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Abstract

Landfill mining is promoted to reclaim land and recover resources from legacy waste,
but re-use of its fine, humus-rich fraction, soil-like material (SLM), is constrained by
scarce information on its properties and risks at high altitudes. We characterised SLM
excavated at 0—5 m depths from the stabilised Lhasa municipal solid waste landfill
(Xizang, 3,670 m a.s.l.) and assessed heavy metal contamination, ecological risk and
human-health risk using contamination factors, geoaccumulation indices, Hakanson's
potential ecological risk index and the USEPA exposure model, with 20,000 Monte
Carlo iterations. SLM accounted for 61.2 = 4.6 % of the excavated waste and was
slightly alkaline (pH 7.76-8.11), strongly humified and nutrient-rich (SOM 47.5-96.6
g kg!; available K 978-2,541 mg kg™'; humic-acid/fulvic-acid ratio 5.0). Mean metal
concentrations met the Chinese agricultural screening values (GB 15618-2018), but
Cr, Cd and Hg were enriched 2.2-3.3-fold over the local background, giving a
potential ecological risk index of 215.8 (moderate hazard) dominated by Hg (60.5 %)
and Cd (30.2 %). Non-carcinogenic risk exceeded the USEPA threshold only for
children (HI = 1.55; Cr 70 %, As 22 %); Monte Carlo gave an 85 % probability that
the child HI exceeds unity, whereas total carcinogenic risk (2.1 x 107 for adults; 3.1 x
10 for children) remained acceptable in over 99.5 % of simulations. SLM is
therefore unsuitable for direct agricultural or residential use but suitable for non-food
biomass, landscaping substrates and landfill cover after blending and monitoring of
Hg, Cd and Cr speciation.

Keywords: Landfill mining; Soil-like material; Heavy metals; Ecological risk; Health

risk assessment; Xizang Plateau

1 Introduction

Municipal solid waste (MSW) generation continues to grow with urbanisation and
rising incomes, and landfilled material now represents one of the largest
anthropogenic deposits on Earth (Kaza et al. 2018; Hoornweg and Bhada-Tata 2012).
Although sanitary landfilling remains the dominant disposal route in most developing
economies, the exhaustion of existing cells, land scarcity and the environmental
legacy of ageing facilities have stimulated interest in landfill mining (LFM), the
systematic excavation, screening and valorisation of previously deposited waste
(Krook et al. 2012; Cossu and Williams 2015). In China this agenda has been given
explicit regulatory backing. The Fourteenth Five-Year Plan for the development of
urban domestic waste classification and treatment facilities calls for the recovery of
landfill capacity, ecological restoration and landscape reconstruction at closed
facilities (NDRC and MOHURD 2021), and it expressly identifies Xizang, Qinghai,
Xinjiang, Gansu and Inner Mongolia, regions where sparse population, long transport



distances and modest waste generation preclude incineration, as areas in which
sanitary landfilling will remain the principal disposal route. Legacy landfills in these
regions are therefore both a closure liability and, potentially, a material resource.
Enhanced LFM concepts that couple material recovery with waste-to-energy
conversion and land reclamation have been evaluated technically and economically in
Europe, India and Iran (Bosmans et al. 2013; Sabour et al. 2020; Cheela et al. 2023),
and life-cycle assessments indicate that on-site sorting can substantially reduce the
environmental burden of legacy sites (Cheela et al. 2023).

In almost every LFM operation the single largest output is the fine, undersize fraction
recovered after screening at 40—60 mm, variously termed soil-like material (SLM),
landfill-mined-soil-like-fractions (LFMSF) or "good earth" (Chandana et al. 2021,
Ghosh et al. 2026). SLM typically accounts for 40—80 % of the excavated mass and
consists of a dark, granular, humus-rich matrix formed by more than a decade of
anaerobic decomposition (Somani et al. 2020; Gurusamy and Thangam 2023). Its
agronomic value is well documented: SLM contains appreciable organic matter,
nitrogen, phosphorus and potassium, and a microbial community characteristic of
mature compost (Wu et al. 2024; Banerjee et al. 2024). Consequently, SLM has been
proposed and tested as a soil ameliorant for greening and landscaping, as a non-
structural earth-fill or fibre-reinforced fill material, as a component of polymer
composites, and as a substrate component for non-edible biomass and biopolymer
composting (Datta et al. 2021; Patil et al. 2024; Reddy et al. 2024; Goli and Singh
2023; Lu et al. 2024).

However, the same matrix also concentrates potentially toxic elements. Heavy metals
(HMs) entering a landfill in batteries, pigments, electronics, galvanised products and
construction debris are retained by the organic and mineral phases of the ageing
waste, so that SLM frequently shows degrees of contamination one to two orders of
magnitude above local background soils (Jain et al. 2005; Adelopo et al. 2018;
Somani et al. 2020; Pu et al. 2024). Because the mobility, bioavailability and toxicity
of these elements are governed by their chemical speciation, which in landfill humus
is itself controlled chiefly by pH and organic matter, chemical characterisation and
risk assessment are most informative when performed together (Sun et al. 2024).
Contamination of SLM is the principal technical barrier to its re-use: SLM destined
for agriculture must satisfy screening values for agricultural land, whereas SLM used
as engineering fill must not generate unacceptable exposure for workers and nearby
residents (Goli et al. 2022; Zari et al. 2022). Ecological and human-health risk
assessment of wastes and of the soils surrounding waste-disposal sites is now routine
in this field (Sadeghi Poor Sheijany et al. 2020; Johar et al. 2020; de Souza et al.
2023; Okosa et al. 2023; Rouhani et al. 2023), and the last few years of work on SLM
itself underline how restrictive the re-use barrier can be. Gracheva (2023) found that
soil-like fractions from two landfills within Volgograd carried cadmium at up to 9.7



mg kg!, about sixty times the local background, with nickel reaching 123 mg kg™
Although the non-carcinogenic hazard index at those sites remained below 1 for both
children and adults, the total carcinogenic risk reached 1.30 x 1073 for children and
1.40 x 10~* for adults, so that reclamation without prior detoxification was ruled out.
Gurusamy and Thangam (2023) concluded that pollution indices and health risk
assessment (HRA) must be performed jointly before any on-site or off-site application
of SLM. Comparable evidence is now available for several landfills in China: humus
soil from a Zhejiang landfill was enriched in Cr, Zn, Cd and Pb beyond GB 15618-
2018 and showed serious potential ecological risk from Cd (Wu et al. 2024), and
humus from an aged landfill in eastern China exceeded agricultural and greening soil
standards for Cd, with unacceptable carcinogenic risk from As (Li et al. 2025).
Beyond metals, microplastics have recently been identified as an additional,
previously unquantified constituent of biomined good earth (Ghosh et al. 2025),
which reinforces the need for complete characterisation of SLM before any re-use
decision.

