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Abstract: Kuh-e-Namak (Dashti) namakier is one of the most active salt diapirs along the Zagros
fold–thrust belt in Iran. Its surface deformation should be measured to estimate its long-term
kinematics. Ten Sentinel-2 optical images acquired between October 2016 and December 2019 were
processed by using Co-Registration of Optically Sensed Images and Correlation (COSI-Corr) method.
Forty-seven Sentinel-1 ascending Synthetic Aperture Radar (SAR) images acquired between April
2017 and December 2019 were processed by using Small Baseline Subset Synthetic Aperture Radar
Interferometry (SBAS-InSAR) method. The deformation of Kuh-e-Namak (Dashti) namakier was
measured using both methods. Then, meteorological data were utilized to explore the relationship
between the kinematics of the namakier and weather conditions and differences in macrodeformation
behavior of various rock salt types. The advantages and disadvantages of COSI-Corr and SBAS-
InSAR methods in measuring the deformation of the namakier were compared. The results show that:
(1) The flank subsides in the dry season and uplifts in the rainy season, whereas the dome subsides
in the rainy season and uplifts in the dry season. Under extreme rainfall conditions, the namakier
experiences permanent plastic deformation. (2) The “dirty” rock salt of the namakier is more prone
to flow than the “clean” rock salt in terms of macrodeformation behavior. (3) In the exploration of the
kinematics of the namakier via the two methods, COSI-Corr is superior to SBAS-InSAR on a spatial
scale, but the latter is superior to the former on a time scale.

Keywords: Kuh-e-Namak (Dashti) namakier; COSI-Corr; SBAS-InSAR; salt kinematics

1. Introduction

Rock salt is one of the few rocks that can flow. As a conventional element of the oil
and gas system, rock salt is vital to the evolution of trap structures and the formation
of oil and gas migration paths [1,2]. In addition, storage caverns can be excavated in
salt diapirs to store energy or hazardous chemical and nuclear waste materials because
rock salt has the characteristics of creep, good sealing, and self-deformation recovery [3].
As such, rock salt deformation on surfaces of salt diapirs should be studied to estimate the
long-term kinematics of salt diapirs. The oil and gas system related to salt diapirs and the
construction of storage caverns in salt diapirs should also be explored.

Exposed salts diapirs in the Zagros fold–thrust belt and central Iran between Alborz
Mountains and Great Kavir provide a natural laboratory for studying surface rock salt
deformation [4–8]. Kuh-e-Namak (Dashti) namakier is the most representative salt diapir
in the Zagros fold–thrust belt in Iran and has been widely explored [9–12]. Talbot et al. used
traditional measurement techniques to measure the seasonal movements of Kuh-e-Namak
(Dashti) namakier [10]. However, they only measured the seasonal deformation behavior
of the flank of the namakier. In terms of the namakier rock salt microstructure, Závada
et al. sampled and analyzed different rock salts of the namakier. They revealed further

Remote Sens. 2021, 13, 785. https://doi.org/10.3390/rs13040785 https://www.mdpi.com/journal/remotesensing

https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-0077-2196
https://doi.org/10.3390/rs13040785
https://doi.org/10.3390/rs13040785
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/rs13040785
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/2072-4292/13/4/785?type=check_update&version=3


Remote Sens. 2021, 13, 785 2 of 16

details on the differences in the microstructure of various rock salt types. However, studies
have yet to prove whether the macroscopic deformation behavior is consistent with the
difference in microstructure [12].

