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Resumen

Las anomalias geofisicas de diferente naturaleza
observadas en el area del volcan Popocatépetl
se presentan y analizan en este articulo. Las
anomalias encontradas son de origen volcanico.
El ambiente electromagnético en las cercanias
del volcan resultaron tener mas ruido que las
estaciones de referencia; una fuerte actividad
geomagnética similar al ruido fue observada
en la componente H; ademas solamente
se detectaron pulsaciones geomagnéticas
en la estacién Tlamacas (localizada a 4 km
del volcan). Algunos cambios notables en la
evoluciéon del indice fractal calculado para el
campo geomagnético pueden estar conectados
a la presencia de procesos criticos, los cuales
pueden estar ocurriendo en la dinamica del
volcan.

Palabras clave: actividad volcénica, anomalia
geomagnética, indice fractal, Popocatépetl.
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Abstract

Geomagnetic anomalies of different nature
observed in the area of Popocatepetl volcano
are presented and analyzed in the current
paper. The analysis reveals some anomalies
considered to be of local volcanic origin: the
EM background in the vicinity of the volcano
was found to be significantly noisier than
other reference stations; sporadic strong
noise-like geomagnetic activity was observed
in the H-component; some geomagnetic
pulsations were observed only at Tlamacas
station (located 4 km near the volcano). Some
noticeable changes in the evolution of the
fractal index calculated for geomagnetic field
may be connected to the presence of critical
processes in the volcano dynamics.

Key words: volcano activity, geomagnetic
anomaly, fractal index, Popocatepetl.
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Introduction

The object of our interest, Popocatepetl volcano
(nicknamed ElI Popo, Figure 1, top left), is
located in Central Mexico (19.0N, 98.6W) at
5465 m altitude. It is one of several active
volcanoes that form the Trans-Volcanic Belt of
Mexico (also known as Neo-Volcanic Axis) and
its existence is related to the geodynamics of
the North American and Cocos plates. El Popo is
one of the major geological hazards in Mexico,
if a sudden eruption would take place (Figure
1, top right), it may result in one of the most
dramatic natural disasters in contemporany
mexican history due to the fact that El Popo
is situated near one of the world’s most
populated areas (Figure 1, bottom left): Mexico
City (about 70 km southeast) and the nearby
populations of Puebla (about 45 kilometers
west) and Cuernavaca (about 60 kilometers
northeast) among others. More than 30 million
people live within view distance of the volcano
and hundreds of thousands of people would
be endangered by hazards associated with a
large explosive eruption of the volcano (Macias
Vazquez et al., 1995). A major eruption would
have serious consequences for people living in
communities on the flanks of the volcano, and
ash from such an eruption could also endanger
aircraft using Mexico City international airport.

About 30 eruptions have been reported
in historical time (although documentation is
poor), the latest significant activity took place
from 1920-22. During the eruptive activity from
December 2000 (Figure 2) more than 56,000
people were evacuated from the surrounding
area and more than hundred civilian air flights
departing and landing at Mexico City airport
were cancelled. Besides of that, El Popo is
a permanent source of the ash periodically
polluting nearby metropolitan areas (Juarez et
al.,2005). Duetoits recentactivity Popocatepetl
volcano is the object of constant seismic and
volcanic monitoring by CENAPRED (National
Mexican Center for Disasters Prevention) and
also the actual interest to establish a station
for permanent geomagnetic monitoring of
the volcano. Present activity of Popocatepetl
volcano can be briefly summarized as follows.

Light eruptions occur everyday: from
several to tens of eruptions of gas and water
can be daily observed during quiet volcano
phases, up to 50-100 eruptions occurred in
the active phases (Gonzalez-Pomposo, 2004;
Arambula-Mendoza et al., 2010). In several
months moderate eruptions of gases and
volcano ash take place from one to several
times per day for quiet and active phases,
respectively. Moderate eruptions can also be

102 VoLuME 58 NuMBER 2

accompanied by explosive elements (rocks
injection), with a frequency from several to
dozens of events per year in recent times.
Major eruptive activity is not so frequent.
The last time such activity occurred it lasted
from December 2000 to January 2001. At this
stage intensive rock expulsions, lava eruptions
and pyroclastic flows take place in addition to
the above mentioned phenomena. Tectono-
volcanic micro-seismic events with magnitudes
up to Ms=2-3 and high frequency tremors are
also part of the volcano activity.

Geomagnetic anomalies observed in the
area of Popocatepetl volcano in the period 2003-
2009 during constant monitoring of magnetic
field in Tlamacas station are presented in this
paper.

