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Notwithstanding the numerous contributions that have been published on theoretical and practical
aspects of the management of compositional (constrained) data during the last thirty years,
in geochemistry most of the scientific papers in international journals continue to ignore their peculiar
features. In order to understand the reasons of the undervaluation of the effects of an incorrect choice of
the sample space and, consequently, an incorrect application of the distance concept, case studies of
comparison between methodologies will be presented and discussed. The aim is to evaluate the
differences in interpretation of geochemical processes affecting rocks, water and gaseous samples,
when the two different approaches, classical and compositional, are adopted. If we compare the results
of case studies following the two paths it is possible to evaluate which type of error (and consequences)
will affect our evaluations in geochemistry.

The presence of expected differences between the two approaches indicates that compositional data
analysis can be a way to see beyond the illusion due to the constrained space. However, the possibility
that the difference is tenuous in some situations, not revealed a priori, may be at the origin of the
unconscious choice of the classical approach. Is this condition which some researchers call “common
sense” frequently encountered in geochemistry? The paper is aimed to try to answer the proposed
question, and to understand the difficulty of diffusion of compositional data analysis even if now simple
tools of investigation, for different degrees of knowledge, are available.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The development of graphical and numerical tools to perform
compositional data analysis (CoDA) represents a benchmark
problem in geological sciences and, in particular, in computational
geochemistry. This discussion has long animated researchers
working in different fields and, notwithstanding that appropriate
tools are now available to correctly investigate the features of
compositional data, most of the published papers in the interna-
tional literature avoid facing this attractive question. Moreover,
people that are interested in managing compositional data in a
consistent! mathematical and statistical framework, often have to
convince referees of the appropriateness of their methodology.
Answers such as “nature is stronger than closure” or “a good
geologist is able to recognise forced relationships from the natural
one” may be typical. Why is it so difficult to convince the
scientific community about the adoption of the CoDA approach?

E-mail address: antonella.buccianti@unifi.it

! In the sense of coherent with the principles of compositional data analysis
(Egozcue and Pawlowsky-Glahn, 2011) that is: (a) The relative character of the
information carried by the data is taken into account, (b) The models that are
compatible with the sample space and constraints do not need to be taken
additionally into account.
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Are the expected differences between results obtained by using
classical and compositional approaches able to convince us that a
way to see beyond the illusion due to the constrained space is to
take into account its geometry? Or the differences are usually so
tenuous, that the unconscious choice of the classical approach is
recognised as “common sense”? The paper is aimed to try to
answer the proposed question and to understand the difficulty of
diffusion of compositional data analysis even if now simple tools
are available.

The first benchmark of the compositional data problem can be
considered the presence of the spurious correlations recognised by
Pearson (1897) affecting all data that measure parts of the same
whole, such as percentages, proportions, ppm and so on. His work
represented the first approach able to recognise that if X, Y and Z
are uncorrelated, then X/Z and Y/Z ratios, will not be uncorrelated.
Chayes (1960) found a mathematical demonstration of Pearson’s
work and showed that some of the correlations between the
components of the composition must be negative due to the sum
constraint, thus affecting interpretation of natural processes,
biased by this effect.

Even if natural data are often non-negative, ranging in a
sample space with a restriction to RD (they are only positive,
and variables move only on the positive parts of real space),
compositional data have a further restriction since they have been
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scaled by the total of the components of the composition. This
important operation of standardization is fundamental in inter-
preting and comparing results obtained by experimental mea-
sures in geochemistry, since data are related to the same weight
(solid matrices) or volume (solutions and gaseous mixtures).
The consequence is that compositional data with D components
not only pertain to the positive part of RP but occupy a restricted
part of its axes, in general from O to the constant defined a priori.
In mathematical terms compositional data are represented as
pertaining to a sample space called the simplex SP:

D
SD={x:(x1,x2.xp):x,->0(i=1,2,D),Zx,-=;<} 1)

