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ARTICLE INFO ABSTRACT
Keywords: Both abiotic and biotic natural spheres benefit from the high reactivity of natural waters, which are ubiquitous
Hydrogeochemistry on planet Earth. The use of speciation-solubility codes like PHREEQC can provide a deeper understanding of
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aqueous equilibria and water-rock interactions. A significant number of newly derived variables are produced
by these computations, which may significantly increase compared to input data. It is crucial to process vast
amounts of data efficiently, particularly when dealing with datasets that contain thousands of water analyses.

To tackle this problem, we present PHREESQL, a software package designed to efficiently store and manage
extensive data generated by geochemical speciation computations performed by PHREEQC. High efficiency in
data extraction and filtering of the entire output from a single run can be achieved through a well-designed
relational SQL database structure. The PHREESQL can be used as a stand-alone package or embedded in
third-party applications. Thanks to the SQL structure, it is possible to create links with unstructured meshes
by developers and experts in reaction-transport problems. Real-time data management from multiparameter
devices in field and laboratory settings is made possible and efficient by parallel computation options and
software integration. The toolkit encompasses both a C++ library and a command-line interface, facilitating
its use by geochemists with limited programming skills.

1. Introduction Bio-geochemists can explore PHREEQC solubility-speciation capa-
bilities using different strategies depending on their personal skills.

In recent decades, geochemical speciation simulations have become Inputs for computations are produced by using graphical user interfaces

an essential tool to deepen knowledge of aqueous systems. Several (i.e. Phreeqci (Charlton et al., 1997)) either by creating files with a full
approaches and models have been proposed (Steefel et al., 2014; Leal ~ syntax compliance or typing input files and running them by a com-
etal,, 2017) implementing thermodynamics databases built to be com- mand line. Since the two options require user text manipulation, they
pliant with specific aqueous activity coefficient models (i.e. Debye- are prone to errors and are time consuming. A “one-to-one” relation

Hiickel, B-dot, Pitzer or Brgnsted-Guggenheim-Scatchard (SIT) (Blanc
et al., 2012; Giffaut et al., 2014; Lothenbach et al., 2019; Lu et al.,
2022)). Among them, numerical methods based on mass-action law
implemented in software like PHREEQC (Parkhurst and Appelo, 1999,
2013) generate results whose output includes a large number of new
derived variables.

The number of variables stored in the output (i.e., saturation indices
for phases, activity, and activity coefficients for species) may increase
by orders of magnitude compared to the ones included in the input
data (i.e., molalities, and physical parameters). Such an amount of
information, when water analyses are more than a few, could benefit
from post-processing tools capable of making effective use of all the
performed simulations.

between input and output is the commonest game plan to compute a
few number of speciation calculations. Dealing with a large number
of water analyses can be challenging, and PHREEQC overcomes this
limitation, changing the paradigm (from ‘“one-to-one” to ‘“many-to-
one”) and providing the possibility to run a serial computation of
more than one analysis and generating a single output ASCII file. The
size of such an output can be very large, which lead to inefficient
and time consuming data extraction. Although PHREEQC enables the
extraction of a subset of variables from the output file, such a strategy
is limited by the impossibility of extracting data other than those
already available without running a new simulation. In the presence
of hundreds or thousands of water analyses, the set of calculations
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cannot be completed without a significant effort, including the waste
of time and the high error rate due to the strict syntax, induced by
keyboard typing. It is evident that making the process automatic by the
development of dedicated software solutions would be advantageous,
but not all users have required programming skills to achieve the goal.

Additionally, PHREEQC has capabilities for one-dimensional (1D)
transport calculations and can simulate 2-3D domains by integrating
external transport codes such as HT3D (McGrattan et al., 2020) and
PHAST (Parkhurst et al., 2010). Results of such simulations determine
the spatial distribution and the temporal variations of all parameters
of interest. Again, results (saved in binary form, i.e. according to
HDF5 standard (The HDF Group, 2000-2010)) are strictly limited to
what is declared in the input file and then additional parameters of
interest should be extracted by recalculating. The information density
of geochemistry over space and time should be supported by a data
storage solution extending the data mining capabilitys.

Our contribution in this article is to present PHREESQL, a toolkit
for efficiently storing, retrieving, and querying water speciation calcu-
lations from PHREEQC. PHREESQL includes a C++ library, namely
PHREESQLib, to be exploited by developers while coding their own
tools to perform PHREEQC computation. Also, a command-line inter-
face, namely PHREESQLexe, is provided to enable and simplify the
exploitation of PHREESQL by users who need to use the tool with low
programming expertise.

The paper is organized as follows. Section 2 clarifies the motivations
of our work, while Section 3 provides reminders about geochemical
speciation simulation in PHREEQC framework. Technicalities about
the proposed toolkit are described in Section 4, while implementation
aspects are described in Section 5. As a matter of an example and usage
demonstration, a case study is in Section 6 and conclusions are finally
discussed in Section 7.

2. The needs for PHREESQL

Nowadays, large datasets related to water geochemistry are in-
tegrated into online databases and are widely distributed. The vast
majority of the databases are of national interest and are intended to
report compositional data about groundwater and surface water quality
and budget evaluation. Some examples of online hydrogeochemistry
databases can be found in literature (USGS, 2016; UFAM, 2023; Federal
Ministry Republic of Austria, 2023; Geological Survey of Ireland, 2023;
EPA-IE, 2023; EPA-USA, 2023; WRIS-India, 2023). The scientific com-
munity can now process and integrate data from independent sources
on a level never seen before, thanks to the abundance of large and freely
distributed datasets.

Water geochemistry datasets, both surface and groundwater, come
primarily from two main pipelines:

» by merging unsupervised databases, often with little in-house
coherence, into a single supervised database;

» by populating a database while sampling environmental variables
through a (possible multi-sensor) data source.

The first pipeline is the most common procedure where national
or regional environmental agencies are responsible for collecting a
variety of digital datasets or data reports or papers, turning them into
monolithic digital files (as in ASCII, SQL or proprietary data formats).
It usually takes a long time to converge to a final form, requiring
a huge effort to standardize different databases into a single one, a
supervised quality and control analyses, and an error-prone analysis
of data consistency. Due to the process’ complexity, the delayed-in-
time activities done by various analysts may introduce some errors into
the output database. Such inconsistencies could be attributed to typing
errors or inconsistent units of measurement.

In contrast, the second pipeline enables the possibility to collect
datasets through an embedded hardware-software infrastructure. Data
collection is intended to be performed in accordance with a customized
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protocol (Caccia et al., 2019), and it enables the possibility to create
huge, dense, heterogeneous digital datasets as the same time as the data
acquisition takes place. Unfortunately, the real-time dataset storage
approach is not standardized, and it is necessary to design it properly
to guarantee both storage and query efficiency.

Although consistency and completeness of water analyses in a
dataset are unavoidable features to approach the comprehension of an
aquifer status, the description of equilibria and water-rock interactions
needs an extra-effort. If distributed datasets are updated periodically
but at a very low frequency, a continuous high-frequency data stream-
ing can be generated during experiments, involving both sensors,
digital acquisition and communication systems (Potter et al., 2021).
Examining a dataset on one hand and utilizing PHREEQC as the solver
for a single-point speciation calculation on the other, there should be a
link capable of pre-processing, storing, and visualizing results promptly.