Most SLM characterisations come from low-altitude sites with warm, humid climates
(India, eastern China, the UK, Russia), and the behaviour of SLM under the low
temperature, low oxygen pressure, intense radiation and strong freeze—thaw cycling
typical of high-altitude environments is essentially undocumented. More importantly
for the present work, the plateau studies that do exist have examined the soils
surrounding landfills rather than the landfill matrix itself (Zhou et al. 2022; Zeng et al.
2025), or else legacy open dumpsites and alpine mining soils rather than the mineable,
humus-rich fine fraction of a sanitary landfill (Ye et al. 2025; Ma et al. 2026).
Because the Xizang Plateau functions as an ecological security barrier for China and
much of Asia, and because its MSW management systems are young, physically
fragile and still largely dependent on landfilling, understanding what is actually inside
the cells, and whether it can be mined and re-used safely, is of practical and strategic
importance.

The present study addresses this gap using a stabilised MSW landfill in Lhasa, Xizang
(3,670 m a.s.l.), which received waste for 15 years and was closed when its capacity
was exhausted. Excavated waste was screened at 60 mm, and the resulting SLM was
characterised at five depth intervals (0—1 m to 4-5 m). The specific objectives were to
(1) quantify the composition of the excavated waste and the yield of the SLM fraction;
(i1) determine the physicochemical, nutritional and humic properties of the SLM; (iii)
evaluate heavy metal contamination, geoaccumulation and potential ecological risk
against local background values and Chinese regulatory screening values; (iv)
quantify non-carcinogenic and carcinogenic human-health risk for adults and children
following USEPA exposure models; and (v) derive re-use recommendations for
landfill-mined SLM in high-altitude regions. To our knowledge, this is the first



combined physicochemical and dual-risk assessment of landfill-mined SLM on the
Xizang Plateau.

2 Materials and methods

2.1 Study site

The Lhasa municipal solid waste sanitary landfill (Phase I) is located in Qiixii County,
Lhasa, on the middle reaches of the Yarlung Zangbo River and the lower reaches of
the Lhasa River (90°57'31"-90°58'37" E, 29°33'28"-29°34'49" N), at an altitude of
approximately 3,670 m a.s.l. The site lies in a plateau temperate semi-arid monsoon
climate zone, with strong solar radiation (close to 3,000 sunshine hours per year),
large diurnal temperature differences and annual precipitation of 441.9 mm.
Construction started in 2001 and the landfill began operation in 2003; the design
acceptance rate was 172—411 t day ', the total cell capacity was approximately 1.90 X
10¢ m? (including daily cover soil), the mean fill depth was about 12 m, and waste was
placed in compartments by zone. The designed service life was 20 years and the cell
was essentially full by 2018. Waste in the cell therefore has a disposal age of roughly
5-20 years and spans the full range from freshly placed to strongly stabilised material
(Fig. 1).
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Fig. 1 Location of the Lhasa municipal solid waste landfill and layout of the sampling
points

2.2 Sample collection

Because the disposal age and degree of stabilisation vary both laterally and vertically,
three representative vertical profiles were selected in the horizontal direction, each
located in a compartment filled for more than 15 years. Excavation was carried out
with an excavator at depth intervals of 0-1, 1-2, 2-3, 3—4 and 4-5 m, giving five
depth-wise composite samples per profile. Following the quadrat and coning—
quartering procedures of the Chinese standard Sampling and analysis methods for



domestic waste (CJ/T 313-2009; Ministry of Housing and Urban-Rural Development
of the PRC 2009), 15 representative aged-waste samples of about 50 kg each were
collected. Each sample was air-dried, manually sorted to remove bulky debris, and
passed through a 60 mm screen. The undersize fraction was regarded as soil-like
material (SLM), consistent with the 40-60 mm cut-off used in previous LFM studies
(Somani et al. 2020; Chandana et al. 2021); the oversize fraction was separated by
hand into plastic and rubber, textiles, wood and bamboo, paper, metals, glass and
animal/plant residues, and each fraction was weighed to obtain its mass percentage.

2.3 Physicochemical and humic analysis of the SLM

pH was determined in a 1:2.5 (w/v) soil-water suspension with a calibrated glass
electrode; electrical conductivity (EC) was measured in the same suspension. Soil
organic matter (SOM) was determined by potassium dichromate oxidation—external
heating, total nitrogen (TN) by the Kjeldahl method, alkaline-hydrolysable nitrogen
(AN) by the alkaline hydrolysis—diffusion method, total phosphorus (TP) by
molybdenum—antimony colorimetry after HCIO»—H>SO. digestion, available
phosphorus (AP) by the Olsen method, total potassium (TK) by flame photometry
after NaOH fusion, and available potassium (AK) by neutral NHsOAc extraction and
flame photometry. Total organic carbon (TOC) was measured separately by dry
combustion. Water content was determined gravimetrically at 105 °C. Humic
substances were fractionated following the classical alkali-extraction procedure: the
carbon of the humic acid (HA) and fulvic acid (FA) fraction, of HA alone, of FA
alone and of humin (HM) were quantified, and the HA/FA ratio and the humification
degree [(HA + FA)/TOC] were calculated. All determinations were performed in
duplicate and the results are reported on a dry-mass basis.

For heavy metals, sub-samples were digested with HNOs—HCI-HF-HCIO4 in a
microwave digestion system. Concentrations of As and Hg were determined by
atomic fluorescence spectrometry (AFS), and Cr, Cd, Cu, Zn, Ni and Pb by flame or
graphite-furnace atomic absorption spectrometry (AAS), following the relevant
Chinese national standard methods. Analytical quality was assured with reagent
blanks, duplicate samples and certified reference materials; recoveries were 90—110 %
and relative standard deviations below 5 %. The complete raw analytical data set is
provided in Table S4 of the Supplementary Material.

2.4 Contamination and ecological risk assessment

The contamination factor C/ = C;/ C,' and the degree of contamination Cy = X Cf
were calculated following Hakanson (1980) and Loska et al. (2004), where C; is the
measured concentration of metal i and C,’ the local soil background value of
Lhasa/Xizang (As 20, Cr 42, Cd 0.12, Cu 22, Zn 65, Hg 0.092, Ni 21 and Pb 31 mg
kg™'; Cheng et al. 2014). C/ is classified as low (< 1), moderate (1-3), considerable



(3—6) and very high (= 6), and Cy as low (< 8), moderate (8—16), considerable (16—32)
and very high (> 32).

The geoaccumulation index was calculated with the modified expression of Miiller
(1969) as applied by Somani et al. (2020): Igo = logz (Ci/ Ci') and classified as
practically uncontaminated (< 0), uncontaminated to moderately contaminated (0-1),
moderately contaminated (1-2), moderately to strongly contaminated (2-3), strongly
contaminated (3-4), strongly to extremely contaminated (4-5) and extremely
contaminated (> 5).

The potential ecological risk index of Hakanson (1980) was computed as E,' = T,' x
C/ and RI = X E,/, with toxic-response factors 7,' of 10, 2, 30, 5, 1, 40, 5 and 5 for As,
Cr, Cd, Cu, Zn, Hg, Ni and Pb, respectively. E,’ values of < 40, 40-80, 80—-160, 160—
320 and > 320 denote minor, moderate, strong, serious and extreme ecological risk,
and R/ values of < 150, 150-300, 300-600 and > 600 denote minor, moderate, strong
and serious ecological risk.

