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Abstract: Below the central nave of the Gothic Cathedral of Palencia (14th to 16th centuries)
lies the Crypt of San Antolin, which represents the remains of a Visigothic building from
the mid-7th century. The crypt itself has suffered recurrent episodes of flooding over the
centuries. However, the latest flooding, which began in mid-2021 and ended in mid-2023,
is one of the most long-lasting episodes on the historical record. To establish the origin of
these flooding episodes, the geological and hydrological properties of the subsoil have been
determined by direct prospecting techniques (drilling) and indirect geophysical techniques
(Electrical Resistivity Tomography). The prospecting has determined that the aquifer in
the area has a basin-like geometry, which favors the accumulation of water below the
crypt. This work has shown that the recurrent floods suffered by the crypt prior to 2021 are
related to episodes of intense rainfall. However, after 2021, there is a direct relationship
between the persistent flooding and the onset of landscaping at the Plaza de San Antolin,
one of the squares near the cathedral. In addition, previous archaeological excavations
carried out in 1965 in that same square had disrupted the stratigraphic column, easing the
percolation of water. We conclude that the increase in landscaped areas in archaeological
environments may modify the hydrogeological dynamics of the subsoil and affect the
surrounding buildings.

Keywords: cultural heritage; site characterization; phreatic floods; geological-geotechnical
prospections; electrical resistivity tomography (ERT); archaeological test pits; Palencia
Cathedral

1. Introduction

The conservation and protection of significant historical buildings, including cathe-
drals, encompasses cultural, social, economic, administrative, and technical aspects. Among
the latter, it is essential to highlight the knowledge of the geological substrate on which
these buildings are founded. This requires the correct definition of site conditions (i.e.,
subsurface model), including the investigation and characterization of both the buried
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anthropic structures (foundation) and the subsurface geology [1,2]. Site characterization is
the process of developing an understanding of the geologic, hydrologic, and engineering
properties at the site, including the soil, underground rocks along with groundwater flows,
and in many cases, man-modified subsurface settings that can affect site conditions [3]. For
such a purpose, both direct (drilling) and indirect (geophysics) methods can be applied.

In addition to the geological-geotechnical properties of the substrate on which ar-
chitectural heritage is founded, it is also necessary to understand the modifications of
the geological environment that have occurred from the time of the construction to the
present, as these changes can influence the conservation and stability of the buildings.
These changes may result from both natural phenomena (floods, earthquakes, landslides,
etc.) and anthropogenic activities, since architectural heritage is often located in urban
environments where subsurface interventions are constant [4,5].

In many cases, significant historical buildings are constructed on the remains of
previous structures. This is particularly true in ancient urban areas with archaeological
remains located in zones of persistent urbanization [6-8]. These are areas where human
settlements have developed in a specific geographical location for centuries, generally due
to some favorable circumstances of the environment, such as elevated position, abundance
of water, easy access to other natural resources, etc.

One such example (Figure 1) is the Palencia Cathedral (Spain). The construction of this
gothic cathedral took place from the 14th to the 16th century, although the oldest vestiges
of its origin are found in the Crypt of San Antolin, which are the remains of a Visigothic
building from the mid-7th century. In fact, the Visigothic Kingdom counts for a significant
presence in the Iberian Peninsula from the 5th to the 8th centuries.

Calle Santa
Teresa

~ San Antolin Crypt

Figure 1. (A): Aerial image of Palencia city (see location of the city in Figure 2) (Google Maps).
(B): Orthophotomap of the cathedral setting. (C): Transversal section of the cathedral along its central
nave, from its apse to the Plaza de San Antolin, crossing the San Antolin Crypt.
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The Crypt of San Antolin is currently located 4.40 m below the level of the central
nave of the cathedral (Figure 1C). The crypt preserves, in front of the access staircase, a
well with a curbstone that provides access to the aquifer located below the cathedral. This
configuration indicates that the setting of this cathedral was originally linked to the access
to the water table in the area. Thus, the Crypt of San Antolin has been possibly used since
its origin as a water source.

Unfortunately, this proximity of the building to the water table implies some patholo-
gies in its conservation. In fact, humidity mainly produced by capillarity from the substrate
is observed in several of its walls. Furthermore, water, as an alteration agent, promotes the
appearance of biological colonization and the precipitation of saline efflorescence in wet
areas, affecting the overall conservation of the monument. These problems are particularly
worrying at the San Antolin Crypt, which has experienced recurrent flooding episodes
over the centuries coinciding with periods of heavy rain. The most recent of them began in
mid-2021 and ended in mid-2023, being one of the longest episodes on record. However,
this episode did not match that of seasonal rains, raising questions about its origin.

In this study, the geological and hydrological properties of the subsoil on which the
Cathedral of Palencia is founded will be determined. This will allow for the identification
of the causes of the recurrent flooding that has historically affected the San Antolin Crypt,
and most importantly the cause of the latest, continuous floods that have even hindered
its access since 2021 to 2023. Finally, we will propose some methods of prediction and
prevention to avoid or mitigate these events in the future.