PHREESQL is designed to support both the storage and query of wa-
ter geochemistry datasets processed by PHREEQC. It helps experts per-
sistently store, update, and query the results of the aqueous speciation
simulation through the implementation of a relational database man-
agement system (RDBMS). The structure of the database has been prop-
erly designed to guarantee efficient data storage, reduce the amount of
disk space and enhance query performances.

3. Background

In the framework of geochemical speciation simulations based on
the mass-action law, PHREEQC (Parkhurst and Appelo, 1999, 2013) is
one of the most commonly used packages. It allows numerically approx-
imate solutions to a wide range of problems in aqueous geochemistry.
The Open Source nature of PHREEQC has kicked off many projects, in-
cluding but not limited to iPHREEQC (Charlton and Parkhurst, 2011),
PhreePlot (Kinniburgh and Cooper, 2011), PHAST (Parkhurst et al.,
2010)), and various implementations or interfaces (PhreeqPy (Miiller
and D.L. Parkhurst, 2011), R (Charlton et al., 2022), PEST (Mosai et al.,
2022), Rich-PHREEQ (Wissmeier and Barry, 2010), COMSOL (Guo
et al., 2018), OPENFOAM (Pavuluri et al., 2022), PHT3D (Appelo and
Rolle, 2010), UTCHEM (Korrani et al., 2015).

Specifically, PHREEQC has been wrapped into a C++ library, namely
iPHREEQC, which can be included in programs written in C++ (Charl-
ton and Parkhurst, 2011). The modularity of iPHREEQC allows easy
implementation of parallel processing for computationally intensive
geochemical simulations. In the following sections, the term PHREEQC
refers to its C++ implementation in iPHREEQC.

PHREEQC is designed to be flexible enough to implement various
strategies for processing a large number of water compositions. It serial-
izes results into ASCII files, including a large number of newly derived
variables. The total size may increases by orders of magnitude from the
input data. Experts have to extract the relevant information through
each single output manually or through dedicated programming so-
lutions. Although PHREEQC allows customized file format outputs by
reducing variables relevant to the case-study, extracting information
can be time-consuming due to numerous generated files (one for each
simulated water analysis). In addition, such a manual post-processing
may be prohibitive or hopeless if data is collected in-situ by sensors and
the speciation calculation needs to be performed in real-time in order
to adaptively modify a geochemical sampling schema as in (Berretta
et al., 2018).

To the best of our knowledge, data extraction can only be signifi-
cantly accelerated by implementing ad-hoc solutions. Such an imple-
mentation requires advanced programming skills, and is often diffi-
cult to be developed by geochemists without a proper programming
background.

PHREESQL aims to be a robust code, especially given the high in-
formation density stored in the available datasets. In fact, it is designed
to provide the capacity to process a huge amount of data ensuring both
persistent storage and query efficiency. Also, PHREESQL is easy to use
by either geochemical or programming experts, since it is provided as
a combination of a code library and a standalone application.
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4. Toolkit description

PHREESQL is an easy-to-use framework supporting the efficient
storage of PHREEQC speciation calculations.

The production of a relational database is the core of the toolkit,
making it possible to permanently store, in a structured framework,
a very large number of geochemical calculations, compacting all data
into a SQL binary form.

To guarantee usability for both developers and users with low
programming expertise, PHREESQL includes both a C++ library and
a command-line interface, namely PHREESQLib and PHREESQLexe re-
spectively.

Thus, PHREESQL exhibits the following capabilities:

» run PHREEQC speciation calculation;

+ build a SQL database from scratch and update an existing database
with additional data;

« export both original PHREEQC inputs and outputs from an exist-
ing database for further processing;

« process coordinates of geo-referenced data into an existing
database to create a new table or to create a new database framed
into a desired specific coordinate reference system (CRS).

The following sections provide details on PHREESQL’s database
structure (Section 4.1), exposed main functionalities (Section 4.2) and
the supported input file format (Section 4.3). Note that these aspects
are common to both PHREESQLib and PHREESQLexe, thus the term
PHREESQL refers to both of them.

4.1. Database structure

A PHREESQL database is a SQL relational database consisting of a
collection of tables storing structured data coming from geochemical
speciation simulations run by PHREEQC. Each table includes a collec-
tion of rows, also known as records or tuples, and columns, also referred
to as attributes.

More precisely, a PHREESQL database is structured as a collection
of 7 tables reflecting the syntax of PHREEQC inputs and the sequential
data stream of PHREEQC outputs (see Fig. 1 and Fig. 7). The primary
table, namely METADATA, stores information about each analysis (lo-
cation, sampling time and PHREEQC options) in each row. In this table,
the primary key, namely “ID”, serves as the unique analysis identifier,
essential for joining the primary table with all the others. Besides the
primary table, a table named SOLUTION_INPUT stores, for each input
analysis, data from the PHREEQC input file. Five additional tables are
responsible for storing data from the PHREEQC output and reflect the
original structure within the output ASCII file:

the table SOLUTION_COMPOSITION stores the chemical com-
position in molalities for each input analysis;

the table DESCRIPTION_QF_SOLUTION provides a basic sum-
mary of solution’s chemical and physical properties;

the table DISTRIBUTION_OF _ALKALINITY stores the alkalin-
ity contribution of each species in solution;

the table DISTRIBUTION_OF_SPECIES contains the main re-
sults from the speciation computation, listing all the species in
solution;

the table SATURATION_INDICES stores information on solution
equilibrium relative to mineral phases reported in the thermody-
namic database.

4.2. Main functionalities

PHREESQL mainly provides four functions ranging from data pre-
processing to data post-processing.
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4.2.1. Running speciation calculation.

To build a PHREESQL database, both inputs .pgi and outputs .pgo
of PHREEQC are mandatory. If the output is unavailable, PHREESQL
provides the option to generate it through a direct call to PHREEQC.
This procedure can process either a single input file or recursively all
speciation calculations stored in a single folder. For each input file, a
corresponding output file is created and saved in the provided output
folder.

Thanks to parallel programming techniques (Chandra et al., 2001),
this procedure is much more efficient than running PHREEQC itera-
tively in a loop within a shell script (see Section 6.2).

4.2.2. Database creation and/or update.

The main functional performance of PHREESQL is to insert metadata
and PHREEQC input/output pairs into a SQL relational database. If
the database does not exist, it is created as the initial step of the
procedure. For each input analysis, the internal procedure checks if it
already exists in the database, verifying if a record with the same .pqi
filename, date and PHREEQC database exists as trigger. If the answer
is affirmative, the speciation computation is skipped and the database
remains unaltered. Conversely, if the answer is negative, both analysis
metadata and the PHREEQC input/output pair are processed, and the
data are inserted into the database, referencing the same chemical
composition.

Note that the same PHREEQC input data can be inserted into the
SQL database multiple times if multiple speciation runs have been
calculated with different PHREEQC thermodynamic databases.

4.2.3. Data export

PHREESQL enables the export of data to ASCII files for further
processing. There are several options for exporting one or more anal-
yses. For example, PHREESQL provides the possibility to export both
PHREEQC input and output files. This export adheres to the PHREEQC
data format with a sort of file structure back-transformation, thus
avoiding the storage of the original .pqi file.

