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ABSTRACT

Mixing calculations (i.e., the calculation of the proportions in which end-members are mixed in a sample)
are essential for hydrological research and water management. However, they typically require the use of
conservative species, a condition that may be difficult to meet due to chemical reactions. Mixing calcu-
lation also require identifying end-member waters, which is usually achieved through End Member
Mixing Analysis (EMMA). We present a methodology to help in the identification of both end-
members and such reactions, so as to improve mixing ratio calculations. The proposed approach consists
of: (1) identifying the potential chemical reactions with the help of EMMA; (2) defining decoupled con-
servative chemical components consistent with those reactions; (3) repeat EMMA with the decoupled
(i.e., conservative) components, so as to identify end-members waters; and (4) computing mixing ratios
using the new set of components and end-members. The approach is illustrated by application to two
synthetic mixing examples involving mineral dissolution and cation exchange reactions. Results confirm
that the methodology can be successfully used to identify geochemical processes affecting the mixtures,
thus improving the accuracy of mixing ratios calculations and relaxing the need for conservative species.

Chemical reaction identification

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The term “mixing calculation” refers here to the computation of
the proportions (mixing ratios) in which two or more end-
members are mixed in a sample. The calculation of mixing ratios
is a key task in hydrological research and water resources manage-
ment because it yields quantitative information about the origin of
the water sources, which is one of the ultimate goals of hydrology.

Mixing ratios are usually computed from hydrochemical data
such as major and trace ion chemistry and stable isotopes. The
identification of mixing and chemical processes in a groundwater
system typically involves computation of saturation indexes with
respect to minerals that are suspected to be present in the aquifer,
or dispersion plots of available data to help in establishing mixing
lines and associating deviations caused by chemical reactions (e.g.,
Mazor et al., 1973, 1985; Mazor, 1990; Appelo and Postma, 2005).
The approach is rich in that insights into the system behaviour are
gained in the process, but it can be tedious and difficult when
many end-members are present, which shadow chemical reac-
tions. Christophersen and Hooper (1992) proposed a two-step

* Corresponding author.
E-mail address: pelizardi@faa.unicen.edu.ar (F. Pelizardi).

http://dx.doi.org/10.1016/j.jhydrol.2017.04.010
0022-1694/© 2017 Elsevier B.V. All rights reserved.

procedure to systematize preliminary mixing analyses. The first
step consists in identifying the end-members that mix in the water
samples. This step is essentially conceptual, but it can be greatly
aided by methodologies based on Principal Component Analysis,
such as End Member Mixing Analysis, (EMMA), which consists of
finding the minimum number of end-members that explain the
observed variability within a dataset and helps in establishing
the composition of these potential end-members (see
Christophersen and Hooper, 1992; 1993, for a detailed descrip-
tion). The second step consists in calculating the mixing ratios
for the identified end-members in the mixtures from the concen-
trations of conservative species. It is a mechanical step accom-
plished by constrained linear least squares (Christophersen et al.,
1990), separately for each sample; by non-linear optimization, tak-
ing into account all mixtures, when end-member concentrations
are uncertain (Carrera et al., 2004); or geometrically based on the
information of two or n-principal component mixing
(Laaksoharju et al., 2008). Combinations of these two steps have
been broadly used in hydrology for specific tasks, such as hydro-
chemical characterization and conceptual models validation
(Hooper et al., 1990; Christophersen et al., 1990; Suk and Lee,
1999; Laaksoharju et al., 2008; Long and Valder, 2011; Jiménez-
Martinez et al.,, 2011; Valder et al., 2012; Gémez et al.,, 2014),
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runoff quantification (Burns et al., 2001), hydrograph separation
(Hooper et al., 1990; Katsuyama et al., 2001; Soulsby et al., 2003;
James and Roulet, 2006; Menci6 et al., 2014), urban groundwater
recharge evaluation (Carrera et al., 2004; Vazquez-Suiié et al.,
2010), and geochemical processes identification (Gomez et al.,
2008; Tubau et al., 2014; Jurado et al., 2015).

Application of this methodology needs to satisfy two condi-
tions: (1) a sufficient number of species must exhibit conservative
behaviour, and (2) their concentrations must be sufficiently differ-
ent (Christophersen and Hooper, 1992; Carrera et al., 2004;
Barthold et al., 2011). These conditions are often met in surface
waters, which motivated initial EMMA developments
(Christophersen and Hooper, 1992), but they are difficult to
achieve in groundwater systems because of reactions driven by
interaction with mineral surfaces and gases, and long residence
times (Parkhurst, 1997; Carrera et al., 2004; Rueedi et al., 2005).
The problem of the non-conservative behaviour was identified by
Hooper (2003) who also pointed out that time variability in end-
member concentrations might affect EMMA. The issue of chemical
reactions can be addressed by geochemical methods using specia-
tion codes (e.g., NETPATH, Plummer et al., 1991; PHREEQC,
Parkhurst and Appelo, 2013). However, they require that both
end-members and potential chemical reactions be known a priori.
Reactions can also be heuristically inferred by simple inspection of
the elemental mass balance of those constituents that cannot be
described by pure mixing supported by independent knowledge
of the system (Gomez et al., 2008). Non-conservative behaviour
is poorly addressed by multi-variate methods. Rueedi et al.
(2005) suggested excluding species suspected to be affected by
chemical reactions from mixing ratios calculation, whereas
Carrera et al. (2004) suggested increasing their variance. The issue
of time variability was addressed by Tubau et al. (2014) by treating
the extreme concentrations of a water source as end-members.
These authors and Jurado et al. (2015) went further and used mix-
ing calculations to identify chemical reactions by examining the
species that display the largest residual from conservative mixing
calculations and attributing these residuals to reactions.

