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The Varamin plain, located southeast of Tehran, is experiencing land subsidence,
leading to infrastructure damage and reduced aquifer storage capacity. Despite
previous zonation studies, the temporal dynamics of subsidence and its differential
behavior across various geological units have received less attention. In this study,
using 10-year time series (2014-2024) derived from radar interferometry
(Sentinel-1, LiCSBAS) and ARIMA modeling on stationary data (first-order
differencing), the autocorrelation structure of nine observation wells in different
parts of the Varamin aquifer was analyzed. The results showed that in stations
located within fine-grained clay units (e.g., W-14 and W-03), the mean 10-year
cumulative subsidence rates were 726 mm and 473 mm, respectively, and the
temporal behavior followed an autoregressive (AR) model with a stable trend. In
contrast, stations in coarse-grained units (W-06 and W-08) exhibited mean
subsidence rates of less than 200 mm and showed purely random (moving average)
behavior without a significant trend. The Ljung—Box test confirmed the adequacy of
the models (p-value > 0.05). The main finding of this study is that sediment grain
size, particularly the thickness and continuity of clay layers, plays a decisive role in
the type of subsidence dynamics (trending vs. random), and that groundwater level
decline alone, without sufficient clay layers, does not lead to significant subsidence.
This result highlights the need for risk zoning based on sediment type, not only on
subsidence rates, in the management of alluvial aquifers.
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Expanded Abstract

Introduction

Land subsidence is an important geological
hazard in many arid and semi-arid regions,
particularly where groundwater resources are
intensively exploited. Excessive groundwater
withdrawal reduces pore-water pressure and
increases effective stress  within  aquifer
sediments, resulting in compaction and downward
displacement of the land surface. This process can
damage infrastructure and agricultural lands and
may also cause an irreversible reduction in aquifer
storage capacity (Galloway and Burbey, 2011;
Bagheri-Gavkosh et al., 2021). However,
groundwater-level decline alone does not
necessarily produce the same magnitude of
subsidence in different parts of an aquifer. The
response of the aquifer system also depends on
sediment grain size, the thickness and continuity
of fine-grained layers, aquifer geometry, and
hydrogeological conditions. Fine-grained
sediments, particularly clay and silt, generally
have a greater potential for compaction than
coarse-grained deposits.

The Varamin Plain, located southeast of Tehran,
is an important agricultural region that has
experienced considerable groundwater depletion
and land subsidence. Previous studies have
mainly focused on the spatial distribution and
zoning of subsidence, while less attention has
been given to its temporal behavior and the
differences between geological units. Time-series
analysis can provide additional information on
whether deformation at a specific location is
persistent and temporally dependent or mainly
controlled by short-term fluctuations. In this
study, Sentinel-1 InSAR time-series data were
integrated with Autoregressive Integrated Moving
Average (ARIMA) modeling to investigate the
temporal dynamics of land subsidence in the
Varamin aquifer. The objectives were to
determine the spatial and temporal patterns of
subsidence during 2014-2024, characterize the
temporal structure of deformation at selected
observation wells, compare the behavior of fine-
and coarse-grained sedimentary environments,
and evaluate the role of groundwater decline and
sediment  characteristics in  controlling
subsidence.
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Materials and Methods

The Varamin Plain is located in southeastern
Tehran Province within the Central Iranian
geological zone. Groundwater generally flows
from northwest to southeast, and groundwater
depth varies from approximately 4 to 224 m. The
northern parts of the aquifer are generally
characterized by thicker and coarser alluvial
deposits, whereas finer-grained sediments
become more important toward the central,
southern, and southwestern parts.

Land-surface displacement was investigated using
Sentinel-1 radar data covering the period from
October 2014 to July 2024. The Small Baseline
Subset (SBAS) approach and LiCSBAS package
were used to derive cumulative displacement
maps and displacement time series (Morishita et
al., 2020). Surface-displacement time series were
initially extracted for 14 observation wells located
in different hydrogeological and geological
settings.

