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Abstract: Exposure to toxic concentrations of trace elements in rice and drinking water is a serious
issue for millions of South Asians, due to rice serving as a large portion of their diets and the
geochemical enrichment of trace elements in groundwaters. The overall goal of this study was
to evaluate and compare the hazards posed from toxic trace elements through the consumption
of commercially available basmati rice and public drinking water sources across Lahore, Pakistan.
Drinking water samples (n = 36) were collected from publicly accessible drinking taps from eight
administrative towns and the cantonment. Rice samples were obtained from 11 markets (1 = 33) across
Lahore between December and February 2022-2023. Market rice concentrations exceeded the World
Health Organization’s (WHO) limits and the Total Hazard Quotient (THQ) values exceeded 1.0 for As,
Cu, and Pb, thus indicating multielement contamination. Market rice trace element concentrations
and price were not correlated. As, Se, and U concentrations in drinking water were above the WHO's
drinking water guidelines and had THQ values exceeding 1.0, showing multielement contamination.
Cr, Se, and U concentrations in drinking water were greater for impoverished administrative towns
compared to middle and wealthy administrative towns, highlighting socioeconomic inequities in
exposure to hazardous concentrations. We conclude that the citizens of Lahore are exposed to rice
and drinking water that are hazardous to human health, including As and other lesser studied
trace elements.
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1. Introduction

Rice is a staple food for more than half of the global population, particularly in Asia,
where it serves as a primary dietary component for billions of people. The cultivation of
rice is an integral part of the South Asian diet and is a staple grain crop for food security [1].
Among the nations in this region, Pakistan ranks at 10th place in rice production, dedicating
3.034 million hectares of land with an overall 7.410 million tonnes of the crop produced,
thus making it a prominent rice-producing nation. which is beneficial for both the provision
of food within the country and the country’s economy [2]. However, concerns continue
to mount about the safety of consuming domestic rice in light of toxic levels of trace
elements present [3]. In the context of Pakistan, the possible effects of rice crops as the
second most consumed grain in the country are pressing [4]. As a significant portion of the
population relies on rice as a dietary staple, there is an increased likelihood of exposure
to these elements, with ingestion being the primary cause of harmful exposure to toxic
trace elements [5]. Furthermore, the water used to grow and irrigate rice crops as well as
domestically used drinking water to cook the rice pose additional potential risks to human
health [6]. The United States Food and Drug Administration (FDA) notes that cooking and
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rinsing rice in clean water is an effective way of limiting arsenic exposure. However, when
the water itself contains elevated levels of trace elements, the risk of exposure amplifies.
For example, prolonged exposure to arsenic can result in a multitude of severe health risks
including but not limited to hypertension, skin lesions, neurodegeneration, cancer and
cardiovascular disease [7].

Though essential trace elements are required by plants in small quantities for growth
and development, they can be considered a double-edged sword when their concentra-
tions exceed the permissible limits [8]. Toxic trace elements in soils and drinking water
in Pakistan can originate from various anthropogenic activities such as mining, indus-
trial production, and municipal consumption and refuse [9,10]. Coal mining, synthetic
industries, and burning waste are all anthropogenic sources of trace elements that may
lead to them seeping into agricultural production [11,12]. However, one of the dominant
sources of trace elements to agricultural soils and drinking water resources is natural
sources [10,11]. Alluvial plain deposits in eastern Pakistan originated from the erosion and
transport from the Himalayas during the Holocene Period contain elevated trace element
concentrations [13]. Trace elements of specific concern, particularly As, Cd, Pb, Ni, U, are
found in background to elevated concentrations in soils and near surface aquifers across
the region of Punjab [10,13,14]. This is particularly true for the Punjab and Sindh regions,
which are the top agricultural-commodity-producing regions within Pakistan [7,10]. As
a prime example, of the 110 groundwater samples collected across Punjab in 2017, 40%
exceeded the WHQO's guideline limit of >50 pug/L for As, and 41% exceeded the WHO'’s
guideline limit of >15 pg/L for U [7]. Though some trace elements serve benefit to human
health at lower doses such as Cu, Se, Cr, elevated levels of these elements in rice pose
potential health risks when they enter the food chain through an essential part of the diet
for millions of Pakistani people [10,14].

