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1. Introduction

Copyright © 2022 Jests Diaz-Curiel et al. Exclusive Licensee GeoScienceWorld. Distributed under a Creative Commons
Attribution License (CC BY 4.0).

A procedure to automatically correlate well logs measured in boreholes that are located in continental siliciclastic basins by using
two different methods is shown. The first method is applied to the parametric layers that were determined in each borehole
starting from the values of their geophysical parameters and consists of correlating, by cross-association, the columns formed
by these layers. The second method consists of cross-correlating the geophysical stretches or units, which are established as sets
of layers with similar characteristics that are sufficiently different from the average values in the adjacent stretches. The
evaluation of the correlation results requires showing the criteria that are used for determining the parametric layers that are
obtained from the well logs, the result of which is called segmentation in this study. This evaluation also requires to show the
techniques that are used to determine the geophysical stretches by a process that is called stretching in this study. The reason
for using different correlation methods is that cross-association of layers provides high resolution but relatively smaller spatial
extent, whereas cross-correlations of geophysical stretches provide higher spatial extent but lower resolution. Thus, the cross-
association results have been used both to assess the correlations in boreholes that are relatively close (distances < 10 km) and
to support the establishment of the stretch correlation criteria. The developed methodology is applied to a set of boreholes
located in the Duero Basin (Spain). From the results obtained, an evaluation of the correlations with respect to the distances
between boreholes was carried out. Furthermore, it is shown that the correlations between geophysical stretches enable
identifying the correspondences between these and the tectono-sedimentary sequences (activation-relaxation of a tectonic
phase) that are established in the literature.

sequences and the presence of geological discontinuities
[1, 2], which cause the correlation process to be difficult.

The correlations between the lithological results that are
obtained from boreholes in a multilayered siliciclastic basin
are a key aspect for the identification of large geological units
that may have similarities in their main characteristics as
reservoirs and the determination of sedimentary sequences.
On many occasions, the distance between boreholes means
that some of the characteristics of the encountered layers
do not remain constant laterally, producing changes in
thickness, disappearance of levels and differences in sedi-
mentary episodes, and even the repetition or inversion of

In these basins, there are not so marked disconformities
as in marine basins or coastal basins, with continental and
marine environments [3, 4], and the well logs signatures
are not as characteristic and/or isolated. Nor are the
sequences so noticeably repetitive, because in the multilay-
ered siliciclastic basins the main difference between strata
lies in their granulometry, providing the vertical textural
(grading) trends [5], and their clay content. In marine
basins, the sequence patterns within each tectonic interval
have much greater lateral continuity [6] and the concept of
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parasequence, as originally intended by Van Wagoner et al.
in 1990 [7], is more related to its usage to successions of
genetically related beds bounded by flooding surfaces.
Although many studies discussed the information provided
by well logs, in general, the correlation processes are mainly
supported by geological information, being especially impor-
tant the information provided by geochronology and bio-
stratigraphic data of fossils from cores [8, 9]. Some basin
studies have used well-log data for correlation and reservoir
modeling [10, 11]. Most studies associated with siliciclastic
environments [7, 12-14] show a very complete stratigraphic
correlation and interpretation based on the combined core,
seismic, outcrop, and well log data. Instead, this study
focuses on achieving the broadest possible stratigraphic
interpretation only starting from the techniques for correlat-
ing well logs that are obtained in such multilayered silicic-
lastic basins.

In well logging, to correlate can be defined as finding a
correspondence in the attributes, sequence, and position
between the different parts of the well logs obtained in two
boreholes. To obtain a correlation of the lithostratigraphic
attributes, lithological classification (or more ambitiously,
belonging to the same lithological unit) should be added to
this definition. The attributes that are used to determine
these correspondences can be represented by the shapes of
the different logs (e.g., cross-correlation and pattern recogni-
tion), their parametric values (equal resistivity, gamma ray
emissions, or other parameters), or the lithological assign-
ments that result from interpreting of the well logs (e.g., a
geophysical column). These differences divide the well log
correlation techniques into two types, depending on whether
continuous curves or series of discrete results are compared,
either the numerical values of one or several measured
parameters or the values that are assigned to the different
lithologies existing in the basin.

Correlations of well logs, as continuous or quasicontinu-
ous curves, have been used both manually and automatically
in many works [15, 16]. However, the authors have not cho-
sen this technique because the geological variations of the
strata that are found in several continental siliciclastic basins
of the Iberian Peninsula have shown that they have a
reduced spatial range. For example, the interval of a short
normal resistivity log (S.N.R.) containing sand lenses with
lateral extents of several hundreds of metres in an alluvial
fan system may exhibit different geometries depending on
the part of the fan in which the interval is located.

For the above reason, to achieve an adequate sedimen-
tary interpretation, in this study, a prior subdivision of the
well logs (continuous curves) into different levels is con-
ducted by delimiting the depths between these levels.
Figure 1 shows the results of the segmentation process in
an example log interval. Although there are multiple well
logs processes that should be carried out prior to the corre-
lations (e.g., corrections for environmental factors and
corrections of baseline trends), in this work, only the discre-
tisation processes carried out are described due to their
implications for the correlation techniques.

The achievements of the correlation techniques depend
in part on the objective and the scope that are pursued by
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the correlation process. In this work, we differentiate
between two types of delimitation within the logs: segmenta-
tion of the logs into geophysical parametric layers (hereafter
layers) and stretching into geophysical units (hereafter
stretches), as will be detailed in Section 3.

In many publications on well logging to date, the term
zonation has been used interchangeably for these two delim-
itation types. Most authors agree that the previously devel-
oped processes of well logs zonation are fundamental [1],
although both are intermingled in the literature, with multi-
ple references to both segmentation methods [17-20] and
subdivision of entire well logs in layers’ groups [1, 21-24].

The process of segmenting well logs consists of deter-
mining, within the continuous curve of a parameter, the dis-
continuities that correspond to strata with different values of
the measured parameter(s), ie., the different parametric
layers of the borehole. In mathematical terms, the continu-
ous curve is the result of the convolution of the measure-
ment system with a discrete series of different geophysical
events, i.e., the layers, so that the depth limits of this series
can be obtained by carrying out this process in an inverse
manner, i.e., by deconvolution. However, in this study, we
chose to use a more classic technique, namely, determining
the layers by means of inflection points.

