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THEORETICAL FRAMEWORK

The Hazard and Risk Atlas for the municipality of EL Marqués, Querétaro is the scientific and
technological instrument designed to enable the precise identification of the various hazards present
within the municipal territory, assessing their potential impact and contributing to the development of
preventive programs that manage risk through the reduction of vulnerability in specific areas and, where
applicable, provide elements to support effective decision-making in the event of an emergency or
disaster.

Its continuous updating is carried out through studies focused on risk identification, which are
periodically renewed and include information on all disturbing phenomena affecting the municipality.

The level of risk defined within the territory is determined by the degree of vulnerability and exposure,
as a product of its socioeconomic dynamics. Over the past 30 years, the municipality of EL Marqués has
experienced rapid growth in urban development as a consequence of population increase and economic
activities, which have been the factors exerting the greatest influence in the region.

The increasing demographic density in certain areas of the municipality, combined with a population
distributed across a range of structural and geotechnical conditions, increases susceptibility to damage
and losses resulting from hazardous events or disasters. This situation is further intensified by a high
influx of transient population, supplies, and products, which structure an economically diverse territory
and are therefore exposed to the occurrence of disturbing phenomena of both natural and anthropogenic
origin (primarily chemical-technological).

The recognition of disturbing phenomena, their relationship with exposed systems, and the estimation
of damages and losses associated with their occurrence constitute core activities of this instrument and
are fundamental for defining clear actions, strategies, and policies in the field of comprehensive risk
management.

Comprehensive disaster risk management, as a territorial public policy, recognizes that risk is a process
derived from the appropriation and management of territory as a result of economic and political forces
and objectives. Consequently, risk can be anticipated by identifying and understanding the dynamics
that give meaning to economic activity.

The objective of risk identification and analysis is to understand how risk is constructed in order to reduce
it through the generation of policies focused on decreasing the vulnerability of exposed systems and
increasing the analytical capacities of the actors involved.
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LEGAL FRAMEWORK

At the federal level, this instrument is grounded in the General Civil Protection Law (latest amendment
published in the Diario Oficial de la Federacion — Official Gazette of the Federation — on May 20, 2021).
Article 2, Section IV establishes that the National Risk Atlas is an “integrated information system on
disturbing agents and expected damages, resulting from a spatial and temporal analysis of the
interaction between hazards, vulnerability, and the degree of exposure of the affected elements.”

Risk atlases constitute the reference framework for the development of policies and programs across
all stages of Comprehensive Risk Management (Article 19, Section XXII).

These stages are detailed in Article 10 of the aforementioned law. Comprehensive Risk Management
considers, among others, the following phases prior to the occurrence of a disturbing agent:

1. Knowledge of the origin and nature of risks, as well as the processes of their social
construction;

Identification of hazards, vulnerabilities, and risks, as well as their scenarios;
Analysis and evaluation of possible effects;

Review of controls for impact mitigation;

Actions and mechanisms for risk prevention and mitigation;

Development of greater understanding and awareness of risks; and

Strengthening of societal resilience.

NoO G A~®N

Article 23 establishes that the National Center for Disaster Prevention (CENAPRED, by its Spanish
acronym) is responsible for the integration of the National Risk Atlas.

This law further states that the Federal Government, with the participation of the federative entities,
shall promote the creation of databases that enable the identification and registration within the
National Risk Atlas of those federative entities and municipalities located in areas of risk, both for the
population and for public and private assets, thereby enabling competent authorities to regulate the
construction of settlements (Article 83, Diario Oficial de la Federacién, May 20, 2021).

This same article indicates that the federative entities shall promote, within the scope of their authority,
public access to the National Risk Atlas and ensure that its preparation follows the guidelines issued by
the National Center for Disaster Prevention (Diario Oficial de la Federacién, May 20, 2021).

Article 86 (Diario Oficial de la Federacion, May 20, 2022) establishes that within the National Risk Atlas
and the respective risk atlases of federative entities and municipalities, different levels of hazard and
risk must be defined for all phenomena influencing the various zones. These instruments must be
considered by competent authorities when authorizing or denying any type of construction,
infrastructure works, or human settlements.



Likewise, the General Law on Human Settlements, Territorial Planning, and Urban Development (latest
amendment published in the Diario Oficial de la Federacién on June 1, 2021) establishes in Article 10,
Section XXIV, that it is the responsibility of the federative entities to prevent and avoid the occupation
of high-risk areas by human settlements, in accordance with risk atlases and under the terms of the
applicable legislation.

General

The objective of this Risk Atlas within territorial planning is to identify areas that hinder the socio-
territorial development of the municipality and to identify spatial practices that alter the physical
behavior of the utilized territory, which may give rise to hazardous geophysical dynamics. This study
evaluates the relationship between urban and economic dynamics and the physical-geographic
environment; identifies the exposure and vulnerability of human dynamics, as well as the latent threats
present in industrial processes; and establishes a causal relationship interpreted through the concept of
risk.

The final objective of the program is to generate a widely disseminated Geographic Information System
that enables not only authorities but also the general population to understand the hazards present
within their territory, as well as their vulnerability and exposure, so that, through joint efforts, authorities
and organized society may achieve true Comprehensive Risk Management. This approach seeks not only
to strengthen the institutional capacities of authorities, but also to foster a culture of self-protection
among citizens.

Specific

1. To characterize hazards and threats of anthropogenic origin using methodologies that allow for
the identification of dynamics that may pose potential risks to the territory, as well as for the
characterization of the intensity of phenomena under emergency scenarios.

2. To generate global vulnerability indices composed of social vulnerability and physical
vulnerability, understood as the degree of susceptibility to suffer damage based on the
distribution and characteristics of economic systems, demographic components, and flows
derived from economic processes.

3. To develop a model of damages and economic losses based on the identification of exposed
systems and the analysis of the distribution of productive economic sectors.

4. To generate risk scenarios and potential impact assessments that enable timely operational
response, as well as the formulation of preventive actions and policies.

5. To define a portfolio of risk mitigation projects aimed at reducing the exposure and vulnerability
of the systems that make up the municipal territory.
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The following base map is provided as a general spatial reference for the entire document.

Due to the extensive number of thematic maps included in this Atlas, subsequent maps retain their
original cartographic language. However, all thematic interpretations, titles, descriptions, and analyses
are fully presented in English.
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Standardized map footer
Description

This section corresponds to the standard cartographic footer, located at the bottom of all maps
included in the document. It consolidates essential technical and reference information to ensure
consistency, clarity, and proper interpretation of the cartographic products.

It includes:
o Credits: data sources, institutions, year of preparation, and responsible parties.
e Symbology: basic cartographic elements and graphic conventions.
e Location: regional and national location inset map.

e Cartographic parameters: scale, projection, datum, ellipsoid, and other technical specifications.

This cartographic footer is consistently used across all maps in the document.
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Translator’s Note

The translation of graphic elements varies depending on their original source. Therefore, some elements
remain in their original language; however, sufficient contextual information is provided to ensure proper
understanding and interpretation.

Characterization of Natural Environment Elements

The Hazard and Risk Atlas aims to diagnose, assess, and identify hazards, vulnerability, and risks
within a given geographic space. A necessary step to achieve this objective is to conduct a detailed
analysis of the geographic conditions of the study area. To this end, various topics known as natural
environment elements are examined, as they contain the essential information required to understand
the geographic context.

The integrated study of geographic elements provides an initial approach to understanding the natural
physical dynamics of an area and, consequently, to identifying the main phenomena occurring within it,
as well as their periodicity, magnitude, recurrence, and spatial distribution. The natural environment
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elements required for this type of study include physiography, geology, geomorphology, edaphology,
hydrology, climatology, and land use.

Initially, local physiography is presented, illustrating the different types of landforms. Knowledge of
their typology and location provides an overview of topographic forms that, when associated with
other characteristics of the area, allows for a preliminary analysis of potentially hazardous natural
phenomena.

Geology, in turn, provides basic information on rock types, showing their spatial distribution, age,
origin, and relationship with other structures such as faults and fractures. These data are directly
related to the intensity of earthquakes, slope instabilities, faults, subsidence, and other hazards.

With regard to geomorphology, this information makes it possible to understand the processes
responsible for landform development. Through this understanding, the endogenous and exogenous
dynamics of the territory under study are identified, contributing to the prediction of potential changes
in landforms, such as landslides caused by slope instability.

Edaphology addresses the different soil classifications, allowing for the identification of essential soil
material characteristics such as consolidation, grain size, susceptibility to erosion, and behavior in
response to the influence of other factors such as climate and human activities.

Hydrology describes the spatial distribution of water bodies and channels within a given territory,
whether permanent or seasonal, as well as the type of water they contain, including surface runoff and
groundwater. When combined with other natural environment elements, this information enables
specific  hazard determinations, such as the identification of flood-prone areas.

Climatic information makes it possible to identify the meteorological and atmospheric patterns present
in a given area and, consequently, to determine the most common hydrometeorological phenomena, as
well as their general characteristics, such as impact area, probable magnitude, and temporal recurrence.

Land use and vegetation analysis allows for the identification of the spatial distribution of human
activities, population centers, agricultural areas, and zones dedicated to the conservation of natural
ecosystems. This information is essential for determining the degree of societal exposure to natural
hazards. Likewise, in the case of protected natural areas, it enables the identification of ecosystems
that are vulnerable to specific hazards, such as wildfires or erosion, among others.

Physiography defines the structure and morphology of the relief of a given region; these are determined
through the integrated analysis of topographic, geological, and hydrological information, forming
relatively homogeneous units known as provinces. The Mexican territory is divided into 15 physiographic
provinces, which are further subdivided into 86 subprovinces, based on multi-scale analysis.
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The municipality of EL Marqués is located within two major physiographic provinces of the Mexican
Republic: the Eje Neovolcanico, also known as the Faja Volcanica Transmexicana (FVTM, by its Spanish
acronym), and the Mesa del Centro (Central Mexican Plateau). The Eje Neovolcanico is one of the
provinces with the greatest variation in relief and rock types. It extends from the Pacific Ocean to the 2 - x 1

Characterization of Natural Environment Elements

/"\
Gulf of Mexico, forming a broad belt approximately 130 km wide. It begins along the western coast at \) N .
the mouth of the Santiago River in Bahia de Banderas, continues southeastward to the Colima Volcano, | \S
and then follows approximately along the 19° N parallel until reaching Pico de Orizaba and Cofre de =

Perote, covering a length of approximately 880 km. This mountain range is the highest in the country,
resulting in some of its peaks being permanently snow-covered. In addition, this province establishes
the physical boundary between northern Mexico and Central America, as well as altimetric, orographic,
and climatic limits. Within the municipality, this province occupies the central-southern portion, covering
an area of 525.9 km2, which represents 71% of the total municipal territory.

Mesa del Centro, formerly known as the Central Altiplano, extends across the northern portion of the
municipality, covering an area of 215.3 km?, equivalent to 29% of the municipal territory. This province,
characterized primarily by flat relief, is located in central Mexico and is distinguished by broad plains
interrupted by mountain ranges. Its average elevation ranges from 1,700 to 2,300 meters above sea
level, while the highest elevations reach up to 2,500 meters in the Sierra de Guanajuato.

»
-

Both physiographic provinces are subdivided into subprovinces with distinct topographic characteristics.
Within the municipality of EL Marqués, the Querétaro-Hidalgo Plains and Mountains subprovince and
the Northern Guanajuato Plains and Mountains subprovince are present. The characteristics of each are
described in the following table.

Tabla MF- 1. Physiographic provinces and subprovinces located within the municipality of El Marqués.

% of
municipal Characteristics
area

Physiographic Physiographic Area

province subprovince (km2)

The subprovince extends from west of the city of Querétaro

Ei Plains and to Pachuca, Hidalgo. In this same west—east direction, it .
je . . . . . . .
Neovolcanico Mour’1ta|ns of 525.9 71 features a corridor of low hills and plains. This .corrldor is &- \
Querétaro and enclosed by mountain systems, plateaus, and hills, almost ‘ . N,
Hidalgo all of volcanic origin, which exceed 2,000 m in elevation.. \

In this subprovince, slopes with vertical concavity

Mountains and predominate; individual mountain ranges present radial '
) . C . ; ) q 4
Mesa del Plains of Noﬂhern 2153 29 drainage and gullies Wlth- varying degrees of dissection, M .
Centro Guanajuato and the larger ranges include a steep central core, -
sometimes elongated and surrounded by gently concave
SlOpeS. Lawmnniani LA TmaTeS
Source: Municipal Geographic Information Compendium of the United Mexican States, El Marqués, Querétaro, Mexico.
. . s , ., .. . .- .. . Cretem - [rovem— [ SN—p———
Instituto Nacional de Estadistica y Geografia (INEGI) Mexico’s official national statistics and geographic information agency. o _' . — e

2009; National Continuum of the Geographic Data Set of the Physiographic Map 1:1,000,000, Series I. INEGI. Prepared by === — -
Soluciones SIG, S.A. de C.V., 2025. —— == s aa e




Geomorphology

The study of landforms, based on their origin and evolution, falls within the field of geomorphology.
This discipline is useful for understanding the formation processes of the various landforms that make
up a region, as well as the transformation processes affecting them. The geographic characteristics
inherent to the area—such as climate, geology, hydrology, and physiography—cause the relief-forming
processes (tectonism and volcanism) and relief-shaping processes (erosion and deposition) to act
differently on the landforms that comprise the municipal territory. As a result, distinct dynamics occur
within each landform, which must be understood as a fundamental basis for the development of various
studies and analyses.

The municipal territory is located within a semi-arid region, where precipitation is low, vegetation is
relatively sparse, and watercourses are dry or intermittent. Due to these characteristics, physical
processes such as the dissection of the relief by water flows, as well as sediment transport and
deposition, are not highly evident, except during short-duration, high-intensity rainfall events that
generate small torrents.

According to INEGI, the municipal territory is divided into eight major landform systems: alluvial plain;
alluvial plain with rocky or cemented surface; basaltic hills; basaltic hills with plains; dissected plateau;
steep high mountain range; volcanic mountain range with gentle slopes; and volcanic mountain range
with gentle slopes and hills.
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Table MF- 2. Landform System of the Municipality of El Marqués

Area 7 of
Landform municipal
area

Characteristics Location

(km?)

A broad flat landform formed by the
deposition of sediments or debris over
long periods by rivers originating in
highland areas.

Located in the central portion of the
municipality, in the communities of
Chichimequillas, Los Vega, Santa Maria de
Begoia, and Amazcala.

Alluvial plain 79.78 10.7

Alluvial plain with Sedimentary plain whose base consists

Found in a small portion of the municipality, in

t 29.24 . f rocks of vari i i
rocky or cemented 9 39 of rocks of various s.lzes or consolidated the localities of Atongo and Alfajayucan.
floor soils.
Located in the southeastern part of the
Basalt hills 81 109 Low, elongated ele\./atlons composed of terrltory, in tf’\e comm.un|t|es of El Paraiso,
basaltic rock. Jesus Maria, Coyotillos, El Colorado,
Guadalupe La Venta, and San José Navajas.
Located i u inth 1 rt of
Basalt hills Basaltic hills interspersed with flat ocate |n_a.sm_a areaintne W.es ern .pa ©
. . 229 3.1 . the municipality; the community of Tierra
with plains terrain.

Blanca lies on this landform.

Elevated plain whose relief features

Located in the central-northern part of the

Dissected plateau 1359 18.3 . .
P have been shaped by water erosion. territory.
i Elevated mountain range with abrupt Located in the northeastern part of the
Steep high . . .
. 79.4 10.7 slope changes due to heterogeneous municipality; the community of Matanzas lies
mountain range . s .
materials. within this landform.
. . Series of volcanic-origin mountains
Voleanic mountain covering large areas, with slopes Located in a very small area at the eastern
range with gentle  0.08 0.01 9'arg : P Y

ranging between five and fifteen
degrees.

edge of the territory.
slopes 9 Y

The most extensive landform within the
municipal boundaries. Major human
settlements such as La Cafada, San Isidro
Miranda, and El Colorado are located in this

Series of volcanic-origin mountains
with slopes between five and fifteen
degrees, interspersed with small rock

and/or soil elevations.

Volcanic mountain
range with gentle 312.7 42.19
slopes and hills
area.

Source: National Continuum of the Geographic Data Set of the Physiographic Map at a scale of 1:1,000,000, Series I. INEGI.
Municipal Geographic Information Compendium of the United Mexican States: El Marqués, Querétaro, Mexico. INEGI, 2009.
Prepared by Soluciones SIG, S.A. de C.V., 2025.

Additionally, the Local Ecological Land-Use Planning Program of the Municipality of El Marqués,
Querétaro (2017), identifies 17 geomorphological units of endogenous and exogenous origin within the
municipal boundaries. A unit is classified as endogenous when it is formed by internal forces acting on
the Earth’s crust, and as exogenous when it results from the degradation of relief through rock
weathering processes.

o L]
&

L
L L




b
o ]
=y HAZARD =+ AND -+ RISK - ATLAS -« 2025
e '
e v
e ;
. ©,, Ch . . f N I E . EI Table MF- 3. Description of Endogenous and Exogenous Landforms in the Municipality of El Marqués.
i aracterization of Natural Environment Elements Code — Origin 5
@ ' . Broken terrain or mountain hillside valley with V-shaped channels,
%", 1 - ; ) Exogenous B
o--» heterogeneous materials, and intermittent flow. i
$--i---8 Intermontane valley with a U-shaped channel, \
. . . . . Exogenous )

# @ unstable margins with rapid accumulation, and permanent flow regime. .

+ Prominent volcanic edifices rising above associated lava fields,

! 211 o . . Endogenous I

Fo-d- with limited fluvial dissection. '

-- :L;-_- 221 Asymmetrically arranged blocks with flanks of different lengths. Endogenous "

T 1

N 222 Landscape of gently sloping lava mesas. Exogenous

aaka L] :

] -*- Relief of intralava depressions !

: . y 223 formed by the arrangement of lava flows. Endogenous J

-8 . 1 ) ) . i

} R 3 Relief of intralava depressions !

i 1 224 E H

Ttroo® formed by the arrangement of lava flows. ndogenous !
241 Accumulative piedmont ramp. Exogenous
Plain of recent alluvial sedimentation with tephra,

: 261 volcaniclastic materials, Exogenous :

s i S and tuffs overlying lacustrine deposits at shallow depth.
.' Slopes of the southern flank of Zamorano Volcano ,
===p==f---9 313 and Cerro Grande and Cerro Alto, Exogenous
R - S with gradients between 18° and 30°. ' o

- ‘I‘ * Volcanic complex with a massif, :

i 321 . . Exogenous i

- drape-Llike structure formed by volcanic plateaus. \

] ) H

" ik . . . o

- i » ) 412 Slopes o_f domes and volcanic edlﬂc?s dl_splac?d Endogenous . 3
- P ( b by geological age and shaped by fluvial dissection. :
=== .. Y Slopes of volcanic edifices and associated lava mesas 1

i 415 . Exogenous !

. H forming individual structures. :

;’. 421 Smooth contours with convex geometry and mesa-like forms. Endogenous 1
wee + 2000 Fractured mountain ranges. Endogenous
o "‘ o 2001 Open V-shaped valleys. Exogenous ) .
I Y i

' 2002 Mesa-shaped lava flows. Endogenous .
el ,
O. H Source: Local Ecological Land-Use Planning Program of the Municipality of El Marqués, Querétaro, 2017. ===

' Prepared by Soluciones SIG, S.A. de C.V., 2025. i

- - N

: i---
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| * Mesa-shaped lava flows

H y Rt !

; % This unit refers to mafic lava flows with a flattened, plateau-like morphology that mostly overlie .-

; ignimbrites and are presumed to have been emplaced through much later fissural eruptions. Erosion is
H generally severe and, in some areas, moderate, mainly due to the presence of shrubland and grassland

. vegetation that provides limited protection against wind and water erosion. This geomorphological unit :
“* et ‘ U —— is located in the northern part of the municipality.
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* Fracturated mountain ranges

This unit corresponds to the mountainous area located to the north of the basin and is composed mainly
of Oligocene-age ignimbrites, and to a lesser extent of rhyolitic domes of similar age. It is characterized
by steep mountain slopes dissected by linear drainage networks, controlled by fracture systems, and by
strong incision processes. Rock escarpments reach heights of up to 50 meters and are subject to intense
erosional processes, further enhanced by steep slopes and the presence of induced shrubland and
grassland vegetation.

* Volcanic slopes

This unit corresponds to the slopes of the flanks of the area known as Cerro Grande, located in the
northern part of the municipality, which exhibit moderate to steep and abrupt gradients. The flanks are
composed mainly of volcanic-origin rocks (extrusive igneous), predominantly basalt and tuff as the main
lithological units. Potential erosion in this area is severe due to the combination of moderate, steep, and
abrupt slopes in areas where vegetation cover is sparse.

* Domos

This unit corresponds to dome-shaped hills of acidic composition formed by volcanic activity, located to
the west (dacites) and east (rhyolites) of the study area, where erosion has acted intensely on their
summits. These landforms are characterized by sparse vegetation cover due to limited soil development
and steep slopes, which have allowed erosional processes to act upon them. However, the relatively
short period during which they have been exposed has not favored deep dissection. Exogenous relief:
This type of relief is formed as a result of the degradation of landforms through rock weathering
processes. The main external agents contributing to this degradation are precipitation, surface runoff,
ice, and wind. When the erosion of rocks and soils predominates, it is referred to as denudational relief;
conversely, when subsequent degradation or deposition processes dominate, it is referred to as
accumulative relief.

* Denudational relief: Narrow V-shaped valleys
Corresponds to valleys located in the central part of the Municipality of El Marqués. Most of the channels
are intermittent and have incised the bedrock across mountains with moderate to steep slopes, forming

narrow valleys with high degrees of dissection. These valleys are controlled by fracture systems,
lithology, and the length of time the rocks have been exposed.
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* Open V-shaped valleys

This unit corresponds to perennial and intermittent streams that have carved valleys significantly wider
than the previously described ones, within the mountainous area located in the central part of the
municipality, which is mainly composed of Oligocene-age ignimbrites. These valleys have unstable
margins and therefore tend to transport sediments and rapidly accumulate them upon reaching the
piedmont.

* Accumulative relief: Tuff and volcaniclastic plainve acumulativo

It refers to the main valley or base level of the area, formed by deposits at its floor and, in certain
locations, by fine-grained sedimentary infill. In his study, Bocco (1984) groups this plain with others of
similar characteristics in the El Bajio region, which originated from Plio—Quaternary tectonic processes
and were later affected by volcanic activity that fragmented them, altering the pre-existing drainage
network.

* Piedmont ramp

Under this designation are grouped all deposits generated by downslope runoff and the subsequent
deposition of detrital material through stream processes, originating from the erosion of elevated areas
with poorly developed soils and sparse vegetation. These landforms are characterized by little to no
dissection and by gentle slopes that gradually decrease toward the valleys, particularly toward the main
valley located in the central part of the Municipality of El Marqués.

Geology

Geologically, the Querétaro Valley is located in a region where several major geological provinces
converge: the western foothills of the Sierra Madre Oriental, composed mainly of Jurassic—Cretaceous
marine sedimentary rocks; the southeastern boundary of the Sierra Madre Occidental, formed
predominantly by Paleogene felsic volcanic rocks; and the northernmost expressions of the Trans-
Mexican Volcanic Belt (TMVB), represented by Neogene—Quaternary volcanic rocks. As a result, the
geology of the Querétaro Valley incorporates stratigraphic characteristics derived from each of these
three major Mexican geological provinces.

From a tectonic perspective, the Querétaro Valley lies at the confluence of two relatively recent
structural systems: the Tula—Chapala fault system, with a general east-west orientation, and the
Taxco-San Miguel de Allende fault system, with a predominantly north—south orientation.

Geological knowledge of the Querétaro Valley environment has been developed through studies of
the large volcanic structures that surround the valley at a regional scale—such as Zamorano, Palo
Huérfano, La Joya, and the calderas of Amealco and Amazcala—as well as through regional-scale
volcano-tectonic research that includes the valley as part of broader geological analyses.
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The municipality presents a geology closely linked to the processes of formation and shaping of the
regional relief, which was largely created by volcanic activity. In this context, most of the municipal
territory is covered by igneous rocks, which occupy an area of 456.30 km?, equivalent to 61.5% of the
total municipal area. The remaining surface is composed of alluvial deposits and sedimentary rocks.

Table MF- 4. Lithological Characteristics of the Municipality of El Marqués.