2. Geological Setting

From a geological point of view, Palencia is located in the central part of the Cenozoic
Duero Basin (CDB), the largest sedimentary basin on the Iberian Peninsula, featuring
~50,000 km? in sediment-covered area and 90,400 km? in total catchment area [9] (Figure 2).

At the center of the CDB, the lithostratigraphic units, from bottom to top, are
as follows [9,10]:

(1) The Duenias Unit (Lower-Middle Miocene), which outcrops between 700 m a.s.l
(riverbed) and 750-760 m a.s.l. It has a visible thickness of 50-60 m since its lowest part
does not crop out in the area. Levels of clays, marly clays, marls, and macrocrystalline
gypsum are the predominant lithologies. Within the clay levels, smectite and illite are
the most abundant minerals, with kaolinite and palygorskite in lower proportions.
These materials were formed under lacustrine and palustrine environments.

(2) The Tierra de Campos Unit (Middle Miocene) comprises silts, sands, and clays, with
some sandy and gravelly beds. Their ochre color is easily recognizable between the
grey, green, and white colors of the other lithologies. In the central part of the CDB,
this unit has a thickness of 30 m, decreasing towards the margins. The clay content
is very low, with a predominance of illite and kaolinite, as well as some traces of
chlorite. In the sandy levels, quartz and feldspar are dominant. The carbonate content
is below 10%, in contrast with the 40-50% found in the other lithologies. This unit is
interpreted as an expansion of fluvial sediments over lacustrine deposits.

(8) The Cuestas Unit (Middle-Upper Miocene) was deposited in a dry/saline mud flat-
ephemeral saline lake system, and contains marls, marly clays, gypsum, limestones
and dolostones, reaching a thickness of more than 80 m. Organic matter levels are
frequent in the transition zone with the Tierra de Campos Unit.

(4) Quaternary deposits are restricted to large-scale alluvial deposits and fluvial terraces,
which may lie between 5 and 180 m above the present thalweg [11].

The present geomorphological configuration of CDB responds to the opening of the
previous endorheic basin, which had been dated to occur in the Pleistocene [11]. This
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triggered the incision of the fluvial network. The transition to the valleys occurs through
the Cuestas Unit slopes.

- Mesozoic - Carbonate Neogene
- Proterozoic - Paleozoic |:| Terrigenous Neogene
- Variscan granitoids - Paleogene
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Figure 2. Geological map of the Cenozoic Duero Basin (CDB) (modified from [12]).

The subsoil geology in the area closest to the Palencia Cathedral is shown in two
geological cross-sections in Figure 3. The most recent Miocene materials, belonging to the
Cuestas Unit, crop out around the Cerro del Otero, north of the city. To the south, the
underlying materials crop out. These consist of a terrigenous unit belonging to the Tierra de
Campos Unit. Further south, the historic center of the city is situated on a high terrace from
the Middle Pleistocene, mainly composed of gravel with quartzite and sandstone pebbles.
This part of the terrace system was deposited by the Carrién River throughout its evolution
and entrenchment. The terrace deposits rest on the older Miocene materials of the area,
which are marl levels with intercalated clay levels from the Duefias Unit. This arrangement
creates a perched aquifer in the more permeable terrace levels, which is limited at the
bottom by the more impermeable materials of the Duefias Unit.
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Figure 3. Geological cross-section across the city of Palencia (see Figure 1 for locations).

The Cathedral of Palencia is located some 150 m to the northeast of the Carrién River
and sits on one of its 20 terrace levels described in the area, specifically on level QT12 [13],
which features an average height above the river between 10 and 15 m. Generally, this
terrace is composed of quartzite and some sandstone pebbles, with a silty—sandy matrix; in
some levels, limestone pebbles appear in proportions below 10%. The thickness of these
terrace levels ranges between 1 and 4 m.

3. Materials and Methods
3.1. Topographic Mapping

A high-resolution map of the topography around the cathedral was obtained using
images recorded by a remotely piloted aircraft (RPA) DJI Mavic 3T Enterprise, with an
airborne RGB (Red, Green, Blue) Hasselblad camera equipped with a 1/2” CMOS sensor,
an 84° FOV lens, and an aperture range of 2.8-11. To create the map, 12 flight plans were
carried out, and 1543 images were taken. The flight altitude was kept constant at 40 m.
To adjust the position of the images, 55 ground control points were taken with a Leica
RTK FLX100 GPS. This receiver connects to the National Geodetic Reference Network of
Permanent GNSS Stations (ERGNSS) for instant topographic correction, allowing a real-
time planimetric accuracy of 2 cm and altimetric accuracy of 3 cm. Coordinate processing
was carried out with ArcGIS Desktop (Version 10.8), utilizing the projected coordinate
system ETRS89-UTM Zone 30. Image processing involving the alignment, orientation,
scaling, and generation of point-cloud models and orthophotographs was performed with
AgiSoft PhotoScan Standard (Version 2.1.1).

