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Jarosite residue, a secondary sulphate mineral prevalent in acid mine drainage (AMD) systems and hydrometallurgical zinc-processing
wastes, serves as a transient repository for heavy metals such as lead (Pb), arsenic (As), cadmium (Cd) and zinc (Zn). However, its stability
is profoundly influenced by the seasonal environmental fluctuations. This study reports the crystal-chemical transformations of jarosite rich
industrial waste across wet (monsoon) and dry seasons, elucidating their ramifications for heavy metal mobility, soil contamination, crop
bioaccumulation and human health risks. Soil and waste samples were collected from a jarosite residue dump (site A), adjacent agricultural
soil (site B) and a reference site (site C) during peak dry (March 2025) and wet (July 2025) seasons. Analyses encompassed physico-
chemical properties (pH, EC, organic carbon, CEC), X-ray diffraction for mineralogy, ICP-MS for total and bioavailable metals, BCR
sequential extraction for speciation, batch dissolution experiments simulating seasonal conditions, crop metal accumulation in wheat and
maize, bioaccessibility assessments and pilot remediation trials using lime, biochar and bentonite. Results revealed heightened jarosite
residue dissolution and reduced crystallinity (from 0.87 to 0.80) in the dry season, fostering transformation to goethite and anglesite, with
Pb and As shifting from residual (65-75%) to labile fractions (45-55%). Bioavailable Pb and As at site A surged from 5.59 and 2.08 mg/kg
(wet) to 19.52 and 7.74 mg/kg (dry), respectively. Batch experiments confirmed amplified metal release (up to 70% Pb, 54% As) at
elevated temperatures (45 °C) and pH 7.5. Crop grains from site B exhibited elevated accumulation (e.g. 2.5 mg/kg Pb in wheat), yielding
hazard quotients exceeding 1 for children, indicating non-carcinogenic risks. Remediation amendments reduced bioavailable metals by
55-65%, enhancing pH and CEC. These findings underscore the vulnerability of semi-arid mining ecosystems to seasonal dynamics,
encouraging tailored waste management and bioremediation strategies to mitigate contamination and foster sustainable agricultural practices
in affected regions.
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INTRODUCTION

Jarosite residue [KFe3(SO4)2(OH)g] is the typical secon-
dary mineral in the acid mine drainage (AMD) systems and
industrial wastes generated in the course of hydrometallurgical
processing of zinc [1]. Jarosite residue is an acidic sulphate-
rich mineral and a major environmental geochemistry player
since it has the capacity to sequester heavy metals and metal-
oids, including lead (Pb), arsenic (As), cadmium (Cd) and zinc
(Zn) in its crystal structure by either substitution or adsorp-
tion [2]. This entrapment makes jarosite residue a short-term
trap of toxic pollutants, which lowers the immediate bioavail-
ability of the pollutants in mining-affected waters. However,
the stability of jarosite residue is highly susceptible to the

environmental factors like pH, temperature, redox potential
and moisture which fluctuate seasonally particularly in semi-
arid regions like the Dariba mining district in the state of
Rajasthan, India [3]. These changes may cause the dissolution or
conversion to other secondary phases [e.g. goethite (a-FeO(OH)
or anglesite (PbSO4)] that may release sequestered heavy
metals to the surrounding soils and water bodies, which has a
high environmental and health risk [4,5].

Dariba mining area, one of the largest zinc and lead
mining regions of India, has been generating large amounts of
jarosite residue-rich wastes as byproducts of hydrometallurgical
zinc recovery. This waste is normally buried in landfills or open
dumps and is exposed to the soils and hydrological systems
of the area, which can cause pollution of the area due to the
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movement of the leachate [1,6,7]. The semi-arid climatic
conditions of the region, the extreme variations in tempera-
ture (10 °C in winter and 45 °C in summer) and the concentrated
monsoon precipitation (600-800 mm per annum) makes the
region an active environment, which influences the crystal-
chemical behaviour of jarosite residue. During the dry season,
the arid terrain and hot weather may promote dehydration of
minerals and lattice dissolution, but in the monsoon seasons,
the dissolution or leaching may be promoted, which may affect
the mobility of heavy metals [7]. Such seasonal processes are
critical to long-term environmental impacts of the jarosite
residue in the sense that they will define the equilibrium bet-
ween metal sequestration and release, which has implications
on the soil quality, groundwater safety and ecosystem health.

