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Abstract This study is the first attempt to assess the nature
of the soil, especially on the western side of the Porali Plain
in Balochistan; a new emerging agriculture hub, using
weathering and pollution indices supplemented by multi-
variate analysis based on geochemical data. The outcomes
of this study are expected to help farmers in soil manage-
ment and selecting suitable crops for the region. Twenty-
five soil samples were collected, mainly from the arable
land of the Porali Plain. After drying and coning-quarter-
ing, soil samples were analyzed for major and trace ele-
ments using the XRF technique; sieving and hydrometric
methods were employed for granulometric analysis. Esti-
mated data were analyzed using Excel, SPSS, and Surfer
software to calculate various indices, correlation matrix,
and spatial distribution. The granulometric analysis showed
that 76% of the samples belonged to loam types of soil,
12% to sand type, and 8% to silt type. Weathering indices:
CIA, CIW, PIA, PWI, WIP, CIX, and ICV were calculated
to infer the level of alteration. These indices reflect mod-
erate to intense weathering; supported by K,O/Al,O3, Rb/
K>O, Rb/Ti, and Rb/Sr ratios. Assessment of the geo-ac-
cumulation and Nemerow Pollution indices pinpoint rela-
tively high concentrations of Pb, Ni, and Cr concentration
in the soils. The correlation matrix and Principal Compo-
nent Analysis show that the soil in this study area is mainly
derived from the weathering of igneous rocks of Bela
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Ophiolite (Cretaceous age) and Jurassic sedimentary rocks
of Mor Range having SEDEX/MVT type mineralization.
Weathering may result in the undesirable accumulation of
certain trace elements which adversely affects crops.

Keywords Weathering indices - Pollution indices -
Accumulation - Repercussions - Trace elements -
Multivariate analyses - Porali Plain - Balochistan

1 Introduction

Soil is a non-renewable weathering product of rocks,
generated by the prolonged pedogenesis process (Wani
et al. 2022). In the study area, sedimentary and igneous
rocks are exposed, which upon physical and chemical
weathering gradually convert into soil (Sirbu-Radasanu
et al. 2022), influenced by the parent rock composition and
related environmental fate (Shaltami and Bustany 2021). In
the recent past, academia and public sector agriculture
organizations started paying attention to appraise the
impact of some toxic elements (Cr, Pb, Cd, etc.) on agri-
cultural soil and crop growth (Mao et al. 2023). Evaluation
of weathering indices is important to assess soil fertility,
soil erosion, rock weathering, and availability of essential
nutrients derived from rock weathering which affects
agriculture and can have environmental consequences
(Hasan et al. 2023). The pertaining elements are dispersed
in the soil and are available for crops to uptake. During
weathering, feldspars are easily chemically altered,
resulting in the depletion of alkalis; sodium (Na),potas-
sium(K), and alkaline earth elements; calcium (Ca), with
preferential enrichment of Al,O; (Heidari et al. 2022).
Parameters used to assess the degree of weathering and



Acta Geochim (2024) 43:214-234

215

alteration (Deng et al. 2022; Pandarinath 2022), such as the
Chemical Index of Alteration (CIA), Chemical Index of
Weathering (CIW), Plagioclase Index of Alteration (PIA),
Product of Weathering Index (PWI), Weathering Index of
Parker (WIP), Modified Chemical Index of Alteration
(CIX), Index of Compositional Variability (ICV) and
Ruxton Ratio (RR) (Fiantis et al. 2010). Elemental ratios of
K>0/AI,03 and Rb-type Indices (Rb/K,0, Rb/Ti, and Rb/
Sr ratios) are also significant in this context (Perri 2020;
Négrela et al. 2018). These indices are valuable to infer the
extent of weathering, during the soil formation process
(Gongalves et al. 2022). The geo-accumulation Index and
the Improved Nemerow Index are two significant assess-
ment methods to attain better environmental health man-
agement (Zhao et al. 2021; Gao et al. 2021). These indices
are assessed from the geochemical background, to dis-
criminate the natural quantity of a given constituent in the
environment from the extent originated because of human
activity (Gongalves et al. 2022; Kazapoe and Arhin 2021).
The rapid urban population growth and industrialization
may contaminate the agricultural soil with several toxic
elements (El-Anwar et al. 2019). Accumulation of certain
trace elements in the soil creates some adverse effects on
the crops. A few of them are listed in Table 1.

Lasbela is one of the most fertile and productive districts
of Balochistan with the majority of the local population
engaged in agriculture. The total cultivated area of the
district is 81,275 hectares and a further 895,271 hectares of
land has the potential for agricultural usage (SMEDA
2022). At present, the Government of Balochistan itself is
working to improve the provincial production rate. Areas
around the western side of the Porali Plain and the foothill
of the Haro Range are new extended land in the agricultural

zone of the region. The present study is an initial effort on
the soil of the new emerging agriculture hub to provide a
more comprehensive assessment of weathering intensity to
specify the nature of the soil and the degree of accumula-
tion of trace elements in the soil resulting from weathering
to a better representation to weathering patterns and pro-
vide insights into the weathering processes operated in an
area to achieve its suitability for agriculture. This study is
also aimed to discuss the biological role of Pb, Ni, Cr, and
Sr, and their related adverse impacts on some of the sen-
sitive crops of the study area based on available literature.
The outcome of the present work will help farmers with
better yields and adopt preventive measures.

2 Materials and methods
2.1 Sampling technique

Following the removal of surplus surface material/con-
tamination, 25 composite soil samples were collected
randomly from different areas of the Porali Plain, District
Lasbela, Balochistan (by digging small pits of 30 cm depth
using a hand auger) along both sides of Karachi-Quetta
N-25 Highway (Table 2 and Fig. 1). Most samples were
taken from arable land having mature soil profiles; how-
ever, a few samples (JS, GC, JD and KN) were collected
from the cultivated land situated next to the outcrops of
rocks of Ferozabad Group and BelaOphiolite. Samples
were appropriately stored and labelled for transportation
from the collection site to the lab.

Table 1 Biological role of Pb, Ni, Cr and Sr, their adverse effects and list of sensitive crops

Element Biological role Adverse impact Sensitive crops Significant References
Pb It is a non-essential and considered toxic Pb hinders photosynthetic Soybean, Osman and Fadhlallah,
element, even at trace concentrations activity, causing chlorosis. It wheat, spinach, (2023), Mao et al.
also interferes functions of cabbageand peas (2023), Collin et al.
enzymes (2022)
Ni Trace amount of Ni is considered a vital High Ni in the soil upset the Wheat, bitter ground,  Khan et al. (2023),
micro-nutrient, required by the crops for nitrogen metabolism, causing rice, maize and Mustafa et al. (2023),
proper metabolic functions slow growth and germination sweet potato Kumar et al. (2022)
Cr Beneficial biological role of Cr has so far ~ Cr shunted the plant growth, Beans, sunflowe AbdElgawad et al.
not been found in literature chlorosis in leaves, alter Wheat, pea, rice, (2023), Ali et al.
enzymatic activities, less yield maize, bean, and (2023), Wani et al.
barley (2022)
Sr The function of alone St? is not clear, High intake of Sr ions was often Wheat, rice, Srikhumsuk et al. 2023,
however it has analogous behavior as associated with decreased barley,cabbage, Liang et al. (2023),

