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From conservative to reactive transport under
diffusion-controlled conditions
Tristan Babey?, Jean-Raynald de Dreuzy’, and Timothy R. Ginn2

'Géosciences Rennes UMR CNRS 6118, Campus de Beaulieu, Université de Rennes 1, Rennes, France, 2Department of Civil
and Environmental Engineering, Washington State University, Pullman, Washington, USA

Abstract we assess the possibility to use conservative transport information, such as that contained in
transit time distributions, breakthrough curves and tracer tests, to predict nonlinear fluid-rock interactions
in fracture/matrix or mobile/immobile conditions. Reference simulated data are given by conservative and
reactive transport simulations in several diffusive porosity structures differing by their topological organiza-
tion. Reactions includes nonlinear kinetically controlled dissolution and desorption. Effective Multi-Rate
Mass Transfer models (MRMT) are calibrated solely on conservative transport information without pore
topology information and provide concentration distributions on which effective reaction rates are esti-
mated. Reference simulated reaction rates and effective reaction rates evaluated by MRMT are compared,
as well as characteristic desorption and dissolution times. Although not exactly equal, these indicators
remain very close whatever the porous structure, differing at most by 0.6% and 10% for desorption and dis-
solution. At early times, this close agreement arises from the fine characterization of the diffusive porosity
close to the mobile zone that controls fast mobile-diffusive exchanges. At intermediate to late times, con-
centration gradients are strongly reduced by diffusion, and reactivity can be captured by a very limited
number of rates. We conclude that effective models calibrated solely on conservative transport information
like MRMT can accurately estimate monocomponent kinetically controlled nonlinear fluid-rock interactions.
Their relevance might extend to more advanced biogeochemical reactions because of the good characteri-
zation of conservative concentration distributions, even by parsimonious models (e.g., MRMT with 3-5
rates). We propose a methodology to estimate reactive transport from conservative transport in mobile-
immobile conditions.

1. Introduction

Transit time distributions obtained from conservative tracer testing are often used to predict chemically
active transport [e.g., Becker and Shapiro, 2000; Charbeneau, 2006; Cirpka and Kitanidis, 2000; Ginn, 2001;
Hadermann and Heer, 1996; Haggerty et al., 2001; LeBlanc et al., 1991; Ptak and Schmid, 1996]. Conservative
transport models are then coupled to simple chemical models to investigate contaminant fate involving
kinetically degrading compounds [Bohlke, 2002; Green et al., 2014; Hel3e et al., 2014], radioactively decaying
species [Cvetkovic et al., 1999; Neretnieks, 1980], or sorbing solutes [Brusseau, 1992; Vereecken et al., 1999;
Wels and Smith, 1994]. Reactivity can be straightforwardly inferred for linear approximation of reactivity, a
case for which transport and chemical operators commute [Bahr and Rubin, 1987; Michalak and Kitanidis,
2000; Valocchi, 1990], as well as for more involved biogeochemical hysteretic cases through exposure time
concepts [Ginn, 1999; Murphy and Ginn, 2000]. Similar approximations are also used at larger watershed and
continental scales with more limited hydrological tracer information to constrain long-term fluid-rock inter-
actions like weathering and dissolution rates [Clark and Fritz, 1997; Maher, 2010, 2011; Mukhopadhyay et al.,
2014; Steefel and Maher, 2009; Yoo and Mudd, 2008]. However, for nonlinear sorption/desorption or precipi-
tation/dissolution, bulk fluid-rock interactions cannot be inferred solely from transit time information and
require some additional approximation of the concentration distribution [Attinger et al., 2009; Brusseau and
Srivastava, 1997; Vereecken et al., 2002].

In some highly heterogeneous media, reactivity is controlled by the slow diffusion to the reactive sites
located aside from the main advective channels, as in the case of fractured media in which solutes are
quickly advected along the main connected fractures that account only for a minor part of the porosity and
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slowly diffuse in the extensive but less connected fractures and in the large volume of surrounding rock
[MacQuarrie and Mayer, 2005; Molson et al., 2012; Neretnieks, 1980; Steefel and Lichtner, 1994]. Similar behav-
ior occurs in the case of inclusions of almost impervious structures in more pervious media and at smaller
scales of complex dissolution patterns or clay aggregates [Luguot et al., 2014b; Murphy et al., 1997; Poonoos-
amy et al., 2015; Tyagi et al., 2013]. These slow diffusion processes have been identified as a source of failure
of the advection-dispersion equation to model transport in heterogeneous formations motivating the
development of alternative anomalous transport frameworks [Benson et al., 2000; Berkowitz et al., 2006;
Berkowitz and Scher, 1998; Carrera et al., 1998; Haggerty and Gorelick, 1995]. Conceptually consistent with
retardation and broad residence times, anomalous transport models have also been shown to model
adequately field-scale breakthrough curves obtained from conservative tracer tests [e.g., Benson et al., 2001;
Berkowitz and Scher, 1998; Haggerty et al., 2004; Le Borgne and Gouze, 2008; McKenna et al., 2001]. Once suc-
cessfully calibrated on field data, they may offer a preferential way to assess the effect of slow transport
processes on bulk reactivity. This has been demonstrated extensively for linear reaction processes using the
commutativity of the transport and reaction operators [Haggerty and Gorelick, 1995; Margolin et al., 2003].
For nonlinear reactions, commutativity no longer holds and there is no guarantee that anomalous transport
can be relevantly coupled to chemical reactions. Bulk reactivity is no longer determined by the sole time
distribution at the basis of anomalous transport but also by the concentration distribution.