Type Code Class Era Area (km?)
Alluvial Q(al) N/A Cenozoic 201.2
Andesite Tpl-Q(A) Extrusive igneous  Cenozoic 49.0
Sandstone Ts(ar) Sedimentary Cenozoic 17.7
Sandstone-conglomerate Ts(ar-cg) Sedimentary Cenozoic 56.0
Basalt Tpl-Q(B) Extrusive igneous  Cenozoic 221.0

Basalt-basic volcanic breccia Tpl-Q(B-Bvb) Extrusive igneous Cenozoic 3.4

Rhyolite Ts(R) Extrusive igneous  Cenozoic 26.2
Rhyolite—acid tuff Tr(T-Ta) Extrusive igneous  Cenozoic 1435
Acid tuff Ts(Ta) Extrusive igneous  Cenozoic 13.2

Source: Geological Vector Data Set of Map F14-10. INEGI. Prepared by Soluciones SIG, S.A. de C.V., 2025.

* Alluvial

When material particles are transported by water, soil formation occurs from alluvium, resulting in what
is known as alluvial soil. Soils may be transported by moving water such as rainfall runoff, river flow, or
marsh waters. Sedimentation may also occur in standing bodies of water, including lakes, wetlands, or
the sea. These soils are found in areas known as sedimentation plains, where the topography is generally
gently undulating or nearly flat. These soils often contain sufficient clay content to allow for water
retention and the construction of embankments or levees. These deposits cover an area of 210.2 km?,
extending from the central part of the territory to the southeastern portion of the municipality, including
the localities of Atongo, Amazcala, part of Santa Cruz, Guadalupe La Venta, and El Paraiso.

* Andesite

It is an effusive igneous rock of intermediate composition and dark color, composed of intermediate
plagioclase crystals, mafic minerals, and frequently volcanic glass. Its color ranges from light to dark
tones and may even appear black. Due to the low fusibility and high viscosity of andesitic lavas, these
flows tend to travel only short distances from their point of origin and generally accumulate near
volcanic fissures or vents in the form of masses, domes, or dikes. Within the municipality, andesite can
be found on the slopes of Cerro Alto, on the lower slopes of El Mitlan Hill, and in small areas to the
north and west of the municipal territory.
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* Sandstone

It is a rock composed of mineral fragments with grain sizes ranging from 1/16 mm to 2 mm (sand-sized
particles). In general terms, it can be classified according to the percentage of matrix material (the
material that binds the fragments) into arenites (0-15%) and wackes (15-75%). Based on mineral
composition—quartz, feldspars, and rock fragments—it can be further classified as arkose,
orthoquartzite, litharenite, and graywacke (lithic or feldspathic). This rock unit occurs in small outcrops
located in the southern part of the municipality, near the communities of EL Colorado, Palo Alto, and the
Polytechnic University of Querétaro.

* Sandstone-conglomerate

It is an association of rocks in which sandstone, previously described, predominates. Conglomerate is a
coarse-grained rock composed of fragments larger than 2 mm and up to more than 250 mm in size
(granules 2-4 mm, pebbles 4-64 mm, cobbles 64-256 mm, and boulders greater than 256 mm). The
clasts range in shape from spherical to sub-spherical and in degree of roundness from angular to well
rounded. This unit is located in portions of Atongo, Rancho Santa Lucia, San Vicente Ferrer, and San José
Navajas.

* Basalt

It is an effusive igneous rock of basic composition and dark color, frequently composed mainly of basic
plagioclase, augite, and olivine. It is the rock type that occupies the largest surface area within the
municipality. It is found throughout most of the southeastern portion of the territory, as well as in some
areas of the central and northern parts of the municipality.

* Basalto-basic volcanic breccia

This unit represents an alternation of basalts and pseudo-strata of basic volcanic breccias. Some of the
basalts are olivine-bearing, while others are lamprobolitic. The breccia pseudo-strata consist of basalt
blocks embedded in an ash matrix. This association of materials typically forms low hills and isolated
hills. It is located in a small area northwest of San Vicente Ferrer.

* Rhyolite

It is a volcanic rock composed primarily of quartz and alkali feldspar, in greater proportion than sodic
plagioclase. It ranges in color from gray to reddish and has a fine-grained texture, sometimes also
containing volcanic glass, with a chemical composition very similar to that of granite. It occurs in two
areas located at the eastern end of the territory, near the localities of El Lobo, Coyotillos, and San José
Navajas.

2025



* Rhyolite-acid tuff

It is an association of rocks in which rhyolite, previously described, predominates. Acid tuff, on the other
hand, is a rock of explosive origin formed from loose or consolidated volcanic material. It comprises
fragments of varying mineralogical composition with particle sizes smaller than 4 mm. This unit is found
across most of the northern area of the municipality, in the localities of Santa Maria de los Banos, La
Laborcilla, La Yerbabuena, and Los Pocitos.

The structural geology of the Municipality of El Marqués is characterized by geological faults and
fractures. With regard to faults, only one has a direct influence within the municipality; it has a
northwest—southeast orientation and is located south of EL Tangano Hill, along the boundary with the
Municipality of Querétaro.

Geological fractures with a northeast-southwest orientation are concentrated in the northern part of the
study area. Additionally, two more localized fractures are present in the central region of the
municipality: the first is located east of Cerro Alto, and the second is situated near the locality of El Pozo
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Edaphology

Edaphology focuses on the study of soil genesis, evolution, and the different soil classification systems.
This information is relevant for the diagnosis of hazards and risks that may affect a given area, as prior
knowledge of soil characteristics can help identify the physical properties of edaphic materials, such as
degree of consolidation, grain size distribution, infiltration capacity, susceptibility to erosion, and their
behavior in response to other influencing factors such as climate and human activities. Each region
presents different soil types due to its geographic characteristics, including climate, geology, hydrology,
geomorphology, vegetation, among others, as well as the weathering, erosion, and depositional
processes that occur within existing landforms. Thus, soil is a material that develops and evolves
gradually and responds to complex environmental interactions among the components of the natural
environment.

The predominant soils in the Municipality of El Marqués are vertisols, which correspond to soils found in
semi-arid to sub-humid climates with marked seasonal variations between dry and rainy periods. The
natural vegetation associated with these soils includes savannas, grasslands, and shrublands. Vertisols
are commonly found in lacustrine beds, along riverbanks, or in areas subject to periodic flooding. They
are characterized by a high clay content that expands when moist and contracts during dry conditions,
which can lead to the formation of cracks during the dry season. This property makes them highly fertile
but also difficult to work, as they become very hard during drought periods and extremely sticky during
the rainy season. Vertisols have low susceptibility to erosion and a high risk of salinization. Within the
municipality, they occur in association with phaeozem soils. Vertisols are distributed across almost the
entire municipal territory, with the largest extensions found in the western portion, where the localities
of La Canada, La Piedad, Jesus Maria, El Colorado, Dolores, and Santa Cruz are located.

Table MF- 5. Dominant soil types for the Municipality of El Marqués.

Dominant Soil Code Dominant Soil Secondary Soil Texture Area (km?)
VR Vertisol Phaeozem Fine 426.9
PH Phaeozem Vertisol- Leptosol Fine to medium 185
LP Leptosol Phaeozem Medium 120.4
UM Umbrisol Leptosol Medium 6.6

Fuente: Geological Vector Data Set of Map F14-10. INEGI.
Prepared by Soluciones SIG, S.A. de C.V., 2025.

Phaeozem soils rank second in terms of surface area within the municipal territory, covering
approximately 185 km?2. The largest concentrations are located in the easternmost portion of the
municipality, in Guadalupe La Venta, San José Navajas, Alfajayucan, and Atongo, as well as in the
central-northern area around the localities of Santa Maria de los Bafios and Matanzas. These soils, which
have variable depth, may occur under a wide range of relief and climatic conditions. They are
characterized by a dark, soft surface horizon rich in organic matter and nutrients. When found on flat
terrain, they are generally deep; however, those located on slopes or in areas with steep gradients often
have bedrock or strongly cemented layers as their main limiting factor. These soils are highly susceptible
to erosion and, when situated on slopes, may give rise to small-scale hillslope processes.
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Leptosols are found within the municipality mainly in two areas: the northern portion and in some
isolated patches in the eastern part of the territory. These soils often have depths of less than 10 cm
and are therefore generally located in areas with moderate to steep slopes or rugged topography. They
occur across all climatic zones and are particularly common in strongly eroded areas. Leptosols are
poorly suited or unsuitable for agriculture, with very limited potential for tree crops or pastureland. Their
most appropriate use is to remain under forest cover.

Umbrisols occupy the smallest surface area within the municipal boundaries, covering only 6.6 km2.
These soils are located in a narrow strip at the northernmost end of the municipality, where no human
settlements are present. They are characterized by a soft, dark-colored surface horizon rich in organic
matter, but with a low content of exchangeable bases.

Another important characteristic of the soils found within the municipality is their texture. Soil texture is
one of the most important physical properties, as it allows for the prediction of soil physical behavior,
enabling inferences about water movement within the soil profile, ease of management, and nutrient
availability. In addition, texture indicates the proportion of the fundamental soil particles—clay, silt, and
sand—which are grouped into fine-, medium-, and coarse-textured soils, respectively.

Fine-textured soils predominate within the municipality, meaning there is a prevalence of clay-rich soils
with poor drainage, low porosity, high hardness when dry, and a tendency to become easily
waterlogged. Soils with this texture extend across an area of 487.8 km?, representing 65.8% of the total
municipal territory. Soils with medium textures, that is, those with a balanced content of sand, clay, and
silt, cover an area of 251.1 km?, accounting for 33.9% of the total municipal area.
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Hydrography

The hydrography of the Municipality of El Marqués is mainly composed of intermittent watercourses,
which only convey water after moderate to heavy rainfall events. These streams originate in the highest
parts of the territory, located in the northern portion of the municipality. With regard to perennial
watercourses, only the Querétaro River is present. This river originates on El Zamorano Hill at an
elevation of 3,200 meters above sea level, in the Municipality of Coldén, where it is initially known as the
Gachupines Stream. It flows for approximately 10 km, receiving the Garambalito Stream on its right bank
and subsequently changing its name to Arroyo Grande. As it passes through the locality of La Laborcilla,
itis joined by the El Zapote and San Lorenzo streams, adopting the name Rio El Pinal, before discharging
into ELl Carmen Reservoir.

Upon leaving the reservoir, the river reaches the town of Chichimequillas, where it takes the name
Chichimequillas River. Farther downstream, it converges with the Pinal del Zamorano Stream in the
locality of Amazcala, at which point it resumes the name Querétaro River and changes its course toward
the southwest until reaching the reservoir of Jesis Maria Dam. It then crosses the localities of La Cafada,
Hércules, and the urban area of the city of Querétaro. Currently, this river is polluted due to various
factors, including domestic, industrial, livestock, and agricultural discharges.

Regarding lentic water bodies, the municipality contains the Pirules and ELl Carmen reservoirs, as well
as the Jests Maria Dam. These water bodies may overflow during the rainy season, affecting populations
settled near the channels that convey water released from the reservoirs.

With respect to groundwater, the municipality presents favorable conditions for infiltration, as the soils
in the area have medium textures, meaning there is a balance among clay, silt, and sand within the soil
aggregates. In addition, the nature and characteristics of the geological substrate and geomorphological
units allow for greater infiltration capacity.

The municipality is located within four aquifers: Valle de San Juan del Rio, Valle de Querétaro, Valle de
Buenavista, and Valle de Amazcala.

ATLAS - 2025



Table MF- 6. Characteristics of the aquifers located in the Municipality of El Marqués.

Commited Groundwater

Aquifer Aquifer Area Total recharge . Deficit (m?
code name (km?) (anual average) natural extraction per year)
discharge volume
San Juan del 136 262
North Gulf 2203 Rio Valley 2,031.38 1915 0 327.762 000
Lerma- Querétaro
Santiago- 2201 N 491.21 70 4 129.725 63724 840
. Valley
Pacific
Lerma- Buenavista
Santiago- 2204 31164 11 0.1 23.339 12 439 852
L Valley
Pacific
Lerma- Amazcala 23247
Santiago- 2202 600 34 2.8 54.447
o Valley 000
Pacific

+¢ THEORETICAL FRA

Source: Update of the average annual water availability in the San Juan del Rio Valley aquifer (2203),
Querétaro Valley (2201), Buenavista Valley (2204), and Amazcala Valley (2202), State of Querétaro.
CONAGUA, 2020. Prepared by Soluciones SIG, S.A. de C.V., 2025.

All four aquifers are subject to restrictions on groundwater abstraction, in effect since 1949 through an
Official Decree published in the Diario Oficial de la Federacion (Official Gazette of the Federation).
Through presidential decrees dated November 13, 1957; March 17, 1964; September 24, 1964; and
December 30, 1957, it was established that, due to reasons of public interest and for the protection of
aquifers, an indefinite restriction applies within the municipalities of San Juan del Rio, Tequisquiapan,
Pedro Escobedo, EL Marqués, Coldn, and partially within the municipality of Huimilpan, while the
municipality of Amealco was designated as an area of unrestricted groundwater extraction.

Basins and sub-basins

The National Water Commision (CONAGUA, by its Spanish acronym) is the administrative, regulatory,
technical, and advisory authority responsible for water management in Mexico. This agency carries out
its functions nationwide through thirteen basin organizations, whose areas of jurisdiction correspond to
the Hydrological-Administrative Regions (HARs). These regions are delineated in accordance with
municipal political boundaries to facilitate administration and the integration of socioeconomic data,
while also considering groups of watersheds, which are regarded as the basic units for water resources
management.

The Municipality of El Marqués is located within Hydrological-Administrative Region VIII, known as
Lerma-Santiago—Pacific. This region covers an area of 192,722 square kilometers and includes the
states of Aguascalientes, Colima, Guanajuato, Jalisco, the State of Mexico, Michoacan, Nayarit,
Querétaro, and Zacatecas.
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Table MF- 7 Geographic and Socioeconomic Data of Hydrological-Administrative Region VIII, Lerma-Santiago—Pacific
Code Vi

Hydrological-Administrative Region Lerma-Santiago-Pacific

Area (km?) 192722

Renewable water 2017 (hm?/per year) 35071
Mid-year population, 2017 (million inhabitants) 24.72
Population density (inhabitants/km?) 128.3
Renewable water per capita, 2015 (m3/inhabitant/year) 1419

Source Atlas of Water in Mexico 2018, CONAGUA. Prepared by Soluciones SIG, S.A. de C.V., 2025
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Figure MF- 1. Map of Hydrological-Administrative Region VIll, Lerma—-Santiago—Pacific
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Source: CONAGUA. Prepared by Soluciones SIG. S.A de C.V. 2025

Furthermore, the National Water Commission (CONAGUA) has defined 731 hydrological watersheds
for the administration of national waters. These watersheds are in turn organized into 37 hydrological
regions (HRs). Hydrological regions represent the natural boundaries of Mexico’s major watersheds and
are used for the calculation of renewable water availability. It should be noted that these regions are
grouped within the 13 Hydrological-Administrative Regions (HARs) described previously.

El Marqués is located almost entirely within Hydrological Region 12, Lerma-Santiago, which has a
territorial area of 132,916 km?. It is bordered to the north by Hydrological Regions 11 Presidio—San
Pedro, 26 Panuco River, and 37 El Salado; to the west by Hydrological Regions 14 Ameca River and 13
Huicicila River; and to the south by Hydrological Regions 16 Armeria—Coahuayana and 18 Balsas.
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Table MF- 8. Geographic and Socioeconomic Data of Hydrological Region 12, Lerma—-Santiago
Code 12

Hydrological Region Lerma-Santiago

Area (km?) 132916
Mean annual precipitation 1981-2010 (mm) 717
Mean internal natural runoff (hm3/year) 13062
Total mean surface natural runoff (hm3/year) 13062
Number of hydrological watersheds 58

Source: Atlas of Water in Mexico 2018, CONAGUA.
Prepared by Soluciones SIG, S.A. de C.V., 2025

Furthermore, a small portion of the territory located to the north, covering only 28 km?2, lies within
Hydrological Region (HR) 26, Panuco. This region is located in the central-northeastern part of the
Mexican Republic. It is bordered to the north by HR 25 and HR 37, to the east by the Gulf of Mexico and
HR 27, to the south by HR 18, and to the west by HR 12. This is one of the most important hydrological
regions in Mexico, as the volume of its surface water flows places it among the five largest regions in
the country. It is drained by a network of mainly perennial streams, as well as by a number of small
intermittent watercourses.

Table MF- 9. Geographic and Socioeconomic Data of Hydrological Region 26, Panuco.

Code 26
Hydrological Region Panuco
Area (km?) 96 989

Mean annual precipitation 1981-2010 (mm) 855

Mean internal natural runoff (hm3/year) 20224

Total mean surface natural runoff (hm3/year) 20 224

Number of hydrological watersheds 77
Source: Atlas of Water in Mexico 2018, CONAGUA. Prepared by Soluciones SIG, S.A. de C.V., 2025
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Figure MF- 2. Map of Hydrological Regions 12 and 26

Source: CONABIO. Prepared by Soluciones SIG. S.A de C.V. 2025

The Municipality of El Marqués is located within two major river basins: the Laja River Basin and the
Moctezuma River Basin. The former covers an area of 7,017 km?2 and has a network of tributaries, among
which the most important include the Arrastres River, San Marcos, El Plan, El Carrizal, and El Bocas. The
Laja River is the main contributor to the Ignacio Allende Reservoir, which is the primary water supply
source for Irrigation District 085, La Begoiia, in the State of Guanajuato.

At present, the Laja River Basin is severely altered. Although it still contains forested areas and
conserved zones, population growth, the conversion of forest areas to agricultural and/or livestock uses,
overexploitation of the groundwater aquifer, and the degradation of aquatic systems have impacted not
only ecosystems but also the productive systems upon which the survival of the basin’s population
depends. Likewise, a small portion of the municipality lies within the Moctezuma River Basin, which
belongs to Hydrological Region 26, Panuco. This basin is of great importance, as a large part of the
industry in central Mexico depends on it and consumes significant volumes of water. In addition, it ranks
among the leading sources of water supply for Mexico City and its metropolitan area, the most populous
region in the country.
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Figure MF- 3. Map of the Laja River and Moctezuma River Basins
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Table MF- 10. Characteristics of the River Basins Located in the Municipality of El Marqués
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Figure MF- 4. Map of Hydrological Sub-basins in El Marqués

ATLAS

2025

R L Pedonitns

Ormnage Carmeot
» R fsvrasr

A Apasey

Hydrological Municipal area % of municipal . Municipal area % of municipal
) . Sub-basin .
Region (km?2) area (km?2) area
R. Laja-
1. 2
12 Lerma- Laja River Pafiuelitos 50 0.20
Santiago
R. Apaseo 711.6 96
R. Extoraz 26.7 3.6
Moctezuma
26 Panuco . i
River Drainage 1.49 0.2
caracol

Source: Municipal Geographic Information Compendium of the United Mexican States, El Marqués, Querétaro. INEGI, 2009;
Hydrographic Network, Scale 1:50,000, Edition 2.0, Hydrological Sub-basins RH26 and RH12.
Prepared by Soluciones SIG, S.A. de C.V., 2025
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SR MF-08 “Basins and Sub-basins” Climate refers to the most frequent state of the atmosphere in a given location and is expressed through .
ke d- — o —_ a combination of physical properties known as climatic elements. These elements include temperature, I
. ; precipitation, humidity, wind direction and intensity, atmospheric pressure, solar radiation, and cloud **'
cover. In addition, climatic elements vary from one place to another due to the geographic conditions of ’ J"'I
o Wy
R each area; therefore, latitude, altitude, relief, the distribution of land and water, and ocean currents, in ] * |
e sk - combination with the elements described above, determine the climate types of a region. e |
- 38
- o
v Within the State of Querétaro, a variety of climate types are present, ranging from relatively warm and bd.
cohe humid climates in the eastern portion of the Sierra Madre Oriental to dry and semi-dry climates in the F 1
T Mesa del Centro. These climatic types are directly related to geographic factors such as differences in *'
""" elevation, minimal maritime influence, and primarily the Sierra Madre Oriental, which acts as an R o
N b orographic barrier that obstructs the passage of moist winds from the Gulf toward the interior slope, ,Jq
o giving rise to dry and semi-dry climates in the central part of the state. e
" + SR
e Within the municipal boundaries, three main climate types are present: temperate semi-dry, temperate e
o sub-humid, and, to a lesser extent, semi-cold sub-humid. e
! o-b e
, The temperate semi-dry climate occupies the largest area within the municipality, covering 655.5 km?, -k
- which represents 88.5% of the total municipal territory. Most of the human settlements in the M
municipality are located within this climate type, with the exception of six localities: El Lindero, La R
eeabeed Laborcilla, Rancho El Pinalito, El Artdn, El Fraile, and Las Cruces. This climate type is characterized by a * '
R mean annual temperature ranging between 12°C and 18°C, temperatures of the coldest month between " |
- -3°C and 18°C, and temperatures of the warmest month below 22°C. Summer rainfall accounts for T
-t~ approximately 5% to 10.2% of the annual total. H :1.1
-osbeodee The semi-cold sub-humid climate is found in a very small area of only 0.4 km?, located in the T
‘ northeastern portion of the municipality, along the boundary with the Municipality of Coldn. This climate “E“+ |
' ' | type has an average annual precipitation ranging from 1,500 to 1,600 mm. Mean annual temperatures P
S range between 5°C and 12°C, with 80 to 100 days of frost and zero to two hailstorm days per year. ‘
1 With respect to temperature, the municipality presents values ranging from 10°C to 18°C overall. The A S
1 warmest months occur from March to June, while the coldest months extend from November to .'*'J
1 February. haedees!
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. Graph MF- 1. Average Temperature Climatological Analysis for the Municipality of El Marqués . . .
TV Characterization of Natural Environment Elements
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Land use and vegetation Table MF- 11. Geographic and Socioeconomic Data of Hydrological-Administrative Region VIll, Lerma—Santiago—Pacific. 4 '
Type of land cover Area (km?) % of municipal area H

Land use refers to the occupation of a given area according to its suitability and, therefore, its m g5

development potential. It is classified according to its location as either urban or rural. Urban land Annual and semi-permanent imigated agriculture 16221 2060 e

represents a fundamental element for the development of the city and its inhabitants, as it is through *r

. . . L : Annual rainfed agriculut 181.18 23.01
urban land use that the urban structure is formed and, consequently, its functionality is defined. nnua’ rainfed agriciutre *
Human settlements 45.13 5.73 H
. L
According to the Vector Land Use and Vegetation Data Set, scale 1:250,000, Series VI, published by Water bodies 291 0.37 H
INEGI for the period 2017-2021, the Municipality of El Marqués has 44.08% of its surface area allocated Areas without vegetation cover 2.92 0.37 '
to rainfed annual agriculture. In addition, an area of 39.69 km? (equivalent to 5.73% of the total Oak forst (BQ) 2432 3.08 : H
municipal area) is designated as built-up urban area. This urban area is composed of the seven main Oak-pine forst (BQP) 588 112 H
population cent,ers of ’fhe mun|C|pa,l|ty: La ,Canada (mumcpal seat), Chichimequillas, Atongo, La Piedad, Crassicaule scrub 20,10 558 i
Santa Cruz, Jesus Maria, and the Lazaro Cardenas delegation. H oo
Induced grassland 74.46 9.46 0
. .
The remainder of the municipal territory is occupied by water bodies and original and secondary Secondary arboreal vegetation of oak forest 104.43 1326 o
vegetation, covering 354.39 km2, which is equivalent to 47.81% of the total area. Secondary shrub vegetation of oak forest 18.60 2.36 o--
Secondary shrub vegetation of crassicaule scrub 9.34 1.19 +
Graph MF- 3. Percentage of Municipal Area by Total Land Cover Types in the Municipality of El Marqués Secondary shrub vegetation of tropical dry forest 89.15 11.32 -‘o -
0/ d f . . . I Source: Vector Land Use and Vegetation Data Set, scale 1:250,000, Series VII, INEGI. .
0 e su pe rricie munici p d Prepared by Soluciones SIG, S.A. de C.V., 2025. 8 .
25 -y - - - - ‘ :
For the development of a hazard, vulnerability, and risk study, it is essential to understand how the R
20 surface of the territory is being used, as changes in vegetation cover and land use resulting from the : .
15 expansion of human activities lead to environmental destabilization and general degradation, increasing o8-
10 susceptibility to damage from natural phenomena. L |
a L ] 'E
5 The natural vegetation of the municipality has been severely affected by various anthropogenic activities, :
0 including overgrazing, logging, wildfires, and the removal of original vegetation for agricultural and LA
o @ o ) Qo N N S o > Qo Qo o livestock activities. It is noteworthy that the three vegetation types occupying the largest extent within ra
& & & & ¥ @Q Q,O? R U S .. . Y 9 . yp_ Py . N J . *
& & © <& ,\<b° & & N & @cﬁ O qe‘ & QQ} the municipal territory correspond to secondary vegetation, that is, vegetation that develops following
< 2 N N (4 < < . . .. . . . . .
bvq 6?‘” ,}VQ W S*A \{_<<O ((o@ K &cb eﬁ’é 0@“ \)p“ 0@“ the alteration or removal of primary or original vegetation. This process involves changes in floristic v
@ @ > > 2 N Q Q Q s . . . . . ]
.\of’” .\cg?‘ & Q@Q’ & O & & R~ & * DY * composition as well as in horizontal and vertical structure, which may vary depending on the length of
SO S N A A N U R o : ) . o e
& & & o° C O S & time since abandonment or the intensity of the disturbance.
< & > VS Q’QO @o Q/o H
oW« I ¥
% de superficie municipal s
L 1 ]
Source: Vector Land Use and Vegetation Data Set, scale 1:250,000, Series VII, INEGI. H
Prepared by Soluciones SIG. S.A de C.V. 2025
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Table MF- 12. Geographic and Socioeconomic Data of Hydrological-Administrative Region VIII, Lerma-Santiago—Pacific and Cerro Mitlan. Third in extent is induced grassland, which develops when original vegetation is
Type of vegetation Area (km?) % Occupied removed as a result of land clearing of any vegetation type. It may also become established in
OAK forest (BQ) 2432 3.08 abandoned agricultural areas or as a result of areas that experience frequent wildfires. This vegetation
Oak-pine forest (BQP) 8.88 112 type is abundant in semi-arid and dry climate regions and is common in flat areas or areas with gently
. , . o ..
Crassicaule scrub (MC) 20.10 55 und.ulatmg t0|.oogra.phy. I_nd%lced grassland cgvers 74.45 km? (equivalent to.9..45_/o of.the mur.\|C|pal
territory) and is mainly distributed in patches in the northern part of the municipality, with the highest
Induced grassland (PI) 74.46 9.46 .
concentrations located north of Matanzas.
Secondary arboreal vegetation of tropical dry forest (VSA/SBC) 104.43 13.26
Secondary shrub vegetation of oak forest (VSa/BQ) 18.60 2.36 Within the municipality, oak forests are also present in significant proportions, covering 24.32 km?, as
Secondary shrub vegetation of crassicaule scrub (VSa/MC) 9.34 1.19 well as oak—pine forests, which occupy 8.88 km2, mainly in the northern zone. Oak forests are composed
Secondary shrub vegetation of tropical dry forest (VSa/SBC) 89.15 11.32 primarily of large tree species, although shrub forms are also included. These forests may be evergreen,
Source: Vector Land Use and Vegetation Data Set, scale 1:250,000, Series VII, INEGI. deciduous, or marcescent. According to Rzedowski, their distribution ranges from sea level up to 3,100
Prepared by Soluciones SIG. S.A de C.V. 2025 m above sea level; however, most oak forest areas are located between 1,200 and 2,800 m above sea

level. The most common species within these communities include laurel oak (Quercus laurina), oak (Q.

