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Abstract Various multivariate statistical techniques (MST) can provide valuable insights into water quality
variability. Despite numerous studies in which these methods have been used, their potential has not been

fully exploited. This paper presents an improved approach to better understand the hydrodynamics of karst
systems. The integrated application of hierarchical cluster and principal component analysis in combination
with factor analysis allowed the construction of an advanced multivariate chemograph. The analytical procedure
was applied in a binary karst aquifer known for its complex hydrodynamics and mixing of water with similar
hydrochemical composition. In addition, the study area provides access to an integral groundwater flow

system (ponor-cave-spring) and offers extensive prior hydrogeological knowledge. The approach allowed
reduction and discrimination of the main parameters affecting water quality characteristics. Their identification
enabled recognition of three predominant recharge components: (a) stored water impact with CI and electrical
conductivity, (b) sinking stream impact with turbidity and bacteria composition and (c) karst aquifer impact
with Ca/Mg ratio as principal parameters. The results supported innovative characterization of the dominant
processes and isolation of temporal hydrodynamic phases of individual monitoring points within the aquifer
system. On this basis, a spatio-temporal conceptual model was developed and the hydrodynamic behavior of the
main springs was revealed. The applied methodology demonstrated to be useful in ascertaining functioning of a
complex karst system under flood event conditions.

Plain Language Summary Karst aquifer systems contain important water resources. The quality
of karst springs can deteriorate significantly after rain events, but it is difficult to distinguish how water flows
and mixes in the subsurface, especially in large and complex systems. Statistical methods are powerful tools
for studying these issues, but most common approaches are inadequate in some cases to reveal the origin of the
water and its fate. In this paper, we present an approach in which we combined different statistical methods to
explain the dynamics of water flow based on the physicochemical and microbiological properties of water. The
application of these methods led to the discrimination of parameters most useful for a reliable interpretation

of statistical results, such as turbidity, bacteria, Cl, EC, and Ca/Mg, and to the construction of an advanced
diagram that we called a multivariate chemograph. This diagram allowed us to see where the water was coming
from at any given time to our monitoring points, which allowed us to construct a detailed explanation of water
flow dynamics in space and time. Our contribution is important to better predict the fate of contaminants in
karst underground and to develop an early warning system for better water supply management.

1. Introduction

Since the 1971 study by Shuster and White (1971), hydrogeologists have used the combined interpretation of karst
spring hydrographs and chemographs to infer the hydrodynamics in carbonate aquifers. The task is particularly
challenging because these aquifers are characterized by a high degree of heterogeneity and discontinuity, result-
ing in a duality of recharge, infiltration, porosity, storage and flow (Bakalowicz, 2005; Ford & Williams, 2007;
Giese et al., 2018).

The recharge conditions, together with the internal characteristics of the karst aquifer system, are the most impor-
tant factors controlling water quality. Recharge can be autogenic that is, sourced entirely from precipitation that
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falls in the karst area, and allogenic that presents runoff from non-karst rocks. Infiltration, which is an important
component of recharge, occurs diffusely through soil and epikarst in the former case. It can also be concentrated
via dolines or, in the latter case, through ponors that drain adjacent non-karst aquifers (Neilson et al., 2018;
Williams, 2008; Worthington & Ford, 2009). Flow also depends on the type of porosity within the aquifer, result-
ing from the groundwater pathways that pass through the conduits, fissured systems, and the rock matrix. These
differences affect the hydrogeochemical and microbiological properties of the water and have a significant impact
on its quality status (Kovécs et al., 2005; Vaute et al., 1997). In the fast-flowing, predominantly conduit systems,
contaminants can spread rapidly and pose an increasing threat to the quality of karst springs. On the other hand,
contaminants can be stored in the slow-flowing matrix systems and only a storm event can drive them toward the
springs (Bicalho et al., 2010; Mahler et al., 2000).

Studies of the response of spring discharge to precipitation have proved invaluable in explaining the hydrodynamic
functioning and identifying the hydraulic characteristics of karst systems (Vesper & White, 2004). Simultaneous
monitoring of basic hydrochemical and microbiological parameters has often been used to provide additional
hydrogeological information about water draining from karst springs (Goldscheider, 2015). The characterization
of karst aquifers is a challenging task because hydraulic and spatial conduit properties are poorly defined or
unknown (Reimann et al., 2011). To investigate more closely hydraulic stresses such as large recharge events,
water exchange between matrix, fissures and conduits, and discharge through branched and intermeshed conduit
networks (Reimann et al., 2011), it is possible to use hydrochemistry as an important method. In particular, the
composition of major ions, stable isotopes, and bacteria has been considered as a natural tracer to determine the
origin and mixing of different water types, transit times, and to infer hydrological or biogeochemical processes
in the aquifer system (e.g., Barberd & Andreo, 2012; Chang et al., 2021; Perrin, 2003; Pronk et al., 2009; Stroj
et al., 2020; Vucinic et al., 2022).

Previous studies have examined the changes in various hydrographic and hydrochemical parameters as a func-
tion of time during seasonal variations or single storm events. However, the resulting hydrographs and chemo-
graphs are limited by visual interpretation. As a result, they are not always informative with respect to potential
site-specific recharge components, particularly during periods of flood events (Doctor et al., 2006; Frank
et al., 2018; Winston & Criss, 2004). With modern capabilities to collect and process large data sets, multivariate
statistical techniques (MST) have emerged as strong tools for studying karst aquifer dynamics and water quality
variability (e.g., Bicalho, 2010; Gao et al., 2020; Moore et al., 2009). They allow the reduction of data volume,
the consideration of chemical and biological parameters of different scales with equal weight, and the separation
of groups of variables that share common hydrochemical properties (Fournier et al., 2007; Jiang et al., 2009;
Mulec et al., 2019). Parameters such as electrical conductivity, Mg/Ca ratio, NO,, total organic carbon, turbidity,
bacteria and others have been shown to be important in detecting natural processes in water-rock systems, identi-
fying important water components, and revealing the vulnerability of the karst system to surface infiltration and
anthropogenic pollution (e.g., Giiler et al., 2002; Mudarra et al., 2014; Page et al., 2017).