Since the last century, traditional measurement techniques have been applied to
characterize the deformation of surface rock salt [10,13]. With the development of Interfero-
metric Synthetic Aperture Radar (InSAR) technology, Differential Interferometry Synthetic
Aperture Radar (D-InSAR) technology has been widely applied to explore salt diapir defor-
mation [14,15] because of its advantages in obtaining small surface deformations on a large
scale [16,17]. Baikpour et al. and Aftabi et al. utilized D-InSAR technology to measure the
deformation of the Garmsar salt nappe in the southern Alberta Mountains and the Syahoo
salt diapir in the Zagros Mountains, respectively, and detected different deformation pat-
terns of salt diapirs during the dry and rainy seasons [14,15]. Advanced multi-temporal
InSAR techniques can obtain more detailed, precise configuration of surface deformation
than the D-InSAR technology [18–21]. Therefore, multi-temporal InSAR techniques were
applied to rapidly measure the deformation of salt diapirs [22–25]. Abolmaleki et al. and
Roosta et al. utilized SBAS-InSAR technology to measure the de-formation of the Qum
Kuh diapir and the buried Nasr Abad salt diapir, respectively, and described a more
detailed seasonal flow pattern of salt diapirs [23,25]. Displacement measurements by
SBAS-InSAR technology may achieve high accuracies, but they require that the coherence
between different images is not lost due to deformation of the salt diapir. Furthermore,
the COSI-Corr method is a new means of monitoring surface deformation through the
subpixel-level co-registration of two different optical images [26]. It has been widely
used in research on glacier flow [27,28], landslides [29,30], sand dune migration [31,32],
and seismic displacement [33,34]. However, COSI-Corr method is rarely applied to diapir
deformation research.

To explore the feasibility of COSI-Corr method in measuring deformation of salt
diapirs, we utilized COSI-Corr and SBAS-InSAR methods to measure the deformation
of Kuh-e-Namak (Dashti) namakier on the basis of Sentinel-1 and-2 images. Moreover,
we compensated for the deficiency of the research on the overall deformation behavior
of Kuh-e-Namak (Dashti), while studying the relationship between macrodeformation
behavior of different rock salt and their microstructure. Finally, COSI-Corr and SBAS-InSAR
methods were compared in terms of their advantages and disadvantages in describing the
namakier kinematics.

2. Background
2.1. Geologic Setting

Kuh-e-Namak (Dashti) namakier is located between Dashti and Dayyer counties in
Bushehr Province in Iran (Figure 1a). The namakier is composed of the Hormuz Formation
rock salt, which consists of Infra-Cambrian and Cambrian evaporites with an original
thickness of about 1–2.5 km [35]. In the Late Cretaceous, under the influence of compression
activities related to the closure of the New Tethys Ocean, the diapir pierced the overlying
Mesozoic limestone outcropping on the surface (Figure 1b). Around the Miocene, as the
Arabian and Central Iranian plates continued to expand and squeeze along the main Zagros
fault, rock salt continued to rise and spread around to form the namakier [36].
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Figure 1. (a) Location of Kuh-e-Namak (Dashti) namakier; and (b) geological map of Kuh-e-
Namak (Dashti) namakier (modified from [37]). 

The namakier comprises a dome extending in the NNE–SSW direction and two 
flanks in the north and south (Figure 2a). The rock salt types of the namakier are defined 
as “dirty” rock salt containing water-insoluble residuum between 4.8 wt.% and 17 wt.% 
and “clean” rock salt with insoluble residuum less than 1.37 wt.%. The “dirty” rock salt 
originates from the Hormuz debris that is continuously comminuted and dispersed in the 
surrounding salt masses, resulting in different rock salt colors, such as gray, magenta, 
green, and black. Other “clean” rock salt without Hormuz debris appears pink, brown, 
orange, red, and white. “Clean” rock salt is mainly distributed in the south of the 
namakier, and “dirty” rock salt is mainly distributed in the dome and northern part of the 
namakier (Figure 2b). 

Figure 1. (a) Location of Kuh-e-Namak (Dashti) namakier; and (b) geological map of Kuh-e-Namak (Dashti) namakier
(modified from [37]).

The namakier comprises a dome extending in the NNE–SSW direction and two flanks
in the north and south (Figure 2a). The rock salt types of the namakier are defined as “dirty”
rock salt containing water-insoluble residuum between 4.8 wt.% and 17 wt.% and “clean”
rock salt with insoluble residuum less than 1.37 wt.%. The “dirty” rock salt originates from
the Hormuz debris that is continuously comminuted and dispersed in the surrounding
salt masses, resulting in different rock salt colors, such as gray, magenta, green, and black.
Other “clean” rock salt without Hormuz debris appears pink, brown, orange, red, and
white. “Clean” rock salt is mainly distributed in the south of the namakier, and “dirty”
rock salt is mainly distributed in the dome and northern part of the namakier (Figure 2b).Remote Sens. 2021, 13, 785 4 of 18 

 

 

 
Figure 2. (a) Google Earth image of Kuhe-e-Namak (Dashti) namakier. The red rectangle indi-
cates the stable zone used to correct the errors in image registration. (b) Distribution of rock salt 
types in Kuh-e-Namak (Dashti) (modified from [12]). 
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but promotes the lateral flow of the rock salt, causing the flank to uplift [15]. 