Graph MF- 4. Percentage of Surface Area by Vegetation Types in the Municipality of El Marqués. magnoliifolia), white oak (Q. candicans), oak or roble (Q. crassifolia), quebracho oak (Q. rugosa), tesmilillo

14 oak (Q. crassipes), cucharo oak (Q. urbanii), charrasquillo (Q. microphylla), red oak (Q. castanea), black
oak (Q. laeta), laurelillo (Q. mexicana), Q. glaucoides, Q. scytophylla, and in tropical zones, Quercus
12 oleoides. Oak—pine forests, on the other hand, are characterized by the dominance of oak species
(Quercus spp.) over pine species (Pinus spp.). They develop mainly in areas of high forest importance,
10 typically at the lower altitudinal limits of pine—oak forests. These communities generally exhibit smaller

stature and lower height compared to forests where pine dominates over oak. The most representative
species in these communities include laurel oak (Quercus laurina), oak (Q. magnoliifolia), white oak (Q.
candicans), roble (Q. crassifolia), quebracho oak (Q. rugosa), tesmolillo oak (Q. crassipes), cucharo oak
(Q. urbanii), charrasquillo (Q. microphylla), red oak (Q. castanea), black oak (Q. laeta), and laurelillo (Q.
mexicana).

[e0]

(e}

N

Crassicaule shrubland is found along the boundaries with the municipalities of Querétaro and Coldn, as
. well as in the southern portion of the municipality. It covers an area of 20.10 kmZ, representing 2.55%
BQP MC P

N

of the total municipal territory. The dominant life forms in this type of vegetation are shrubs with spines,
- small leaves, and fleshy stems. This vegetation type is highly adapted to arid conditions and develops
at elevations ranging from 1,400 to 2,500 m above sea level, on shallow soils derived from igneous,
metamorphic, or sedimentary rocks. The dominant woody elements within crassicaule shrubland include
B % de superficie municipal Acacia schaffneri (huizache), Mimosa aculeaticarpa (cat’'s claw), and Acacia farnesiana (huizache).
Source: Vector Land Use and Vegetation Data Set, scale 1:250,000, Series VI, INEGI. Among the most |r,nportant (?aCFus épeues are Myrt.lllocactus geometrizans (gara_mb_u_llo), Opun.tla
Prepared by Soluciones SIG, S.A. de C.V., 2025, robusta (nopal tapdn), Opuntia imbricata, and Opuntia pubescens (perro). Other significant species

include Iresine diffusa, Karwinskia humboldtiana (tullidora), and Jatropha dioica (dragon’s blood).

| VSA/SBC VSa/BQ VSa/MC Vsa/SBC

The secondary vegetation types that occupy the largest extent within the municipal territory are
secondary arboreal and shrub vegetation of tropical dry forest, covering areas of 104.42 km? and 89.15
km?2, respectively. Under original conditions, the arboreal components of this vegetation type are of low
height, typically ranging from 4 to 10 m (occasionally up to 15 m). The herbaceous layer is quite limited
and is only noticeable after the onset of the rainy season, when regrowth or germination occurs.
Succulent and fleshy life forms are common. This vegetation is mainly located in the higher elevations
of the central portion of the municipality, northeast of El Carmen Reservoir, as well as in Cerro Blanco

24
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Protected Natural Areas

According to the National Commission of Protected Natural Areas (CONANP, by its Spanish acronym),
Protected Natural Areas (ANP, by its Spanish acronym) are terrestrial or aquatic portions of the national
territory that are representative of the country’s diverse ecosystems, where the original environment has
not been significantly altered and which provide ecological benefits that are increasingly recognized and
valued. These areas are established through a presidential decree, and the activities permitted within
them are defined in accordance with the General Law of Ecological Balance and Environmental
Protection, its regulations, the corresponding management program, and ecological land-use planning
programs. Protected Natural Areas are subject to special regimes of protection, conservation,
restoration, and development, depending on the category established by law. Federally designated
Protected Natural Areas are classified into six categories: Biosphere Reserves, National Parks, Natural
Monuments, Natural Resources Protection Areas, Flora and Fauna Protection Areas, and Sanctuaries. In
addition, most states in the country have state-level protected areas established by decree and
administered by environmental agencies or institutes of their respective governments. Within the
municipality of El Marqués, there is one federally designated Protected Natural Area: El Cimatario
National Park. This area was established by presidential decree on July 21, 1982 (first publication) and
July 27, 1982 (second publication) in the Official Gazette of the Federation (Diario Oficial de la
Federacidn). The park is located primarily within the municipalities of Querétaro, Corregidora, and
Huimilpan; only 2 hectares fall within the municipality of El Marqués, as a result of the redefinition of its
political-territorial boundaries. EL Cimatario National Park has an approximate total surface area of 2,447
hectares.

Image MF- 5. El Cimatario National Park
>

s

Source: El Universal Querétaro.




On the other hand, the municipality contains three state-level protected natural areas: Mario Molina
Pasquel “El Pinalito,” El Tangano, and Tangano Il.

State Reserve Mario Molina Pasquel “El Pinalito”

To the north of the municipality lies the protected natural area decreed as Mario Molina Pasquel, known
as El Pinalito. This area was designated under the category of State Reserve. It was officially decreed
on February 7, 2003, in the Official State Government Gazette “La Sombra de Arteaga,” and on March
4, 2003, it was incorporated into the Urban Development Plans of the Public Property Registry, entry 8
of single book No. 2. The reserve is located entirely within the municipality of El Marqués and covers an
area of 1,592 hectares. The relief characteristics of the area have promoted the isolation of populations
of animal and plant species. The National Commission for the Knowledge and Use of Biodiversity
(CONABIO) identifies the area as a nesting center for the Peregrine Falcon. Within this zone, 270 plant
species have been recorded, including oaks, pines, cacti, and ferns, among others, as well as 134 species
of vertebrates, such as frogs, turtles, lizards, whip snakes, rattlesnakes, hawks, hummingbirds,
swallows, pumas, armadillos, and others.

Image MF- 6. State Reserve Mario Molina Pasquel “El Pinalito”

Source: Blog Querétaro.
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El Tangano

To the south of the municipality lies the protected natural area decreed as El Tangano. This area was
designated under the category of Area Subject to Ecological Conservation. It was officially decreed on
March 22, 2005, in the Official State Government Gazette “La Sombra de Arteaga,” and on April 18,
2006, it was registered in the Public Property Registry under folio No. 2011/01. The area is located
within the municipalities of Querétaro, El Marqués, and Huimilpan, and has a total surface area of 855
hectares, of which 554 hectares (64.79%) are located within the municipality of El Marqués.

Within this area, tropical deciduous forest and crassicaule scrub vegetation are present in good
conservation status. These ecosystems provide important environmental services such as oxygen
generation, biodiversity conservation, carbon sequestration, and water infiltration. It is estimated that
the area contains approximately 180 plant species, of which 26 have current uses (medicinal,
ornamental, forage, and food-related), as well as 73 species of fauna, including rattlesnakes, hawks,
coral snakes, among others.

.
.

Image MF- 7. Protected Natural Area El Tangano.

Source: El Sol sale para todos, Querétaro
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Ecological Reserve El Tangano |l

Located in the southern portion of the municipality is the protected natural area known as El Tangano Il.
This area was designated under the category of Ecological Reserve Zone. It is situated between the
municipalities of El Marqués and Huimilpan and covers an area of 137 ha, of which 117 ha (85.40%) are
located within the municipality of El Marqués. It was officially decreed on May 22, 2009, in the Official
State Gazette La Sombra de Arteaga. This area provides continuity to the existing vegetation and
facilitates wildlife mobility, thereby preventing ecosystem fragmentation associated with the Protected
Natural Area El Tangano. A total of 180 plant species have been recorded in the area, along with 12
species of amphibians and reptiles, 54 bird species, and 7 mammal species.

Image MF- 8. Pr_otected Natual Area El Tangano.

»
1

Source: El Universal, Querétaro
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Pena Colorada Natural Resources Protection Area (APRN, by its Spanish acronym)

The Secretariat of Environment and Natural Resources (SEMARNAT), through the National Commission
of Natural Protected Areas (CONANP), announced the publication in the Official Gazette of the
Federation of the decree establishing the Natural Resources Protection Area (APRN, by its Spanish
acronym) Pena Colorada, covering a total area of approximately 4,843 hectares within the municipalities
of Querétaro and El Marqués.

This protected area was designated to safeguard groundwater recharge zones that supply water to
urban, agricultural, industrial, and tourist areas of the state capital. It is also of high ecological
importance, with records of approximately 250 plant species and more than 170 wildlife species,
including several classified under risk categories.

The decree promotes environmental education, the conservation of traditional knowledge, the
implementation of alternative technologies for sustainable resource use, and the protection of
archaeological sites, with active participation from local communities.

Image MF- 9. Natural Resources Protection Area Pefa Colorada

Source: CONANP
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Characterization of social and demographic elements

This section summarizes information on the main social, economic, and demographic indicators of the
municipality of El Marqués, based on official data published in the 2020 Population and Housing Census
Statistical and Geographic Yearbook, the National Statistical Directory of Economic Units (DENUE), and
information from government institutions such as the National Population Council (CONAPO, by its
Spanish acronym) and the National Council for the Evaluation of Social Development Policy (CONEVAL,
by its Spanish acronym).

The information presented below facilitates the consultation and interpretation of the prevailing
conditions of the population in the municipality and serves as a basis for estimating the social and
physical vulnerability indicators that are addressed in the following chapters.

Social characteristics

According to the 2020 census, the municipality of El Marqués ranks as the third most populated
municipality in the state. As part of the metropolitan area of the city of Querétaro, it has experienced
significant population growth, with up to 27% of its population originating from outside the municipality.

Image MS- 1. Demographic Indicators

[+ ] . .
AT 'R’]

231668 49.8% 50.2% 60 085 9673
d@ ) M. 1 Q ‘\’W
0.77 % 34 Muy bajo 34 %

Source:
Population and Housing Census, INEGI,2020. Prepared by Soluciones SIG. S.A de C.V. 2025

Approximately 0.7% of the population is considered within ethnicity indicators. Among this group, the
most frequently recorded Indigenous languages in the municipality are Otomi, representing 40.02%,
and Nahuatl, with 25.4%.
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An individual or community is considered to be living in poverty when they lack the resources necessary
to meet their basic needs. Poverty is one of the primary drivers of vulnerability; therefore, efforts to
reduce it are always a priority. In Mexico, the National Council for the Evaluation of Social Development
Policy (CONEVAL, by its Spanish acronym) is the institution responsible for defining, identifying, and
measuring poverty, in accordance with Article 36 of the General Law of Social Development (CONEVAL,
2018a).

CONEVAL identifies 34% of the municipality’s population as experiencing some degree of poverty,
based on indicators related to lack of social security, access to health services, housing quality, education,
income, and adequate food.

The National Population Council (CONAPO, by its Spanish acronym) classifies the municipality as having
a Very Low Urban Marginalization Index, which is associated with high coverage of basic services.
However, at the locality level, this indicator reveals significant heterogeneity, with Very High
marginalization levels identified in localities such as San Martin de Porres, Cumbres de Conin, and Banco
de Arenilla “La Y.”

The population pyramid shows that the municipality has a significant proportion of its population in
younger age groups, a characteristic typical of populations in developed economies. The average age in
the municipality is 34 years, and the femininity index is 99.3, indicating a ratio of 99 men for every 100
women.

Graph MS- 1. Population Pyramid
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Source: Population and housing census, INEGI,2020. Prepared by Soluciones SIG. S.A de C.V. 2025
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Education Sector Characteristics

The educational situation of a population reflects the level of opportunity available to achieve a better
quality of life, as individuals with higher educational attainment generally have greater access to well-
paid employment. In this context, the relationship between the social and individual development of a
territory and the availability of educational infrastructure is particularly significant.

Image MS- 2. Education Sector Indicators

2.87% 86.12% 10.59

Source: Population and housing census, INEGI,2020. Prepared by Soluciones SIG. S.A de C.V. 2025

The educational level of a given population is indicated by the average years of schooling, defined as
the total number of years of schooling completed by the population divided by the number of individuals
in that population. In the municipality, approximately one-third of the population has attained at least a
secondary education level.
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Health Sector Characteristics

Access to health services within a population can be assessed through indicators such as the insured
population, the availability of medical personnel in a given region, and municipal mortality rates. Access
to health services is essential for determining overall well-being, as it reduces population vulnerability.
Individuals who report having entitlement to medical services through a public or private institution are
considered insured beneficiaries.

Image MS- 3. Health sector indicators
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Source: Population and housing census, INEGI,2020.
Prepared by Soluciones SIG. S.A de C.V. 2025

In 2001, the International Classification of Functioning, Disability and Health defined persons with
disabilities as “those who have one or more physical, mental, intellectual, or sensory impairments
which, when interacting with different social environments, may hinder their full and effective
participation on an equal basis with others” (INEGI, 2010).

Within this category, 3.7% of the municipality’s population experiences difficulties in performing certain
activities or tasks and is therefore considered a population with activity limitations, constituting a
vulnerable demographic group.
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Housing Characteristics

The quality of housing within a population reflects its living conditions and is therefore a valuable
indicator of vulnerability. Higher or lower housing quality corresponds to lower or higher levels of
vulnerability to potentially harmful natural or social phenomena.

Image MS- 4. Housing sector indicators
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Source: Population and housing census, INEGI,2020. Prepared by Soluciones SIG. S.A de C.V. 2025

According to the National Housing Commission (Comisién Nacional de Vivienda, CONAVI), for a dwelling
not to be considered as experiencing deprivation, it must have access to basic services such as electricity,
drainage, and piped drinking water. The absence of any of these services would severely affect the
quality of life of the household’s occupants. In this regard, the municipality is classified as having very
high coverage of these basic services.

It is generally considered that when a dwelling has a dirt floor, its occupants have a very high likelihood
of belonging to a population group with very limited economic resources, thereby categorizing them as
highly vulnerable. This is due to the impact that dirt floors have on housing value, as well as their
association with health problems and increased susceptibility to disease. However, it should be noted
that there are population groups who, for cultural reasons, choose to use dirt floors in their homes.
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IDENTIFICATION OF DISTURBING PHENOMENA

Geological phenomena are associated with the volcano-tectonic and geomorphological dynamics of the
landscape in relation to current land occupation. Therefore, the physical conditions and their relationship
with the triggering factors of high-energy geophysical processes are analyzed. Their identification is
accompanied by the estimation of return periods for the triggering factors, allowing the definition of
different scenarios that reflect the amount of potential energy released in each case.

Geodynamic processes produce both internal and external changes. Some of these processes—such as
tectonics, seismicity, weathering, and gravity—give rise to mass movement processes. These processes
occur as a means of reaching equilibrium under prevailing geological or climatic conditions; thus, slope
morphology is gradually modified over time in response to continuous change.

Areas with the greatest susceptibility to slope movements include regions with steep slopes, intense
weathering and erosion, seismic zones, and areas underlain by weak or poorly consolidated lithologies,
among others.

In recent years, these phenomena have increased as a result of demographic growth, urban expansion,
and deforestation caused by natural resource extraction or the enlargement of urban areas.

The continuous changes in land use, together with the occurrence of hydrometeorological phenomena
such as intense rainfall, facilitate the superficial or deep mobilization of the altered soil layer. This may
trigger landslides or the downslope displacement of rock blocks.

The main factors influencing slope instability are grouped into anthropogenic, morphological, biological,
geological, and physical categories. The following table presents some of the elements involved in each
factor.

Table GEO-A- 1. Main causes of mass movement processes

Causes Examples

Geological Lithologies, fractures, weathering, and erosion.
Morphological Terrain height and slope that define the geomorphology of the region.
Biological Presence of sparse or dense vegetation.

Antrophogenic Deforestation, urban expansion, wildfires, and modification of the terrain (mining, road cuts, etc.)

Physics Water saturation and infiltration on slopes; intense rainfall.

Source: Prepared by Soluciones SIG S.A. de C.V, 2025.
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Slope instability is conditioned, both in its origin and development, by different mechanisms that help
classify the existing types of processes. Based on these parameters, they can be grouped into four main
categories, plus an additional category derived from their combination.

Thus, the main mechanisms of slope instability are: falls or rockfalls, slides, flows, lateral spreads or
displacements, and complex movements.

Falls or rockfalls are highly noticeable along roadways, as they are sudden movements of soil and/or
rock fragments that occur on steep slopes, cliffs, and very frequently on artificial cuts.

Slides are mass movements of slope-forming materials that move along planar or concave surfaces and
are also commonly known as slumps. These, in turn, are subdivided into two types depending on the
nature of the sliding surface.

* Rotational

Slides in which the main failure surface is concave upward (spoon- or shell-shaped), producing a
rotational movement of the unstable mass of soils and/or rock fragments, with a center of rotation
located above the center of gravity. These rotational slides commonly occur in soft clayey soils, although
they can also develop in highly weathered soft rock formations.

* Translational

Slides in which the mass of soils and/or rock fragments moves outward and downslope along a more or
less planar failure surface, with little or no rotational or toppling movement. These are usually identified
as shallow slides in granular soils, or they are controlled by planes of weakness in rock formations, such
as bedding planes, joints, and zones with differing degrees of alteration or weathering, with a dip
favorable to sliding (CENAPRED, National Center for Disaster Prevention, by its Spanish acronym, 2006).
Translational slides involve the uniform, collective movement of the mass along one or more rupture
surfaces; their velocity is variable and they can transport large volumes of material. This type of
movement is strongly favored by discontinuities such as fault planes, fractures, or stratification planes.
Flows are movements of soil or rock in which particles, grains, or fragments move in a fluid-like manner.
Flows may range from very slow to very rapid, and may be dry or wet. In Mexico, most flows are rapid
and wet (Alcantara-Ayala, 2000).

Slope instability can also occur on gentle slopes; these processes are known as lateral spreading and
are caused by soil liquefaction during earthquakes. Movements that combine more than one process are
referred to as complex movements.



.....

Image GEO-A- 1. Types of slope instability processes

Deslizamiento Movimiento complejo
(deslizamiento y flujo)

Source: Derrumbes: una luz al final del tunel. Alcantara-Ayala, 2010

38

HAZARD = AND - RISK - ATLAS - 2025

In the municipality of EL Marqués, the events most frequently recorded are rockfalls and soil or rock
detachments, mainly in the La Cafada area. These events have had local coverage and significance and
generally result in minor damage to roadways. The documented events are associated with precipitation
that saturates slopes and cut slopes, triggering the fall of rocky material.

Image GEO-A- 2. Field evidence of landslide activity
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Source: Prepared by Soluciones SIG S.A. de C.V, 2023
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For the preparation of the landslide susceptibility map, a multicriteria analysis will be applied in
accordance with the Analytic Hierarchy Process (AHP) developed by Saaty (1990). This method consists
of formalizing the intuitive understanding of a complex multicriteria problem through the construction
of a hierarchical model, which allows the decision-maker to visually structure the problem and assign
numerical values to preferences through pairwise comparisons.

Within the methodology, the factors that condition the occurrence of these processes are identified and
levels of importance, values, and specific weights are assigned. These are then processed using map
algebra. For this analysis, the following conditioning factors were considered: lithology, slope,
geomorphology, and vegetation cover.

Susceptibility is a property of the terrain that indicates how favorable or unfavorable its conditions are
for the occurrence of instability. It refers solely to intrinsic (conditioning) factors of the natural materials
of a slope, without considering triggering factors such as precipitation or seismic activity (Almaguer,
2005; Gonzalez de Vallejo, 2002; IUGS, 1997; Leroi, 1997; Suarez, 1998).

Susceptibility analysis involves the relative quantification of the importance of each intrinsic or
conditioning factor in the likelihood of slope instability processes occurring. By summing the weights
assigned to each of the considered factors, different susceptibility values are obtained for a given
geographic area. These values are generally classified into generic categories: very high, high, moderate,
low, and very low susceptibility. Each criterion is interpreted and classified using values from 1 to 5,
associated with a color-coded traffic-light system. In this way, three scales are applied: 1) quantitative,
2) qualitative, and 3) color code (CENAPRED, 2016).

Table GEO-A- 2. Quantitative, qualitative, and color scale.

Quantitative Qualitative Color name Color

Very low Dark green

2 Low Light green

3 Medium Yellow

4 High Orange

5 Very high Red -

Source: Prepared by Soluciones SIG S.A. de C.V, 2025.
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The conditioning factors considered in this multicriteria analysis are:

Lithology

Slope

Vegetation cover
Geomorphology

Distance to geological structures

L 2D 2B 2 -

Table GEO-A- 3. Lithology classification

Lithology

Lithology studies the physical and chemical composition of rocks and describes their mineralogical makeup. Among all the parameters
involved in slope and cut stability/instability, lithology is one of the most important, since each material has specific characteristics and
resistances to both external and internal factors. In addition, differences in fracturing, permeability, and susceptibility to weathering
directly influence stability. The thickness of the soil layer is also relevant: greater thickness in soil horizons favors slope instability due to
rock weathering and increased porosity that allows water infiltration and saturation.

Relati
Weighting Categories 5::3:6
Andesite, basalt 1
Sandstone—
conglomerate; basalt— 3
basic volcanic breccia;
rhyolite—acid tuff
Limestone-shale; acid 4
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Table GEO-A- 4. Slope classification Table GEO-A- 5. Geomorphology classification
Terrain inclination (slope) is defined as the relationship between elevation change and the horizontal distance between two points. It is Geomorphology studies landforms, their characteristics, and the processes that shaped them. Many landforms are related to their
expressed as a percentage or in degrees. Slope is considered one of the main conditioning factors for slope instability. To obtain this lithology, tectonic processes, and erosion. In the context of slope instability, landforms with steeper slopes and denser drainage patterns
criterion, a slope map was generated from the Digital Elevation Model (DEM). are more prone to mass movement processes.
Relati Weighti . Relati
Weighting Categories elative eighting Categories elative value
value . .
Alluvial plain 2
0°a 15° 1 X
Hills 3
15°a 25° 2
25°a35° 3
35°a45° 4
0.307 0.2 .
Mountain range and 4
plateau
Greater than 45° 5
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Table GEO-A- 6. Land use and vegetation classification

Land use and vegetation

Vegetation cover on slopes is generally considered a stabilizing element, since the presence of shrubs and trees contributes to ground

resistance and reduces the impact of erosive processes caused by runoff generated by intense rainfall (CENAPRED, 2020). Changes in

natural vegetation influence slope runoff, which may lead to the formation of more pronounced drainage channels, transporting larger
volumes of water toward the lower parts of the slope and consequently increasing erosion.