Ca®* in the plant, required for healthy
growth

chlorophyll

silver poplar, red
fescue, red clover

Zhang et al. (2020a, b)
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Table 2 Major composition of

Area of study S.# SiO, TiO, AlL,O; Fe, O3 MnO MgO CaO Na,O K,O P,Os
the soils of Porali Plain (wt%),

Lasbela, Balochistan Gacheri GC 5349 0.85 1258 587 023 293 1209 098 165 0.17
RohriDhora RD 4877 134 1187 876 039 386 1273 079 0.82 021
JandroDhora  JD 4276 071 1170 469 022 177 2024 067 160 0.15
Wayaro North  WN 4994 1.09 1254 79 028 635 1141 114 1.03 022
GajriNai GN 5298 075 1340 598 024 424 1143 104 130 0.8
Muka MK 5094 0.81 13.69 466 019 256 1406 108 1.18 0.17
Titan Dhora ~ TD 57.17 074 1198 621 017 4.13 954 093 143 021
KhuniDhora ~ KD 4943 071 1284 508 021 422 1359 135 153 0.17
Qaiser Goth QG 49.54 0.58 1293 4.18 0.5 246 1521 092 148 021
Chankara CH 6023 069 1042 501 017 433 947 103 102 023
Sadoori SA 5237 088 1176 552 017 361 1298 115 104 0.17
Jarka JK 5037 065 1372 562 016 268 1388 122 128 0.14
JhalJhao I 6362 084 1045 357 016 212 943 131 095 0.13
Abu Goth AG 5674 0.64 1218 479 017 3.09 1124 112 132 0.17
Sadrani SR 5276 097 1182 582 022 402 1253 097 114 0.18
Mullaka ML 5078 077 1022 533 023 3.64 1491 095 141 0.11
Chib Ammo CA 57.62 093 1065 573 021 325 1065 135 124 0.11
Kanar KN 5029 0.55 1278 412 018 231 1485 0.88 136 021
JuskaShahuk ~ JS 5289 091 1351 605 024 454 1103 127 098 0.19
Tethyn TH 5226 064 1224 492 019 318 1323 151 101 0.17
Dhak DK 4772 079 1201 537 016 319 1575 085 166 0.15
Haro HA 5491 032 1043 3.18 032 160 1573 065 076 0.14
PirBambal PB 5588 0.55 1232 491 024 225 1218 0.86 0.89 0.16
MianiHor MH 4591 048 1342 377 016 297 1698 0.83 099 0.16
Luna Dhora LD 5511 0.64 1258 503 017 276 1202 122 113 0.15
Mean 5258 075 1216 522 021 328 1309 104 121 0.17
Minimum 4276 032 1022 318 015 160 943 065 076 0.11
Maximum 63.62 134 1372 876 039 635 2024 151 1.66 023
Median 5237 074 1224 508 0.9 318 1273 1.03 1.18 0.17
RSD (%) 127 059 187 0.14 3.03 253 1.61 3.67 404 3.70

2.2 Sample processing and analysis

The soil was dried at room temperature in an aerated place
for a few days, following which a portion of raw soil
samples was used for grain size analysis: using sieving,
hydrometric method, and sedimentograph respectively. For
the estimation of chemical constituents, samples were
reduced in quantity by coning and quartering method and
sieved through a 200-mesh polyethylene screen. A small
amount (~ 25 g) was dried at 105 °C in an electric oven
and stored in an air-tight plastic jar. Major and trace ele-
ments of soil samples were analyzed employing an
advanced X-ray fluorescence (XRF) technique, using a
Thermo Fisher Scientific Niton XRF analyzer. It is an easy,
rapid, and handy technique that was used in the present
study to evaluate trace element concentrations in soil
(Declercq et al. 2019; Hu et al. 2017). Sieved (200 mesh)
samples were placed in an X-ray sample cup covered with
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a 4.0-um prolene X-ray film. The measurement time for all
the measurements was 120 s. The instrument was set at All
Geo Mode which automatically estimates elemental com-
position. The quality of sample analysis was controlled by
randomly introducing and analyzing standard soil reference
samples (NIST 2709a PP and RCR A PP), to perform the
most accurate calibration and to check the competence of
the laboratory.

The handheld XRF can excite low (Z < 18) atomic
number elements (Laperche and Lemiére 2021), leading to
unreliable results. To avoid this issue, Na was estimated
through flame photometry. Pulverized (-200 Mesh) 100 mg
soil sample was digested using a mixture of hydrofluoric
acid (HF) and perchloric acid (HCIO,) in a 100 mL Teflon
beaker (Bankaji et al. 2023). Stock standard solutions of Na
(1000 mg/L) were diluted, using ultra-high purity water,
with 3, 5, 7, 9, 12, and 15 mg/L concentrations of Na.
These standard solutions of Na were aspirated and the
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resulting emission intensities of light were noted. Working Precision and accuracy of analytical data are crucial for
curves were prepared, by plotting intensity against con-  a quality research paper. In general, erroneous analytical
centration, to compute the amount of Na,O in the soil (Wei results are more common in the case of gravimetric and
et al. 2023). volumetric analysis, however, their occurrence is
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minimized in the case of instrumental analysis. The X-ray
fluorescence (XRF) method is a sophisticated analytical
technique that needs no digestion and dilution so that XRF
analytical data is relatively precise and accurate
(Sabouanget al. 2023; Sultana et al. 2023). Despite the fact,
that relative standard deviation (RSD) is a routine appli-
cation to verify the authenticity of the analytical data. For
this purpose, it is recommended to analyze samples in
duplicate, to obtain a repeatable and reproducible result.

The RSD can be assessed, using a coefficient of varia-
tion and expressed as a percentage:

% RSD = 5/X x 100

Where s = standard deviation, X = arithmetic mean.

The RSD of all major oxides was computed, it ranges
from 0.14 to 4.04 (Table 2), showing an acceptable reliable
procedure. The RSD noted relatively high in the case of
K;0 (4.04%), P,Os (3.70%), Na,O (3.67%), moderate
MgO (2.53%), Al,O53 (1.87%), CaO (1.61%) and SiO,
(1.27%), while rest have comparatively low (< 1.0%) RSD
values (Table 2). An RSD value < 4.7%, indicates a good
result (Nadporozhskaya et al. 2022).

2.3 Computation of indices and other multivariate
parameters

Estimated analytical data was processed for the calculation
of various statistical parameters, weathering, pollution, and
accumulation indices to explicate the repercussions of
elements in soil for agricultural use.

Nesbitt and Young (1982) introduced a simple expres-
sion to evaluate the degree of weathering in an area, with
exposed igneous rocks. The Chemical Index of Alteration
is based on the molar ratio of mobile elements (Na,O, K,0,
and CaO*) and immobile elements (Al,Os; and Fe,Os3)
representing the weathering of feldspars.

CIA = (AL0;)/[ALOs + Na,O + K,O + CaOx]
x 100

(1)

Per the CIA index categorization, values < 50, indicate
very poor weathering, value up to 60 specifies weak, and
values between 60 and 80 represents moderate, and
exceeding 80 represents a strong-stage weathering zone.

The Chemical Index of Weathering is calculated using
the following equation.

