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Abstract

Joint inversion of different potentials improves subsurface model resolution.
In this paper seismic refraction and magnetotelluric data are used to under-
stand near subsurface features of Dholera, Gujarat, India. An extensive seis-
mic and magnetotelluric survey was carried out in Dholera in order to deli-
neate subsurface presence of aquifers. Ray Inversion for Near Surface Estima-
tion (RINSE) is used for inversion of Dholera seismic data. The inversion
output of seismic data is used as seed points for resistivity inversion of ano-
malies. Inversion of resistivity data is done using evolutionary programing
method which is also a type of genetic algorithm. Here the optimization is
done using four major steps, of evolutionary programing namely population
generation, fitness function, crossover and mutation. This paper also com-
pares the similarities between the natural and geophysical optimization. A
Low Velocity Layer is identified up to a depth of 11 m from seismic refraction
method. Three layers are identified after the interpretation of seismic and re-
sistivity data. The average thicknesses of Layers one and two are calculated as
3.558 and 6.533 respectively.
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1. Introduction

Model resolution of subsurface features can be improved by joint inversion of
different geophysical potential data (Ammon et al., 1990). The study of joint in-
version can be categorized into two groups; first is joint inversion of datasets

which are sensitive to same physical parameters (Julia et al., 2000) and second
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one is joint inversion of datasets, which is essentially sensitive to different geo-
physical parameters (Gallardo & Meju, 2003, 2007). Magnetotelluric and seismic
refraction techniques are the most effective and commercial methods for identi-
fication of aquifers. Inversion of these two potentials can be done by using vari-
ous inversion methods like Gauss-Newton (GN) method, Quasi-Newton (QN)
method, Genetic Algorithm, etc. Evolutionary programing or Genetic Algorithm
method is stochastic method based on Darwin’s theory of “Natural selection and
survival of the fittest” (Jamshidi & Mostafavi, 2013). To achieve best solution
Genetic Algorithm gives output based on responses obtained from environment
and evolution operators. Genetic Algorithm generates near optimal solutions ra-
pidly due to which it is good alternative for non-linear inversion of different
geophysical potentials. The smaller size of population generated from premature
convergence of nonlinear inversion problems can be avoided by either increas-
ing the size of it or by re-scaling the parameters used (Gallagher et al., 1991;
Gallagher & Sambridge, 1994). It is observed that genetic algorithm approach for
geophysical optimization problem is more efficient than other stochastic inver-
sion techniques (Sambridge & Drijkoningen, 1992). In this paper our study area
is Dholera, Gujarat, India; many surveys have been done by co-researchers in
this region. It has been found that there is compelling evidence of low enthalpy
geothermal sources, which is identified by high gravity and magnetic anomalies
in the region and manifestation of many hot water springs in the area (Shah et
al., 2017). These observations motivate our work, and our objective is to test
these qualitative approaches by adding more potential data using a formal ap-
proach.

In this paper an attempt is made to apply joint inversion for magnetotelluric
and seismic method by using Genetic Algorithm. The algorithm starts with the
seismic refraction data inversion, where the head waves obtained from seismic
refraction method are used to infer the subsurface structure. Inversion results of
seismic data are used as a priori assumption for the resistivity. The interchan-
geability of potential data (velocity and resistivity) obtained from seismic and
resistivity is used for evaluation of shallow depth aquifers. In this paper the algo-

rithms for joint inversion of seismic and electromagnetic are coded in C++.

2. Study Area

Dholera area falls under the Saurashtra Peninsula of Gujarat, India which is one
of the three conspicuous physiographic divisions of the Gujarat state and lies
between 20°30'N to 22°30'N latitude and 69°00'E to 72°30'E longitude. Dholera
is situated in Gulf of Khambat, which lies 30 km south-west of Dhandhuka vil-
lage in Ahmedabad and 60 km north of the city of Bhavnagar. It is surrounded
by water from three sides, on north by Bavaliari creek, on south by Sonaria creek
and on east by Gulf of Khambat (Aghil et al., 2014). Geothermal springs of this
area are located along the margins of Saurashtra Peninsula which falls under the
vicinity of Western Marginal fault of Cambay Basin (Sharma 2013). Terrain of

Dholera is mainly covered by mudflats, while the basement is formed of Deccan
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Traps which is at a depth of 500 - 600 m. The area is also occupied by Quater-
nary soil deposits up to a thickness of about 100 m which is further followed by

Tertiary sediment reposed over Deccan Traps.