Weighting Categories Relative value
Abundant vegetation 1
Moderate vegetation 2
0.136 Sparse vegetation 3
Agricultural areas 4
Urban settlements 5
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Once the characteristics of each conditioning factor were identified, a consistency evaluation was carried
out as part of the Analytic Hierarchy Process (AHP). This evaluation analyzes the relationship between
pairs of criteria, which are then qualified and quantified using specific parameters (Huang et al., 2003).
In this analysis, each parameter is assigned a score ranging from 1 to 4 according to the level of
importance of the relationship between the analyzed pairs.

Table GEO-A- 7. Parameters for determining criterion weights

Importance level Definition Description

1 Equal preference Both criteria (A, B) contribute equally to the slope process.

2 Moderate preference Past experience slightly favors criterion (A) over criterion (B).

3 Strong preference The dominance of criterion (A) over criterion (B) is clearly demonstrated.
4 Absolute preference There is evidence establishing the supremacy of criterion (A).

Source: Based on Saaty’s Analytic Hierarchy Process (1990). Prepared by Soluciones SIG, S.A. de C.V., 2025.

These concordance values are then entered into the Analytic Hierarchy Model, transforming this
subjective evaluation into a set of linear weights (Malczewski, 1996; Malczewski, 2000).

Once the criteria are established, a pairwise analysis is performed, which involves comparing each
alternative with the others in relation to each criterion individually, that is, on a pair-by-pair basis.

Table GEO-A- 8. Parameters for determining criteria weights

Criteria Lithology Slope Geomorphology Vegetation Cover
Lithology 1 1 2 3
Slope 1 1 1 3
Geomorphology 1/2 1 1 1
Vegetation cover 1/3 1/3 1 1

Source: Based on the proposed method. Prepared by Soluciones SIG, S.A. de C.V., 2025.

After comparing all the factors, the matrices are normalized; that is, each element of the matrix is divided
by the sum of its corresponding column. This process yields a normalized matrix such as the one shown
in the following table.
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Table GEO-A- 9. Normalized matrix.

Criteria Lithology Slope Geomorphology Vegetation Cover
Lithology 6/17 3/10 2/5 3/8
Slope 6/17 3/10 1/5 3/8
Geomorphology 3/17 3/10 1/5 1/8
Vegetation cover 2/17 1/10 1/5 1/8

Source: Based on the proposed method. Prepared by SIG, S.A. de C.V., 2024.

Using this matrix, the weight of each criterion is obtained by averaging the values of each row using the
following formula:

Criterion weights=(3xjj/n)/(3xj)
The following table shows the weights of the criteria:

Table GEO-A- 10. Normalized matrix

Criteria

Criterion Weight Level of importance

Lithology 0.357 Very important
Slope 0.307 Important
Geomorphology 0.2 Moderately important

Vegetation cover 0.136 Low importance

Source: Based on the proposed method. Prepared by Soluciones SIG, S.A. de C.V., 2024.

This weight is multiplied by the relative value of each conditioning factor. The relative value is defined
as a scale that quantifies the characteristics of each factor and its contribution to slope instability. Values
close to 1 are considered to represent properties that contribute lower susceptibility, whereas values
close to 5 indicate a proportional increase in susceptibility to slope instability. The results shown in the
table are used to assign the calculated value to each criterion map, which is then applied in the raster
map multiplication operation previously performed.

The areas with the highest probability of experiencing mass movement processes are mainly located in
the northern portion of the municipality, where the steepest slopes are found. Within the urban area,
the locality of La Canada presents high susceptibility on slopes or cut-and-fill embankments with steep
gradients.

The methodology described above considers only conditioning factors; therefore, the resulting map
represents a susceptibility model.

In the municipality of EL Marqués, slope instability has been identified as being primarily triggered by
rainfall, since seismic activity is minimal and not considered a significant triggering factor.
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In 2019, the National Center for Disaster Prevention (CENAPRED, by its Spanish acronym) published
the updated National Landslide Hazard Map, in which rainfall thresholds triggering slope instability
were defined based on documented cases for each federal entity in the main landslide-prone regions.
For the state of Querétaro, cumulative rainfall thresholds over a 24-hour period were established.

These rainfall thresholds, considered as a hazard factor, correspond to approximately 24% of the
average annual rainfall, which is 613 mm for this federal entity, establishing the following limits for
rainfall events:

* 139 mm within a Very High hazard range, since exceeding this value may result in multiple
landslides of large magnitude and volume, whose effects would be devastating in populated
areas.

* 104 mm within a High hazard range, as exceeding this value may trigger at least one

landslide of large magnitude and volume, causing considerable damage if the event occurs
in populated areas or road sections.

* 70 mm within a Medium hazard range, where exceeding this value may result in rockfalls or
small to moderate landslides, mainly along road cuts or slopes.

Based on the cartography of 24-hour accumulated precipitation isohyets for return periods of 2, 5, 10,
20, 50, and 100 years, the hazard zoning for accumulated rainfall was determined. Using map algebra
techniques, the hazard categories were combined with the susceptibility model for each rainfall return
period, resulting in landslide hazard indices for return periods of 2, 5, 10, 20, 50, and 100 years.
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Slope Instability
GEO-A-02 “Rainfall-Triggered Slope Instability Hazard. RP = 2 years”

Slope Instability
GEO-A-01 “Slope Instability Suceptibility”
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Slope Instability
GEO-A-03 “Rainfall-Triggered Slope Instability Hazard. RP = 5 years”
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Slope Instability
GEO-A-04 “Rainfall-Triggered Slope Instability Hazard. RP = 10 years”
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GEO-A-05 “Rainfall-Triggered Slope Instability Hazard. RP = 20 years”
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Slope Instability
GEO-A-06 “Rainfall-Triggered Slope Instability Hazard. RP = 50 years”
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The integration of innovative technologies in remote sensing and geoinformation has transformed the
acquisition, processing, and analysis of geospatial data, achieving greater precision and efficiency. In this
context, the present study has adopted advanced techniques such as superpixel classification, structure-
from-motion (SfM) photogrammetry, and the use of drones, which make it possible to address complex
geospatial challenges and improve the analysis of geological hazards.

Superpixel classification has overcome the limitations of pixel-level classification, increasing the
accuracy and applicability of remote sensing results (Tarabalka et al., 2010; Cheng et al.,, 2014).
Likewise, the structure-from-motion technique has proven to be an effective solution for the three-
dimensional reconstruction of terrain and structures from 2D images, promoting the development of
detailed cartography and the analysis of geomorphological changes (Westoby et al., 2012; Chandler,
1998).

The use of unmanned aerial vehicles (UAVs) in combination with photogrammetry has revolutionized
geospatial data acquisition. Several studies have demonstrated their effectiveness in the accurate
monitoring of vegetated areas and urban environments, providing detailed information for geological
hazard analysis, such as landslides and coastal erosion (Nex & Remondino, 2017; James & Robson,
2014; Estrada et al., 2019).

Slope characterization involves the analysis of topography, slope gradient, vegetation cover, and
material composition. For this purpose, the generation of three-dimensional point clouds using
specialized software such as MetaShape constitutes a key tool. The following methodology describes
the complete process, from image acquisition to the export of final results.

Data Acquisition and Preparation

The first step consists of acquiring images of the area of interest, ensuring high image quality, multiple
viewing angles, and sufficient overlap to allow accurate reconstruction. Optimal lighting conditions must
be considered, and camera calibration is required to minimize distortions. To improve the accuracy of the
3D model, the use of georeferenced ground control points (GCPs) is recommended, as they enhance
model scaling and allow validation of positional accuracy.

Processing MetaShape

Once the images are imported into MetaShape, they are organized by categories or viewing angles to
facilitate data management. The software then performs automatic image alignment by identifying
common points, generating an initial three-dimensional structure. This alignment must be carefully
reviewed to detect and correct potential errors.
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Afterwards, the 3D mesh is generated by adjusting parameters such as point density and model quality
according to project requirements. Subsequently, textures are applied to the model surface, producing a
realistic visual representation that is especially useful for temporal change analysis.

Model Optimization

Since automatic reconstruction may introduce errors, an optimization phase is conducted. MetaShape
allows the smoothing of irregular areas, removal of spurious points, and filling of gaps, ensuring a clean
and accurate model.

Point Cloud Segmentation and Classification

Using segmentation algorithms, different slope components such as rock outcrops, vegetation, and man-
made structures are identified. Automatic classification is performed using techniques such as Support
Vector Machines (SVM) or neural networks, assigning labels to points based on their geospatial and

visual characteristics.

Finally, a manual refinement process is carried out to correct ambiguous classifications and merge results
from different algorithms, thereby improving overall model accuracy.
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Slope Instability
GEO-A-08 “Susceptibility to Slope Instability in La Canada”
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Earthquakes
Introduction
The National Seismological Service of Mexico (SSN, 2025) defines an earthquake as the sudden rupture

of rocks within the Earth’s interior. This abrupt release of energy propagates in the form of elastic waves,
causing ground motion.

Image GEO-B- 1. Tectonic plates interacting in Mexico
e ays wtps wipe L o

s 1 «fra slee i n:
Source: Servicios Sismoldgico Nacional, 2025

Plate tectonics theory explains the occurrence of these phenomena. The Earth’s crust, the outermost
layer of the planet, is divided into several fragments known as tectonic plates (GEO-B-1). These plates
rest on the asthenosphere, a viscoelastic layer that is in constant motion due to convection processes,
in which hot material from the Earth’s interior rises toward the surface releasing internal heat, while
cooler material sinks back into the interior, where it absorbs heat again, repeating the cycle.

This phenomenon causes the movement of tectonic plates.

At plate boundaries, where plates come into contact with one another, frictional and deformational
forces develop within the materials. Earthquakes occur when these stresses exceed the strength of the
rock or when friction is overcome, resulting in a sudden rupture and the abrupt release of accumulated
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energy. This release generates an earthquake that radiates energy in the form of elastic waves, which
propagate in all directions through the subsurface.

When an earthquake occurs, body waves and surface waves are generated (GEO-B-2). Body waves
travel through the interior of the Earth and are classified into compressional waves (P waves) and
shear waves (S waves). P waves, also known as primary waves, compress and expand the medium
through which they travel in the direction of propagation. In contrast, S waves, or secondary waves,
propagate with motion in a plane perpendicular to the direction of propagation.

Image GEO-B- 2. Body and surface waves

(2) Ondasp (c) Ondas Rayleigh

e gt
.y b

Qo=
Extenoion

(b) Ondas-S

A

(d) Ondss Love

Comprosion

Dirocolon
Tranamiolon de Enorgla

Source: Servicios Sismoldgico Nacional, 2025

At the surface, both horizontal and vertical motions can be perceived, depending on subsurface
characteristics. These movements are caused by surface waves, which can be Rayleigh-type or Love-
type waves.

Rayleigh waves are generated by the interaction of P waves and SV waves (vertical S waves) and
produce particle motion that is both horizontal and vertical, confined to the plane of wave propagation,
resulting in an elliptical motion.

On the other hand, Love waves result from the interaction of SH waves with the surface, causing particle
motion that is purely shear and perpendicular to the plane of wave propagation.

The exact point where the seismic disturbance originates is called the seismic source or hypocenter,
which by definition is located beneath the Earth’s surface at depths ranging from a few kilometers to a
maximum of approximately 700 km. The epicenter, in contrast, is the projection of the hypocenter onto
the Earth’s surface; that is, the point on the surface directly above the focus, where the earthquake
reaches its greatest intensity (GEO-B-3).
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Image GEO-B- 3. Hypocenter and epicenter of an earthquake.
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Source: Servicios Sismoldgico Nacional, 2025

Earthquakes can be classified according to their tectonic origin into interplate and intraplate
earthquakes. Interplate earthquakes are directly related to the contact between two tectonic plates; in
Mexico, they are generated in the Pacific subduction zone. These events are the ones that have
historically caused the most severe damage in Mexico City, such as the September 19, 1985 earthquake.

On the other hand, intraplate earthquakes occur as a response to internal deformation within tectonic
plates and can take place anywhere active geological faults exist. They are classified as intermediate-
depth earthquakes and local earthquakes. The September 19, 2017 earthquake, with a magnitude of
7.1, which caused severe damage in the states of Morelos, Puebla, and Mexico City, was an intraplate
earthquake.



Due to the geographic location of the municipality of El Marqués within the Trans-Mexican Volcanic Belt,
it is characterized by a geotectonic environment defined by local fault systems, including eight groups
of faults and fractures distributed throughout the municipality, as well as regional faults and the Pacific
subduction zone. These tectonic features generate local and regional seismic activity that can affect the
municipality. According to the historical record provided by the National Seismological Service, covering
the period from 1900 to 2023, a database of at least 228 seismic events has been identified in the
vicinity of the state of Querétaro and in neighboring states. The hypocentral distribution is associated
with seismicity zones located in the northeastern, eastern, and southern parts of the municipality.

* To the northeast and east of the municipality, along the boundaries between the states of
Querétaro, Hidalgo, and San Luis Potosi, there is local and regional seismicity with depth
ranges between 2 and 70 km and magnitudes ranging from 2.8 to 4.6.

* To the southeast of the municipality, near the state boundary, four local seismic events have
been recorded.
* To the south of the state, along the borders of Querétaro, Michoacan, and the State of Mexico,

lies the highest concentration of seismic events. These events were used for the seismic
microzonation study, considering both local seismogenic sources and the Acambay-type

The Modified Mercalli Intensity Scale is used for a qualitative assessment of the type and severity of
damage caused by an earthquake. Below is a compilation of Modified Mercalli intensity maps from
several historical earthquakes that had an impact on the municipality of El Marqués:

June 7, 1911

April 25, 1941
March 24, 1979
September 7, 2017

L D .

According to the Minimum Content Guide for the preparation of the National Risk Atlas issued by
CENAPRED (2016), two types of analyses were carried out. The first focused on seismic hazard for
return periods of 50, 100, 250, 500, and 1,000 years, where hazard is defined as the maximum expected
spectral accelerations in the structural mass of the exposed systems. This analysis considered the
following fundamental periods: 0.0, 0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 seconds. The second part of the
analysis focused on the seismic microzonation of the main urban centers of the municipality, with the
objective of determining the fundamental periods and relative subsurface amplifications. Finally, three
acceleration scenarios were modeled for three different seismic sources, in order to assess soil behavior
under these scenarios.
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This section addresses the calculation of seismic hazard using a probabilistic approach. Seismic hazard
is commonly interpreted through curves that describe seismic intensity levels exceeded over specified
time intervals or return periods. To determine seismic acceleration, the Uniform Hazard Spectrum
proposed in the Earthquake Design Chapter of the Federal Electricity Commission (CFE) Civil Works
Design Manual (CDS-MDOC, 2015) was used, referred to as the “rock reference” spectrum. This
methodology proposes seismic design spectra with continuous spatial variation across Mexican territory,
which do not incorporate arbitrary reductions unrelated to seismic hazard, such as site effects. The
following figure presents this spectrum, where the abscissa represents the structural period and the
ordinate represents the horizontal acceleration components for different structural periods. This
spectrum was calculated for the municipal seat of El Marqués for return periods of 50, 100, 250, 500,
and 1,000 years.

Table GEO-B- 1. Response Spectrum for Different Structural Periods and Return Periods

=g TE0 =l==T10 =iv=Tr5 s Tl T 1000

A0

Source: Prepared by Soluciones SIG, S.A. de C.V., 2025.

In the previous figure, it can be observed that, in general, the maximum accelerations occur at structural
periods of approximately 0.15 seconds, with values significantly higher than those observed at ground
level. This indicates that, within the study area and for the reference earthquakes, low-rise rigid
structures (1-2 story buildings) would experience the highest structural demand. Taller structures, with
structural periods greater than 2 seconds, present lower accelerations; however, this does not imply
lower vulnerability, since in these cases larger displacements are expected. An approximately linear
relationship is observed, meaning that for longer return periods, an increase in acceleration occurs, which
implies higher structural design demands.
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GEO-B-04 “Historical Earthquakes: March 14, 1979”
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Earthquakes
GEO-B-03 “Historical Earthquakes: April 15, 1941”
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Earthquakes
GEO-B-05 “Historical Earthquakes: September 7, 2017”
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Earthquakes
GEO-B-06 “Seismic Hazard: 50 years Return Period (RP)”
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GEO-B-07 “Seismic Hazard: 100 years Return Period (RP)”
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Earthquakes
GEO-B-08 “Seismic Hazard: 250 years Return Period (RP)”
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& The H/V spectral ratio method (HVSR), also known as the Nakamura technique, is a simple, low-cost
oo approach for site response characterization that allows the identification of the dominant soil frequency
é e (or period) using ambient seismic noise measurements (SESAME, 2004).
* 'v
° The HVNR corresponds to the average of the H/V spectral ratios of ambient seismic noise recorded
R simultaneously at a station located at the study site, where H(f) represents the average of the spectral
.. amplitudes of the horizontal components and V(f) represents the average spectrum of the vertical
component. This can be expressed as:
_1 *ﬁ
bort-4 HUVNRG)=HHV(f)
$--4 Map GEO-B-11 shows the spatial distribution of 118 measurement points, which were selected to cover
- "+ six microzones that divide the municipality based on geomorphology, hydrology, and structural
T fracturing. Special emphasis was placed on housing typology, assigning a higher density of
? H measurement points to the industrial zone, followed by the residential zone, and finally the agricultural
'Y zone. According to the methodology proposed by Lermo and Chdvez-Garcia (1993, 1994), in order to
| ¢ observe frequencies as low as 0.2 Hz, it is necessary to conduct ambient seismic noise recordings with
EER A a duration of at least 120 minutes, place the sensor directly on the ground, and perform data acquisition
: at a sampling frequency of 50 Hz.
BB
; Imagen GEO-B- 4. Ambient seismic noise surveys conducted in the field
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;. Source: Prepared by Soluciones SIG, S.A. de C.V., 2025.
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For seismic noise signal processing, 200-second time windows with a 50% overlap were used. The
average horizontal component was calculated using the following equation:

HEN2AE2()2
The H/V spectral ratio was computed using the Geopsy software (Image GEO-B-05), developed within
the SESAME project (2004). The workflow for obtaining the H/V spectral ratio is illustrated in Image

GEO-B-05.

Image GEO-B- 5. Geopsy software interface and methodology for obtaining H/V spectral ratios

— #_ ME—
Wi

L 3 s il

[ r A e Pre—— S— i " ——
H M— e
1
F o
. i i Bt Wi S S
1 m—m—— )
= i = — | =

......

Source: Prepared by Soluciones SIG, S.A. de C.V., 2025.

To develop the dominant period and relative amplification map, data from 184 sites were processed
using the methodology described above, and their H/V spectral ratios were obtained.

The resulting isoperiod and relative amplification maps for the entire municipality of El Marqués are
presented together in Map GEO-B-12.

In the northern zone, where mountainous terrain predominates, the lowest amplification values are
observed, except in the lower part of the town of La Laborcilla, where the accumulation of sediments
transported by three converging rivers likely explains the higher relative amplification.

The highest amplification values are observed in the lacustrine zone, particularly near the town of
Amazcala. In contrast, the La Canada area exhibits soils with low relative amplification and dominant
periods shorter than one second.
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In the industrial zone, two spectral peaks can be identified: the first at high frequencies between 2 and
4 Hz, and a second, with greater amplitude, between 0.5 and 1 Hz. Similarly, the central zone shows
three spectral peaks: the first at high frequencies (around 10 Hz), the second between 0.8 and 2 Hz, and
finally at low frequencies between 0.3 and 0.6 Hz. In both cases, this amplification is not caused by
superficial sediments, but rather by a soft deposit underlying a basaltic hill, where the Zibata
development is located.
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& The municipality of EL Marqués, Querétaro, is affected by different seismic sources originating throughout
. . . the country. The seismic sources responsible for these events are divided into four groups: subduction
P earthquakes, intermediate-depth earthquakes, intraplate earthquakes, and local earthquakes (Fig.).
'v Image GEO-B- 6. Division of seismic sources and their possible regions of occurrence based on H/V spectral ratios
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—iaes — Considering the identified seismogenic sources, horizontal acceleration records were used to generate
Wy P i synthetic accelerograms of the November 19, 1912 earthquake (M 7.0) near Acambay, State of Mexico,
: which triggered the Acambay-Tixmadejé fault (Urbina and Camacho, 1913).
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To evaluate site effects in EL Marqués, the Nakamura (1998) methodology was applied, using synthetic
signals to reproduce local amplification differences.
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In the following figure, the methodology used to estimate surface accelerations in the municipality of El
Marqués from a seismogenic source is shown, using the Acambay earthquake (M7) as the reference
event.

Image GEO-B- 7. Methodology for Estimating Surface Acceleration
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Source: Prepared by Soluciones SIG, S.A. de C.V., 2025.

Maps GEO-B-13, GEO-B-14, and GEO-B-15 present the seismic scenarios for the entire municipality of
El Margués considering local, intraplate, and subduction sources. Areas with peak accelerations of up to
600 gals are identified for structural periods of 0.4 seconds, indicating a higher vulnerability of small,
rigid structures, such as low-rise housing and warehouses.

Itis essential to highlight that the areas with the highest acceleration coincide with the presence of faults
and fracture zones documented in the 2011 Municipal Atlas and in the study by Aguirre-Diaz et al.
(2005).

This, together with groundwater extraction through shallow wells, creates favorable conditions for the
development of ground subsidence and the appearance of surface cracks.
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GEO-B-13 “Local Earthquake Scenario”
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GEO-B-14 “Intraplate Earthquake Scenario”
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GEO-B-15 “Subduction Earthquake Scenario”
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Subsidence is defined as the progressive sinking of a portion of the Earth'’s surface due to various causes;
it can affect all types of terrain and results from stress changes induced in the ground by natural and/or
anthropogenic processes (Roberto Tomas et al., 2009).

Natural deformation

Slow processes of material dissolution and leaching
Consolidation processes of soft and organic soils
Soil liquefaction

Tectonic subsidence

* % % % %

The main anthropogenic causes include:

Application of surface loads (increased weight from buildings and infrastructure)
Poor compaction of clays and landfill materials

Overexploitation of aquifers

Soil overloading due to construction activities

Underground mining

Oil or gas extraction

* Ot Ok O ¢ ¢

Natural subsidence processes are generally very slow; however, they are often accelerated by
uncontrolled urban development. They pose a risk when they occur in urban areas, as they can damage
and crack buildings and affect their foundations.

When the phenomenon occurs, the ground may deform for a period of time and then return to its original
level, undergo permanent deformation, or cause fracturing of the ground surface and the buildings
located in the affected area.

Subsidence events are generally classified according to their spatial extent; that is, they may be local or
regional subsidence.

Recoverable (elastic) deformation

Subsidence or differential consolidation is related to the presence of compressible sediments arranged
in packages of variable thickness within the subsurface (Huizar-Alvarez et al, 2011). The stress
generated by this differential consolidation results in fractures and faults within the sediments.
Differential consolidation of sedimentary packages with contrasting thicknesses on either side of a fault
generates cracking, which later develops into faults visible at the surface (Avila—Olivera, 2008a).
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The relationship between changes in the piezometric surface and consolidation of the aquifer system is
based on the principle of effective stress. This principle states that when the support provided by fluid
pressure is reduced due to a decline in the piezometric surface, the support previously provided by pore
pressure is transferred to the skeleton of the system, which then consolidates to a certain degree.
Conversely, when pore pressure increases, as occurs during system recharge, the support previously
borne by the skeleton is transferred back to the fluid, causing the skeleton to expand. In this way, the
skeleton alternately undergoes consolidation and expansion each time pore pressure fluctuates with the
discharge and recharge of the system.

When the load acting on the skeleton is lower than any maximum load that previously acted upon it,
the fluctuations produce only a small elastic deformation of the aquifer system and, therefore, a minor
surface subsidence. This recoverable deformation occurs in all aquifer systems as a result of seasonal
changes in groundwater extraction; such reversible surface subsidence is on the order of a few
centimeters.

Image GEO-C- 1. Structural framework of the aquifer system in its two phases: expansion during piezometric recovery and
consolidation during drawdown
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Source: Avila-Olivera, 2004.
Permanent (irreversible) deformation

The maximum level of stress that the aquifer framework has sustained in the past is known as the
preconsolidation stress. When the load acting on the aquitard framework exceeds this preconsolidation
stress, the framework may undergo significant and permanent rearrangement, resulting in irreversible
consolidation. Since the framework defines the pore structure of the aquitard, this process leads to a
permanent reduction in pore volume when fluid is extracted from the aquitards and transferred to the
aquifers. In confined aquifer systems subject to overexploitation, the volume of water released as a result
of irreversible aquitard consolidation is equivalent to the volume of subsidence, which may range
between 10% and 30% of the total volume of extracted water. This represents a one-time depletion of
the groundwater reservoir, as well as a small but permanent reduction in the storage capacity of the
aquifer system.