In terms of rainfall, rock salt is one of the most soluble rocks. At 25 °C, 1 cm of rain 
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the energy accumulated by rock salt under the carapace is quickly released, thereby accel-
erating the lateral flow rate of rock salt. Thus, the overall decline of the salt diapir occurs, 
while the flank extends outward. 

  

Figure 2. (a) Google Earth image of Kuhe-e-Namak (Dashti) namakier. The red rectangle indicates the stable zone used to
correct the errors in image registration. (b) Distribution of rock salt types in Kuh-e-Namak (Dashti) (modified from [12]).
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2.2. Salt Diapirs Deformation

Salt diapirs deformation is related to weather conditions. Talbot et al. described the salt
diapirs deformation under different weather conditions [15,38]. In terms of temperature,
salt diapirs have two completely different rheological mechanisms during the dry season
because of the impact of the elastic carapace with a thickness of about 5–10 m on the flow of
rock salt [39]. One is the dry inflation model wherein the carapace inhibits the lateral flow
of the rock salt, causing the dome to uplift and the flank to subside [38]. The other is the
dry deflation model wherein the carapace hinders the uplifting of the dome but promotes
the lateral flow of the rock salt, causing the flank to uplift [15].

In terms of rainfall, rock salt is one of the most soluble rocks. At 25 ◦C, 1 cm of
rain can dissolve 0.1667 cm of salt [40]. During rainfall, as the carapace dissolves or
weakens, the energy accumulated by rock salt under the carapace is quickly released,
thereby accelerating the lateral flow rate of rock salt. Thus, the overall decline of the salt
diapir occurs, while the flank extends outward.

3. Materials and Methods
3.1. Data
3.1.1. Optical Data

The optical data used in this research are Sentinel-2A/B images. The variation in the
sun zenith angle during image acquisition results in different mountain shadows because
the namakier is located in a mountainous area with a complex terrain. During correlation
processing, mountain shadows cause false displacement measurements. Moreover, as
Sentinel-2 Level-1C data have been orthorectified [41], orthorectification during correlation
processing is unnecessary. Therefore, 10 Sentinel-2 Level-1C images with similar sun zenith
angles and low cloud cover from 22 October 2016 to 26 December 2019 were collected.
Table 1 shows details of collected Sentinel-2A/B images.

Table 1. The specific information of collected Sentinel-2A/B images.

Sensor Acquisition Dates
(YYMMDD)

Orbit
Number Cloud Cover

(Percentage)

Sun Zenith
Angle

(Degree)

Sun
Azimuth

Angle
(Degree)

S2A_MSIL1C 22 October 2016 106 0.007 41.947 159.039
S2A_MSIL1C 31 December 2016 106 0.000 54.580 158.671
S2A_MSIL1C 1 March 2017 106 0.153 41.277 147.256
S2A_MSIL1C 17 October 2017 106 0.311 40.242 157.793
S2B_MSIL1C 31 December 2017 106 4.257 54.594 158.692
S2B_MSIL1C 19 February 2018 106 0.357 44.797 149.363
S2B_MSIL1C 17 October 2018 106 1.278 40.166 157.714
S2B_MSIL1C 24 February 2019 106 0.049 43.189 148.427
S2B_MSIL1C 22 October 2019 106 0.012 41.703 158.914
S2A_MSIL1C 26 December 2019 106 0.370 54.656 159.550

3.1.2. SAR Data

The SAR data used in this research is Sentinel-1A images. In total, 47 Sentinel-1A
ascending images were collected from 18 April 2017 to 28 December 2019, with a sampling
interval of 12 days in the rainy season and approximately 30 days in the dry season.
Moreover, precise orbital ephemeris data and digital elevation Model 1 arc-seconds shuttle
radar topography mission (SRTM) data were applied to orbit refinement and terrain phase
removal, respectively. Table 2 shows the details of the collected data set.
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Table 2. The specific information of collected Sentinel-1A images and SRTM data.