3.2. Geological-Geotechnical Prospections

To determine the subsoil stratigraphy and monitor the position and evolution of
the water table, 8 rotary drilling boreholes with continuous core recovery were created
outside the cathedral (Figure 4): 5-1 to S-6 were created in a project carried out in 2003,
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while the boreholes SN-1 and SN-2 were created in 2023. Lefranc permeability tests were
performed in boreholes SN-1 and SN-2 to determine the permeability coefficient of the
sampled materials. All boreholes reached an approximate depth of 7 m, and once completed
they were lined with piezometric tubing to monitor the variation in the water table levels
over time. Additionally, the variations in the water table level were also monitored in the
well of the San Antolin Crypt (P-1) and in a well located in the cloister of the Cathedral
(P-2) (Figure 4).

s c-2  SN-1
- - ®
B [E-1
c-3 C-3
L I ° Jd
°s.3 | S-2 ° 5 1
E-3 E-2
4 4 s
c-4 ® @ & o
L J
.’
E i ® 56
e S-5 N

Figure 4. Location of the drillholes, and that of the wells (San Antolin Crypt and cloister). Yellow
lines (C-1 at C-4) show the location of cross-sections presented in Figure 9. Purple lines (E-1 at E-4)
show the location of Electric Resistivity Tomography (ERT) profiles displayed in Figure 10.

To determine the stratigraphic disposition of the materials in the subsoil of the cathe-
dral, four geological sections were made: C-1 to C-4 (Figure 4). The topographic base of the
sections was obtained from the DTM carried out in this work.

3.3. Electrical Resistivity Tomography (ERT)

Four electrical resistivity profiles were acquired to further study the geometry and
depth of underground layers and to determine their degree of saturation (Figure 4). The
first was conducted in Plaza de Cervantes, partially coinciding with geological cross-section
C-3. In Plaza de San Antolin, two parallel profiles were obtained, partially coinciding with
geological cross-section C-1. Finally, a final profile was obtained in Plaza de la Inmaculada.
The characteristics of these sections are summarized in Table 1.

The equipment used was a multi-electrode PASI 165G24 device. All profiles were
acquired with two configurations: (I) Wenner, with electrodes spacing between 1 and
2 m (155 measurements for the case of 32 electrodes); and (II) Schlumberger, with current
electrodes increasing the distance while potential electrodes remained at a fixed (1-2 m)
distance (225 measurements). The results of both configurations were integrated and jointly
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inverted. This approach provides 2D models that reach deeper levels and have additional
information in those areas located in between drillholes, thus improving the final model
constraints. Data processing and modelling were performed using the RES2DINV program
(Rapid 2D Resistivity and IP Inversion).

Table 1. Characteristics of the resistivity profiles acquired at the cathedral surroundings. See their
locations in Figure 4.

Profile Length (m)  Electrode Spacing (m) = Number of Electrodes  Error (%)
E-1 Plaza de Cervantes 31 1 32 2
E-2 Plaza de San Antolin 62 2 32 8.6
E-3 Plaza de San Antolin 62 2 32 41
E-4 Plaza de la Inmaculada 55.8 1.8 32 17.5

4. Characterization of the Problem and Results of the Investigation
4.1. Flooding of the San Antolin Crypt

The San Antolin Crypt, with a rectangular floor plan (3 x 10 m), is located 4.40 m
below the current level of the central nave of the cathedral, being a semi-buried construction
allocated in the geological substrate. In the city of Palencia, there is a deeply rooted tradition
that every September 2nd, on the day of San Antolin, the crypt is opened to the public to
offer water from its well to the faithful [14].

Due to its location and semi-buried construction, the crypt has suffered recurrent
phreatic flooding episodes caused by rises in the water table (Figures 5 and 6). Flooding in
the crypt is a historical problem that has affected this important architectural and religious
site on several occasions throughout its existence. As a result, in 1930, the floor of the crypt
was restored, raising its floor level by three steps to avoid floods. However, the flooding of
the crypt has continued over the years, albeit periodically.

Figure 5. Flood in the San Antolin Crypt (20 January 2022). View of the crypt from the access stairs.
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Figure 6. (A): Floods in the San Antolin Crypt from 2016 to date. (B): Hietogram of the Carrién
River as it crosses Palencia city (sum of stations from Palencia and La Nava [15]). (C): Hietogram of
monthly cumulative rain (weather station from Autilla del Pino, 10 km west of Palencia [16]).

To determine the origin of these events, flooding periods since 2016 were represented
(Figure 6A) and compared with the flow rate of the Carrién River, which crosses the city
of Palencia 100-150 m south of the cathedral, at the level of the cathedral (Figure 6B).
This flow rate was obtained by summing the data from two upstream gauging stations:
one located on the Carrién River (Palencia Station) and another on one of its tributaries
(the Nava Station) [15]. Additionally, they were compared with the monthly accumulated
precipitation at a weather station located a few kilometers west of Palencia (Autilla del
Pino) [16] (Figure 6C).

The flooding occurring in 2016 was the consequence of a period of heavy rain (Figure 6).
The rise in the water table caused a 5 cm water layer to flood the crypt. This episode
deteriorated the quality of the water in the crypt’s well, leading to the suspension of the
tradition of drinking water from the well during the Saint Antolin festivity, as it was
declared unfit for human consumption [17].