Different long-term observatories all over
the world collected in monographs (Hayakawa
and Fujinawa, 1994; Hayakawa, 1999) points
the ULF EM (Ultra Low Frequency Electro-
Magnetic) band as very promising for EM
emission monitoring generated in the period
preceding strong seismic events. The number
of volcano-related EM studies is quite smaller
but some of them deserve a particular interest
(Currenti, et al., 2005, Enomoto, et.al., 2006,
Fujinawa et al., 2006) proving the possibility of
generation of similar signals associated with a
volcanic activity.

Geological setting

Popocatepetl is a Pliocene-Quaternary
stratovol-cano situated 65 km SE of Mexico City
and 45 km to the west of the city of Puebla, in
the frontal part of the Trans-Mexican Volcanic
belt (TMVB) (Figure 1 and 2) on a basement
of Paleozoic metamorphic and Cretaceous
sedimentary rocks (Macias et al., 2005;
Espinasa-Perefia and Martin-Del Pozo, 2006).
The volcano forms the southern end of the
Sierra Nevada volcanic range. Its stratigraphic
column consists of pyroclastic deposits
(sandy ash, pumice, ash flow, lithic clasts
of granodiorite, hornfels, arenite and other
xenolites) erupted during the past 23,000 yr. BP
(Siebe et al., 1995, Siebe and Macias, 2006).
Mooser et al. (1996) report the existence of
three units differentiated by their lithology. The
first corresponds to the Popocatepetl volcano,
composed of andesitic, dacitic and rhyolitic
lavas alternating with pyroclastic materials.
The second corresponds to the foothills of the
volcano, and is composed of pyroclastic potent
layers as ash and pumice, plus materials such
as lahar, fluvial and fluvio-glacial deposits.
This whole set is called the Tarango Formation.
The third unit consists of a different type of
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monogenetic volcanoes that are located in
the SW sector of the volcano on its piedmont.
These form part of the Chichinautzin Group,
where cones of scoria with extensive lava flows
of basic and intermediate composition, i.e.,
where basalts and andesites, are dominating.

sashatalen San Flpe

Data collection and processing

Geomagnetic monitoring of Popocatepetl
volcano was established on March 8, 2002, as
a complimentary part of the Tlamacas seismic
station (CENAPRED, 98° 37’ 41” W, 19°04’

Figure 1. Popocatepetl. Quiet volcano, January 2005 (a). Eruption of Popocatepetl, December 2000 (b). Map
of the volcano Popocatepetl (red circle) and Tlamacas station (blue arrow) (c). Gas eruptions as seen from the
Tlamacas station (d).

19 Dec 2000, 6:56:56 (19 Dec 2000 12:56:56 GMT )

Figure 2. Popocatepetl eruption, December 19, 2000. Photo courtesy of Mexico National Center of Prevention of
Disasters (CENAPRED).
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01”7 N) located 4 km near the volcano crater
(Figure 1, bottom right). First data collected
by Torsion type 3-axial magnetometer (GPS-
synchronization, 50 Hz sample frequency,
designed at St-Petersburg IZMIRAN Dept.)
appeared to be contaminated by an intensive
periodical multi-band noise coming from the
near-buried seismograph cables, as well as
the precision of the instrument went down.
Recording of the data was renewed in 2003 with
a 3-coordinate fluxgate magnetometer (GPS,
1 Hz, designed at UCLA). The results from
2003-2004 (Kotsarenko et al., 2005a) due to
the numerous power cuts frequently occurred
in the observation spot cover an unlucky short
time intervals and therefore are considered
not very reliable. The powerful USP system
established in the 2005 permitted to collect a
5 month constant monitoring data (March-July,
2005) which are analyzed in this study.

The study includes the analysis of dynamic
spectra as part of a traditional analysis for
the continuous component of the magnetic
field and the analysis of geomagnetic micro-
pulsations for the pulse component. Temporal
intervals with a high geomagnetic activity
(estimated by equatorial Dst index) are
normally discarded from the analysis. In
order to distinguish the local character of the
observed phenomena from the global ones
compared our results where compared with
those calculated from reference stations: the
closest Mexican station Juriquilla (JU2 and
other geomagnetic stations integrated to the
Mid-Continent Magneto-seismic Chain (McMAC,
Chi et.al., 2005) network are equipped with the
same instrument (Table 1).