Despite this barrier, we investigate the capacity of anomalous transport to model nonlinear reactivity for
the two following motivations. First, extending transport that appears anomalous due to diffusion to cases
controlled by realistic chemical reactions is a major issue [Bolster et al., 2010; de Anna et al., 2011; de Dreuzy
and Carrera, 2015]. Therefore we focus on effective pore scale modeling that honors genuine diffusion and
nonlinear kinetically controlled reactions, unlike prior investigations [e.g., Willmann et al., 2010] which con-
sider advection-controlled dispersion and equilibrium reactions. Second, one of the anomalous transport
frameworks, the Multi-Rate Mass Transfer models (MRMT), has recently been shown numerically to conserve
the concentration variance in the slow-diffusing zones (also called immobile or diffusive zones) for the spe-
cific 1D, 2D and 3D inclusion cases [de Dreuzy et al., 2013]. MRMT construction ensures only the conserva-
tion of the concentrations in the mobile zone and does not involve any constraint on the diffusive
concentration distribution [Carrera et al.,, 1998; Haggerty and Gorelick, 1995; Willmann et al., 2008]. For 1D
inclusions where analytical demonstration has been achieved, the conservation of immobile concentration
variance is a byproduct of the mobile concentration conservation relation. Equivalent immobile MRMT con-
centrations are expressed as the product of the inclusion concentrations with orthogonal functions derived
from the solution of the 1D diffusion equation [de Dreuzy et al., 2013]. This result is however limited to the
concentration variance in layered inclusions. Nothing can be implied a priori for more complex structure or
for chemical reactivity metrics other than concentration variance.

We thus evaluate the possibility to predict nonlinear kinetically controlled reactivity on the basis of conserv-
ative transport information in diffusion-dominated conditions, i.e., when access to the reactive sites is
explicitly controlled by diffusion within poorly connected porosity structures (“diffusive zones"). Aside from
the motivations mentioned above, the choice of MRMT is also instrumental as it gives a spatiotemporal dis-
tribution of concentrations in the immobile zones from conservative transport information. We simulate
transport coupled to fluid-rock interactions in a broad range of diffusion-dominated porosity structures
taken as ground-truth reference data, and compare it to MRMT equivalent models. While simple, our
ground-truth model is an explicit porescale model that would require information about geological struc-
tures to be used in practical modeling. On the contrary, MRMT can be built solely from conservative trans-
port information (e.g., breakthrough curves) and as such is commonly used as a practical model for passive
tracers. Our purpose here is to continue to explore its use for reactive transport. We frame our results in a
global methodology to approach chemical transport from conservative transport information. We eventu-
ally discuss its limitations and potential extensions to more general contexts.

2. Models and Methods

We present the reference reactive transport model with the transport processes, the diffusive porosity struc-
tures and the chemical reactions. We show how equivalent Multi-Rate Mass Transfer models (MRMT) are
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(a) MINC 1D | (b) Asymmetric Y (c) Asymmetric loop (d) Dissolution pattern

Figure 1. SINC structures used to evaluate the relevance of MRMT models for reactive transport. The mobile zone is represented by the
thick black cell with the crossing arrow and the diffusive zones by the thin lined cells. From left to right, the diffusive porosity structures
are (a) the classical 1-D Multiple INteracting Continua (MINC) model [Pruess and Narasimhan, 1985], (b) an asymmetric Y with a single junc-
tion, (c) an asymmetric loop, and (d) a structurally more involved pattern inspired by a dissolution feature in an oolitic limestone [Babey

et al., 2015; Luquot et al., 2014a]. The area of the different cells is proportional to their porosity. The distance along the diffusive structure is
to scale. The four structures have the same total porous volume, the same diffusive to mobile porosity ratio and the same quadratic mean
distance of the diffusive zones to the mobile zone.

built from conservative transport information. We describe the synthetic experiments, criteria and numerical
methods used to compare the reference and equivalent MRMT models.

2.1. Reference Reactive Transport Model

The reference reactive transport model is the Structured INteracting Continua (SINC) [Babey et al., 2015]
taken as an extension of the Multiple INteracting Continua (MINC) introduced by Pruess and Narasimhan
[1985]. In MINC, transport is mostly advective in one of the continua also called the mobile zone and diffu-
sive across a finite number of continua connected in series to the mobile zone, here referred as the diffusive
zones (Figure 1a). SINC is based on the same advectively controlled transport in the mobile zone interacting
with a finite number of diffusive continua. These diffusive continua however differ by their connectivity
(Figures 1b-1d). Organization may come from poorly connected fractures [Andersson et al., 2004; Davy et al.,
2010] (Figure 1b), heterogeneous porosities [Gouze et al.,, 2008; Robinet et al., 2012] (Figure 1c¢), or dissolu-
tion patterns (Figure 1d) [Luquot et al., 2014b]. The four SINC structures of Figure 1 are the same used as
references in Babey et al. [2015], except for their total diffusive porosity which is 10 times smaller. Because
of their very distinct topologies, they are considered as characteristic of a large range of diffusive porosity
structures. The finite number of diffusive zones would typically derive from a coarse description of the
porosity or from a finite-difference discretization of diffusion within porous or fracture structures. The
exchanges between the mobile and diffusive continua as well as the connectivity patterns are expected to
determine the characteristic transport times, the mixing of water of different solute concentrations, the
accessibility to the reactive sites and, eventually, the overall concentration distribution and dynamics.

