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Abstract

Accurate characterization of soil physico-hydraulic properties is critical for irrigation
and drainage design, solute transport, soil-water—plant, and rainfall-runoff relation-
ships. However, spatially representative datasets for these properties remain limited
for the Indus Basin of Pakistan, where hydrological studies often rely on general-
ized parameters derived from other regions, introducing uncertainties in model-based
assessments. This study presents a basin-scale integrated assessment of soil texture,
bulk density, infiltration behavior, and soil moisture retention characteristics cov-
ering the Upper Indus Plain of Pakistan. Field-based in situ measurements were
conducted at 66 spatially distributed sites across four doabs (area between the two
rivers) at surface, 0.5-m, and 1.0-m depths. An integrated methodological framework
was employed, combining hydrometer analysis for soil texture, improved double-ring
infiltrometer tests for infiltration, pressure-plate extractor for soil water retention,
oven-dried weight for bulk density, and resistivity survey for subsurface lithological
assessment. Infiltration datasets were analyzed using the Horton and Philip cumu-
lative infiltration models, while soil water retention behavior was quantified using
hanging water column and pressure plate methods and parameterized using the van
Genuchten model. Results indicate that the Horton infiltration model outperformed
the Philip model for estimation of cumulative infiltration. Silty clay loam, sandy
loam, and silt loam are the dominant texture classes. The soil with infiltration rates
up to 30 mm/h remain predominant across the study area. This study provides robust
and accurate baseline datasets along with an integrated methodological framework
to support basin-scale improved hydrological modeling, flood simulations, recharge

estimation, and effective water resource management.

Abbreviations: PTFs, pedotransfer functions; SMRCs, soil moisture retention curves; IBIS, Indus Basin Irrigation System; ERS, electrical resistivity survey;

CV, coefficient of variation; USDA, United States Department of Agriculture.
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Plain Language Summary

This study provides the first integrated basin-scale assessment of key soil physico-
hydraulic properties across the Upper Indus Plain of Pakistan at three different depths
(surface, 0.5 m, and 1 m). Field investigations were conducted at 66 sites across four
doabs using laboratory and in situ methods, including infiltration tests, soil mois-
ture retention analysis, and resistivity surveys. Results showed that silty clay loam,
sandy loam, and silt loam are the dominant soil types, while soils with infiltration
rates below 30 mm/h are widespread in the region. The Horton model showed better
agreement with the measured cumulative infiltration data than the Philip model. The
study provides reliable baseline datasets and an integrated methodological framework
to support improved hydrological modeling, irrigation planning, flood simulation,

groundwater recharge assessment, and sustainable water resource management in

Pakistan.

1 | INTRODUCTION

Soil physical and hydraulic properties are of paramount
importance for the design of irrigation and drainage projects,
precise irrigation practices, pollutant and solute transport,
determining the soil-water—plant and rainfall-runoff relation-
ships, and surface-groundwater interaction (Angelaki et al.,
2021, 2022; Yaseen et al., 2020). These properties gov-
ern the retention, transmission, and release of water within
the soil profile and therefore strongly influence infiltration,
groundwater recharge, evapotranspiration, floods, and agri-
cultural water productivity. Recent advances in vadose-zone
hydrology and environmental modeling highlight the criti-
cal importance of accurate soil hydraulic characterization for
improving hydrological predictions and reducing uncertainty
in process-based simulations (Vereecken et al., 2022). Hydro-
logical models widely used for flood forecasting and early
warning relay on accurate input datasets, including precipi-
tation, topography, land use/land cover, and soil physical and
hydraulic properties.

While advances in remote sensing have improved the
availability of spatial data on precipitation and land sur-
face characteristics, reliable information on soil physical and
hydraulic properties remains a critical prerequisite for robust
and accurate model performance. In data-scarce regions, the
lack of locally measured in situ datasets pertaining to soil
physical and hydraulic parameters often becomes a major
source of uncertainty in model calibrations, scenario simula-
tion as well as informed decision-making for effective water
resource management.

The Indus Basin of Pakistan is one of the world’s largest
contiguous surface irrigation systems irrigating about 17 Mha
of land and is home to the sixth largest population. It plays
a key role in sustaining the country’s food security, rural
livelihoods, and national economy. The Indus Basin con-

tributes nearly 90% of the food supplies of its inhabitants and
about 20% of the gross domestic products. However, water
productivity and yields are among the lowest in the region,
highlighting growing water scarcity and the need for improved
land and water management strategies.

The Upper Indus Plain (UIP), covering about 11 Mha, com-
prises a diverse landscape of fertile alluvial plains, deserts,
and rangelands. Despite its importance, the region faces
multiple land and water challenges, including low irrigation
efficiency, waterlogging and salinity, floods, droughts, and
soil erosion. Additionally, rapid population growth, urban-
ization, and industrialization have intensified groundwater
abstraction leading toward widespread depletion in many
parts of the country.

Knowledge of soil physical and hydrological properties is
vital to understand these challenges and support appropriate
solutions for effective land and water management. How-
ever, basin-scale information on soil physical and hydraulic
properties for the region remains limited. Existing studies
are generally localized, focused on limited soil parameters,
or are conducted at a point scale, making their direct use in
regional modeling and planning difficult (Malik & Ashraf,
2023; Malik et al., 2019; Siyal et al., 2014). Due to inher-
ent spatial variability of soil properties, both horizontally
and vertically, localized measurements cannot be reliably
extrapolated to basin or sub-basin scales for effective land
and water resource management (Eyo et al., 2022; Kumar
et al., 2010; Qiao et al., 2018). Recent advances in digital
soil mapping and spatial parameterization further emphasize
the importance of spatially representative soil datasets for
reducing uncertainty in hydrological simulations and improv-
ing regional-scale environmental modeling (Hengl et al.,
2021). Hydrological studies and management interventions
in the Indus Basin often rely on generalized parameters
derived from other regions, which may inadequately repre-
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sent local soil and hydrological conditions (Malik & Ashraf,
2023).

Soil-water processes are governed by infiltration, water
retention, and transmission (Roussevat et al., 2017). The
World Inventory of Soil Emission Potential maintained world-
wide data of only 4353 soils till the mid-nineties. These are
used for the estimation of water retention parameters called
pedotransfer functions (PTFs) despite their compromised reli-
ability (Batjes, 1996). Qiao et al. (2018) developed local PTFs
from top to the deeper profiles for the Loess Plateau of China
and found those best predictors of K, and worst for van
Genuchten a. Siyal et al. (2014) compared water-retention
data estimated from the Hydrus-1D model and compared
it with the measured data in the Lower Indus Plain (LIP).
They found a good agreement between the two datasets, but
their data were limited to less than 100 kPa suction. The
main inputs to the PTFs are soil texture and bulk density.
According to the generic classification of FAO (1977), soil
texture of the Indus Plain is mostly silt loam, loam, and silty-
clay loam, whereas clayey soils are proportionately more in
the southern parts of the plain. Rehman (1999) measured
steady-state infiltration rates (SIRs) in the Peshawar valley
and found values between 7 and 37 mm/h. The determination
of soil physical and hydraulic properties is time-consuming
and cost-intensive and is seldom available, therefore leading
to widespread reliance on PTFs (Yang & You, 2013; Yuetal.,
2013).

