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Abstract

In this article a systematic approach for the efficient computation of the
transport and reaction of a multi-species multi-reaction system is proposed.
The objective of this approach is to reformulate the given system of differen-
tial or differential-algebraic equations in such a way that the couplings and the
nonlinearities are concentrated in a reduced number of equations (if compared
to the original formulation), while some linear equations decouple from the sys-
tem. The resulting system is handled in the spirit of a global implicit approach
('one step method’) avoiding operator splitting techniques. The reduction of
the problem size proposed in this article helps to limit the large computa-
tional costs of numerical simulations for such problems. The reduction mech-
anism is a generalization of the method proposed in a previous paper. Now,
problems with mixed mobile/immobile species, homogeneous/heterogeneous
kinetic/equilibrium reactions are considered, while the previous publication
was restricted to problems without heterogeneous equilibrium reactions (such
as equilibrium sorption). An application of the reduction mechanism to an
example problem is given in order to investigate the reduction of the number
of coupled nonlinear equations, and to compare it to other methods.
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1 Introduction

This article is concerned with the efficient numerical solution of a large system of
partial differential equations (PDEs), ordinary differential equations (ODEs), and
algebraic equations (AEs), as they occur in the modelling of transport, chemical
reactions and biodegradation below the Earth’s surface. The topic of this article is
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2 1 INTRODUCTION

the proposition of a method to reformulate the given system of equations describing
the problem, in such a way that the resulting system is easier to solve. A rather
general approach for a wide class of such biogeochemical problems is proposed in
this article. In fact, this article is a generalization of the work by Krdutle and
Knabner [2005], where equilibrium reactions between mobile and immobile species
were excluded.

The chemical species which are considered are divided into two classes: Mobile
(dissolved) species and immobile (sorbed chemical species, minerals, immobile bac-
teria) ones. The system of equations for the concentrations consists of PDEs for the
mobile species and ODEs for the immobile ones, all of them coupled through the
reaction terms. The characteristic timescale of the different reactions may cover a
large range making it desirable to model some reactions as equilibrium-controlled
and others as kinetically controlled, leading to an differential algebraic system of
equations (DAE).

Basically there are two different concepts to treat these kinds of problems nu-
merically: By global implicit approaches (GIA) and by sequential iterative and
sequential noniterative approaches (SIA/SNIA). The GIA requires most resources
per time step, but is usually considered to be the most stable solution method.
SIA and SNIA, depending on the specific problem to solve, may suffer from heavy
restrictions on the time step size to gain convergence, or from the introduction of
large splitting errors, respectively. See, e.g., Steefel and MacQuarrie [1996] and
the papers cited therein, Valocchi and Malmstead [1992], Saaltink et al. [2000],
Berkvens et al. [2002].

In this article, our goal is to avoid such problems by focussing on the GIA.
In order to keep the computational effort with respect to memory requirements
and cpu time limited, we want to reformulate the given system of PDEs/ODEs or
DAE in such a way that some of the equations decouple, leading to a smaller non-
linear system to which we apply the GIA. The reformulation of the given system
is performed by (a) taking linear combinations of the given equations and (b) by
introducing new variables which are linear combinations of the unknown concen-
trations. This leads to a decoupling of some scalar linear transport equations and
a smaller remaining nonlinear system of PDEs, ODEs, and AEs. In another step,
the local equations, i.e., the ODEs and the AEs, are solved for certain variables,
and these variables are eliminated in the remaining PDEs, which reduces the size of
the coupled system again, and which resembles the so-called direct substitutional
approach (DSA).

There are many papers dealing with the efficient solution of transport-reaction
problems in porous media, e.g., Lichtner [1985], Yeh and Tripathi [1989], Friedly
[1991], Friedly and Rubin [1992], Saaltink et al. [1998], Chilakapati et al. [1998,
2000], Robinson et al. [2000], Holstad [2000], Fang, Yeh and Burgos [2003], and,
recently, the very advanced paradigm system by Molins et al. [2004]. A main dif-
ference of the method proposed in this article to other reformulations (e.g., Saaltink



et al. [1998, 2000], Molins et al. [2004]) is that when we introduce linear combi-
nations of concentrations or equations, we lay special emphasis on the distinction
between mobile species and immobile species, not mixing up mobile and immobile
species during the transformation. A benefit of this proceeding compared to other
methods is that it enables a decoupling of some equations without posing addi-
tional assumptions on the stoichiometry of the problem and without ’enforcing’ a
decoupling by splitting techniques. Another advantage can be seen in the fact that
the DSA-like treatment of the local equations in our resulting system preserves a
very sparse population of the Jacobian (see Krdutle and Knabner [2005, sec. 3.4]),
which can be exploited if the linear solver is an iterative method.

The article is structured as follows: In section 2, the equations for the coupled
reactive transport are given. In section 3, which is the main part of this article, the
general reduction algorithm including the case of heterogeneous equilibrium reac-
tions is derived. The algorithm presented in section 3 requires a certain condition
on the stoichiometric matrix. In section 4 it is demonstrated that every stoichio-
metric system can be written in such a form that the required condition is met.
Section 5 demonstrates the application of the method to an example problem. A
comparison of the proceeding to other methods is included in order to motivate
our method.

A mathematical proof that the local equations can always be solved for certain
variables, if mass action law is assumed for the equilibrium reactions, is given in
the appendix.

2 Problem Formulation

Let us consider I mobile species X1, ..., X; and I immobile species X1, ..., X; e
Let us denote their time and space dependent concentrations by ¢ = (c1, ..., cy)?,
€ = (€141, ---, ¢, 1)"; the mobile ¢; are given in moles per fluid volume, the immobile
¢; in moles per total volume. The mobile species are convected by a given Darcy
flow field and are subject to dispersion. Let us assume that the underlying transport
operator L is linear and that it is the same for all mobile species, i.e., L(cy, ..., cf)! =
(Lici, ..., Liep)t with Ly = ... = L. The last assumption is justified if the species-
dependent diffusion is negligible compared to species-independent dispersion. A
typical transport operator would be L;c; = =V - (DV¢ —qq), i=1,...,1, with
dispersion tensor D and flow field q.
The J chemical reactions can be written as

I I+1 _ R
Zsini—F Z Sz‘in <—J>0, j = 1,...,J,
=1 i=1+1

where the stoichiometric coefficients s;; form an (I 4+ I) x J-matrix S with entries
in Z or in IR and R; = Rj(c, ) is the rate expression for reaction j.



4 2 PROBLEM FORMULATION

The I + I mass balance equations are

J
%(961) +Le; = ) Sinj(C, é), i1=1,..,1
j=1
J ) (1)
%Ei = > Sinj(C, ¢), it=1I+1,..,I+1I.
j=1

f > 0 denotes the fraction of the mobile fluid-phase volume. We assume that the
s;j are constant in space and time. The rates ; and ¢ may depend on space and
time; however, for the sake of simplicity we assume that 6 is constant.

The stoichiometric matrix S consists of an I x J block S; of stoichiometric
coefficients for the mobile species and an I x J block So of coefficients for the

immobile species:

Using the vector notation R = (Ry, ..., Ry)! we get the compact notation

0%c+Lc = S;R(c,7)
ot (2)

¢ = S;R(c,¢)

for (1).
If a rate R; in (1)/(2) is kinetic, then we prescribe a rate function R;(c,¢). As
an example may serve the forward-backward rate formulation

I+I I+I

= —Sij +8ij
Rice)=kl [ ™ -8 ] ™. (3)
i=1 =1
545<0 545>0

with rate constants k:f , k:? >0. For the sake of simplicity we have omitted the bar
atop the immobile species €741, ...,¢;, 7 in (3). Besides (3), other rate laws can be
considered.