3. Data Acquisition

This seismic survey has been deployed along different profiles in various orien-
tations. The data is acquired along 4 profile lines, three east to west and one
north to south. An array of 24 geophones (indicated by green triangles on the
line in Figure 1) along a single profile is performed. A 10 kg gauge with a steel
plate is used as source to generate P-waves. The geophone frequency used for
refraction seismic is 28 Hz. 7 different shot points (indicated by red dots on the
line) are selected at a particular profile. Group interval for seismic data acquisi-
tion was considered 2 m. MT survey was performed along 4 MT profiles and da-
ta were collected in the frequency range of 0.001 - 10,000 Hz. The orientation of
the profiles was in WSW-ENE direction and one normal to three profiles. Mea-
suring array was built for two orthogonal electric profiles namely: Ex, Ey elec-
trical poles of the length 100 m. 3 magnetic sensors recorded two magnetic ho-

rizontal components Hx, Hy and one vertical Hz component.
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Figure 1. Tectonic framework of Dholera and profile lines for data acquisition.
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4. Ray Inversion Method

Inversion process allows us to map data from data space to model space. Estima-
tion and appraisal are the two major steps of inversion, where the estimation
stage involves the estimation of model parameters while the appraisal stage eva-
luate the accuracy of estimated model compared to the true model (Snieder,
1998). Generally the inversion is categorised as direct and indirect, where the
direct inversion outputs the model directly achieved after processing of data
while in case of indirect inversion the model is obtained after optimization
which minimizes the objective function that involves data set and model set
(Weglein et al., 2009). There are various methods for estimation of subsurface by
seismic waves like Waveform Inversion, RINSE, etc. Theory of RINSE was pro-
posed by Jones and Jovanovich (1985), which is used for the near surface estima-
tion by ray inversion of seismic waves. The algorithm for RINSE is written in
UNIX environment operating on “HP-UX 7.0”. This technique follows the me-
thod of interference lines plotted corresponding to arrivals from different layers.
It helps us in understanding of number of layers at near subsurface. After deter-
mining the number of layer critical distance Xc is used to calculate the thickness
of layer obtained from two way time analysis. Thickness value is determined by
projecting the interference ray backward from surface point at a critical distance
to the shot point. Intersection of rays exists on the refractor interface. Stripping
travel time curves is done once all the depth points are obtained. The observa-
tion point for each refractor is assumed horizontal until maximum travel time
curves are achieved. This phenomenon of stripping travel time curve is per-
formed for each and every shot on same depth section. Number of trends in tra-
vel time curve represents number of layers. Thickness of layers can be calculated
by using following equations. Thickness of layer can be calculated by intercept
T1 which corresponds to time taken by wave to reach receiver/geophone, the
equation can be expressed as:

T - 2hxcos,

1 % (1

where,

T, = Time taken by wave to reach geophone;

V; = Velocity of wave in first layer;

h = Thickness of layer.

Inversion of Magnetotelluric data by GA does not require forward solution to
calculate derivatives of the fields with respect to model parameter changes. In
this case Electric field (E) is calculated from Transverse Electric (TE) mode and
Magnetic field (B) from Transverse Magnetic (TM) mode. This helps in esti-
mating the apparent resistivity, phases and complex impedances for both TE and
TM mode. According to Weaver’s method it has been found that the grids are
generated automatically which were prepared on the information obtained from
model and frequency (Taylor & Weaver, 1976; Poll, 1994).
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5. Genetic Algorithm

Basic principles of Genetic Algorithm/Evolutionary Programing are proposed by
Holland (Holland, 1975). In genetic algorithm method a class of adaptive algo-
rithm are represented whose search methods are based on the simulation of nat-
ural genetics. It falls under the class of probabilistic algorithms. Evolutionary
programing/Genetic Algorithm is a process of natural selection where the
stronger individuals are the winners. It has been found that in GA the potential
solution of problem is an individual which is represented by sets of parameters.
The parameters are known as chromosomes which are structured as string in
binary forms. A positive is represented as fitness value which reflects the degree
of goodness of genes for solving the problems, this value represents the local mi-
nima for model set and data set. Good quality offspring is yielded by the fittest
chromosome throughout its genetic evolution, which is a better solution to the
problem.