For the stretch determinations, two types of statistical
studies were carried out, which define zones from the analy-
sis of the mean values or from its variances. The criterion of
the variance of the mean value was employed by Webster
and Wong [25], who used Student’s t-test by successively
dividing each log in two and comparing each half, which
was later generalised by Webster [26] for other parameters
by using the Mahalanobis distance. Later, Shaw and Cubit
[27] modified this method by using a predefined window
along the log. The criterion for the changes in variance was
employed by Testerman [21] and Gill [22] so that it was a
minimum value within zones and a maximum value
between zones and used a regression model for the different
selected stretches until a maximum number of zones or a
predetermined difference in the variance between stretches
was reached. Later, Hawkins and Merriam [28] modified
the method of stretch selection by using a predefined win-
dow to yield an optimal number of zones, and these same
authors together with Hawkins and Ten Krooden [29]
extended the method for several well logs.

It can be argued that layer-by-layer correlations make
the most geological sense when used between nearby bore-
holes, although correlations between “guide layers” such as
volcanic ash or granite wash [30] can be used for correla-
tions over longer distances. These layers show high outliers
which may also correspond to the presence of organic mat-
ter rather than clay content [31]. However, dividing a log
into stretches or units is considered to be the most effective
method for determining the well log correlations between
distant boreholes (up to 25km) within large continental
siliciclastic basins. From a geological point of view, although
stretch correlations have larger spatial extents than layer
correlations, they have several limitations. First, a deposi-
tional system can laterally vary in its sedimentation energy
and show decreased values of many of the geophysical
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FiGUre 1: Example of segmented log interval.

parameters, which are intrinsically related to grain size. Sec-
ond, delimiting the stretches of a borehole from the well log
data is of a very relative nature, given that their thicknesses
are not determined in a generic or prior manner, and differ-
ent solutions can be obtained depending on the methods
used. For these reasons, layer correlations have been used
in this study as a criterion to support decisions on the corre-
lations of stretches.

The methodology that is developed to conduct correla-
tions between well logs in continental multilayer basins is
aimed for this process to be carried out automatically, with-
out the need to create an expert system, so that it requires
minimum operator intervention and is not limited to the
specific characteristics of a basin. The main advantage of
automatic correlation is the clarity and unification of the cri-
teria. For example, in the optical correlation developed by
Kerzner [32], the fundamental criterion was the creation of
correlation pairs that considered a limit in the depth differ-
ences and slope similarities of the compared points. Auto-
matic and semiautomatic correlation methods for well logs
have been developed, especially from the 1980s to date
[33], because of their interest in optimising this interpreta-
tion process without sacrificing good results, but these are
two objectives that cannot be easily combined.

There are very different physicomathematical algorithms
for correlating well logs including Markovian chains
[34-36], slotting [37-39], and pattern recognition [40-42].

In recent decades, these and other techniques have been
implemented in expert systems [1, 43-46] because of the
complexity of the geological correlations over large dis-
tances. Sedimentary analysis includes some criteria that
may only be carried out automatically by expert systems.
These expert systems require decisions to be made by the
operator based on an in-depth knowledge of the geology of
the medium under study, which then governs their applica-
tion. Furthermore, many of these recent procedures include
approximate reasoning criteria, such as fuzzy logic and
Bayesian inference, in which the correspondences are not
based on equality but on similarity or resemblance (i.e.,
“practically the same” or “approximately the same”). How-
ever, in this study, we chose to start from more classic tech-
niques such as layer cross-associations (which include

similarity criteria) and stretch cross-correlations (which
include certain decisions based on numerical criteria) and
present in detail the steps followed for which the highest
degrees of correlation were achieved.

The cross-association methods were developed, which
consist of considering the lithological columns of two bore-
holes as if they were two numerical vectors that were
obtained from a series of previously created codes to indicate
their lithologies. Then, a matrix is produced whose values
are the results of the distances, according to a defined metric,
between each pair of elements. Finally, a pseudodiagonal
alignment is selected so that it passes through the minimum
values of each row. The pairs in this alignment represent the
correlation pairs between the two geological columns [47].

The term cross-association was first used in geological
correlations in 1965 [48] and was developed by several
authors [49-54].

Cross-association methods are widely used and have the
advantage of achieving an optimal correlation with the pres-
ence of voids and absence of layers. Several approaches can
be found which combine algorithms that consider deforma-
tion with dynamic warping depth with artificial intelligence
techniques, pattern recognition, expert systems, neural net-
works, or combinations of several of them [55-61].

The cross-correlation function between two curves is the
product of the coincident areas when one of them displaces
parallel to the other, which results in a new curve that is a
function of the displacement. Although this product is
incorporated in many calculation packages, a brief descrip-
tion would be as follows. Mathematically, the cross-
correlation h(A) between two curves, f(z) and g(z), in this
case between two well logs, is defined as the convolution of
one of the curves by the opposite of the other, which is
worldwide established by the following expression:

B =£(2) * g(2) = 1j°° f(2)-gz-Vdx, (1)

Cre) .

where Cte is a normalisation constant and A is the variable
(the displacement) of the cross-correlation function. To cal-
culate this product between finite functions (as well logs
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are), it is not necessary to extrapolate the convolved func-
tion up to +co but simply to create a periodic function
(asymmetric) from the initial function and carry out the
convolution for +1 cycle. The A value for which cross-
correlation function is maximum would indicate the dis-
placement for which the well log correlation is maximum.
On the other hand, the importance of the constant (achiev-
ing a zero residual function) for the sense of correlation
should be noted.

This method, when applied to log correlations, has been
used since the 1960s and began with correlations in the
original space domain [62-64] and continued with the
frequency-transformed domain [15, 63-66]. The use of
the first domain yields good results when there are no sig-
nificant differences in layer thickness that are correlatable
with different sedimentation rates [16]. The variations in
these thicknesses make it necessary to use iterative pro-
cesses by performing a depth transformation factor in
one of the compared wells; in the attempts made by the
authors, although this procedure increases some points of
the cross-correlation curve between the well logs, its values
are mostly low. In the frequency domain, these problems
are overcome, but there are problems with layer absences
in the compared sequences (by extension, truncation due
to erosion, or faults), which Srivardhan [67] tried to solve
by applying a multiscale analysis. However, in this domain,
it is not certain that the relationship found is binding to
affirm the existence of correlation, since in large multilay-
ered basins such as the studied basin, the diversity, and
high number of layers produce very similar spectra in all
of the boreholes considered globally.