Subsequently, at the end of 2019 and in mid-2020, the crypt experienced other brief
periods of flooding related to episodes of heavy rains and rises in the flow of the Carrién
River (Figure 6). However, the 2020 flooding was also related to the rupture of a water
supply collector [18].

The data presented above indicate that the water accumulating in the subsoil of the
cathedral and causing periodic flooding is mainly rainwater. Nonetheless, contributions
from leaks in the water supply network have been proven to play a role. Accordingly,
drainage networks, and/or irrigation in the garden areas near the cathedral (e.g., Plazas
de Cervantes and San Antolin, Figure 1), cannot be ruled out as a source of excess in
underground water. The latter, together with undeveloped lots near the cathedral, are
zones where rainwater easily infiltrates into the aquifer.

More recently, in mid-2021, the crypt flooded again. Unlike previous events, this
flooding period lasted almost two years, until spring 2023, when water levels began to
decline (Figure 6): in this case, there is no record of high flows of the Carrién River and/or
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significant precipitation accumulations. The main objective of this work is to determine the
causes of this latest flood and to provide solutions to avoid it in the future.

4.2. Topographic Mapping Results and Insights

The results provided by RPA mapping can be summarized in an orthophoto with
a resolution of 0.15 m/pixel (Figure 1B) and a hypsometric model with a resolution of
0.10 m/pixel (Figure 7). The altitude difference in the study area ranges from 742 m to
732 m. As expected, the topography decreases to the SW, towards the river, leading the
surface waters in that direction. The topography does not present features that allow the
accumulation of water in the central part of the cathedral.

Elevation in m

[ 740.6 - 741

B 721 -7425 [ | 737.1-7375
B 7416-742 [ | 7366-737
B 741.1-7415 [ ] 736.1-7365
[ 735.6 - 736
[ 740.1 - 740.5 [ 735.1-735.5
[ 7396-740 [ 734.6-735
[ 739.1-730.5 [ 734.1- 7345
[ J7386-730 [ 7336-734
[ ]738.1-7385 [ 733.1- 7335
[ J7376-73e [ 7326-733
B 2

1050 10 20 30
.M

Figure 7. Hypsometric model (in meters) of the cathedral and neighboring areas. Note the terrain
slope to the southwest, i.e., towards the Carrion River.

4.3. Geological-Geotechnical Characterization

Based on the results obtained from the analysis of the eight boreholes (Figure 4),
the existence of three different levels in the subsoil of the cathedral has been determined.
Figure 8 shows a simplified description of the geological layers interpreted from the
borehole SN-1. This same stratigraphic distribution, with slight changes in elevation, has
been observed in the other boreholes (Table 2).
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Figure 8. SN-1 borehole’s samples and its simplified logging (Plaza de Cervantes).

Table 2. Drillholes and wells together with their location, altitude, piezometric level, and depth to
the top of the identified layers. Coordinates ETRS89-UTM Zone 30. Piezometric level on 27 Septem-

ber 2023.
. . Anthropogenic . Fluvial Terrace— Fluvial
S Altitud Piezometric Fill—Fluvial Anthropogenic Duefias Unit T
urvey UTM X UTM Y ttuce Level ! uvia Fill Thickness uenas Lnt rrace
Point (m a.s.l.) Terrace Contact Contact Thickness
(m as.l) (m)
(m a.s.l) (m a.s.l) (m)
S-1 372,705.231 4,652,221.59 739.692 734.042 735.992 3.70 732.742 3.25
S-2 372,692.618  4,652,206.55 738.770 - 735.770 3.00 732.970 2.80
S-3 372,646.787  4,652,177.99 738.117 733.772 735.117 3.00 733.397 1.72
S-4 372,664.753  4,652,143.23 738.163 733.432 735.163 3.00 732.963 2.20
S-5 372,722.903  4,652,150.47 738.651 - 735.751 2.90 732.951 2.80
S-6 372,756.466  4,652,177.19 739.156 733.678 735.156 4.00 733.056 2.10
SN-1 372,691.476  4,652,221.43 739.133 734.003 734.790 4.34 733.290 1.50
SN-2 372,670.400  4,652,112.73 737.847 733.517 734.961 2.89 733.361 1.60
P-1 372,692.529  4,652,170.85 734.400 733.590 - - - -
P-2 372,705.231 4,652,132.76 738.489 733.624 - - - -

The shallowest layer (Figure 8) consists of highly heterogeneous, anthropogenic mate-
rials, composed of the current pavement and fragments of stones and bricks, along with
sands and clays with abundant organic matter. It has a variable thickness, ranging from
2.90 m in the S-5 borehole (Plaza de la Inmaculada) to 4.34 m in the SN-1 borehole at Plaza
de Cervantes (Table 2). At the base of this anthropogenic fill, there is a layer rich in organic
material and high humidity, referred to as the “black level”. Here, organic matter is mixed
with clay, silt, and sand. Additionally, rounded pebbles from the lower Pleistocene terrace
are always present. This indicates that it represents the first level of human occupation in
the area, lying upon the terrace. This layer would have acted as the base for a very shallow,
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perched aquifer above the general level of the Pleistocene terrace. This black layer has
consistently been found at the base of the anthropogenic fill, though in some cases it is less
developed, as observed in the SN-2 borehole conducted in Plaza de San Antolin.

