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THERMODYNAMIC CONTROL OF HEXAVALENT CHROMIUM AND BORON
MOBILITY IN A RIVER SYSTEM: THE ILEK RIVER CASE STUDY

Annotation. Persistent contamination of river systems by inorganic pollutants is often sustained
by secondary sources and subsurface transport processes rather than by active point discharges. This
study investigates the thermodynamic and hydrogeological controls on the mobility of hexavalent
chromium (Cr(V1)) and boron (B) in a technogenically disturbed river system, using the llek River
(Kazakhstan) as a case study.

Field measurements show that both surface water and hydraulically connected groundwater are
characterized by neutral to alkaline pH (7.2-9.0) and persistently oxidizing conditions (Eh +300 to
+600 mV). Thermodynamic analysis in Eh—pH space demonstrates that these conditions fully coincide
with the stability field of dissolved Cr(VI), rendering its natural reduction to Cr(lll)
thermodynamically unfavorable in the absence of external reducing agents. In contrast, boron is shown
to be redox-insensitive, with its aqueous speciation controlled solely by acid—base equilibrium between
HsBOs and B(OH)4-, resulting in persistent dissolved behavior across the observed pH range.

Integration of thermodynamic calculations with hydrogeological data confirms that
groundwater constitutes the dominant transport pathway for both contaminants from technogenic
sludge repositories to the river, forming stable plume-type structures in permeable alluvial sediments.
The absence of effective natural attenuation mechanisms explains the chronic nature of river
contamination and the limited effectiveness of mitigation measures focused exclusively on surface
waters.

Based on these findings, a thermodynamically justified management framework is proposed,
emphasizing source stabilization, targeted Cr(VI) immobilization via reduction to Cr(lll), and
interception of groundwater flow. The results provide a transferable mechanistic basis for managing
secondary contamination in other technogenically impacted river—groundwater systems.

Keywords: hexavalent chromium (Cr(V1)); boron; Eh—-pH thermodynamics; groundwater—
surface water interaction; secondary contamination; alluvial aquifer; river pollution; source—pathway-
receptor concept; natural attenuation limits.

Introduction

Pollution of surface waters by persistent inorganic toxicants remains one of the major
environmental challenges at the global scale, as these substances are characterized by high
mobility, chemical stability, and the ability to persist in aquatic ecosystems over long time
periods. Unlike organic contaminants, inorganic elements are not subject to biodegradation,
and their behavior in natural water systems is governed by fundamental geochemical and
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thermodynamic principles that control their speciation, mobility, and migration between
different compartments of the hydrosphere [1,2].

Among such contaminants, hexavalent chromium (Cr(VI)) and boron (B) occupy a
particularly important position. Cr(V1) is recognized as one of the most toxic and carcinogenic
forms of chromium, characterized by high solubility and mobility under oxidizing conditions
in aquatic environments [3,4]. Boron, despite its lower acute toxicity, is distinguished by high
solubility, weak sorption behavior, and the ability to form persistent background
contamination that exerts chronic effects on aquatic organisms and ecosystems [5-7].

Recent studies demonstrate that persistent river contamination is often sustained not by
ongoing point-source discharges, but by secondary sources associated with technogenically
disturbed areas and accumulated industrial wastes [8,9]. In such systems, technogenic waste
repositories may function as long-term geochemical “reactors”, continuously releasing
contaminants into groundwater and surface waters for decades after the cessation of active
industrial operations [10]. Conceptually, this process is expressed as a stable linkage between
the source (technogenic mass) — subsurface transport — discharge into the river, which
ultimately controls the long-term contaminant load on the aquatic system.
Figure 1 illustrates a conceptual scheme of secondary contamination of the Illek River
originating from chromium waste accumulation sites.

kg sl
ranh o covniasiol

|
it e Cntmasin
@ prurers

[

) It s

Comnirs
ks s g

o s wnd e

v d 0V} Wadictas A
(s bl

Horrmaiulin
' e sllos

Figure 1 — Conceptual model of secondary contamination of the llek River (compiled by the author)

A key aspect that remains insufficiently considered in the analysis of such systems is
the thermodynamic control of contaminant migration. For Cr(VI), stability and mobility are
directly governed by Eh and pH conditions under which dissolved chromium oxyanions are
thermodynamically favored, while the transformation to the less mobile Cr(Il1) species is
strongly constrained in the absence of external reducing interventions [10,11].

Similarly, boron remains predominantly in dissolved form across a wide range of
hydrochemical conditions and is not subject to redox transformations , variations in pH
primarily control the distribution between boric acid (HsBOs) and the borate ion (B(OH).")
[5,6]. These patterns are collectively summarized within the thermodynamic framework of
Eh—pH control governing the coupled migration of chromium and boron.

A conceptual Eh—pH diagram illustrating the thermodynamic controls on the coupled mobility
of Cr(VI) and boron in the llek River system is presented in Figure 2.
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Figure 2 — Conceptual Eh—pH diagram controlling the coupled mobility of Cr(VI) and boron in the
llek River system (constructed by the author)

Despite the availability of extensive monitoring data, most studies addressing river
contamination by Cr(V1) and boron remain largely limited to the description of concentration
levels and risk assessment. Such approaches are insufficient to explain the persistence of
contamination and to support the development of effective long-term management strategies
[7,12]. As a result, management measures often focus on surface manifestations of pollution,
while secondary fluxes mediated by groundwater and thermodynamic constraints on natural
attenuation remain inadequately formalized.