4.2.4. Coordinate conversion/transformation.

As potential geo-referenced data, geochemical analyses must be
supported by a flexible tool for coordinate conversion and transforma-
tion. For each analysis, PHREESQL reads coordinates and the European
Petroleoum Survey Group (EPSG) (Managed by the International As-
sociation of Oil and Gas Producers I0GP, 2023) code from the input
metadata file and stores it in the METADATA table (see Section 4.3).
This procedure allows the storage of reference systems of geograph-
ical or projected coordinates and enables the coexistence of sampled
analyses in different coordinate reference system.

If there is a requirement to store spatial information according to
a specific EPSG code, PHREESQL can perform on-demand conversion.
This is achieved through the specification of a new EPSG target in
the command line together with the specification of how the result of
such a conversion must be stored. Specifically, PHREESQL allows the
possibility to export the result of the transformation into three different
ways, that is by creating one of the following outputs:

» a .csv file encoding a copy of the METADATA table where the
values in columns COORD_X, COORD_Y and EPSG are updated
according to the desired reference system;

a new PHREESQL database which is a copy of the original one,
but having the METADATA table updated according to the desired
reference system;

a new table in the original database, which is a copy of the orig-
inal METADATA table updated according to the desired reference
system.



M. Vetuschi Zuccolini et al.

Computers and Geosciences 190 (2024) 105640

DESCRIPTION_OF_SOLUTION

ID
ANALYSIS_ID A
PARAM

VALUE

SATURATION_INDICES

ID
b ANALYSIS_ID b
PHASE
S|
SOLUTION_INPUT ol
= EoRMULA
ANALYSIS_ID . 2 = 21D . 7~
SOLUTION_NUMBER JOB_TYPE
PARAM SURVEY
VALUE SITE_NAME DISTRIBUTION_OF SPECIES
DATE ID
§ DATABASE p € ANALYSIS_ID | Val
PHREEQC_VERSION SPECIES
RUN_NUMBER MOLALITY
SAMPLE_NAME ACTIVITY
© INPUT_FILE LOG_MOLALITY
COORD_X LOG_ACTIVITY
COORD_Y LOG_GAMMA
COORD 7
EPSG
TIMESTAMP
TITLE SOLUTION_COMPOSITION
SOLUTION ( ID
- L ANALYSIS_ID A
ELEMENTS
MOLALITY
MOLES

DISTRIBUTION_OF_ALKALINITY

ID

ANALYSIS_ID A
SPECIES

ALKALINITY

MOLALITY

ALK_MOL

Fig. 1. PHREESQL database structure, consisting of a collection of 7 tables reflecting the syntax of PHREEQC inputs and the sequential data stream of PHREEQC outputs. The
primary table, namely METADATA (center), stores information about each analysis (location, sampling time and PHREEQC options) in each row. The primary_key, namely “ID”,
serves as the unique analysis identifier to join the primary table with all the others. Besides the primary table, a table named SOLUTION_INPUT (left) stores, for each input
analysis data from the PHREEQC input file. Five additional tables are responsible for storing data from the PHREEQC output and reflect the original structure within the output
ASCII file (right). The complete state of a database is usually contained in a single binary file on disk, according to SQlite3 specifications.

4.3. Input data

Creating and/or updating a SQL database by PHREESQL requires at
least one geochemical analysis. A collection of analyses is supported,
as long as they are available in a single folder.

Every chemical analysis must consist of a pair of files:

+ a .pqi file encoding the PHREEQC input according to its syntax.
The structure of the PHREEQC file must include a single specia-
tion calculation in a SOLUTION-END data block. Optionally, the
PRINT clause can be considered, allowing the computation and
decomposition of the total alkalinity by each species;

a .met file, which is an ASCII file with additional information
(other then chemical data, see Appendix A). The metadata file
increases the completeness of the analysis description, as shown
in Listing 1. Metadata present in the SQL database enables a more
extensive integration with external software packages, such as
plotting a graph or the implemention into GIS spatial databases.

Listing 1: An example of the Metadata File Format (.met)

JOB TYPE: Test4PHREESQL
SURVEY: Limerick

SITE: Doon

DATE: 2014/11/03

DATABASE: 11lnl
PHREEQC_VERSION: 3.6.1-15000
RUN_NUMBER: 1

SAMPLE_NAME: IE_SH_G_0213_3600_0008
INPUT_FILE: EPA_09894.pqi

COORD_X: 181429

COORD_Y: 150645

COORD_Z: 10

EPSG: 29902

TIMESTAMP: 1679786302

As aforementioned, PHREESQL also requires the output of the PHREEQC
speciation calculation, provided as an ASCII .pqo file. If it is already
available, the user can provide it as a third optional parameter. Other-
wise, PHREESQL is able of generating them.

A dataset consisting of several analyses can be supplied as input.
In this case, the entire dataset must be available as a set of folders,
namely input and metadata, each of which includes all the .pgi and .met
files respectively. Intuitively, a third folder can be provided, namely
output, including previously generated .pqo files related to .pqi files
in the input folder. When a dataset includes several water analyses,
PHREESQL assumes that the same basename is used to name the pair
(or triplet) of files related to the same single analysis.

5. How to use PHREESQL

PHREESQL is released as a standalone open-source toolkit, avail-
able via Github (https://github.com/DanielaCabiddu/PHREESQL). It
includes both a C++ library and a command line interface, making it
usable by both developers and in practical applications. The following
sections provide implementation details and technicalities necessary
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[for using] either the library (Section 5.1) or the command line in-
terface (Section 5.2). The source code is documented with Doxygen,
providing both HTML and LaTeX documentation for additional techni-
cal details. This documentation supports users in searching for specific
features. PHREESQLexe provides a help function to display a concise
description of the program and each available option, covering syntax
and synopsis. Examples illustrating how to use the toolkit are provided
together with the toolkit itself.

5.1. PHREESQL C++ library

PHREESQLiD is a header-only C++ library, making it easy to use by
simply including the headers into the user’s project. No compilation,
packaging and installation is required to use it, although some package
dependencies must be installed for both compilation and execution.

To run, PHREESQLib relies on external libraries to implement some
functionalities. Specifically, it uses SQlite3 (Hipp, 2020; Owens, 2006)
for generating and managing the SQL database. Furthermore, PHREE-
SQLib depends on iPHREEQC for running geochemical speciation simu-
lations and on PROJ library (PROJ contributors, 2022) to transform or
convert coordinates. These dependencies are mandatory, and must be
installed on the local machine where PHREESQLib will be used.

Finally, PHREESQLib takes advantage of the potentials of OpenMP
(Chandra et al., 2001) to parallelize and optimize the execution of some
procedures, such as the run of geochemical speciation computations.
While this dependency is not mandatory, it is strongly recommended
to guarantee optimal computation performance.

5.2. PHREESQL command line interface

PHREESQLexe serves as the command-line interface of PHREESQLib,
designed to support users with low programming expertise. PHREE-
SQLexe is easy to use, as users can execute specific actions by providing
the desired functionality as an argument, choosing from the available
ones:

—--run_phreeqc to perform speciation calculation;
--fill_db to either create a new database or update an existing
one;

--export_input, -—export_output,
-—export_metadata to export inputs, outputs, and metadata,
respectively, from the database to text files;

-—epsg_convert to convert geo-referenced data to a specific
coordinate system.