Beneath the anthropogenic fill, all boreholes encountered the Pleistocene terrace,
consisting of a mix of gravel and sand. This layer also varies in thickness, from 1.50 m
in Plaza de Cervantes to 3.25 m in S-1, located in front of the Cathedral’s apse on Calle
Santa Teresa (Figures 1 and 4). All boreholes show that the terrace layer is dry in the upper
centimeters, while the lower part of the deposit is water-saturated, indicating the presence
of an aquifer within this layer, constrained beneath by the less permeable Miocene marl
layers. A Lefranc test conducted at this level in the SN-2 borehole yielded a permeability
coefficient of 1.681 x 1075 m/s (meters per second). Meanwhile, a pumping test conducted
in the San Antolin Crypt well (P-1) yielded a value of 2.6 x 107> m/s. These high values of
the permeability coefficient, characteristic of gravels and sands, indicate that these materials
may constitute the main aquifer for the area.

The top of the Miocene marl does not show a constant depth; instead, as we will see
later, it has a warped shape, forming a trough beneath the cathedral. The deepest part of
the marl layer top is consistently found in the central areas of the cathedral.

In the geological sections C-1 to C-4 (Figure 9), the simplified logging of the boreholes
located at the profiles or close to them have been projected. The position of the water table
in wells P-1 (crypt) and P-2 (cloister) and in the boreholes has also been projected. The
projected position of the water table is that corresponding to September 27th.

Cross-section C-1 strikes NW-SE and was conducted in Plaza de San Antolin, starting
near borehole S-3 and ending at borehole SN-2 (Figure 4). The section depicts the logging
results from boreholes S-3, 5-4, and SN-2, along with the position of the water table. This
cross-section (Figure 9) shows that the anthropic level exhibits a variable geometry in depth,
with greater thicknesses towards the SE. Below the anthropic fill, there are gravels and
sands from the Pleistocene terrace, and deeper down lie the Miocene matrls. It is noteworthy
that the contact between the gravels and the Miocene marls exhibits irregular geometry,
showing a slight descent towards the SE, opposite to the topography. The Miocene marls,
with very low permeability and transmissivity [9,10], are water-saturated. They serve as the
base for the aquifer formed in the Pleistocene terrace, resulting in the water table somewhat
reflecting the geometry of the Miocene marl top, leading to a slight inclination towards
the SE.

Cross-section C-2 also strikes NW-SE and was conducted from Plaza de Cervantes to
Plaza de la Inmaculada. It crosses the cathedral, passing through the well of the San Antolin
Crypt, and near the well located in the center of the cloister (Figure 4). This cross-section
(Figure 9) shows that the San Antolin Crypt is partially excavated in the Pleistocene terrace,
facilitating access to the water table in the area. In this cross-section, the anthropic filling
also exhibits irregular morphology, notably increasing its thickness in Plaza de Cervantes.
The terrace’s geometry also displays irregularities, as the contact with the Miocene marls
presents a basin-like shape, with the deepest part located below the well of the crypt,
resulting in greater water accumulation in this area compared to adjacent areas.

Cross-section C-3 was conducted longitudinally to the cathedral (SW-NE) from Plaza
de San Antolin to Calle Santa Teresa, passing in front of Plaza de Cervantes (Figures 1 and 4).
In this cross-section (Figure 9), the elevation decreases to the SW, i.e., to the Carrién River.
This same decrease was observed in both the thickness of the anthropic fill and the layer
of gravels and sands, indicating that the terrace deposit becomes thinner as we approach
the river. However, the contact between the terrace and the marls has a slight inclination
towards the NE, opposite to the topography. This geometry confirms the basin-like shape
of the marl top, facilitating water accumulations below the cathedral.
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Cross-section C-4 traverses the cathedral through the central nave (SW-NE), from
Plaza de San Antolin to Calle Santa Teresa (behind the apse of the temple), passing through
the San Antolin Crypt (Figure 4). In this cross-section (Figure 9), the topography shows
that Calle Santa Teresa (NE) is approximately 1.5 m above the elevation of the central nave,
while Plaza de San Antolin (SW) is slightly lower than the elevation of the central nave and
continuously descends towards the SW, i.e., towards the river. Regarding the geometry
of the different subsurface layers, they follow the same arrangement as in the previous
cross-section (C-3). Both the anthropic fill and the terrace have greater thicknesses towards
the NE. Similarly, like in section C-3, the contact between the marl top and the terrace wall
exhibits a slight inclination towards the NE, i.e., towards the subsurface of the cathedral.
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Figure 9. Cross-sections depicted in Figure 4. Vertical scale is meters above sea level (m a.s.1.). The
horizontal scale is meters. Grey: anthropic fill; brown: Pleistocene terrace; green: Miocene marls.
The blue line represents the position of the top of the water table on 27 September 2023. Observe the
concave upwards geometry of the Miocene marls underneath the crypt in section C2.

