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Resumen

El agua subterranea es vulnerable a la
contaminacién debido a actividades humanas.
Un aspecto fundamental de su manejo es la
localizacién de la vulnerabilidad. El acuifero
de Hamadan-Bahar se encuentra en la parte
central de la provincia de Hamadan al oeste de
Irdn, y es una reserva econdmica prioritaria
ya que se utiliza tanto en irrigacién como para
consumo doméstico. A partir de 2005 se han
desarrollado en Irdan modelos numéricos para
evaluar la vulnerabilidad y varios indicadores
hidrolégicos de contaminacién potencial
del agua. La aplicacion de métodos como
DRASTIC, SINTACS, SI y GOD ha mostrado
que las zonas de mayor vulnerabilidad se
encuentran al sur y al oeste del acuifero de
Hamadan-Bahar. Los resultados indican que
con los modelos DRASTIC, SI, GOD y SINTACS,
el 7.1, 44.21, 29.56 y 20.16 por ciento de las
areas tienen un alto potencial de vulnerabilidad.
Considerando el modelo DRASTIC el 33.6 % del
area de estudio presenta una vulnerabilidad
baja a la contaminaciéon, mientras que el
29.4% presenta vulnerabilidad moderada. La
precision de los modelos se evalud aplicando
una regresion lineal entre los valores observados
de nitratos y la vulnerabilidad estimada por
contaminacién en los pozos medidos. Una
correlacién significativa se observd entre los
nitratos medidos y el potencial de contaminacién
evaluada con el modelo DRASTIC p<0.05, sin
embargo con los modelos GOD, SINTACS e IS
no se observo una correlacion significativa. Los
resultados mostraron que el modelo DRASTIC
fue el mejor para estimar la vulnerabilidad del
agua subterranea a la contaminacion en los
pozos medidos..

Palabras clave: DRASTIC; SINTACS; GOD;
SI; agua subterrdanea; vulnerabilidad;
contaminacion.
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Malayer University
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Abstract

Groundwater is vulnerable to contamination
by anthropological activities. Vulnerability
mapping is considered as a fundamental
aspect of groundwater management.
Hamadan - Bahar aquifer located in the
center of Hamadan province in western
Iran, is considered as an economic priority
resource due to its use in irrigation and
domestic consumption. Numerical modeling
of assessment of vulnerability and various
hydrological indicators of potential pollution
of water resources in Iran have been the
subject of several studies since 2005. The
application of various methods, DRASTIC,
SINTACS, SI and GOD, showed that the
most vulnerable zones were the southern
and western part of the Hamadan - Bahar
aquifer. The results showed that with
DRASTIC, SI, GOD and SINTACS models, 7.1,
44.21, 29.56 and 20.16 percent respectively
of the areas have high potential vulnerability.
According to the DRASTIC model 33.6 % of
the study area has a low class of groundwater
vulnerability to contamination, whereas a total
of 29.4% of the study area has moderate
vulnerability. Accuracy of the models was
evaluated using a linear regression between
nitrate observation values and estimated
vulnerability to pollution in measured wells. A
significant correlation was observed between
measured nitrate and pollution potential
evaluated by DRASCTIC model p<0.05, but
no significant correlation was observed for
GOD, SINTACS and IS models. The results
showed that the DRASTIC model is better
than other models to estimate groundwater
vulnerability to pollution in the measured
wells.

Key words: DRASTIC; SINTACS; GOD; SI;
groundwater, vulnerability, pollution.
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Introduction

Groundwater is the main source of drinking
water in arid and semiarid areas, and hence its
vulnerability assessment management helps
to delineate areas that are more susceptible
to contamination (Ghazavi et al., 2010; Ighbal
et al., 2014). The groundwater dynamics
reflects the response of the groundwater
system to external factors such as groundwater
consumption, water storage, climate condition,
and other human activities (Minville et al., 2010;
Ghazavi et al., 2011, 2012). Groundwater is
vulnerable to contamination by anthropological
activities and infiltration of urban and industrial
wastewater can recharge aquifers and pollute
those used for potable water supply (Oiste,
2014; Odukoya and Abimbola, 2010).

The nitrate pollution of groundwater caused
by agricultural activity and a substantial increase
in fertilizer utilization are also becoming an
increasing problem. Recently, groundwater
vulnerability mapping is an important key
to decision making processes and improving
planning in order to prevent groundwater
contamination (Mahvi et al., 2005). Groundwater
vulnerability means the degree of protection
that the natural environment provides against
the spread of pollution in groundwater and is
classified as intrinsic and specific vulnerability
(National Research Council, 1993). Specific
vulnerability is used to define the vulnerability
of groundwater to particular contaminants
(Gogu and Dassargues, 2000). Intrinsic
vulnerability can be defined as the ease
with which a contaminant introduced into
the ground surface can reach and diffuse in
groundwater (Vrba and Zoporozec, 1994).
Groundwater-specific vulnerability is regarded
as more meaningful than intrinsic vulnerability,
because some affecting factors of intrinsic
vulnerability, such as soil media, net recharge
or groundwater depth, have been changed due
to an increasing effect of human activities.
Different methods have been introduced to
estimate groundwater vulnerability, that may be
divided into three general categories: statistical
methods, process-based simulation models,
and overlay and index methods (Chenini et al.,
2015). Therefore, overlay and index methods
are based on combining different maps of the
region. The more popular type of the overlay
and index methods are DRASTIC (Aller et
al., 1987), AVI (Van Stemproot et al., 1992),
GOD (Foster, 1987), and IRISH (Daly and
Drew, 1999). These models have been used
in several places including the Iran (Saatsaz
and Sulaiman, 2011), Morocco (Ettazarini,
2006), USA (Fritch et al., 2000; Shukla et
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al., 2000), and China (Wen et al., 2008; Huan
et al., 2012). In arid and semiarid regions,
irrigation is always changing due to many
factors: high evapotranspiration, low rainfall,
groundwater quality, structural, and soil
condition. In most arid countries, increasing
populations and high living standards causes
excessive water demands used in urban and
industry’s needs. Water used in irrigation has
also been an important water demand. In
arid and semiarid regions over exploitation
of groundwater induced alarming declines in
water levels (Edoulati et al., 2013). One of
the most important issues in this regard is
that, remediation of contaminated aquifers
is expensive.

To recognize the need to an efficient
method to protect groundwater resources
from contamination, scientists and managers
develop aquifer vulnerability techniques for
predicting which areas are the most vulnerable
(Mueller et al., 2012; Chenini et al., 2015).
During the past years the assessment of
groundwater vulnerability to pollution has
been subject of intensive research and a
variety of methods have been developed.
To evaluate aquifer vulnerability, the GIS
and remote sensing tools are combined to
various methods: standard DRASTIC, GOD,
SINTACS and SI, also used to evaluate aquifer
vulnerability to pollution. A comparative study
of the vulnerability maps was performed in
order to choose the best method (Teixeira
et al., 2015; Chenini et al., 2015). Because
of expansion of agricultural activities, of
excessive use of chemical fertilizers, and of
location of industrial and municipal wastewater
of Hamadan, it is possible for this aquifer to
be polluted. The aim of the present study is to
assess the aquifer vulnerability of Hamadan -
Bahar plain and to recognize the sensitive areas
against pollution. Recognizing the vulnerability
of groundwater will help to manage their
quality and protect groundwater resources. The
possibility of pollutants reaching and releasing
into the groundwater after contaminating the
ground, is called the aquifer vulnerability. In
this study aquifer vulnerability assessment is
to identify areas prone to pollution that were
modeled via the DRASTIC, GOD, SINTACS and
SI models, and the Maps generated for each
parameter were classified and combined based
on the models.

Materials and Methods
In this study, the vulnerability rating used is

the SI, SINTACS, GOD, and DRASTIC (Aller
et al., 1987). Before starting detailed data
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collection, some general information pertaining
to the socioeconomic, physical characteristics
and demographic, settlement patterns and
water supply schemes of the communities
under study were gathered. This information
has been used as a base for planning the field
data collection and determining the selection
of the sample population (Tadesse et al.,
2013). The parameters used in these models
are: Topography (T) that to the slope percent
of the land surface which was determined
directly from the topographic maps of
Hamadan area (scale 1:50.000). Soil Media
(S) index obtained by digitizing the existing
soil maps, with 1:50.000 scale were required
from Hamadan Research and Education
Center for Agriculture and Natural Resources
and cover the entire region. The Water
Table Fluctuations method (WTF) was used
to calculate Net Recharges (R) parameter.
One of the major impacts of the integrated
watershed management program was on
improving groundwater recharge and its
availability (Pathak et al., 2013). It estimates
groundwater recharge as the product of
specific yield and the annual rate of water
table rise added to the total groundwater draft
ended by the equivalent permeability, which
is found from well logs (Sophocleous, 1991).
One of the most important parameters used
in these models is the water depth (D) index.
This index represents the depth from the land
surface to the first groundwater aquifer. It
determines the thickness of material through
which infiltrating water must move before

Drilling data

reaching the aquifer-saturated zone (Witczak
et al., 2004). Consequently, the depth of
the groundwater impacts on the interaction
degree between the percolating contaminant
and subsurface materials and, therefore, on
the degree and extent of physical and chemical
attenuation and degradation processes,
the depth groundwater distribution was
established by subtracting the groundwater
level, measured in 35 wells in Hamadan -
Bahar aquifer, from the topographic elevation
in the corresponding cell location (Rahman,
2008). Hydraulic Conductivity (C), is defined
as the ability of aquifer materials to transmit
water which, controls the rate at which
groundwater will flow under a given hydraulic
gradient. The rate, at which the groundwater
flows, also controls the rate at which it enters
the aquifer. Figure 1 shows the Flowchart
of methodology for groundwater pollution
vulnerability analysis.

Study Area

The study area is situated in the Hamadan
province and partially in the Central province of
northwest Iran, covering an area from latitude
34° N to 35° and from longitude 48°E to 49°30'E
(Figure 2). The highest elevation, 3.580 meters,
occurs at the Kuh-e Alvand south of Hamadan.
The lowest elevations, slightly less than 1.500
meters, occur along the water courses on the
western margin of the sheet. The survey area
was flown in blocks of constant barometric
altitude of 7.000 feet IN METERS, 8.000 feet

Georeferencing

Soil type
Recharge DRASTIC
depth " m
Conductivity %
=
o
5
Topography E SINTACS
S1

Unsaturated
zone 2

Aquifer type

Figure 1. Flowchart of methodology for assessing groundwater vulnerability in the study area.
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IN METERS, and 9.500 feet IN METERS with
higher portions of the area drape flown, and at
a terrain clearance of 1.500 feet in the northeast
corner of the quadrangle. Traverses were flown
with 7.5 km spacing at headings of 45°/225° for
all the blocks (Akhavan et al., 2011). The lines
were flown with a 40 km spacing perpendicular
to the traverses. Refer to the map for exact
flight path locations. Numbers on the flight path
refer to either line numbers or fiducial (data
point) numbers. The most prominent geologic
feature is the belt of metamorphic and igneous
rocks which trends northwest-southeast. This
belt consists largely of Hamadan phyllites with
well-developed hornfels near the margins of
post-Cretaceous granodiorite intrusions. An area
of more mafic igneous material occurs northwest
of Hamadan. Paleozoic marbles and Cretaceous
crushed limestone and igneous bodies occur
in the Zagros thrust belt in the southwestern
corner of the sheet. Cretaceous limestone and
Oligo-Miocene marbles and limestone’s occupy
the northeastern and southeastern portions of
the sheet. Faulting in this area trends northwest-
southeast except for the Mesozoic sedimentary
zone east of Hamadan where there is a north-
northeast to south-southwest trend (Akhavan
et al., 2011).

Methodological analysis

The Hamadan - Bahar alluvial aquifer is an
important water resource used for irrigation,
therefore the aquifer vulnerability to pollution
by generic pollutants has been studied by
applying the following methods.

A raster map was made from interpolation
of the well data using the GIS software for
each indicator. To obtain the vulnerability
indexes the corresponding weight and rating
according to the formula of each method
was given to each indicator. All indicators
in different models were mapped (Philes,
2004). The slope map was obtained from the
digital elevation model and the maps of soils
were scanned and then processed from the
Soil Map. Each indicator was classified on
certain vulnerability classes with values from
the DEM. The distribution of each indicator
was mapped using the Kriging interpolation
technique. After data classification for each
indicator, a spatial mapping in Raster format by
interpolation of these indicators was necessary.
All the maps were projected in "WGS 1984 UTM
Zone 39 N, datum Carthage”. At ArcGIS software
maps are classified by “symbology” and then

0009.L8E
1

==

Malayer Agquifer -

T T T T T T T T T T T T
000 258000 260000 262000 264000 266000 288000 270000 272000 274000 276000 278000

Figure 2. Location of Hamadan - Bahar Plain study area.
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cut with the tool “Extract by Mask” ; then they
will be recorded in Raster “Tiff” format. The
maps are then superposed through “ArcScene,”
and the final product of vulnerability has been
deducted by the “Raster calculator” tool, using
the formulas already defined previously and
multiplying the classified indicators by their
equivalent weight.

For DRASTIC method, inherent in each
hydrogeological setting are the physical
characteristics that affect the groundwater
pollution potential. After the factors such as
transmissivity, temperature, aquifer chemistry,
gaseous phase transport, tortuosity and
some others have been evaluated, the most
important factors that control the groundwater
pollution potential have been determined to
be Net Recharge, Soil Type, Depth to Water,
Topography, Aquifer Material, impact of the
Unsaturated Zone and Aquifer Media of the
Hydraulic Conductivity, in short DRASTIC. In
the following, a numerical ranking system
to assess groundwater pollution potential
in hydrogeological setting has been devised
(Aller et al., 1987). It assigns a note between
1 and 10 and a weight between 1 and 5 for
each used parameter. DRASTIC models use

Eq. (1).

DI=CpxCc+IpxIc+TpxTc+SpxSc
+Ap X Ac+ Rp x Rc + Dp x Dc (1)

where, DI is the vulnerability index based on
the DRASTIC model; C: hydraulic Conductivity;
I: Unsaturated zone; T: Topography; S: Soil
Media; A: Aquifer Material; R: Net Recharge
and D: Depth to Water.

The GOD method is an empirical method for
the assessment of aquifer pollution vulnerability
developed in Great Britain; this method uses
three indicators: Overlying lithology, Depth
to groundwater and Groundwater occurrence.
Values from 0 to 1 can be assignhed to the
indicators (Foster, 1987). For GOD models
used Eqg. (2).

IGOD = CxC xC, )

Where, C.: Aquifer type; C : Saturated
zone and C,: Depth.

The acronym SINTACS stands for seven
indicators included in the method: Net recharge,
Depth to water, Vadose zone, Slope, Hydraulic
Conductivity, Aquifer media and Soil media.
The SINTACS method was established for
hydrogeological, climatic and impacts settings,
typical of the Mediterranean countries. In the
same way that DRASTIC method, SINTACS

assigns notes and weights for each of these
indicators (Civita and De Maio, 2004) using

Eq. (3).

I,=SpxSc+ CpxCc + ApXxAc + TpxTc +
NpxNc + IpxIc + SpxSc (3)

where I is the vulnerability index based on the
SINTACS model; S: Slope; C: Conductivity; A:
Hydrogeological aquifer characteristics; T:
Soil type; N: Vadose zone; I: Net recharge
and S: Depth to water.

Specific vulnerability is the term used to define
the vulnerability of groundwater to a particular
contaminant or group of contaminants. SI
method is a vulnerability method for evaluating
the specific vertical vulnerability to pollution
originated by agricultural activities mainly
by nitrates (Ribeiro, 2000). SI assignhs notes
and weight for each of these indicators in the
following way. For SI models Eq. (4) was used.

IS =Dp x Dc + Rp x Rc + Ap x Nc
+Tp x Tc + OSp x OSc (4)

Where: D: Depth to water; R: Net
recharge; A: Lithology; T: Topography and
OS': Soil Occupation.

The results

The results of DRASTIC model are shown in
Figure 3.

The results of GOD model are shown in
Figure 4.

The results of SINTACS model are shown
in Figure 5.

The results of SI model are shown in
Figure 6.

Discussion

Groundwater contamination risk mapping was
carried out by overlay of layers representing the
different indicators in the parametric models.
Theoretically an overlay was necessary for
each indicator. However some indicators are
frequently closely associated. In some areas,
topography and soil are intimately related, also in
other areas, the vadose zone and aquifer media
are the same. Values for hydraulic conductivity
was frequently extrapolated from only a few
points of reference and simply estimated from
aquifer media. The data used to generate the
Vulnerability Index Map is produced at a variety
of scales. Through a function specific to the
GIS software the overlay function, the various
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of DRASTIC model
indicators.

maps for each index models are combined
through the map calculator function from
the spatial analyst extension resulting in the
vulnerability map of groundwater. After mapping
all the indicators, the vulnerability maps were
obtained by overlaying the individual maps and
calculating the indices on a grid map (Figure 7).
The Vulnerability Index for each grid cell was
calculated as the weighted sum of the indicators
according to equation 4. Finally, the areas on
the final map are labeled with the appropriate
hydrogeologic setting. The vulnerability indexes
for all models are calculated and the final
vulnerability map was subdivided into classes
related to vulnerability degrees according to the
classification of Engel et al. (1996).
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The comparison between DRASTIC, SINTACS,
SI and GOD methods shows that the closest
results are those from the method SINTACS and
SI, modified versions of the DRASTIC method
adapted to climate prevailing in the study area.
The DRASTIC vulnerability map, provides, in
turn, more detailed results widely different from
other methods (Figure 8). The results showed
that the maximum contamination potential in
the Hamadan-Bahar plain groundwater was
observed in the south, west and northeast
borders of the plain. Also there were areas with
very low and low potential in the center, north
and east of the plain. Both techniques prospected
the vulnerability potential in Hamadan - Bahar
plain with the same accuracy. This region is an
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GOD model indicators.

area of high agricultural activity with an intense
use of chemical fertilizers. The DRASTIC map
resulting from overlaying the seven thematic
maps shows four classes, as indicated in Figure
8. The highest class of Vulnerability Index (VI:
0 200) covers 7.1% of the total surface in the
central part of the study area (Table 1). This
condition is due to the high aquifer permeability
coming from the vadose zone sediments nature.

The aquifer combination was of quaternary
alluvium and sandstones, medium recharge,
shallow groundwater and medium hydraulic
conductivity. This results in a low capacity to

attenuate the contaminants. Also, very low
vulnerability, which is represented by 14.7%
of the total Hamadan surface, are essentially
due to the deep groundwater, the vadose zone
sediments and the low permeability, added to
the low hydraulic conductivity. As well as the
low recharge rate, we assume that these are the
same conditions in the case of low vulnerability,
with less degree of impact for these indicators.
The moderate vulnerability represents 29.4% of
the study area. Vulnerability pattern is mainly
dictated by the variation of the permeability
and the vadose zone (Aranyossy, 1991). The
recharge and the depth of groundwater are two
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Figure 5. Mapping of SINTACS
model indicators.

indicators having an influence on vulnerability
degrees to pollution. The application of SI,
susceptibility index method indicates the
high vulnerable zones to be contaminated by
pollutants (Figure 8). The most vulnerable areas
have an indicator between 85 and 100. Zones
which have indicator value less than 45 are the
less vulnerable (Table 2).

The use of the SI Model SINTACS indicates the
very high vulnerable zones to be contaminated
by pollutants (Figure 8). The most vulnerable
areas have an index between 187 and 210.
Zones which have index values less than 106
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are the less vulnerable (Table 2). The GOD Model
application indicates the very high vulnerable
zones to be contaminated by pollutants (Figure
8). The most vulnerable areas have an index
between 0.5 and 0.7 (Table 2). Zones which
have index value between 0.1 and 0.3 are the
less vulnerable. A statistical comparison among
the vulnerability maps generated by each
method has been carried out. Figure 8 shows
the difference of classification between the used
methods of vulnerabilities. This comparison
shows a certain similarity between the results
obtained using the SINTACS and SI methods
(Rahman, 2008).
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Table 1. Evaluation criteria of the degree of vulnerability in DRASTIC model.

Vulnerability Vulnerability Index Area
(Km?) (%)

Very Low 1-60 70.56 14.7

Low 61 - 120 180.48 33.6

Medium 121 - 160 121.92 29.4

High 161 - 200 72.96 15.2

Very High > 200 34.08 7.1
Also, the DRASTIC map classification shows DRASTIC method, especially in nitrate, was more
different results. We see much more of a class at recommended for this type of environment. It
the DRASTIC method, this method is thus more helps to protect the most vulnerable areas and

suitable to use in our case. So, in conclusion a to guide investors to take decisions.

specific vulnerability study using the modified

170 Vorume 57 Numser 3



GEOFisICA INTERNACIONAL

Table 2. Evaluation criteria of the degree of vulnerability in SI, GOD and SINTACS models.

SI model GOD model SINTACS model
Vulnerability Area Area Area
(Km?) (%) (Km?) (%) (Km?) (%)
Low 173.5 36.14 217.54 45.32 168.9 35.22
Medium 94.3 19.65 120.58 25.12 214.3 44.62
High 212.2 44.21 141.88 29.56 96.8 20.16

Models Validation

Validation refers to some independent procedure
that can verify the results of the vulnerability
analysis. Verification of vulnerability assessments
can be done in many different ways. The most
common approach, particularly for verification
of assessments done with overlay and index
methods, is to compare the vulnerability map
with the actual occurrence of some common
pollutant in groundwater. Typical pollutants
used are nitrate and pesticides (Javadi et al.,
2001 2011 in the reference list CHECK). Nitrate
concentration was selected as the primary
contamination parameter to validate models in
the present study. According to the results, a
significant correlation was observed between
measured nitrate and pollution potential
evaluated by DRASTIC, but no significant
correlation was observed with other models.
This value is for the DRASTIC model P<0.01.
The correlation coefficient for other models was
P<0.05, which indicates more accuracy with
the DRASTIC model in this study area. Figure 9
shows the distribution map of nitrate parameter
in the study area.

Comparative analysis between DRASTIC
results and nitrate levels has been used in
several studies (Assaf and Saadeh, 2009).
Javadi et al. (2011) modified the DRASTIC model
using nitrate measurements. They showed that
the correlation coefficient between DRASTIC
index and nitrate concentration was 68 % in the
modified model that was substantially higher
than 23 % obtained for the original model.
Huan et al. (2012) indicated that mapping of
groundwater vulnerability to nitrate can be
applied for sensible groundwater resource
management and land-use planning.

DRASTIC, GOD and AVI models were
compared in an alluvial aquifer of Florina basin
in Greece using a linear regression analysis
(Kazakis and Voudouris, 2011). To obtain a
comparable value, a quantitative comparison
of vulnerability methods was involved. The
results of this study indicate that the GOD
method has a stronger correlation with the other

two methods, and the three models produced
comparable vulnerability maps. Ighbal et al.
(2014) compared a GIS-based fuzzy pattern
recognition model with a standard DRASTIC
model in Ranchi district, Jharkhand, India. The
results of this study indicated that GIS-based
fuzzy pattern recognition model had better
performance than the standard DRASTIC model.
Polemio et al. (2009) indicate that the GOD
method is useful for mapping large areas with
high vulnerability contrasts, whereas DRASTIC
are useful for any type of aquifer. Correlation
coefficient between DRASTIC index and nitrate
concentration was 68 % compared with 28 %
for GOD index.