In this study, first, the techniques that are developed for
the automatic delimitation of the layers traversed in the
boreholes are presented, as well as for the determination of
stretches. Second, the specific techniques that are developed
for the correlations between layers by cross-association and
the correlations between stretches by cross-correlation are
presented, whose criteria have been developed based on the
results of the cross-associations.

The description of the developed algorithms for auto-
matic layers’ delimitation will allow readers to evaluate
the scope or equivalence of these delimitations based on
physical-mathematical criteria with other units of a geo-
logical nature. It should also be noted that the algorithms
developed for correlating geophysical layers can be applied
equally to lithological columns obtained by other geologi-
cal criteria. Besides, the detail of the methodology can also
be used to develop correlation software subroutines, as
they are simple mathematical developments.

This methodology has been applied to correlate 27
boreholes in the Duero Basin (Iberian Peninsula), for
which the segmentation and stretching processes were pre-
viously carried out. The final interpretation is obtained
through a joint interpretation of the results obtained in
the different boreholes, the results of which are presented
together with the corresponding equivalences between
some geophysical stretches and the different tectono-
sedimentary sequences (activation-relaxation of the different
tectonic phases).
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2. Geological and Hydrogeological Setting

The study area is located within the Iberian Peninsula on the
left bank of the Duero River in the southern sector of the
central siliciclastic Paleogene of the Duero River. The Duero
river basin has been extensively studied by several authors
[68, 69]. Regionally and hydrologically, this area is known
as the “Region de los Arenales,” where an average siliciclastic
thickness of approximately 500 metres can be determined
[70]. Figure 2 shows the limits of the ~80 x 45 km study area,
together with a regional geological map of the Duero Basin.

Hydrogeologically, the region has superficial aquifers
that consist of sand layers (less than 5 metres thick) between
sandy clays, which for hydrogeological purposes, can be con-
sidered as a free, continuous, and heterogeneous aquifer
mantle. The deep aquifers consist of lenticular layers of
sands or gravels enclosed in a more or less semipermeable
matrix, while the whole region behaves as a large, heteroge-
neous, anisotropic aquifer that is confined or semiconfined
depending on the area.

To evaluate the accuracies of the differentiated geophys-
ical stretches to the expected sedimentary model in this area
of the basin, a geological framework of the basin was
extracted, which is necessary from any point of view to
obtain accurate conclusions, and it was necessary to consult
the literature for a more in-depth geological approach to the
problem.

In the Tertiary of this sedimentary basin, five major
sedimentary cycles can be distinguished, which are related
to tectonic reactivation processes [71] at the basin margins.
These synsedimentary tectonics control the Tertiary sedi-
mentation in the bands [72] and cause the frequent pres-
ence of progressive unconformities [73]. During the early
evolution of the basin, there were different subbasins that
were relatively separate from each other, in which well-
differentiated environments were generated [74]; even
hydrogeologically, subzones can be differentiated [75].
Thus, in the study area, two sectors have been established
(e.g., Salamanca Sector and Zamora Sector) with different
stratigraphic characteristics throughout the first three cycles
[76]. In the Neogene, a common source area was reached in
this location, which could then be considered a single basin,
although with a diversity of lithofacies based on the posi-
tions and energies of the environments in this basin [77].
A summary of the characteristics of these environments is
presented in Table 1.

It should be noted that one of the objectives of this study
is to associate the log correlations with this geological subdi-
vision in the southern Duero Basin.

3. Materials and Methods

3.1. Boreholes Selected. The boreholes used for this study are
part of a campaign that was carried out by the Spanish Insti-
tute for Agrarian Reform and Development (L.R.Y.D.A.) and
the Direcciéon General de Estructuras Agrarias de la Comu-
nidad de Castilla y Ledn for the irrigation water supply in
Castilla y Leon Region. Most of the boreholes were drilled
by rotation with reverse mud circulation, although some
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were drilled with direct circulation. Different types of muds
were used for the drilling of these boreholes, namely, organic
(Revert), bentonite, and natural muds with conductivities
between 860 and 2260 uS/cm.

part of the basin, a total of 27 boreholes were selected, both
because of their geographical locations (an appropriate geo-
graphical distribution to establish a correlation profile) and
because they reached great depths (i.e, more than 400 obtained from resistivity logs.
metres). Figure 2 shows the location diagram of the selected
boreholes, whose depths are shown in Table 2.

map to subsequently produce a correlation section. The
selected boreholes present a strong cluster to the northwest,
which disperses toward the east in the form of a fan, which
will allow to carry out a detailed evaluation of the extent of
the correlation.

FIGURE 2: A study area with the borehole locations, regional geology of the Duero Basin, and its position on the Iberian Peninsula.

Among the boreholes analysed by the authors in this  trode spacing AO = 1.8 m) and temperature logs were only

For better control of the geophysical results, lithological
column surveys were conducted by using the drilling
A northwest-southeast profile (P-P') was plotted on this  cuttings. For the lithologies that were present down to the
depths reached in the boreholes (approximately 500

gravels, sands, silts, and clays, with some mixed lithologies
such as clayey gravels and clayey sands. The marl levels
and some mixed lithologies (loamy sands) were also
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The logged parameters were natural gamma radiation
(G.R.), spontaneous potential (S.P.), normal resistivity (with
electrode spacing AM=0.4and AM =1.6m), and single
point resistance (S.P.R.), while lateral resistivities (with elec-

measured in some boreholes. The cross-association will be

applied to lithological layer, as previously stated, and the
cross-correlation will be carried out on the stretches