This study addresses the identified gap through an inte-
grated basin-scale assessment combining field-based infil-
tration measurements, laboratory characterization of soil
water retention, bulk density, soil texture determination, and
resistivity-based lithological investigation across the UIP. The
novelty of this work lies in its basin-scale coverage, multi-
depth measurements, and extensive modeling of soil moisture
retention curves (SMRCs) for diverse alluvial soils using the
van Genuchten framework. The resulting dataset provides a
rare regional benchmark for soil hydraulic parameterization
for the Basin and supports improved simulation of hydro-
logical processes under irrigated, semi-arid, and flood-prone
conditions.

The specific objectives of this study are to (i) charac-
terize the spatial and vertical variability of soil infiltration,
bulk density, texture, water-retention behavior, and litholog-
ical features across the UIP; (ii) evaluate the performance
of the Horton and Philip models in representing cumula-
tive infiltration and estimating steady-state infiltration; (iii)
derive van Genuchten water-retention parameters for dom-
inant soil classes across multiple depths; and (iv) assess
the implications of the derived soil hydraulic dataset for
flood modeling, rainfall-runoff simulation, irrigation plan-
ning, groundwater recharge estimation, and sustainable land
and water management.

Vadose Zol 3o0f23

Core Ideas

* Soil physical and hydraulic properties are highly
spatially variable at the basin scale and at different
depths (surface, 0.5 m, and 1 m). Therefore, these
properties measured at the few locations cannot be
applied at the basin scale.

* In the Upper Indus Basin, silty clay loam, sandy
loam, and silt loam are the dominant soil types,
having infiltration rates below 30 mm/h.

* Spatial and vertical field investigation of soil
physical and hydraulic properties are critical
for informed decision-making on irrigation and
drainage planning, soil-water—plant relationship,
and hydrological modeling.

2 | MATERIALS AND METHODS

2.1 | The study area

The Indus Basin of Pakistan is broadly divided into the Upper
Indus and the Lower Indus Basins by Tarbela Dam. The Upper
Indus Basin encompasses the Pothwar Plateau and the UIP,
while the downstream region up to the Arabian Sea is referred
to as LIP. The UIP represents one of the world’s largest con-
tiguous alluvial floodplains and forms the hydrological and
agricultural core of Pakistan. It extends from Jinnah Barrage,
located downstream of Tarbela Dam, to the confluence of the
eastern tributaries of the Indus River at Kot Mithan, down-
stream of Punjnad Barrage. Geographically, the study area
extends between approximately 29°-33° N latitude and 70°-
75.5° E longitude (Figure 1). The plain is bounded by the
foothills of the Himalayas and Salt Range in the north, the
Indian border in the east, and the Suleiman Range in the west,
and transitions into the LIP in the south. The UIP is traversed
by the major tributaries of the Indus River, namely the Jhelum,
Chenab, Ravi, Sutlej, and Beas rivers, which divide the plain
into interfluvial regions locally known as doabs (area between
the two rivers). These include Thal (Indus—Jhelum), Chaj
(Jhelum—Chenab), Rechna (Chenab—Ravi), and Bari (Ravi—
Sutlej) doabs. The region also encompasses major hydraulic
infrastructure, including Mangla Dam on the Jhelum River,
Marala Barrage on the Chenab River, and Suleimanki Bar-
rage on the Sutlej River. Together, these doabs cover about
11.3 Mha and constitute one of the most intensively irri-
gated and productive regions of South Asia (Khan et al.,
2018).

Thal Doab is predominantly arid, characterized by an exten-
sive sand dunes system covered by the Thal Desert, while the
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FIGURE 1 Location and geographical extent of the Upper Indus Plain, Pakistan, showing major river systems, canal network, doabs, and

spatial distribution of infiltration measurement sites.

remaining part is cultivated. However, all the other doabs are
fertile and productive. The region is formed by fluvial deposits
of the Indus tributaries and exhibits a generally gentle slope.
Most of the soils are calcareous in nature with low organic
carbon contents.

The climate of the UIP ranges from semi-humid in the
northeast to arid in the southwest. Summers are extremely
hot, with temperatures frequently exceeding 45°C, while win-
ter temperatures typically remain around 20°C. Mean annual
temperatures generally range between 20°C and 26°C. Rain-
fall is highly variable and erratic, with most of it occurring
during the monsoon season (July to September). Annual pre-
cipitation varies spatially from 958 mm (Sialkot) in the north
areas to 150 mm (Multan) in the southern parts.

The UIP supports intense agriculture through canal irri-
gation fed by the Indus Basin Irrigation System (IBIS) sup-
plemented by widespread groundwater abstraction (Figure 1).
Major cropping systems include wheat, rice, cotton, and sug-
arcane. The hydrological behavior of the region is shaped
by canal irrigation, groundwater abstraction, floods, soil
stratification, compaction, and variable recharge conditions.
These features make the region highly suitable for studying

basin-scale variability in soil hydraulic properties and their
implications for water management.

2.2 | Methodology

A basin-scale sampling framework was adopted to charac-
terize the spatial and depth-wise variability of soil physical
and hydraulic properties across the four doabs of the UIP.
Sixty-six representative sites were selected using a grid-based
approach, with grid spacing tailored to the areal extent and
heterogeneity of each doab to ensure representative coverage.
Sampling comprised 20 sites in Thal (41 km X 41 km), 10 in
Chaj (37 km x 37 km), 16 in Rechna (44 km X 44 km), and
20 in Bari (38 km X 38 km).

At each site, measurements were taken at three depths: sur-
face, 0.5 m, and 1.0 m. These depths correspond to the active
root zone of most field crops in the Indus Basin (Ashraf,
2015) and are critical for governing infiltration, soil water
storage, irrigation response, and groundwater recharge pro-
cesses. The overall methodological framework integrating
field infiltration measurements, soil sampling and labora-
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FIGURE 2 Methodological workflow integrating field and laboratory measurements, hydraulic parameterization, electrical resistivity survey

(ERS), descriptive statistics, and geospatial analyses across the study area.

tory characterization, soil water-retention measurements and
hydraulic parameterization, ERS-based subsurface charac-
terization, descriptive statistics, and geospatial analyses are
given in Figure 2.

To extend the subsurface characterization beyond the
depth limitations of soil sampling, electrical resistivity sur-
vey (ERS) was conducted at all 66 sites using an ABEM
Terrameter SAS 4000. Vertical electrical sounding was car-
ried out using the Wenner electrode configuration, which is
widely recognized for detailed soil and near-surface litho-
logical profiling. The investigation depth varied depending
on site-specific conditions, including alluvial thickness, and
extended up to approximately 50 m. The ERS measurements
therefore complemented the near-surface soil physical and
hydraulic characterization by providing information on deeper
subsurface stratification and its potential influence on vertical
water transmission.