In their review, Sanchez et al. (2015) presented the most common hydrogeochemical techniques used in karst
hydrogeology. Principal component analysis (PCA) was found to be the most appropriate tool to characterize the
spatial and temporal distribution of hydrochemical data and related hydrogeochemical processes. Moreover, the
approach has been used to explain the hydrodynamic and hydrochemical responses of springs' behavior during a
precipitation event (Mudarra & Andreo, 2011). Furthermore, hierarchical cluster analysis (HCA) has been used to
provide additional insight into hydrogeological processes and water quality issues (Barbel-Périneau et al., 2019;
Li et al., 2019). Jemcov and Cuk Purovié¢ (2020) used a combined approach of HCA and factor analysis (FA) to
isolate areas with similar hydrochemical characteristics in different hydraulic regimes of a complex karst aquifer
system. Various applications of single or a combination of MST are powerful tools for discriminating between
components of chemically very different origins. However, such applicability is not very satisfactory in more
hydrogeologically homogeneous environments.

Taking advantage of MST analysis in karst hydrogeology, this study goes a step further and develops an inno-
vative approach to improve the characterization of karst aquifer hydrodynamics under flood event conditions.
It combines HCA with PCA and FA to create a novel multivariate chemograph based on which it was possi-
ble to spatio-temporally conceptualize the functioning of a binary karst system and the hydraulic behavior of
major springs. The benefit of chemographs is reflected in the ability to perform a better interpretation of karst
spring data in any research area. By applying these diagrams, it is possible to make a hydrochemical-hydraulic
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characterization of the predominate factors in the research area, with the ability of determining the duration of
processes affecting karst spring. A well-studied karst system with a relatively uniform hydrochemical water type
served as an example. Access to the integral parts of the groundwater flow system (ponors, water caves, springs),
a good hydrogeological understanding of the area and known groundwater connections allowed verification of
the proposed analytical procedure.

2. Materials and Methods
2.1. Study Area

The study focuses on the catchment of the Unica springs, located in southwestern Slovenia (Figures 1a and 1b).
Two larger permanent springs emerge on the edge of a karst polje: Unica and Malens¢ica that join into the
Unica River. The Malens¢ica spring is a regionally important drinking water source (Petri¢, 2010), which drains
diffusely with discharges from 1.1 to 11.2 m%s. The Unica emerges through a network of large underground
channels with discharges ranging from 0.2 to 89 m3/s (ARSO, 2020). The underground channels form a large
Postojna-Planina Cave System, known worldwide for its rich biodiversity (Culver & Pipan, 2013).

The springs originate at an altitude of 448 m a.s.l. (Malens¢ica) and 453 m a.s.l. (Unica) and drain a binary aqui-
fer system that extends over an area of about 820 km? and consists of three distinct recharge areas (Figure 1c):
allogenic recharge of the Pivka River Basin on the west (hereafter referred to as sub-catchment A) and a chain of
karst poljes on the east (referred to as sub-catchment C), and autogenic recharge from the extensive karst aquifer
of the Javorniki Massif (up to an altitude of 1,796 m a.s.1.; referred to as sub-catchment B). The predominant
lithology of the karst aquifer is Cretaceous rocks, mainly limestones, which in places change to dolomites and
breccias. To a lesser extent, Jurassic and Paleogene carbonate rocks also occur. The same lithology extends in the
southern part of the Pivka Basin forming a shallow karst aquifer. When water levels are high, surface flow occurs,
receiving additional water from intermittent springs on the western foothills of the Javorniki Massif. The northern
part of the Pivka Basin consists of poorly permeable Eocene flysch, which conditions a superficial river network.
The Pivka River eventually sinks into the cave of Postojnska Jama.

Sub-catchment C consists of a narrow belt of karst poljes, extending along the strike-slip fault zone, and adjacent
nonkarstified drainage areas. Upper Triassic dolomites predominate, changing to Jurassic limestones and dolo-
mites to the south and west. These rocks form aquifers with fracture porosity, which in places have very poor
to moderate permeability, and in some parts a superficial river network is developed. As the karst poljes follow
each other in a row downgradient, they are connected in a common hydrological system with transitions between
surface and groundwater flows. From the Cerknisko Polje water flows via Rakov gkocjan (as the Rak River)
toward the springs of the Planinsko Polje. The alluvial sediments at the bottoms of the poljes and river valleys
are of Quaternary age.

In the immediate vicinity of the Unica spring, underground streams can be reached in the cave of Planinska Jama,
which is about 7 km long. In the cave two underground river channels form a unique subsurface confluence; the
2 km long channel of the Pivka River, which sinks in and flows along the cave of Postojnska Jama, is joined with
the 2.5 km long channel of the Rak River, which sinks in Rakov ékocjan (Figures 1b and 1d). Together they
form the Unica spring. The Rak also contributes water to the Malensc¢ica spring. All the above groundwater flow
connections were proved by tracer tests (Gabrovsek et al., 2010 and references therein). This study was conducted
in six monitoring points: the contributing sinking rivers Pivka and Rak at their ponors (referred to as PP and PR),
the underground channels that collect and discharge these waters in the Planinska Jama (referred to as CP and CR)
and the Unica and Malenscica springs (referred to as SU and SM).

2.2. Meteorological and Hydrological Conditions of the Studied Flood Event Period

A typical flood event (i.e., from the onset of increased discharge to its peak and back to base level), caused
by precipitation events following a long dry period, was sampled at short intervals for water quality analyses
(Figure 2). The dry period lasted for several months, followed by a period of abundant precipitation between 2
November and 2 December 2019. A total of 376.8 mm of rain fell at the Postojna meteorological station, which
is more than twice the average November amount during 1981-2011 (ARSO, 2021). Between 2 and 7 November,
about 90 mm fell. The rainfall period was sufficiently abundant and persistent to saturate the entire aquifer, not
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~~—— Surface stream % Intermittent lake N
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Flow direction “ Low permeability layers

Figure 1. (a) Location and (b) hydrogeological situation of the study area, (c) schematic presentation of the sub-catchments (A, B, C in blue script) and general
groundwater flow directions, (d) location of monitoring sites, zoomed rectangle in map b (red dots; PP—ponor of the Pivka River, PR—ponor of the Rak River, CP—
Pivka and CR—Rak channels of the Planinska Jama, SU—Unica spring, SM—Malenscica spring).
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Figure 2. (a) Daily precipitation at Postojna meteorological station and (b) discharges of Malens¢ica spring (SM) and Unica spring (SU) in the period from November
2019 to January 2020. The points on the discharge curves indicate the time of sampling.

just the primary drainage pathways (conduits). Subsequently, between 12 and 18 November a total of 178.8 mm
fell with a maximum intensity of 95 mm in 62 hr.