In this context, the llek River represents a representative example of a technogenically
disturbed river system, where contamination by Cr(VI) and boron is of secondary origin and
is sustained by groundwater discharge [13,14]. However, the thermodynamic drivers of
contamination persistence and the role of technogenic sludge repositories as long-term
contaminant sources have not yet been sufficiently integrated into a unified mechanistic
framework suitable for supporting management and remediation decisions [15,16].

The objective of the present study is to provide a thermodynamic justification for the
stability and mobility of Cr(VI) and boron in a technogenically impacted river system, using
the llek River as a case study, and to subsequently evaluate the implications of these findings
for the management and remediation of contaminated sites.

Literature Review
Chromium (V1) behavior in aquatic and groundwater systems

Hexavalent chromium (Cr(V1)) is widely recognized as one of the most problematic
inorganic contaminants in aquatic environments due to its high toxicity, carcinogenicity, and
mobility under oxic conditions. Numerous studies have demonstrated that, unlike trivalent
chromium (Cr(111)), which tends to form sparingly soluble hydroxides and is readily
immobilized in sediments, Cr(VI) predominantly exists as soluble oxyanions (CrO.>,
HCrO.), enabling its efficient transport in both surface and groundwater systems
[10,11,15,16].

The stability and speciation of chromium in natural waters are strongly controlled by
redox potential (Eh) and pH. Classical thermodynamic studies and Pourbaix diagrams indicate
that Cr(V1) is thermodynamically favored under oxidizing and neutral to alkaline conditions,
whereas Cr(ll11) becomes stable only under reducing environments [27,34]. Field-based
investigations in contaminated aquifers and rivers confirm that where Eh values remain
positive and oxygen is readily available, natural reduction of Cr(V1) is strongly limited, even
over long time scales [18,19].

Several studies emphasize that persistent Cr(VI) contamination is often associated with
secondary or legacy sources rather than active industrial discharges. Alluvial aquifers
impacted by chromite ore processing residues, tailings, or sludge deposits have been shown
to generate long-lived Cr(\V1) plumes, sustained by groundwater flow and characterized by
limited attenuation [8,18,20]. These findings highlight that Cr(\V1) persistence is frequently
governed by thermodynamic constraints rather than by the absence of reactive surfaces or
microbial activity alone.

Boron mobility and speciation in natural waters

Boron behaves fundamentally differently from redox-sensitive metals such as
chromium. In natural waters, boron does not participate in oxidation—reduction reactions and
exists predominantly in dissolved form, controlled by acid—base equilibria between boric acid
(HsBO:s) and the borate ion (B(OH)4") [5,6]. The dissociation constant of boric acid (pK,~9.2

460



WAMp
A
%Em‘\‘é\ BKY Xa6apuubicbi
BectHuk 3KY 2(102) — 2026
at 25 °C) implies that over the pH range typical for most rivers and aquifers, boron remains
highly soluble and weakly reactive with mineral phases.

Experimental and field studies consistently demonstrate low sorption capacity of boron
onto common sedimentary minerals, especially under neutral to alkaline conditions, resulting
in conservative transport behavior similar to that of major ions [6,7]. As a consequence, boron
contamination frequently manifests as diffuse, long-lasting background pollution rather than
localized accumulation zones. This property makes boron a useful tracer of groundwater flow
paths but simultaneously complicates remediation efforts, as changes in redox conditions do
not lead to its immobilization.

In technogenically impacted systems, elevated boron concentrations are commonly
associated with industrial residues, coal combustion products, and metallurgical wastes, from
which boron is readily leached into groundwater [5,20]. Long-term monitoring data confirm
that boron concentrations often remain stable over time, reflecting continuous input from
secondary sources rather than episodic contamination events.

Groundwater—surface water interaction and secondary contamination

The role of groundwater as a dominant pathway for contaminant transport to rivers has
been increasingly emphasized in recent hydrological and geochemical studies. Groundwater
discharge can sustain elevated concentrations of dissolved contaminants in surface waters
even in the absence of direct surface inputs, a phenomenon widely referred to as secondary or
legacy contamination [8,21].

In alluvial river systems with high-permeability sediments, groundwater—surface water
exchange facilitates efficient transfer of contaminants from technogenic deposits to the river
channel. Studies conducted in Europe, North America, and Asia demonstrate that such
systems often exhibit persistent contamination plumes, where contaminant fluxes are
controlled primarily by hydraulic gradients and aquifer properties rather than by surface water
processes [22,33].

This conceptual framework is particularly relevant for contaminants that remain
thermodynamically stable in dissolved form, such as Cr(\VI1) under oxidizing conditions and
boron across a wide pH range. In these cases, the absence of effective geochemical barriers
results in sustained contaminant delivery to rivers, limiting the effectiveness of remediation
strategies focused solely on surface water treatment [21-24].

Limitations of concentration-based approaches and need for thermodynamic
interpretation

Although extensive literature exists on the occurrence and environmental risks of Cr(V1)
and boron, most studies rely primarily on concentration measurements and statistical
correlations. While such approaches are essential for regulatory assessment, they provide
limited insight into the fundamental reasons for contaminant persistence and the failure of
natural attenuation processes [7,12,16].

Recent reviews highlight the need to integrate thermodynamic principles into the
interpretation of field data, particularly through the use of Eh—pH frameworks and stability
field analysis. Without such integration, remediation strategies may target symptoms rather
than causes, leading to short-lived or ineffective outcomes. Despite this recognition, few
studies have combined groundwater flow analysis with thermodynamic constraints to develop
unified conceptual models applicable to management decision-making [20].

Research gap and conceptual contribution of the present study

Based on the reviewed literature, it is evident that while the individual behaviors of

Cr(V1) and boron are well documented, their coupled persistence in technogenically disturbed
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river—groundwater systems has not been sufficiently addressed from a thermodynamic
perspective. In particular, there is a lack of integrative studies that link secondary sources,
groundwater transport, and Eh—pH-controlled stability into a single mechanistic framework.