Another subject of study was the
geomagnetic fractal dynamics which emphasize
the character of the criticality of the SOC (Self
Organized Critical) processes contributed to
the geomagnetic field (Gotoh et al., 2004,;
Kotsarenko et al., 2004 and 2005b).

As the SOC processes emphasize tendency
S(f) ~f" (where S is a spectral density of the
signal and f is the frequency), the FFT (Fast
Fourier Transform) was used for calculation of
tectono-volcanic events f3 as the slope of the
line that best fits log(S)—vs—log(f).

Results

The analysis of the obtained results shows the
following tendencies:

1. The general EM background in the vicinity
of the volcano is significantly noisier than in
the Juriquilla or the other reference stations
(Figure 3). In the very low frequency range,
up to 0.01-0.02 Hz, both TLA and JU2 are
characterized by rather similar noise intensity,
with some “flares” at 2:00 and 6:00. For larger
frequency bands, TLA is on the average noisier
than JU2. The observed feature has a mostly
permanent character.

2. The strong noise-like geomagnetic
activity in the H-component of magnetic field
with intensity up to tens of gammas and
duration from several hours (Figure 4) up to
several days (Figure 5) was detected only in
the TLA geomagnetic data 13 times during the
observations time. These events sometime
accompanied by a weak and moderate eruptive
activity (mostly gas or water) of the volcano
and local seismic events, but at all other times
it occurs without any observed activity.

3. Some geomagnetic pulsations observed
at LA station (Figure 6) were not detected at
the reference station, and use to be locally
generated in the volcano area. The observed
pulsation do not reveal any dominant direction
(arbitrary polarization). Observed phenomena
have similarity with seismo-related effects
(Kotsarenko et al., 2004).

Table 1. Description (Geographic Coordinates) for Tlamacas and reference stations.

Station name Abbreviation Latitude Longitude
N E
San Gabriel Dam SGD 40.7 242.2
Boulder BLD 40.1 254.8
Juriquilla Ju2 20.6 259.6
Tlamacas TLA 19.0 261.4
Jicamarca JIC -12.0 283.1

104 VoLuME 58 NuMBER 2
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05-Mar-2005, SIGNAL. TLAMACAS (volcano station, in color) and JURIQUILLA (refering station, black lines)

50 T T T T T T T T T T T T T T T T T T T
/«\‘
NS
| - ™
< Pt ” - x"“"m—»—/ \\J N,
z O0F R V=aseviat e : : X =
o ) fad \?q’
o
sobioioo i T

05-Mar-2005 SPECTRA. Station TLA 05-Mar-2005
A i

Intensity (20-log, (s) units)

Dgyindex, nT

time, UT

Figure 3. Top panel. H-component signals, Tlamacas (blue line) and Juriquilla (black line). 2nd and 3rd panels:
Tlamacas and Reference spectrogram accordingly. Bottom panel: Dst index of geomagnetic activity.

The spectral intensity of the noise background is higher in the Tlamacas (2nd panel); domination of more intensive

orange colors in contrary to the weaker green and blue seen at the 3rd panel, Juriquilla, the reference station.

16-Mar-2005, SIGNAL. TLAMACAS (volcano station, in color) and JURIQUILLA (refering station, black lines)

Intensity (20-log, (s) units)

30
20
10

<10
20
-30

N

==
I

[11]

Dgyindex, nT

time, UT

Figure 4. The intensive (100 nT change of the base value, up to 50 nT in the noise amplitude) perturbation
observed in the signal at Tlamacas station (blue line) in compare with a referent Juriquilla signal (black line)
(top panel); and its spectra (2nd panel). Referent (not-perturbed) Juriquilla spectra (3rd panel) observed under

geomagnetically quiet period. Dst index of geomagnetic activity (bottom panel).
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09-Jun-2005--16-Jun-2005 , SIGNAL. TLAMACAS (volcano station, in color) and JURIQUILLA (refering station, black lines)

B T Intensity (20-log, (s) units)

<150 - -

200 1 1 1 1 1 1

days (24 hours, UT time)

Figure 5. Top panel. Noise-like geomagnetic behavior observed several days in the signal of Tlamacas station
(blue line) in compare with a referent Juriquilla signal (black line), and its spectra (2nd panel). Referent (not-
perturbed) Juriquilla spectra (3rd panel). Bottom panel: Dst index of geomagnetic activity.
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30-Mar-2005, SIGNAL. TLAMACAS (volcano station, in color) and JURIQUILLA (refering station, black lines)
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Figure 6. The example of locally generated PC4-like geomagnetic micro-pulsation is marked by ellipse. In the
presented case the pulsation intensity is more expressed in the H-component. The table of symbols is the same
as in Figures 4-5.