A reaction R; that is assumed to be at local equilibrium is described by a local

algebraic equation
Qj(c,e) =0 (4)

that holds at every point of the computational domain. The local equilibrium
described by the law of mass action

I+1 I+7 .
— —S8ij Sij
Qiee)=k [ ™ -k [I <=0, (5)
=1 =1

Sij<0 Sij>0



here formulated with ideal activities for all species, is a typical assumption, at
least for low concentrations. However, we will not need this specific form (5)
unless we are interested in proving the mathematical theorem of section 3.4. See
also section 3.6 for a discussion of the equilibrium conditions. Note that if an
equilibrium condition (4) is assumed, then the corresponding rate term Rj(c,¢) in
(1) is not an explicit function of the local concentration vector (see, e.g., Lichtner
[1996, eq. (121)], De Simoni et al. [2005]). The common way to handle the DAE
is to eliminate the rates R; corresponding to equilibrium reactions from the system
(1)/(2). This can be achieved by taking linear combinations of the differential
equations. This process leads to the introduction of what is often called components
(see, e.g., Friedly and Rubin [1992], Saaltink et al. [1998], Molins et al. [2004]).

Let us assume reactions Ry,...,R;, to be in equilibrium and reactions
Ry, 41, Ry to be kinetic, 0 < Jog < J. We can split the vector R into a
vector of equilibrium reaction rates Req of size Je4, and a vector of kinetic reaction
rates Rpeq of size Jpeqg = J — Jeg:

R.
R=| _red
<Rneq>

Similar to vector R, we split the matrices S,S¢,S2 into a block of J, columns
belonging to the equilibrium reactions, and a block of J,,¢4 columns for the kinetic

reactions: L )
S Se Sne
S:<s:>:<s2qs2q>:(seqSneq)- ©)
eq

neq

With this notation, (2) reads

05c+Lec = Sl Req+ SieqRueq(c,T) -

2¢ = 82, Req + S2cq Rueq(€, )

and the AEs (5) for j = 1,..., Jeq can be expressed by the equivalent formulation

Ae c,¢) := Seq'ln E - K
Qq(,) q C
= Sl /lnc+S2'me-K=0 (8)

where the vector of equilibrium constants K has the entries ln(kf /kb), and In (the
natural logarithm) applied to a vector with entries ¢; > 0 is short for the vector
with the entries In¢;.

The well known way to handle system (7) together with (4) is to form linear
combinations of the equations in (7) in such a way that the unknown reaction terms
Req vanish. The forming of linear combinations of equations can be expressed by
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multiplying (2) with certain matrices (e.g., Lichtner [1996], Saaltink et al. [1998],
Molins et al. [2004], Krdiutle and Knabner [2005]). A main difference between
different reduction methods lies in the choice of these matrices. This choice strongly
influences whether (or under which conditions) the aim of a partial decoupling of
equations can be reached in the resulting system.

3 The decoupling algorithm

3.1 The transformation of the mobile and of the immobile block

Let us recall the basic idea of the transformation by Krdutle and Knabner [2005],
Sec. 4.1.

The first step of the decoupling method is to transform the two blocks of (2)
separately: Let Ji, Jo be the number of linearly independent columns in the matrix
S1, Sz, respectively. For S;, ¢ = 1,2, we define S; as a matrix consisting of a
maximum system of linearly independent columns of S; and A; such that

S; = SiA; 9)

holds. A; is a matrix of size J; x J and Ag of size Jo x J. For S; we define SiT
consisting of a maximum set of linearly independent columns that are orthogonal
to each column of Sf. By using (9) in (2) and then multiplication of each block of

(2) by
(Si'sp)'s;" and by (8/'s[)7's/" (10)

we derive the following four blocks:

(S1's7)'sT" (#2c+Le) = O
t _ t —
(S3'83)7'S3" §e =0 )
(Si'S7)7!Si" (#2c+Lc) = A;R(c,@)
(S5'S3) 'Sy G = Az2R(c,)

This manipulation corresponds to the forming of linear combinations within each
of the two blocks of equations in (2). The number of equations in (11) is the same
as the number of equations in (2) or (7). Hence, the reduction is still to come.

Since the matrices and the differential operators in system (11) commute, we
can substitute

t — t *tQx\—1Qx*
n= (SI SI) ISI c, 13 (S1tsl) 1Slt c,

> 12
7= (S3'S3)7's3'e,  &=(Sy'sy'sy'e -



3.1 The transformation of the mobile and of the immobile block 7

The inversion of relation (12) reads

c = S;¢+Sn, (13)
€ = S3E+8, 1.
The vectors (€,n) € IR, (€,7) € IR! are representations of the vectors ¢, €, re-
spectively, with respect to another basis. € and 1 are linear combinations of only
mobile species, and &, 7 are linear combinations of only immobile species.

System (11) becomes

9%n+Ln =0 (I —J1 egs.)
% 7 =0 (I — Js egs.)
Si€+S{n
XX = 15771 14
9 F _ 16+S1m

The advantage of (14) compared to other possible formulations is that the reaction
invariants’, i.e., the equations for the components 1 and 7 are decoupled from the
equations for &, €. This is caused by the fact that our components 17,7 do not
consist of mixed linear combinations of mobile and immobile species. Note that
the decoupled equations for 7 are linear and scalar which makes their solution
rather fast. The components 77 are even constant throughout the whole simulation.
The evolution of both of these quantities is completely determined by the initial and
boundary values for ¢, € and is independent of the reactions. The &, € differ from
the classical definition of 'reaction extents’ (Prigogine and Defay [1954], Friedly
[1991], Friedly and Rubin [1992]), since on the right hand sides of the corresponding
equations, linear combinations of reaction rates occur.

The number of remaining coupled nonlinear equations for representation (14)
is Ji + Ja. If all reactions are kinetic, then the formulation (14) could directly be
used for simulation. However, it is possible to further reduce the system size: After
discretization in time, the last block in (14) consists of local algebraic equations for
€. These equations can be solved for € and substituted in the right hand side of
the third block in (14). This reduces the number of remaining coupled nonlinear
PDEs to J;j.

If some of the reactions are assumed to be at equilibrium (formulation (7)
together with (4)), then formulation (14) cannot be used directly. It is necessary
to eliminate the equilibrium rates Req from the system (14) and use the remaining
equations together with the equilibrium conditions (4). The way to eliminate the
equilibrium reactions from the system (14) such that the component equations for
1,7 remain decoupled will be motivated by an example in the following section.
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3.2 The further treatment for an example problem including equi-
librium sorption

Let us consider the chemical reaction network
2X1 &XQ, X2+X3<&>Y4, Y4<&>Y5 (15)

consisting of 3 mobile species X1, X9, X3 and 2 immobile species X4, X5 and 3
chemical reactions Ri, Ry, R3. The corresponding nonlinear system of PDEs reads

0é1+ Ly = —2Ry (Cl, Cg)

Oéo + Les = Rl(cl, CQ) — RQ(Cl, 62,64)

0¢s + Les = —RQ(CQ, 03764) (16)
ey = Ra(c2,c3,C4) — R3(c2,C4,C5)

G5 = R3(c2,¢4,C5)

Let us apply the algorithm of Section 3.1 to (15)/(16): The stoichiometric matrix
reads

-2 0 0
1 -1 0
= < 21 ) = 0 -1 o0 |,
2 0 1 —1
0 0 1
The extraction of the linearly independent columns yields
-2 0
si-| 1o los=() ),
0 -1

100 01 0
Al_(o 1 0)’ A2_<0 0 1)’

and for the orthogonal complement of S we choose
1/2
S;=( 1],
-1

and S; = () is the empty matrix. Hence, the algorithm of section 3.1 yields the
System

(9%+L)m =0
OF+L)& = R
O +L)& = Ry (17)
24 = Ry
% 3 R3



3.2 An example problem with equilibrium sorption 9

4 1 -1 “
—2 -4 -5 || 2|
Cc3

where

VR
e
-
~_—
I
N

3
c1
4 /1
m - (2 1 —1> €2 |
c3

(8) = (o))

Equation (17) corresponds to the general form (14).