Stationarity of the time series was examined using
the Augmented Dickey-Fuller (ADF) test. The
original series were generally non-stationary, and
first-order differencing was therefore applied.
Most time series became stationary after first-
order differencing. W-10 and W-12 remained
non-stationary and required a different
differencing order; therefore, they were excluded
to maintain a consistent statistical framework
among the compared stations. The final ARIMA
analysis was performed for nine observation
wells. The Box-Jenkins procedure was used for
model identification. Autocorrelation Function
(ACF) and Partial Autocorrelation Function
(PACF) plots were examined to identify suitable
autoregressive and moving-average orders.
Candidate models were compared using the
Akaike Information Criterion (AIC) and Bayesian
Information Criterion (BIC), and residual
independence was evaluated using the Ljung-Box
test. Prediction accuracy was assessed using Mean
Absolute Error (MAE), Root Mean Square Error
(RMSE), and Mean Absolute Percentage Error
(MAPE). The modeled temporal behavior was
subsequently compared with groundwater-level
changes and available lithological information.

Results and Discussion
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The ten-year InSAR analysis revealed
considerable spatial variability in subsidence
across the Varamin Plain. The maximum annual
subsidence rate reached approximately 92.6
mm/year. Three main subsidence zones were
identified: a severe and extensive zone in the
southwestern part of the plain, a localized high-
rate zone northwest of Pakdasht, and a relatively
extensive but lower-rate zone along the northern
Varamin-Pakdasht area. This spatial variability
indicates that the aquifer does not respond
uniformly to groundwater depletion.

The original subsidence time series were
predominantly non-stationary. After first-order
differencing, nine selected stations satisfied the
stationarity requirements and were modeled using
ARIMA. Different model structures were
obtained for different locations, demonstrating
that subsidence also exhibits considerable
temporal heterogeneity. Among the investigated
stations, W-14 and W-03 showed some of the
highest ~ cumulative subsidence  values,
approximately 726 and 473 mm, respectively.
These stations are located in areas containing
relatively fine-grained sediments. W-14 was
represented by ARIMA(1,1,0), whereas W-03
was represented by ARIMA(2,1,1). Their
autoregressive components indicate that current
deformation is partly related to previous
deformation states, suggesting a relatively
persistent compaction process.

In contrast, W-06 and W-08, located mainly in
coarser-grained  sedimentary  environments,
showed  substantially  lower  cumulative
subsidence. W-06 was represented by
ARIMA(0,1,1), indicating dominance of a
moving-average  component and  greater
sensitivity to short-term fluctuations. W-08 was
represented by ARIMA(2,1,2), showing a mixed
temporal structure. Therefore, the temporal
behavior of subsidence differed substantially
among the geological settings.

An important observation was that considerable
groundwater-level decline did not always
correspond to high land subsidence. W-06 and W-
08 experienced substantial groundwater-level
changes but showed relatively limited surface
deformation. In contrast, W-03 and W-14 showed
much greater subsidence in areas containing more
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fine-grained sediments. These results suggest that
groundwater depletion is an important triggering
factor, but the magnitude of surface deformation
is strongly controlled by the presence of
compressible sediments.

Fine-grained clay-rich layers can undergo
substantial consolidation following pore-pressure
reduction, whereas coarse-grained sandy and
gravelly deposits generally exhibit lower
compressibility. Consequently, two locations
experiencing similar groundwater-level declines
may undergo very different amounts of land
subsidence. This interpretation is consistent with
previous studies emphasizing the effects of
aquifer-system compaction and sediment
characteristics on subsidence behavior (Hung et
al., 2010; Heidari et al., 2026).

The Ljung-Box test produced p-values greater
than 0.05 for the final fitted models, indicating
that significant residual autocorrelation was not
present. The p-values were 0.78 for W-06, 0.85
for W-08, 0.57 for W-03, and 0.62 for W-14.
Model performance based on MAE and RMSE
was generally acceptable. However, MAPE
produced relatively large values at several stations
because this index becomes unstable when
observed displacement values approach zero. The
fitted models were also used for short-term
forecasting. The general forecast pattern indicated
continuation of subsidence at most stations. At W-
14, cumulative subsidence was predicted to
increase from approximately 731.7 mm at the first
forecast step to approximately 799.0 mm at the
twelfth step, corresponding to about 67.3 mm of
additional deformation. Nevertheless, ARIMA
models are linear and do not explicitly include
physical controlling factors such as groundwater
abstraction, recharge, and precipitation; therefore,
the forecasts should mainly be considered short-
term statistical estimates.