Each action requires additional arguments to work correctly, such as
the PHREESQL database reference and the path of inputs and outputs.
Table 2 in Appendix B provides the comprehensive set of options and
arguments for each action. Additionally, users can access the complete
set of option by providing the ——help argument to PHREESQLexe.

5.3. Data pre-processing

PHREESQL assumes the input data consists of one or more geochem-
ical analyses, each consisting of a .pgi and a .met file, as detailed in
Section 4.3. In practical scenarios, meeting this assumption might pose
challenges, but it is feasible that a .csv file is available, encoding the
entire set of analyses.

To support the user in generating PHREEQC inputs and metadata
files starting from a .csv, the online distribution includes a set of bash
scripts. The practical application of these scripts is illustrated in our
case study, detailed in Section 6. Technical documentation for these
scripts is provided in the online distribution for reference.
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6. Case study

The application below has been designed to show how PHREESQL
can be employed. Through some bash scripts, the complete pipeline
for pre-processing input files, computing solution speciation, creating
various SQL databases, and extracting data is demonstrated, starting
from an input .csv file. The examples are based on a large dataset
of publicly accessible geochemical data, covering the generation and
post-processing of PHREEQC output data (see Section 6.1).

The entire procedure, implemented in scripts, is available in the
distribution and can be evaluated at each step (see Section 6.2). Finally,
we provide some examples of how to exploit PHREESQL databases
to perform data extraction, including coordinate conversion for var-
iographic study and mapping of a geochemical variable as output
of PHREEQC computations (see Section 6.3), with the final aim to
demonstrate the possibility to plot extracted data by the integration of
PHREESQL with external software.

6.1. EPA Ireland groundwaters dataset

In order to involve citizens and stakeholders in government prac-
tices, environmental agencies share environmental data that has been
hidden until now. To convert old data, collected over decades and
stored in paper format, to digital format, it is required an enormous
amount of effort and careful practices.

The Ireland EPA database® is a valuable effort to distribute the
knowledge about groundwater quality throughout the entire country.
The dataset is distributed with a proprietary digital file format (Ex-
cel©Oby Microsoft) formatted for easy use in capturing a snapshot of
Ireland’s water geochemistry (McGrory et al., 2018, 2021b).

The dataset contains a total of 295 sampling stations in Ireland’s
aquifers, which have been sampled for a total of 14690 analyses over
a 30-year period until 2020. A total of 303 variables are present in
the original dataset, which provide descriptive information, spatial
coordinates, dissolved components or species, and chlorinated organic
compounds. The file used as an input of our experimental pipeline is
a post-processed version of the original Ireland EPA dataset, reduced to
45 columns ignoring the extremely sparse organic compound records.
Specifically, the following changes have been applied:

+ the creation of a new column which unambiguously identify a
single analysis, to be included in the PHREEQC file name (i.e. the
first analysis is labeled with an ID as 00001; 5 digit to consider
up to 99999 samples). The existence of such an ID is mandatory
for our procedure;

the identification of data below the detection limit as negative
values (i.e —1 is equivalent to < 1 mg/L or p/L), considering that
PHREEQC will disregard it. For variables as pe or Eh, this s clearly
not applicable because redox state is a real number, that can be
both with positive and negative sign. Non-measured values, or
blank, are substituted by “nd” string;

renaming of the original variable’s names so that they comply
with PHREEQC standards. For example, when sulfur is reported
as sulfate in the original column, it is labeled as S(6). In the input
file, it will be flagged with “as SO4” in the SOLUTION-END data
block;

merging of laboratory pH columns with field pH measurements
where no in-situ measurements were present (this happens in
particular for older data);

converting field’s redox state measurement reported in mV to pe
as required by PHREEQC corrected by in-situ temperature.

2 (https://gis.epa.ie/GetData/Download, filename: EPA Groundwater Mon-
itoring Data to End 2020 Circulation 26.05.21.xIsx)
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Bash and SQL scripts are used to complete the data pre-processing
and computation sequence presented in this section. Results and timing
are based on speciation computations carried out on a MacBook with
M1 (10 cores) ARM chip architecture and 16 Gb RAM.

6.2. Performances

The script case_study.sh consolidates all the PHREESQL capa-
bilities into one, also assisting the reader in generating PHREEQC input
format starting from a .csv file. As a matter of example and no loss of
generality, we demonstrate the full capabilities of PHREESQL through
PHREESQLexe.

Starting from the revised version of the EPA Ireland groundwaters
dataset, we selected three subsets of data (SHORT, MEDIUM and FULL)
as in Table 1, which were each processed using five PHREEQC ther-
modynamic databases (IInl.dat, wateq4f.dat, phreeqc.dat, minteq.dat and
sit.dat). For all of them, data from a single ASCII file source of geochem-
ical information is used to generate .pqi, .met and finally to create .pqo
to be stored in IN, META and OUT folders respectively, as represen-
tative of input, metadata, and output folder. Examples are performed
with these database because iterations to solve speciation-solubility
equilibria lead to an expected variability on numerical results, and on
execution performances. The main reasons rely on the diverse expres-
sion of the computation of the activity coefficients, on the number of
master species, and on the number of aqueous species, solids and gases
present on each database, see Lu et al. (2022).

As a matter of example, the .pqo files were generated by a single
call to PHREESQLexe, running the following command line:

phreesqlexe —-run_phreeqc -P 11nl -i IN --o OUT

where input is stored in IN folder, the output will be stored in OUT
folder, and the speciation computation will be based on a specific ther-
modynamic database, namely 11nl.dat. The files thus generated in
the OUT folders are labeled with the identical basename as in IN folder
but different extensions, to facilitate shell programming. Parallelization
of PHREEQC computation in PHREESQL enhances considerably the
computation efficiency. By calling the speciation calculation directly
from PHREEQC, the computing time is on average more than halved
compared to running both PHREESQL as a serial process and a bash
script, without requiring programming skills.

Once the results of the geochemical simulations are available,
PHREESQL databases are generated by running the following command
line:

phreesqlexe --fill_db -d PHREESQL_DB -i IN --o OUT --m META

where PHREESQL_DB is the database to be created and IN, OUT
and META folders store inputs and outputs of PHREEQC and metadata
respectively.

Table 1 shows that the performance of PHREESQL is highly de-
pendent on sample size and thermodynamic database as expected.
Analyzing Table 1 by column reveals the impact of the number of
analyses presented in the dataset on computation time for each thermo-
dynamic database. According to the results, using the phreeqc.dat
database for computations results in an increase in performance from
1 (with the SHORT dataset) to 4.6 (with the FULL dataset), as demon-
strated by the parallel/serial ratio. The same check can be performed
by reading the table row by row. The final time is affected by the
completeness of the thermodynamic database and the activity coeffi-
cient equation used, as demonstrated by the time resources required.
The dataset with a higher number of analyses (FULL) exhibits a larger
average increase in performance due to parallel computing. The ratio
of serial to parallel performance has a significant increase from 4.6 to
4.9.
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The number of successful analyses for each database as in Table 1
is slightly different from that in the data file .csv, due to some conver-
gence errors attributed to incomplete chemical analyses and a resultant
impossibility to solve the iterative computation.