metres), those established visually consisted mainly of
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TaBLE 1: Summary of the tectono-sedimentary cycles in the studied basin.
CYCLE STRATIGRAPHIC CHARACTERISTICS TECTONIC CHARACTERISTICS
(i) A new sedimentary cycle begins [78], formed by fluvial deposits of sands (i) Wide folds.
and floodplain subfacies over which lacustrine loamy facies are installed  (ii) New reactivation of the rims in the Pliocene
\% up to the upper limestones of the Paramo). Rhodenic or Ibero-Manchegan Phase.
(ii) Only visible in the centre of the basin.
(i) Positive series ending with the sedimentation of lacustrine facies (i) The Central System is generated, Miocene
(limestones of the lower Paramo). causing flexing and folding of the
(ii) On the southern edge, arkosic materials are deposited due to the influence previous deposits.
of the granitic parent area. (ii) At the end of the Lower Miocene, the
IV (iii) The distal facies predominate (San Pedro del Arroyo facies: [79] with fundamental folding of the edges
meandering channels and finer lithologies, with the sub-basins surrounding the Duero Basin
disappearing and generating marshes and saline lacustrine deposits at the (Neocastellan Phase) is completed.
top (Pozanco facies: [80]. (iii) The sub-basins disappear.
(iv) Peromingo facies [81] and Cuestas facies (chemicals). Oligocene
(i) Aldearrubia Formation [82], based (i) Gravels, sands, silts and occasional (i) Frequent periods of aridity (calcareous
on sands and silts of a strong carbonate crusts. crusts).
reddish colour. (ii) Western zone: conglomeratic (ii) Reactivation that generates new
it edaphic sandstones in large tabular alluvial fans [83], whose development
bodies. and evolution are very similar to the
(iii) Eastern zone: lenticular sandstones previous cycle.
and siltstones. .
Middle
(i) Cabrerizos sandstones. (i) Great lithological variety: (i) Within the intertropical climate, there Eocene
(ii) Energetic decrease: positive sandstones, siltstones, clays, marls are periods of aridity, with the
sequences, and initial lenticular and limestones [83]. development of calcareous crusts.
I character ending in tabular (ii) It shows the same evolution as the (ii) Beach-lake" environments where marl
morphologies at the top, although previous sector, with the deposition  and limestone are deposited.
generally of fluvial origin. of calcareous terms at the top (iii) Energy loss of inputs due to the
towards the east. progressive silting up of the basin and
expansion. Lower
(i) [84]. (i) One gravel facies and two (i) Dismantling of the powerful ferrallitic Eocene
(ii) Conglomerates, sandstones and sandstone facies located to the N alteration soils developed on the
mudstones (ferritic and siliceous). and S, below the previous group. Hesperian Massif, deposited at the
[ (i) Negative sequences, which point to (ii) Positive sequences. bottom of the sub-basins in the form of
a continuous reactivation of the alluvial fans under a humid subtropical
rim. climate. Palaeocene
(iv) Maximum thickness 120 m.
SALAMANCA SECTOR ZAMORA SECTOR
TaBLE 2: Depths of selected boreholes.
Borehole Depth (m) Borehole Depth (m) Borehole Depth (m) Borehole Depth (m)
ADA 520 CO-2 447 GU-4 544 LAN 590
ALD 550 FS-1 536 GU-5 530 MA-3 591
AR-3 516 FS-2 460 GU-6 495 MO-1 600
AR-4 396 GO-1 497 GU-7 522 MO-2 625
AR-5 391 GU-1 476 GU-8 505 NAV 495
AR-6 405 GU-2 495 GU-9 514 TO-3 320
CO-1 447 GU-3 555 GU-10 510

differentiated by hydrochloric acid effervescence in the case
of low effervescence, and the most remarkable aspect was
the scarce presence of these lacustrine lithologies. The
grain-size curves were obtained on cuttings extracted from
six of the studied boreholes.

3.2. Previous Processing. In this work, a distinction is made
between the delineation of parametric or geophysical layers,

a process referred to here as segmentation, and the delinea-
tion of stretches (geophysical units), referred to here as
stretching. The parametric layers are the intervals of a log
that correspond to unique values of various physical param-
eters; e.g., a clay layer has a low resistivity value (on average

close to 10 Q2-m), relatively high radioactive emissivity, and a
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zero spontaneous potential anomaly value. In this study,
geophysical stretches are sets of layers that are characterised
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by maintaining, within each of them, one or more charac-
teristics that are more or less uniform among themselves
and differentiate them from the adjacent stretches. These
characteristics include the values of one or more physical
parameters (related to the dominant lithology), degrees of
variation (related to the homogeneity), and their thick-
nesses and sequences (related to the formation process).
These stretches, as a set of levels or layers, may or may
not correspond to geological units or facies depending on
the lithological characteristics of an area. It has been
decided to use a specific name to differentiate it from others
with a more depositional character such as the tracts estab-
lished by Brown and Fisher [85]. Determining these
stretches is of great importance in hydrogeological studies
and in the management of the resources of a basin, as well
as in the information they represent for the location and
planning of boreholes in an area. It should be noted that
the term unit has not been used here because of the specific
connotations it has from a geological point of view.

There are different methods to carry out the zonation
process, in its generic meaning, among which we should
mention the Walsh transform. It was used on well logs by
Lanning and Johnson [86] and Aliouane and Ouadfeul
[87] and consists of decomposing each of the well logs into
a sum of rectangular functions in a manner similar to Fou-
rier decomposition and then using filters to find the signifi-
cant changes. This method is especially applicable to the
delimitation of layers. It is also worth mentioning spectral
shifts, which were successfully applied to generic signals by
Baseville and Benveniste [88, 89]. This method consists of
analysing the possible changes in the frequency content
curve of the well log (obtained, e.g., by means of the fast
Fourier transform) as one moves along the log. This method,
in addition to being tedious in terms of time, has not pro-
vided good results in the attempts made in this work in
terms of segmentation but, as will be seen below, provides
good results in the zonation process.

Given that two different methods have been used for
the correlations of the obtained well logs, one using the
layers and the other between the stretches, the criteria that
were used for segmentation and stretching are detailed
below.

3.2.1. Segmentation. As defined in the introduction, the geo-
physical layers must necessarily be qualified with the param-
eters that define them (e.g., geoelectric and geoseismic),
which in some cases may correspond to different lithological
levels or layers. In our case, the minimum combination of
parameters chosen is aimed at determining the column or
distribution of lithological layers of the borehole with depth,
but depending on the lithology in question, certain equiva-
lences may not be resolved or some other limits may be
found (e.g., the case of saline water versus fresh water in
the permeable levels).

The technique for delimiting the layers or levels (seg-
ments) of each log consisted of determining the inflection
points. This process was carried out by using of the points
of the null second derivative and was subsequently modified
and/or cancelled according to a series of criteria and both

were dependent on the parameter in question and on transi-
tion patterns. Figure 3 shows the curves that resulted from
this process for one of the parameters measured in one of
the studied boreholes, in which the resolution of the classic
technique used can be evaluated when the programming cri-
teria are appropriate.

