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PREDICTABILITY OF MINING WASTEWATER
POLLUTION BASED ON FRACTAL TIME
SERIES ANALYSIS

Pollution of water resources by heavy metals, especially in areas
of ore mining and processing, leads to a deterioration in the quality
of life and health of the population. The greatest degree of pollution is
associated with the development of deposits of copper, zinc and lead.
Within the framework of this study, a fractal R/S analysis of the time series
of wastewater indicators (turbidity, electrical conductivity, flow rate and
pH) selected at the site of the Sayak ore district (Republic of Kazakhstan)
was performed. A substantial increase in flow was noticed from July 10 to
July 15, 2024, and an increase in electrical conductivity from July 4 to July
26, 2024, although without exceeding critical levels. The Hurst exponent

for electrical conductivity exceeds 0.56, indicating the presence of long-
term memory and the stability of the process. Minor variations in turbidity
indicate no serious harm to the environment. However, the data are limited
and do not allow for an assessment of all deposits in the region, making it
difficult to draw conclusions about the impact on the environmental safety
of the Balkhash urban region. Despite the high risk of chronic diseases
in the area, the results confirm that fractal analysis can serve as a useful
indicator of environmental conditions and a basis for monitoring systems.

Keywords: time series analysis, R/S analysis, Hurst exponent, mining

wastewater, environmental monitoring.
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Introduction

It is well known that the mining and processing of metal ores is one of the
main causes of environmental degradation [1]. Ores are extracted using both open-
pit (up to 100 meters deep) and underground methods, depending on the location
of the deposits. A significant amount of waste remains, as the proportion of ore in
the extracted material is low. Some pollutants enter water bodies used by the local
population. The proximity of such facilities to water sources poses a serious threat
to safety and quality of life. Water pollution may be organic, inorganic, pathogenic,
thermal, or radioactive [2]. This complicates water use in households, agriculture,
and disrupts biochemical processes in the soil [3]. The problem is particularly
relevant for urban agglomerations located near mining regions. In Kazakhstan,
this includes the Northern Balkhash region (southern Karaganda oblast), where
the Sayak ore district is located, containing a dozen high-quality deposits.

The region around Lake Balkhash has been experiencing significant
environmental difficulties since the 1970s. Excessive use of water resources for
mining activities has caused the drying up of lake systems: only 5 out of 16 have
survived, and about a third of the Balkhash River basin has dried up [4]. Each
year, more than 70 tons of copper and around 60 tons of zinc and lead settled into
lake [5]. The water is also contaminated with petroleum products and fluoride
compounds. Additional impact comes from wastewater discharged by mining
enterprises in the People’s Republic of China.

In study [6], the example of Indian water bodies, a statistical method for
assessing water quality was developed based on the Water quality Index (WQI)
and the use of fractal analysis (calculation of the Hurst index). However, such
assessments, suitable for drinking water sources, require adjustment when
analyzing wastewater from ore mining. To evaluate the long-term memory of time
series, methods such as Rescaled Range Analysis (R/S-analysis) [7] and Detrended
Fluctuation Analysis [8] are applied. Water quality indicators are determined
according to WHO/EPA standards [9], and sampling procedures are described
in [10]. Study [11] demonstrates the persistence of Hurst exponent values for
hydrological variables before and after deseasonalization, which is important for
forecasting. However, it focused on open water bodies (Little River and Walker
Branch (Tennessee, USA), while wastewater from mining sites may have distinct
characteristics. Several studies [12] have revealed fractal behavior and persistent
concentrations of chemical components in mine water flow. As shown in [13, 14],
some water quality parameters exhibit both short-term and long-term predictability.

Study [15] examined the quality of drinking water using turbidity as an
indicator — a measure of transparency loss due to the presence of suspended
particles. Turbidity serves as an important indicator of changes in water quality.
When persistent changes in this parameter are observed, it becomes possible to
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forecast the future state of the water. In the present study, turbidity and electrical
conductivity of wastewater generated during metal ore mining are analyzed.
Although this water is not used for drinking, its infiltration into groundwater
and surface water bodies (e.g., the Balkhash basin) may pose environmental
risks and threaten public health. If pollutants exhibit long-term persistence, their
concentration can be monitored and predicted. However, in the case of random or
antipersistent fluctuations, such predictability is lost, indicating potential violations
of technological standards.