In Figure 2 a multi-directional search is performed by genetic algorithm in
order to maintain a population of potential solutions and encourage information
formation along with exchange between these directions. A number of populated
solutions are developed in this simulated evolution in which the relatively
“good” solutions reproduce. The different solutions are distinguished on the ba-

sis of evaluation function which plays the role of an environment.

Parameter encoding

Store Fitness value for each
model

Convergence Normalise Fitness

END

Figure 2. Flow diagram of Evolutionary Programing/Genetic Algorithm based inversion
(modified after Sircar, 2000).
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After the individuals are converted into population by determining the fitness
function of individual, the simulation further proceeds to crossover selection
and mutation. Probability of the simulation needs to be checked whether the
termination conditions are satisfied or not. If it meets the desired output than
the outputs are the optimization results otherwise it needs to be processed again
from the fitness function determination point.

The parameters and steps which will be involved in GA inversion method of

optimization are as follows.

5.1. Encoding

The optimization problem variables are represented by the encoding mechanism
of GA. Each and every individual parameter in population consists its own ge-
netic code. Particular genes of fixed length represents the velocities distributed
over the cells in the cross-hole region of population. It is obtained from extrac-
tion of individuals genetic code. The length of genes are denoted by bits, the
number of bits for representing velocity has to be given in advance. Velocity
value over the cell can be obtained as:
V =minV +dv*tmp 2)

where,

min V= Minimum Velocity;

dv= Velocity partition;

tmp = Value of the binary string;

dv = (max ¥ —min V)/2"bi’ (3)

where,
min V= Minimum Velocity;
nbit= Number of bit.

5.2. Population

The primary set of population is generated randomly and size of population is
determined. The two important criteria for generation of population are popula-
tion size and randomization of seed number (Haupt & Haupt, 2004). In order to
discover new clones (Rezaian et al., 2010) the initial population should be a large
pool of different genes. Including different genes for initial population leads to
an algorithm which has enough diversity in the population to get fast and good

solutions.

5.3. Fitness Function

Fitness function is defined as the ratio of the assessment value of a particular
clone to the average assessment of all the clones. The equation for fitness func-

tion probability selection (Chipperfield et al., 1994) can be expressed as:

F
R=ort— O
i=1 F/
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where,

P, = Fitness probability;

F;=Individual parameters fitness.

In case of geophysical data optimization it is determined by using concept of
Chi-square error from the observed and calculated apparent resistivity differ-

ence. The Chi-Square error is denoted as “ £ ” and can be expressed as:

L p =p
&= NZ paCaI (5)

where:

P = Calculated apperant resistivity;

oby

P, = Observed apparent resistivity;

N = Number of iterations.

5.4. Crossover

Crossover is the process of generating better quality genes by exchanging the
good information between the particular parents. The crossover probability can
be calculated as the ratio of pairs of clones which will be selected for mating to

the total number of pairs of clones.

5.5. Mutation

Mutation can generate new genes by flipping one or more gene values randomly
in a clone. The mutation probability can be calculated as ratio of the bits to be
flipped randomly to the total bits of clones (Thander & Sircar, 2014). The simple
mutation can be performed by using normal distribution, it leads to faster ex-
ecution as only muted genes are processed. The number of mutations is per-

formed on the basis of random pick in Mz, o) distribution function.
m= (nPDP T Petite ) * Pmut (6)
62 :(npop _nelite)*Pmut *(1_13;1”,[) (7)

where,
m = Average number of mutations in the population;
o= Standard Deviation;
n,, = Population size;

n = Number of elitist individuals.

cite

Table 1 represents the mutation rate for different range of Chi-square error
values. The rate of mutation used in Table 2 is a good trade-off for exploration
and exploitation. After the selection of parameter from fitness function a ran-
dom number is generated using the reference seed value. If the number is greater
than list value of “ & ” then the value of individual mutation is created by mul-
tiplying the individuals with probability Pm, otherwise it is estimated by divid-
ing the individual with Pm.

«_ »

Number of iterations are performed until modified “n” models are arranged
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Table 1. Rate of mutation for different Chi-square error range value.