CIW = (ALO3)/[ALO; + Na,O + CaOx] x 100 (2)

In addition to CIA, the Plagioclase Index of Alteration
(PIA) is another significant index to appraise the degree of
weathering, particularly plagioclase feldspars (Sirbu-
Radasanu et al. 2022). The PIA can be measured from the
following equation (Fedo et al. 1995):
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PIA = (A]203 — KQO)/[AIQO:; + NagO + CaO x —KQO]
x 100

(3)

Souriet al. (2006) presented a modified chemical index
known as the Product of Weathering Index (PWI), con-
sidering the mole ratio of SiO, with combined oxides of
TiO,, Fe,03, SiO,, and Al,Os.

PWI = [SiO,/(TiO, + Fe,03 + SiO; + ALO3)]
x 100 (4)

The Weathering Index of Parker (WIP) is calculated by
using the molar amount of alkaline (Na,O and K,0), and
alkaline earth oxide (CaO and MgO) and eliminated Al,O3,
as follows (Deng et al. 2022).

WIP = [2Na,0/0.35] + [2K,0/0.25] + [Ca0/0.7]
+ [Mg0/0.9] x 100

(5)

To avoid the impact of high Ca from carbonate rocks,
Garzanti et al. (2014) modified the CIA developed by
Nesbitt and Young (1982), and introduced a simple
expression, by eliminating moles of CaO, which was not
derived from the igneous rocks:

CIX = (ALO3)/[ALO; + Na,0 + K,0] x 100 (6)

Cox et al. (1995) presented an index of compositional
maturity of the alumino-silicates, based on the mole pro-
portion of several oxides simultaneously as shown in the
following expression.

ICV = [(Fe;0; + K0 + Na,0 + Ca0 + MgO + MnO
+Ti0,)]/(A1,05)
(7)

Miiller (1969) was the first to introduce the term geo-
accumulation Index or Iy, for qualitative assessment of
heavy metal pollution in soil. To appraise the trace element
pollution, the equation for I-geo is:

Ieeo = Log,Ch/1.5B, (8)

where: C, is the concentration of trace elements in the soil,

B, is the geochemical background concentration of the
trace element (Bhuiyan et al. 2021), and the constant of 1.5
in the equation is to lessen the influence of any variations
(Wang et al. 2019).

The Nemerow Pollution Index (In) highlights the
influence of the highest concentration of pollutants. The
traditional Nemerow index was improved by replacing the
single-factor index with Ige,. The following equation was
developed:

IN = \/Igeomax2 + Igeoave2/2 (9)
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where Iy is the comprehensive picture of the contamina-

tion index of the study area, Iycomax 1S the maximum I,
value of such sample, and Igeoave is the arithmetic mean
value of Igeo.

Correlation matrix and multivariate analyses were done
using the SPSS software and spatial distribution patterns of
indices and other parameters were generated with the help
of the Golden Surfer software.

3 Study area’s general geology

The study area represents the western part of the Indian
Plate and is bounded by the Ornach-Nal Fault in the west
and the Porali Plain in the south (Bykov and Merkulova
2022). Geologically, the study area is located in the Porali
Plain, surrounded by the Haro Range in the west, the Mor
Range in the east, and the Miani Hor in the south (Syed
et al. 2020). The Porali Plain is a triangular-shaped, low-
land area occupied by recent to sub-recent soil cover and
alluvium deposits (Siddiqui and Jadoon 2013). Sedimen-
tary rocks of the Jurassic along with igneous rocks of Bela
Ophiolite (Cretaceous) are widely exposed in Mor Range
(Kaleem et al. 2021). The sedimentary rocks of Mor Range
contain significant deposits of barite, zinc, lead, iron, and
copper (Arain et al. 2021). Bela Ophiolite (BO) of Creta-
ceous age is related to Neotethyan Supra-subduction Zone
(SSZ) ophiolites formed due to the rapid convergence of
India with Eurasia and faced multiple subduction phases
(Jalil et al. 2023; Bhat et al. 2021). Exotic blocks of vari-
able segments of BO are found in an N-S striking belt
between the sedimentary rocks of the Mor Range. Medium
to small-sized metallic mineral deposits (Mn, Fe, Cr, Cu,
etc.) are also associated with the different segments of BO
in the study area (Rashid et al. 2022). The western
mountainous range is termed as Haro Range, mainly con-
sisting of the Nal Limestone of Oligocene, Hinglaj For-
mation of Pliocene, and Haro conglomerate of Pleistocene
age.

4 Results and discussion
4.1 Soil granulometry

Soil granulometry is used to understand the soil formation
processes, operative in an area (da Silva et al. 2022). Soil
texture gives an idea about soil’s aeration, water- and
nutrient-holding capacities (Ahmadi et al. 2021) and helps
select suitable crops for harvesting to obtain a good yield
(Barman and Choudhury 2019). Soil texture refers to rel-
ative quantities of clay, silt, and sand; presented on a

ternary diagram (Shamkhi and Al-Badry. 2022). According
to Martin et al.’s (2018) sand-silt—clay ternary diagram,
28% of the samples studied were silt loam, followed by
24.0% sandy loam, 16% loam, 12% sand, and 8% silt.
Loamy sand, silty clay loam, and clay type each repre-
sented one sample (Fig. 2). Of the 25 samples studied, 19
were spread in the zones of loam soils. These soils are rich
in nutrients and minerals, having good water holding
capacity with draining excessive water and providing loose
spaces for the spreading and growing of roots. Loamy soils
are easier for farmers to cultivate and are suitable for the
growth of wheat, oil seeds, tomatoes, onion, maize, green
beans, and okra; these medium-textured soils are frequently
thought of as perfect for agriculture (Parikh and James
2012).

4.2 Chemical composition
4.2.1 Major elements

The major elemental composition, in the form of oxides of
the soils of the Porali Plain, is summarized in Table 2, with
basic statistics. The mean abundance displays SiO,
(52.58%) as one of the principal elements, followed by
CaO (13.09%), Al,O; (12.16%), Fe,Os; (5.22%), MgO
(3.28%), K,O (1.21%), Na,O (1.04%), while TiO,
(0.75%), MnO (0.21%) and P,Os5 (0.17%) were noted low
(Table 2).

g
\ /

! ldarﬁ v }6%6‘

<— Sand (%)

Fig. 2 Soil texture of study area, on (sand-silt—clay) ternary diagram
(fields are after Shamkhi and Al-Badry 2022)
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4.2.2 Trace elements

Eleven trace elements were detected by the XRF (Table 3),
among them; Ti (av. 3932 mg/kg) had the highest con-
centration, followed by Mn (av. 1620), Ba (av. 298), Sr
(av. 245), Cr (av. 184), V (av. 142), Ni (av. 79), Zn (av.
69), Pb (av. 65), Cu (av. 43) and Rb (av. 26). During the
weathering process, these trace elements are leached out
and concentrated in the soil. Some (Mn, Zn, Cu, and Ni)
are essential micronutrients, while Pb, Ni, and Cr are
moderately poisonous. The mean amount of certain trace
elements (Cu, Ni, Cr, V, Mn, Pb, Ba, and Rb) in the studied
soil samples is higher than the average amount of the world
soils, as suggested by Alloway (2005), and Kabata-Pendias

and Pendias (2001). The amount of Ti, Zn, and Sr in the
studied soil samples is nearly close to the world average
(Fig. 3).