Following the field and laboratory measurements, the
resulting soil physical, hydraulic, and lithological datasets
were used to apply descriptive statistics and geospatial anal-
yses. Geographic information ystem (GIS)-based thematic
maps were developed to characterize doab-wise, depth-wise,
and regional spatial variability and to integrate the mea-

sured soil hydraulic properties with subsurface lithological
conditions across the UIP.

2.2.1 | Infiltration measurement and modeling
Infiltration was measured using an improved double-ring
infiltrometer method established by Malik and Ashraf (2023).
The method retained the basic principle of the conventional
double-ring infiltrometer, in which concentric inner and outer
rings minimize lateral flow and promote predominantly verti-
cal infiltration beneath the inner ring. Inner and outer rings of
30 cm and 60 cm diameter, respectively, were inserted approx-
imately 15 cm into the soil at the targeted depths. Prior to
installation, the exposed soil surface was carefully prepared
and leveled with minimal disturbance to the natural soil struc-
ture. A reinforced cross-bar was used to facilitate uniform ring
insertion, while a spirit-level and hook arrangement ensured
proper leveling and maintenance of equal water levels in both
rings.

The principal modification was the use of a gravimetric
water supply and measurement system for the inner ring.
However, conventional double-ring tests commonly deter-
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mine infiltration from changes in water level or manually
measured water additions, the modified setup used a 35-L
water container placed on an electronic weighing balance
and connected to the inner ring through an independently
supported funnel-pipe arrangement. Water inflow was con-
tinuously regulated to maintain a constant 10 cm head, and
the decrease in container weight provided a direct mea-
sure of water entering the soil. The measured water mass
was converted to volume and subsequently to cumulative
infiltration depth using the cross-sectional area of the inner
ring. The water to the outer ring was supplied separately
while maintaining the same hydraulic head. This modification
reduced uncertainty associated with manual water-volume
readings and improved measurement resolution as well as
constant-head control through gravimetric monitoring of
water input.

Each infiltration test was conducted for 3—4 h or until an
SIR was attained. Water intake was recorded at 5 min inter-
vals during the first 30 min, 10 min intervals up to 60 min, and
15 min intervals thereafter until a steady-state condition was
achieved. The higher initial measurement frequency showed
rapid changes following wetting, whereas the extended moni-
toring period allowed the infiltration rate to stabilize, thereby
providing a robust dataset for characterizing the infiltra-
tion curve and estimating steady-state infiltration. Given the
regional scale of the study, encompassing 66 sites and three
sampling depths, a single infiltration test was conducted at
each depth per site. As each test required 3—4 h of continu-
ous monitoring to attain steady-state conditions, the sampling
design prioritized broad spatial coverage and standardized
measurements to avoid replications. Measurement consis-
tency was supported through standardized site and surface
preparation, uniform ring installation, controlled constant-
head conditions, gravimetric monitoring of water intake, and
continuation of each test until steady state. Accordingly, the
measurements were intended to characterize regional-scale
infiltration patterns, while fine-scale site-specific variability
was not explicitly quantified.

The measured cumulative infiltration data were subse-
quently fitted using the Horton and Philip infiltration models.
Horton’s formulation was selected as the primary basis for
estimating steady-state infiltration because it explicitly incor-
porates a steady-state infiltration parameter and provided con-
sistently better model performance for the measured datasets.
Steady-state infiltration was interpreted as a field-scale proxy
for saturated or near-saturated hydraulic conductivity, recog-
nizing that field infiltration integrates the effects of texture,
structure, compaction, macro porosity, and soil layering.

For most models of the soil water processes, a func-
tional representation of the water retention and the hydraulic
conductivity is needed. Very popular functions used in mod-
els were developed by van Genuchten (1980) and Mualem
(1976). Vizitiu et al. (2011) also demonstrated that the van

Genuchten equation can be used to estimate the soil water
retention characteristics. The unsaturated hydraulic conduc-
tivity as a function of soil water potential is given by
Equation (1).

1_ n_ll n_m2
K () =K, {1=(aw)" " [1+ (ap)'] "} o

[1+ @]

where K (y) is hydraulic conductivity at a given suction head
(win cm), K I (cm/s) is the saturated hydraulic conductivity,
and a (1/cm), n, and m are dimensionless parameters, which
the latter is calculated as 1 — 1/n (Mualem, 1976).

The two parameters a and n are derived from the van
Genuchten’s (1980) soil water-retention function given by
Equation (2).

-0

0, T
0 w)=60+ —— @)

[1+ )]

where 6(y) is the water retention (cm3/cm?) at given soil suc-
tion; y is suction pressure (cm of water), 6, is saturated water
content (cm>/cm?), 0, is residual water content (cm?/em?), a
is inverse of the air entry suction (cm™!), and 7 is slope of the
curve reflecting pore size distribution (dimensionless).

The needed parameters for Equation (2) are determined
by regressing measured soil water retention data on soil
suction. However, saturated hydraulic conductivity (K,) in
Equation (1) can be considered equivalent to SIR (Hillel,
1982). Furthermore, soils are layered in strata with differ-
ent lithology. Each layer has its own physical characteristics
(Gohardoust et al., 2017; Warrick, 2005; Zhu, 2008; Zhu
& Warrick, 2012). Therefore, application of Equations (1)
and (2) to heterogeneous soil strata requires water retention
parameters, steady-state infiltration, and soil lithology. Soil
texture data are relatively easy to determine and are key
characteristics for extrapolation of the measured hydraulic
properties over larger areas. Keeping that in view, infiltra-
tion rate, water retention, soil lithology, and soil texture were
measured for the surface, 0.5-m, and 1-m depths at 66 sites
(Table 1). These depths were selected because most field
crops in the Indus Basin have root zones extending up to 1 m
deep, and these soil properties significantly affect root growth
(Dexter, 2004). Moreover, soil physico-hydraulic properties,
especially of root zone layer, may vary due to weathering
actions, tillage, cropping, and other cultural practices such as
puddling before rice planting. Qiao et al. (2018) also sug-
gested that for addressing the problems with deterministic
models, soil physico-hydraulic properties are required from
topsoil to deeper layers.

The SIR derived from the field measurements was inter-
preted as a field-scale proxy for near-saturated hydraulic
conductivity rather than as a direct measurement of saturated
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TABLE 1 Coverage per site and number of sites in each doab.

Doab Area (km?) No. of sites No. of observations Dominant soil type

Thal Doab 1674 20 60 Sandy loam

Chaj Doab 1366 10 30 Clay loam

Rachna Doab 1958 16 48 Clay loam

Bari Doab 1482 20 60 Silt loam

FIGURE 3
infiltration test.

Weighing water can and funnel-pipe arrangement for

hydraulic conductivity (K). Although infiltration becomes
increasingly hydraulic conductivity as steady-state conditions
are approached, field-measured SIR represents an integrated
response to soil texture, structure, macro porosity and pref-
erential flow, profile layering, antecedent conditions, and
measurement geometry. Consequently, SIR and K, were not
considered strictly equivalent, particularly under heteroge-
neous field conditions (Basset et al., 2025; Yang et al., 2019).
Recent studies also demonstrate that field-saturated and near-
saturated hydraulic behavior are strongly influenced by soil
structure and preferential flow pathways in addition to texture
(Bargués-Tobella et al., 2024; Blanchy et al., 2023).