All approaches above evaluate the contribution of mixing from
conservative tracers. The contributions from reactions are consid-
ered in subsequent steps. Nevertheless, in real chemical analyses,
there are many species, with different and unknown sources and
behaviors. Some species concentrations could be explained by con-
servative mixing, others by chemical reactions and others (often,
most) by both processes. The challenge here is to quantify the mix-
ing processes and chemical reactions taking into account the infor-
mation contained in the whole dataset. It follows the need to have
a methodology capable to identify and eliminate the impact of the
chemical reactions on mixing calculations.

The concept of chemical components sounds appealing to over-
come the difficulties and uncertainties induced by chemical reac-
tions in EMMA and mixing calculations because a chemical
component is defined as a linear combination of species that is
not affected by chemical reactions (e.g., Yeh and Tripathi,1989;
Rubin, 1983). This concept has been widely exploited to reduce
the numerical demand in reactive transport problems (Saaltink
et al., 2001; Molins et al., 2004; De Simoni et al., 2007; Krdutle
and Knabner, 2005, 2007; Bea et al., 2009). The introduction of con-
servative components is convenient in reactive transport calcula-
tions because it allows eliminating contributions of reactions to
the mass balance equations (nonlinear/coupling terms). The
approach is quite elegant when all species follow the same trans-
port processes because conservative components also do, which
facilitates transport formulation (e.g., Rubin, 1983; Kirkner and
Reeves, 1988; Steefel and Lasaga, 1994; Steefel and MacQuarrie,
1996; Zhang et al., 2005; Bea et al., 2010). However, the key issue
in the use of components is not the resulting simplification on the

transport equation, which is lost if transport processes are species
dependent (e.g., different diffusion coefficients for each species).
The key issue is the elimination of (fast) reactions sink-source
terms. Since conservative mixing calculations also require elimina-
tion of reactions, it is natural to conjecture that the same concept
can also be beneficial for mixing calculations.

This work is devoted to propose a methodology with a twofold
purpose: (1) to assess whether EMMA can help in the identification
of not only end-members, but also geochemical reactions occurring
in the groundwater system, and (2) to test whether the perfor-
mance of mixing ratio calculations can be improved by the use of
conservative chemical components as a linear combination of
non-conservative ones based on the identified geochemical sys-
tem.. The proposed methodology is not so much to be an alterna-
tive to conventional hydro-geo-chemical tools, as a
complementary tool that should be especially useful in the early
stages of exploratory chemical data analysis.

2. Concepts

The proposed approach is based on the use of chemical compo-
nents, EMMA and mixing calculations, which are described below.

2.1. Chemical systems, reactions and components

Chemical systems are defined in terms of the species of interest
(i.e., those that have been measured and the modeller is interested
in explaining), and the reactions among them. Both can be
explained in terms of the stoichiometric matrix, S, a n, x ng matrix,
whose n, (number of reactions) rows contain the stoichiometric
coefficients of each of the n; species, aligned by columns, in each
reaction. These concepts can be illustrated by means of two syn-
thetic examples that will be used later.

The first example (Case A) involves gypsum (CaSO4-2H,0) and
magnesite (MgCO3) dissolution or precipitation:

Ca*? +50,% + 2H,0 < CaS0, - 2H,0(s) (R1)

Mg*? + C03* < MgCO5(s) (R2)

The coefficients in the stoichiometric matrix are the numbers
multiplying each species in the chemical equation of the reaction,
with its sign switched when they are in the left hand side. For
instance, in Reaction (R1), the stoichiometric coefficient of Ca** is
—1, that of gypsum is 1, and that of water is —2. However, we
are only interested in the concentrations of aqueous species.
Therefore, the coefficients of gypsum and water will not be
included in the stoichiometric matrix. Moreover, we arrange the
species and reactions so that: (1) the matrix can be split into two
blocks of dimensions n, x (n; — n,) and n, x n, and (2) the second
block equals minus the identity matrix. This may require rearrang-
ing the reactions and it is helped by splitting the species in primary
and secondary, a concept we will not develop here. Further details
on the construction of stoichiometric matrices are given by Molins
et al. (2004). The resulting matrix for a chemical system involving
Reactions (R1) and (R2) is:

Ca™ Mg™ | SO CO;
S=(S, | -I)=| Gyp. diss. -1 0 -1 0 )
Mgs. diss. 0 -1 0 -1

The second example (Case B) includes the reactions of Case A,
and Na-Ca exchange:

0.5X,Ca + Na* <= 0.5Ca*? + XNa (R3)
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In this case, the corresponding stoichiometric matrix for the
three reactions would be:

Ca™ Mg™ | SO; CO;” Na*

Gyp. diss. -1 0 -1 0 0

s=(s, |-1)=| P (2)
Mgs. diss. 0 -1 0 -1 0
Cat.exch 0.5 0 0 0 -1

where we have had to increase the number of reactions and spe-
cies. The system may include other species, which are conservative
because they do not participate in any reaction. We do not include
such species in the stoichiometric matrix because their corre-
sponding column would be a vector of zeros.

The definition of the stoichiometric matrix allows expressing
reactions in a compact manner, which is useful to abstract and
simplify speciation calculations (e.g., Bea et al., 2009), or reactive
transport calculations (e.g., Saaltink et al., 1998; Molins et al.,
2004; De Simoni et al., 2005; Krautle and Knabner, 2005, 2007).
Thus, the increments in the concentrations of all species (Ac) due
to reactions can be written as:

Ac=R=S'r 3)

where c is the vector of concentrations of all species, R is the con-
tribution of reactions to the mass of each species (per unit volume),
and r is the vector of the extent of all reactions. For example, in R1,
if r; moles (per m’) evolve from left to right, the same amount of
SO2~ and Ca*" will be subtracted from their concentrations. In the
framework of (1), this results from multiplying r; times the —1 sto-
ichiometric coefficients of SO2~ and Ca*" in the first row of S

Eliminating the impact of reactions on mixing calculations
requires introducing components, defined as linear combinations
of species that remain unchanged by reactions. This can be
achieved by computing components as u = Uc, where U is called
the component matrix, a full-ranked (n; —n,) x ns kernel matrix
defined such that:

U.s'=0 (4)

The use of this matrix is interesting because it helps us to
achieve the goal of eliminating reactions. Indeed, multiplying Eq.
(3) by U yields:

Au=UR=UST=0 (5)

which expresses that components u are conservative (i.e., their con-
centration is not affected by reactions). Note that this definition of
components should not be confused with that of compositional data
analysis, when data are viewed as fractions constrained to add up to
one (e.g., Tolosana-Delgado et al., 2005).

