Magnetic and seismic refraction survey for
site investigation of an urban expansion
site in Abha District, Southwest Saudi
Arabia

Sattam Almadani, Elkhedr Ibrahim,
Kamal Abdelrahman, Abdulaziz Al-
Bassam & Awad Al-Shmrani

Arabian Journal of Geosciences
ISSN 1866-7511

Volume 8

Number 4

Arab J Geosci (2015) 8:2299-2312
DOI 10.1007/s12517-014-1342-x

Arabian Journal
of Geosciences
ayoglgaall pglell aypycll aloall

@Springer e

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Saudi
Society for Geosciences. This e-offprint is
for personal use only and shall not be self-
archived in electronic repositories. If you wish
to self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication
and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

@ Springer



Arab J Geosci (2015) 8:2299-2312
DOI 10.1007/s12517-014-1342-x

ORIGINAL PAPER

Magnetic and seismic refraction survey for site investigation
of an urban expansion site in Abha District, Southwest

Saudi Arabia

Sattam Almadani - Elkhedr Ibrahim -
Kamal Abdelrahman - Abdulaziz Al-Bassam -
Awad Al-Shmrani

Received: 26 November 2013 /Accepted: 18 February 2014 /Published online: 5 March 2014

© Saudi Society for Geosciences 2014

Abstract Ground magnetic and seismic refraction survey is
carried out on an urban extension site in the southwest of
Ahud Rufeidah town, southwest Saudi Arabia. The purpose of
the survey was to map the surface topography of the bedrock
and thickness of the alluvium overburden. The ground mag-
netic survey based on an assumption that the alluvial sedi-
ments is less or non-magnetic relative to the underlying gneiss
basement rock. In this context, a total of 3,750 survey stations
were measured along 40 east-west survey profiles, striking
roughly perpendicular to the extension of the expected struc-
tures. In addition, 13 seismic refraction spreads were conduct-
ed along four seismic survey profiles across the expected
pathways of buried alluvial channels in order to provide
additional details about the depth and boundaries of the buried
channels. The ground magnetic survey results show the pres-
ence of a basin combining two sub-basins filled with alluvium
sediments that occupy the middle area of the investigated site.
This basin is a closed basin that has no outlet, and there are
four small and narrow channels that convey water and sedi-
ments from the eastern and southern hills into sub-basins.
These channels are represented by narrow and elongated low
magnetic anomalies extending towards the basinal area. The
thickness of the alluvial sediments is verified using seismic
refraction survey that indicates a greater thickness, exceeds
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20 m, of low velocity sedimentary overburden inside the
interpreted sub-basins and surrounding buried alluvial chan-
nels. These soft alluvial sediments can be deceptive and
dangerous for urban foundations.
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Introduction

The site investigation is a necessary prerequisite step that
should proceed any developmental project. Geophysical sur-
veys have commonly effective tools in site investigation.
These tools aid rapid and economic choice between a number
of alternative sites for a proposed project and make a detailed
site assessment at a chosen location. Furthermore, geophysical
methods are used to determine the depth of bedrock and assess
the variation in the thickness and nature of the overburden soil
within the zone of the proposed project. Such information
needs to be established for settlement analyses and assessment
of subsidence risk. In all cases, geophysical tools are intended
to supplement the direct methods, such as drilling and
trenching; they are not substituting these methods. The num-
ber of borings that are required for adequate definition of
subsurface conditions can be greatly reduced if the proper
geophysical method is chosen to supplement the direct inves-
tigation program. In addition, the direct investigation is
often limited by access, cost, and ground damage consider-
ation, and if the spacing between the boreholes is too large,
anomalous ground conditions may be missed (Dumbleton
and West 1974). In this case, the surface geophysical tools
enable such anomalous features to be mapped in detail at
a relatively low cost (McDowell 1981) and consequently
supplement the site investigation.
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Recently, the Saudi Government has put a national
strategy to develop new urban and industrial areas in
order to solve the problem of population growth. New
urban expansion projects are in the way to be executed
in the investigated site. Therefore, this site should be
studied thoroughly, and the subsurface geologic informa-
tion must be available in the hands of the developmental
planners before staring any urban activity.

