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Abstract isometric log ratios of proportions of major ions, derived from intuitive sequential binary parti-
tions, are used to characterize hydrochemical variability within and between coal seam gas (CSG) and sur-
rounding aquifers in a number of sedimentary basins in the USA and Australia. These isometric log ratios
are the coordinates corresponding to an orthonormal basis in the sample space (the simplex). The charac-
teristic proportions of ions, as described by linear models of isometric log ratios, can be used for a
mathematical-descriptive classification of water types. This is a more informative and robust method of
describing water types than simply classifying a water type based on the dominant ions. The approach
allows (a) compositional distinctions between very similar water types to be made and (b) large data sets
with a high degree of variability to be rapidly assessed with respect to particular relationships/compositions
that are of interest. A major advantage of these techniques is that major and minor ion components can be
comprehensively assessed and subtle processes—which may be masked by conventional techniques such
as Stiff diagrams, Piper plots, and classic ion ratios—can be highlighted. Results show that while all CSG
groundwaters are dominated by Na, HCOs, and Cl ions, the proportions of other ions indicate they can
evolve via different means and the particular proportions of ions within total or subcompositions can be
unique to particular basins. Using isometric log ratios, subtle differences in the behavior of Na, K, and Cl
between CSG water types and very similar Na-HCOs water types in adjacent aquifers are also described. A
complementary pair of isometric log ratios, derived from a geochemically-intuitive sequential binary parti-
tion that is designed to reflect compositional variability within and between CSG groundwater, is proposed.
These isometric log ratios can be used to model a hydrochemical pathway associated with methanogenesis
and/or to delineate groundwater associated with high gas concentrations.

1. Introduction

The characterization of water types first proposed by Chebotarev [1955] provides information on water-rock
interaction and it has become an important, preliminary step in hydrochemical studies. This information is
used for water resource management decisions, for example, conceptual hydrogeological models, or moni-
toring programs.

Traditionally, water types are classified by their major ion components using conventional methods, such as
Piper plots, Stiff diagrams, or Schoeller plots. Despite being commonplace, these types of plots can be visu-
ally messy, and the concentrations of minor ion components are often masked. Furthermore, plots such as
Piper plots are mathematically limited and implicitly invoke spurious correlation caused by scaling because
they employ amalgamation which does not preserve distances within what is an already restricted sample
space (called the simplex) [Egozcue and Pawlowsky-Glahn, 2005; Bacon-Shone, 2006; Pawlowsky-Glahn and
Egozcue, 2006]. This occurs because hydrochemical data are compositional by nature; in particular, they are
quantitative data where each component is a proportion of a given total [Egozcue and Pawlowsky-Glahn,
2005; Bacon-Shone, 2006]. Spurious correlation was initially observed by Pearson [1897] and later investigat-
ed in a geological context [e.g., Chayes, 1960]. The issue was comprehensively examined in the 1980s and
additive log ratios (alr) and centered log ratios (clr) transformation were proposed as solutions [Aitchison,
1982, 1986]. More recently, the isometric log ratio (ilr) approach was developed which ultimately recognized
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that compositions can be represented in orthogonal (Cartesian) coordinates in the simplex [Egozcue et al.,
2003; Egozcue and Pawlowsky-Glahn, 2005]. Collectively, these techniques are termed compositional data
analysis.

Compositional data analysis is concerned with understanding the relative proportions of individual meas-
urements within a sample. These mathematical techniques can be applied to any discipline where composi-
tional data exist [Pawlowsky-Glahn and Egozcue, 2006; Lovell et al., 2015; Pawlowsky-Glahn et al., 2015].
Despite being mathematically sound and offering a number of advantages [Nisi et al., 2015], compositional
data analysis techniques are infrequently employed in hydrochemical studies. Previous research has dem-
onstrated some specific examples of how to describe the evolution of ion proportions during simple pro-
cesses (e.g., diagenesis of carbonates), or to develop log ratio alternatives to traditional mixing lines (e.g.,
for Na-Br-Cl brines) [Bicocchi et al., 2011; Engle and Rowan, 2013; Engle et al., 2016].

In addition, compositional data analysis allows researchers to describe distinct relationships between ions,
rather than just perform simple classifications based on the dominant ions. However, the application of
compositional data techniques in this way has not been explored or demonstrated.

A typical example of the classification of a water type using conventional methods is the Na-HCO3 or Na-Cl-
HCO; water type described for coal seam gas (or coal bed methane) groundwater [Van Voast, 2003; Kinnon
et al, 2010; Hamawand et al., 2013]. Some variability in the dominance of these ions has been noted and
variability in minor ion components, such as Ca and Mg, has also been observed [Taulis and Milke, 2007;
Papendick et al., 2011; Hamawand et al., 2013; Baublys et al., 2015; Owen et al., 2015]. This variability of both
major and minor ion components offers important information about the hydrochemistry of this water type
that can be explored using compositional data analysis.

In this paper we apply compositional data analysis techniques to describe variability of major ions within
and between coal seam gas- (or coal bed methane-) bearing groundwater. We use examples from the
Surat/Clarence-Moreton basin (Australia), Gunnedah Basin (Australia), the Powder River Basin (USA), and
the Gulf of Mexico Basin (USA). The aims of this paper are to (1) describe fundamental compositional
similarities/differences between coal seam gas groundwater; (2) provide a robust and descriptive means
of comparing water types; and (3) assess hydrochemical variability within and between large, highly vari-
able data sets with respect to the hydrochemical evolution of coal seam gas or groundwater associated
with high gas concentrations. By deriving isometric log ratios from appropriately designed sequential
binary partitions, the relative importance of ions within the simplex can be derived. These can be used
as a unique identifier of groundwater that is hydrochemically characterized by a particular process, end-
member, and/or aquifer.

2, Background

2.1. Geological Overview

Dissolved major ion data from groundwater in the following basins were used in this study: Powder River
Basin (USA); Gulf of Mexico Basin (Claiborne, Wilcox, and Comanchean groups—Texas, USA); and Surat and
Clarence-Moreton basins (Australia); Gunnedah Basin (Australia). All of these basins are large sedimentary
basins where commercial quantities of CSG occur or are likely to occur. Common features between all these
basins are (1) the coal seams occur as discontinuous seams throughout the relevant coal-bearing forma-
tion(s); (2) the coal is typically low rank, subbituminous, and high in vitrinite; and (3) the gas is typically bio-
genic [Grossman et al., 1989; Rice, 1993; Pratt, 1998; Zhang et al., 1998; Montgomery, 1999; Draper and
Boreham, 2006; Flores et al., 2008; Green et al., 2008; Golding et al., 2013; Hamilton et al., 2014; Quillinan and
Frost, 2014; Baublys et al., 2015]. For readability, more information on the hydrogeology of these basins is
discussed where relevant throughout the text.

2.2, Evolution of Coal Seam Gas Groundwater Hydrochemistry

In order to extract coal seam gas (or coal bed methane) resources, water is extracted from the coal-
bearing aquifer. As a result, both effective gas exploration and management of coal seam gas (CSG)
extraction requires an understanding of the water resource that accompanies the gas resource in the
coal-bearing aquifer. The typical Na-HCO3 water type of CSG waters is, by now, well known. In an impor-
tant seminal paper, Van Voast [2003] proposed that the evolution of CSG groundwater in a number of
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Figure 1. Conceptual model for the evolution of Na-HCO5 water types in (a) coal-seam-gas bearing aquifers, as first proposed by Van Voast
[2003], and (b) in non-coal-bearing aquifers [Venturelli et al., 2003; Chae et al., 2006]. The conceptual cross section (center) shows the
sequential steps in hydrochemical evolution, and the associated hydrogeological processes that are proposed as universal processes con-
tributing to the evolution of these water types. Examples of the changes in abundance of individual anions and cations for (a) (CSG
groundwater) and (b) (other Na-HCO5 water types) are shown to the left and right, respectively. For CSG groundwater, (a) SO, reduction
and the dissolution of coal and methanogenesis drive HCO3 enrichment, leading to the depletion of SO,, Ca, and Mg depletion at peak
CH, concentrations [Van Voast, 2003; Taulis and Milke, 20071. In the absence of coal and methanogenesis (b), the depletion of Ca and Mg
can also proceed via cation exchange and sodium-plagioclase weathering. However, for Na-HCO3 waters to persist under these conditions,

a saturation point for certain weathering products, e.g., kaolinite, must be reached in order to maintain enriched HCO5 values as weather-
ing proceeds [Venturelli et al., 2003].

basins in the USA followed a pathway where the bacterial reduction of sulfate was the primary HCO3

production mechanism (equation (1)), which subsequently drove depletion of Ca and Mg, via carbonate
precipitation.