The rainy period resulted in flood event conditions with several peak discharges. The discharge of the Malens¢ica
increased from an initial 2.5 to 8.6 m>/s on 6 November and that of the Unica from 0.5 to 62.5 m?/s on 7 Novem-
ber and to 83.2 m?/s on 13 November.

Detailed sampling was carried out between 2 November 2019 and 22 January 2020 (Figure 2). Samples were
collected twice daily before and during intense and abundant flood events in November. Later, the sampling
frequency was reduced.

2.3. Field and Laboratory Measurements

At the time of sampling, temperature (7), electrical conductivity (EC) and pH were measured in the field with
WTW MultiLine Multi 3620 IDS. A total of 144 samples were collected for analysis of hydrochemical and micro-
biological parameters. Chemical analyses were performed by Eurofins ERICo, which is accredited in accordance
with SIST EN ISO/IEC 17025:2017. Parameters were measured in accordance with standard procedures using
Dionex ion chromatography system ICS 3000 (ISO 10304-1: 2007/Cor 1:2010 modif. —NO,, SO,, CI), Agilent
Inductively coupled plasma mass spectrometry ICP-MS 7800c (SIST EN ISO 17294-2:2017 modif.—Ca, Mg,
Na), Perkin Elmer Atomic Absorption Spectrophotometry (K) and HACH UV/VIS spectrometry (SIST ISO
7150-1:1996—NH,), Metrohm Titrino 702 SET/MET titrations (HCO,), Shimadzu TOC analyzer (SIST ISO
8245: 2000—total organic carbon) and HACH spectrophotometer (SIST EN ISO 7027:2000—turbidity).

Microbiological analysis was carried out in the laboratory of the Karst Research Institute. Microbial biomass in
the water samples was estimated by two indicators. The ATP content (total microbial biomass including live and
dead microbes) was estimated using AquaSnap Total testing instruments (Hygiena) and expressed in RLU—
Relative Light Units (where 1 RLU equates to 1 fmol of ATP) per milliliter. Ready-to-use microbiological media
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turbidity, ATpP and bacteria Pivka River (PP) at 30-min intervals were obtained from Slovenian Environ-

Laboratory measurements: Daily precipitation data from Postojna meteorological station and discharge

hydrochemical values from Malen$¢ica spring (SM) and water levels from the ponor of the

ment Agency (ARSO, 2020). Onset HOBO, type U20 was used to measure

W

i

Descriptive statistics
(min, max, median, CV)

and record water levels at SU at 30-min intervals. Discharges from the SU
and PP were measured occasionally (22 measurements at SU and 30 at PP) at

Two-way HCA

— v

Recognition of
spring temporal
phases

!

Selection of
variables of interest
(observed temporal
and/or spatial

variability)

Data
standardization
(0-1 range)

various hydrologic conditions using SonTek's FlowTracker2 and RiverSur-
veyor M9 to define the stage-discharge relations. Based on these relations

EC, CI, K, turbidity, and water level measurements, discharges from SU and PP were defined at
| ATP, bacteria, Ca/Mg, L.
Q 30-min intervals.

2.4. Set Up of Multivariate Statistical Techniques Analytical Procedure

The overall data analysis included several standard statistical procedures, but

the combination of performed analysis and the way of interpreting the results

led to the construction of new multivariate chemographs which formed the

PCAIFA final spatio-temporal conceptual model of the research area (Figure 3). The

first step was the field and laboratory work, as described in Section 2.3. After

v
Separation of

principal obtaining the results, descriptive statistical analysis was applied to find the

components and basic statistical parameters of the data and to select significant variables for
regnant factors

multivariate analysis.

!

Multivariate chemographs

In preparing the data for multivariate statistical analysis, standardization to
z-cores were applied as recommended by Brown (1998). A z-score is used

v

Novelty in data processing

for standardizing scores on the same scale by dividing a score's deviation by

Conceptual spatio-temporal model the standard deviation in a data set, enabling the comparison of scores that

are from different normal distributions. In this way, each variable expressed

Figure 3. Flowchart of implemented methods and procedures that resulted in
the formation of a conceptual model. General procedures are shown in black
script, while the specifics for this study are shown in blue script, the actions

across different units was rescaled to a range of 0-1 to have equal weight
for the HCA purposes (Demlie et al., 2007). HCA was conducted using
Ward's linkage method and Euclidean distance (Massart & Kaufman, 1983).

that led to the novelty in data processing are indicated in green script. Two-way HCA was performed by clustering the water samples as cases

(Q-mode clustering) and the chemical analyses as variables (R-mode clus-

tering), resulting in a two-way dendrogram. Q-mode analysis calculates
a matrix of distances between all pairs of samples, while R-mode analysis calculates distances (similarities)
between all pairs of variables, allowing the grouping of elements according to their associations and similar
processes (Holland, 2006). Clustering performed in this manner allows for easier visual identification of separate
groups through the distance graph, shown beneath the dedrogram. The place when the distance graph changes
from a level slope to a sharp slope is an indication of the numbers to include. HCA enabled easier interpretation of
the temporal phases that occur, through the grouping of water samples with similar hydrochemical properties, as
well as the monitoring of the prevailing parameters during the considered event. Two-way dendrogram provides
the possibility of considering changes in hydrochemical parameters with changes in discharge.