Data Parameters Description

Sentinel-1A

Type SLC (Single Look Complex)
Image Mode IW (Interferometric Wide)

Band C
Track number 28
Polarization VV (Vertical Polarization)

Range Resolution (m) 5
Azimuth Resolution (m) 20

SRTM Resolution (m) 30

3.1.3. Meteorological Data

Daily meteorological data from 1 January 2016 to 31 December 2019 were obtained
from the BANDAR-E DAYYER weather station in Iran through National Oceanic and
Atmospheric Administration (NOAA) to explore the relationship between the deformation
of the namakier and the weather conditions. The liner distance between the station and the
namakier is 50 km.

The collected daily data were measured in each month, and statistical analysis showed
the area where the namakier is located from April to October in each year in the dry season
and from October to April in the rainy season (Figure 3). From 2016 to 2019, the maximum
precipitation in February 2017 was 284.988 mm.
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Figure 3. (a) Monthly temperature data from January 2016 to October 2020 recorded by BANDAR-E DAYYER weather
station; (b) Monthly precipitation data from January 2016 to October 2020 recorded by BANDAR-E DAYYER weather station.

3.2. Methods
3.2.1. COSI-Corr

COSI-Corr is a software module integrated in ENVI. Through the correlation of input
image pairs, it can produce a horizontal displacement image comprising three bands:
displacement in the east–west (E/W) and north–south (N/S) directions and the signal–
noise ratio (SNR). Positive values in the E/W and N/S bands indicate the pixels move
eastward and northward, respectively. SNR range from 0 to 1, and higher values indicate
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high confidence in measuring displacements. The image correlation accuracy is on the
order of 1/20–1/10 of the pixel size [42].

In this study, as suggested by Ali et al. [43], the near-infrared band (B8) of Sentinel-2
images was taken as input, and the frequency correlator was used for correlation. The
following parameters were set: initial and final window sizes to 32 × 32, step size to 1,
robustness iteration to 2, and mask threshold to 0.9. In this way, eight correlation image
pairs were obtained (Table 3). The accuracy of displacement measurements is on the order
of 0.5–1 m.

Table 3. Mean and standard deviation of displacements and SNR in the stable area of each Sentinel-2A/B image pair.

Pre-Image
(YYYYMMDD)

Post-Image
(YYYYMMDD)

Sun Zenith
Angle Dif-

ferences
(Degrees)

East/West
Displacement

(Meters)

North/South
DISPLACEMENT

(Meters)
SNR

Mean
Standard

Devia-
tion

Mean
Standard

Devia-
tion

Mean
Standard

Devia-
tion

22 October 2016 1 March 2017 0.670 −1.417 0.393 1.411 0.350 0.9959 0.0015
1 March 2017 17 October 2017 1.035 1.471 0.369 1.191 0.336 0.9957 0.0015

17 October 2017 19 February 2018 4.555 −2.301 0.468 −2.874 0.373 0.9948 0.0017
19 February 2018 17 October 2018 4.631 −3.814 0.434 0.389 0.301 0.9950 0.0018
17 October 2018 24 February 2019 3.023 3.602 0.421 −1.404 0.323 0.9947 0.0021

24 February 2019 22 October 2019 1.486 −1.687 0.456 0.268 0.265 0.9955 0.0016
31 December 2016 31 December 2017 0.014 −0.149 0.256 −0.580 0.174 0.9977 0.0008
31 December 2017 26 December 2019 0.076 −2.279 0.187 2.486 0.135 0.9978 0.0007

In comparison with the 10 m spatial resolution of the Sentinel-2 image near-infrared
band (B8), the DEM at 90 m spatial resolution used for Sentinel-2 Level-1C data orthorec-
tification cannot completely eliminate terrain errors in rugged mountainous areas [44].
Therefore, an exposed area of bedrock near the namakier was selected as the stable area
(Figure 2a). The mean E/W and N/S displacement values in the stable area were used to
correct the errors in image registration.

