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This work focuses on knowing the physical, environmental and population effects from the impact of an asteroid occurring in the Mexican
territory. The work consists of the adaptation of routines product of previous works in the literature to generate a numerical code written
in PyThon that allowed modeling this kind of phenomenon. Firstly, a map of the superficial densities of the Mexican territory has been
developed with a resolution 6f5° of longitude by0.5° of latitude of the Earth. The map allows us to find the value of surface density in a
specific geological area of the country. Once the surface density value was obtained, it is established as the value of the impact site (target)
The model requires using fixed parameters, such as the diameter of the body, its density or mass, the angle of incidence and the density valt
at the impact site. The output, provides the impact velocity, as well as the energy released, diameter and depth of the crater, the magnitud:
of the earthquake as well as the damage on the surface. We studied the Chicxulub asteroid event in two hypothetical scenarios. Firstly, the
atmospheric density profile was modified, allowing the calculation of a new value for the impact velocity. Secondly, we assume that the
object hits with a fraction of the initial mass, and with this the impact velocity and its effects were recalculated for three different targets.
They were used to calculate the infrastructure damage they would cause if the impact could occur today. Finally, the results obtained by our
model were compared with the literature, showing that they are consistent with the observational data. Models such as this one contribute tc
having tools for the attention towards the prevention of this kind of event that in the context of the study risks from the space are necessary
in Mexico.

Keywords: Asteroids impact; Chicxulub impact event; numerical model for asteroids’ impacts; environmental and infrastructural damage
by asteroids’ impacts.
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1. Introduction sidered to have generated substantial changes in the history

) ) of the planet, such as in the configuration of geological and
There are several theories that try to explain the solar systegyo|ogical history [4].

formation. One of the most acceptable so far proposes that

the formation and evolution of the solar system began 4,500 Modeling the impact of asteroids on a specific territory,
million years ago with the gravitational collapse of a smallsuch as Mexican territory, involves various factors and con-
part of a giant molecular cloud [1]. Most of the collapsing siderations. It is well known that there are several studies
material clumped together in the center, forming a proto-Sunielated to the impact of an NEO on the Earth’s surface. For
while the rest flattened into a protoplanetary disk from whichexample, [5] used a hydrocode to estimate the impact effects
the planets were formed [2]. The bodies that could not form af a rocky, non-variable-mass NEO. On the other hand, [6]
planet as simply trapped wandering bodies because of graemployed an equation that describes the change in mass at
itational interaction in orbits around the Sun. These bodieshe impact of porous bodies. There is also work on the mor-
were called asteroids or comets, and many of these collidephology of craters formed by debris pile objects or binary
with the Earth when it was forming; see for instance [3]. Theobjects [7, 8], respectively. In relation to the latter, there are
attention of this work is focused on this class of wanderinglaboratory simulations that recreate the impacts of NEOs on
body, in particular Near Earth Objects (NEO), which tracethe Earth’s surface, using various materials that act as im-
an orbit close to the Earth. In other words, because of th@actors and as targets, to obtain results on the size of the
implications of their proximity or possible collision, is con- craters [9, 10]. Additionally, there are also works that are
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related to the impact of bodies in the ocean [11] and its repeting into account an atmospheric density profile for a height

cussions in coastal areas, as well as the magnitude of the = 0. This modification is consistent with that proposed

earthquake (measured on the Richter scale) that this impaby [19], which establishes that for spherical objects that im-

would cause. pact the Earth’s surface, the terminal velocity of the body
In this work we present a numerical model for the impactwith respect to its initial velocity is between3 to4/5 times,

of an NEO in Mexican territory, based firstly on the calcu- while considering a mass loss of betweéf, to 60% due to

lations made by [12] but to which the following equations ablation process due the pass through the atmosphere. In this

have been added: one equation to calculate the impact velocentext, the terminal velocity can be obtained as follows:

ity, which is a modification of the one proposed by [13]; and

another to calculate the final mass based on the initial mass, 4pidg

composition and the morphology of the object [14-16]. Our Vi= m’ @)