There are a number of ways to compute matrix U. In fact, its
definition is non-unique. This is not a problem because all defini-
tions are equivalent, in the sense that the concentration subspace
defined by the rows of U is always the same. It is the kernel (null
space) of the reactions, which represents the concentration
(changes) that will remain unaffected by reactions. In fact, one
can take advantage of the different ways of defining U for specific
purposes (see, e.g., Molins et al., 2004). In our case U can be simply
built as consisting of two blocks. The first one is an
(ns —n;) x (ns —n,) identity matrix. The second one is the
(ns — n,) x n, transpose of the first block of S, S;. The resulting U
for Case A is:

Ca** Mg*" S0; (03
U=(IS}) = | ugyp 1 0 -1 0 (6)
uMgs 0 1 0 -1

It is easy to check that this matrix satisfies Eq. (4). That is, U is
orthogonal to S, which simply means that ugy, = Ca™ — SO, is not
affected by any of the reactions. It is not affected by gypsum disso-

lution which will increase the concentrations of Ca*® and SO,* by
the same amount, and it is not affected by magnesite dissolution,
which does not contribute to either solute. The same can be said
about uygSimilarly, the components matrix for Case B is:

Ca** Mg** SO; (CO; Na
uGyp—Cat.Ex. 1 0 -1 0 0.5
Upgs 0 1 0 -1 0

U= (Us}) =

(7)

Here, the second component is identical to that of Case A. The
first component involves both cation exchange and gypsum disso-

lution. It is easy to see that Ugyp_catex = Ca™* — SO, + 0.5Na* is not
affected by gypsum dissolution or precipitation, or by cation
exchange processes. Note that this new component involves two
reactions because they share one species. In fact, this is always
the case. All reactions sharing at least one species will lead to a
simple component. This will reduce the number of components
in complex cases, where numerous reactions affecting all species
are present. In the limit, as the number of reactions increases
beyond the number of analysed species, no conservative compo-
nents might be available, so that the approach proposed here
would be of no use.

2.2. EMMA and mixing calculations

The goal of EMMA is to identify the minimum number of end-
members that are mixing in the system, so as to explain the chem-
ical variability assuming conservative mixing. The method, which
is clearly explained by Christophersen and Hooper (1992), and
Hooper (2003), is basically motivated by the need to reduce the
dimensionality of the analysis. Visualization and interpretation of
a large number of chemical analyses of many species is hard. The
problem is much easier to handle if, instead of studying a dataset
potentially as large as the number of species, it would suffice to
analyse their projections on a space of much smaller (say 2 or 3)
dimensions. This is achieved by the following procedure:

(1) Eigenanalysis of the correlation matrix of data (X**X*), where
X" is a matrix containing the standardised values of each
concentration measurement (i.e., the value obtained after
subtracting the mean and dividing by the standard deviation
of each species). The resulting eigenvalues divided by the
number of species, represent the fraction of the total vari-
ance explained by each eigenvector, which can be viewed
as an axis of the much smaller dimension space in which
to analyse the data.

(2) Projection of the concentration data onto the new space
defined by the selected eigenvectors (i.e.,, by those that
explain most of the variability). The reduced dimensions of
this space imply that one can visualize the projections of
the data in one (if only two eigenvectors are retained) or
two (if three are required) graphs. In the context of mixing
analysis, end-members should encircle the data, which facil-
itates the testing of candidates for end-members by simply
projecting them on the reduced space and analysing if they
indeed encircle the data (see Hooper, 2003, for details on
the procedure).

If the concentrations are conservative and really result from
mixing of n, end-members, EMMA will be successful because,
except for measurements errors, concentrations will belong to a
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(n. — 1) dimensional space. The concept is illustrated in Fig. 1, for a
2 end-members problem, where concentrations lie on the straight
line between the end-members (a 1-dimensional space). The eigen-
vector direction coincides with the line joining these two end-
members. For the purpose of identifying mixing, it would suffice
to know the relative positions of samples along that line, instead
of working with all concentration data. This is only possible if the
concentrations of all species are explained by conservative mixing.

The approach may fail in the case of reacting species, when
reactions modify concentrations according to Eq. (3), (Fig. 1b).
For this reason, the key issues in this work are the identification
and subsequent elimination of the contribution of reactions. In
cases in which both mixing and chemical reactions occur, concen-
trations would be given by:

C = Xe i + Stl'i (8)
N’ N

conservative mixing  chemical reactions

where ¢; is the vector of concentrations in sample i, X, is a
(nsxn.) matrix containing the concentration of all species at the
end-members, 4; is the n. dimensional vector of mixing ratios
and r; is the vector of reaction extents for the i — th sample. This
equation shows that concentrations do not need to lie on the n,
dimensional space, but on a n, + n, dimensional space, if the direc-
tions of reactions, given by the rows of S, are independent of the
mixing directions, given by the columns of Xe.

Since reactions increase the dimension of the vector space
explaining the variability of concentrations, they should show an
additional eigenvector in an EMMA analysis. The example of Fig. 1b
shows that reactions are not necessarily orthogonal to the mixing
space, while eigenvectors are. Therefore, the identification of reac-
tions needs not to be unequivocal. Still, the loadings of eigenvec-
tors should reflect reactions somehow. This together with
conceptual understanding of the site should help modellers in
identifying the actual reactions.