2.2.2 | Determination of infiltration rate

For infiltration rate, double-ring infiltrometers of 30-cm depth
and inner and outer rings of 30 cm and 60 cm diameters were
used. A stepwise pit was dug having provision for carrying out
tests at the three depths using an improved method developed
by Malik et al. (2019) as shown in Figure 3. In this method,
a filled water can was placed on an electronic weighing bal-
ance, from where water was poured into the inner infiltration
ring through a funnel-pipe arrangement. The funnel pipe was
so adjusted on a stand that it did not touch the water can for

avoiding any interference in weighing. Water pouring from the
can was continuously adjusted with a tap so that the head in
the infiltration ring remained constant. Similar arrangement
for maintaining the same head in the outer ring was used but
without weighing the water can. Each test was carried out for
4 h. The Horton (1940) and Philip (1957) cumulative infiltra-
tion models were fitted to the measured cumulative infiltration
data to estimate the respective model parameters and evaluate
their performance. Horton’s cumulation infiltration model is
given by Equation (3).

fw5)=fgp+fizﬁwl—e%%) ?3)
where F is cumulative infiltration (mm), ﬁ, is infiltration rate
(mm/h) at given time, f, is initial infiltration rate (mm/h), f,
is SIR (mm/h), 7, is time, and & is the decay constant specific
to the soil. Philip’s cumulation infiltration model is given by
Equation (4).

1
I =512+ At )

where / is cumulative infiltration (mm) at given time, ¢ is time
(h), Sis sorptivity (mm/h?-), and A is permeability coefficient
(mm/h).

2.2.3 | Soil water-retention measurements

Soil water-retention characteristics were determined using
undisturbed soil cores (50 mm diameter X 30 mm height) col-
lected at the surface, 0.5-m, and 1.0-m depths. Care was taken
during core extraction, trimming, handling, and transporta-
tion to minimize structural disturbance, because preservation
of pore structure is important for representing the hydraulic
behavior of structured soils. The cores were saturated prior to
analysis, and a minimum of three replicate samples per site
and depth were analyzed; mean water contents at each suc-
tion were used to construct representative soil water-retention
curves.

Water retention was measured over a wide suction range
using complementary low- and high-suction methods. For
the low-suction range, water retention was determined using
Hein’s Tension Table Assembly, a hanging water-column
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system. The assembly consisted of a grade-5 sintered-glass
funnel connected to a graduated burette through flexible
plastic tubing, forming a U-shaped arrangement for adjust-
ing suction and measuring water release from saturated soil
cores (Figure 4). The system was fully primed to remove
entrapped air and tested for air entry before measurements.
Although no air entry was detected up to 170 cm of water
head (=17 kPa), measurements were conservatively limited
to 150 cm (=15 kPa). Samples were saturated overnight and
initially equilibrated at 1-2 cm suction, followed sequentially
by 15, 35, 75, and 150 cm. Water content was deter-
mined gravimetrically when equilibrium was attained at each
suction.

For the higher suction range, water retention was mea-
sured using a pressure-plate extractor from 100 to 15,000 cm
(~1500 kPa). Separate undisturbed cores collected from the
same sampling locations and depths were used for the low-
and high-suction measurements to preserve sample integrity.
The resulting measurements from both methods were com-
bined across their respective suction ranges to construct
the complete measured soil water-retention dataset. The use
of complementary tension-table and pressure-plate methods
therefore provided broad coverage of the retention curve.
However, potential uncertainties associated with pressure-
plate equilibration at high suctions were considered when

Haines’ tension table assembly—Schematic diagram and laboratory setup.

interpreting the dry end of the curve (Parker & Patrignani,
2023; van Lier et al., 2019).

The van Genuchten’s (1980) model was fitted to the com-
bined measured soil water-retention data to estimate the
model parameters 6,, a, and n. Replicate measurements were
first averaged at each suction, and the resulting mean val-
ues were used for model parameterization. Model parameters
were optimized using the Solver function in Microsoft Excel
2016 by minimizing the least-squares error between measured
and model-predicted volumetric water contents. To minimize
the possibility of convergence to a local minimum, the opti-
mization was repeated using different initial values of 6, a,
and n. The resulting solutions were compared, and the param-
eter set yielding the minimum least-squares error and showing
consistency among repeated optimization runs was retained
for subsequent analysis.

224 |
curve

Determination of moisture-retention

A key component of study was the extensive determination
of SMRCs across the study area. The water-retention mea-
surements obtained over the low- and high-suction ranges
were combined to construct the measured retention dataset for
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each soil profile and sampling depth. Potential uncertainties
associated with pressure-plate equilibration at high suctions
were considered when interpreting the dry end of the retention
curves (Parker & Patrignani, 2023; van Lier et al., 2019).

The van Genuchten’s (1980) retention function (Equa-
tion 2) was fitted to the combined measured soil water-
retention data using the Solver function in Microsoft Excel
2016 by minimizing the difference between measured and
model-predicted water contents. Replicate measurements
were averaged at each suction before model fitting. The
fitted hydraulic parameters included residual water content
(6,), saturated water content (), inverse air-entry suction
(@), and pore-size distribution index (n). Variability in the
estimated parameters was evaluated using coefficient of vari-
ation (CV%), calculated as standard deviation expressed as
percentage of the mean value.

The fitted retention functions provide quantitative descrip-
tors of soil water storage and release and facilitate interpre-
tation of spatial and depth-wise variability in soil hydraulic
behavior across the study area. These hydraulic parameters
also provide important inputs for physically based modeling
of unsaturated water flow and related applications, including
infiltration, root-zone water availability, irrigation scheduling,
groundwater recharge estimation, salinity transport analysis,
and rainfall-runoff processes. Unlike texture-based classi-
fications alone, the fitted retention functions characterize
changes in soil water storage and release with soil water pres-
sure, thereby improving representation of vadose-zone water
dynamics under varying irrigation and precipitation condi-
tions. By translating field and laboratory observations into
hydraulic descriptors compatible with process-based models,
the SMRCs provide a more dynamic representation of soil
water storage, release, and vadose-zone fluxes under vary-
ing irrigation and precipitation conditions than texture-based
classifications alone.

2.2.5 | Soil textural analysis

Undisturbed soil samples were collected from the same sites
used for infiltration testing covering different depths (surface,
0.5 m, and 1.0 m). At each site, soil samples were collected
using steel cans of 50 mm diameter and 30-mm depth from
all the three depths of the pits dug for infiltration tests. For
particle-size analysis, a portion of the collected undisturbed
soil samples was subsequently prepared and fully dispersed in
the laboratory, whereas intact cores were retained separately
for soil water-retention measurements.

Soil texture was determined using a combined sieve-
hydrometer procedure, with the coarser fraction determined
by sieving and the finer silt and clay fractions quantified by
hydrometer sedimentation. Prior to hydrometer analysis, soil
samples were fully dispersed using sodium hexametaphos-
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FIGURE 5§
infiltration models based on coefficient of determination (R?).