To achieve a detailed interpretation of the hydrochemical and microbiological spatio-temporal data, a PCA with
FA was performed. PCA and FA are commonly applied to extract associations between water chemical variables
and to delineate a few indicator factors responsible for variations in water quality (Singh et al., 2004). Since the
research area presents a unique karst system, where the processes are interconnected and water transport could be
considered from the input components (ponors), through control points (underground karst channels) to output
components (karst springs), it was necessary to perform a single PCA, to study the joint action of the factors in
the area, and to find out a common hydrochemical-hydraulic behavior of a system. The technique is based on
the extraction of eigenvalues and eigenvectors from the covariance matrix of the original variables (Benhamiche
et al., 2016; Brown, 1998). Bartlett's test was performed to test whether the correlation matrix for a data set is the
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identity matrix (Bartlett, 1954). The Kaiser criterion (Kaiser, 1960) was applied to determine the total number
of components for each data set in this analysis. Components with eigenvalues greater than or equal to 1 were
extracted using PCA, for which a varimax rotation was performed by FA. Orthogonal projection according to the
Varimax rotation technique is commonly used in the FA procedure (Davis, 1973). Factor loadings were consid-
ered as significant if their absolute values were greater than 0.4. Thus, the classification of factor loadings is
“strong,” “moderate,” and “weak,” corresponding to absolute loading values of >0.75, 0.75-0.50, and 0.50-0.30,
respectively (Liu et al., 2003; Pejman et al., 2009). The factor scores for all three isolated factors were saved as
new variables, to be used in the construction of multivariate chemographs. It is a bar chart, which on the abscissa
shows the cases (water samples with dates) marked according to the clusters previously extracted, and on the
ordinate present the factor scores for each factor in a different color. The simplicity of diagram construction and
the clear overview of multivariate results in this graphic way provide an advantage over the construction of tradi-
tional chemographs for each parameter separately. The novelty of the overall approach is reflected in the common
interpretation of the multivariate results, where factor scores were used in the interpretation together with the
HCA results to form the conceptual spatio-temporal model of karst hydrogeological system behavior during the
flood event.

3. Results and Discussion
3.1. Descriptive Statistics

Fourteen physico-chemical variables (EC, pH, T, turbidity, total organic carbon, Ca, Mg, Na, K, HCO,, CI, NO,,
NH,, SO,) and two microbiological variables (total ATP concentration, total bacterial count) were included in
the descriptive statistical analyses (Table 1, Figure S1 in Supporting Information S1). As expected, water T
from sinking streams (ponor of the Pivka River—PP, ponor of the Rak River—PR) showed pronounced varia-
tions (from 2.3°C to 12°C) due to direct contact with the atmosphere, while groundwater showed a similar but
slightly dampened pattern of change (from 4°C to 11°C) due to its recharge from sinking streams. The Malens¢ica
spring—SM, which is a diffuse type of spring, showed the lowest coefficients of variation for EC, turbidity, ATP
and total bacterial count. The greatest changes were observed at the sampling site PP, which represents a terminal
point of the larger surface river network that extends into a valley where human activity is concentrated.

The unique water-type in the studied area is Ca-HCO,, which is common for water in karst regions. Mg was the
second abundant cation as the Rak River catchment partially drains areas of dolomitic bedrock (Kogovsek, 2004).
The mean values for Na, K, Cl, SO, showed that PP and CP have slightly higher concentrations compared to
the other sampling sites, and again this can be explained by the fact that the Pivka River drains areas of flysch
bedrock, richer with these elements (Zupan Hajna, 1992).

Conducting descriptive statistical analysis was the first step in selecting parameters for further multivariate statis-
tical analysis. Parameters that showed a low coefficient of variance (e.g., pH) and the parameters that did not
show significant variations in concentrations overtime (e.g., NH,, NO,, and SO,) were not considered in further
analysis. For further statistical analysis, the parameters EC, Cl, K, turbidity, ATP and bacteria were selected
because they showed strong changes over time and/or differences between the studied sites (Table 1). In addition,
the Ca/Mg ratio was included as a single variable in the further analysis, as it is a common parameter for meaning-
ful hydrochemical interpretation in karst environments (Fairchild et al., 2000; Moral et al., 2008) and is relevant
to the studied area, where sub-catchment C (Figure 1c) is characterized by dolomitic water (Kogovsek, 2004).
Considering the high correlation coefficient (Spearman rg 0.85, p < 0.0001) between HCO, and EC, and that
HCO; anion is dominant at all sites, EC was included in further analysis, as this parameter contains more infor-
mation than HCO,. The discharge rate of the springs (MalenS¢ica—SM and Unica—SU) was also additionally
included in the further analyses to compare the hydraulic and hydrochemical behavior. Water temperature (7) is
not directly included in the multivariate statistical analyses because of additional changes in values due to changes
in atmospheric temperature during the flood event. However, T was used as an additional parameter to explain
the hydrodynamics of the system.

The intra-site temporal variability of selected physico-chemical parameters is shown in Figure 4. Large variability
of parameters occurs in the early period when precipitation began after a long dry period. Thereafter, the values
of the observed parameters generally stabilize. The greatest variability at all measurement points is seen in the
microbiological parameters. Among the measurement points, the largest variations are characteristic of PP. A
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Figure 4. Intra-site temporal variability of selected parameters of ponors (PP—ponor of the Pivka River, PR—ponor of the Rak River), underground channels (CP—
Pivka channel, CR—Rak channel), and springs (SM—Malensc¢ica spring, SU—Unica spring). The designation 1-24 means a sequence number of the sample.

similar pattern, appearing in a somewhat attenuated form in CP and then in SU, shows a significant influence of
the Pivka River in this part of the karst system. In the rest of the area, the differences are less pronounced, and
their interpretation requires further utilization of MST.

3.2. Dynamics of Springs Recharge

All selected hydrochemical and microbiological parameters of the springs SM and SU were analyzed with HCA,
including the discharges and shown on a two-way heat dendrogram (Figure 5). This type of graphical visualiza-
tion allows observation of changes in multiple variables in relation to the spring's discharge changes. Distance
graph allowed to recognize five temporal phases for each spring. Each phase is characterized by different statis-
tical properties resulting from changes in recharge conditions (C1-C5 in Table 2). Phases were subdivided by
visual inspection of two-way heat plot dendrograms (Figure 5). Special attention was paid to grouping the cases
and interpreting the influence of each hydrochemical and microbiological variable to identify the strongest influ-
ence of the recharge component on each cluster. Only the results of the springs SM and SU are presented here,
while the results of the ponors and cave streams are considered as control points and are therefore included in
Figures S2-S5 and Text S1-S5 in Supporting Information S1.