In the SINC framework, aqueous species are transported by advection and dispersion along the mobile
zone, and undergo diffusive-like exchanges (i.e., proportional to the difference of concentrations) between
the mobile zone and some of the diffusion zones as well as between the diffusive zones. As in the MINC
framework, the model is continuous along the mobile zone and discretized across the diffusive porosity. We
assume that the transported aqueous species are reactive and interact by adsorption/desorption or precipi-
tation/dissolution with the rock. Reactions are kinetically controlled. For the sake of simplicity, we assume
that all stoichiometric coefficients are equal to one, and that the activities of all nonmineral species are
equal to their concentrations. We do not consider feedbacks of reactivity on transport like induced porosity,
diffusivity or velocity variations. Following classical multiporosity and reactive transport formalisms, the
model then is formulated as [de Dieuleveult and Erhel, 2010; Steefel and Maher, 2009]:
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%=L(ch)+AC7R7 (1)
ot
as
—=R. 2
B (2)
Cx,t=[cr(x,t) ... crrr(x, )] and S(x,t)=[s;(x,t) ... spi1(x,t)]" are the vectors of size n+1

made up of the aqueous and fixed (sorbed or precipitated) concentrations in the mobile zone for the first
index (c; (x, t) and s1(x, t)) and in the n diffusive zones for indices 2 to n+1. Both aqueous and fixed concen-
trations are taken as masses divided by the equivalent volume of fluid [ML 3] (hereafter dimensions are
given in dimension of mass [M], of length [L] and of time [T] [Yoo and Mudd, 2008]). x is the direction along
the mobile zone with 0 < x < xnax . R is the reactive sink-source term further expressed in section 2.2. F, is
the restriction matrix to the mobile zone:

Fin(i,j)=0(i—1)(j—1) 3)
where ¢ is the Kronecker delta
0 if i#0
8(i)= ) (4)
1 if i=0
L is the transport operator in the mobile zone
q Oc &c
=—1_"4d,—
LO="4 o T 5 ©)

with g, ¢; and d,, the Darcian flow [LT~ "], porosity and diffusive-dispersive coefficient [Bear, 1972; Scheidegger,
1954] [L>T~ '] in the mobile zone.

The interaction matrix A of size (n+1,n+1) expresses the diffusive exchanges between the diffusive zones
and with the mobile zone [Babey et al., 2015]. A would typically be derived from a coarse discretization of
the diffusive porosity. Its nonzero off-diagonal coefficients correspond to exchange rates [T~'] between
connected zones. Because A integrates the porosity of the different zones, it is symmetrical only when all
zones have the same porosity. It decomposes as

A=—d"'M (6)

with M the M-matrix expressing rates of exchanges of mass, and @ the diagonal matrix made up of the
porosities of the different zones ¢;:

D(i,f)=did(i—)). 7)

2.2. Heterogeneous Reactions

We consider the two classical cases of nonlinear kinetically controlled Freundlich sorption and mineral dis-
solution. The Freundlich sorption isotherm has been widely used to describe the nonlinear, reversible
adsorption of metals and organic compounds by soils [Fetter, 2008; Weber et al., 1991]. Under kinetic control,
it is generally expressed as:

1 ,
Ri(ci,si)= - (ki)' =si) (8)
r
where 7, [T] is the characteristic reaction time, k is a sorption capacity constant and v is an exponent related
to sorption intensity. Observed values of v are commonly smaller or equal to 1. We use v=1/2 (desorption
of order 1/2) corresponding to a common value for metals [Adhikari and Singh, 2003; Paikaray et al., 2005].

In this specific case, k is of the dimension of a concentration [ML™>].

For dissolution, we study the case of the kinetically controlled dissolution of a mineral AB into two aqueous
species A and B of concentrations ¢/ and c2. We assume that the initial and boundary conditions are such
that at all times ¢! =c?=¢; and s/®=s;. While restrictive, this assumption enhances the sensitivity of the reac-

tion to the concentration distribution by maximizing the availability of the reactants and thus reactions
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rates [de Simoni et al, 2005]. The reaction is expressed as [Appelo and Postma, 2005; Steefel and Mabher,

2009]:

. Ci

0 f i:O d -
if s an p

5 “ 2—1 otherwise.
T ((k) )

7, [Tl is the characteristic reaction time and k [ML 3] is the square root of the solubility product. This dissolu-
tion reaction is of order 2. We choose consistent definitions for the reaction constant and characteristic
time k and 1, for desorption (equation (8)) and dissolution (equation (9)) because of their consistent dimen-
sions and similar influence on reactivity (section 2.4). Finally, we underline that the kinetic control of the
reactions precludes the use of the conservative component framework [de Simoni et al., 2007; Gramling
et al.,, 2002; Rubin, 1983].

<1,

Ri(ci,si)= 9)

2.3. Equivalent MRMT Models

In the Multi-Rate Mass Transfer (MRMT) framework [Carrera et al., 1998; Haggerty and Gorelick, 1995], all the
diffusive zones exchange exclusively with the mobile zone. Each diffusive zone is characterized by its poros-
ity ¢, and its rate of exchange o; [T~']. MRMT models can be expressed within the framework of SINC by
imposing connections exclusively between the mobile and diffusive zones such that the exchange matrix of
equation (6) writes:

M(i,j)=0 fori>1,j>1 andi#j
M(i,1)=M(1,i)=—¢;aj—1 fori>1

M(i7 i):_ZM(im[)
Jd#
Following up the work of Haggerty and Gorelick [1995], the equivalence between SINC and MRMT models is
defined via identification of the mobile concentrations for a passive tracer. Babey et al. [2015] have shown
that any SINC model (i.e., whatever the connectivity pattern of the diffusive zones) is algebraically equiva-
lent to a unique MRMT model with the same number of diffusive zones. This equivalent MRMT can be iden-
tified algebraically using a linear transformation of the SINC exchange matrix (equation (6)). We use this
identification method to derive equivalent MRMT for each of the four SINC structures of Figure 1. Chemical
reactions are then applied on the MRMT concentrations of the mobile and diffusive zones.