Once the depth values of the successive segments have
been determined, an apparent value for the logged param-
eter is assigned to each segment. The initial value assigned,
in the case of segments where there is a local maximum or
minimum, is this extreme value. In the case of a thin layer
where an extreme is not reached, the maximum value
within the segment is taken if it is a segment with positive
curvature, or the minimum value is taken if the segment
has a negative curvature. This value is then corrected but
is still within the apparent value concept, by means of cri-
teria that depend on the parameter in question (e.g., for
the lateral device multiplied by 0.8 in the case of resistive
layers).

Once the different parameters had been separately seg-
mented, the next process was to decide which of the seg-
ments established in the set of well logs could represent the
lithology. This step also required the consideration of several
factors. On the one hand, the different spatial characteristics
of the different parameters, e.g., the gamma ray and single
point resistance sondes, have a more limited outreach than
the 0.4 AM normal resistivity sonde. Environmental bore-
hole effects such as borehole diameter and the fact that the
measurements are not as accurate as one would like, espe-
cially with respect to measurement depth, also were consid-
ered. In short, a series of more or less complex steps were
used in the programming, but were without particular math-
ematical difficulties. These processes are described in detail
in Diaz-Curiel et al. [90].

The final step in the “geophysical” layer determination
process was the lithological assignment. The technique used
for this step was the elaboration of a cluster by using the
Manhattan distance instead of the Euclidean distance. To
evaluate the lithological extent of the “geophysical” layers
obtained, the key is to know the parameters that are intro-
duced in the cluster and the limits that are used to discrim-
inate the lithologies. The parameters used were the porosity,
which was obtained from the actual resistivity value of the
formation, and the clay content, which was obtained from
the gamma ray log. It should be noted that both processes
require complex processing of the measured resistivity
values and gamma ray log.

For the limits used to discriminate the lithologies,
Table 3 shows the differentiated lithologies and values used
for the two characteristics.

These values were used in all of the studied boreholes,
with the result that the percentages of the determined lithol-
ogies correspond to sands, clayey sands, and clays in similar
proportions of 20%. The remaining lithologies are silts (4-
12%) and gravels (3-8%), although in some boreholes, there
were radioactive marls and sands. In Table 1, some regional
lithological characteristics of the area are cited, and as men-
tioned above, the lithological columns of all the boreholes
were taken.

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2022/6823019/5741339/6823019.pdf

bv auest



INITIAL 1

Lithosphere

2nd SEGMENTED

WELL-LOG DERIVATIVE DERIVATIVE WELL-LOG

(m)

%
100 ~
200 :
300 :
400

FIGURE 3: Lateral resistivity segmentation process in borehole CO-2.

3.2.2. Stretching. Two types of statistical criteria have been
applied to the already segmented well logs, which define
stretches on the basis of the analysis of the mean values or
on the basis of their variances so that they were at a mini-
mum within the zones and at a maximum between them
[83]. These methods were modified by using a window
whose width was chosen according to the results obtained.
To determine the stretches of the well logs, a statistical
analysis of the initial log and the segmented resistivity curve
is carried out. The type of window that was chosen for this
study has a fixed width that is equal to 14 times the average

thickness of the borehole layers (in the well logs studied, this
corresponds to an average thickness of 25 metres). This
choice was made after testing both fixed windows of differ-
ent thicknesses (between 5 and 50 metres) and accumulated
windows. Tests were also carried out by studying, for each
point, the differences in values between opposing fixed
windows.

Once the type of study window has been chosen, a vari-
ance study of the segmented log is first carried out. Next, a
frequency analysis of the curve is conducted by calculating
the average thickness of the layers (equivalent to the
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TABLE 3: Parametric limits.

Lithology Clay (%) Porosity (%)
Clay >90 45->50
Sandy clays 50-90 40-45
Clayey sands 15-50 35-45
Silt 5-15 40-50
Sands 0-10 30-40
Gravels 0-5 25-30
Sandstones 0-5 10-25
Marls 33-66 45-50
Nonfractured limestones 0-5 0-10

wavelength and inverse of the number of zeros) along the
segmented log. Finally, a study of the mean value variable
of the initial log is carried out, for which the log is first
strongly smoothed and then segmented following steps that
are analogous to those described for segmentation.

These processes present problems at the extremes of the
curve, so to avoid losing information at the edges, the width
of the study window was modified for the variance and fre-
quency calculations, which causes it to decrease to zero at
the extremes. For the mean value calculations, the influence
of the window width at the extremes of the log is even
greater, so a decreasing potential filter type whose coeffi-
cients are a function of this width was developed.

Since the studied variables are very diverse, it does not
make sense to search for common limits for all of the vari-
ables but rather to use as a starting point the limits that were
found for the mean value variable and to add the limits that
were determined by the variance and frequency variables in
those depths where particularly significant variations in
these two variables were observed.

Once the final boundaries of the stretches have been
determined, the variances, frequencies, and mean values
are recalculated for each stretch, while this time, windows
of width equal to the thickness of each stretch are used.

The characterisation of stretches is carried out by assign-
ing the mean value of each of the variables studied. The
mean value variable is normalised from 0 to 100% with
respect to the total range in the initial log to minimise the
influence of the borehole characteristics (e.g., diameter and
drilling mud). A brief description of many elements
influencing the well logging will include in the Section 4.3.
The variance variable is normalised to between 0 and 1,
and the average thicknesses of the layers in each stretch are
not normalised.

Figure 4 shows an example of the automatically defined
stretches in one of the studied boreholes. In this figure, we
can see how, among the analysed variables, studying the
amplitudes best defines the log stretches. However, the thick-
ness and variance variables have been used for support when
characterising the stretches that were determined for each
borehole. It should also be noted that although the thickness
study (equivalent to the frequency study) does not determine
physically meaningful stretches, it may nevertheless produce
a subdivision with a certain sedimentological character.

