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e Instituto de Ciencias Químicas Aplicadas, Facultad de Ingeniería, Universidad Autónoma de Chile, 7500138, Santiago, Chile   

A R T I C L E  I N F O   

Keywords: 
Python libraries 
KNN algorithm 
Syn-sedimentary faults 
3D stratigraphic architecture 
Llobregat river delta 
NE Spain 

A B S T R A C T   

This paper introduces a methodology based on Python libraries and machine learning k-Nearest Neighbors (KNN) 
algorithms to create an interactive 3D HTML model (3D_Vertical_Sections_Faults_LRD.html) that combines 2D 
grain-size KNN-prediction vertical maps (vertical sections) from which syn-sedimentary faults and other features 
in sedimentary porous media can be delineated. The model can be visualized and handled with conventional web 
browsers. The grain-size physical parameter is measurable, constant over instrumental time, handleable math-
ematically, and its range can be associated to lithological classes. Grain-size input data comes from a public 
database of 433 boreholes in the Llobregat River Delta (LRD) in NE Spain. Four lithological classes were defined: 
Pre-Quaternary basement, and Quaternary gravel, sand, and clay–silt. Using a new KNN-prediction algorithm, 
seven NW–SE (transversal) and three SW–NE (longitudinal) vertical sections were created following the orien-
tation of faults identified in surface and detected in reflection seismic geophysical surveys. For exploratory K 
values in the 1–75 range were used. K around 25 provides the general and smoothy shape of the basement top 
surface, whereas K = 1 is a optimal value to represent the heterogeneity of the LRD at short distance. Using a new 
KNN-prediction confidence algorithm inspired in the Similarity Ratio algorithm for machine-learning KNN, the 
vertical sections overall confidence was evaluated as satisfactory. A general decreasing confidence trend ac-
cording to the decreasing data density with depth and from inland to seaward was found. The vertical sections 
created with K = 1 show horizontal interruptions (displacements or vertical steps) in the basement continuity 
and in the Quaternary coarse bodies (gravel and sand) attributable to the action of Quaternary active faults. 
These faults have been linked or correlated with well-known active faults in the area related in much cases with 
the Valencia Trough opening. Moreover, several faults detected in surface and other identified in this paper by 
the first time have been revealed as fault zones made of fault branches with different steps in an echelon-like 
arrangement. Faulting seems to be more evident in the Pleistocene Lower Detrital Complex and much less 
active or inactive in the Holocene Upper Detrital Complex. Syn-tectonic gravel channels faulty controlled, 
progradation of gravel lobes, and lateral migration of channel bars were also observed. At its current develop-
ment stage, this methodology could also be applied to other geological environments, making the due minor 
modifications of the code, and is especially suitable to reduce the high (usually unmeasurable) uncertainty 
associated to the qualitative geological data used in more complex numerical tools aimed at modelling a lot of 
geological resources (groundwater, minerals, geothermal, petroleum) or different Earth phenomena.   

1. Introduction 

Numerical modelling is increasingly replacing the classic qualitative 

geological ways of data representation and mapping allowing for 
interactive 3D visualizations while provide a measure of the confidence 
of the mapped parameters and variables (Jessell, 2001; Wycisk et al., 

* Corresponding author. Departamento de Ciencias de la Tierra y del Medio Ambiente, Universidad de Alicante, Campus San Vicente, San Vicente del Raspeig, 
03080, Alicante, Spain. 

E-mail address: manuel.martin@ua.es (M. Martín-Martín).  

Contents lists available at ScienceDirect 

Marine and Petroleum Geology 

journal homepage: www.elsevier.com/locate/marpetgeo 

https://doi.org/10.1016/j.marpetgeo.2023.106283 
Received 14 March 2023; Received in revised form 18 April 2023; Accepted 20 April 2023   

mailto:manuel.martin@ua.es
www.sciencedirect.com/science/journal/02648172
https://www.elsevier.com/locate/marpetgeo
https://doi.org/10.1016/j.marpetgeo.2023.106283
https://doi.org/10.1016/j.marpetgeo.2023.106283
https://doi.org/10.1016/j.marpetgeo.2023.106283
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpetgeo.2023.106283&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Marine and Petroleum Geology 153 (2023) 106283

2

2009; Ford et al., 2010; Rohmer et al., 2020). Currently, a wide number 
of modelling tools for 3D visualizations exist (GemPy, OSGeo), of which 
open source Python libraries (GeoPandas) and posts listing libraries 
(Albion, Gisgeography, Parpoil) devoted to Geographic Information 
System (GIS) and geological mapping (Semmo et al., 2015; Hobona 
et al., 2006; Vázquez-Suñé et al., 2016; Evangelidis et al., 2018; Miao 
et al., 2017; Husillos, 2022; Pyrcz, 2023) are of special interest in 
different applied geology fields, such as those intended to groundwater, 
minerals, geothermal and petroleum exploration. 

The experience gained by the researchers responsible of this work 
with Python libraries for 3D visualization and geological data handling 
was essential to develop new applications devoted to data classification 
and 3D visualization of the stratigraphic architecture of sedimentary 
bodies, essentially porous media (Bullejos et al., 2022a, 2022b, 2023). In 
one of these, Bullejos et al. (2022b) used (i) the grain size of sediments as 
measurable physical parameter to make quantitative evaluations, (ii) 
the same regular grid to draw comparable sections and models over 
space, (iii) a machine learning k-Nearest Neighbors (KNN) algorithm to 
produce an interactive 3D model based on horizontal sections of the 
grain-size classes, and (iv) some Python libraries to produce interactive 
3D models of the stratigraphic arrangement of the Quaternary Llobregat 

River Delta (LRD) near to Barcelona city in northeastern Spain. To 
design and run these models, the public grain-size database prepared by 
the Water Authority of Catalonia (Agència Catalana de l’Aigua) for 
groundwater purposes was utilized. The application of Bullejos et al. 
(2022b) included Jupyter notebooks describing the methodology and a 
version of the Python code, which is downloadable from the GitHub 
repository (https://github.com/dcabezas98/knn-stratigraphic-visua 
lization). Moreover, Bullejos et al. (2023) performed an additional al-
gorithm to evaluate the confidence of the KNN predictions as a variant of 
the Similarity Ratio algorithm for machine-learning KNN (Delany et al., 
2005; Hu et al., 2009; Murphy and Redfern, 2015). The implemented 
metric assigned a confidence value based on weights inversely propor-
tional to the distance of each grain-size class. The obtained 
average-weighted confidence of the 2D grain-size KNN-prediction hor-
izontal maps was moderate to high attending to a logical decreasing data 
density with depth. The KNN-algorithm confidence proved its suitability 
in the supposedly well-depurated grain-size database used in these 
experiences. 