Concentrations were also compared with the risk screening values for agricultural
land of the Chinese standard Soil environmental quality—Risk control standard for
soil contamination of agricultural land (GB 15618-2018; Ministry of Ecology and
Environment of the PRC 2018) for the pH > 7.5 scenario, i.e. Cd 0.6, Hg 3.4, As 25,
Pb 170, Cr 250, Cu 100, Ni 190 and Zn 300 mg kg".

2.5 Human health risk assessment

Non-carcinogenic and carcinogenic risks were evaluated for two receptors, adults
(exposure duration 30 years) and children (1-6 years), through three exposure
pathways: oral ingestion of soil particles, inhalation of re-suspended particles and
dermal contact (US EPA 1989; US EPA 2002; US EPA 2004). The average daily
doses are

ADI. . (ADI, )=

Cy*Ryyg*EF*ED*CF

ingestion ing BW*AT
_ C,*R,, *EF*ED*CF
AD]inhalation (AD]inh ) - BW*AT*PEF
_ C*SA*AF*ASB*EF*ED*CF
AD]dermal(AD]der) - BW*AT

where Cy is the metal concentration in SLM (mg kg™'), Ring the ingestion rate, Rinh
the inhalation rate, EF the exposure frequency, ED the exposure duration, CF the
conversion factor (1 x 10°¢ kg mg™), BW the body weight, AT the averaging time,
PEF the particle emission factor, SA the exposed skin area, AF the soil-to-skin
adherence factor and ABS the dermal absorption factor. Following USEPA guidance,
AT was set equal to ED x 365 days for non-carcinogenic effects and to 70 x 365 =
25,550 days for carcinogenic effects. Exposure factors are summarised in Table S1
and were taken from US EPA (1989, 2002, 2011) and RAIS (2017).

The non-carcinogenic hazard quotient is HQ = ADD / R/D, where R/D is the pathway-
specific reference dose (Table S2), and the hazard index is HI = X HQ over pathways



and metals. The carcinogenic risk is CR = ADD x SF, with the pathway-specific slope
factors listed in Table S3, and the total carcinogenic risk is TCR = ¥ CR over
pathways and metals. The depth-resolved, pathway-specific HQ and CR values are
reported in Table S5 and the depth-wise TCR values in Table S8 of the
Supplementary Material. Following USEPA practice, HI < 1 denotes no adverse non-
carcinogenic effect and HI > 1 a possible effect, whereas CR < 107¢ is negligible, 107
< CR < 10™* is acceptable and CR > 10* is harmful. Because total rather than
hexavalent chromium was measured, the carcinogenic assessment for Cr was
restricted to the inhalation pathway (SF =41 mg kg™ day! for Cr(VI)); the sensitivity
of the results to this assumption is examined in Sect. 3.6 and Table S7. Cu was treated
as a non-carcinogen and Hg and Zn were not assessed carcinogenically, since no slope
factors are available for them.

2.6 Statistical and uncertainty analysis

Pearson correlation coefficients among pH, TN, TP, TK, SOM, TOC and the eight
metals were calculated on the five depth-wise mean values (n = 5) using the R
statistical environment. Because the metal data set is small, correlation results are
interpreted as indicative of shared sources rather than as inferential statistics, and the
corresponding p values are reported throughout. All indices were recomputed
independently from the raw analytical data to verify internal consistency of the
derived tables.

Because deterministic point estimates of human-health risk convey no information
about the uncertainty arising from input variability and toxicity-value imprecision, a
Monte Carlo simulation was additionally performed with 20,000 iterations using
Latin-hypercube sampling of the probabilistic inputs. Metal concentrations were
drawn from lognormal distributions whose geometric means and geometric standard
deviations were derived from the five depth-wise observations; body weight was
drawn from truncated normal distributions (15 + 3 kg for children, 64 + 8 kg for
adults); ingestion rate, skin area and adherence factor were drawn from lognormal
distributions with geometric standard deviations of 1.5, 1.2 and 1.5, respectively;
exposure frequency was drawn from a uniform distribution between 300 and 350 days
year'; and the pathway-specific reference doses, slope factors and dermal absorption
factors were each assigned a uniform + 50 % uncertainty range. Inhalation rate,
particle emission factor, exposure duration and averaging time were kept fixed, as
they are prescribed by USEPA guidance and contribute negligibly to the output
variance. The simulation returned the probability distribution of the total hazard index
and of the total carcinogenic risk for each receptor, together with the probability that
these quantities exceed their regulatory thresholds. The probabilistic input
assumptions and the resulting percentile and exceedance-probability tables are given
in Table S9 of the Supplementary Material.



3 Results and discussion

3.1 Composition of the excavated waste and yield of the SLM fraction

The excavated waste was dominated by the < 60 mm fraction, which averaged 61.2 +
4.6 % (wet basis) and ranged from 53.7 % at 3—4 m to 66.1 % at 0—1 m (Table 1; Fig.
2). On a dry-mass basis the fine fraction averaged 62.7 £ 4.5 %. Among the oversize
components, plastic and rubber were the largest group (18.4 + 2.3 %), followed by
glass (7.9 £ 3.8 %), textiles (5.3 + 1.2 %), paper (2.7 = 1.4 %), wood and bamboo (2.3
+ 0.9 %), metals (1.5 = 0.7 %) and animal/plant residues (0.7 + 0.5 %). Water content
of the fine fraction averaged 29.0 + 3.2 % (26.4-34.6 %; Fig. 2b) and varied little with
depth in the upper four horizons, being lowest at 2-3 m (26.4 %) and highest in the
deepest, oldest horizon (34.6 % at 4-5 m). This distribution reflects the low
permeability of the compacted cap, the slow drainage that prevails under the cold,
semi-arid plateau climate, and the progressive retention of pore water as the organic

matrix humifies and its water-holding capacity increases.

Table 1 Wet-basis composition of the excavated waste by depth interval (%)

LI R s Animal/plant Isnoal:;l:;;ei
interval  and Textiles and Paper Metals Glass a’p
residues (<60
(m) rubber bamboo
mm)
0-1 16.04 5.68 3.97 2.21 2.29 3.34 0.33 66.13
1-2 21.92 5.16 1.65 1.75 0.86 5.34 0.25 63.07
2-3 16.64 6.04 1.92 2.59 1.64 7.74 1.18 62.25
34 18.87 6.35 1.91 5.05 0.76 12.84 0.48 53.74
4-5 18.31 3.25 2.19 1.92 1.88 10.45 1.42 60.59
Mean 18.36 5.30 2.33 2.70 1.49 7.94 0.73 61.16
SD 2.30 1.23 0.94 1.35 0.66 3.82 0.53 4.61

All values are percentages of the total wet mass of the excavated waste
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Fig. 2 Wet-basis composition of the excavated waste by depth interval (a) and water
content of the soil-like material (b). In (a), values are percentages of the total wet
mass of the excavated waste

The yield obtained here exceeds the 47.3 % reported for the < 40 mm fraction of an
irregular landfill in Dongguan, southern China (Yuan et al. 2014) and the 39.7 %
humus content reported for an aged landfill in China by Li et al. (2025), and lies
within the 40-80 % range typical of Indian dumpsites (Somani et al. 2020; Chandana
et al. 2021). The difference is largely a matter of screen size: the 60 mm cut-off used
here deliberately retains compostable, humified particles that a 40 mm screen would
send to the oversize fraction. It also reflects the waste composition itself: Xizang
MSW contains relatively little food waste and construction debris and comparatively
more inert packaging material, so a larger share of the mass is already converted to a
soil-like matrix.