After the co-registration error was eliminated, the whole displacement of the namakier
was calculated using Euclidean distance (Equation (1)):

Displacement =
√

d2
EW + d2

NS (1)

3.2.2. SBAS-InSAR

As a multi-temporal InSAR technology, SBAS-InSAR method obtains surface deforma-
tion by combining different interferometric pairs within the thresholds of small time–space
baselines [45]. SBAS-InSAR method is more appropriate to regions lacking persistent
enough scatters [46]. In this study, the SBAS-InSAR method was utilized to process the
collected Sentinel-1A images in ENVI Sarscape module. The four steps of the process are
presented as follows.

In the first step, interferometric pairs were generated. The maximum normal baseline
was set to 2% of the critical baseline, and the maximum temporal baseline was set to
90 days. The image acquired on 27 November 2018 was selected as the super master image
(SMI), and 114 interferometric pairs were generated in this step (Figure 4).
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In the second step, i.e., interferometric flow, the Goldstein filter method [47] was used
for filtering, the minimum cost flow (MCF) method [48] was utilized for unwrapping, and
the external DEM was applied to remove the terrain phase. Then, the generated map of
coherence and phase unwrapping was checked, and the interferometric pairs with low
coherence or unsatisfactory phase unwrapping were eliminated.

In the third step, i.e., refinement and re-flattening, 34 ground control points (GCPS)
were used to eliminate the residual phase coefficient and phase ramps from the unwrapped
phase stack. The GCPs were selected at the area with the coherence value >0.7 [49].

In the last step, i.e., SBAS inversion, the linear model and the residual phase were used
to estimate the surface deformation. The residual atmospheric phase was eliminated with
a spatial–temporal filter (time filter window set to 365 days and space filter window set to
1200 m) [50]. Subsequently, the accumulated surface deformation and average deformation
velocity along the line of sight (LOS) direction were employed.

4. Results
4.1. Deformation Measurements of COSI-Corr

The namakier deformation measurements of COSI-Corr method during the acquisition
period of eight image pairs between 22 October 2016 and 26 December 2019 are shown
in Figure 5. The maximum displacement of the namakier was 21.03 m, which occurred
from 22 October 2016 to 1 March 2017, and the minimum displacement was 14.49 m,
which occurred from 17 October 2017 to 19 February 2018. Then, the total displacement
was divided by the image pair time interval to calculate the deformation velocity and
explore the relationship between the deformation of the namakier and weather conditions.
The accumulated precipitation and average temperature in the interval between image
pairs were also determined (Table 4).
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Table 4. Displacement and deformation velocity of Kuh-e-Namak (Dashti) namakier in each Sentinel-
2A/B image pair and accumulated precipitation and average temperature during each image pair
acquisition time interval.

Correlation Pair
(YYYYMMDD)

Accumulated
Precipitation

(mm)

Average
Temperature

(◦C)

Displacement
(m) Velocity (m/d)

22 October 2016–1 March 2017 377.190 21.34 21.03 0.162
1 March 2017–17 October 2017 55.626 31.94 19.71 0.086

17 October 2017–19 February 2018 113.538 22.13 14.49 0.116
19 February 2018–17 October 2018 51.308 31.26 19.40 0.081
17 October 2018–24 February 2019 159.004 21.69 20.00 0.154
24 February 2019–22 October 2019 66.294 30.91 18.29 0.076

31 December 2016–31 December 2017 471.678 28.04 19.89 0.054
31 December 2016–26 December 2019 887.730 27.97 19.38 0.018

The results show that the deformation velocity of the namakier in the rainy season
was greater than that in the dry season. The amount of accumulated precipitation in the
rainy season and the average temperature in the dry season determine the magnitudes of
the deformation velocity in the rainy and dry seasons, respectively. Moreover, the amount
of precipitation in the rainy season determines the area of the namakier deformation area
in the rainy and dry seasons. The deformation measurements of the two year-to-year
scale image pairs from 31 December 2016 to 31 December 2017 and from 31 December
2016 to 26 December 2019 revealed that the deformation area and displacement of the
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namakier were similar. This deformation represented the irreversible plastic deformation
of the namakier.