The time needed to create a SQL database is largely dependent
on the number of analyses and secondarily on the number of master
species and equilibria are in the thermodynamics database. In this case,
the differences due by thermodynamic database is much smaller and
due to the length of the output ASCII file. When the computations of
all thermodynamic databases are merged into the SQL database (ALL),
the total time required is close to the sum of the time required by
each individual database, indicating a linear scalability. After creating
the relational database, the user is capable of browsing the results
through either a command line or an external SQL graphical browser
(not included in PHREESQL).

From Table 1, it can be shown what are main benefits:

« PHREESQL databases show a reduction in file size dimension
compared to the same information in ASCII file format (with a
ratio between 0.5 and 0.7), stored in one single file;

+ the information is integrated into a standard file format and
highly optimized for query;

+ the programming skill is greatly reduced to a SQL query by
avoiding text search on a large number of files (i.e. for FULL
database the search should be extended to 3 times 14689 ASCII
text files trying to maintain relationships among information in
file of variable length).

Thanks to these features, complex queries may also be built in
a more efficient way into a structured script and run by command
line or through an external package or web server. To demonstrate
the PHREESQL capability in querying PHREEQC speciation calculations
stored in a PHREESQL database, we report some examples of data
mining and use. In the following, we do not claim to explain the full
geochemistry of Irish groundwater, but instead how a large dataset can
be efficiently exploited by PHREESQL.

6.3. Data extraction and plotting

The following sections provide five examples illustrating how to
query the PHREESQL database for data extraction and possible plotting
by integrating PHREESQL with external graphical tools. The distri-
bution includes scripts to replicate the entire set of examples, and
the computational time for the database query is in real-time. The
examples refer to PHREESQL databases generated by our case study,
as described in Section 6.2, with specific reference to the FULL subset
and the wateqg4f .dat thermodynamic database when not otherwise
specified.

6.3.1. Example 1: Groundwater classification

Surface and groundwater analyses can be plotted on well known di-
agrams such as those of Piper (Piper, 1945), Durov (Durov, 1948), Fick-
lin (Ficklin et al., 1992), Stiff (Stiff, 1951) or Langelier-Ludwig (Lange-
lier and Ludwig, 1942) emphasizing the chemical features through a
classification in geochemical types. Thermal waters can also be plotted
in diagrams that rely on geothermobarometry suggesting equilibria
with reservoir as in Giggenbach diagram (Giggenbach, 1988). Pre-
processing data is necessary to ensure full consistency with space
geometry (i.e. Euclidean, binary plots, simplex, triangular, or tetrahe-
dral plots) and measurement units when building a classification plot.
By categorizing groundwater based on various criteria and applying
filters, users can effectively analyze and interpret data in a more flexible
way. Such criteria can include rock type, county name, aquifer name,
or time interval, and these categories can be plotted separately for
better visualization and analysis. Additional filters can involve selecting
specific time ranges or application of conditions related to electrical



M. Vetuschi Zuccolini et al. Computers and Geosciences 190 (2024) 105640

Table 1

Performance of PHREESQL. 'number of successful PHREEQC run stored in SQL database; > time in seconds for PHREEQC
computations (parallel/serial); * time in seconds to fill SQL database; * SQL database size; > full suite of PHREEQC ASCII files
size (input, output, and metadata); ®ratio between SQL database and ASCII file size. 'number of analyses that populate the .csv
file. In the last column, computation data needed for the creation of a database comprehensive of all five PHREEQC aqueous
databases are reported. Reference machine: Apple MacBook with 10 cores (M1 Apple chip) and 16 Gb RAM.

phreeqc linl minteq wateq4 sit ALL
41! 41 41 41 41 205
<1/<1% s 1/3 s 1/2's 1/1s 1/5 s -
0.2° s 04's 0.3s 0.3s 03s 1.3s
SHORT (43)’ 0.6* Mb 1.4 Mb 0.8 Mb 0.8 Mb 1.3 Mb 4.9 Mb
1.2 Mb 2 Mb 1.3 Mb 1.4 Mb 1.8 Mb 7.7 Mb
0.50° 0.70 0.61 0.57 0.72 0.63
4319 4319 4319 4319 4319 21595
9/42 s 63/332 s 31/139 s 18/79 s 96/510 s -
17 s 27 s 19s 3ls 26 s 108 s
MEDIUM (4355) 64.4 Mb 189.4 Mb 107 Mb 112.5 Mb 165.2 Mb 646.1 Mb
131 Mb 248 Mb 166 Mb 175 Mb 230 Mb 950 Mb
0.49 0.75 0.64 0.64 0.72 0.68
13598 13598 13598 13598 13598 67990
28/129 s 200/1073 s 97/457 s 54/248 s 295/1468 s -
44 s 75 s 56 s 57 s 68 s 297 s
FULL (14690) 204.6 Mb 502.4 Mb 299.4 Mb 305.1 Mb 452.5 Mb 1.8 Gb
407 Mb 704 Mb 494 Mb 506 Mb 708 Mb 2.75 Gb
0.50 0.71 0.61 0.60 0.63 0.65

balance or concentration ranges. This helps to refine the dataset and S04 + Cl (eq %)
focus on specific aspects of groundwater data. 50 40 30 20 10 0

The SQL script LL.sql, called by the LL.sh bash script, filters 50:HHHH“HmHH“HHHH‘HHHM‘HHHM:0
groundwater samples from the input PHREESQL database. The filter 45£ . %o Lf gégiIRELAND is
is based on the county’s name, allowing users to retrieve data from 1 o ° © @ Donegal r
specific counties without applying additional compositional or tempo- 40 L:Q oQ °o o . [ Kilkenny F 10
ral filters. The output consists of three ASCII files, one for the whole \EJK\ ° ED g o f
dataset and two for a pair of Irish counties (Kilkenny and Donegal, 35 © ‘\ oo Do o ° 15
arbitrarily chosen). Fig. 2 shows an example of LL plot (Langelier and 1o o3 °Fo ° . F
Ludwig, 1942) given the filter output. The diagram is similar to the < 30 f O o %o o =20 g
Piper diagram plotting only major cations and anions. By grouping Cl, g E <9O 9 OUO@ e %0%980 ® B %
SO,, and HCO; and K, Ca and Mg and taking into account the following f 257: ° PNO o o ;25 %
relations: © ] ° 0 5 o O [ <
=z 20*z o QOOO (¢} o ;30 =
%Ca + %Mg = 50 — (%Na + %K) (¢} 1 A Qf?g o o
9%Cl = 50 — (%HCO3 + %S04) @ e 0% o f®
cold water chemical types can be assigned to each analysis. One of 10} ° ;40
the advantages of using an LL plot is that mixing lines are straight, 5; bl o F 45
and vertices can indicate the compositions of natural salts such as ] 2 F
calcite, anhydrite, and halite. Trends moving closer or further away 0 e e - 50

from these vertices can suggest dissolution or precipitation of these 0 10 20 30 40 50
salts. Simultaneously, there is a partial loss of information, avoid- HCO3 (eq %)

ing the discrimination between grouped ions in relative equivalent
concentration.