Comparison of the Horton and Philip cumulative

phate and mechanical agitation, followed by thorough mixing
with a manual plunger in a standard 1000 cm? cylinder.
Temperature and blank solution corrections were applied in
accordance with standard procedure (Ashworth et al., 2001;
Malik & Ashraf, 2023).

The percentages of sand, silt, and clay were determined
and classified using the United States Department of Agri-
culture (USDA) soil textural triangle. These datasets were
subsequently used to interpret spatial variability in infiltra-
tion behavior and soil water-retention characteristics and to
support the mapping of dominant soil classes across the study
area.

2.2.6 | Determination of soil lithology

Soil lithology plays a key role in water and solute trans-
port, and groundwater management (recharge, abstraction,
and drainage). The subsurface lithological stratification up
to 50-m depth was assessed using ERS conducted with an
ABEM Terameter SAS 4000. The resistivity datasets were
processed and interpreted using IX1D inversion software
to delineate lithological layers. Standard procedure for data
acquisition and processing was followed, where the Wenner
electrode configuration was employed for detailed lithological
characterization, as described by Malik and Ashraf (2023).

3 | RESULTS AND DISCUSSION

3.1 | Infiltration-based estimation of
saturated hydraulic conductivity (K,)

The Horton and Philip cumulative infiltration models were
fitted to the measured infiltration data (Equations 3 and 4),
and their performance was evaluated using the coefficient of
determination (R*) as shown in Figure 5. The results indi-
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FIGURE 6 Representative average surface-layer infiltration

behavior across the four doabs of the Upper Indus Plain (UIP) based on
the Horton model fitted to the measured cumulative infiltration data.

cate consistently higher R? values for the Horton’s model as
compared to the Philip’s model, demonstrating its superior
performance in representing cumulative infiltration behavior.

Horton’s infiltration equation includes an explicit SIR
parameter, which, combined with its improved goodness-
of-fit, was therefore used to estimate SIR. Under field
conditions, SIR provides a useful field-scale proxy for near-
saturated hydraulic conductivity (K, ) (Hillel, 1982) but should
not be considered equivalent to directly measured saturated
hydraulic conductivity (K;) because infiltration integrates the
effects of soil structure, preferential flow, profile hetero-
geneity, antecedent conditions, and measurement geometry.
Figure 6 presents the representative average surface-layer
infiltration behavior across the four doabs, providing an over-
all characterization of the regional infiltration response. The
detailed graphical assessment focuses on the surface layer
because it represents the primary soil-atmosphere interface
governing the initial partitioning of precipitation and irri-
gation water between infiltration and surface runoff. To
further characterize regional and depth-wise heterogeneity,
Figures 7-10 present the spatial distribution of SIR at the
surface, 0.5-m, and 1.0-m depths across the doabs, high-
lighting variations in infiltration behavior both spatially and
vertically.

The doab-wise comparison further reveals pronounced
regional variability in surface-layer SIR and its variations with
the soil texture (Figure 7). Thal Doab showed the highest
and most variable SIR, reaching 82.1 mm/h in sandy loam,
66.4 mm/h in sand, and 55.7 mm/h in loamy sand, consis-
tent with the predominance of relatively coarse-textured soils.
Chaj Doab also showed substantial variability, with SIR rang-
ing from approximately 1.8 to 45.9 mm/h, whereas Rechna
exhibited generally lower rates (1.1-14.1 mm/h). Bari Doab
showed a comparatively narrower range (5.0-10.4 mm/h)
across the represented soil-textural classes. These inter-doab
differences demonstrate substantial spatial heterogeneity in
surface infiltration behavior and indicate that a single basin-
wide average does not adequately represent the hydraulic
response of the UIP. Although the generally higher SIR in
Thal is consistent with the greater water-transmission capac-

ity of coarse-textured soils, variability within and among
textural classes indicates that soil structure, bulk density,
pore-size distribution and connectivity, and local profile het-
erogeneity also contribute to the observed hydraulic response.
The pronounced inter-doab variability therefore emphasizes
the importance of spatially distributed characterization of
near-surface hydraulic properties for representing infiltration
and vadose-zone water movement across this heterogeneous
alluvial system.

Spatial distribution of SIRs, up to 1.0-m depth, was gener-
ated using the geostatistical interpolation technique (kriging),
as shown in Figures 8—10. The interpolated maps were clas-
sified into distinct categories based on the observed range of
values. Table 2 summarizes the geospatial variability of these
classes across the study area. Infiltration rates up to 30 mm/h
were identified as the dominant class across the doabs.

The spatial pattern indicates that SIRs below 15 mm/h
remained relatively consistent across the three sampling
depths up to 1.0 m (surface, middle, and bottom). In con-
trast, the proportion of the 15-30 mm/h infiltration class
decreased at 0.5-m depth and remained relatively stable at
deeper levels. The comparatively lower infiltration at 0.5-m
depth may reflect the combined effects of agricultural man-
agement practices and natural profile heterogeneity. Repeated
tillage, puddling, planking, and machinery traffic can mod-
ify soil structure, reduce macro porosity, and promote the
development of compacted subsurface layers with lower water
transmission, particularly under intensive rice cultivation
systems (Bwire et al., 2024; Shaheb et al., 2021). Verti-
cal changes in soil texture, redistribution and accumulation
of finer particles, and lithological heterogeneity within the
alluvial profile are also plausible controls on the observed
depth-wise infiltration response. The lower infiltration at
0.5 m is therefore maybe due to an integrated response
to management-induced structural modification and natu-
ral vertical heterogeneity, rather than controlled by a single
mechanism.

The infiltration characteristics derived from Horton’s
model are broadly consistent with findings reported by Telis
(2001) and Abdulkadir et al. (2011), while the observed
infiltration ranges align well with reference values for dif-
ferent soil textures reported by Doneen and Westcot (1984).
However, such comparisons should be interpreted cautiously
because SIR represents an integrated field response influ-
enced by soil texture, structure, macro porosity, preferential
flow, profile layering, and measurement conditions (Basset
et al., 2025; Blanchy et al., 2023).

3.2 | Soil moisture retention and allied
parameters

Averaged soil moisture-retention parameters, bulk density,
steady-state infiltration, and their descriptive statistics are
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FIGURE 7 Doab-wise variation in Horton-fitted surface-layer infiltration behavior in the Upper Indus Plain: (a) Thal Doab, (b) Chaj Doab, (c)

Rechna Doab, and (d) Bari Doab.

TABLE 2

Percent area of f, values

Doabs with different values of Horton’s steady-state infiltration rates (f, = mm/h).