The displacement vector obtained by COSI-Corr method processing of the four image
pairs from 22 October 2016 to 17 October 2018 was used to generate the namakier deforma-
tion vector field of dome and flank in dry and rainy seasons and describe the deformation
of the namakier more vividly and intuitively. The results show that the dome and flank
flow outward during the rainy season and inward during the dry season (Figure 6).Remote Sens. 2021, 13, 785 10 of 18 
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Figure 6. Vector field derived from four Sentinel-2A/B image pairs from 22 October 2016 to 17 Octo-
ber 2018. The red arrows represent the displacement vector during the rainy season, and the blue
arrows represent the displacement vector during the dry season. The pointing of the arrow represents
the direction in which rock salt flows. (a) The location of selected two zones of the flank; (b) the
vector field of the red rectangle zone of the flank during the rainy season; (c) the vector field of the
blue rectangle zone of the flank during the dry season. (d) The location of selected two zones of the
dome; (e) the vector field of the blue rectangle zone of the dome during the dry season; (f) the vector
field of the red rectangle zone of the dome during the rainy season.
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Considering different rock salts have different distribution areas and most areas of the
namakier displacement are close to 0, the maximum displacement measured with the COSI-
Corr method was selected as an index to measure the difference in the macrodeformation
behavior of different rock salt of the namakier (Table 5). The results show that the maximum
displacement ranges of “clean” rock salts (“clean” rock salt type, white rock salt) and “dirty”
rock salts (“dirty” rock salt type, magenta rock salt, black rock salt, and gray rock salt) are
2.54–7.34 and 2.11–21.03, respectively.

Table 5. Maximum Displacement of different rock salt in each Sentinel-2A/B image pair.

Correlation Pair
(YYYYMMDD)

Maximum Displacement (m)

Black Magenta White Gary “Clean” “Dirty”

22 October 2016–1 March 2017 21.03 4.00 3.44 3.46 3.62 19.78
1 March 2017–17 October 2017 11.00 4.77 3.23 19.71 3.84 19.19

17 October 2017–19 February 2018 14.49 3.52 4.81 4.20 2.86 5.99
19 February 2018–17 October 2018 17.80 5.09 4.14 4.32 7.34 5.62
17 October 2018–24 February 2019 17.88 4.91 3.48 20.01 6.92 5.58
24 February 2019 –22 October 2019 18.29 4.48 2.54 4.10 2.97 5.01

31 December 2016–31 December 2017 3.34 2.11 2.26 4.36 3.95 19.89
31 December 2016–26 December 2019 19.38 3.31 17.99 4.31 4.07 19.10

4.2. Deformation Measurements of SBAS-InSAR

The namakier deformation measurements of SBAS-InSAR from 18 April 2017 to
28 December 2019 are shown in Figure 7. The minimum of deformation velocity in LOS is
−300.52 mm/year on the northeast of the dome, and the maximum of deformation velocity
in LOS is 61.78mm/year on the southwest of the dome.
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In total, 4000 points on the flank and dome of the namakier were randomly selected
to explore the relationship between the deformation of the namakier and weather condi-
tions. Then, because weather condition is one of many factors that affect deformation of
namakier, gray relational analysis [51] was utilized to calculate the grey relational degree
between the absolute value of the time series displacement of these points, the accumulated
precipitation, and the average temperature (Table 6).

Table 6. The average grey relational degree between the absolute value of the time series displace-
ment, average temperature, and accumulated precipitation during the Sentinel-1A image acquisition
time interval.

Number of Points Location

Average
Grey Relational Degree

between Average
Temperature and

Displacement

Average
Grey Relational Degree
between Accumulated

Precipitation and
Displacement

2000 Flank 0.6026 0.6932
2000 Dome 0.6023 0.7030

The average grey relational degree between the absolute value of the time series
displacement of the points on the dome and the accumulated precipitation is 0.7030.
The average grey relational degree of the average temperature is 0.6023. On the contrary,
average grey relational degree between the absolute value of the time series displacement
of the points on the flank and the accumulated precipitation is 0.6932. The average grey
relational degree of the average temperature is 0.6026. Two points are selected from the
4000 points. The distribution of these points is shown in Figure 8a, and the time series
displacement of Points A and B are shown in Figure 8b,c.
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Then, the average grey relational degree between the absolute value of time series dis-
placement of different rock salt, the accumulated precipitation, and the average temperature
during the period was used as an index to measure the difference in the macrodeformation
behavior of different rock salt of the namakier and explore the macrodeformation behavior
of different rock salt types (Table 7).