4.3 Role of chemical weathering on soil

The application of various weathering indices is important
to outline the type of weathering process and pedogenesis,
operative in an area (Pandarinath 2022). Major oxides of
the soils are estimated (Table 2) and converted into mole
fractions, by dividing the respective molecular weight of
the oxides. In general, all indices are based on the mole
ratio of immobile oxides (Al,O3, Fe,O3 and TiO,) and the
mobile fraction of feldspars, mainly Na,O, K,0, CaO, and

Table 3 Trace elements data of

. A Area of study S# Cu Ni Cr v Ti Mn Pb Zn Ba Sr Rb
the soils of Porali Plain,
Lasbela, Balochistan (values are  Gacheri GC 55 90 178 157 3968 1781 40 68 439 237 33
in mg/ke) RohriDhora ~ RD 88 76 214 225 6235 3021 48 73 210 199 10
JandroDhora JD 49 43 129 103 2903 1704 63 90 605 351 36
Wayaro North WN 82 134 252 206 5991 2169 68 71 350 248 18
GajriNai GN 53 75 177 159 4070 1859 184 134 207 187 24
Muka MK 39 59 144 123 3432 1472 28 55 415 311 23
Titan Dhora TD 53 47 158 172 4469 1317 51 82 275 279 39
KhuniDhora KD 43 45 185 155 4270 1626 14 70 198 227 30
Qaiser Goth QG 29 54 194 137 3524 1162 342 56 235 188 29
Chankara CH 33 113 133 132 4180 1317 17 72 228 254 31
Sadoori SA 35 79 182 127 3737 1317 201 119 302 246 31
Jarka JK 51 81 185 126 3664 1239 42 60 236 205 28
JhalJhao 1 32 50 182 121 3198 1239 275 47 233 247 19
Abu Goth AG 45 58 176 145 4048 1317 21 63 259 192 26
Sadrani SR 45 98 161 157 4767 1704 14 63 490 266 22
Mullaka ML 47 107 196 161 4703 1781 38 70 351 215 25
Chib Ammo CA 39 131 200 145 4372 1626 19 76 278 229 28
Kanar KN 36 71 143 109 3023 1394 23 60 485 286 28
JuskaShahuk  JS 54 143 253 163 4556 1859 27 70 355 228 16
Tethyn TH 43 89 171 138 3749 1472 21 55 221 245 28
Dhak DK 29 45 180 160 4259 1239 16 69 245 218 33
Haro HA 26 81 158 84 1752 2478 22 45 296 322 16
PirBambal PB 30 63 286 108 3006 1859 17 48 242 229 20
MianiHor MH 25 61 208 929 2547 1239 24 43 135 321 19
Luna Dhora LD 35 71 162 153 3883 1317 17 64 168 208 33
Mean 4384 79 1843 1426 3932 1620 653 689 2983 2455 25.8
Minimum 25 43 129 84 1752 1162 14 43 135 187 10
Maximum 88 143 286 225 6235 3021 342 134 605 351 39
Median 43 75 180 145 3968 1472 27 68 259 237 28
Average soil T 20% 20 54 58 3500 437*% 32 64* 45 210 50
Background values !  38.9 29 595 129 60 - 27 70 460 175 68

*Alloway (2005)

Kabata-Pendias and Pendias (2001)

!Kabata-Pendias (2011)
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Fig. 3 Average abundance of trace elements in the soils of the study
area and its comparison with world average soil composition (values
after Alloway 2005; Pendias and Pendias 2001)

MgO. It is important to note that CaO* represents CaO,
associated with silicate rocks. The molecular amount of
CaO is recalculated after substituting the correspondent
moles of CaO, consumed in calcite and apatite, further-
more, moles of Na,O should be more than that of CaO.
Depending upon the parent rock chemistry and type of
weathering and alteration process, several weathering
indices have been developed in the past. Some significant
and most commonly used indices are CIA, CIW, PIA, PWI,
WIP, CIX, ICV, and RR (Tuncay et al. 2019).

4.3.1 Chemical index of alteration (CIA)

The assessed CIA values of the studied sample are shown
in (Table 4). The CIA values vary from 72.65 to 84.29,
with an average of 77.38. The majority of the samples have
CIA values varying from 70 to 80, indicating a large
amount of leaching of Na, K, and Ca, in contrast to the
stable phase of Al and Ti. This represents the prevalence of
a moderate degree of weathering in the study area, in the
warm and humid climatic conditions.

The spatial distribution diagram nicely demonstrates the
regime of the CIA in the Porali Plain (Fig. 4a). The soil
samples, from west of Piaro Ridge have relatively low CIA
values, possibly due to a high influx of carbonate material
lowering the CIA. On the contrary, samples collected, close
to Bela Ophiolite (BO), have high CIA, because mafic and
ultramafic rocks of BO are susceptible to chemical
weathering. In general, samples collected from the south-
ern part of the study area also have high CIA values,
possibly because of the tail of the Porali River, before it
plunges into the Miani Hor.

4.3.2 Chemical index of weathering (CIW)

Considering the contradicting weathering behavior of
potash feldspars, in contrast to plagioclases, Harnoisand

Moore (1988), suggested the Chemical Index of Weather-
ing (CIW), amending CIA by eliminating the content of
K,O from assessments. The calculated values of CIW vary
from 77.67 to 90.37 with a mean of 84.43, the corre-
sponding CIW values of the studied soil samples are
slightly higher than the CIA, indicating nearly analogous
weathering behavior for the different parent rocks. The
high CIW value refers to increased weathering (Balder-
mann et al. 2021). The spatial distribution diagram of CIW
is similar to CIA, except for the values, which are relatively
high due to the elimination of K,O in the calculation
(Fig. 4b).

4.3.3 Plagioclase index of alteration (PIA)

The rocks of Bela Ophiolite in the study area are tholeiitic
and deficient in K,O (Bhat et al. 2021), therefore PIA is a
more appropriate index in this study as it eliminates the
role of K-bearing feldspar (orthoclase and microcline).
Using the molar concentration of various oxides of the soils
of the Polori Plain, the PIA varies from 76.01 to 89.62,
with mean and median values of 82.89 and 83.41 respec-
tively (Table 4). PIA readings often tend to be higher;
however, PIA values close to the CIA values suggest minor
contributions of K,O during burial and diagenesis (Man-
gold et al. 2019). The distribution pattern of PIA is also
quite comparable with both CIA and CIW (Fig. 4c).

4.3.4 Product of weathering index (PWI)

The calculated PWI values of the present study fluctuate
from 81.19 to 88.67, with a mean of 84.31 (Table 4). The
mean and median (84.17) are close, indicating the consis-
tent type of weathering parameters. On this scale, PWI
values < 50 will represent the optimum fresh value
(Fiantis et al. 2010) because the nature of all the oxides is
immobile. The spatial distribution pattern displays varia-
tion in PWI values (Fig. 4d), the shape of contours is dif-
ferent from CIA, CIW, and PIA because SiO,, TiO,, and
Fe,Oj3 are considered. A high zone is located, near Kanar,
where the Porali River enters the Porali Plain, where all
weathered soils are dispersed into the foothill of the Haro
Range, southwards. An elongated NS low PWI zone exists,
parallel to Piaro Ridge, indicating that the sedimentary
rocks of Mor Range are resistant to weathering, resulting in
low PWI values.