i=1

where x is a given positive constant, defined a priori and
depending on how the parts are measured. The key question here
is not to discuss the nature of compositional data, since they have
to be defined exactly in this way if we want to make comparisons
among cases, starting from the same baseline. The key question is
whether standard statistical analysis which assumes that the
sample space is RP with D dimensions, where all the values from
+ oo are generable and have a probability to be found in a
sampling process, is appropriate to represent the investigated
phenomena. In other words, in an olivine, a silicate mineral
represented by the formula (Mg, Fe)SiO,, it is known that Mg
and Fe substitute each other and that a rigorous stoichiometric
law governs the process characterised by the competition of two
ions for the same crystallographic site. It is also clear in this
framework that when Mg decreases, Fe tends to increase (com-
mon sense). However, the classical approach, that simply repre-
sents this phenomenon in a binary diagram, where abundance of
Fe and Mg are analysed in respect to each other, or versus Si
considered a common base, does not represent a coherent
geometry on which to base statistics, both descriptive and
inferential, and to propose models able to indicate how natural
phenomena work. In fact, considering compositional data as real
data, the hypothesis that it is possible to obtain negative contents
of Fe and Mg in a sampling process is considered as feasible. The
formulation of this hypothesis is frequently performed, even if
unconsciously, when a correlation coefficient is determined, or
some modelling of the linear pattern of the data on binary
diagrams is proposed. The probability of a negative concentration
may be low, but it is not possible to know its value in advance and
this also affects the determination of simple central tendency
statistics (mean) and variability measures (variance). Conse-
quently, as reported in Aitchison et al. (2000), it should be
obvious that with compositional data only the statements about
the ratios of the components are meaningful, since their use
respects the fundamental principle of scale invariance. This item
for a long time was indirectly recognised in geochemistry as is
testified by the common use of ratio diagrams. However, often
these diagrams were realised considering ratios with the same
denominator, for example X/Z and Y/Z ratios that, as reported by
Pearson (1897) were affected by spurious correlations.

In the statistical literature there is a long history of the search
for a solution to the statistical analysis of compositional data
(Aitchison and Egozcue, 2005). The main contribution to a solu-
tion is attributable to John Aitchison in the early 1980s (Aitchison,
1982) when he introduced the log-ratio approach using the
intuitive concept of difference associated with the features of
data. For example, the log-ratio approach was proposed to
capture the difference between 5% and 10% and that between
45% and 50%, difference equal to 5 in both cases in the Euclidean
real space. Following this approach, compositions are transformed
to move them into real space using a log-ratio transformation,
analysed by classical statistical methods, and results reported

back to the simplex, by using the correspondent inverse trans-
formation. A further key step was the recognition of the Euclidean
space nature of the simplex (Pawlowsky-Glahn and Egozcue,
2001). In this framework compositions can be represented by
their coordinates in the simplex with a suitable orthonormal
basis, leading to the ilr (isometric log-ratio) transformation
(Egozcue et al., 2003). Its use allow us to avoid the arbitrariness
of denominator choice related to the alr (additive log-ratio)
transformation and to the singularity of the clr (centered log-
ratio) transformation, the two transformations originally pro-
posed by Aitchison (1982).

In this paper the comparison of the results obtained for some
interesting compositional cases investigated by using the classical
and the log-ratio approach allows us to verify how the illusion to
see compositional data as real data may compromise our under-
standing of natural phenomena. To achieve this aim, the ilr
transformation was used to represent a composition as a real
vector. Even if the computation of ilr coordinates appears to be
complex, there are different rules on how to generate them
(Egozcue et al., 2003). The identification of balances, a particular
form of ilr coordinates (Egozcue and Pawlowsky-Glahn, 2005)
may simplify the adoption of this transformation. Balances,
reflecting the relative variation of two groups of parts, represent
a powerful tool for researchers to prove their geochemical
hypothesis, translating ideas on natural phenomena in numbers
moving in a coherent geometry. Balances in fact define coordi-
nates of the samples within an orthogonal system of axes, i.e.,
they are usual random variables in real space.

2. Working on coordinates: the ilr transformation of
compositional data and the balances approach

In statistics the real space R¥ (k=number of dimensions) is
assumed to be the natural sample space for a given set of
observations. Standard statistics have been developed in R* using
its particular algebraic-geometric structure, which is commonly
known as Euclidean geometry. Linear algebra allows us to trans-
late standard statistics into any sample space, different from R¥,
if it has an Euclidean vector space structure. Definition of basic
operations in the simplex such as perturbation and powering,
with the associated norm and distance, permits us to analyse data
(Aitchison, 2001; Billheimer et al., 2001; Pawlowsky-Glahn and
Egozcue, 2001). In this framework, the procedure of the sequen-
tial binary partition to identify orthonormal coordinates, can be
adopted (Egozcue and Pawlowsky-Glahn, 2005). In a first step the
parts of the composition are divided into two groups: the parts of
the first group are coded by +1 and the parts of the second group
are coded by —1. In this way the first coordinate describing the
balance between the +1 and —1 parts is obtained. In the second
and following steps a previous group of parts is divided into new
groups, similarly coded by +1 and — 1 while the components that
are not involved are coded with a zero. The number of steps
required for all the groups to contain a single component is
exactly D—1, dimensions of SP. The whole procedure can be
summarised in a table as reported in Egozcue and Pawlowsky-
Glahn (2005). From a general point of view, in the kth step the
balance z, (Eq. (2)) between two groups is obtained so that the ry
(+1) parts are balanced with the s, (—1) parts:
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where g,,(.) is the geometric mean of the parts reported in the
argument in parenthesis (Eq. (3)). Balances may have a relatively
easy interpretation as they are log-ratios of geometric means of
groups of parts. Furthermore they can well describe processes of
element partition, or groups of elements, when they present
coherent (similar) behaviour in geochemistry (Buccianti, 2011a;
Buccianti, 2011b). The identification of easily interpretable bal-
ances may also be useful to reveal natural laws governing
proportions in several field of earth (Buccianti and Esposito,
2004; Nisi et al.,, 2008; Buccianti et al., 2009) and ecological
sciences (Bertocchi et al., 2008; Tricarico et al., 2008). Although
the sequential binary partition can be performed following
rigorous mathematical steps (Egozcue et al., 2003, Hron et al.,
2010), here in the case studies analysed, the choice of the
balances starts from a geochemical hypothesis. Statistical analysis
will be used to model the data variability. In this way a
comparison with the usual plots used in geochemistry can be
performed as well as a discussion about the results obtained.