Conclusions

The databases which are behind all layers
can anytime be updated. Also, the use of
GIS facilitates the rapid visualization of some
elements in the map by selecting them from
the attribute table. The vulnerability maps,
contamination data and groundwater quality can
be used in view of a rapid and correct evaluation
of pollution risk. By using this technology, the
information will be used in an efficient manner.
The models application showed that Hamadan
- Bahar groundwater was characterized by
low to high vulnerability degrees. The results
of all methods showed that the maximum
contamination potential in the Hamadan -
Bahar plain groundwater was observed in
the south, west and northeast borders of the
plain. According to the sensitivity analysis the
depth to water table was the most effective
parameter on the vulnerability potential. There
were areas with very low and low potential in
the center, north and east of the plain. Both
techniques prospected the vulnerability potential
in Hamadan - Bahar plain with the same
accuracy. Waters are easily accompanied by
various geochemical elements coming from toxic
pesticides and their extensive use in farmland,
and wastewater. So, in high vulnerability areas,
we shouldn’t allow additional high risk activities
in order to obtain economic advantage and to
reduce environmental pollution hazard.

JuLy - SepTEMBER 2018 171



Balal Oroji

0009.8€
1

0002.8¢

Legend
2
=) <15 =
15-30
M = 30
4] 2 4 5
| ™= e | 4
% T T T T 1 T T T T \7
000 258000 260000 262000 264000 266000 268000 270000 272000 274000 276000 278000

Figure 9. Distribution map of nitrate parameter in the study area.

Acknowledgements

The author would like to thank Mohsen
Ghasemi Jahromi and Hashem Karimi of Tehran
University for assistance in determining geologic
characteristics and processes.

References

Abe K., 1981, Magnitude of large shallow
earthquakes from 1904 to 1980. Phys. Earth.
Planet. Interiors, 27, 72-92.

Akhavan S., Mousavi S.F., Abedi-Koupai J.,
Abbaspour K.C. 2011, Conditioning DRASTIC
model to simulate nitrate pollution case
study: Hamadan-Bahar plain. Environ. Earth
Sci., 63, 1155-1167.

Aller L., Bennet T., Lehr J.H., Petty R.J.,
Hachet G. 1987, DRASTIC: A standardised
system for evaluating groundwater
pollution potential using hydrogeologic
settings (EPA 600/2-87). Environmental
Research Laboratory, Office of Research
and Development, US Environmental
Protection Agency Report, Tucson pp. 622.

Aranyossy J.F. 1991, The Contribution of
Isotope Techniques to Study the Recharge
under Constraints Techniques and Climate
Extremes,” Diplomafor Accreditation to

172 VoLuME 57 NuMBER 3

Supervise Research in Sciences, University
of Paris sud, Orsay, pp. 576.

Assaf, H. and Saadeh, M., 2009. Geostatistical
assessment of groundwater nitrate
contamination with reflection on DRASTIC
vulnerability assessment: the case of the
Upper Litani Basin, Lebanon. Water Res.
Manag., 23, 775-796.

Chenini I., Zghibi A., Kouzana L. 2015,
Hydrogeological investigations and
groundwater vulnerability assessment
and mapping for groundwater resource
protection and management: State of the
art and a case study. J. Afric. Earth. Sci.,
109, 11-26.

Civita M., De Maio M. 2004, Assessing and
mapping groundwater vulnerability to
contamination: The Italian “combined”
approach. Geofis. Int., 43, 513-532.

Daly D., Drew D. 1999, Irish methodologies
for karst aquifer protection. In: Beek B (ed)
Hydrogeology and engineering geology of
sinkholes and karst. Balkema, Rotterdam,
pp 267-272.

Engel B., Navulur K., Cooper B., Hahn L. 1996,
Estimating Groundwater Vulnerability to
Non-Point Source Pollution from Nitrates and



GEOFisICA INTERNACIONAL

Pesticides on a Regional Scale. In: K. Kovar
and H. P. Nachtnebel, Eds., Application of
Geographic Information Systems in Hydrology
and Water Resources Management, IAHS
Press, Wallingford, pp. 521-526. http://www.
iahs.info/redbooks/235.htm

Edoulati N., Boutaleb S., Bettar I., Ouchbani A.
2013, Contributions of Chemical and Isotopic
Tools for Understanding the Groundwater
Modes Recharge and Flow in the Lower
Cretaceous Aquifer in the Moroccan Sahara.
J Warer Resour Protec 5, pp. 183-199.
doi:10.4236/jwarp.2013.52020

Ettazarini S. 2006, Groundwater pollution risk
mapping for the Eocene aquifer of the Oum
ErRabia Basin, Morocco. Environ. Geol., 51,
341-34 7

Foster S.S.D. 1987, Fundamental concepts
in aquifer vulnerability, pollution risk and
protection strategy. In: van Duijvenbooden
W, van Waegeningh HG (eds) Proceedings
and information in vulnerability of soil and
ground-water to pollutants, vol 38. TNO
Committee on Hydrological Research, The
Hague, pp 69-86

Fritch T.G., Mcknight C.L., Yeldennan J].C,,
Arnold J.G. 2000, An aquifer vulnerability
assessment of the Paluxy aquifer, central
Texas, USA, using GIS and a modified
DRASTIC approach. J. Environ. Manag., 25,
337-345

Ighbal J., Gorai A.X., Katpatal Y.B., Pathak G.
2014, Development of GIS-basod fuzzy
pattern recognition model (modified DRA.
STIC model) for groundwater vulnerability
to pollution assessment. Int. J. Environ.
Sci. Techno., 12, 3161-3174. doi: 10.1007/
s13762-014-0693-x

Ghazavi R., Vali A.B., Eslamian S. 2010,
Impact of flood spreading on infiltration
rate and soil properties. Water Resour.
Manag., 14, 2781-2793

Ghazavi R., Thomas Z., Hamon Y., Merot
P. 2011, Soil water movement under a
bottomland hedgerow during contrasting
meteorological conditions. Hydro. Process.,
25, 9-30

Ghazavi R., Vali A.B., Eslamian S. 2012,
Impact of flood spreading on groundwater
level variation and groundwater quality
in an arid environment. Water Resour.
Manag., 26, 1651-1663

Gogu R.C., Dassargues A. 2000, Current trends
and future challenges in ground-water
vulnerability assessment using overlay and
index methods. Environ. Geol., 39, 549-559

Huan H., Wang J., Teng Y. 2012, Assessment
and validation of groundwater vulnerability to
nitrate based on a modified DRASTIC model:
a case study in Jilin City of northeast China.
Sci., Total Environ., 440, 14-23

Javadi S, Kavehkar N, Mousavizadeh MH,
Mohammadi K., 2011, Modification of
DRASTIC model to map groundwater
vulnerability to pollution using nitrate
measurements in agricultural areas. J Agric
Sci Technol 13, 239-249.

Kazakis N., Voudouris K., 2011, Comparison
of three applied methods of groundwater
vulnerability mapping: A case study from the
Florina basin, Northern Greece. In Advances
in the research of aquatic environment, (pp.
359-367). Springer, Berlin, Heidelberg.

Mahvi A.H., Nouri J., Babael A.A., Nabizadeh
R. 2005, Agricultural activities impact
on groundwater nitrate pollution. Int. J.
Environ. Sci. Techno., 2, 41-47

Minville M., Krau S., Brissette F., Leconte
R. 2010, Behaviour and performance
of a water resource system in Quebec
(Canada) under adapted operating policies
in a climate change context. Water Resour.
Manag., 24, 1333-1352

Mueller N.C., Braun J., Bruns J., Cernik M.,
Rissing P., Rickerby D., Nowack B. 2012,
Application of nanoscale zero valent iron
(NzZVI) for groundwater remediation in
Europe. Environ. Sci. Poll. Research., 19,
550-558.

National Research Council 1993, Groundwater
vulnerability assessment, contaminant
potential under conditions of uncertainty.
National Academy Press, Washington, DC

Odukoya A.M., Abimbola A.F. 2010,
Contamination assessment of surface
and groundwater within and around two
dumpsites. Int. J. Environ. Sci. Techno.,
7, 367-376

Oiste A.M. 2014. Groundwater quality

assessment in urban environment. Int.
J. Environ. Sci. Technol., 11, 2095-2102

JuLy - SepTEMBER 2018 173



Balal Oroji

Pathak P., Chourasia A.K., Wani S.P., Sudi
R. 2013, Multiple Impact of Integrated
Watershed Management in Low Rainfall
SemiArid Region: A Case Study from Eastern
Rajasthan, India. J. Water Resour .Protect.,
5, 27-36. doi:10.4236/jwarp.2013.51004

Philes C.J. 2004, The Geostatistical Modeling
of Spatial Variability and Its Applications.
Thesis, University Pierre et Marie Curie,
Paris 71 pp.

Polemio, M., Casarano, D. and Limoni,
P.P., 2009. Karstic aquifer vulnerability
assessment methods and results at a
test site (Apulia, southern Italy). Natural
Hazards and Earth System Sciences.

Rahman A. 2008. A GIS based DRASTIC model
for assessing groundwater vulnerability
in shallow aquifer in Aligarh, India. Appl.
Geography., 28, 32-53. doi:10.1016/j.
apgeog.2007.07.008

Ribeiro L. 2000, Desenvolvimento de um
I "'ndice para avaliar a susceptibilidade,
ERSHA-CVRM, 8 pp.

Saatsaz M., Sulaiman W.N. 2011, GIS DRAS
TIC model for groundwater vulnerability
estimation of Astaneh-Kouchesfahan plain,
Northern Iran. Int. J. Water, 6, 250-254

Shukla S., Mostaghimi S., Shanholt V.O.,
Collins M.C., Ross B.B. 2000, A county level
assessment of ground water contamination
by pesticides. Ground. Water Monit. Rev.,
20, 104-119

Sophocleous M.A. 1991, Combining the
Soil Water Balance and 475 Water Level
fluctuation Methods to Estimate Natural
Groundwater Recharge: Practical Aspects.
J. Hydro., 124, 229-241 doi:10.1016/0022-
1694(91)90016-B

174 VoLuME 57 NuMBER 3

Tadesse A., Bosona T., Gebresenbet G. 2013,
Rural Water Supply Management and
Sustainability: The Case of Adama Area,
Ethiopia. J. Water. Resour. Protect., 5, 208-
221. doi:10.4236/jwatp.2013.52022

Teixeira J., Chaminé H.I., Marques J.E., et
al. 2015, A comprehensive analysis of
groundwater resources using GIS and
multicriteria tools (Caldas da Cavaca,
Central Portugal): environmental
issues. Environ. Earth. Sci., 73, 2699-
2715.

Van Stempvoort D., Ewert L., Wassenaar L.
1992, AVI: a method for groundwater
protection mapping in the Prairie Provinces
of Canada. Prairie Provinces Water Board
Report, 1-14, Regina, SK

Vrba J., Zoporozec A. 1994, Guidebook on
mapping groundwater vulnerability. Heise

Wen X, Wu J, Si J 2008. A GIS-based DRASTIC
model for assessing shallow groundwater
vulnerability in the Zhangye Basin,
northwestern China. Environ. Geol., 57,
1435-1442

Witczak S., Duda R., Zurek A. 2004, The
Polish Concept of Groundwater Vulnerability
Mapping. In: Witkowski A.J., Kowalczyk
A., Vrba J. Eds., Groundwater Vulnerability
Assessment and Mapping, Internarional
Conference of Groundwater Vulnerability
Assessment and Mapping, U stron., pp. 62-
76.



Georisica INTERNACIONAL (2018) 57-3: 175-195

ORIGINAL PAPER

Application of magnetic method on the Argentine continental shelf

between 35°S and 48°S

Maria A. Arecco®, Patricia A. Larocca, Francisco Ruiz, Armando T. Canero and Victor A.

Ramos

Received: July 04, 2017; accepted: March 20, 2018; published on line: July 02, 2018

Resumen

Se analizaron las anomalias del Campo Magnético
Total a partir de datos de una red global, con
el propodsito de contribuir al conocimiento y
caracterizacion de la plataforma continental
argentina (35°S hasta 489°S). Para ello se
utilizaron técnicas de realce, como la sefal
analitica, el angulo tilt, y la segunda derivada
vertical. Se calcularon las profundidades de
las fuentes magnéticas a partir del método
de deconvolucion de Euler y el modelado de
inversion gravimétrica 2D. A partir de los
resultados filtrados del TMA se identificaron
grandes zonas de fractura de transferencia.
La segunda derivada vertical mostré patrones
de alta frecuencia en las anomalias G y Tona,
asi como también en la serie de anomalias M y
alineamientos de fondo oceanico, mostrando el
caracter volcanico y episodico de los mismos.
El método de deconvolucion de Euler permitié
localizar fuentes magnéticas discontinuas a
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lo largo del antiguo cinturéon Dom Feliciano-
Lavalleja, cuyas profundidades van desde 5000
a 8000 m. Se obtuvieron pocas soluciones
tipo diques, escalones de falla en las zonas de
fallas de transferencia y el borde entre corteza
continental y oceanica. Se localizaron fuentes en
la serie-M a profundidades entre 8000 y 12000
m. También, este método permitié calcular las
profundidades de la conspicua anomalia Tona
entre 8000 y 20000 m. Ademas, a partir de un
modelo de inversion gravimétrico 2-D aplicado
sobre un perfil con direccidon NE, se identificé un
cuerpo mafico-ultramafico a lo largo de la sutura
Patagonia-Gondwana hasta casi la superficie.
Este cuerpo podria ser una imbricacion de la
sutura emplazada en rocas del basamento.

Palabras clave: Plataforma  Continental
Argentina;  Anomalia  Magnética  Tona;
Magnetometria; Interpretaciones magnéticas
corticales: Terreno Patagonia.
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Abstract

The total magneticanomaly (TMA) from a global
grid was analysed in order to characterize the
magnetic features of the Argentine continental
shelf (359S to 489°S) and to expand the current
knowledge of such area. TMA amplitudes
within the study area were mathematically
filtered and enhanced using various techniques
including the analytic signal method, the tilt
angle method and the second vertical derivative
method. In order to estimate the depths of the
magnetic sources on the Tona anomaly and
the continental edge, the Euler deconvolution
method and a 2-D gravimetric inversion model
were applied. The TMA filtering results were
used to observe and identify large transform
zones such as the Rio de la Plata system, the
Salado, Ventana, Colorado and Malvinas zones,
and other minor systems such as the Rawson
transform zones. The San José and El Cortijo
crustal sutures were also outlined using the
applied methods, and it was possible to map
and identify a change in orientation of the
Ventania-Cape Fold Belt. The tilt angle method
revealed high-frequency patterns in the oceanic
crust as a result of its volcanic nature. The
second vertical derivative method exhibited
high-frequency patterns in the G and Tona
anomalies, the M-series magnetic anomalies

Introduction

The Argentine continental shelf has a number
of distinguishing attributes with a structural
history characterized by plate breakup, heat flow
and magmatic activity, which have shaped its
current tectonic features. The study of magnetic
anomalies reveals the structural and lithologic
complexity of crustal rocks, providing a window
into the geological history of various sectors
of the continent, mainly ancient deep-crustal
formations whose seismic structures are unclear
due to subsequent tectonic and metamorphic
activity. The total magnetic anomaly (TMA) of an
area allows the main crustal structures, faults,
dykes, transform zones and edges or contacts
to be rapidly located and characterized (Lefort
et al., 1988). Therefore, by utilizing the results
of filtering techniques, it is possible to analyse
the structure of the Argentine continental shelf,
the main offshore basin structures and the
continental edge.

Several authors have conducted research
in this area, including gravimetric studies of
the continental-oceanic boundary (Arecco et
al., 2016 a, b) and magnetic studies of the
continental crust (Ghidella et al., 2005, Max et

176 VoLuME 57 NuMBER 3

and oceanic bottom alignments, revealing
their volcanic and episodic character through a
large and complex distribution of blocks at the
continental-oceanic boundary. Discontinuous
linear magnetic sources were observed along
the ancient Dom Feliciano-Lavalleja shear
belt, most of which were calculated by Euler
deconvolution to be located at depths of
approximately 5000-8000 m. On transform
zones, inner alignments and continental-
oceanic boundaries, few dipoles associated
with fault steps and dykes were identified.
The sources of the M-series anomalies were
located at depths of 8000-12000 m, whereas
abundant deeper sources were identified for
the Deseado and Somuncurd massifs and the
Mar Argentino rise. The Euler deconvolution
method was used to calculate a source depth
range for the conspicuous Tona anomaly of
8000-20000 m. In addition, a 2-D gravimetric
inversion model based on a NE-trending profile
was used to identify a mafic body along the
Patagonia-Gondwana suture bounded by a
sub-surface. This body may be an imbrication
of the suture located in basement rocks.

Key words: Argentine Continental Shelf;
Patagonia Terrain; Tona Magnetic Anomaly;
Crustal Magnetic Interpretations; Marine
Geology.

al., 1999). In addition, investigations such as
isostatic compensation and geoid undulation
studies in the Claromecdé basin (Ruiz and
Introcaso, 2011), tectonic studies of the El
Cortijo suture zone (Chernicoff et al., 2014;
Pangaro et al., 2011; Pangaro and Ramos,
2012), seismic studies of margin segmentation
(Franke et al., 2007) and palaeomagnetic
studies (Rapalini, 2005) have been carried out,
among other authors.

In this paper, TMA amplitudes were
mathematically filtered in the study area and
enhanced using various techniques including
the analytic signal method (AS), the tilt angle
method (TDR) and the second vertical derivative
method (SVD), each of which has various
advantages in different geologic situations.
Applying multiple methods to the same anomaly
area improved the reliability of the results. In
order to calculate the depths of the magnetic
sources in the basement and the crust the Euler
deconvolution method was used. In addition,
with the aim of creating a tectonic model
of the Tona magnetic anomaly sources, 2-D
gravimetric modelling was performed based on
a transverse profile to the anomaly.
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The objective of this study was to carry out
a regional magnetic survey of the Argentine
continental shelf and its continental margins,
including the continental-oceanic boundary
(COB) up to the oceanic crust between latitudes
of approximately 359S and 489S. The study
area was separated into two smaller zones,
the northern (3595-419S) and the southern
(4105-480°S). In this work, one source of total
magnetic anomaly was used, a newest global
grid EMAG2 satellite grid (Meyer et al., 2016).

Geological setting

The regional structural configuration of the
Argentine continental shelf is composed of the
Rio de la Plata craton located southeast of South
America, which extends from the Piedra Alta
terrane in Uruguay in the north to the Colorado
basin in the south (Pankhurst et al., 2003;
Cingolani, 2011; Pangaro and Ramos, 2012).
This craton is bounded to the east by the Dom
Feliciano Belt (Fragoso-Cesar, 1980) and further

to the south by the COB (Figure 1 A) (Arecco
et al., 2016 a).

The Archean and Proterozoic-age La Plata
Craton by gneisses and meta-igneous complexes
is characterized (Ramos, 2008). Accretion
occurred along its southern margin involving
an amalgamated collage of primarily non-
magnetic or weakly magnetic sediments and
the metamorphic and igneous micro-continent
that forms the Patagonia Platform. Large areas
of this crust may have been stabilized during
Neoproterozoic to early Palaeozoic times
(Tankard et al., 1995), but compressional
tectonics associated with accretion ceased only
during the late Gondwanian orogeny, close to
the Upper Palaeozoic (Ramos, 1996).

The Rio de la Plata Craton comprises a
series of continental blocks that, during the
Trans-Amazonian orogeny, were amalgamated
(Ramos, 1996). It consists of a series of
arc granitoids associated with subduction
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preserved in the region of Tandilia (Dalla Salda
and Francese, 1985; Dalla Salda, 1987). The
granitoid ages range from 2100-1900 Ma in the
Tandilia region (Varela et al., 1988) (Figure 2).
El Cortijo suture runs WNW and is aligned with
the northern boundary of the Tandilia terrane
(Teruggi et al., 1989, 1988 en el listado de
referencias CHECAR;, Cingolani and Dalla Salda,
2000; Cingolani et al., 2010; Chernicoff et al.,
2014). At the local scale, El Cortijo suture zone
is often E-W-trending. At this scale, WNW-
trending tholeiitic dykes (TTD) of Statherian age
are seen to cross-cut the Rhyacian El Cortijo

suture zone (Chernicoff et al., 2014) (Figure
2). Small magnetic highs that are spatially
associated with El Cortijo suture zone are related
to unexposed basic ophiolitic bodies related to
those present in El Cortijo Formation (Chernicoff
etal., 2014).

Several authors have interpreted the
presence of a suture related to the collision of
the Patagonia terrain (Ramos, 2008; Rapalini,
2005; Lopez de Lucchi et al., 2010, Pangaro and
Ramos, 2012) (Figure 2).
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The passive continental volcanic margin
of Argentina began in the Late Jurassic/
Early Cretaceous (~130 Ma) during the last
stages of fragmentation of the supercontinent
Gondwana, which propagated from south to
north. This opening lasted from ca. 137 Ma to
126 Ma (Austin and Uchupi, 1982; Rabinowitz
and LaBrecque, 1979) and involved a complex
combination of rifting and faulting before and
during the breakup of Western Gondwana.
This continental margin can be considered
a lower-plate passive margin type (LPPM)
with the upper-plate passive margin (UPPM)
corresponding to the conjugate African margin.
The main features characterizing the LPPM-
type Argentine continental shelf are expansive
shelves, coastal plains in the continental terrace,
well-developed half-graben systems, external
peripheral ridge systems, and a lack of well-
developed basic magmatism, and the presence
of extensive rhyolitic plateaux (Ramos, 1996).

The Argentina continental shelf, which
begins south of the Colorado River, is one of the
best-developed rhyolitic plateaux in the world
(Ramos, 1996) with rhyolites corresponding to
pre-rift or early-rift types associated with passive
margins (Malumian and Ramos, 1984; Kay et al.,
1989; Ramos, 1996). The Patagonia microplate
is considered to have been independent from
Gondwana in the Early to Middle Palaeozoic
before it underwent a frontal collision with
Gondwana in the Late Palaeozoic, producing
folding and thrusting at the Sierra de la Ventana
fold system, SW of Buenos Aires (Ramos, 1988,
2008; Rapallini, 2005) (Figure 2).

The G anomaly is considered the biggest
among anomalies from Atlantic Ocean opening
(Rabinowitz and LaBrecque, 1979); it was
drawn in red enclosing positive-negative values
because the magnetic field is bipolar (Figure 1
A). Older Mesozoic alignments (M4-MO off the
coast of Argentina) from about 130 to 114 Ma
and the G anomaly on conjugate margin offsets
(Rabinowitz and LaBrecque, 1979) have been
identified from the maximum-minimum zones
(warm-cold colors) aligned to the continental
margin on updated data (Figure 1 A).