Jarosite-rich waste has become a major problem in mining
areas all over the world and has been found to cause soil and
water contamination in places like Spain, Australia and China
[8,9]. This is made worse by the fact that the waste dumps in
Dariba are near agricultural lands and heavy metals that
might be released by jarosite residue concentrated in crops
and thus enter the food chain and cause health hazards [6].
As has been previously noted, jarosite residue has been noted
to have a dual nature of being a scavenger and a source of
heavy metals and its behaviour is dependent upon environ-
mental conditions [10]. Nevertheless, there is a paucity of
research examining seasonal changes of the crystal-chemical
characteristics of jarosite residue and their individual effects
on the mobility of heavy metals in semi-arid mining areas such
as Dariba. Such knowledge is essential in the prediction of
high-risk phases of contamination and site-specific and locally
oriented remediation strategies that are dependent on local
climatic conditions. This gap is tried to be filled in the present
[5] recorded at the solution surface at exactly 40 sec (R1st) and
8 h (R2nd).

EXPERIMENTAL

Characterisation: Mineralogical analysis was conducted
using X-ray diffraction (XRD) on a Bruker D8 Advance
diffractometer with CuKa. radiation (A = 1.5406 A). Prior to
analysis, Samples were air-dried at 25 °C, ground to < 63 um
using an agate mortar. Powdered samples were mounted as
randomly oriented specimens and scanned from 5° to 70° 260
at a step size of 0.02° and a scan speed of 1°/min. Phase identi-
fication was performed using the Joint Committee on Powder
Diffraction Standards (JCPDS) database. Semi-quantitative
phase analysis was performed using Rietveld refinement, in
which peak profile functions were iteratively refined for jaro-
site residue and associated mineral phases [11]. The full width
at half maximum (FWHM) and relative peak intensity of the
main diffraction peaks were used to assess the crystallinity of
jarosite residue of jarosite. Using OriginPro software, the
ratio of crystalline peak area to total peak area was used to
determine the crystallinity index (CI). Using the Rietveld
refinement method and X'Pert HighScore software, peak
fitting and refinement were carried out [12]. The ratio of crys-
talline peak area to total diffraction area was used to deter-
mine the crystallinity index (CI) of jarosite residue from XRD
patterns:

L A
Crystallinity index (Cl) = c
% y (C) A A

C a

where A. is the integrated crystalline diffraction peak area and
A, is the amorphous background. Origin2018 implemented
baseline subtraction, peak deconvolution and area
integration. Gaussian—Lorentzian functions suited jarosite’s
characteristic diffraction peaks, whereas X'Pert HighScore
Plus performed phase identification and Rietveld refining.
Under seasonal environmental stress, lower CI values suggest
partial amorphisation and structural deterioration, whereas
higher values imply structural ordering and mineral durability.

Physico-chemical analysis: Cation exchange capacity
(CEC) was measured using the ammonium acetate method
(pH 7.0) to assess metal retention capacity of soil [13]. The
soil samples (0.5-10 g) were saturated with 25 mL NH4,OAc
(1 M, pH-7) solution. After shaking and subsequent centrifu-
gation, the supernatant was collected for analysis of exchan-
geable cations. The residues were then washed with 30 mL
ethanol (97%) and centrifuged and the supernatant was
discarded. This was repeated to total three washes. After
discarding the last ethanol, the tubes with soil were weighed
to calculate entrained ethanol mass in the soil and samples
were saturated with 30 mL KCI (1 M). The samples were
shaken and subsequently centrifuged. The supernatant was
analysed for NH4-N. The CEC values were calculated from the
measured molar concentration of NH4-N in the supernatant
after correction for the volume of entrained ethanol.

Chemical analysis: Total concentrations of Fe, Pb, Zn,
As and Cd were determined using inductively coupled plasma
mass spectrometry (ICP-MS, Agilent 7900) after aqua regia
digestion (ISO 11466) of the samples. In brief, 0.5 g of
sample was digested in 12 mL aqua regia (3:1 HCI:HNO3) at
95 °C for 2 h, filtered and diluted to 50 mL with deionised
water. Calibration was performed using multi-element stand-
ards, with detection limits of 0.01 mg/kg for Pb, As and Cd
and 8 mg/kg for Zn [1]. Bioavailable fractions were extracted
using 0.01 M CaCl; (1:10 soil: solution ratio, shaken for 2 h
at 25 °C), filtered (0.45 um) and analysed via ICP-MS [14].
The BCR sequential extraction procedure was applied to
categorize metals into four fractions: (i) acid-soluble (0.11 M
acetic acid), (ii) reducible (0.5 M hydroxylamine hydro-
chloride), (iii) oxidizable (1 M ammonium acetate after H,O,
digestion) and (iv) residual (aqua regia digestion) [14]. Each
extraction step was performed in triplicate and recoveries
were validated against certified reference materials (CRM
BCR-701).