2CH,0 + SO4% — 2HCO; + HyS™. (M
In addition, cation exchange can also drive Ca and Mg depletion and Na enrichment (Figure 1a). Prior to
Van Voast's [2003] review, a case study suggested that the Na-HCO; water type for gas-bearing waters in

the Gulf of Mexico Basin may also be evolving earlier on in the hydrochemical pathway via processes such
as cation exchange [Grossman et al., 1989].

Ultimately, the resulting Na-HCO3 or Na-HCOs-Cl water type of CSG groundwater is a common hydrochemi-
cal end-member that has been derived from a complex set of processes, some of which are not known or
well understood [Gluskoter and Ruch, 1971; Huggins and Huffman, 1995; Kimura, 1998; Conrad, 1999; Hjelm
et al., 1999; Conrad, 2005; Oberg et al., 2005; Oberg and Sandén, 2005; Yudovich and Ketris, 2006] such as:

1. The extent to which biological processes are consuming or producing bicarbonate.

2. The influence of clays and organic matter on the retention of Cl and associated ions such as Na.
3. The role of biogeochemical cycling of chlorine.

4. The nature of the coal cleat and continuity of coal seams.

Furthermore, while CSG groundwater can range from fresh to brackish, many coals associated with CSG
formed in freshwater, lacustrine, and environments [Rice et al., 2008; Cook and Draper, 2013; Hamawand
et al, 2013; Jell et al., 2013]. Therefore, unless there has been brine migration or marine incursions, other

known hydrochemical tools, such as Na/Br, Cl/Br ratios/mixing lines cannot be used as hydrochemical indi-
cators of coal or methanogenesis.
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In addition, Na-HCO3; water types may also evolve independently of SO, reduction via other processes, such
as clay mineral weathering under kaolinite saturation and cation exchange [Venturelli et al., 2003; Chae et al.,
2006] (Figure 1b). A challenge in CSG studies, therefore, is being able to use major ions to effectively
describe and compare hydrochemical variability within and between CSG aquifers, particularly in large data
sets with a high degree of variability.

2.3. The Need for More Informative Characterization of CSG Hydrochemistry

A first step when attempting to understand water resources associated with CSG is often the characteriza-
tion of the hydrochemistry within and between aquifers. In many cases, large data sets are compiled using
historical major ion data, such as government monitoring data, exploration data and data from CSG produc-
tion wells to make these assessments [e.g., Bartos and Ogle, 2002; WorleyParsons, 2012; Feitz et al., 2014; Geo-
Science Australia, 2016]. In these cases, conventional techniques are often applied to characterize CSG
groundwater and groundwater in surrounding aquifers [Bartos and Ogle, 2002; Van Voast, 2003; Taulis and
Milke, 2007; Kinnon et al., 2010; Papendick et al., 2011; WorleyParsons, 2012; Taulis and Milke, 2013; Atkins
etal, 2015].

Considering that we know that Na-HCO; water types can evolve via other means not related to coal, we
have to ask how informative an approach that simply highlights the dominant ions actually is. During the
preliminary stage of characterizing water types in CSG-related studies a researcher is presented with a
dilemma: How can a CSG groundwater end-member be characterized effectively? Processes, such as SO,
reduction (equation (1)), could help inform the hydrochemical evolution of these water types, but only if
this individual process has a dominant influence on the ion composition. The process of SO, reduction and
cation exchange are not endemic to CSG water types.

While we know that there must be other complex processes that influence the CSG hydrochemistry, how
can we begin to make use of this complexity to understand hydrochemical variability if these processes are
not well understood and/or the hydro-biogeochemical dynamics of the system are not yet described? Actu-
ally, this complexity is to the advantage of the researcher because complex sets of processes may result in
distinct hydrochemical responses that can be used to better characterize water types. Compositional data
analysis provides a means of characterizing water types based on the real relative abundance of ions in the
sample. As a result, the hydrochemical characterization of water types within and between aquifers can be
made in a much more informative way.

3. Methods

3.1. Data and Data Preparation

A number of data sets pertaining to geographical locations were used in this study, as follows: Powder River
basin—publicly available data from the Montana Bureau of Mines and Geology database (http://
mbmggwic.mtech.edu/) and production water data from Rice et al. [2000]; Gulf of Mexico Basin—published
data from Grossman et al. [1989] and Zhang et al. [1998] (raw data provided by Prof. Grossman E.L., Texas
A&M University); Surat and Clarence-Moreton basins—publicly available data from the QLD government
groundwater database (data provided by QLD Department of Natural Resources and Mines: database manu-
ally screened as per Owen and Cox [2015]) in combination with published data from Duvert et al. [2015] and
unpublished data from J. Li (data provided by Queensland University of Technology), and CSG data provid-
ed by Arrow Energy; Gunnedah Basin—unpublished data provided by J. Bradd, University of Wollongong.

New data for the Surat and Clarence-Moreton basins are also presented. These were collected at CSG pro-
duction wells or at domestic (landholder) wells screened in the coal measures. Samples for CH, were collect-
ed in glass vials with rubber butyl stoppers and a sulfuric acid preservative. All samples were placed on ice
until analysis. Major ions were analyzed using the following methods: APHA 3120B; APHA 4500-CI-G; and
APHA 4500-SO4-E at NATA accredited ALS Laboratories, Brisbane, QLD. CH, data were analyzed via head-
space gas chromatography, also at ALS Laboratories, Brisbane, QLD.

The following major ions were included in analyses: Na, K, Ca, Mg, HCOs, Cl, SO,, and, where available, F.
Data below detection limit (typically SO, for CSG water types) were imputed using the R package zComposi-
tions via the log ratio Data Augmentation function (IrDA): a function that is based on the log ratio Markov
Chain Monte Carlo Data Augmentation (DA) algorithm [Palarea-Albaladejo and Martin-Fernandez, 2015]. This
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approach differs from conventional methods of replacing left-censored data with arbitrary values below
detection limit. It provides a means of estimating values below the detection limit in a manner that pre-
serves the relative structure of the data. For the Powder River Basin data set, multiple detection limits were
dealt with by first imputing (estimating) data from the sub-data set with the highest detection limit and
then appending this imputed data to the data set with the next highest detection limit; this process was
completed until all data below detection limit were imputed.

3.2. Compositional Data Analysis

Compositional data analysis essentially applies three main principles [Egozcue and Pawlowsky-Glahn, 2011]:
(1) scale invariance—the information is equivalent regardless of the units used; (2) subcompositional coher-
ence—analysis of a subset must not contradict analysis of the entire composition; (3) permutation invari-
ance—the order of parts should be irrelevant, although this third principle is in general trivially satisfied by
any given data set.

Here we apply two log ratios when analyzing the data set: (1) the centered log ratio (clr), a log ratio of an
individual component and the geometric mean of all (equation (2)); and (2) the isometric log ratio (ilr), a log
ratio of geometric means of groups of parts or components (equation (5)). Both transformations have differ-
ent properties which should be taken into account when interpreting data.

3.2.1. The Centered Log Ratio Transformation (clr)

The clr transformation is obtained by dividing components by the geometric mean of the parts (compo-
nents, ions) and then taking the log ratios [Aitchison, 1982, 1986]. The result of a clr transformation for a D
matrix is a D matrix number of clr values.

cdr(x) = |In —:...;In—|, )]

where g(x) is the geometric mean as defined by
gx)=vx1 - Xp. (3)

The clr is a transformation which treats the parts of the composition symmetrically. It produces coordinates
which are useful for examining properties of the whole clr-vector, i.e., the behavior of ions with respect to
all ions in the composition. The clr transformed data are particularly useful for constructing biplots to repre-
sent an approximation of the variability within the data set. However, because the clr-transformed coordi-
nates ultimately sum to zero, they are constrained to a subspace of real space and are represented on a
hyperplane in D-dimensional real space; consequently, the covariance and correlation matrices are singular
[Egozcue et al., 2003; Pawlowsky-Glahn and Egozcue, 2006]. As a result, some care is needed when interpret-
ing clIr transformed data because the clr-coordinates represent the proportion in the numerator with
respect to the geometric mean of all the parts in the composition. Here we use clr transformed data to con-
struct biplots to describe variability and to then assist in developing meaningful sequential binary partitions
that are used to compute ilr-coordinates.