3. Another look at the worldwide distribution of continental
rock lithology

The weathering processes affecting silicate rocks, and the
formation of carbonate rocks in the ocean, are the mechanisms
of transfer of CO, from the atmosphere to the lithosphere,
modifying the carbon cycle. This CO, uptake on the geological
timescale is mainly controlled by the chemical properties of the
rocks. The worldwide distribution of continental rock lithology
and the implications for the atmospheric/soil CO, uptake pro-
cesses have been investigated in Amiotte Suchet et al. (2003). On
the other hand, investigation of sites locally characterised by high
natural flux of CO, can be found in Tassi et al., 2009.

The flux of atmospheric/soil CO, consumed by rock weathering
is generally considered mainly a function of runoff and of the rock
type drained by surface water. If streams drain silicate rocks, the
flux is considered equal to the whole alkalinity flux while if
streams drain carbonate rocks the half of the alkalinity flux has to
be considered. In river water bicarbonates (HCO3) can be
assumed to be equal to the alkalinity (Meybeck, 1987). In general,
linear trends represent the relationships between the CO, flux
(alkalinity) and runoff, for different type of rocks (Amiotte Suchet
et al., 2003).

Few studies attempt to evaluate the abundance of various rock
types on the continents and the estimates improved by the
geological knowledge and the data that became available during
the last century. The first data are attributable to Clarke (1924)
who proposed that continental outcrops were composed of 75% of
sedimentary rocks and of 25% of combined igneous and meta-
morphic rocks. Subsequent estimates established that the land
surfaces were composed of 8% of extrusive crystalline rocks, 9% of
intrusive crystalline rocks, 17% of metamorphic and Precambrian
crystalline rocks and 66% of sedimentary rocks (Blatt and Jones,
1975). The results were then refined by Meybeck (1987), even if
the first analysis of the spatial distribution of rocks is attributable
to Bluth and Kump (1991), followed by the work of Gibbs and
Kump (1994).

In the paper of Amiotte Suchet et al. (2003) the lithological
composition of 39 large river basins, runoff and alkalinity
(observed and calculated by modelling) have been analysed to
quantify the flux of consumed CO, by weathering (10> mol/km?/
year). The categories, reflecting the chemical composition and the
behaviour of rocks with regard to the chemical weathering, are
given by sands and sandstones, shales, carbonate rocks, shield
rocks (igneous and metamorphic rocks), and acid volcanic rocks
(Amiotte Suchet and Probst, 1995; Amiotte Suchet et al., 2003).

In this paper another look at the analysis of the relationships
between the lithological compositions of 39 major river basins of
the world (in percent of the basin area) and the observed
alkalinity (10% mol/km?/year) is proposed. Data used in this
analysis has been taken from Amiotte Suchet et al., 2003.
The map of the most important major watersheds of the world,
including the 39 basins here analysed, is reported in Fig. 1
(Revenga et al., 1998).

This approach, based on the use of the balances, or particular
ilr transformation of lithological proportions, has the advantage of
being easy, it can be based on geochemical hypothesis and allows
us to perform a coherent classical statistical analysis.