4. The dynamics of the fractal index
for the LA station, in comparison with the
reference station, show 1-2 days drops during
geomagnetically quiet days (marks 1-4, Figure
7) whereas at the other stations results are
rather comparable (especially for the northern
stations, the Jicamarca station is located at
Zero magnetic latitude). Events 1-3 may
indicate the increase of the level of criticality
in the processes that contributed to the signal
(also see Kotsarenko et al., 2004, 2005b) while
event 4 is probably related to the effect of a
geomagnetic storm.

Discussion

As the observed phenomena have occurred in
an electromagnetically calm place as a volcano,
the following provisional models that could
possibly explain the mentioned anomalies are
presented:

1. As the magma has good conductive
properties, convective circular motion in the
magmatic reservoir may create a perturbed
magnetic field due to the effect of self-
induction.

2. The thermal heating may induce re-
magnetization processes in the rock medium.

3. The different mechanisms of micro-
fracturing (already developed) may be
enhanced by the conductive currents in the
lava.

4. The effect of the magneto-striction
simulated by stressed rock movement may also
be possible source of the generated emission
(in analogy to the electro-striction).

Among the observed anomalies one (the
highly perturbed H-component, Figures 4 and
5) is a subject of special interest and should
be discussed separately. Similar links to the
observed phenomena were presented in
Martin-Del Pozzo et al. (2002). The significant
differences between these results and the
presents one are that the firts authors used
a total field magnetometer system and,
therefore, could not distinguish the polarization
of the observed signals. The actual polarization
of the perturbations, mostly expressed in the
horizontal component, makes the recently
obtained result important because it indicates
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fractal index 3,

BLD

— 1 hour value

daily variation (4 hours run ave)
— trend (24 hours run ave)

SGD

Ju2

TLA

Jic

Dy index, nT

har Apr

May Jun Jul

date, 2005 (UT)

Figure 7. Dynamics of the fractal index B calculated for geomagnetic field at Tlamacas and referring stations
(see for description Table 1). Local drops in geomagnetic fractal dynamics (marked by ellipses 1-4) may indicate
some critical processes occurred in the region of volcano.

certain anisotropy in their generation, or a
specific geometry of the source system. The
majority of natural physical mechanisms
capable of producing similar perturbations, such
as the already mentioned re-magnetization
and magmatic flows, are in general, isotropic.
Another suitable mechanism, magneto-
striction, implies friction in the rock medium,
i.e. tectono-volcanic events and therefore does
not match the evidence, because most of the
observed perturbations occur under seismically
quiet periods.

108 VoLuME 58 NuMBER 2

In the present study original mechanism
of the generation, can theoretically explain
the strict polarization of the perturbations is
shown. It is based on the specific geometry
of the source. The possible existence of an
additional lateral magmatic camera (or broad
magmatic channel) besides the main magmatic
reservoir is proposed. This camera should
have flat geometry and be oriented strictly
perpendicular to the line S-N, which almost
coincides with the axis LA — Popocatepetl Crater
with a very small deviation. From this, circular
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motions in that hypothetical flat camera will
produce manifestations of the H-component of
the geomagnetic signal only.

To estimate a possible current configuration
that could yield the measured values and
directions of the magnetic field, let us consider
the simplest circular closed loop with current
(Figure 8). It is well-known (Batygin and
Toptygin, 1978) that the magnetic field of
the loop with electric current is given by the
formula:

B, _ﬁ-f;,x —Kti‘}+m—+'{r\—+'iﬁ-(fl] 4
“ 2 pl(R+ p)Y + 7] (R=p) +»
poathl 1 lppy, B =P = gl
2 [(R+ p) + y]"e (R=g)y +y
Boaly; Brae_ 28 ..
[(R+ p2F + 7] (1)

Here I is the value of the electric current,
K(k) and E(k) are the elliptic integrals of the
first and second kinds. That the volcanic rocks
are assumed nonmagnetic. In the present
case, the magnetic component in one specified
direction dominates. A possible origin of such
a field can be the loop with electric current
oriented in the vertical direction, when the
normal vector to the area of the loop is directed
along the line S-N. Under conditions p<<R, y
~ R we have:

Rl
B =0; BV ~ 'uo—
’ 2R+ (@)

In this configuration, the measured
magnetic field is directed along the y-axis. For

Figure 8. Schematic source configuration for the flat
magmatic camera (ring) for the calculation of the
magnetic field in the observation point (P).

the estimations, R = 2 km (a possible size of
current loop within the volcano's body), y = 2
km, BV = 100 nT are used. From (2), one can
get I=103 A.