Batch dissolution experiments: Batch dissolution experi-
ments were conducted to simulate seasonal conditions (pH
5.5-7.5, 10-45 °C) and evaluate jarosite residue stability and
metal release. Synthetic K-jarosite residue was prepared foll-
owing Drouet & Navrotsky [15] by dissolving Fez(SO4)s and
K>SO in deionised water at 95 °C and pH 1.5, followed by
filtration and drying. Experiments used 1 g of sample (field
or synthetic jarosite residue) in 50 mL of deionised water,
with pH adjusted using 0.1 M NaOH or HCI. Solutions were
agitated at 150 rpm in a temperature-controlled shaker (10 °C
for wet season, 45 °C for dry season). Aliquots were sampled
at 24 and 48 h, filtered (0.45 um) and analysed for dissolved
Pb, Zn, As and Cd via ICP-MS.



Vol. 38, No. 7 (2026)

Jarosite Crystallinity Dynamics and Heavy Metal Bioavailability in Semi-Arid Agricultural Soils 1761

Crop sampling and metal bioaccumulation analysis:
To assess heavy metal accumulation in local crops, samples
were collected from agricultural fields adjacent to the jarosite
residue-rich waste dump, wheat (Triticum aestivum) during
the dry (March 2025) and maize (Zea mays) (site B) during
the wet (July-August 2025) seasons. At each site, five comp-
osite samples of mature grains were collected from 1 m? area,
oven-dried at 60 °C and ground to < 0.5 mm. Samples (0.5 g)
were digested using a 3:1 HNO3:HCIO4 mixture at 120 °C for
3 h, filtered and analysed for Pb, As, Cd, Cu and Ni via ICP-
MS [12]. Bioaccessibility of metals, reflecting potential human
uptake via ingestion, was evaluated using the simple bio-
accessibility extraction test (SBET). A 0.4 M glycine solution
(pH 1.5) was used to simulate gastric conditions, with 1g of
crop sample extracted at 37 °C for 1 h, followed by filtration
and ICP-MS analysis [16]. Human health risk was assessed
by calculating the Hazard Quotient (HQ) for each metal,
defined as the ratio of the estimated daily intake (EDI) to the
reference dose (RfD), using standard ingestion rates for adults
(0.1 kg/day) and children (0.2 kg/day) [17].

Pilot-scale remediation trial: The effectiveness of pH
correction and soil additions for immobilizing heavy metals
throughout the dry season was assessed by pilot-scale remedia-
tion studies (March 2025). At Site-A, three 1 m? plots were
treated with bentonite clay (5% w/w), biochar made from rice
husk (5% w/w) and lime (CaCOs) to elevate the soil pH to
7.0-7.5. To encourage reactivity, 2 t/ha of lime was added,
blended into the top 10 cm of soil and watered. In order to
assure cost-effectiveness, biochar was purchased locally and
combined with bentonite in a similar manner [18,19]. No
changes were made to the control plots. Composite soil
samples (0-10 cm) were taken after 30 days and ICP-MS and
0.01 M CaCl; extraction were used to check for bioavailable
metals. To evaluate the effects of amendments, changes in
soil pH and CEC were assessed [11]. Biochar was prepared
from rice husk through pyrolysis at 500 °C under oxygen-
controlled conditions. Commercially available bentonite clay
was procured and used directly without any further pretreat-
ment or modification.

Statistical analysis: All experiments were performed in
triplicate and statistical analyses were performed using Graph-
Pad Prism version 7.04 statistical software. Two-way analysis
of variance (ANOVA) was done to compare the difference
between sites and seasons. The difference was considered
significant at p-value < 0.05. It should be noted that although
seasonal fluctuations were mainly assessed using XRD and
geochemical data, SEM and XPS investigations were perfor-

med on representative samples under ambient conditions to
establish baseline features.