model uses this equation when the value of the density of

the body is unknown. We also added another equation tquhere p; and d are the density and diameter of the mete-

calculate the magnitude of the earthquake caused by the ingroid, respectivelyg is the gravitational acceleration con-

pact and finally one equation to calculate the area affectegiant, c, = 0.5 is the drag coefficient [13] and, (7)n—o

by OVerpreSSUre, as We” as a I’OUtine that a”OWS CalCUIating; the atmospheric density eva|uated on the ground. The

the percentage of the environment seriously affected. In thighathematical expression suitable for Ef) bas to be like

context, we have specifically focused on asteroid characteri;, (p) = ae’'h + gef2h with a + 3 > 0 anddy, 6, € R. A

zation, blast and crater formation and finally the damage assjmilar deduction for the Eqj1}, which does not contemplate

sessment, adapted from [12]. an atmospheric density profile, is shown in Ref. [20].
This article is presented as follows: in Sec. 2, we describe

the mathematical model on which our work is based, contain: .
. - . 2.2, Intensity of earthquake
ing all the components necessary for describing the possml%

beh'aviour in the Mexican territpry. In Sec. 3yve describe they,r model considers a module to evaluate the fraction of
environmental effects of body impact, focusing on the damynetic energy transformed into seismic wave energy, if an

aged population and the area affected by overpressure. S€gsna .t were to occur. This module calculates the magni-

tion 4 introduces the case study of the Chicxulub event, i, 4 of the earthquake: the value of this fraction ranges from
which we show the behavior of the impact parameters such,-s _ -3 [21]. In the energy-magnitude relationship for

as velocity, the energy released, diameter and depth of thg, oarthquake, [22] used it to calculate the intensity of the
crater as well as the magnitude of the earthquake. In add't'o'éarthquake but with the Richter scale.

we recreate the Chicxulub event for three different target val-
ues and a mass loss factor. With these data and informatio
from the website [17], we present the possible infrastructura
damage (in three different geographical sites) that the impa(i
would generate. Finally, in Sec. 5, we discuss our results.

In 2012, the International Seismological Association de-
ded to no longer use the Richter scale to measure earth-
uakes because it is not longer representative of the energy
at is released by an earthquake or the intensity of earth-
quakes. In this context, we decided to use the calculations
made by [23], which are the basis of our model by adding
2. Model the new scale, in comparison with [12]. In this way, in our

model the magnitude of an earthquake is related to the energy
The impact of an asteroid on the Earth surface requiresadiated,~ in Joules () [24] as:
specifically focusing on the asteroid characterization, blast
and crater formation and the damage assessment, among K. — log;o(2 x 10*E;) — 9.05
other variables. It is important to mention that mathemat- ® 1.5 '

ical modeling has been developed for its application in the h dth ¢ seismi ﬂ
Mexican territory, taking into account elements of the work - urthermore, [25]5u§e the concept of seismic energy flux
gensny defined as0—° times the total kinetic energyy,. to

of [12], and others that allowed obtaining the equations tha i
describe the impact energ¥,, the diameter and depth of the calculate the seismic effects causgd by the shock wave pro-
crater,D,. andd,., respectively, and the radius of the fireball, duced by the rupture of a meteoroid.

R;. In the following sections, we will present the additional

components of this model. 2.3. Geological composition

@)

2.1. Terminal velocity One of the main considerations that we took into account to
represent the physical phenomena related to the impact of an
Parameters such as the impact velocity are necessary to quabject over the entire Mexican territory was to know the ge-
tify the spatial scales when an asteroid collides with theological composition at a deep of 10 m. To resolve this, we
Earth’s surface. In our model, we have used the kinetic engenerate a matrix of density values using the GeoMapApp
ergy equation provided by [13,18] which we modified by tak- software [26], which software helps usto know the surface
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Geqlogical density (land) over the mexican territory 3000 3.1. Surface and infrastructure affected