The present study addresses this gap by applying a thermodynamic interpretation to the
coupled migration of Cr(V1) and boron in the river llek system. By combining hydrochemical
observations with Eh—pH analysis, this work provides a mechanistic explanation for the long-
term stability of contamination and offers a scientifically grounded basis for the development
of effective management and remediation strategies [23-24].

Materials and Methods
Study system and technogenic background

The llek River is considered a technogenically disturbed river system, whose
functioning is governed by the interaction between surface water and groundwater within an
alluvial valley. The alluvial deposits are composed predominantly of sand and gravel with
high hydraulic permeability, creating favorable conditions for intensive infiltration recharge
of groundwater and its subsequent discharge into the river channel [25-26].

Within the river basin, technogenic sludge repositories formed as a result of chromium
production are present. These facilities contain substantial amounts of trivalent chromium
compounds, residual quantities of Cr(VI), and associated elements, including boron. Under
alkaline conditions and in the presence of oxygen, these technogenic deposits function as long-
term secondary sources of contamination, supplying dissolved forms of Cr(\VI) and boron to
groundwater over extended periods [4,10,11].

Sampling design and field measurements

Sampling of surface water and groundwater was conducted within the river channel of
the llek River and the adjacent alluvial aquifer in order to assess hydrochemical conditions
and the migration forms of Cr(VI) and boron. Surface water samples were collected directly
from the river channel, whereas groundwater samples were obtained from monitoring points
hydraulically connected to the zones influenced by technogenic sludge repositories [27-28].

Sampling was performed under quasi-steady hydrological conditions, which minimized
the influence of short-term flood events or accidental disturbances and allowed the focus to
be placed on persistent mechanisms of secondary contamination. All samples were collected
in pre-cleaned, chemically inert containers, immediately cooled, and transported to the
laboratory for subsequent analysis.

Field parameters, including pH and redox potential (Eh), were measured in situ using
calibrated portable instruments. Measured Eh values were converted to the standard hydrogen
electrode (SHE) by accounting for the type of reference electrode used [29].

Groundwater—surface water interaction

Groundwater is considered the primary vector for contaminant transport from
technogenic sources to the river system. Migration of dissolved Cr(V1) and boron occurs
within the alluvial aquifer, forming zones of persistently elevated concentrations analogous to
“chromium plumes” described in other technogenically impacted alluvial systems [26-28].

Groundwater discharge into the river channel sustains chronic contamination even in
the absence of active surface discharges, fundamentally distinguishing this type of pollution
from short-term contamination episodes associated with accidental or episodic industrial
releases.

Analytical methods
The concentrations of hexavalent chromium (Cr(VI)) were determined using a selective
colorimetric method based on diphenylcarbazide, which is widely applied for the analysis of
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Cr(VI) in natural waters. Total chromium concentrations were measured after preliminary
sample mineralization, followed by instrumental analysis. Boron concentrations were
quantified using instrumental analytical techniques providing low detection limits and high
analytical reproducibility [30-32].

All analytical procedures were performed in accordance with internationally accepted
methodological protocols for the determination of trace elements in aquatic environments.
The method detection limits were substantially lower than the concentration ranges observed
in the studied system, thereby minimizing the risk of analytical artifacts during data
interpretation [32-33].

Quality assurance and quality control (QA/QC)

Quality control of the analytical data was ensured through the systematic use of method
blanks, duplicate samples, and certified reference materials. Measurement precision was
evaluated using a series of parallel determinations, with deviations not exceeding the
acceptable limits established for trace-level analysis [33].

Instrument calibration was performed using standard solutions prepared from certified
reference materials. All data that did not meet the predefined quality assurance criteria were
excluded from subsequent analysis.

Hydrochemical framework

The hydrochemical conditions of both river water and groundwater are characterized by
neutral to slightly alkaline pH values and an oxidizing environment, which represent key
controlling factors governing the speciation, stability, and mobility of chromium (Cr) and
boron (B).

To systematize these conditions and clarify their role in contaminant migration, a
generalized set of hydrochemical parameters was applied (Table 1), reflecting the
thermodynamically controlled stability fields of Cr(V1) and dissolved boron species under the
prevailing pH-Eh conditions [34-35].

Table 1 — Hydrochemical conditions controlling Cr(V1) and boron mobility in the river—groundwater

system
Parameter Typical range Dominant form Implication for mobility
pH 7.2-8.8 CrO4* [ HCrO4 High Cr(V1) solubility
Eh (mV) +300 to +600 Oxidizing conditions Stabilization of Cr(VI)
Chromium speciation Cr(\VID) Agueous oxyanions High mobility
Boron speciation Hs;BO; / B(OH)+~ Dissolved forms Persistent background
e . - Limited natural
Redox sensitivity Cr: high, B: negligible — attenuation

Note — compiled by the author based on [34-37]
Thermodynamic and statistical analysis

The interpretation of Cr(\V1) and boron behavior was carried out using a thermodynamic
approach based on the analysis of element stability fields in Eh—pH space. For chromium,
Pourbaix diagrams and thermodynamic parameters reported in classical studies of aqueous
geochemistry [32,35], as well as modern interpretations of natural aquatic systems, were
employed.

For boron, the analysis was restricted to the acid—base equilibrium between HsBO: and
B(OH).~, while the influence of redox conditions was considered negligible due to the redox-
insensitive nature of boron in natural waters [5-6].