3.3. Correlation

3.3.1. Correlation of Layers: Cross-Association. The cross-
association algorithm used was described by Smith and
Waterman [50], which can be summarised as follows. A dis-
tance is defined that satisfies the conditions of a metric and
quantifies the correlation between two compared layers. If
two boreholes m and # are considered, each divided into K
and ] layers, respectively, the pairs of layers (mi, np) are cor-
related, with i=1,.--,K and p=1,--+, ], the missing layers
are identified by G. The starting point is the distance that
quantifies the correlation between each pair of layers, K and
], that are tried to be compared, by means of the expression:

Dy; =MIN{(Dy;_, + G)), (Dx_1 ;-1 +dk;)> (Dx_ry + Gi) }»
(2)

where dy; is the distance between layers my and n;, taking
dg;=0=0 for equal layers and dy; =1 for different layers.
G;and Gy represent the distances from the absences to the
corresponding layer in the other borehole.

The matrix is then traversed from the Dy .. ; ... value
to the first row or first column and follows the path of the
minimum values. The alignment followed provides the cor-
relation pairs selecting those for which d; = 0. Several mod-
ifications were made to this generic procedure:

(i) Creation of lithological codes: the code assigned to
each lithology must have a certain mathematical
meaning to be able to evaluate and classify the differ-
ent lithologies. These codes must consider the pre-
dominant lithology and have a certain sense of
order. The starting codes used are shown in Table 4.

By using a 2-digit code, mixed and pure lithologies can
be indicated, e.g., code 22 for gravels and code 53 for sandy
clays.

(ii) Introduction of a similarity coefficient or equiva-
lence of the layers (fuzzy logic): for a complete
study of the differences between the columns, dif-
ferent equivalence criteria between the layers were
chosen and were more permissive each time. These
equivalence criteria are very important in this type
of correlation because given the exclusion of cross
correlations, the appearance of new correlations
may exclude some previous correlations. The coef-
ficients used are shown in Table 5.

(iii) Analysis of the last row of the correlation matrix:
the first problem that is encountered when follow-
ing Smith and Waterman [50] criterion is that the
number of correlations is so low compared to the
number of layers such that the choice of the mini-
mum value in the last row cancels out the possible
correlations between the last layers. This problem
was solved by taking two starting points: one is from
Smith and Waterman [50], and the other reflects a
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FIGURE 4: Stretches determined in borehole MO-2.
TaBLE 4: Pure lithology codes. TaBLE 5: Similarity coefficients.
Code Lithology Code Lithology Coefficient Criteria
1 Substrate 5 Clay 1 Equal lithologies
2 Gravel 6 Marls 2 Alternation in predominant mineral
3 Sand 7 Limestone 3 Same predominant and 2=3=40r4=5
4 Silt 8 Organic matter” 4 Same predominant and 2=3=5
*And/or radioactive anomaly. 5 Same predominant and 2=3=4=5
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Fi1Gure 5: Example of correlation pairs obtained by cross-association between two nearby boreholes and zoom of the 300-350 m interval
with the detailed lithology.

correlation in the last rows and choosing from these (iv) Selection of the correlation ascendant: the second
two criteria the starting point that achieves the problem that is encountered when studying the cor-
greatest number of correlations. relation matrix is that in many cases, the values of

bDownloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2022/6823019/5741339/6823019.pdf
v quest



12

the matrix do not reflect an isolated correlation to
the extent that the minimum value path passes
through that point. We have therefore imposed the
condition of deviation from the minimum path if
there is an equivalence between layers.

(v) Selection of correlation pairs: from all of the corre-
lation pairs found, only those that involve two
equivalent layers are selected, which are always
within the chosen equivalence criterion.

In addition, the following restrictions were imposed: If
the two compared layers include both substrates and organic
matter, correlation always occurred. The depth displacement
of a layer cannot be greater than a maximum percentage of
its depth; otherwise, mathematical correlations are included
that have no real meaning.

In order to evaluate the scope and reaching of the devel-
oped cross-association algorithms, Figure 5 shows the corre-
lation pairs that were established between boreholes GU-2
and GU-7 (thick lines in the middle column). The horizontal
lines to the left and right represent the automatically deter-
mined layers for each borehole, while the lithologies are
not shown due to the scale of the graph. The obtained corre-
lation pairs do not imply that there are no other possible
pairs to correlate (it would be a limitation of the cross-
association technique), but show different correlation dips
along the depth of both boreholes.

3.3.2. Stretch Correlation: Cross-Correlation. By following
the above, this process is aimed at dividing each log into a
series of stretches characterised by geophysics by one or
more of the following properties: the mean value of the
logged parameter, the frequency of the curve, and the differ-
ence between the maximum and minimum values of the log
in each stretch.

It should not be ignored that for correct determina-
tions of these stretches, as well as for the lithological
assignments, the interpreter must be aware of the influence
that certain drilling characteristics, such as mud viscosity
or borehole diameter, have on the resolution of the geo-
physical parameters.

Once the type of study window has been chosen follow-
ing the process described in Section 3.2.2, a variance study of
the segmented log is first carried out. Then, a frequency
analysis of the curve is carried out by calculating the average
thickness of the layers (equivalent to the wavelength and
inverse to the number of zeros) along the segmented well
log. Finally, a study of the mean amplitudes of the initial well
log is carried out, for which the well log is first strongly
smoothed and then segmented following the same steps as
those described in Section 3.2.1.

Given that the variables studied are of a very diverse
nature, it does not make sense to search for common limits
for all of them but rather to take as a starting point the limits
found for the mean value variable and define the limits for
the variance and frequency in a personalised manner at
those points where significant variations in these two vari-
ables are observed.

Lithosphere
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F1GURE 6: Example of stretches correlation.

Once the stretch limits have been determined, the vari-
ance, frequency, and mean values are recalculated for each
of them, this time with the window defined by the width of
the stretch. The mean values are normalised from 0 to
100% between the extreme values of the initial log to avoid
the effects mentioned in the first paragraph of this section.
The variance values, on the other hand, are normalised to
between 0 and 1.

All of these processes have problems at the curve
extremes, so to avoid losing the information at the edges,
the width of the study window has been modified for the
variance and frequency calculations, so it decreases to zero
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FIGURE 7: Flowchart of complete processing up to final correlation.

at the extremes. For the mean amplitude calculations, the
effect of the window type at the edges is much greater, so a
power function filter was developed. In this case, character-
ising the stretches is not carried out through the creation
of zone codes but instead by using the values of each of
the statistical variables studied.

Given that the number of stretches in a borehole is not
very large (less than 20), this process is carried out individu-
ally based on the characteristics of these stretches and the
results of a cross-correlation process of the stretches that
were defined for the resistivity (S.N.R.) and G.R. logs. These
parameters were chosen because they have been shown to be
most representative for carrying out this process.