4.3.5 Weathering index of parker (WIP)
Parker (1970) evaluated the feldspar dissolution process as
a proxy for silicate weathering, considering hydrolysis

reactions of albite, orthoclase, and anorthite, in comparison
to olivine and pyroxenes. For this reason, WIP is applied
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Table 4 Various geochemical indices of weathering, and elemental ratios of soils of the study area

S.# CIA CIwW PIA PWI WIP CIX ICv RR K,0/ALO; Rb/K Rb/Ti Rb/Sr

GC 77.59 87.20 85.39 83.91 31.46 78.73 1.29 7.22 0.14197 0.0020 0.0083 0.1392
RD 81.58 86.88 85.97 81.19 25.58 84.44 1.71 6.97 0.07477 0.0012 0.0016 0.0503
D 77.34 87.34 85.46 82.31 25.48 80.50 1.04 6.20 0.14802 0.0023 0.0124 0.1026
WN 72.65 77.67 76.01 81.71 39.19 80.75 2.20 6.76 0.08890 0.0017 0.0030 0.0726
GN 74.70 81.05 79.29 83.18 34.31 81.12 1.52 6.71 0.10501 0.0018 0.0059 0.1283
MK 74.29 79.82 78.20 83.01 29.40 81.76 1.13 6.31 0.09329 0.0019 0.0067 0.0740
TD 77.88 86.60 84.91 85.17 32.56 79.56 1.59 8.10 0.12920 0.0027 0.0087 0.1398
KD 75.06 83.10 81.07 83.16 37.62 76.81 1.51 6.53 0.12897 0.0020 0.0070 0.1322
QG 78.34 86.76 85.17 83.73 28.48 80.58 1.04 6.50 0.12389 0.0020 0.0082 0.1543
CH 78.63 85.78 84.35 87.58 30.14 78.83 1.74 9.81 0.10595 0.0030 0.0074 0.1220
SA 78.36 84.71 83.36 84.42 29.71 79.58 1.47 7.56 0.09572 0.0030 0.0083 0.1260
JK 74.93 81.07 79.38 82.50 31.18 80.18 1.17 6.23 0.10098 0.0022 0.0076 0.1366
1) 75.94 82.07 80.49 88.67 26.17 76.65 1.17 10.33 0.09840 0.0020 0.0059 0.0769
AG 75.49 82.83 80.98 85.71 31.01 78.83 1.30 791 0.11730 0.0020 0.0064 0.1354
SR 78.01 84.93 83.47 84.22 30.41 80.68 1.59 7.58 0.10439 0.0019 0.0046 0.0827
ML 76.06 85.80 83.72 85.51 30.95 76.79 1.68 8.43 0.14933 0.0018 0.0053 0.1163
CA 73.46 80.95 78.79 86.32 32.34 74.93 1.62 9.18 0.12602 0.0023 0.0064 0.1223
KN 79.00 86.91 85.45 84.12 26.70 81.40 1.00 6.68 0.11518 0.0021 0.0093 0.0979
IS 79.55 84.85 83.77 82.88 33.00 81.09 1.50 6.64 0.07851 0.0016 0.0035 0.0702
TH 76.87 82.53 81.14 84.56 31.42 77.38 1.30 7.25 0.08931 0.0028 0.0075 0.1143
DK 77.88 88.15 86.35 83.12 31.03 78.99 1.34 6.74 0.14960 0.0020 0.0077 0.1514
HA 78.34 83.50 82.34 87.87 18.25 84.65 0.94 8.93 0.07887 0.0021 0.0091 0.0497
PB 80.37 85.76 84.74 85.44 22.57 83.82 1.05 7.70 0.07819 0.0022 0.0067 0.0873
MH 84.29 90.37 89.62 82.58 24.34 84.63 0.99 5.81 0.07985 0.0019 0.0075 0.0592
LD 71.78 84.14 82.73 84.92 28.96 79.57 1.18 7.43 0.09722 0.0029 0.0085 0.1587
Mean 77.38 84.43 82.89 84.31 29.69 80.09 1.36 7.42 0.10795 0.1080 0.0069 0.1080
Minimum 72.65 77.67 76.01 81.19 18.25 74.93 0.94 5.81 0.07477 0.0748 0.0016 0.0748
Maximum 84.29 90.37 89.62 88.67 39.19 84.65 2.20 10.33 0.14960 0.1496 0.0124 0.1496
Median 77.69 84.78 83.41 84.17 30.28 80.13 1.32 7.22 0.10470 0.0020 0.0100 0.1153

on acid to basic igneous rocks and is more appropriate in
this study with exposed diverse types of rock in the study
area. WIP value ranges from 0 to 100 (Nadtonek and
Bojakowska 2018); with values less than 50 indicating
intense weathering, while values exceeding 50, represent
the least weathered soil (Perri 2020). This interpretation of
WIP value is contrary to CIA, PIA, and CIW values. The
average WIP value of the studied samples is 29.69 (with a
minimum value of 18.25 and a maximum value of 39.19).
The median PIA value of 30.28 (Table 4) indicates mod-
erate weathering in the study area.

4.3.6 Modified chemical index of alteration (CIX)
In the study area, carbonate rocks are exposed along with

igneous rock (Fig. 1). This may affect the assessment of
the degree of weathering because high CaO from carbonate

@ Springer

rocks lowers the CIA value giving the wrong impression of
the prevalence of weathering conditions in the area. The
basic statistical analysis showed that the CIX of the soils of
the study area ranged from 74.93 to 84.65, with a mean of
80.09 (Table 4), indicating moderate to high weathering.
Two low zones of CIX exist to the west of Bela Town,
close to Haro Range, and in front of Uthal Town (Fig. 4e).

4.3.7 Index of compositional variability (ICV)

The ICV values for the studied samples range from 0.94 to
2.20, reflecting variability in sediment maturity. Xu et al.
(2020) indicated that sediments having ICV values > 1 are
immature, while ICV value < 1 shows compositionally
mature sediments. The mean ICV value of the studied
samples is 1.36, indicating the existence of parent rock-
forming minerals in the soil. The iso-concentration diagram
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Fig. 4 Component plots of principal component analysis (PCA) on
rotated space diagram, a major and trace elements, b weathering
indices and elemental ratios

of ICV (Fig. 4f) also demonstrates a few patches of low
ICV, located in the southern part of the Haro Range, north
of Bela Town and at Uthal, reflecting relatively high
weathering.

4.3.8 Ruxton ratio (RR)

Ruxton (1968) proposed a simple weathering index, which
has been termed the Ruxton Ratio. The relative mobilities
and loss of elements during weathering are evaluated by
the simple mole ratio of SiO,/Al,03. The molar ratio of
soils of the Porali Plain shows a deviation from 5.81 to
10.33, with a mean value of 7.42, reflecting variation in the
weathering intensity. The ratio > 10 is indicative of opti-
mum fresh value, while close to zero is the reflection of
weathering (Price and Velbel 2003).

4.3.9 KQO/AI203 ratio

Hou et al. (2021) used K,0/Al,03 ratio to portray the type
of clay mineral, formed due to chemical weathering. A
high ratio indicates the presence of illite while kaolinite-
bearing soil has a low ratio. The K,0O/AI,O; ratio of the
soils of the Porali Plain ranges from 0.07477 to 0.14960,
with an average of 0.10795 (Table 4). Nearly 56% of
samples bear a ratio > 0.1, signifying the presence of illite
clay in the soils of the study area, while the rest (44%) are
kaolinite-rich (< 0.1).