2750

To know the surface reach¢fr) that would be damaged by

e the impact of an asteroid, we use the analysis made by [30],

2500

2250

E, which studies the affected surface (by release of energy) at a
— pressure of at leagtPSI or~ 27579 Pa. With this analysis,
S 1750 2 we can establish the area of damage in those places enclosed
1500 by the radiusk where the pressure is exceede3%79 Pa,
1250 which represents the pressure can break windows as well as

crush cars. The mathematical expression in this case is a
function of the height: in kilometers at which the energy
release occurs, where the enefgys in units of megatons:

T ORI T o 1000

FIGURE 1. Map of the surface density of the Mexican territory.
This map has a resolution 6f5° longitude per0.5° latitude per

— 2,—-1/3 1/3
10 m in deep. R=21h—05h*E~Y? £ 51EY/3, (3)

In our work, we have considered that the impact occurs
at a heighth = 0. With this assumption by using the work
of [31] to know the total area that would be damaged from
the impact, we modified the EB)(as

density of the territory well by generating a matrix of values
over the entire Mexican territory. The grid was divided into
subregions 0f.5° of latitude by0.5° of longitude. The den-
sity matrix (0.5° x 0.5° x 10 m on average) was stored in
afile that is read by the model developed in the Python pro- Sp = 25.87E2/3. (4)
gramming language. Generally, this allows us to represent in

a map of the Mexican region the surface density of the entire .
country (see Fig. 1). 4. Case study analysis

Itis important to mention that there are several works reqp order to test the model, we applied this to the Chicxu-
lated to modeling the density of the Earth as a function ofiy event that occurred 65 million years ago according to
its radius, suggesting that for the first 100 km of depth, thg3>_34]. To recreate the Chicxulub asteroid impact scenario,

average density remains constant with respect to the densifye se the next parameters of the literatute= 11500 m,
on the surface [27]. In order to analyze the impact of aster,, — 2750 kg/m?, 6, = 45° andv; = 17 km/s, which are

oids larger than 0.54 m and reproduce their effects well, Wg,ominal values are from [35].

consider that the target density uses this approximation. From our model, we obtained the following results: in
Fig. 2 the lower panel shows the curve that describes the
behavior of the impact energy as a function of velocity.
In particular, it is observed that given an impact velocity of

3. Environment effects

100 A -

Another property of interest is the environmental damage 80 -
caused by the impact of an NEO in the Mexican territory. = 60 L
The studies and data from [28] related to the estimation of the & 4 | L
severely affected world population with respect to the energy
released, see Figure in the upper panel 2. Using these dat
and a model based on B-Splines and Vandermonde matrices
the function that relates the energy released to the affectec.. *
population was obtained. We used B-Splines to determineE 5
the polynomial expression that relates environmental dam- g
age as a function of the energy released, allowing us to use§ 10* 1

20 1 o

the smallest number of degrees of freedom, while the use of @ Chicxulub asteroid
. . . 0+ L
Vandermonde matrices served to interpolate the polynomial T T T T I v T
. . . . 0 2 107* 4x 102 6x 107 Sx 107* 102 1.2x10%
that was fitted to the aforementioned data. In particular, it was Enieiey ()

ibl rmine the energy n r ignificantl .
ngnsab g ttk?edt%t;l Woﬁdt eo eulilt?gn svcheiiﬁa}sy;o ?og(im;?elt ¥IGURE 2. Upper panel shows the behavior of the Global Percent-
9 Pop ' PP yage of the Environment Seriously Affected (GPESA) as a function

24
_1'2 x 107 J. In t_he Same Way_, the_ energy releaseggby th%f energy released. For a damage of 100% an energy of the order
impact of the Chicxulub asteroid is in the order-of10<> J ~ 1 x 10%* Jis required. The lower panel shows the behavior of

needed to affect 90% of the environment of Earth. This valughe energy as a function of the impact velocity. Bpr= 17 km/s,
is reached with the aforementioned impact endigya value  the. indicates the value obtained fé& = 3.2 x 10%® J value that
consistent with [12, 29]. matches [36, 37].
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FIGURE 3. This plot shows the curve of the radius of the fireball as FIGURE 5. Graphical analysis of the depth of the crater as a func-
a function of the energy released. Thedicates the value obtained tion of the crater diameter. Thendicates the value for the depth

for Ry = 1.3 x 10° m. die = 4.8 x 10* m.
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FIGURE 4. Graphical analysis of the diameter of the crater as a
function of the density of the target as a function of its diame-
ter. The- indicates the value of the diameter of the crater obtained
Dyie = 1.3 x 10° m.