Assuming the shape of the ring as a torus
with the radius of its internal cross-section a
<< R, it is possible to estimate a density of the
current within such a torus:

== (3)

The estimations for realistic values of such
a radius are a = 200 m give j = 0.01 A/m?2.

This model is still very hypothetic. However,
on the basis of the results by Zuiiiga and Valdés
(2007) analysis of the spatial distribution
of magnitudes of the local seismicity in the
vicinity of Popocatepetl volcano points out a
possible existence of a new magma chamber.
Eventually, to prove this hypothesis, permanent
simultaneous observations at different points
(at least 4) separated by distances of 1- 10 km
and situated at different heights are desirable.
A more solid confirmation can be obtained from
geophysical and geological studies in the area
of the volcano.

Finally, geomagnetic micro-pulsations with
arbitrary elliptical polarization was detected,
locally generated in the vicinity of the volcano,
not observed in the reference station. The
event presented in Figure 6 was observed
during an intense and long-duration volcano
eruption (it started at 11:21 UT, and the
cloud raised up to 1.5 km moving in the N-W
direction). Their possible sources could involve
collective properties of the extending aerosol
(dusty) plasma like the generation of different
plasma instabilities due to the motion of the
ionized (and metallic) particles erupted from
the crater.

Unfortunately, the precision of the
instrument (noise power is 103 nT?/Hz at 1 Hz)
prevent to confidently resolve them from the
enhanced noise level, especially at the time
when the eruption began.

Conclusions

A series of anomalies of different geophysical
nature were presented in the current paper.
Description of the geomagnetic anomalies
observed at Popocatepetl volcano were shown
have a discussion of the possible mechanisms
of their generation. The first two phenomena
observed, EM noisy background and strong
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burst-like activity, reveal manifestations of the
internal dynamics of the volcano related to the
local geomagnetic field, and, therefore, their
future analysis could be useful to obtain some
latent processes at the body of the volcano,
which are difficult to locate by traditional
methods. The last phenomena, the locally
generated magnetic pulsations, can also serve
as a marker for the direction and velocity of the
motion of eruptive clouds (using triangulation
technique in case the geomagnetic station set
is greater than 4) and, therefore, can also
be useful for an efficient prevention of the
pollution in the air and nearby populated lands.
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Resumen

Para este estudio se realizaron cincuenta Sondeos
Eléctricos Verticales (SEVs), de los cuales en 14
sitios se tenia informacion de muestreos de agua.
Estos sondeos se interpretaron para determinar
los parametros hidraulicos del acuifero Pan-
Africano en la region de Adamawa-Camerun, y
estos fueron Transmisividad (T) y Conductividad
Hidraulica (K). El enfoque utilizado es efectivo
y aplicable a otras areas similares, si se toman
las suposiciones adecuadas. La resistencia
transversal (RT) del acuifero oscila entre 24 y
31,350 Q.m2 con un promedio de 7476 Q.m?2; la
resistencia transversal modificada (RTM) oscila
entre 1526 y 28209 Q.m2 con un promedio de
7873 Q.m?2; la Transmisividad (T) oscila entre
4y 17,4 m2/dia con un promedio de 7.23 m?2/
dia y una desviacidn estandar de 3.42 m2/dia;
y la Conductividad Hidraulica (K) varia de 0,07
a 0,74 m/dia con una media de 0,31 m/dia y
una desviacion estandar de 0,17 m/dia.

Palabras clave: conductividad hidraulica, resis-
tencia transversal modificada, transmisividad,
resistencia transversal, Pan-Africano, medicio-
nes SEV.
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Abstract

The present article aims at determining
hydraulic parameters of the Pan-African
aquifer in the region of Adamawa-Cameroon,
namely the transmissivity (T) and the hydraulic
conductivity (K). For this, fifty vertical electrical
soundings (VESs),including 14 performed near
existing boreholes with known values of water
resistivity, have been conducted in the region
using the Terrameter ABEMSAS-1000 with
a spacing of current electrodes (AB) varying
from 2 to 600 m.The curve matching technique
is used to set structural parameters then, an
inverse technique algorithm fits both theoretical
and field curves for each experimental. The
transverse resistance TR and the transmissivity
T for the interpreted 14 VES are computed,
then used to establish two relationships: one
between the modified transverse resistance
(MTR) andthe transverse resistance (TR) and
another between MTR and the transmissivity
(T).This enabled to compute MTR (ranged from
1526 to 28209 Q.m?2 with an average of 7873
Q.m2),7TR (ranged from 24 to 31350 Q2.m2 with
an average of 7476 Q.m2), T (ranged from 4 to
17.4 m2/day with an average of 7.23 m2/day)
and K (ranged from 0.07 to 0.74 m/day with
an average of 0.31 m/day) values in the whole
region. The approach used for this purpose is
effective and exportable to other Pan-African
regions in the world.