The vertical distribution of the waste components is non-uniform. The plastic and
rubber content peaks at 1-2 m (21.9 %) and the glass content increases with depth,
from 3.3 % at 0—1 m to a maximum of 12.8 % at 3—4 m, mirroring the progressive
abandonment of single-use glass packaging and the substitution by plastics in the
waste stream over the operating life of the landfill. In the same profile the fine
fraction shows a minimum at 3-4 m (53.7 %), where glass and paper are both
elevated, indicating a more heterogeneous, less stabilised horizon. These profiles
imply that a single screening operation recovers roughly six tenths of the excavated
mass as a soil-like product, and that the remaining four tenths are dominated by
recyclable or combustible material, consistent with the mass-flow and cost—benefit
analyses of medium- and large-scale LFM operations (Muttaraid et al. 2024).

3.2 Physicochemical, nutritional and humic properties of the SLM

The SLM was slightly to moderately alkaline (pH 7.76-8.11; mean 7.96 + 0.13) and
showed no systematic trend with depth (Table 2; Fig. 3). The alkaline pH is
characteristic of methanogenic, well-buffered landfill material, in which carbonate
minerals derived from construction debris and shell fragments buffer the organic acids



produced during acidogenesis (Kjeldsen et al. 2002). It is also agronomically

favourable, because it limits the solubility and plant availability of most divalent

metals.

Table 2 Physicochemical properties of the soil-like material by depth interval

mioat pt TNE g TE g TKE e comen
(m) kg™) kg™) kg)  kgh) kg (%)
0-1 8.11 1.58 47430 136 4596 1334 978.10 4746 1731 28.11
1-2 799 507 41027 132 6473 1045 103142 6732 1946 28.36
2-3 794 208 46478 3.60 6096 1422 2541.00 78.62 25.62 26.39
34 799 268 55386 371 6047 13.53 138149 76.71 2333 27.52
4-5 7776 3.87 388.02 323 6890 1396 1819.14 96.60 2643 34.56
Mean 796  3.06 45825 264 6020 13.10 1550.23 73.34 2243 28.99
SD 0.13 1.41 6457 120  8.66 152 647.86 1793 3.86 3.21
Cv 002 046 014 046 014  0.12 0.42 024  0.17 0.11

TN total nitrogen, AN alkaline-hydrolysable nitrogen, 7P total phosphorus, AP available phosphorus, 7K

total potassium, 4K available potassium, SOM soil organic matter, 7OC total organic carbon
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(TP), (d) total potassium (TK), (e) available phosphorus (AP), (f) available potassium
(AK), (g) soil organic matter (SOM) and (h) total organic carbon (TOC) in the soil-
like material. Values beside the markers are depth-wise means
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The SLM has the composition of a humus-rich material. SOM ranged from 47.5 to
96.6 g kg! (mean 73.3 £ 17.9 g kg™') and increased overall with depth, whereas TOC

10



averaged 22.4 g kg, giving a measured TOC/SOM ratio of 0.27-0.36. This ratio is
below the conventional Van Bemmelen factor of 0.58 and indicates that a substantial
part of the mass lost on ignition is not organic carbon but inorganic material such as
carbonates, amorphous oxides and fine mineral particles inherited from cover soil and
construction debris. In aged landfill material this is expected, and it explains why loss-
on-ignition-based "organic matter" figures in the SLM literature should be interpreted
with caution (Goli et al. 2022). The C/N ratio, calculated from measured TOC and
TN, was 7.3, a value typical of well-humified, nitrogen-rich organic material and
considerably lower than the C/N of 20-30 found in fresh biowaste, confirming
advanced decomposition (Yuan et al. 2014; Somani et al. 2020).

Nutrient stocks are high. TN averaged 3.06 + 1.41 g kg™' (maximum 5.07 g kg™* at 1—
2 m), alkaline-hydrolysable nitrogen 458 + 65 mg kg™!, TP 2.64 = 1.20 g kg', AP
60.2 £ 8.7 mg kg™!, TK 13.1 £ 1.5 g kg and AK 1,550 + 648 mg kg™'. The AP and
AK contents correspond to "high" and "very high" fertility classes in Chinese soil
fertility grading, and both TP and AP were higher in the deeper horizons, peaking at
3.7 gkg ' and 68.9 mg kg! in the 34 m and 4-5 m horizons. The humic fractionation
of the bulk humus sample gave 3.31 g kg™ humic acid carbon, 0.66 g kg™' fulvic acid
carbon and 18.47 g kg™! humin carbon against 22.43 g kg™ total organic carbon, i.e.
an HA/FA ratio of 5.0 and a humification degree of 17.7 %. An HA/FA ratio well
above 1 is a hallmark of stabilised, polymerised organic matter with a low easily
degradable fraction, and is in the range reported for mature composts and for the
humus soil of aged landfills in Beijing (Wang et al. 2012; Jin and Guo 2015). The
corresponding physical properties (an EC of 848 uS cm™, a saturated permeability of
7.5 cm min' and a water-holding capacity of 0.75 g g') are all within the ranges
required of a landscaping substrate (Wang et al. 2012).

The SLM produced in Lhasa is a mature, humified, nutrient-rich and well-buffered
material whose agronomic quality is comparable to, or better than, that of the SLM
described in the literature for lowland sites (Datta et al. 2021; Lu et al. 2024). Its

limitation is not fertility but contamination.

3.3 Heavy metal concentrations relative to background and regulatory screening

values

Mean concentrations decreased in the order Cr (106.2 + 26.8 mg kg™') > Zn (36.8 £
22.9) > Cu (29.0 £ 32.7) > Pb (21.1 £ 14.1) > As (6.51 £ 1.63) > Ni (5.12 £ 1.51) >
Hg (0.30 = 0.05) > Cd (0.26 + 0.13) (Table 3; Fig. 4a). Cu and Zn showed the largest
vertical heterogeneity: they peaked at 2-3 m (86.9 and 77.0 mg kg™, i.e. 3.0 and 2.1
times the profile mean), and Pb peaked at the same horizon (44.9 mg kg™).
Coefficients of variation followed the order Cu (1.13) > Pb (0.67) > Zn (0.62) > Cd
(0.50) > N1 (0.29) = As (0.25) = Cr (0.25) > Hg (0.17), so the geogenic and matrix-
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buffered elements (Hg, As, Cr, Ni) were much more homogeneous than the waste-
derived ones (Cu, Zn, Pb, Cd).