2.4. Synthetic Experiments

We simulate desorption and dissolution (equations (8) and (9)) in the four diffusive structures displayed on
Figure 1. To ensure temporal responses of the same order of magnitude, the total porosity of the diffusive
zones as well as the characteristic diffusion time t4 are taken equal. 74 is defined as the mean diffusive time
from the diffusive zones to the mobile zone. Initially, sorbed or precipitated species are uniformly distrib-
uted in the domain with a concentration s° at chemical equilibrium with the fluid:

s1(x,t=0)= ... =5,11(x, t=0)=s° (11)
R](X,t:O):.‘.:RnJr](X,t:O):O. (12)

“Pure water” (i.e., with a solute concentration equal to zero) is then continuously injected at the inlet of the
mobile zone

¢ (x=0,t > 0)=0. (13)

Fixed elements are progressively desorbed or dissolved, and then transported throughout the domain until
they reach the downstream adsorbing boundary condition:

€1 (X=Xmax, t)=0. (14)
Continuous chemical interaction with the rock is maintained during transport.

Focusing on the coupling of the physical and chemical processes, we fix the hydraulic parameters and
investigate the relative influence of the chemical processes. The dispersion coefficient in the mobile zone is
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Table 1. Transport, Reaction and Numerical Parameters Used
for the Simulations of Section 3 With the Characteristic Diffu-
sion Time 74 and the Consecutive Distance Covered by
Advection in the Mobile Zone gty4/¢$; Taken as Temporal and
Spatial Reference Scales?

Parameter Value
S i/ 10
dn/ (va(a/1)?) 10-¢
Da=1tq4/1, 0.1;1;10
s0/k 0.1;1; 10
Xmax /(qta/d1) 15x1073
dx/(qra/$1) 3x10°5
dt/tq 4x107*
a n+1

5 ¢i/ ¢y is the diffusive to mobile porosity ratio.
dm/(ta(a/¢:)?) is the dimensionless dispersion in the
mobile zone. Da=14/7, is the Damkohler number for the
kinetically controlled Freundlich desorption and mineral
dissolution. s°/k is the dimensionless ratio of the initial
concentration of sorbed species to the sorption capacity
constant for desorption, and of the initial concentration
of precipitated species to the square root of the solubil-

classically taken much smaller than the characteristic
multi-domain diffusion induced by the mobile-
immobile exchanges (4(q/¢,,)?) and the ratio of
the total diffusive to mobile porosity is taken much

larger than one ( s ¢,/¢1=10> [Carrera et al,

1998; Willmann et al, 2008]. For both the chosen
desorption and dissolution processes (equations (8)
and (9)), the key parameters are the ratio of the char-
acteristic diffusion to reaction times t4/7, and the nor-
malized initial concentration s°/k. The ratio of
characteristic times is generally called Damkohler num-
ber Da=14/t, [Steefel and Maher, 2009]. Results are
also a function of the initial condition s° /k because the
chemical reactions are nonlinear. We investigate the
effect of both these parameters over two orders of
magnitude around 1 [0.1;10]. Model parameters and
their values are synthesized in Table 1.

2.5. Comparison Criteria

ity product for dissolution. xmax is the extension of the

simulation domain in the direction of the mobile zone, We assess the ability of MRMT models to capture the
dx is the spatial step along the mobile zone and dt is the mobilization rates through the five first moments of
time step.

the aqueous concentration distribution taken over
the whole domain (mobile and diffusive porosities)

X
" n+1

m(C,t)= J > oileilx, ) dx (15)

x=0

with j the order of the moment j=1, ..., 5. Complementary comparison is provided by the mobilization
time t,, [T] defined as the time at which 95% of the total initial mass of fixed species have been mobilized,
such that with 1=0.05:

m(S,t=ty)/m(S,t=0)=y (16)
with
Xmax 4 q
m(S, t)= J > dysilx, t)dx. (17)
x=0 =

2.6. Numerical Methods

Finite-difference discretization of the advection-dispersion processes in the mobile zone, exchanges within
the diffusive zones, and chemical reactions are sequentially coupled [de Dreuzy et al., 2013; Steefel and Mac-
Quarrie, 1996]. Reaction rates are integrated with the fourth-order Runge-Kutta ode45 method of MATLAB
[Shampine and Reichelt, 1997]. SINC implementation is validated against a set of diffusive structures strictly
equivalent to Multiple Interacting Continua (MINC) taken as a discretization of 1D diffusion in an homoge-
neous layered inclusion (Figure 1a) [Babey et al., 2015]. Coupling between transport and reactivity is vali-
dated against PHREEQC on a single dual porosity structure (n=1) by using the STAGNANT functionality
[Parkhurst and Appelo, 1999].

3. Results

Mobilization times and concentration moments in SINC and MRMT are compared as functions of diffusive
zone structure, reaction type and reaction parameters. We assess the possibility to use parsimonious MRMT
models (with only 1-5 rates) to estimate reaction rates.

BABEY ET AL.
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SINC MRMT
(b)

Freundlich
Sorption

tm /Td

Mineral

Dissolution

tm /Td

0.6

0.1

Figure 2. Mobilization times t,, /74 (section 2.5) for the Freundlich sorption (equation (9)) and the mineral dissolution (equation (10)) with Da=14/7,=10 and s°/k:1, for the SINC dissolu-
tion pattern (Figure 1d) and its equivalent MRMT model represented by its four zones with the largest porosities (out of 25), depicted as cross sections transverse to the mobile zone identi-
fied by the arrow. For the MRMT of the right column, the distances between the mobile and immobile zones are proportional to log (1/x;), and the porosities of the mobile and diffusive
zones are proportional to the area of the cells.