The present work refines the above described KNN methodology — 
Python libraries, and KNN-prediction and KNN-prediction confidence 
algorithms — to create an interactive 3D HTML model 

Fig. 1. (A) Simplified geological map of the onshore LRD area (green line) updated and simplified from Almera (1891), Medialdea and Solé-Sabarís (1973, 1991), 
and Alonso et al. (1974). (B) Simplified geological cross-section A–A’ (with NW–SE orientation) of the onshore LRD; see location in (A). 
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(3D_Vertical_Sections_Faults_LRD.html) that combines 2D grain-size 
KNN-prediction vertical maps (vertical sections) from which syn- 
sedimentary faults and other features in sedimentary porous media 
can be delineated. The Quaternary LRD was again the sedimentary 
porous media selected to show the application. Aimed at producing 
comparable (and integrable) results to the horizontal 3D models 
developed previously by Bullejos et al. (2022a, 2022b, 2023), this paper 
uses the same grain-size database and grid-size for spatial mapping. 

2. Geological framework for application 

The LRD is a densely populated coastal plain of about 100 km2, in the 
southeast sector of the metropolitan area of Barcelona city in the Cata-
lonia region in northeastern Spain (Fig. 1A). The historical water 
abundance and its strategic location near to Barcelona city have favored 
the development of an important industrial activity. The degradation of 
groundwater quantity and quality due to high exploitation rates to 
supply to the increasing population and industrial activity produced 
negative consequences and leaded to many hydrogeological studies over 
the last seven decades (Solé-Sabarís, 1963; Marqués, 1984; Custodio, 
1987; Font et al., 1987; Iribar et al., 1997; Abarca et al., 2006; 
Vázquez-Suñé et al., 2006; Postigo et al., 2021). Other modern devel-
opment milestones occurred in the region, such as the Olympic Games in 
1992 and the Llobregat Delta Infrastructure and Environment Plan (Pla 
d’Infraestructures i Medi Ambient del Delta del Llobregat, LRD Infrastruc-
ture Plan) started from the nineteens (Resolution 12956/1994) modified 
the LRD land use. As response to these damages and changes in the LRD, 
in 2004 the Water Authority of Catalonia created the Technical Unit of 
the Llobregat Aquifers (Mesa Tècnica dels Aqüífers del Llobregat, METALL) 
to assess the cumulative impact of civil works and other human activities 
on the groundwater resource (Official Statement, 2004). One of the first 
tasks of METALL was to compile and homogenize the huge geological 
and hydrogeological information generated in the area. This public 
geological and hydrogeological database, which is available on request, 
has been used in this paper. 

The geological studies in the area started at the end of the XIX cen-
tury by Almera (1891). In the XX century, several studies (Llopis, 1942; 
Solé-Sabarís, 1963; Medialdea and Solé-Sabarís, 1973, 1991; Alonso 
et al., 1974) allowed proposing geological maps and 2D cross-sections 
aimed to support hydrogeological studies. Sedimentological studies 
performed in the 1970s and 1980s (Medialdea and Solé-Sabarís, 1973; 
Serra and Verdaguer, 1983; Marqués, 1984) allowed clarifying the ge-
ology of the LRD. In the 1980s, the prodeltaic bodies of the emerged 
delta, dated as Holocene, were studied in detail (Manzano, 1986) and 
the geological characterization of the continental shelf with support of 
2D marine reflection seismic geophysical surveys promoted by the 
Geological Survey of Spain (IGME, 1986, 1989). These studies, with a 
strong sedimentological component, allowed the sequential division of 
the LRD and the arrangement of the Quaternary materials. In the 1990s, 
this huge geological background was combined with the former 
geological information compiled from dozens of boreholes to make 
modern groundwater evaluations (Iribar et al., 1997). Contemporary 
with the LRD Infrastructure Plan development at the beginning of the 
XXI century, new geological data allowed fine research (Alcalá et al., 
2003a, 2003b, 2003c; Parcerisa et al., 2008; Gámez et al., 2009; Salvany 
and Aguirre, 2022) aimed to detail the 2D stratigraphic architecture of 
the LRD. The main findings were (i) delineation of the Plioce-
ne–Quaternary boundary, (ii) definition of aquifer levels, and (iii) 
identification of the aquifer levels affected by seawater intrusion and 
mobilization of pollutants (Vázquez-Suñé et al., 2006; Abarca et al., 
2006; Postigo et al., 2021). 