The six lithological categories can be reduced to three by
considering their response to weathering processes as obtained in
Amiotte Suchet et al. (2003): (a) easily weathered rocks (EWR,
carbonates, high CO, consumption rates, > 200 10° mol/km?/
year), (b) intermediate rocks (IR, basalts and shales, moderate
CO, consumption rates, 50-100 10> mol/km?/year) and (c) weath-
ering resistant rocks (WRR, shield rocks, sands and sandstones,
low CO, consumption rates, <50 10> mol/km?/year). The bal-
ances (ilr coordinates) to be used in our considerations, by taking
into account the sequence EWR (carbonates)—IR (basalts and
shales)— WRR (shield rocks, sands and sandstones) can be:

ilr_1 = gln% ilr 2—ilni 4)
V3T VIR<WRRS T V2 WRR

With the previous coordinates simple statistical analysis can
be performed to analyse the relationships among the components
of the composition in their sample space without distortion. They
can also be used to evaluate the presence of relationships with
other variables as for example observed alkalinity (Amiotte
Suchet et al., 2003). In this framework, the first analysis concerns
the probability plots reported in Fig. 2. The aim is to verify if the
coordinates follow the Gaussian model, if there is a sort of
equilibrium around a barycentre, or if the presence of anomalous
values perturbs the distribution of the data. As we can see,
distribution for ilr_1 is perturbed by a set of data characterised
by low values, correspondent to the scarce presence of EWR (Eq. 4)
while ilr_2 shows a more equilibrated distribution.

Graphical tools can be associated with hypothesis tests on the
normality. Results of the tests for ilr_1 are controversial, as
expected considering Fig. 2, while for ilr_2 the normality hypoth-
esis can be accepted (p > 0.05). If the set of data characterised by
low ilr_1 values are excluded, normality can be accepted with
reasonable p values (p> 0.05).

Results indicate that on a global scale an equilibrium in the
proportion of the three different typologies of rocks in the major
river drainage basins can be found if some extreme conditions are
not considered. In this case, the mean value of ilr_1 coordinate,
approximately equal to —0.68, allows us to say that on the whole
the proportion of easily weathered rocks is lower than the
geometric mean which expresses the relative balance between
the intermediate and resistant rocks. The ilr_1 value equal to
—0.68 corresponds to a relationship similar to EWR/(IR x WRR)'/?
equal to 0.43 (or approximately 1:2). Analogous analysis can be
performed for the ilr_2 coordinate, with mean value equal to
—0.55 describing the balance between intermediate and weathering
resistant rocks for which IRfWRR=0.58 (or approximately 1:2).
The investigation of the frequency distribution of the ilr coordi-
nates associated with the use of statistical tests, has allowed us to
find a first approximation of the barycentre among the propor-
tions of the different lithologies. This datum was critically
proposed by Amiotte Suchet et al. (2003) considering raw per-
centages, due to the high variability from one drainage basin to
another. However, the choice of tools consistent with the compo-
sitional nature of the data has increased our capacity to
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Fig. 1. Location of 106 major watersheds of the world. Omitted regions, shown in whit
(Revenga et al., 1998).

synthesize the information contained in the analysed system.
If the analysed data set is exhaustive, to explain the results on a
global scale we can say that for one part of EWR, two parts with
different proportions in IR and WRR are needed while for one part
of IR two parts of WRR are required.

The obtained ilr coordinates, representing a mathematical tool
where the relative proportions of the different rock categories are
represented, can be used for further modelling since they are real
variables to be used in various statistical analysis. In our case the

e, are primarily smaller coastal drainage basins or regions with no permanent rivers

relationships between the ilr coordinates and observed alkalinity
have been investigated. The aim was to verify if they are able to
explain the proportional contribution of lithology to the CO,
uptake. Data on the observed alkalinity are from Amiotte Suchet
et al., 2003, and they were transformed by using natural loga-
rithm to take into account both the nature of the sample space
(R,.) and the relative character of the information.

The diagrams of the ilr coordinates and the log-transformed
observed alkalinity are reported in Figs. 3 and 4. Rivers have been
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discriminated by considering the CO, consumption rates (high
> 200 x 10®> mol/km?/year; moderate 50-100 x 10%> mol/km?/
year; low <50 x 10° mol/km?/year) as reported in Amiotte
Suchet et al,, 2003. In the case of ilr_1 coordinate with the
exception of two groups of data (17=Limpopo, 23=Niger,
26=0range, 38 =Zaire, 39=Zambesi, a group of African rivers in
both tropical wet dry and humid tropical conditions, or
2=Amour, 4=Columbia, 7=Fraser, 9=Godavari, 35=VYana,
37=Yukon, mainly related to periglacial and dry continental
conditions, with the exception of Godavari whose climatic setting
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Fig. 4. Relationship between ilr_2 coordinate and observed log-transformed
alkalinity (10® mol/km?/year); data have been discriminated by taking into
account the CO, consumption rates (high > 200 x 10> mol/km?/year; moderate
50-100 x 10> mol/km?/year; low < 50 x 10*> mol/km?/year; Amiotte Suchet et al.,
2003). Labels as in Fig. 2.