To achieve more significant degrees of correlation, it is
necessary to deform these stretches in such a way that the
thicknesses of the compared stretches coincide. To this
end, for each stretch in the first borehole, the depths of all
of the points of each stretch in the second borehole are mod-
ified proportionally to their position within the stretch, and
subsequently, the values for the initial equidistant depths
are defined by means of linear interpolations.

Thus, cross-correlations are performed between all of the
S.N.R. and G.N. stretches of the first borehole with those of
the same parameters in the second borehole, which is some-
what tedious in terms of time. The results are presented in
the form of a matrix where each cell n of row m represents
the minimum value of the cross-correlation between the
stretch m of the first borehole and stretch n of the second
borehole.

Analogously, a dissimilarity matrix was defined by using
the differences in the mean variance and amplitude values of
each stretch. The points of the matrix with the lowest dis-
similarities indicate the most coincident stretches (the selec-
tion of the final correlation is always performed to avoid
cross-correlations).

Figure 6 shows the correlation pairs that were estab-
lished between the LAN and MO-1 boreholes. In the middle

column, the correlation pairs for the stretches that were
determined in each of the boreholes are shown.

Summarizing, all processing steps are reflected in the
flowchart shown in Figure 7.

4. Results and Discussion

4.1. Results Obtained: Correlation-Distance Assessment. The
final correlation is the result of the combined information
that is obtained from the two-by-two comparison of all of
the boreholes, both between layers and between the geo-
physical stretches that were defined from the automatic
analysis of all of the well logs. Figure 8 shows a section with
the projection on the traced profile of the different deter-
mined pairs of correlations of stretches.

Although some correlation horizons can be followed
throughout the study area, three subregions can be distin-
guished according to the location of the profile in Figure 2.
A northwestern subregion with boreholes GU and TO. A
central subregion that is represented by AR and MAD bore-
holes has the lowest degree of correlation. The last subre-
gion, located to the southeast, shows very high correlation
percentages, despite its greater length.

An evaluation of the degrees of correlation of the
stretches with distance was also carried out to determine
the percentages of stretches for which a correspondence
was found with respect to the total number of stretches by
using the 17 pairs that were chosen to cover the study area
in a representative manner. The aim of this analysis was to
evaluate the extent of the correlations in a stratigraphic sys-
tem such as the one studied, although it should be kept in
mind that the layer correlations are implicit in part in this
result. Figure 9 shows the percentages of the correlated
stretches between the stretches of the different boreholes
versus the distances between them, together with two curves
that represent the envelopes of these percentages.
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F1GURE 8: Stretch correlation section.

The increase in separation with distance between the two
envelopes shown in Figure 9 can be associated with either
belonging or not to one of the three subregions mentioned
above. Thus, for the boreholes in the southeast subregion,
which are 35km apart, such as CO-1 and LAN, a correlation
of 38% is found, while the others belonging to different sub-
regions, such as MAD and ADA, which are 42km apart,
show much lower percentages (22%). Thus, it can be consid-
ered that the upper curve represents the resulting correlation
percentages between the stretches of boreholes that are
located in the same subregion, while the lower curve corre-
sponds to the case where the compared boreholes are located
in different subregions.

4.2. Tectono-Sedimentary Interpretation: Correlation of
Sedimentary Sequences. The stretching process that was
carried out enables a very exhaustive correlation but does
not differentiate the depths of the sedimentary cycles that
are related to the tectonic phases of the basin. Thus, the

method generates the division of each borehole into many
stretches (12-20).

To find the key relationship between the geophysical
stretches that are defined with the relevant geological data,
the evolutionary trend between them was analysed, which
looked for cyclical behaviours in the series.

To this end, it was previously proposed [91] to analyse
the energetic trends of the sedimentary environment on
the basis of the predominant lithologies of each stretch and
the trend of the sequences (positive or negative) that they
form. To differentiate from more conventional geological
sequences that formed by stretches will be thereinafter
named macrosequences. As can be guessed, the aim was to
check whether there is a correspondence, both in the num-
ber of cycles generated and in their main trends, with the
recognised tectono-sedimentary cycles.

As in the investigation of the sedimentary environments
and palaeogeographic evolution of a basin, the analysis of
trends in a series and their macrosequences allows to discern
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FiGURE 9: Fractions of stretch correlation versus distance.

the variations in the energy of the sedimentary environment  in a sector that was not clearly defined in the examined
along with the tectonic and palaeoclimatic implications they literature.
suggest.

Once the sequencing process had been conducted for all

The sequencing results indicate more consolidated  of the studied boreholes, they were correlated. Figure 10

tics do not coincide laterally with each other.

groupings. Each macrosequence contains between 3 and 5  shows the sequencing that was carried out for the analysed
stretches that mark a negative-positive sequential evolution  boreholes, with the resulting correlation between the defined
(i.e., a progressive increase in the energy of the medium macrosequences.

and subsequent decrease in the same). Thus, from the anal- The increased thickness of Cycle II towards the centre of
ysis of the studied boreholes, a clear differentiation into four the basin and its decreased thickness towards the edges are
macrosequences can be obtained, although their characteris-  evident, together with a new lateral change towards clayey

and even marly facies. In this line, a clear and complex lat-

A high degree of similarity appeared to be determined  eral change of facies between Cycle II and Cycle III towards

between the expected characteristics of the second cycle  the centre of the basin can be pointed out, and the latter

(e.g., abundant limonites and clays) and fourth cycle (e.g.,  practically disappears (it would be advisable to analyse in
arkoses and clays with a lenticular and heterogeneous distri-  detail the complex interrelations between both cycles). This
bution) of the Zamora Sector with those of the same macro- lateral facies change detrimentally affects the hydrogeologi-

sequences in boreholes GU-1 to GU-10, which are located in ~ cal characteristics in this central area (even Cycle IV-1 shows
the same sector.

a significant reduction in the proportion of coarse silicic-

For the case of the ADA and LAN boreholes, the distri-  lastic components in this area).

butions and general characteristics of the macrosequences Likewise, in the Zamora Sector, the lithological charac-
clearly differ from those expected in the Zamora Sector  teristics that were deduced geophysically from the boreholes
(which coincide with their large distance from each other)  are quite similar to those that are expected geologically,
except in the penultimate macrosequence, which could be ~ which fade towards the south. The higher presence of
similar to that of GU-4 (equivalent to cycle IV), and coincide ~ coarse-grained siliciclastic components in Cycle III of this

from this cycle onwards as the basin homogenises. In gen-  sector points to the need to improve the hydrogeological
eral, the characteristics of this sector are more similar to ~ knowledge of this sector due to its expected high water
those expected in the Salamanca Sector, although not exces-  potential. On the other hand, the homogenisation of the

sively so; this could coincide with the fact that there is not  basin from Cycle IV onwards is corroborated, although once
sufficient information on the first two cycles down to the  again, its water qualities worsen slightly towards the centre
drilled depth, to which it could be added that it is located  of the basin.
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FIGURE 10: Typical column with tectono-sedimentary cycles.