Table 3 Heavy metal concentrations in the soil-like material, local soil background

values and GB 15618-2018 agricultural screening values

Depth
interval As Cr Cd Cu Zn Hg Ni Pb
(m)
0-1 5.39 71.56 0.23 11.09 24.73 0.35 3.61 7.82
1-2 8.49 92.86 0.46 21.85 33.86 0.35 6.69 19.83
2-3 5.60 143.92 0.26 86.89 77.02 0.31 6.34 4494
34 5.00 114.25 0.24 12.70 24.93 0.26 3.47 18.20
4-5 8.06 108.51 0.10 12.46 23.31 0.24 5.51 14.79
Mean 6.51 106.22 0.26 29.00 36.77 0.30 5.12 21.11
SD 1.63 26.79 0.13 32.65 22.89 0.05 1.51 14.10
CvV 0.25 0.25 0.50 1.13 0.62 0.17 0.29 0.67
Local 20 42 0.12 2 65 0.092 21 31
background
GB 15618-
2018 (pH > 25 250 0.6 100 300 34 190 170
7.5)
Mean /
screening 0.26 0.42 0.43 0.29 0.12 0.09 0.03 0.12
value

All concentrations in mg kg™

® Depth-wise values

— GB 15618-2018 screening value (pH > 7.5)

= Mean

Local soil background

102.

14
10 .

Concentration (mg kg™, log scale)

As

Cr

Cd

Cu

Zn

Hg

Ni

(a)

Pb

(=]
S

Mean / GB 15618-2018 (log scale)
3

Cr Cd

Zn

(b)

Screening value

Ni Pb

Fig. 4 Heavy metal concentrations in the soil-like material by depth (a) and the ratio
of the mean concentration to the GB 15618-2018 agricultural screening value (b).
Dashed lines in (a) are the screening values

Relative to the local soil background of Lhasa (Cheng et al. 2014), the SLM was
enriched in Hg (3.3-fold), Cr (2.5-fold), Cd (2.2-fold) and Cu (1.3-fold), whereas As,
Zn, Pb and Ni were at or below background. Relative to the GB 15618-2018
screening values for agricultural land at pH > 7.5, however, none of the eight profile
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means was exceeded: the largest ratio was 0.43 for Cd, followed by 0.42 for Cr and
0.29 for Cu, with the remaining metals between 0.03 and 0.26 (Fig. 4b). The most
conservative individual value, Cu at 2-3 m (86.9 mg kg™'), still remained below the
screening value of 100 mg kg™'. A mixed 0-5 m sample gave 6.61, 102.8, 0.18, 13.7,
25.9,0.24, 4.73 and 12.2 mg kg for As, Cr, Cd, Cu, Zn, Hg, Ni and Pb, confirming
that the profile means are representative of the whole body.

This pattern contrasts with the Chinese landfill humus literature, where Cd, Cu, Zn
and Pb routinely exceed the agricultural screening values. Wu et al. (2024) reported
that Cr, Zn, Cd and Pb all exceeded GB 15618-2018 in the humus of a Zhejiang
landfill, and Li et al. (2025) found Cd, Cu and Zn exceedances of up to 1.15-fold in an
aged landfill in eastern China. Similarly, soil-like material from five Indian dumps
was moderately to strongly elevated in Cr, Cu, Ni, Zn, Cd and Pb (Somani et al.
2020), the soil-like fractions of two landfills in Volgograd carried Cu, Ni and Cd at up
to 89, 123 and 9.7 mg kg (Gracheva 2023), and the soils of a decommissioned
Brazilian landfill and of a Chinese MSW landfill were likewise dominated by Cd, Cu,
Zn and Pb (de Souza et al. 2023; Pu et al. 2024). The comparatively low metal loading
found here reflects several site-specific factors: the short service life (15 years), the
low industrial component of Xizang MSW, and the dilution of the metal-bearing
fraction by a large volume of mineral cover soil. It is, however, an enrichment relative
to background rather than an absence of contamination, and the enrichment is strongly
element-specific.

3.4 Contamination and geoaccumulation indices

The contamination factor classified Hg as considerably contaminated (Cr = 3.27 +
0.57), Cr and Cd as moderately contaminated (2.53 and 2.17), Cu as moderately
contaminated (1.32) and Pb, Zn, As and Ni as low (0.68, 0.57, 0.33 and 0.24) (Table
4; Fig. 5). The degree of contamination averaged 11.10 (range 8.05-16.14), i.e. a
moderate overall contamination level; it was highest at 2-3 m (Cs = 16.14,
considerable) and lowest at 4-5 m (8.05).

Table 4 Contamination factors (Cy, degree of contamination (C,), geoaccumulation
indices (/,.,), potential ecological risk factors (E,') and potential ecological risk index (R])
of the eight heavy metals in the soil-like material

Dept"(lil‘l‘)te”a' As Cr Cd Cu Zn Hg Ni Pb Ck‘;/ H:lf::d
Contamination factor Cr
0-1 027 170 195 050 038 376 0.17 025 8.99
1-2 042 221 385 099 052 385 032 0.64 1281
2-3 028 343 220 395 1.18 335 030 145 16.14
3-4 025 272 202 058 038 280 0.17 0.59 9.50
4-5 040 258 083 057 036 257 026 048 8.05
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Mean 033 253 217 132 057 327 024 0.68 11.10

Geoaccumulation index 7.,

0-1 -1.89 0.77 096 -099 —-139 191 -2.54 -1.99
1-2 -1.24 1.14 194 -0.01 —094 194 -1.65 —-0.64
2-3 -1.84 1.78 1.14 198 024 1.74 -1.73 0.54
34 -2.00 144 1.01 -0.79 —-138 149 -2.60 —-0.77
4-5 -1.31 137 -026 -0.82 —-148 136 -1.93 —-1.07
Mean -1.66 130 096 -0.13 099 1.69 -2.09 —-0.79
Potential ecological risk factor E,
0-1 2.69 3.41 5850 252 038 15043 0.86 1.26 220.06 Moderate
1-2 424 442 11550 497 0.52 15391 1.59 3.20 288.36 Moderate
2-3 2.80 6.85 66.00 19.75 1.18 13391 1.51 7.25 239.26 Moderate
34 2.50 5.44 6050 2.89 038 112.17 0.83 2.93 187.65 Moderate
4-5 4.03 5.17 25.00 283 036 102.61 1.31 239 143.69 Minor
Mean 325 5.06 65.10 6.59 0.57 130.61 122 341 215.80 Moderate

Contribution (%) 1.5 23 302 3.1 03 605 0.6 1.6 100

The degree of contamination is given in the last column of the contamination-factor block and RI (with the
hazard class) in the last two columns of the potential-ecological-risk block; classification of Cy, Ly, E,' and
RI as in Sect. 2.4

Contamination factor, Cr Geo-accumulation index, Igeo

0-1m- 027 170 185 050 038 017 025 35 0-1m JEEEN 077 o095 EUCCEREY 2 175

1.2 m o 042 [2 0.52 032 064 1-2 m s 5 -0. -0. -1.65 -0.64

1.18 030 145 20 2-3m -JEs . 5 -1.73 . 1.00

2-3m - 0.28

3-4m 4 025 058 038 017 059 34 m 4 ; - - Pl 260 077
10 0.50
4-5m 4 040 083 057 036 026 048 05 4-5m Yl 026 -082 -1 £l 193 -107 0.25
T T T T T T 000

As Cr Cd Cu 2Zn Hg Ni Pb As Cr Cd Cu Zn Hg Ni Pb

Fig. 5 Contamination factors Cr(a) and geoaccumulation indices Igeo (b) of the eight
heavy metals in the soil-like material by depth interval