Ground fissures represent the dominant type of surface failure associated with subsidence caused by
the differential consolidation of an aquifer system induced by groundwater extraction. These fissures are
tensile failures generated in materials below the ground surface and occur mainly along the margins of
basins filled with lacustrine and/or fluvio-lacustrine sediments, or in areas where the bedrock is exposed
or lies close to the surface. They develop in zones where differential consolidation of sediments takes
place, leading to their separation. These fissures are spatially and temporally correlated with piezometric
level drawdown, indicating that most of them are induced and directly related to groundwater extraction
(Galloway et al., 1999). Ground fissures tend to concentrate in areas where sediment thickness changes
abruptly. Initially, they appear as small cracks with widths of approximately half a millimeter,
interspersed with subsidence lines resembling rodent burrows. When fissures first open, they are
generally near-vertical, with widths ranging from 2 to 3 cm and little to no vertical displacement. Over
time, fissures may widen due to erosion and collapse caused by intense rainfall or surface runoff,
eventually evolving into channels (Laney et al., 1978).

Surface subsidence and/or tilting are sufficient to damage rigid or precisely leveled structures, as well
as roads, sidewalks, patios, swimming pools, sewer systems, potable water and gas pipelines, and
railway tracks. Deep wells used for groundwater extraction are also affected, as they may be displaced,
sheared, or uplifted as a result of ground deformation (Bell, 1981b; Martinez-Reyes & Nieto-Samaniego,
1990; Pacheco-Martinez & Arzate-Flores, 2002; Avila-Olivera & Gardufio-Monroy, 2004).

Synsedimentary faults

A geological fault is a discontinuity that forms in the Earth’s shallow crust (up to approximately 200 km
depth) when tectonic forces exceed the strength of the rocks. This discontinuity is generated by an
earthquake, which causes rupture within the bedrock accompanied by vertical displacement (normal or
reverse faults) or horizontal displacement (strike-slip faults). Such processes may also lead to the
release of igneous material, giving rise to volcanic structures, some of which reach the surface while
others remain buried.

The fundamental difference between a fault and other discontinuities that develop within the bedrock,
such as cracks, fractures, fissures, or joints, is that faults experience displacement, either horizontal or
vertical.

A synsedimentary fault is a normal or reverse geological fault that experienced seismic activity at some
point in its history, but which may subsequently remain seismically inactive for millions of years. In the
Bajio region, this process may be associated with tectonic activity that occurred at the beginning of the
Quaternary Era, indicating that the fault has experienced at least one episode of regional seismic activity
in addition to the event that originally formed it. Between the occurrence of such seismic events,
sediment deposition takes place, followed by consolidation and lithification, which may or may not
develop depending on the length of time elapsed between one earthquake and another.
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Localized ground subsidence

They are relatively smallin size and almost always occur rapidly or suddenly, reaching a few centimeters,
meters, or even hundreds of meters in diameter, but generally less than 500 m. Due to the speed at
which they occur, they can cause fatalities or disappearances when they take place in populated areas.

They are generally associated with different causes and environments; therefore, their size and location
depend on the nature of these originating phenomena. The most common natural causes are:

Hydrometeorological processes
Morphotectonic processes
Volcanic processes

Piping (soil piping)

* O % %

Regional subsidence

This phenomenon occurs slowly and affects large areas of land, resulting from natural and/or human
causes. It is defined by the lowering and deformation of the ground surface due to insufficient support
beneath the terrain, relative to a stable reference point (Marker, 2013). It typically develops in a delayed
manner in terms of time, space, and rate, owing to the shape, arrangement, and heterogeneity of soil
deposits. Because of its slow rate, it is practically imperceptible and may take hundreds or thousands of
years to develop, depending on local topography and environmental and climatic changes.

In basins of volcanic origin, ground subsidence commonly occurs due to their stratigraphic and
geomorphological characteristics, often inducing differential ground deformation (differential
settlement), as shown in Image GEO-C-1. The greatest subsidence is observed near tectonic faults (1),
while lesser subsidence occurs in more distant areas (2). The development of surface faults and fissures
is controlled by the configuration of the bedrock. In areas affected by regional subsidence, damage to
buildings and infrastructure is generally less severe than in cases of local subsidence (Figueroa-Miranda
et al., 2018).
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Image GEO-C- 2. Structurally Controlled Differential Subsidence
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Source: Figueroa-Miranda et al., (2018); modified by Hernandez-Madrigal et al. (2014).
Human-induced subsidence

Due to population growth and the increasing need to exploit subsurface natural resources, subsidence
processes have accelerated, with effects that are increasingly evident and that have significant
consequences for urban development.

The most frequent activities that induce or accelerate this phenomenon are:

Extraction of natural resources (mining, groundwater extraction, etc.)

Application of surface loads / construction of infrastructure or housing

Excavations in urban areas

Improperly implemented fill

Hydraulic issues / inadequate implementation or lack of maintenance of sewerage and
potable water systems

* % % %

Woater extraction

A decline in the water table generates an increase in effective stresses within the soil mass, which in
turn causes ground settlement (Terzaghi, 1943). The consequences of the imbalance between
groundwater pumping and aquifer recharge, in addition to differential subsidence, include a lowering of
the water table and a reduction in the water content within soil particles. This process results in
compaction or a decrease in soil volume. When materials are composed of essentially horizontal strata,
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the resulting volumetric deformation is one-dimensional, occurring primarily in a single direction. These
ground level declines depend on the local rate of groundwater extraction and on the depth and nature
of the sediments (CENAPRED, 2022).

This type of subsidence develops gradually over time, and several years or even decades may be
required before it becomes visible; however, when groundwater extraction is intensive, it can generate
significant subsidence and cause irreversible damage to engineering works, historic monuments, and
infrastructure (Image GEO-C-01).

Ground cracking

When subsidence occurs, it tends to manifest as ground cracking, affecting both the ground surface and
infrastructure (Image GEO-C-01).

Ground fracturing occurs as a result of any condition that leads to tensile stress within the soil. Cracks
may have multiple origins, including the contraction of compressible clays, stress induced by
construction in urban areas, hydraulic fracturing of soft soils, seismic activity, among others. However,
the largest and most destructive fractures are usually caused directly by subsidence associated with
groundwater extraction from local aquifers (Auvinet G. et al., 2013).

The Querétaro Valley is configured as a tectonic trough (graben) bounded by normal faults with a NNW-
SSE orientation along its western and eastern margins, and by ENE-WSW-trending faults at the
northern and southern ends (Aguirre-Diaz et al., 2000, 2005). The NNW-SSE faults are part of the
Taxco—San Miguel de Allende fault system (Demant, 1978; Alaniz-Alvarez et al., 2002), associated with
the Basin and Range extensional province.

Along the margins of the graben and in the surrounding areas, volcanic sequences and fluvio-lacustrine
sediments predominate, defining the lithology of the valley. Based on its volcanic stratigraphy, it is
possible to interpret the geological history of the region.

An analysis was conducted of the incidents reported by the Municipal Civil Protection Coordination of EL
Marqgués, and only two reports were recorded, along with a historical inventory of subsidence events
that have been reported over time.

* Different locations within the municipality have been identified where ponding occurs due to
heavy rainfall. This causes the soil to soften, leading to the formation of cavities that may
result in ground subsidence.

* OnJune 18, 2018, a ground subsidence event was reported on Prolongacion Constituyentes,
between El Mirador and Ciudad Maderas. The causes were attributed to water flow through
the area that had no outlet because its natural drainage path had been blocked with soil,
which triggered the event.
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* An 80-cm-diameter sinkhole was reported on July 24, 2022, in Cerrito Colorado. The event
was addressed by the Municipal Civil Protection Coordination of El Marqués, which carried
out the appropriate response actions

Image GEO-C- 3. Subsidence on Prolongacién Constituyentes

DInSAR technique

Complementarily, to determine whether subsidence rates exist and to identify locations within the
municipality where this process occurs, a remote sensing technique known as Interferometric Synthetic
Aperture Radar (DInSAR) is used. This is a geodetic technique that calculates the interference pattern
(fringes) produced by the phase difference between two images of the same area acquired by a synthetic
aperture radar mounted either on an aircraft or, preferably, on a satellite. Over different time intervals,
this technique makes it possible to observe ground surface movements.

The DInSAR technique consists of using pairs of SAR images from the same scene to obtain ground
elevation changes or surface displacements by calculating the phase variations between both
acquisitions. Radar images (real aperture radar) have very limited spatial resolution because it is directly
proportional to the antenna size. In contrast, SAR (Synthetic Aperture Radar) images provide higher
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resolution because backscattered pulses from features within the scene are continuously collected as
the platform moves along its orbit or flight path. These backscattered pulses are processed to generate
a product that appears to have been acquired by an antenna of very large dimensions, hence the term
“synthetic aperture.” Two generic points, A and B, are defined in the SAR image, and the expression for
the interferometric phase increment between A and B is derived.

Image GEO-C- 4. Basic concept of DInSAR.

A

T, . Ky
4 i i ) AW
' | \
] 'l g -

! time

Source: Sousa & Bastos, 2013.

An interferometric pair consists of two SAR images acquired either simultaneously from different
locations or at different times to quantify geometric properties of a scene. In interferometric pairs
acquired at the same time from different positions, phase differences are caused by differences in the
sensor—target distance. When images are acquired at different times, phase differences also include
geometric changes in the scene. The line that defines the separation direction between the antenna
positions of the first and second acquisitions is called the baseline (B).
The image produced from the phase differences of an interferometric pair is known as an interferogram.
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The topographic component of interferograms is removed using a Digital Elevation Model (DEM).
The radar imaging process also introduces geometric distortions that must be identified and corrected
using a DEM covering the radar image area. The DEM is additionally used to support image
georeferencing. For this municipality, DEMs were generated from contour lines obtained from 1:20,000
scale INEGI topographic maps.

Several satellites from different international research agencies acquire Synthetic Aperture Radar (SAR)
imagery. The images used for this analysis correspond to the Sentinel-1A satellite, operated by the
European Space Agency (ESA). SAR image processing was carried out using the SNAP software,
developed by ESA, and the analyzed images correspond to the study period.

As a result of rapid urban expansion, the increasing demand for water supply in populated areas has led
to a decline in static groundwater levels. This situation creates areas with a high probability of vertical
ground deformation, with some recent evidence already observed.

Poor planning of hydraulic infrastructure has also contributed to these problems, as watercourses are
modified without considering natural drainage paths, causing soil softening and potential collapse.

Due to the high level of identified susceptibility, an interferometric analysis was carried out, yielding the
following results: areas with the greatest subsidence show a maximum range of up to 6 centimeters,
while some areas exhibit accretion of up to 6 millimeters. These patterns are mainly observed in
agricultural areas, suggesting that the differences detected in the images may be related to the time of
acquisition, such as the harvest season or the rainy period, when the ground is saturated.
Since this is a qualitative analysis, more detailed studies are recommended to confirm or rule out the
phenomenon in specific areas.
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Karst processes

In geology, the term karst refers to the dissolution process of soluble sedimentary rocks, such as
limestone and dolomite, and to the formation of both surface and subsurface features derived from this
phenomenon. This process is associated with the action of water that may be slightly acidic or non-
acidic, which facilitates the dissolution of these rocks. The concept of karst also includes the different
types of water involved and their flow patterns within the geological environment.

A distinctive characteristic of karst is the wide variety of geomorphological features it presents, including
negative landforms such as dolines, uvalas, and poljes, as well as positive landforms such as mounds,
hills, ridges, mountains, and even mountain ranges. In addition, karst develops complex subsurface
features, including caves, shafts, sinkholes, siphons, and ponors, among others. These structures result
from the dissolution and differential erosion of soluble rocks in karst environments (Bautista, F., 2023).

Image GEO-D- 1. Diagram of the main karst morphologies
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Source : Andreu Rodes, et all. 2016.

Mexico has a continental area of 495,484 km? associated with potentially karstifiable rocks, representing
25.52% of the country’s continental territory. Of this area, 62.63% corresponds to continuous karst,
while the remaining 37.37% is considered discontinuous karst. Karst in Mexico is mainly composed of
continuous carbonate rocks (62.04% of the karst area) and discontinuous carbonate rocks (37.25%), To
a lesser extent, it also includes continuous evaporite rocks (0.06%) and discontinuous evaporite rocks
(0.12%).
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In addition, mixed rock zones, where carbonate and/or evaporite rocks occur together, represent 0.53%
of the karst area.

As shown in the map in Figure GEO-F-2, the most extensive karst areas in Mexico are associated with
the Sierra Madre Oriental, the Central Plateau, the Sierra Madre del Sur, the Sierra Madre de Chiapas,
and the Yucatan Peninsula, as reported by Gutiérrez (2008) and Bautista et al. (2023).
Karst in Mexico is present in 29 of the 32 states of the country; the only states where karst areas were
not identified are Mexico City, Baja California, and Tlaxcala (Estrada-Medina, H., & Alvarez-Rivera, O. O.,
2024).

Image GEO-D- 2. Distribution and types of karstifiable rocks in Mexico. Mixed rocks are defined as those composed
of at least 15% carbonate rocks and 15% evaporites
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According to the Minimum Content Guidelines for the preparation of the National Risk Atlas, published
in the Official Gazette of the Federation in December 2016, the assessment of karst-related risk analyzes
the intensity of karst development in the region in order to construct possible hazard scenarios.

Based on the municipality’s local geology and the karstification records from the National Risk Atlas of
CENAPRED, particularly for areas corresponding to the Sierra Madre Oriental, an analysis was
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conducted to assess whether the municipality presents the geological conditions necessary for the
development of this phenomenon.

Karstification in the State of Querétaro is associated with the Sierra Madre Oriental, where certain
regions present favorable conditions for karst development. However, within the municipality of
Querétaro, the necessary conditions for the occurrence of this geological phenomenon are not observed.
The following are some types of karstification that may be found in the Sierra Madre Oriental:

Tropical karst — Sierra Madre Oriental

Cuetzalan tropical karst — Sierra Madre Oriental
Rainforest karst — Sierra Madre Oriental

Warm sub-humid karst — Sierra Madre Oriental
Non-karstified limestone — Sierra Madre Oriental

* % % O %

Within the geological context of the municipality of EL Marqués, it has been determined that there are
no favorable geological conditions for the development of karstification processes. This is due to the
absence of geological formations typically associated with this phenomenon, such as soluble carbonate
rocks (e.g., marble or limestone), as well as the lack of a hydrological regime that promotes the
dissolution of these rocks by acidic water.

In addition, the regional topography and the predominant lithological composition are not conducive to
the formation of characteristic karst landscapes and cavities. Consequently, although the State of
Querétaro lies within a karst-prone region, the municipality of El Marqués is not exposed to geological
risks associated with karstification, as shown in Map GEO-D-01.
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Tsunamis

Tsunamis, also known as seismic sea waves, are natural phenomena characterized by a sequence of
waves that can reach heights of several tens of meters and have the potential to devastate coastal
areas by sweeping away everything in their path.

They are primarily generated by strong earthquakes on the ocean floor near coastal zones.

According to CENAPRED, in Mexico, 65 tsunamis have been recorded over the last 280 years, impacting
the Pacific coast with waves reaching up to 10 meters in height. At the national scale, the Gulf of Mexico
coastline is classified as having low tsunami hazard.

According to the Minimum Content Guidelines for the preparation of the National Risk Atlas, published
in the Official Gazette of the Federation in December 2016, the assessment of tsunami risk requires
analyzing wave generation caused by local earthquakes, distant earthquakes, continental slope
landslides, and lahars and/or volcanic flows produced by volcanic activity along coastlines or near
coastal lagoons.

The analysis must be supported by bathymetric and topographic information of the study area.

Areas affected by tsunamis were reviewed using the Atlas Nacional de Riesgos to measure the distance
between the municipality and the nearest point of tsunami impact.

The municipality of El Marqués is located at an average elevation of 1,860 meters above sea level
(elevation measured from the La Canada Civic Square) and at an approximate distance of 425 km from
the coast of the Gulf of Mexico, therefore ruling out the municipality’s exposure to this phenomenon.

HAZARD = AND -

Image GEO-E- 1. Distance from El Marqués to tsunami-affected areas

. LeEnos

. Locakes

Source: Atlas Nacional de Riesgos.

Soil Liguefaction

Liquefaction is a phenomenon that occurs when, as a result of ground motions induced by
earthquakes, pore water pressure in the soil—typically in saturated, uniform sands—increases to the
point that the soil particles lose contact with each other, causing the material to behave like a fluid.
This phenomenon occurs when pore pressure approaches the value of the mean total stress, i.e., when
the mean effective stress tends toward zero, the latter being the parameter that controls strength in
granular soils.

This naturally has serious consequences for structures founded on soils that experience liquefaction;
therefore, appropriate geotechnical design seeks to prevent this phenomenon from occurring
frequently or to mitigate its effects.

LEARE B B

™ ad ey M L wr d N

ATLAS - 2025



Image GEO-F-1. Soil liquefaction phenomenon:
a) deposit of low-density submerged granular soils; b) increase in pore pressure and loss of shear
strength due to seismic wave effects; c) soil densification after the earthquake.
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Source: Geotech

Studies such as those by Palacios et al. (2017) have developed methodologies to evaluate liquefaction
susceptibility, considering factors such as grain size distribution, deposit age, peak ground acceleration,
and epicentral distance. Empirical models, such as those proposed by Ambraseys (1988) and
Papadopoulos and Lefkopoulos (1993), have correlated earthquake magnitude with the maximum
epicentral distance of liquefied sites, generating equations that allow the estimation of liquefaction
potential in future events.

During the 1964 earthquake in Niigata, soil liquefaction caused building foundations to settle and tilt,
underground storage tanks to float to the ground surface, and large ground areas to undergo lateral
spreading, damaging underground lifelines, bridges, and port piers. During the 1989 earthquake in Loma
Prieta, California, soil liquefaction and the debris used to fill a lagoon caused significant subsidence,
fracturing, and horizontal ground displacement in the Marina District. As in these examples, a large
number of soil liquefaction cases following earthquakes have been documented in China, Japan, South
America, and North America.
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Image GEO-F- 1. Soil liquefaction caused by the 1964 earthquake in Niigata
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Source: Earthquake USGS

In Mexico, damage caused by soil liquefaction has been recorded near geological faults located along
the Pacific coast. Some of the states with the highest number of recorded liquefaction-related damages
in recent years include the Colima (1995, 2003) and Baja California (2010). During the 1995 earthquake
in Mexico, soil liquefaction of sands occurred in some low-lying areas of the epicentral zone in the state
of Colima, where most houses suffered damage caused by sand liquefaction and ground subsidence.

These precedents highlight the importance of integrating probabilistic approaches into the assessment
of liquefaction potential, improving the accuracy of seismic risk analysis.

Displacements associated with soil liquefaction

The loss of soil cohesion allows its mobilization, generating different types of displacements associated
with liquefaction. The most common types of displacement are:



* Lateral spreading

Lateral movement of shallow soil layers in areas with slopes of less than 5%, caused by soil liquefaction
during an earthquake. This phenomenon produces permanent displacements ranging from several
centimeters to meters, severely affecting structures such as bridges, roads, pipelines, and foundations.
Although it does not represent a direct threat to human life like tsunamis or landslides, it causes
significant damage to infrastructure.

* Bearing capacity failure

This occurs when liquefaction reduces the soil strength beneath foundations, preventing structures from
supporting their own weight. This results in differential settlement, extreme tilting, and severe structural
failure. During earthquakes such as those in Niigata (1964) and Kocaeli (1999), buildings tilted by up to
60° and sank several meters due to this type of failure, demonstrating its destructive potential.

* Oscillatory displacement failure

Chaotic and transient ground movement in flat terrain, where inertial forces during an earthquake cause
oscillation of non-liquefied soil blocks over an underlying liquefied layer. Although it does not produce
permanent lateral displacements like lateral spreading, it causes temporary fracturing, ground waves,
and damage to infrastructure, such as pipeline rupture and pavement cracking, as occurred during the
1989 Loma Prieta earthquake.

* Flow failure

Massive and catastrophic sliding of liquefiable soils on slopes greater than 5%, characterized by large
displacements (tens of meters or more) and severe internal disruption of the failure mass. This type of
failure completely destroys structures located on or within the affected soil. It is one of the most
destructive failure types associated with liquefaction, due to the magnitude of ground movement.

* Boiling failure

This occurs when the pore water pressure generated by liquefaction causes the violent expulsion of
water to the surface, forming jets or “sand boils.” Although this type of failure does not usually produce
large displacements, it can cause a loss of soil support beneath structures, leading to differential
settlement. It may also affect foundation stability and contribute to the deterioration of surface
infrastructure.
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According to the Basic Guide for the Preparation of State and Municipal Hazard and Risk Atlases (2006),
areas with potential for sand liquefaction require the following conditions:

“During the reconnaissance of surface geology, bodies composed of sands and silts can be easily
identified, especially those for which an estimated or known thickness of at least 10 m is present.

The essential conditions for the occurrence of liquefaction in this type of deposit, in addition to the
previously mentioned thickness, include the presence of a shallow groundwater table (less than 3
m), a low degree of compaction, equivalent to 20 blows in Standard Penetration Tests (G. de Vallejo,
2002), and that the site in question be located less than 200 km from potential earthquake
epicenters with magnitudes greater than or equal to 6.

Considering the above, and subject to consultation of quantitative methods in the geotechnical
literature—which require laboratory testing—it is possible to identify and report areas susceptible
to liquefaction due to seismic effects.”

Based on numerous cases worldwide, it has been identified that soil liquefaction may occur from
Intensity VI on the Mercalli scale or in areas exposed to ground accelerations equal to or greater than
0.1 g. Therefore, records of observed seismic intensities in the region, together with estimated peak
ground accelerations for different return periods, constitute key information for evaluating liquefaction
potential at a specific site.

Knowing that the conditions necessary for soil liquefaction include the presence of sandy soils, reported
groundwater levels, and the location of the municipality of El Marqués within Seismic Hazard Zone B,
areas with alluvial lithology are considered potentially susceptible to this phenomenon. However, to
date, no documented cases of liquefaction have been reported, suggesting that either it has not occurred
or that records are unavailable despite the historical seismic activity. Nevertheless, a multivariate
analysis will be carried out, taking the following variables as reference:

Areas by lithology
Static groundwater level
Seismic source

Tensile strength

* Ot X

The analysis of soil liquefaction susceptibility is presented using a statistical methodology known as the
Analytic Hierarchy Process, which was already explained in the previous subchapter.
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Lithology Table GEO-F- 1. Susceptibilidad a licuacién de suelos por litologia. . ¢
XY Alluvial Andesite Sandstone Basalt Rhyolite Tuff JYxy Yxy/n Relative weight Susceptibility o
Lithology studies the physical and chemical composition of rocks and describes their mineralogical Aluvial 1 5 1 5 5 3 20 33 0.30 5 .
L ] - -
composition. Among all the parameters involved in the stability or instability of slopes and Andesite 0.2 1 0.5 1 1 02 39 065 0.06 1 H
- embank.ments, lithology is one of the. main factors, since eaclzk_l ma.terlal presents speulﬁc characterls.,tllcs Sandston 05 3 1 3 5 03 128 213 019 4 ‘*
and resistance to both external and internal factors. In addition, its degree of fracturing, permeability, |
. . . . . ) ) ) ) Basalt 0.33 3 0.33 1 3 05 816 1.36 0.12 2 . -
and susceptibility to weathering directly influence stability. In this section, the thickness of the soil layer o
. . . . . . . o . Rhyolite ~ 0.33 3 0.5 3 1 3 1083 1.805 0.16 3 |
is also important, as greater thickness in soil horizons favors slope instability due to rock weathering o
: and increased porosity, which allows water infiltration and saturation. Tuff 02 3 033 3 3 1 1053 1755 0.16 3 .:: .
. . i
Seismic source * |
-
According to the seismic zoning of CFE, the municipality of El Marqués is located within Zone B. . -

Therefore, the entire area is assigned a susceptibility value of 3 for soil liquefaction due to seismic
source.
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Static groundwater level

For this variable, the following matrix was developed to obtain soil liquefaction susceptibility based on

the static groundwater level, which was subsequently represented graphically on a map:

XY

0-03m 04-05m .06-1m 1.1-15m

Table GEO-F- 2. Soil liquefaction susceptibility based on static groundwater level

>15m XY 3XXY/n

Relative weight Susceptibility

0-03m 1 5
0.4-0.5m 0.5 1 2 3 4 10.5 2.1 0.27 4
0.6-1m 0.33 0.5 1 2 3 6.83 1.366 0.18 3
1.1-1.5m 0.25 0.33 0.5 1 2 4.08 0.816 0.11
>1.5m 0.1 0.25 0.33 0.5 1 2.18 0.436 0.06

72

Tensile strength
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For this variable, the following matrix (Matrix 16) was developed to obtain soil liquefaction susceptibility
based on tensile strength, which was subsequently represented graphically on a map:

Table GEO-F- 3. Soil liquefaction susceptibility based on tensile strength

Aluvial

Alluvial

Andesite Sandstone

Basalt

Rhyolite Tuff JYxy ¥xy/n

Relative weight Susceptibility

Andesite 0.3 1.0 0.5 13 13 0.8 5.0 0.8 0.1
Sandston 0.5 2.0 1.0 25 25 1.5 100 1.7 0.2 4

Basalt 0.2 0.8 0.4 1.0 1.0 0.6 4.0 0.7 0.1

Rhyolite 0.2 0.8 0.4 1.0 1.0 0.6 4.0 0.7 0.1
Tuff 0.3 13 0.7 1.7 1.7 1.0 6.7 11 0.1 3

*-

$e+mk

™ ad ey M L wr d N



- WS e N T P e -:.:

X @O Kk 2®

73 . -
+¢ IDENTIFICATION OF DISTURBING PHEMOMERMA

From the relationship among these four variables, a soil liquefaction susceptibility index was calculated Soil Li facti * ¢
to generate a soil liquefaction hazard map, onf Liquetaction H
l.l

Suslic=(litX0.35)+(nex0.35)+ (X 0.10)+ (11X 0.20) B = _ - ne

Where: .
_____ * SusLic: Soil Ligquefaction Susceptibility Index (the final value indicating how susceptible the se s
ground is to liguefaction). *

* lit: Ground lithology score (a measure of the geological material characteristics in the area). ° $-

* ne: Static groundwater level score (indicates how deep or close the groundwater is to the ’
ground surface, affecting the likelihood of liquefaction). r

* fs: Seismic source score (evaluation of seismic activity in the area, as earthquakes can trigger . E B 'O
liquefaction). HE

* rt: Ground tensile strength score (measures the soil’s ability to resist tensile stresses, which H |

U S

also influences liquefaction). S ;

The formula weights each factor according to its importance, with Llithological factors and static i L
groundwater level having the greatest weight (35% each), while seismic source and tensile strength HH
have lower weights (10% and 20%, respectively). .
: X ..