The overall goal of this study was to evaluate and compare the hazards posed from
toxic trace elements through the consumption of commercially available basmati rice
and public drinking water sources across Lahore, Pakistan. First, we hypothesized that
basmati rice does not contain hazardous concentrations of trace elements. We expected that
commercially available rice would meet international health standards and that hazardous
concentrations would not be related to the price of the rice. Second, we hypothesized
that drinking water would not contain hazardous concentrations of trace elements as it
should be treated and originate from aquifers with permissible trace element concentrations,
unlike groundwater resources in rural areas. We expected elevated concentrations of As
but that not other trace elements would reach or exceed the World Health Organization’s
(WHO) limits. Moreover, we expected that water quality would be comparable among
administrative towns despite varying socioeconomic levels within Lahore. This information
is needed to characterize the daily hazard related to trace element exposure by the denizens
of the administrative districts of Lahore and highlight the need for personal safety practices.

2. Materials and Methods
2.1. Description of Lahore, Pakistan Study Area

This study was conducted in the capital of Pakistan’s Punjab province, Lahore, which
is the second largest city in Pakistan with a population of 11.1 million residents. Lahore
presents a great socio-economic divide between administrative areas based on many factors
such as unemployment rates, asset possession, literacy rate and contribution to the gross
domestic product (GDP). The city of Lahore comprises nine administrative towns and
a cantonment (Figure 1). These towns can be divided into three broad socioeconomic
status (SES) categories, wealthy class, middle-class and impoverished class based on
non-standardized indices (NSI). According to the classification through results from a
component matrix, Cantonment and Aziz Bhatti town are classified as wealthy, Gulberg,
Samanabad, Data Gunj Baksh and Ravi towns are classified as middle-class, and Shalimar,
Wagah, Nishtar and Igbal towns are classified as impoverished. Middle-class towns present
the highest population density, with Ravi having an approximate 1.0 million residents. The
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north of the city presents the lowest population size, with Wagha and Aziz Bhatti town
both having an approximate 0.62 million residents [14].
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Figure 1. Map of Lahore administrative districts and location of drinking water sampling locations
and locations of rice purchases from markets.

2.2. Drinking Water and Market Rice Grain Collection and Processing

Drinking water samples were collected from 12 public locations in triplicate (36 samples
total) between December and February 2022-2023. The samples were collected in acid-
washed 250 mL polyethylene bottles. During the sample collection of drinking water,
each bottle was filled from the tap, dumped out, and re-filled without gaseous headspace.
This was repeated within the same day but not in tandem. Water samples were collected
from publicly accessible water drinking taps from eight administrative towns and the
cantonment. The three towns with an area greater than 100 km?, Wagha Town, Igbal
Town and Nishtar Town, were divided into north and south regions, with a sample being
collected from each.

Market rice was obtained from 11 large commercial markets (giving a total of 33 rice
samples) spatially distributed across Lahore between December and February 2022-2023, a
product of the kharif season (May-June plantation, harvested in October-December). Only
Pusa basmati rice (Oryza sativa Linn) varieties were purchased to avoid varietal differences.
These rice samples were dehulled and came from one of two rice growing zones in Pakistan:
Zone-1I in Punjab, located between the Ravi and Chenab rivers, and Zone-III in Sindh,
located right at the bank of the Indus River.

2.3. Digestion and Analyses

The drinking water samples were analyzed for pH, electrical conductivity (EC), and
oxidation reduction potential (ORP) using Atlas Scientific probes (Ixian industrial kits,
Atlast Scientific, Long Island City, NY, USA). The drinking water samples were shipped
to the University of Massachusetts Amherst, then acidified with 67% trace metal grade
HNO; to pH 1 and analyzed for trace elements following the EPA method 3005 (Cr, Ni,
Cu, Zn, As, Se, Sr, Cd, Sn, Sb, W, Pb, Th, U) with an Agilent 7700x Inductively Coupled
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Plasma—Mass Spectrometer (ICP-MS; Agilent Technologies, Santa Clara, California, USA)
under no gas mode, pentuplet measurement replicates, check standards at every 10 samples,
12 point calibration curves, and power calibration curves. The limit of detection (LOD)
were 0.006 pg/L for As, 0.002 pug/L for Cd, 0.07 ug/L for Cr, 0.001 ug/L for Cu, 0.02 pg/L
for Pb, 0.007 ug/L for Se, and 0.001 pg/L for U. Macroelements (Al, Fe, Ca, K, Mg, Na, Mn,
P) were measured using an Agilent 5110 Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) under axial mode, pentuplet replicates, nine point calibration
curves, and power calibration curves. The limit of detection (LOD) for macroelements was
5 ug/L.