3.2.2. The Isometric Log Ratio Transformation (ilr)

The ilr transformation differs from the clr transformation in that it uses a sequential binary partition (Table
1) to describe the orthonormal basis to which correspond D-1 Cartesian coordinates (ilr-coordinates): these
orthonormal coordinates, called balances, can then be modeled [Egozcue et al., 2003].

Each step in the sequential binary partition

divides the composition into separate parts (x;
Table1. Sequentlal.B.lnary.Partltlon (SBP) ofaSe.ven—Part Composi- and X]) an important step in this process is the
tion (X4, X,. . .X7) Deriving Six Orthonormal Coordinates (z;, z,. . .z¢) . i .
e il Cxlraufeom first partition, which defines the ratio for the first

Partition of Parts balance. Any balance is orthogonal to another
balance as long as it is derived from the same

Balance X X; X X4 X X X R . . n

. = - - = . sequential binary partition. The partition process
2, 1 1 1 1 -1 -1 -1 . S
2 : : 5 ¢ applies some objectivity. Here we show a num-
2 1 = ber of examples of how to develop suitable
Z4 1 -1 sequential binary partitions for use in CSG

s 1 -1 —1

i - 1 groundwater studies, based on geochemical
. _

intuition and the use of ilr dendrograms to
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assess the effectiveness of particular ilr-coordinates. It does not matter what units the hydrochemical data
are in [Buccianti and Pawlowsky-Glahn, 2005]: here we use meqg/L. Once a sequential binary partition is
described the ith ilr balance is computed as

1
. 1;S; X;)i
7=/ ikls In e ’)U (4)
i i (foj)sf
where r; and s; are the number of parts coded in the sequential binary partition as +1 and —1, respectively.

The products subscripted + and — are extended to the parts x; respectively marked with +1 and —1 in the
sequential binary partition.

Isometric log ratios were calculated using R, and corresponding plots were produced using the “R” [R devel-
opment Core Team 2003, 2015] package “ggplot2” [Wickham, 2009].

3.2.3. Data Centering for Use in Ternary Diagrams

The assessment of minor ion components can be challenging because of their relatively smaller concentra-
tion. One way of addressing this problem, when using ternary diagrams, is to center data to a common ele-
ment (typically the inverse of the sample center) to better visualize data structure [Pawlowsky-Glahn and
Buccianti, 2002; von Eynatten et al., 2002].

This data centering is performed using a perturbation operation (the symbol for which is ©®); it is an opera-
tion that replaces addition and which acts as a scaling operator. If x and y are compositions, their perturba-
tion is

X @ y = C [X1J/17X2)/27 ~~-~7XDYD]7 (5)

where C is the closure operation. The sample center (or compositional mean) of x is a composition comput-
ed as

cen(x) = C [g(x1),9(x2),...... g(xp)], (6)

where g(x;) denotes the geometric mean of the values of the part x; across the available sample. In order to
center X, the composition y in equation (6) is identified with the opposite for the center then yielding the
centered sample

C [ g oty - */gte0) |- @)

In this study, ternary diagrams representing subcompositional data are centered as in equation (8) and
were computed using CodaPack 2.10 [Comas-Cufi and Thi6-Henestrosa, 2011].

4, Results and Discussion

4.1. Characterizing Hydrochemistry of Coal Seam Gas Groundwater Using a Traditional Approach
Traditional Piper plots for data from gas-bearing aquifers and surrounding aquifers from the Powder River
Basin and the Surat and Clarence-Moreton basins do not permit for hydrochemical discrepancies within
and between these CSG groundwaters to be investigated, other than to allow visual interpretations (Figures
2a-2c¢). The sheer volume of data in both data sets creates a messy arrangement of overlapping data, mak-
ing meaningful interpretations about hydrochemical evolution difficult.

The addition (or amalgamation) of Cl and SO, in Piper plots is a typical example of both the potentially spu-
rious effects caused by these types of plots, as well as their inappropriateness for investigating CSG ground-
water types. This amalgamation is counterintuitive for CSG groundwater because Cl and SO, ions behave
very differently as CSG water types evolve. Similarly, Ca and Mg concentrations, relative to other ions, are
difficult to interpret because all groundwaters are evolving to be dominated by Na cations. Since we already
know that the dominant ions in CSG groundwater are Na, HCO3, and Cl, we must ask how these plots
improve our understanding of the hydrochemistry of CSG groundwater because these three ion compo-
nents will always dominate the result/plot. There is potentially more to be learned about CSG groundwater
evolution by understanding subtle changes in other ions, such as Ca, Mg, K, SO4, and F.
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Figure 2. Traditional Piper plots for hydrochemical data for CSG production water and surrounding aquifers in (a) The Powder River Basin
and (b) Surat and Clarence-Morton basins (Condamine catchment). Conceptualization of stratigraphic columns for the Condamine catch-
ment modified from Baublys et al. [2015].

4.2. A Sulfate Reduction Pathway in the Powder River Basin Described by an Intuitive Set of Isometric
Log Ratios
A simple way to test the influence of bacterial reduction of SO, on the evolution of CSG water types (Fig-
ure Ta) is to build a sequential binary partition and derive appropriate ilr-coordinates. The sequential
binary partition for this exercise partitions Ca, Mg, SO, (the ions that are depleting), from Na, K, HCO3
(the ions that are enriching) (Table 2). The use of Cl in the partition then allows the depletion of Ca, Mg,
and SOy, and subsequent enrichment of Na, K, and HCOs to be related to the relative enrichment of Cl
down gradient. The first partition (b1) expresses the enrichment of Na and HCOs that is associated with
SO, reduction and Ca and Mg depletion. The second partition (b2) captures the behavior of the third
dominant ion component of CSG groundwater,
Cl, with respect to the depleting ions. Essential-

Table 2. Sequential Binary Partition for ilr-Coordinates b1 and b2 ly, this approach allows two ilr-coordinates to be
Balance  Na K  HCO3 a Ca Mg 504 derived; i.e., without the partition of Cl in b1 and
b1 1 1 1 -1 -1 -1 = b2, we could only derive a single ilr that parti-
b2 1 =1 =f{ =l

tions the enriching ions (Na and HCOs3) from the
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depleting ions (Ca, Mg, and SO,4) without any comprehension of how these changes pertain to more con-
servative ions, such as Cl.

If we apply these two partitions, b1 and b2, to equation (5), we derive two ilr-coordinates for each sample
that can be plotted (Figure 3a). This ilr plot shows that most data in the Powder River Basin data set can be
explained by this Ca and Mg depletion and SO, reduction (b1 and b2): the shape of this hydrochemical
trend suggests a highly constrained system with two conspicuous end-members.

Using these ilr-coordinates (b1 and b2), a number of outliers occurs (Figure 3a (i)): these samples are already
very low in SO,, Ca, and Mg, and as a result the relationship between the Na, HCO; and Cl ions dominate
compositional behavior. This relationship can be easily described using a different sequential binary parti-
tion that considers these three dominant ions only (Table 3).

These two processes can now be modeled using the appropriate ilr-coordinates; Figures 3b and 3d, respec-
tively. However, note that because this sequential binary partition examines a different relationship with
Cl, the sequential binary partition needs to be rebuilt, and these two models, therefore, are related by
rotation, i.e, one can be obtained from the other through a rotation in the space of coordinates or,
equivalently, in the simplex.

Overall, b1 and b2 can explain most of the hydrochemical variability in the Powder River data set: in this
basin, Van Voast's [2003] theory that SO, reduction drives the depletion of Ca and Mg and enrichment of
HCO; as CSG water types evolve holds true (Figure 3a). This hydrochemical pathway reflects the dissolution
of minerals such as gypsum and pyrite in shallow recharge areas, particularly in clinker deposits where
groundwater is dominated by Ca and SO,, but deeper groundwaters downdip, particularly in coal bed aqui-
fers, are depleted in these ions and are dominated by Na and HCOs [Bartos and Ogle, 2002, and references
therein]. This depletion of Ca and SO, and the evolution of Na-HCO; water types away from the basin mar-
gins are consistent with an increase in microbial methanogenic activity [Bartos and Ogle, 2002; Flores et al.,
2008; Quillinan and Frost, 2014].