The plot highlights that the waters in Kilkenny County are di-
vided into two distinct clusters, with the first group consisting of
CaMg — HCO; waters and the second group having relevant NaCl —
sul f ate concentrations. By not presuming to draw conclusions, inter-
ested users can be assisted in understanding variability and grouping,
due to:

Fig. 2. Example 1. Langelier-Ludwig classification diagram with data extracted with
the script LL.sql and plotted with Datagraph©. The line represent the dilution line
between seawater (hexagon) and Ca— HCO; water. Green star identify a coastal rain
composition, hexagon a standard seawater.

solution saturation index is used to assess that condition and it is
defined as:

. . K
- seasonal oscillations; LAP

ST =log 3)

« spatial variability because water-rock interaction due by hosting
rocks;
» incompleteness about alkalinity or total carbon evaluation.

By customizing the query, and looping over all the 26 counties, the LL
diagram shows atomic information about each county.

6.3.2. Example 2: Water-rock interaction

Groundwater equilibria can be better understood through speciation-
solubility calculations, which can also represent the relationships with
host rocks and the tendency of the equilibrium state to change. The

sp
where K, and K, 4p are the equilibrium constant and the ionic activity
product, respectively. Using the T and P of interest expressed in the
original dataset, PHREEQC computes both K of the reaction used to
describe the phenomena and reported into thermodynamic databases.

In Fig. 3, waters of Kilkenny and Donegal counties are reported by
extracting data limiting the pH range (6.35-10.33) where HCOj anion
is the predominant species at T, P standard condition (25° and 1 atm),
superimposed to the full Irish dataset. The query uses a constraint for
pH, and water equilibria are calculated at temperature and pressure
from the EPA dataset. This leads to a plot showing the solution’s
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Fig. 3. Example 2. Calcite saturation index vs pCO, with data extracted with the script
sat indx.sql and plotted with Datagraph©. Water can be considered in equilibrium with
calcite in grayed zone, undersaturated below —0.5, oversaturated above 0.5. The pCO,
value of —3.38 (416 ppmv) is the actual carbon dioxide concentration in atmosphere.

saturation index relative to calcite and total dissolved inorganic carbon
or TDIC (as —log of the CO, fugacity). The relationship between the
dissolution in water of carbon dioxide and the dissolution of calcite, as
described in the carbonate system reactions (Eq. (6)), is highlighted by
the trends shown in the figure.

COxag) +2H0 © HyCO34g @
H2CO3(aq) < HCO;(aq) + Hz;q) ®
CaCO; + Hy, < Cai? + HCOY ©

A clustering is still visible as in Fig. 2 implying that over the entire
time periods reported in the EPA file, some wells in Kilkenny county
have shown different saturation conditions. There is usually under-
saturation, although most available waters remain close to equilibrium
with calcite. The water that was previously recognized as clustered
is presumably the same in both group. According to this suggestion,
calcite undersaturation can be a consequence of a water composition
change, with a decrease in calcium and magnesium in favor of sodium
and chloride and an increase of dissolved CO,.

Although waters in Donegal county are less dispersed during this
period, they are still under-saturated, which may be due to the in-
teraction with the granitic substrate and sandstones, mudstone and
greywackes. These rocks regulate equilibria, which are mostly domi-
nated by alumina-silicate phase minerals rather than carbonate.

6.3.3. Example 3: Eh-pH diagram by external software

In this section, we illustrate the process of calling an external pack-
age, specifically PhreePlot, to create a graphical output. This involves
first extracting the original data from the SQL database and convert the
expression of the redox state from one scale (pe) to another, as that of
E,. Measurement of labile physical-chemical parameters (as pH) and
redox state (as Eh) is mandatory for a reliable groundwater speciation
calculation aiming to describe the in-situ water natural condition. The
predominance plot is known also as Pourbaix plot (Pourbaix, 1966) or
more generally E, — pH diagram. It can be used to discriminate water
environment respect to water stability field (Baas Becking et al., 1960)
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based on field measurement. By specifying a chemical system, including
its pressure and temperature parameters, and performing a speciation
calculation while iterating over a range of redox and pH values, we can
determine the fields where aqueous species predominate.

The E;, — pH diagram shown in Fig. 4 represents the predominance
fields of aqueous species of a As-O-C-S-H system at standard pressure
and temperature (25 °C and 1 bar) and As=40 pg/l. The arsenic has
been chosen as an example because it represents a risk in drinking
waters in Ireland (McGrory et al., 2017, 2018, 2021a). Additionally,
it is sensitive to be released by change in environmental parameters
as alkalinity, dissolved organic matter, sulfate or chemical-physical
parameters as in Smedley and Kinniburgh (2002).

The plot represents a snapshot at a fixed pressure and temperature,
and its validity is virtually limited to those conditions. At different
thermobaric ambient values, the isoactivity boundaries are expected to
shift parallel to themselves expanding or reducing predominance fields.
Temperatures of water samples stored in the EPA SQL database are
generally lower than standard, reflecting groundwater environment,
and the pe was referred to the in-situ temperature. Although it is an
approximation, plotting a set of labile parameter pairs (as E,—pH) on a
fixed T-P system can still provide information about arsenic speciation.
The script 03_eh_ph.sh firstly extracts pe — pH couples from the
input PHREESQL database for both Kilkenny and Donegal counties,
as previously done, with a single constraint on charge balance within
a range of +10%. The redox parameter pe = —log[e”], which has
thermodynamic meaning is converted to E, in [V] to be compared with
field measurement with the equation:

E,, = pe 2303 [%] %)

where R is the gas constant, T is temperature in Kelvin as reported in
SQL database, and F is the Faraday constant. Passing the output of the
constrained SQL query to the PhreePlot template input file enables the
creation of a diagram that represents the two counties separately. This
predominance diagram, taking into account previous approximations,
provides a comprehensive description of the waters with respect to
the As(I11)/As(V) redox pair, regardless of the total As concentration.
Water samples from Kilkenny County are found in a field that is almost
exclusively characterized by arsenite as As(I11) species. The pattern
of water samples from Kilkenny is distributed ranging mainly over
pH with a restricted redox variation, in the field of As(}V) species.
Data processing of constrained dataset can be beneficial in gaining
insights into health protection and remediation activities, as arsenites
and arsenates have different toxicity and can be treated differently.