BABEY ET AL. NONLINEAR FLUID-ROCK REACTIVITY FROM CONSERVATIVE TRANSPORT 7



@AG U Water Resources Research 10.1002/2015WR018294

3.1. Mobilization Times
The reaction front can be traced by the
spatial repartition of the mobilization
time t,,. Figure 2 represents t, across
the diffusive porosity and along the
mobile zone for the SINC structure of
Figure 1d and its equivalent MRMT
model, for both the dissolution and the
desorption cases. SINC and MRMT
models both have 25 diffusive zones.
In Figure 2, only the four MRMT diffu-
. sive zones with the largest porosities ¢;
0 0.25 0.50 are represented as they account for
t/Td more than 95% of the total diffusive

) . ) ) ) porosity. The desorption and dissolu-
Figure 3. Remaining mass of mineral in the domain m(S, t) for the four SINC . .
structures of Figure 1 and their equivalent MRMT models. The dimensionless reac- tion fronts progress quickly down-
tion parameters are Da=14/1,=10 and s° /k=1. stream the mobile zone but more

slowly across the diffusive porosity.
MRMT zones with large exchange rates (small cells on Figure 2b) reproduce well the mobilization rates in the
SINC zones close to the mobile porosity (Figure 2a). Both SINC and MRMT models display visually the same
diffuse increase of the mobilization time in the few closest zones to the mobile zone. Diffusive zones away
from the mobile zone in SINC are flushed much later (Figures 2a and 2c) like the zone with the smallest
exchange rate for MRMT (largest cell more distant from the central mobile zones of Figures 2b and 2d). Mobi-
lization times t,,, for dissolution are intermediary between 1, and 74 (0.1 < t,/t4 < 0.6) and about one order
of magnitude smaller than mobilization times for desorption. For this parameterization, desorption is slower
than dissolution because of its lower order (1/2) and its dependency on the sorbed species concentration.

1.0

0)

0.5

m(S,t)/m(S,t

0.05

The most apparent difference between SINC and MRMT on Figure 2 does not come from the mobilization
time but from the nature of the discretization. All non-represented MRMT zones account for less than 5% of
the overall diffusive porosity and are characteristic of extremely short exchange times. Nonetheless, diffusive
zones next to the mobile porosity are well characterized and discretized by MRMT as they control fast

1 1 2x107° 2x107° 9x10* 4x107°

0.1 1 6x10™ 6x10* 3x10™ -1x10°
10 1 3x10° 2x10° -1x10° 6x10°
1 0.1 3x10° 2x107° 2x107° 6x107°
1 10 -8x10™ 7x10* 3x10™ 2x10°
Da So/k (t']rll/IRMT _tinvc)/[’ilzvc

Figure 4. Relative differences on the mobilization time (tMfM7 —JINC) /tINC hetween the four SINC models presented on Figure 1 and their
equivalent MRMT models for the kinetically controlled Freundlich desorption (section 2.2). The dimensionless reaction parameters are the
Damkohler number Da and the normalized initial concentration of fixed species s°/k.
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1 1 2x10° 2x10° -6x10* 5x10°

0.1 1 <107° <10® <1073 4x107°
10 1 -6x 107 6x 107 -3x 107 -1x 107
1 0.1 -3x107 -3x102 -1x107 -6x102
1 10 2x10™ 3x10% 4x10° 7x10*
pa | (Y

Figure 5. Relative differences on the mobilization time (tM"MT —SINC) /tSINC hetween the four SINC models presented on Figure 1 and their
equivalent MRMT models for the kinetically controlled mineral dissolution (section 2.2). The dimensionless reaction parameters are the
Damkohler number Da and the normalized initial concentration of fixed species s°/k.

exchanges between the mobile and the diffusive zones. On the opposite, at late times, discretization of MRMT
is extremely coarse. The late-time contribution to mobile-diffusive exchanges by the SINC porosity structure is
represented by a single large lumped porosity zone in MRMT. This follows from the essence of diffusion. Late-
time responses are smoothed out by diffusion and are dominated by more remote parts of the diffusive
porosity. They do not need to be finely discretized and their contribution to mobile-diffusive exchanges can
be represented by a single large lumped porosity zone. In synthetic terms, MRMT models discretize the
exchanges with the diffusive porosity at early times and homogenize them at late times. Hence, the mobiliza-
tion time in the large MRMT zone with the smallest exchange rate corresponds to an average value for the
more remote zones of the SINC structure.

The accurate description of the early-time exchanges is confirmed by the close integrated desorbed and dis-
solved masses between SINC and MRMT models (Figure 3, lines for SINC and symbols for MRMT). MRMT models
give observable differences only in the dissolution case and for the more complex diffusive structure of Figure
1d when more than 50% of the originally precipitated species have been dissolved. Still these differences remain
small as shown by the relative difference in mobilization times between the SINC and MRMT models. Relative
errors on the mobilization time t,, are commonly less than 1% with maximum values obtained for Da=10 and
s%/k=1, i.e, when the reaction becomes transport-limited. In this case errors increase from the better-connected
asymmetric loop structure (0.1% for desorption (Figure 4), 3% for dissolution (Figure 5)) to the asymmetric Y and
the MINC structures (0.3% and 6% each) and eventually to the less-connected dissolution pattern structure

@ 10 ® 1.0
- .
S —— SINC .
L = MRMT
~ H
X = ¥
0.5 0.5
) Y
Q\)—' L
E —j=1 2 t/Td=0.3
0.05 T T 0 T
0 0.25 0.50 0 0.5 1.0
t/t, Clk

