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Over the past three decades, research into the factors influencing the development
of gypsum Kkarsts has become an active and growing area of study. The
mechanically weak nature of gypsum, along with its rapid dissolution and
deformability, contributes to the formation of gypsum karsts, voids, and caverns
in regions where gypsum deposits are present. This process can significantly
undermine geotechnical stability by reducing bearing capacity and increasing
settlement. This issue is particularly critical in heavy industrial settings such as
petrochemical facilities, where large storage tanks and other infrastructure are
founded directly on the ground surface. Consequently, identifying and assessing
these processes is essential for the design, construction, and maintenance of
engineering projects. This study assesses subsurface gypsum karsts within the
Masjed Soleyman Petrochemical site using an integrated geophysical and
geotechnical approach. Ground Penetrating Radar (GPR) was employed across
24 profiles totaling 2,307 meters, also geotechnical data were obtained from 113
boreholes drilled to depths of 20-40 meters. Following data analysis, 32
occurrences of subsurface gypsum karsts were identified at depths ranging from
4 to 36 meters. Subsequently, surface water drainage patterns were analyzed and
digitized from historical Corona satellite imagery (1968). In parallel,
groundwater levels and flow direction maps were generated using data from
electric probe depth finder measurements in boreholes. The integration of these
datasets revealed that most gypsum karsts are concentrated in areas where
groundwater tends to accumulate and flow. Finally, groundwater sampling and
chemical analysis revealed an average sulfate concentration of approximately
1,480 ppm, indicative of a severe sulfate exposure environment.

Introduction

can significantly undermine geotechnical

The formation of karst features in gypsum
follows patterns similar to those in limestone and
dolomite; however, the rate and extent of
dissolution and karst development are
considerably greater in gypsum than in
carbonate rocks (Gutierrez et al., 2008a; Al-
Saoudi et al., 2013). Unlike carbonate karsts,
gypsum karsts can develop within a human
lifetime rather than over millions of years
(Gutierrez et al., 2008b; 2008c). This process

stability by reducing bearing capacity and
increasing settlement. The issue is particularly
critical in heavy industrial settings such as
petrochemical facilities, where large storage
tanks and other infrastructure are founded
directly on the ground surface. Therefore,
identifying and assessing these processes is
essential for the safe design, construction, and
maintenance of engineering structures.
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Materials and Methods

In this study, the gypsum layers of the Gachsaran
Formation were initially surveyed for Kkarst
features and subsurface anomalies using 24
geophysical profiles totaling 2,307 meters in
length, employing a 50 and 250 MHz antenna,
and ReflexW software. These results were then
integrated with borehole data where Karst
features had been identified in order to produce
a digital map of gypsum Karsts in the study area.
The digital map was then combined with Corona
satellite imagery (1968), Google Earth imagery
(2011), and groundwater flow maps derived
from borehole water-level ~measurements
obtained using an electric depth probe. The aim
of this integration was to evaluate the influence
of surface water and groundwater on the
formation and evolution of subsurface gypsum
karsts. Furthermore, the validity and accuracy of
the digital gypsum karst map were evaluated
using SPT zoning maps above the groundwater
level (4.5 m), at the water table (10.5 m), and
below it (15 m), along with lithological zoning
maps of subsurface materials at the same depths
and the underlying bedrock map. In the final
stage, recognizing the significant influence of
groundwater on gypsum karst formation,
hydrochemical parameters including pH,
hardness, major cations (Caz*, Mg#*, K¥), and
anions (CI~7, SO,2", NH3)— were analyzed in
groundwater samples collected from five
boreholes through 40 laboratory tests. The
results were then evaluated in accordance with
the European Standard for Concrete Strength in
Specific Environments (STN EN 206-1, 2002)
and the Iranian Building Regulations (ABA;
Ministry of Roads and Urban Development of
Iran, 2013, 2019) to propose mitigation
measures for the risks associated with gypsum
karsts.