Key words: hydraulic conductivity, modified
transverse resistance, transmissivity, transver-
se resistance, Pan-African, VES measurements.
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Introduction

Because of its relatively better quality
(compared to surface water) and its potential
ubiquity, groundwater plays a very important
role in water resources management policies.
However, aquifers that provide groundwater
are mostly characterized among others by the
hydraulic conductivity (Arétouyap et al., 2015).
Indeed, the modelling and the behaviour of the
groundwater during the upcoming exploitation
strongly depend on this parameter as it informs
us about the recharge capacity of the aquifer
(Asfahani, 2007).

Nowadays, because of the imprecision and
the low efficiency of the traditional methods
of pumping test, geo-electrical methods are
increasingly used since the late 70s through
the world to model and predict groundwater
behavior during the upcoming exploitation
(Kelly, 1977). Jones and Bufford (1951) and
Croft (1971) established a sound relationship
between permeability and formation factor.
Similar relationships were established between
resistivity and well productivity (Vincenz,
1968), transmissivity and transverse resistance
(Ungemach et al., 1969), saturated thickness
resistivities and hydraulic conductivities
(Kelly,1977), aquifer transmissivity and
transverse resistance (Mazacand Landa, 1979).
Scarascia (1976) estimated the transmissivity
through interpreting the electrical soundings
in Italy. Asfahani (2007) applied the vertical
electrical soundings technique to characterize
the Neogene aquifer (Salamiyeh region in
Syria) in terms of hydraulic conductivity,
transmissivity, transverse resistance and
thickness.  Tahmasbi-Nejad  (2009) and
Anomohanran (2013) used also this resistivity
method to study the water potential in areas of
Behbahan-Azad (Iran) and Ukelegbe (Nigeria)
respectively. Asfahani (2016) used surficial
vertical electrical sounding technique (VES)
to compute the aquifer hydraulic conductivity.
Those alternative approaches have been
successfully applied for characterizing the
transmissivity of the Quaternary and Paleogene
aquifers in the semi-arid Khanasser valley
region (Northern Syria), and for determining
the hydrodynamic parameters of the Pan-
African aquifer in the Adamawa-Cameroon
region (Arétouyap et al., 2015).

More recently, Asfahani (2016) developed a
new practical and easy approach for computing
the hydraulic conductivity of aquifer by taking
into consideration only the groundwater
salinity. The main objectives of the present
paper are therefore the following:
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1. to check the efficiency and the
effectiveness of the recent Asfahani (2016)’s
method, by applying his approach in another
region than Syria;

2. to use his method to locate and
characterize local aquifers in terms of hydraulic
conductivity and in order to re-compute the
hydraulic parameters of the Pan-African aquifer
in the Adamawa-Cameroon region;

3. to compare the results of hydraulic
conductivity and the transmissivity obtained
by Asfahani's approach with those obtained
previously.

Previous geophysical research

In hydrological terms, 150 to 300 km wide, the
Adamawa plateau is called “the water tower of
the region” because it feeds three of the four
major watersheds of the country. The most
recent hydrogeophysical survey conducted in
the region (Arétouyap et al., 2015) enabled
to infer major hydrodynamic parameters of
the local aquifers. It revealed that almost all
of them are made of the fractured portion of
the granitic bedrock located at a depth ranging
between 7 and 84 m, the thickness between 1
and 101 m, the resistivity between 3 and 825
Q.m, the hydraulic conductivity between 0.012
and 1.677 m/day, the transmissivity between
0.46 and 46.02 m?2/day, and the product Ko
between 2.1x10* and 4.2x10*%. Those results
were derived from an empirical relationship
established by Arétouyap et al. (2015) between
the aquifer resistance R and the product Ko,
in a region considered as a single uniform
geological unit.