Let us analyse (17) with respect to the case that reactions can be at equilibrium.
In this case, our goal is a formulation in which every equilibrium reaction occurs
only in one equation, and where in each equation, there is at most one equilibrium
reaction term. After that we can replace the corresponding PDE or ODE by the
corresponding algebraic equilibrium condition (4). If Ry or R is at equilibrium in
(17), then we can immediatly proceed like this. If Ry is at equilibrium, then we
first have to replace the third or the fourth line in (17) by the difference of these
two equations:

(0 % + L)m =

206 -&)+ L =

(02 + L) - R (18)
28 = Ry
26 = R

In this formulation, an arbitrary subset of the three reactions can be assumed to
be at equilibrium, since we can replace the specific PDEs/ODEs from (18) by the
corresponding algebraic equilibrium conditions @; = 0.

Analysis of this example problem shows under which assumptions we can gen-
eralize the proceeding: Reactions R; and Rj3 are homogeneous; they only occur in
exactly one of the two blocks (16). Therefore they occur only in one of the blocks
of the system (17). Due to the special structure of Aj, Az, which consist of unit
vector columns and zero columns (this is a consequence of the fact that S1,Ss
consist of linear independent and zero vectors), they occur only once in the whole
system. However, reaction Ry is heterogeneous, hence, it occurs in both blocks of
(16) and therefore occurs in both blocks of the system (17). Again, thanks to the
structure of Ay, Ag, the heterogeneous reaction occurs exactly in one equation of
each block of the system (17). By taking the difference of these two equations, as
it was done in (18), one occurence of Ry can be eliminated.

So what we need to apply the method used for this example, is basically that
those columns of A; and Ao that correspond to equilibrium reactions, are certain
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unit vectors or zero columns. For this, we need that Séq and qu consist of lin-
early independent columns plus possibly some zero columns; see section 3.3 for the
details.

3.3 The general algorithm capable of handling heterogeneous equi-
librium reactions

Let us sort the vector of equilibrium reactions in the following way: We start
with those equilibrium reactions whose participants are all mobile, then we take
the heterogeneous equilibrium reactions (i.e., those having participants both in the
mobile and in the immobile phase) and at last those equilibrium reactions in the
immobile phase:

Req = (Rmob7 RSOI‘I:M Rimmo)a
R= (Req7 Rneq) = (Rmoba Rsorpa RimmOa Rneq)

Note the slight abuse of notation, since Rgorp not only contains equilibrium sorp-
tion reactions, but arbitrary equilibrium reactions between mobile and immobile
species. For the kinetic reactions Rpeq, no special order is required. The size of the
subvectors is Jpop, JSOTp) Jimmos Jneq§ Jmob + l]307“;0 + Jimmo = Jeqa Jeq + Jneq =J.
Due to this order, the stoichiometric matrix has the following shape:

S Seq | She
- (3] (i) (30

neq
S}nob ‘ Sgorp ‘ 0 H Srlleq ) 1

= 9

( 0 ‘ Sgorp ‘ Si2mm0 H Slzleq ( )

Note that for representation (19) we made no assumptions on the stoichiometrys;
every reactive system has such a representation. A usual assumption on the sto-
ichiometric matrix is that all the columns of S are linearly independent. What
we require is that at least the columns of the equilibrium part Seq are linearly

Sl
. . 1 . 2 . sor
independent. Hence, also the columns in S, ., in S§ o and in <4LS2 are
sorp

linearly independent.

As an additional requirement, motivated by the example in section 3.2, we
postulate that both the columns in (S, |S3rp) and in (S2,,,[S%,1,0) are linearly
independent, i.e.,

rank(SL |SL o) = Jmob + Jsorp and

sorp

rank(Sgorp | S2 ) = JSOTp + Jimmo'

1mmo

(20)

This condition is not met for arbitrary stoichiometric matrices (19), but in section 4
we will show that without loss of generality, each chemical system can be formulated
in a way fulfilling condition (20).
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As a consequence of (20), we can choose a maximum set of linearly independent
columns from Sy containing (S}, [Sop ), and a maximum set of linearly indepen-
dent columns from Sy containing (S2,,,/S%,n0) As in section 3.1, we denote these
matrices by Sj, S5 again. We get the block structure

Si = (Srlnob | Sgorp | Stllleg)a (21)
S; = (Sgorp | Si2rnmo ‘ Sr21eq)v

/ / . .
where Sllqeq, Sﬁeq consist of columns taken from Sllleo17 Sﬁeq, respectively, such that

S3,S5 consist of a maximal set of linear independent columns of S;,S2. Let
J}L;q, Jg;q be the number of columns of S}lleq, Sﬁleq-

The selection process is described by (9), where A1, A have, thanks to (20)
and (21), the block structure

Id;__, 0 0 |AL.,

A1 = 0 IdJsorp 0 Agorp ’ (22)
0 0 0 Aleq
0 IdJsorp 0 Agorp

Ay, = 0 0 Id;, | AZ .o |, (23)
0 0 0 Aleq

and where Id,, is the n x n identity matrix. Exactly as in (9)-(14) we define S ,SJ,
multiply the two blocks of the given system (2) by the matrices (10) and substitute
¢, by the new variables n, &, 7, &. Additionally we introduce the splitting into
subvectors

5 = (Emoba Esorp? Eneq)a E = (Esorpv Eimmo’ Eneq)

of size Jiobs Jsorps J}L/@q; Jsorps Jimmos J,%qu, and we make use of the block structure
(22), (23). We get:

i) (05 +L) n = 0
i) & 7 =0
(111) (9% + L) Emob = Rmob+ Atlnob Rneq(c; E)
(iv) (05 +L) €orp = RsorpT AlypRneq(c.T) (24)
v 09 + L) £ne = Al Rueq(c,©
ot q neq q
(Vi) % gsorp = RSOI‘P+ Agorp Rneq(C7 é)
vii 2 E = Rimmot A? Rpeq(c,C
( ) ot 7zmmo immo q
(Viii) % Eneq = Aﬁeq RHeOl(C7 E)

This formulation corresponds completely to the representation (14); the only dif-
ference is that we used the block structure of S, Aj, A2. Formulation (24) also
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corresponds to formulation (17) of the example problem: Those equilibrium rates
which involve only mobile species or only immobile species (Rmob; Rimmo) 0C-
cur exactly once, and the heterogeneous equilibrium reactions Rgorp Occur exactly
twice. The assumption (20) was necessary to guarantee these properties. The
kinetic reaction rates Rpeq can occur multiple times.

As in the example of Section 3.2, we have to eliminate one occurence of Rgorp
by taking the difference of block (iv) and block (vi) in (24):

(ii) 2 n = 0
(iii) (9 o + L) §mob = Rmobt Al:!nob Rpeq(c, )
(iV)—(Vi) ot (9£SO’Pp 530Tp)+L£sorp == Asorp Rneq(C, é) (25)
(V) (0 0 + L) £neq - Aneq Rneq(ca é)
(Vi) % gsorp = RSOI‘P+ Asorp RHGQ(Cv E)
(Vii) % éimmo = lemo+ A12mmo Rne‘l(cv é)
(Vlll) % £neq = Alzleq neq(ca 6)7
where we have set Agorp 1= A;orp — Agorp Now, since all equilibrium reactions

(Rmob, Rsorp, Rimmo) = Req 0ccur exactly once, we can replace blocks (iii), (vi),
(vii) by the AEs (4) describing the equilibrium.

i) (05 +L) n =0 (I—Ji eqs.)

(ii") 2 m =0 (I—Js eqs.)

(ii) Qeql(c,T) =0 (J, 6q eqs.)