Results and Discussion

Geophysical surveys using GPR in the study area
revealed the presence of cavities, fractures, and
variations in subsurface layering. For example,

Profile 1 (47.5 m long), acquired in the eastern
part of the site, was correlated with geotechnical
data from borehole BH-30, located along
approximately 27 meters in the GPR survey line
(Figure 1). The correlation indicates that, to a
depth of approximately 2 to 4 meters, the
subsurface consists of a dense gypsum-clay
layer (as supported by SPT values), underlain by
a less dense clay layer. Additionally, the long-
dip reflection anomaly can be attributed to
airwave effects and does not represent a
geological feature In conclusion, GPR depth
profiles not only enable identification of the
lithology, texture, and depth of the Gachsaran
Formation sediments but also facilitate the
detection of subsurface gypsum karsts. A 50
MHz frequency can penetrate to depths of up to
10 meters in the study area, making it suitable for
geological surveys and for identifying
dissolution cavities at that depth, particularly
given the groundwater constraints of the
petrochemical site. However, the longer
wavelength of this frequency results in lower
vertical and horizontal resolution in radar
images. The 250 MHz frequency can penetrate
to approximately 5 meters, making it ideal for
geological surveys requiring higher-resolution
imaging. Due to its shorter wavelength, it offers
higher resolution and an enhanced ability to
detect smaller subsurface features, though at the
cost of reduced depth penetration. It is
recommended that the GPR frequency be
selected according to the specific research
objectives and the characteristics of the
subsurface environment. In this study, GPR data
acquired at frequencies of 50 and 250 MHz to a
depth of 10 meters were analyzed to examine the
effects of subsurface voids, which manifest
geophysically as signal attenuation and appear as
hyperbolic  anomalies in the profiles.
Nevertheless, a comprehensive understanding of
the complex electromagnetic properties of
gypsum and the mechanisms by which gypsum
and sulfate influence GPR depth penetration
requires further detailed investigation.
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Fig 1. Trace (GPR Mapping) interpretation using 50 and 250 Hz GPR sections, supported by geotechnical data

from BH-30.
Furthermore, by integrating the identified

gypsum Karsts at various depths with surface
water maps—generated from digitized Corona
satellite imagery and Google Earth data—and
with groundwater flow direction maps derived
from borehole water-level measurements using
an electric depth probe, the analysis revealed that
the gypsum karsts and cavities in the study area
occur at depths ranging from 4 to 36 meters
below the Earth’s surface, with an average depth
of approximately 16 meters. Of the 32 identified
karst cavities, 23 are located at an average depth
of 19.6 meters below the groundwater table,

while nine occur at an average depth of 6.5
meters above it. The predominance of more than
23 karst cavities below the groundwater table
(Figure 2-a) and their occurrence in zones of
groundwater accumulation and flow (Figure 2-b)
indicate that groundwater dynamics constitute
the main controlling factor in gypsum Kkarst
development. Considering the average sulfate
concentration in groundwater (1480 ppm), and
according to the National Building Regulations
of Iran—specifically Section 9 (ABA)—the
sulfate level corresponds to moderate (XS1) to
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severe (XS2) environmental exposure classes
with respect to sulfate attack.
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Fig 2. a) lllustrates the connection between gypsum karst and groundwater levels, b) location of the gypsum karsts
accumulation within the direction of groundwater flow

Conclusions

The integration of GPR and geotechnical
methods has revealed that the identified gypsum
karsts are generally aligned with the central part
of the Masjed Soleyman Petrochemical site.
GPR results indicate that the effective
investigation depths for gypsum Karsts are

approximately 5 and 10 meters, corresponding
to the 250 and 50 MHz frequencies,
respectively. Finally, it can be concluded that
shallow Karsts and cavities likely result from the
dissolution of gypsum-rich soils, whereas
deeper Kkarsts and cavities within fractured
gypsum rock are primarily attributed to
groundwater flow.
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Fig. 1. a) Illustrates the principles of Ground Penetrating Radar (GPR), highlighting its various applications, b) Demonstrates
data collection on a buried target, with its hyperbolic response displayed on a radar map.
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Table 1. Concrete's chemical susceptibility to groundwater properties and their corresponding threshold values

. A) According to STN EN 206-1 Degree of influence

Chemical

Characteristic Weakly aggressive Moderately aggressive Strongly
aggressive

Mg?* ppm 300<Value<1000 1000<Value<3000 3000<Value
NH* ppm 15<Value<30 30<Value<60 60<Value<100

Chemical B1) According to ABA-Degree of influence
Characteristic Negligible Moderate Severe Very Severe
S04~ (ppm) Value<300 300<Value<1200 | 1200<Value<2500 2500<Value<5000
Chemical B2) According to ABA-Degree of influence
Characteristic Negligible Moderate Severe Very Severe
S02~ (ppm) Value<150 150<Value<1500 | 1500<Value<10000 Value>10000
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Fig. 6. a) Illustrates the distribution of gypsum Karsts within the geological sections of the Masjed Soleyman Petrochemical
Site, with specific details provided for sections A, E, and F, which correspond to the western b), central c) , and southern d)
parts of the site, respectively.