Statistical data treatment included descriptive analysis and comparison of the observed
ranges of hydrochemical parameters with the thermodynamic stability domains of the
corresponding elemental species. This integrated approach enabled the observed
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concentration patterns to be interpreted within the framework of fundamental geochemical
constraints governing the system.

Results
Hydrochemical conditions of the river—groundwater system

The results of field measurements indicate that both surface water and groundwater
within the investigated system are characterized by stable neutral to alkaline pH values and
an oxidizing redox regime. In surface waters, pH values ranged from 7.2 to 8.8, whereas in
groundwater hydraulically connected to technogenic sludge storage facilities, the pH range
was slightly higher, varying between 7.4 and 9.0.

The redox potential (Eh), normalized to the standard hydrogen electrode, ranged from
+300 to +600 mV, corresponding to persistently oxidizing conditions (Table 1).

The observed pH-Eh ranges fully overlap with the thermodynamic stability field of
dissolved hexavalent chromium species and are consistent with conditions typically reported
for alluvial aquifers characterized by active gas exchange and unrestricted oxygen availability
[34,39-40]. These hydrochemical conditions establish a geochemical framework within which
further transformations of Cr and B are thermodynamically constrained, thereby limiting their
possible speciation and mobility pathways.

Chromium speciation and thermodynamic stability

The analysis of chromium speciation indicates that dissolved hexavalent chromium
(Cr(VI)) is the dominant form in the investigated waters. This finding is consistent with both
the analytical results and the thermodynamic stability calculations of chromium species in
Eh—pH space (Fig. 2).

The key reaction governing the potential transformation of Cr(V1) into the less mobile
trivalent form, Cr(111), can be expressed as:

CrO;~ +4H,0 + 3e™ = Cr(OH)3(s) + 50H~ Q)

Under standard conditions, the equilibrium potential of reaction (R1) is significantly
lower than the measured Eh values. Substitution of representative field conditions (pH =~ 8 and
corresponding hydroxide ion activities) into the Nernst equation demonstrates that, at Eh >
+300 mV, equilibrium (R1) is strongly shifted toward the stability of dissolved Cr(VI)
oxyanions. Consequently, the reduction of Cr(VI) to Cr(lll) under the natural conditions of
the system is thermodynamically unfavorable in the absence of an external reducing agent
[10,35].

Thus, the observed predominance of Cr(V1) in the agueous phase does not represent an
anomaly or a result of random variability, but rather reflects the expected and
thermodynamically controlled state of the system under the prevailing hydrochemical
conditions.

Behavior of boron in the river—groundwater system

In contrast to chromium, boron is insensitive to redox conditions and remains in the
dissolved phase across the entire range of measured Eh values. Its behavior is primarily
controlled by acid—base equilibrium, expressed as:

H;BO; + H,0 = B(OH); + H* 2

The dissociation constant of this reaction (pKa ~ 9.2) indicates that at pH < 8 the neutral
species boric acid (H:BOs) predominates, whereas at higher pH values the proportion of the
borate ion (B(OH).") increases [5,6]. Both species exhibit high aqueous solubility and weak
interactions with the mineral phase, which explains the absence of pronounced boron
accumulation zones in solid sediments.
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As a result, boron forms a persistent background contamination, spatially associated
with groundwater discharge zones, but without exhibiting the sharp concentration gradients
typical of elements strongly affected by sorption or precipitation processes [7,35].

Coupled Cr-B transport and groundwater control

Integration of the hydrochemical dataset with the results of the thermodynamic analysis
confirms that groundwater represents the dominant transport pathway for Cr(\V1) and boron
from technogenic sludge storage facilities to the river channel (Fig. 1). The high permeability
of alluvial deposits facilitates efficient migration of dissolved contaminant species with
minimal alteration of their chemical speciation along the flow path.

Within the groundwater flow system, a zone of persistently elevated dissolved
chromium concentrations develops, analogous to the chromium plume reported for other
technogenically impacted alluvial environments [26,28]. In contrast, boron exhibits a more
uniform spatial distribution, reflecting its high intrinsic mobility and the absence of
thermodynamic or geochemical barriers to migration under the prevailing hydrochemical
conditions.

Absence of effective natural attenuation

The obtained results unequivocally indicate the absence of effective natural attenuation
mechanisms within the studied system. For Cr(V1), reduction to the less mobile Cr(111) form
is strongly inhibited by the persistently oxidizing redox conditions, whereas for boron, no
processes of precipitation or irreversible fixation within the solid phase are operative.

Consequently, under the prevailing hydrochemical regime, the system remains in a
thermodynamically stable state that favors the long-term persistence and migration of both
contaminants. As long as these conditions are maintained, neither chromium nor boron is
subject to significant natural removal, allowing their continued transport within the river—
groundwater system [34].

Discussion
Why Cr(VI) remains thermodynamically stable in the river—groundwater system

The hydrochemical results (Section 3.1) demonstrate that both surface water and
groundwater are characterized by persistently neutral to alkaline pH values and oxidizing
conditions (pH 7.2-9.0 , Eh +300 to +600 mV). These conditions fully correspond to the
thermodynamic stability field of dissolved hexavalent chromium species. This relationship is
clearly illustrated by the position of the river-water “window” relative to the Cr(\VI1)/Cr(l11)
stability boundary on the Eh—pH diagram.