We propose that this quadratic model between ilr-coordinates b1 and b2 replaces the description of the
CSG water type, i.e., a Na-HCO; water type, with a mathematical description that is both real and represents
orthogonal coordinates in the simplex. Recall the variability of data in the Powder River data set as shown
in the Piper plot in Figure 2a: there is no way of understanding this variability, let alone making any sense
of it with respect to the evolution of CSG water types using this plot. By developing an appropriate sequen-
tial binary partition and associated ilr-coordinates, we have characterized a distinct hydrochemical pathway
that explicitly describes the evolution of a particular hydrochemical end-member, despite a high degree of
hydrochemical variability in the data set.

The outliers are also Na-HCO3/Na-HCOs-Cl water types that are associated with a low-Cl water source (Figure
3a (i)). These outliers may be related to areas of the coal-bearing aquifer where reduced conditions have
already evolved or there is a limited SO, source, where there is vertical migration from overlying sandstone
units, or where flow direction has changed due to anisotropy and cleat orientation in the coal seams [Bartos
and Ogle, 2002]. We do not propose to resolve these hydrochemical phenomena here, but the application
of compositional data analysis techniques demonstrates a robust method of understanding hydrochemical
variability in large data sets with respect to the evolution of two very similar water types. These Na-HCO;
water types can be compared to other similar water types using the modeled ilr-coordinates (Figures 3b-
3d). Referring back to the Piper plot (Figure 2a), the outliers cannot be observed or differentiated from the
CSG water types: in fact, there is no way of knowing that this other Na-HCO5 water type exists.

A number of alluvial samples as well as two samples from artesian wells plot near production water samples
(see (i) in Figure 3a). These samples are compositionally distinct from other alluvial water types and their
similarity to the coal-bearing aquifer suggests that these wells may have some relationship with the zones
of the Fort Union Formation that are coal-bearing and contain gas. From the Piper plot in Figure 3a we can
deduce that these samples have some hydrochemical similarity to the CSG groundwater types, but, without
describing the SO, reduction pathway using ilr-coordinates in an appropriate linear model, there is no way
of knowing if they are compositionally similar to those along the SO, reduction pathway, or another path-
way, e.g., the outliers in (i). The well ID numbers of the outliers identified in Figure 3a (i) and (ii) are listed in
Supporting Information.
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Figure 3. Isometric log ratios for Powder River Basin showing: (a) b1 versus b2 (SBP based on Table 2), with outliers in the Fort Union For-
mation circled (i) (see Supporting Information for well IDs), and alluvial/artesian wells water samples with compositional hydrochemistry
similar to CSG groundwater marked as (i) (see Supporting Information for well IDs); (b) quadratic model of b1 versus b2 for Fort Union
Formation water (after removing (i) and alluvium, colluvium, artesian, and spring wells), with Kernel density estimations shown for x and y
axis; () b3 versus b4 (SBP based on Table 3); and (d) linear model of b3 versus b4 for production water and Fort Union Formation water
identified as outliers in Figure 3a (i), with Kernel density estimations shown for x and y axis.

Table 3. Sequential Binary Partition for

4.3. Evidence of More Complex Pathways of CSG Groundwater
ilr-Coordinates b3 and b4

Evolution in Other Basins
Balance Na reos d Using the b1 and b2 ilr-coordinates for the Surat and Clarence-
Ei 1 o 711 Moreton basins, a similar trend toward CSG water types is evident,
but with some data scatter, including some variability of production
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2 Olivine basalt (CSG) water (Figure 4). This scat-
¢ Kumbarilla Beds ter is caused by a range of differ-
0 Walloon Coal Measures (WCM) .

o production water (WCM) ent processes that influence the
x Marburg Subgroup relative abundance of ions.

In this basin, the lithology of the
sedimentary aquifers is similar,
and carbonate dissolution and
plagioclase weathering, in combi-
nation with cation exchange, are
also likely to be contributing to
the evolution of Na-HCO5; water
types. Unlike the Powder River
Basin, there is not a significant
source of SO, in the Surat and
P 0 5 ) Clarence-Moreton  basins. SO,

b1 reduction is occurring but it is not
a major control on hydrochemis-

b2

Figure 4. Isometric log ratios for b1 versus b2 (sequential binary partition as per Table 2) .
for the Surat and Clarence-Moreton basins (QLD, Australia). try. By better describing the com-
positional characteristics of the

CSG end-member in the Surat and
Clarence-Moreton basins, we can improve the ability to characterise groundwater within the coal measures and
within other aquifers.

4.4. Delineating CSG Water Types in Large, Highly Variable Data Sets: A Case Study Example From
the Surat and Clarence-Moreton Basins

4.4.1. Surat and Clarence-Moreton Basins (Condamine River and Teviot Brook Catchments): A Brief
Overview

The Surat and Clarence-Moreton basins are two large, adjoining sedimentary basins in eastern Australia. For
this study, we use two data sets: one from the Condamine River catchment (eastern Surat basin and north-
western Clarence-Moreton Basin) and another from the Teviot Brook catchment (north-western Clarence-
Moreton basin). The majority of the sedimentary formations in the upper Surat and Clarence-Moreton
basins were deposited between the Late Triassic to Late Jurassic in a nonmarine, fluvial, and lacustrine envi-
ronment, with some deposition extending into the Early Cretaceous [Exon, 1976; Cook and Draper, 2013; Jell
et al,, 2013]. The most important sedimentary units considered in this study are (listed as youngest to old-
est): the Kumbarilla Beds (consisting of the Springbok Sandstone, Mooga Sandstone, Orallo Formation,
Gubberamunda Sandstone, and Bungil Formation, herein undifferentiated), the Walloon Coal Measures
(WCM), and the Marburg Subgroup (consisting of the Gatton Sandstone and the Koukandowie Formation,
herein undifferentiated). These bedrock stratigraphic units in the study area have a variable composition,
containing sandstones, siltstones, mudstones, and coal, with the most abundant coal seams found
in the WCM [Exon, 1976; Cadman et al., 1998]. While some marine transgressions are inferred in the
central-western parts of the Surat Basin during the early Cretaceous [Cook and Draper, 2013], these have
not extended to the Condamine catchment or Teviot Brook catchment.

The Condamine River and Teviot Brook catchments share a boundary in the headwaters, where Neogene
olivine basalt extrusions are dominant. Some of the sedimentary successions contained within the Surat
and Clarence-Moreton basins are continuous across both these sedimentary basins, including the WCM and
the Marburg Subgroup, with the WCM being a dominant shallow sedimentary formation in the headwaters
of both catchments [Cook and Draper, 2013; Duvert et al., 2015]. Commercial gas production from reserves
in the WCM is concentrated in the Condamine River catchment, although coal seam gas exploration has
also previously occurred in the Teviot Brook catchment (production is not planned for the Teviot Brook
catchment).

4.4.2. Understanding Variability Within and Between CSG Water Types

A quick way to explore the compositional variability in large data sets is to perform a centered-log ratio (clr)
covariance biplot. The clr-biplot is a projection of the compositional space, with the links and rays providing

OWEN ET AL.

COMPOSITIONAL DATA ANALYSIS TO DELINEATE WATER TYPES 5780



@AG U Water Resources Research 10.1002/2015WR018386

Cum.Prop.Exp A Olivine basalt information about the variability of
;8; 8-;% @ Kumbarilla Beds log ratios [Aitchison and Greenacre,
. [m}
PC3 0.91 Walloon Coal Measures (WCM) 2002; Pawlowsky-Glahn et al., 2015]
PC4 0.95 ® production water (WCM) ) .
PC5 0.97 X Marburg Subgroup (see section 3.2.1 for more detail).
2550

Using a clr-biplot, it is evident that the
majority of the compositional variabil-
ity for the Condamine River catch-
ment data set (Surat and Clarence-
Moreton basins) can be explained by
one component (PC1) (Figure 5). In
combination with a second compo-
nent (PC2), the CSG groundwaters rep-
resent a distinct end-member. Samples
with positive PC1 and negative PC2
components generally have higher
TDS, while fresher samples are those
with negative PC1 values.