Market rice samples were shipped to the University of Massachusetts Amherst and
crushed to <0.1 mm diameter using an agate mortar. Rice powder subsamples were digested
and analyzed following a modified EPA method 3050B. First, the rice powder was ashed in
a muffle furnace at 550 °C for 14 h to remove carbon prepared for digestion using 5 mL
of aqua regia (9:1 trace metal grade HNO3:HCl from Fisher Scientific) in 50 mL centrifuge
tubes. The digestate was then heated to 90 °C using a tube rack heater for 1 h. Each sample
was then diluted to 50 g and diluted to a 1:3 ratio using 18.2 M() de-ionized water. The
mass of each sample digest and dilution steps were recorded. Batches of samples included
certified reference materials, procedural blanks, and sample duplicates. NIST (National
Institute of Standards and Technology) standards were used: peach leaves SRM 1547 and
wheat flour SRM 1567b were used as certified reference materials for As, Cd, Cu, Cr, Pb, Se,
and U concentrations (National Institute of Standards and Technology Gaithersburg, MD).
Like water samples, rice dilutions were analyzed for trace elements using an Agilent 7700x
ICP-MS and macroelements Agilent 5110 ICP-OES. Measured macro and trace element
concentrations for Peach Leaves SRM 1547 and wheat flour SRM 1567b were 87 to 103% of
their certified concentrations. The blanks for macro elements were <LOD and blanks for
trace elements were <0.010 ug/L.

2.4. Exposure Risk Assessment

To determine the exposure and risk from trace elements (As, Cd, Cr, Cu, Pb, U, Se)
from the market rice and drinking water, the total hazard quotient (THQ) and lifetime
cancer risk (LCR) were calculated (for example, see Ali et al. [15]). First, we determined
the estimated daily intake (EDI) of rice and water separately, which was calculated using
Eq 1. EDI (mg/kg/bw/day) is the amount of trace element consumed by an individual; C
(mg/kg) is the concentration of trace element concentration in each rice and water sample;
CR (kg/day) is the consumption rate of water and rice in a day; bw is the mean body
weight of an adult Pakistani individual (male and female adults). The consumption rate
for water was 2 L/capita/day and the consumption rate for rice was calculated to be
46.6 g/day using the annual rice consumption rate provided at 17 kg/capita for Pakistan
in the 2022 Annual Country Report—Pakistan by the World Food Program (WFP) [16].

EDI = (C x CR)/bw 1)

The EDI was then used to calculate the target hazard quotient (THQ) using Equation (2).
Reference oral doses (RfDs) set for trace elements by the US EPA were used for THQ calculations.

THQ = EDI/RfD 2)

THQ < 1 indicates no significant risk of non-carcinogenic effects.

To calculate the risk of consumption over time, especially in terms of Uranium con-
tent in water, the lifetime cancer risk (LCR) was also calculated using the EDI and the
slope factor (SF = 1.5 mg/kg/day for As, 6.1 mg/kg/day for Cd, 0.5 mg/kg/day for
Cr, 0.004 mg/kg/day for Cu, 0.0085 mg/kg/day for Pb, 0.04 mg/kg/day for Se, and
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1.5 mg/kg/day for U) based upon values set by the US EPA [17]. The acceptable upper
limit set for the LCRis 1.0 x 107,

LCR = EDI x SF 3)

2.5. Data and Statistical Analysis

ArcGIS Pro software was used to map field sites. Matlab R2022b (MATLAB 9.13)
was used for data analysis and figure production. Comparisons among towns were calcu-
lated using the Kruskal-Wallis test and linear regressions were used to assess significant
correlations among the elemental data. Statistical tests between results in our study and
other studies utilized two sample t-tests. Market rice and trace element concentrations are
available in Table S1 and S2 in Supplementary Materials.