Figure 6. For the mineral dissolution with Da=14/7,=10 and 5°/k: 1: (@) Moments of the concentration distribution of the aqueous spe-
cies m/(C, t) for the dissolution pattern SINC model (Figure 1d) and its equivalent MRMT model; (b) Cumulated concentration distribution
of the aqueous species p.(C/k) at t/74=0.3 for the dissolution pattern SINC model (Figure 1d) and its equivalent MRMT model.
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(06% and 10%). To summarize, errors
— SINC by MRMT remain lower than 10% in all
MRMT cases and decrease when mobilization
times increase (i.e, slower reactions
(smaller Da), larger initial amounts of
fixed species (larger s°/k), desorption
instead of dissolution) as homogeniza-
tion of concentrations by diffusion is
more important and reduces the influ-
= . ence of porosity structures on bulk
0 s — i 50 reactivity.
tlic,

=0)

0.54

m(S,t)/m(S,t

0.05

3.2. Concentration Distributions
Figure 7. Remaining mass of sorbed species in the domain m(S, t) for the four The Iargest deviations occur in the
SINC structures of Figure 1 and their equivalent MRMT models. The dimensionless
reaction parameters are Da=14/7,=10 and s° /k=1.

SINC case of Figure 1d. Although lim-
ited, these differences are worth inves-
tigating as they illustrate the effect of the MRMT discretization pattern displayed by Figure 2. Lower values of
precipitated mass observed at intermediary times (0.2 < t/z4 < 0.6) on Figure 3 directly translate to higher
values of the aqueous concentration moments (Figure 6a). A closer inspection of the distribution of solute
concentrations taken over the entire domain at t/74=0.3 (Figure 6b) shows important deviations at large con-
centration values (C/k > 0.5) characteristic of the remote diffusive zones where mineral is more slowly
flushed. The largest lumped zone of the MRMT cannot fully capture the complex concentration patterns of
the SINC structure. While the lumped representation of the complex SINC structure far from the mobile zone
leads to accurate predictions for conservative transport, it gives some differences for reactive transport at
intermediary times. At late times (t/t4 > 0.6), the strong homogenization effect of diffusion eventually domi-
nates and reduces the differences. While qualitatively also present in the desorption case, deviations between
SINC and MRMT are much more limited than in the dissolution case (Figures 7 and 8). Desorption is better
matched than dissolution because it occurs more progressively and does not present the reaction rate discon-
tinuity when the mineral vanishes.

The relevance of MRMT for reactive transport is consistent with its good characterization of the con-
centration distribution for conservative transport. By construction MRMT models reproduce the
moments of the concentration distribution of order zero and one for a nonreactive tracer (conservation
of the total porous volume and of the total mass of conservative solute respectively). MRMT models
also reproduce the second moment of the concentration distribution for MINC diffusive structures as
the one shown on Figure 1a [de Dreuzy et al., 2013]. We check that it is also the case for the four
studied SINC structures as shown for the dissolution pattern on Figure 9. Moments of order three and
above are not equal, but remain very close.

.(a) 10 =3 (b) 1.0 : ,

= \\ —SINC || j-4
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ool A .7 —SINC
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. @) 0.5 i
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= 107 Q
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= t/t, =3

3 . . . 0 T
10 0 2 4 6 0 0.02 0.04
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Figure 8. For the Freundlich desorption with Da=t4/7,=10 and s° /k=1: (a) Moments of the concentration distribution of the aqueous
species m/(C, t) for the dissolution pattern SINC model (Figure 1d) and its equivalent MRMT model; (b) Cumulated concentration distribu-
tion of the aqueous species p.(C/k) at t/t4=3 the for the dissolution pattern SINC model (Figure 1d) and its equivalent MRMT model.
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Figure 9. Moments of the concentration distribution m/(C, t) of a non-
reactive tracer for the dissolution pattern SINC model (Figure 1d) and its
equivalent MRMT model. The tracer is initially uniformly distributed in the
domain and is flushed out by a continuous injection of a solution with a
concentration equal to zero at the mobile inlet. The transport and numeri-
cal parameters used in the simulation are listed in Table 1.

Except in the extreme cases of complex dif-
fusive porosity structures far away from the
mobile zone, where errors can be as high as
10% on the mobilization time for dissolu-
tion, errors remain smaller than a few per-
cent. As previously noted for conservative
transport [Haggerty and Gorelick, 1995; Viller-
maux, 1987], the relevance of MRMT models
comes from their ability to accurately repre-
sent rapid exchanges with numerous
exchange rates and from the homogeniza-
tion nature of diffusion. The strong diffusive-
induced homogenization is also reflected in
the restricted dispersion of the precipitated
and sorbed masses between the four SINC
structures (Figures 3 and 7). All structures
display close reaction rates. It is first and
foremost the diffusive volume and the mean
diffusion time to the mobile zone t; that
determine the reactivity within the diffusive
zones. The large geometrical and topologi-
cal differences between the structures of

Figures 1a-1c do not induce significant differences in reactivity. Only very marked structures like the weak
connections within the dissolution pattern (Figure 1d) have some limited impact on reactivity (Figure 3) as
they restrain the access to some of the immobile zones and delay the dissolution within them.

3.3. Simplified MRMT Models
For conservative transport, SINC models are algebraically equivalent to MRMT models having the same
number of zones [Babey et al., 2015]. It is precisely these equivalent MRMT models that have been used so
far in this study. They have as many zones as the original SINC models. Approximate MRMT models with
fewer zones can alternatively be built based on numerical flushing experiments of the diffusive zones
[Babey et al., 2015]. The MRMT with a single zone or single rate (n=1) is the classical double porosity model
with one mobile zone and one immobile zone [Warren et al., 1963]. With 2 exchange rates (n=2), it is the tri-
ple porosity model [e.g., Wu et al., 2004] .