RESULTS AND DISCUSSION

Soil and waste properties: Analysis of soil and waste
properties revealed distinct characteristics across the three sam-
pling sites (site A: jarosite rich waste dump; site B: adjacent
agricultural soil; site C: uncontaminated reference soil) and
between the wet and dry seasons. As summarised in Table-1,
soil pH exhibited a significant (p < 0.005) range from 5.44 at
site A to 7.04 £+ 0.18 at site C. Site A consistently demons-
trated higher acidity, with pH values averaging 5.44 + 0.08 in
the dry season and slightly increasing to 5.76 + 0.08 in the
wet season, a direct consequence of the presence and weath-
ering of jarosite residue. In contrast, site B maintained a nearly
neutral pH (averaging 6.14 + 0.16 in dry season and 6.2 £ 0.2
in wet season), while site C, the uncontaminated reference
site, showed a slightly alkaline pH (averaging 7.04 £ 0.18 in
dry season and 7.06 £ 0.11 in wet season), reflecting natural
soil conditions in the region. The electrical conductivity (EC)
measurements further highlighted the impact of the industrial
waste. site A recorded significantly (p < 0.005) elevated EC
values, ranging from 2.624 + 0.5 mS/cm in dry season to 2.16
+ 0.23 in wet season, indicative of high sulphate content
originating from jarosite residue dissolution. This contrasts
sharply with site C, which exhibited low EC values (0.38 =
0.06 mS/cm in dry season while 0.396 + 0.01 in wet season),
typical of uncontaminated soils. Site B showed intermediate
EC values (1.176 + 0.26 mS/cm in dry season while 1.142 +
0.21 mS/cm during wet season), suggesting some influence
from the nearby waste dump. Seasonal variations in EC were
also observed, with wet season samples generally showing
slightly lower EC values, likely due to the diluting effect of
increased rainfall [6].

Organic carbon content was consistently low across all
sites, typically less than 0.8%, which is characteristic of the
sandy loam soils prevalent in the Dariba region and consistent
with the previous observations [20]. Cation exchange capacity
(CEC) varied from 8.7 £ 0.33 to 11.34 £ 0.41 cmol/kg. Site A
displayed the lowest CEC values (8.7 = 0.33 in dry season
while 8.88 + 0.53 cmol/kg in wet season), primarily attribut-
able to its low clay content and the dominance of mineral
waste. Sites B and C showed progressively higher CEC values
(10.16 + 0.46 and 11.34 + 0.41 cmol/kg, respectively in dry
season while 10.56 + 0.39 and 11.12 + 0.45 cmol/kg, respect-
ively in wet season) (p < 0.005), reflecting their higher soil

TABLE-1
PHYSICO-CHEMICAL PROPERTIES OF SOIL SAMPLES COLLECTED FROM DIFFERENT SITES ACROSS SEASONS

Season Site pH EC (mS/cm) Organic carbon (%) CEC (cmol/kg)

Site A 5.44 +0.08 2.624 £0.5 0.62 £0.12 8.7+£0.33
Dry season Site B 6.14 £ 0.16* 1.176 + 0.26* 0.624 +0.118 10.16 + 0.46*
Site C 7.04 £0.18* 0.38 £ 0.06* 0.604 £0.1 11.34 + 0.41*

Site A 5.76 + 0.08 2.16 £0.23 0.512 £0.11 8.88 £0.53
Wet season Site B 6.2 £0.2* 1.142 +0.21* 0.556 +0.16 10.56 + 0.39*
Site C 7.06 £0.11* 0.396 + 0.01* 0.558 +0.13 11.12 + 0.45*

**\/alue represented as Mean + SD. *p < 0.005 in comparison to site A in same season.
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organic matter and clay content, which contribute to higher
metal retention capacity.

Mineralogical studies: XRD analysis confirmed the
dominance of jarosite residue at site A, the industrial waste
dump, with rietveld analysis indicating its abundance ranging
from 70% to 85%. Alongside jarosite residue, goethite and
anglesite were also detected, particularly in samples collected
during the dry season (March 2025), with their proportions
ranging from 5% to 10% and 3% to 8%, respectively (Table-2).
This suggests a seasonal transformation of jarosite residue into
these secondary phases. Notably, jarosite residue crystallinity,
a measure of the order within its crystal lattice, was observed
to be highest in the wet season samples (July 2025) and signi-
ficantly declined in the dry season (Fig. 1). This reduction in
crystallinity during the dry season is indicative of thermal-
induced amorphisation and structural degradation of jarosite
residue, consistent with findings from other studies on jarosite
residue stability under varying environmental conditions
[17,21]. In contrast, sites B (adjacent agricultural soil) and C
(uncontaminated reference soil) showed no detectable pre-
sence of jarosite residue. Their mineralogical composition
was dominated by quartz (60-70%) and various clay minerals
(20-30%), reflecting the natural geological background of the
region. This clear distinction in mineralogy underscores the
localised impact of the industrial waste on site A (Table-2).