Geomorphology and hydrogeology of the
Adamawa Plateau

This study is conducted in the Adamawa-
Cameroon region, located in the heart of
Central Africa between 6° -8° north and 11°
-16° east (Figure 1). The study region extends
over a length of about 410km from west to
east between the Federal Republic of Nigeria
and the Central African Republic, with an area
of 6782 km?. The morphology of the region is
of volcanic highlands, resulting from tectonic
uplift and subsidence accompanied by intense
magmatic emissions (Vincent, 1970; Tchameni
et al., 2001). Although the average altitude
is 1100 m, this region of a rugged terrain is
limited at the North by a large cliff and an
uneven escarpment of several hundred meters
that dominates the area.
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The center of the plateau is marked by soft
forms barely accented and swampy valleys,
dotted with mountains or/and volcanic cones.
At the East, there are massifs resulting from
the former erosion and tectonic movements
around the regions of Meiganga and Bagodo. In
the West, the terrain is mountainous with hills.
Volcanic inheritance covers the North, the East
and the South areas. One notes the presence of
an assembly line which occupies an important
part of the region, reaching altitudes greater
than 2240 m at Mount Tchabal-Mbabo. There
are also plains and basins such as the Tikar
plain in the Mayo-Banyo division. The southern
part is characterized by a huge plateau that
gradually drops until the penepla in Djerem
(Toteu et al., 2000).

The geological history of the Adamawa-
Cameroon region is marked by three major
events (Toteu et al., 2000):

- A long period of continental erosion from
Precambrian to Cretaceous;

- The onset of volcanism from Cretaceous
to Quaternary;

- Recurrent basement tectonics that explain
the horst and graben structure of the region.

An investigation of superficial formations
in the region has highlighted the Pan-African
granite-gneiss basement, represented by
Ordovician granites, gneisses and Pan-African
migmatites. The main geological units present
inthe study region are basalts, trachytes and
trachyphonolites based mostly on concordant
ttcalco-alkaline granites and discordant alkaline
granites (Toteu et al., 2000). The presence of
metadiorites of Paleoproterozoic basement it is
also observed (Toteu et al., 2001). According to
the same authors, major fractures of the Pan-
African bedrock fall into two main directions:

- The most common direction oriented N 30
°E, is that of the “volcanic line of Cameroon”;

- The second directed N 70 °E, corresponds
to the “line of Adamawa” or “Adamawa shear
zone”.

Geophysical surveys revealthat the bedrock
of the study area is intensely faulted (Robain
et al.,, 1996; Cornacchia and Dars, 1983;
Dumont, 1986; Njonfang et al., 2008; Toteu
et al., 2004). Such tectonic activities augur
potential existence of groundwater in the
region. However, apart from Arétouyap et al.
(2015) that considered the whole region as a
single geological unit, there is no recent study
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Figure 1. Geological map of the study area, with the locations of VES measurements (Maréchal, 1976) as
amended.

AprIL - June 2019 115



Z. Arétouyap, D. Bisso, J. Larissa Méli'i, P. Njandjock Nouck, A. Njoya and J. Asfahani

to locate and characterize the local aquifers.
This situation justifies the interest of the
present paper.

Methodology
VES data recording and interpretation

A vertical electrical sounding (VES) with
Schlumberger configurationis conducted in
the region in order to locate and characterize
the aquifers in the study region. With this
technique, the electrical resistivity variations
are expressed as a function of depth. Fifty
vertical electrical soundings (VES) including
14 with available water samples have been
conducted in the region using the Terrameter
ABEMSAS-1000 with a spacing of current
electrodes (AB) varying from 2 to 600 m.

In the present research, the curve matching
technique is used to set structural parameters
(Orellana and Mooney, 1966). Then, an
inverse technique algorithm developed by
Zohdy (1989) and Zohdy and Bisdorf (1989)
fits both theoretical and field curves for each
experimental. Dey and Morrison (1979)
mentioned the possibility of considering
and assuming the medium to be as a one-
dimensional model (1D). The geological
conditions in the study area were favorable and
allowed us to assume and apply the 1D model.
The 1D quantitative interpretation of the 50
VES has already enabled the identification of
geoelectrical characteristics of the Pan-African
deposits (Arétouyap et al., 2015).

Hydraulic conductivity estimation

This section is the main core of the survey. The
hydraulic conductivity is estimated by using the
approach proposed by Asfahani (2016), which
consists of the seven steps reminded below.

