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Abstract. This study examines the inversion mgaslling of one-
dimensional Schlumberger configuration resistivity®fata using the
Very Fast Simulated Annealing (VFSA). Detailed identification and
mapping of Qifer conditions is very important for the sustainable

Keywords: developmen®™0f groundwater resources in an area. Vertical electrical
Groundwater Potential, Vertical unding (VES) and surface electrical resistivity surveys have proven
Electrical Sounding, Very Fast q;ry useful for studying groundwater due to their simplicity and cost
Simulated Annealing, Global effectiveness. Global optimization inversion method also provides an
Optimization inversion solution that is not expected to be trapped in a local

minimum solution, so that it will get results that are closer to the
actual situation. The VFSA method is inspired by phenomena in
metallurgy related to the formation of crystals in materials caused by
thermodynamic processes. This inversion scheme was tested initially
with free noise synthetic data and with noise 5%. Furthermore, the
program is applied to field data that has been measured in Ambon
City, Maluku, Indonesia. The results of the VFSA inversiogn field
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data obtained four layers consisting of top soil (141.2 + 0,6 880) with
a thickness of 1.43 m, andesite breccia rock (355.90 + 0.46%n) with
a thickness of 4 m, lapilli tuff (93.40 + 0.31 m) with 30 m thick, then
the last is the coarse tuff layer (34.30 + 0.15 m) which is estimated
as an aquifer.

Abstrak. Penelitian ini mengkaji pemodelan inversi data resistivitas
konfigurasi Schlumberger satu dimensi menggunakan teknik Very
Fast Simulated Annealing (VFSA). Identifikasi dan pemetaan secara
detail terkait kondisi akuifer sangat penting untuk pembangunan
berkelanjutan sumber daya air tanah suatu daerah. Vertical electrical
sounding (VES) dan survei resistivitas listrik permukaan telah
terbukti sangat berguna untuk mempelajari air tanah karena
kesederhanaan dan efektifitas biayanya. Metode optimasi global juga
memberikan solusi inversi yang diharapkan tidak terjebak pada
solusi minimum lokal, sehingga akan mendapatkan hasil yang lebih
mendekati keadaan sebenarnya. Metode VFSA terinspirasi dari
fenomena di bidang metalurgi terkait pembentukan kristal dalam
material yang disebabkan oleh proses termodinamika. Skema inversi
ini dilakukan uji awal dengan data sintetik bebas gangguan dan
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dengan gangguan 5%. Selanjutnya program diterapkan pada data
lapangan yang telah dilakukan di Kota Ambon, Maluku, Indonesia.
Hasil inversi VFSA pada data lapangan diperoleh empat lapisan yang
terdiri atas top soil (141,2 + 0.61 (2m) setebal 1,43 m, batuan
andesite breccia (355,90 + 0,46 2m) setebal 4 m, lapilli tuff (93,40 +
0,31 2m) setebal 30 m, kemudian yang terakhir ialah lapisan coarse
tuff (34,30 + 0,15 2m) yang diperkirakan sebagai akuifer.

1. INTRODUCTION

Water is the most crucial need for all living
things, especially for humans. The issue of
clean water quality and sanitation is a
worldwide concern and is included in the
sustainable development goals program. In
general, clean water is produced from
groundwater exploration. Unfortunately, the
high demand for groundwater due to
industrialization and population growth has
resulted in  excessive  groundwater
exploitation. This is a major concern to
maintain a sustainable aquifer condition.
Detailed identification and mapps of
aquifer conditions are very importanttor the
sustainable development of groundwater
resources in an area. Geophysical techniques
are powerful tools and play an important
role in delineating the configuration of
subsurface aquifers. Over the last few years,
modelling techniques related this have
developed a lot. In particular,*the vertical
electrical sounding (VES) technique and
surface electrical resistivity survey has
proven to be very useful for studying
groundwater due to their simplicity and
cost-effectiveness. Steiner try to applied
resistivity methods combined with seismic
methods to investigate pollutants in
groundwater (Steiner et al., 2022). Besides
that, the resistivity method can also be used
to identify groundwater potential (Joel et al.,
2020), especially in areas that are still hard
to get clean water supply or areas that
require agricultural irrigation (Alarifi et al,,
2022; Chikabvumbwa et al., 2021; Zaher et
al,, 2021). The difference in resistivity values
due to the presence of salt minerals such as
sodium chloride in the aquifer can also be
used to analyze the phenomenon of seawater
intrusion using this method (Ammar et al,,
2021; Wilopo et al,, 2018).