The theoretical model applied to the El Marqués allows the identification of areas with higher - K HgpH
susceptibility to soil liquefaction, considering the interaction of key factors such as lithology, !
groundwater level, seismic activity, and soil strength. According to the analysis carried out, the .5
neighborhoods that present the highest susceptibility to this phenomenon are Chichimequillas and -
Amazcala. i
+

The analysis carried out is qualitative rather than quantitative. To rule out any type of impact, it is °--9
recommended to conduct specific and detailed studies in each area of interest. These studies may * |
include precise measurements of the thickness of each lithology, as well as continuous monitoring of * *
static groundwater levels in wells throughout the region. Likewise, for future updates, and in conjunction ‘_*_
with the results obtained from microzonation, it will be possible to further refine the analysis for each I H
area, allowing results to be presented at a more relevant and precise scale. A T
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®, Volcanism (volcanic eruptions)
L]
-
L 2
i According to Hubp (2011), volcanism refers to the processes and phenomena associated with the
movement of magma, often accompanied by fluids, from the deeper parts of the Earth’s crust and the
'v upper mantle to the surface. For hazard analysis purposes and following the Basic Guide for the
PR Preparation of State and Municipal Hazard and Risk Atlases of CENAPRED, volcanoes are classified
e based on their eruptive rates and the magnitudes of their eruptions. In Mexico, the average eruption rate
Ak over the last 500 years has been approximately 15 eruptions per century. At present, the Volcanic
_*_" Explosivity Index (VEI, by its Spanish acronym), defined by Newhall & Self (1982), is the most widely
a accepted scale for quantifying explosive eruptions, as it integrates multiple eruption characteristics
H (Table GEO-F-01).
-
H Table GEO-G- 1. Volcanic Explosivity Index (VEI).
+ Criteria VEI 0 1 2 3 4
L Description Non-explosive Minor Moderate  Moderate-Large Large
Erupted volume (m3) <104 104-106 106- 107 107-108 108-109
-0 Tsuya scale | 11-11 \Y \Y VI
.o Column height (km) <0.1 0.1-1 1-5 3-15 10-25
T Qualitative Mild and effusive Explosive Severe
® Hawaiian
H e Strombolian
. Classification Vulcanian
-0 Plinian
‘ L] Duration of explosive phase (hs) <1 1-6 <6 6 to more than 12
* Tropospheric Injection Minimal Minor Moderate Substancial
+ Stratospheric Injection none none none possible defined

Source: Adapted from Newhall y Self (1982).

In Mexico, much of the volcanism is related to tectonic activity produced by the subduction of the Rivera
Plate and the Cocos Plate beneath the North American Plate. The most characteristic feature of this
activity is the Trans-Mexican Volcanic Belt (TMVB), within which the study area is located. This region
hosts a wide variety of volcanic landforms, including monogenetic cone fields, large stratovolcanoes

: with elevations of around 4,000 m, shield volcanoes, composite volcanoes, calderas, fissure lavas, and

44 lava domes.
* Volcanoes that have shown activity over the last 10,000 years are of special importance, as they are
s considered active or potentially hazardous. CENAPRED has identified and categorized 68 Quaternary
¥ volcanoes and volcanic fields in Mexico based on several criteria. These volcanoes are considered active
. or hazardous due to their potential for future eruptions that could affect nearby populations and

infrastructure. The criteria used for this classification are comprehensive and include geological and
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historical parameters, hazard assessment based on recent activity, and the Volcanic Explosivity Index
(VEI). Specifically, Table GEO-D-2 presents examples of some of these parameters.

Table GEO-G- 2. CENAPRED classification.

Category 1 p 3 4 5
Hazard High Medium Moderate Latent Undefined
VEI criteria >3 >3 >3 >4 >3

Indefined
(existence of a single record)

Fuente: Prepared by Soluciones SIG, based on the classification of CENAPRED.

Mean recurrence time (years) =500 500-2000 2000-10000 <10000

Geological processes originating from volcanoes can be potentially hazardous; therefore, it is important
to define them. According to the Basic Guide for the Preparation of State and Municipal Hazard and Risk
Atlases, volcanic hazards are:

* Volcanic ash: Fine volcanic material carried by the wind over long distances, which can affect
very large areas and a large number of people.

* Pyroclastic flows: A hot mixture of gases, ash, and rock fragments that descends along the
volcano flanks at speeds of up to more than 100 km/h, with temperatures generally above
100°C.

* Lahar or mudflows: A mixture of volcanic materials (rocks and ash) mobilized by water from

melting of an ice cap, a crater lake, or heavy rainfall. It can easily travel 100 km at speeds
between 40 and 100 km/h.
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Imagen GEO-G- 1. Volcanic hazards.

N Ash plume
__L—)_D)-

Prevaillng wind —

Eruptive column

Valcahcoromters =

Main crater '

v

Pyroclastic flow ———— =

Volcanic avalurche

-

Parayitic cone / ,' . :
((‘ ' / i : = Lahar

—

Prepared by Soluciones SIG, 2024.

* Pressure or shock waves: Waves generated during explosive eruptions, which may carry

sufficient energy to cause structural damage.

* Volcanic edifice collapse and debris avalanches: Large landslides that may occur on a

volcano, produced by flank instability.

* Lava flows, lava sheets, and domes: Outpouring of molten rock originating from a crater or
from fractures on the volcano flanks, which descends at low velocities.Sismos volcanicos:
Eventos sismicos de bajas magnitudes y someros; generalmente se producen previo a la

actividad eruptiva y producen danos ligeros a las zonas aledanas a los volcanes.
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* Volcanic gases: A phenomenon that occurs even when the volcano is not erupting, composed
mainly of water vapor. Other volcanic gases include carbon dioxide (COz2), sulfur dioxide
(50z2), and various compounds of chlorine (Cl), fluorine (F), carbon monoxide (CO), and
nitrogen (N).

* Tsunamis: The mechanisms that may generate them include volcanic earthquakes, volcanic
explosions, collapses or subsidence, landslides, lahars, or pyroclastic flows that come into
contact with water, as well as atmospheric shock waves that propagate into the sea.

According to Ferrari (2000), the Trans-Mexican Volcanic Belt (TMVB) is commonly divided into three
sectors—Western, Central, and Eastern—which show significant differences in terms of volcanism type
and chemical composition. In the western sector, bounded to the east by the Colima Rift, the volcanic
arc overlaps the northern part of the Jalisco Block (JB) and the southern boundary of the Sierra Madre
Occidental (SMOQO). Volcanism emplaced along the southern margin of the SMO is clearly bimodal,
consisting of both stratovolcanoes and monogenetic complexes.

In the eastern sector, east of the Taxco—Querétaro fault system, most volcanism is emplaced in large
stratovolcanoes, calderas, and dome complexes of andesitic to rhyolitic composition aligned along
crustal structures, while basaltic monogenetic volcanoes represent only a small fraction of the total
emplaced magma volume.

Although the State of Querétaro does not contain large active stratovolcanoes, its geological setting, as
shown in Image GEO-D-2, reflects the influence of significant volcanic and tectonic processes. The
Querétaro Graben and the normal faults identified in the Querétaro Valley and surrounding areas testify
to a complex geological evolution, characterized by volcanic activity and tectonic deformation that have
shaped the landscape over time. One of the most prominent volcanic features in this context is the
Michoacan—-Guanajuato Volcanic Field (CVMG). Located mainly in the states of Michoacan and
Guanajuato, this volcanic field is known for its diverse geology and for hosting some of the country’s
most emblematic volcanoes, such as Paricutin, which emerged suddenly in 1943 in an agricultural
region. Volcanic activity in this area is relatively recent and has been continuous over the last several
million years, generating a geologically young landscape.

Volcanic activity in the region has left evidence in the form of ash deposits, pyroclastic flows, and
geomorphological alteration.

° -
P
!l -
L L 4
-
.-
-

-
RES
L L
L ]

-
o

.....




Image GEO-G- 2. Querétaro Graben and the normal faults identified in the Querétaro Valley and its surroundings
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Source: Aguirre-Diaz, G. (2008).

The methodology used for the evaluation of hazards related to volcanic activity is based on the

Geological Phenomena section of the Basic Guide for the Preparation of State and Municipal Hazard and

Risk Atlases of CENAPRED (2006), which considers the following points for volcanic hazard
assessment:

1. Locate the study area and determine whether it lies within a volcanic zone.

Position the study area on a topographic map.

3. Draw a circle with a 100 km diameter around the study area and identify the volcanoes within
it.

4. If the study area is located at a distance of less than 35 km from any volcano classified as
category 1-3, minimum evaluation and prevention measures must be carried out, including the

g

preparation of a hazard map.

5. For volcanoes or volcanic fields classified as categories 4 and 5, it is recommended to conduct
an evaluation of the level of activity and associated probability (hazard) of the volcano in
question.

HAZARD = AND -+ RISK -

6. Reconstruction of past eruptive behavior, based on the historical record of eruptions; eruption
types and their periodicity; compilation of geological data; and determination of the distribution
and volume of eruptive products. Consult the Volcanoes of Mexico CD of the Smithsonian
Institution, Global Volcanism Program.

Type and characteristics of the volcano.

8. Determine whether it poses a short- or long-term hazard. That is, if the recurrence interval of
eruptions is 100 years or less, it is considered a short-term hazard; if the recurrence interval is
greater than 100 years, it is considered a long-term hazard.

9. If the volcano is considered hazardous, establish whether it currently shows signs of activity
(presence of fumaroles, sulfur emissions, seismic activity, and/or landslides or rockfalls).

10. Investigate the existence of hazard maps for the volcano (mainly for volcanoes in categories 1,
2, and 3); if no hazard map exists, it will be necessary to prepare one to determine vulnerable
areas.

11.Hazard maps must use a specific color palette for each volcanic threat:

o Pyroclastic flows (red)

o Collapses and avalanches (yellow)

o Lava flows or lava sheets (orange)

o Lahars and flood zones (dark green)

o Ballistic bombs and projectiles (light green)
o Ash and tephra (gray).

12. Quantify the evaluation of volcanic effects by hazard zones according to proximity to the
volcano (Hazard Zones |, I, and lll).

N

According to the methodology described above, a 100 km radial perimeter was delineated by applying
a buffer from the municipal boundary to determine the presence of volcanic structures falling within the
area of interest, based on the Vector Dataset of Volcanoes of Mexico, Scale 1:250,000 (2011) from INEGI.
However, only seven volcanic edifices are considered active according to the classification described by
CENAPRED. A bibliographic review of active volcanoes was conducted to identify the basic
characteristics of each volcano, with the aim of determining eruption types, the amount of material
expelled, eruptive frequency, distribution of volcanic deposits, and whether they exhibit any active
volcanic phenomena. Additionally, the information obtained was analyzed together with Volcanic
Hazard maps provided by CENAPRED and the Global Facility for Disaster Reduction and Recovery
(GFDRR).

Ash cloud and ashfall modeling

The information obtained was analyzed together with Volcanic Hazard maps provided by CENAPRED
and the Global Facility for Disaster Reduction and Recovery (GFDRR). In addition, modeling of volcanic
ash behavior for active volcanoes was carried out using the Ash3D program of the United States
Geological Survey (USGS) for all active volcanoes.
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The simulations consider eruptive volume, ash plume height, duration of the hypothetical event,
simulation duration, as well as the wind patterns present in each region; all these parameters were
based on characteristics specific to each volcano. Considering the results of the study by Mastin et al.
(2009) for several volcanoes analyzed in that work, and for those volcanoes for which parameters were
not available, empirical relationships between plume heights and eruption rates of similar volcanoes
were applied.

Image GEO-G- 3. Diagram for volcanic ash modeling

Modelacion de caida de ceniza
y nube volcanica

Informacion sobrela erupcion
volcanica

Volcan
Duracion simulacion
Duracion Erupcion
Alturade la pluma
Volumen dela erupcion

\J \J

Prediccion de
deposicion

Simulacionde
dispersion

Productos; .kmz,
imagenes

%

' Resultados presentados
‘en forma de mapas

<

Source: Prepared by Soluciones SIG, S.A. de C.V., 2024.
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Although the modeling is carried out on the Ash3D platform, it faces a significant limitation, as it does
not allow the direct input of data related to wind direction. To address this limitation, we used historical
wind data provided by the National Oceanographic Information Archive, which allows us to identify the
predominant wind directions in the region.

Once the predominant wind direction was identified, the modeling was performed focusing on dates
during which similar conditions have been recorded. It is important to note that, although ash cloud
dispersion is based on wind direction, it may experience significant variations during different times of
the year.

Given the impracticality of conducting a detailed analysis for every day of the year, we chose to
incorporate into the atlas the most probable scenario, allowing for a more accurate and useful
representation of volcanic ash dispersion in the region.

Impacts of ashfall

During a volcanic eruption, the largest fragments fall close to the volcano, while finer particles can be
transported by wind over distances of hundreds or thousands of kilometers, especially when the
eruptive column exceeds 11 km in height and reaches the stratosphere, generating widespread ashfall.
These ash columns and clouds generate intense electrical activity, such as lightning, which can affect
communications and cause fires. To assess risk, five impact thresholds are defined (Table GEO-F-3)
based on ash accumulation from Plinian eruptions, with accumulations ranging from several tens of
meters near the crater to 150 cm at distances of up to 1,000 km.



Tabla GEO-G- 3. Summary of the hazardous properties of volcanic ash

Thickness

Effects of ashfall as a function of thickness

Effect

Less than 1 mm

Acts as an irritant to the lungs and eyes.
Airports will close due to potential aircraft damage.
Minor damage to vehicles, houses, and equipment caused by fine abrasive ash.
Possible contamination of water supplies.
Dust reduces visibility and road traction for extended periods.

1-5 millimeters
(Effects occurring with < 1 mm
of ash are amplified)

Possible damage to crops.
Some livestock may be affected; contaminated food and water can wear down teeth. Animals will not
be affected if provided with clean food and water.
Minor damage to houses if fine ash enters interiors, staining surfaces and clogging air-conditioning
filters.
Possible power outages; ash may cause short circuits at substations, especially when wet.
Roads may require clearing to reduce dust and prevent blockage of drainage systems.
Wastewater systems may be blocked by ash or disrupted due to power loss.

5-100 millimeters
(Effects occurring with <5 mm
of ash are amplified)

Burial of grass and low vegetation. Foliage may fall from some trees, although most trees will survive.
Most grasses will die with approximately 50 mm of ash. Major ash removal operations required in
urban areas.

Most masonry buildings can withstand ash loading; however, structures with weak roofs may collapse
with 100 mm of ash, particularly if the ash becomes wet.

Roads may be blocked due to ash accumulation. Vehicles may experience problems due to ash
clogging air filters.

100-300 millimeters
(Effects occurring with < 100
mm of ash are amplified)

Buildings not cleared of accumulated ash on rooftops are at risk of collapse, especially flat-roof
structures, particularly if ash becomes wet. Severe damage to trees, including branch breakage and
tree fall.

More than 300 millimeters
(Effects occurring with < 300
mm of ash are amplified)

Massive vegetation die-off.
Livestock and other animals die or are severely injured.
Death of aquatic life in lakes and rivers.
Maijor roof collapses due to ash loading.
Power and telephone line outages.
Roads completely closed.

Modified by Soluciones SIG, 2024, from the Basic Guide for the Preparation of State and Municipal Hazard and Risk Atlases,

CENAPRED (2006).

78

HAZARD = AND =+ RISK =+ ATLAS -

The presence of 319 volcanic structures within the area of interest was identified based on the Vector
Dataset of Volcanoes of Mexico, Scale 1:250,000 (2011) from INEGI. The most abundant structures are
lava domes, with 240 domes, representing 75% of all volcanic structures, followed by cinder cones (47
structures), which account for 14% of the total. Together, these structures represent 89% of all volcanic
structures in the region. In smaller proportions, 9 stratovolcanoes, 5 calderas, 7 shield volcanoes, and
11 maars were identified, accounting for the remaining 9%. The distribution of these structures is
concentrated in the southwestern portion of the municipality (Map GEO-G-01).

According to the analysis conducted within the study area (100 km?), the presence of two active volcanic
bodies was identified based on studies carried out by CENAPRED: the Los Azufres volcanic complex and
the Jocotitlan composite volcano (Map GEO-G-02). Subsequently, the process and interpretation of the
information obtained were carried out to determine the potential hazard these volcanic bodies may pose
to the municipality.
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Michoacan-Guanajuato Volcanic Field (CVMG, by its Spanish acronym)

It is a volcanic field located in the states of Michoacan and Guanajuato, in central Mexico, characterized
by numerous cinder cones, shield volcanoes, and maars. The volcanic field is well known for the
eruptions of El Jorullo volcano and Paricutin volcano. The volcanic field covers an area of approximately
200 km by 250 km and contains about 1,400 vents, most of which are cinder cones. Shield volcanoes
are mostly of Pleistocene age. The cinder cones are widely dispersed and typically occur at low
elevations, generally on alluvial plains or along the flanks of eroded shield volcanoes.

Although El Marqués is located outside the active volcanic zone, many of the structures that make up
the CVMG fall within a 100 km analysis radius, making their inclusion in this instrument relevant. This
allows for strengthened preparedness for emergency scenarios that could indirectly affect the region.

Image GEO-G- 4. Michoacdn-Guanajuato Volcanic Field

Source: Smithsonian Institution, Global Volcanism Program.
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Caldera Los Azufres

The Los Azufres volcanic center is one of several silicic volcanic complexes with active geothermal
systems located north of the axis of the Mexican Volcanic Belt. Located approximately 200 km northwest
of Mexico City, the Los Azufres center consists of an Early Pleistocene caldera measuring 18 x 20 km,
which was later partially filled by resurgent dacitic to rhyolitic lava domes. Two magmatic cycles, each
lasting approximately 200,000 years, occurred between 1.4 and 0.8 million years (Ma), consisting
initially of silicic volcanism, followed by basaltic volcanism. The most recent magmatic cycle, which
began around 0.6 Ma, involved the resurgence of the southern part of the caldera, the eruption of
chemically diverse basaltic to rhyolitic products, and the formation of dacitic—rhyolitic lava domes. The
most recent paroxysmal eruptions produced ignimbrites between 38,000 and 26,000 years ago. Hot
springs and fumaroles are found along east-west-trending faults, and Los Azufres is currently an active
geothermal field under production.

Image GEO-G- 5. Los Azufres Geothermal Field

Source: Smithsonian Institution, Global Volcanism Program

One of the most critical factors in the assessment of volcanic hazards is the presence of calderas, such
as Los Azufres. Calderas represent an extremely hazardous type of volcano due to their ability to erupt
violently with little or no prior warning. Indicators of activity in calderas are often subtle and difficult to
detect in time, which significantly increases the risk associated with their reactivation

The main volcanic structures include stratovolcanoes (e.g., San Andrés Volcano and Guangoche
Volcano), lava domes (e.g., Chinapo, Monterrey), cinder cones (e.g., Carrasco, La Calabaza), and lava flow
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plateaus (e.g., El Bosque, Carpintero, and Rosario) within the remnants of the caldera located north of
the Santa Inés Range (Arce et al., 2012). The following image shows the location of the different tectonic
and volcanic structures within the Los Azufres Complex area.

Although the Los Azufres Caldera is not located within the municipality of Querétaro, it is part of the
same tectonic system as the Trans-Mexican Volcanic Belt. Its past volcanic activity and current
geothermal characteristics provide valuable information on potential geothermal, seismic, or volcanic
hazards that could influence the stability of nearby areas, including the municipality.

The presence of these hydrothermal systems is not only a clear indicator of underlying volcanic activity,
but also highlights the potential for volcanic reactivation. Hot springs, commonly found in active or
dormant volcanic zones, serve as a constant reminder of the latent geothermal energy that could trigger
future volcanic events.

Los Azufres represent a significant component of volcanic hazards in the region. The presence of these
hydrothermal systems not only underscores the underlying geothermal activity, but also poses
environmental risks that must be addressed.
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Image GEO-G- 6. Digital Elevation Model of the Los Azufres Volcanic Field
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The tectonic setting of the Los Azufres geothermal field is defined by its geographic location within two
major fault systems: an older system known as the Valle de Santiago-Tzitzio system, trending NNW-
SSE, which produces normal faulting of Pleistocene rocks that bound the Ciudad Hidalgo—Maravatio
Depression; and a younger fault system trending E-W, known as the Acambay—Morelia system. Both
systems have been the source of significant seismic activity, as shown in the following image (Urbina &
Camacho, 1913; Suter et al., 1996; Garduho-Monroy et al., 2009).

Image GEO-G- 7. Tectonic setting of the study area

Source: Arce et al., (2012).
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According to information from the Smithsonian Institution Global Volcanism Program, the Global
Volcanic Risk Identification and Analysis Project (VOGRIPA), and Arce J. L. et al. (2012), the most recent
known volcanic eruption occurred during the Pleistocene. A record of five volcanic eruptions is available,
described below from the youngest to the oldest (Figure GEO-G-09):

The youngest eruption, defined as a multilayered fall, occurred approximately 13,000 BP, dated based
on stratigraphic data. Its eruptive properties include a bulk deposit volume of 1 km3 and a maximum
eruptive column height of 11 km. Likewise, a magnitude of 5, a maximum intensity of 9.5, and a
maximum VEI of 5 were calculated. The emitted magma was rhyolitic, with a dacitic rock classification.

The second unit is defined as an Ochre pumice fall, dated at approximately 26,000 BP based on
stratigraphic data. The eruptive properties include a bulk DRE volume of 0.5 km3 and a deposit volume
of 1.3 km3, derived from an eruptive column height of 16 km; these data were obtained from the
literature. In addition, a maximum VEI of 5, a magnitude of 5.1, and a maximum intensity of 10.2 (column
height) were calculated. The emitted magma was rhyolitic, with a rhyolitic rock classification.

The third unit corresponds to the Cieneguillas Ignimbrite, Agua Blanca Block, and ash flows, with an
age determined by radiocarbon dating of 32,804 BP. Its eruptive properties include a DRE volume of
4.78 km?3 and a deposit volume of 11 km3, with both the calculated magnitude and maximum VEI equal
to 6. The lava is rhyolitic, as is its rock classification.

The fourth unit consists of white pumice, with a radiocarbon age of 33,264 BP. The eruptive properties
include a DRE volume of 0.7 km3, a deposit volume of 1.7 km3, a maximum eruptive column height of 23
km, a magnitude of 5.2, a maximum intensity of 10.8, and a maximum VEI of 5.
The emitted magma is rhyolitic, as is its rock classification.