Location

The survey was carried out on a site to the southeast of Ahud
Rufeidah at the southern border of the city of Abha. The area
locates between latitudes 18° 10’ 55” N and 18° 11" 41" N and
longitudes 42° 51" 45" E and 42° 52’ 20" E, as shown in
(Fig. 1). This site is chosen for geophysical investigation
because it represents an urban expansion for the town of
Ahud Rufeidah.

Geological setting

The study area lies on the southwest of the Asir Mountains,
where surface dips gently northeastward away from the Red Sea

escarpment. The basement rocks exposed in the study area
represent the deepest erosional level of the Arabian Shield.
These basement rocks are divided into two distinct units:
Khamis Mushayt Gneiss and pegmatites. Khamis Mushayt
Gneiss represents the main basement unit in the area and is
composed of banded orthogneiss, migmatite with minor am-
phibolite, and paragniess. This unit is invaded by numerous
pegmatite and aplite dikes and because its resistance to erosion
has produced an erosional surface characteristic of the basement.
The pegmatite unit is composed of quartz, orthoclase, plagio-
clase, and biotite. These two basement units are covered in some
localities with heterogeneous and spatially variable alluvial sed-
iments that are composed of pebbles, gravels, sands, and clays.

Geomorphologically, the studied site is located within
Wadi Al-Rubah downstream plain area that is delimited on
the southern and western sides by uplands that rise above the
level of the valley to varying heights (Fig. 2). As many cases
in the desert drainage systems, Wadi Al-Rubah has no external
outlet and forms a gently sloping plain in its downstream area.
The alluvium sediments have been transported to this down-
stream plain area by running water from the upstream and
surrounding weathered gneiss uphills through incised network
of narrow and active channels (Fig. 2). The presence of such
small and narrow channels could be referred to the underlying
weathered and easily eroded gneiss basement rocks and
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Fig. 1 Location map of the investigated site. Blue dots show the location of seismic spreads and the white-dashed lines represent the extension

of seismic profiles
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Fig. 2 Satellite image of Ahud Rufeidah area with the location of the investigated site and surrounding physiographic features

consequently increase in the channel depth and velocity.  they are used with increasing frequency in many parts
Structurally, left-lateral strike-slip fault, right-lateral strike-  of the world as rapid, non-invasive survey techniques.
slip fault, joints, asymmetric anticline folds, similar folds, = The use of geophysical methods for investigating a site
dikes, veins, and venlets structurally characterize the area.  has the possibility to give an image of the subsurface
Tertiary normal faulting related to the development of the  to the geologists and geotechnical engineers (Benson
Red Sea depression is the latest structural events recorded et al. 1984; Goldstein 1994; Reynolds 1997; Benson
(Coleman and Brown 1971). and Yuhr 2002). In this respect, ground magnetic im-

aging has also been used in many studies in site inves-

tigation for civil engineering, particularly when used in

Methods of study conjunction with other geophysical tool such as seismic
refraction technique. These tools are applied in investi-
Geophysical methods have been widely used in envi-  gating the shallow subsurface conditions in sites such

ronmental and geotechnical studies for decades, and  as roads, tunnels, dams, quarries, hydroelectric power plants,
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subways, nuclear power plants, bridges, and many other
purposes (Sjogren and Sandberg 1979; Dutta 1984;
Kilty et al. 1986; Hatherly and Neville 1986). In order
to achieve the purpose of the present study, ground
magnetic and shallow seismic refraction surveys have
been conducted.