4.4.3. Categorizing Variability

Using Hierarchical Cluster Analysis
of ilr-Coordinates

Figure 5. A clr-biplot of the Surat and Clarence-Moreton (Condamine River catch- A hierarchical cluster analysis (HCA)
ment) data set. Cum.Prop.Exp = the cumulative percentage of explained variance. was applied to the data represented

in ilr-coordinates derived from an
intuitive sequential binary partition that partitions ions relative to the clr biplot (Table 4). Euclidean distance
was used as the distance metric. This robust method of performing a HCA means the clustered groups rep-
resent compositional similarities in the simplex, rather than simply similarities in individual ion concentra-
tions. We use it as a tool to describe different groups of variable compositional structure that can then be
used to explore different hypotheses using intuitive and appropriate ilr-coordinates.
4.4.4. Major lon Controls on CSG Groundwater (Surat and Clarence-Moreton Basins)
A clr-variation array confirms the major controls on the CSG groundwater from the Surat and Clarence
Moreton basins are reflected by variability of Ca, Mg, F, Cl, and HCOs (Table 5). In contrast, variability in the
Powder River CSG groundwater is relatively low (Table 5).

In the Surat and Clarence-Moreton basin the relationships between these ions can be easily modeled in ter-
nary diagrams (Figures 6a and 6c). Substituting Mg for Ca, similar relationships were also observed. The
modeled variability in the data set coincides with a shift between two subclusters identified through the ilr
HCA (CSG clusters A1 and A2).

The contrasts between the Surat/Clarence-Moreton basin and Powder River data shown here are peculiar,
especially considering coal type is similar and the dominant methanogenic pathway is the same. In the
Powder River Basin, the relatively higher Ca and SO,, derived from shallower sources, may create a more
pronounced control on hydrochemistry, with significant SO, reduction having a pronounced effect on
HCOs. In the Surat and Clarence-Moreton basins, relationships between Cl and other ions may reflect more
complex influences on hydrochemistry (see section 4.5.3 for more discussion).

Using a traditional approach, both of these CSG end-
members in the Powder River and Surat/Clarence-More-

Table 4. Sequential Binary Partition Used to Describe ilr- ton basins would have the same classification: a Na-
Coordinates for the Hierarchical Cluster Analysis HCO; or Na-HCOs-Cl water type, yet important
Na Ca Mg K HCO3 d F sS04 between-basin distinctions cannot be described. For
1 =1 =i 1 1 -1 1 =1 example, concentrations of Ca and Mg ions in the Surat

1 1 =1 =1

. o and Clarence-Moreton CSG are too low to be observed

1 1 on the Piper plot, yet these ions have a major control
1 1 =1 -1 on compositional variability in this basin. The models in
Figures 6a and 6b condense the compositional variabili-
ty into a descriptive tool for identifying CSG
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Table 5. The clr-Variation Array for CSG Groundwater From the Surat and Clarence-Moreton Basins (a) and the Powder River Basin (b);
These Arrays Represent the Log-Transformed Ratios, With the Sample Mean In(x;x;) Shown Below the Diagonal, and Estimates of var(-
In(x;x;)] Shown Above the Diagonal, and the clr-Variances Representing the Sum of Log Ratio Variances for Each Part [Thié-Henestrosa
and Comas, 2011]*

a) CSG Groundwater: Surat and Clarence-Moreton Basins

Variance In(x\;)

Xi\X; Na Ca Mg K HCO3 cl F SO, clr Variances
Mean In(xi/x;) Na 0.29 0.27 0.03 0.34 0.05 0.22 0.29 0.01
Ca —=5.19 0.06 0.26 117 0.14 0.95 0.74 0.28
Mg —5.47 —0.27 0.25 1.13 0.12 0.93 0.69 0.25
K —6.02 —0.82 —0.55 0.39 0.07 0.27 0.31 0.02
HCOs —1.37 3.82 4.10 465 0.62 0.05 0.42 0.34
cl —0.32 4.87 5.14 5.69 1.05 0.45 0.40 0.05
[F —6.62 —1.43 —1.15 —0.60 —5.25 —6.29 0.34 0.23
SO, —8.09 —2.90 —2.63 —2.07 —6.72 =77 —1.47 0.22
Total variance 1.40

b) Powder River Basin

Variance In(x\x;)

Xi\X Na K Ca Mg HCO; Cl F SO, clr Variances
Mean In(xi/x;) Na 0.26 0.38 0.34 0.45 0.36 0.60 461 0.19
K —4.03 0.16 0.13 0.69 0.39 0.25 5.25 0.21
Ca —2.05 1.99 0.07 0.77 0.38 0.49 4.55 0.17
Mg —2.30 1.74 —0.25 0.73 0.47 0.56 4.79 0.20
HCO3 0.10 414 2.15 240 0.89 1.1 439 0.44
cl —3.60 043 =25 —1.30 —3.70 0.49 4.87 0.30
7 —5.52 —1.48 —347 =322 —5.62 —1.92 5.40 043
SO, —=7.10 —3.07 —5.05 —4.81 =721 —3.50 =15 3.55
Total variance 5.48

*Caution needs to be applied to results for SO, because CSG groundwater is typically highly reduced and values below detection
limit represent imputed values.

Surat & Clarence-Moreton basins Powder River Basin
O CSG cluster A1
o S5 suster a) b)

c(Ca) —PC1 c(Ca)
PC2 Q

Ca HCO; ClI Cum.Prop
PC1 043 0.13 044 0.71
PC2 0.14 0.29 0.57 1

Ca HCO; CI Cum.Prop
PC1 052 0.13 0.35 0.97
PC2 0.16 0.22 0.62

c(HCO/3)’ — ¢(Cl) c(HCO3) — <(Cl)
C) c(Ca) c(Ca) d)
Ca F Cl Cum.Prop

PC1 043 0.12 0.44 0.58
PC2 0.14 0.29 0.57 1

Ca F Cl Cum.Prop
PC1 0.53 0.13 0.33 0.96
PC2 0.16 0.21 0.62

o))

c(F) c(Cl) C(

Figure 6. Ternary models for CSG groundwater (a, c) from the Surat and Clarence-Moreton basins (Condamine River catchment) and (b, d)
from the Powder River basin, showing the principal components for each model. Samples in the ternary diagram represent compositions
that are perturbed by the closed inverse of the geometric mean of each sample. Cum.Prop = cumulative proportion of explained variance.
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groundwater types that is unique to this basin. This new approach to describing hydrochemistry of CSG end-
members opens up the door to a different philosophy for characterizing these water types based on the rela-
tionships between the relative proportion of certain ions.

4.4.5. Compositional Distinctions Between CSG Groundwater and Similar Na-HCO; Water Types

The HCA results showed that a number of groundwater samples from the overlying Kumbarilla Beds and the
shallower parts of the coal measures are also dominated by Na and HCOs ions and exhibit some compositional
similarities to CSG groundwater. We can investigate these similarities further using ilr-coordinates that describe
relationships between Ca, Mg, F, and HCO;, and Ca, Mg, F, HCOs, and Cl, respectively (Table 6), which were
modeled in the ternary diagrams (Figures 6a and 6c). The positive linear relationship between b5 and b6 values
shows that, for these samples, increases in the Ca and Mg components with respect to F and HCOs have a
major control on compositional variability. The result shows that these Na-HCO3 water types may be evolving
rapidly in shallower zones, without a precursor water type with higher Ca and Mg components.

A key difference between the samples from the Kumbarilla Beds, coal measures and CSG aquifers in Figure
7a is the lower F concentrations in the CSG groundwater, causing a shift toward higher b6 values. Similar
lithology between the Kumbarilla Beds and the coal measures may allow similar water types to evolve inde-
pendently, with varying concentrations of F depending on the source rock.

If we rebuild the sequential binary partition and include Cl (Table 6 and Figure 7b), we can see that the rela-
tionship observed in Figure 7a is maintained for CSG groundwater but this is not the case for other coal
measure samples or those from the Kumbarilla Beds. This distinction shows that the controls on Cl in the
CSG groundwater are different to surrounding aquifers and up-gradient in the coal measures, even where
very similar hydrochemical compositions occur. This is an important distinction to make because the con-
centrations of Ca, Mg, and F are only minor components of these water types, and the compositional differ-
ences shown in Figure 7b cannot be observed using conventional techniques (Figure 2b). The relationships
between Cl in the CSG groundwater and its distinction from the controls on Cl in the overlying Kumbarilla
Beds suggest that there is a source of Cl in the coal measures that is associated with high gas concentra-
tions which may not be related to overlying aquifers.