The Tona magnetic anomaly (Ghidella et al.,
1995) has been identified from its triangular
shape between 40°S and 42°S (Figure 1A).
These is one of several features that have
been identified in the Argentine continental
shelf, along with the Martin Garcia basement
high (MGH) and the Tandil (TLH) and Rawson
(RWH) high zones as well as inner alignments
oriented sub-parallel to the G anomaly, among
others. Regarding the Tona magnetic anomaly,

Zambrano (1974) and Urien and Zambrano
(1974) stated that “the mesozoic eruptives,
so widespread in the Patagonia and western
Argentina, are not known to occur in the
Colorado basin. They appear on the surface, to
wedge out near the southern boundary without
reaching the basin itself”. Pangaro et al. (2011)
identified two NE-oriented, NW-dipping deeply
rooted shear zones that were mapped all the
way to the Moho using wide-angle seismic
reflection lines. These shear zones lie to the
north of the Tona anomaly. The eastern shear
zone is associated with a volcanic field composed
of presumably hundreds of volcanoes of Late
Cretaceous age, and the south ends of both
zones lie just above the northern edge of the
Tona anomaly, which could be associated with
that volcanic field (Figure 2).

According to Max et al. (1999), the northern
region (3595-420S) of the continental crust
includes the structural magnetic domain of
the Rio de la Plata craton (RLPC) and the
marginal sub-domain of the La Plata (LPDM)
domain that was tectonically reworked during
accretion (Somuncura Massif). These authors
affirm that the oceanic crust (OC) contains the
M-series and a quiet zone of crust. The RLPC
comprises a series of continental blocks that
were amalgamated during the Trans-Amazonian
orogeny. The sutures run subparallel to San
José and El Cortijo and separate the continental
blocks of Florida, Buenos Aires and Tandil (Dalla
Salda et al., 1988; Teruggi et al., 1988; Ramos
et al., 1996).

According to Arecco et al. (2016 a, b) and
Pizarro et al. (2016) the continental oceanic
transition (COT) and the COB have distinguishing
tectonic features, as has been shown in its
studies, 2D and 3D gravimetric models, above
the Argentine basin and continental boundary
(Figure 2). Arecco et al. (2016 a) showed by
2-D gravimetric models that the continental
crustal thinning begins on the continental
and transitional crust, where the greatest
sedimentary thickness are located, the basaltic
wedge series (SDRs), the zone of intrusive
magmatic dykes, and the underplated body,
till the COB. The 3D model results allowed to
obtain the boundaries of the Argentina Basin
revealing gravimetric aspects related to the
morphology and constitution of the upper crust
in the continental margin (Pizarro et al. 2016).

In addition, a series of marine basins that
resulted from the South Atlantic Ocean opening
can be observed in the continental shelf. Among
the most important of these are the Punta del
Este, the Salado, the Claromeco, the Colorado,
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the Valdés, the Rawson San Jorge and the
San Julian basins (Figure 2). The half-graben
systems on the shelf are strongly controlled by
basement features, allowing the shelf to divide
into two distinctive sectors by the Patagonic
boundary (Figure 2). The northern region of the
Rio Colorado Salado, Colorado and Claromecéd
basins was partially developed on the Rio de
La Plata Craton in the province of Buenos Aires
(Dalla Salda et al., 1988; Franke et al., 2007).

The southern region (40°S5-48°S) of the
continental crust includes the Somuncura and
Deseado massifs, the northern magmatic arc
(Ramos, 2008), slim SDRs and the Valdes,
Rawson, Ameghino and San Jorge basins in
front of the COB (Figure 2). The Tona magnetic
anomaly is large in amplitude but low in
frequency; this is in marked contrast to the
magnetic pattern over the southern zone, which
includes the San Jorge, Valdés and Rawson
basins (Figure 1). According to Ghidella et al.
(1995), “this anomaly was possibly caused by
lava flows through detachment faults formed in
the rifting process and that these flows seem
to have been accumulated against a barrier
imposed perhaps by the implications of the
Colorado discontinuity”. Most of the magnetic
oceanic bottom alignments (OBA) are parallel
to the TZs, which coincide with the ocean floor
spreading direction. Additionally, the magnetic
OBAs coincide with the gravimetric OBAs (Arecco
et al.,, 2016 a).

Several authors such as Zambrano (1974),
Introcaso and Ramos (1984), Tavella and Wright
(1996), Fryklund et al. (1996) and Introcaso et
al. (2008) have discussed the geology of these
basins, originated during a major rifting eventin
the Late Jurassic and Early Cretaceous, among
others. In the southern region of the Rio de
la Plata craton is the Gondwanides mountain
belt, which was produced as a result of the late
Palaeozoic collision of the Patagonia terrane with
the continental margin of Gondwana (Ramos
et al., 2014) (Figure 2). The southern part
of the Colorado River marks the edge of an
important area of acid volcanism, but also an
area structurally dominated by meridian-parallel
half-grabens, as observed in the Valdés and
Rawson basins (Marinelli and Franzin, 1996).
In the south, transverse structures are found
corresponding to the marine section of the San
Jorge basin (Baldi and Nevistic, 1996, Sylwan,
2001). The Somuncura massif adjacent to
the shelf contains a series of outcrops of lava
and pyroclastic flows of rhyolitic composition
associated with granitic porphyry. Recent dating
work performed by Riley et al. (2016) in rocks
from the Marifil Formation yielded similar ages.
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The northern sector of the Somuncura massif
is considered to be a magmatic arc that was
active along the northern edge of the plate
prior to collision between the Patagonia block
with Gondwana (Ramos, 2004, 2008). OBAs
in the oceanic crust have been identified from
TMA anomalies, as well as from gravimetric
anomalies and through the application of
enhancement techniques (Arecco et al., 2016
a, b).

Methodology

The main TMA magnetic data source is the
EMAG?2 satellite grid, which is available as a
digital file at https://data.noaa.gov/dataset/
emag2-earth-magnetic-anomaly-grid-2-arc-
minute-resolution (Figure 1 A). These data are
available with a grid spacing of 2 arc-min (~
4 km in the study area). This grid has been
compiled from satellite data, ship and airborne
magnetic measurements according to Meyer et
al. (2016).

Enhancement techniques used include the
analytic signal (AS), the tilt angle (TDR) and
the second vertical derivative (SVD) methods,
as well as 3-D Euler deconvolution to obtain the
location and depth of the faults or dykes (edges
or contacts) of the main tectonic structures.
Finally, a 2-D Euler deconvolution, and 2-D
gravimetric model were applied on a transverse
profile to Tona anomaly for obtaining causative
source depth.

Analytic Signal

The 2D technique developed by Nabighian
(1972) was applied to magnetic potential fields.
The author later generalized the analytic signal
(AS) from 2D to 3D (Nabighian, 1984). This
technique indicates the relative maxima at the
contact between bodies with different magnetic
susceptibilities. In particular, the analytic signal
module |AS| , also termed the total gradient
(Nabighian et al., 2005), has been used to
detect maxima at the contact between bodies
with different magnetic susceptibilities. The
amplitude of the |AS| module in 3D is given

by (1)

dTMA > dTMA °  dTMA °
|AS| = + +
dx dy dz
(1)
dTMA dTMA ,
where s are the horizontal
dx dy

derivatives and is the vertical derivative

dz
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of the TMA. Each |AS| maximum indicates
a contact between bodies of high magnetic
susceptibility contrast.

Tilt angle (TDR)

The enhancement technique introduced by
Miller and Singh (1994) to detect contacts when
applied to the Total Magnetic Field grid (Verduzco
et al., 2004) provides greater resolution of the
edges with respect to those shown by the AS.
This filter is able to detect depth sources masked
by high-amplitude interference from superficial
magnetized bodies. The tilt angle (TDR) is given
by expression (2)

VDR
THDR

TDR = tan™

(2)

where VDR and THDR are the first horizontal and
the vertical derivative of the TMA, respectively
(Verduzco et al., 2004). A TDR value of zero
indicates an edge or contact. Due to the nature
of the tangent function, all resulting angles are
in the range between —m/2 and w/2 (Cooper
and Cowan 2006), so that the details of other
contacts whose angles are not close to zero
are lost.

Second vertical derivative

The second vertical derivative (SVD) is the
vertical gradient of the first vertical derivative,
which is physically equivalent to measuring the
magnetic field simultaneously at two vertical
points, one above the other, by subtracting
the respective values and dividing the result
by the vertical spatial separation between
the measuring points (Blakely, 1996). In the
wavenumber domain, the 2nd-order vertical
derivative is given by (3)

A'= A(k)|K[ (3)

where A(k) is the amplitude at a wavenumber
k (k = 2m/L) and A is the wavelength (Blakely,
1996). The result enhances relatively high
frequencies in contrast to low frequencies. The
vertical derivative exaggerates the signal of
the upper-level sources producing magnetic
anomalies. This property is the basis for
applying the derivative, which eliminates
the regional effects of long wavelengths and
enhances the effects of shallow surface bodies.
Implementation of the second vertical derivative
requires good quality data as the enhancement
of high frequencies may result in increased noise
(Milligan and Gunn, 1997).

Euler deconvolution method

The Euler deconvolution method provides the
location and depth of the magnetic source tops.
The Euler deconvolution method for estimating
the depths of magnetic sources is based on the
concept that magnetic fields are homogeneous
functions of the source coordinates and therefore
satisfy the Euler equation. This equation can
therefore be solved parametrically to determine
the source locations. This method has found
widespread application as the theoretical basis
for the inversion of large magnetic and gravity
data sets in terms of simple sources in the shape
of steps, spheres or cylinders (Thompson, 1982;
Reid et al., 1990; 2003; Salem and Smith,
2005). When the structural index and estimated
depth are combined with geologic information,
they can be used to identify and estimate the
depths of a wide variety of geologic structures
such as faults, magnetic contacts, dykes and
extrusions, among others (Thompson, 1982).

The Euler deconvolution method is based on
the Euler homogeneity equation, which can be
written in 2D in the form

(x—xo)aTMA +(Z—ZO)8TMA +nTMA =0
0x 0z (4)

where the total magnetic field anomaly (TMA)
is due to a magnetic source located at (x,,
z,) and n is a structural index (SI) (Table 1)
related to the simple source geometry. The
only unknown quantities in equation (4) are
X, Z, and n. The depth and location along the
profile are represented by the coordinates while
n represents the type of source.

To solve Euler’s equation, horizontal and
vertical potential field gradients are required,
which were calculated in the frequency domain
(Gunn, 1975). It has been observed that depth
estimates that are obtained from magnetic data
are more accurate if the reduced to pole (RTP)
magnetic field is used (Thomson, 1982).

Table 1. Structural indices in 2D and more
common symbols used to represent the indices.

Structural Simple Symbol
index model
1.0 Fault or contact +
2.0 dike X
2.5 dipoles O
3.0 sphere A
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2-D model inversion

In spite of ambiguity that the inversion of the
gravimetry presents, for the construction of
a tectonic model, the realization of tectonic
models based on the inversion of gravimetric
models is efficient. To overcome the non-
uniqueness problem, it is possible to invert
gravimetric data with a priori information about
the crustal structure to provide additional
constraints, such as discontinuities from seismic
refraction studies or seismic horizons interpreted
from multichannel seismic profiles (Nabighian et
al., 2005). In the inversion performed for the
2-D gravimetric model in this study, a structure
based on simple crustal blocks was assumed,
from previous works (Pangaro and Ramos,
2012; Ramos et al., 2014). For this purpose the
Grav-Modeler program, based on Talwani et al.
(1959) and developed by the Geotools software
division of AOA Geophysics Inc. and Lacoste &
Romberg, was used.
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Results

The differences in magnetic susceptibility of
structures such as faults or steps, dykes or sills
generate different magnetic responses. For the
purpose of differentiate geological structures
in the crystalline basement and upper crust
enhancement techniques of magnetic anomalies
were used. In order to display the results more
clearly, the study area was divided into two
zones (359S5-420S and 40°5-489°S) as shown
in Figures 3, 4 and 5. The results of the 3-D
Euler deconvolution can be seen in Figure 6.
Additionally, in order to identify the sources
responsible for the Tona anomaly, two cross-
sectional profiles, A and B, were made. Profile
A was oriented in the NW-SE direction and was
processed by an Euler deconvolution performed
in 2D (Figure 7). Profile B was made in the
NE-SW direction, and was used to create a 2-D
gravimetric model (Figure 8).
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Analytic signal

The analytic signal shows the magnetic
contact responses by high values (magenta)
(Figures 3 A; B). Structures associated with
crystalline basement such as the Martin Garcia
and Rawson basement highs can been seen,
while the Tandil basement high appears less
distinct. In addition, the AS depicts an eastward
shift of the G anomaly in the Rio de La Plata
Transform System zone understanding of a
control of system about G anomaly (Figure
3A). The Tona anomaly appears as a triangular
magnetic high with its somewhat subparallel
edge to the magnetic G anomaly to the east,

Patagonia boundary to the south and Colorado
Basin to the north. Note that, the Tona anomaly
exhibits long wavelengths that prevail over short
wavelengths, i.e. its sources probably are deep.
In Figure 3B, alternating alignments with very
high values (magenta) and low values (green)
can be identified subparallel to the continental
margin representing the Mesozoic seafloor
spreading alignments M0-M4 (Rabinovich and
LaBrecque, 1979). A detailed analysis of the
analytic signal map (AS) corresponding to the
northern region shows NE-SW alignments
with high values between 1000 and 500 nT/m
corresponding to the continental edge (Figure
3A).
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The Salado basin is described as aulacogenic
rift basin, and exhibits a NW-SE-oriented fault
pattern (Ramos, 1996; Urien and Zambrano,
1974) (Figure 3 A). The southern edge displays
different values ranging from 200 to 800 nT/m,
while the northern edge borders the Martin Garcia
Precambrian outcrop threshold (Ramos, 1996;
Urien and Zambrano, 1974) reaching values up to
1000 nT/m. The eastern edge is represented by
a series of faults in the Plata High (Ramos, 1996)
with values of up to 1200 nT/m. The AS shows
that the Martin Garcia basement high controls
the features of the Salado and Punta del Este
basins (Ramos, 1996). The north slope of the
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Punta del Este basin is controlled by WNW-ESE
alignements orientated parallel to the San José
suture (Ramos, 1996), which is bounded to the
east by the G magnetic anomaly and to the north
by the Martin Garcia basement high.

North of El Cortijo suture in the continental
zone, the AS reveals a sheet-complex with a
NW-SE orientation controlled by the Salado
transform zone. This area of WNW-trending
tholeiitic dykes (TTD) (Chernicoff et al., 2014)
extends towards the shelf and beyond the coast
and changes to a predominantly N-S orientation
due to a rotation associated with the onset of the
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South Atlantic opening (yellow lines) (Figure 3
A). In contrast, parallel to the Salado transform
zone (Salado TZ) and the Rio de la Plata system
(RPTS), the AS displays thin transform zones
that influence most of the G anomaly, as can
be seen in the Minor TZ and the Patagonia-
Gondwana suture.

On the southern edge of the Colorado Basin,
the AS displays higher values in the range of
1200-2000 nT/m (warm colors), which reveal
the deepest volcanic sources coinciding with
the Tona magnetic anomaly to the northeastern
of the Somuncurd massif. The Tona anomaly
borders a volcanic basement high comprised
of deep volcanic rocks, so the amplitude of
the SA indicates a deep souce of the volcanic

field toward the ocean bottom.. The offshore
Somuncurd Massif on the continental shelf
(Ramos, 1996) has similar characteristics to
the onland Somuncura Massif, which is part
of Patagonia (Rio Negro and central Chubut).
Therefore, the Tona anomaly represents
the boundary of the offshore massif on the
continental shelf. This massif contains a series
of outcrops of lava and pyroclastic rhyolitic flows
associated with granitic porphyries. Given its
lateral extent of several hundred kilometers
in diameter, the formation of this massif could
be related to asthenospheric hot-spot activity
that partially melted the upper crust during
an extensive period of pre-rift magmatism
associated with the initial opening of Southern
Atlantic (Rapella and Pankhurst, 1993).
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The Rawson structural high (RWH), which
controls the southeastern edge of the Colorado
Basin, reaches values of 2000 nT/m. The
western edge of the Colorado basin is parallel
to the continental edge, with structural highs
reaching values from 800 to 1000 nT/m. The
northern edge of this basin exhibits values of
100 to 200 nT/m (cold colours), whereas the
submerged area in front of the coast between
Bahia Blanca and Viedma exhibits the lowest
values in the study area, around 50 nT/m.
Low anomalies are seen along the northern
edge because this area is in contact with
the Palaeozoic Claromecd basin, which is a
sediment-sediment transition rather than the
sediment-intrusive transition seen in the south
and the east (Ruiz and Introcaso, 2011).

The more prominent features in the southern
region (Figure 3B) include the Somuncura and
Deseado massifs, Mesozoic magnetic anomalies
and the Malvinas transform zone. These features
display values from 1500 to 2000 nT/m. In this
region the G magnetic alignment is sub-parallel
to the continental edge and is interrupted at
440S and at 45°S by the Colorado TZ and
the Rawson TZ, respectively. An arc-shaped
high-frequency pattern with a primaryily E-W
orientation (~419°S) can be identified from the
continent to the Golfo San Matias, which is then
interrupted by the Colorado TZ (Figure 3B).

The N and S edges of the San Jorge basin
exhibit the highest values in the basin, reaching
approximately 400 nT/m. No information for
the eastern edge of the basin is available. The
AS indicates that the features at the edges of
these basins are controlled to the north by the
Somuncura massif, to the east by the Colorado
TZ and in between by the Mar Argentino Ridge
(MArR) (Rolleri, 1972). The AS does not show
the extensive faulting typical of basins formed
in the mid-to-late Jurasic during rifting between
South America and Africa. A fan pattern can
be observed in the magnetic alignments, along
with a shift to the east due to the opening of
the South Atlantic Ocean. The Rawson transform
zone extends eastward parallel to the Colorado
Transform zone in the south. This transform
zone controls the Mesozoic alignments (M4 and
M2) north of the Malvinas Transform zone.

Tilt angle

The tilt map resulted in improved determination
of edges, contacts or faults identified in the AS,
such as the basin axis extension, the shape and
extension of sutures, the El Cortijo TZ and minor
and the RPTS (Figure 4A). The tilt angle can
discriminate between oceanic and continental
crust by the high-frequency pattern in oceanic

186 VoLuME 57 NuMBER 3

crust. The tilt angle map of the northern
zone delineates various sources and provides
information about the northern and southern
edges of the Punta del Este basin. In addition,
the southern and eastern edges of the Colorado
basin are clearly marked, as well as the southern
edge of the Claromeco basin. Moreover, the
basin axes of the Punta del Este, Salado and
Claromeco basins can be clearly observed. In
the oceanic crust, TDR enables identification
of the M3 alignment, although TDR does not
allow OBAs to be clearly identified (Arecco et
al., 2016 a). However, the TDR application
did enhance the outline and extension of El
Cortijo suture from the continental shelf to the
edge through its influence on the G anomaly.
Furthermore, high frequencies on the inner side
allowed identification of fractured blocks as a
result of the amalgamation of the continental
blocks that comprise the suture surrounded by
the extended El Cortijo suture to the NW. El
Cortijo suture is highlighted in the WNW-ESE
direction in the TDR map, along with TTD of
Statherian age. The Patagonia-Gondwana suture
is clearly demarcated up to the G anomaly and
the tilt angle map shows oblique alignments in
the general direction of the Patagonia terrain
tectonic edge. Between the G anomaly and the
shoreline, inner alignments sub-parallel to the
margin can be seen that are controlled by the
Salado, Ventana and minor transform. These
inner alignments were probably activated by the
opening of the South Atlantic Ocean.

In the southern area, null values are
observed along the eastern and southern
edges of the San Jorge Basin, and the northern
and southern edges of the Rawson and Valdés
basins are clearly marked (Figure 4B). Using
this enhancement technique, the magnetic G
anomaly and the NE-SW-orientated parallel
magnetic alignments M4, M2 and MO can be
recognised as high-frequency alignments.
South of the Colorado TZ, an eastward shift in
these main alignments can be observed where
the G prolongation is clearly identifiable by
the change to a N-S orientation. Similarly, a
change in the orientation of the Mesozoic M4,
M2 and MO alignments can be observed parallel
to G (Figure 4B). Above this continental crust,
the Rawson TZ is seen to limit the southward
continuation of the G anomaly as well as that
of the Mesozoic magnetic alignements running
parallel to the Colorado TZ and the Malvinas
TZ (Figure 4B). Therefore it can be concluded
that the Rawson TZ was activated during the
opening of the Atlantic Ocean. Above the oceanic
crust, oceanic bottom alignements (OBA) can
be identified, thus confirming the expansion
direction in the oceanic bottom region (together
with the orientation of transform zones).
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Second vertical derivative

The main features highlighted in the results
of the SVD implementation are associations
between weak zones, like cortical faults (San
José and El Cortijo sutures), or the magmatic
arc in the Nordpatagonic massif (Figures 5A
and 5B). Magnetic fabric edges are highlighted
by a high-frequency pattern, as in the G and
Tona anomalies. Additionally, it was possible
to distinguish two types of organization in the
patterns of the SVD frequencies between the
continental and the oceanic crust. In the oceanic
crust, a magnetic fabric with high-frequency
patterns was observed with particularly clear
alignments subparallel to the edges such as in
the G, M0, M2 and M4 alignments. These are
crossed by transform zones perpendicular to the
crustal boundary, some of which are associated
with transform zones (Salado and Colorado TZ).
A heterogeneous fabric was observed in the
continental crust, where low-frequency patterns
are associated with large structures.

In the Tona anomaly, the magnetic fabrics
appear as a series of maxima and minima
alignments with NE-SW orientations. Intrusive
dykes of magmatic material can be better seen
in the NW-SE profile across the Tona anomaly
(Figure 7). To the north of the Salado basin,
the SVD depicts the edges of the Martin Garcia
Precambrian basement by a high-frequency
pattern (Figure 5A). As seen in the analytic
signal (AS), the high-frequency pattern in the
G anomaly is interrupted by the RPTS, while in
the SVD map, a group of contacts displaced to
the east were observed that were likely activated
during the Atlantic Ocean opening (Figure 6A).

The SVD map allows TTD contacts of the
Statherian age to be clearly identified due
to a greater contrast between alignments
running transverse to El Cortijo suture, which
are bounded to the North by the Salado basin
and to the South by the Tandil Highs (TLH)
(Figure 5A). In the southern area (Figure 5B),
the SVD highlights the G anomaly, M0-M4 and
the Somuncura massif contacts as a pattern of
high frequencies. These fan-shaped Mesozoic
series alignments appear to be bounded to the
south by the Colorado TZ, while in the southern
Colorado TZ the G anomaly and Mesozoic
alignments M0-M4 appear as a disorganized
high-frequency pattern strongly controlled in
between by the Colorado TZ and tge Rawson
TZ, which is not visible in the AS and TDR maps.
In the southern area (Figure 5B), SVD allows
the contact between the western edge of the
Rawson basin and the Precambrian basement of
the Mar Argentino ridge (MArR) to be seen, as
well as contacts underlying failed rift structures.

Although all the techniques of highlight
identified the edges or contact magnetic sources,
the Second Vertical Derivative, highlighted them
with higher resolution.

3-D Euler deconvolution results

A 3-D Euler standard deconvolution was applied
to the magnetic field anomalies in order to
provide information about the location and
depth of faults and dykes or sills. For the study
area, the Euler deconvolution was calculated
with two structural indices (SI), SI=0 and SI=1,
which correspond to faults and dykes or sills
respectively. It was calculated with window sizes
of 5000, 12000 and 20000 m, and all depth
solutions with error estimate smaller than 15 %
tolerance were accepted using the algorithm of
Extended Euler provided by GETECH based on
Mushayandebvu et al. (2001).