Conclusions

The integration of Sentinel-1 InNSAR observations
and ARIMA time-series modeling provided an
effective framework for investigating both spatial
and temporal variations in land subsidence in the
Varamin Plain. The results showed that
subsidence behavior is highly heterogeneous and
cannot be explained solely by groundwater-level
decline.
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The most important finding is that sediment
characteristics, particularly the presence and
continuity of fine-grained compressible layers,
strongly control the magnitude and temporal
behavior of subsidence. W-14 and W-03, located
in relatively fine-grained settings, experienced
substantially greater cumulative deformation and
stronger temporal dependence than stations
located in coarser-grained deposits. Therefore,
groundwater-level decline should be regarded as a
major triggering factor, while the geological and
sedimentological characteristics of the aquifer
determine the magnitude of its deformation
response. Subsidence hazard assessment should
consequently consider groundwater decline
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together with sediment type, clay content, and the
spatial distribution of compressible layers.

The results also demonstrate that ARIMA
modeling can distinguish between persistent and
short-term deformation behavior and provide
useful short-term forecasts. Future studies should
incorporate groundwater abstraction, recharge,
precipitation, and other explanatory variables
using ARIMAX or multivariate approaches. More
detailed information on clay thickness and
mineralogical composition would also improve
interpretation of the physical mechanisms
controlling subsidence.
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Figure 1- The extent of the Varamin aquifer on the geological map (Haddadan and Mohammadian, 2006).
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Figure 2- Maps of a) groundwater depth, b) clay percentage, c) transmissivity, and d) confined and unconfined extent in the
Varamin aquifer.
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Table 1- Data for stationarity analysis of subsidence data and first-order difference of subsidence.

Original Data First-order differencing

Name ADF Statistic p-value Is Stationary (p<0.05) ADF Statistic p-value Is Stationary (p<0.05)
W-03 -2.05 0.26 Non-Stationary -5.88 0.00 Stationary
W-04 -2.75 0.07 Non-Stationary -3.14 0.02 Stationary
W-05 -0.20 0.94 Non-Stationary -7.44 0.00 Stationary
W-06 -0.70 0.85 Non-Stationary -15.72 0.00 Stationary
W-08 -1.97 0.30 Non-Stationary -16.97 0.00 Stationary
W-09 0.14 0.97 Non-Stationary -6.01 0.00 Stationary
W-10 1.80 1.00 Non-Stationary -1.48 0.54 Non-Stationary
W-11 1.90 1.00 Non-Stationary -12.43 0.00 Stationary
W-12 1.96 1.00 Non-Stationary -1.58 0.49 Non-Stationary
W-13 0.17 0.97 Non-Stationary -12.74 0.00 Stationary
W-14 0.56 0.99 Non-Stationary -8.81 0.00 Stationary
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Figure 4- Map of cumulative subsidence, observation wells, and aquifer type of Varamin in the period from September 2014 to June

2024.
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Table 2- Summary of fitted Autoregressive Integrated Moving Average (ARIMA) models for subsidence time series at selected
observation wells in the Varamin Plain, along with Akaike and Bayesian information criteria, p-values of the Ljung—Box test, and
prediction accuracy metrics, including MAE and RMSE in millimeters and MAPE in percent.

Name ARIMA (p,d,q) AIC BIC Ljung-Box %MAE(mm) RMSE (mm) MAPE
W-06 ARIMA(0,1,1) 52823 53655 (.78 1.22 1.65 114.01
W-05 ARIMA(4,14) 70579 733.5 017 3.86 4.97 24773
W-08 ARIMA(2,12) 392.63 40925 (.85 1.16 1.42 90.46
W-04 ARIMA(2,12) 54145 55807 .93 1.30 1.65 603.30
W-03 ARIMA(2,1,1) 713.61 72746 (57 3.46 473 58.9
W-09 ARIMA(4,14) 448.84 47655 (.85 1.4 1.75 190.07
W-11  ARIMA(1,1,0) 619.87 628.18 (27 2.93 3.55 1022.62
W-14  ARIMA(1,1,0) 769.99 778.3 0.62 55 6.66 33891
W-13  ARIMA(0,1,1) 60526 613.57 (.69 3.08 3.86 101.45
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Figure 5- Chart of actual data, test, and predicted subsidence values at observation wells.
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Figure 6- Well log, 20-year groundwater level decline (2004—2025), and 10-year subsidence at the location of observation wells.
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