Sr. No. Rate of Mutation Range of Chi-square error values
1 0.02 <0.5
2 0.005 <1
3 0.003 <2
4 0.001 <5
5 0.0057 <10
6 0.0055 <25
7 0.0053 <50
8 0.0051 <100

Table 2. Ranges of Velocity and Resistivity values calculated for study area.

Sr. No. Velocity (m/sec) Resistivity (Ohmm)
1 100 - 1000 0-99
2 1000 - 2000 150 - 300
3 2000 - 2500 100 - 150
4 2500 - 3000 50 - 60
5 3000 - 4000 20 - 40
6 4000 - 5000 5-10
7 >5000 800 - 1000

from fitness values. The process is repeated until the population reaches high

fitness value.

6. Integration of Seismic Refraction and Resistivity
Inversion

Seismic refraction data is interpreted by using the first breaks in refraction sur-
veys , the time section is prepared by using amplitudes and first-arrival travel
times. Integration of seismic and resistivity data is sorted by low, high and tar-
geted value of seismic refraction. Combination of different algorithms are classi-
fied into 6 categories which are described in Table 2. In inversion of seismic and
resistivity the velocity is converted into resistivity for particular lithology from
seismic database. The thickness of layers is obtained from seismic inversion
which is perturbed at a fixed rate and provides upper and lower boundaries for

resistivity inversion.

7. Results and Discussion

Seismic data is acquired along four profile lines. The group interval was taken to
be 2 m with 4 shot points of shot interval 5 m. Data has been acquired by two
direct and two reverse shots. Plot between first arrival time and offset is drawn

for each seismogram obtained by varying source position along the profile. Plot
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is drawn for all four seismic profiles. Using each profile velocity of each individ-
ual layer is calculated with the help of inverse slope of ray path formed by join-
ing first arrival time. The seismic data analysis suggest presence of three subsur-

face layers. Velocity and thickness of each layer is given in Table 3.

7.1. Profile 1

Low Velocity Zone is identified by seismic refraction survey, which need to be
neglected in order to bring all the potential data to a common datum. By calcu-
lating velocity and thickness at each shot point the near subsurface model is
constructed. The velocity calculated from profile 1 for Layer 1, Layer 2 and Layer
3 are 75.69 m/s, 107.15 m/s and 129.97 m/s respectively (Figure 3 & Figure 4).
Thickness of Layer 1 and Layer 2 obtained from profile 1 is 4.182 m and 6.617 m
respectively, while the thickness of third layer cannot be identified.

The nature of curve in Figure 5 is A-type, boundary condition for A-type
curve is pl < p2 < p3. The value of apparent resistivity for profile 1 is pl = 60.27
Qm in hl =0.36 m, p2 = 90.67 Qm in h2 = 5.02 m, p3 = 120 Qm in hl = infinity.
Chi-square computed for profile 1 is 0.5 at 1000 iteration (Figure 6).

800
700
600
500
400
300
200
100

Travel Time (msec)

0 10 20 30 40 50
Distance (m)

Figure 3. Travel time curves—profile 1.
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Figure 4. Subsurface geological layered cross-section obtained from Profile 1.
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Figure 5. Apparent resistivity curve for profile 1.
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Figure 6. Chi-Square error plot for profile 1.

Table 3. Velocity and thickness of different layers.

Velocity (m/sec) Resistivity (Ohmm)
Profiles
Layer 1 Layer 2 Layer 3 Layer 1 Layer 2 Layer 3
Profile 1 75.69m/s  107.15m/s  129.97 m/s 4.182m 6.617 m Infinity
Profile 2 82.85m/s 116 m/s 138.18 m/s  4.156 m 5.694 m Infinity
Profile 3 83.85m/s  116.83m/s 139.75m/s 4.04 m 7.29 m Infinity
Profile 4 77.69m/s  106.04 m/s - 3.558 m Infinity -

7.2. Profile 2

Second profile suggests presence of three layers in the identified subsurface. The
velocity calculated from profile 2 (Figure 7 & Figure 8) for Layer 1, Layer 2 and
Layer 3 are 82.85 m/s, 116 m/s and 138.18 m/s respectively. Thickness of Layer 1
and Layer 2 obtained from profile 2 is 4.156 m and 5.694 m respectively, while
the thickness of third layer cannot be identified.
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The nature of curve in Figure 9 is A-type. For profile 2 the apparent resistivity
values are pl = 73.27 Om and hl = 0.46 m, p2 = 91.67 Qm and h2 = 4.02 m, p3 =
110 Om and hl = infinity. Chi-square computed for profile 1 is 0.005 at 1200

iterations (Figure 10).