At SM (Figure 5a), the cases are grouped in almost the same order in which they were sampled, suggesting grad-
ual changes in the recharge system of this spring. The relation of hydrodynamic and hydrochemical signatures
in karst systems has already been highlighted by Hartmann et al. (2013). The discharge (Q) shows increasing
values, from C1 to C4 (from blue to red field on heat-plot), particularly noticeable in C2, which is reflected
also in the increase of EC, K and Cl. In the C3, with a further increase in EC, the most significant increase in
bacteria and turbidity is noticeable. As the SM reaches a maximum and stabilization in discharge during phase
C4, and decreases slightly after in CS5, a dilution of all considered hydrochemical parameters is noticeable. This
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Figure 5. Impact of different components of karst hydrological system

on observed springs illustrated by two-way dendrogram with heat plot and
distance graph (a) SM—Malenscica spring, (b) SU—Unica spring. The color
gradient represents the range from the lowest value (blue) to the highest (red)
of each variable. SM1-SM24 and SU1-SU24 are labels for collected samples.

relationship can be further confirmed by observing the numbering of the
samples in C1 (i.e., SM1-SM4 and SM24). The last sample taken (SM24)
shows that the hydrodynamic cycle is completed and the karst system is
approaching the initial hydrochemical conditions.

In addition, the first phase C1 is generally characterized by stable low water
conditions with higher EC, due to water-rock interaction, but low values of
bacteria, ATP and turbidity. Such hydrochemical characteristics resemble the
typical recharge from karst aquifer and reflect what is known in the literature
as pre-event conditions (Ford & Williams, 2007). The phase represents the
starting point for comparison with the values of the other clusters.

The second phase (cluster C2; samples SM5-SM9) is characterized by
a significant increase in Q and EC. Other observed ions (K, Cl, and Mg)
increase as well, and there are no significant changes in turbidity and bacte-
ria. Such conditions indicate an outflow of previously stored water from
karst channels and unsaturated zone. This is also confirmed by the increase
in T (see Figure S1 in Supporting Information S1) at values characteris-
tic of the karst aquifer (Petri¢ & Kogovsek, 2010). In contrast, cluster C3
(SM10-SM12) is characterized by a further increase in Q, but an abrupt
increase in bacterial concentration, ATP and turbidity, while EC, Ca/Mg ratio
and other observed ions decrease compared to the previous phase C2. The
observed microbiological and hydrochemical changes indicate the arrival
of low-quality water from sinking streams that are also rich in Mg (Figure
S1 in Supporting Information S1). In cluster C4 (SM13-SM17) a decrease
in almost all hydrochemical parameters (as well as T to the values charac-
teristic of karst aquifer) and decrease of ATP level and bacterial concentra-
tion (compared to C3) was observed. Since the discharge remains high, the
outflow of newly infiltrated water from the karst aquifer system is reflected.
The cluster C5 (SM18-SM23) shows similarities with the previous cluster,
pointing to the stabilization of conditions in the functioning of the karst aqui-
fer. This is the phase in which water mixing and dilution represent the basic
process that affects water quality on the spring.

At SU, two general branches (Figure 5b) connect clusters C1-C2 with the
most distant clusters C3—C5. For the first branch, it is characteristic that
the samples are in the order of sampling on the dendrogram (SU1-SU7),
indicating the gradual changes within the recharge system. The samples on
the second branch (C3-C5), which do not follow the sampling order, show
the influence of water mixing from different parts of the recharge area and
point to a more dynamic recharge system of SU compared to SM.

The first five samples (SU1-SUS) belong to cluster C1, during which Q,
turbidity and microbiological parameters were low, while the values of EC,
K and Cl increased. This indicates the discharge of stored water displaced
within the conduit. In cluster C2, an increase in Q, turbidity, ATP and bacte-
rial concentration was observed while EC and some ions like Cl decreased.
Also in cluster C3, there was a significant increase in Q, ATP, turbidity and
Ca/Mg ratio, while EC and some ions (K, CI) decreased. The described
characteristics indicate the arrival of water from allogenic recharge. Conse-
quently, it can be assumed that the individual clusters reflect differences
in the proportion of recharge from different sub-catchments (Figure S1 in
Supporting Information S1). In cluster C4, all observed parameters started to

decrease with increasing Q and significantly lower Ca/Mg ratio. In cluster C5, which contains the largest number
of samples, the values of all analyzed parameters decreased significantly, except for EC. This can be explained by
the prevailing process of water mixing and dilution.
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Table 2
Mean Values of Selected Parameters by Clusters for SM—Malenscica Spring and SU—Unica Spring
Q EC Turbidity K Cl ATP  Bacteria
Cluster Cases m3/s pS/cm NTU mg/l mg/l Ca/Mg RLU CFU/ml
SM Cl1 SM1-SM4, SM24 40 396.8 2.0 0.4 24 56 27 14
Cc2 SM5-SM9 7.6 4250 2.0 0.8 3.0 438 20 33
C3 SM10-SM12 8.5 387.7 5.3 0.7 26 38 115 138
C4 SM13-SM17 8.5 383.0 2.4 0.5 1.7 46 135 58
C5 SM18-SM23 8.6 3945 1.3 0.5 1.9 43 54 19
SuU Cl1 SU1-SUS 6.9 4382 8 24 12 7.6 143 123
C2 Sue, SU7 16 390.5 11 2.5 82 7 609 1,290
C3 SuU8, SU9 58 351 44 1.9 39 79 380 1,425
C4 SuU10, SU11, SU16, SU17,SU19 69  336.2 24 1.4 30 69 348 555
C5 SU12-SU15, SU18, SU20 - SU24 41 390.3 34 0.7 24 6.1 86 102

3.3. Factors Controlling Water Quality Changes

A thorough review of hydraulic behavior and water quality dynamics at all observation points during the flood
event was considered in detail using the principal component and FA. The scree-plot of eigenvalues (equal to
and greater than 1; Figure 6a) indicated that the first three components provide a trustworthy representation of
the data. They represent 79.4% of the total variance in the data set. Bartlett's sphericity test conducted on the
data matrix showed that separated components were statistically significant (p < 0.0001) to be further evalu-
ated. Interpretation of PCA variable correlation plot (Figure 6b) distinguished three main directions of analyzed
parameters, representing three independent processes with different hydrogeochemical indications. The vertices
for turbidity, ATP, and bacteria are near equal length and lie close to each other, indicating their proportionality
and joint influence. Vertices of CI, EC, and K generally act in a similar direction, which is orthogonal to the direc-
tion of turbidity, ATP, bacteria. The presence of such differences in directions indicates that processes take place
independently of each other. PCA isolated the Ca/Mg parameter as the third significant ray, with a less length
compared to the previous, indicating the least discriminant power among the examined variables. The direction of
Ca/Mg is oriented on the opposite side from one of Cl, indicating their inversely proportional relation.