In other words, the thermodynamic control of chromium speciation is expressed by the
Eh—pH boundary of the Cr(V1)/Cr(111) redox couple, which lies well below the typical Eh—pH
range observed for the river—groundwater system (Fig. 3). Under such conditions, the
reduction of Cr(VI) to Cr(lll) is thermodynamically unfavorable, ensuring the long-term
persistence of mobile Cr(VI) species in both surface and subsurface waters.
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Figure 3 — Conceptual Eh—pH boundary for the Cr(\VI)/Cr(l1l) redox couple in comparison with the
river-water domain (constructed by the author)

The equilibrium line for the Cr(\V1)/Cr(I11) redox couple was calculated using the
Nernst equation for the reaction

CrO3~ + 8H* + 3e~ = Cr3* + 4H,0 (3)

assuming equal activities of dissolved species at the equilibrium boundary. The typical
pH-Eh range of river water (pH 7.2-8.8 , Eh +300 to +600 mV) lies well above this boundary,
indicating the thermodynamic stability of dissolved Cr(\V1) under oxidizing, neutral to alkaline
conditions [10,11].

From a thermodynamic perspective, this implies the following. At elevated Eh values,
the system energetically favors chromium species at their highest oxidation state. Under such
conditions, the reduction of Cr(\VI1) to Cr(lll) can occur only in response to a substantial
decrease in redox potential or in the presence of a strong reducing agent.

Calculations based on the Nernst equation for the Cr(\V1) reduction reaction (Section
3.2) demonstrate that at Eh > +300 mV, equilibrium is strongly shifted toward dissolved
Cr(VI) oxyanions (CrO.* and HCrO4"), whereas the stability field of Cr(l11) is confined to
significantly lower Eh values (Fig. 3). Consequently, under the natural conditions of the
investigated system, Cr(VI) reduction is thermodynamically unfavorable and cannot be
regarded as an effective mechanism of natural attenuation [10-11].

Thus, the persistent presence of Cr(V1) in the aqueous phase is not the result of episodic
or random contamination inputs, but rather reflects a fundamentally constrained
thermodynamic state of the system, as confirmed by the calculated Eh—pH stability boundary
(Fig. 3). Specifically, waters within the river—groundwater system occupy a pH range of 7.2—
9.0 and an Eh interval of +300 to +600 mV (vs. SHE) (Table 1).

Under these conditions, Cr(\VI1) remains the thermodynamically favored dissolved
species, as described by the Nernst equation applied to the Cr(\V1)/Cr(l111) redox couple, which
forms the theoretical basis of Pourbaix diagrams [36,42]. To define the stability boundary, the
chromate reduction half-reaction expressed in acidic form is used:

CrO3~ + 8H*™ +3e~ = Cr3* + 4H,0 (4)

For this redox couple, the standard electrode potential (E°) at 25 °C is reported in
classical thermodynamic references and is routinely applied in the construction of Eh—pH
(Pourbaix) diagrams. The corresponding Nernst equation can be written as:

. 00591 [ ags
E=F"— 3 |Og A K- (5)

8
Acroz- Qg+
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To obtain an analytically transparent stability boundary, the standard simplifying
assumption commonly used in illustrative thermodynamic analyses is adopted, namely equal
activities of the dissolved chromium species at the equilibrium boundary:

Acp3t+ = Qepp2-
Under this assumption, log (ac,s+/acg2-) = 0,
and equation (1) simplifies to:
0.0591
E~E°— 3 (8 pH) = E° — 0.1576 pH (6)
Thus, with increasing pH, the Cr(\V1)/Cr(111) stability boundary shifts sharply toward lower
Eh values, becoming relatively low under neutral to alkaline conditions. This behavior is
clearly illustrated in Fig. 3, where at pH = 8 the calculated equilibrium Eh lies well below
+300 mV, whereas the measured Eh values of the system consistently fall within the range
of +300 to +600 mV.

Accordingly, the river—groundwater system resides entirely within the thermodynamic
stability field of Cr(V1), and in the absence of external reduction or immobilization processes,
the natural reduction of Cr(VI) cannot be considered a viable or sustainable mechanism of
self-attenuation.

In simpler terms, the river water and alluvial groundwater are too oxidizing to promote
the spontaneous conversion of Cr(VI1) to Cr(l11) , as a result, Cr(VI) persists in solution and
remains mobile within the system.

Thermodynamic evidence for boron behavior: speciation control and redox irrelevance

The results indicate that boron behaves as a stable dissolved constituent under the
measured Eh and pH conditions. This behavior arises because boron in natural waters is not
redox-sensitive , instead, its aqueous speciation is controlled solely by acid—base equilibria
rather than by oxidation—reduction processes [5,6].

H;BO; + H,0 = B(OH); + H* (7

At 25 °C, this equilibrium is characterized by a dissociation constant pKa = 9.2, a value
widely applied in hydrochemical calculations of boron speciation [5,34]. The fraction of the
borate ion can be expressed as:

1
“BOm: = 14 10@Ka-PH) ®)
Within the pH range of 7.2-8.8, characteristic of the investigated river—groundwater system,
boric acid (HsBO:s) is the dominant aqueous species, while the contribution of B(OH)4~
increases only as pH approaches =9 (Fig. 4). This distinction is critical because both species
remain entirely dissolved, and therefore even substantial variations in Eh do not create a
thermodynamic precipitation or immobilization barrier for boron.

As a result, boron manifests as a chronic background contaminant spatially associated
with groundwater transport pathways, rather than with localized fixation or accumulation in
solid phases [5,6]. Unlike chromium, boron cannot be attenuated through redox manipulation
and can be effectively controlled only by managing hydrological pathways (e.g., infiltration
and groundwater flow) or by applying specialized removal technologies.