(iv’) % Eneq = Ar21eq Rneq(c7é) ( neq eqs.) (26)
(v) 5 (0&sorp—Esorp) + Lésorp

= AsorpRneq(Qé) (Jsorp eqs.)
(Vi) (02 4+ L) €neq = AleqRneq(c,@) (JL, eas.)

The system is closed (see (13)) by

c = Si&+S{n
= Sr1n0b5m0b+S;orpgsorp—i_srlllqu’neq—i_si—lrn9
€ = SiE+S,7m
SZorp€sorptSimmotimmot Sheq€neqtSa - (27)

The system (26) consists of the decoupled linear problems (i’) for 7, a block of
'local’ problems (iii’), (iv’), and a system of PDEs (v’), (vi’). The character of
equation (v’) is that of a ’generalized equilibrium sorption process’. As the next



3.4 'The implicit elimination process 13

sections shows, the blocks of local equations (iii’), (iv’) can be solved for the un-
knowns &mob, £sorp7 &immeo and gneq (OI“ for &mob, Esorpa Eimmos Eneq)a and sub-
stituted into the remaining PDEs in the sense of a DSA. Note that (different from
the scheme arising from the method by Friedly and Rubin [1992], if considered
as a GIA with DSA technique), the introduction of the resolution functions for
£mob,€sorp, Eimmos fneq in (v’), (vi’) does not take place under the transport
operator. Hence the sparsity pattern for the linear problems arising from the dis-
cretization of (26) is more convenient for efficient numerical solution with iterative
linear solvers. See Krdutle and Knabner [2005, sec. 3.4] for a more detailed discus-
sion of the sparsity pattern.

After the local equations (iii’), (iv’) are substituted into (v’), (vi’), the size of
remaining coupled nonlinear equations (v’), (vi’) is Jsorp + Jnlleq, which is less than
or equal to Jsorp + Jneq, Which is again less than or equal to the total number of
reactions J, and J is less than or equal to I + I, which is the number of unknowns
in the original problem (1)/(2). The number of homogeneous equilibrium reactions
(Jimob, Jimmo) does not influence the size of the resulting system. See also section 5
for a comparison of our reduction scheme to classical formulations and to Molins
et al. [2004].

3.4 The implicit elimination process

In this section, the solvability of the blocks of local equations in scheme (26) is
discussed under rather general assumptions.

Theorem. Let assumption (20) hold and let there be a positive lower bound for
all concentrations ¢;, ¢;, uniform for all points x of the computational domain.

(a)

(al) If the equilibrium reactions (iii’) are governed by the mass action law
(5)/(8), then there is a local resolution function for &,m0b, &. sorps Eimmo
(depending on Eso'r'pa Eneqa 5neq)~

(a2) Let the derivatives 8812 , %Igj exist and are bounded all over the com-
putational domain for all species ¢;,¢; and all kinetic reactions Rj,
Jj=Jeg+1,...,J. If block (iv’) is discretized with the implicit Eu-
ler method and if the timestep size At is sufficiently small (or if the
explicit Euler method is used and At > 0 is arbitrary), then there
is a local resolution function of this block for Eneq (depending on

€mob7 €sorp7 €neq7 Esorpa Eimmo)-

(a3) Under the assumptions of (al) and (a2), there is a local resolution
function of block (iii’), (iv’) for &mobs Esorps Eimmos Eneq (depending
on gsorpv gneq)'

(b) The assertion (al)-(a3) is also true if we exchange &sorp and Esorp in (a).
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Proof: See appendix.

Note that the choice to solve (iii’) for E&mob,&. sorps €immo (or for
&mobs Esorps €immeo) corresponds to the segregation of the so-called secondary de-
pendent variables from the primary ones. So for our method, this segregation is
not done for the original unknowns ¢;, ¢;, as it is done, e.g., by Lichtner [1996], and
by most of the authors cited in section 1, but for the new unknowns &;, &;.

Let us mention that it is possible to show that under the assumptions of the
theorem, the system of differential equations we get after substitution of the local
variables is parabolic and does not degenerate.

3.5 Newton’s method for the reduced system

Each time step for our reduced system (26) consists of the following steps:

First we perform the time step for the linear scalar decoupled equations for
1. Then we perform a Newton or Newton-like iteration for the nonlinear problem
consisting of equations (v’), (vi’) for the variables £sorp and €peq. We refer to these
variables as ’global’ variables, since they are coupled by a system of PDEs. The
variables 5mob,€sorp,€immo,€neq are considered to be substituted in (v’), (vi’)
by solving (iii’), (iv’) for these variables. It is not necessary (and also not realistic)
that we find the resolution function of (iii’), (iv’) explicitely; it is sufficient that we
can evaluate the residuals of (v’), (vi’) and compute the Jacobian for the reduced
problem. Notice that the Newton step for (v’), (vi’) only gives an update for
the global variables. In order to get an update for the remaining so-called ’local’
variables, which is necessary to evaluate the residuals and the Jacobian, we have to
perform a nested Newton iteration for problem (iii’), (iv’) with fixed values of the
global variables. This nested problem consists of small local decoupled problems for
the different nodes or control volumes of the computational domain. Numerical test
runs confirm that the costs for solving these local problems are negligible compared
to the cpu time for the global problem.

3.6 Non-ideal activities and minerals

The assumption of ideal activities in (5) was only required for the proof of the
theorem in section 3.4. However, also if non-ideal activities are assumed, the reso-
lution function exists most likely — only the proof does not cover this case. If the
assertion of the theorem is desired also in the case of non-ideal activities of aqueous
species, one could make the approximation that during one time step, the activity
coefficients remain constant. This leads to a formulation of the equilibrium condi-
tions again depending on the concentrations instead of the activities like equation
(8), but now, with different equilibrium constants K incorporating the activity
coefficients of the species. By this, the assertion of the theorem holds valid.
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If reactions with minerals are considered, for the mineral species usually con-
stant activity is assumed. For species with constant activity, the remarks made in
Krdutle and Knabner [2005, sec. 4.4] apply, i.e., these mineral species can be elim-
inated a priori, and the reduction algorithm is applicable, as long as no mineral
reaches zero concentration (no complete dissolution).

If a system is considered where complete dissolution of minerals is possible,
then the transformation of the problem into the decoupled formulation (26) is still
valid. However, the further reduction of section 3.4 cannot be guaranteed, since
the equilibrium conditions with minerals have a more complicated structure than
(5). For example, the equilibrium condition corresponding to reaction Rz in (15),
with X, assumed to be a mineral, can be written as

(K2 — 6263) -4 =0, Kgog—coc3>0, ¢4 >0, (28)

which is called a complementarity condition, and which cannot be solved for one of
the variables. One well-known possibility to handle the case of vanishing minerals
is to formulate the given problem as a moving boundary value problem (MBVP)
(Lichtner [1985]), the moving boundaries separating the saturated and the under-
saturated subdomain. The formalism of MBVP assumes that on subdomains where
a certain mineral concentration ¢; is zero, the corresponding mineral reaction rate
R; is zero, i.e., the corresponding column and row of the stoichiometric matrix
can be dropped on that subdomain. On subdomains where the mineral concentra-
tion ¢; is greater than zero, a simple algebraic condition describes the equilibrium.
This condition, as well as all the other reactions, are independent of the mineral
concentration, so that the ODE for the mineral concentration is decoupled from
the computation of the nonmineral concentrations, and the update of the mineral
concentration can be computed a posteriori from the update of the nonmineral
concentrations. This procedure leads to slightly different stoichiometric matrices
describing the nonlinear problem on the different subdomains, all being submatrices
of S. It is possible to perform the transformation of section 3.3 on each subdomain
separately using on each subdomain the specific stoichiometric matrix. A different
rather new approach would be to use the complementarity representation of the
mineral reactions (28), which is valid on the whole domain, instead of the MBVP,
and to perform the transformation of section 3.3 on the whole domain with the
complete given stoichiometric matrix S, and to apply numerical solution methods
to the resulting system of differential equations coupled to the complementarity
conditions without applying the substitution of section 3.4 for the mineral reac-
tions. Such numerical solution methods for complementarity problems are known
from the mathematical optimization theory, for example the interior point method,
which was applied by Saaf [1996] to a problem on porous media.
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4 Reduction for arbitrary stoichiometric systems

In section 3.3 the assumption (20) on the equilibrium reactions was made in order
to guarantee the applicability of the reduction algorithm. The condition was used

(a) to derive representation (24) such that the generalized sorption formulation
(25)/(26) could be derived and

(b) to guarantee the solvability of the equilibrium conditions (iii’) in (26) (see
proof of the theorem part (i) in the appendix).