3. Results and Discussion
3.1. Market Rice Grain Trace Elements and Risk Assessment

Market rice’s mean trace element concentrations were calculated to be 0.77 & 0.09 mg/kg
As, 0.20 £ 0.07 mg/kg Cd, 0.22 &+ 0.03 mg/kg Cr, 57 &+ 16 mg/kg Cu, 2.3 £ 0.9 mg/kg
Pb, 0.09 £ 0.01 mg/kg Se, 0.009 + 0.003 mg/kg U. The market rice concentrations of
As, Cr, and Se exhibited the lowest variation within a factor of 2x (Figure 2). Hence, the
exposure rates to trace element concentrations of As, Cr, and Se were consistent across the
market rice. Conversely, Cd, Cu, Pb, and U had variability of 3x to an order of magnitude
(Figure 2). Thus, there was brand dependence on exposure to Cd, Cu, Pb, and U. Our
results match observations noted in previous studies conducted in other regions of Pakistan:
Bibi et al. [18] conducted research in Gujranwala, Hafizabad, Vehari, Mailsi, and Burewala
within the Punjab region of Pakistan, Sarwar et al. [3] conducted studies across Lahore,
Faislabad, Gujranwala, Sargodha, Rawalpindi, Multan, Okara, Swat, Batkhela, Peshawar,
Mardan, Shergarh, Karachi and Quetta, and Nawab et al. [19] conducted research in Khyber
Pakhtunkhwa, Pakistan. Market rice grain concentrations in our study exceeded the WHO'’s
concentration limitations for As (0.2 mg/kg), Cu (10 mg/kg), and Pb (0.20 mg/kg) [20].

Figure 2 shows that these concentrations were significantly lower than concentrations
from other regions in developed nations but were in the range of other studies conducted
in Pakistan. These concentrations were significantly higher than those found in white
rice grown in California, Louisiana, and Texas in the United States, which presented
trace element concentrations of As 0.13 mg/kg, Cd 0.011 mg/kg, Cu 2.5 mg/kg, and
Pb 0.006 mg/kg [21]. Similarly, our results were significantly higher than those found
for rice grown in Korea, as Jung et al. [22] measured Cd 0.021 mg/kg, Cu 1.9 mg/kg,
and Pb 0.21 mg/kg. Our market rice grain concentrations were within the ranges of
previous studies in Pakistan but there were significant differences. Market rice grain As
concentrations were significantly higher than those reported in Bibi et al.’s [18] (0.4 mg/kg)
and Nawab et al.’s work [19] (0.41 £ 0.11 mg/kg). Market rice grain Cd concentrations
were significantly lower than those measured by Tariq and Rashid [23] (0.86 = 0.37 mg/kg)
but comparable with those from Bibi et al.’s [18] (0.12 mg/kg) and Nawab et al.’s work [19]
(0.09 £ 0.03 mg/kg). Market rice grain Cr concentrations were significantly lower than
those found in Tariq and Rashid’s [23] (6.9 & 1.7 mg/kg), Bibi et al.’s [18] (8.0 mg/kg) and
Nawab et al.’s research [19] (2.44 &= 1.71 mg/kg). Lastly, market rice grain Pb concentrations
were significantly greater than those measured by Nawab et al. [19] (0.26 & 0.07 mg/kg),
comparable with those found in Bibi et al.’s work [18] (4.3 mg/kg), but significantly lower
than Tariq and Rashid’s reports [23] (46 £+ 2 mg/kg).

To investigate whether market rice quality affected trace element concentrations, we
compared their concentrations with prices in Pakistani rupees at the market at the time
of purchase. We expected a negative correlation between the market price and the trace
element concentrations owing to higher standards of agricultural practices commanding
higher prices in Pakistani rupees. However, we did not find a significant correlation
between the rice market price and As, Cd, Cu, Cr, Pb, Se, or U concentrations (Figure 3).
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This suggests that rice quality for potentially toxic trace element concentration exposures is
not related to the market price. Instead, the market price of rice is typically controlled by
costs for transportation from field to market, communication and business expenses, credit
for capital and equipment, and storage facilities [24].