Assuming that the reactions have been identified, the corre-
sponding component matrix can be computed as explained in the
previous section. This step eliminates the contribution of the
chemical reactions in Eq. (8). In fact, multiplying Eq. (8) by U,
and using Eq. (4), yields:

u; = Xue;vi (9)

where u; is the vector (n; — n,) of all conservative components
at sample i and Xy is the ((ns —n,) x n,) matrix of components
concentrations at end-members. Note that, conservative compo-
nents include not only those resulting from reactions (e.g., Ugyp

or upg) in Eq. (6) but also the species that do not participate in
reactions (e.g., CI", which is often conservative).

Mixing computations would then proceed as usual for each
sample, by minimizing the objective function:
Jui = (Wi —u)'V, (i — uj) (10)
where u; are the measured components and V, = U'V.U is the
covariance matrix of errors in components, with V. the covariance
matrix of errors in species concentrations. This objective function
is minimized with respect to 4; subject to the constraint that mixing
ratios add up to 1:

1, =1 (11)

where 1, is a vector of 1 s of dimensions n, = ns — n,.

3. Methods
3.1. Approach procedure

The proposed approach consists of the following steps:

Step 1: Chemical data processing, data which includes all steps
from sample collection to having a well-defined concentration data
matrix.

Step 2: Application of EMMA to all data using the full set of
chemical species

Step 3: Identification of end-members and chemical reac-
tions in the system on the basis of EMMA results and conceptual
understanding, and definition of new conservative components.

Step 4: Application of EMMA to the conservative components
and species resulting from the identified reactions.

Step 5: Assessing the previously identified end-members and
chemical reactions, which entails testing if chemical data, once
projected on the subspace of the eigenvectors of Step 4, can be
explained in terms of conservative mixing.

Step 6: Mixing calculations using the end-members identified
in Step 5, and the final conservative components and species.

Step 7: Calculations of reaction extents from Eq. (4), or from
the deviations from conservative mixing (e.g., Tubau et al., 2014).

Note that steps 1, 3 and 5 involve a good deal of conceptual
understanding of the system. In fact, steps 4 and 5 may have to
be repeated testing different combinations of reactions until a sat-
isfactory solution is obtained. In this context, satisfactory means
that a large percentage of variability is explained by a few

5 @ End- %) (b) Apparent End-
member 2 mixingh line member 2
K 8 A em2)
, (EM2) " \ g 2
A & A
EG1 a EG1
A
7, 7/
N Conservative mixing A Conservative mixing
¢ beetwen EM1 and EM2 ¢ between EM1 and EM2
End-member 1 End-member
(EM1) 1(EM1)
C: Ci1

® End-members

A Conservative concentrations

A Concentrations after reaction

Fig. 1. Plot of species C1 over species C2 considering conservative mixing between two end-members (a) and considering the occurrence of chemical reactions (b). Note that
the concentrations resulting from conservative mixing lie on straight line beetwen EM1 and EM2 (conservative mixing line in (a) and (b)). Chemical reacions cause deviation
from the mixing line (concentration after reactions) originating a new apparent mixing line (b).
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eigenvectors, and that these eigenvectors make hydrological sense
(i.e., they can be used to identify meaningful end-members).

3.2. Generation of synthetic data

The application of the proposed methodology is illustrated
using two synthetic datasets. The advantage of using synthetic data
lies in the fact that the contributions of conservative mixing and
reaction extents are known for every species in each sample. These
datasets were generated by conservative mixing of two end-
members and subsequently modified by mineral dissolution and
cation exchange according to the following procedure:

(1) Generation of end-members compositions. A diluted (DIL) and
a brackish (BRA) end-members were used. The chemical
composition of DIL was obtained modifying a standard rain-
water composition (e.g., see Appelo and Postma, 2005) by
processes usually observed in the unsaturated zone: evapo-
ration (the initial solution composition was evaporated 4
times), addition of sea salt deposition (1 mmol of NaCl),
cation exchange (1 mmol of cationic exchange Mg/Ca and
1 mmol of cation exchange Na/Ca), and gypsum dissolution
(1 mmol of CaS0O4-2H,0). BRA was obtained by mixing of
standard seawater with rainwater in a 1:2 proportion. The
concentrations of CI”, Na*, SO>~, Ca**, Mg**, K* and CO%
for these two end-members are shown in Table 1.

(2) Mixing. The chemical compositions of the 20 mixtures were
obtained by conservative mixing between these two end-
members (DIL and BRA) using the mixing ratios shown in
Table 2.

Table 1

F. Pelizardi et al./Journal of Hydrology 550 (2017) 144-156

(3) Reactions. The resulting mixtures are undersaturated with
respect to gypsum and magnesite (saturation indices are
also shown in Table 2). The concentrations of conservative
mixtures were modified considering two sets of chemical
reactions: (1) Case A: Gypsum and magnesite dissolutions
(Reactions 1 and 2), and (2) Case B: Gypsum and magnesite
dissolutions and cation exchange Na/Ca (Reactions 1, 2 and
3). For Case A, we first computed the amount of mineral dis-
solution required to reach equilibrium using PHREEQC 3.0
(Parkhurst and Appelo, 2013) with the WATEQ4F thermody-
namic database (Ball and Nordstrom, 1991) at 25 °C. A ran-
dom fraction of this amount was added to the conservative
mixtures (random to reflect that in natural systems, sam-
ples are often away from equilibrium). The actual dissolu-
tion extents are shown in Table 2. For Case B, the
chemical composition of Case A was modified by adding
Na/Ca exchange assuming that the Na-exchange complex
was the dominant fraction on the total exchange capacity.
The cation exchange extents are shown in Table 2. For both
cases measurement errors were simulated by adding a ran-
dom noise (between 0 and 5% of the concentration) to all
species.