The oldest eruption, known as the Acdmbaro ash and pumice, dates to approximately 41,227 BP, based
on corrected radiocarbon dating. Its eruptive properties include a DRE volume of 1 km3, a deposit volume
of 1.5 km3, a magnitude of 5.2, and a maximum VEI of 5.

Based on the information compiled from the eruptive record, as well as the considerations applied by
the United States Geological Survey (USGS) within the Ash3D program, no ashfall hazard impact is
considered for the municipality of El Marqués.
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Image GEO-G- 8. Geological map of the Los Azufres volcanic field
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Jocotitlan Volcano

Jocotitlan Volcano, also known as Xocotépetl, is an isolated composite volcano located in the central
part of the Trans-Mexican Volcanic Belt, on the Toluca Basin, approximately 60 km northwest of Mexico
City and about 97 km southeast of the municipality of El Marqués. The volcano rises 1,300 meters above
a lacustrine, fluvial, and volcaniclastic sequence north of the Toluca Basin, reaching an elevation of 3,950
m above sea level.

The tectonic setting is defined by its location between two major fault systems: the Taxco—Querétaro
Fault System (TQFS) and the Acambay—Morelia Fault System (AMFS). The regional TQFS extends from
Taxco in the south to Querétaro in the north, with a width of 20-40 km and a length of 250 km. Volcanoes
aligned along this system include the Amealco and La Joya calderas, San Antonio Volcano, and the
Nevado de Toluca Volcano (Garcia-Palomo et al., 2000). The Perales Fault is the closest fault of this
system, located southwest of the volcanic edifice. The AMFS consists of normal fault systems that bound
the Acambay graben to the north—northwest, with an E-W orientation. The Pastores Fault is the most
prominent, clearly visible north of the volcanic edifice (Figure GEO-G-10).

Image GEO-G- 9. Geotectonic setting of the Jocotitlan Volcano
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The geology of the volcano is composed of interbedded andesitic and dacitic lava layers, with
intercalations of pyroclastic deposits. Siebe et al. (1992) determined that its most recent activity
occurred 680 years ago, based on radiocarbon dating. The deposits from this eruption are pyroclastic
and consist of block-and-ash flow deposits on the upper flanks of the volcanic edifice, as shown in Map
GEO-F3. The most recent volcanic eruption was characterized by the collapse of part of the volcanic
edifice, resulting in a debris-avalanche deposit marked by numerous large hummocks on the northern
flank of the volcano (Suter et al.,, 1991; Siebe et al., 1992). The geomorphological result of this event
was a prominent steep, horseshoe-shaped morphology of the volcanic edifice, opening toward the
northwest. For this reason, the volcano is considered active (Map GEO-G-6).

Pumice fall hazard

According to information provided by the National Risk Atlas and by Salinas-Sanchez (2013), the Gray-
White Pumice phreato-Plinian eruption resulted in a deposit layer with variable thicknesses, ranging
from 4 meters near the central dome to 10 cm in the more distal portions of the deposit. The dispersal
of this material is radial, although it shows a slight westward tendency. Based on this information, the
possibility of impacts to the municipality from pyroclastic flow eruptions can be ruled out, as the distance
between these deposits and the southern boundary of the municipality is approximately 70 km (Map
GEO-G-7).

Lahar hazard

Based on information from the National Risk Atlas, a lahar hazard map was obtained. Historically, lahars
have shown a tendency toward the northern flank of the volcanic edifice, as part of the structure
collapsed in that direction during its most recent eruption. According to the National Atlas, the direction
of inundation flows is radial. At present, it does not represent any risk to the municipality, since the
distance between the volcanic edifice and the municipality is approximately 80 km (Map GEO-G-8).
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Volcanic Eruptions
GEO-G-06 “Geology of Jocotitlan Volcano”
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Volcanic Eruptions
GEO-G-07 “Ash Deposit From An Eruption of Jolotitlan Volcano”
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Volcanic ash hazard

The calculation of volcanic ash hazard for the municipality was carried out based on the modeling of a
hypothetical eruptive event, using as a basis a set of characteristic parameters derived from historical
eruptions of the volcano, including eruptive plume height, regional wind meteorological data, and total
emitted volume. The modeling was performed using the Ash3D program developed by the United
States Geological Survey (USGS), which allows simulation of both the ash cloud and, independently,
the volcanic ash deposit. Different hazard scenarios were calculated for both ash deposition and ash
cloud movement.

A 15 km above sea level eruptive column height and an eruptive volume of 0.0150 km3 (volume of
erupted bubble-free magma) were selected. These values were used because they best fit this volcano
according to the global volcano source parameter list (Mastin et al., 2009).

The parameters that were modified were the eruption duration and the simulation time (the latter being
especially relevant for simulating the ash cloud trajectory), as average intervals for eruptions of this type
of volcano were used, as well as maximum intervals to determine the maximum potential reach of an
eruption for this volcano.

Moderate volcanic ash hazard probability

The first hazard scenario considers a plume height of 15 km, an eruptive volume of 0.0150 km3, a 3-hour
eruption, and a one-day simulation. The modeling results indicate a volcanic ash deposit trending toward
the southwest, with deposit thicknesses of approximately 30 cm near the volcano, gradually decreasing
to less than 1 mm at a distance of 230 km to the SW. Regarding the potential hazard to the municipality
of EL Marqués, it is considered null, since prevailing winds that favor ash deposition move in an E-SW
direction, preventing the transport of fine-grained particles toward the northern flank of the volcanic
edifice (Map GEO-G-09).

The ash cloud simulation for an eruption with these characteristics indicates no apparent impact on the
municipality, since prevailing wind patterns in the region transport the cloud southwestward toward the
coast of Michoacan. In general terms, the cloud height ranges from 3 to 6 km in the vicinity of the volcanic
edifice, gradually increasing with distance until reaching approximately 14 km over the coastal areas of
Michoacan (Map GEO-G-10).

Regarding the ash concentration carried by the volcanic cloud, estimated values range from 100-300
mg/m?2 in the vicinity of the volcano, gradually decreasing to approximately 10 mg/m3 along the coast of
Michoacan as the cloud travels southwestward. The margins of the cloud show minimum concentrations
of 0.1-3 mg/m3 (Map GEO-G-11).



Low volcanic ash hazard probability

The second hazard scenario considers a plume height of 15 km, an eruptive volume of 0.0150 km3, a
24-hour eruption, and a simulation period of up to 6 days. The hypothetical distribution of this eruption
results in a larger affected area; however, the deposit thicknesses are smaller. In general, deposits of
10-30 cm in thickness are observed in areas surrounding the volcanic edifice, while thicknesses decrease
drastically with distance from the volcano, reaching only a few millimeters at distances of up to 230 km.
As in the previous scenario, the deposit distribution shows a westward trend. It does not present any
apparent impact on the municipality; however, the distance between the affected zone and the
municipality is approximately 15 km (Map GEO-G-12).

Regarding the modeling of ash cloud behavior under a longer eruptive event and considering an
extended simulation period, results indicate that 24 hours after the onset of the eruption, the ash cloud
reaches and covers the entire municipality at altitudes between 13 and 15 km. The general trend of the
cloud is to travel and disperse toward the Mexican Pacific coast, in this case moving northwestward from
the volcano, reaching areas of the Baja California Peninsula and parts of California, USA (Map GEO-G-
13).

The concentration of solid particles in the volcanic cloud shows maximum values between 2 and 9
mg/m?3 near the volcano, decreasing to 0.1-0.3 mg/m3 as the cloud moves away from the volcanic edifice.
When the cloud reaches the municipality—approximately 10 hours after the eruption begins—the
estimated initial average concentration would range between 0.3 and 1 mg/m3. Over the following 24
hours, concentrations could increase to around 3 mg/m3, before gradually decreasing as the cloud
disperses.

Overall, the hazard associated with volcanic ash deposition within the municipality can be considered
null or very low. However, the volcanic ash cloud could temporarily affect atmospheric conditions for up
to 24 hours. Potential impacts would be limited to reduced visibility, possible disruption of air traffic, and
a temporary decrease in solar radiation due to cloud coverage. The ash cloud would likely pass over the
municipality at an altitude of approximately 13-15 km, and therefore no impacts on public health or
economic assets are expected (Map GEO-G-14).
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Volcanic Eruptions
GEO-G-10 “Volcanic Ash Cloud Height from Jocotitlan Volcano Eruption”

oy e =

—~—7

LR TSR BRI R

st Chebamon .

mmﬂwg{ . o

“-0— 17 (v Sy —

-

P [ JERTTI
— by -

- e asbesem -~ :
@‘a — e e — —— el
- -

+s IDENTIFICATION OF DISTURBING PHEMOMEMA

e . Smm— ——— -
—— - ——1 -
— N a—

- -- —— -
——— - -

89

- S

PX O K2 ®

Volcanic Eruptions

GEO-G-11 “Mean Particle Concentration from Jocotitlan Volcano Eruption”
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GEO-G-11 “Mean Particle Concentration From the Jocotitlan Volcano Eruption”

Volcanic Eruptions
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Volcanic Eruptions
GEO-G-12 “Ashfall Deposit from an Eruption of Jocotitlan Volcano”
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Volcanic Eruptions
GEO-G-13 “Volcanic Cloud Height from an Eruption of Jocotitlan Volcano”
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HYDROMETEOROLOGICAL PHENOMENA

Hydrometeorological phenomena are caused by atmospheric behavior and by elements resulting from
disturbances that affect perceptible components of climate, such as wind, temperature, and humidity.
Their importance lies in the fact that they usually have wide geographic coverage and can cause
significant impacts on both the local population and exposed infrastructure. Hazard modeling will be
defined based on their intensity, recurrence, or return period.

Snowstorms

Introduction

According to CENAPRED, snowstorms or snowfall are a type of solid precipitation that occurs in the
form of snowflakes. Snowflakes are made of ice crystals that form when water vapor condenses at
temperatures below the freezing point. These crystals usually have hexagonal shapes and can vary
widely in form. The temperature and humidity of the atmosphere determine the size and shape of
snowflakes (CENAPRED, 2021).

Image HDR-A- 1. Formation of snowstorms
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Snowfall is mainly associated with the winter season and occurs when temperatures drop sharply due
to the presence of polar air masses and/or cold fronts. These systems interact with moisture from the
oceans, producing different types of precipitation such as rain, sleet, or snow (CENAPRED, 2012).

The low temperatures associated with snowstorms can cause respiratory illnesses and, in severe cases,
hypothermia-related deaths, particularly among vulnerable populations. In urban areas, accumulated
snow may disrupt traffic, cause power outages, block drainage systems, lead to roof collapses, damage
water and sewer pipelines, and result in the suspension of activities. In rural areas, snowstorms can
affect large agricultural areas, causing crop losses and negatively impacting livestock health
(CENAPRED, 2021).

Historically in Mexico, snowfall occurs most frequently on the volcanoes Pico de Orizaba, Popocatépetl,
Iztaccihuatl, and Nevado de Toluca, as well as in the mountain ranges of Chihuahua, Durango, Sonora,
Coahuila, Baja California, and Nuevo Ledn. Less frequent snowfall is recorded in the Bajio region
(Zacatecas, Aguascalientes, San Luis Potosi, Guanajuato, and Jalisco), and in high-elevation areas such
as the slopes of the Nevado de Toluca and the higher parts of the Valley of Mexico, including the Ajusco
area (CENAPRED, 2012).

Due to its geographic conditions, such as latitude and climate, the municipality of El Marqués is generally
not susceptible to this phenomenon. However, a historical review conducted for this study identified a
recorded event during the early morning of March 9, 2016. The event occurred mainly along the border
with Guanajuato, affecting some communities in the northern part of the municipality, where houses,
vehicles, trees, and streets were observed with traces of snow. No significant damage was reported as
a result of this event (Noticias de Querétaro, 2016).

HAZARD = AND -+ RISK -
Image HDR-A- 2. Location of the phenomenon on March 9, 2016
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There are several methodologies used to delineate areas with some level of hazard related to
snowstorms, or to estimate the probability of these events occurring in a given area. To assess this
probability, a hazard function is used, and the accuracy of the results depends on the quality and quantity
of available data for the study area.

Unfortunately, in Mexico there are no detailed climatological records of snowfall occurrence, nor records
of snowflake size, snowpack thickness, or snowstorm duration. As a result, there is no single variable
that can be directly correlated with this phenomenon.

In this context, CENAPRED applied a methodology to calculate a Snowfall Hazard Index (SHI) based on
locations where these phenomena have occurred at the locality level during the pre-Hispanic, colonial,
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and nineteenth-century periods. This information was complemented with records from other sources,
such as newspaper reports, reports from state Civil Protection units, and data from CONAGUA and
SAGARPA, covering events up to 2011 at the municipal level (CENAPRED, 2012).

Image HDR-A- 3. Historical snowfalls in Mexico. (A) 15th-19th centuries, (B) 20th and 21st centuries
‘ ® . -n

Source: Vidal et al, 2007.

The Snowfall Hazard Index (SHI) was calculated using the frequency of events at the municipal level,
normalized by the highest recorded value. The resulting index was then classified according to the total
number of events (CENAPRED, 2012). A classification was established based on the total number of
events, as shown in the following table.

Table HDR-A- 1. Snowfall frequency index values
Value Index Range

Very low 0.00-0.03

Low 0.03-0.13

0.13-0.33

1
2
3 Medium
4 High 0.33-0.63

5 Very high 0.63-1.00
Source: CENPARED, 2012

According to CENAPRED results, the municipality shows a frequency range of 0.03-0.13, corresponding
to a Very Low hazard index. This is because only one snowfall event was recorded in 2016, with no
additional events indicating a higher frequency. Therefore, the Snowfall Hazard Index (SHI) remains low
for the municipality.
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Hail is a type of precipitation that falls as ice pellets and forms during severe storms. It develops when
water droplets or snowflakes inside cumulonimbus clouds are carried upward and downward by strong
air currents. As these particles grow and become too heavy to remain suspended, they fall to the ground
as hailstones, with diameters typically ranging from 5 to 40 millimeters (CENAPRED, 2021).

Image HDR-B- Hail Formation
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In Mexico, hailstorms occur mainly in the Mexican Plateau, particularly in its southern valleys and in the
Sierra Madre Occidental, as well as in the Sierra Madre del Sur and some regions of Chiapas, Guanajuato,
Durango, and Sonora. The cities most frequently affected include Puebla, Pachuca, Tlaxcala, Zacatecas,
and Mexico City, with the highest incidence during May, July, and August (CENAPRED, 2012).



ek
®- Rural areas are usually the most affected, as hailstones can damage crops and cause significant
i o economic losses. In urban areas, hailstorms may damage houses, buildings, drainage systems, and
_i;i s transportation routes. When hail accumulates in drainage systems, it can cause flooding or
'1' - waterlogging. The severity of the damage caused by this hydrometeorological phenomenon depends on
' - the amount, size, and frequency of hail.
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T Image HDR-B- 1. Intensity of hailstorms in Mexico
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The following timeline is complemented by several hailstorm events recorded for the municipality. It
was developed based on a review of online news reports and incident records handled by the El Marqués

Civil Protection Department, covering the period from 2019 to March 2023.

Image HDR-B- 2. Main impacts caused by hailstorms in El Marqués, 2016-June 2023

Among the damages addressed after the hailstorm were waterlogging

July 28,2016 and water entering homes in the affected communities.

July 18,2018 Rain and hail blocked much of Paseo Centenario del Ejército Mexicano

Avenue, generating a 50 cm layer of ice.

July 25, 2020 The hailfall caused several impacts in the municipality.

August 31, 2020 The presence of heavy rain and hail, accompanied by surface runoff.

May 10, 2021

After the hailfall, rainwater runoff was addressed on Highway 57 toward
Querétaro.

After the hailstorm, large amounts of accumulated hail were recorded on

June 13, 2022 . .
streets and in drainage systems, as well as the fall of some trees.

An intense hailfall accompanied by rain and strong winds was recorded,
May 22, 2025

leaving streets covered with ice and causing impacts in the area.

Prepared by Soluciones SIG based on news reports and the Municipal Civil Protection incident database
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Table HDR-B-01 presents a breakdown of all incidents attended by the Municipal Civil Protection
Department from 2019 to March 2023, showing hailstorm events with their date, the location of the
reported incident, and a brief description of each event.

Table HDR-B- 1. Hailstorm incidents attended by El Marqués Civil Protection, 2019-2023

Date Location Description
June 26, 2020 Matador Bridge Light rain
June 26, 2020 Colorado Bridge Light rain

June 29, 2020 Intersection of 500 and 100 Rain monitoring

Rain monitoring, presence of hail and heavy rain.

August 2, 2020 Surface runoff on sidewalks with no reported impacts.

Ejército Republicano

September 1,2020 El Colorado Vehicular Bridge Runoff accumulation

September 10,

El Colorado Underpass Preventive rainfall inspection, with no impacts reported

2020
May 11, 2021 Between sfre’es in Nuevo Waterlogging
Ledn
May 10, 2021 Rainwater runoff
May 24, 2021 Zibata Pitahayas avenue -

Report of a fallen tree at the Los Héroes entrance, with no risk to the

June 14, 2022 -
population

Los Héroes Entrance

June 14, 2022 Main Park Four faller tres and six at risk of collapse

June 14, 2022
June 14, 2022

Flooded vehicle

Hail accumulated in a drainage channel leading to the hillside

Andhuac University -

Source: El Marqués Emergency Open Data Portal, 2023

In the municipality of EL Marqués, records of hailstorm occurrence are available from meteorological
stations included in the Climatological Normals for the period 1951-2010. These records indicate the
months in which this phenomenon was observed, considering stations located within the municipality
as well as nearby stations outside the area. Table HDR-B-2 presents the stations used for this study,
along with their corresponding codes, names, and the months with recorded days of occurrence.
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Table HDR-B- 2. Days with hail recorded at meteorological stations

Station code Name J F M A M J J A S O N D
22004 El Batan 0 0 0 0 0 01 O 0 0 0 0 0
22006 El Pueblito o o o 01 01 02 01 01 O O O O
22026 Colén o o o o o o o o o o0 o o0
22027 E.T.A. 128 Carrillo 0 0 0 0 0 0 0 0 0 0 0 0
22029 Huimilpan 0 0 o 01 01 01 01 01 01 O 0 0
22041 La Joya o o o o o o o o o o0 o o0
22045 Juriquilla 0 0 0 0 0 0 0 01 O 0 0 0
22049 El Zamorano 0 0 0 0 0 0 0 0 0 0 0 0
22050 Ceja de Bravo o o o o o o o o o o0 o o0
22063 Querétaro (DGE) o o o o o o o o o o o o0
22070 Plantel 7 0 0 0 0 0 0 0 0 0 0 0 0
22009 La Palma o o0 o0 01 03 01 02 02 0 01 0 0.1
22011 Pedro Escobedo 0 0 0 0 02 O 0 0 0 0 0 0
22018 Villa Corregidora 0.1 O 0 02 03 05 01 01 01 01 O 0
22043 Coyofillos 0 0 0 0 0 0 0 0 0 0 0 0
22046 Nogales o o o o o o o o o o o o0
22058 Santa Teresa 0 0 0 0 0 0 0 0 0 0 0 0
22067 La Venta 0 0 0 0 0 0O 01 O 0 0 0 0
220648 La Soledad o o o o o o o o o o o o0
11144 El Charape 0O 01 O 0 0 0 0O 01 O 01 © 0
11167 San J. P. de Arriba 01 01 01 01 02 01 01 02 01 O 0 0
11066 San José lturbide (SMN) 0.1 0.3 02 08 1 1.2 1.1 09 06 03 02 O0.1
11088 San José lturbide (DGE) 0 0.1 01 01 02 01 02 03 0 0 O O
11119 Tierra Blanca 0O 02 O 03 03 08 14 16 07 02 01 O

Source: Normales Climatoldgicas, CONAGUA

Table HDR-A-03 presents the total number of hailstorm days recorded annually for the period 1951-
2010.
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Table HDR-B- 3. Annual days with hail Image HDR-B- 3. Months with hail days
Station Code Name Annual Hail Days 1.8
22004 El Batan 0.1
22006 El Pueblito 0.6 he
22026 Coldn 0 1.4
22027 E.T.A. 128 Cairrillo 0 -
22029 Huimilpan 0.6 o
22041 La Joya 0 =
22045 Juriquilla 0.1 o
o 08
22049 El Zamorano 0 o
22050 Ceja de Bravo 0 0.6
22063 Querétaro (DGE) 0 0.4
22070 Plantel 7 0
22009 La Palma 1.1 0.2
22011 Pediro Escobedo 0.2 o I I|I Il | Il | | ||| I| LI | | I I|| I | I I| LI |1
22018 Villa Corregidora 1.5 E F M A M J J A S (] N D
22043 Coyotillos 0 Meses
22046 Nogales 0 m El Batan = El Pueblito Huimilpan
22058 santa Teresa 0 Juriguilla L Plfjntel 7 . = La Palma
m Pedro Escobedo m Villa Corregidora mlLa Venta
22067 La Venta 0.1 m El Charape mSan J. P. de Arriba m San José lturbide (SMN)
22068 La Soledad 0 = San José lturbide (DGE) Tierra Blanca
11144 El Charape 0.3 Source: Normales Climatoldgicas, SMN, CONAGUA
11167 San J. P. de Arriba 1.1
11066 San José lturbide (SMN) 6.8
11088 San José lturbide (DGE) 1.1

The collected data were used to generate the spatial distribution map of hailstorms in the municipality
of ELMarqués, based on meteorological stations located within the municipal territory and those situated
in the surrounding area of influence.

11119 Tierra Blanca 5.6
Source: Prepared from the Normales Climatoldgicas del SMN, CONAGUA

Graph HDR-A-01 allows a clearer visualization of the stations with a higher number of recorded hail
events, interpreted on a monthly basis. Of the 24 stations used, only 14 have information on days with
hail.

Using the point data, isolines representing the number of days with hail were generated through data
interpolation using geographic information systems.

The IDW (Inverse Distance Weighting) geostatistical tool was used for interpolation, which creates a
raster surface from point data based on inverse distance weighting. This method is limited to the range
of values used in the interpolation, meaning that the resulting values do not exceed the maximum input
value or fall below the minimum input value.

The interpolated values obtained in ArcGIS 10.7 were then compared with reference data established
by CENAPRED for the Hailstorm Hazard Index (IPTG). This index was developed based on the map of
the number of days with hail from the New National Atlas of Mexico (Vidal et al., 2007), which defines
the intervals shown in Table HDR-B-4.
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Table HDR-B- 4. Number of days with hail
>5
2-5
1-2
0-1
No hail
Source: CENAPRED, 2012

Next, values were assigned to the previous data, calculated based on the differences between the upper
limits of the intervals of the number of days with hail. The index was then calculated by dividing each
value by the highest recorded value, resulting in the following table.

Table HDR-B- 5. Hazard category based on the number of storm days

Number of days with frost Value Index Category
>5 7.5 1.00 Very high
2-5 3.5 0.47 High
1-2 1.5 0.20 Medium
0-1 0.5 0.07 Low
No hail 0 0 Very low or none

Source: CENAPRED, 2012

Using this index, the annual hail days map was reclassified to obtain the Hailstorm Hazard Index (IPTG)
for the municipality.

Meteorological data indicate that the southern, central, and part of the northern areas of EL Marqués
experience 0-1 hail days per year, corresponding to a Low hazard level, while the northwestern area,
near Querétaro and Guanajuato, shows a Medium hazard level with 1-1.8 hail days per year.

The results indicate a moderate frequency of this phenomenon, which can cause damage and material
losses, as evidenced by the incidents attended by the Municipal Civil Protection Department.
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Hailstorms
HDR-B “Hailstorm Intensity”
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Thunderstorms

Thunderstorms are sudden electrical discharges that appear as a brief flash of light (lightning)
accompanied by a loud sound (thunder). They are associated with convective clouds and are often
accompanied by precipitation in the form of rain showers, hail, or even snow. Thunderstorms usually last
one to two hours, are localized, and generally affect areas of only a few tens of square kilometers
(CENAPRED, 2021).

Image HDR-C- 1. Thunderstorm infographic
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In Mexico, an average of 30 thunderstorm days per year is recorded, with a maximum of up to 100 days.
Thunderstorms occur mainly during summer, with a smaller proportion in autumn and winter,
particularly over major mountain ranges such as the Sierra Madre systems and the Trans-Mexican
Volcanic Belt (CENAPRED, 2021).

Thunderstorms are a hazardous phenomenon that can cause fires, injuries, fatalities, infrastructure
damage, livestock losses, and in some cases, aviation accidents.
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Image HDR-C- 2. Thurnderstorms in Mexico
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Based on a review of online news records, the following timeline was developed showing selected
thunderstorm events for the municipality.