4.4.6. Developing a New ilr Descriptor for Na-HCO; Water Types in the Kumbarilla Beds

Here we use ilr dendrograms [Pawlowsky-Glahn and Egozcue, 2011] to identify subtle compositional traits
that are unique to the Na-HCO5 water type in the Kumbarilla Beds.

This process calculates the ilr-coordinates for each aquifer based on a common sequential binary partition.
The development of this SBP requires some trial and error, but suitable sequential binary partitions can be
developed intuitively by referring back to the clr-biplot (Figure 5) and using information from other plots,
such as the ternary plots and ilr plots in Figures 6 and 7. From the clr-biplot it is evident that Na-HCO3
groundwater in the Kumbarilla Beds is explained by K and Na, and a possible inverse relationship with Cl.
Table 7 describes the sequential binary partition used to construct an intuitive ilr dendrogram. This
sequential binary partition also considers the potential relationships with other ions, but SO, is excluded:
we found that the inclusion of SO, masked relationships between other ions in these water types because
SO, concentrations are very low, but with high variance.

Figure 8a shows the ilr dendrogram derived from the sequential binary partition in Table 7. Clearly, the Na-
HCO; water type in the Kumbarilla Beds can be distinguished from CSG groundwater and other similar
water types in shallower areas of the coal measures by the behaviour of K, Na, and Cl, which follows a linear
model described by the second and third balances in
the sequential binary partition (b10 and b11)

Table 6. Sequential Binary Partition for ilr-Coordinates b5 (Figure 8b).
and b6 and b7 and b8, Respectively

e ot 55 el (55 Given that differentiating between the Kumbarilla Beds

and underlying coal measures has proved to be diffi-
cult in this basin, due to similar lithology, a subtle but
b5 -1 1 1 1 descriptive method for distinguishing between similar

Balance HCO3 Ca Mg F

b6 1 1 -1 . .

T G water types between these aquifers will be useful.
Balance HCO; a Ca Mg F In Figures 7 and 8 one sample (well ID = 22194) from
Eg =t =t 1 : J1 the Kumbarilla Beds consistently plots near the CSG

water samples, including along the ilr trend that
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4 Kumbarilla Beds
@ Walloon Coal Measures
@ production water (WCM)

R?=0.91

Residual std error = 0.12 on 111 DF
p-value: <2.2e-16

b8 =-5.90303 + 0.49675 x b7
outliers removed: 0

ion proportions not constrained
—» in the same way as other

Kumbarilla Beds samples:
Aquifer assignment revised

Figure 7. Isometric log ratios for similar Na-HCO3 water types from the Surat and Clarence-Moreton basins (cluster A) showing: (a) b5 versus b6 (SBP based on Table 6), and (b) b7 versus
b8 (SBP based on Table 6) showing a linear model of b7 versus b8 for production water, with Kernel density estimations shown for x and y axes.

describes the constraint of ion proportions in CSG water samples. As a result, the aquifer assignment for
well 22194 of Kumbarilla Beds can be revised and reassigned to the coal measures. Review of the drill logs
for these samples shows that this well occurs in the same area as the shallower well 11797 which was
assigned to the coal measures. Note this exercise is not possible using conventional plots such as Piper
plots.

4.4.7. A Unique, Robust Descriptor That Simplifies Complex Processes

Unique descriptions of water types using ilr-coordinates are much more effective tools for describing hydro-
chemical variability than descriptions of the dominant ion components because they capture a range of
complex processes. Some inverse modeling (using PHREEQC version 3.1.7-9213) for the Kumbarilla Beds
samples demonstrates this point. For simplicity we performed inverse geochemical modeling at three steps
along this trend line (increasing b10 values) (see Figure 8b). This generally follows a process which is associ-
ated with the depletion of Cl with depth. Typical minerals used in the inverse modeling scenarios were cal-
cite, dolomite, gypsum, fluorite, kaolinite, K-feldspar, gibbsite, albite, biotite, as well as cation exchange
sites. The selection of minerals is based on the known mineralogy of the sedimentary features in the Surat
Basin [Grigorescu, 2011]. See Supporting Information for inverse modeling results.

Inverse modeling results indicate that dissolution of albite, K-feldspar and fluorite as well as cation
exchange are typical for all steps along this trend. For step 1 (highest b10 values) and step 3 (lowest b10 val-
ues), gypsum and fluorite dissolution are typical. However, for step 2, gypsum precipitation occurred and
no phase mole transfers were recorded for fluorite. This shows some complexity on the relative proportions
of ions for this Na-HCO5; water type even though the dominant ion composition remains the same. This
highlights the value of the ilr approach. Instead of interpreting a singular process from ion ratios, e.g., car-
bonate dissolution, the ilr-coordinates b10 and b11
capture real restrictions on the relative proportions of
Na, K, and Cl ions that occur during a range of pro-
cesses. These characteristics of the relative proportion
of ions are unique to this aquifer. Given that K tends
to be re-incorporated into clay minerals, and Na

Table 7. Sequential Binary Partition Used to Describe
Isometric Log Ratio Balances for the Hierarchical Cluster
Analysis

Balance  Na Ca Mg K HCO3 @ F

b9 1 =1 =1 1 =1 1 =1

b10 1 -1 1

b11 1 1 remains in solution [Hem, 1985], these characteristics
b12 1 1 -1 =1 must be due to cation exchange and albite weather-
E:i ! ! o ] ing which promotes Na release, which, in turn,

increases the proportion of Na to both K and Cl.
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Figure 8. (a) A balance dendrogram showing distinctions in the isometric log ratios as defined in the table (b9-b14) between the Kumbarilla Beds, the coal measures where gas is not
prevalent (the Walloon Coal Measures), and the coal measures where high concentrations of gas occur (production water (WCM)); and (b) comparison of isometric log ratios b11 and
b10, showing a linear relationship for samples from the Kumbarilla Beds. Dashed arrow represents a general depletion of Cl with depth. Dashed lines represent a step along the linear
trend used in inverse modeling scenarios. The linear model in Figure 6b could be improved by collecting more data from this aquifer.

The ilr-coordinates used in Figures 7b and 8b are useful for differentiating between CSG and other similar
water types, but a small number of samples plot near CSG groundwater in these plots. It is not clear if this is
the result of interactions with CSG water types, the influence of coal and/or methanogenesis, or other fac-
tors. In any case these sites are worthy of further investigation. To assist future studies, the wells where sam-
ples show the greatest similarity with CSG groundwater in Figures 7b and 8b are three wells in the coal
measures with b11 values > 0.25 but < 0.75 (well ID: 5390, 16625, and 83519), as well as one well with b11
value < 0.25, from the coal measures (well ID: 11797). Interestingly, drill logs for wells 5390, 16625, and
83519 show coal occurs at the screen depth, although spatial preference or relationship with depth were
not observed. The remaining well (11797) occurs in the west of the catchment at ~200 m depth.

4.5. A New Method for Describing Hydrochemical Variability Within and Between CSG Water Types
Using Isometric Log Ratios

4.5.1. Defining an Appropriate Sequential Binary Partition and Orthonormal Bases

One advantage of the compositional approach is that, instead of deliberating over large data sets and
attempting to explain all processes that influence hydrochemistry, we can describe suitable ilr-coordinates
that target specific water types (distinct characteristics of the relative proportions of ions). A key objective is
to avoid getting bogged down in differences between groups/water types that distract the investigator:
here we are only interested in the evolution of CSG water types.

From earlier sections we have successfully shown how to better describe and differentiate between similar
water types using ilr-coordinates. The aim of this section is to present a new plot that is capable of delineat-
ing CSG groundwater types, and of elucidating groundwaters that are compositional similar to CSG ground-
water in large data sets. In doing so, the plot needs to be able to both describe compositional variability
within CSG groundwater and it needs to be geochemically intuitive, in order to assist with interpretation.