Magnetic method

Magnetic method is based on the measurement of local
variations in the Earth’s magnetic field. Such variations

are associated with differences in magnetic susceptibil-
ity (the degree to which a body is magnetized) of
rocks and soils. This method is a branch of geophysics
that studies how the properties of the Earth’s magnetic
field change in different places on the Earth (Blakely
1995) and use these variations to predict structures,
e.g., near-surface faults and contacts and delineate lat-
eral distribution of the basement bedrock (i.e., Al-
Garni 2004, 2005; Al-Garni et al. 2005; Reynolds 1997),
and consequently the thickness range of sedimentary
overburden.
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Fig. 3 Reduced to the Pole (RTP) magnetic anomaly map
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The present investigated site consists of a thick cover of
alluvial sediments that overlie the gneiss basement rocks. The
assumption is that the overburden alluvial sediment is more or
less non-magnetic whereas the host gneiss rock carries some
magnetization. This is because the magnetic susceptibility of
the alluvial sediments can safely be assumed very low, and
gneiss commonly carries small amounts of magnetite and dark
minerals. Therefore, the gneiss basement rocks are more mag-
netic than the overlying alluvial sediments. This contrast in the
magnetization between the gneiss basement rocks and over-
lying sedimentary cover increases the expectation of the suc-
cess of magnetic survey in the study area.

Seismic refraction method

The seismic refraction technique utilizes acoustic waves
generated by an impact or small explosive source to
measure depths of bedrock or overburden layers of sed-
imentary rock and to infer bedrock faults or fracture
zones. The rays are refracted across layer boundaries
where there is a difference in elastics and density prop-
erties. Detectors layout at regular intervals measure the
first arrival of the energy and its time. Field layout of
refraction survey should be designed according to the
site situation and required depth and resolution of
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Fig. 4 Regional magnetic anomaly map
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subsurface investigation. The data are plotted in time—
distance graphs to identify individual layers and to com-
pute layer thicknesses and seismic velocities. Specific
geologic conditions, such as bedrock fractures or valleys,
may be interpreted directly from these time—distance
plots or by using several seismic modeling techniques.
Foreknowledge of site conditions and understanding of
its geological situation always assist in data interpreta-
tion. This technique has been used in geotechnical inves-
tigations, for example, in foundation studies, site inves-
tigation, fault investigations, dam safety analyses, and
tunnel alignment studies.

Data acquisition

Brief accounts of the conducted data acquisition during the
field survey using the employed survey methods are
discussed as follows.

Magnetic data acquisition

The survey was carried out with two proton magnetometers,
one of which was used as a diurnal base station magnetometer
where the surveyor for the field survey held the other. The
survey was carried out in an approximate regular grid with
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Fig. 5 Residual magnetic anomaly map
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20-m nominal line spacing and 5-m nominal station spac-
ing, and the coordinates of the survey points along the
grid was taken using the handheld GPS. All magnetic
anomalies are relative to the base station. These measure-
ments were carried out during the period of 15 June to 15
July 2013. A total of 3,750 survey stations were measured
along 40 east—west survey profiles, striking roughly per-
pendicular to the extension of the expected structures.

Seismic data acquisition

Thirteen seismic spreads of 115 m length using 24 channels
seismograph, with 5-m spacing and near- and far-offset dis-
tance of 0 m have been conducted along four survey profiles
(Fig. 1). The total length of the survey profiles ranges from
113 m for profile D-D’ to about 485 m for profile B-B'. The
seismic spreads were oriented in the NNW-SSE direction
parallel to the expected alluvial channels and perpendicular
to the direction of the survey profiles. Geophones of natural

frequency around 40 Hz were used to provide adequate
signals with usable frequency content. Using 10-kg hammer
dropping, two shots (forward and reverse) were fired for
every seismic spread. The first shot is a normal shot at a
distance of 0 m before first geophone; the second is a
reverse shot, which was next to geophone 24. The eleva-
tions along the acquired seismic lines were taken using
handheld global positioning systems (GPS) data. There is
no remarkable change in elevation across the surveyed site,
and the seismic spreads nearly follow horizontal or near-
horizontal ground surfaces.