Table 7. The average grey relational degree between the absolute value of time series displacement
of different rock salt, precipitation, and temperature during the Sentinel-1A image acquisition
time interval.

Rock Salt Types Average Grey Relational Degree

Precipitation Temperature

Black 0.6756 0.5935
Magenta 0.6789 0.5652

White 0.6732 0.5725
Gray 0.7153 0.6078

“Clean” 0.6794 0.5831
“Dirty” 0.6957 0.5976

4.3. Kinematics of Kuh-e-Namak (Dashti) Namakier

The vector field of the namakier (Figure 6), and time series displacement for Points A
and B (Figure 8). These results show that the dome of the namakier subsides during the
rainy season and uplifts during the dry season. Contrarily, the flank of the namakier uplifts
during the rainy season and subsides during the dry season.

The deformation measurements of two image pairs from 31 December 2016 to 31 De-
cember 2017 and from 31 December 2016 to 26 December 2019 indicated that the irreversible
plastic displacement was generated from 31 December 2016 to 31 December 2017. In the
next two years, the deformation of the namakier was in a dynamic equilibrium.

Table 4 shows that the deformation of the namakier is correlated with temperature and
precipitation. However, the deformation measurements of the namakier on a larger time
scale cannot reflect a more detailed relationship between the deformation and temperature
and precipitation. The grey relational degree between the absolute value of the time series
displacement and the accumulated precipitation is greater than the average temperature
regardless of the position of a point (i.e., either on the dome or on the flank; Table 6).
Therefore, the effect of precipitation on kinematics is greater than that of temperature.

Table 5 shows that the maximum displacement of “clean” rock salt is not greater than
10. However, in the measurement of each image pair, the maximum displacement of “dirty”
rock salt is greater than 10. Table 7 shows that the grey relational degree of different rock
salt. In terms of precipitation, “clean” rock salt is smaller than gray and “dirty” type rock
salts. In terms of temperature, “clean” rock salt is smaller than black, gray, and “dirty” type
rock salts. Therefore, “dirty” rock salt of the namakier is more prone to flow than “clean”
rock salt.

5. Discussion
5.1. Relationship between Salt Kinematics and Weather Conditions

Two response relationships exist between the kinematics of Kuh-e- Namak (Dashti)
namakier and weather conditions. In terms of precipitation, the dome of the namakier
subsides with the erosion of rainfall, whereas the flank is uplifted by the continuous supply
of rock salt from the dome. In terms of temperature, the namakier is undergoing dry
inflation, not dry deflation, that is, the dome uplifts as temperature increases, and the flank
subsides because of the reconsolidation of the carapace, which inhibits the lateral flow of
rock salt. Talbot et al. measured the markers on the flank of the namakier and showed that
they move downstream during the rainy season, as temperature increases, these markers
move upstream [10]. Moreover, the grey relational degree shown in Table 6 indicates that
the effect of precipitation on salt kinematics is greater than that of temperature. This is
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because of the elastic carapaces on the rock salt surface are strong during dry season, and the
carapaces are weakened by rain during the rainy season [38]. Aftabi et al. and Abdolmaleki
et al. measured the deformation of the Sayhoo and the Qum Kuh salt diapirs, respectively,
and found that salt diapirs have greater salt flow during the rainy season [15,23]. These
measurements also prove that precipitation has a greater effect on the deformation of
salt diapirs.