From a geological point of view, the LRD is regionally fed by the 
Llobregat River and its tributaries arriving from the Pre-Pyrenean Range 
and locally from the Llobregat River lower valley reliefs (Garraf and 
Collserola massifs) belonging to the Catalonian Coastal Range (Medial-
dea and Solé-Sabarís, 1973, 1991). This range is a NE–SW-oriented 

mountain chain that gives pass downward to the Mediterranean coast 
(Fig. 1A). The LRD is also bounded toward the NE by the Montjuïc relief. 
This area represents a Miocene-Quaternary rifted margin associated 
with the opening of the Valencia Trough. Nowadays, this opening in the 
Catalonian area is related to several well-known active faults (Perea 
et al., 2012; Sanz de Galdeano, 2019): the NE-SW Montseny and Pla de 
Barcelona Faults and the NW-SE Gulf de Roses and Amer Faults. This 
tectonics is similar to other Mediterranean opening as the case of the 
Tyrrhenian sea spreading in the Calabria area (Brutto et al., 2016; Tri-
podi et al., 2018; Mangano et al., 2022). In detail, the LRD area is 
affected by two main fault families detected in surface in the basement 
reliefs, and also in the LRD by reflection seismic geophysical surveys, 
coincident in orientation with the above mentioned active faults: the 
NE–SW oriented Tibidabo, Morrot, and Barcelona fault families and the 
NW–SE oriented Llobregat fault family, that conditioned the reliefs and 
the location of the Llobregat River outlet (Llopis, 1942; Solé-Sabarís, 
1963; Medialdea and Solé-Sabarís, 1973, 1991; Alonso et al., 1974; 
Serra and Verdaguer, 1983; Marqués, 1984; Manzano, 1986; IGME, 
1986, 1989; Iribar et al., 1997). From a hydrogeological point of view, 
Pliocene and older rocks are considered the basement in the LRD, which 
is separated from the Quaternary formations by an important uncon-
formity surface (Alcalá et al., 2003a, 2003b, 2003c; Simó et al., 2005; 
Gámez et al., 2009) (Fig. 1B). The Pliocene basement is made of estua-
rine marls, silts, and clays (Simó et al., 2005; Gámez et al., 2009). The 
Quaternary record was divided into two depositional sequences Pleis-
tocene and Holocene in age (IGME, 1986, 1989; Alcalá et al., 2003a, 
2003b, 2003c; Simó et al., 2005; Gámez et al., 2009). The terms Lower 
Detrital Complex (LDC) and Upper Detrital Complex (UDC) have also 
been adopted in the scientific literature (Gámez et al., 2009) for the 
same depositional sequences (Fig. 1B). According to reflection seismic 
geophysical surveys performed in the offshore delta (IGME, 1986, 
1989), the LDC can be divided into three parasequences (Alonso et al., 
1974). In general terms, the LDC is made of conglomerate bodies (locally 
with sand) with intercalated silt- and clay-rich intervals (Serra and 
Verdaguer, 1983; Marqués, 1984; Manzano, 1986; IGME, 1986, 1989). 
Four main paleochannels of gravels were defined in the LDC (Simó et al., 
2005; Gámez et al., 2009): one at the SE end of the LRD in the Cas-
telldefels area, two coincident with the current Llobregat River course, 
and the last in the Zona Franca area at the NE end of the LRD. The UDC, 
from bottom to top, is made of a sand layer, a silt bed, a gravel bed 
(locally with sand), and upper silt and clay cover forming the current 
alluvial plain and the associated coastal wetlands and marshes (Man-
zano, 1986; IGME, 1986, 1989). The LRD coastal plain is also modeled 
by different streams coming from the neighbor reliefs (Alcalá et al., 
2003a, 2003b, 2003c; Simó et al., 2005; Gámez et al., 2009) and the 
regional littoral drift which distributes the shoreline sedimentation to-
wards the SW (Font et al., 1987; Chiocci et al., 1997; Zecchin et al., 
2011). 

3. Methodology 

3.1. Assimilation of our previous methodology 

This section describes succinctly the methodology implemented by 
Bullejos et al. (2022a, 2022b, 2023) to create interactive 3D HTML 
models based on 2D horizontal sections in the Quaternary onshore LRD. 
This paper refines this methodology, which consist in the same or lightly 
depurated (i) grain-size database prepared by the METALL (Official 
Statement, 2004), (ii) regular grid for comparable spatial mapping, (iii) 
Python libraries for data clasification, interpolation and rendering prior 
3D visualization of models, (iv) KNN algorithm for data classification 
and prediction, and (v) KNN-algorithm for prediction confidence. The 
rationale is to produce comparable (and integrable) results to the ob-
tained by Bullejos et al. (2022a, 2022b, 2023), but in this case adapted 
to create an interactive 3D HTML model from the mapped 
KNN-predictions (vertical sections) and their confidences (vertical 

M. Martín-Martín et al.                                                                                                                                                                                                                        



Marine and Petroleum Geology 153 (2023) 106283

4

confidence sections). 
The grain-size database was additionally revised to detect possible 

outliers unnoticed in previous works. This database included 433 
boreholes in the LRD with their location (coordinates x and y), pro-
specting depth (coordinate z), basement position, and Quaternary 
infilling grain-size record (Alcalá et al., 2020) in an XLS (Excel) file with 
meter-by-meter georeferenced values. These data were classified into 
four grain-size classes attending to the relevance of their lithological 
equivalences for groundwater exploration purposes as in Bullejos et al. 
(2022a): (i) pre-Quaternary basement, (ii) Quaternary clay–silt (fine 
size) sediments (<1 mm), (iii) Quaternary coarse sand (medium size) 
sediments (1–5 mm), and (iv) Quaternary gravel (coarse size) sediments 
(>5 mm). 

Python (https://www.python.org) is a widely-used friendly pro-
gramming language with many open-source libraries (packages and 
modules) (Yukun et al., 2019). Several of these libraries were employed 
by Bullejos et al. (2022a, 2022b, 2023) to create 3D HTML models from 
horizontal sections of the mapped four defined grain-size classes. This 
work uses these same libraries and involved procedures. The details can 
be consulted in Bullejos et al. (2022a, 2022b, 2023). 

The KNN-algorithm is a robust machine learning classifier (Gou 
et al., 2019; Pratama, 2018; Wang et al., 2018; Huang et al., 2020), 
which takes the proximity and similarity of the data into account to 
make predictions on the objective variable. This operation assumed that 
the inferred grain-size class at a given point is mostly dependent on the 
nearest data. Therefore, the KNN-algorithm is used to estimate data from 
a set of measurements (input dataset) in a wider space of individuals. 
The KNN-algorithm was used to obtain the spatial distribution of the 
four defined grain-size classes in the nodal positions of a 300 m × 300 m 
regular grid. The results were horizonal sections and 3D models. The 
details can be consulted in Bullejos et al. (2022b, 2023). 