Log Metal Rice concentrations (mg/kg)

O
10—4 L -
1076 = I I I I I I I =]
As Cd Cr Cu Pb Se U

Elements

Figure 2. Boxplots of log market rice trace element concentrations collected across Lahore. N = 33
and the red lines are the WHO's limits [20]. Boxes represent the interquartile range, bars represent

minimum and maximum range and circles represent outliers.

The consumption of rice containing potential toxic trace elements by the millions
of denizens is a critical health issue in the developing country of Pakistan. The mean
EDI was calculated by taking the mean rice trace element concentrations, annual rice
consumption rate provided as 17 kg/capita for Pakistan and 63 kg for the mean body mass
for an adult Pakistani. The EDI was further contextualized by using the trace element-
specific reference oral dose to determine the THQ and HI, which suggests it is hazardous
to consume. Our results show that, as expected, market rice generated As THQ values
far exceeding 1.0, indicating that the consumption of rice poses a direct risk to human
health. More interestingly, market rice THQ values for Cd, Cu, and Pb also exceeded 1.0
for several market rice samples (Table 1). These results match observations noted by Bibi
et al. [18], who posit that the consumption of market rice grains poses a direct hazard
to consumer health. These results highlight that market rice at the point of purchase for
regular consumers poses a hazard to human health.

Similar to THQ), the consumption of rice containing potential toxic trace elements also
poses risk for cancer in Lahore, Pakistan. The trace element-specific cancer slope factor to
determine the LCR, which suggests that the rice poses a hazard to cancer development
when LCR > 10~* and is thus considered an unacceptable risk for cancer by the US EPA [17].
Our results show that market rice generated As LCR values far exceeding the 1.0 x 10~*
threshold, indicating that the consumption of market rice poses a direct risk to cancer
formation (Table 2). Fortunately, the other trace elements, Cd, Cu, Pb, Se, and U, did not
exceed the LCR values of 1.0 x 10~* threshold, implying that only As and Cr may be a
cancer risk in the market rice.
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2022) for each rice sample with linear regressions. Error bars are standard errors.
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Table 1. Rice target hazard quotients (THQ)s, where any value >1.0 is considered a lifetime health
hazard from rice consumption. See Section 2.4 for the calculation method.

Hazard
Market As Cd Cr Cu Pb Se U Index (HI)
1 6.82 0.31 0.19 1.33 0.19 0.39 0.006 9.26
2 7.02 0.49 0.17 6.24 0.98 0.31 0.003 15.2
3 4.22 0.66 0.08 0.49 1.15 0.28 0.005 6.91
4 4.98 0.50 0.12 5.42 2.61 0.52 0.004 14.2
5 5.32 0.74 0.11 2.40 0.31 0.43 0.007 9.35
6 5.79 1.34 0.16 0.65 0.46 0.31 0.007 8.74
7 6.25 1.33 0.24 6.10 5.24 0.31 0.004 19.5
8 4.33 0.56 0.14 3.56 0.39 0.38 0.002 9.38
9 4.65 1.17 0.12 2.99 1.06 0.31 0.005 10.4
10 3.48 0.80 0.12 1.04 0.79 0.28 0.019 6.55
11 3.39 0.65 0.13 0.85 0.95 0.43 0.006 6.43
Mean 5.11 0.78 0.14 2.83 1.29 0.36 0.006 10.53

Table 2. Market rice life cancer risk (LCR) values where any value >1.0 x 10~* is considered a lifetime
hazard for developing cancer. See Section 2.4 for calculation method.