On the score plot (Figure 6¢) the first few samples of almost each sampling location (except SM) are located in
the upper right and left quadrant, in the direction of Cl, K, and EC rays. At a somewhat later stage water samples
(e.g., samples with numbers 8-10, 16—19) change position and move to the lower right quadrant in the direction
of turbidity, ATP, and bacteria, which indicates changes in the recharge properties of the karst system. Grouping
of samples from the ponor of the Rak River is noticeable in the direction of action of Ca/Mg ratio rays (lower left
quadrant, Figure 6c), corresponding to drainage areas where Upper Triassic dolomites predominate. Tracking of
individual samples in the sampling order for springs SM and SU is presented in Figures S6 and S7 in Support-
ing Information S1. To get into more detail and explain the processes that take place in the study area, FA was
performed, and factor loadings were extracted (Table 3). The prevailing factor loadings were considered when the
absolute value in the rotated loading matrix was greater than 0.4/ (bold in Table 3).

Factor 1 (F1) explained 38% of the variance, and the following variables had the strongest partial contribution:
bacteria, turbidity, ATP, while K and EC had moderate and weak contributions, respectively (Table 3). Among
these variables, only the EC value had an inverse influence. Bucci et al. (2015) in their 10-year research showed
that microorganisms and bacterial cells coupled with other classical tracers are effective to study the recharge
and the flow processes in carbonate aquifers. Regarding the quality, besides bacteria, at karst springs the problem
is generally correlated with high turbidity during periods of heavy rainfall. Several other studies (e.g., Frank
et al., 2018; Mahler et al., 2000; Pronk et al., 2007; Vuilleumier et al., 2021) observed that bacteria are likely
to be mobilized together with fine sediments; therefore, large proportions of fecal bacteria in karst aquifers are
associated with suspended sediments. In this way, bacteria and turbidity can be considered as important natural
tracers in karst systems.
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Figure 6. (a) Eigenvalues with cumulative percent of variance—red bars indicate eigenvalues equal to and greater than 1,
blue bars indicate eigenvalues lower than 1, (b) Variable correlation plot; (c) Projection of cases onto the component-plane
(score plot). Ordinal numbers from 1 to 24 indicate water samples from each location. Legend of sampling locations: PP—
ponor of the Pivka River, PR—ponor of the Rak River), underground channels (CP—Pivka channel, CR—Rak channel), and
springs (SM—Malenscica spring, SU—Unica spring).
Table 3
Rotated Factor Loadings (Significant Factor Loadings 210.4| Are Italicized, While Strong Factor Loadings >10.75| Are
Bold)
F1 F2 F3
Bacteria 0.89 —0.05 —-0.01
Turbidity 0.80 0.11 0.01
ATP 0.75 —-0.02 -0.15
Cl 0.12 0.91 —-0.07
EC —0.42 0.80 —0.1
K 0.59 0.71 —-0.06
Ca/Mg —0.08 —0.1 0.93
Variance (%) 38 28 13
Factor name Sinking stream component Stored water component Karst aquifer component
CUK DUROVIC ET AL. 12 of 20
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Factor 2 (F2) explained 28% of the variance and was dominated by the strong influence of Cl, EC, and the moder-
ate impact of K (Table 3). Their origin in groundwater can be ambiguous. Generally, Cl and K are highly soluble
salts considered to be predominantly non-reactive tracers that do not tend to adsorb, transform or decay during
transport (Hunkeler & Mudry, 2007; Perrin et al., 2003). They are commonly found in soil. High factor loadings
for the observed ions may therefore be associated with the dissolution of salts from the unsaturated zone, that is,
soil and epikarst. The presence of increased K and CI concentrations may also be the result of water interaction
with clay minerals in flysch, as these can contain a variable amount of metal ions and alkali metals (Kerr, 1952;
Zupan Hajna, 1992). Elevated Cl and K levels (along with NO,, SO,) may be considered as pollution-related
solutes leached during flood events because of agricultural and land-use activities (Dar et al., 2015; Doctor
et al., 2006; Mulec et al., 2019; Raeisi et al., 2006). Considering the conservative nature of the strongest compo-
nents of F2 in this study, namely chloride and EC, the latter also being relatively easy to measure in the field,
these two parameters can be considered as significant and reliable natural tracers.

The third factor (F3) is characterized by high positive scores for the Ca/Mg ratio, and it explains 13% of the
variance (Table 3). Chemical parameter Ca/Mg ratio may be related to the dissolution processes in karst aquifer,
interchanging flows from limestone and dolomite areas, depending on the portion of Mg-calcite and dolomite
in parent rocks. On the other hand, the Ca/Mg ratio may reflect the time of interactions between limestone
surface and water volume (water residence time) in the unsaturated zone of the aquifer (Celle-Jeanton et al., 2003;
Fairchild et al., 2006; Pracny et al., 2017). Although the concentration of Ca and Mg ions may decrease along the
flow path of the aquifer in the case of a water-rock interaction, under specific conditions, Mg could be a useful
tracer for separating spring conduit flow from the diffuse flow within the karst aquifer (Toran & Reisch, 2013).
Considering the lithologically pronounced differences between the contributing sub-catchments in the study area
and the fact that the underground flow-paths are characterized by well-developed channels in which the trans-
port is relatively fast, it can be assumed that there were no significant changes in the concentration due to the
aforementioned hydrogeochemical processes. Given that the ratio Ca/Mg was the only significant for F3, it is
considered as important parameter for identification of the karst aquifer component and interchanging flows from
limestone and dolomite areas.

The three isolated factors can be interpreted as follows: F1 is a component of the hydrologic system associ-
ated with bacteria, increased turbidity, and low EC suggesting the arrival of allochthonous water, named as the
“sinking stream component.” F2 is a component that leads to increased EC, particularly contents of Cl and K,
that originate from riverbed rinsing or the soil/unsaturated zone, named as the “stored water component” either
in karst or non-karst environment. F3 is a component representing a karst aquifer impact, labeled as the “karst
aquifer component.” The third factor is influenced by the Ca/Mg ratio, so that the inversely proportional effect of
this factor can again be interpreted as an inflow of groundwater with elevated Mg concentrations from recharge
areas in the dolomite.