FIGURE 6. Graphical analysis of the earthquake as a function of
the energy by Chicxulub asteroid. Théndicates the value ob-
tained for the magnitude of the earthquake, = 12.4.

v; = 17 km/s, the energy released would bg = 3.2 x the diameter would b&, = 9.3 x 10* m. Figure 5 de-
10%% J. The horizontal gray band corresponds to the mini-scribes the curve of the depth of the crater as a function of
mum and maximum values of impact velocity [38, 39]. Theits aforementioned diameter, obtaining that the depth would
vertical gray band corresponds to the minimum and maxibe d;. = 2.6 x 10* m. Our values are consistent with that
mum energy values corresponding to the aforementioned inreported by [42].
pact velocities. Figure 6 shows the earthquake magnitude curve as a func-
Figure 3 shows the behavior of the fireball radius as dion of energy, in which it is inferred that the magnitude of
function of the released energy. It can be seen that the sizbe earthquake would b&f,, = 12.4, to put this value in
of the fireball radius would bgr = 1.5 x 10° m, which are  context, the largest recorded earthquake was that of Valdivia
data in the order of magnitude proposed by [40,41]. The verChile in 1960 with a value ofif,, = 9.6 [23]. This value is
tical band corresponds to the minimum and maximum value# the order of magnitude with that indicated by [37]. Fig-
of energy released. Similarly, the horizontal gray band in-ure 7 shows the area that is affected by overpressure as a
dicates the minimum and maximum radius of the fireball infunction of the radiated energy. The affected area would be
relation to the aforementioned released energies. Sk = 1.49 x 107 km?. In all previous graphs, an error bar of
Figure 4 describes the behavior of the crater diametet0% has been added to the result obtained.
caused by the impact, as a function of the target density. To contextualize the relevance of the atmospheric density
Specifically, it is indicated that for a target densityof = profile in the impact velocity calculation, the Chicxulub event
1030 kg/m? (a value close to the moment of impact [40]), was recreated using the [43] profile. From the data in Table I,

Rev. Mex. Fis70010701
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TABLE |. Results obtained implementing two density profiles.

Parameter/Atmospheric density profile [12] [43] Variation
Impact velocity (m/s) 2 x 10* 1.8 x 10* 10%
Energy released (J) 4.5 x 10?3 4.1 x 10% 8.8%
Fireball radius (m) 1.5 x 10° 1.4 x 10° < 1%
Diameter crater (m) 1.4 x 10° 1.3 x 10° <1%
Depth crater (m) 4.9 x 10* 4.8 x 10* < 1%
Earthquake magnitude 12.6 12.5 < 1%
Area affected by overpressure (kKn 1.8 x 107 1.7 x 107 <1%

we define the coordinates 2%, 103*W that corresponds to

p: = 2750 kg/m?, obtaining the following results. Based

r on the values from the second column of Table | and with

p: = 1030 kg/m?, in the first instance the impact would gen-

. erate a crater oD,. = 9.28 x 10* m, which would affect

257,158 housesi(e. the number of houses that would be

embedded in the crater). Secondly, the radius of the fireball

would beR; = 1.36 x 105 m, affecting584, 240 housesi(e.

the number of houses that would be embedded in the fireball

- radius), according to data from [17]. Finally, the affected area

(at least 4 PSI) would bg, = 1.45 x 107 km?, which would

include all the houses in the Mexican territory. In fact, this

affected surface is a million times the surface of our planet.
In relation to the targep, = 2250 kg/m?, in the first

stage, the impact would form a crater with a diameter of

® Chicxulub asteroid

2107

1.5%107 5

Surface (km?) affected at
least 4 PSI

5%10° o

T T T T T
6x107  8x107 108 1.2x10% 14x10%

Energy released (M)

T T T
0 2x107  4x107

FIGURE 7. Graphical analysis of the surface affected by over- 4 .
pressure as a function of the energy by Chicxulub asteroid. TheDtc = 7.15x10"m, which would affect 2, 263 houses. Sec-

- indicates the value obtained for the area affected by overpressur@ndly. the radius of the fireball would ey = 1.36 x 10°m
Sp = 1.4 x 107 km?. which would affectl, 764, 068 houses.