The Iyeo values place Hg in the moderately contaminated class at every depth (mean
1.69; range 1.36—-1.94) and Cr in the same class at most depths (mean 1.30; 0.77—
1.78); Cd averaged 0.96 (—0.26 to 1.94), i.e. uncontaminated to moderately
contaminated overall but moderately contaminated at 1-2 m (1.94). All other metals
gave negative or slightly positive mean values (Cu —0.13, Pb —0.79, Zn —0.99, As
—1.66, Ni —2.09), indicating no anthropogenic accumulation on average, although Cu
reached 1.98 at 2-3 m, just below the boundary to the moderately-to-strongly
contaminated class (/geo = 2). These results are consistent with Cr and with the depth-
wise concentration profiles, and they identify the 1-3 m horizon as the most
contaminated part of the body.
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Comparison with other SLM studies shows that the Lhasa material occupies the low
end of the contamination spectrum. Soil-like material from Indian dumps reached Cr
values of 19 for Pb, s, of 4.2 and a degree of contamination of 48.2 (Gurusamy and
Thangam 2023), and the historical landfill in northern China studied by Du and Li
(2023) gave Igeo values above 3 for Cd and Hg. The degree of contamination of 11.1
obtained here is about four times lower than the 48.2 reported for Ariyamangalam,
which underlines that contamination is site-specific and that the risk of LFM products
cannot be inferred from published averages.

3.5 Potential ecological risk

Because of the large toxic-response factor of Hg (7, = 40), the potential ecological
risk index was dominated by this element: the mean E,”¢ was 130.6, i.e. 60.5 % of the
total RI of 215.8 (Table 4; Fig. 6). Cd contributed a further 30.2 % (E,“¢ = 65.1),
while Cu, Cr, Pb, As, Ni and Zn together contributed less than 10 %. The mean R/ of
215.8 corresponds to a moderate ecological hazard; the profile values ranged from
143.7 at 4-5 m (minor) to 288.4 at 1-2 m (moderate, close to the strong boundary of
300). The 0-1 m, 2-3 m and 3—4 m horizons gave 220.1, 239.3 and 187.7, all in the
moderate class.

MW As W Cd W Zn m Ni
m Cr m Cu m Hg Pb Minor Moderate Strong

(a)

i

r

w

(=1

o
1

250

200

150

100 A

50 A

Potential ecological risk factor, £/

o s tm 1 20 20 w0
Potential ecological risk index, R/

Fig. 6 Potential ecological risk factors E,' of individual metals by depth (a) and the

potential ecological risk index R/ (b). Dashed lines in (b) mark the boundaries

between minor, moderate and strong ecological hazard

The dominance of Hg and Cd is a consistent feature of landfill-derived matrices: Wu
et al. (2024) identified Cd as the main ecological risk driver in a Zhejiang landfill
humus, Zhou et al. (2022) reported Cd, Hg and As as the dominant contributors in the
soils around a Lhasa landfill, Zeng et al. (2025) found the combined ecological risk of
the surrounding soil of the same landfill to be mostly moderate, and a legacy open
dumpsite on the Qinghai—Xizang Plateau was likewise dominated by Cd together with
other anthropogenically enriched elements (Ma et al. 2026). The present result adds
the important qualification that inside the cell the hazard is concentrated in the waste
matrix itself rather than in the surrounding soil, and that Hg, not Cd, is the largest
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single contributor, because the local background Hg concentration (0.092 mg kg™) is
exceptionally low and the toxic-response factor is the highest of the eight metals. This
has a direct management implication: any re-use scenario for Lhasa SLM should be
designed around the behaviour of Hg and Cd, and the vertical gradient (highest R/ at
1-2 m, lowest at 4-5 m) offers a simple operational control, since the deeper, older
horizons are the least hazardous.

3.6 Human health risk

The non-carcinogenic risk followed the expected receptor pattern, with children more
exposed than adults (Table 5; Fig. 7). For adults, the total hazard index was 0.218,
below the USEPA threshold of 1, and the ranking of metals was Cr (0.160) > As
(0.042) > Pb (0.011) > Hg (0.0024) > Cu (0.0012) > Cd = Ni (0.0006 and 0.0004) >
Zn (0.0002). For children, the total HI was 1.551 and exceeded unity, with Cr
contributing 70.1 % (HI = 1.088), As 21.5 % (0.334), Pb 5.9 % (0.092) and the
remaining metals less than 2.5 %. Dermal contact was the dominant pathway for Cr
(58 % of the child HI; HQger = 0.634) and oral ingestion for As (83 % of the child As
HI; HQing = 0.277). The vertical pattern reproduced that of the ecological index: the
child HI was 1.08, 1.52, 2.02, 1.53 and 1.61 at 0—1, 1-2, 2-3, 3—4 and 4-5 m, so every

horizon exceeded unity and the 2—3 m horizon exceeded it by a factor of two.

Table 5 Non-carcinogenic (HI) and carcinogenic (TCR) risk for adults and children

Contribution

Metal HI, adults HI, children of children's TCR, adults c]rfilctil:én
HI (%)
As 420 %102 334 %101 21.5 8.11x10° 1.29 x 1073
Cr 1.60 x 10! 1.09 x 10° 70.1 4.11 x 107 1.33 x 107
Cd 5.70 x 10 4.30x% 1073 0.3 1.02 x 10°¢ 1.74 x 10°¢
Cu 1.23 x 1073 1.01 x 102 0.7 — —
Zn 220 x 10+ 1.79 x 1073 0.1 — —
Hg 2.36x 1073 1.79 x 102 1.2 — —
Ni 441 x 10 3.62 x 107 0.2 1.12 x 107 1.62 x 10
Pb 1.14 x 102 9.15x 1072 5.9 1.15x 107 1.97 x 1077
Total 2.18 x 10! 1.55 x 10° 100 2.08 x 1075 3.12x 1075

HI = X HQ over the three pathways; TCR = £ CR over the three pathways. Values were computed with the

depth-wise mean concentrations.
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Fig. 7 Deterministic and probabilistic human-health risk. (a) Hazard index of
individual metals for adults and children; (b) total hazard index by depth; (c) total
carcinogenic risk by depth; (d) Monte Carlo distribution of the total hazard index for
children; (e) Monte Carlo distribution of the total carcinogenic risk for children
(20,000 iterations). Dashed lines mark the USEPA thresholds

Total carcinogenic risk was 2.08 x 10~° for adults and 3.12 x 10~° for children, both
within the USEPA acceptable range of 10°-10*. Ni (1.12 x 107 and 1.62 % 10°) and
As (8.11 x 1076 and 1.29 x 107°) were the main contributors, followed by Cd (1.02 x
10¢and 1.74 x 10°¢), Cr (4.11 x 107 and 1.33 x 1077) and Pb (1.15 X 1077 and 1.97 x
1077). The risk was highest at 1-2 m (2.74 x 10~° for adults, 4.14 x 10> for children)
and lowest at 3—4 m.