Market As Cd Cr Cu Pb Se U
x10—4 x10—4 x10—4 x10—4 x10~4 x10—4 x10—4
1 12 0.0 1.1 0.1 0.0 0.0 0.1
2 12 0.0 1.0 0.3 0.1 0.0 0.0
3 7 0.0 0.5 0.0 0.3 0.0 0.1
4 8 0.0 0.7 0.3 0.0 0.0 0.1
5 9 0.1 0.7 0.2 0.1 0.0 0.1
6 10 0.1 0.9 0.0 0.6 0.0 0.1
7 11 0.1 1.4 0.4 0.0 0.0 0.1
8 7 0.0 0.8 0.2 0.0 0.0 0.0
9 8 0.1 0.7 0.2 0.1 0.0 0.1
10 6 0.1 0.7 0.1 0.1 0.0 0.3
11 6 0.0 0.8 0.1 0.1 0.0 0.1

As described in previous soil-plant field studies in this region of Pakistan and beyond,
such as Iran [25], Bangladesh [23,26], and India [27], these high trace element concentrations
in crops are most likely due to irrigation water (both wastewater/groundwater) containing
elevated trace element concentrations [28]. As reported by previous studies, the quality of
irrigation water needs to be monitored during rice cultivation in the study area [18].

3.2. Drinking Water Trace Elements and Risk Assessment

Drinking water samples had mean trace element concentrations of 20.5 £+ 6.1 nug/L
As, 0.02 + 0.01 ug/L Cd, 0.12+ 0.02 pg/L Cr, 2.3 £+ 1.0 pg/L Cu, 0.11 £ 0.07 pg/L Pb,
25+ 14 pug/L Se, 32.1 & 12.7 ug/L U. Cr and Cu drinking water concentrations exhibited
the lowest variation within a factor of 3x (Figure 4). Thus, the exposure to trace element
concentrations of Cr and Cu was consistent across the drinking water of Lahore. Conversely,
As, Cd, Pb, Se, and U had variability of one or two orders of magnitude (Figure 4). Thus,
there was an administrative town- and location-specific dependence on exposure to As, Cd,
Pb, Se, and U. Several drinking water concentrations in our study exceeded the WHO's
concentration limitations for As (10 pg/L), Se (40 pg/L) and U (30 ng/L) concentrations,
but were far below those set for Cd (3 pg/L), Pb (10 pg/L), and Cu (3000 ug/L) [29]. The
drinking water in our study should meet the WHO'’s standards, unlike rural, shallow wells
in other studies carried out in the Punjab region of Pakistan [29], but our results highlight
that drinking water poses a hazard to human health.
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Figure 4. Boxplots of drinking water samples collected across the nine locations of Lahore. N = 33
and the red lines are the WHO's limits [20]. Boxes represent the interquartile range, bars represent
minimum and maximum range and circles represent outliers.

Our results, shown in Figure 4, were significantly lower than the concentrations re-
ported in other regions in developed nations. The drinking water samples exceeded the US
EPA’s drinking water standards for As (50 ug/L), Se (50 pg/L), and U (30 pug/L) concentra-
tions, but were far below those set for Cd (5 ug/L), Pb (15 ug/L), and Cu (1300 pg/L). The
As concentrations in drinking water in our study were greater than those found in 4547
water samples throughout Punjab as measured by Toor and Tahir [30] (6 to 12 ug/L); how-
ever, this study’s concentrations were comparable to 48 drinking water samples researched
in Lahore, Pakistan, by Akhter et al. [31] for As (36 £ 3 pg/L). The Cd, Cr, and Cu concen-
trations in the drinking water samples in our study were comparable to ranges observed in
shallow and deep drinking water groundwaters across Pakistan, as reviewed by Waseem
et al. [32]. The Pb concentrations measured in our drinking water were significantly lower
than those found in the 48 drinking water samples in Lahore, Pakistan, by Akhter et al. [31]
for Pb (1.8 £ 0.5 ug/L).