(a) Freundlich sorption

(b) Mineral dissolution

:0)

m(S,t)/m(S,t
<o

0.05

*
v
o

— SINC
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Approximated MRMT n =5
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Approximated MRMT n =1

4
t/t,
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‘m MRMT
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Figure 10. Remaining mass of (a) adsorbed species and (b) mineral in the domain m(S, t) for the dissolution pattern SINC model (Figure
1d) and its equivalent MRMT model, either determined algebraically (section 2.3) or approximated with a limited number of n rates (sec-
tion 3.3). The dimensionless reaction parameters are Da=t,4/7,=10 and s° /k=1.
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We assess the performances of these approached MRMT models according to their number of diffusive
porosities (n) on the reactive transport experiment considered above, first on the remaining sorbed and pre-
cipitated masses (Figure 10). The double porosity model remains in the range of the full MRMT and refer-
ence SINC. Simplified MRMT models with increasing number of diffusive zones then rapidly converge to the
behavior of the full MRMT. Quantitatively, for dissolution, Da=10 and s°/k=1, errors on t,, drop down from
a maximum of 20% for n=1 (double porosity model) to 11% for n=3 and 10% for n=5. Increasing the num-
ber of rates to the full MRMT (n=25) does not improve the approximation of t,,. Results are comparable for
desorption where approximate values of t,, converge to the reference SINC value with relative differences
of 7% (n=1), 6% (n=3) and 0.2% (n=5). The fast convergence comes from the dominance of the five first
rates of the full MRMT that account for more than 95% of the diffusive porosity. The remaining rates charac-
terize rapid exchanges that can be important only at very early times. It is consistent with the already dis-
cussed picture of diffusion where rapid interactions concern only the immediate volume next to the
concentration injection, while longer-term exchanges are homogenized and can be represented by simple
models with few parameters [Crank, 2002]. As for conservative transport (as shown in Haggerty and Gorelick
[1995]), to increase the number of MRMT rates only marginally improves the approximation of short-term
reactivity.

4. Discussion

The previous section has shown that MRMT models give good estimates of mono-component fluid-rock
interactions over multiple complex porosity topologies. This consistency is fundamentally linked to the
homogenization nature of diffusion and to the ability of MRMT models to capture concentration patterns
beyond mass conservation. As the variability induced by the diffusive porosity structure is limited, even par-
simonious MRMT models with a limited number of rates (3-5) can provide accurate predictions of reaction
rates. Reactivity is primarily controlled by the ratio of diffusive to mobile porosity and by the quadratic
mean transfer time to the diffusive zones. From a more applied point of view within the context of our pres-
ent study, we propose the following methodology to approach reaction rates from breakthrough curves of
conservative tracers. We eventually discuss the limitations and potential extensions of such approaches.

4.1. From Conservative Tracer Tests to Reactive Transport Estimates

We propose a three-step methodology to derive reactive MRMT simulations from conservative tracer test
data. We choose MRMT among other anomalous transport frameworks like CTRW [Berkowitz et al., 2006; Ber-
kowitz and Scher, 1998], fADE [Benson et al., 2000], or exposure-time mass transfer [Ginn, 2009], because it
provides readily usable concentrations for reactions. Step one consists in verifying whether dispersion is
diffusion-induced, for which our previous analysis pertains. Step two corresponds to the calibration of
MRMT parameters upon the breakthrough curve (BTC) of a conservative tracer. In step three, reactions are
simulated in the MRMT model.

4.1.1. Verification of Diffusion-Induced Dispersion Conditions

In this paper, we have considered diffusion-induced dispersion typical of fracture/matrix systems [Neret-
nieks, 1980; Roubinet et al., 2013, 2010; Sudicky and Frind, 1982; Tang et al., 1981; Zhou et al., 2007] or
mobile/immobile media [Golfier et al., 2007; Haggerty et al., 2004; Zinn et al., 2004]. Transport variability also
comes from local hydrodynamic effects [Bear, 1972] that contribute to the macro-dispersion typically
observed in tracer experiments. As local dispersion has a similar expression as diffusion [Sanchez-Vila and
Carrera, 20041, MRMT models could remain consistent as an intermediary between tracer experiments and
reactivity estimates [Willmann et al., 2010]. This should be analyzed and checked. If local dispersive effects
require some specific treatment, their signature should be distinguished from diffusion. This could be done
by varying the hydrodynamic parameters [Guiheneuf et al., 2014] or the tracer diffusivity [Becker and Shapiro,
2000, 2003].

4.1.2. MRMT Model Calibration From BTC

MRMT parameters are calibrated from breakthrough curve information of a conservative tracer using any
conventional procedure [e.g., Haggerty et al., 2001]. Willmann et al. [2008] have also proposed a generic
methodology where mobile and diffusive porosity parameters are identified successively. First mobile
porosity ¢, and diffusion-dispersion coefficient d,, (equation (5)) are obtained by fitting an advection-
dispersion equation upon the first arrival and the peak of the BTC. Second, MRMT rates o and porosities ¢
(equation (10)) are calibrated by fitting the heavy tail of the BTC. The main difficulty lies in the potentially
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large and irregular distributions of o and ¢ required to fit the BTC. It may be overcome by assuming an a
priori density function ¢(a). For example, Haggerty et al. [2000] have related the commonly observed
power-law tailing of the breakthrough concentration ¢ according to time t (c~t~*) to the power-law density
function ¢~o*"3. However, complex diffusive porosity architectures are typically related to honmonoto-
nous density functions and nonparametric identification methods may have to be used [Babey et al., 2015].
4.1.3. Using MRMT Concentrations for Reactions

Chemical reactions are applied on the MRMT concentrations of the mobile and diffusive zones. This can be
achieved by using either the method presented in this article or alternatives like PHREEQC [Parkhurst and
Appelo, 1999] that might give way to include more advanced reactive processes, as discussed in the next
section. The model could be validated by comparing simulated and experimental breakthrough curves of a
reactive species. It would typically be used to predict the apparent reduction of the reaction rates due to
delayed access to the reactive surfaces, using for example spatially integrated reaction rates between an
injection point and an observation point as an indicator of reaction advancement.