Data processing

Magnetic data processing

The present magnetic data were gridded, mapped, and
contoured on a daily basis in the field to insure high-quality
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data were being collected. All magnetic anomalies are
corrected for daily variations using base station data. IGRF
correction was calculated (field strength=39,099 nT, Inc.=
23.96 and Dec. 2.02) and removed. Grids were constructed
from the original magnetic survey data with a cell size of
5 m using a minimum curvature algorithm. The total mag-
netic intensity was reduced to the pole (RTP, Fig. 3) to
overcome the bipolarity phenomena of the magnetic data.
The RTP data were separated into regional (Fig. 4) and
residual (Fig. 5) components through an application of the
Butterworth filter technique using a central wavenumber of

0.09 and degree 8. All these processing steps were executed
using commercial software package Geosoft Oasis montaj
(Geosoft Inc 2008).

Seismic data processing

The recorded seismic data has been processed using
SeisImager/2D™ software package (Geometrics Inc 2009)
as follows: (1) identifying and picking of the first
breaks at each geophone, then these data used to con-
struct the travel time—distance curves (Fig. 6); (2) the
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Fig. 7 RTP map with geological interpretation
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Fig. 8 The photograph shows the
gneiss outcrops and a thin
sedimentary cover in the northern
zone of the site
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velocity model has been generated using the time—term
inversion technique; (3) and finally, the depths to the
top of the underlying layers were calculated and plotted
(Fig. 6). The time—term technique employs a combina-
tion of linear least squares and delay time analysis to
invert the first arrivals for a velocity section. The time—
term method is a simple travel-time inversion developed
by Scheidegger and Willmore (1957) and was widely
used for seismic refraction in the 1960-1970s (Willmore
and Bancroft 1960; Berry and West 1966; Meru 1966;
Smith et al. 1966; Yoshii and Asano 1972; Iwasaki
2002).

Results and discussion
Ground magnetic results

The assumption was that the overburden alluvial sediments
are more or less non-magnetic whereas the host gneiss rock
carries some magnetization; therefore, a magnetic susceptibil-
ity contrast between gneiss bedrock and overlying alluvial
sediments is expected. Depending on this assumption, the
studied site can be classified into three zones with different
patterns, shapes, and magnitudes of magnetic anomalies
(Fig. 7). The exact boundaries between these zones are diffi-
cult to outline, and hence, the areas are marked with letters A,
B, and C.

The northern zone (A) is dominated by relatively high
magnetic anomalies that referred to the area where the
gneiss basement rocks are very shallow, and in some
locations within this zone, the gneiss basement rocks
outcropped on the surface forming the strong, sharp,
and local magnetic anomalies (Figs. 7 and 8). The central
zone (B) shows two broad and extended low magnetic
anomalies that is separated by a moderate magnetic
anomaly. These anomalies indicate the presence of two
sub-basins separated by a topographic ridge or valley
floor divide, i.e., low drainage divide that runs across
the main basin, and separates the two adjacent sub-basins
(Fig. 7). These two sub-basins combined into larger
drainage basin with a total area of about 17,745 m?
(Fig. 9). These broad and low magnetic anomalies are
interrupted by isolated, local, and strong magnetic anom-
alies that reach amplitude that exceeds 500 nT (Fig. 7).
These local magnetic anomalies are correlated with local
and isolated outcropped and near-surface gneiss base-
ment blocks as shown in Fig. 10. The southern zone
(C) is characterized by the presence of elongated and
narrow negative magnetic anomalies intervening relatively
moderate to high anomalies and extend generally from
the southeast to northwest direction. These narrow and
elongated negative anomalies indicate the presence of

@ Springer
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"

v o o S

Fig. 10 Local and small gneiss outcrops in the central part of the site

small and narrow channels that filled with alluvial sedi-
ments having low magnetic susceptibility relative to base-
ment gneiss rocks (Fig. 7).