4.3.10 Rb-type indices

Although rubidium (Rb) and K are analogues in geo-
chemical character, Rb is less mobile, thus Rb/K,O ratio
increases with the progression of the soil formation process
(Négrela et al. 2018). Dinis et al. (2016) elaborate on the
role of rubidium (Rb), in contrast to K and Ti, and suggests
using Rb/K,O and Rb/Ti ratios to delineate the extent of
weathering. A high Rb/K,0 ratio is noteworthy to desig-
nate the intensity of weathering. The current study shows
an increase in ratio from 0.0747 to 0.1496, in different soil
samples. The iso-concentration map of the Rb/K,O ratio
shows a high patch close to the course of the Porali River
(Fig. 4g). On the eastern side, a north—south trending low
ratio zone is also present, parallel to Piaro Ridge, the sili-
ciclastic and carbonate rocks of Mor Range are unable to
substantially contribute K,O and Rb in the soils, in contrast
to ophiolitic rocks of Bela Ophiolite. The Rb/Ti ratio
decreases with weathering and can also be utilized to
pinpoint the level of weathering. The Rb/Ti ratio of the
studied samples varies from 0.0016 to 0.0124, soils with a
low ratio show a high intensity of weathering. The rela-
tively small size of Sr (1.32 A), as compared to Rb
(1.66 A), helps leach out clay minerals from the exchange
sites (Perri 2020). The studied soil samples are character-
ized by a low Rb/Sr ratio (av. 0.1079) affirming the
prevalence of moderate level of weathering processes in
the study area (Table 4). The Rb/Sr ratio of the entire study
area depicted three distinct zones, from high to low
(Fig. 4h). The first low Rb/Sr ratio zone is located, in the
south-eastern part of the study area, where rocks of Bela
Ophioliteare exposed. This area shows a relatively high
density of small streams, responsible for the weathering of
rocks, probably inducing more Sr during weathering
(Kaleem et al. 2021). The second small low zone is located
in the central part of the study area, fed by streams con-
tributing high Sr, leached from the sedimentary rocks. The
third low Rb/Sr region is confined along the eastern foot-
hills of the Haro Range, where high Sr is related to the
weathering of Nal Limestone, which is reefal and contains
algae and corals.
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4.4 Multivariate analysis of evaluated parameters

The correlation matrix provides insight into the abundance
and origin of trace elements (Table 5). It is important to
calculate sampling adequacy first, before doing multivari-
ate statistical analysis. The correlation of the first input
variables is necessary for factor analysis. Kaiser—Meyer—
Olkin (KMO), a measure of sampling adequacy criteria is
employed to assess how dependent the input variables are
on one another (Durana et al. 2019). KMO values range
between 0 and 1. Values > 0.8 represent adequate sam-
pling, 0.7-0.79 are middling, 0.6-0.69 are mediocre,
and < 0.6 indicates insufficient sampling with value < 0.5
potentially leading to a factor analysis that will surely not
be very useful for the examination of the data. KMO values
also depend on the sample size; if the sample quantity
is < 100, KMO values > 0.6 are acceptable for further
factor analysis (Shrestha 2021). In this study, KMO has a
value of 0.605 (Table 6) which is applicable for factor
analysis. Bartlett’s sphericity test is used to determine the
strength of correlations among the data set to decide the
utilization of dimension-reduction methods like principle
components or common factor analysis. The significant
value < 0.05 of Bartlett’s sphericity test indicates that
factor analysis may be worthwhile for the data set (Durana
et al. 2019). The value of Bartlett’s sphericity test for the
studied samples is less than 0.05 (Table 6) supporting the
principal component analysis (PCA).

Variance percent and loading values of PCA are valu-
able to infer the composition of host rocks, trace element
assemblage, and their genetic affiliation (Table 7 and
Fig. 5a). Strong correlation among Fe,O; and MgO
(r = 0.722) shows, the presence of basaltic rocks, associ-
ated with Bela Ophiolite. This segment of ophiolite can
host several ore deposits (Edgar et al. 2022). This
assumption is supported by the very strong correlation
between Fe,O3 and Ti (r = 0.907), V (r = 0.896), and Cu
(r = 0.892), furthermore, MgO also displays a very strong
to moderate relation with Ti (r = 0.805), V (r = 0.752), Cu
(r = 0.608), and Ni (r = 0.548). Very Strong correlation
among Ti-V (r = 0.961), Cu-V (r = 0.806), and strong to
moderate relation of Cu with Ti (r=0.791) and Mn
(r = 0.625), indicates the presence of volcanogenic mas-
sive sulfide (Dominguez-Carretero et al. 2022). The first
factor accounts for 32.66% variance, with strong loading of
Fe,O5 (0.936), Ti (0.918), and MgO (0.798), signifying
their relevancy with the mafic rocks of BelaOphiolite. The
second factor of PCA has a variance of 15.25%, with good
loading of CaO (0.659), Sr (0.565), and Ba (0.475) indi-
cating genetic linkage with Sedex and MVT-type miner-
alization in the Mor Range. The variance of the third factor
is low (13.73%) and only K,O (0.825) and Rb (0.669) are
significant to designate the intensity of weathering. The
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variance percent and loading value of major and trace
elements, displayed on the PCA rotated space diagram
more precisely reveal the genetic linkage between them
(Fig. 5a).

Heidari et al. (2022) emphasize the use of a correlations
matrix and delineating different weathering indices to get a
better understanding of immobile/mobile groups. Very
strong correlations (Table 8) exist among CIA and CIW
(r =0.833); CIA and PIA (r=0.888); CIW and PIA
(r=0.994); and PWI and Ruxton Ratio (r=0.911). A
strong correlation is found among WIP and ICV
(r =0.701); CIA and CIX (r =0.609); CIX and Rb/Sr
(r = 0.648) and Rb/K,0 and Rb/Ti (r = 0.607). The posi-
tive significant correlation of different weathering indices
shows a uniform environment of weathering in the study
area with identical conduct of mobile/immobile oxide
groups. In contrast, the correlation coefficients of some of
the measured weathering indices are negative (Table 8).
The relation of WIP and CIA is (r = — 0.613), WIP and
CIX (r=— 0.569); CIX and K,O/ALO; (r = — 0.595);
ICV and Rb/Ti (r=— 0.647) and CIX and Rb/Sr
(r = — 0.584). The negative correlation can be explained
based on contrary weathering values of WIP to CIA, PIA,
and CIW indexes (Perri 2020).

Weathering indices are further evaluated, using Princi-
pal component analysis (PCA). High loading of the first
factor (33.94%) signifies a good relation with CIA (0.918),
PIA (0.835), and CIW (0.786) plotted close to each other in
the rotated space diagram (Table 9and Fig. 5b). The second
factor (25.14%) has moderate loading with K,0/AI,O3
(0.610), Rb/ K,0 (0.732), Rb/Ti (0.783), and Rb/Sr (0.676)
plotted close to each other (Table 9 and Fig. 5b). The
weight of the third factor is low (18.13%), and the loading
of PWI and Ruxton Ratio is negative (— 0.780) and
(— 0.777) respectively and plotted in the center (Table 9
and Fig. 5b).