In the case of the target, = 2750 kg/m?, the impact
it can be deduced that by using the atmospheric density prowvould generate a crater with a diameter/of. = 6.69 x
file of [43] in our model, we obtain values that better fit what 10* m, which would affecB9, 153 houses. The radius of the
was proposed by [12, 34]. In this order, the value of the im-fireball would beR; = 1.36 x 10> m, which would affect
pact velocity differs by one-tenth, and the energy releasef76, 454 houses. Finally, the affected area for the case of the
and the radius of the fireball are in the same order of magnitargetsp; = 2250 kg/m? andp; = 2750 kg/m? would be the
tude. The dimensions of the crater differ by one hundredthsame as fop; = 1030 kg/m?®. In fact, these three cases share
while the magnitude of the earthquake does so by one-tentithe same value of the radiated energy and magnitude of the
Finally, the area affected by overpressure is in the same ordearthquake since these values only depend on the mass and
of magnitude. velocity of impact.

The methodology used to obtain the damage to the in- There are models used to know the possible final mass of
frastructure, related to the impact of the body, consisted o& body considering its morphology and composition with a
using the [17] website, specifically theformation polygons law strength-scaling exponent [14, 15]. Our model assumes
tool, which yields results of the number of dwellings in a re-that the impactor is spherical and homogeneous and that it
gion well defined by the user. We delimit this region usingimpacts with a fraction of the initial masst; = (1 —F)my,
the values of the diameter of the crater and the radius of thetherem is the final massf” is the percentage of mass loss
fireball. Based on the above, we can infer the possible ind0 < F < 0.6 [19, 44] andmy is the initial mass. From
frastructural damage that the impact of the Chicxulub objecthese assumptions, it can be seen that= (1 — F)'/3dp,
could currently cause. For this we have defined three hypoahered; andd, are the final and initial diameters, respec-
thetical targets; the first will be the place where the Chicxuluktively. In an analogous way, it can be determined for a cylin-

object originally collided,p; = 1030 kg/m®. To define the
second and third targets, we used the map in FigWe de-
fine the second target at the coordinated\5.00°W, which

correspond te, = 2250 kg/m?. Finally, for the third target,

derd; = (/LsL;(F —1)do/Lys) whereL; andL; are the
final and initial length of the cylinder that surrounds the body,
respectively. For this manuscrigty = din the Eq. () to de-
termine the impact velocity and the energy released.

Rev. Mex. Fis70010701
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TABLE Il. Results obtained by implementing three targets with= 2750 kg/m® and F' = 0.3. The impact velocity is 19.2 km/s, and the
energy released B82 x 10?3 J.

Target density / Crater Crater Fireball Seismic Area affected
Parameters diameter depth radius magnitude by overpressure
1030 kg/nt 8.91 x 10* m 3.15 x 10* m
2250 kg/ni 6.87 x 10* m 2.43 x 10* m 1.31 x 10° m 12.4 1.34 x 107 km?
2750 kg/ni 6.42 x 10* m 2.27 x 10* m
TABLE Ill. Infrastructural effects caused by the effects of the crater diameter and the fireball radius in comparison with data from [17] and
values from Table II.
Target density and geographic situation/ Houses affected in relation Houses affected in relation
Parameter and infrastructural damage to the crater diameter to the fireball radius
1030 kg/nt (21.3°N, 89.5°W) 253,808 583,498
2250 kg/nt (25°N, 100°W) 10,344 1,754,280
2750 kg/ni (22°N, 103°W) 30,198 922,398