700
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0 10 20 30 40 50
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Figure 7. Travel time graph—profile 2.
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Figure 8. Subsurface geological layered cross-section obtained from profile 2.
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Figure 9. Apparent resistivity curve for profile 2.
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Figure 10. Chi-square error plot for profile 2.

7.3. Profile 3

Three layer subsurface model is identified by third profile of seismic refraction
survey. The velocity calculated from profile 3 (Figure 11 & Figure 12) for Layer
1, Layer 2 and Layer 3 are 83.85 m/s, 116.83 m/s and 139.75 m/s respectively.
Thickness of Layer 1 and Layer 2 obtained from profile 3 are 4.04 m and 7.29 m
respectively, while the thickness of third layer cannot be identified.

The nature of curve in Figure 13 is A-type. For profile 3 the apparent resistiv-
ity values are pl = 68.27 Om and hl = 0.5 m, p2 = 89.67 Om and h2 = 8.02 m, p3
=100 Qm and h3 = infinity. Chi-square computed for profile 3 is 0.15 at 1800

iteration (Figure 14).

7.4. Profile 4

As the length of the geophone array taken for profile 4 was half of the profile 1, 2
& 3, hence only two layers were identified in case of profile 4 (Figure 15 & Fig-
ure 16). The velocity calculated from profile 4 for layer 1 is 77.69 m/s and layer 2
is 106.04 m/s. Thickness of layer 1 is 3.558 m.

Average thickness of layer one and two are identified to be 3.984 m and 6.533
m respectively. The maximum depth of Low velocity zone which needs to be
neglected in order to set datum level for all potential data is about 11m. Average
thickness of layer 1, 2 and 3 are calculated 80.02 m/sec, 111.505 m/sec and
135.97 m/sec respectively. By analysing the velocity range of this region it can be
calculated that the subsurface is unsaturated sand.

The apparent resistivity value for profile 4 (Figure 17) are pl = 77.27 Om and
hl = 0.49 m, p2 = 96.67 Om and h2 = 10.02 m, p3 = 115 Qm and hl = infinity.
After the analysis of data it has been found that the apparent resistivity value in
Dholera for first layer ranges from 60.27 Qm to 77.27 Om, for second layer 90.67
Qm to 96.67 Om and for third layer 110 Qm to 120 Qm. Chi-square computed
for profile 4 is 0.1 at 1200 iteration (Figure 18).
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Figure 11. Travel time graph—profile 3.
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Figure 12. Subsurface geological layered cross-section obtained from profile 3.
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Figure 13. Apparent resistivity curve for profile 3.
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Figure 14. Chi-Square error plot for profile 3.
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Figure 16. Subsurface geological layered cross-section obtained from profile 4.
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Figure 17. Apparent Resistivity curve for profile 4.
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Figure 18. Chi-Square error plot for profile 4.

8. Conclusion

An extensive seismic and magnetotelluric survey is carried out in Dholera in or-
der to understand the subsurface model. Evolutionary programing method
which is also known as Genetic Algorithm method is used for joint inversion of
these potential data. Evolutionary programings (genetic algorithm) are class of
search algorithms which are used mainly for optimization of problems. In this
paper a basic evolutionary programing method is used for cross correlation as
fitness function where multiple point crossover method is used. The values of
initial population size, probabilities of crossover, mutation and up-gradation of
data were used for developing the subsurface model. In this paper joint inversion
of seismic refraction is done and the seed point obtained from this is used as
primary guess for subsurface resistivity calculation. From seismic refraction

method the Low Velocity Layer is obtained up to a depth of 11 m which is neg-
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lected in order to bring all the potential data to common datum. Three layers are
identified from seismic refraction survey of average thickness of layer one as
3.984 m and layer two as 6.533 m respectively with thickness range of 3.558 m to
7.29 m. The resistivity curves of Dholera region are mainly A-type which means
that the resistivity of layers increases with depths. Average resistivity of first
layer ranges from 60.27 Qm to 77.27 Qm, for second layer 90.67 Qm to 96.67
Qm and for third layer 110 Om to 120 Qm.
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