A measure of the confidence is needed to ensure the KNN-prediction 
reliability. Inspired by the Similarity Ratio algorithm described in the 
machine-learning KNN literature (Delany et al., 2005; Hu et al., 2009), a 
metric to quantify the confidence of the KNN-predictions was intro-
duced. This metric assigned a confidence value based on weights 
inversely proportional to the distance between each grain-size class. The 
higher difference between the highest weight (the one assigned to the 
neighbor whose class is taken) and the weights of the nearest neighbors 
belonging to the other classes (all but the inferred class), the higher the 
confidence value. The basement confidence mapping was a particular 
case since below its top surface, no other grain-size classes associated to 
Quaternary materials can be found. The basement class deserved special 
treatment and the confidence formulation was modified to favor the 
basement when several basement data close to each other and apart 
from other non-basement data points existed. The details can be con-
sulted in Bullejos et al. (2023). 

3.2. Construction of 2D vertical grain-size sections 

A main part of this work is to create vertical sections by using the 
above described KNN methodology and the four defined grain-size 
classes. As defined above, grain-size classes are equivalent to generic 
lithologies from which to deduce the essential stratigraphic elements 
defining the internal architecture of the Quaternary LRD, i.e., the 
basement top surface, and lithological distributions and boundaries. 

For the construction of each vertical section, the KNN-algorithm 
must examine the K-nearest classes and select the most frequent one. 
The routine assigns a weight inversely proportional to the distance be-
tween each neighbor in order to favor the closest ones. The choice of a 
suitable value for the parameter K was a crucial issue. Smaller values of 
K may generate unrealistic polygonal regions, whereas larger values 
favor more realistic, smother regions although they may disregard iso-
lated data. Thus, different values of K (1, 2, 3, 5, 7, 15, 25, and 75) were 
used to create the vertical sections. The geological logic was applied to 
conduct this process under feasible realizations, hence avoiding 

problems with edge/boundary effects typically viewed in KNN 
applications. 

3.3. Construction of 3D models as HTML files 

Different Python libraries are used to create an interactive 3D HTML 
model, such as pandas, numpy, plotly, matplotlib, shapely.geometry, 
utm, and sklearn.neighbors. A detailed description can be found in 
Bullejos et al. (2022a, 2022b). In the Python development environment, 
the selected figure to be the 3D model is defined and saved as an HTML 
file (Leifeld, 2013; Li et al., 2019; Gur et al., 2022). The main advantage 
of displaying the Python model as a HTML file is that users only need a 
conventional web browser to visualize it. In the 3D model, three created 
features stand out: the modelling contour, the vertical sections, and the 
faults. The Llobregat Delta contour has been created using updated 
satellite imagery from Google Earth. First, a KML file with the latitudes 
and longitudes of the points that determine the modelling contour is 
created. Then, the KML file with the UTM coordinates of those points is 
converted into a CSV file. Finally, the matplotlib scatter3d command is 
used to add the contour to the figure that will determine the model. The 
vertical sections are drawn from point clouds using the KNN prediction 
algorithm. The point clouds are obtained from the grain-size coordinates 
included in the borehole database (Alcalá et al., 2020). The process to 
produce these predictions is detailed in Bullejos et al. (2022a, 2022b, 
2023). A specific vertical section will be defined by the segment 
delimited by two end-points that the user must fix. The obtained 
KNN-predictions from the data points computed near to this segment are 
selected. Once the data in the point clouds are selected, the matplotlib 
Scatter3d command is employed to add the vertical sections to the 3D 
HTML model. 

After the vertical sections are obtained, the geological logic is 
required to decide which points in those sections are attributable to 
faults. A general criterion is when a same drastic horizontal interruption 
(displacement or vertical step) in the basement and/or Quaternary 
infilling continuity appears in the successive aligned vertical sections. 
This criterion can be corroborated when the subsurface interruption is 
correlatable with the trace of faults observed in surface or by means of 
geophysical surveys. Each fault determined by a number of points will 
be added to the model by using the matplotlib command Mesh3d. This 
command allows to draw geometric figures such as faults, for instance, 
providing the two end-points for a linear fault or a set of points for more 
complex fault geometries. The user can view different perspectives of 
the model, hide some elements to focus on others, zoom in or out a 
particular area, and take a picture from a specific perspective. The model 
can also be rotated around to provide a more precise view of it. More-
over, the proper positioning of the vertical geological cross-sections in 
the 3D HTML model serves to define the correct positioning of the 
deduced syn-sedimentary faults. 

4. Results 

4.1. KNN-predictions: vertical grain-size sections 

The location of the 433 boreholes with grain-size data in the LRD is 
shown in Fig. 2A. An HTML figure with the borehole distribution in the 
LRD is supplied as Supplementary Material (3D_Boreholes_LRD.html). 
Ten vertical sections are created following intentionally the main den-
sity of boreholes and the orientation of the NW–SE (transversal) and 
SW–NE (longitudinal) faults families identified in surface (Fig. 1A). The 
seven transversal vertical sections are labeled A–B, C–D, E–F, G–H, I–J, 
K–L, and M–N. The three longitudinal vertical sections are labeled O–P, 
Q–R, and S–T. The trace of each vertical section is shown in Fig. 2B. 