is tropical wet dry) characterised, respectively, by scarce shales
contribution (high values of ilr_1 and alkalinity < 100 x 10> mol/
km?/year) or scarce carbonate contribution (low ilr_1 values
and alkalinity ranging between 0 and 500 x 10> mol/km?/year),
a significant positive relationship is detected (parametric
correlation=0.77, non parametric correlation=0.83, p <0.005,
with little changes, 0.75 and 0.79, respectively, excluding the
case 32 relative to Si Kiang, possibly acting as leverage point). On
the whole ilr_1 shows correlation with observed alkalinity and
the basins characterised by different fluxes of consumed CO, are
sufficiently discriminated. Since changes in the climatic settings
are also represented (increases of ilr_1 values correspond to a
passage into humid mid and tropical wet dry latitudes), the
coordinate appears to represent a good index to consider weath-
ering processes and changes in water/rock ratios jointly.

If the relationships among the proportion of the three cate-
gories of rocks and observed alkalinity values are investigated
with classical tools (binary diagrams and determination of para-
metric and non parametric correlation coefficients), significant
values (p <0.05) are obtained only for easily weathered rocks
(positive correlation) and weathering resistant rocks (negative
correlation), here obscuring the role played by intermediate
lithologies such as basalts and shales. Are these results obtained
in the classical framework reasonable? Do they satisfy geological
common sense? Even if the answer may be yes, the role of
intermediate lithologies could be completely crushed when the
simplex geometry is treated as a real space. However, the
contribution of shales and basalts to the carbon cycle and,
consequently, to the global climate on Earth was discussed in
Dessert et al. (2001) for the Deccan Traps and the approach here
proposed is an attempt to emphasize their worldwide role.

The analysis of the relationship of the ilr_2 coordinate, depen-
dent on the proportion between intermediate and weathering
resistant rocks, and the log-transformed observed alkalinity
(Fig. 4) allows us to investigate this aspect in more detail.

As we can see, data in Fig. 4 apparently follow parallel linear
patterns. A first group of rivers is given by Amazon (1), Amour (2),
Fraser (7), Yenisei (11), Lena (16), Limpopo (17), Mackenzie (18),
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Mekong (20), Mississippi (21), Nile (24), Ob (25), Orange (26),
Orinoco (27), Parana (28), Severnaia Dvina (31), Yana (35),
Yukon (37), Zambesi (39), and shows a good correlation with
log-transformed alkalinity (parametric and non parametric coef-
ficient > 0.8, p <0.001). Rivers are mainly located in periglacial
and humid mid latitude in the northern hemisphere and in humid
tropical or tropical wet dry conditions, these mainly in Africa and
South America. Their basins are characterised by a higher pre-
sence of rocks with intermediate lithologies whose weight
increases with alkalinity.

A second group of rivers given by Columbia (4), Ganges—
Brahmaputra (8), Godavari (9), Huangho (10), Indus (13), Magda-
lena (19), Niger (23) and Zaire (38) is also characterised by a good
correlation (parametric and non parametric coefficient > 0.85,
p <0.002). Most of these rivers are located in Asia and Oceania
and with the exception of Columbia (North America) are mainly
located below the Tropic of Cancer (humid tropical and tropical
wet dry conditions). Their basins are characterised by a higher
presence of weathering resistant rocks in comparison to the
intermediate ones.

In this framework the rivers Colorado (3), Si Kiang (32), St.
Lawrence (33) and Yangtze-Kiang (36) present moderate and
important shifts with respect to the previous patterns due to
the scarce presence of intermediate lithologies.

Results indicate that the ilr_2 coordinate due to its correlation
with alkalinity is able to give indirect information about the CO,
uptake and that the role of intermediate rocks is not negligible.

Considering runoff values, when data are analysed using raw
percentages, significant correlation (positive) is obtained only for
easily weathered rocks, while for ilr coordinates no significant
correlations are revealed. It is known that local effects resulting
from the distribution of rainfall in both space and time are
superimposed on the continental-scale factors influencing the
amount (variability) of river runoff (Berner and Berner, 1996).
Geographic heterogeneity can increase the runoff by as much as
20% and ilr coordinates appear to better capture this phenomenon
when compared with raw percentages. In this case too, the use of
raw percentages, even if it leads to reasonable and geologically
interpretable results, mortifies data variability forcing a relation-
ship with runoff that could not be present.

4. Graphical representation of water chemistry and distortion
related to the use of compositional data

Two types of diagrams are commonly used to represent water
chemistry, Stiff and Piper plots. Stiff diagrams show the concen-
trations (in milliequivalent) of the major ions (both cations and
anions) as a shape that gives the relative abundance of the various
species and the total abundance (Stiff, 1951).