4.4. Geophysical (Resistivity) Characterization: Results from the ERT Profiles

The final resistivity models (Figure 10) are presented with a customized color scale,
where resistivity values below 10 ohm-meters ({2-m) represent saturated Miocene marls,
and values between 10 and 30 ()-m represent areas with water. Despite terraces and
anthropic fills being resistive materials, these layers accumulate water retained by the water
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Figure 10. ERT results in Plaza de Cervantes (E-1), Plaza de San Antolin (E-2 y E-3), and Plaza de la
Inmaculada (E-4). Locations are shown in Figures 1 and 4. Simplified logging results are plotted in
the models in the projected position of boreholes. The top of the water table is shown with a dashed
line. Black lines indicate the top and bottom of the Pleistocene level.

Profile E-1 (Figure 10) shows the uppermost layer to be highly resistive. This interval
corresponds to the current street pavement. Below, and approximately down to 3 m
depth, a low-resistivity (high-conductivity) zone corresponding to the anthropic fill can
be identified. At the base of this conductive layer lies the so-called “black level” (a layer
rich in organic material and with high humidity), which in this area has been found to be
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well developed. Due to its nature, the latter acts as a low-resistivity water retention layer.
Underneath, and approximately down to 6 m depth, the terrace deposit appears partly
dry in the upper part (green colors,) becoming less resistive, i.e., saturated with water, at
depth (blue colors). These findings confirm the presence of a perched aquifer, supported by
stratigraphic evidence and resistivity data, in Plaza de Cervantes, which is partly retained
by the “black level” but with a deeper water table within the alluvial materials. As shown
above, these resistivity configurations match results from the drillholes, allowing us to
extend the 1D information from the latter into a 2D section.

Profiles E-2 and E-3 (Figure 10) were conducted in Plaza de San Antolin. These are two
parallel profiles, with E-2 closer to the cathedral and E-3 closer to the river. A simplified
sketch of the logging results for boreholes SN-2, 5-4, and S-3, along with the position of
the water table determined on 27 September 2023 (dashed line), was projected onto these
profiles. In this case, two very distinct parts are observed. While the stratigraphic and
resistivity sequence observed in E-1 prevails from the center of profiles E-2 and E-3 to the
NW (Plaza de Cervantes, righthand side of the figure), it is lost from the middle of the
profiles towards the SE (lefthand side of the figure). Here, a plume-like, highly conductive
zone breaks the layered configuration, indicating water saturation at higher levels. The
lack of a well-developed “black level” in this area similar to that in Plaza de Cervantes
prevents the retention of subsurface water and facilitates its free flow between the surface
and the deeper aquifer.

Finally, profile E-4 (Figure 10) was conducted in Plaza de la Inmaculada. This profile
includes the simplified results of logging for boreholes S-5 and S-6, as well as the position
of the water table as of 27 September 2023 (S-6). Once again, the stratigraphic and resis-
tivity sequence determined in E-1 and the SW of E-2 and E-3 is observed. However, it is
noteworthy that the subsurface of Plaza de la Inmaculada is much more resistive than that
of Plaza de Cervantes and Plaza de San Antolin. This is due to the fact that this square is
paved while the other are not, thus preventing water from accessing the underground.

5. Discussion
5.1. Aquifer Arrangements and Factors Altering Them

The subsurface of the Cathedral of Palencia hosts two levels of water accumulation.
(1) The base of the anthropic fill, the so-called “black level”. The latter represents the record
of the early settlements in the area, and as such, it is rich in organic material. Currently,
this level acts as an aquitard, i.e., a geological layer that restricts the flow of groundwater
due to its low permeability, partially retaining water that infiltrates from the ground and is
not drained by the stormwater network. This “black level” is well developed in Plaza de
Cervantes, while it has not been clearly detected in the boreholes and geophysical surveys
conducted in Plaza de San Antolin. (2) A lower aquifer develops in the granular deposits
of the Pleistocene terrace. Water does not penetrate the lower level of Miocene marls as
they are commonly saturated and have very low permeability, accordingly, acting as a
non-permeable formation.

The stratigraphic and resistivity pattern described above has been detected in all
surveys, except to the SE of Plaza de San Antolin, from Puerta de San Antolin to the SE,
towards borehole SN-2. In this area, ERT results have revealed a high-conductivity plume
in the ground, extending from near the surface to the Miocene marls, indicating high
water saturation at every level (Figure 10). Additionally, borehole SN-2 lacks a clear “black
level” opposite to that observed in Plaza de Cervantes. It is also noteworthy that in 1965,
three archaeological test pits were created in this same area (Figure 11), reaching depths
of between 4 and 5 m, down to the Pleistocene terrace. These interventions and their
subsequent sealing may have contributed to altering the initial stratigraphic configuration,
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eliminating a possibly under-developed “black level”, thus providing a pathway for the
water to reach the lower aquifer.

ARCHAEOLOGICAL TEST PITS

PALENCIA

ESTRATIGRAFIAS PLAZA CATEDRAL
Seccion D-E

Escua v

Figure 11. Location, resulting sections, and image of the archaeological test pits created in Plaza de
San Antolin in 1965.