Based on the SEM micrographs (Fig. 2), jarosite residue
minerals have semi-rhombohedral shape and aggregated, irre-
gular crystalline structures. The observed particle aggregation

along with their rough and porous surfaces indicates gradual
structural alterations induced by seasonal environmental stre-
ssors. Partial transformation and surface modification proce-
sses are reflected in this aggregated morphology. The observed
surface roughness and particle aggregation are comparable
with the reduced crystallinity revealed in XRD analysis, indi-
cating a slow degradation of the structure over the dry season.
The XRD-derived decrease in crystallinity is supported by
SEM micrographs (Fig. 2a-d), which show aggregated morp-
hologies, irregular particle shapes and surface roughness.

Chemical composition: The presence of Fe, S, O, Na,
Si and Al in the jarosite residue sample was verified by XPS
analysis (Fig. 3). These elements correlate to distinctive
peaks in the survey spectrum (Fig. 3a). The existence of Fe3*
species in the jarosite residue structure is confirmed by high-
resolution spectra that show Fe 2ps» and Fe 2pi, peaks at
~710 eV and ~724 eV, respectively, verifying the existence
of Fe®*. Sulphate (SO4%) groups are identified by the S 2p
peak at around 168 eV, while oxygen in hydroxyl and sulp-
hate structures is represented by the O 1s peak at about 531 eV.
The integration of Na in the jarosite structure is confirmed by
the Na 1s peak at around 1071 eV. The jarosite residue
composition and silicate impurities are supported by the XPS
quantification (Table-3), which reveals a predominant oxygen
concentration with little Fe and S [22]. Surface contamination
during sample processing is responsible for the comparatively
high carbon content.

TABLE-2
MINERALOGICAL COMPOSITION OF SOIL SAMPLES COLLECTED FROM DIFFERENT SITES ACROSS SEASONS

Site Season reg?c;SZIE§ %) Goethite (%)  Anglesite (%)  Quartz (%) Cly (T/:) ?erals Jag);;;:ieﬁ;tdyue
Site A Wet 75.6 4.9 25 3.0 0.8 0.87
Site A Dry 70.9 9.3 6.0 35 0.1 0.8
Site B Wet 0.8 0.2 0.2 61.8 23.0 ND
Site B Dry 0.5 0.4 0.3 66.1 21.4 ND
Site C Wet 0.3 0.4 0.5 67.9 22.0 ND
Site C Dry 0.5 0.6 0 66.1 21.7 ND

*ND = Jarosite residuenot detected in XRD, crystallinity not applicable.
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Fig. 1. XRD patterns of soil and jarosite-rich trash samples from Site A (dump), Site B (near agricultural soil) and Site C (reference soil)

throughout wet and dry seasons
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Fig. 2. SEM micrographs of jarosite residue at different magnifications showing (a) particle aggregation, (b) irregular morphology (c)
crystalline structure and (d) surface roughness and porosity
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Fig. 3. XPS spectra of jarosite residue showing (a) survey spectrum and high-resolution spectra of (b) Fe 2p, (c) S 2p, (d) O 1s and (e) Na 1s
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TABLE-3
SURFACE ELEMENTAL COMPOSITION OF THE JAROSITE
RESIDUE SAMPLE DETERMINED BY XPS

Element Binding energy (eV) Atomic (%)
O 1s =58l 42.91
C1ls ~284 24.90
Si2p ~102 16.39
Ca2p ~347 4.58
Al 2p ~74 3.48
S2p ~168 3.37
Fe 2p ~710 2.84
Na 1s ~1071 1.53

Seasonal control and dissolution mechanism: The fin-
dings of the combined morphological and batch dissolution
show that temperature and pH have a significant influence on
jarosite residue stability. Significant metal leakage (Pb ~70%,
As ~54%) was seen under dry-season circumstances (pH 7.5,
45 °C). Although XPS verifies chemical stability at the
surface, XRD and SEM show structural disorder and mor-
phological deterioration, suggesting that the main cause of
heavy metal release is crystallinity loss rather than compo-
sitional change. Moreover, arsenic mobilisation is facilitated
by sulphate—arsenate exchange [23].