In this section we will show that every reactive system can be formulated in such
a way that condition (20) is met. We will see that two simple preprocessing steps
for the given problem are sufficient.

For the following, let us consider an arbitrarily given stoichiometric matrix.
Without loss of generality we can assume that at least the equilibrium reactions
(i.e., the columns of Seq) are linearly independent.

4.1 Preprocessing step 1

Let us consider an example problem with 6 species X1, Xo, X3, X4, X5, X and the
following Jeq = Jsorp = 4 heterogeneous equilibrium reactions Ri-Ry:

R1 R2

Xo <5 X + X, X5 <> X3+ 3Xg,
X3+X6 LN 2X4, Xy iR X1+X5

The corresponding stoichiometric matrix is

10 0 1
-1 0 0 -1
Se 0 1 -1 0
_ eq | _
Seq = ( SZ, ) - 0 0 2 0 (29)
0 -1 0 1
1 3 -1 0
Clearly, both the columns of (Sllnob ‘ Sgorp ) = S}eq and the columns of

( S2.p ‘ SZ o ) = 82, are linearly dependent, though the columns of Seq are
linearly independent; condition (20) is not met.

The preprocessing step I now consists of a Gaussian (row-based) elimination
for Seq" (or, equivalently, a column-based Gaussian elimination for Seq):

1 -1 0]lo o 1
gt _ [0 0o 1j0 -1 3
ed 0 0 -1/2 0 -1
1 -1 0/0 1 0
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SO O =
o O O
O O = O
O = OO
= oo OO
i Ll SR

After transposition we get the following matrix, which will, to keep the notation
simple, be denoted by Seq again:

N O OO O
N O =IO O O
= oo o O

|
—_

The Gaussian elimination does not modify the stoichiometry: An addition of two
columns of S¢q corresponds, for example, to the multiplication of one equilibrium
condition in (5) by another. Note that the same effect is used when stoichiometric
matrices are transformed to the so-called canonical form, Lichtner [1985]. However,
the reason for such a transformation when using the canonical form is, different
from ours, the desire to write the local equations as explicit resolution functions
for the secondary variables.

Since all Je, columns of the given matrix (29) are linearly independent, the
resulting matrix (30) contains J., rows which equal the J., unit vectors in IR7ea.
Each column in matrix (30) contains exactly one of the unities (printed in bold
fonts). Each column in the upper part Séq of matrix (30) contains either a unity
or is completely zero. From this representation it is clear that we can write (30) as

si si 0
Suq = (S o |0 ) @

such that all columns in submatrix (S},,1,/S2rp) are linearly independent, i.e.,
rank( Srlnob ‘ Sgorp ) = Jmob + JSOTP (32)

(in the example (30), Jimop = 0, Jsorp = 2, Jimmo = 2). The columns in SZ__ are

o
Sizmmo
Note that for the example of this section (matrix (30)) the stronger condition

(20) is still not met after the preprocessing.

also linearly independent, since all columns in ) are linearly independent.
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4.2 Preprocessing step 11

Let us consider a matrix of type (31) with linearly independent columns which ful-
fills (32). We will transform it into a matrix fulfilling (20) using column operations:

Let us denote the columns of Segq, Séq, qu by sj,s},sg,j =1,..., Jeg, TESpEC-
1

S
tively. Hence, s; = <S§> Suppose the columns in (S;"orp\Sizmmo) are linearly
J
Jeq
dependent. Then there is a linear combination > ajsg = 0 where at least
J=JImob+1
one aj, # 0. Since the columns of S are linearly independent, the column jo

can be chosen among the S2  columns, i.e., Jop+1< J0 < Imob+Jsorp. Since

sorp
Jeq
LI o
Jo J°9>
Jo Ji=Imobt1
J#30
the addition of
J
1 - SJI-
o > 52
J0 =T 0p+1 J
J#30
sl
to column sj, = 20| cancels vector 3?07 leaving us with a matrix with Jp,0p
S=
Jo

increased by one and Jg, decreased by one. Obviously the property (32) remains
unaffected by this addition.

The process is repeated until the columns of (Sgorp\S.z

1mmo) are linearly inde-

pendent.

Returning to our example (30) with Jup = 0, Jsorp = 2, Jimmo = 2, we
may choose jo = 1 and add —1/2 times column 2 to column 1, and get the new
stoichiometric matrix, which is again denoted by Seq,

S O ONI- = =

(33)

wn

o

k-]

|
(O I i
M- O = O o O
— = oo oo

with Jpmob = 1, Jsorp = 1, Jimmo = 2.

Note that the preprocessing does not affect the reaction invariants, since the
orthogonal complement of the space generated by the columns of of the upper/lower
parts of the representations (29), (30), (33) is clearly the same.
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5 Application of the reduction scheme and comparison
to previous methods

In this section we demonstrate the application of the reduction scheme of sec-
tion 3 to an example problem and we compare the procedure and the number
of resulting equations with other methods. Since the concept of this paper is to
investigate decoupling techniques which do not require splitting techniques, we
consider other available methods only insofar as they do not apply some opera-
tor splitting. Furthermore, we consider problems with mixed kinetic/equilibrium
reactions and mobile/immobile species. We consider an example without mineral
reactions, i.e., all heterogeneous reactions are sorption reactions. The reasons for
this choice are twofold: Problems with minerals where full dissolution of minerals
never occurs would not be very challenging for our decoupling method, since the
mineral amounts do not affect the mobile species concentrations, i.e., the ODEs can
be dropped and the structure of the system simplifies strongly. If problems with
minerals are considered where complete dissolution of minerals takes place, some
extension of the solution algorithm is necessary (see section 3.6), and the analysis
of the efficiency of the method becomes more complicated.

As an example may serve the problem with I + I = 10 species ¢ :=
(c1,c2, c3,Ca, 5, Cg, €7, C8, C9, C10) ", three equilibrium reactions Req = (R1, Ra, R3)*
and two kinetic reactions Rpeq = (R4, R5)" with the stoichiometric matrix

0 1 0 0.5 1
0 1 3 |-05 ~—1
0 0 0 [ 025 =35
1 0 0 0 2
S=(SealSnea) = | o o 1|1 o (34)
0 0 0 0 -1
-1 0 0 0 0
0 -1 0 0 0
0 0 -1 0 0

Note that for the moment we do not seperate mobile from immobile species. The
system of ODEs/ODEs can be written

0
aMlc + LMsc = SeqReq + Sneaneq(C)> (35)

where Mj is a diagonal matrix with diagonal entries 6 for mobile and 1 for im-
mobile species, and My is a diagonal matrix with entries 1 for mobile and 0 for
immobile species. Besides these differential equations, the equilibrium conditions
Req’ Inc = K holds (see (8)). Note that this example corresponds, concerning sto-
ichiometry and mobility of species, to the example in Molins et al. [2004]; however,
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as mentioned, we consider the heterogeneous reactions to be sorption reactions in-
stead of mineral precipitation/dissolution. Let us start with the demonstration of
'standard’ methods to the example.