The top of the Miocene marls, and therefore the base of the main aquifer, is not perfectly
horizontal (Figure 9: C-2). Borehole logging and ERT surveys have shown that this contact
is slightly undulating, with a thicker terrace beneath the cathedral. This geometry forces
much of the water infiltrating into the ground to accumulate in the basin formed below the
cathedral, especially beneath the San Antolin Crypt, instead of being evacuated by gravity
to the Carrién River.

Consequently, the high moisture levels in the Plaza de San Antolin, the under-
developed or absent water retention levels in some areas (“black level”), the archaeological
test pits created in the 1960s, and the inclination of the base of the main aquifer towards the
central part of the cathedral, suggest that some most of the water accumulating in the crypt
comes from Plaza de San Antolin, which despite its proximity and dip to the Carrién River,
flows the underground water to the center of the cathedral.

This water dynamics was possibly enhanced by the replacement of the pavement in
Plaza de San Antolin in mid-2021 (Figure 12), right when the continuous floods started
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(Figure 6). This intervention involved replacing the former pavement, consisting of concrete
slabs with rounded edges, with a lattice pavement made out of concrete pieces, with grass
between the gaps. In addition, 50 trees were planted in their corresponding tree pits [19].

Figure 12. Left: Plaza de San Antolin before the replacement of the impermeable pavement (early
2020). Right: after the intervention (2023).

5.2. Input from Satellite Images on the Humidity Levels Around the Cathedral

In order to detect how the 2021 intervention on Plaza de San Antolin affected the
humidity levels around the cathedral, the Normalized Difference Moisture Index (NDMI)
was obtained. This index detects vegetation moisture levels using a combination of near-
infrared (NIR) and short-wave infrared (SWIR) spectral bands. Sentinel-2 satellite images
were used for this analysis. These have a spatial resolution of 10 m/pixel and a temporal
resolution of approximately 5 days. The images were obtained from the digital repository
of the European Space Agency-Sentinel Hub EO Browser [20]. Data from 3 November 2018
to 19 September 2023 were utilized.

Sentinel 2 images consist of 13 bands with a wavelength range from 443 nm to
2185 nm. In this case, bands 8A (864 nm—NWIR) and 11 (1610 nm—SWIR) were
used. The NDMI was computed by combining bands BSA and B11 with the equation
NDMI = (B08 — B11)/(B08 + B11). Negative values of the index indicate the presence of
water stress; the closer the values are to —1, the more arid the conditions. Positive values
indicate high humidity, with values closer to 1 representing greater water saturation.

The NDMI maps of areas adjacent to the cathedral allowed for the calculation of
mean NDMI for three areas of interest (Figure 13): (1) Plaza de Cervantes, a zone that
was gardened throughout the study period (3 November 2018 to 19 September 2023) and
even from earlier times; (2) Plaza de San Antolin, a square that was paved until mid-2021
when the pavement was replaced and a new landscaped area was created; and (3) Calle de
Santa Teresa, located behind the apse of the cathedral, which was paved throughout the
study period.

When comparing the monthly values obtained for Plaza de San Antolin with those
obtained for Calle Santa Teresa and Plaza de Cervantes (Figure 13), it can be observed that
before May 2021, the NDMI of Plaza de Saint Antolin coincides, both in values and trend,
with the NDMI obtained for Calle Santa Teresa (arid zone, negative values). However, after
May 2021, this index coincides both in trend and values with that obtained for Plaza de
Cervantes (continuous irrigation, positive values).
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NMDI 2019

2019

Heavy rainfail

NMDI 2022

. . Flooded until February 2023
Manhole breakage? Unknown causes
2020 ‘ 2021 ‘ 2022 2023

Plaza Cervantes
Plaza San Antolin

h _J Calle Sta Teresa

Figure 13. (A) NDMI in Plaza de Cervantes, Plaza de San Antolin, and Calle Santa Teresa. (B) Yearly
plot of flooding intervals in the San Antolin Crypt versus NDMI in Plaza de Cervantes, Plaza de San
Antolin, and Calle Santa Teresa.

5.3. Solutions for and Evolution of the San Antolin Crypt’s Phreatic Floods

As previously stated, while sporadic crypt flooding before 2021 occurred as a direct
consequence of periods of heavy rainfall and increase in the flow of the Carrién River, the
persistent flooding starting in 2021 showed no direct relation with precipitation. Contrarily,
Figure 13 shows a correlation between the timing of gardening of Plaza de San Antolin
and the persistent flooding of the San Antolin Crypt. It can also be observed that in 2023,
coinciding with a prolonged drought period and the reduction in irrigation in Plaza de
Cervantes and Plaza de San Antolin as suggested by the authors of this research, the
resulting NDMIs decreased (Figure 13B). Accordingly, the latest period of crypt flooding
came to an end.