Heavy metal speciation: Inductively coupled plasma
mass spectrometry (ICP-MS) analysis revealed significant
variations in the total concentrations of heavy metals across
the sampling sites as detailed in Table-4. Site A, the jarosite
residue-rich waste dump, exhibited markedly elevated con-
centrations of Fe, Zn, Pb, As and Cd. Specifically, over both
the seasons span average concentrations at site A were 23.9
+ 0.08% for Fe, 7.9 £ 0.04% for Zn, 2.3 + 0.008% for Pb,
0.79 £ 0.004% for As and 0.19 + 0.0019% for Cd. These
values are substantially higher than those observed at site B
(adjacent agricultural soil), which had lower concentrations

and site C (uncontaminated reference soil), where only trace
levels of these metals were detected. The localised effects of
the mining waste on the ecosystem are observed in this grad-
ient in metal concentrations. Analytical accuracy was confirmed
by recovery values for verified reference materials, which
varied from 92% to 105% [23].

To understand the mobility and potential bioavailability
of the heavy metals, the Community Bureau of Reference (BCR)
sequential extraction procedure was applied to samples from
site A. Pb and As were focused-on pertaining to their high
concentration levels, strong seasonal variability and environ-
mental relevance, while Cd was included due to its known
high mobility in soil systems. The results, presented in Table-5,
provide insights into the speciation of Pb, As and Cd across
four fractions viz. acid-soluble, reducible, oxidisable and
residual. In the wet season, Pb and As were predominantly
found in the residual fraction (65-75%), indicating their strong
binding within stable mineral phases, likely jarosite residue.
However, a significant shift was observed in the dry season,
with 45-55% of Pb and As migrating to the more mobile acid-
soluble and reducible fractions (p < 0.01). This shift suggests
a decrease in the stability of the metal-bearing phases, leading
to an increased risk of environmental release. In both seasons,
Cd exhibited higher mobility, with 25-35% present in the
acid-soluble fraction, reflecting its weaker association with
the solid matrix compared to Pb and As [14].

Bioavailable concentrations were determined only in case
of Pb and As, as these metals posed the highest environmental
concern and presented the most pronounced reaction to season
changes. The bioavailability of Pb and As at site A was obser-
ved to be highly sensitive to seasonal variations, as indicated
in Table-6. Bioavailable concentrations of Pb were much
higher at site A in the dry season (19.52 + 1.37 mg/kg) than
the wet season (5.59 + 0.93 mg/kg). Similarly, bioavailable

TABLE-4
TOTAL HEAVY METAL CONCENTRATIONS (%) IN SOIL SAMPLES COLLECTED FROM DIFFERENT SITES ACROSS SEASONS
Metals Season Site A Site B Site C
Fe Wet season 24,0140 + 0.0848 2.0498 + 0.0694*** 0.9816 + 0.0606***

Dry season 23.9661 + 0.0767 1.9746 + 0.0837*** 1.0319 £ 0.0716***
7n Wet season 7.8973 + 0.0486 0.8005 + 0.0451*** 0.2009 + 0.0106***
Dry season 7.9062 + 0.0556 0.8262 + 0.0197*** 0.1967 + 0.0103***
Pb Wet season 2.3040 = 0.0029 0.2977 + 0.0079*** 0.03002 + 0.0009***
Dry season 2.2986 + 0.0112 0.3021 + 0.0082*** 0.02902 + 0.0005***
As Wet season 0.7968 + 0.0066 0.1016 + 0.0049*** 0.01016 + 0.0007***
Dry season 0.7970 = 0.0032 0.0987 + 0.0014*** 0.01020 + 0.0001***
cd Wet season 0.1986 + 0.0018 0.0198 + 0.0031*** 0.00301 + 0.00004***
Dry season 0.1989 + 0.0021 0.0188 + 0.0018*** 0.00295 + 0.00006***

Values are represented as Mean + SD. ***p < 0.005 in comparison to site A in same season.