Fig. 2 shows Ca®" vs. SO2~ concentrations (Fig. 2a) and Mg** vs.
CO%’ concentrations (Fig. 2b) for conservative mixing and gypsum
and magnesite dissolutions. Note that the deviations of SO>~ and
Ca** from the mixing line are greater than those ones for Mg?*

and CO3". This is consistent with the reactions extents for both pro-
cesses shown in Table 2.

Cl", Na*, SO3~, Ca**, Mg**, K* and CO3~ concentrations for the DIL and BRA end-members.

End-members

Concentration (mmol/L)

a Na* Yor ca** Mg?* K* €03~
Diluted (DIL) 1.03 3.04 0.54 2.67 1.13 0.54 4.10
Brackish (BRA) 189.31 162.07 9.79 3.58 18.40 3.55 0.82

Table 2

Mixing ratios, saturation indexes for gypsum (CaSO4-2H,0) and magnesite (MgCOs3) and reaction extents (mmol/L) for the samples obtained by mixing of DIL and BRA. Note that,
prior to reactions, all the samples are undersaturated with respect to gypsum and magnesite.

Data Mixing ratios Sat Indexes Reaction extent (mmol/L)
Cons. Mixing
5 DIL 3 BRA SI_Gyp SI_Mgs Gypsum Magnesite Cat. Exch

DIL 1 0 -1.99 -2.36 0.00 0.00 0.00
1 0.99 0.01 -1.95 -2.32 17.23 2.30 19.41
2 0.98 0.02 -1.92 -2.29 17.07 1.15 19.30
3 0.96 0.04 -1.86 -2.24 1.16 0.71 3.86
4 0.95 0.05 -1.84 -2.21 6.47 2.19 9.14
5 0.92 0.08 -1.79 -2.16 21.88 0.26 23.16
6 0.9 0.1 -1.76 -2.12 17.12 1.84 19.12
7 0.89 0.11 -1.75 -2.11 7.24 1.39 9.91
8 0.87 0.13 -1.73 -2.08 20.82 2.04 22.08
9 0.85 0.15 -1.71 —-2.06 7.33 0.64 10.00
10 0.83 0.17 -1.69 -2.04 0.27 1.72 3.08
11 0.82 0.18 -1.68 -2.03 15.47 1.46 17.53
12 0.8 0.2 -1.67 -2.01 13.08 1.55 15.37
13 0.75 0.25 -1.63 -1.97 20.72 0.37 21.46
14 0.65 0.35 -1.59 -1.91 17.28 1.67 18.49
15 0.55 0.45 —-1.55 -1.85 2.90 1.41 5.78
16 0.45 0.55 -1.53 -1.82 7.19 0.11 9.73
17 0.35 0.65 -1.49 -1.72 17.71 0.14 17.61
18 0.25 0.75 —-1.46 -1.63 7.45 0.52 9.69
19 0.15 0.85 -1.44 -1.49 8.34 0.26 10.26
20 0.05 0.95 -1.42 -1.22 21.36 0.13 18.36
BRA 0 1 -1.41 -0.89 0.00 0.00 0.00
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3.3. Analyses procedure

In this section we describe the EMMA and MIX analyses proce-
dure performed to illustrate the methodology.

3.3.1. EMMA analyses procedure

We assessed the impact of chemical reactions on end-members
identification by comparing the projection of concentrations on the
selected eigenvectors space for the two analyses that are described
below:

(1) Using all-data (All): These EMMA analyses were performed
with the datasets described above using the full set of species for
Case A and Case B (termed here as A-All and B-All). These included
conservative species (the ones whose concentration were obtained
by conservative mixing) and reactive species (the ones affected by
chemical reactions). Hence, these were performed to illustrate the
identification of reactions (Step 3 in Section 3.1).

(2) Using conservative components (Cons): These EMMA analy-
ses were performed with conservative species and components
(Step 4) for both cases (termed as here as A-Cons and B-Cons).
Decoupled conservative chemical components (u) were defined
consistently with both reaction sets, following the methodology
described in Section 2.1.

3.3.2. MIX analyses procedure

Mixing ratios were computed using MIX, the approach of
Carrera et al. (2004) assuming that the end-member compositions
are uncertain. The method minimizes:

Ju= Zjui

i

(12)

where ], is the global objective function and J,; the contribution
of each species i to the objective function. The eight analyses per-
formed are described below:

(1) Using all data (All): performed with reactive and conserva-
tive species for both cases (A-All and B-All). The variance assigned
to each datum is the square of its value.

(2) Using conservative components (Cons): performed with
conservative species and conservative components (u) consistent
with both reaction sets (A-Cons and B-Cons). The variance of the
components was obtained as the sum of the variances of partici-

pating species multiplied by their components coefficients (i.e.,
V, = U'VU).

(3) Partial identification of reactions (Par): these analyses were
performed assuming that the true chemical system could not be
identified, and magnesite dissolution was not considered in the
definition of chemical components for both cases (termed here as
A-Par and B-Par).

(4) Using only conservative species (Csp): these analyses (ter-
med here as A-Csp and B-Csp) were performed with those species
that remained unaffected by reactions: CI”, Na™ and K™ for Case A
and CI” and K for Case B.

The results were assessed through the RMSE (Root mean square
error) of computed mixing ratios compared to their true values.
The overall fit in terms of concentrations was evaluated by means
J. (Eq. (12)) and the impact of each species through its contribution
to the objective function J,;/J,, (Eq. (10)).