Image HDR-C- 3. Main impacts caused by thunderstorms in El Marqués, 2016-June 2023

September 30, 2019 Monitoring of heavy rainfall with thunderstorms.

For 2020, events were
recorded on June 13,
June 30, July 9, August
3, August 19 and
October 12, 2020.

Presence of rainfall accompained by thunderstorms caused
some damage, including fallen trees. Monitoring was carried by
El Marqués Civil Protection Department.

For 2021, events were
recorded on April 29,
May 13 and 16, and
August 7

Light rain, strong wind gusts, and electrical activity were
recored with moderate impacts.

For 2022, events were
recorded on April 19,

Light to moderate rainfall, with minor impacts.

June 25, July 28 and
November 19.

August, 2025 A tractor-trailer caught fire and was reduced to ashes due to a

lighting strike.

Source: News reports and data base by municipal Civil Protection Coordination of El Marqués.
Prepared by Soluciones SIG, S.A. de C.V., 2025.

Table HDR-C-01 presents the incidents attended by the Municipal Civil Protection Department, showing
thunderstorm events with their date, location of the reported incident, and a brief description of the
response on the day the phenomenon occurred.
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Table HDR-C- 1. Thunderstorm incidents attended by El Marqués Civil Protection, 2019 — 2023

Date

September 30,
2019

Location

Northern and southern dreaq,
pradera alfa 5

Description

Heavy rainfall was reported in the Rosario and Miranda
community

1st of July, 2020

Northern area, Highway 57
jurisdiction

Monitoring of rainfall and light precipitation

July 8, 2020 La Piedad community Monitoring of rainfall-related impacts

July 10, 2020 San Rafael community One-hour monitoring with mpdero’re rainfall, no impacts or
waterlogging reported

July 10, 2020 Atongo community Waterlogging occurred due to the presence of the

phenomenon

August 3, 2020

Colonias Paseos del Marqués

Monitoring was carried out

October 13, 2020

Colonia Navajas

Monitoring of moderate to heavy rainfall

April 30, 2021

La Canada

Light rain monitoring

16 de mayo del

Gladiolas Street

Homes were reported as affected due to rainfall

2021
May 24, 2021 Lajitas community Light rainfall, moving rapidly ’rowgrd the west and cenfral
area of Querétaro
July 8, 2021 San Vicente Ferrer community Minor runoff on main streets
April 19, 2022 Circuito universidades y Ejercito Street patrols were conducted, and light rainfall was

mexicano

recorded

June 14, 2022

Highway 57 and puente
deprimido El Colorado.

Rainfall monitoring with a 5 cm water depth, with no issues
on roadways

June 14, 2022

Santa Ana Los Héroes

Due to thunderstorms, a fallen tree on power lines was

Hacienda reported
June 26, 2022 Highway 500 Heavy rainfall with strong wind gusts and electrical activity
June 26, 2022 Calamanda Light fo moderate rolpfoll with Wo’r'erlogglr'wg and runoff,
accompanied by electrical activity
June 28, 2022 Jibata Light fo moderate rainfall with waterlogging and runoff,

accompanied by electrical activity

November 20,
2022

Highway 210, La Piedad
community

Impacts on commercial establishments were identified

Source: El Marqués Emergency Open Data Portal, 2023
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For the municipality of El Marqués, records of thunderstorm occurrence are available from
meteorological stations included in the Climatological Normals for the period 1951-2010. This database
contains information on the months in which the phenomenon occurred, considering stations located
within the municipality as well as nearby stations outside the area. Table HDR-C-1 presents the station
code, station name, and the months with recorded events.

Table HDR-C- 2. Days with thunderstorms at meteorological stations

Station Code Name J F Mm A M J J A S O N D
22004 El Batan 0 0 0 0 01 02 04 05 04 02 O 0
22006 El Pueblito o o o 01 01 01 02 01 01 01 0 O
22026 Colén 0O 01 O 01 02 02 04 03 03 01 01 O
22027 E.T.A. 128 Carrillo 01 © 0 0 01 O 0O 03 03 O 0 0
22029 Huimilpan 0O 01 O 02 03 07 08 05 05 03 01 0
22041 La Joya 0 0O O 01 02 06 05 06 02 01 01 0.1
22045 Juriquilla 0 0 0 0 01 03 03 03 02 O 0 0.1
22049 El Zamorano 0 0 0 01 02 03 03 03 03 02 01 O
22050 Ceja de Bravo 0O 01 O 05 03 12 15 08 14 06 02 0
22063 Querétaro (DGE) 01 © 0 01 03 07 06 03 01 03 01 O
22070 Plantel 7 01 O 0 0 0O 02 O 0 0 0 0 0
22009 La Palma 0 o0 01 01 01 03 06 06 04 02 0 O
22011 Pedro Escobedo 0 0 0 0 01 O 0 0 0 0 0 0
22018 Villa Corregidora 61 O 01 03 05 03 02 01 03 01 O 0
22043 Coyotillos 0O 01 O 02 08 07 03 08 06 03 03 O
22046 Nogales 0O 02 O 02 04 08 05 06 06 07 03 0
22058 Santa Teresa 0 0 0 01 01 04 04 02 02 01 02 O
22067 La Venta 0O O O 02 03 05 06 03 03 03 0 O
22048 La Soledad o o o o o 0 05 01 01 0 O O
11144 El Charape 02 04 O 02 06 07 17 12 1 02 01 O
11167 San J. P. de Arriba 07 06 08 09 21 34 29 3 26 18 04 03
11066 San José lturbide (SMN) 0.6 0.9 04 1.1 1.6 27 26 2 1.6 15 07 05
11088 San José lturbide (DGE) 04 03 02 1 07 14 12 13 09 05 0.1 0.5
11119 Tierra Blanca 0.1 04 01 05 12 14 23 23 13 07 03 03

Source: Normales Climatoldgicas, SMN, CONAGUA.
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Table HDR-C-03 presents the total number of hailstorm days recorded annually across the full period
of years.

Table HDR-C- 3. Annual days of thunderstorm

Station Code Name Annual hail days
22004 El Batan 1.8
22006 El Pueblito 0.8
22026 Colén 1.8
22027 E.T.A. 128 Carrillo 0.8
22029 Huimilpan 3.5
22041 La Joya 2.5
22045 Juriquilla 1.3
22049 El Zamorano 1.8
22050 Ceja de Bravo 6.6
22063 Querétaro (DGE) 2.6
22070 Plantel 7 0.3
22009 La Paima 2.4
22011 Pedro Escobedo 0.1
22018 Villa Corregidora 2.1
22043 Coyotillos 4.1
220446 Nogales 4.3
22058 Santa Teresa 1.7
22067 La Venta 2.5
22068 La Soledad 0.7
11144 El Charape 6.3
11167 San J. P. de Arriba 19.5
11066 San José lturbide (SMN) 16.2
11088 San José lturbide (DGE) 8.5
11119 Tierra Blanca 10.9

Source: Prepared using Climatological Normals from SMN, CONAGUA

For this phenomenon, records are available for all the stations considered in the analysis. Graph HDR-
C-1 shows the months with the highest number of thunderstorm days, indicating that June, July, August,
and September are the months with the greatest occurrence.
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Graph HDR-C- 1. Months with hail days
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Could-to-Ground Lightning Discharges

To determine the number of cloud-to-ground lightning discharges, eleven satellite images were
consulted from the Informatics Unit for Atmospheric and Environmental Sciences (UNIATMOS), which is
part of the Center for Atmospheric Sciences at UNAM. These images show monthly and annual averages
of cloud-to-ground lightning discharges for the period 2006-2016 across the Mexican Republic.

Image HDR-C- 4. Cloud-to-ground lightning discharge data

Source: Informatics Unit for Atmospheric and Environmental Sciences, UNAM
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To perform the temporal analysis of the images, a uniform sampling was applied to each raster. The
images obtained from the Informatics Unit for Atmospheric and Environmental Sciences (UNIATMOS)
have a spatial resolution of 11 km. Pixel-based sampling was carried out, resulting in a set of time series
such as the one shown below.

Graph HDR-C- 2. Historical record of cloud-to-ground lightning discharges
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Source: Prepared by Soluciones SIG S.A. de C.V., 2025

In the previous image, the time series of cloud-to-ground lightning discharge density is shown, that is,
the average number of lightning strikes per square kilometer occurring annually in the area.

The analysis of thunderstorms requires knowledge of the frequency at which maximum lightning
discharge density values occur, making it necessary to fit the observed data to a probability distribution.

The data were fitted using a Gumbel-type distribution. The following figure presents a Q—Q plot, which
shows the goodness of fit of the data with a 95% confidence interval.
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Thunderstorms
HDR-C “Thunderstorms — Return Period: 5 years”
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Thunderstorms

HDR-C “Thunderstorms — Return Period: 10 years”
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Thunderstorms
HDR-C “Thunderstorms — Return Period: 25 years”
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Thunderstorms
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Thunderstorms

HDR-C “Thunderstorms — Return Period: 100 years”
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HDR-C “Thunderstorms — Return Period: 200 years”
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Droughts

Drought is defined as the absence of rainfall over a prolonged period, which may last one or several
years, resulting in an insufficient water supply for plants, animals, and human populations. Historically,
water scarcity has been a key factor in human development and, in some regions, has led to the near-
total migration of communities. Droughts significantly affect agricultural and livestock activities,
sometimes causing livestock mortality, and are considered one of the meteorological phenomena with
the greatest economic impact. The magnitude, duration, and severity of drought are relative, as their
effects depend directly on human activities and water demand (CENAPRED, 2016).

There are different classifications of drought, as it is a complex phenomenon due to the particular
characteristics of climate and the environment. The relative nature of drought depends on the approach
used to study it and to measure its effects. As a first approximation, the following types of drought can
be distinguished:

* Meteorological drought. — This type of drought is expressed as a deviation of rainfall from
what is considered normal over a given period. This measurement is location-dependent and
is presumably based on the existing knowledge of the climatology of the analyzed area.

* Hydrological drought. — It is characterized by a decrease in flow or volume in reservoirs,
lakes, rivers, and lagoons. Reduced rainfall leads to a decline in runoff, resulting in lower
water levels and volumes in these receiving bodies. Due to its duration, this type of drought
causes severe impacts on the population, as recovery tends to be long-term, affecting both
social and economic sectors.

* Agricultural drought. — This type of drought is identified by the lack of soil moisture in
cultivated lands during a given season. It is closely associated with meteorological drought.

Mexico currently has a Drought Monitor that is part of the North American Drought Monitor (NADM),
which is primarily based on the amount of recorded precipitation and classifies drought into five
categories:

* This condition represents dryness rather than a drought category. It
typically occurs at the onset and at the end of a drought period. At the beginning of a drought
period: short-term dryness may cause delays in planting annual crops, limited crop or
pasture growth, and an increased risk of wildfires. At the end of a drought period: water
deficits may persist, and pastures or crops may not fully recover.

* Some damage to crops and pastures may occur; there is a high risk
of wildfires, low levels in rivers, streams, reservoirs, watering ponds, and wells, and
voluntary water-use restrictions are recommended.

* Severe Drought (D2): Likely losses in crops or pastures; high wildfire risk; water shortages
are common, and water-use restrictions should be imposed.
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* Extreme Drought (D3): Major losses in crops and pastures; extreme wildfire risk; widespread
water-use restrictions due to water scarcity.
* Exceptional Drought (D4): Exceptional and widespread losses of crops or pastures;

exceptional wildfire risk; total water shortages in reservoirs, streams, and wells; emergency
conditions are likely due to the absence of water.

From a public health perspective, according to the World Health Organization in conjunction with the
United Nations, drought affects approximately 55 million people worldwide and has been one of the
deadliest phenomena in recent decades. This phenomenon primarily affects children, older adults,
pregnant women, people with chronic health conditions, populations with low socioeconomic status,
and individuals who work outdoors. It can also lead to reduced food production and stability, increasing
the risk of food insecurity.

Drought occurs recurrently in Mexico but does not follow a fixed pattern, as it is influenced by climatic
factors and global phenomena such as El Nino and La Nifa. In recent years, drought conditions have
intensified, reaching severe levels in some regions, particularly in northern Mexico between 2021 and
early 2023, where La Nina—related scenarios led to precipitation deficits.

The La Niha phenomenon persisted for three consecutive periods, limiting the system’s capacity for full
recovery; this behavior has been considered atypical. In 2021, CONAGUA reported that approximately
15 localities were vulnerable to drought conditions, as reservoir water levels in the state of Querétaro
were notably low.

The municipalities affected by moderate drought are as follows:

Cadereyta
Coldn
Corregidora
Ezequiel Montes
El Marqués
Humilpan
Jalpan de Serra
Landa de Matamoros
Pedro Escobedo
Pefamiller
Pinal de Amoles
Querétaro

San Joaquin
Tequisquiapan
Toliman
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The methodological approach is based on the analysis of the Standardized Precipitation Index (SPI),
which evaluates precipitation deficits across multiple time scales. The SPI is widely used for drought
monitoring, as it relates precipitation deficits to impacts on groundwater, reservoir storage, and soil
moisture. The index represents the number of standard deviations by which accumulated precipitation
departs from the climatological mean, where values below -1 indicate significant deficit conditions and
values above +1 indicate wetter-than-normal conditions (McKee, 1993).

Standardized Precipitation Index (SPI) data obtained from the Climate Hazards Group InfraRed
Precipitation (CHIRPS) dataset were analyzed.

An additional key input for drought analysis is vegetation health, assessed through the Normalized
Difference Vegetation Index (NDVI). This index allows the identification and evaluation of changes in
vegetation over a given period. For this indicator, Landsat satellite imagery was used to analyze seasonal
variations in vegetated areas.

Through time-series analysis, the NDVI enables vegetation monitoring by detecting changes in land
cover and land use, crop conditions, vegetation phenology, and drought evolution. The analyzed data
were obtained from Landsat 7 and Landsat 8 missions, using imagery corresponding to periods affected
by drought. It is also important to analyze meteorological events that influence or trigger drought
development, such as the El Nino—Southern Oscillation (ENSO), which is divided into two phases.

* El Nino: Defined as anomalous warming of the Pacific Ocean, which affects Mexico's climate
by generating increased precipitation during winter and reduced rainfall during summer.
* La Nina: Defined as anomalous cooling of the Pacific Ocean, which alters atmospheric

circulation patterns, favoring increased rainfall in some areas and extreme drought
conditions in others.

An analysis of the drought monitor data indicates the following:

* From 2005 to 2006, moderate drought conditions occurred between February and June.

* In 2007 no drought conditions were recorded.

* In 2008 abnormally dry conditions were observed from March to August, while in 2009,
moderate drought occurred from July to September.

* From March 2011 to March 2012, severe to extreme drought conditions were present

Carl Heinz Dobler Menher stated that drought severely affected the agricultural sector in 2011, leading
to the declaration of a disaster area, as the state’s reservoirs were at only 12% of their capacity. This
situation caused significant impacts on human activities, crop production, and livestock. It was also
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. ®- reported that during the 2011-2012 period, this extreme drought triggered a phytosanitary contingency
-ie-m caused by bark beetle infestations, resulting in tree mortality within the Pinus genus.

.

- Graph HDR-D- 1. Mexico Drought Monitor
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In the following map, drought conditions were analyzed using the Standardized Precipitation Index (SPI).
The results show that the municipality of EL Marqués generally experiences slightly dry conditions;
however, as explained previously, drought does not follow a fixed pattern and depends on local and
global meteorological conditions.

A vegetation analysis was also conducted, showing how vegetation has been affected over time by the
drought conditions that have occurred.

Image HDR-D- 1. NDVI 2023 y NDVI 2022.

Source: Soluciones SIG, based on Landsat 8 data

y xR I N B

™ e sy M L oy kPN




________

________

Impacts

ol
=

Frel W23 w
preEsmraren pediday
i 2,000 b e as

Drought has had a significant impact on agriculture in the municipality of El Marqués, as precipitation
levels have decreased, affecting rainfed crops. In addition, the cultivated area has been reduced from

Image HDR-D- 2. Agricultural impacts in 2023

%

Aegaillarmente ==
s=mbran BO0O
Hect Aeeah
[t IMaynia A Yerano

Source: Prepared by Soluciones SIG, using data from Noticias 5

Agricubtura
AL

hlarnues sisrira
bujo rlego ¥
E T
*hajorirgo riemdee
SO00hy
* bajo temporal
N0k, oo el
] 16w iy

approximately 8,000 hectares to only 2,000 hectares.

This has resulted in economic losses for farmers.
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Droughts
HDR-D-01 “Standardized Precipitation Index (SPI) Droughts Condition”

P
-,
t- ;
f; 1
»
*
.
- ! '
i L
—— o
PR e
regtten
I“LJ_l_liB:-
R N 3
Craten [N rrT] Pt cartageaiee
_— v D Lol 4
" Sprenepiegie — ey ——
B S — A :—-_ ._l: —— —

[
" ce-.
7 s




.....

_____

_____

- L]
P
S8 @
s
&
-

R —

- -
- -
-
a
- -
.
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HDR-D-02 “Precipitation Return Period — 5 years”
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Droughts
HDR-D-03 “Precipitation Return Period — 10 years”
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HDR-D-04 “Precipitation Return Period — 20 years”
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HDR-D-05 “Precipitation Return Period — 50 years”
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HDR-D-06 “Precipitation Return Period — 100 years”
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Heat Waves

Currently, there are several definitions of heat waves at both international and national levels, in which
the established temperature thresholds and the duration of each event vary according to the geographic
conditions of each location.

According to the World Meteorological Organization, a heat wave is defined as a significant warming of
the air, or an intrusion of very warm air, over a large area that typically lasts for several days and may
even persist for weeks. According to the Centro Nacional de Prevencion de Desastres, a heat wave is
defined as a period of more than three consecutive days with temperatures above average, considering
both maximum and minimum temperatures. Likewise, Herrera-Alanis (2012) indicates that a heat wave
occurs when both maximum and minimum temperatures exceed the 90th percentile for at least two
consecutive days.

High temperatures during heat waves can create critical conditions, increasing the incidence of heat-
related illnesses such as heat stroke, exhaustion, syncope, cramps, gastrointestinal diseases, and
dehydration. These effects raise morbidity levels, particularly among vulnerable groups, including
infants, older adults, and socially marginalized populations. In addition, heat waves can cause vegetation
desiccation, increasing the risk of forest fires.

Each year, Mexico experiences heat waves of very high hazard levels, with northern states being the
most affected—particularly Baja California, Sonora, Chihuahua, and Nuevo Ledn. Other states where
significant impacts have been recorded include Guerrero and San Luis Potosi.

According to the Ministry of Health, heat waves affecting Mexico in 2023 caused significant impacts. As
of July 8, 2023, a total of 2,662 cases related to extreme heat exposure had been reported nationwide,
along with 167 deaths, primarily concentrated in states such as Nuevo Ledn, Tamaulipas, and Veracruz
(Extreme Natural Temperature Epidemiological Surveillance, 2023).

The municipality of ELl Marqués is not exempt from the negative effects of heat waves. Records from the
Direccidn de Proteccion Civil indicate that between March 2022 and July 2023, a total of five heat-
related incidents were attended, including cases of heat stroke and dehydration.
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For the analysis of heat waves in this study, the relative threshold criterion proposed by Herrera-Alanis
(2012) was applied, whereby a heat wave occurs when both maximum and minimum temperatures
exceed the 90th percentile for at least two consecutive days. Under this criterion, two events may be
merged if the interval between them does not exceed 24 hours (one day) and if both maximum and
minimum temperatures exceed the median temperature of their respective time series. The cartography
presented in this section was developed using data from the Servicio Meteoroldgico Nacional of the
Comisidn Nacional del Agua (CONAGUA) for the period 1950-2018.

Additionally, the municipality operates its own meteorological stations, which have collected continuous
records of daily maximum and minimum temperatures since 2021. Although this dataset does not yet
meet the number of years required for a full analysis of this phenomenon, it is used to examine heat-
wave behavior during the period from 2021 to July 2025.

The 90th percentile was identified for each meteorological station, and it was verified that the
established condition was met for two or more consecutive days in order to register a heat wave. Once
heat waves were identified for each year, their duration, the number of heat-wave days per year, and the
maximum temperature recorded during each event were analyzed. The following figure shows the
annual number of heat-wave days for each station, revealing an increase in the number of days during
the last ten years.
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To conduct a more detailed analysis of the increase in the number of heat-wave days, the annual average
was calculated. The following graph more clearly illustrates the upward trend, which is a clear indication
of an increase in either the annual number of heat waves or their duration.
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The analysis of each station individually shows that, in general, the mean number of heat-wave days
across all stations ranges between 10 and 20 days, and in no case does the third quartile exceed 40
days.
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In the case of temperature, no clear upward trend is observed, indicating that although the number
and/or duration of heat waves has increased, their maximum temperatures have remained relatively
stable.
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When the analysis is conducted by station, temperature—unlike the previously analyzed variables—
shows significant spatial variability. Some locations do not exceed 34 °C (station 22046), while at other
sites more than 50% of heat-wave events exceed 35 °C (stations 11066 and 22058).
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The analysis of the exceedance probability of a phenomenon requires fitting the observed data to a
probability distribution. In the case of heat waves, the number of days per year in which this phenomenon
occurs was modeled.

Given that the variable is finite, discrete probability distributions such as the Poisson distribution were
initially considered. However, descriptive analysis of the data showed that it is overdispersed, meaning
that the variance exceeds the mean. Therefore, the negative binomial distribution was selected. The
corresponding equation is shown below.

(o= (1)1 xl(-1)) (11"

The following figure shows the probability histogram for station 11066 and the fitted probability
function for that station. This procedure was applied to all ten meteorological stations used in the
analysis. Fitting the probability function at each station made it possible to estimate the number of heat-
wave days per year for each of the required return periods.

Graph HDR-E- 6
Bl S diilraucen blirooie! Hegeilles
~ T =i sy aniin

Fyphnisidog mrmainc

man =
1 TR Tl g il AT

Pl AW g 101}
Bedli
r':; il
i
2 o
H |
3 b I
=
b
& BWh : &
-
1]
i re]
[3 L]
ooon . - - - a
no M Lin] TE i 125 150 ) i

Source: Prepared by Soluciones SIG S.A. de C.V., 2025

The following table shows the expected number of heat-wave days per year for each required return
period, based on the probabilistic fit performed for each meteorological station.
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Table HDR-E- 1, Return period for heat waves

Return period
2 5 10 25 50 100 200 500
5 16 24 36 45 54 63 75
11144 8 17 24 32 39 45 52 60
5
5

Station

11066

22041 29 53 89 118 148 179 222
22045 17 28 43 54 66 78 94
22046 10 23 44 6] 80 100 127
22049 O 4 9 20 29 38 48 63
22058 4 18 33 54 72 90 108 133
6
3

22063 18 27 40 50 59 69 83
22067 15 28 48 64 8 97 120

22070 4 17 30 50 65 82 98 120
Source: Prepared by Soluciones SIG S.A. de C.V., 2025
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Cold Waves

As with heat waves, cold waves can be defined using threshold criteria that depend on the geographic
conditions of the study region. According to the Agencia Estatal de Meteorologia (AEMET) of Spain, a
cold wave is an event lasting at least three consecutive days in which at least 10% of the analyzed
stations record minimum temperatures below the 5th percentile of their daily minimum temperature
series.

The Mexican Republic is characterized by a wide diversity of temperature and humidity conditions. Due
to its geographic location, it lies between two climatic regions: the temperate region north of the Tropic
of Cancer and the tropical region to the south. Because of its complex topography, altitude, territorial
extent, and location between two oceans, a variety of atmospheric phenomena occur throughout the
year. For example, during winter—which is cold and dry—the country is influenced by polar air masses
and cold fronts, which cause sharp drops in temperature, generally accompanied by adverse effects on
public health (CENAPRED, 2010).

The analysis of cold waves was conducted using a criterion similar to that proposed by Herrera-Alanis
(2012), which establishes that a cold wave occurs when both maximum and minimum temperatures at
a given site fall below the 10th percentile for at least three consecutive days. This approach is also
supported by the criteria suggested by the Direcciéon de Meteorologia e Hidrologia (DMH, n.d.), which
uses the 10th and 5th percentiles to define a cold wave and a strong cold wave, respectively.

The data were obtained from a set of climatological stations belonging to the Comision Nacional del
Agua (CONAGUA) National Network. These stations were selected based on their location relative to
the municipality of El Marqués and the length of their data records. The names of the stations and their
coordinates are presented below.

The 10th percentile was identified for each station, and it was verified that the established condition
was met for three or more consecutive days in order to register a cold wave. Once cold waves were
identified on an annual basis, their duration, the number of cold-wave days per year, and the minimum
temperature recorded during each event were analyzed.

The following figure shows the annual number of cold-wave days for each meteorological station.
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