Fractal analysis has a number of significant advantages over traditional
methods in processing environmental monitoring data, especially in the study of
time series of environmental pollution (water, air and soil resources). It is more
robust to noise and capable of extracting the underlying structure of a signal even
in the absence of clear patterns. Unlike classical methods, fractal analysis enables
the development of predictive models for ecosystems with unstable or cyclical
dynamics and serves as a foundation for machine learning and neural networks,
especially in anomaly detection.

The goal of this research is to examine persistence over time in time series
of polluted water, which affects environmental safety and quality of life in areas
near mining regions. The Balkhash urban region, particularly its northern part and
the Sayak ore district, was selected as the study area. The long-term persistence
of pollutant concentrations indicates the potential for forecasting and controlling
water quality. This is important for ensuring environmental safety and sustainable
development in urban agglomerations, especially those located near mining areas.
Research Objectives:

To apply fractal analysis to time series of pollution indicators (turbidity,
electrical conductivity, pH, and flow) to calculate the Hurst exponent and identify
long-term memory.

To investigate the values of the Hearst index according to the main parameters
for assessing the degree of wastewater pollution in the Sayak ore region.

Materials and methods

A discrete time series of wastewater indicators (turbidity, flow, electrical
conductivity, pH, etc.) is considered, with values recorded by the corresponding sensors
atspecific timeintervals ¢, t ... t , where t, be the initial time point, then the time series
can be represented as [16]:

R = (r(t), 7(ty), .., 7(t0)).

Based on the original time series R a family of cumulative time series
R" = (r(t),r(ty), ...7(t,)). h=3,n is constructed to analyze the aggregated
behavior of the observed data over time and [7, 17]:
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where ﬁh is the arithmetic mean of a time series R”,
p(hs) =335, (r(tj) - Eh), h=3ns=3n,
where p h, S is the deviation from the arithmetic mean,
F, = maxp(h,s) — minp(h,s),
s=1,h s=1,h

where F, —range,

— N2 —
o = % ;:1 (q(t]) _Q ) 5h = 31na

where O}, is the standard deviation of a time series.
Accordingly, the following equation can be derived:

lg (2) = H(R") - lg(w) +1g(8),h = 3,m
where H (Rh) is the Hurst exponent, as the coefficient of the independent
variable, is calculated using the least squares method.

The fractal dimension D of the time series R is calculated using the following
formula [7]D = 2 — H.

It indicates the extent to which the fractal occupies space when the observation
scale is reduced. Based on the fractal dimension D, a predictability index P can
be calculated [6] P = 2|D — 1.5]. .

The value of P increases with a decrease or increase in the fractal dimension
of D relative to the value of 1.5. At D < 1.5, stability is recorded in the structure
of the time series. At D < 1.5 , the time series R also demonstrates constancy.
If P tends to zero, it can be concluded that the time series is random or close to it.
The following formula is used to establish a threshold value that makes it possible
to distinguish between a stable time series and a random one [18]:

T _ 2 h-1 |h=i
Hj _\’T[(h—l) =17

where H hT is the theoretical threshold value for identifying the boundary
between random and persistent time series.

Thus, after determining the value of the Hearst indicator, the following
interpretation of the results of the analysis of the time series of wastewater
discharges can be presented:
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1 HF < H(R™) < 1. This may indicate the presence of long-term memory
or persistence in the time series. In the case of turbidity or electrical conductivity
indicators, this means that high levels of pollution tend to persist or reappear
after a temporary decrease. At the same time, the overall trend remains stable,
which allows the application of trend-based forecasting methods. For monitoring
systems, this is important because persistence signals the stability, predictability,
and controllability of water discharges from ore mining facilities.

2 0.5 < H(R") < H]. This indicates the random nature of the time series. In
the context of water discharge indicators, it suggests unstable pollution levels that
cannot be reliably predicted or controlled. Such a situation may point to disruptions
in technological processes, insufficient treatment, or accidental releases. This is
especially concerning if the time series previously exhibited persistent behavior.

33.0<H (R”) < 0.5 This indicates ergodicity and anti-persistence in the
time series. In the context of water discharge indicators, it means that pollution
levels tend to decrease after high values or increase after low ones. Moreover, the
trends change more rapidly than in random time series.