Y b)l.o.oj: AR 0,99 ‘Lf“w Lf“wa O

Y44

@ e Slly) Sl (Gend g oadads cends iy
el 0 g (53505 ailate I Sl 03 o b 25 >

d -y JSe)

w03y Ol Cardy b (25 Gbcu,ls Gl
@ wleS FY ol ilaie e ol AL agd Cuyx
gy Colw Sl pulpw jo a5 0l Q| g45u
oolaiwl by (o aiiil colin & 365 slo g ools ilig |
bailed o maw Sl jgain shls Clges
Sl l38le i bume ay Laosls JUESI L 5 0o )5 (5550510l
Dby A ey ol 5 azas Surfer 4 ArcGIS
S o5 ol S mls b ags SmyS skl
o, L aalllansjge 039050 50 (e ) 2l Ol
ile o AN bgte Bes )0 (i ol gl s
50 0ad glolid 25 e 5 g5lwooly b cpioren
o)l a0 8,95 p Goc b lagy] Cundge a5 ccalites sloc!
g Sl aS W 5 asiie el csalie BB A S o
O b (5 FY7 Glecl )0 dilaie (25 glac 8
YY goomme 5l a5 wload LSis (5,50 V8 Sl Gos b
Boe Loyl 515,50 VY olaws oo olwlids cuw )57 5 0,0
5 Wloaigdly oejny ol ghaw nj 0 VP (Sl
o YU e P10 o Sles Gos b oyl 51 5,00 4 olass
5 &Sl A 4 azg bl ailoads LS5 (e o
Sl gl 5l p) 58 G5 eyi> VY pall gezs
Under Ground Water Level Contour, ) .=;,;
ez e j0 bl LSes 5 @ -A JSs) (UGWLC
Under Ground Water ) ow;p; ol b cu>
ol Luis (b -A JSe) (Flow Direction, UGWFD
P bl K ailaie o o] Sldi g (e

Y J3o2) 23bin (25 slaca)l5 JuSis

ey g o5 b &S sy a5 1> e &dlgp0
oy ol JLos 4 g o lse i Jleal aasb axs 51,8
Wil 0l oo piies oy 3o 4 0y, sl i
o (s ph D Canle o Ll Jdo 4 pllesS
Cosl 4Bl S ki g AT yehey (SifSS lale
gl § (SaSll o ge Jlous sl o 4S5, ebas
e (S99 ez el pX ISl g Se s sl o g
Olg sod oL jo 1 Wik cpl o e 4 sl 00l
&S 9529 (! g odle Sgel odal patie Y Ojgod
5 sl sl slyls a5 w55l ol jo s g oyl
dadl> 9,8 O jgod b )lST 5 )lse sl 5 Y gllaisl

ol oy loy b 5o sae sl JUK

s Gl an T 4K b (25 (5l 15 Gl
ol o0 pedans SalS Lo g0 olKiSles Led Ll 5 o
€orona) U S ojlgale pslas omyn g <8bys b Js
I (G 0B 2ELY) e VAPA Lo @ by e
ol getzme SdLys (lios asdllae 5)90 o3gum
009 olme (2Ll 51 Fomb el Sl ety
ol 5o Slelis,l 5 casoWl Lol xbans LUl 45 gymias
ST olgee 5 @V UKD cul sabe AS;
Jedo ) s lacT (glome 0 5ate 5 (5 )0 il
SV USE) 0,8 evaline ddlaie jo lileaS Wil (jgeis,
2o g &)l U555 5 slojlgnle nslas gy b (D
bl gl adlaie _iSa; oo eodes Yo 1) Lo b
b G s bl L ailaie slo jgalsTag
Sy 6ol S jebay (C -V USS) conl ouds o o
—Jed Sppeh perdorhy ole o (e Sl
o (o Sy, a5 Gooia 009r (258 S0 5 5>