4.5 Elements accumulation and contamination
evaluation

Soil pollution is a serious issue because of the capability of
toxic elements in soil, to be relocated into the human food
chain through various conduits (Rinklebe et al. 2019).
According to Gao et al. (2021), soil quality is a vital factor
in controlling variable agricultural revolution. This study
not only focuses on revealing the geochemical anomaly in
the study area which affects the soil quality but also
focuses on the appraisal of toxic elements that are present
to attain better environmental health management (Kaza-
poe and Arhin 2021). The term geochemical background
(GB) is used to discriminate the natural quantity of a given
constituent in the environment from the extent originated
because of human activity (Gatuszka 2007). Although the
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geochemical background of trace elements still requires a
thorough investigation, the values of upper continental
crust element concentration are used by many authors in
the calculation of quantitative indices for soil quality
evaluation as geo-accumulation index (Rudnick and Gao
2003; Gatuszka et al. 2016; Bam et al. 2020; Parvez et al.
2023; Santos et al. 2023). The elemental abundances of the
upper continental crust established by Kabata-Pendias
(2011) were used as background values in this study
(Table 3).

4.5.1 Geo-accumulation index (I,,,)

The Iy, is an appropriate method for the evaluation of soil
contamination only for a single heavy metal contaminant.

Table 6 KMO and Bartlett’s Test values for present study

KMO and Bartlett’s Test

Zhao et al. (2021) suggested seven pollution classifications
of Ige, listed in Table 10. According to the classification
presented in Table 10, most of the samples lie in class 0,
followed by class 1. There are few exceptions, especially in
the case of Pb and Ni which are marked as the greatest to
moderately contaminated elements among the studied
samples. This is probably due to the reported mineraliza-
tion of these elements in the area (Shahab et al. 2016).
During the obduction of BelaOphiolite, the Jurassic rock of
the study area underwent intense tectonism and the incor-
poration of hydrothermal fluid responsible for the deposi-
tion of both sulfide-hosted (SEDEX/MVT) Pb-Zn
mineralization within the sedimentary rocks of the study
region.

4.5.2 Improved nemerow index (IN)
The Indivulges the widespread pollution of each pollutant

to the environment and provides a better picture for inter-
pretation (Guan et al. 2014). To be consistent with Iy, the

Kaiser-Meyer—Olkin Measure of Sampling Adequacy 0.605 classification of Iy was adjusted based on the results pro-
Bartlett’s Test of Sphericity Approx. Chi-Square 158.552 posed by Forstner et al. (1990). The Iyvalues validate lead
df 55 (Pb) being reported as a prime toxic element in the soils of
Sig 000 the study area followed by Ti, Cr, and Ni (Table 11).

Table 7 Loadings of significant Component

principal components for the

major and trace elements of 1 2 3 4 5 6

soils of the study area
Si0, 0.021 — 0.585 — 0.579 0.438 — 0.121 0.159
Al,O3 0.044 — 0.022 0.344 —0.739 0.338 0.194
Fe,05 0.936 0.056 0.245 — 0.007 0.000 —0.046
MgO 0.798 — 235 156 .016 0.241 0.183
CaO — 0.487 0.659 0.357 — 0.244 — 0.015 —0.223
Na,O 0.204 —0.712 — 0.160 —0.014 0.321 — 0.198
K,0 — 0.220 — 0.170 0.825 0.039 — 0.020 — 0.295
P,0Os 0.384 —0.013 0.240 — 0.140 .064 0.822
Cu 0.866 0.227 0.237 0.007 — 0.006 0.008
Ni 0.556 — 0.030 — 0.298 0.299 0.409 — 0.062
Cr 0.477 0.024 — 0.407 - 0.510 0.072 —0.211
v 0.905 — 0.137 0.239 —0.033 — 0.064 — 0.087
Ti 0.918 — 0.157 0.227 0.062 0.035 — 0.092
Mn 0.605 0.667 — 0.260 0.070 — 0.196 — 0.054
Pb — 0.093 — 0.315 0.029 —0.210 —0.714 0.214
Zn 0.318 — 0.168 0.495 0.180 — 0.376 0.054
Ba — 0.073 0.475 0.420 0.475 0.177 0.057
Sr — 0.463 0.565 0.033 0.322 0.264 0.318
Rb — 0.397 — 0417 0.669 0.274 0.050 — 0.065
% of Variance 32.66 15.25 13.73 8.06 6.27 5.65
Cumulative % 32.66 4791 61.64 69.70 75.97 81.62
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Table 8 Correlation matrix of geochemical indices and elemental ratios of the studied soils

CIW PIA PWI WIP CIX ICV RR K0/ Rb/K,O  Rb/Ti Rb/Sr
ALO;
CIA 0.833%%* (0.888*% — 0.085 — 0.613"°  0.609%* — 0361  — 0.153 —0324 - 0.026 0070  — 0313
CIW 0.994%+% — 0,080 — 0.450° 0282 — 0344  —0.154 0.253 0.034 0.327 0.058
PIA —0.087 — 0.494° 0359 - 0357 —0.162 0.146 0.023 0.288  —0.015
PWI —0332 —0343 —0.153 0.911%%*  0.019 0.445%  0.206 0.061
WIP — 0.569"° 0.701%% — 0.184 0306 — 0029 — 0339 0.428%*
CIX — 0312  — 0408  —0595" —033 —0070 — 0584
ICV 0.186 0045 —0.126 — 0.647" 0.002
RR 0.012 0321 —0.065 —0.025
K-0/ 0.098 0.428% 0.648%*
ALO;
Rb/K,0 607+ 0.499%
Rb/Sr 0.412%

Value 0.8—1—***VeryStr0ng Positive Correlation—

VeryStrong Negative Correlation

Value 0.6—0.79—**Strong Positive Correlation—""Strong Negative Correlation

Value 0.4-0.59—"Moderate Positive Correlation—"ModerateNegative Correlation

Table 9 Loadings of significant principal components of weathering
indices for the soils of the study area

and the soil (Tasrina et al. 2015). Tepanosyan et al. (2022)
assessed the TF of 12 common fruits and vegetables in the

Component Republic of Armenia and found a high level of bioaccu-

| 5 3 1 mulation of Pb in their studied samples. Both the studied

contamination indices; Ly, (28%) and Iy (2.20) point out

CIA 0.918 - 0.022 — 0.009 0.298  Pb as a moderately to heavily contaminated element
CIW 0.786 0.333 0.307 0.419 (Tables 10 and 11). The higher content of Pb (> 400 mg/
PIA 0.835 0.271 0.256 0402  kg) in agricultural soil is a risk to human health (Yang et al.
PWI —0.120 0.551 — 0.780 0.163  2019). Common crops can tolerate up to 100 mg/kg
WIP —0.787 —0.149 0.484 0.164  (Misenheimer et al. 2018). High exposure to Pb, causes
CIX 0.735 — 0507 —0.072 — 0236 noxious effects on crop production and reduces germina-
IcV — 0615 — 0.364 0.089 0.567  tion of seeds, due to intervention with enzymes and dam-
RR — 0.267 0.372 — 0777 0407  age of membrane (Collin et al. 2022). Lead is the second
K,O/ALO; — 0266 0.610 0.536 0.207  Mmost toxic metal having a role in the biological activity of
Rb/K,O — 0.100 0.732 — 0182 _ 0164 Dlants after arsenic (Table 1). It reduces seed germination,
Rb/Ti 0.274 0.783 0.135 _ 0466  induces structural changes in photosynthetic apparatus, and
Rb/Sr — 0.368 0.676 0.467 _ 0019 reduces biosynthesis of chlorophyll pigments causing
% of Variance 33.94 25.14 18.13 10.91 retardation of carbon metabolism (Zulfigar et al. 2019).
Cumulative % 33.94 59.08 7791 88.12 Soybean, wheat, spinach, cabbage, and peas are more