The same vertical:horizontal ratio of 1:50 was used to plot all the 
vertical sections. The reason was to deduce better vertical geological 
details (Fig. 3). Due to the progressive decreasing of the borehole 
number (data density) with depth, 160 m below sea level (m b.s.l.) was 
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the maximum depth adopted for KNN-predictions. This maximum depth 
was not decided arbitrarily, as it was based on the decreasing confidence 
of the KNN-predictions of the horizontal sections found by Bullejos et al. 
(2023). Below 160-m depth, the KNN-prediction confidences became 
low to very low. In each vertical section, the four defined grain-size 
classes appear identified with different colors: pre-Quaternary base-
ment in brown, and the clastic (Wentworth, 1922) Quaternary infilling 
as gravel (coarse size) in cyan, sand (medium size) in yellow, and 
clay–silt (fine size) in grey. The boreholes located less than 250 m from 
the trace of each the vertical section have been drawn with high opacity, 
while the boreholes located in the range of 250–1000 m have been 
faintly drawn (Fig. 2B). 

In an initial phase, different values of K (1, 2, 5, 7, 15, 25, and 75) 
were used to create the of vertical sections. The transversal G–H and 
longitudinal S–T vertical sections are two examples selected in Fig. 3). In 
both cases, only the KNN predictions for K = 1, K = 5, K = 25, and K =
75 are displayed. All the vertical sections (KNN-prediction maps) ob-
tained for the entire range of trialed values of K (1, 2, 5, 7, 15, 25, and 
75) are included as Supplementary Material. 

As expected, K = 1 provides more realistic KNN-predictions of the 
Quaternary infilling since the KNN-algorithm gives more importance for 
the nearest neighbor to every point in the grid. The progressive 
increasing of K means increasing searching distances, thus increasing 

the number of input data integrated in the grain-size outputs. The 
resulting smoothing effect is typical to many other interpolation tech-
niques and, despite that the KNN-predictions capture the essential fea-
tures of the mapped variable (grain-size equivalent to lithologies) and 
produce easier to interpret results, it also glimpses less confident results 
since omits important details at short distance. Thus, the results confirm 
a positive relationship between increasing K values and KNN-prediction 
smoothing degree, and glimpse an expected negative relationship be-
tween increasing K values and KNN-prediction confidences, as described 
in next Section 4.2. 

Regarding the direct geological implications of using lower and 
higher K values, the pre-Quaternary basement appears and disappears in 
depth for lower K values (e.g., K = 1 and K = 5 in Fig. 3), which is 
geologically impossible since once it is reached it should continuous in 
depth. This condition is the result of using a lot of data points with very 
different grain-size magnitudes at short distance, and then applying the 
same weight to the pre-Quaternary basement and Quaternary grain-size 
classes. As described above, the smoothing of the KNN-predictions for 
higher K values (e.g., K = 25 and K = 75 in Fig. 3) is nevertheless of 
assistance to capture the shape of the basement top surface, which is an 
essential stratigraphic element to be mapped. In this case, K values 
around 25 seem to be optimal to capture the general and smoothy shape 
of the basement surface with a deepening structure toward the sea 

Fig. 2. (A) 3D distribution of the grain-size classes along the axis z in each of the compiled boreholes in the LRD (Alcalá et al., 2020). For a better display, the adopted 
plotting coordinates are x = 2, y = 2, and z = 0.5. An interactive 3D HTML version of this model is provided as supplementary material (3D_Boreholes_LRD.html). (B) 
2D sketch map showing the positioning of the vertical geological cross-sections and the closest boreholes involved in each section. 
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demonstrated by reflection seismic geophysical surveys (IGME, 1986, 
1989) (Fig. 3). 

In what concerns to the Quaternary grain-size classes, the small 
bodies of minority classes (gravel, sand, or even the basement in some 
cases) are not reflected and substituted by the majority clay–silt class for 
higher K values (e.g., K = 25 and K = 75 in Fig. 3). However, the lower K 
values (e.g., K = 1 and K = 5 in Fig. 3) maintain well the stratigraphic 
heterogeneity demonstrated in detailed stratigraphic studies (Simó 
et al., 2005; Gámez et al., 2009; Parcerisa et al., 2008) (Fig. 3). However, 
every grain-size data point is wanted to be considered in order to 
represent the heterogeneity at short distance. The value K = 1 is the only 
one that can determine this heterogeneity. As can be seen at approxi-
mately the third kilometer of the vertical section S–T at depth 50–60 m 
b.s.l. (Fig. 3), the KNN-predictions for K = 25 and K = 75 ignore a set of 
gravel levels reported in the borehole lithological records. The same 
happens at km 9 and 20 m b.s.l. in this section. Hereafter, only the KNN 
predictions for K = 1 are considered to construct the 3D model. 

4.2. Confidence of the KNN-predictions 

As displayed in Fig. 2A, the borehole distribution and the subsequent 
grain-size data density vary over space and depth in the LRD. At a given 
depth, the variable data density lead to a heterogeneous spatial distri-
bution of the KNN-prediction confidences, as was reported by Bullejos 
et al. (2023). This particular heterogeneity at a given depth is additional 
to the general decreasing trend of the KNN-prediction confidence with 
depth, which is due to the progressive decreasing of the borehole 
number with depth, as was also reported by Bullejos et al. (2023). 

The spatial distribution of the KNN-prediction confidence de-
termines the reliability of the vertical sections described in Section 4.1, 
and therefore the deductions that can be inferred from them. For a 
proper spatial integration of the KNN-predictions, confidence maps of 
those same vertical sections are created to identify possible divergences 
that can spoil the definition of the essential stratigraphic elements, 
including faults. The confidence maps creation followed the procedures 
described by Bullejos et al. (2023); see also Delany et al. (2005) and Hu 
et al. (2009) for further details about the KNN-confidence algorithms. 
Thereby, a KNN-prediction confidence map was created for each 

Fig. 3. KNN predictions of the grain-size classes for K = 1, K = 5, K = 25, and K = 75. The plots represent the vertical geological cross-sections G–H (left column 
plots) and S–T (right column plots); see location of sections in Fig. 2B. 
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KNN-prediction map, i.e., for each vertical section. After demonstrate 
that K = 1 is a necessary optimal value to represent the heterogeneity of 
the different Quaternary grain-size classes at short distance, Fig. 4 shows 
the KNN-prediction confidence maps for the vertical sections G–H and 
S–T. The KNN-prediction confidence is expressed as percentage from 
25% (minimum value, purple color) to 100% (maximum value, red 
color). Several intermediate confidence levels as low (25–35%, dark 
bluish colors), satisfactory (35–50%, bluish-greenish colors), high 
(50–75%, greenish-orangish colors), and very high (75–100%, reddish 
colors) exist (Fig. 4). 