Several assumptions underlie these estimates and require comment. Because only total
Cr was determined, the carcinogenic assessment for Cr was restricted to the inhalation
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pathway, as the available oral and dermal slope factors refer to Cr(VI). If a fraction f
of the total Cr were present as Cr(VI) and the oral and dermal slope factors were
applied, the additional carcinogenic risk would be 1.8 x 1076, 3.6 x 1076, 7.2 x 107
and 3.6 x 107 for adults at f'= 0.05, 0.10, 0.20 and 1.0, and 3.0 x 107¢, 6.0 x 10°¢, 1.2
x 107 and 6.0 x 10~ for children (Table S7). Even in the extreme case of f= 1 the
total carcinogenic risk would remain below 107, so the conclusion that carcinogenic
risk is acceptable is insensitive to the Cr speciation assumption, whereas the non-
carcinogenic conclusion is not, since a Cr(VI)-based RfD is already applied to total
Cr. A Cr speciation analysis is therefore recommended before any re-use decision.
Under the slope-factor set adopted here, Ni is the largest carcinogenic contributor
because the oral slope factor of 1.7 mg kg™ day! is comparatively high; if this value
is omitted, as in several published assessments, the total carcinogenic risk falls to 9.7
x 107¢ (adults) and 1.5 x 10°° (children) and As becomes the dominant driver, which
is the situation reported for the surrounding soil of the same landfill (Zeng et al.
2025). The exposure model, finally, assumes a residential scenario with 350 exposure
days per year, which is conservative for an industrial or earth-works re-use of the
material.

The health risk picture is consistent with the international SLM literature in
identifying children as the critical receptor. Zari et al. (2022) found hazard quotients
above 1 for Pb (16.95), Zn (3.56), Cd (1.47) and As (1.46) in an allotment land-use
scenario at a Norfolk landfill, with cancer risk above the acceptable range driven by
Cr and As. Gracheva (2023) reported no non-carcinogenic risk for either receptor at
two Volgograd landfills (HI below 1) but total carcinogenic risk above 10 for
children (1.30 x 107*) and adults (1.40 x 10*), with Cd classified as very highly
polluting. Gurusamy and Thangam (2023) reported a hazard index ranking of Cr > Pb
> Cu > Ni > Cd > Zn > Hg > As for the Ariyamangalam dumpsite and a cumulative
cancer risk dominated by Ni that reached 6 x 1072 for children. Children were also the
more exposed receptor at waste-disposal sites in Nigeria, Iran and Brazil (Okosa et al.

2023; Rouhani et al. 2023; de Souza et al. 2023). In most of these studies the non-
carcinogenic and carcinogenic conclusions diverge, exactly as found here, where the
deterministic child HI exceeds 1 while the carcinogenic risk remains acceptable. The
present study adds two elements that are absent from the earlier literature: it shows
that this pattern also holds at a high-altitude site, and it locates the risk in the 1-3 m
horizon rather than at the surface, which has direct consequences for selective mining.

3.7 Monte Carlo uncertainty analysis

The deterministic estimates reported above are point values that carry no information
about the uncertainty of the input distributions. The 20,000-iteration Monte Carlo
simulation quantifies this uncertainty for both receptors (Table S9; Fig. 7d, e). For
adults, the simulated total HI had a median of 0.223 (5th-95th percentile 0.107—
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0.482) and exceeded unity in only 0.09 % of the iterations, so the conclusion of
negligible non-carcinogenic risk for adults is insensitive to input variability. For
children, the simulated total HI had a median of 1.613 (5th-95th percentile 0.762—
3.555) and exceeded unity in 84.8 % of the iterations; the depth-resolved exceedance
probability ranged from 61.0 % at 0—1 m to 96.4 % at 2-3 m and exceeded 86 % at
every depth below 1 m (Table S9). The deterministic point estimate of 1.551 thus lies
close to the median of the simulated distribution, and the exceedance probability is
high not because the point estimate is extreme but because the whole distribution is
shifted towards values above 1.

For the total carcinogenic risk, the simulated distributions remained well inside the
acceptable range: the median was 1.97 x 107 for adults and 2.97 x 107° for children,
the 95th percentiles were 3.96 x 107° and 6.40 x 107°, and the probability of exceeding
10~ was 0.01 % and 0.45 %, respectively. The deterministic and probabilistic results
point to a differentiated management conclusion: the carcinogenic risk of re-using the
Lhasa SLM can be regarded as acceptable with high confidence. The non-
carcinogenic risk for children, by contrast, is unacceptable under most plausible input
combinations and must therefore be controlled by limiting exposure (dust suppression,
restricted access and personal protection during excavation and screening) rather than
by relying on concentration thresholds alone. This combination, a high probability
that the child HI exceeds unity together with a low probability that the TCR exceeds
1074, is consistent with other probabilistic soil risk assessments that report both
metrics (Huynh et al. 2026; Wang et al. 2025); it reflects the conservative residential

scenario and the dominance of Cr in the non-carcinogenic assessment.

3.8 Sources and controls revealed by correlation analysis

Pearson correlations among the physicochemical properties and the eight metals are
shown in Fig. 8 and Table S6.
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Pearson correlation coefficients (n = 5 depth-wise means); * p < 0.05, ** p = 0.01
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Fig. 8 Pearson correlation matrix of the physicochemical properties and heavy metal
concentrations of the soil-like material (n = 5 depth-wise means). * p < 0.05, ** p <
0.01

The organic-mineral matrix controls the base status: pH was strongly and negatively
correlated with SOM (r = —0.96, p = 0.011) and TOC (r = —0.85, p = 0.071), whereas
SOM and TOC were mutually correlated (r = 0.93, p = 0.021) and TP correlated with
TOC (r = 0.89, p = 0.044). The inverse pH-SOM relationship reflects the progressive
neutralisation and carbonate accumulation that accompany humification in the deeper,
older horizons, where the most decomposed material accumulates.

Cu, Zn and Pb form a tight co-enrichment cluster: Cu—Zn r = 1.00 (p < 0.001), Cu—Pb
r=0.97 (p =0.007) and Zn—Pb r = 0.96 (p = 0.009), with Cr also tracking this group
(Cr-Pb r =0.89, p = 0.045; Cr—Cu r = 0.78; Cr—Zn r = (0.75) and broadly following
TOC and TP (both r = 0.84); none of the remaining coefficients of this group reached
the 5 % significance level. This pattern is diagnostic of a common anthropogenic
origin in mixed MSW (galvanised products, pigments, batteries, electronic scrap and
metal fragments) and of co-retention by the organic and phosphate phases of the
humus matrix. It reproduces the co-contamination reported for landfill humus in
Zhejiang (Wu et al. 2024) and for urban landfill soil in northern China (Du and Li
2023).

As was correlated with TN (r = 0.90, p = 0.035), pointing to an association with the
decomposed organic (biowaste and sludge-like) fraction. Hg behaved differently: it
was negatively correlated with SOM (r = —0.83), TOC (r = —0.81) and TP (r = —0.81)
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and positively correlated with pH (r = 0.75) and Cd (r = 0.76), although none of the
Hg coefficients reached the 5 % significance level. The inverse Hg—organic matter
relationship is consistent with volatilisation and re-emission of elemental Hg from the
most organic, most actively decomposing horizons, a process that is enhanced at high
altitude by intense UV radiation and large diurnal temperature swings (Kjeldsen et al.
2002). The Hg—Cd association, in contrast, points to a shared source in batteries and
electronic waste.