Euler’s solutions are represented as circles,
faults (green circles) and dykes (orange circles);
the circle’s diameter is related to the depth of
the source, the greater the diameter, the bigger
the depth (Figure 6).

The deepest faults, between 14,000 and
18,000 m depth, appear where the opening
tectonic movement left the most evident
features such as, to the north, in the MO and
M3 mesozoic magnetic alignment zones, and in
the transform zone of the Salado and in the Rio
de la Plata transform system (RPTS) (Figure 6).
Others, as deep as the previous ones, occurred
within the basins of Salado, Colorado, Rawson,
Valdés and San Jorge, confirming their stretching
patterns (Figure 6). Along the Rawson Basin, the
Ventania-Cape fold belt and the Tona anomaly,
there are faults or steps, perhaps denoting the
accretion of the Patagonia to Gondwana terrain
around 8000 m deep. Steps less than 6000 m
deep are visible in the Martin Garcia, del Plata
and Tandil basament highs, while in the Rawson
high they reached more than 14000 m (Figure
6). Traces of tectonic activity are denoted in San
Jose and El Cortijo sutures, and other faults or
steps less than 2000 m in the Punta del Este
basin (PEB), and scattered solutions indicate the
eastern edges of these basins at approximately
1500-2500 m (Figure 6).

The dykes reveal volcanic activity, so it is
consistent to find solutions in areas such as
sea floor expansion or transform zones. In
this work dike’s solutions or sills were found
very deep to more than 14000 m deep, that
probably are associated to the zones of opening
of the South Atlantic Ocean, like the alignments
of the Mesozoic M0-M4, and to the basaltic
wedges SDR. Also, there are numerous dykes
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at 10000 -12000 m, in the Northern Magmatic
Arc, Somuncura massif, the zone of the Tona
anomaly and basament high, this last separates
the Valdés and Rawson basins.

Most dyke solutions are very deep at around
10000-16000 m below sea level. Few solutions
reach 3500 m. Dyke solutions located in the
continental crust such as the G anomaly next
to the Republic of Uruguay, the areas south of
the Tandil high and in the Colorado, Claromecd
and Salado basins and the Tona anomaly
reach 14000 m (Figure 7A). Estimated source
depths in the Somuncura massif, the Northern
Magmatic Arc (Ramos, 2008) and the MArR
reach ~16000 m (Figure 7).

Numerous solutions are present at 40°S-
489S near the Mesozoic magnetic alignments
(M0, M2 and M4) between depths of 11000 and
8500 m, corresponding to the magnetic fabric of
seafloor spreading. These solutions agree with
the high-frequency patterns in the SVD map.
They seem to be controlled by minor, Ventana,
Rawson, Colorado and Malvinas transform zones
(Figure 7A).

Inside the San Jorge, Rawson and Valdes
basins, some faults were detected at various
depths from 500 to 2000 m. Deeper sources can
be observed in the Deseado massif at 3500 m
depth (Figure 7B).
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However, it should be noticed that the
Euler source faults are the result of a simple
mathematical model and do not necessarily
indicate the presence of real geological faults or
contacts, for example, in the sea sources deeper
than 12000 m. Consequently, it should be taken
into account that all Euler calculations only
depict real distributions of magnetic material
in those cases supported by geological and
geophysical models such as basement highs,
volcanism or basaltic flows.

2-D Euler deconvolution of Tona anomaly

In order to perform a detailed analysis of the
structures comprising the Tona anomaly and the
G anomaly up to the COT (profile A, see location
in Figure 1A) a 2-D Euler deconvolution was
applied. To find the solutions corresponding to
faults or steps and dykes or sills, the equation
of Euler’s deconvolution in 2D was solved
using the software presented by Durrehim and
Cooper (1998). The structural indices used
were, SI= 1 and SI= 2 with windows of 7000,
9000 and 15000 m; the faults and the dykes
were identified by the (+) and (x) symbols
respectively.

The TMA (black line) and the reduction to pole
(RTP) profiles (red dashed line) are shown in the
top of Figure 8 from which the zones of the Tona

magnetic anomaly and the G magnetic anomaly
(green arrows) were identified. The lower part
of the figure shows the calculated solutions
for faults (+) and dykes (x). In addition, the
locations encased in green ellipses, solutions
associated with the subplated bodies were
marked and within the yellow ellipses, the dykes
related to the base of the SDRs were identified
in the COT zone. Besides, the solutions, such
as contacts with the SDRs (1000 - 5000 m) or
basement highs (2000 - 5000 m) coincided with
seismic studies (Hinz et al., 1999).

The Euler solutions interpreted were
calculated considering a window width of 7000
m, as shown in the lower part of Figure 8.
Most of the shallow solutions under the Tona
magnetic anomaly, are located at 1000 m depth,
in coincidence with the crystalline basement
according to Ewing et al. (1963). However,
considering the amplitude and wavelength of
the reduction to the pole, the most probable
solutions are the deepest ones, greater than
10000 m depth.

Moreover, the observed solutions between
1000 and 10000 m depth are associated with
dykes and intra crustal chimneys of volcanic
material caused by lava flows that filtered up
towards the seafloor due to greater tectonic
activity.
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2-D gravimetric inversion model of Tona
anomaly

The 2-D gravimetric model, applied to the Tona
anomaly’s area of influence (profile B, see
location in Figure 1A), was a technique that
contributed to the explanation of the causative
sources of the conspicuous Tona anomaly.
Together with the magnetic field analyses it
was used to deduce the tectonic conformation
of the Patagonia Suture (Figures 9 A; B). To
overcome the non-uniqueness problem, a 2-D
gravimetric inversion model can be applied
with a priori crustal structure information as a
constraint. This 2-D gravimetric inversion model
is taken from a structural cross section of the
Gondwanides of northern Patagonia, taken from
a small portion of a study of the Palaeozoic
Ventania System (Ramos et al., 2014). The

interland region developed in the present-day
Somuncura massif with exhumed late Palaeozoic
arc-granitoids is shown, as well as the Ventania
System with its fold and thrust belt and the
associated Colorado basin. The lower part of
Figure 9B shows the magnetic profile (black
line), the observed gravimetric profile (green
circles) and the calculated profile (blue line). The
lower part of Figure 9 shows the 2-D gravimetric
inversion model. This model represents a new
interpretation of the blocks that may generate
the Tona anomaly.

From left to right in the 2-D model are the
continental block of Patagonia and the ancient
suture with the Gondwana continent (Patagonia-
Gondwana suture). Downwards, the 2-D
model displays alternating large sedimentary
layers termed Palaeozoic sediments (possible
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accretionary wedges) and detachment faults
generated during the accretion phase. The
2-D gravimetric inversion model indicates the
presence of a sub-horizontal dyke of volcanic
material from the Patagonia-Gondwana suture
running parallel to detachment faults that
formed during the Patagonia accretion process

The deconvolution of Euler 2-D, applied to
the throught profile (profile B) to the magnetic
anomaly Tona contributed to obtain the depth
of the causative structures (faults and dykes)
under the area of influence of the conspicuous
Tona anomaly. This method, joint with the
2-D gravimetric inversion, allowed finding a
sustainable model of the deep structures of the
Tona anomaly.

The gravimetric profile shows a high on the
Colorado basin, which is produced by the rise of
Mohorovici¢ discontinuity. The density contrast
between the continental crust and the mantle
is enough to provoke it. This phenomenon has
been studied by Introcaso (1980, 2003) in the
Salado and Colorado aulacogenic basins.

Conclusions

The magnetic method presented here, based on
a combination of enhancement techniques and
3-D Euler deconvolution, have been used for
rapid identification of the main structures on the
Argentine continental shelf between 3505-480°S.
In addition, 2D studies were used to determine
the depths of the blocks that generate the Tona
anomaly.

The older Mesozoic alignment series (M4-
MO0) off Argentina (from ~130 to 114 Ma) and
the G anomaly were identified and re-mapped
according to modern data. By using techniques
applied to TMA in oceanic crust, OBA, major
transform zones, minor transform zones and
new transform zone such as the Rawson
was able to be accurately identified. The use
of different techniques, including 3-D Euler
standard deconvolution, allowed to highlight
various aspects of each of these structures,
such as the shallowness, depth, size, trend and
extension. 3-D Euler deconvolution provided the
depths of the causative sources of the features
such as TTD, crystalline basement highs, the
Tona anomaly, inner alignments main faults and
some basin edges were accurately identified on
the Argentine continental crust.

Both the AS and TDR clearly displayed contacts
between the highest magnetic susceptibility
contrasts such as the G anomaly, which is
controlled by the RPTS, Salado, and Colorado
transform zones as a result of Gondwana break-

up. By applying AS, TDR and SVD it was possible
to view the individual M-series features more
distinctly between the Colorado and Rawson
transform zones in the area from 359S to 42°S.
This separation results from extension during
the break-up of Gondwana. Moreover, on the
TDR and AS maps some basin contours were
defined very efficiently, and as well as the main
transform zones (Salado, Colorado, Ventana),
minor transform zone (Rawson), and structural
highs such as the Martin Garcia, Tandil, del Plata,
Rawson and Mar Argentino Rise were similarly
effectively imaged.

Another key result of this study is the
expression of the Palaeozoic Northern Magmatic
arc of Patagonia based on the analytical signal
and tilt angle. This late Palaeozoic arc is related
to northward displacement of the Patagonia
terrain prior to its collision with western
Gondwana. This zone of weakness controlled the
inception of the offshore Colorado basin during
Mesozoic times and may have controlled the
extension of the Colorado transform zone into
the oceanic crust.

These results agree with previous studies
based on seismic and gravimetric methods
conducted in the Argentine continental passive
volcanic margin region; for example, the
delineation of the continental shelf edge by
significant volcanic activity evidenced by the
series of SDR wedges. These were identified in
all the techniques employed and were especially
marked in the 2-D Euler deconvolution solutions,
which indicated SDR depths between 7000 and
9000 m according to Hinz et al. (1999).

The results, from the standard Euler 3-D
deconvolution, provided information above the
distribution of the deep faults in the Ventania-
Cape fold-belt, that presented faults whose
depth reached 6000-8000 m and dykes or
sills around 14000 m deep; these probably
are associated to the zones of accretion with
Gondwana. Along the western edge of the
Ameghino basin, both faults and dykes achieve
depths from 2000 to 8000 m. These results are
in good agreement with SVD as they display
high-frequency patterns in the G anomaly and
in the COT (depths from 2000 to 2500 m).
In the Plata and Tandil basement highs the
faults depths range from approximately 6000
to 10000 m. Moreover, the SDV and 3-D Euler
deconvolution results were found to coincide
because deeper sources (10000-14000 m) were
calculated from the 3-D-Euler deconvolution in
areas where the SDV exhibits high-frequency
patterns, such as the G and Tona anomalies, the
M series, the Martin Garcia and Tandil basement
highs and the Somuncura massif. This can be
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clearly seen in the northern magmatic arc and
the inner alignments in some OBA. El Cortijo
and Tandil sutures have some dykes and faults
solutions deeper than 3000 m. These dykes
are generally depicted in the results of all
enhancement techniques.

In the Tona anomaly, the 2-D Euler
deconvolution displayed few sources sub-parallel
to the south edge of the Colorado basin for
SI=0 and 1. However, sources sub-parallel to
the continental edge displayed high frequencies,
indicating deep sources, while the COT exhibited
scattered high-frequency patterns.

The Tona anomaly is visible on the TDR
map as the combined product of a deep source
and a shallow one. One of them lies parallel
to the margin and the other is parallel to the
southern edge of the Colorado basin. The
application of the Euler method to a 2-D profile
revealed details about the depths of the sources
responsible for the Tona anomaly up to the
margin, which yielded better SDR depth results
that are consistent with seismic-gravitational
studies. The 2-D Euler method was used to
calculate source depths of 8000-20000 m for
the conspicuous Tona anomaly from a NW-
trending profile.

In addition, a 2-D gravimetric inversion
model based on a NE-trending profile was used
to identify a mafic body along the Patagonia-
Gondwana suture bounded by a sub-surface.
This body may be an imbrication of the suture
located in basement rocks.
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Resumen

El propdsito de este trabajo consistié en investigar
posibles cambios de radén relacionados con la
zona de falla que pudieran mostrar alguna
relacidon con la tecténica local a lo largo de la
zona de falla de la cuenca de Ghab. A pesar de
su actividad historica, la falla de Ghab presenta
actualmente una falta de actividad sismica
con un periodo largo de quietud sismica. Se
escogieron 7 sitios para realizar muestreos
de raddén utilizando un equipo ALPHAGUARD.
El valor promedio normal de raddén de fondo
se obtuvo con medidas realizadas lejos de la
zona de influencia de la falla. Se definid un
rango estadistico de variaciones andmalas
de raddén con limites marcados por el valor
promedio mas/menos dos desviaciones estandar
(X+/- 2DS). Los resultados iniciales muestran
incrementos de raddén en las estaciones de
monitoreo a lo largo de la zona de falla con picos
4-5 veces mayores que el nivel de fondo. Aunque
estas concentraciones anémalas relativamente
grandes podrian confirmar la utilidad del radén
como un posible indicador para trazar los limites
de la falla, no prueban necesariamente una
relacidén con la actividad tecténica del drea. Sin
embargo, estos incrementos de radon podrian
indicar una evidencia de zonas con mayor
permeabilidad asociadas a la deformacién de
la estructura en la zona de ruptura.

Palabras clave: Radon en suelo, zona de falla,
Cuenca de desplazamiento de Ghab, quietud
sismica, Siria.
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Abstract

The aim of the present work was to investigate
possible spatial fault-related radon changes,
which could reveal some important features
related to the active nature of local tectonics
along the bounding fault of the Ghab basin.
Despite its active historical record, the Ghab
fault is presently characterized by apparent
lack of earthquake activity with a temporal
period of seismic quiescence. Seven sites
were selected to perform soil radon sampling
along the fault using an AlphaGUARD radon
monitor. The average background of normal
radon emission from local soil and rocks was
established apart from the tectonic influence of
the fault zone. A statistical range of anomalous
radon variation was defined by the limits of the
mean value plus/minus two standard deviations
(X£2SD). The initial results revealed high
radon increases in the sampled stations along
the fault zone, with peak values about 4-5
times above the background level. Although
such relatively anomalous concentrations
may confirm the usefulness of soil gas radon
as a possible indicator for tracing the basin-
bounding fault, they do not necessarily prove
a definite relation with actual active tectonics
in the area. However, these increases may
possibly indicate evidences of enhanced radon
response to a higher permeability medium
associated with the deformed structure of the
rupture zone.

Key words: Soil gas radon, Fault zone, Ghab
pull-apart basin, Seismic quiescence, Syria.
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Introduction

The Dead Sea fault system (DSFS) represents
a prominent strike-slip transform structure
in the eastern Mediterranean region. The
system has been regarded as an active plate
boundary formed by the separation of the
Arabian plate (east) from the African plate
(west) in mid-Cenozoic (Barazangi et al.,
1993). As a remarkably important structural
feature, the DSFS has become the focus of
attention for many researchers who studied
its seismotectonic evolution and paleoseismic
history using different approaches (Darkal et al.,
1990; Devyatkin et al., 1997; Ambraseys and
Jackson, 1998; Brew et al., 2001; Gomez et al.,
2003). However, Megrhaoui et al. (2003) found
that the seismic behavior of the northern DSFS
seems to pass currently through a quiescent
period with a seismic gap of ~830 yr without
any occurrence of major earthquakes. Moreover,
Abdul-Wahed and Al-Tahan (2010) pointed
out that the seismicity of Syria is actually
characterized by a very limited number of focal
mechanisms with apparent low level seismicity.
Accordingly, they concluded that the earthquake
activity in the country is presently distinguished
by producing a little number of low magnitude
seismic events. Although the prevailing period
of seismic quiescence implies that the system
has been seismically inactive in the last few
centuries, and this might be a sign of high level
of seismic hazard in the region due to a probable
potential strain accumulation (Ambraseys and
Barazangi, 1989).

Considering the peculiarity of the Ghab
depression as a distinctive pull-apart basin of
the northern DSFS, it seems very important
to explore the observed status of seismic
quiescence prevailing over such tectonically vital
area. One encouraging technique for achieving
this goal is probably the use of soil gas radon
measurement, which has been recognized as
a significant natural tracer for characterizing
the structure of subsurface faults in several
tectonic regions throughout the world (King
et al., 1996; Baubron et al., 2002; Steinitz
et al., 2015). Thus, considerable information
concerning the trend and location of the fault,
besides understanding the nature of its tectonic
activity, could be obtained through analyzing
the distribution pattern of radon emission in
the survey area (Etiope et al., 2002; Al-Hilal
and Abdul-Wahed, 2016). Accordingly, the main
objective of this study is to check whether the
bounding fault of the Ghab pull-apart basin
shows any spatial tectonically-induced radon
anomalies that might be useful for mapping
out the trend of the fault, and providing further
information concerning the current active status
of its local tectonics.
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The study area
Geologic and tectonic settings

The DSFS location, local seismicity and the
study area are shown in Figures 1 and 2. The
Ghab depression (~55 x 15 km), located
along the eastern flank of the Syrian Coastal
Mountains Range, is a flat marshy trough that
is filled by thick horizontal Pliocene lacustrine
sediments (Ponikarov, 1966; Devyatkin et
al., 1997). The prevailing Pliocene sediments
consist basically of marls, calcareous marls
and clays alternating with sandstones and well
cemented conglomerate beds at depth. The
Pliocene is covered by a thin sheet of Quaternary
(Pleistocene and Holocene) formations, which
are represented mainly by unconsolidated
deposits including reddish and dark clays,
sandy loams, pebbles, flood plain and alluvial
fans of fleeting valley deposits. The Paleogene
rocks (Middle Eocene) are outcropped in the
northeast border of the Ghab basin, where
they are composed essentially of soft chalky
and nummulitic limestone, clayey limestone
and marls. Cretaceous rocks (Cr 2), which
outcrop directly in the eastern edge of the study
depression, are commonly formed by limestone
and dolomite rocks that are struck by a number
of distinct faults and fractures (Figure 3).

Tectonically, the Ghab depression represents
a deep pull-apart basin that developed through
the structural evolution of the northern DSFS
since Pliocene (Ponikarov, 1966). To the south
of the study area, the main fault merges with
Missyaf narrow segment (~60 km long) which
extends between the Boqgeia pull-apart basin
(south) and the Ghab depression (north)
(Figure 4). Missyaf fault splays northward into
two distinctive segments bounding the Ghab
trough from western and eastern flanks, and
thus forming the general framework of its actual
structure. Brew et al. (2001) defined the Ghab
pull-apart basin as a Pliocene-Recent tectonic
feature that was formed as a deep structure
opened in response to a complex mechanism
of a left-step movement in the northern DSFS.
Unlike the eastern side, the western border of
the Ghab basin is hardly defined because it is
hidden by the accumulation of various mass-
wasting materials, and is mostly concealed
below some large blocks detached from the
flank of the adjoining coastal range. However,
the general margins of the Ghab depression
are sufficiently outlined by a series of faults
with distinct blocks and scarps along which
the central part of the main basin is subsided
(Figure 3).
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Figure 3. Geological cross-section across the Ghab pull-apart basin.

Seismic activity

The lack of seismicity which characterized
the main fault segments of the northern DSFS
such as the Missyaf and Ghab faults throughout
the last century is still observed during the
recent time (Figure 2). Although the study
region had been historically considered as a
seismogenic source of numerous moderate-
to-large earthquakes in the past, it currently
shows an apparent status of seismic quiescence
(Meghraoui, 2015). On other words, the lack of
major seismic events with Mw > 6.0 on most
segments of the main fault system in the last
century appears to be incompatible with its
historical catalogue (Ambraseys and Jackson,
1998). Analysis of data from the Syrian National
Seismological Network (SNSN) revealed that
the seismic activity along most segments of
the northern DSFS in Syria produce a little
number of low magnitude seismic events (Abdul-
Wahed and Al-Tahan, 2010). Additionally, the
distribution of epicenters of earthquakes in
the region has shown that the instrumental
seismicity along both the Ghab and Missyaf
segments is very low (Figure 2). Moreover,
historical and recent seismic data of Syria
provide evidence indicating that the seismicity
in the concerned region tends to fade out with
time through the last millennium.
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Materials and methods
Radon monitoring stations

The locations of radon monitoring sites were
chosen in accordance with the convenience
and accessibility to the surveyed area,
besides extensive geological and tectonic field
investigations. Accordingly, seven soil gas
radon monitoring stations were determined
within four main locations, namely Asharneh,
Afamia, Al-Taka and Qatroon all of which are
located along the bounding fault of the Ghab
basin (Figure 4). The first three stations were
established at Asharneh area and the next two
stations were set up at Afamia, besides one
station for each of Al-Taka and Qatroon sites.
The radon stations of Asharneh and Qatroon are
located on the southern and northern ends of
the Ghab trough respectively, while the other
two stations (Afamia and Al-Taka) are situated
along the eastern fault boundary of the Ghab
depression. However, the western margin of
the Ghab basin seems to be not appropriate
for carrying out radon measurements because
no surface expression could be identified along
the western fault boundary, except in the far
north where the Qatroon village is located.
This obstacle along the western boundary of
the study basin is mostly related to the rough
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topographic relief due to the burial by mass-
wasting and accumulations of very large rocky
blocks from the adjoining mountain ranges. An
additional station for determining the normal
level of radon background in the region was
chosen near Sqelbieh town, which is located over
a stable plateau at ~20 km to the east of the
Ghab basin, away from any tectonic influence of
the fault zone (Figure 4). Finally, all monitoring
stations including the background area are
characterized by similar lithological facies of
Pliocene continental deposits that are covered
by a thin unconsolidated weathered horizon of
recent formations.

Radon measurements

Radon (?%?2Rn) is a naturally occurring radioactive
gas that is constantly generated through the
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Figure 4. Locations of radon moni-
toring stations along the bounding 345N
fault of the Ghab pull-apart basin.

decay series of uranium (23%®U), with a half-life
of 3.82 days. It is a noble, colorless, odorless
and tasteless gaseous element present almost
everywhere on the Earth’s crust. The unique
properties of radon make it an important tracer
which can be used for investigating some
geotectonic processes that may induce gas
movement in the ground. Thus, considerable
information concerning the trend and location
of the fault, besides understanding the nature of
its tectonic activity, could be obtained through
analyzing the distribution pattern of radon
emission in the survey area (King et al., 1996;
Al-Hilal and Al- Ali, 2010; Richon et al., 2010)

In this work, the measurements of radon
concentration in soil gas were achieved through
an method, using a portable AlphaGUARD
PQ2000 Pro radon monitor. In practice, at
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each measuring point a hole of 75cm deep
and 2cm diameter was drilled in the ground
and the soil probe inserted into the hole. With
the system tightened from all sides, the soil
gas radon is automatically drawn out into the
ionization chamber of the instrument with
a steady continuous pumping rate of 0.3L/
min. As radon level in soil usually shows an
initial growth before it is stabilized, the radon
activities were registered in 10-min intervals
over about one hour period, at each sampling
point. Consequently, an average value of radon
in soil concentration (Bg m=) can be measured
with fairly good confidence.