4.6 Repercussion in agriculture

4.6.1 Lead (Pb)

The average amount of Pb in the soil is 32 mg/kg (Alloway
2005) however, in the soil of the study area, the range of Pb
was observed as 14-342 with a mean value of 65.3 mg/kg
(Table 3). The soil-plant relation can be used to identify
the transfer factor (TF) of a toxic element. The TF can be
assessed by calculating the ratio of the element in the plant

sensitive to high Pb in the soil (Osman and Fadhlal-
1ah2023). High amounts of Pb are likely due to the sulphide
mineralization of Pb—Zn in the adjacent Mor Range (Arain
et al. 2021; Shahab et al. 2016).

4.6.2 Nickel (Ni)

Nickel is among trace elements that are considered toxic
for living organisms if present in agricultural soils (Kayode
et al. 2022). Normally the amount of Ni is found in trace
quantities (20 to 30 mg/kg) but in the study area, it ranges
from 43 to 143 mg/kg with an average of 79 mg/kg
(Table 3). The assessed geo-accumulation index signifies
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Table 10 Classification of Geo-Accumulation Index by Miiller (1969)

Igeo Class  Sediment quality Cu Cr \" Ti Pb Zn Ba Sr Rb
<0 0 Absence of contamination 92% Nil 2% 100% 52% 92% 96% 64% 100%
0-1 1 From absent to moderately contaminated 8% 64% 68% 8% 20% 8% 4% 36%

1-2 2 Moderately contaminated 32%  32% 12%

2-3 3 From moderate to heavily contaminated 12%

34 4 Heavily contaminated 4%

4-5 5 From heavily to extremely contaminated

>5 6 Extremely contaminated

Table 11 Classification of Nemerow pollution Index (In) proposed by Forstner et al. (1990)

Class I Values Sediment quality Present Study

0 0<Ix<05 Uncontaminated Sr (0.48), Zn (0.42) V (0.37)

1 05<Iy=<1 Uncontaminated to moderately contaminated Ba (0.92), Cu (0.54)

2 I1<Iy<2 Moderately contaminated Ti (1.8), Ni (1.26), Cr (1.23), Rb (1.03)
3 2<Iy=<3 Moderately to heavily contaminated Pb (2.20)

4 3<Ih=<4 Heavily contaminated -

5 4<In<5 Heavily to extremely contaminated -

6 In>5 Extremely contaminated -

the second contaminated element according to (Is.,) and
(Iy) values (Tables 10 and 11). The Ni is integrated from
ultramafic rocks (Korobkin et al. 2022). The elevated
amount of Ni in the studied samples is due to the weath-
ering of ultramafic rocks present in the surrounding region.
The concentration of Ni in plants is very low, ~ 1.5 ng/
gm, which is considered a safe limit in the crops. The
higher level may shunt the entire parts of the plant,
including, roots, shoots, leaves, etc. by poisoning enzymes
(Khan et al. 2023; Mustafa et al. 2023). This is reflected by
means of chlorosis, necrosis, and a decline in water content
(Naz et al. 2022).

4.6.3 Chromium (Cr)

Chromium uptake and translocation are largely based on
the chemical speciation of Cr, which mainly exists as either
Cr** or Cr®", depending upon the redox potential, organic
matter, and soil pH. Both Cr’" & Cr®" are highly
stable and precipitate at pH > 5.5 (Wu et al. 2022). Among
them, Cr®" occurs as oxyanions and has more impact on
toxicity in crops (Wani et al. 2022). Chromium is known to
be a toxic metal that can pollute agricultural soil and cause
damage to plants (Zhang et al. 2020a). It is most abundant
in ultramafic rocks and can be transported by surface runoff
in its soluble or precipitated form (Havryliuk et al. 2022).
In the studied soil samples, Cr ranges from 129 to 286 mg/

@ Springer

kg, while the mean value is 184 mg/kg (Table 3), which is
much higher than the world average of 54 mg/kg (Alloway
2005). In the studied soil samples, the L, value of Cr was
reported in 32% of soil samples as moderately contami-
nated; the Iy value (1.23) also confirms Cr is the third
pollutant in the studied samples (Tables 10 and 11). The Cr
provokes harmful influences on some physiological and
morphological functions of crops (Table 1). A high quan-
tity of Cr can reduce plant growth, induce chlorosis, reduce
pigment content, and alter enzymatic functions, damage
root cells, chloroplast, and cell membrane (Saleem et al.
2022; Ao et al. 2022). The toxic effects of Cr are correlated
with the generation of reactive oxygen species (ROS),
which cause oxidative stress in plants (Sharma et al. 2020).

4.6.4 Strontium (Sr)

The studied samples showed a considerable amount of Sr
(187-351) with a mean value of 237 mg/kg, which is
higher than the world’s average abundance (120 mg/kg) in
the soil (Sposito 2008). The general concentration of Sr
varies from 15 to 1,000 mg/kg, largely depending on the
physicochemical and mineralogical characteristics of the
soil, soil acidity, and organic content (Dubchak 2018). The
studied samples showed a considerable amount of Sr, and
the g, value of 36% of the soil sample shows moderate
contamination. However, according to Iy all samples are
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uncontaminated (Tables 10 and 11). High Sr in the soil can
replace Ca due to its chemical similarity and cause a lack
of Ca in the plants (Burger and Lichtscheidl 2019). In soil,
the heavier strontium occurs as a less mobile hydroxide,
which results in its accumulation in soil and plant tissues
(Abdel-Sabour 2022). The biological function of alone
stable #’Sr*" in the crops is not mentioned in the available
literature; however, its biogeochemical behavior is analo-
gous to Ca®" because both Ca®" and Sr*™ belong to the 2™
group of the periodic table (Zhang et al. 2020b). High Sr*™
in the soil can replace Ca*" and cause a lack of Ca in the
plants (Burger and Lichtscheidl 2019). The high content of
Sr**in the plants is associated with a decrease in chloro-
phyll content (Srikhumsuk et al. 2023).

5 Conclusions

The present study confirms the presence of loamy soils in
the Porali Plain. Inferences show that major and trace
elements accumulated in studied soils are due to rock
weathering and alteration in Bela Ophiolite and Ferozabad
Group. Enrichment of a few toxic elements was also in the
retort of VMS, Sedex, and MVT types of mineralization in
the studied region. Weathering indices determined a
moderate to high degree of weathering with the existence
of illite clay in association with kaolinite in the soils of the
study area. Spatial distribution patterns of different indices
and ratios demarcate the zones of high to low weathering
and indicate suitable areas for agriculture. Geo-accumula-
tion and Improved Nemerow indices revealed Pb as a
prime toxic element followed by Ti, Ni, and Cr.
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