On the other hand, the increased thickness of Cycle III
towards the Eastern Zone, together with the increase in the
proportion of coarse siliciclastic components, points to an
improvement in the expected water productivity in this
region. It would be advisable to increase the borehole depths
to cross the productive stretches of Cycle I and Cycle II
expected in this area.

4.3. Discussion. The correlations among the layers in conti-
nental siliciclastic basins, although graphically very convinc-
ing, seem to lack geological sense for many of the pairs
found due to the continuous alternations of most of the

Lithosphere

lithologies present (especially the four dominant lithologies).
Nevertheless, this correlation provides two important contri-
butions to the final correlation. On the one hand, the general
correlation dips and, on the other hand, the discrimination
in the case of ambiguities, especially in the presence of less
abundant lithologies (mainly gravel levels). In this way, the
validity of the results that are provided by this correlation
system will be greater when there is improved differentiation
in the lithological series in the boreholes.

As mentioned above, the various borehole characteristics
that affect the well logs must generally be corrected to obtain
the correct parametric values of the layers. One such effect is
the baseline shift that is traditionally analysed in the sponta-
neous potential log, although it is also found in some SPR
logs. Since the major application of SP log in water capture
boreholes is the estimation of formation water quality [92],
the correction for that effect has not been taken into account
for the correlation between boreholes. Another effect to con-
sider is the influence of mud conductivity on the resistivity
logs, used to obtain the porosity of the formations by analys-
ing sondes with different radii of investigation [47]. From
the resistivity logs corrected by the mud conductivity
together with the borehole diameter, the porosity of the
layers can be estimated as long as they allow using the actual
formation factor, which can be determined if the equation
established in Diaz-Curiel et al. [93] is used. With both cri-
teria, the effect of different degrees of invasion due to differ-
ent values of mud viscosity is also corrected. It is also
necessary to correct for the effects of mud density together
with borehole diameter in the GR logs and then perform a
statistical analysis to estimate the clay content of the differ-
ent layers. The current equations to perform both steps are
clearly stated in Diaz-Curiel et al. [94] and Diaz-Curiel
et al. [95]. Considering that the clay content and porosity
data, obtained after the above-mentioned corrections, have
been used for the lithological assignment, the correlation
between layers by cross-association is not influenced by
these effects. Regarding the correlation between stretches,
we must remember that for these, the mean value was nor-
malised from 0 to 100% with respect to the total range in
the initial log to minimise the influence of the borehole char-
acteristics, and the variance variable is normalised to
between 0 and 1. The average thicknesses of the layers in
each stretch were not normalised because they are not influ-
enced by the borehole characteristics.

The scope of the correlations carried out increases the
percentage of success that is obtained in the correlation
between the stretches of the well logs, which is 40% for dis-
tances of 20 km, that are always within the same region or
sector studied, from which the risk of failure begins to
increase. The absence of the end of Cycle IV in boreholes
GU-1 to GU-10 of Cycle I in the ADA borehole can be
explained by the lack of recording of the first tens of metres
in one borehole and depth reached in the other borehole,
respectively. The spatial reductions in the correlations
between well logs in a continental multilayer basin of these
dimensions indicate that such correlations should be limited
to regions that at least maintain some sedimentological cor-
respondence with the different source areas.
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5. Conclusions

The methodology proposed presents a contribution of
the automatic processing of well logs to the geological
knowledge of siliciclastic basins and provides an initial
abstraction of the whole, which facilitates subsequent
hydrogeological studies to optimise the management of
water resources in these basins (e.g., location, exploita-
tion, and planning of boreholes). This information also
has another practical component, in the sense that the differ-
ent hydraulic transmissivities between the more permeable
stretches and the less permeable stretches can cause differ-
ences in the hydraulic heads of the permeable stretches. In
this respect, the influences with respect to the source areas
must be considered.

The processes conducted on several well logs of the
south part of the Duero Basin have shown an interesting
similarity between the five tectono-sedimentary cycles that
are recognised in the basin and their characteristics based
on their positions with respect to the two different source
areas, namely, the northwest and the south, with the macro-
sequences are differentiated on the basis of the analysis of
the energy trends of the environment.

The correlations of macrosequences over large distances
resemble or coincide with the geological model of the basin,
partly because such a sequential trend analysis has been sup-
ported by recognised geological investigations and data and
fits to a lesser or greater extent the expected spatial model
of the basin through a coherent correlation of the different
units.

According to the similarities of these macrosequences to
the tectono-sedimentary cycles, since their characteristics
are broadly similar to those foreseen according to the sectors
that were recognised in this area (Salamanca Sector and,
even more so, the Zamora Sector), it can be observed, how-
ever, that the further the boreholes are to the east, the more
this similarity becomes indistinct, so that perhaps the exis-
tence of a new Sector (e.g., Avila Sector) should be proposed
on the basis of these data.

All of this leads us to affirm that determinations of the
macrosequences from the well logs in multilayered silicic-
lastic environments such as the one studied here provide
information on boreholes that are of a highly geological
nature. In this work, we highlight its application for the
paleogeographic analysis of basins for locating possible geo-
logical cycles and aquifer formations in boreholes that are
used for hydrogeological purposes through stretching.

The characteristics of the methods used suggest that the
process can be generalised to other basins where different
periods of tectonic activation have occurred.

The confirmation of the tectono-sedimentary assign-
ments established and their fits with the expected sedi-
mentary model of the basin from the correlation of
long-distance sections will require additional geological
data (e.g., palynological and paleomagnetic). Since the
described sequencing processes were performed manu-
ally, the implementation of an “expert system” that is capa-
ble of automatically performing this process is a future line of
research.
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