The Hurst indicator makes it possible to identify the presence of a long-term
relationship in the time series of water flow indicators, which is important for
pollution control systems. The present study focuses on process water discharges
from mining enterprises; however, this approach can also be used to analyze the
quality of drinking water..

Results and Discussion

Data on water discharges from one of the facilities located in the Sayak ore
district were used in this study. The data were provided by a private mining company
under confidentiality conditions. The facility has been operating for over 50 years
and specializes in copper ore extraction. The region is located about 200 km from
the city of Balkhash. Three types of groundwater serve as sources of water supply:
porous aquifers in loose sediments (with a mineralization of up to 3 g/l), fractured-
porous horizons at a depth of up to 50 m and fractured-vein horizons at a depth
of 50-60 m. The chemical composition of groundwater is relatively stable, it is
dominated by sulfate compounds, and the water is characterized by high hardness
(the pH value varies between 6.9-8.5). The analysis covered the period from May
23,2024, to August 28, 2024, with measurements taken every 20 minutes, resulting
in a total of 6,385 observations. The studied parameters included turbidity (NTU),
electrical conductivity (in Siemens), flow rate (in m?/s), and pH. However, the pH
data were insufficient for reliable analysis. Turbidity reflected the concentration
of suspended particles, electrical conductivity indicated the ionic content of the
water, and flow was defined as the volume of water passing through a given area
per unit time. A sample of the data and Water Quality Index (WQI) estimates is
provided in Table 1 [17]. The full dataset is available at [19].
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A fractal analysis of time series data on water discharge indicators was
conducted for a facility located in the Sayak ore district. Based on R/S-analysis,
Hurst exponents were calculated for electrical conductivity, turbidity, and flow
rate — both for the entire observation period and for a shorter period characterized
by abrupt changes in these parameters. Additionally, Water Quality Index (WQI)
values and the predictability index were determined. As shown in Figure 1, a
sharp increase in water electrical conductivity (red line) was observed in July
2024, whereas during the rest of the observation period, the values remained close
to zero due to the absence of significant flow. From July 10 to July 15, flow rate
(green line) increased sharply, while electrical conductivity had already begun
to rise on July 4 and remained elevated until July 26. The significant increase in
flow during July 10-15, 2024, may be attributed to both industrial activities and
weather conditions, heavy rainfall occurred during this period in the southern part
of the Karaganda region (Northern Balkhash region) [20]. The increase in flow
was accompanied by the discharge of a large volume of water with high electrical
conductivity, while turbidity levels remained almost unchanged. According to [9],
even the peak electrical conductivity values in the studied dataset do not pose a
serious environmental threat to the region.

Table 1 — Descriptive statistics of time series for wastewater discharge indicators
from a metal ore mining facility

Indicator Turbidity | Electrical con- | Flow Rate | pH WQI
(NTU) ductivity (S/m) | (m%s)

Number of ob- | 6386 6386 6386 55 6386
servations

Mean 7.23 81.95 1.42 5.86 0.20
Std 1.72 206.70 3.82 0.70 0.52
Min 0.00 0.00 0.00 2.17 0.00
Max 8.98 2422.73 20.85 6.62 6.06
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Figure 1 — Time series of water discharge indicator values (flow rate, electrical
conductivity, turbidity, and pH level) were recorded at one of the metal ore
mining facilities in the Sayak ore district during the period from May 23, 2024,
to August 28, 2024.

The Hurst exponent value for the time series of electrical conductivity during the
period from May 23,2024, to August 28,2024, is H, (R®38¢) a 0,59, For the period
from July 4, 2024, to July 26, 2024, the Hurst exponent is According to the study [18]

Hlyg6 < 0.5065,and HYgg; < 0.5141. This means that the time series of electrical

conductivity for both time periods are persistent, since H; (R®38¢) < Hl;5, and
H,(R'>®3) < HI.g,. Based on the dataset, Water Quality Index (WQI) values
were calculated, indicating persistence in the corresponding time series. At the
same time, turbidity and flow rate exhibited anti-persistent behavior: the flow rate
fluctuated sharply, particularly between July 10 and July 15, 2024, while turbidity
showed only minor variations, reflecting short-term fluctuations.