To achieve this, we developed a sequential binary partition (in Table 8) that draws on the work by Duvert
et al. [2015] where relationships between residual alkalinity and chloride were used in combination with iso-
topic data to assess connectivity between the coal measures and surrounding aquifers in the Teviot Brook
catchment of the Clarence-Moreton Basin, QLD, Australia. Residual alkalinity describes the residual bicar-
bonate and carbonate ions that occur in solution in excess to any possible dissolution of carbonate precipi-
tates, and is defined as
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Table 8. Sequential Binary Partition for ilr-Coordi-
nates b15 and b16

Balance Ca Mg HCO3 (@ SO4

b15 =1 =1 1
b16 1 =1

(HCOs;+ CO3) — (Ca+ Mg), (8)

where units are meq/L.

The properties of residual alkalinity indicate that Na-HCO;
water types will always have positive residual alkalinity values.

However, the amalgamation and subtraction in the residual
alkalinity calculation do not preserve distances within the sim-
plex, and thus may have an unwanted, negative effect on multivariate analysis and may lead to erroneous
interpretations of hydrochemical similarity [Egozcue and Pawlowsky-Glahn, 2005; Engle and Rowan, 2013].
An ilr which acts as an alternative to the conventional residual alkalinity (b15) can be developed using an
appropriate sequential binary partition (Table 8). This ilr is compared with another ilr between Cl and SO,
(b16) to describe the relationships between high HCO3; groundwater and increases in Cl in SO,-depleting
environments that are typical of CSG water types. Figure 9 compares these two ilr-coordinates for data from
the Teviot Brook (Clarence-Moreton Basin) catchment. High HCOs and low Ca and Mg groundwater have a
b15> 1. Theilr plot is similar to that described in the residual alkalinity versus Cl plot by Duvert et al. [2015],
but the variability of these high HCO; groundwaters is better elucidated when expressed as an ilr-
coordinate. The relationship between high HCO; groundwaters (b15 >1) and increasing Cl in combination
with reduction of SO, (b16) is orthogonal and can be modeled using an exponential equation. Increases in
8"3C-DIC along this modeled trend suggest an influence of methanogenesis, and samples with high b15
and b16 values showing compositional similarity to CSG groundwater from the adjoining Condamine catch-
ment (Surat and Clarence-Moreton basins) (see shaded area in Figure 9).

Although historical isotope data are not always available for preliminary hydrochemical investigations, the
use of §'>C-DIC here demonstrates that the ilr-coordinates (for the modeled trend) are capturing changes in
the relative proportion of ions associated with methanogenesis. In subsequent studies, the delta values of
stable isotopes, which already represent a type of log ratio, can also be compared to ilr-coordinates to
make further assessments. This is out of the scope of this paper, but a recent example of this application to
a different hydrogeological problem is shown in Engle et al. [2016].

4.5.2. Applying This New Set of Isometric Log Ratios to Delineate CSG Groundwater in a Complex
Hydrogeological Setting

Figure 10 compares the conventional residual alkalinity versus Cl plot (Figure 10a) with two orthonormal ilr-
coordinates (Figure 10b) described in Table 8 to the Condamine River catchment (Surat and Clarence-
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Figure 9. Isometric log ratios for groundwater samples from the Teviot Brook catchment (Clarence-Moreton Basin) based on a sequential
binary partition that is intuitively derived from the residual alkalinity versus Cl plot as per Duvert et al. [2015, Figure 5a], and partitions
HCO3, and Ca and Mg (b15) and Cl and SO, (b16). Plot shows data from Duvert et al. [2015] (gray shaded squares) and Li (J.L. unpublished
data, 2001) (unshaded squares), with: (i) a potential CSG groundwater pathway modeled using an exponential equation and (ii) a concep-
tual evapotranspiration pathway as proposed by Duvert et al. [2015]. The shaded area represents the density (abundance) of ilr values for
CSG groundwater samples from the adjoining Condamine pathway River catchment (Surat and Clarence-Moreton basins). Increases in
5'3C-DIC along the modeled CSG pathway (i) are indicative of an influence of methanogenesis. Igneous data are from Duvert et al. [2015]
and Li (unpublished data, 2001).
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Moreton basins). Using the conventional plot (Figure 10a) the high HCO3 of the CSG water is obvious from
the high residual alkalinity values; however, in this plot the CSG end-member shows highly variable HCO;
and Cl concentrations. In addition, many of the samples from Kumbarilla Beds appear as intermediate,
between some coal measure samples and the CSG end-member, but using ilr-coordinates described in Fig-
ures 7 and 8, these water types were shown to be different.

In contrast, the ilr-coordinates compared in Figure 10b elucidate the compositional variability of the sam-
ples from this data set. A clear observation from the ilr plot in Figure 10b is that a distinct pathway in the
coal measures toward CSG water types was not observed; however, two groups of coal measures samples
with compositional similarities to CSG water types are obvious: (ii) shows compositional similarity with lower
salinity CSG water types that are characterized by high HCO5 and F, and low Ca and Mg; and (iii) coal mea-
sure samples with low HCOs, relatively high Cl, and remarkably relatively higher Ca, Mg and SO,. This vari-
ability in the CSG data shown in Figure 10b is synonymous with the variability modeled in Figures 6 and 7.

Inverse modeling results indicate that compositional changes along a hypothetical pathway from (i) to (ii),
either from basalt aquifers or parts of the coal measures, can be explained by a range of common mineral-
ogical processes, including dissolution of dolomite, fluorite, albite, and K-feldspars, precipitation of gypsum
and kaolinite and some calcite, as well as cation exchange. This pathway also requires a source of salt to bal-
ance the NaCl in the phase mole transfer reaction. Similarly, the inverse modeling results for a pathway
from (ii) to CSG groundwater with high HCO; (described as cluster A1 in Figure 6a and c) also require a
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Figure 10. Data for the Surat and Clarence-Moreton basins, showing (a) residual alkalinity versus Cl, where residual alkalinity = HCO3; —
(Ca + Mg) in meq/L; and (b) isometric log ratios that partition HCO3, and Ca and Mg (b15) and Cl and SO, (b16). Notation for (b): (i) = Na-
HCO;3 low-salinity groundwater; (i) = Na-HCOj3 low-salinity groundwater with compositional similarity to lower salinity CSG end-member
(iv); (iii) = higher-salinity (brackish) groundwater with compositional similarity to higher-salinity CSG end-member (iv); (v) brackish ground-
water low in HCO5 with some Ca and SOy; (iv) the CSG end-member, ranging from lower salinity (high HCO5/b15) to higher-salinity (lower
HCOs, higher Cl/lower b15). Inverse modeling results are shown in Supporting Information.
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significant addition of NaCl to balance the phase mole transfer. This shows that, even for a compositional
shift from a high HCO; water type toward a high HCO3; CSG end-member (i.e., CSG samples with high b15
values), there must be a significant increase in Cl. (see Supporting Information for inverse modeling results).

A subcluster of coal measure samples shows a general trend of decreasing b15 with increasing b16 values (v).
The samples in (iii) are from the same subcluster, yet the b15 values are much higher: they represent a possible
intermediate between groundwater that is relatively depleted in HCO5 and higher salinity CSG water samples.
4.5.3. A Compositional Description of Groundwater Associated With Coal Seam Gas

While the compositional traits of the CSG end-member in the Condamine catchment are associated with an
increase in the relative proportion of Cl, there are no brines, nor have there been any marine incursions in
this part of the basin [Cook and Draper, 2013; Jell et al., 2013]. Baublys et al. [2015] suggested the higher Cl
in some CSG groundwater may be because shallower areas of the subcrop had been influenced by recharge
from more saline sources, such as from the overlying quaternary alluvium. However, a recent geochemical
assessment of the alluvium does not indicate that deep alluvial groundwater is source of high Cl or Ca
[Owen and Cox, 2015]. Similarly, the shallower zones of the coal measures do not appear as a source of high
Cl either. Some results for shallower areas of the coal measures presented here also do not suggest compo-
sitional similarities with the brackish CSG end-member are necessarily related to depth. For example, one
brackish coal measure sample from (iii) (Figure 10b), which is compositionally similar to the brackish CSG
end-member, occurs in a shallow (~40 m) outcrop of the coal measures in the north east of the catchment
ranges, adjacent to a basalt outcrop, where recharge is expected to be relatively high. Another coal measure
sample nearby, in the same outcrop and at a similar depth, was found to have b16 ~2 and b15 ~3: this
sample is indicative of the fresher Na-HCO5; groundwater (Figure 10b (i)). This shows large compositional
variability over small distances that are not related to depth or a spatial flow path.