3.4. Multivariate Chemographs

Multivariate chemographs were constructed to provide an overview of the various influences and processes in
the karst aquifer system (Figure 7). The simultaneous evaluation of the influence of the factors on the isolated
clusters allowed a more detailed representation of the predominant processes and the duration of the dynamic
phases of the observed event. The influence of all three isolated factors is clearly visible for each sampling point
within the associated hydrodynamic phase. Each cluster was named according to the predominant influence of
each component. When F1 and F2 were both high, we considered the phase to be under the influence of "stagnant
water".

The shapes of the multivariate chemographs and the distribution of factor scores for PP, CP, and partially SU
(Figures 7a, 7c, and 7e) show great similarities, confirming a direct hydraulic connection between these points.
Changes that occur at PP are reflected in the other points with a 1-day delay. When looking at the plots for PR and
CR (Figures 7b and 7d), the similarities in shapes are not as clear, indicating the possibility of additional water
inflow or various hydrochemical and microbiological processes in the channel flow, including mixing of water.

From the shape of the diagram for the springs (Figures 7e and 7f), it can be seen that the time series of hydro-
chemical and microbiological tracers and the quantitative responses of the springs to precipitation are different,
indicating diverse dynamics of the hydrogeological systems of the two springs. The basic characteristic of SM is
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Figure 7. Multivariate chemographs of each sampling location: (a) PP—ponor of the Pivka River (b) PR—ponor of the Rak River, (c) CP—Pivka channel, (d) CR—
Rak channel, (¢) SU—Unica spring, (f) SM—Malensc¢ica spring. The numbers 1-24 indicate the serial number of the samples.

that there were no significant hydrochemical or microbiological changes even a few days after the precipitation
event (Figure 7f; C1). Moreover, only at SM is the karst aquifer component (F3) dominant in the initial phase
(C1); at all other sites, the dominant factor in the initial phase is F2, indicating the presence of stored or stag-
nant water. In the next phase, the discharge of stored water begins (influence of factor F2 on cluster C2). On 7
November sudden changes occur and the spring begins to reflect the influence of sinking rivers (impact of F1 on
C3). As this influence subsides, an increased proportion of recharge from the karst aquifer and stabilization of the
chemical and microbiological composition of the karst water are observed (increase of F3; C4). In the last phase
(C5), dilution of all waters is observed, with all three factors having a predominantly negative effect.

The first period at SU lasts 2 days (Figure 7e; C1), during which this spring discharges previously stored water
(F2). Thereafter, the influence of the sinking streams predominates in the period after 5 November (C2-C4),
which is marked by the strong influence of F1. On 8 November, the intense rains cease and the water is mainly
diluted (C5). Again after a new rainfall, between 15 and 18 November, the distribution of factor scores on the
multivariate chemograph is similar to PP and CP sites. Finally, water dilution occurs and all three factors have a
negative influence, leading to a stabilization of hydrochemical and microbiological parameters (CS).
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3.5. Spatio-Temporal Conceptual Model of the Karst System Hydrodynamics

The results of the MST and the multivariate chemographs were utilized to develop a spatio-temporal conceptual
model of a complex karst system behavior. The matrix system is mostly comprised of matrix pores and microf-
ractures, which play a role in higher water storage and flow following Darcy’s law. On contrary, the conduit
system is often characterized by fast and turbulent flow (Wu & Hunkeler, 2017; Zhao et al., 2022). The duality
of hydraulic properties causes temporal hydrologic variability and gradient reversal in the aquifer. During low
water, the karst conduit system has a low water level and causes the water surrounding the matrix to flow into the
conduit, while at high water, the increase in hydraulic pressure in the conduits and the rise in water level causes
water from the conduits to penetrate the matrix volumes. These general assumptions were used in considering the
functioning of the karst hydrogeological system (KHS) on the basis of which the general groundwater levels have
been established and schematized.

Under the monitored hydrological conditions, significant changes in the measured parameters were observed
during the initial phase of the flood event. During this period, water quality decreased the most. Thereafter,
differences between sites were much less significant. Therefore, four flow regimes were considered important for
the study of hydrodynamics and transport of contaminants including (a) low water conditions in KHS—initial
increase in discharge after the precipitation event, (b) medium water conditions in KHS—significant increase
in discharge, (c) high water conditions in KHS—first peak in discharge, (d) high water conditions in KHS—
discharge slightly decreasing. In the conceptual model, individual elements are schematized and highlighted to
focus on the main hydrodynamic processes in the KHS (this mainly refers to the representation of groundwater,
the filling of the channels with water and the ponor zones; Figure 8).

The main identified water components that recharge KHS (sinking stream, karst aquifer, stored and stagnant
water) and associated processes (mixing and dilution) identified with HCA were included in the model. Based
on PCA and FA, parameters with strong factor loadings (>0.75) were selected and also included: F1—sinking
stream component with bacteria and turbidity; F2—stored water component with EC and Cl; F3—Xarst aquifer
component with Ca/Mg ratio.

After a dry period, a rain event on 2 November triggered the beginning of the rise in the general water table in
KHS. The stagnant water at the ponors (left small sketch on Figure 8a) had its highest EC value and increased
values of ATP, which reflected total microbial biomass including live and dead microbes (PR and PP with a
positive influence of F2 and F1). At CP, the influence of stored water dominated (+F2; right small sketch on
Figure 8a). At CR, stagnant water was retained in the channel (+F1, +F2).

Meanwhile there was a marked increase in the discharge at the springs. At SU the previously stored water was
discharging, with the highest EC (+F2). At SM the situation was different, the predominant role of the karst aqui-
fer component (+F3) indicated the prevailing influence of autogenous recharge (from sub-catchment B). This was
also indicated by the differences in water temperature between SM and CR (consistently around 8.9°C at SM and
from 9.5 to 11°C at CR). The influence had previously been demonstrated by a tracer test (Michler, 1955) and by
numerical modeling (Kaufmann et al., 2020), which showed that under low hydrological conditions, water from a
syphon deep in the CR cave system flows through unknown pathways toward SM rather than through the known
galleries of CR toward SU.