[, class <15 >15 <30 >30<45
Surface 44 20 11
Middle 42 16 9

Bottom 44 21 10

>45 < 60 >60 <90 >90 < 120 >120
8 9 4 4
8 15 4 6
9 10 2 3

summarized in Table 3. Bulk density varies from 1.13 to
1.86 g/em?, which is in good agreement with those reported
in literature (e.g., Chaudhari et al., 2013 and Oku et al.,
2010). Mean bulk density was lower in the surface layer (1.44
g/cm?) than in the middle and bottom layers (1.52 g/cm?).
This vertical pattern is consistent with the measured distri-
bution of soil organic matter (SOM) in the Pothwar region,
which ranged from 0.2% to 2.5% and generally decreased
with depth (Malik & Ashraf, 2023). About 61% of the surface
layer contained >1.0% SOM, compared with 22% at 0.5-m
depth and 11% at 1.0-m depth. Based on the midpoint of each
SOM class and its corresponding areal proportion, the esti-
mated class-weighted SOM content decreased from 1.15% at
the surface to 0.88% at 0.5 m and 0.74% at 1.0 m. Higher
SOM can promote soil aggregation and pore development
and is commonly associated with lower bulk density. How-
ever, the comparatively low surface-layer bulk density cannot
be attributed solely to the higher SOM content. Soil tex-

ture, structural condition, and land management practices may
also contribute to the observed pattern. The higher bulk den-
sity in the middle and bottom layers may additionally reflect
management-induced compaction associated with intensive
cultivation and mechanized farming (Deepagoda et al., 2019;
Igbal et al., 2005).

The higher average, maximum, and minimum bulk den-
sities observed in the middle layer are also consistent with
the predominance of sandy-loam texture. Sand contents have
strong influence on soil compaction and packing compared
to silty clay loam and silt loam textures observed in the mid-
dle and bottom layers (Chaudhari et al., 2013). Nielsen and
Bouma (1985) classified the bulk densities variability using
the CV as low (CV < 10%), moderate (10% < CV > 100%),
and high (CV > 100%). In this study, the CV of bulk density
remains within the low variability range, indicating relatively
uniform bulk density across the study area, consistent with
findings reported by Dec and Dorner (2014).
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FIGURE 9 Horton’s steady-state infiltration rates in the middle layer of doabs.

As discussed before, the steady-state-infiltration-rate (f.)
was interpreted as field-scale proxy for near-saturated
hydraulic conductivity rather than as a direct measurement
of saturated hydraulic conductivity (K). The average value
of f, (K,) was highest in the middle layer (39.78 mm/h)
despite its relatively high bulk density (1.52 g/cm?). Although

higher bulk density is generally associated with reduced soil
total porosity and restricted water transmission, field-scale
infiltration is also governed by pore-size distribution, pore
connectivity, soil structure, and preferential flow pathways
(Basset et al., 2025; Chaudhari et al., 2013; Igbal et al., 2005).
Accordingly, the relatively high f. observed in the middle
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FIGURE 10 Horton’s steady-state infiltration rates in the bottom layer of doabs.

TABLE 3 Bulk density, steady-state infiltration rate as near-saturated hydraulic conductivity, and soil water retention parameters at the surface,
middle, and bottom layers along with descriptive statistics.

Standard Coefficient of

Parameter Soil layer Average Maximum Minimum deviation variation (%)
Bulk density (g/cm?) S 1.44 1.76 1.13 0.12 8
M 1.52 1.86 1.28 0.13 8
B 1.52 1.76 1.14 0.12 8
f. (mm/h) S 36.65 319.04 0.01 69.61 190
M 39.78 284.80 1.72 61.95 156
B 31.76 284.80 0.11 51.86 163
0, (cm?/cm?) S 0.44 0.63 0.33 0.06 13
M 0.44 0.60 0.31 0.06 13
B 0.44 0.62 0.30 0.06 13
O, (cm*/cm?) S 0.09 0.27 0.02 0.07 77
M 0.08 0.25 0.02 0.06 72
B 0.07 0.33 0.02 0.06 84
a(cm™) S 0.023 0.097 0.004 0.02 79
M 0.022 0.093 0.005 0.02 81
B 0.025 0.106 0.004 0.02 76
n (dimensionless) S 1.57 3.28 1.08 0.41 26
M 1.57 3.10 1.05 0.45 29
B 1.60 3.17 1.08 0.56 35

Note: S = Surface layer; M = Middle layer (0.5 m); B = Bottom layer (1.0 m).
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FIGURE 11
based on the van Genuchten model fitted to the measured retention data.

layer may reflect the influence of hydraulically connected
macropores, root channels, or biopores, and/or locally coarser
and more permeable sandy strata, which can facilitate rapid
water transmission through relatively dense soil matrix. How-
ever, because macropore characteristics and preferential flow
pathways were not directly quantified, their contribution can-
not be established from the present dataset and is therefore
considered a process-based explanation rather than a demon-
strated causal mechanism. Spatial and vertical heterogeneity
in soil texture and lithology within the alluvial profile may
also contribute to the observed relationship between bulk
density and steady-state infiltration.

The statistics analysis of f, indicates high spatial variabil-
ity, with CV ranging from 155.72% to 189.91%, the latter
observed in the surface. Similar levels of variability in K (up
to 172%) have been reported for medium-textured soils within
the vadose zone up to 1-m depth (Igbal et al., 2005). High
spatial variability of K is widely documented in the literature
and is commonly attributed to the influence of macropores
and soil structural heterogeneity (Bodner et al., 2013; Gupta
et al., 2006; Hu et al., 2009; Riikka et al., 2019; Schwen et al.,
2011; Warrick & Nielsen, 1980).

Soil water-retention curves obtained by fitting the van
Genuchten model to the measured retention data of the surface
layer are presented for the major soil types across the doabs
in Figure 11, while descriptive statistics of the fitted are sum-
marized in Table 3. The CV for saturated water content (6,) is
relatively low (13%), indicating limited spatial variability. In
contrast, residual water content (6,) and a showed high CV
values of 72%—-84% and 76%—82%, respectively. The pore-

Soil water-retention curves at the surface layer for major soil textural classes across the four doabs of the Upper Indus Plain,

size distribution parameter (n) showed comparatively lower
CV (26%-35%).

A study by Wang et al. (2014) reported CV of 15% for 6,
96% for 6, 136% for a, and 15% for soils of the Loess Plateau
of China. Thus, a exhibited lower, although still substantial,
variability in the present study. It may be due to the fact that
a is a fitted parameter related to the characteristic suction
of the retention curve. Its estimation can be sensitive to the
distribution and density of observations across the measured
suction range and to the parameterization procedure. The rel-
atively dense measurements in the low suction range (0, 1,
3, 6, and 15 kPa) may therefore have contributed to better
constraining a during model fitting. However, as the parame-
ter uncertainty was not independently quantified, this should
be regarded as a possible methodological explanation rather
than a demonstrated cause. The observed variability may also
reflect genuine spatial differences in soil pore structure and
water-retention characteristics.

The relatively higher variability in CV of n than that
reported by Wang et al. (2014) may partly reflect the inclusion
of coarse-textured soils from the Thal Doab, where greater
heterogeneity in pore-size distribution is expected. Higher
and more variable n values have been reported for coarse-
textured soils with broader pore-size distributions (Benson
et al., 2014). Overall, the variability of the fitted parame-
ters is consistent with the spatial heterogeneity evident in the
measured SMRCs (Figure 11).

Importantly, o and 6, are model-derived parameters
obtained by fitting the van Genuchten function to the mea-
sured retention data rather than independently measured soil
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TABLE 4

Doab-wise summary of field capacity (FC), permanent wilting point (PWP), and plant-available water (PAW) derived from fitted

van Genuchten soil water-retention functions across the Upper Indus Plain (UIP).