In the Stiff diagram the shape of the field is considered a
representation of the relative proportions of the various ions, and
its size shows the total ionic concentration. Stiff diagrams are
considered particularly useful when plotted on a map because
they give a graphical representation of regional variations in
water chemistry. An example of the use of this type of representa-
tion is reported in Fig. 5 with reference to the Rio Grande and
Columbia rivers and Central Pennsylvania ground waters (carbo-
nate dominated). In the diagram x-axis is expressed in meq/L while
an arbitrary scale (equal steps) is chosen for y-axis. As we can see,
the Rio Grande has a much higher concentration of all ionic species
than the Columbia river and the bicarbonate ion, relative to the
sulphate ion, is much less important in the Rio Grande with
respect to the Columbia river. By considering the groundwater,
the diagram reveals that the dominant cation is Ca®?* and the
dominant anion is HCO3, as is usual for carbonatic acquifers.

Pennsylvania groundwater

Rio Grande River*

:

Colurnbia River
L 1 J
Na+K - =l
| HCO
Ca | 3
|
|
Mg : so,
1 1 l 1 1
6 4 2 0 2 4 ]
meq/L

Fig. 5. Stiff diagrams for graphical representation of water chemistry (data from
Nelson 2004). Values on horizontal axis are expressed in meq/L while an arbitrary
scale (equal steps) is chosen for vertical axis.

Table 1
Sequential binary partitions (SBP) to compute balances between anions and
cations related to the chemical composition of natural waters.

ilr Na+t K* - ca?+ HCO5~ Mg?* S0,2-
ilr_1 +1 +1 +1 -1 -1 -1 -1
ilr_2 +1 +1 -1 0 0 0 0
ilr_3 +1 -1 0 0 0 0 0
ilr_4 0 0 0 +1 +1 -1 -1
ilr_5 0 0 0 +1 -1 0 0
ilr_6 0 0 0 0 0 +1 -1

An alternative to this representation of the chemistry of water
can be obtained using ilr coordinates. The sequential binary
partition (SBP) required to identify the ilr coordinates necessary
to develop a diagram similar to that of Stiff is reported in Table 1.
Among the different transformations that can be obtained with
seven variables, three represent the balances to be used. They are
the coordinates ilr_2, describing the balance between Na and K
versus Cl, ilr_5, investigating the balance between Ca and HCO;
and, finally, ilr_6, where Mg and SO, are compared with each
other. If the values of the three coordinates for each sample are
joined and reported in a binary plot, different triangles are
obtained. In this framework, an equilateral triangle indicates an
equilibrium among the different coordinates and reveals the
relationships inside the whole chemical composition of water.
Stretched triangles, on the other hand, point out the presence of
dominant components. Results are reported in Fig. 6 for the same
samples of Fig. 5. In the diagram x-axis is expressed in real
numbers while an arbitrary scale (equal steps) is chosen for y-axis
as in Fig. 5. The advantage of this representation is that it is not
geometrically biased and the distances between points for each
composition are in an Euclidean geometry (Buccianti and Magli,
2011). Moreover, ratios are easily interpreted in terms of stoi-
chiometry of the mineral phases from which chemical species can
be derived, one of the motives for which the measure unit of the
equivalents is used in Stiff diagrams. When the ilr coordinates are
equal to zero, Na/Cl=Cl/K, Ca/HCO3=1 and Mg/SO,4=1.

As we can see, the Rio Grande river presents higher negative
values for ilr_2 coordinate, indicating that Na/Cl < Cl/K while in
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Fig. 6. An alternative diagram for graphical representation of water chemistry by
using ilr coordinates (data from Nelson 2004). Values on horizontal axis are real
numbers while an arbitrary scale (equal steps) is chosen for vertical axis as in
Fig. 5.

Fig. 5 the obtained conclusion is that Na+K~ Cl. The Central
Pennsylvania groundwater shows a similar condition even if the
coordinate values are lower in absolute value with regard to the
Rio Grande River. A positive value, but near to zero, is registered
for the Columbia river, indicating that Na/Cl ~ Cl/K instead of
Na+K> Cl.

It is evident in this type of representation that the stretched
triangles of Fig. 6 reveal the presence of differences inside the
chemical components characterising the coordinates and in
particular among Na, K and Cl for ilr_2. This situation was not
revealed in the Stiff diagram where, for example, Na+K is
compared with Cl instead of the geometric mean of Na x K with
respect to Cl. Consequently the shape of the Stiff diagram has to
be evaluated with caution to extract information about the
relative proportions of the chemical components, particularly if
addition of values are reported on the axes. Combination of the
parts of the composition by addition increases the illusion, since
more distortion is added to the graphical representation of
constrained data in real space (Egozcue and Pawlowsky-Glahn,
2005). Implications may be important: Na, K and ClI are compo-
nents highly affected by pollution and their relative changes
should be investigated in a coherent way.