5.1 Reformulation by classical approaches

The basic idea for classical methods is to eliminate the unknown equilibrium rates
Req from the system. There are several ways to achieve this. One possibility is
(see, e.g., Lichtner [1996]) to solve the J., algebraic equations for certain variables
(the so-called secondary variables), e.g.,

_ 3
cg = Kicycs, cg = Kaciea, c19 = K3zches, (36)

and then to solve Jo, = 3 differential equations from the system (35) for the Jgq
equilibrium rates Rp, Ro, R3. In our case, we have to take the three differential
equations for the secondary species cg, cg, ¢19 from (35) and get

0 0 0
Ry = _5(908) — Leg, Ry = _aw%) — Leyg, R3 = —QEIO-

The choice of secondary species is rather arbitrary; however, the corresponding
part of Seq has to be invertible.

The expressions for R1, Ry, R3 can be substituted in the remaining I+1— Jeg =17
differential equations from (35). We get

%(901 + 909) —‘y—L(Cl + 09) = 0.5R4+ Rs,

%(062 + 0cog + 3¢10) +L(c2+c9) = —0.5Rs— Rs,

2 fcs +Lecs = 0.25R4 — 3.5Rs,

%(904 + Ocs) +L(ca+cs) = 2Rs, (37)
2(0cs + Ocs) +L(cs +cg) = Ra+ Rs,

%(906 + C10) +Lcs = —Ry,

% Cc7 = —Rs

The remaining system consists of I + I — Jeq = 7 PDEs/ODEs and the Jo, = 3
AEs (36). The AEs could be substituted into the differential equations leaving us
with 7 coupled PDEs.

Another possibility to derive such a system where Regq is eliminated is to mul-
tiply (35) by a matrix Ueq" where Ueq is a (I +1) x (I + 1 — J,,) matrix consisting
of a maximal system of columns which are orthogonal to the columns of Seq, i.e.,
Ueq = Seq—r in the notation of the previous sections. This technique is applied
in Molins et al. [2004] as a first step of the transformation, and this matrix is
called component matrix. Since Ueq'Seq = 0, the multiplication of (35) by Ueq'
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eliminates the equilibrium reaction term in (35). If we chose for example

10 0 0 0 0 O
01 0 0 0 0 O
0 01 0 0 0 O
00 0 1 0 0 O
00 0 0 1 0O
Ueq o 00 0 0 0 1 0 |’
00 0 0 0 0 1
00 0 1 1 0O
1 1.0 0 0 0 O
03 0 0 0 1 0

(Ueq is not unique) then the multiplication yields (37). A third (equivalent) way to
achive this structure is to take linear combinations of the equations of (35) in such
a way that Rj, Ry, R3 are eliminated from 7 equations (Steefel and MacQuarrie
[1996)).

Note that these classical transformations only eliminate Req; they do not lead
to any decoupling of differential equations. Several authors note that it is possible
to remove also the kinetic rate terms from I +1 —J = 5 of the I + I — Joqg =7
equations. There are again several possibilities to achieve this goal. One possibility
is to take linear combinations among the equations of (37) such that Ry, R are
eliminated from I 4+ I — J = 5 differential equations. Since the right-hand side
of (37) reads Uethneaneq(c), a more instructive way to achive the goal is to
multiply (37) by a matrix Uneqt, where Upeq consists of I + I — J columns which
are orthogonal to the .J,., columns of matrix Uethneq. For the choice

1 0 0 0 0
0o 1 0 0 0

0 0 1 00

Upeq=| 0 0 0 10
0 0 0 0 1

05 —05 025 0 1

1 -1 =35 2 1

we get the first I + I — J = 5 equations of the system

%(0(61 +0.566+09)+57+0.5510) +L(Cl +0.506+Cg) = 0
%(0(6270.565+Cg)757+2.5510) +L(C27O.5C6+Cg) = 0
%(0(03—"—0.2566)—3.5574—0.25510) —|—L(Cg + 0.2506) = 0

%(9(04 + cg) + 2¢7) +L(ca + cs) = 0 (38)
2(0(cs + 6 + cs) + &7 + C10) +L(es+co+cs) = 0

%(966 + C10) +L cs = —Ry

2 ¢ = —Rs

Another way to find the conservative equations being void of any reaction term
(called component equations) is to multiply the given system (35) directly by a
matrix E' where E consists of I + 1 — .J = 5 columns that are orthogonal to all
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of the J = 5 columns of S. The resulting system consists of a coupled system of
I+ 1 —J component equations (PDEs), J,; PDEs with kinetic rates (38), and Jg,
AEs (36). Such a structure is also derived in Steefel and MacQuarrie [1996].

One can either use (38) together with (36) for numerical simulation, or one can
substitute (36) into (38) for simulation. Note that still no decoupling is achieved. A
decoupling is possible if all species occuring in the component equations are either
mobile or immobile. Then, the introduction of new variables 71, ...,n;,;_; in the
first 1+ I — J equations of (38) leads to I + I — .J linear scalar transport equations
for the n;. After a time step for the 7; is done, the linear algebraic equations
which were used to define the 7; can be solved for certain ¢;, and these ¢; can be
eliminated in the remaining problem consisting of the last J,., = 2 equations of
(38) and the nonlinear algebraic equations (36). However, in most situations, as in
our example, the component equations will contain a combination of mobile and
immobile species which results in different linear combinations of species in the
time derivatives and in the flux terms, which seems to prevent the introduction of
the n; and the decoupling.

5.2 Reformulation by a newer approach

Let us consider the method by Molins et al. [2004]. The authors require that the
stoichiometric matrix has the shape

S11 Si2
S = (Seq‘sneq) - S21 _IdJneq ’ (39)
“Id;.. | O©

and that all immobile species correspond to rows in the second and in the third
block of rows of S, and that, if immobile species correspond to rows in the second
block of rows, these rows have only zero entries in Saq; i.e., each reaction con-
tains at most one immobile species. Our example problem (34) has already this
structure. The authors also perform the multiplication of (35) by Ueq’ and then
by Uneq' and get formulation (38). Then, they eliminate those immobile species
which correspond to the second block of rows in (39) (this is only ¢7 in our example
(34)) from the component equations in (38). This is done by multiplication of (38)
by a certain matrix F! which reads

1000 -1 0 0
0100 1 0 0
0010350 0
Ft=| 0001 -2 0 0
0000 1 0 -1
0000 0 1 0
0000 0 0 1
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The entries in the senventh column are chosen such that é; vanishes from the
component equations; the resulting system reads

|o

(9(01 —c¢5 — 0.5c6 —cg +cg) — 0.5510)

Q)
&

—|—L(Cl —c5 — 0.5¢cg — cg + 09) = 0
%(9(02 + ¢5 + 0.5¢6 + cs + ¢9) + 3.5¢C10)
+L(c2+c54+05c6+cs+co) = 0
£2(6(cs + 3.5¢5 + 3.75¢6 + 3.5¢s) + 3.75¢10)
—|—L(C3+3.565+3.7566+3.568) = 0 (40)
%(9(04 — 2¢5 — 2¢6 — Cg) — 2510)
—|—L(C4 — 2¢c5 — 2¢6 — Cs) = 0
%(9(05 + ¢ + ¢s) + C0) +L(cs + c6 + ¢s) = Rs
2(0ce + €10) +Lcs = —Ry
% cr = —Rs

Furthermore, Molins et al. provide a possibility to eliminate immobile constant
activity species from the component equations in (40) by another multiplication
step. This is a useful step if all the immobile species are constant activity species,
since then component equations with only mobile species are left, which provides
the possibility of introducing new variables 7; and a decoupling of the component
equations. However, this is not the case for ¢1¢ in our example, so linear combi-
nations of mobile and immobile species remain in the component equation, and a
decoupling only occurs by splitting techniques. For those immobile species that
correspond to rows within the second block in (39), the so-called immobile kinetic
species (¢7 in our example), ODEs occur in (40). These can, after a time dis-
cretization, be solved for the immobile kinetic species concentrations, so that these
species can be eliminated from the right-hand sides of the PDEs of (40), effectively
reducing the number of coupled PDEs by the number of immobile kinetic species
Nii (=1). Since we want to treat the problem without splitting, we can substitute
the Jo;, = 3 AEs (36) into the remaining I + I — Jeq; — Ny; = 6 ODEs. Hence,
the number of remaining PDEs is by one smaller than for the previously discussed
methods. Note that the method by Molins et al. leads to a decoupling of the linear
component equations if all immobile species with non-constant activity correspond
to rows within the second block of (39). This is usually the case if there is no
equilibrium sorption.