Geoelectrical inversion problems often
non-linear and complex, where thé*Solution

consists of using a set of apparent resistivity
data to obtain subsurface model parameters.
There are two ways to do this (inverse
modelling), there are direct and indirect
methods. The indirect inverse modelling
method involves curve matching and
forward modelling algorithms. VES data
interpretation with this technique is widely
used by practitioners of hydrogeology. The
direct inverse modelling method (ie
resistivity inversion with a merical
algorithm) involves minimizing “the error
between the observed apparent resistivity
and that calculated using optimization
techniques. Commonly used techniques are
the Ridge Regression Technique (Meju,
1992; Narayan et al., 1994), Joint Inversion
(Ozyildirim et al., 2020), and the singular
value decomposition (SVD) technique
(Tjong et al., 2018). The revolutionary and
newly developed optimization techniques
are genetic algorithms, simulated annealing,
and particle swarm optimizg#on (Hapsoro et
al, 2021; Yan et al.,, 2020).*This method is
also known as the global optimization
method, where this method is more reliable

qld has a better error value because it does
0

t get stuck on a local minimum.

The problem of inverse modelling of

current resistivity was first investigate

the 1930s. From that time until the late
1980s, the field survey methodology and the
character of the data from theggeasurements
did not change much. Then ime late 1980s
and early 1990s to this day, there has been a
significant increase in data collection and
interpretation. The interpretation of VES
data is greatly influenced by three events,
there is the linear filter theory proposed by
Ghosh (Ghosh, 1971), the widespread use of
digital computers, and the application of

qneral linear inversion theory. At this time,

e concept of inverse modelling and
automated analysis is becoming popular,



where the  computational program
generated from this theory can find the most
suitable model automatically.

In this study, we will discuss the inversion of
the one-dimensional Schlumberger
configuratigmresistivity data using the VFSA
Technique. *The advantage of VFSA over
other methods is that jgmcan get the global
minimum solution an can prevent the
local minimum from being reached. VFSA
inversion ensure the solution’s stability and
can be used to make the noise data robust.
This technique can be used in geophysical
inversion problems such as seismic (Wang et
al,, 2021), DC resistivity (Sharma, 2012), Self
Potential (Biswas & Sharma, 2014), and
electromagnetic time domain (Srigutomo et
al.,, 2021).

2. LITERATURE REVIEW
The Schlumberger configaration is very easy
to use for surveying and*ts the most popular
scheme for measuring DC resistivity
q)unding. The VES method injects direct
ectric current into the ground, which will
produgaa hemispherical equipotential state.
The UQelationship between  apparent
resistivity and layer parameters is expressed
in the form of a Hankel integral. Koefoed
expressed the equation for the homogeneous
and isotropic earth model as follows
(Koefoed, 1979),

pal) =12 [ TGO, G122 (1)
0

where L is half the current electrode distance
(AB/2), J; is a first order Bessel function of
the firsgmkind, and A indicate an integral
variable™*T (4) is a resistivity transformation
function obtained from the recursion
relationship,

@ Tis1 + pitanh(2hy) @

1+ (Tiy tanh(ahy)/p))

where mga the number of layers, p; is rock
resistiv?tlgnd h; is thickness of the /-th layer.
Furthermore, the value of  the
transformation function is related to the
filter coefficient to produce apparent
resistivity (Bhattacharya & Patra, 1968;
Ghosh, 1971). Guptasarma introduced a 19
point filter (¢,) which can be used to
calculate apparent resistivity (Guptasarma,

T;

1982). This linearization filter method is
considered to have a better accuracy value
than the method proposed by Gosh before
(Ghosh, 1971). The apparent resistivity
value is

pal) = D & T (3)
1

Acanbe Qained from A, = 10(@r~108L) This
equation™fs used to calculate the forward
modelling response for DC resistivity
sounding data.

3. METHODS

in this study we use(Q very fast simulated
annealing method for subsurface resistivity
inversion. The global minimum inversion of
Simulated Annealing (SA) is inspired by a
phenomenon in metallurgy related to the
formation of crystals in materials caused by
thermo amic processes. In annealing, the
material'ts heated until it melts into a liquid.
The temperature is then slowly lowered
(annealed) and controlled so that the
materials freeze at energy states very close
to the global minimum and become crystals.
However, if the cooling process is carried out
rapidly (quenching), the material will freeze
at a local minimum. At high temperatures,
the atoms move randomly and freely, given
the high kinetic energy. The cooling process
is carried out resulting in atoms that are
initially free to move to find an optimal place,
where the internal energy required to
maintain its position is minimum. The
geophysical inversion problem takesman
analogy from this annealing event, wherﬁe
temperature cooling process is represented
by an iteration process to find moptimum
solution. Liquids represent the*fhodel, and
the energy of the system is analogous to a
cost function or an error function (Sen &
Stoffa, 2013).