Statistical analysis of radon data

Soil gas radon data were statistically analyzed in
order to define their common distribution in the
monitoring stations and to enable the separation
between normal radon concentrations from
other anomalous or geotectonic related values
(Table 1). The analysis includes the calculation of
minimum, maximum, mean value (X), standard
deviation (SD) and the coefficient of variability
(CV%), which reflects the extent of radon
homogeneity in the soil. The CV is considered
to be reversely proportional with the degree
of radon dispersion pattern, and it is generally
calculated through the following formula:

CV% = (SD/X) x 100

Table 1 summarizes the basic statistical
characteristics of the resultant radon
concentrations in soil which have been measured
at seven monitoring stations that are distributed
along the bounding fault of the Ghab basin. In
order to avoid possible effects of meteorological
variables on soil radon concentration, the
survey was fulfilled under comparable weather
conditions during the years 2010 and 2011.
Besides, the normal background level (BG)
of soil radon activity in the study area was

established in a separate stationary site that is
located apart from the tectonic influence of the
fault (Figure 4). On this basis, the average BG
of radon production was estimated as ~5000
Bg m=3, whereas, radon measurement along
the rupture zone of the fault showed relatively
higher concentrations, with peak values of about
4 to 5 times higher than the average BG level. In
view of that, two separate groups of soil radon
concentration values were identified (Figure 5).
The first represents the background population
indicated by a red solid curve and characterized
by low average value of ~5000 Bg m=. While
the second group points to the anomalous
population marked by relatively higher values
(4-5 times higher than the BG level), and it is
defined by a range of the mean value plus-minus
two standard deviation (X£2SD). Radon data
of this range is regarded important because
they are spatially consistent with the trace
of the fault rupture, and thus they could be
considered as anomalous or geotectonic related
values. Meanwhile, it is worth mentioning that
the geology of the study region, including the
Ghab area and its surroundings, is commonly
marked by a general decrease of radioactivity
level because of the lack of any natural
radioactive source such as igneous acidic
rocks. Hence, the estimated BG level of radon
activity in the concerned region was found to
be fairly low (~5000 Bgq m=3). Such relatively
low radon concentration might be referred to
the low corresponding values of radium (??°Ra)
content found in nine soil samples taken from
the same sites where the radon measurements
were carried out. The collected samples were
dried, sieved and chemically analyzed for
determining 2?°Ra content in soil using gamma-
ray spectrometry technique. Although some
samples revealed low radium values ranging
from 12.00£1.50 to 14.28+2.95 Bq kg !, most
of the analysis results were below the detection
level (BDL), where DL =12 Bq kg™.

Table 1. Statistical characteristics of soil gas radon concentrations measured along the bounding
fault of the Ghab pull-apart basin in western Syria.

Monitoring Soil / rock No. of Radon Data (Bq/m3)
Sites Types sampling Min. Max. Mean SD CV%
Asharneh Recent sandy loams, clays, pebbles 33 16750 29000 23200 3484 15
Afamia Clays, loams, sands, limestone 22 16802 26270 22128 2908 13
Al-Taka Clays, loams, sands, limestone 11 17234 25788 21542 2774 13
Qatroon Clays, marls, sandstone, limestone 11 16558 23860 21504 2528 13
Background  Pliocene continental deposits: 11 4721 5355 5000 - -
Area clays, marls, conglomerate
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Results and discussion

The results of soil gas radon measurements
revealed comparable concentration values.
The average radon concentration was found to
be 23200 Bg m-3, with a standard deviation of
3484 for Asharneh station; 22128 Bg m=3, with
a standard deviation of 2908 for Afamia station;
21542 Bg m3, with a standard deviation of 2774
for Al-Taka station and 21504 Bg m=3, with a
standard deviation of 2528 for Qatroon station
(Table 1). For this set of radon data, the range
of anomalous radon variations was estimated
to be within the limits of the mean value plus
and minus two standard deviations (X£2SD).
According to Figure 5, it can be noticed that
radon concentrations in all monitoring stations
seem to be compatible, and they show almost
similar variations with remarkable increases of
radon values in comparison with the background
level. Furthermore, considering the BG radon
level in the survey area (~5000 Bg m=3), a wide
range of differences can be observed between
the values of anomalous radon measured along
the basin-bounding fault, and the BG. In other
words, the value of “signal-to-background ratio”
was found to vary between 4 and 5. All fault-
related radon concentration values appeared to
be lye within X£2SD. The “signal-to-background
ratio” may reveal a possible spatial relationship
with the trend of the underlying deep-seated
faulted structure. The appearance of such
distinct anomalous radon signals could be
attributed to the presence of deformed geologic
medium associated with a high permeable zone
along the detected rupture zone. Also, they
may indicate the occurrence of upward flow of
deep soil gases which probably provide a driving
mechanism that enhance the emanation of
radon through openings and fractures up to the
earth surface. However, it is worth to mention
that applying radon technique in a seismogenic
region does not essentially imply that it is
possible to refer any radon peak or anomaly to
a specific seismic event or active fault. Hence,
there is always a probability of error or false
prediction connected with this type of analysis.
In principle, radon is transported through the
ground either by underground water or by
carrier soil gases, such as CO,, CH, and He. Yet,
the mechanism of radon migration in both cases
greatly relies on the degree of soil permeability
and the extent of deformation and fracturing in
rocks, regardless of their geotectonic activity
(Etiope et al., 2002; Lopez et al., 2016). In
fact, there are many cases in which the level
of soil gas radon concentrations, measured
over tectonically deformed structures or fault
zones, displayed abnormal variations whether
the fault was active or inactive. Al-Hilal and
Abdul-Wahed (2016) found that permeability

properties rather than local tectonic activity
seemed to be the main causes controlling the
emissions of high radon production along the
Damascus fault. Moreover, Lopez et al. (2016)
mentioned that the emanation of soil radon,
measured in west Texas, is mainly related to
the transport properties of the geologic medium
and not to deeper seismic activity. Additionally,
while conducting radon measurements in
groundwater along the Serghaya fault in SW
Syria, Al-Hilal (2016) found that anomalous
radon signature is not necessarily a reflection
of active tectonics along the fault, but is most
likely an evidence of radon response to the
groundwater table fluctuations due to high
precipitations. Furthermore, Mojzes et al. (2017)
deduced that soil radon activity, measured
across the assumed fault line in central Slovakia,
did not reflect any sign of active local tectonics,
but simply indicates the presence of contact zone
between different types of rocks. Nevertheless,
the correlation between the rate of soil gas radon
emission and the position and trend of buried
faults or hidden tectonic lineaments has been
repeatedly raised through numerous studies in
the last decades (King et al., 1996; Baubron
et al., 2002; Steinitz et al., 2015). However,
the concept of employing radon to serve as
a potential sensitive tracer for evaluating the
geodynamic activity of faults is a complex issue
requiring primarily full understanding of the
seismotectonic setting in the surveyed region.
Besides, it is important to define the type of
movement along the fault and its extension
within the Earth’s crust, and determine whether
it is related to deep-rooted structure or just
a superficial fracture. Furthermore, radon
may exhibit different concentration values
with respect to various types of rocks. Thus,
particular attention should be given to the local
geology and the prevailing rock/soil types in the
survey area, especially when interpreting the
data of spatial fault-associated radon anomalies.

With reference to the Ghab basin, where the
present study has taken place, it is important
to remember some distinctive features and
geotectonic characteristics of the basin structure.
First, the outer boundary of the Ghab pull-apart
basin displays a strike-slip fault movement,
which developed as part of a major sinistral
transform along the northern DSFS in Syria.
Second, the fault represents a remarkable deep-
rooted structure that opened in response to a
left step motion in the DSFS during the Pliocene
and Holocene. Third, it has been demonstrated
that the Ghab fault accommodates a significant
part of active deformation along the Arabian-
African plate boundary (Barazangi et al., 1993;
Brew et al., 2001; Gomez et al., 2003). On the
other hand, despite all the aforesaid tectonic
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field evidences, the record of instrumental
seismicity of the concerned region including the
Ghab and Missyaf fault segments appears quite
poor with evident lack of important earthquake
activity in the past century. Besides, GPS survey
which was recently completed in western Syria
has shown unexpected results revealing average
geodetic velocity less than 0.6 mm/year, which
seems quite a low value compared with the
southern part of the DSFS (Alchalbi et al.,
2010). These observations may be referred to
the thought that the northern DSFS is actually
passing through a temporal period of seismic
quiescence. Thus, the low observed average of
slip rate velocity and the scarceness of major
earthquake occurrences along most segments of
the northern DSFS in the last centuries appear to
be in contradiction with the historical catalogue
of the system (Ambraseys and Jackson, 1998).

Figure 5 shows notable radon increases
with evident anomalous signatures trending
in accordance with the trace of the fault zone.
Such high radon signals are likely due to the
presence of upward flow of soil gases through
a permeable geological structure associated
with the fault zone. This finding is consistent
with the main purpose of this work, which
aimed basically at attesting the sensitivity of
soil gas radon as a potential tool to characterize
fault structure. Although the ultimate results
confirmed the existence of spatial relationship
between the general trend of radon emissions
and the probable trace of the rupture zone, the
magnitude of soil radon values do not seem
sufficient to determine the active nature of
local tectonics along the concerned fault. In
other words, considering the concentration
values of the measured soil gas radon in this
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Figure 5. Soil gas radon variations measured at seven stations distributed along the bounding fault of the Ghab
basin. (BG): background level; (X): mean value; (X£2SD): mean value plus-minus two standard deviations.
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survey, it can be inferred that the general level
of radon activity is relatively moderate with
peak values of about 4-5 times higher than
the estimated BG level. These moderate radon
values appear to be in a general agreement
with the recently obtained data of the near-field
GPS measurements that show low level of slip-
rate velocities along the plate boundary of the
northern DSFS. Moreover, the modest levels of
our soil gas radon concentration appear to be in
harmony with the present day status of seismic
quiescence, and they might be explained by the
assumption of probable continued accumulation
of interseismic strain along the fault system.

Concerning the CV value which indicates
the degree of radon homogeneity as a variable
element in soil, a higher CV implies a lower
degree of homogeneity and vice versa. As shown
in Table 1, it can be noticed that the level of CV
for the measured soil gas radon data appears
quite low, with values ranging between 13-15%,
and this reflects high homogeneity degree of
soil gas radon. Such distinctive homogeneous
level is most likely related to the compatible
distribution and similar variations of soil gas
radon concentration in all sampled stations
along the fault zone. This result may possibly
indicate that the selected sites of soil gas radon
measurements are particularly located right on
the trace of the assumed fault axis, which almost
extends along the outer margin of the Ghab
pull-apart basin. Lastly, from the perspective
of the regional earthquake hazard assessment,
the actual period of seismic quiescence and
the apparent lack of instrumental seismicity
may not reflect the realistic hazardous nature
of the studied fault zone. On the contrary, they
might be a precursory sign of probable high
level of potential seismic hazard, particularly in
terms of earthquake cycle and continual strain
accumulation along the fault system.

Conclusion

Soil radon survey was carried out, during
2010 and 2011, in seven selected sites that
are distributed along the bounding fault of the
Ghab pull-apart basin in western Syria. The
study region is presently marked by a temporal
period of seismic quiescence with apparent
lack of instrumental seismicity. The results of
soil radon data presented herein revealed two
separate levels, one represents the background
level and the other indicates a distinctive group
of anomalous values defined by the limits
of the mean value plus-minus two standard
deviations. The values of high radon anomalies
showed evidences of spatial increases trending
in accordance with the assumed trace of the

concerned fault. This finding may suggest the
usefulness of using soil gas radon technique as
a sensitive indicator for mapping out underlying
tectonic structures. Although these observations
may point out that abnormal radon emissions
could provide evidence of a spatial relationship
with the trend and location of the rupture
zone, they do not seem sufficient enough to
demonstrate a reliable assessment regarding
the active tectonic nature of the fault. In other
words, the moderate level of radon concentration
measured in this work seems to be consistent
with the current status of seismic quiescence in
the region and appears in a general agreement
with the low level of slip-rate velocity obtained
by the GPS investigations in NW Syria. Hence,
such prevailing seismic conditions may possibly
influence the rate of soil gas radon release and
thereby reduce its level along the bounding
fault of the Ghab basin. Finally, considering
the viewpoint of regional seismic hazard, it is
believed that the prevailing seismic quiescence
which exceptionally characterized the system
during the last century may indicate that
the northern DSFS is presently locked and is
accumulating interseismic strain. If so, this
could be a warning sign for probable occurrence
of large-magnitude earthquakes in the future.
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Resumen

En este trabajo se propone y adapta la
configuracién geoeléctrica combinada sondeo-
perfil para caracterizar el entorno fosfato-
sedimentario en la mina Al-Sharquieh, Siria.
El electrodo C en el arreglo propuesto de tres
electrodos no estd fijo en el infinito, sino que
se modificé brevemente y es moévil, donde
OA=0B=0C=AB/2. La transformacion del
gradiente también se modificd para tomar en
cuenta la pequefia modificacion geométrica del
arreglo de los tres electrodos. El trabajo muestra
varias formas utiles para representar los datos
de resistividad obtenidos con esta adaptacion.
Las medidas convencionales de resistividad
p,; aparentemente tradicionales, tienen baja
resolucién, contrariamente a la transformacién
del gradiente que muestra, en todos los
ejemplos analizados, alta resolucién en todas
direcciones. La transformacion del gradiente es
muy sensible a los margenes verticales de las
variaciones litoldgicas, de las zonas fracturadas
y de falla, y por lo tanto puede utilizarse como
una herramienta cualitativamente util para
interpretar los datos tradicionales de Sondeo
Vertical Eléctrico (VES). Se puede obtener un
maximo de informaciéon geoeléctrica cuando
P,er 1@ transformacion del gradiente y p,, pg.Se
interpretan conjuntamente, tal como se presenta
en este trabajo. Las variaciones litoldgicas del
entorno de fosfato sedimentario en la mina
de Al-Sharquieh se caracterizan utilizando
el método propuesto de tres electrodos. Su
eficacia puede probarse en varias aplicaciones
en exploracién minera y estructural..

Palabras clave: Configuracion combinada perfil-
sondeo; VES; Fosfato; Mina Al-Sharquieh;
Siria.

J. Asfahani*

Atomic Energy Commission of Syria

Geology Department

P.O.Box. 6091, Damascus- Syria
*Corresponding author: jasfahani@aec.org.sy

Abstract

Geoelectrical combined sounding-profiling
configuration is adapted and proposed in this
research for characterizing the sedimentary
phosphatic environment in Al-Sharquieh
deposit mine in Syria. The electrode Cin the
proposed three-electrode array is not fixed
at the infinity, but is slightly modified and
movable, where OA=0B=0C=AB/2. The
gradient transformation is also modified to take
into account the slight geometry modification
of the three-electrode array. The paper
shows different useful ways for representing
the acquired resistivity data resulting from
using such an adapted configuration. The
conventional apparent traditional resistivity
measurements p,, have a poor resolution as
compared with the gradient transformation,
which shows in all the analyzed examples
high resolution in all directions. Gradient
transformation is moreover very sensible
to the vertical boundaries of lithological
variations, to the fractured and faulted zones,
and can be therefore used as a qualitative
helpful tool for interpreting traditional Vertical
Electrical Sounding (VES) data. A maximum of
geoelectical information can be gained when
Pner gradient transformation, and p,., pg. are
integrally interpreted as presented in this paper.
The lithological variations of the sedimentary
phosphatic environment in Al-Sharquieh
deposit mine are characterized by using the
proposed three-electrode array. Its efficient
use can be advised in different applications in
mineral and structural explorations.

Key words: Combined Sounding-Profiling
Configuration; VES; Phosphate; Al-Sharquieh
Mine; Syria.
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Introduction

The electrical resistivity techniques are assumed
to be of considerable importance especially for
subsurface mineral and structural exploration
because of very high resistivity contrasts among
the lithological units, controlled study depth,
and ease of field operations. One of those
techniques is the vertical electrical sounding
technique (VES). Although, different approaches
have been already proposed for interpreting
field VES measurements, confusion arises
however in selecting the suitable approach
for the quantitative VES interpretation. Each
and every approach has some merits and
demerits, hence no single interpretative method
can give satisfactory results in all subsurface
conditions. Efforts are therefore concentrated on
improving and developing different appropriate
interpretative techniques for interpreting
the measured VES data. The selection of the
appropriate VES interpretative technique
depends on the lithology if it is simple or complex,
and on the resistivity contrast in the study region
(Asfahani, 2016). Considerable modifications on
the traditional VES configurations themselves
have been carried out in order to get as much
as possible information with high resolution
about the lithology of subsurface structures. The
geoelectrical configuration, the survey direction
and line spacing and the electrode spacing must
be chosen as judiciously as we can to get the
optimum geoelectrical results.

Different geoelectrical approaches such as
the asymmetrical mirrored three-electrode
arrays AMN and MNB have been consequently
proposed and used in various presentations
to detect different targets (Karous, 1982).
Those approaches proved that two-sided three
electrode configurations are more suitable
than the classical full array (Schlumberger,
Wenner) over a complex geology (Candansayar
and Basokur, 2001). Karous and Pernu (1985)
combined the sounding and profiling techniques
by means of AMN and MNB half-Schlumberger
arrays, and introduced a fast and approximate
data processing technique named as ‘gradient
(G) transformation’ to identify thin conductors.
They proved the ability of this combined
technique in detecting vertical contacts, such as
dykes and steeply dipping faults. The profiling
curves’ inequality observed between the values
of apparent resistivity by applying AMN and
MNB array can be used to locate a resistivity
heterogeneity along a given studied profile
(Candansayar et al., 1999).

Schulz and Tezkan (1988) recorded

simultaneously the Schlumberger and half-
configurations to examine the dimensionality
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of the subsurface, and pointed out the superior
resolving ability of two sided half-Schlumberger
array. Hafizi (1998) detected fractures in a hard
rock area using combined resistivity profiling
and square array techniques. Candansayar
and Basokur (2001) applied two sided three-
electrode array to reveal small-scale targets.
They examined the inversion results of 2-D
of both traditional and asymmetrical apparent
resistivity data. The inversion of 2-D of the
two-sided three-electrode apparent resistivity
data determines accurately the burial depth,
the size, and location of the target. This findings
proved that the three-electrode array has
better resolution for detection of small targets
compared to its four-electrode counterpart and
dipole-dipole data.

The electrical resistivity methods have been
introduced while prospecting for phosphatic
resources in Syria (Asfahani and Mohammed,
2000). Traditional Vertical Electrical Sounding
(VES) measurements using Schlumberger
array were applied in Al-Sharquieh phosphate
mine, and interpreted by different interpretative
techniques (Asfahani and Mohammed, 2000;
Asfahani, 2010). It was indicated that the task
was made difficult by both the limitations of
those techniques themselves and the complexity
of the lithological section in the studied area.

Interpretation problems, such as non-
uniqueness or suppression show that different
geoelectrical input models can produce the
same output model curve, and hence gives
rise to ambiguity. Often the best-fitting model
curve presents a good estimate of the true
resistivity, since there are few options for
generating alternate well-fitted curves. In
other cases, however, the non-uniqueness is so
complex, that other surveys, such as seismic
or test wells are necessary to distinguish the
correct structure from others. For example,
for thin layers relative to the thickness of the
overlying layer, the principle of equivalence will
considerably affect the interpretation (Koefoed,
1979). The indication of those thin layers on
the VES curve could be even absent due to the
suppression principle (Koefoed, 1979). According
to the equivalence principle, the thickness
and resistivity cannot be determined from a
sounding curve, but only their product, where
T equivalence exists, or their quotient, where
S equivalence holds, A unique interpretation
for thickness or resistivity requires that one
or the other should be determined using an
independent method.

Other serious limitation in such electrical
investigations as they fail to distinguish between
formations of similar resistivities.



GEOFisICA INTERNACIONAL

Scale limitations involving electrode spacings,
depth of investigation and required resolution
are also a drawback for resistivity soundings.

Interpretation of resistivity curves is made by
a curve matching technique using master curves
(Orellana and Mooney, 1966) for the initial
determination of thicknesses and resistivities
of corresponding layers (initial approximate
model). The parameters of this approximate
model were accurately interpreted using an
inverse technique program, until a goodness of
fit between the field curve and the theoretical
regenerated curve was obtained (Zohdy, 1989;
Zohdy and Bisdorf, 1989).

Correct quantitative interpretation requires
two conditions to be satisfied: first, the
calculations must be precise; second, a
reasonable geological concept or model must
be incorporated in the interpretation process.
Disregard of either can have a serious negative
impact on the validity of the results of a
geoelectrical survey for any locality.

Present-day interpretation procedures are
based on the assumption of a one-dimensional
(1-D) medium. If this assumption is not satisfied,
the interpretation results will be incorrect and
a 2-D or 3-D approach must be adapted (Dey
and Morrison, 1979).

The facies of phosphate deposits in Al-
Sharquieh mine are characterized by very sharp
changes in all directions (Asfahani, 2016).
The curve matching method (CMM) (Orellana
and Mooney, 1966) applied consequently for
interpreting traditional VES data related to
the study region has a quite poor resolution,
such that we cannot identify on the logarithmic
plots thin layers buried at depths more than
five times their thickness. Many spurious
results were produced, that caused difficulties
during quantitative interpretation of the VES
measurements. Asfahani (2010) modified
the traditional geoelectrical Schlumberger
configuration, developed and adapted a new
structural interpretative approach aimed at
enhancing the CMM.

Recently, Asfahani (2016) applied the
inverse slope method (ISM) to reinterpret
the same (VES) data measured in the Al-
Sharquieh phosphate mine. It was found that
ISM overcomes both the limitations of the CMM
and the complexity of the lithological section.

The main objective of this paper is to apply
geoelectrical combined sounding-profiling
configuration for characterizing the sedimentary

phosphatic rocks in Al-Sharquieh deposits
mine in Syria. The combined three-electrode
array suggested by Karous and Pernu (1985) is
modified, adapted and applied in this work. The
electrode C_ fixed and planted at the infinity is
slightly modified to be movable in this present
research, where OA=0B=0C= AB/2. The
gradient transformation (G) developed by Karous
and Pernu (1985) is consequently modified in
order to take into consideration the slight
geometry modification of the three-electrode
array. The modified gradient transformation
(G) under a given station is calculated as a
function of AB/2, where the vertical variations
of resistivity are traced.

Geological Setting

The Palmyrides is a 350 km long, NE-SW
elongated ridge located in central Syria (Figure
1-a). The Southern and Northern Palmyrides
are separated by an extensive internally-
drained basin called the Daww basin filled
with Neogene-Quaternary deposits. In the
Palmyrides ridge, a sedimentary sequence
from upper Triassic to Neogene is exposed and
consists of several lithologic units, including the
Soukhneh group. The Soukhneh group divided
into two lithological formations (Rmah and
Sawwaneh) is characterized by its significant
phosphorite deposits and composed mainely
of two rock types: calcareous and siliceous
rocks. The calcareous rocks are dominated by
limestone, marly limestone, limy marl, and marl
with characteristic limy balls ranging in size from
a few centimeters up to 2 m in diameter. The
siliceous rocks are composed of thin-layered flint
horizons or flint lenses and nodules. Figure 1-b
shows a typical geological column of phosphatic
deposits in Central Syria (modified by Jubeli,
1998 in the Reference list).