The proposed ilr diagrams for investigating graphically the
chemistry of water can be used to compare single compositions as
shown above. However, since coordinates are real variables, the
diagram can be constructed with mean or median values calcu-
lated for samples pertaining to different groups in order to
compare them. Standard deviations or MAD (median absolute
deviation) can also be reported to evaluate overlapping fields and
to test hypotheses about differences. Further developments on
this item are in progress.

5. Volcanic gas composition and geochemical processes: A
statistical evaluation of the homogeneity of a fumarolic field

The composition of gases from active or quiescent volcanic and
hydrothermal areas depends on deep processes, such as vapour—
melt separation during the generation and rise of the magma and
shallow processes active within the volcanic apparatus. Generally,

the variability is widely attributable to shallow processes such as
re-equilibration in response to cooling and dilution by meteoric
water and interaction with fluids of associated hydrothermal
systems. The chemical composition of volcanic and hydrothermal
gases is expressed by concentrations, for example micromoles/
mole. Since the relative presence of chemical species is attribu-
table to partition phenomena between different phases, governed
by chemical reactions, the investigation of the behaviour of single
components is not fully informative. In this perspective the use of
ratios as indices of relative changes is a common practice, as well
as the adoption of diagrams where ratios present a common
denominator, even if criticised as early as 1897 (Pearson, 1897).

The present case study aims to investigate the relationships
among the chemical components constituting the gases emitted
from different discharges located in several parts of the fumarolic
field of Vulcano Island (Aeolian archipelago, Sicily, southern Italy).
When the sampling of fumarolic gases is performed considering
discharges located in different positions of the volcanic apparatus,
it is important to evaluate whether significant differences can
exist in their chemistry and if spatially the conditions are or are
not homogeneous. Considering the wide variability of fractures in
the system and the complexity of the water/rock interactions in
this type of environment, differences are generally expected even
for short distances (Signorelli et al., 1998).

Three groups of fumaroles were selected as representative of
the spatial conditions and have been monitored from 2000 to
2009. Two of them are located in the outer part of the crater rim
(labelled FNB and FZ), two on the rim itself (FNA and F5) and
three in the inner part of the crater rim (F14, F27, F202).
The chemistry of the gases includes the following components:
H,0, CO,, SO,, H,S, S, HCl, HF, Ny, 05, H», Ar, Ne, He, CO and CH,
in pmol/mol. Previous investigations revealed that by considering
outlet temperatures data appeared to be drawn from different
populations with different mean values increasing from 100 °C
(FZ) to 211°C (F5), 247 °C (FNB), 285 °C (FNA), 306 °C (F14),
363 °C (F27) and 403 °C (F202) (Buccianti et al., 2006). Consider-
ing the three groups of fumaroles, temperature values range as
follows: rim 180-337 °C (median=268 °C), inner part 247-419 °C
(median=342), outer part 88.7-319 °C (median=157).

Water is the most important constituent of volcanic gases and
is involved in several key chemical reactions, as for example
(]) H>+CO, — CO+H,0, (2) 4H,+2S05 < S, +2H50 and (3) CO, +
4H, <> CH4+2H,0, all highly dependent on temperature and
redox conditions of the system.

The previous reactions have represented the starting point to
choose balances, or ilr transformed variables, able to describe the
relationships between reactants (denominator of the balances)
and products (numerator of the balances). Transformed values
have then been used in a subsequent phase to test differences
among the three groups of fumaroles and consequently to
evaluate the homogeneity of the fumarolic field. Graphical results
are reported in Fig. 7. As we can see, data for reaction (1) and
(3) are mainly higher than zero, independently from their spatial
position, indicating that for the whole fumarolic field, the bar-
ycentre of the systems CO-H,O, reaction (1), and CH4-HO0,
reaction (3) are systematically higher than that of H,-CO,.
On the other hand, values for reaction (2) decrease in the
sequence crater rim— inner crater— external crater, so that the
barycentre of the system S,-H,O may be higher or lower when
compared with that of H,-SO,, depending on spatial position.

The application of normality tests indicates that balances
follow the Gaussian model for each sampling site (p > 0.05), so
that parametric tests for comparing mean values can be applied.
The one way analysis of variance (ANOVA) allows us to verify that
the balance related to reaction (1) Hy+CO,+«> CO+H50, shows
significant differences (p <0.01) between the crater rim with
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Fig. 7. Box-plots of the balances (ilr transformed variables) representing the
reactions (1) H,+CO, «+» CO+H,0, (2) 4H,+2S0; «+» S, +2H,0 and (3) CO;+4H; «
CH4+2H,0, for the three sites of sampling of the fumarolic field. Symbol *
indicates anomalous values, N the number of sample for each site.

respect to outer and inner areas. Balances related to reactions
(2) 4H;+2S05 <> S;+2H,0 and (3) CO,+4H, <> CH4+2H,0, point
out significant differences attributable to the outer part of the
crater when compared with the other parts.