To investigate whether socioeconomic factors leading to inequity in drinking water
quality affected trace element concentrations, we compared their concentrations across
socioeconomic classifications for each town: Middle+Wealthy class and Impoverished
class (Aziz et al. [33] defined these as Rich, Middle, Poor). These classes were defined
according to literacy, access to education, unemployment, gross domestic production,
and household possessions. We expected wealthier areas to have lower trace element
concentrations owing to higher standards of water treatment and improved infrastructure
for providing water within Lahore, Pakistan. We found significantly lower drinking water
concentrations of Cr, Se, and U for drinking water in middle+wealthy administrative towns
than those reported for impoverished administrative towns (Figure 5). However, the toxic
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concentrations of As were not significantly different among the socioeconomic groups,
suggesting that As in drinking water is ubiquitous and not associated with lesser treatment
of water for consumption. However, our data suggest that Cr, Se, and U toxic trace element
concentration exposures are related to factors that vary among socioeconomic areas, such
as the quality of groundwater resources, the post-extraction treatment of groundwater,
and infrastructure for delivering water to residences and public places (as mentioned by
Waseem et al. [32]). As described by Aziz et al. [33], combating inequality in education
and income is only part of the building blocks of a successful life, as health and sanitation
are also required. While these results show that socioeconomic class does not protect
against the consumption of toxic concentrations of trace elements, wealthier individuals
can obtain items to further decrease their consumption of this drinking water, while those
in lower socioeconomic positions cannot. Even worse, those in more impoverished areas
receive the burden of concentrations of Se and U higher by an order of magnitude in their
drinking water. In addition to the natural bedrock sources, historical and legacy urban
pollution may also be negatively impacting drinking water as emissions and leakages
from mine/smelter wastes, phosphate sewage sludge, and municipal waste landfills can
contaminate groundwater resources [11,32,34,35].

@ Middle+Wealthy class O Improverished class

100 *

10 -I_

%

HH %

0.1

Drinking water concentration
(ug/L)

0.01

0.001
As Cd Cr Cu Pb Se U

Figure 5. Drinking water samples compared across socioeconomic classes: Middle+Wealthy class ad-
ministrative towns compared to impoverished class administrative towns [33]. (*) represent a significant
difference in drinking water concentrations between socioeconomic groups of administrative towns.

We leveraged the THQ to examine whether trace element concentrations would pose
a health hazard for Lahore residents at the noted consumption rates. Our results show
that, as expected, the drinking water As THQ values far exceeded 1.0, indicating there
is a direct risk to human health (Table 3). More interestingly, the drinking water THQ
values for Se, and U also exceeded 1.0 for several drinking water collection sites. These
results agree with those of Ali et al. [15], who found As and U THQ in groundwater in the
Punjab and Sindh province exceeded the THQ threshold values of 1.0. Our results match
the observations noted by Ahmed et al. [36] of Cd and Pb concentrations far below toxic
levels for individuals in the Sindh region of Pakistan, who studied school-aged children.
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Table 3. Drinking water THQs, where any value >1.0 is considered a lifetime health hazard. See
Section 2.4 for the calculation method. Socioeconomic classifications were M+R, indicating middle
and wealthy and impoverished towns, based on [33].