The analysis showed that the time series of electrical conductivity in water
discharges from the metal ore mining facility in the Sayak district exhibit long-term
memory properties. This indicates the stability, predictability, and controllability
of this parameter. Considering the regulatory limits for electrical conductivity
[9], it can be concluded that the facility complies with the requirements for water
treatment and settling prior to discharge.

Information

This research was funded by the Science Committee of the Ministry of
Science and Higher Education of the Republic of Kazakhstan within the project
BR21882258 «Development of Intelligent Information and Communication
Systems Complex for Environmental Emission Monitoring to Make Decisions
on Carbon Neutrality».

Conclusions

This research examined the time series of discharges of treated wastewater
from a metal ore mining enterprise in the Sayak ore region (Kazakhstan) for the
period from May 23 to August 28, 2024. Using the fractal R/S analysis method,
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Hurst indices were determined for parameters such as turbidity, electrical
conductivity, and flow velocity. The pH analysis proved impossible due to
insufficient data.

In the period from July 10 to July 15, a sharp increase in runoff was recorded,
and from July 4 to July 26, an increase in electrical conductivity was observed due
to intense precipitation. Despite the fact that the values of electrical conductivity did
not reach critical levels, their increase may indicate the likelihood of contamination
at high concentrations. The Hearst index for electrical conductivity (0.56—0.59)
indicates the presence of stability and long-term memory, which characterizes
the process as predictable. The Water Quality Index (WQI) also indicates a stable
condition. Turbidity values remained in the range of 0.43-0.49, reflecting their
unstable and stable nature, which does not pose an environmental threat.

Thus, the process of change in electrical conductivity at the studied facility
appears to be controllable, with limited impact on the surrounding environment.
However, potential risks from other facilities in the region should be considered,
as previous cases of heavy metal concentrations exceeding acceptable levels have
been recorded in the waters of Lake Balkhash. This highlights the relevance of
fractal analysis as an effective tool for environmental monitoring and for protecting
public health.
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OPAKTAJIABIK YAKBIT TIBSIMECIH TAJIJAY HET'T3IHJAEI'T
TAY-KEH ABAMATTAPBIHBIH AFBIH/bI CYJIAPBIHBIH
JJACTAHYBIH BOJIZKAY

Tay-ken 6HOIpici meH KeH 6atiblmy HbICAHOAPBIHLIY JHCAHLIHOA CY
KO30€epiHiy ayblp MemanoapMeH J1ACMAanybl XaiblKmbly OeHCayIblebiHd
Kepi ocep emin, oMip Cypy canacbiibly memeHoeyine okenyoe. Ey ayvip
aacmany Cu, Zn sicone Pb anymen bavinanvicmoi. Byn sepmmey Casik keHOt
ayoanwvinoaewl (Kazaxkcman Pecnybnuxacwt) agbiHOblL Cy1apObly YaKblmmblK,
Kamapul Oepekmepine (MAIbLIbIK, JIeKmp 6mKI32iumik, azvlt dicoHe pH)
@dpaxmanovig R/S-manoay scypeizoi. Azvinnoiy kypm ocyi 2024 scolnevt 10
windeoen 15 windeee Oeitin dicome snexmp emxizeiuumixmiy 2024 orcolizol 4
windeoen 26 windeze Oellin yi2aiobl ColHU OeHeeludeH acnaca 0a baukaiobl.
Dnexmp emxizeiumixmiy Xepcm xopcemkiwi 0,56-0an acaowi, 6yn y3ax
MEP3IMOIL JHCAObIHBIH OOJIYbIH JCOHE NPOYECMIK MYPAKMbLIbI2bIH KOPCemeol.
Jlatinanyoviy wamansl aysimkysl Kopulazan opmaza aumapivlKmati
3USAH KelmipMeuminin kopcemeol. [lecenmen, oepexmep wekmeyi HeoHe
aumakmazvl 6APLIK KeH OpblHOapbil Oazanaysa MyMKIiHOIK Oepmeuoi,
oyn Bankaw Kananvlk aumMdasblHbly IKOI02USILIK KAYINCI30iciHe ocepi
mypaivl KOpblmblHObL Jcacayobl KUblHOamaobl. Ayoanoazbl cO3bLIMATbL
aypynapobvly Jco2apul Kaynive Kapamacmau, Homudicenep Gpakmanobly
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manday Kopuiazan opma HCaz0aulapbiHbly NAUOALbl KOPCEMKIWL JHCOHe
MOHUMOPUHE JiCYllelepi Yuin Heei3 601a alamvlHblH PACMAiiobl.

