZfDL 2 7"&. g 0.75 - L 10.0
g 0.50 - L 7.0
— g 0.25 - - 4.0
N —_ g6 =K 5 0.00 T T T 1.0
64 i 4 2 0 2 4
V) R 2.E-02
m-3 1 !:‘vla i 8!"1 (b)
ol \ o
— AN (]
O ) ~r~n'|~><’rur'e £ o
: v ~ " o
. water, ‘=
0 ———— S
0 1 2 3 4 5 8
¢ (eg., Ca®) e S

2
distance, (x-v#) /21
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Spatial distribution of reaction rate

0.6 0.25
0.15
<. T \_ 826'2
@ 0.1
S
- 0 +—<—r 0.246
-_g -1.5 3.9 8.9
Q 005 Distance from peak of v
O /s u - 0.05

O L] 1 1 1 1 0
-1.5 0.5 2.5 4.5 6.5 8.5

Distance from the peak of v

Spatial distribution of
reaction rate is more
controlled by mixing,
than chemistry
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Spatial distribution of total precipitate

0 2.0
j/‘df’ U _ o0
Pt K
Fo= 15 -
JK

0.5

0
0 0.50

Vx/ D,

80 - 115

60

40

- 20

2.0
Y _ o
JK
Wi/ D+

0.50
Vx/ D,

0.08

0.06

0.04

0.02
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2nd Conclusion

In the case of aqueous and dissolution-
precipitation reactions in equilibrium:

1. Reactive Transport is indeed easy!

2. Only need to solve for independent
components. In the calcite example:?2
components are needed (+salinity)...
Actually, one will suffice by working with
mixing ratios... (Desimoni et al., 2007)

3. Mixing drives fast reactions

3rd Kaplan Workshop, 2010, Israel
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But do we know how to simulate mixing?

» Traditionally, mixing is simulated by
means of dispersion.

3rd Kaplan Workshop, 2010, Israel
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Dispersion

— Traditionally defined from integrated breakthrough
curves, measures spreading

Mixing controls reactions

-

3rd Kaplan Workshop, 2010, Israel
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Spreading and Mixing

— Spreading = extension = it's observed in tracer tests

Mixing = dilution =» controls reactions

They are equated in conventional ADE




Effect on data

0,%)

—_— ¢, =K

:3_' éample

L

0 1 2 3 5

¢, (e.g., Ca®*)

Sampling always
causes mixing
(sometimes huge)

A

Sampling well

28



Alternatives to ADE: MRMT, memory
functions, CTRW, FDE, .. (non-local)

View medium as consisting = Adc¢
of two parts: mobile (f) ¢fé,—; =V-(D:-V&)-g-Ve @
and immobile (im)

F.... Exchange between P
f and im, given by =9 ot

g: memory function, concept imported from leaky aquifer

modelling (Herrera): can be viewed as

- Flux in response to unit change at boundary

- Residence time distribution in immobile region
Berkowitz, Dentz, Haggerty, Benson, LeBorgne...

34 Kaplan work @Nd @ long etc, including yours truly



Physical and Numerical representation

./ (0] (9] \.
7 \
nodes (=cells) elements

This can be represented in two
ways:

1) Having an appropriate mesh
with nodes representing i

2) Eliminating i as an explicit
unknown (expressing c; as a

> function of ¢)

Mobile region transport (Diff)

> Mobile region transport (ADE)

} Mobile region transport (Diff)

3rd Kaplan Workshop, 2010, Israel
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Non local formulations work for
conservative transport

=
2
o S414 (EOSINE)
S COMPUTED
o o o o MEASURED
c 1
° &=
. x
: S P ) ]
E—‘« B o
Z $ oo =
m =
O p ° -
z S d
© g %
© q . % g
q Q@
d % = § i
q =0 - -
= s o E o]
g o
=
\ g =
— = ;*
0 200.  400. 600. 80(
TIME =

ooa o MEASURED

5414 (EOSINE}
COMPUTED

0

200 W

Gl RiEF O TDOD O FED

TIME (HOURS)

It explains not only tailing
in BTC's,

but also time dependence
of apparent porosity, etc
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Testing the approach on simulated
heteroaeneous medium: two steps

av TwWw W EeSsw

Conservative transport characterization

1) Generate heterogeneous medium

2) Simulate conservative transport

3) Compute BTC's

4) Find memory function (Willmann et al, 2008)

_Reactive transport simulation

1) Simulate reactive transport of binary system
with an equilibrium dissolution precipitation
reaction on the heterogeneous medium

2) Simulate reactive transport using above memory
function and proposed approach

3) Compare (Willmann et al, 2010)

3rd Kaplan Workshop, 2010, Israel
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Generate heterogeneous medium

type 1: single variogram

-'.""1"1. VR

1 scale .-.--."'"1:_! :

heterogeneity

scales

universal
scaling




Simulate transport
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Analyze BTC's