4. Results and discussion
4.1. EMMA results

Case A: gypsum (CaSO42H,0) and magnesite (MgCOs)
dissolutions

The EMMA results for A-All are shown in Fig. 3, which displays
the percentage of variance explained by Eigenvectors 1, 2 and 3
(EG1, EG2, and EG3, respectively), and the corresponding contribu-
tions of each species. The first eigenvector (EG1) explains 70.62% of
the total variance (Fig.3a). It is clearly associated with mixing
between the BRA and DIL end-members because: (1) the contribu-
tions are similar (approx. 0.45) for all species except Ca®" and SO%
(they should have been /1/7=0.38 if all species were equally
weighted); and (2) they are all positive except for CO2~, which is
the only species with higher concentration in the DIL end-
member than in the BRA end-member (Table 1).

The different contributions of the species to EG1 (Fig. 3b) could
be explained as the result of the significance of mixing and reactive
processes. Note that Mg?* and CO2~ were minimally affected by
magnesite dissolution (Table 2). Thus, their concentrations are
mainly controlled by conservative mixing. In the same way, Ca**
and SO~ are the lesser contributors to this eigenvector because
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of the impact of gypsum dissolution in their concentrations (see
reaction extents in Table 2 and Fig. 2a).
The second eigenvector (EG2) explains 27.02% of the variance

(Fig. 3a). The main contributors are Ca®* (0.73) and SO2~ (0.68),
thus it is associated with gypsum dissolution (Fig. 3c). Note that
the species that contribute least to the first eigenvector (EG1) are
the ones with the largest loadings on the second.

Lastly, the third eigenvector (EG3) explains 2.27% of the total

variance (Fig. 3a) and CO%’ (0.87) and Mg?* (0.43) are the main
contributors, whereas the contributions of the remaining species
are below 0.14 (Fig. 3d). Hence, this eigenvector should be related
to magnesite dissolution.

Summarizing, these three eigenvectors account for a 99.91% of
the total variance, and can be associated with the three processes
that had been imposed to obtain the chemical composition of the
samples: (1, EG1) conservative mixing, (2, EG2) gypsum, and (3,
EG3) magnesite dissolutions. The percentage of the total variance
explained by each eigenvector can be related to the magnitude of
these processes (Figs. 2 and 3). The remaining eigenvectors
explained less than 0.1% of the data variance and are related to
the random noise.

EMMA allows screening the potential end-members projecting
the data into the lower dimensional space defined by the eigenvec-
tors. The end-members should circumscribe the data and they
should be the extreme points, outside the observed data, to be able
to explain the mixture. However, the data dispersion induced by
reactive processes could lead to a misinterpretation about the total
number of end-members. The sample projection onto the first
three eigenvectors for A-All is shown in Fig. 4a and c. The extremes
values (potential end-members) onto EG1 (associated with conser-
vative mixing) are DIL and sample 20. DIL is the end member with

lowest concentrations and sample 20 is the one with highest con-

tribution of BRA and input of SO3~, Ca*", Mg** and CO3~ due to gyp-
sum and magnesite dissolution (Table 2). The projections of DIL
and BRA samples on the EG2 (related to gypsum dissolution) exhi-
bit the lowest values because neither is affected by the gypsum
dissolution. Oppositely, the highest values onto this eigenvector
correspond to samples 20 and 5 (Fig. 4a), which are affected by
the highest gypsum dissolution extents (Table 2). They might be
interpreted as fictitious end-members (Fig. 4a).

A similar conclusion could be achieved analysing the projec-
tions on EG3, related to magnesite dissolution (Fig. 4c). Here, the
DIL end-member, unaffected by the reaction, shows the lowest
value. The positive extreme corresponds to sample 1 (Fig. 4c),
which showed the largest magnesite dissolution extent (Table 2)
and the highest deviation from the mixing line (Fig. 2b). Again, this
sample might also be interpreted as an end-member.

Note that the application of the EMMA methodology consider-
ing all species dataset suggests that five, instead of two, water sam-
ples are candidates to end-members. This reflects that chemical
reactions increase the dimension of the vector space explaining
the variability of concentrations. In this case, there is an additional
eigenvector in an EMMA analysis for each reaction (EG2 related to
gypsum dissolution and EG3 related to magnesite dissolution). In
general, this information should be taken as qualitative. It is the
responsibility of the modeller to decide how to use it, but it
appears natural to us that the potential for gypsum and magnesite
dissolutions should be assessed. Also the modeller should check
the conceptual likelihood of having five or two end-members.

In our case, the assumptions of gypsum and magnesite dissolu-
tions (chemical reactions identified in the Step 3 described in Sec-
tion 3.1) are considered. The following step is to perform EMMA of
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the conservative components and species resulting from the iden-
tified reactions. In this analysis, termed as A-Cons (Fig. 4b and d).
EMMA was performed with five conservative components: CI,
Na*, K* and the new decoupled components ugy, = Ca*? — SO,?,

and uygs = Mg*? — €032 (recall Section 2.1). In this analysis EG1
explains the 97.27% of the total variance, with similar contribution
for all components (approximately ./1/5=0.45, results not
shown). This eigenvector could be fully associated with conserva-
tive mixing. Note that it explains as much variance as the first
and second eigenvectors together in the Analysis A-All. We attri-
bute the fact that not all variance (say, 99%) is explained by this
eigenvalue to the fact that errors in ugy, and uwg have a larger
variance than individual species and that the absolute values of
Ugyp are relatively small. The remaining eigenvectors explain less
than 1% of the data variance and are mainly related to the random
noise. Thus, the projection of concentrations in the new eigenvec-
tor space (Fig.4b and d) clearly shows that data dispersion has
been virtually eliminated, and the extreme waters in the first
eigenvector are the real end-members DIL and BRA.