The Boltzmann probability distribution
function is used in SA to describe the
relationship Q, between the model

probabilities at temperature 7, whose
energy E’s,
exp (— Etm,) g:.;li))
P(m;) = 4

Y jes exp(— —)



QIhere k is Boltzmann's constant, where in
the future the value will be set to k=1. The
control parameter 7 has the same
dimensions as the system energy or the error
function.
In its development, SA gets modifications to
obtain more efficient gasults. Ingber was the
first to introduce VFSAYor two main reasons.
First, in the NM-dimensional model space,
each model parameter has a different range
and has a differe ffect on the misfit or
error function. So“each model parameter
must have a different level of disturbance
from its current position (Ingber, 1989,
1993). Second, some existing SA algorithms
are nogapable of performing sufficiently
elegant®dnd fast calculationgif the Cauchy
random number is equal to*the number of
model parameters. Attempts to construct an
NM-dimensional Cauchy distribution can be
avoided by using the NM product of the 1D
Cauchy distribution. In suga formulation,
each model parameter has*fts own cooling
schedule and sampling scheme in the model
space. Ingber proposed a new probability
distribution for modelling so that
convergence can be achieved without a slow
cooling schedule. Assuming mﬁ‘ there is
model parameter m; in k-iteration where,
mi"" < mi <ga™ (5)
m*" and m{"** are the minimum and
maximuygavalue of each model parameter.
At first,“the model parameters (resistivity
and thickness of each layer) are chosen
randomly from the model space. Then
forward modelling is carried out to get the
response function in the form of pseudo
resistivity data. The error or energy function
can be obtained by comparing it with the
resistivity data of the real model with the
second norm formula (L,) as follows,

min

N
1 2
=B =5 | (0" =) (6)
i=1

The second norm (L,) also known as the
least square. While p??S and p"°?¢! are the
resistivity value of the observation and
model response at point-i The number of
observation points is N data. In the (k+1)-

iteration, the parameter values of the model

get a small perturbation based on the
following rules,
mitT = mf 4y, (mPe ) (7)

with y; € [q] and m™" < mFtt < mnex,
After that e random number u; is
generated from uniform distribution u; €
[0,1]. The value of y; based on temperature
in this iteration is,

Qi—ll

Y; = sgn (ui = %) T; [(1 ar E) -1 (8)

Thenq new model has been obtained. The
error function is then resurrected using the
previous forward modelling. If the ggw
model's misfit error is smaller than*the
previous model's misfit error, then the new
model's ﬁameters can be accepted.
However, if'the misfit error of the new model
is greater than the misfit error of the
previous model, then a random number from
0 to 1 is generated and compared with the
probability of acceptance of the model. If
probability of acceptance of the mode
greater than a random number, the new
model can be accepted, and conversely, the
new model is rejected if the probability is
smaller. The temperature in the iteration
process will affect the probability value of
model acceptance, where the smaller the
temperature, the smaller the probability of
model acceptance. The Qecrease in
temperature is based on *the following
cooling schedule,

T;(k) = Toy exp(—c kM) (9)
k and c; are con ts, whose values differ
depending on the"nodel parameters. Ty, is
the initial tepggerature and T; is the update
temperature.*The initial temperature value
depends on the size of the optimization of the
objective function (Sharma, 2012).

4. INVERSION RESULT

4.1. Inversion Results Using Synthetic Data
Forward modelling calculations using
filter theory produce synthetic pseudo
resistivity data. This inversion step using
synthetic data aims to determine the efficacy
of program development before being used
to identify subsurface conditions from the
real data. The calculation of parameter
values is carried out 10 times, then the best



model selection is taken from the mean
result. The apparent resistivity data used is
free noise and with 5% random noise. Giving
noise aims to evaluate the performance of
programming against real data. We use the
parameter model in Ekinci and Demirci and
compare it with the deterministic inversion
damp least square inversion program with
the Singular Value Decomposition (SVD)
technique (Ekinci & Demirci, 2008). For the
free noise synthetic data, we use a three-
layer earth model with a Q-type data (p; >
p> > p3), with the inversion results as shown
in table 1.
(Table 1. here)
(Fig 1. here)