T STopE, M,
1,E+02 / >
1,E+01 - //
1,E+00
< 1,E01-
:% 1,E-02
& 1503 — cut-off time, t,
8 1,E-04
1,E-05 -
1,E-06
1,E-07 ‘ ‘ : \
1,E+03 1,E+04 1,E+05 1,E+06 1,E+07
1,E+02 time
1,E+01 |
1,E400 | Resulting BTC's can be obtained
S 1E01 with homogeneous 1D transport
© . .
S 10 with memory function
[¢]
§ 1,603
° e s Malll scale simulation
1,604 |
e mass transfer fit
1,605 |
1,E-06 ‘
1,E4.{'\/1 4’Ew5 4’E4.n7
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Results reactive - transport:

2D simulations: Reaction rates

time 1

reaction rates

component u

=
.
e 22222 =

I
—_——
F 2 =
e 22 202020 9
F =
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Results - reactive transport:
Reaction rates

(A=A 3 2N

Comparison between
heterogeneous and MRMT model

4.5E-06

4.0E-06 -
. total
3.5E-06 1 % - mobile

3.0E-06

» immobile

2.5E-06 x heterogeneous

2.0E-06

reactionrate

1.5E-06 -
1.0E-06 1

5.0E-07

0.0E+00 % ‘
0 200 400 600 800

distance

1000
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Results - reactive transport:

Tn'l'n! nrocinitated m

’ lerl I WA § s

maeceg
Mo oD

0.1

0.01 &

0.001 -

0.0001

precipitated mass

0.00001 -

0.000001

0.01

0 200 400 600

0.001

0.0001 -

precipitated mass

0.00001 -

0.000001

0 200 400 600
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3rd (and final) conclusion

+ We do not really know how to simulate mixing, but

spreading
* Non-local models separate mixing and spreading

» Their parameters can be linked to the underlying
heterogeneity.

+ Excellent agreement between 2D heterogeneous
and 1D MRMT solutions in terms of total
precipitated mass.

3rd Kaplan Workshop, 2010, Israel
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Salinization by Evaporation

Saturation (%)  Temberature (°C)
0 2 o o0 0] 38 a4 s 50

Evaporation front
4N — \
—~ 8]
e
A
c 12 1
<
)
D 16 -
20 1
24
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CONCEPTUAL AND NUMERICAL

MODELING
— —_ Concentration (mol/Kg)
0.01 0.1 1 10
0
} | S
Dispersion | £ °
Diffusion g
0167
20
Liquid 1f Advection ’
— _

1D model coupling multiphase flow & reactive transport
using CodeBrightRetraso code Saaltink et al (2004).
Chemistry with CHEPROO (Bea et al, 2010).




Model results (line) and

measurements (rln'l'c\

IIIVIl

Concentration (mol/kg) Temperature (°C)

©
—_—
—_—

/\ 10 34 38 42 46 50
0

)

o 4 -
o
ol h ;|
.
R 12 -
L 2 16,
*
.
. 20
.

24

Top: Pentahydrite MgSO, 5H,O
Bottom: Epsomite MgSO, 7 H,O




Results: Water flux

Positive value — Upward

Water mass flux (kg/s/m2) ﬂUX
Neg. value — Downward
-1.0E-05 0.0E+00 1.0E-05 20E-05 3.0E-05
o flux
a — Evaporation
front = —
8,
£
L
E 127 1
o
()]
(]
16 -
20 - L IQUI
Liquid Liquid f
N ———

N
N




Results: Water flux

Positive value — Upward

Water mass flux (kg/s/m2) flux

Neg. value — Downward

-1.0E-05 0.0E+00 1.0E-05 2.0E-05 3.0E-05 flux

fa | | | |
V)

Evaporation
front — —

Vapour t

Depth (cm)

Liquid *




ents acid generation

¥




s .. Conceptual modeling

Reduction of
porosity and

permeability

eneration of
acidity

Consumption
of acidity
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Water isotopes confirm

%o 508 (V-SMOW)
0.0 1.0 2.0 3.0 4.0 50 6.0

10

Depth (cm)
o

N
o

—o— Stage 1
—O— Stage 2
—/— Stage 3

25

30
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Types of behaviour of solutes

pH Mg
2.00 225 2.50 275 3.00 000 020 040 060 080 1.00 1.20 1.40
0 0
5 B
£ 10 | 10
L
K
2 15 - 15 |
QO
o
20 20 -
55, )
30 30
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Feror
0.40

Zn

0.80 1.00

0.60

0.20

0.00

0.40 0.80 1.20 1.60 2.00

0.00

fe} (=} w0 (=
o

25

20

20 1
25

—

(wo) yydaq

30
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Summary

+ Is Reactive transport needed?

- Equilibrium reactions (rate , where, when, under
which conditions) are controlled by transport.

- Applications probably required to help understand
complex interactions

* Can it be understood?
- All it takes is to understand components

- The difficult part is to choose the relevant species
and reactions.

» Can be solved efficiently?
- Yes, very often (but not always!)
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But

Reactions are driven by disequilibrium
Disequilibrium is driven by actual mixing

We need to know how to evaluate actual
mixing!

We are working on it!

3rd Kaplan Workshop, 2010, Israel
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