Regarding the direct geological implications, the higher KNN- 
prediction confidences coincide with the borehole locations, as ex-
pected (Fig. 4). Boreholes are vertical lines of grain-size data with 100% 
confidence, whereas the confidence degree between boreholes is a 
function of the distance among them, as has been programmed in the 
developed KNN-algorithm confidence. When the borehole record ends, 
the confidence below this depth decreases again to satisfactory 
(35–50%) or even low (25–35%) levels (Fig. 4). Of special interest is the 
pre-Quaternary basement confidence mapping, since once the basement 
top surface is reached, no other Quaternary grain-size classes can be 
found deeper. Therefore, the basement KNN-prediction confidence must 
be 100% once this class is firstly reached. However, the KNN-prediction 
confidence obtained with K = 1 is low to satisfactory at most, thus 
deteriorating the spatial basement confidence, as was also identified 
above for the KNN-predictions.In relation with the confidence evolution 
with depth and from inland to seaward, the shallowest tracts of the 
vertical sections over 50 m b.s.l. usually show high to very high confi-
dences in the 60–90% range since they used the higher data densities 
(Fig. 4). In the vertical section G–H, the existence of boreholes reaching 
the basement at about 50 m b.s.l. determines high to very high confi-
dences at the inland end and low confidences to seaward where the 
number of boreholes is clearly lower. Since the basement is usually 
deepest to seaward and the offshore LRD is characterized by the lowest 
data density, the confidence associated to the first basement appearance 
is typically low in this area, as shown in the vertical section G–H (Fig. 4). 
Even in this circumstance of low data density inferred by the few 
existing boreholes, the KNN-prediction confidence in the offshore LRD 
reaches satisfactory (greenish color) or high (orangish color) level for K 
= 1. The KNN-prediction confidence of the other vertical sections shows 
similar patterns. All these confidence maps are included as Supple-
mentary Material. 

4.3. Interactive 3D HTML model 

The Python libraries described in Section 3.3 (pandas, numpy, plotly, 
matplotlib, shapely.geometry, utm, and sklearn.neighbors) were oper-
ated sequentially to create an interactive 3D model of the Quaternary 
grain-size (lithologies) classes in the LRD. This model is based on the 

serial ordination of the seven transversal vertical sections A–B, C–D, E–F, 
G–H, I–J, K–L and M–N, and the three longitudinal vertical sections O–P, 
Q–R and S–T, as shown in Fig. 2B. The 3D model has been saved as an 
HTML file so that users can visualize it simply with a conventional web 
browser. In this way, the HTML file facilities different views, zooming, 
rotating, screenshots and moving around, as well as hiding elements by 
toggling in the legend to focus on details. The model is provided in 
Supplementary Material (3D_Vertical_Sections_Faults_LRD.html). 

An example proposed by the authors (the users can choose others) 
shows some screenshots of the interactive 3D HTML model (Fig. 5). 
Fig. 5A shows a zenithal view of the LRD with the transversal and lon-
gitudinal vertical sections. Other zenithal oblique views of the LRD show 
the transversal (Fig. 5B) and longitudinal (Fig. 5C) vertical sections, 
separately, while Fig. 5D shows a zenithal oblique view of the LRD with 
both the transversal and longitudinal vertical sections. 

The 3D HTML model allows the fine correlation of the above 
described horizontal interruptions (displacements or vertical steps) in 
the pre-Quaternary basement continuity, and in the main gravel bodies 
in the Quaternary infilling (Fig. 5). It is thought that most of these dis-
placements or vertical steps are linked to the action of Quaternary active 
faults. The displacements or vertical steps can be attributable to faults 
since they are identified in the serial vertical sections. The orientation of 
these faults in space correlates very well with the fault families identi-
fied in surface (Fig. 1) and with those fault families detected by reflec-
tion seismic geophysical surveys. They are assimilable to syn- 
sedimentary faults. 

5. Discussion 

5.1. Syn-sedimentary faults 

The study area is framed into a rift zone affected by two main fault 
families, as corroborated by the fault structures detected in the emerged 
basement reliefs (Llopis, 1942; Solé-Sabarís, 1963; Medialdea and Sol-
é-Sabarís, 1973, 1991; Alonso et al., 1974; Serra and Verdaguer, 1983; 
Marqués, 1984; Gámez et al., 2009) and by reflection seismic 
geophysical surveys in the LRD itself (IGME, 1986, 1989). The main 
orientations of these fault families are NE–SW (Tibidabo, Morrot, and 
Barcelona faults) and NW–SE (Llobregat Fault). These two main fault 
families are roughly perpendicular and can be considered a system. The 
perpendicular positioning of the two sets of vertical sections was 
intentional to detect these and other related faults. 

As described in Section 4.1, K values around 25 are optimal to cap-
ture the general and smoothy shape of the basement top surface, 
whereas K = 1 is a necessary optimal value to represent the heteroge-
neity of the Quaternary grain-size (lithologies) classes and basement at 
short distance. In the KNN-prediction maps created with K = 1 can be 
recognized horizontal interruptions (displacements or vertical steps) in 

Fig. 4. KNN-prediction confidences of the grain-size classes for K = 1. The plots represent the vertical geological cross-sections G–H (left plot) and S–T (right plot); 
see location of sections in Fig. 2B. 
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the basement continuity, but also in the coarse bodies (gravel and sand) 
in the Quaternary filling itself. In a number of cases, these displacements 
or steps in the basement produce a space infilled predominantly by 
coarse deposits like gravel and sand. The rationale used in this paper to 
explain this fact is that most of these displacements or steps in the pre- 
Quaternary basement and in the Quaternary infilling are linked to the 
action of Quaternary active faults. Moreover, since in much cases these 
displacements in the basement continuity include a filling dominated by 
coarse deposits, a tectonic control of coarse-clastic sedimentation can be 
proposed. Those displacements or steps whose lateral continuity enables 
its correlation in the serial vertical sections have been signaled and 
named in both the transversal (Fig. 6) and longitudinal (Fig. 7) vertical 
sections. Thus, Figs. 6 and 7 can be also used as transversal and longi-
tudinal correlation panels. 