Based on the above we have recreated the three scenaribs Discussion and conclusions
for the targetsp;, = 1030 kg/m?, p;, = 2250 kg/m*® and
pe = 2750 kg/m? with F = 0.3, which are typical value The work presented here provides a useful tool for calculat-
for bodies withp, = 2750 kg/m?, obtaining results of the ing the impact of an asteroid on Mexican territory and its ob-
Table II. servational effects. Mexico covers an area of approximately
_ o 1,973 million kn?, which is why studying the interaction
Although the impact velocity is greater than the nomi- 3nq impact of asteroids becomes relevant. From Laborato-
nal, the products of this parameter decrease with respect {¢, de Ciencias Geoespaciales (LACIGE) from Universidad
the scenarios in which; = 17 km/s was assumed since the Nacional Aubnoma de Mxico has been making an effort
radius of the fireball, the magnitude of the ea_rthquake, a_mgo paying due attention to this phenomenon. These efforts
the area affected depend on the energy of the impact. This ige focused on the development of numerical models like the
diminished by the decrease in the diameter itself. one presented in this work, as well as the work developed
y [47]. We consider that the Edl)(for calculate one of the

To contextualize the results of Table Il, we again useob . . :
rucial values for the operation of our model, is based on the

the website from [17] and created Table I, which shows the® lculati ¢ 131 and adanted b 10 admit il
number of houses affected in relation to the diameter of th&3'cu'alions o [13] and adapted by us to admit any profile

crater and the fireball radius, target density and geographi%f aimospheric density. In ad_dition to this, the equat_ion in-
location. From these data, it can be determined that th¥O|Ves the parameter of the diameter of the body, which can

largest number of damaged homes would be caused by tHary depending on the percentage of mass loss because of the

fireball radius and would be found 25°N, 100°W (located rag force th_at the body experlenc_es.

approximately 110 km from the city of Monterrey in the state Ve have implemented a numerical model that allows us to
of Nuevo Leon). This same geographical site would have th&§n0W the physical effects when an impact of an asteroid oc-
lowest number of damaged homes, which seems to contraSHrS OVer the Mexican territory from initial conditions such
with what is intuitive. The authors infer that this situation &S Velocity and angle of entry. Additionally, based on data

is due to the demographic phenomenon of gentrification thaPund in the literature (MPI-NASA database), newer param-
Monterrey presents. eters were adapted and incorporated for a possible study in

the particular context of our study. These parameters are the
Itis a complex task to determine the infrastructure or vul-calculation of the impact velocity, the percentage of the envi-
nerability of the population that would be affected by the im-ronment seriously affected, the magnitude of the earthquake
pact of the body on our planet. Scenarios using extreme vaproduced by the impact, and the surface affected by the over-
ues are commonly proposed to calculate the possible effecfgessure; we found that they depended only on the energy
of this type of event. For instance, [45] used the sigmoidreleased by the impact. All of these parameters were incor-
logistic function to fit data related to the physical effects of porated into the model to calculate the diameter and the crater
a body’s impact on our planet and population vulnerability,depth as well as the fireball radius, as presented in the work
while [46] models the physical effects on the coastal areasf[12], but by considering the Mexican geological conditions
limiting impacts to shallow water only. in a more realistically.

Rev. Mex. Fis70010701
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In this work, we also focus on the Chicxulub asteroid im- of the target, which in our case is assumed to be that of the
pact, which was recreated and studied using existing inpusite at a depth of 10 m. If a stratification of the target is as-
data in the literature. For this case, an analysis was performexlimed, however the actual depth may probably be below this
regarding on the physical and social effects that this impactalue.
would cause in our country if a similar event currently oc-
curred, which obtained specific information about the energy  Regarding the environmental consequences, our model
released, the radius of the fireball, the diameter and deptis consistent with the validity of the data on the magnitude
of the crater, the magnitude of the earthquake produced, argf the earthquake, and radius of the fireball has a maximum
surface affected by the overpressure. For this same event, wange of 1500 km [12, 24, 30]. We use the values of the den-
considered an atmospheric density profile modified, whichsity for three different targets in order to know the size and
made it possible to calculate a new impact velocity and withdepth of the crater that the impact would cause in each of
it new values for the effects caused by the impact itself. them. As a result of the implementation of this numerical