Because these coefficients were computed on five depth-wise means, only |r| > 0.88 is
significant at the 5 % level (two-tailed) and all of them should therefore be regarded
as exploratory; nevertheless, the grouping described above is internally consistent
with the contamination indices and provides a clear basis for source-oriented

management.

3.9 Implications for the re-use of landfill-mined SLM in high-altitude regions

The combination of a high SLM yield (61 % of the excavated mass), mature humus
chemistry, high nutrient stocks and moderate contamination shapes the re-use options
for the material. The material is not suitable for direct use as agricultural soil or as
residential topsoil: the child HI exceeds 1, Cd and Hg are enriched 2.2 and 3.3 times
relative to background, and the R/ is in the moderate class. Blending with clean soil at
the ratios proposed for aged landfill humus in Beijing (Wang et al. 2012; Jin and Guo
2015), combined with the 60 mm screening used here, would simultaneously dilute
the metal load and improve structure.

The data nevertheless support several specific re-use routes. (i) Non-food biomass and
greening substrates. The high AP, AK and humic acid content and the measured
water-holding capacity (0.75 g g'!) and permeability (7.5 cm min™") meet the physical
requirements of a landscaping substrate, and plant-growth trials with LFMSF-based
substrates have shown no phytotoxicity (Lu et al. 2024), while LMSF has successfully
replaced commercial compost as a degradation matrix for bioplastic composting, with
a favourable pH, C/N ratio and microbial community (Banerjee et al. 2024). The
heavy metal enrichment mainly affects edible crops, so ornamental planting, road-side
green belts and energy-grass production are appropriate. (i1) Engineering fill and
land(fill cover. The geotechnical evaluation of LFMSF as a fill material (Patil et al.
2024; Reddy et al. 2024; Datta et al. 2021) is directly applicable; using the material as
daily cover or subgrade inside the same landfill also avoids long-distance transport,
which is the dominant cost and emission item in high-altitude logistics (Muttaraid et
al. 2024; Cheela et al. 2023). (ii1) Deeper horizons as the preferred source. Because
RI and the degree of contamination both decrease below 3 m, excavation and re-use of
the 3—5 m horizons carries 35-50 % less ecological risk than the 1-2 m horizon and
should be prioritised where selective mining is feasible.
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Operationally, the risk assessment points to a small set of measures: a Cr speciation
analysis to resolve the Cr(VI) uncertainty; routine monitoring of Hg and Cd in every
batch of SLM leaving the site, since these two elements account for 90.7 % of the
ecological risk; and dust suppression during excavation and screening, because dermal

contact and particle inhalation are the pathways that control the child HI.

3.10 Limitations and future research

The results should be read in the light of several limitations. All health-risk
calculations used total metal concentrations rather than bioaccessible or speciated
fractions; oral bioaccessibility is typically only a fraction of the total, so the
deterministic child HI of 1.55 should be read as a conservative upper bound, and an
in-vitro bioaccessibility assay would refine it considerably (Gracheva 2023; Zari et al.
2022). Only total Cr was determined, and the carcinogenic assessment for Cr
therefore relied on the Cr(VI) slope factor applied to the inhalation pathway; a Cr
speciation analysis would remove the largest single assumption in the assessment
(Table S7). The data set comprises five depth-wise composite samples from a single
landfill, which is sufficient to characterise the vertical heterogeneity of the cell but not
its lateral variability, and it restricts the correlation analysis to n = 5, so the Pearson
coefficients must be read as exploratory; a campaign covering several cells and
seasons, together with leaching tests, microplastic quantification and assessment of
the seasonal variability of SLM characteristics (Devahi et al. 2025; Ghosh et al. 2025;
Saravanan and Ramesh 2024), would establish how far the present conclusions can be
generalised. Finally, the exposure scenario assumes a residential land use with 350
exposure days per year, which is conservative; restricted-access scenarios such as
landscaped closures with limited public entry would yield lower risk.

4 Conclusions

This work combined a physicochemical characterisation with a dual-risk assessment
of landfill-mined soil-like material (SLM) on the Xizang Plateau, using a 15-year-old
sanitary landfill in Lhasa as the study object. The principal conclusions are as follows.
1. Screening at 60 mm recovered 61.2 £ 4.6 % of the excavated waste as a soil-like
fraction; the oversize fraction was dominated by recyclable plastic and rubber (18.4
%) and glass (7.9 %), so a single screening operation converts most of the legacy
waste into usable streams.

2. The SLM is a mature, humified, nutrient-rich and slightly alkaline material (pH
7.96 +£0.13; SOM 73.3 £ 17.9 g kg™'; TOC 22.4 g kg'; AP 60.2 mg kg™'; AK 1,550
mg kg') with a humic-acid/fulvic-acid ratio of 5.0, a C/N ratio of 7.3 and water-
holding and permeability properties suitable for a landscaping substrate. Its measured
TOC/SOM ratio (0.27-0.36) shows that loss-on-ignition overestimates the organic
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carbon content of aged landfill material and that TOC should be reported alongside
SOM.

3. Heavy metal concentrations in the SLM did not exceed the GB 15618-2018
agricultural screening values (mean/screening value 0.03—0.43) but were enriched
relative to the Lhasa soil background, with contamination factors of 3.27 for Hg, 2.53
for Cr and 2.17 for Cd and a degree of contamination of 11.1 (moderate).
Contamination was concentrated in the 1-3 m horizon.

4. The potential ecological risk index averaged 215.8 (moderate hazard) and was
dominated by Hg (60.5 %) and Cd (30.2 %), which together account for 90.7 % of the
total risk; this contrasts with the low metal loading and confirms that toxicity
weighting, not concentration, controls the ecological outcome.

5. Non-carcinogenic risk was negligible for adults (HI = 0.218) but exceeded the
USEPA threshold for children (HI = 1.551), with Cr (70 %), As (22 %) and Pb (6 %)
as the main contributors and dermal contact the dominant pathway for Cr. Total
carcinogenic risk was within the acceptable range for both receptors (2.08 x 10 for
adults and 3.12 x 1075 for children) and was insensitive to the Cr(VI) speciation
assumption. A 20,000-iteration Monte Carlo analysis confirmed this asymmetry: the
probability of exceeding the non-carcinogenic threshold was 85 % for children but
only 0.09 % for adults, whereas the probability of exceeding the carcinogenic
threshold of 10~ remained below 0.5 % for both receptors.

6. Correlation analysis identified a Cu—Zn—Pb cluster of common waste-derived origin
and an As—TN association with the decomposed organic fraction, whereas Hg was
inversely related to organic matter, suggesting volatilisation from the most humified
horizons.

7. The SLM is unsuitable for direct agricultural or residential use but is appropriate
for non-food biomass production, landscaping substrates and engineering or daily-
cover fill, preferably from the 3—5 m horizons, after blending with clean soil and with
routine monitoring of Hg, Cd and Cr speciation.

The data provide a baseline for planning landfill mining and SLM valorisation in
Xizang and in comparable high-altitude regions, and they show that the risk profile of
such material differs qualitatively from that of lowland sites: lower absolute
contamination but a child-specific non-carcinogenic risk that must be managed

through exposure control rather than through source removal.
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