The absence of noise results in the
invergsgn results being similar to the actual
Value@rom Table 1, it can be seen that the
VFSA inversion gives a better error value
than the conventional method. In Fig. 1, the
pattern of misfit error decreases with the
number of iterationﬂn the temperature
reduction schedule e values of the
constants cq, k, and NMare set to 1. Ty, is set
to 5, this value is taken according to
Srigutomo (2021) to obtain a rapid
reduction of the error misfit. The application
of a low initial temperature will have an
impact on a low parameter selection
probability value, as a result, no model
parameter with a larger error is accepted as
a solution. The inversion calculation was
performed 10 times and the average value
was taken. The number of iterations used is
2000 iterations. results of the inversion
using this scheme*€an be seen in Fig. 2 and
Fig. 3.

(Fig. 2 here)
(Fig. 3 here)

In general, there is always noise in the
measurement of geophysical data, so the
synthetic data is given a noise 5%. The model
parameter data is based on Ekinci and
Demirici (2008) for the QQ-type (p; > p, >
p3 > p,) four-layer earth model. The
inversion constant used is the same as in the
previous step and the results are shown in
Table 2. The uncertainty value depends on
the magnitude of the model parameters and
the order of the layers. The deeper the
measurement, the uncertainty value tends to

increase. It proves that rock resistivity
measurements are less sensitive with
increasing depth. The addition of the noise
also affects the resistivity misfit error,
although it is not significant.
(Table. 2 here)
(Fig. 4 here)

The pattern of decline in the objective
function can be seen in Fig. 4, which is the
same as before, no spikes ilﬁ)e objective
function are received. In Fig. can also be
seen that the observation data and the
calculated inversion data are quite close.
Then in Fig. 6, it can be seen that there are
differences in the distribution of resistivity
at each depth in the model and the invergion
results, where additional noise affectsﬁe
efficacy of the VFSA inversion scheme,
especially in deeper layers.

(Fig. 5 here)
(Fig. 6 here)

4.2. Inversion VFS”O the Field Data

The VFSA inversion scheme that has been
tested before then can be applied to field
data or real data. The resistivity survey was
conducted in Ambon, Maluku, Indonesia. The
distribution of apparent resistivity data from
field measurements can be seen in Fig. 7.
Based on the initial screening, the number of
layers, and the search range can be
determined as shown in Table 3. The search
range/model space is selected based on
graph of the resistivity and electrode
spacing, then look at the pattern of
decreasing or increasing the graph. From the
graph also can determination of the number
of layers (Koefoed, 1979).

(Table 3 here)
(Fig. 7 here)

The VFSA inversion has succeeded in
obtaining model parameters that describe
the subsurface conditions as shown in Fig. 8.
The value of the objective function or misfit
error from this VFSA inversion scheme is
1.58, which means that the model and field
data are quite suitable and acceptable.
Fitting data from model and field data can be
seen in Fig. 7. Then the distribution of rock
resistivity to depth can also be seen in Fig. 8.

(Fig. 8 here)
(Fig. 9 here)



The next step is to carry Olﬁ,a
hydrogeological interpretation based on*the
geological conditions of the study area and
the distribution of resistivity resulting from
the inversion. Determination of the type of
rock lithology is also based on the table of
rock types and resistivity (Telford et al,
1990). Field data collection is located in the
Leihitu area of Ambon City. In this area,
volcanic rocks are exposed which are
included in the Ambon Volcanic Rock
Formation (Tpav) (Fig 9). Tpav was formed
as a result of volcanism during the Pliocene,
which spread almost throughout the Ambon
region. The formation is composed of
Andesite, Dacite, Breccia, and Tuff lithology
(Tjokrosaputro et al., 1993).

From the sounding curvgmfour types of
rock layers were obtained.*The sounding
curve represents increasing resistivity with
depth but ends in conductive basal.
According to the geological evaluation of the
inversion results, the top layer with a
resistivity of 141.2 m represents the top soil
with a thickness of 1.43 meters. The layer
below is andesite breccia lithology with a
thickness of abouym4 meters with a high
resistivity of 355.9%n. The third layer with a
resistivity of about 93.4 m is lapilli tuff 30
me thick. The fourth layer is coarse tuff
witl'd resistivity géabout 34.4 m. The aquifer
is estimated to be*dt a depth of 35.43 m and
the cover layer is lapilli tuff which is
characterized by a higher resistivity value. In
this lithological interpretation, there is no
basement layer which is usually
characterized by compact rock with high
resistivity values.