Baublys et al. [2015] and Owen and Cox [2015] also offered a number of other theories to explain the rela-
tively higher Cl in some CSG groundwater in the Surat Basin, being the influences of variability in (a) coal
permeability; (b) mixed layer clays; and (c) organic-bound Cl in the coal matrix. Spatial changes in these
attributes may influence the retention of Cl in coals over small distances.

We do not propose to resolve the sources of Cl in the CSG end-member in this paper. However, what we
show here is that the variability in the relative proportion of Cl is inherently related to a distinct compo-
sitional characteristic of the CSG end-member. We tested the effectiveness of the ilr-coordinates b15
and b16 (Table 8) to delineate groundwater associated with high gas concentrations via some additional
sampling in both the deep CSG reservoir and the shallow coal measures in the Condamine catchment
(Figure 11). The high-gas groundwater from the shallower coal measures (shaded squares) showed the
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Figure 11. Additional (new) data for the Surat and Clarence-Moreton basins, showing isometric log ratios that partition HCOs, and Ca and
Mg (b15) and Cl and SO, (b16) for the CSG production water (WCM: 300-500 m) and shallower areas of the coal measures (WCM:

<200 m). Labels in the plots represent the depth of the screens within the wells. CH, data (point scaling) represent dissolved gas
concentrations.
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Figure 12. Conceptual process model of changes in the relative proportion of ions required for the characteristic hydrochemical composi-
tion of CSG groundwater in the Surat/Clarence-Moreton Basins to evolve. Notations (i)-(v) are as per Figure 10b. Elements in parentheses
(white text) represent the relative concentration. The ilr-coordinates b15 and b16 represent the partition of HCO3 and Ca and Mg, and Cl
and SO, respectively (as per Table 8). The ilr-coordinates b10 and b11 represent the partition of Na, K, and Cl, and Na and Cl, respectively,
as per Table 7. Possible Cl sources as per Baublys et al. [2015] and Owen et al. [2015, and references therein].

same compositional variability despite being in a much shallower zone (83-140 m). Peculiarly, the shal-
low coal measure sample (140 m) with the highest gas concentrations shows compositional similarities
with CSG production water from depths of around 400-500 m (high b15 values). This adds some weight
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Figure 13. An isometric log ratio alternative to the RA versus Cl for: (a) Powder River Basin (USA), showing (i); the same outliers identified
in Figure 3a; (b) Gulf of Mexico Basin (USA), showing high-gas (biogenic) samples (shown by large point size) and (ii) low-gas samples
associated with migrated thermogenic CH,; and (c) Gunnedah Basin (Australia).

to the theory that the compositional characteristics (the relative proportion of ions) of gas-bearing
groundwater in the coal seams are related to spatial variability in the lithological/coal matrix and/or
endemic methanogenesis.

4.5.4. Conceptualizing the Evolution of the Characteristic CSG End-Member (Surat and Clarence-
Moreton Basins)

Taking these results and information we can build a conceptual model of the understanding of the evolu-
tion of the compositional characteristics of the CSG groundwater in the Surat/Clarence-Moreton Basins
(Condamine catchment) (Figure 12). Steps 1-2 in Figure 12 conceptualize the compositional changes from
a low salinity (i) or brackish (v) starting point.

At step 2 (Figure 12) increases in HCOs are likely to be related to the biodegradation of coal: in both scenari-
os (a) and (b) there must be an increase in the relative proportion of Cl also, although more so for (a). After
SO, reduction is complete, high rates of methanogenesis proceed and the characteristic CSG composition
evolves (step 3). The fact that the behavior of ions in this composition can be modeled indicates two dis-
tinct end-members (as shown in Figures 6 and 7 and the ternary model in Figure 12 3a/3b). This result sug-
gests either mixing and/or a hydrochemical response to variable, but constrained conditions (e.g., lithology/
biological processes). Given that a source of high Cl is not observed in underlying or overlying aquifers/
zones, then any mixing scenario is likely to be related to in situ mixing within the same lithological matrix.
Variability in the lithological matrix and methanogenic consortia, especially under closed conditions, may
also, result in a hydrochemical response.

Overall, these exact mechanisms and controls on compositional variability need resolving. The advantage
of using the compositional data analysis techniques here is that the large data set (over 500 samples with
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~180 from the coal measures) can be rapidly assessed and CSG and other groundwater that is likely to
contain gas that has been generated in situ can be easily delineated. This is vital information. Previously it
could not be obtained using major ions alone and it cannot be derived from conventional plots, such as
Piper plots. Note that the conceptual model in Figure 12 is much more informative than assuming the
evolution of the CSG end-member in these basins follows a theoretical and universal SO, reduction path-
way (Figure 1a).

4.5.5. Delineating CSG Pathways in a Range of Other Basins

The ilr-coordinates b15 and b16 are also effective in delineating groundwater associated with high gas
concentrations in other basins (Figures 13a-13c). In the Powder River Basin, increasing b15 and b16 val-
ues show the depletion of SO,, Ca, and Mg, and enrichment of HCO; along a SO, reduction pathway (Fig-
ure 13a). The outliers shown in Figure 11a (i) are the same outliers observed in Figure 3a. In the Gulf of
Mexico Basin (Texas, USA), a steep increase in b15 values is indicative of the cation exchange that occurs
in the Eocene aquifer [Grossman et al., 1989; Zhang et al., 1998]. Subsequent increases in b16 values for
samples show the SO, reduction required prior to microbial methanogenesis. Samples which contain
thermogenic gas that has migrated from underlying petroleum reservoirs can be distinguished from bio-
genic samples (Figure 13b, (ii)) [Grossman et al., 1989; Zhang et al., 1998]. Data for the Gunnedah Basin
(NSW, Australia) where a CSG end-member has not been described, show a single sample from the coal-
bearing Black Jack Formation is distinct (Figure 13c) and is likely to be associated with coal and may also
contain gas.

5. Conclusions

The typical Na-HCOs or Na-CI-HCOs water type of coal seam gas (CSG) groundwater is universal and by now
well-known, but while the dominant ions may be similar, the compositional variability may be different. In
this study, using examples from a number of basins in the USA and Australia, we use sequential binary parti-
tions to define orthogonal isometric log ratio (ilr-coordinates) coordinates that can describe particular rela-
tionships between ions that are unique to different water types or aquifers.

These techniques allow the structure of the compositional simplex to be comprehensively investigated with
respect to both major and minor ion components, and the identification of relationships between the rela-
tive proportion of ions that cannot be observed using conventional techniques such as Piper plots, Stiff dia-
grams, or classic ion ratios. Relationships between isometric log ratios, expressed as linear or quadratic
models, derived from appropriate sequential binary partitions are a more robust and informative descrip-
tion of water types than the traditional means of classifying water types by their dominant ions. Appropriate
sequential binary partitions can be developed using information derived from clr-bivariate plots, covariance
matrices of log-ratios and geochemical intuition.

Using these compositional data analysis techniques the evolution of CSG water types in the Powder River
Basin (USA) via a SO, reduction pathway was modeled. In the Surat and Clarence-Moreton basins relation-
ships between Ca, Mg, F, HCO3, and Cl ions were found to be the major controls on CSG water types. Using
appropriate ilr-coordinates, Na-HCO5 water types in non-gas-bearing zones/aquifers could be differentiated
from CSG water types by compositional relationships between F, Cl, and K. These distinctions are unlikely to
have been observed using conventional techniques and offer important insights into the variability
between similar Na-HCOs;water types.

Finally, this paper developed two ilr-coordinates that can be used to delineate CSG water types in large
data sets. These ilr-coordinates provide mathematical descriptions of the relationships between propor-
tions of ions that are inherently related to complex lithological and biological processes in areas where
high concentrations of biogenic gas occur. Future studies in these basins that are concerned with aqui-
fer interaction or the occurrence of gas could benefit by designing strategic sampling programs based
on results of this study. These subsequent studies can apply the same techniques to larger data sets
that also contain minor ion, trace element or isotope data to make further hydrochemical assessments.
More broadly, the results presented here demonstrate the value of compositional data analysis techni-
ques in describing particular hydrochemical water types, and delineating unique water types in large
data sets.
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