Kinmmi ce3zdep: yakeim kamapein manoay, R/S manoay, Xepcm
KOpCemKilii, may-KeH azblHObl CYLaApbl, KOPUIa2an Opmansl 0aKwliay.

*A. Benowuyxuii', O. Kyuancxuir’, 10. Anopawxo’,

C. Benowuykas®, A. Medembex’

1245 Actana IT Yausepcutet, Pecniyonuka Kazaxcra, r. Acrana
SVKropoJICKuil HAIMOHAIBHBIA YHUBEPCUTET, YKpanuHa, I. YKIropos
IToctynuno B pegaknuto 29.08.25.

IToctynuno ¢ ucnpasienusmu 03.09.25.

IIpunsaro B neuars 05.09.25.

INPOTHO3UPYEMOCTD 3ATPA3ZHEHHUS CTOYHBIX BOJ]
T'OPHOJIOBBIBAIOIIUX MPEJANPUATHAN HA OCHOBE
D®PAKTAJIIBHOI'O AHAJIU3A BPEMEHHBIX PAJ10OB

3acpsszuenue 600HbIX pecypcos mAdCeNbIMU MEMALIAMY, 0COOEHHO
6 PalloHax, NPU2AWUX K 20pHO000bIBAIOWUM U NEPepabamvleaiowum
NPeOnpuUsmuUAM, NPUBOOUM K YXYOULEHUIO KAYeCmBa JCUZHU U COCTOSIHUS
300poebsi nacenenusi. Haubonee cunvroe 3azpsizHenue c8a3aHo ¢ 000blyell
Cu, Zn u Pb. B 0annom uccredosanuu npoeder ghppaxmanvhuiil R/S-ananus
BDEMEHHBIX PSIO06 OAHHBIX (MYMHOCMb, JNEKMPONPOSOOHOCHTb, PACX00 U
pH) cmounvix 600 ¢ yuacmrka Casikckoeo pyonoeo pationa (Pecnybnuxa
Kazaxcman). Pesxoe ysenuuenue pacxooa Hadmooanocs ¢ 10 no 15 urons
2024 200a, a ygenuuerue 31ekmponpogooHocmu — ¢ 4 no 26 urons 2024 2o0a,
xomsi u be3 npegvlutenus Kpumuyeckux snavenuil. [loxasamens Xepcma ons
eKMponpoeoonocmu npesviuiaem 0,56, umo ceudemenbcmeayem o Hanuduy
OdoneoepemenHoll namamu u cmadurbHocmu npoyecca. Hesnauumenvhoie
KOJCOAHUSL MYMHOCMU CEUOEMENbCMBYIOM 00 OMCYMCMEUU CePbe3HO20
6peoa 0ist okpyscaiouyeti cpedvl. OOHAKO umerowuecsi OAHHble OZPAHUYEHDBL
U He NO3BOJISIIOM OYEHUMb 6CE MECOPONCOECHUSL 8 PESUOHE, YMO 3ampyOHsiem
6b1600bL 0 GIUAHUU HA IKOI02UYECKYIO be3onacHocmy banxauwickozo
20po0cko20 okpyea. Hecmompst na 8bicoKUll puck pazeumusi XpoHU4ecKux
3a00/e6aHULl 8 IMOM patione, NOTYYEHHbIE PE3VIbINAMbL HOOMBEPICOAION,
Umo PpakmanbHblil AHATUZ MOJICEN CIYHCUMb NOJEIHBIM UHOUKAMOPOM
COCMOSIHUSL OKPYICAIOUyeli Cpedbl U OCHOBOU OJIsL CUCTHEM MOHUMOPUHZA.

Knrouesvie cnosa: ananuz epemennvix psioos, R/S-ananus, noxazamens
Xépcma, cmounbie 800bl 20pHOO00BIBAIOUUX NPEONPUSIMULL, IKONOSULECKULL
MOHUMOPUHE.
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