In order to identify magnetic lineaments that could be
responsible for the configuration of the interpreted sub-
basins and surrounding alluvial channels, the tilt derivative
(TDR) of the magnetic field was created (Verduzco et al.
2004). In the TDR anomaly map, it is possible to identify
several distinct edges of the faulted blocks that are very
difficult to detect in the map of the total magnetic anomaly
field. In this map, the zero crossing of the TDR is close to
the edge of the structure, so the “zero contour” coincides
with the magnetic interpreted faults. Bodies with positive
susceptibility contrast are shown in red and the blue
color indicates significantly decreased magnetization.
The results indicate that there is a clear dominance of NW-
SE and NE-SW trending faults that crosscut each other
(Fig. 11). The second most prominent orientation is NNW
oriented faults (Fig. 11).

Seismic refraction results

Shallow seismic refraction method gives information
about the subsurface in terms of seismic velocities.
These velocities are directly related to the quality, hard-
ness, compaction, and water content of the medium.
However, as qualitative classification, the calculated seis-
mic velocities are classified into three velocity ranges that
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are used for identifying the subsurface rock layers in the ~ Table 1 Identification of subsurface layers
studied site (Table 1). The initial velocity model has been

A / 3 . Subsurface strata Seismic velocity range
generated by quick time—term inversion of the data. Then,
this model was used as input parameter for the tomo-  Unconsolidated alluvial sediments 300-700
graphic inversion that aims to find the minimum travel = Compacted alluvial sediments 1,307-2,094
time between source and receiver for each source-receiver Hard and massive gneiss rocks 3,032-5,388
pair. This can be achieved by solving for / (raypath)
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Fig. 11 Tilt derivative map (TDR) of the site
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Table 2 Velocities and thicknesses of the interpreted seismic layers

Spread no. Coordinates Layer 1 Layer 2 Layer 3
x y 4 H, Vs H, V3 H;

1 909,110.4 2,014,719 300 2 1,586.7 5 5,065.3 -
2 909,214.1 2,014,777 541.8 2 1,441.1 10 4,979.4 -
3 909,278.0 2,014,839 300 1 2,093.6 3 5,189.6 -
4 908,948.7 2,015,008 708.3 2 1,914.3 20 5,000 -
5 909,162.2 2,015,036 612.5 5 1,547.1 12 5,050.2 -
6 909,287.9 2,015,042 490.2 1.5 2,009.4 13 5,387.6 -
7 909,405.7 2,015,094 4335 3 1,360.4 15 5,112.9 -
8 909,523.4 2,015,402 482.4 2 1,306.7 8 4,920.3 -
9 909,573.3 2,015,328 617.2 4 1,801.4 11 5,231 -
10 909,601.2 2,015,272 361.7 3 1,365.8 8 52775 -
11 908,867.5 2,015,145 324.7 2 - - 4,962.8 -
12 908,903.9 2,015,180 5213 7 - - 3,032.3 -
13 908,947.0 2,015,220 527 3 - - 5,271.3 -

V1, V>, and V3 are the velocities of the first, second, and third layers; H;, H,, and Hj are the thicknesses of the first, second, and third layers

and s (inverse velocity or slowness) according to the following  distinct velocity layers, starting from the topmost low velocity
algorithm; layer to the high velocity layer of the hard gneiss bedrock. The
calculated thickness and velocities of the interpreted seismic
layers are listed in (Table 2) and plotted in 2-D cross-sections
showing the distribution of the subsurface layers (Fig. 12).
The locations and orientation of the acquired seismic refrac-

Finally, two refractors were detected for the seismic sec-  tion spreads and survey profiles are selected based on the
tions in the investigated site indicating the presence of three  interpretation the ground magnetic data.
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In the following, the data of the seismic sections gathered
during the present survey along four seismic profiles are
discussed.