The phosphatic layers are thick in the central
part of the Palmyrides, and thin eastward until
they pinch out under the marly deposits of the
Arak and Tantour formations. Two principal
types A and B of phosphatic deposits exist in
Syria (Figure 2-a); type A are related to the
phosphates of the Late Cretaceous age, while
type B are related to the early Eocene Syrian
Desert phosphorites (Ponikarov, 1966). Khneiffis
and Al-Sharquieh locations are the main mines
in Syria for phosphate extractions (Figure
2-a). The phosphatic deposits in the region are
attributed to enrichment processes involving
phosphorus and plankton particles, which
indicates a paleogeographic evolution related to
Cenonian transgression and the subsidence of
the Arabian Platform. In addition, the phosphatic
deposits are associated with primary and
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Figure 1-a. Phosphatic deposits in the Palmyrides region of central Syria, including the Al-Sharquieh mine
(Asfahani, 2016).
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Description of the combined three
electrodes system

The particular array of the three electrodes
system is used in this paper as shown in
Figure 2. A, B and C represent the electrodes
of electrical current, while M and N show
the location of the potential electrodes. The
current electrodes A and B are planted at the
left- and right hand sides of a pair of potential
electrodes respectively. Electrode C is located
along the line perpendicular to the centre of the
measuring profile, where OA=0B=0C=AB/2.
Two measurement sequences are executed
for each position of potential electrodes. The
first apparent resistivity measurements are
obtained by applying an electrical current into
ground through the C,, C,,..., C_and A, A,,...,
A, electrodes. The measurements are similarly
repeated by using the C1, C2,.., C and B,
/B, ,... B, electrodes. The values of apparent
resistivity p,.and p,. obtained by using C-A,
and C;-B, current electrodes in pairs respectively
constitute the left and right apparent resistivity
values corresponding to the same potential
electrode pair (M and N). This procedure allows
obtaining the resistivity variation as a function of
depth (AB/2). Shifting the potential electrodes
to the next electrode locations and repeating the
same measuring sequence, a set of apparent
resistivity values along the measuring line are
acquired, and the resistivity section is obtained.

Simultaneous execution of profiling and
VES surveys along a given profile results in
combined sounding-profiling data, which allows
detailed investigations about the study area to
be obtained.

The apparent resistivity p,. can be defined
as:
KAC* Vi

Pc = A (1)

where AV, ., is the potential difference between
M and N electrodes caused by the current
(I) applied through the source (A) and (C)
electrodes. The geometric factor, K, . of the array

is given by the equation:

B 27w
ac T 1 1 1

e
AM AN CM CN

K

(2)

The apparent resistivity p,. corresponding to
the case where the current is applied through B
and C electrodes is obtained in a similar way as
for p,. , where the geometric factor K, is equal
to K,., being CM=CN.

Considering the conventional application
where the current is injected through A and
B electrodes, the following equations can be
obtained for the apparent resistivity p,; :

V
Pas = KAB —H (3)
I
Where K, =K, =2K,, 4)

It is noteworthy to mention that apparent
resistivity p,, can be directly computed from the
two other apparent resistivity values p,.and p,..
This is a direct implication of the superposition
rule without actually measuring the potential
difference (Karous and Pernu, 1985).

After some algebraic arrangements, equation
(4) yields

_ Pac * Ppe (5)

Pas >

thus the resistivity “p,.”

”

apparent resistivity”.

is called “average

C1
Afﬁl Af /I'lﬂ IT Bf LT
(0]
Figure 2. Schema of the combined sounding- profiling configuration (two three electrode configurations AMN and
MNB). A, B and C: current electrodes, M and N: potential electrodes, O: configuration center.
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The 16 separations of the current electrodes
used in this research are: OA=0B=0C=AB/2:
1.13,1.68, 2.18, 3.66 , 4.74 , 6.15, 7.96 ,
10.33, 13.38, 17.35, 22.49, 37.75 , 48.78,
63.48, 82.27 and 106.6 m. Several geoelectrical
field essays have been tested, and aimed at
determining the appropriate electrode spacings
AB/2 for carrying out shallow VES, where it has
been found that the mentioned seperations give
good results in concordance with the geology.
Those spacing distances were purposely
selected and tested to apply shallow combined
VES, where more shallow lithological details are
required in the studied area. The phosphatic
layer is also reached and characterized by such
spacing distances. The potential electrode
separations were 0.2, 1.5, and 20 m.

Data acquisition

A database consisting of 45 vertical electrical
soundings VES points have been used, measured
at the available 45 drilled pits in the study area.
At each drilled pit, a lithological description was
carried out with a radioactive measurement
using the total natural gamma ray technique.
Those pits were also measured by applying the
shallow VES. The usefulness of those VES in the
definition of shallow phosphatic structures is
already well established (Asfahani, 2010). The
Terrameter SAS 300B with Booster Terrameter
SAS 2000 was used to measure the traditional
VES, and the combined VES. The resistance
(AV/1) is directly measured, and apparent
resistivities p,;, p,. and p,. are subsequently
computed according to equations (1) and
(3) (Dobrin, 1976). The apparent resistivity
values p,,, p,.and p,. obtained by increasing
the electrode spacing about a fixed point were
plotted versus half electrode separation AB/2
to establish three field resistivity curves p,,,

Pac and Pec:

Gradient transformation (G)

The discrepancy between the values of apparent
resistivity p,. and p,. obtained from the
corresponding AMN and MNB configurations may
be used to locate a resistivity inhomogeneity
along the profile.

Karous and Pernu (1985) defined the
gradient transformation “G” as

0, (x) . P (x)

Gi(x)=E£ :
) (X)) pyl(x)

—2(i=2,3,..,L-1)
(6)

where x is AB/2 the spacing along the profile
and L denotes the key humbers of measurement
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stations along the profile. All apparent resistivity
values in equation (6) are measured for the
same AO = BO= AB/2 spacing, where C_ is
located at infinity. The increasing or decreasing
of the G values depends on the discrepancy
between the apparent values measured by the
AMN and BMN configurations. Thus, the value
of G becomes proportional to the resistivity
variation in the horizontal direction.

In the present research, the above equation
is adapted and slightly modified to calculate the
gradient "G” as a function of AB/2, where AO =
BO= CO= AB/2 as follows:

1 p(AB/2)._, +p,-(AB/2),

G(AB/2), = —
2 p(AB/2),,, +p,(AB/2)

i+1 i+2

+ pBC(AB/z)iH + pBC(AB/z)z _ 2
pBC(AB/Z)i—] + pBC(AB/Z)i—2
(i=12....,16) (7)

The computed "G" in such a case becomes
proportional to the resistivity variation in the
vertical direction, and is very sensitive to
the vertical lithological boundaries. It can be
therefore used for interpreting the traditional
VES.

A measured line is covered at regular interval
Ax (separation between subsequent dipole
centers O (x¥)), which is equal to 200 m in the
present research. The recording station at a given
survey line coordinates three resistivities p*,,,
P~ and pk, for a given AB/2. A simultaneous
execution of profiling and sounding surveys
result in combined sounding- profiling data,
which allows us to obtain detailed data about
the study area. The measured resistivity data
obtained by applying this technique describes
the resistivity distribution below the measured
line. The resistivity results thus obtained can be
presented in the simplest and most instructive
form to indicate clearly the true distribution of
resistivities under the studied survey line. The
profile curves are obtained through plotting
the values of resistivities p,,, p*,., and p*..
and G for a given AB/2 as a function of the
station coordinates xk . At every station xk,
three sounding curves could also be obtained by
plotting the apparent resistivities of p* , p*,.,
and p“,. and G* as a function of AB/2 as will be
shown below.

Ratio (p,. /P,c)

The ratio of p,./p,. is also introduced in this
research. It is inspired from the resistivity
profiling using the Lee configuration aimed
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towards detecting the locations of the points of
non-homogeneity (Asfahani et al., 2010), which
could be interpreted and attributed to faults
and fractures. The Lee configuration includes
the use of five electrodes AMONB placed on a
straight line on the ground (where OM = ON).
Three resistivities were measured by applying
this array as follows: traditional resistivity p,,,,
and two other resistivities p_, and p,,, were
measured between OM and ON respectively.
The ratio of p,,/p,, has already been used to
characterize the heterogeneity and lithological
variations in the studied Qastoon Dam (Asfahani
et al., 2010). The resistivity ratio of p,,/pyy =
1, indicates an homogeneous medium between
M and N electrodes. Ratio values deviating
from 1 reflect a sharp geoelectrical contrast
between adjacent media of different electrical
characteristics, caused mainly by lithological
variations, faults and fractures. In the present
paper, the application of the above mentioned
rule is adapted for analyzing the ratio of p,./
Pgcr Which will be presented in form of profilings
and maps. This procedure helps in getting
additional lithological and structural information
about the heterogeneity and homogeneity of the
medium in the studied area. This consequently
guides and orients the geochemical explorations
towards the heterogeneous phosphatic area, to
take samples for analysis .

Results and Discussion
Forty five combined electrical resistivity

soundings with the three electrodes configuration
were measured at the 45 drilled pits, distributed
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Figure 3. Locations of drilled pits and the combined
VES soundings at the Al-Sharquieh mine.

in the study area along several profiles as
presented in Figure 3. At each drilled pit, a
radioactive measurement using the total natural
gamma ray technique and a shallow combined
VES were applied, with providing the lithological
description. Such a lithological description is
usefully employed for correlating the variations
of different geoelectrical parameters obtained by
the new shallow combined VES with the lithology
as a function of depth. Those variations are also
laterally correlated along the different studied
profiles in the study area.

Figure 4 shows the lithological description of
pit No. 23 (Figure 3) and the total radioactivity
gamma ray measurement taken from the
interior of this pit. The radioactivity in this pit
reaches its maximum value of 400 cps, which
indicates the presence of phosphatic layers.
An example of combined geoelectrical VES
measurements carried out at the same pit
No. 23 is also presented in Figure 5a, where
three resistivities are shown: the traditional
Schlumberger p,,, and both p,., and p,.. This
figure gives an idea on the behavior of p,. and
Pgc a@s a function of the spacing AB/2, where
their variations, as a function of depth, reflect
the lithological variations at the studied VES
point. Their maximum divergences are located
basically in the range of AB/2 between 10 and

b

Radioactivity (cps)
0 200 400

>

Depth (m)

15 -

Figure 4. a): Lithological description of pit No:23, b):
Natural radioactive gamma measurement at pit No:23.
1: Quaternary alluvium, 2: clay with phosphate, 3:
phosphate sand, 4: limestone clay, 5: phosphate sand.
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Figure 5. a) Traditional apparent resistivity p,;, p,., and p,. obtained by the combined VES sounding at pit
No:23. b) Gradient G at pit No:23, and c) ratio of p,/p,. at pit No:23.

50 m, while their minimum divergences are
located in the range of AB/2 between 50 and
106.6 m. The variations of both the gradient (G)
and the ratio of (p,./p,.) as a function of AB/2
for the pit No. 23 are also shown in Figure 5(b,
and c). The analysis of p,/p,.) helps in getting
more information about the heterogeneity of the
medium in the study area in lateral and vertical
directions.

Figure 6 shows the vertical variations’
maps of the measured traditional apparent
resistivity presented as (Log p,;), the gradient
transformation (G), and the ratio (p,./Pgc),
along profiles Pr-1 and Pr-5 as a function of the
spacings AB/2, which vary from 1.13 to 106.6
m. Those maps have been established by using
the interpolation Krige technique. It is the most
frequently used for spatial interpolation, and
based on linear interpolation combined with the
mean square estimate error minimization (Krige,
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1951). The logarithmic scale is used in this paper,
because the original measured resistivity data of
the traditional Schlumberger p,, for these two
profiles indicate only the presence of two resistive
and conductive zones, which is difficult to be
solely interpreted in geological and lithological
terms. In fact, The measured traditional
Schlumberger resistivity values p,; in the study
region have log-normal behavior, and the use of
the logarithmic scale improves relatively, in such
a case study, the resolution of the traditional
resistivity data p,;. The resistive and conductive
zones are related to the presence of phosphate
layers and clays respectively. The electrical
resistivity increases with increasing phosphate
content, and decreases with increasing clay
content (Asfahani and Mohamad, 2000). The
highest resistivity values are observed in the
study area in the NW direction, where phosphatic
beds are thinner and occur at or near surface
(Asfahani, 2010).
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Both gradient (G) maps of Pr-1 and Pr-5
developed in this paper (Figure 6) clearly show a
vertical lithological distinction in the conductive
zone of p,;,, meaning that the (G) parameter
has a strong vertical resolution in comparison
to the traditional p,, of a poor resolution. The
results of (G) maps particularly along the Pr-5
are in a remarkable concordance with those
already presented and published by Asfahani
(2010) (Figure?). The faults and fractured zones
shown in all the maps presented in Figure 6 are
inferred from Figure 7.

Figure 7 shows the interpretations of shallow

VES, distributed along the two Pr-1 and Pr-5
profiles, by using the Pichgin and Habibullaev

Pr-1

AB/2(m)

800 1000 1200 1400
Distance(m)

600 800 1000

Distance(m)

S51

400 600 800 1000
Distance(m)

technique (Pichgin and Habibullaev, 1985) and
the concept of the points of nhon homogeneity
(PNH). The positions of the faults and the
fractured zones were precisely determined
along those two profiles by using the strict rules
required according to this technique (Asfahani,
2010).

A clear vertical stratification is observed
particularly under VES- G19 and VES-S74,
where four different stratified values of gradient
(G) reflect the presence of Quaternary alluvium,
shaley calcite, altered phosphate rocks, and
cherty bed rocks. The fractured zone between
VES-22 and VES-G18 along Pr-5, which has
been already determined by Asfahani (2010)

Pr-5

23 Log

Pagam

800
Dlstance(m)

800 1000 1200 1400

Distance(m)

600 800 1000 1200 1400
Distance(m)

Figure 6. Vertical variation’ maps of traditional p,; , G, and p,./p,. as a function of AB/2 obtained along Pr-1
and Pr-5.
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Figure 7. Quantitative interpreted shallow geological cross-sections for traditional VES profiles (Pr-1 and Pr-5)
from Al-Sharquieh mine (Asfahani, 2010).

(Figure 7) is clear and also indicated herein
by the gradient (G) (Figure 6). The vertical
ratio of (p,./ps.) Map along Pr-5 helps also in @ oS

getting more information about the lithological - +,,AB \z
and structural variations. The fractured zone 350 ﬂm,m /
between VES-22 and VES-G18 is characterized o 1s
by a (p,./Pg.) €qual or less than 1. The influence

of the already determined fault (Asfahani, =0
2010) under VES-22 is less clear than the one
determined under VES-G18, where high values
of the ratio (p,./p,.) reaching more than 3.5 are 150 ¢
observed under VES- G18, VES- G19 and VES-

23 in the SE direction. The comparison between » o
the quantitative interpretation along Pr-1 and 50
Pr-5 (Asfahani, 2010) and the qualitative
ones presented in this paper indicate an B 00 a0 800 1000 1200 1400
acceptable similarity between the two different pistance(m)
interpretations. This similarity proves the
accuracy of the adapted quantitative lithological
model shown and presented in Figure 7, and
the high resolution of both the gradient (G)
and the ratio (p,./p,.) (Figure 6). The accuracy
of (G) and (p,./ps.) facilitates the analysis and
the interpretation of the phosphate profiles in
the study region, by providing clear lithological
differentiations laterally and vertically.
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Figures 8 (a and b) show the profiling
variations of the measured traditional resistivity
data (p,;), the gradient (G), and the ratio (p,./ — 0
Pgc) along the profile Pr-5 for both spacings AB/2
of 22.49 and 29.15 m. One can easily notice how
both the developed parameters (G) and (p,./gc)
are more sensitive than the traditional apparent
resistivity (p,;) parameter to the fractured zone
already located between VES-22 and VES-G18
as presented in Figure 7. In fact, (G) and (p,./
Psc) show a notable decrease in the fractured Figure 8. a) Profiling variations of p,,, G, and p,./p,.
Zohe particu]ar]y for AB/2 of 22.49 m, while no along Pr-5 for AB/2 of 22.49 m. b) Profiling variations
variations in the values of p,, are observed. of pres G, @nd p,/Pg along Pr-5 for AB/2 of 29.15 m.

g

o

T T T T 05
200 400 600 800 1000 1200 1400
Distance(m)

[~ FauliAstahani;2010) [ _] VES Location

198 VoLuME 57 NuMBER 3



GEOFisICA INTERNACIONAL

Figure 9 shows the variation’s maps of
traditional apparent resistivity data (Log p,g),
(G), and (p,./pgc) related to the studied area for
only different spacings of AB/2 of 3.66, 17.35,
37.78 and 82.28 m. The raw measured resistivity
data of p,, for AB/2 of 3.66 m indicates in its
best case high resistive zone in the NW direction,
while the whole study area for this AB/2 is
characterized by relatively low resistivity not
exceeding 120 Q.m. The measured resistivity p,,
being of very low resolution, this explains the
reason behind using the logarithmic scale (Log
P,s) (Figure 9) as discussed above. The use of
such a logarithmic scale increases considerably
the resolution of the measured resistivity data.
The increased resolution of (Log p,;) allows
better comparisons with other two developed
parameters (G) and (p,./py.) to get easily and
integrally a complete interpretative picture of
the studied profile as presented in Figure 9. The
analysis of (G) for this AB/2 of 3.66 m reflects
different geological situation, where a positive
(G) concentrated on VES 17 is surrounded
by negative G, indicating different lithological
variations corresponding to this AB/2.

The logarithmic traditional resistivity map
of (Log p,,) for AB/2 of 17.35 m shows two
distinct zones of low and high resistivity. The
map of (G) for this AB/2 of 17.35 m shows, in
the zone of low resistivity, two positive gradient
G concentrated on VES 12 and G19, separated
by negative gradient G concentrated on VES 17.
The ratio map of (p,./pg.) for this AB/2 of 17.35
m shows a high value reaching 3.6 concentrated
on VES 17.

The same geological picture is observed
while studying the variation’s maps of (Log
Pus)r (G), and (p,/pg.) for AB/2 of 37.78 m.
Nothing is shown on the logarithmic traditional
(Log p,s) map except two relatively high and
low resistivity distributions. The map of (G) for
AB/2 of 37.78 m shows clearly a positive distinct
structure of G concentrated on VES 17.

The map of (p,./pgc) for this AB/2 of 37.78
m shows two high anomalies concentrated on
G12 and E13.

The (G) and (p,./Ps.) Maps show good lateral
resolutions for the studied area for AB/2 of 82.28
m, in comparison with the logarithmic traditional
apparent resistivity (Log p,;) map of relatively
poor resolution.

It is important to mention in the present case
study the small range values of both developed
parameters, the gradient (G) and the ratio (p,./
Pgc) for all the established maps, shown in Figure
9, in comparison with the high range values of
apparent measured traditional resistivity (p,;) .
The logarithmic behavior scale for the traditional
resistivity (Log p,;) values is therefore preferable
as compared with the simple linear resistivity
scale. In such a logarithmic scale, the resolution
of the traditional resistivity maps (Log p,;) is
relatively better, where acceptable comparisons
could be easily made with both maps of (G) and
(pa/ Pgc) @s presented in Figure 9.

The above comparisons between different
parameters of (Log p,.) , (G), and (p,./Pyc)
show good examples of the limitations of
the traditional lateral and vertical apparent
resistivity maps of (p,,) if they are used solely.
The advantages and the remarkable sensibility
and resolution of the developed gradient
parameter (G) for the lithological and structural
variations in phosphatic environment are well
demonstrated and documented.

Figure 10 resumes the structural and
geological fence diagram showing lateral
variations of the phosphatic layer in the study
area at Al-Sharquieh mine. This diagram is
obtained through interpreting the shallow
Schlumberger configuration with different
interpretative methods (Asfahani, 2010). The
geological field surveys indicate also that the
locations of the identified faults and the fractured
zones are characterized by high radioactivity,
due to secondary uranium concentrations
introduced by ground waters along fracture
zones (Asfahani, 2010).

The delineation of the presence of faults and
fracture zones through interpreting the shallow
Schlumberger resistivity data is an indirect guide
for uranium prospecting in such phosphatic en-
vironments.
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Figure 10. Structural and geological fence diagram showing lateral variations of the phosphatic layer in the
study area at Al-Sharquieh mine, based on the interpretations of shallow VES configuration (Asfahani, 2010).

Conclusion

Shallow geoelectrical combined sounding-
profiling configuration was adapted and
proposed in this research to characterize the
phosphate deposits in Al-Sharquieh mine in
Syria. Its results application allows us to make
the following conclusions:

1.- The high vertical resolution of the computed
gradient parameter (G) of the modified
combined sounding-profiling configuration
is obtained compared with the traditional
apparent resistivity Schlumberger (p,g),which
yields poor resolution.

2.- The traditional resistivity measurements
(p,g) in the study area have a logarithmic
behavior. The logarithmic scale is therefore
preferable (Log p,,) for establishing the
different traditional resistivity maps, as
documented above. This scale improves
relatively the resolution of the resistivity data
(p,s), where acceptable comparisons could
be easily made with both the gradient (G)
and the ratio (p,/Pgc)-

3.- The high sensitivity of the computed
parameter (G) for the vertical lithological
boundaries helps in any quantitative
interpretation of the traditional VES data.

4.- The adapted geoelectrical combined

sounding-profiling configuration is sensitive
to fractured and faulted zones.
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5.- The determination of faults and fracture

zones in the study area by the new shallow
adapted combined array is a useful indirect
guide for uranium prospecting in such a
phosphatic environment.

6.- Different maps were used to represent the

results of the traditional resistivity (Log
P) (G), and (p,./pg.) allowing integrated
qualitative interpretations.

7.- The sole interpretation of traditional resistivity

measurements (p,;) in the form of profiling
and map resulted in very poor resolution
and does not give sufficient clarity of the
lithological and real resistivity distributions
in the study area. The interpretation which
combines additional different parameters
such as (G), and (p,./pg.) allows better
resistivity and lithological distribution.

8.- It is proven in this research paper that the

combined soundings and the subsequent
analysis of (G) and (p,./py.) data are
important tools to improve the resolution of
the geoelectrical interpretation.

9.- The combined three electrodes configuration

adapted in this research is recommended for
other different applications in mineral and
structural exploration.



GEOFisICA INTERNACIONAL

Acknowledgment

The author would like to thank Dr. I. Othman,
General Director of Syrian Atomic Energy
Commission for his permission to publish
this research. The two anonymous reviewers
and the editor of Geofisica internacional Dr.
Rene E. Chavez are cordially thanked for their
professional suggestions and constructive
remarks that considerably improved the final
version of this paper.

References

Abbas M., 1987, Geochemie de l'uranium des
phosphorites des Palmyrides Centrals, Syrie:
These Sci., Univ., Louis Pasteur Strasbourg,
France, 166 p.

Asfahani J., Mohamad R., 2000, Investigation
of electrical properties of radioactive
phosphatic layers in Al-Sharquieh mine,
Syria. Exploration and Mining Geology, 9,
141-148.

Asfahani J., RadwanY., Layyous I., 2010,
Integrated geophysical and morphotectonic
survey of the impact of Ghab extensional
tectonics on the Qastoon dam, Northwestern
Syria. Pure and Applied Geophysics, 167,
323-338.