The calculated distribution of dissolved boron species within the river-water pH range
is shown in Fig. 4, confirming the conservative transport behavior of boron under the
prevailing hydrochemical conditions.
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Figure 4 — Aqueous speciation of boron as a function of pH (constructed by the author)

The relative fractions of H:BOs and B(OH).~ were calculated using pKa = 9.2 and
standard acid-base speciation relationships [5]. Within the pH range typical of river water
(7.2-8.8), boron remains predominantly in the dissolved phase, confirming its conservative
transport behavior in the aquatic system [6].

From a practical perspective, this indicates that boron functions as a conservative tracer
of groundwater transport: its spatial distribution reflects hydraulic connectivity and flow
paths, rather than the presence of localized geochemical barriers. Consequently, boron forms
a smoothed, chronic background of contamination coincident with groundwater discharge
zones, in agreement with the calculated distribution of dissolved boron species (Fig. 4) and
the field observations [11].

Why the groundwater pathway becomes dominant (as implied by thermodynamics)

Thermodynamic calculations indicate that, under the measured Eh—pH conditions, the
system does not develop natural geochemical barriers capable of significantly retarding the
migration of Cr(VI) and boron. As a consequence, hydraulic controls become dominant.
Groundwater flow within highly permeable alluvial sediments efficiently transports dissolved
contaminant species from the source areas toward the river, forming a persistent plume-type
structure (Fig. 1). This behavior represents a typical scenario for technogenically impacted
alluvial systems and is consistent with observations reported in previous studies [25-26,28].

Direct implications for management: which measures are effective and why

Given that thermodynamic analysis demonstrates that

Cr(VI) is stable under the observed Eh—pH conditions (Fig. 3, Eg. 2), and boron remains
dissolved throughout the entire hydrochemical window of the system (Fig. 4 , Eqg. 3),any
effective management strategy must necessarily focus on controlling flow pathways and
locally modifying chromium thermodynamics.

Accordingly, the following measures are required:

1. For Cr(VI): the deliberate creation of localized reducing zones to promote the
reduction of Cr(VI) to Cr(111), followed by its immobilization within the solid phase [10,35].

2. For boron: regulation of inputs and migration through control of infiltration and
interception of groundwater flow, and/or the application of specialized sorptive or treatment
technologies, as redox manipulation is ineffective for boron attenuation [5,6].

3. For the system as a whole: the primary management target is the integrated pathway
“sludge storage facility — groundwater transport — river discharge” (Fig. 1).
This framework is fully consistent with the widely accepted source—pathway-receptor
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approach and with integrated water resources management principles within the total
environment concept.

Management implications

The results of the thermodynamic and hydrogeological analyses clearly demonstrate that
the persistent contamination of the river system by Cr(VI) and boron arises from a
reproducible and systematic mechanism involving technogenic sludge storage facilities as the
source, groundwater as the dominant transport pathway, and the river as the ultimate receptor.
Under these conditions, effective pollution management requires targeted intervention in this
mechanism itself, rather than localized or reactive responses to its individual manifestations.

Fundamental management logic

The key management conclusion is that reductions in Cr(VI) and boron concentrations
in river water can only be achieved by disrupting the “source—groundwater pathway-river”
linkage. Because thermodynamic calculations demonstrate the stability of Cr(\VI) under the
characteristic pH and Eh conditions of the system, and because boron remains dissolved
irrespective of redox conditions, natural self-attenuation processes can be ruled out.
Consequently, passive expectations of concentration decline or mitigation measures focused
exclusively on the river channel are ineffective and unlikely to yield measurable
improvements.

An effective management strategy must therefore focus on controlling contaminant
fluxes and the conditions governing their migration, which can only be achieved through a
combination of engineering controls and geochemically informed interventions.

Source stabilization as a mandatory first step

Stabilization of technogenic sludge storage facilities represents a necessary and
sufficient condition for achieving a substantial reduction in contaminant inputs to
groundwater. Engineering measures aimed at limiting infiltration—including capping,
diversion of surface runoff, and localized hydraulic isolation—directly reduce the leaching
rates of Cr(VI) and boron, thereby decreasing the contaminant mass flux transported toward
the river.

From both environmental and economic perspectives, this stage is the most efficient
intervention. It requires moderate capital investment, avoids the risks of secondary
contamination associated with excavation, and provides a rapid and measurable effect in the
form of reduced groundwater loading. Implementation of source stabilization establishes a
robust foundation for subsequent remedial actions and prevents the recurrent formation of
contaminant fluxes.

Thermodynamically guided immobilization of Cr(VI)

For chromium, the key management action is the intentional shift of the system from
the Cr(VI) stability field to that of Cr(l1l), fully consistent with the thermodynamic analysis
presented above. This is achieved by creating localized reducing conditions and promoting
the immobilization of Cr(I11) within the solid phase [10,35].

In practice, this objective is commonly accomplished through the application of Fe(ll)-
bearing materials or iron-based reactive media, which induce the reduction of Cr(V1) followed
by the precipitation of Cr(OH)s or mixed Fe—Cr solid phases. This approach is neither
experimental nor conceptual, it is based on well-established in situ remediation technologies
that have been extensively applied for the management of Cr(VI)-contaminated groundwater
systems [38,47-48].

From an economic standpoint, in situ immobilization is markedly more favorable than
complete sludge excavation. It requires lower capital costs, is scalable, allows phased
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implementation, and ensures long-term reduction of the toxic and mobile chromium fraction
without the need to remove the entire technogenic mass.
Interception of groundwater flow as a system-level solution

Because groundwater has been identified as the dominant transport pathway for
contaminants, interception of this flow constitutes a core element of sustainable management.
Permeable reactive barriers or other interception systems installed along the “sludge storage
facility—river” transect can effectively reduce Cr(VI) inputs to the river by promoting its
reduction and immobilization within a controlled zone.