TABLE-5

DISTRIBUTION OF HEAVY METAL FRACTIONS IN SITE A SOIL BASED ON THE BCR SEQUENTIAL EXTRACTION PROCEDURE

Site Season Metal Acid-soluble (%) Reducible (%) Oxidizable (%) Residual (%)
Pb 13.0 10.9 583 74.5
Wet season As 14.8 14.0 6.5 66.0
. Cd 31.8 24.4 15.6 25.0
Slte A Pb 202 295 113 416
Dry season As 21.6 27.6 12.7 36.8
Cd 34.7 27.8 19.7 28.9
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TABLE-6
BIOAVAILABLE HEAVY METAL CONCENTRATIONS ACROSS COLLECTION SITES AND SEASONS
Metals Season Site A Site B Site C
Pb (mg/kg) Wet season 5.59 £ 0.93 241+0.21 0.048 + 0.0048
Dry season 19.52 £ 1.37 7.79 £0.76 0.052 + 0.0093™
As (mg/kg) Wet season 2.08 £0.21 1.38+£0.26 0.029 + 0.0047
Dry season 7.74£0.9 2.88 + 0.46 0.035 + 0.0088™

All value were significant with p < 0.0005 except marked ns. Values are presented as Mean + SD.

TABLE-7
HEAVY METAL RELEASE DURING BATCH DISSOLUTION EXPERIMENTS UNDER DIFFERENT EXPERIMENTAL CONDITIONS

pH Temperature (°C) Time (h) Pb release (%) As release (%) Cd release (%) Zn release (%)
10 24 6.1 8.9 6.2 4.8
55 10 48 5.5 6.5 4.2 5.6
45 24 32.0 39.2 153 245
45 48 36.6 29.2 17.7 12.8
10 24 26.1 35.5 215 144
75 10 48 32.2 27.8 194 155
45 24 69.8 55.1 41.0 37.6
45 48 70.4 52.2 43.0 35.9

concentration of As increased from 2.08 + 0.21 mg/kg in the
wet season to 7.74 £ 0.9 mg/kg in the dry season. Site B exhi-
bited moderate bioavailability, while site C had negligible extr-
actable metals, further emphasizing the localised contamination.

Batch dissolution experiments: Batch dissolution exp-
eriments were conducted to simulate the seasonal conditions
and to directly assess the stability of jarosite residue and the
release of heavy metals under controlled parameters. The
results, presented in Table-7, demonstrate a clear correlation
between environmental conditions (pH and temperature) and
the extent of metal release. Dissolution was found to be highest
under conditions simulating the dry season, specifically at pH
7.5 and 45 °C. Under these conditions, a significant proportion
of heavy metals was released from the jarosite residue-rich
samples, with approximately 70% of Pb and 54% of As being
released within 48 h. This high release is a result of oxidation
of jarosite residue to more soluble secondary phases, pre-
dominantly goethite. On the other hand, in a wet season-like
condition (pH 5.5 and 10 °C), the dissolution of jarosite resi-
due was minimal and the release of metal was less than 8%
of all the heavy metals tested. This shows the stabilizing nature
of the low temperatures and acidic conditions on jarosite resi-
due as could be anticipated of its formation conditions. Inter-
estingly, even under these minimal dissolution conditions, a
slight increase in As mobility was observed at pH 5.5, which
can be attributed to sulphate-arsenate exchange mechanisms,
where arsenate ions compete with SO, ions for binding sites
within the mineral structure, leading to its release into the
solution [5]. The batch dissolution experiments were consis-
tent with the field observations, confirming that dry-season
conditions promote enhanced dissolution of jarosite residues
and increased release of associated heavy metals. Elevated
temperatures and higher pH conditions, resulting from reduced
rainfall and intensified evaporation, were found to significantly
influence metal mobilization. Table-7 further demonstrate the
strong dependence of heavy metal release on both temperature
and pH, highlighting their critical role in governing contami-
nant mobility and environmental risk.

Crop metal accumulation and human health risk assess-
ment: Analysis of wheat and maize grains from site B revealed
significant heavy metal accumulation, with higher concentra-
tions in the dry season crop (Table-8). In dry season, wheat
grains were found to have heavy metal accumulation 2.5 £ 0.2
mg/kg Pb, 0.9 + 0.1 mg/kg As and 0.3 £ 0.02 mg/Kg Cd.
Meanwhile in the wet season, maize grains present an accumu-
lation of 1.2 + 0.1 mg/kg Pb, 0.7 £ 0.1 mg/kg As and 0.2 £ 0.03
mg/kg.