Asfahani J., 2010, Geophysical case study
of shallow and deep structures based on
traditional and modified interpretation
methods: Application to tectonic studies and
mineral exploration. Exploration and Mining
Geology, 19(3-4), 135-152.

Asfahani J., 2016, Inverse slope method for
interpreting vertical elecrtical soundings in
sedimentary phosphatic environments in
the Al- Sharquieh mine, Syria. CIM Journal,
Vol.7, No.2, 93-104.

Candansayar M. E., Basokur A. T., Peksen E.,
1999, Detecting small scale targets by the
two-sided gradient transformation. J. Balkan
Geophys. Vol.2, No. 4. P.100-111.

Candansayar M. E., Basokur A. T., 2001,
Detecting small scale targets by the 2D
inversion of two-sided three-electrode data:
application to an archaeological survey.
Geophys Prospecting. 49, P 13-25.

Dey H., Morrison H., 1979, Resistivity modeling
for arbitrarily shaped 3-D structures.
Geophysics 44 (4), 753.

Dobrin M. B., 1976, Introduction to geophysical
prospecting: New York, NY: Mc Graw-Hill.

Hafizi M. K., 1998, Fracture detection in hard
rocks using combined resistivity profiling
and square array technique. EAGE 60t
conference and technical exhibition. Leipzig,
Germany.

Jubeli Y., 1998, The role of airborne radiometric
survey in defining the distribution of
phosphate rocks in Syria desert and the
northern Palmyrides. Explor. Min. Geol. 6(3),
269-278.

Karous M., 1982, Gradient curves in resistivity
methods with asymmetrical arrangements of
electrodes. University of Oulu, Department
of Geophysics, Report No. 3, 23 pp.

Karous M., PernuT. K., 1985, Combined sounding
profiling resistivity measurements with
the three-electrode arrays.Geophysical
Prospecting, 33, 447-459.

Koefoed 0., 1979, Geosounding principles
(Elsevier, Amesterdam) P. 420.

Krige D.G., 1951, A statistical approach to
some basic mine valuation problems on
the Witwatersand. Journal of the Chemical,
Metallurgical and Mining Society of South
Africa, 2(6), 119-139.

Orellana E., Mooney H.M., 1966, Master tables
and curves for vertical electrical sounding
over layered structures, interciencia, Madrid,
Spain.

Pichgin, N.I., Habibullaev I.KH. , 1985,
Methodological Recomendations in studying
geo- tectonic conditions of vertical electrical
soundings data with application of EC
computer for solving hydrogeological and
geo-engineering problems. Tashkend. ( in
Russian).

Ponikarov V. P.,, 1966, The Geological Map of
Syria, scale 1:200000, sheets I-37-XIX and
I-36-XXIV, Ministry of Industry, Damascus.

Schulz R., Tezkan B., 1988, Interpretation of
Resistivity measurements over 2D structures.
Geophys. Prospecting. 36, P. 962-975.

Zohdy A.A.R., 1989, A new method for the
automatic interpretation of Schlumberger
and Wenner sounding curves. Geophysics
54, 245-253.

Zohdy A.A.R. , Bisdorf, R.J., 1989, Schlumberger

Sounding Data Processing and Interpretation
Program, US Geological Survey, Denver.

JuLy - SepTEMBER 2018 203



Georisica INTERNACIONAL (2018) 57-3: 205-222

ORIGINAL PAPER

A Graphic Processing Unit (GPU) based implementation of an
incompressible two-phase flow model in porous media

V. Leonardo Teja-Juarez” and Luis M. de la Cruz

Received: March 14, 2018; accepted: May 23, 2018; published on line: July 02, 2018

Resumen

En este trabajo se presenta una estrategia de
paralelizacién de un simulador completamente
implicito para la solucién numérica del modelo
de flujo bifasico incompresible en medios
porosos usando unidades de procesamiento
grafico (GPU, por sus siglas en inglés). El modelo
matematico estd basado en las ecuaciones
de conservacion de masa para las fases agua
y aceite. Se utiliza la formulaciéon Presion-
Saturacion para simplificar el modelo numérico.
La técnica de Volumen Finito y el método de
Newton-Raphson se usan para discretizar y
linealizar las ecuaciones diferenciales parciales,
respectivamente. Se propone la construccién
del Jacobiano directamente en la GPU, lo que
reduce la informacién que debe intercambiarse
entre la CPU (Unidad Central de Procesamiento
CPU, por sus siglas en inglés) y la GPU. El
simulador utiliza bibliotecas que ya incluyen
los métodos del subespacio de Krylov para
resolver sistemas de ecuaciones lineales. Se
comparan los resultados de tres problemas de
referencia utilizando diferentes tamafios de
malla. También se evalla el rendimiento del
cédigo numérico desarrollado. Los resultados
de la GPU versus CPU indican que el simulador
numeérico alcanzoé hasta 22x de aceleracién para
construir el Jacobiano y 3x de aceleracién para
ejecutar el codigo numérico completo usando la
paralelizacién GPU.

Palabras clave: Modelo bifasico, Newton-
Raphson, Unidades de Procesamiento Grafico
(GPU), construccion del Jacobiano, aceleracion.
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Abstract

In this paper a parallelization strategy of a fully
implicit simulator for the numerical solution of
the incompressible two-phase flow model in
porous media is presented using GPUs (Graphics
Processing Units). The mathematical model
is based on the mass conservation equations
for the water and oil phases. Mathematical
formulation of Pressure-Saturation is used
to simplify the numerical model. The Finite
Volume technique and the Newton-Raphson
method are used to discretize and linearize the
partial differential equations, respectively. The
construction of the Jacobian directly on the GPU
is proposed, which reduces the information
that needs to be exchanged between the CPU
(Central Processing Unit) and the GPU. The
simulator uses libraries that already include
methods that belong to the Krylov subspace to
solve linear equations systems. The results of
three benchmark problems by using different
grid sizes are compared. The performance
of the numerical code developed is also
evaluated. Results of the GPU against the CPU
indicate that the numerical simulator reached
22x of speed up to build the Jacobian, and 3x
of speed up for executing the whole numerical
code by using the GPU parallelization.

Key words: Two-phase flow model, Newton-
Raphson, Graphics Processing Units (GPU),
Jacobian construction, speed up.
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Introduction

Nowadays new techniques called Enhanced
Oil Recovery Methods (EOR) are applied to
improve the oil recovery in a hydrocarbon
reservoir. Lake (1989) gives a definition for
the EOR methods: EOR is oil recovery by the
injection of materials not normally present in
the reservoir. This definition covers all modes
of oil recovery and most oil recovery agents.
Considering this definition the EOR methods
might consider both secondary and tertiary
recovery. Before EOR methods are applied there
is a technique that almost always has to be
considered, that is, the waterflooding technique.
Waterflooding technique is the oldest assisted
recovery method and it remains as the most
common method used to sweep the oil that was
not produced by natural pressure, and to keep
the oil pressure when this has declined due to
reservoir conditions (Latil, 1980).0n the other
hand, due to the growing need in the oil industry
to make faster and more efficient calculations to
simulate the recovery conditions before, during
and after the production life of a reservoir, it is
necessary to test new computational techniques
that reduce the run time of the numerical
simulators. Several investigations have been
carried out to improve the run time of the
reservoir simulators (Killough et al., 1991;
Shiralkar et al., 1998; Ma and Chen, 2004;
Dogru et al., 2009). Most of these papers have
been developed using distributed computing.
Recently, Wang et al. (2015) developed a
scalable black oil simulator using ten millions
of grid blocks approximately, their simulator
reached a scalability factor of 1.03 using 2048
processors. Also Liu et al. (2015) developed
a three phase parallel simulator applying MPI
(Message Passing Interface) for communications
between computational nodes and OpenMP for
shared memory. They obtained an efficiency
of 95.7% by using 3072 processors. However,
there is a limitation to use this technique, since a
computational cluster with tens until thousands
of processors is needed to achieve the desired
speed up.

As an alternative NVIDIA has developed a
programing language called CUDA (Compute
Unified Device Architecture) which can be used
to take advantage of the power computing
graphics cards for general purpose simulations.
Yu et al. (2012), used GPUs to parallelize a
reservoir simulator which can run large scale
problems. They used over one million grid blocks
obtaining a good speed up compared to the
numerical code of the CPU. Li and Saad (2013),
developed a numerical code of preconditioned
linear solvers based on GPU, their numerical
experiments indicate that Incomplete LU (ILU)
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factorization preconditioned GMRES method
achieved a speed up nearing to 4 compared
versus CPU numerical code. Liu et al. (2013),
reported improved preconditioners and algebraic
multigrid linear solvers applied to reservoir
simulations using GPUs. De la Cruz and Monsivais
(2014) developed a two phase porous media
flow simulator to compare the performance
of a single GPU with a single node of a cluster
using distributed memory. These authors found
that a single GPU is better than a computational
node with twelve processors. Trapeznikova
et al. (2014) developed a software library for
numerical simulation of multiphase porous
media flows that is applied to GPU-CPU hybrid
supercomputers. The model is implemented
by an original algorithm of the explicit type.
An explicit three-level approximation of the
modified continuity equation is used. After that
the Newton method is used locally at each point
of the computational grid. Authors used SPE-
10 project as benchmark, they achieved a 97x
of speed up when they compare the run time
obtained by a single GPU versus one CPU, and
18x of speed up when a computational node
of six processors is used. Mukundakrishnan et
al. (2015), presented the implementation in
GPUs of a black oil simulator, which uses a fully
implicit scheme for the discretization in the time
and the constrained pressure residual -algebraic
multigrid (CPR-AMG) to solve the linear system
equations. They reported an average of 20
minutes for the run time to solve a problem
with 16 million of active blocks by using 4
GPUs. Anciaux-Sedrakian et al. (2015) made a
numerical study of different preconditioners such
as: Polynomial, ILU and CPR-AMG which were
implemented in a heterogeneous architecture
(CPU-GPU). They emphasize two key points
to obtain high performance in heterogeneous
architectures; the first is to maximize the
utilization and occupancy of the GPU and the
second refers to minimize the high cost of
transferring GPU data to the node with the
CPUs and vice versa. Their results show that
a combination of 1 processor plus 1 GPU is
approximately 2 times faster compared versus
an 8-processor node by applying CPR-AMG
preconditioner.

In this work a simulator for oil recovery
was developed based in the water injection
process and the simultaneous solution technique
described by Chen et al. (2006). A parallelization
scheme is proposed by using GPUs for both the
construction of the Jacobian matrix and the
solution of the linear system of equations.

The paper is organized in this way: In
Section 2, the mathematical equations of
the water injection and pressure-saturation
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formulation model are introduced. In Section
3, the numerical discretization is presented by
using the Finite Volume Method (FVM) and the
linearization of the equations by applying the
Newton-Rapshon method (NR). In Section 4,
the computational implementation of the CPU
and GPU are shown and main algorithms are
explained. In Section 5, numerical results of
three benchmark problems are presented. Also
in this section, the performance of the parallel
numerical code is evaluated by comparing the
run time obtained in both GPU and CPU.

Mathematical model of the incompressible
two-phase flow in porous media

The mathematical model of the incompressible
two-phase flow can be used to simulate the
water injection into a hydrocarbon reservoir.
The mass balances are obtained by taking into
account two phases: oil and water. Governing
equations can be obtained by applying an
axiomatic formulation (see Herrera and Pinder,
2012 for a complete description on this
formulation). A general local balance mass
equation can be written as follows:

3(¢p.5,)
— a) =q, W

Here ¢ is the porosity of the media P Sa, u,
and g_represent the density, saturation, velocity
and source of phase a. The Darcy’s velocity is
used expressed as follows:

+v-(up

. kk
u = —¢V(I)a (2)

where k is the diagonal tensor of absolute
permeability and k is the relative permeability
of phase «; the Greek letters @ and u_are the
potential and the dynamic V|sc05|ty for phase a,
respectively. Now, substituting (2) into (1) and
replacing o by o and w, the next two coupled
mass balance equations were obtained (Chen
et al., 2006):

d kk
¢prw =V' 'wpw V(I) +qw(3)
ot u,
a9p,S, kk
¢p0 o _ V . ropo Vq) + qo (4)
ot u,

The mass balance equations are interrelated
by the following mathematical expressions:

S, +S,=1 (5)
D, +p, - P.PZ (6)
b, =D, P, (7)
Py = 1., (8.) (®)

where p_is the pressure of the phase a, § is
the magnitude of gravity, z is the depthand p
is the oil-water capillary pressure as a function
of S .

Equations (3) and (4) are non-linear and
strongly coupled. In order to simplify the
numerical solution of these equations, the
pressure-saturation formulation was used which
consists in selecting oil pressure and water
saturation as primary variables and in using the
fractional flow theory to derive one equation
for pressure and one equation for saturation
(Peaceman, 1977; Chen et al., 2006). The mass
balance equation for water phase is:

ons.) [ B

(9)

Considering non-compressible flow, equation
(9) becomes:

aS = dp q
v _VelkAr -|Vp - —22Vs _ Vz || =2
ot L as, " poYz

¢
(10)

where the following substitutions were carried
out:

V dp COW V S
pC()W’ - dSW w (11)
krw
A, == (12)
MM}

Taking into account the fractional flow of the
phase a (f) that is defined as the quotient of
the phase a mobility (7L ) over the total mobility

(A), f = A_ a general pressure equation was
derived:
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g = . 1 p, q,
o V-k)L[Z_/“Vp“ - Zf"p“szL- ZE[¢S(A7+unv4p(A]_ 2E= 0
(13)

For more details about fractional flow
formulation readers can consult Chen et al.,
2006. Considering no change in the porosity,
and non-compressible flows, equation (13) can
be reduced to:

_ _ 4
-V kaVp, - ka, Laevs (ap,+2p,)oVz |- Loy e
A R GRS 0
(14)

Equations (10) and (14) are coupled and
non-linear. The Newton-Raphson approach was
used to linearize the equations and solve them
using a fully-implicit strategy. In this work three
different cases of study are described.

Numerical model
In this section a brief description is given of

the use of the Finite Volume Method (FVM) to
discretize equations (10) and (14), and the

Newton-Raphson method to linearize those
equations.

Calculation of residuals by using the Finite
Volume Method

As a way to show how FVM is applied
to compute the residuals for the governing
equations, the saturation equation for the three-
dimensional case is discretized. Integrating
equation (10) with respect to time and the
control volume shown in Figure 1, equation (15)
is obtained:

el as, = dp,,. q,
[l P [kAH (Vpo &5 Vs, P“@VZ)] , ]dv}(di 5())
In order to evaluate the terms of equation
(15) the following considerations were taken into
account: 1) a backward Euler approximation is
used, 2) the permeability tensor is diagonal and
3) the space derivatives are approximated using
central differences. Therefore, the discretized
form of equation (15) in terms of a residual is
written as follows:

Rw (pa ’Sw) = %[(Sw) - (SW)VI]P - [Tw,e(po,E - po,P) - Tw,w(pu,P Py ] + [Tw,e % B (Sw,E - SW,P)
- w,wa;;tv w(Sw,P _Sw,w ]+[]—:¢v,ep P, e(Zw,E _Zw,P)_Tw,wJo p,1,r|w(zw P 2w )]
_[Tw,n (pa,N -p, P) w s (po P~ Pos )] [T CZSL,W n (SW,N _Sw,P
_Tw.s d;;(:m s (Sm,P_Squ ]+[T:MJO pw n(Zw,N _Zw,P)_Tm,:‘p pw S(Zw,P _Zw,S )]
_[Tmr(po.r ~P.r)— u b(po PP, B)] [Tu ' pww ( _Sw,P
- ”b dAS('“M S‘ B)] [ wr w |r ( Zw,P) - Tw,byw |b (ZW.P ~Z.p )] - T AV
(16)
T
4
w
8z, Xt z
S NAZ S /e N
. I = S )“y
5Xe X
Ax E/:zb%
Figure 1. Three-
dimensional stencil to apply @ @
the FVM. AV= AxAyAz is e B B
defined.
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kA
where the transmissibility is computed as T, = 6— for i=1, 2, 3; the specific weight is defined
X

as y, =p,@ , A is the face area of volume perpendlcular to the axis i, for example, A = AyAz, and
5x represents the distance between neighboring volumes centers. Slmllarly the re5|dual R for the

pressure equation (14), is expressed as follows:
Ru(pv’SW) = [Tzi(poE - po,]’ u(pol’ poW)] [ w,e dSC'W (S wl’) - u w dSl'm | (SwP Sw W)]

_[ k. (Ay 5 : Ay)4 | (Zb . )_ k (Ay :5 ; Ay )4 | (ZW - )]

+ [T:«w (pu,N ~Por _T:v,s (pu,P —P.s )]_[7:1,,, CZTS::M N

o1 (5.-5.,)]

ap,.,
(S»V,AV_SW,P - w\

Y. k (Ay.,+A
2t . . (eon-z.,)- w( WV:;; Vo)A, S(Zw,p—zw,s)]
Tw,;(pn,T_pa,P _Tw,b(po,f’_po,ﬁ)]_[Tmdl;(,m (S S ub gow lw(Sw,P_Sw,B ]
_[k_yz(?»wrﬁm,,)fls (e -z)- k. (Ay, +Ay,)4, -z )] [ LA

Oz § : oz o, P (17)

Here T implies the calculation of the transmissibility considering the total mobility A and T refers
to the transm|SS|b|I|ty considering the mobility of the water phase /l In equations (16) and (17) the
superscript n + 1 is omitted for simplicity.

Newton-Rapshon Method

Because there are nonlinearities in the discretized equations, the Newton-Raphson method was
selected to linearize and to solve these equations. The main advantage of the method is its numerical
stability compared with methods which use explicit discretization (Abou-Kassem et al., 2006; Chen,
2007). For applying the Newton-Raphson method p:*l and S;“ were selected as primary variables.
Thus, the system of equations to solve has the following form

k k k
oR oR dpt! -R
ap, A

k k k+1 = k
R | oR oS, -R
ap, oS

(18)

Matrix on the left of equation (18) is the Jacobian and superscript & is used to indicate the Newtonian
iteration. The system written in extended form gives:

R(pS)| i R(pS) o R(pS) o R(pS)
aPo,B 6p"T ' aR),S 6p"’5 ’ apo,W 6p”’w ’ apo,P o.F "
k k k
R (p .S R (p ,S oR (p,,S
0(p0 W) 6pk+l+ 0(p0 W) 6pk+1+ 0(p0 W) 6pk+l+
apo,E o aljo,N N a170,7" o
R,(p,58,) (25.)] (p5.)] (25.)]
o(po Sw 55k+! o\ Po S 5Sk+1 4 Ro p, Sw 6Sk+1+aRo p, Sw) 5Sk+1 4
aSW,B " aSW,S " aSW,W " a‘va,P "
aRn(pa’Sw) k6Sk+1 N aRo(po’Sw) k5Sk+1 N aRa(pa’Sw) ' 55k = _RF
aSwE w.E aSW,N w.N aSw,T w.l - ¢ (19)
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k k k k
aRw(po’Sw) k+1 aRw(pu’Sw) k+1 aRw(po’Sw) k+1 aRw(pu’Sw) k+1
—— 6p  +————| dp + ——= y—" +

aPo,B o.T aRy,s 0.8 o o apa,P o.F
k k k
8Rw(po,SW) 8Rw(po,Sw) aRw(po,Sw)
WA\ v w7 6pk+1+— 6pk+1+— 6pk+1+
apo,E ot apo,N o apo,T o
k k k k
oR (p,.S,) aR (p,.S,) R,(p,.S,) aR (p,.S,)
W\ Tw]l sokel  — wATo?Tw)| e kel w\T0? Tw ]l o g+l w02 Tw ]l ookl
aSw,B w,T aSW,S w,S e wW 0 P w,P

k k k

R (p..S, aR (p..S. R (p..S,
w(po ) 55k 4 (p ) 555t 4 (p ) 55k = _Rk
GSW’E w,E BSW,N w,N GSW,T w,T w

(20)

Equations (19), (20) along with the residuals (16) and (17) are used to build the linear system as
shown in Figure 2, where the subscript m refers to the total number of discrete volumes.

Splgj" _Rl;,l
ﬁp/:;f 'R];,z
3]9,;;1 'ng,s
SSZ;:-Z -Rﬁ,’ m-2
o8 it;;z -Rﬁ;,m—l
S -RS,

Figure 2. Linear system equations for the primary variables p and SW.

One of the main issues in this kind of problems
is how to calculate the Jacobian elements and
how to solve the resulting linear system. Both
tasks are time consuming, therefore new
techniques are needed to reduce the time used
in doing these computational processes. In
the next section details of the computational
implementation that makes use of graphical
processing units (GPUs) are presented in order
to parallelize the construction of the Jacobian
and the solution of the resulting linear system

Computational implementation
In this section, the computational methodology
used is briefly described to implement the

algorithms provided by the numerical methods
outlined in previous sections.
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CPU Implementation

First of all, the algorithms to be executed
in an ordinary CPU were implemented for
comparison purposes. The codes were written
using the C++ language and the EIGEN library
(Jacob and Guennebaud, 2016), the last one
was used to simplify the array and matrices
management and the solution of the linear
systems of equations. The pseudocode of the
main algorithm is shown in Figure 3.

In the first three lines of the pseudocode
shown in Figure 3, all required variables and
arrays are declared and initialized with adequate
values, this includes the initial and boundary
conditions, petrophysical values, size of the
mesh, time step, etc. In line 4 the simulation
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15 END WHILE

01 /* Initialization of all variables and initial data,

02 construction of all arrays to store field variables

03 and matrices and vectors of linear system */

04 WHILE (Time step <= Total time) DO

05 WHILE ( Delta Sw < epsilon & Iteration < Max iter) DO
06 Calculate o0il components of Jacobian and Ro

07 Calculate water components of Jacobian and Rw
08 Build Jacobian matrix using the CRS format

09 Solve the linear system of equations using BICGSTAB
10 END WHILE

11 Update old wvariables

12 IF (!(Timeistep % Frequency)) THEN

13 Save or print primary variables (po and Sw)

14 END IF

16 /* Free memory and finalize simulation */

Figure 3. Pseudocode of the main algorithm.

initiates and is carried out until the total number
of time steps is reached. Inside this first cycle,
another one implements the Newton-Raphson
(NR) algorithm. This internal cycle starts in line
5 and is carried out until the norm of the change
of the water saturation (|65 ) is less than a
prescribed value (&) or the prescribed maximum
number of iterations of the NR algorithm is
reached. Lines 6 to 9 represent the main steps
to solve the problem and use the highest
percentage of CPU time. In lines 6 and 7 every
entry of the Jacobian matrix is calculated, this
means to calculate the discretized components
of the residuals, equations (18) and (19), and
their corresponding derivatives. It is worth
mentioning that all derivatives are done
numerically and first order forward finite
differences are used to do so. Then in step 9 the
Jacobian matrix is build using the Compressed
Row Storage (CRS) format in order to take
advantage of the sparseness of the matrix and
to save memory. In the calculations, these
three steps take around 8% of the total time.
In line 9 the linear system is solved using the
Biconjugate Gradient Stabilized (BICGSTAB)
method algorithm which is contained in the
EIGEN library. This step takes around 75%
of the total CPU time. Once the NR algorithm
has converged, all the required variables were
updated to be used in the next time step, line
11. Finally, the solution (primary variables)
were saved or printed every time the Iteration
variable is divisible by a prescribed Frequency.
This frequency will become important in the GPU
implementation.