For boron, which does not respond to changes in redox conditions, such systems
function primarily as hydraulic barriers, limiting advective transport and creating
opportunities for localized extraction or concentration. Consequently, groundwater
interception provides a simultaneous reduction in contaminant loading for both Cr(\V1) and
boron, even when dissolved forms persist within parts of the system.

From an operational perspective, these solutions are characterized by low maintenance
requirements, passive operation, and high long-term reliability, making them particularly
suitable for environments affected by chronic secondary contamination.

Overall environmental and economic effectiveness

The proposed strategy—based on source stabilization, thermodynamically guided
immobilization of Cr(VI), and interception of groundwater flow—provides a robust and
reproducible reduction of contamination in the river system. In contrast to cost-intensive and
high-risk full excavation scenarios, this integrated approach minimizes both capital and
operational expenditures while maximizing environmental benefits [16].

Accordingly, the management of Cr(VI) and boron contamination in technogenically
impacted river systems should be regarded not as a collection of isolated measures, but as a
coherent, thermodynamically grounded framework of actions capable of delivering
guaranteed positive outcomes over the medium and long term.

Conclusions

This study demonstrates that the persistent contamination of a river system by
hexavalent chromium and boron is governed not by random or episodic factors, but by
fundamental thermodynamic and hydrogeological controls. Under the characteristic pH and
Eh conditions, Cr(VI) represents a thermodynamically stable and highly mobile species,
whereas boron remains dissolved regardless of redox conditions. Consequently, natural self-
attenuation of the system is not feasible.

The results show that technogenic sludge storage facilities function as long-term
secondary sources of contamination, while groundwater constitutes the dominant transport
pathway delivering contaminants to the river network. This explains both the chronic nature
of the contamination and the limited effectiveness of mitigation measures focused solely on
surface-water manifestations.

Based on thermodynamic analysis, a management strategy is substantiated that includes
source stabilization, targeted immobilization of Cr(VI) via reduction to Cr(lll), and
interception of groundwater flow. This approach ensures a sustained reduction in contaminant
mass fluxes and represents an environmentally and economically sound alternative to
complete excavation of technogenic deposits.

The conclusions of this study have broader applicability and can be transferred to other
technogenically disturbed river systems with legacy environmental damage, where
contaminant persistence is controlled by thermodynamic constraints and secondary sources.
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Baemos A., KancansmoB b.A., ’Koamypartosa I'.C.
EJIEK ©3EHI MBICAJIBIHJIA ©3EH )KYHUECIHJET'T AJITBIBAJIEHTTI XPOM
MEH BOPJbIH KO3F AJIMAJIBLJIBIF BIHBIH TEPMOJNHAMUKAJIBIK
BAKBIJIAHYbI

Anpaarna. O3eH xyiienepiniH OeHopraHUKaNIBIK JIACTAFbIIITAPMEH TYPAKTHI JJaCTaHYBI KeOiHece
OerceH1i HYKTENK TOTiHAUIepAeH Tepi eKIHII PETTIK KO3/Aep MEH Kep acThbl apKbUIbl TACBIMAIJaHy
nporectepiMeH OaiaHbICThI. Byl )kyMBICTa TEXHOTEH K OY3bIIFaH ©3€H KYHeCiHAeri alThIBaleHTTI
xpom (Cr(VI)) men OGopapiH (B) Ko3FalMaiabUIBIFBIH aHBIKTAUTBIH TEPMOJIMHAMUKAIIBIK JKOHE
TUIPOTeoorusuIbIK (akropiap ek e3eni (Kazakcran) MpicaibIiHIa 3ePTTENI.

Janaislk 3epTTeyjiep HOTHXKECIHIE KEPYCTi oHE ONapMEH THAPABIHKAIBIK OailaHBICKaH
’KepacThl CyJapbIHbIH OcliTapan—cintini opta (PH 7,2-9,0) sxoHe TYpaKThl TOTHIFY JKaFAaiIapbIMeH
(Eh +300...+600 MB) cunarranatsiabl aHbIKTanab1. EN—pH sxyliecinaeri TepMoarHaMUKaIIbIK TAIAAY
oyn sxarmaitnapaei, Cr(VI1)-miH TypakThUIBIK aliMarblHa COMKEC KENETIHIH KepceTeli, SIFHU OHBIH
Cr(Il)-xe Taburu Typae TOTBIKCHI3IaHybl TEPMOANHAMUKAIIBIK TYPFBIIAH THIMCI3. Al OOp TOTBIFY-
TOTBIKCBI3/IaHy KaFJaiiapblHa TOYeJCi3 OONBIN Keleli jkKoHe OHBIH cyaarbl Typiepi H:BOs men
B(OH)4™ apachiHaarbl KbIIIKBUI-HET13/IiK TeMe-TCHIIKIICH aHbIKTATa bl

I'uaporeonorusuIblK Tangay JacTaFbIITApABIH HET13T1 TachIMalJJaHy >KOJIbI KepacThl CyJaphl
eKeHIH KepceTeli, oJap aUTIOBHAJABl LIeTiHAIepAe TYpakThl nuieiidrep Tyseni. TaOuru e3iH-e3i
Ta3apTy MEXaHU3MIEPiHIH >KETKUTIKCI3NirT ©3eHHIH CO3bLIMAajbl JIACTAaHYBIH >KOHE TEK >KepyCTi
CynapbIHa OaFpITTaNFaH MapajapAblH THIMCI3OITiH TYCIHIIpesi.