In the investigation of the chemical composition of volcanic
gas discharges increased concentrations of CO, and SO, are often
considered gas precursors of eruptions, while H,O is attributable
to magmatic or meteoric sources. However, an increase in SO, is
not always observed prior to volcanic events due to the presence
of groundwater or surface water that scrub magmatic gases
during their path toward the surface. Geochemical modelling
suggests that CO, is the main component to monitor if scrubbing
phenomena affect volcanic discharges, since concentrations in
SO, will be significantly influenced (Symonds, et al., 2001).

If the ANOVA is applied on raw concentrations, significant
differences (p < 0.05) are obtained only when data collected from
the outer part of the crater rim are compared with that pertaining
to other sites and only for three variables, H,, CO and S,. In this
contest, SO, abundance discriminates all the sites, while CO,, H,O
and CH, are not relevant for this purpose. Results may be
interpretable in the classical framework, considering the geo-
chemical behaviour of the single species. For example, the
discriminating role of SO, may refer to the indirect presence/
absence of water and related scrubbing processes in all sites,
while Hp, CO and S, may be related to high temperature condi-
tions (H, and CO) and surficial conditions (S,) affecting the
sampling sites in a different way. However, it should be noticed
that the balance built on the base of reaction (3), including CO,,
H,O and CH,4 revealed, in the compositional approach, the
presence of significant differences between the outer part of the
crater and the other sites, giving us another look at the relative
behaviour of the chemical species.

By taking into account the previous results, it is evident that the
spatial position is important in determining the chemical composi-
tion of the collected samples. The result is expected and confirmed
by using the different approaches proposed. However, it is clear
that the balance approach is more powerful and allows us to
understand better how natural phenomena are working.
If we consider for example the balances related to reactions
(1) H;+CO,«+ CO+H,0 and (3) CO,+4H, «> CHy+2H,0, we can
see that higher values represent environmental conditions affected

by water presence able to scrub chemical species; on the other
hand, lower values may describe the minor contribution of water,
as confirmed by the presence of CO, and H,. This condition
characterises all the sampling sites and differences among them
may be related to the position of the barycentre between CO and
H,0 or CH4 and H,O since the C-species are stable in different
temperature ranges. In fact, the balance associated with reaction
(3) shows higher values, but the median value of temperature is
lower when compared with other sites, a condition favouring the
presence of CH,. To be noticed here is that CO,, H,O and CH,4 are
not relevant to discriminate spatial positions in the classical
approach. Finally, considering the balance associated to reaction
(2) 4H,+2S0, <+ S, +2H,0, due to the fact that its values cross the
zero, it is possible to find compositions with a different compensa-
tion between the numerator and denominator of the balance. In
particular, for most of the data of the crater rim the barycentre of
the system S,-H,0 is higher than that of H,-SO,, revealing a clear
influence of scrubbing phenomena. Changes internal to the system
S,-H,0 can be easily related to shallow water/rock interactions for
intense hydrothermal circulation. Data collected from the inner
part of the crater rim present an equilibrium between these two
different conditions, while for the outer rim area, presence of
water, with consequent increased hydrothermal circulation,
appears to be the dominant phenomena.

6. Conclusions

Compositional data analysis (CoDA) has been a major issue of
discussion for more than 100 years. It is difficult to realise that
many statisticians and users of statistics in the geochemical com-
munity are unaware of the features of compositional data, and also
that now some simple tools for their coherent analysis are available.
Why is it not sufficient to propose coherent mathematical tools? In
this paper the reasons at the base of this difficulty have been
tentatively analysed considering classical and compositional statis-
tical approaches for three different case studies involving several
interesting items. Results indicate that often classical statistics
applied on compositional data give us reasonable and interpretable
results that unite common sense and acquired knowledge. However
when results are compared with those obtained with the composi-
tional approach it is easy to verify that the behaviour of some
components of the composition may be obscured and their varia-
bility seriously mortified. This is an important item, since part of the
information about compositional natural systems is completely lost
and it is not possible to know the weight of this effect a priori. If the
level of investigation of compositional data with classical tools
moves from a descriptive phase to the application of statistical
tests, erroneous evaluation of the formulated hypothesis may be
the result, a serious point when environmental questions are the
matter of debate. Thus, the answer to the question posed in the title
of this paper is yes, compositional data approach is the way to go
beyond the illusion to (1) have obtained an exhaustive under-
standing on how natural phenomena work and (2) have extracted
all the information contained in data variability.
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