Moreover, during the performing of the interactive 3D HTML model 
described in Section 3.3, most of these faults were tentatively labeled 
accordingly with their alienation to the fault families well recognized in 
surface (Tibidabo, Morrot, and Llobregat faults). In other cases, fault 
families detected by reflection seismic geophysical surveys were also 
found (Barcelona Fault). Also, other faults were tentatively proposed for 
the first time (Castelldefels, Viladecans, Airport, Zona Franca, and 
Harbor faults). Even, several simple faults detected in surface, or 
detected here by the first time, have been revealed as fault zones made of 
several fault branches with different displacements or steps (Tibidabo, 
Morrot, Llobregat, and El Prat faults). In detail, Tibidabo, Morrot and 
Barcelona faults are synthetic with the Valencia Trough opening and 
show sunken blocks seaward. Therefore, these faults could be related to 
the Montseny and Pla de Barcelona Active Faults (Perea et al., 2012; 

Sanz de Galdeano, 2019). On the contrary, the Airport and Harbor faults 
are antithetic to the previous ones showing the sunken blocks landward. 
On another hand, Castelldefels, Viladecans, Llobregat, and Zona Franca 
Faults show sunken blocks northeastward in a similar way to the Amer 
Active Fault (Perea et al., 2012; Sanz de Galdeano, 2019), while El Prat 
Fault has a counter regime to the formers as the Gulf de Roses Active 
Fault (Perea et al., 2012; Sanz de Galdeano, 2019). The fault actuation 
seems to be more evident in the Pleistocene LDC causing displacements 
in the Pre-Quaternary basement and in the Quaternary infilling. These 
faults seem to be inactive or much less active in the Holocene UDC, 
where displacements are much less evident (Figs. 6 and 7). 

5.2. Syn-tectonics deposition of gravel bodies 

Along with his interest for groundwater exploration purposes, the 
definition of the depositional typologies of the gravel bodies provides 
excellent criteria about the syn-tectonic sedimentary processes occurred 
in the study area. In addition to the fault families recognized and 
deduced here by the first time, Figs. 6 and 7 show other syn-tectonic 
sedimentary features interpreted as gravel channels induced by fault 
actuation, progradation of channel lobes, and lateral migration of 
channel bars of mappable entity. Asymmetric gravel channels associated 
to faults actuation are usually attached to a fault showing a higher gravel 
thickness in the closer part to the fault that decreases as it moves away 
from the fault. Good examples are signaled in the transversal C–D and 
E–F (Fig. 6) and longitudinal S–T, Q–R and O–P (Fig. 7) vertical sections. 
In the longitudinal vertical sections (Fig. 7) at least three main gravels 
channels are recognized, in agreement with findings reported by Simó 

Fig. 5. Screenshots of the interactive 3D HTML model provided in Supplementary Materials (3D_Vertical_Sections_Faults_LRD.html). (A) Zenithal view of the LRD 
with the transversal (NW–SE) and longitudinal (SW–NE) vertical sections. (B) Zenithal oblique view of the LRD with the transversal and longitudinal vertical sections. 
(C) Zenithal oblique view of the LRD with the transversal vertical sections only. (D) Zenithal oblique view of the LRD with the longitudinal vertical sections only. 
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Fig. 6. Transversal (NW–SE) vertical sections A–B to M–N with the grain-size (lithological) classes, showing the location of correlated syn-sedimentary faults, and 
progradation of syn-tectonic gravel lobes and channels. The boundary of the Lower and Upper Detrital Complexes and the location of the boreholes (highlighted 
accordingly to their proximity) are also indicated. 
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et al. (2005) and Gámez et al. (2009), who proposed four paleo-channels 
in the LDC. The general evolution from bottom to top of these gravels 
channel deposits is transgressive. A GIF model (GIF Channel deposits 
transgression) is provided in Supplementary Material. 

In the transversal vertical sections (Fig. 6) the progradation of 
channel lobes is also recognized, which also appears as asymmetrical 
bodies. They are signposted in the vertical sections M–N and K–L, where 
the thickness of the gravel bodies, which probably coincide with paleo- 
river channels, decreases to seaward. On the contrary, in the longitu-
dinal vertical sections (Fig. 7) the recognized gravel bodies show 
transversal migration to the paleo-river channels flow and probably they 
are linked to lateral channel bars migration. Good examples of the 

lateral migration of gravel channels appear in the vertical sections S–T 
(left oriented) and Q–R and O–P (right oriented). 

5.3. Interactive 3D HTML model 

The KNN-prediction confidence of the Quaternary grain-size (li-
thologies) classes decreases with depth and from inland to seaward ac-
cording to the decreasing data densities in these ways. The first 
appearance determines high confidences for the pre-Quaternary base-
ment. The confidence in deep areas is low if the basement is not reached 
or there are many data points from the Quaternary clay–silt class, which 
is the majority class. An interactive 3D HTML model 

Fig. 7. Longitudinal (SW–NE) vertical sections A–B to M–N with the grain-size (lithological) classes, showing the location of correlated syn-sedimentary faults, and 
lateral migration of syn-tectonic gravel bodies and channels. The boundary of the Lower and Upper Detrital Complexes and the location of the boreholes (highlighted 
accordingly to their proximity) are also indicated. 

M. Martín-Martín et al.                                                                                                                                                                                                                        



Marine and Petroleum Geology 153 (2023) 106283

11

(3D_Vertical_Sections_Faults_LRD.html) is provided in Supplementary 
Material. 