3epTTey HOTHXKeNepi HerisiHae sacraymsl kesaepai Typakranasipynsl, Cr(VI)-mi Cr(l1)-ke
JeWiH TOTBIKCHI3NAHABIPY ApPKbUIBI HWMMOOMJIM3AaLUsUIAydbl KOHE JKEpacThbl CyJapbl aFbIHBIH
OakplIayAbl KaMTHTHIH TEPMOAWHAMHKAJIBIK HETi3/IeNreH OacKapy ToCili YCHIHBUIABI. AJNBIHFaH
HOTHKEJIEp YKcac TEXHOTEHMIK JKyHenepaeri eKiHIIi peTTiK JIacTaHyIbl OacKapyra KOJIAHBUTYBI
MYMKiH.

Kinr ce3nep: anreBanentti xpom (Cr(VI)); 6op; En—pH tepmoanHaMukacser; sxepacThl KoHE
KEPYCT1 CyJapbIHBIH €3apa 9pPEKETTeCyi; eKiHIN PEeTTIK JacTaHy, ajUIIOBHAJAbl CYJIbl TOPHU30HT;
©3CHHIH JIaCTaHYbl; KKO3—Tapajly >KOJbI—KaObLIIayIIbI» TYXKbIPBIMIAMAaChl; TAOUFHU JICIpey MICKTEPi.

473



AM,
@}\’\ 8@}

2
a’%&s\‘é\ BKY Xa6apubiCbl
BectHuk 3KY 2(102) — 2026

Baemos A., KancansamoB b.A., Koamyparosa I'.C
TEPMOJJUHAMUYECKHI KOHTPOJIb IIOJABUKHOCTH
IMECTUBAJIEHTHOI'O XPOMA U BOPA B PEUHOM CUCTEME HA IPUMEPE PEKH
MNJIEK

AHHOTAUUs. YCTOHYMBOE 3arpsi3HEHHE PEYHBIX CHCTEM HEOPTaHWYECKUMH IMOJUTIOTAHTAMH
gacTo OOYCIIOBJICHO BTOPHMYHBIMH HCTOYHHKAMHA W TIOAMOBEPXHOCTHBIM IIEPEHOCOM, a He
NEUCTBYIOIIMMH TOYEYHBIMH cOpocamu. B nmaHHOW paboTe mMccieoBaHbl TEPMOIMHAMHYECKHE H
TUPOTEOJIOTHYECcKHe (DAKTOPBI, OMPEACIISIOIINE TOIBIKHOCT mectuBasieHTHOro xpoma (Cr(VI)) u
oopa (B) B TexHOT€HHO HapylIeHHOM cucTeme Ha mpumepe peku Wnek (KazaxcraH).

[loneBble naHHBIE MOKA3BIBAIOT, YTO [MOBEPXHOCTHHIC U CBSI3aHHBIE C HUMH MOJI3EMHBIC BOJIBI
XapakTepu3yroTcsl HelTpaiabHo-1enodnbiM PH (7,2-9,0) u yCTOHYMBO OKUCIUTEIBHBIME YCIOBHSIMHU
(Eh +300...+600 MB). Tepmonunamuueckuii ananus B cucreme Eh—pH cBuaerenscTByer, 4to qaHHbIe
yCIOBUSI COOTBETCTBYIOT oOsactu ycroiunBoctu Cr(VI), uTo mckimodaer ero camonpou3BOJIBHOE
BoccranoBieHue 10 Cr(lll). bop, HampoTuB, HE 3aBHCUT OT OKHCIHUTEIBHO-BOCCTAHOBHTEIIBHBIX
YCIIOBHIA ¥ ONIPEIENISIETCS] KHCIOTHO-OCHOBHBIM paBHOBecreM Mexxay HiBOs u B(OH)4 .

I'uaporeonornyeckuii aHalM3 MOKA3bIBAET, YTO OCHOBHBIM ITyTEM IEpeHOca 3arps3HUTENCH
SBIISIIOTCS TOA3EMHBIE BOABI, (OPMUPYIOIINE YCTOWUHNBBIEC NUICH(HI B AJTIOBUATBHBIX OTIOKCHHSIX.
OtcytcTBHE (P PEKTUBHBIX MEXaHH3MOB €CTECTBEHHOT'O CAMOOYMIICHHUS! OOBSCHIET XPOHUYECKUH
XapakTep 3arps3HeHHs] U HU3KYI0 3((EeKTUBHOCTh MEpP, HANpPaBICHHBIX TOJIBKO Ha MOBEPXHOCTHHIC
BOJIBL.

[Ipeanoxena TepMOAMHAMHYECKH OOOCHOBAHHAs CXEMa YIPAaBICHHS, BKIIOYAIOLIAS
crabmn3anuio ucroynnkos, BoccranoBieHue Cr(VI1) mo Cr(111) u KoHTpOIb MOTOKOB MOI3EMHBIX BOI.
PesynbTaTel MOT'YT OBITH HCIIOIB30BAHBI AJIS yTIPABICHUS! BTOPUYHBIM 3arpsI3HEHHEM B aHAJIOTHYHBIX
cCHCTEMaX.

KnroueBbie cioBa: mectuBanentHeiii xpom (Cr(VI)); 6op; Eh-pH Tepmomunamuka,
B3aMMOJICHCTBUE TIOJ3EMHBIX M IOBEPXHOCTHBIX BOJ; BTOPHYHOE 3arpsi3HEHHE; aUTIOBHAJIbHBIA
BOJIOHOCHBIM TOPH30HT; 3arpsi3HEHHE PEK; KOHIEMIHUS «UCTOYHUK—IIYTh IEPEeHOCA—PELEHTOp»;
OTpaHUYCHHUS €CTECTBEHHOT'O CAMOOUHUIIICHHS.
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