Case B: gypsum (CaS0,4-2H,0) and magnesite (MgCOs) dissolu-
tion, and cation exchange Na/Ca

Fig. 5 summarizes the EMMA results for B-All. Now, the first
two eigenvectors explain more than 92% of the total variance. As
in the previous analysis, EG1 (77.89%) is also associated to mixing
(Fig. 5a and b) and EG2 (14.55%) to gypsum dissolution (the main
contributors are SO3~ and Ca®" with loadings of 0.83 and 0.39,
respectively, Fig. 5c). However, the association is not as clear as

in Case A. EG3 (5.83%) is different; the main contributor is Ca*"
(0.80), followed by the negative contributions of SO3~, CO2~ and
Na* (Fig. 5d). This eigenvector can not be easily related to any
specific reaction, though the opposite sign of the contributions of
Ca*" and Na' suggests association with cation exchange. The main
contributors to EG4 (1.65%, Fig. 4e) are CO%’ (0.81), and Mg**
(0.42), which suggest association to magnesite dissolution as in
Case A.

The projections of the samples onto the first three eigenvectors
are shown in Fig. 6. As in Analysis A-All, the data dispersion caused
by reactions might lead modellers to overestimate the number of
end-members. The extreme values for EG1 are sample 3 and sam-
ple 20 (Fig. 6a), whereas the extreme ones for EG2 are BRA and
samples 20 and 8 (samples are pointed as fictitious end-
members) affected with the maximum gypsum dissolution extents
(Table 2). The DIL end-member and the sample 18 are the extreme
values of EG3 (Fig. 6¢).

According to the proposed approach, we performed analysis
B-Cons with four conservative components: CI°, K*, and the
decoupled components (recall Section 2.1) Ugyp catex =
Ca'? —SO,? +0.5Na" (to eliminate data dispersion generated by
gypsum dissolution and cation exchange Ca/Na), and
Upgs = Mg*? — CO;2 (to eliminate dispersion generated by magne-
site dissolution). As in A-Cons, EG1 explained almost the total vari-
ance (99.84%) with the same contribution of all the components
(0.5). The sample projections onto the eigenvectors space confirms
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conservative mixing (Fig. 6b and d). Clearly, the data dispersion
generated by chemical reactions was eliminated by the use of
decoupled conservative components.

The conceptual interpretation of the eigenanalysis of Case B is
not as well defined as that of Case A. In fact, there are numerous
combinations of minerals that might cause deviations from the
mixing line. This, coupled to the fact that the number of end-
members is unknown, and their composition may evolve over
time, leads us to assume that eigenanalyses will rarely be clear-
cut. To assess the impact of this uncertainty, we analysed several
combinations of reactions involving the actual reacting species.
The reactions, the corresponding decoupled components, and the
percentages of variance explained by the resulting eigenvectors
are shown in Table 3. The true set of reacting minerals clearly out-
performs the alternative sets in that the percentage of variance
explained by the first eigenvector is far larger than any of the
others. It confirms that the proposed approach can be a powerful
tool to: (1) identify chemical reactions, (2) eliminate the contribu-
tion of the identified reactions and (3) identify end-members.

4.2. Assessing mixing calculations

Mixing ratios were computed using MIX (Carrera et al., 2004)
for all the analyses described in section 3.3.2 in order to assess

and quantify the impact of chemical reactions in their calculations.
Mixing calculations were evaluated by: (1) comparing the real and
estimated mixing ratios by means of the root-mean-square error
(RMSE) and bivariate plots; and (2) assessing the objective function
values.

Case A: gypsum (CaSO42H,0) and magnesite (MgCOs)
dissolutions

Computed mixing ratios for A-All and A-Cons are compared
with the real mixing ratios in Fig. 7a and b, respectively. In general,
mixing proportions of the most saline end-member are overesti-
mated in A-All, which suggests that the calculation is trying to
compensate the effect of mineral dissolution by increasing the pro-
portion of saline water (Fig. 7a). This effect is overcome by the use
of conservative components (Fig. 7b) which yields results closest to
the 1:1 fit (Fig. 7b).

Table 4 displays the global objective function values (Eq. (12)),
and the contribution of each component (Eq. (10)). Note that the
objective function decreases from —10.58 to —0.04 when the con-
servative component set is used. Further insight can be gained by
evaluating the contributions of each species to the objective func-
tion (a high contribution indicates large differences between mea-
sured and computed concentrations). Results indicate that, when
using all data, high contributions are associated to species affected
by chemical reactions. This implies that the magnitude of the
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Table 3

Sets of chemical reactions involving the reacting species, conservative components obtained for each system and percentages of variance explained by the eigenvectors resulting
from processing each case with EMMA.

Chemical reactions Components Explained variance (%)
EG1 EG2 EG3
Ca*? + 5032 + 2H,0 < (aS0, - 2H,0(s) Ca*™? — 50,2 +0.5Na* 99.84 0.11 0.03
Mg*? + C03? < MgC0;(s) Mg*? — €032
0.5X,Ca + Na* <= 0.5Ca*? + XNa(s)
Na* +0.5C032 < 0.5Na,COs(s) Ca*? +0.5Na* — C03? 75.76 24.14 0.09
Mg*? +503% < MgS0,(s) Mg*? — 5052
Ca*™ + C03% < CaC0s(s)
Na* +0.5C03% <= 0.5Na,COs(s) Ca*? £ 0.5Na* — C0j? 73.99 25.91 0.09
Mg*? +50;% < MgS0,(s) Ca™? 450, — Mg*?
Ca™ + Mg*? 4 2C0§% « Ca- Mg(C03),(s)
Na* +0.5C03% <= 0.5Na,COs(s) 2Mg*? + 0.5Nat — CO3? 89.65 10.26 0.08
Ca*™ + Mg*? +2C04% <= Ca- Mg(C03),(s) Mg*? +50,% — Ca*?
Ca*? +50,% + 2H,0 < CaS04 - 2H,0(s)
Na* 4 0.5C03% < 0.5Na,COs(s) Mg*? + 0.5Na* — C03? 77.16 22.74 0.08

Mg*? + C03? <= MgC0,(s)

Mg*? + 50,2 — Ca*?