Town SE Class As Cd Cr Cu Pb Se U InI;:ia(rIiI)
Aziz Bhatti M+W 52 0.000 0.32 0.001 0.001 0.01 0.001 5.565
Cantonment M+W 0.7 0.000 0.53 0.001 0.001 0.04 0.044 1.39
Ravi M+W 3.3 0.000 0.62 0.001 0.001 0.02 0.130 6.11
Gulberg M+W 0.02 0.000 0.76 0.000 0.000 0.01 0.000 0.77
Shalimar IMP 55 0.008 0.17 0.001 0.001 0.01 0.001 5.70
Data Gunj Baksh M+W 5.9 0.001 0.73 0.001 0.001 0.01 0.012 6.71
Nishtar (North) MP 0.7 0.000 0.38 0.001 0.000 1.58 0.465 3.09
Nishtar (South) IMP 1.4 0.001 0.87 0.002 0.009 1.65 0.451 437
Wagah (North) IMP 0.4 0.000 0.33 0.002 0.001 3.81 1.277 5.76
Wagah (South) IMP 24 0.000 0.51 0.001 0.000 0.03 0.053 2.94
Igbal (North) IMP 0.3 0.000 0.82 0.002 0.001 0.04 1.254 9.78
Igbal (South) IMP 0.5 0.002 0.63 0.002 0.006 12.1 0.421 14.33
Mean 22 0.001 0.56 0.001 0.002 1.6 0.342 5.54
Furthermore, LCR was calculated to estimate whether the consumption of drinking
water containing elevated trace elements also poses a risk for cancer in Lahore, Pakistan.
The trace element-specific cancer slope factor was used to determine the LCR, which
suggests it poses a hazard to cancer development when LCR > 1074, and is thus considered
an unacceptable risk for cancer by the US EPA [17]. Our results show that the drinking water
contained high enough As, Se, and U LCR values, which exceeded the 1.0 x 10~ threshold,
indicating there is a direct risk to cancer formation from drinking water consumption
(Table 4). Fortunately, the other trace elements did not exceed the LCR values of the
1.0 x 10~* threshold. These results agree with those of Ali et al. [15], who found that the
As and U LCR values in groundwater in the Punjab and Sindh province exceeded the LCR
cancer threshold of 1.0 x 10~ as well. Our results match observations noted by Ahmed
et al. [36] of Cd and Pb concentrations levels in the Sindh region of Pakistan far below
hazard level for cancer development.
Table 4. Water LCR values, where any value >1.0 x 10~# is considered a lifetime hazard for develop-
ing cancer. See Section 2.4 for description.
As Cd Cr Cu Pb Se )
Town x10—4 x10—4 x10—4 x10~4 x10—4 X104 x10—4
Aziz Bhatti 24 0.00 0.00 0.00 0.00 0.00 0.04
Cantonment 3 0.00 0.00 0.00 0.00 0.01 22
Ravi 15 0.00 0.00 0.00 0.00 0.00 59
Gulberg 0.0 0.00 0.00 0.00 0.00 0.00 0.01
Shalimar 25 0.00 0.00 0.00 0.00 0.00 0.002
Data Gunj Baksh 27 0.00 0.00 0.00 0.00 0.00 0.53
Nishtar (North) 3 0.00 0.00 0.00 0.00 0.02 209
Nishtar (South) 6 0.00 0.00 0.00 0.00 0.33 820.3
Wagah (North) 11 0.00 0.00 0.00 0.00 0.01 2.4
Wagah (South) 2 0.00 0.00 0.00 0.00 0.76 57.5
Igbal (North) 1 0.00 0.00 0.00 0.00 0.01 56.4
Igbal (South) 2 0.00 0.00 0.00 0.00 24 18.9

4. Conclusions

Our study found further evidence that market rice for consumption by the millions of
residents across the major city of Lahore, Pakistan, contains trace element concentrations
that are above the concentrations considered to be safe for humans. The market rice THQ
values for As, Cd, Cu, and Pb also exceeded the hazardous guidelines across several
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markets and only the LCR values for As suggest a potential hazard for developing cancer
over a lifetime of market rice consumption. The widespread contamination of rice in
Lahore, Pakistan, is a public health hazard and adds burdens onto communities dealing
with potential food insecurity issues. Washing can remove a portion of trace elements,
from 3 to 38% [25], but the drinking water also contained elevated trace elements and may
be an additional source of trace elements when cooking rice. We assert that the problem
begins in the agricultural soils and can be improved with mitigating procedures including
safe agrochemical use [22] and safe irrigation water use [32]. Our findings also dispel
speculation that more expensive rice is of higher quality and less likely to contain toxic
trace element concentrations. There was no correlation between the market price of rice
and its concentration of trace elements.

Our study also found that drinking water contained elevated concentrations of As, Se,
and U across the administrative towns of Lahore, Pakistan. The THQ and LCR values for As,
Se, and U exceeded the thresholds for toxicity to humans and pose a hazard for developing
cancer over a lifetime of consumption. Although not addressed explicitly in our study,
children who have lower body mass values are likely to be more greatly impacted as, in
this study, we only utilized adult body mass. We hypothesized that drinking water quality
would be higher in wealthier administrative towns and found some evidence that partially
supports this hypothesis. The Cr, Se, and U concentrations in drinking water were higher
in impoverished towns, which follows global inequity problems in which individuals
living in lower socioeconomic areas hold less economic and sociopolitical power and are
subjected to greater environmental health hazards in Pakistan and beyond [37]. As outlined
by Waseem et al. [32], ensuring the use of safe aquifers, improvements in post-extraction
treatment of groundwater, and a safe infrastructure for transporting the drinking water are
needed to address this health hazard.
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