5.3 The new decoupling technique of section 3

Now let us apply the new reduction scheme of section 3 to the example. One
main difference of our transformation is that, from the beginning, we distinguish
thorougly between mobile and immobile species. Hence, we start by sorting the
rows of S w.r.t. mobile and immobile species and by renumbering the species
correspondingly. We get the system in the shape (2) with species vector ¢ =
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(c1,...,c8)t, € = (o, 10) and stoichiometric matrix
0 1 0 0.5 1
0 1 3 | =05 -1
0 0 0 0.25 —=3.5
1 0 0 0 2
g SilSteq N | 1 0 o 1 1
- qu sﬁeq - 0o 0 1| -1 0
-1 0 0 0 0
0 -1 0 0 0
0 0o -1 0 0
0 0 0 0 -1

All nonzero columns in Séq and in qu are linearly independent; hence the prepro-
cessing of section 4 is not required. We note that all of the J = 5 = J; columns
of S; are linearly independent; hence S] = S1, A; =1Ids. Only J> = 2 columns of
Sg are linearly independent; we get S5 = —Id2, Aa = —S2. We choose I — J; =3
columns orthogonal to the columns of S, for example

1 0 0
0 1 0
0 0 1
gl — —-0.25 1.75 1.875
1= —-0.5 =25 —0.25
0 -3 0
—-0.75 —0.75 1.625
1 1 0

Before we look at the final system of shape (26), let us consider the intermediate
state (14)/(24), where only within the block of mobile species equations and within
the block of immobile species equations linear combinations were taken. For our
example this formulation reads

20m+Lm = 0
SO0n+Lny = 0
2013 + L 0
20& + L&
208+ L
08+ L& = Ry

Il
G

208+ L& = Ru(c,©)
508+ L& = Rs(c,c)
£& = R3

26 = Rs(c,c)

where the relations between old and new variables, according to (12), (13), are
given in table 1. Also the three AEs corresponding to the three first columns in S
have to be expressed in terms of the new variables.
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If we compare (41) to (38) or (40), we note that our number of component
equations (I — J; = 3 for the n; plus I — Jo = 0 for the 7;) is smaller than the
number of component equations (I+1—.J., = 5) of the previous methods. However,
what is more important, is the fact that our component equations decouple from
the rest of the system, which is due to the fact that our component equations do
not combine mobile and immobile species concentrations.

As explained at the end of section 3.1, the formulation (41) is not yet suitable
for numerical simulations, since the equilibrium rates Rq, Ry, R3 are still present.
That was the reason to perform the transformation of (24) to (25). Formula-
tion (41) corresponds to (24), with Req = (R1, Ra, R3)" splitted into Rpmob =
(Rla RQ)t7 Rsorp = R3, an(_i EZ_(fl, Sx3) 55)t splitted i_nto Emt_)b: (51152)t7 5_301‘1): 537
Sneq: (643 55)ta and with £= (&-17 52)t splitted into Ssorp: &1 and Eneq: &2.The re-
actions Rmeb occur exactly once in the system, and the reactions Rgorp 0occur once
in each of the two blocks. Now we take differences between mobile and immobile
equations in (41) such that in the resulting system, also the Rgorp reactions occur

Table 1: Transformation from the old to the new variables according to (12), (13).

m1 = 0.4769¢1—0.0709¢2+4-0.1296¢3—0.0003c4—0.0935¢54-0.2128¢6—0.0938¢7+0.4059¢5
12 =—0.0709¢14-0.0609¢2—0.0380c3+0.0530c4 —0.1072¢5—0.1826¢c—0.0542¢c7 —0.0101cg
n3 = 0.1296¢;—0.0380c2+0.1807¢34-0.2400¢c4—0.0150¢5+0.1141¢6+0.2250c7 +0.0916¢5

&1 =—0.0938¢1 —0.0542¢24-0.2250¢34-0.3504¢4+0.1262¢54-0.1627¢c—0.5234c7 —0.1480cg
& = 0.4059¢1—0.0101¢24-0.0916¢3+0.0527¢4—0.2007¢c5+40.0302¢6—0.1480c7 —0.6041cg
&3 =—0.0726¢1+0.3434¢2—0.0916¢3—0.0527¢4+0.2007¢5—0.0302¢6+-0.1480c7 4-0.2708c¢g
&4 = 0.1402¢1+0.1608c24-0.0224¢3—0.2116¢4+0.5223¢5 —0.4824¢6+0.3107¢c7 4+0.3010cg
&5 = 0.0471c1+0.0006¢2—0.2325¢34-0.0534¢4+0.0330¢5—0.0019¢6+-0.0865¢7 4-0.0477cg

= &2 +0.564  +&5 +m

C2 = §o+383 —0.58  —&5 +12

c3 = 4+0.25£,—3.5¢5 +13
§1 = —¢ = & +2¢5 —0.257+1.75n2+1.875n3
§2 = —Cio 5= &1 +&a +& —0.5m —2.5m2 —0.25n3

ce = +& & —3n2

cr ==& —0.751m1—0.75m2+1.625n3

cg= —& +m e
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only once:

Z0m +Ly = 0
507 +Lpy = 0
20ns +Lns = 0
208 +L& = Ry
506  +L& = Ry (42)
208 —&) +LE = 0
20& +L& = Ry(c,?)
50 +L& = Rs(c,c)
23 = Rj
%52 = R5(C76)

This formulation corresponds to (25). By this, we have gained one more component
equation; however, this equation will not decouple from the system due to the
combination of mobile and immobile species. The equations with equilibrium rates
R1, Rs, R3 in (42) are now replaced by the three algebraic equilibrium conditions.

From the theorem in section 3.4 we know that the three AEs, expressed in terms
of the new variables, together with the ODE for éneq: & in (42) can be solved
for the variables &0b, Esorp, Eneq, i.e., for &1,&,&1,& (our secondary species).
So the equations for the local variables &mobs, ESOTP, Eneq vanish from our global
system (the corresponding equations can be used a posteriori to determine the
equilibrium rates). The resulting formulation consists of the I — J; = 3 decoupled
linear component equations

90m +Lm = 0
%6772 +Lpy = 0 (43)
50m3 +Lns = 0

and the Jyorp + J 1y J1 — Jmep = 3 coupled nonlinear PDEs

neq:
2(0&—-&) +L& = 0
20& +L& = Ry(c,T) (44)
208 +Lé = Rs(c,c)

where ¢, are expressed in terms of the new variables according to table 1 and
where &1, &9, €1, & are the resolution functions of the Jeq+ Jg;q = 4 local equations.
Comparing this to the formulations by Lichtner [1996], Steefel and MacQuarrie
[1996], Molins et al. [2004], we have about half the number of coupled nonlinear
differential equations (3 instead of 6 or 7). To emphasize the difference to the
canonical formulation or Molins’ formulation, note that three of our four compo-
nent equations in (43)-(44) lack completely immobile and secondary species, thus
decouple.