Ca*™? +S0,% + 2H,0 <= CaS0, - 2H,0(s)

contribution on the objective function may be used, instead of
EMMA, to identity reacting species. However, the contribution is
related to the mass that reactions added stoichiometrically to each

species (displayed in Table 2). In our case Ca** and SOf{ contribute
with almost 90% of the objective function while Mg** and CO%"

contribute with less than 8%. The contribution on the objective
function for Mg** or CO%’ is larger than that of conservative species
(ClI", Na* and K™). In A-Cons the main contributors to the objective
function are the decoupled chemical components. It is important
to highlight that these decoupled components are a linear
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Table 4

MIX results obtained from processing the data of cases A and B in different analyses: Root-mean-square error (RMSE) of the mixing ratios in all the samples, values of the objective
function (Eq. (10)) and percentages of the contributions of each species to the objective function.

Case Analysis RMSE (%) Objective Contribution to the Objective Function%
Function a Na* 5042{ Ca?t Mg?* K CO%’ Ugyp Upmgs Ugyp-Cat.Ex
A A-All 5.67 —10.58 1.06 0.96 43.61 46.24 4.72 0.41 3.00 - - -
A-cons 0.79 -0.04 13.18 14.14 - - - 24.22 - 22.66 25.80 -
A-Par 1.07 -0.83 2.37 2.08 - - 62.78 2.10 29.49 1.18 - -
A-Csp 1.75 —0.02 17.54 35.39 - - - 47.07 - - - -
B B-All 11.19 -12.73 9.56 8.44 31.75 38.85 5.67 2.54 3.19 - - -
B-cons 112 -0.03 10.32 - - - - 39.40 - - 28.20 22.08
B-Par 1.42 -0.79 4.21 - - - 61.72 1.73 31.11 - - 1.24
B-Csp 1.10 —0.01 21.18 - - - - 78.82 - - - -

combination of the reactive species and besides their high contri-
bution to the objective function, its global value has decreased.

It is clear that the nice results of the mixing calculations reflect
the synthetic nature of the example. In a real case, modellers might
have neglected MgCO; (a relatively rare mineral) dissolution or
might have preferred to work only with conservative species
(CI", Na" and K' in this example). To assess this alternative
approach we performed two additional mixing calculations:
A-Par and A-Csp. The first one includes only gypsum dissolution
(i.e., it was performed with only one conservative component
Ugyp ), and the second one considering only the conservative species
(ClI", Na* and K*). Results are summarized in Table 4. The values of
the root-mean-square error (RMSE) are highest for the A-All

(5.67%). If mixing calculation are computed considering only gyp-
sum dissolution (A-Par) the error decreases (RMSE 1.07%). When
using only conservative species (A-Csp), the error decreases
(1.75%) compared with A-All, but is higher than the obtained with
A-Cons (0.79%). The results confirm that the best approach (best
estimation of mixing ratios) in terms of minimum error is obtained
when using both, ugy, and uygs conservative components.

Case B: gypsum (CaSO4-2H,0), magnesite (MgCOs3) dissolutions,
and cation exchange Na/Ca

Computed and measured mixing ratios for B-All and B-Cons are
plotted in Fig. 7c and d. Again, the differences between real and
computed mixing ratios are smallest for the calculation with con-
servative components.
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The analysis of objective function (Table 4) leads to similar con-
clusions as the previous analysis. The global objective function
decreases from —12.73 to —0.03 with the use of decoupled conser-
vative components. The main contributors to the objective func-
tion in B-All are the species affected by chemical reactions.

In the same way than Case A, we repeated the calculations using
only conservative species (B-Csp), and assuming that magnesite
dissolution was not identified (B-Par). Contrary to Case A, using
B-Csp yields results that are comparable to those of B-Cons. We
attribute this result to overfitting, because the RMSE obtained in
B-Csp (CI” and K") should have been larger than the obtained in
A-Csp (Cl", Na* and K") where three species were available. Still,
the result points to the fact that there is always a random compo-
nent in any mixing calculation (in fact, other realizations of the
random error yield better results for the proposed approach), and
that performing computations with conservative species when
they are available should complement the proposed approach.

5. Conclusions

We presented a methodology devoted to the identification of
end-members and chemical reactions by means of EMMA, and to
improve the performance of mixing ratio calculations by defining
decoupled conservative components based on the assumed reac-
tions. We applied and validated this methodology with two syn-
thetic datasets generated by imposing different chemical
reactions using a geochemical calculation tool (PHREEQC). Results
indicate that this methodology can be applied to: (1) identify
chemical reactions, (2) improve the identification of the end-
members that are mixing in the system, and (3) enhance mixing
ratio calculations defining decoupled conservative components as
linear combination of species consistent with the identified set of
reactions. Regarding the identification of the chemical reactions,
the proposed methodology presents some limitations. Chemical
reactions could be clearly identified and related to an eigenvector
in Case A, but the identification was not so evident in Case B, which
probably reflects the presence of reactions that affect the same
species (common ion effect). Nevertheless this methodology can
clearly identify the involved chemical species in the reactions.
Regarding the identification of end members, the approach
improves with the use of conservative components in both cases,
which reflects that conservative components eliminate the disper-
sion generated by the reactions. Regarding mixing calculations the
use of conservative components decreases the differences between
computed and measured mixing ratios and lead to reductions of
the global objective function in both cases. While the approach
appears powerful, it should be viewed a complementary tool to
traditional geochemical interpretations. Specifically, the likelihood
of the reactions should be ascertained by the saturation index cal-
culations and the actual presence of the reacting minerals. Further-
more, the modeller should also verify independently the
hydrological meaningfulness of the identified end-members.
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