In the next phase (Figure 8b), the process of intensive flushing of the riverbed gradually prevailed at PP with
increasing values of turbidity and bacteria (+F1, +F2). The influence was noticeable on CP as well as on SU
where maximum bacteria count (1,880 CFU/ml) was reached with 1-day delay. At PR the initial conditions
changed abruptly (left small sketch in Figure 8b) and were influenced by the karst aquifer component from the
sub-catchment B (+F3, —F1). CR in addition to the karst component discharged also stored water (+F3, —F1,
+F2). Due to the gradual rise of the general water level in the KHS and the hydraulic interaction between the
karst conduits and the adjacent rock matrix, water penetrated the entire hierarchy of pores and openings. The
partitioned zones were reconnected through the annexes of the drainage system and a continuous flow through
all types of hydraulically connected openings was established (Mangin, 1975). The stored water (+F2) started
to transfer from distant parts of the system (right small sketch in Figure 8b). For this reason and/or because of
the catchment extension stored water was discharging also at SM, characterized by the highest EC values for this
spring (+F2). In this phase, the complexity of the KHS and interconnections of the karst channels were particu-
larly highlighted.

CUK PUROVIC ET AL.

15 of 20

d ‘11 ‘TTOT ‘€L6LYY6L

4 wo1j papeoy

:sdny) suonipuo)) pue sua ], 3y 238 [7Z0¢/c1/¢1] uo Areiqry auruQ A1 ‘OYDANHLNONW - IIVNIH/ASVNI AQ 1€81€0M 1TOT/6T01 01/10P/wod Ko

woo Kajm:

PpUR-SULID)

ASUAIIT SUOWWO)) AN d[qedridde ayy £q pauraros aIe sA[ANIE Y 35 Jo sa[NI 10J A1eIqIT duIjuQ AJ[IAN UO (SUONT



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR031831

A. 2-3 Nov 2019 - Low water conditions, Q is rising B. 4-5 Nov 2019 — Medium water conditions, Q is rising

Autogenic

Autogenic

recharge recharge

| Diffuse
_.==-.recharge
Concentrated

flow

C. 6-7 Nov 2019 - High water conditions, significant Q rise D. 8-13 Nov 2019 — High water conditions

Autogenic
recharge

7 Autogenic
recharge

LEGEND o .
Symbols based on HCA and PCA, FA Lithology Hydrogeological phenomena
. @ Sprin .
pf’Stagnant water _pKarst aquifer F1Sinking stream impact | |Limestone @ 209 Water table
o ) ~—=)Ponor zone .-y Groundwater
Stored water Mixing and  F2 Stored water component | |Dolomite % Karstchannel  +* pathway
l Sinking stream ~ dilution F3 Karst aquifer impact [ |Flysch Monitoring point @Sub-catchment

Figure 8. Conceptual spatio-temporal model of a complex karst system with characteristic recharge directions defined on the basis of principal components that is,
natural tracers. General groundwater levels are schematized. Monitoring points: PP—ponor of the Pivka River, PR—ponor of the Rak River, CP—Pivka channel, CR—
Rak channel, SM—Malens¢ica spring, SU—Unica spring.

After additional rain, the general water table increased significantly on 6 November at all monitoring points
leading to flooding conditions in the KHS (Figure 8c). Water coming from the ponors carried the largest amount
of bacterial contamination (PP: 2,430 CFU/ml, PR: 1,240 CFU/ml; highest F1). Within a delay of one or 2 days
bacterial contamination occurred in the cave channels and springs (+F1). The increase of the general water table
in KHS lead to the appearance of intermittent karst springs in the base of the sub-catchment B and additionally
recharged PP (+F3; right small sketch on Figure 8c).

Since the sinking stream of sub-catchment C is recharged also from the dolomitic part, the negative influence of
F3 was in this phase characteristic for CR and SM (low Ca/Mg ratio). Due to the well-structured hydrogeological
system of the SM catchment, the transfer of water pressure in the system was relatively slow, and the effects of
the sinking stream occurred with a delay. On the other hand, SU was thus under the influence of both the sinking
streams (+F1) and the karst aquifer (+F3).

In the last phase, the general water tables slightly declined and high-water conditions still prevailed in KHS. The
processes of water mixing and dilution predominated at PP and only a slight positive influence of F3 showed
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that the proportion of karst water was significant. This condition was also reflected at CP. The processes of water
mixing and dilution were more pronounced at SU, resulting in hydrochemical and microbiological stabilization
after the end of the influence of F1. At PR, the influence of karst water from sub-catchment B was also significant
(+F3). At CR and SM, the influence of the previously prevailing sinking stream from sub-catchment C decreased
(decrease of F1), and the negative effects of F2 and F3 announced water dilution and stabilization processes of
the chemical and microbiological composition of the water.

4. Conclusions

Multivariate statistical techniques are excellent tools for determining the dynamics of recharge mechanisms in
karst aquifers, especially when complex systems are involved. However, in more hydrochemically homogeneous
environments, they are less efficient in achieving a better understanding. Therefore, in this study, an improved
analytical method was developed and applied to interpret water quality dynamics in an integral groundwater
flow system. The case study of the binary karst system in SW Slovenia with good hydrogeological knowledge
shows that the applied approach improves the understanding of the hydrodynamics of karst groundwater under
flood events. Basic underground flow connections in the system ponor-cave-spring were already known based on
previous researches (e.g., tracer test, basic comparisons of physico-chemical data). However, only the use of an
improved analytical approach allowed a more precise spatiotemporal breakdown of the individual phases in the
process of recharge of the two karst springs.

Based on the monitoring of hydrochemical and microbiological indicators as natural tracers, the combined appli-
cation of HCA, PCA and FA allowed the construction of multivariate chemographs. HCA enabled determination
of different phases of springs recharge, each defined in hydrodynamic and hydrochemical terms. In addition,
PCA and FA were used to define the predominant factors and principal components of recharge: (F1) the sinking
stream component with bacteria and turbidity as main parameters, (F2) the stored water component with EC
and ClI as main parameters, and (F3) the karst aquifer component with Ca/Mg ratio as the main parameter. In
addition to the observation of springs, access to ponors and water caves provided further insight and a holistic
spatial observation of the functioning of the hydrological system. The overall methodology was crucial for the
development of an appropriate spatio-temporal conceptual model of the system behavior during the flood event,
the definition of the recharge areas, and the main hydrological processes.

The study has shown that the responses of the springs studied are characterized by the different recharge dynam-
ics of the hydrogeological sub-catchments that determine their behavior. Their water quality is most variable
during the first more intense precipitation after a long dry period. The results obtained can be used to optimize
future water quality parameters for detailed monitoring of dynamic phases.
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