4.2, Extensions and Limitations of MRMT Approaches

While we study the overall capability of the MRMT modeling approach to handle kinetically controlled non-
linear reactions, it is important to keep in mind the limitations of this upscaling approach in field applica-
tion. The parameters of the MRMT model are effective rate coefficients and capacities used to mimic
collectively delayed transport associated with range of possible causes including anomalous dispersion,
truly multi-rate diffusion, multiple sorption site types of different equilibria, and intermediate scale nonuni-
formities in advective transport. Determining the physical sense of MRMT parameters is a critical point to
assess the predictive capabilities of MRMT models overall. However, in this paper we focus on whether
MRMT can be used to predict reactivity in the first place under the conditions of the calibration. Investiga-
tion of the relations between MRMT fitted parameters and structural porosity features could be achieved
through extensive numerical simulation of diverse SINC structures and by studying the algebraic transfor-
mation of SINC to MRMT.

Previous works have also shown the relevance of MRMT approaches to predict homogeneous and mixing-
induced reactivity [de Dreuzy et al., 2013; Donado et al., 2009; Willmann et al., 2010]. In addition to our results
for heterogeneous reactions, this supports an extended validity of MRMT to a broader range of reactions.
Fundamentally the very good characterization of the concentration distribution for a conservative solute
extends to reactive solutes. Limitations would come from highly nonlinear reactions with strong positive
feedbacks like auto-catalysis [de Anna et al., 2010; Gray and Scott, 1983] or high initial concentration gra-
dients in the diffusive porosity that cannot be recovered by MRMT [de Dreuzy et al., 2013]. MRMT and
beyond conservative tracers capture the physical constraint of reactivity as long as concentration patterns
within the diffusive zones remain weakly correlated to the reaction process.

5. Conclusions

In this study we assess the possibility to use conservative transport information, like breakthrough curves
from conservative tracer tests, to predict nonlinear fluid-rock interactions when reactivity is limited by slow
diffusion to the reactive sites. For reference ground-truth data, we use the Structured INteracting Continua
(SINC) framework where solute dispersion is primarily driven by exchanges between a fast, advective 1D
mobile zone and an extensive diffusive porosity architecture coming from poorly connected fractures, low-
permeability inclusions/matrix or dissolution patterns. The internal organization of the diffusive porosity
and its connectivity to the mobile zone control the accessibility to the reactive sites. We select four refer-
ence SINC structures representative of different geological contexts and porous structure geometries. Reac-
tions are taken as nonlinear kinetically controlled Freundlich sorption and mineral dissolution. The Multi-
Rate Mass Transfer (MRMT) model is used as an intermediary between conservative transport information
and reactive transport estimates. Reference and estimated reaction rates in SINC and their equivalent
MRMT are compared for a flushing experiment.

Despite the noncommutativity of the reaction and transport operators for the nonlinear desorption and dis-
solution considered, MRMT models are shown to provide surprisingly close estimations of the bulk solubili-
zation rates for both desorption and dissolution whatever the tested diffusive porosity structure. Errors are
commonly less than 1% with maxima of 0.6% for sorption and 10% for dissolution obtained for fast
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reactions, i.e.,, when the reaction becomes transport-limited. The first five moments of the aqueous reactant
concentration distribution and the distributions themselves are similarly well approached. This is consistent
with the very good characterization of the concentration distribution for conservative transport. Moments
of order one and two for a passive tracer are equal in SINC and MRMT, and moments of higher order remain
very close. The relevance of MRMT comes from its ability to accurately represent rapid exchanges between
the mobile and diffusive porosities with numerous exchange rates, as well as from the homogenizing nature
of diffusion itself. On one hand, diffusive zones next to the mobile porosity are well characterized and dis-
cretized by MRMT as they control short-term mobile-diffusive interactions. On the other hand, the coarse
discretization of large-time exchanges reflects the homogenization operated by diffusion in the remote
parts of the diffusive porosity. Deviations mainly occur in the case of complex diffusive porosity structures
far away from the mobile zone where MRMT cannot capture persistent concentration gradients. While dif-
ferent, mobilization rates in the cases examined remain nonetheless close with differences smaller than a
few percent or less.

Anomalous transport models derived solely from conservative transport information may thus be used to
estimate nonlinear fluid-rock interactions when transport processes are dominated by slow diffusion to the
reactive sites. Because conservative concentration distributions are well estimated, more advanced homo-
geneous and heterogeneous reactivities are likely to be also well captured. Additionally, we show that those
models may not require an extensive parameterization, as parsimonious MRMT models with only a few dif-
fusive zones remain highly effective. Dual-porosity models (MRMT with one diffusive zone) already give the
proper order of magnitude of the mobilization times (maximum of 20% of error) and maximum precision is
reached using a reduced five rates MRMT. For these reasons, we frame our results with a general methodol-
ogy to estimate reaction rates from conservative transport information through anomalous transport mod-
els, using MRMT as an example. While highly effective for reaction under diffusion-controlled transport, the
necessary extension to hydrodynamic-issued dispersion remains challenging.
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