6.3.4. Example 4: Speciation results database dependency

The quality of water analysis and the aqueous database used have
a significant impact on the outcome of speciation calculation. The
first feature tends to ensure that the geochemical system is sufficiently
described in terms of elements and guarantees a good approximation
of electroneutrality. The second feature describes the consistency of
reactions between aqueous species, dissolved gases or solids in hetero-
geneous systems, ending in species activity calculation. A full internal
consistency of an aqueous database is a “nirvana” of geochemists (van
der Lee and Lomenech, 2004) although SUPCRT (Johnson et al., 1992)
is one of older databases with this feature, a large number of ther-
modynamic databases are available, with a more or less restricted
field of application (Lu et al., 2022). PHREEQC is released with an
increasing number of databases, to which are added databases released
independently, by optimizing chemical system, P,T range, completeness
and activity coefficient equation. Due to this richness of databases,
and the iterative method of computation of equilibria users are facing
non-unique results (Lu et al., 2022). This section shows how PHREE-
SQL can be used to compare results by collecting computation done
with the 5 thermodynamic database on the same dataset. The script
04_SI_compare_ALL. sh extracts (by running 5 serial queries) the
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Fig. 4. Example 3. Eh-pH diagram of As-O-C-S-H system at 25 °Celsius using PhreePlot
as external package by 04_ehph. sh shell script. Blue symbols, Kilkenny county, red
symbols Donegal county.

saturation index of chalcedony for a single sampled site (EPA code:
IE_EA_G_0010_2100_0009) over decades. Despite the limited concen-
tration of silicon in surface and groundwater, it has a significant
impact on environmental evolution. It is a product of weathering of
alumino-silicate minerals, and it is recycled as components of secondary
minerals or as the main material for diatoms (Neal et al., 2005). Varia-
tions in pH, temperature, or CO, fugacity in the atmosphere or flowing
water can be the cause of multi-temporal concentration variability in
waters, thus inducing change in equilibria in dissolution-precipitation
processes and kinetics. In Smedley and Kinniburgh (2023) can be
shown that SiO, polymorphs can adsorbs or traps U, which is why it
is crucial to assess the saturation state of a solution in relation to a
specific phase. In Fig. 5, the phreeqc.dat default database is chosen
as a reference and the other are compared to it. It can be observed
that wateq4f . dat is perfectly consistent with phreeqc.dat as the
latter is derived and less complete, suggesting a quasi-perfect saturation
with ST, close to 0. Two databases as 11nl.dat and minteq.dat
provide a contrasting result with SI values of opposite sign. Although
ST values are in the range +0.5, which is often considered to be a
nearly saturated condition, it is suggested that depending on the consid-
ered model, it is possible to develop under- or over-saturation scenarios.
Due to the fact that in the sit.dat database, the chalcedony is not
present it is not possible to report the saturation data set in Fig. 5.

6.3.5. Example 5: Geochemical mapping

The widespread use of GIS tools and of online spatial databases
requires that information about sample’s locations become essential
and a strict linkage with environmental data. By generating spatial-
temporal  datasets derived from  speciation calculations,
transport-reaction modeling, or spatial distribution analysis, we can
obtain an approximate depiction of reality, fostering a deep compre-
hension of the environment. Through PHREESQL, information about
locations reported in original .csv files is managed through .mer files.
In this section, we show how easily geochemical outcome of PHREEQC
can be extracted together positional attribute, converting on-the-fly a
CSR to another to be compliant with a geographical database. The
example is intended to demonstrate how to prepare geochemical data
(georeferenced) to be used by external software for mapping through
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Fig. 5. Example 4. Solution saturation indices comparison respect to chalcedony for
a single sampling site among coexisting computations in SQL database FULL_ALL.db.
phreeqc.dat database is used as reference datum.

a stochastic method, although details are not provided since they are
out of the scope of this work.

Although PHREESQL is not able to finalize variography, its inte-
gration with external geostatistical packages (i.e. GSLIB (Deutsch and
Journel, 1998), GSTAT (Griler et al., 2016), or MUSE (Miola et al.,
2022)) enables the computation of experimental variograms and of
their model (see Fig. 6).

Spatial covariance defined by experimental variograms is necessary
by kriging algorithms or stochastic simulation with the aim to calculate
the spatial distribution of a variable and its uncertainty. Mapping
can then be done both for a raw elemental concentration, or for a
derived one as aqueous species or even for mineral saturation indices of
solutions stored in a SQL database generated by PHREESQL. Bearing in
mind that countries may have different co-existing coordinate systems
for mapping and for distributed digital file format, PHREESQL can con-
vert/transform coordinates from an EPSG code to another. Geological
Survey of Ireland distributes its vector or raster geospatial files under
EPSG:29902 (TM65/Irish Grid Ireland) or EPSG:2157 (IRENET95/Irish
Transverse Mercatore.) EPA groundwater analyses coordinates uses
TM65, but associated maps (as bedrock or aquifer composition) use
IRENET95. By 05_cs2cs. sh, the user can check how to export into a
spatially converted database, a set fo solution saturation indices respect
to calcite for a specific period (i.e. July 1st to Aug 31st 2012). The
selected time period allows to have the largest number of analyses
over the entire national territory, without duplicates neglecting subsoil
water as described in EPA file. A variogram is computed experimentally
as in Eq. (8), modeled by permissible models, before a stochastic
simulations is performed by external packages (in our example GSLIB
was used).

i = 55 XOSIE = ST ®
3
h A\’

sse =152 05 (Z) o

In Eq. (8), y(h)gscc is the experimental semivariogram, N is the
number of sample pairs, joined by vectors, over all analyses falling
in user-defined tolerances around A, and SI7¢ — SI¢¢ is the difference
between the saturation indices of the vector tail and head, indicated as
i and j respectively, processed as regionalized random variables. Eq. (9)
represents a (positive defined) spherical model used in the kriging
matrix solution. In Fig. 6, the experimental variogram is depicted by
white circles modeled up to an asymptotically value of the regional
variance of 0.7 by a spherical model, with a nugget effect of 0.26
(about 37% of total variance). Once a covariance model about ST, is
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Fig. 6. Example 5. Stochastic image of average value of solution’s saturation index respect to calcite of groundwater by using conditional Sequential Gaussian Simulation GSLIB
and visualized with GRASS. Each cell has a spatial resolution of 10 km. The map show counties from epa.gov.ie repository.

obtained (see Eq. (9)), a conditional stochastic simulation of solution’s
calcite saturation index with a resolution of 10 km can be performed,
as visible in Fig. 6. Stochastic simulations are the main tool to describe
uncertainty of a random variable for each computational domain by
reconstructing the probability density function of a random variable. In
Fig. 6b, the average SI,. is plotted. Inspecting Fig. 6, the distribution
of the saturation index for calcite (although over a coarse grid) suggests
a well defined undersaturated zone, related to paleozoic deep marine
and graywackes formations.

In this particular case once spatial statistics has been computed,
results were imported into a GIS as GRASS (Neteler et al., 2012; GRASS
Development Team, 2022) to be further processed and to produce
Fig. 6b.

Running a loop over other variables, as dissolved species or gas
fugacities, ranging on different time lags, users can exploit the surface
or groundwater geochemistry of a large and dense database over the
temporal dimension.

7. Conclusions

PHREESQL is designed to efficiently store large geochemical water
datasets for speciation-solubility calculations. It enables to permanently
store and browse PHREEQC output in a SQL database. The code is
released as an open source library and as a command line application.
Specifically, the toolkit includes both a code library (PHREESQLib)
and a standalone application (PHREESQLexe). PHREESQLib is a C++
header-only library: it is easily usable without compilation, as third-
party software developers can include it into their projects. PHREE-
SQLexe is a standalone C++ application leveraging all the features of
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PHREESQLib, primarily generating relational SQL databases storing all
PHREEQC calculations.