Two other hypothetical scenarios were modeled by varymodel, it would be possible to predict scenarios of body im-
ing the target density for the Chicxulub impact case, nhamelyacts on our planet, in particular, effects on the environment
p: = 2,250 and 2,750 kg/rh, which corresponds to interme- in the Mexican territory.
diate and maximum geological densities known over Mex-
ican territory, respectively. To calculate the damage to the In addition, the intense heat generated by the asteroid’s
infrastructure, we used the [17] website: the tmbbrmation  entry into the atmosphere can lead to significant heating and
polygons which allowed us to know the number of existing expansion of the surrounding air. This heating can cause lo-
houses in a well-defined polygonal region. To create this reealized changes in the density and temperature of the iono-
gion, we set a geographic coordinate and input the crater dsphere, see for instance, [48]. Mexico there is also evidence
ameter and fireball radius values obtained with our modelthat suggests this can occur. Its break-up and burst have dis-
generating the desired information. These data allowed to esurbed the intermediate layers of the atmosphere and also the
timating the affected infrastructure close to the impact pointionosphere. These disturbances have been detected by satel-
Itis important to mention that the model assumes that the imlites and probes as unusual behaviors in the total electron
pact by the asteroid occurs with a fraction of its initial mass.content (TEC) and analyzed by [49]. To calculate the ef-
In addition, our model is a tool that will allow us to make fects on the atmosphere produced by the impact of a body
better predictions about the physical phenomena related twith the Earth’s surface, the concept of shock wave energy
the impact of an asteroid in our territory. This model workscan also be used. The high temperatures and pressures as-
in a complementary way with [47]. sociated with the asteroid impact can cause ionization of the

The results obtained from our model are consistent irmtmospheric gases, leading to the formation of plasma. It is
comparison with other works, such as [12,43]. Table | showsmportant to mention that the impact of an asteroid can gen-
for example that the impact velocity obtained by us differederate electromagnetic pulses (EMPs) that propagate through
by 10% or the energy released differed only by 8% with thethe atmosphere and ionosphere. All of these effects will be
works before mentioned. Although the model is limited by incorporated in a next version of our model.
the average geological density at a depth of 10 meters, it
can give us a good approximation for the size of the crater As an example, the work of [25] determined that the re-
if the object does not exceed an energy released betwedation between the energy of shock waves and the total en-
9.4 x 109 — 3.3 x 10'% J or with a diameter between35  ergy released i, /E; ~ 0.002. In the work of [50]
to 0.54 m. In the case of Chicxulub impact, the model pro-proposed that the Chelyabinsk meteoroid released an energy
vides an upper limits in the values of size of the crater, the aff,,, = 9.4 x 10'2 J. On the other hand, [51] suggested that
fectation that it could produce if this event occurred in otherthe Kamchatka meteoroid releasé&d,, = 1.5 x 10'2 J,
latitudes and longitudes, and even in the depth of the cratein both cases these objects caused a low to medium iono-
however, it is evident that the number of buildings affectedspheric disturbance. In the work of [49], the Morelian mete-
depends on the size of the object and the density of the collieroid releasedz; = 5.1 x 10'° Ji.e,, E,, = 1.08 x 108 J,
sion site, but this information is variable over time caused bycausing a very low ionospheric disturbance. For the Chicx-
the dynamics of population growth itself. ulub event, the energy released in shock waves would be

In all the scenarios analyzed in this work, the impact ve-E, = 6.4 x 10%° J, from which it can be inferred that the
locity obtained by our model is within the accepted limits for ionospheric disturbance would be high.
this event, which is 13-21 km/s. The model shows that the
impact energy released, the values of the diameter and the Finally for our model, the initial values required by this
depth of the crater, as well as the fireball radius, are all conean be adapted and obtained from the final values reported in
sistent with what was reported by [12,34]. We have observethe work of [47]: these two models works as modules cou-
that, for example, the depth of the crater exceeds the valugded with each other to make a more complete description of
reported by [12]. This difference could be explained if wethe phenomenon in studying the fall of asteroids in the Mex-
consider that an important factor in the model is the densitycan territory.
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