Doab No. of sites No. of soil layers  FC (cm®/cm?)
Thal 20 60 0.182
Chaj 10 30 0.270
Rechna 16 48 0.289
Bari 20 60 0.281
Overall 66 198 0.252

properties. Particularly, 6, represents an optimized parameter
describing the asymptotic dry-end behavior of the fitted reten-
tion curve. Because the experimental measurements extended
to a maximum suction of 1500 kPa (15,000 cm), the very
dry end of the retention curve beyond this range was not
directly characterized. Consequently, fitted 6, values may
partly reflect extrapolation beyond the measured suction range
and should be interpreted within the parameterization and
dry-end limitations of the classical van Genuchten model.

The integrated analysis of soil physical and hydraulic prop-
erties indicates that infiltration and soil water retention are
governed by interacting controls of soil texture, bulk density,
pore-size distribution, and structural heterogeneity rather than
by any single soil property. Coarser-textured soils generally
exhibited greater water-transmission capacity and lower water
retention at a given matric suction, whereas finer-textured
soils retained more water because of their greater proportion
of fine pores and specific surface area. Nevertheless, substan-
tial variability in steady-state infiltration within individual
textural classes indicates that texture alone does not ade-
quately characterize field-scale hydraulic behavior. Similarly,
the relationship between bulk density and infiltration was
not uniform, suggesting additional controls associated with
pore organization, connectivity, and structural heterogene-
ity. Because macropore connectivity and preferential flow
were not directly quantified, their contribution is consid-
ered a process-based interpretation rather than a demonstrated
mechanism.

To further characterize soil water storage and availabil-
ity, field capacity (FC), permanent wilting point (PWP), and
plant-available water (PAW) were derived from the fitted
van Genuchten retention functions. For consistent regional
comparison, FC and PWP were operationally defined as vol-
umetric water contents at matric suctions of 33 and 1500
kPa, respectively, and PAW was calculated as their differ-
ence (PAW = FC — PWP). These indices are widely used to
characterize soil water storage and plant availability, although
their estimation depends on soil properties and the method
used to determine the retention curve (Amsili et al., 2024,
Parker & Patrignani, 2023). Table 4 shows that across the
four doabs, mean FC ranged from approximately 0.182 to
0.289 cm?/cm?, PWP from 0.098 t0 0.181 cm®/cm?, and PAW

PWP (cm’/cm?) PAW (cm3/cm?)
0.098 0.083
0.181 0.089
0.161 0.128
0.141 0.141
0.139 0.113

from 0.083 to 0.141 cm’/cm>. The lower FC and PAW in
the Thal Doab are consistent with the prevalence of coarse-
textured soils, whereas the higher PAW in the Rechna and Bari
Doabs reflects their greater capacity to retain water within the
plant-available range.

When aggregated across the four doabs, mean FC,
PWP, and PAW were approximately 0.252, 0.139, and
0.113 cm?/cm?, respectively (Table 4). These indices com-
plement the infiltration measurements by distinguishing
soil water-transmission capacity from water-storage and
plant-availability characteristics. Their inter-doab variability,
together with the observed relationships among soil texture,
bulk density, steady-state infiltration, and water-retention
parameters, highlights the hydraulic heterogeneity of the UIP.
Therefore, a single regional or texture-based parameterization
may not adequately represent soil water dynamics.

Beyond the basin-wide and depth-wise variability
described above, the soil hydraulic properties also exhibited
appreciable differences among the individual doabs. The
observed inter-doab variability in soil hydraulic characteris-
tics is consistent with the marked differences in soil texture,
subsurface lithology, climatic conditions, and land-use
patterns across the UIP. The regional aquifer comprises
heterogeneous unconsolidated alluvial deposits ranging from
coarse sand and sandy loam to finer silt- and clay-rich strata,
with considerable lateral and vertical variability associated
with the depositional history of the Indus River and its trib-
utaries (Akhter et al., 2021; Bennett et al., 1967; Greenman
etal., 1967). The Thal Doab represents the comparatively arid
end of this regional gradient and includes extensive sandy to
sandy-loam aeolian and alluvial deposits associated with the
Thal Desert. Long-term annual precipitation over much of
the Thal region is 150-350 mm/year, mostly occurring during
the summer monsoon, and exhibits substantial seasonal and
interannual variability (Nawaz et al., 2025). These relatively
coarse soils and dry climatic conditions provide a contrasting
hydro-pedological setting to the more intensively irrigated
Chaj, Rechna, and Bari Doabs.

Climatic conditions generally become wetter toward the
northern and northeastern parts of the UIP, although con-
siderable variability occurs within individual doabs. Rechna
Doab, for example, has a subtropical semi-arid climate, with
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annual precipitation decreasing from about 655 mm/year in
the upper doab to 360 mm/year in the lower part, while maxi-
mum summer temperatures range from approximately 33°C to
48°C (Arshad et al., 2019). Rechna and Chaj Doabs generally
receive greater precipitation than the drier Thal and southern
Bari regions, whereas lower Bari Doab receives about 200
mm/year in some areas, illustrating the pronounced regional
contrast in precipitation distribution (Akhter et al., 2021).
These climatic variations are further compounded by differ-
ences in land use and water management: large parts of Chaj,
Rechna, and Bari Doabs are characterized by long-term canal
irrigation and intensive agricultural production, whereas
Thal retains mostly arid and semi-arid landscapes with rel-
atively coarse-textured soils. Consequently, the observed
inter-doab differences in infiltration and soil water-retention
characteristics are due to the integrated response of soil
texture, alluvial depositional and lithological heterogeneity,
climatic gradients, and long-term land and water manage-
ment, rather than the effect of any single controlling factor.
This regional heterogeneity emphasizes the importance of
doab-specific hydraulic characterization and spatially repre-
sentative parameterization for modeling infiltration, soil water
storage, vadose-zone fluxes, and groundwater recharge across
the UIP.

Comparison with the Chinese Loess Plateau provides con-
trasting environmental settings of the two regions. The UIP
is dominated by heterogeneous Quaternary alluvial deposits
associated with the Indus River system, whereas the Chinese
Loess Plateau is characterized predominantly by aeolian loess
deposits. The regions also differ in soil structure, climatic
regime, precipitation distribution and seasonality, land use,
and soil-forming processes. Therefore, similarities and differ-
ences in infiltration and soil hydraulic properties reflect not
only soil texture but also contrasting parent materials, soil
structure, and hydroclimatic conditions. Comparisons with
the Loess Plateau provide broader context rather than imply
direct equivalence between the two regions.

3.3 | Soil texture

Figure 12 represents ternary diagram of the distribution of
sand, silt, and clay percentages with depth in the doabs. Total
nine soil texture classes were identified based on the USDA
soil texture triangle. The results indicate that the clay content
generally increases with depth, while the sand and silt frac-
tions decrease correspondingly. This trend is likely associated
with the downward translocation of fine clay particles through
infiltration and leaching processes.