Besides the smaller number of remaining coupled PDEs, our formulation (43)-
(44) has obviously the property that the only coupling terms between the equations
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occur on the right-hand sides and under the time derivative, but not under the
spatial derivatives. Note that the formulations (38), (40) do contain many coupling
terms under the transport operator after (36) is substituted. As a result, the
number of nonzero entries in the Jacobian for (44) is by far smaller than for (38) or
(40), and this reduces the computation time for the linear solver, at least if iterative
methods are used. This amplifies the cpu time reduction which was achieved by
the smaller number of coupled PDEs. The factor by which the number of nonzero
entries of the Jacobian for (44) is reduced compared to the other formulations
depends on the spatial discretization and the number of space dimensions (1-D, 2-
D, 3-D); a discussion of this question can be found in Knabner and Krdutle [2005],
section 3.4.

The reduction scheme was implemented using the software basis M+-+ by
Wieners [2004] which provides the possibility of running the code on parallel com-
puters. For the discretization we chose bilinear finite elements with mass lumping
for the mass term and for the reactive terms, and an implicit Euler stepping in time.
The nonlinear timesteps are linearized by a Newton-Armijo method, and the linear
solver is GMinRes(k) with Jacobi preconditioner. Several scenarios including ki-
netic/equilibrium sorption, aqueous complexation, transport and biodegradation,
e.g., the transformation of EDTA considered by Fang et al. [2003], section 6.1,
were simulated. The observations which were made for the preliminary version of
the code in Krdutle and Knabner [2005] concerning the cpu time in essence also
hold for our generalized code. This includes the observation of a cpu time reduc-
tion by factors between two and seven compared to simulations using the initial
formulation (2).

6 Summary and Outlook

We have proposed a new reduction scheme for multicomponent reactive transport
problems, which is able to handle coupled mobile and immobile species and mixed
equilibrium and kinetic reactions. The basic philosophy is to figure out how much
the size of the nonlinear system of differential equations can be reduced without us-
ing splitting techniques (SNIA /STA) or imposing restrictions on the stoichiometry.

The number of coupled PDEs for the canonical formulation (e.g., Licht-
ner [1996]) is the number of species minus the number of equilibrium reactions
I+ I — Jey. For Molins et al. [2004] it is I 4+ I — Jeq — Ng; if no constant activity
species participate. A further decoupling is only achieved by splitting techniques.

The number of coupled nonlinear PDEs for our reduction scheme lies between
Jsorp and Jsorp + Jpeg, Where Jgopnp is the number of heterogeneous equilibrium
reactions and Jye, is the number of kinetic reactions. For most stoichiometric ex-
amples, the number of remaining PDEs seems to be smaller than that for the other
mentioned formulations; however, there might be counterexamples. Comparisons
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of our GIA in terms of efficiency to methods using splitting techniques were not the
subject of this article; results can be expected to depend strongly on the specific
problem under consideration.

A special property of the new scheme is that even within those equations which
remain coupled, these coupling terms do not occur under the transport operator,
which would cause many nonzero entries in the Jacobian. The sparsity of the system
matrix can be exploited if iterative linear solvers are used, which seems reasonable
at least for problems with fine discretization. Under rather general conditions,
assuming mass action law for the equilibrium reactions, the applicability of the
reduction method and the existence of the resolution functions can be guaranteed.
Application to problems including minerals are possible as long as the mineral
concentrations do not vanish or if techniques like the formulation in terms of a
moving boundary value problem is applied first.

Future work could try to consider the full generalization of the reduction scheme
to situations where there are constant activity species (minerals) with total disso-
lution and precipitation in parts of the computational domain. The transformation
into a formulation corresponding to (26) is still valid in this situation. Generaliza-
tions of our reduction scheme to this case could be achieved either by formulations
of a moving boundary problem or by the formulation as a complementarity system
(see section 3.6). The algorithmic details of these generalizations require a detailed
investigation in the future.

Appendix

Proof of the theorem, part (a).
(1) We have to check that

~

Qeq (Emob, Esorpa Eimmoa ﬁsorpa ﬁneqa E’neq)

:Seqtln<§)—K:0 (45)
with ¢, T given by (27) has a resolution function

(gsorpv €neq7 Eneq) = (gmob’ Esorpa Eimmo)‘ (46)
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Due to the implicit function theorem we have to verify that the matrix
0Qeq/0(Emobs Esorps Eimmeo) 18 invertible. We compute the block matrix

20uq
8(57‘”05 ’Esorp ’Eimmo)
= ( 8%/ DeShy | 82,/ DSy | 82 DeSms )

sorp immo

t (a7)
S:nob DCS}nob H 0 ‘ 0
— t [ 3
- Sgorp DCSrlnob Sgorp tDasgorp Sgorp PESimeo
0 Sizmmo Désgorp Si2mm0 DESi2mmo
where D¢, Dz are the diagonal matrices
1 / c1 0 1 / Cr+1 0
DC = S . s DE e c. .
0 1/cs 0 /2,7
The lower right block in (47) can be simplified:
t t
( Sgorp t]:)ésgorp ‘ Sgorp t[)ési2mmo )
Sizmmo Désgorp ‘ Sizmmo DESi2mmo
t
= ( Sgorp ‘ Si2rnmo ) D¢ ( Sgorp ‘ Si2mmo ) (48)

2
immo

Thanks to assumption (20), the columns of (Sgorp|S ) are linearly indepen-

dent. Due to the same argument used in Krdutle and Knabner [2005, appendix,
proof of Theorem 1, part 1.], matrix (48) is symmetric positive definite and has a
complete basis of eigenvectors with positive eigenvalues. The same argument holds
for block S}nothcS}nob in (47). So both diagonal blocks in (47) are nonsingular.

Therefore matrix (47) is nonsingular.
(i) We have to prove that there is a resolution function

(Emobs Esorps Eneqs Esorps Eimmeo) —Eneq Of equation Qpeq = 0, Where
Qneq :=Eneq—Eneq,old— At AleqRueq(c, ©) (49)
if the implicit Euler method is used, and
neq =Eneq—Eneqotd— At AdeqRueq(Cold; Cold) (50)

if the explicit Euler method is used (Eneq’old, Cold; Cold taken from the previous
timestep). For (50) there is apparently even an explicit resolution function. For
(49) we get

9Qneq

_ 2 ORne 2/
= dgy - ALAZ, TS
€neq a
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which is nonsingular at least if At < A2, 8%%‘““1 S2.

submultiplicative matrix norm.
(iii) We prove the existence of a local resolution function

ol 71, where [|-|| is an arbitrary

(Sso'rp’ 5neq> = (Emoba ésorpa éimmoa éneq) (51)
of the equations Qeq =0, Qpeq = 0. We compute
" 69neq 87Qneq7
a(QHGQ7 Qeq) — agneq a(srnob 7£SoTp ’simmo)
8(£neqa £moba gso'rpa £1lmmo) 899(1 QQeq7
gneq 8(5m0b7gsorp’€immo)
ORne /
Idy — At A2, 2eas? O(At)
8Qeq

3 /
(0 ‘ Sgorp | Si2mmo) DESﬁeq

8(£mob 9Esorp ’gimmo)

The two blocks on the diagonal are nonsingular due to (i), (ii). The regularity of the
whole block matrix for At sufficiently small follows as in the proof of Theorem 1,
part 3, in Krdutle and Knabner [2005].

Part (b). We want to verify the existence of a resolution function

(gsorpa Eneqa E’neq) = (Emoln Esor;n Eimmo)

of (45). We get

0Qeq B
9(&mobs Esorps Eimmo)
SrlnothCsrlnob SrlnothCSgorp 0
Slorp DeStion | Storp DeSlorp || SZrp PeSZumo
0 | 0 | 82 mo DeSTnmo

The structure of this matrix is similar to that of (47), and therefore the rest of the
proof is similar to (a). O
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