However, the process of identification, naming, and correlation of 
syn-sedimentary faults would have been impossible without a 3D visu-
alization after correct positioning of the performed vertical sections. As 
an example, Fig. 8 shows some screenshots of the created 3D model. In 
the vertical sections shown in Fig. 8, the Quaternary grain-size classes 
(gravel, sand, and clay–silt) have been hidden, and only the pre- 
Quaternary basement and the deduced syn-sedimentary faults have 
kept visible. 

Fig. 8A shows two zenithal views of the Pre-Quaternary basement, 
showing the transversal vertical sections A–B to M–N and the location of 
the deduced and correlated longitudinal Tibidabo, Airport, Morrot, 
Puerto, and Barcelona faults. In turn, Fig. 8B shows other two zenithal 

views of the Pre-Quaternary basement, showing the longitudinal sec-
tions O–P to S–T and the location of the deduced and correlated trans-
versal Castelldefels, Viladecans, Llobregat, El Prat, and Zona Franca 
faults. These zenithal views enable also proposing tentatively the lateral 
evolution of some of the deduced faults. In a few cases one fault passes 
from one unique trace to several branches, thus constituting a fault zone 
and revealing an echelon structure. This is the case of the Tibidabo Fault 
(Fig. 8A), which passes from two traces in the SW part of the LRD to one 
in the Viladecans area, and to three branches in the NE one. Similar 
features are observed for the Llobregat and El Prat faults, which have 
one single trace seaward and two and three branches landward, 
respectively (Fig. 8B). The Morrot Fault shows a single trace in the SW 
and NE ends of the LRD but two branches in the central part (Fig. 8A). 

Fig. 8. Screenshots of the interactive 3D HTML model provided in Supplementary Materials (3D_Vertical_Sections_Faults_LRD.html). (A) Two zenithal views of the 
Pre-Quaternary basement from the transversal (NW–SE) vertical sections A–B to M–N, with location of the deduced and correlated longitudinal Tibidabo, Airport, 
Morrot, Harbor, and Barcelona faults. (B) Two zenithal views of the Pre-Quaternary basement from the longitudinal (SW–NE) vertical sections O–P to S–T, with 
location of the deduced and correlated transversal Castelldefels, Viladecans, Llobregat, El Prat, and Zona Franca faults. 
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6. Conclusion 

This paper introduces a new KNN methodology to create grain-size 
vertical sections from which to delineate syn-sedimentary faults in 
sedimentary porous media. Four lithological (including grain-size) 
classes are defined. This enables to deduce essential stratigraphic ele-
ments, faults and other stratigraphic features. 

Seven transversal and three longitudinal vertical sections were 
created, whose orientations followed intentionally the fault families 
identified in surface and/or detected by reflection seismic geophysical 
surveys. 

For exploratory K values in the 1–75 range were used. K around 25 
was optimal to capture the general and smoothy shape of the basement 
top surface, whereas K = 1 was a necessary optimal value to represent 
the heterogeneity of the Quaternary grain-size classes and Pre- 
Quaternary basement at short distance. 

In general, the KNN-prediction confidence tends to decrease with 
depth and from inland to seaward according to the decreasing data 
density in these ways. The KNN-prediction maps created with K = 1 
show horizontal interruptions (displacements or vertical steps) in the 
basement continuity and in the coarse bodies (gravel and sand) in the 
Quaternary filling itself attributable to the action of Quaternary active 
faults. 

Several faults detected in surface or in this paper by the first time, 
have been revealed as fault zones made of several fault branches with 
different steps in an echelon-like arrangement. These faults have been 
linked or correlated with well-known active faults in the area in relation, 
in much cases, with the Valencia Trough opening. The faulting action 
seems to be more evident in the Pleistocene LDC causing displacements 
in the Pre-Quaternary basement and Quaternary infilling, and inactive 
or much less active in the Holocene UDC, where displacements are much 
less evident. 

Other syn-tectonic sedimentary features as gravel channels faulty 
controlled, progradation of gravel lobes, and lateral migration of 
channel bars have also been identified. 

Social and environmental interests underlying the groundwater 
resource and the consequent high density of geological data produced 
over the last seven decades motivated the LRD choosing to implement 
the new KNN methodology introduced in this paper. However, this 
methodology may have similar or even more interest in other applied 
geology fields, such as mineral, geothermal and petroleum exploration, 
or for other environmental, archeological, and civil engineering aims. 
The introduced methodology has used the grain-size physical parameter, 
which is easily measurable, constant (or very little variable) over 
instrumental time, and handleable mathematically. Other parameters 
and variables with a similar physical behavior can be also used, such as 
seismic, geotechnical, geoelectrical or mechanical ones. At its current 
development stage, this methodology could also be applied in other 
geological environments, preferably sedimentary porous media, making 
the due minor modifications of the code. 

This paper proves that the combined use of KNN-predictions and 
KNN-prediction confidences is suitable to create interactive 3D HTML 
geological models in areas with a high-density of borehole data, such as 
heavily exploited Quaternary detrital aquifers, prospecting zones, or 
urban areas. Finally, this KNN methodology could specially be indicated 
as numerical geological support to reduce the typical high (usually un-
measurable) uncertainty associated to the use of qualitative geological 
data in other more complex numerical tools aimed at modelling a lot of 
geological resources or Earth phenomena. 
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descripción histórica y evolución actual. Boletín Real Soc. Española Hist. Nat. 98, 
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visualizing the 3D stratigraphic architecture of the onshore Llobregat River Delta in 
NE Spain. Water 14, 1882. https://www.mdpi.com/2073-4441/14/12/1882. 

Bullejos, M., Cabezas, D., Martín-Martín, M., Alcalá, F.J., 2022b. A K-nearest neighbors 
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Vázquez-Suñé, E., Abarca, E., Carrera, J., Capino, B., Gámez, D., Pool, M., Simó, T., 
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