GPU Implementation
The implementation in CPU presented in the

previous section is standard and do not have any
complications. For the GPU implementation the

Compute Unified Device Architecture (NVIDIA,
2012) and the CUSP Library were used, which
provides a high-level interface for manipulating
sparse matrices and solving sparse linear
systems (Maia and Dalton, 2016). The present
implementation is almost done totally in GPU,
which means that the amount of information
exchange between CPU and GPU is relatively
low. In this sense, the pseudocode of the main
algorithm for GPU implementation is similar
to the one shown in Figure 3. The following
differences have to be mentioned: a) the cycle
starting in line 4 require all the variables and
arrays defined in lines 1-3, therefore a first
exchange of information is done from CPU to
GPU, however this is minimal due to the fact
that the biggest arrays are constructed directly
in the GPU; b) the operations in lines 6, 7, 8,
9 and 11 are all coded in CUDA, therefore,
several kernel functions occur that are executed
in the GPU device; c) the operation in line 13
requires a movement of information from GPU
to CPU, however this is done only every time
the Iteration is divisible by the Frequency and
this can be just one time, for example when the
simulation is finished, or when the user requires
the information of the final solution.

The kernel functions are executed in parallel
by threads. These threads are defined by global
indexes that belong to a grid of blocks. The grid
and block sizes are defined by the user. The grid
can be defined for 1, 2 or 3 dimensions. Each
block has a finite number of threads, usually up
to 1024 thread count. The maximum grid size
is given by the manufacturing specifications of
each graphics card. All this features of modern
GPUs can be consulted elsewhere in NVIDIA
CUDA web site. Taking all this into account, it is
only possible to efficiently parallelize numerical
codes that do not exceed the number of threads
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that can be executed in the grid of blocks. On the
other hand, it is easy to parallelize functions that
execute the same operations over the entries of
arrays, since only the threads indexes have to
be defined and this definition replaces each loop.
As an example of this method, Figures 4 and 5
show an extract of the codes for calculating the
Jacobian block corresponding to the residual R
and its derivatives (0R /0p ), in CPU and GPU
respectively.

In the function jacobianCoeff_RoPo3D()
all the coefficients of Jacobian block OR, /0p,
were calculated. The code is standard and is
based in tridimensional arrays which contain
some variables related to the Cartesian mesh
for the numerical simulation. Therefore, three
nested cycles occur, one cycle for each axis.
In the most internal cycle, several functions
are executed to carry out several numerical
methods, among them: interpolations for initial
relative permeability and saturations from
centers of volumes to its faces (lines 5 and 6),
calculation of relative permeability using data
from tables (line 7), calculations of coefficients
of the residual and its derivatives (lines 9 and
10), and the assembling of the corresponding
block (line 11).

In the same way as in the Figure 4, in Figure
5 an extract of code of the kernel function is
shown that implements the calculation of the
Jacobian block OR /0p . The kernel function
jacobianCoeff_RoPo3D() is executed in the
GPU. The first thing to do is to determine the
thread index, see lines 2-4. Using this index it
is possible that each thread of the block in the
grid, execute the operations defined in lines
5-12 concurrently. Line 5 is required to assure
that the index is inside the limits of the arrays.
Lines 6 to 12 consist of kernel functions, similar
to the functions defined in CPU, see Figure 4,
but using the index to perform each one of the
numerical methods needed to calculate the
corresponding block of the Jacobian matrix.
These kernels are device functions that can only
be executed by another kernel and are able to
use the GPU memory (Sanders, 2010; NVIDIA,
2012). Two kind of memories were used: global
memory to store the primary variables (Sw and
p,), the properties of the porous media (k, ¢,
etc) and some other important arrays of the
simulation; constant memory is used to store
constant values, i.e, the viscosities, conversion
factors and some tables of properties (relative
permeability). Figure 6 shows schematically how
the variables are stored within the GPU memory.

01 void jacobianCoeff RoPo3D (*physical parameters as arguments) ({

02 for (i=1; i<nx-1; i++){

03 for (j=1; j<ny-1; j++){

04 for (k=1; k<nz-1; k++){

05 interpolatePermeability(k, ke, kw, kn, ks, kt, k b);

06 interpolateSaturation(Sw, Sw e, Sw w, Sw n, Sw s, Sw t, Sw b);

07 calculate_kro(Sw, kro(Sw),kro_e, kro_w, kro_n, kro_s, kro_t, kro_b);
08 /* ... Some other calculations ... */

09 F(Po)=Tr e*(Pc):

10 F (Pot+deltaPo)=Tr_e* (Pot+deltaPo) ;

150 Block RoPo3D[3D(i,],k)]=firstOrderDerivative (F(Po), F(Pot+deltaPo), deltaPo);
12 }

13 }

14 }

153

Figure 4. Function to calculate the Jacobian block.

03 int j

01 global void jacobianCoeff RoPo3D (*physical parameters as arguments) {
02 int i = threadldx.x + blockIdx.x*blockDim.x;

threadIdx.y + blockIdx.y*blockDim.y;

04 int k = threadldx.z + blockIdx.z*blockDim.z;

05 if(i>0 && 1 < nx-1 && j > 0 && j < ny-1 && k > 0 && k < nz-1){

06 interpolatePermeability(k, k e, k w, k n, k s, k t, k b);

07 interpolateSaturation(Sw, Sw e, Sw w, Sw n, Sw_s, Sw_t, Sw b);

08 calculate kro(Sw, kro(Sw),kro e, kro w, kro n, kro s, kro t, kro b);

09 /* ... Some other calculations ... */ N N N N

10 F(Po)=Tr _e* (Po);

i F (Po+deltaPo)=Tr e* (Po+deltaPo);

12 Block_RDPDSD[SD(I,j,k)]ZfirstOrderDerivative(F(Po), F(PotdeltaPo), deltaPo);
13 }

14 }

Figure 5. Kernel function to calculate the Jacobian block.
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Grid of blocks

Block (0,0)

Block (1,0)

Shared memory

Shared memory

Thread (0,0)| [Thread (0,1) Thread (0,0)| [Thread (0,1)

Global memory (Sw, pe, grid, k, @, etc)

Host

Constant memory (Kra(Sw), tw, lo, €1C)

Figure 6. GPU memory used to store variables to build the Jacobian.

Finally, once the Jacobian components has
been built, the linear system of equations is
constructed in CRS format. This extra step is
needed in order to use the algorithms of the
EIGEN and CUSP libraries. Both libraries require
a matrix in the CRS format and a right hand
side (rhs) vector. The result is stored in another
vector that contains the solution of the linear
system.

Numerical results

As a way to validate the numerical code, in this
section numerical results obtained for three
different cases are presented. Also numerical
performance experiments were carried out to
test computationally the parallel numerical code
that is compared versus serial code.

Buckley Leverett

The Buckley-Leverett model describes the
displacement of oil by water in an horizontal
domain. This mathematical model is widely
used in the validation of two phase fluid flow
simulators, because it has an analytic solution
for the water saturation profile. The hypothesis
of the Buckley-Leverett model are:

a) The displacement occurs at a one-dimensional
medium.

b) The porous media is isotropic.

c) No effects of capillary pressure nor gravity
forces are considered.

d) There are no sources nor sinks.

e) Water gets injected to a constant flow
through the left boundary of the domain.
Oil is produced on the right boundary at a
constant pressure.

The parameters to carry out the simulation
are shown in Table 1. Relative permeabilities
k. (S,) can be obtained from Chen et al. (2006).

In this paper a comparison of the analytical
solution versus the solution obtained numerically
is presented. The numerical parameters were
selected as follows: to evaluate the derivatives
within the Jacobian blocks increments of
AS =1x107 for water saturation and Ap_=0.1
for the oil pressure were used. Stop criterion for
leaving the Newton-Rapshon loop was selected
to: [8S,| <1x10% and a fixed time step of 1 day

Table 1. Parameters to solve the Buckley-
Leverett problem.

Property Value

Length of domain (L)) 1,000 (ft)
Absolute permeability (k) 100.0 (mD)
Porosity (¢) 0.20

Water viscosity (1, ) 0.42 (cP)

Oil viscosity (1) 15.5 (cP)
Residual water saturation (S ) 0.40

Residual oil saturation (S, ) 0.18
Injection velocity (v, ) 2.0E-06 (ft/s)
Production pressure (p ) 1,000 (psi)

out
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was chosen. The number of discrete volumes
selected to study its effect in the solution were:
100, 500, 1,000, 5,000 and 10,000. The total
time simulation was of 120 days and results
are saved every 30 days. Table 2 shows a
comparison between analytical and numerical
solutions at some selected positions. As shown
in this table as the number of volumes increases
the relative error and the root mean square
deviation (RMSD) respect to the analytical
solution decreases.

Figure 7 shows the water saturation and
pressure profiles obtained for 120 days of total
simulation by using 10,000 discrete volumes.
Results of the water saturation profile are
congruent with the analytical solution (dashed
line). This result indicates that the problem has
been solved correctly.

Table 2. Numerical results obtained for the Buckley-Leverett problem.

Number of Position Simulation Sw Sw Error RMSD
discrete x (ft) time (days) Numerical Analytical % At the whole
volumes domain

100 145 30 0.4721 0.4 18.033 0.01510
275 60 0.4792 0.4 19.809 0.01590
405 90 0.4801 0.4 20.037 0.01598
535 120 0.4786 0.4 19.666 0.01875
500 145 30 0.42238 0.4 5.5942 0.01127
275 60 0.42049 0.4 5.1216 0.01095
405 90 0.40972 0.4 2.4295 0.01104
535 120 0.40849 0.4 2.1213 0.01093
1,000 145 30 0.40784 0.4 1.9593 0.00987
275 60 0.40399 0.4 0.99737 0.01027
405 90 0.40080 0.4 0.19905 0.00981
535 120 0.40056 0.4 0.13941 0.00962
5,000 145 30 0.40028 0.4 0.07096 0.00944
275 60 0.39998 0.4 0.00525 0.00942
405 90 0.39999 0.4 0.00170 0.00897
535 120 0.40001 0.4 0.00150 0.00839
10,000 145 30 0.400130 0.4 0.03159 0.00916
275 60 0.400020 0.4 0.00568 0.00917
405 90 0.400001 0.4 0.00093 0.00881
535 120 0.400001 0.4 0.00091 0.00827
a) Water saturation (S,) b) ~000 Oil pressure (p,)
— 30 days — 30 days
— 60days 4500 — 60days
— 90 days — 90 days
— 120 days 4000 — 120 days
3500
:@ 3000
<,
2500
2000
1500
800 1000 10005 200 00 600 800 1000

z(f1)

a(ft)

Figure 7. Results for 10,000 discrete volumes: a) Water saturation profile Sw, analytical solution (dashed line)
versus numerical solution (continuous line); b) Oil pressure profile p .
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Five Spot

The model known as “Five Spot” describes the
displacement of oil by water in an isotropic
domain, in which a producer well and an
injector well are placed in the opposite corners
of the domain (See Figure 8). In the Five Spot
conceptual model the follow assumptions are
considered:

a) The displacement occurs at a bidimensional
domain.

b) The porous media is isotropic.

c) The effects of capillary pressure are
considered.

d) There are one source (injector well) and one
sink (producer well).

e) Gravity forces are neglected.

The parameters to carry out the simulation
are shown in Table 3. Relative permeabilities km
(SW) and capillary pressure p_can be obtained
from Chen et al. (2006).

Table 3. Parameters to solve the Five Spot
problem (Chen et al., 2006).

Property Value

Size of domain (L _x Ly) 1,000 x1,000 (ft)
Absolute permeability (k) 100.0 (mD)

Porosity (¢) 0.20
Water viscosity (4, ) 0.096 (cP)
Oil viscosity (1, ) 1.14 (cP)
Residual water saturation 0.22

(s,)

Residual oil saturation 0.20

(S,)

or

Injection pressure (p,) 3,700 (psi)
Production pressure (p®}) 3,500 (psi)

OSw_
dy f
O | Production well
BSw_ BSy_
Ly, ox 4 ox 0
O Injection well _
Lz = width of layer
884
dy 0
y
L., L

Figure 8. Five Spot physical model.
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For this problem the total time simulation
was selected to 8,000 days and the results are
reported every 500 days. Numerical parameters
are the same to those in the Buckley-Leverett
problem. Because there is no analytical solution
for this problem, it is validated with the results
reported by Chen et al. (2006). Figure 9 a) shows
the production of water and oil in reservoir barrels
per day (RB/day) throughout the simulation
time. In this figure it can be seen that the
results reported by Chen et al. (2006) and those
obtained in this work have a similar qualitatively
behavior. The difference between curves may
be due to the numerical techniques used, since
Chen et al. (2006) used an adaptive time step
with an IMPES scheme. The RMSD obtained for
the production curves are 43.88 and 137.94 for
oil and water production, respectively. In Figure
9 b) fractional flow (F ) curves are compared. It
can be appreciated that the water cut happens
after 1,000 days of simulation, which is almost
the same result reported by Chen et al. (2006).

To verify the solution shape two more
simulations were carried out, one considering
30x30 mesh size of and another using 90x90
volumes. Values obtained for RMSD using 30x30
volumes were 41.97 and 135.44; while by using
90x90 volumes were 41.02 and 134.82, for oil
and water production respectively.

Figure 10 shows the water saturation profiles
at different simulation times in the whole
numerical domain. This figure is presented in
order to clarify how the waterfront sweeps the
oil from the porous medium.

The seventh SPE project

The seventh SPE project is a benchmark that
describes the water injection and oil production

a)

Fluids production

-. Q,Chenetal.
— @, This study
- @, Chenetal.
— Q. This study

2000

1500

000

Qo- Qw (RB/day)

NG
' S
' Teal
'
, h“*"‘“——-—-—..__.__________.
0 7000 2000 3000 1000 5000 5000 7000 000

time (days)

using horizontal wells, this problem was adapted
by Nghiem et al. (1991) and Chen et al. (2006)
for two-phase fluid flow. In the 'resent case
capillary pressure and gravity forces were
considered. Therefore equations (10) and (14)
are used without any modification.

To solve this problem the SPE proposes a
mesh of 10x10x7 (Figure 11). This mesh is
refined to the y axis center, in order to place
the injection and production wells. The length of
the blocks in the x axis are uniform and equal to
300 ft (ox =300 ft). For the length of the blocks
in the y axis, the distribution is as follows: oy =
0y, = 620 ft, 8y,= oy, = 400 ft, 5y, = oy, =200 ft
0y,= 0y, = 100ft and oy, = 60 ft. For the 7 axis
51 —20ftfork1 2347 oz;= 30 ft and 6z,= 50 ft
were used. Injection weII is placed in the layer
516 at the center of the axis y and it crosses
all the blocks in the x axis. Production well is
placed in the layer 51 at the center of the axis
y and it crosses only the blocks éx, . in the x
axis. Parameters to execute the 5|mulat|on are
shown in Table 4. Relative permeab|I|t|esk (S.),
capillary pressure p (S, ), and initial conditions
can be obtained from Ngh|em et al. (1991).

For this problem the total simulation time
was selected to be 1,500 days and results are
reported every 100 days. Results are validated
by comparing production curves reported by
Chen et al. (2006). Figure 12 a) shows the oil
production in stock tank barrels per day (STB/
day) during the entire simulation time. It can be
noted that the results are qualitatively similar to
those reported by Chen et al. (2006), although
the curve reported by them declines slightly
faster. The accumulated oil production curves
are also compared, these results are shown in
Figure 12 b).

b) Fractional flow
100

--+ Chenetal.
— This study

80

60

Fw %

40}

20}

0 2000 1000 6000 8000
time (days)

Figure 9. Results obtained using 10x10 discrete volumes: a) water and oil productions Qw-Qo in reservoir barrels
per day (RB/day); b) fractional flow Fw (%).
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Figure 10. Water saturation profiles for different simulation times using a 90x90 volume.
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Figure 11. Seventh SPE project physical model.
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Table 4. Parameters to solve the Seventh SPE project (Nghiem et al., 1991).

Property

Value

Size of domain (L_x Ly X LZ)

Absolute permeability (k, k\-' kz)

Porosity (¢)

Water viscosity (¢ )

Oil viscosity (1)

Residual water saturation (S, )
Residual oil saturation (S, )
Injection pressure (pifh)
Production pressure (p”)

2,700 x 2,700 x160 (ft)
(300.0, 300.0, 30.0) (mD)
0.20

0.96 (cP)

0.954 (cP)

0.22

0.0

3,651.4 (psi)

3,513.6 (psi)

0il production

--- Chenetal.
—— This study

—
o

1000

Produced oil (STB/day)

0 2000 4000 600 800 10000 1200 1400
time (days)

b) 1200 i Cumulative oil production
- Chen et al.
1000lL— This study :
g soof
0
g
B 600
k]
8
g
g 400
oo
200
0

200 400 600 800 1000 1200 1400 1600
time(days)

Figure 12. Results obtained using 10X10X7 discrete volumes: a) Oil production (STB/day); b) Cumulative oil production
(MSTB).

The small difference observed in Figures 12,
may be due to implementations of the numerical
method and conversion factor used for the STB;
in the present work the STB conversion factor
from Nghiem et al. (1991) was used. It should
be noted that this problem was solved only with
the grid size proposed by Nghiem et al. (1991),
as it is indicated by this benchmark. The RMSD
obtained in this problem is 55.77 for the oil
production values and 68.08 for cumulative oil
production. In order to know the behavior of the
fluids flow in the layer where the production well
is placed. Figure 13 shows the saturation profiles
SW in this layer for six selected simulation times
by using the grid size proposed by Nghiem et
al. (1991). For the saturation profiles belonging
to 100 and 300 simulation days, it is noted that
the water has begun to sweep the oil present
in the layer forming a “water feather”. For the
1,200 and 1,500 profiles the water feather has
spread out to more than a half the domain. This
means that about 40% of the oil present in the
layer has already been produced.
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Numerical performance experiments

In order to analyze the performance of the
numerical code, the five spot water injection
problem was selected. Numerical parameters
selected were: AS, =1x10° for water saturation
and Ap,=1x10 for oil pressure. Stop criterion
for leaving the Newton-Rapshon loop was
selected to: [8S,| <1x10° and a fixed time
step of 0.01 day was chosen; results are saved
every 1.0 day. 10 days were selected for the
total simulation time.

Numerical results presented in this section
were obtained by executing our numerical code
in a workstation with a single processor Intel
(R) i7 (R) CPU 3820 3.60 GHz, 16 Gigabytes of
RAM and an NVIDIA Tesla C2075 (R) GPU with
448 cuda-cores and 6 Gigabytes of dedicated
memory.

Table 5 shows the average run-time for
each Newton-Raphson step. The Jacobian run-
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time increases considerably when the number
of volumes is bigger. As an example, 0.796 s
were spended when volumes were 550x550
in CPU, while only 0.0379 s were used on the
GPU that means 21x of speed up. This result
is a considerable save of computation time
taking into account that this procedure has to
be repeated every Newton iteration.

Most authors indicate about 75% computation
time is consumed in the solution of the system
of linear equations. For solving the linear
equations system, BICGSTAB solver without a
preconditioner was used. This solver is already
included in EIGEN and CUSP libraries (Jacob
and Guennebaud, 2016; Maia and Dalton,
2016). Run times are shown in Table 6. Results
indicate that CPU is faster than GPU when linear
system is small (45,000 unknowns). When the
linear system increases from 45,000 to 125,000
unknowns the computing time using the GPU
is less than CPU. For a system with 605,000
unknowns, the maximum speed up is achieved
(2.207x).

In a numerical code developed with GPU
without graphics in real time, numerical results
always have to be transfered from GPU to CPU for
later processing. This process is computationally
expensive because it has to be carried out
each time step or when the user requires it.

The time measured for this operation was from
1.69x107°%to 0.101 seconds, for the 30x30 and
550x550 number of volumes, respectively. For
this reason real speed up must be quantified
when the whole numerical code has finished.
Figure 14 shows run time and speed up for
executing the whole code. In this figure can be
noted GPU is slower than CPU when the problem
is executed with few volumes. In the other
hand, GPU speed up increases if the number
of nodes for executing the problem increases.
For executing the numerical code with 302,500
blocks (550x550 number of volumes) 3.0x of
speed up is achieved, that is, the total run time
for the CPU was 6.8 days whereas for the GPU
it was only 2.26 days. It is worth mentioning
that in this case the information transfer GPU-
CPU does not have a considerable effect, since
it was executed only 10 times. It should be
kept in mind that this is a benchmark problem,
therefore it is not necessary to use a bigger grid
size to solve it adequately.

Conclusions

Sequential and parallel implementations of a fully
implicit simulator for waterflooding process have
been presented. Both implementations were
validated with three different benchmarks and
similar results were obtained in comparison with
other authors and in comparison with analytical

Table 5. Average run-time obtained to compute the Jacobian.

Number of volumes CPU run-time GPU run-time Speed up
(s) (s) (x)
30x30 0.00284 0.00084 3.38x
90x90 0.02340 0.00164 14.26x
150x150 0.07141 0.00311 22.96x
250x250 0.15049 0.00754 19.95x%
550x550 0.79686 0.037937 21.00x

Table 6. Average run-time obtained to solve the linear equations system.

Number of volumes Unknowns number CPU run-time GPU run-time  Speed up
(s) (s) (x)
30x30 1,800 0.007599 0.21234 0.035x
90x90 16,200 0.19308 0.85252 0.226x
150x150 45,000 0.98792 1.0727 0.9209x
250x250 125,000 4.3418 2.7515 1.570x
550x550 605,000 29.408 13.32 2.207x
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solutions. The strategy of parallelization allows
to reduce the calculation time of the Jacobian
matrix, resulting from the Newton-Raphson
method, using the architecture of the GPUs.
Numerical results indicate that the GPU
implementation reach until 22.9 times faster
than the CPU counterpart for the finest mesh.
On the other hand, the solution of the final
linear system was also carried out in the GPU.
A speed up of this step of 2.2 for the finest
mesh was ontained. In total, taking into account
the construction of the Jacobian matrix, the
solution of the linear system and the exchange
of information between CPU and GPU, gave a
total speed up to 3. As expected, this speed up
can be improved as the number of unknowns
is incremented, however, the limited number of
threads and memory of GPUs is a first obstacle
to go forward. Even though the libraries used for
solving the linear systems are optimized, they
need to be improved with special preconditioners
in order to obtain better results in terms of CPU
and GPU time, and pair the 22x of speed up that
was achieved in the present best calculation of
Jacobian matrix. On the other hand, the GPU
used in this work is not the newest one in the
market, in such a way that a limitation occurs
by the number of CUDA cores (448) and the
memory (6GB) of the hardware; however, as can
be seen, as the size of the problem increase, the
speed up improves, therefore if, for example a
GPU Tesla K40m (2880 CUDA cores and 12 GB in
memory) is used better results can be expected.
Finally, the present strategy can be used for
several number of GPUs along with domain
decomposition methods; this allows to increase
even more the size of the problem (to several
millions of unknowns) and as a consequence
the speed up will be improved. Of course, this

requires better solvers for the linear systems,
for example geometric or algebraic multigrid
methods.
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