As a result of this study, the Palencia City Council cut down the water irrigation to
Plaza de San Antolin in the 2023 fall. Since then, the level of water in the boreholes has
decreased and the crypt flooding has disappeared (Table 3). This trend has been observed
in the SN-2 borehole, created in 2023, where the water level depth has been deepening
(42 cm since it was drilled). It is worth noting that, in the monitoring points located at Plaza
de Cervantes, (S-3, SN-1) the levels remain relatively constant, with some fluctuations in
relation to the initial measurements conducted in 2003. However, in this case, the variation
in the water levels does not pose an important problem for floods in the crypt as the “black
level” in this area is well developed.

Despite the observed general trend, in the southeastern part of Plaza de San Antolin,
the evolution of the water table has shown a variable behavior (Table 3). For instance,
borehole S-4 showed a deepening of the groundwater level since its drilling in 2003 to June
2023, varying from 5.0 m to 4.72 m. However, in the latest measurements, a contrary trend
is observed, i.e., in May 2024, the depth of the water level returns to the 2003 levels (5.0 m);
but no floods have been observed in the crypt.

Finally, we have also found that in the crypt and the cloister wells, the water levels
have also been deepening since we started this study (Table 3).
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Table 3. Evolution of the water table depth as observed in the monitoring points from 2003 (only S
wells) to 2024 (S and SN wells). Depth in meters.

Crypt  Cloister S-1 S-2 S-3 S-4 S-5 S-6 SN-1  SN-2
31/07/2003 - - 5.80 - - - 5.40 5.80 - -
01/08/2003 - - - - - - - - - -
04/08/2003 - - 5.80 4.70 4.25 5.00 5.20 5.70 - -
17/09/2003 - - 5.80 4.68 418 5.05 5.21 5.76 - -
08/05/2019 - - 4.59 - - - - 5.34 - -
03/12/2019 - - 4.69 - - - - 5.27 - -
21/06/2023 0.14 5.01 5.75 - 425 472 - - - -
11/07/2023 0.28 491 5.70 - 441 481 - 448 - -
27/09/2023 0.23 4.87 5.65 - 4.36 478 - 5.43 5.13 4.33
16/12/2023 - 4.94 5.71 - 418 - - 5.46 5.17 4.45
15/04/2024 0.20 5.00 5.45 - 4.37 - - - 5.12 4.59
27/05/2024 0.38 5.16 - - 4.35 5.00 517 5.60 5.10 4.75

6. Conclusions

The subsurface of the Cathedral of Palencia and its surroundings feature three strati-
graphic levels that play an important role in the behavior of the aquifer:

(1) The first level consists of anthropogenic fillings ranging in thickness from 3 to 4 m.
At its base there is a “black level” rich in organic content and with low permeability,
constituting a water retention level. This level is not continuous, as it was not detected
in some areas of Plaza de San Antolin during the conducted surveys.

(2) The natural stratigraphic sequence begins with a deposit of gravels and sands consti-
tuting one of the high Pleistocene terraces of the Carrion River. Its thickness is also
variable, generally decreasing as it approaches the river. These are highly permeable
materials where the main aquifer in the area is located.

(3) Clays and marls from the Miocene, belonging to the Duefias Unit. This level is water-
saturated and has very low permeability. The depth at which the top of this level
is located varies, usually between 5 and 7 m. It is worth noting that its top is not
horizontal but presents an undulating shape, defining a basin-like geometry in the
subsurface of the San Antonin Crypt.

This study has confirmed that the recurrent historical floods experienced by the San
Antolin Crypt before 2021 are related to episodes of heavy rainfall. Despite the partial
prevention of water infiltration into the subsoil by the stormwater drainage network, the
gardened areas, undeveloped lots in the nearby areas, and other possible pathways fed the
underground aquifer, leading to a rise in the water table and the consequent flooding of
the crypt.

However, the persistent flooding that began in mid-2021 and ended in 2023 is not
related to periods of heavy rainfall. Instead, a direct relationship has been found between
the gardening of Plaza de San Antolin and this flooding episode. This, together with the
lack of the “black level” in this square and the existence of archaeological test pits down
to ~5 m depth, has increased the permeability of that area. Thus, rainwater and irrigation
water have greatly contributed to the flooding of the crypt. Additionally, any ruptures in
the supply or drainage networks should not be ruled out, which would also explain the
high levels of humidity detected in this area.
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As a result of this study, several recommendations were made to the Palencia City
Council to prevent or mitigate the detected problems in the crypt. (1) Short-term measures:
avoid, as much as possible, watering in Plaza de Cervantes, and especially in Plaza de San
Antolin; (2) review the municipal supply and stormwater drainage networks to prevent
possible losses, especially recommended in Plaza de San Antolin, where there is a significant
water supply that does not seem solely related to natural processes; and (3) although
artificial water inputs to the area are avoided, infiltration during heavy rains will be
inevitable, so flooding of the crypt will still occur during periods of heavy rain. It is
therefore recommended that automatic drainage submersible pumps be installed in the
crypt well.

Finally, it is important to emphasize the importance of conducting geological-
geotechnical studies in the vicinity of historical buildings, as any modification of the
environment can cause damage to the structure and compromise its maintenance and
stability. This study underscores how seemingly benign urban modifications can critically
alter subsurface hydrological regimes, posing significant risks to the structural integrity
and conservation of heritage sites.
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