Cole (993 Caond 9 35 0 50 (Sab iyl (Jled



O San g 5552 | o gaizms 03gamme 45 (S (Hxan ) GBS o)y 5 Lol

315500 317300 318200

314600

316000

Legend
Gypsum Karst

Site

s
g
P
2
“ 314600 315500 316400 317300 2 315600 316800
( v Aig000 gagsot 16800 (d) 315600 316000 316400 316800 317200
et e ; o 4 5 b
g8 8 2
g 8 8
2 2 N k3
22 2
28 %% 2
s s
g H
g LS
28 2
8 é
s s
N g H
g LS
Legend g Legend 2
Gypsum Karst B ey
Site
g [ st B
g g
24 84
g g
= 04 0.6 £
Km
e Siai0 i R e [ e —— ———— =
315600 316000 316400 316800 317200

JL.; @‘9& uo,S.c » 4.!.]“440)5.4 0990 6}L~u G‘?é) @ sA.vJUa.o.b)g.e 0990 @da.u ‘5L¢>~..j GL;.Q b @5 GLQst)lS JoLg:‘) Yy JS,..;
6)'L~\JOOL3.; € Ly,S a)|9.mLa 6O VAFA L ‘5119.0 w&c 89y 5 Cw,lS 6‘)“5 sbals LS}L“°°[1¢=3. o g ,S o)‘}tbLa SO VAFA
Q....»)lf 6|)|.> LSLW&A; L &fd“"" uT ‘5,..&%) Ls,ill .lal.,.‘:’)| d 9 SO YoV JL...» d‘;)| ijf P29 S92 ;';w.»)ls LS‘)b LgLQdJLof
Fig. 6. The relationship between gypsum karsts and surface water in the study area, a) a digitized map of the study area based

on a 1968 Corona satellite image, b) the location of karst boreholes on the 1968 Corona satellite image, c) the location of karst
boreholes on a 2011 Google Earth image, and d) the connection between surface water drainage patterns and karst boreholes
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Fig. 8. a) lllustrates the connection between gypsum karst and groundwater levels and b) It also shows the location of gypsum
karst accumulation within the direction of groundwater flow.
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Table 2. Spatial Relationship between Identified Gypsum Karst Features and Groundwater Levels

Number = CoordinatesY Depth (m) The posittircl)g é):oﬂyrl]%ivgselr(eltgterlelative to
1 316724 3561066 11 Down
2 316726 3561045 12 Down
3 316712 3561050 15 Down
4 316660 3560962 36 Down
5 316645 3560944 25 Down
6 316587 3560869 13 Down
7 316577 3560876 21 Down
8 316571 3560854 20 Down
9 316536 3560858 30 Down
10 316529 3560892 34 Down
11 316541 3560893 5 UP
12 316538 3560831 28 Down
13 316536 3560858 30 Down
14 316513 3561005 4 upP
15 316405 3561058 14 Down
16 316261 3561028 7 UP
17 316390 3560792 18 Down
18 316388 3560763 7 UP
19 316402 3560751 9 upP
20 316336 3560733 7 UP
21 316330 3560697 12 Down
22 316497 3560653 18 Down
23 316470 3560630 12 Down
24 316444 3560647 10 UP
25 316359 3560572 15 Down
26 316202 3560466 13 Down
27 316122 3560559 4 upP
28 316041 3560667 15 Down
29 316018 3560697 16 Down
30 315963 3560771 6 UP
31 316616 3560915 25 Down
32 316570 3560934 19 Down
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Fig 9. The trench near the Masjed Soleyman petrochemical site with features complex layering and varied lithology.
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Fig. 10. Digitization of gypsum Karsts identified, a) at a depth of 4 meters on the SPT zoning map at a depth of 4.5
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Table 3. Chemical analysis of groundwater in the study area
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Test Results Average
BH-32 BH-40 BH-65 BH-74 BH-86 g
Coordinate (U.T.M) X: 316399 X: 316555 X: 316250 X: 315998 X: 316690
o Y:3560642 | Y:3561290 | Y:3560408 | Y:3560720 | Y:3560762 -
Depth of water table 113 8 7.7 123 9 9.66
in boreholes (m)
PH 6.63 6.78 6.88 6.8 6.96 6.81
Total Hardness (ppm 2340 2080 1820 2560 2480 2256
Caco3)
Calcium (ppm) 640 584 640 584 576 604.8
Magnesium (ppm) 177.6 148.8 52.8 264 249.6 178.56
Chloride (ppm) 475 50 52 325 26 185.6
Sulfate (ppm) 1500 1300 1200 1650 1750 1480
Potassium (ppm) 8 5 5 7 7 6.4
Ammonia (ppm) 0.24 0.3 0.46 0 0 0.2
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