Spatial variability of soil texture across depths
(Figures 13-15) is derived using geostatistical interpo-
lation (kriging) based on samples collected from 66 spatially
distributed sites across the doabs. Silty-clay loam, sandy

loam, and silt loam were identified as dominant soil
classes.

The increase in clay content with depth (Figure 12) is gen-
erally consistent across the study area. However, this trend is
not evident in the south-western part, where higher percent-
age of clay exists at 0.5-m depth compared to the surface and
1.0-m depth. This area corresponds to the confluence of major
tributaries of the River Indus and presents an active flood
plain subject to frequent inundation. Under such conditions,
sediment deposition processes dominate over vertical clay
translocation, resulting in irregular stratification and localized
variability in soil texture.

3.4 | Regional lithological features

ERS was conducted to characterize subsurface lithology and
assess its implications for water retention and transmission
characteristics. The spatial distribution of lithological features
across the doabs at depths of 0-3, 3-10, and 10-50 m is
presented in Figures 16-18, respectively. Resistivity values
across the study area range up to 80 Q m. Lower resistivity
values generally correspond to the finer textured materi-
als, whereas higher values indicate coarser strata (Malik
& Ashraf, 2023). The near-surface layer (0-3 m) exhibits
high spatial variability in resistivity (Figure 16), indicat-
ing a heterogeneous mix of fine and coarse materials. This
heterogeneity suggests relatively lower and more variable
water transmission characteristics in the shallow subsurface.
In contrast, deeper strata (3—50 m) show relatively uniform
resistivity values, predominantly in the range of 30—40 Q-m.
These values are indicative of sand and gravel-dominated
deposits with minor clay content, or alternating layers of sand-
stone, shale, and unconsolidated sediments. Such formations
are generally considered moderately to highly transmissive
(Malik et al., 2019).

The ERS-derived lithological variability has important
implications for vertical hydraulic connectivity and ground-
water recharge when considered within the broader hydroge-
ological setting of the UIP. The region is underlain by a thick
sequence of unconsolidated alluvial deposits characterized
by pronounced lateral and vertical heterogeneity, comprising
interbedded sand, silt, clay, and locally gravel, with sandy
units forming the principal water-bearing zones (Bennett
et al., 1967; Greenman et al., 1967). Regional hydrogeolog-
ical sections presented by Greenman et al. (1967) further
demonstrate substantial variability in the thickness and con-
tinuity of these lithological units and in groundwater-table
conditions across the UIP. The potential for infiltrated water
to contribute to groundwater recharge therefore depends not
only on near-surface hydraulic properties but also on depth
to groundwater, vadose-zone thickness, and the vertical con-
tinuity and hydraulic properties of the intervening sediments.
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FIGURE 13 Soil texture at the surface layer in doabs.
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FIGURE 14 Soil textures at the middle layer in doabs.

FIGURE 15 Soil textures at the bottom layer in doabs.
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Lithological features at 50-m depth in doabs.

Relatively shallow groundwater combined with hydraulically
connected permeable sandy units may favor deep percolation,
whereas a deeper water table or intervening fine-textured,
low-permeability layers may increase vadose-zone storage
and retard vertical water movement.

Surface water and groundwater are strongly interconnected
within the Indus alluvial system. The major rivers have his-
torically constituted important sources of aquifer recharge,
whereas development of the IBIS has substantially modi-
fied the groundwater regime through canal and watercourse
seepage and irrigation return flows (Greenman et al., 1967,
Young et al., 2019). River-aquifer exchange varies spatially
and seasonally according to the hydraulic gradient between
the river stage and the adjacent groundwater table. Individual
river reaches therefore exhibit losing conditions, contribut-
ing recharge where the river stage exceeds groundwater head,
or gaining conditions where groundwater heads exceed river
stage (return flows). These relationships have been further
modified by long-term irrigation development and ground-
water abstraction and consequently vary among the doabs
and over time. The occurrence of freshwater zones adjacent
to major rivers and irrigation channels further reflects the
long-term influence of surface-water seepage on groundwa-
ter conditions within the alluvial aquifer (Greenman et al.,
1967).

Within this hydrogeological framework, the SIRs measured
in this study characterize near-surface water-transmission
behavior rather than groundwater recharge itself. Actual
recharge requires infiltrated water to percolate through the
vadose zone and reach the groundwater table; its magnitude
and timing are therefore controlled by vadose-zone thickness,
antecedent water content, lithological heterogeneity, verti-
cal hydraulic connectivity, evapotranspiration, and prevailing
hydraulic gradients. Consequently, relatively high infiltration
rates do not necessarily translate into proportionally high
groundwater recharge where the water table is deep or inter-
vening low-permeability layers restrict vertical percolation.
Integrating field infiltration measurements with ERS-derived
subsurface lithology and established regional hydrogeologi-
cal conditions therefore provides a process-based framework
for evaluating recharge potential across the heterogeneous
alluvial setting of the UTP.

Overall, the results indicate greater lithological hetero-
geneity within the shallow subsurface, whereas the deeper
investigated horizons are comparatively more uniform and
generally dominated by materials having greater water-
transmission potential. This vertical contrast emphasizes the
importance of hydraulic connectivity across the soil-vadose
zone-aquifer continuum when interpreting infiltration and
groundwater-recharge processes across the UIP.
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4 | CONCLUSIONS

This study presents the first comprehensive basin-scale
characterization of soil physico-hydraulic properties and sub-
surface lithology across ~11 Mha of the UIP, delivering a
uniquely integrated dataset from surface to 50-m depth. By
combining infiltration measurements, soil moisture-retention
curves, soil texture analysis, and ERSs, the work establishes
a robust empirical basis for hydrological assessment in a
data-scarce alluvial basin.

Horton’s cumulative infiltration model consistently outper-
forms the Philip model for estimating SIR, supporting its use
as a field-scale proxy for near-saturated hydraulic conduc-
tivity (K,). Infiltration rates up to 30 mm/h were dominant,
with high spatial variability reflecting strong controls of soil
structure and macroporosity. Bulk density exhibits low vari-
ability, whereas the fitted van Genuchten parameters showed
moderate variability, further demonstrating spatial and depth-
wise heterogeneity in soil hydraulic behavior. The relatively
high steady-state infiltration in the middle layer indicates the
potential influence of macropores and more permeable sandy
strata.

Soil texture is dominated by silty clay loam, sandy loam,
and silt loam, with a general increase in clay content with
depth due to vertical translocation, except in active flood-
plain zones where depositional processes override leaching.
The heterogeneous shallow layers (0-3 m) overlying relatively
uniform and transmissive deeper alluvial formations (3—50 m)
indicate favorable conditions for groundwater movement and
recharge.

Collectively, these findings demonstrate that soil-vadose-
aquifer interactions in the UIP are strongly depth-dependent
and spatially heterogeneous, highlighting the importance
of site-specific parameterization for reliable modeling. The
resulting dataset and insights provide a critical regional
benchmark for improving flood simulation, irrigation plan-
ning, and groundwater management and offer a scalable
framework for process-based hydrological characterization of
large, heterogeneous alluvial systems.
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