Based on these results, the VFSA
inversion program is effective and useful for
resistivity data, that application is to find
groundwater potential. This program is still
limited to one-dimensional resistivity data,
so that further it can develop a VFSA scheme
inversion program for two-dimensional or
three-dimensional resistivity data.

5. CONCLUSION

The VFSA method as a type of global
optimization approach for resistivity data
inversion has succeeded in revealing the
subsurface profile. This inversion scheme

was pre-tested with synthetic data free of
noise and with 5% noise to test the efficacy
of this program. The inversion results show
satisfactory results with a small ZSE value
when using both synthetic data.*To further
evaluate the application of VFSA inversion, a
DC-resistivity data set wisla a Schlumberger
configuration was applied:Field datais in the
form of apparent resistivity to electrode
spacing, theﬁnverse modelling is carried
out to obtain“inodel parameters in the form
of rock resistivity and thickness of each
layer. From the inversion results, it was
found that at the measurement point there
were fogmlayers consisting of top soil (141.2
+ 0.61"Mm) with a thickness 1.43 m,
andesite breccia (355.90 + 0.46"n) with a
thickness of 4 m, Lapilli Tuff (93.40 + 0.31
m) with 30 m thick, then the last Coarse Tuff
layer (34.30 + 0.15 m). The aquifer is
estimated to be located from a depth of 35.43
m which is characterized by a low resistivity

lue with a cover layer of Lapilli Tuff rock.

hese results indicate the usefullness and
effectiveness of the VFSA inversion scheme
to be used more broadly for resistivity data,
that application to find groundwater
potential.
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Table 1. True and obtained model parameters for three-layer-QQ-type model without noise
Mean Model Earth model

Actual

Parameters Value Search range (VESA) (SVD)
RMSE=0.00 RMSE=2.86
p1 (Q.m) 100 (50-100) 100.00 £+ 0.00 100.01
P, (2. m) 50 (20-80) 50.00 £ 0.00 50.08
p3 (Q.m) 20 (10-30) 20.00 £ 0.00 20.00
hy(m) 5 (2-8) 5.00 £ 0.00 4.99
h,(m) 10 (5-15) 10.00 + 0.00 9.99
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Figure. 1. Pattern of RMS eror convergence for VFSA solution with free noise data
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Figure 2. Apparent resistivity curves from FVSA inversion scheme result with free noise
data
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Figure 3. Resistivity-depth distribution from FVSA inversion scheme result with free
noise data and true model

Table 2. True and obtained model parameters for four-layer-QQ-type model with noise

5%
Mean Model Earth model
Parameters Actual Value  Search range (VFsA) (SVD)
RMSE=0.0416 RMSE=2.86
p1(Q.m) 100 (50-100) 100.00 £ 0.00 100.00
p2(Q.m) 50 (20-80) 51.80 + 0.13 51.72
p3(Q.m) 20 (10-30) 23.00 + 0.67 21.73
p+(Q.m) 10 (5-15) 10.00 £+ 0.00 10.07
hi1(m) 5 (2-8) 5.00 £ 0.00 4.77
hz(m) 10 (5-15) 8.40 + 0.27 9.07
hs(m) 20 (10-30) 19.60 + 0.4 19.57
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Figure 4. Pattern of the RMS eror convergence for VFSA solution with 5% noise data
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Figure 5. Apparent resistivity curves from FVSA inversion scheme result with 5% noise
data
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Figure 6. Resistivity-depth distribution from FVSA inversion scheme result with 5% noise
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Table 3. Parameter models of the Field Data
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Inversion Geology

Apparent Resistivity (Ohm. meter)

Parameters Search Result Interpretation
range (RMSE =
1.58)
(100- Top Soil
(Q.m) 150) 141.2.00+  Andesite Breccia

o am G0 0.61 Lapilli Tuff

pz(glm) 400) 355.90 + 0.46 Coarse Tuff

pg(g.m) (75- 93.40 £ 0.31 Top Soil

p;; (r.n) 125) 34.30 £ 0.15  Andesite Breccia

B (m) (20-60)  1.43+0.02 Lapilli Tuff
,f(m) (1-5) 4.00 £ 0.00
’ (1-10)  30.00+0.00
(10-30)
o
8 , :
model data
® field data
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Figure 7. Observed and calculated apparent resistivity curves for the field data
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Figure 8. Inverted subsurface resistivity model from the VFSA inversion scheme for the
field data
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