Seismic profile A-A’

This profile lies to the south of the study area (Fig. 1) with a
total length of 210 m. The results indicate that a subsurface
structure consists of three seismic layers (Fig. 12a); the first
layer is unconsolidated overburden with seismic velocity
ranging from 300 to 542 m/s and thickness reaches 2 m. The
second layer is a compacted alluvium with velocity ranging
from 1,441 to 2,094 m/s and maximum thickness of about
10 m. The third layer is a massive gneiss bedrock with seismic
velocity that exceeds 4,979 m/s. The interpreted subsurface
model for this line shows deeper massive rock centered at
station 2. This low-velocity depression zone confirmed the
magnetic interpretation results of the existence of narrow
channels cutting the massive gneiss bedrock filled with allu-
vium deposits.

Seismic profile B-B’

This profile consists of four seismic refraction spreads and
locates along the central part of the investigated area (Fig. 1)
with a total length of 485 m. The results indicate that the
subsurface structure consists of three seismic layers (Fig. 12b);
the first layer is unconsolidated overburden with seismic
velocity ranging from 433 to 708 m/s and thickness varies
from 1.5 to 5 m. The second layer is a compacted alluvium
with velocity ranging from 1,360 to 2,009 m/s and maxi-
mum thickness of about 20 m. The third layer is massive
gneiss bedrock with seismic velocity which exceeds
5,000 m/s. The interpreted seismic model along this profile
indicates deeper basement along this profile with a greater
thickness of alluvial overburden that exceeds 20 m. This
result comes comfortable with the broad low magnetic
anomaly (Figs. 3 and 4) that occupies the central zone of
the investigated site.

Seismic profile C-C’

This profile is composed of three seismic refraction spreads
numbered 8, 9, and 10 and located in the western side of the
investigated site with a total length of 153 m (Fig. 1). The
obtained subsurface structure consists of three layers
(Fig. 12c¢); the first layer is interpreted as unconsolidated
alluvial overburden with seismic velocity ranging from 361
to 617 m/s and thickness that reaches 4 m. The seismic
velocity of the second layer ranges from 1,306 to 1,801 m/s,
indicating compact sediments. Hard and massive gneiss bed-
rock is mapped below this layer with seismic velocities which
exceeds 4,920 m/s. The interpreted subsurface model for this

line shows deeper massive rock centered at distance of 91
from the center of spread 8, indicating a narrow valley depres-
sion filled with alluvium deposits.

Seismic profile D-D’

This profile is located to the east of the site (Fig. 1) and
consists of three spreads numbered 11, 12, and 13 with total
length of 113 m. The resulted 2-D ground model (Fig. 12d)
indicates that the first layer is unconsolidated alluvium with
seismic velocity ranging from 325 to 527 m/s and maximum
thickness of about 7 m. Below this layer, the seismic velocities
increase abruptly to reach 5,271 m/s indicating the presence of
hard and massive gneiss bed rock.

Conclusions

Ground magnetic and seismic refraction surveys were con-
ducted at an urban extension site to the southwest of Ahud
Rufeidah town in order to investigate the shallow subsurface
and determine the depth to the bedrock and thickness of the
overlying alluvial sediments. The results of ground magnetic
survey show that the investigated site is dominated in its
middle part by a topographic basin, which is sub-divided into
two sub-basins filled with alluvium sediments and separated
by a topographic ridge. The results indicate that there are four
small and narrow channels that convey water and sediments
from the eastern and southern hills into the sub-basins that
have no outlet as verified from the satellite image and field
study. The thickness of the alluvial sediments inside the basins
and across the alluvial channels is calculated using seismic
refraction data. The results indicate a low-velocity sedimenta-
ry overburden with greater thicknesses (exceeds 20 m) inside
the basin and across the interpreted buried alluvial channels.
The fine-grained alluvial sediments that deposited within the
site through the dominant hydro-geomorphologic processes
can be a deceptive and dangerous for urban foundations.
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