The permanent plastic deformation of the namakier reflected by the deformation
measurement of the two image pairs from 31 December 2016 to 31 December 2017 and
from 31 December 2016 to 26 December 2019 is caused by the extreme rainfall from
5 February 2017 to 17 February 2017. The BANDAR-E DAYYER weather station recorded
276.606 mm the accumulated precipitation within 12 days. In the original SBAS-InSAR
process, the complete decoherence of the namakier on the phase unwrapping result of the
interference pair from 5 February 2017 to 17 February 2017 also confirmed this situation.
Moreover, this shows result reveals that the deformation of the namakier caused by rainfall
is restored in the subsequent dry season in the absence of extreme rainfall, and the namakier
deformation is in a dynamic equilibrium.

5.2. Relationship between Salt Kinematics and Rock Salt Types

In terms of macrodeformation behavior, “dirty” rock salt is more prone to flow than
“clean” rock salt. Závada et al. showed that “dirty” rock salt rich in solid inclusions is more
ductile than “clean” rock salt because the diffusion rate along the solid inclusion-halite
contact is higher than that along the halite–halite contact. Hematite inclusions in “clean”
rock salt inhibit the dislocation creep, and dissolved Fe slows down the rate of intergranular
diffusion [12]. Therefore, the difference in the macrodeformation behavior of different rock
salt in the namakier is consistent with the variation in their microstructures.

The plastic deformation of the namakier on the two year-to-year scale of image pair
displacement measurement in Figure 5 shows that most of the plastic deformation areas are
concentrated in the northern namakier and the dome. In the southern area where extensive
“clean” rock salt is present, the displacement is generally close to 0, which indicates that
“clean” rock salt is more stable.

5.3. Comparison of COSI-Corr and SBAS-InSAR Methods

COSI-Corr and SBAS-InSAR methods were compared in terms of their application in
measuring the namakier deformation. On a spatial scale, COSI-Corr method is not affected
by the coherence. It can be used to obtain the complete deformation of the namakier in
the horizontal direction with subpixel accuracy. However, SBAS-InSAR method cannot
obtain deformation in LOS because of the strong deformation of the rock salt dissolved
by rainfall and the large topographical undulations in some areas of the namakier, e.g., in
some areas with poor coherence. Particularly, the namakier deforms drastically because
of extreme rainfall. Even though the deformation of the namakier obtained by COSI-Corr
method is only in the horizontal direction, the construction of the vector field is sufficient
to infer the flow of rock salt in the vertical direction. It is also more visual and intuitive
than SBAS-InSAR method (Figure 6).

On a time scale, the namakier is located in a mountainous area with complex topog-
raphy. COSI-Corr method is easily restricted by the sun zenith angle. Therefore, it can
only obtain the deformation of the namakier on a large time scale, that is, on a monthly
to yearly scale. As a consequence, studying the specific relationship of the kinematics
of the namakier with temperature and precipitation becomes impossible. Conversely,
SBAS-InSAR method is not limited by the sun zenith angle. It can obtain the deformation
of the namakier on a smaller time scale from days to months and finely reflect the specific
relationship of the kinematics, temperature, and precipitation.
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6. Conclusions

In this study, on the basis of Sentinel-1 and-2 images, the kinematics of Kuh-e-Namak
(Dashti) namakier was efficiently measured through COSI-Corr and SBAS-InSAR methods.
However, on a spatial scale, COSI-Corr method is not affected by coherence, so it can
detect the drastic deformation of the namakier under extreme rainfall. On a time scale,
SBAS-InSAR method is not limited by the sun zenith angle, so it can describe the specific
relationship between the kinematics, precipitation, and temperature.

The kinematics of Kuh-e-Namak (Dashti) namakier shows that the dome is washed
by rainfall, the rock salt of the dome flows and accumulates toward the flank, the dome
subsides, and the flank uplifts in the rainy season. In the dry season, the re-consolidation
of carapace inhibits the lateral flow of rock salt, the flank subsides without the continuous
supply of rock salt, and the dome uplifts. The effect of precipitation on the kinematics of the
namakier is greater than that of temperature. The namakier undergoes permanent plastic
deformation under extreme rainfall but achieves a dynamic equilibrium in the absence of
extreme rainfall. The macrodeformation behavior of different rock salt in the namakier
follows the differences in microstructure. In particular, “dirty” rock salt is more prone to
flow than “clean” rock salt.
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