Once the mandatory data file pair (as .pgi and .mer) is created,
PHREESQL can efficiently perform aqueous speciation calculations,
benefiting from parallel computation techniques to reduce the simula-
tion computation time compared to the traditional usage of PHREEQC.
This enables real-time processing of speciation calculation in experi-
ments where parameters are acquired by sensors, both in fiend and
laboratory settings.

The SQL database is built following the PHREEQC output sections
adding a metadata table with descriptive and georeferenced data.
Embedding the PROJ library, coordinates can be converted and/or
transformed on the fly while creating a SQL database, duplicating a
new database with coordinates with a different EPSG code, or exporting
coordinates in an ASCII file. This option empowers the capability to
homogenize the geospatial features about analysis metadata framed in
heterogeneous CRSs into a single geographical system. This function-
ality allows the integration with external GIS packages and full spatial
processing of all PHREEQC variables.

PHREESQL has a robust set of rules for internal coherence checks,
preventing data duplication. It allows the coexistence of the same
speciation-solubility computation if analyses are computed with diverse
PHREEQC thermodynamic databases. The standard structure of a SQL
database created by PHREESQL can be updated by external commands,
enabling modification or creation of new tables, preferably associated
with the METADATA table, using SQL commands.

PHREESQL is ready to be embedded into third-party geochemical
applications. The capability to embed a such large quantity of infor-
mation related to surface or groundwater speciation-calculation into a
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Fig. 7. The joint exploitation of PHREESQL and 3D unstructured meshes is useful for reactive transport model. Each point in the unstructured mesh can be described as a triplet
of files encoding metadata (.met), PHREEQC input (.pqi) and PHREEQC output (.pgo) respectively. Such a description enables the possibility to exploit PHREESQL to efficiently
store and query geochemical simulation results. Colors are used to show the mapping between PHREESQL input and PHREESQL database structure.

compact and efficient SQL data format makes PHREESQL an attractive
tool for the implementation also in reaction-transport modeling, GIS
and web applications.

The library has been written with the aim to be easily integrated
in third-party codes and to support the building of extended databases
related to 3D unstructured meshes as a support of reaction-transport
(RT) models (see Fig. 7). The structure of a PHREESQL database can be
easily extended by adding dedicated tables to encode the evolution of
reaction-transport models in both space and time.

7.1. Limitations and future works

At its present stage, PHREESQL is limited to performing specia-
tion calculations generated exclusively by PHREEQC. It supports only
certain types of inputs and outputs, requiring a single “SOLUTION-
END” block and optionally the “print alkalinity” clause in the in-
put file. However, these limitations are expected to be addressed in
forthcoming releases, with the potential to accommodate a broader
spectrum of PHREEQC options as “EQUILIBRIUM_PHASES”, or “RE-
ACTION_TEMPERATURE” inputs and outputs from other speciation
calculation tools, such as EQ3/6 (Wolery and USDOE, 2010) and PFLO-
TRAN (Hammond et al., 2019).

The current distribution includes a comprehensive case study along
with accompanying scripts designed to illustrate the proper creation of
input datasets for PHREESQL using real data. These scripts are tailored
specifically to our case study, and there is ongoing effort to adapt them
for more generalized use with other datasets.

From the usability point of view, PHREESQL lacks of a graphi-
cal interface. Consequently, its usage may be less intuitive and user-
friendly, particularly for individuals who are not comfortable with
command-line interactions or have limited programming skills. Some
tasks may involve the execution of lengthy and intricate commands
with a multitude of options, flags, and parameters. This level of com-
plexity increases the likelihood of errors, particularly when dealing
with challenging tasks considering nested constraints. Additionally,
proficiency in SQL is necessary to query the generated databases and
extract specific subsets of data. To enhance PHREESQL’s usability and
its utility, future endeavors should focus on mitigating these issues,
ultimately striving to provide visual feedback and a more interactive
experience for users.

Code availability section

Name of the code/library: PHREESQL
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Contact: e-mail and phone number: Daniela Cabiddu, E:
daniela.cabiddu@cnr.it, P: +39 010 6475696

Hardware requirements: None

Program language: C++

Software required: SQlite, CMake and C++ compiler (for building
purposes)

Program size: source code library 228 K

The source codes are available for downloading at the link: https:
//github.com/DanielaCabiddu/PHREESQL
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Table 2
Command line options and arguments to run PHREESQLexe.
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Action Option [<argument>]

Option (short)

Description

—-run_phreeqc

Run speciation calculation.

—--phreeqc_db <db_path> -P Path of PHREEQC database to be used for the calculation.

--in_folder <folder_name> -i Path of the folder containing PHREEQC inputs (.pqi).

--out_folder <folder_name> -0 Path of the folder where PHREEQC output (.pgo) will be saved.
--£ill_db Create a new database or update an existing one.

--database <db_path> -d Reference to the database to be created/updated.

--in_folder <folder_path> -i Path of the folder containing PHREEQC inputs (.pqi).

—--out_folder <folder_path> -o Path of the folder containing PHREEQC outputs (.pqo).

--meta_folder <folder_name> -m Path of the folder containing metadata files (.met).

--overwrite If an input analysis is already in the database, overwrite it.
--export_input Export PHREEQC input (.pqi) from the database.
--export_output Export PHREEQC output (.pqo) from the database.
—--export_metadata Export PHREEQC metadata (.met) from the database.
--export_all Export PHREEQC input, output and metadata from the database.

--database <db_name> -d Reference to the input PHREESQL database.

--export_folder -F Path of the output folder.

--export_id -I The ID of the single analyses to be exported.

-—export_list_ids -L Path of a text file listing the IDS of the analyses to be exported.
--epsg_convert Export the database by converting the coordinates into a desired EPSG.

--database -d Reference to the input PHREESQL database.

--epsg -e Output EPSG.

—--out_filename -f Path of the output file (.csv).

--out_table -t Name of the output table to be created in the input PHREESQL database.

—--out_database -b Name of the output PHREESQL database having converted EPSG.

Appendix A. Metadata file structure

The metadata file structure is designed for the purpose of processing
ex-situ or in-situ real-time data. It has a very basic structure reporting
information on spatial and temporal location:

JOB TYPE: Name of Project;

SURVEY: Name of survey, or relevant geographical information
(e.g. Region for Italy, County for Ireland or Department for
France);

SITE: neighboring place-name of the sampling site;

DATE: survey date in yyyy/mm/dd format;

DATABASE: PHREEQC thermodynamic database used in compu-
tation;

PHREEQC_VERSION: version of the PHREEQC used in computa-
tion;

RUN_NUMBER: to be used to identify the sequential steps of
iterative processes (e.g. simulations);

SAMPLE_NAME: original dataset or report sample ID;

INPUT FILE: full name with PHREEQC extension of input file,
present in scratch directory;

COORD_X, COORD_Y, COORD_Z: coordinates of sampled point
consistent with the EPSG field;

EPSG: European Petroleum Survey Group code for geodetic pa-
rameters;

TIMESTAMP: UNIX timestamp of sampled point, mandatory for
surveys with a high rate of sampling.

Appendix B. Command line options

PHREESQLexe allows exploiting the main functionalities of PHREE-
SQLib by command line. Table 2 lists and describes both arguments and
options of the tools, to clarify how to use it.
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