TABLE-8
HEAVY METAL ACCUMULATION IN WHEAT AND
MAIZE GRAINS FROM SITE B (mg/kg DRY WEIGHT)

Metal Wheat Maize
Pb (mg/kg) 25+0.20 1.2+0.10
As (mg/kg) 0.9£0.10 0.7+0.10
Cd (mg/kg) 0.3 £0.02 0.2+0.03

Bioaccessibility assessment (Table-9) revealed that
approximately 40-50% of Pb, As and Cd present in cereal grains
were potentially available for gastrointestinal absorption.
Furthermore, the calculated Hazard Quotient (HQ) values
(Table-10) indicated significant non-carcinogenic health risks,
particularly for children. Wheat consumption exhibited HQ
values of 1.8 for Pb and 1.3 for As, while maize consumption
showed HQ values of 1.4 and 1.0 for Pb and As, respectively.
Since HQ values equal to or greater than 1 indicate potential
adverse health effects, these findings underscore the health
risks associated with long-term dietary exposure to contami-
nated grains [12].

TABLE-9
BIOACCESSIBLE HEAVY METAL
CONCENTRATIONS IN CROPS AT SITE B

Wheat Maize
Pb (mg/kg) 1.2 0.90
As (mg/kg) 0.4 0.30
Cd (mg/kg) 0.1 0.08
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effective remediation measures to reduce environmental con-
tamination and protect human health in mining-affected regions.
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TABLE-10
HAZARD QUOTIENT (HQ) FOR HEAVY METALS IN CROPS
Wheat Maize
Adult Child Adult Child
Pb HQ 0.9 1.8 0.7 1.4
As HQ 0.7 1.3 0.5 1.0
Cd HQ 0.2 0.4 0.1 0.3

Pilot-scale remediation trials: Pilot-scale trials demons-
trated significant reductions in bioavailable metals (Table-11)
at site A during the dry season. Lime treatment increased soil
pH from 5.5 to 7.2, reducing bioavailable Pb by 60% (from
16.5 to 6.6 mg/kg), As by 55% (from 6.6 to 3.0 mg/kg) and
Cd by 57% (from 2.1 to 0.9 mg/kg). Biochar treatment incre-
ased soil pH from 5.5t0 6.0, reducing bioavailable Pb by 65%
(from 16.5 to 5.8 mg/kg), As by 61% (from 6.6 to 2.6 mg/kg)
and Cd by 62% (from 2.1 to 0.8 mg/kg). Bentonite amend-
ments were equally effective, as it increased soil pH from 5.5
to 6.2, reducing Pb by 62% (from 16.5 to 6.3 mg/kg), As by
58% (from 6.6 to 2.8 mg/kg) and Cd by 57% (from 2.1t0 0.9
mg/kg). Lime and bentonite treatments resulted in a slight
increase in EC due to the release of soluble ions; however,
both amendments remained cost-effective and demonstrated
strong potential for large-scale field application.

TABLE-11
BIOAVAILABLE HEAVY METAL CONCENTRATIONS
POST-REMEDIATION (DRY SEASON, SITE A)

Control Lime Biochar  Bentonite
pH 55 7.2 6.0 6.2
CEC (cmol/kg) 8.7 9.0 10.4 9.8
Pb (mg/kg) 16.5 6.6 5.8 6.3
As (mg/kg) 6.6 3.0 2.6 2.8
Cd (mg/kg) 2.1 0.9 0.8 0.9

Conclusion

This study demonstrated that seasonal environmental
conditions strongly influence the stability of jarosite residues
and the mobility of associated heavy metals in the Dariba
mining region. XRD, SEM and XPS analyses revealed pro-
gressive structural degradation of jarosite during the dry season,
accompanied by increased release of Pb, As and Cd. The
sequential extraction and bioavailability studies showed a
seasonal shift of Pb and As from stable mineral-bound forms
to more mobile fractions, thereby increasing their environ-
mental availability. Batch dissolution experiments confirmed
that increased temperature (45 °C) and nearly neutral pH signi-
ficantly enhanced jarosite dissolution, resulting in the release
of up to 70% Pb and 54% As. Consistent with these findings,
agricultural soils and crops located near the waste dump exhi-
bited elevated metal concentrations. Bioaccessibility assess-
ments indicated that 40-50% of Pb, As and Cd in cereal grains
were potentially available for human absorption, while Hazard
Quaotient values < 1 for Pb and As highlighted potential non-
carcinogenic health risks, particularly for children. Pilot-
scale remediation trials demonstrated that lime, biochar and
bentonite effectively reduced heavy metal bioavailability,
with biochar showing the highest immobilization efficiency.
This study highlights the importance of implementing cost-
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