Determination of the water resistivity p,,

14 experimental VES measurements are
carried out in the vicinity of available water
samples(boreholes in function). Values of water
conductivity (o,)from those 14 available water
samples are measured, their water resistivity
(p,) values are thereafter deduced by using
equation 1.

p= l/crw (1)

Hence, the factor formation (F) used in
Archie’s law becomes a function of both ¢, and

(p,)-

Those 14VESs have been quantitatively
interpretedusing curve matching method (as
illustrated in Figure 2), where the resulting
resistivity (p,,,) and thickness (h) values are
shown in Table 1.

Determination of the formation factor

The formation factor (F) used in Archie’s law
(Worthington, 1993) is computed as the ratio
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Figure 2. An illustration of CMM interpretation of VES measurements.
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In this Equation (2), p,. represents the
saturated aquifer resistivity estimated from
the quantitative interpretation (using curve
matching method as illustrated above) of VES,
and p,, is the average pore fluid resistivity for
the 14 reference VES. Water resistivity p, is
obtained through converting water conductivity
o, since the conductivity is the inverse of the
resistivity (see Equation 1).

Computation of the corresponding hydraulic
conductivity

The formation factor F obtained previously
using VES method is related to the hydraulic
conductivity (Salem, 1999) as expressed by
equation 3.

K (m/day) = 0.66528 x F*% (3)

Estimation of the transverse resistance and the
transmissivity for the 14 experimental VES

The transverse resistance TR and the
transmissivity T for the interpreted 14 VES are
computed using Equations 4 and 5.

TR=p  xh (4)

rock

T=Kxh (5)

where K is the average value of hydraulic
conductivity of the available 14 water samples
shown in Table 1.

Expressing the MTR as a function of TR

The modified transverse resistance (MTR) is
expressed by Equation 6 (Niwas and Singhal,
1985).

P,
P,

MTR =TR (6)

Where p, is the average water resistivity of
the available fourteen water samples shown in
Table 1, and p, is the water resistivity at the
location of the VES point (Table 1). Knowing
p, and p,, MTR for the 14 VES points is plotted
versus TR (Figure3).

This plot enabled to establish an empirical
relationship between both parameters
(equation 7).

MTR =0.8518 TR + 1505.6 (7)
With R2 = 0.8447
Equation 9 will be used to extrapolate MTR
values at the remaining VES points where no
water sample exists.
Expressing T as a function of MTR
The transmissivity T is expressed as a function

of the modified transverse resistance MTR
(Equation 8) thanks to the plot (Figure 4).

25000
MTR= 0.8518 TR + 1505.6
20000 R?=0.8447 &
N‘—\ L]
£ 15000
~1
=
x
= 10000
=
5000
0
0 5000 10000 15000 20000 25000
TR (Q.m?)

Figure 3. MTR expressed as a function of TR for a suitable empirical relationship purpose.
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Figure 4. T expressed as a function of MTR in order to establish an empirical relationship between
both parameters.

T'=0.0005 MTR + 3.2951 (8)
With R2 = 0.7688

Equation 10 will be used to extrapolate T
values at the remaining 36 VES points where
no water sample exists.

Extrapolation of T in the whole region

In orderto estimate MTR values in the remaining
36 VES points without water sample, the
formula established in equation (7) is applied.
Equation 8 is thereafter used to compute K
values in those VES without water sample. In
other terms, since the transverse resistance of
each point is known (as the product of rock
resistivity by its thickness as expressed by
earlier Equation 5) from VES interpretation, the
empirical relationship established in Equation 7
enables us to obtain the modified transverse
resistance as the product of the transverse
resistance by 0.8518 plus 1005.6. Finally, the
transmissivity of each point is obtained as the
product of the modified transverse resistance
by 5 x 10#* plus 3.2951. This methodology
takes into account the geological context of the
study area as exposed in Section 3.

Results and discussion
This geoelectrical investigation consisted

in applying the approach developed and
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proposed recently by Asfahani (2016) on 14
reference VES, then using the above calibrated
relationships  established to extrapolate
aquifer parameters in the whole study area.
Two relationships have been established: one
between MTR and TR (Equation 7), and another
between T and MTR (Equation 8). Those
relationships were established assuming that
the study area is geologically homogeneous
and regular.

Hydrogeophysical parameters of 14 referen-
ce VES

Fourteen VES were conducted near existing
boreholes with available water samples.
Interpretation of those VES enabled to compute
rock resistivity (p,,.) and aquifer thickness (h)
at those points. The corresponding transverse
resistance (TR), modified transverse resistance
(MTR), formation factor (F) and hydraulic
conductivity (K) are thereafter computed
since the expression of water resistivity (p,)
is known. These parameters are represented
in Table 1.

Those 14 reference boreholes have an
average value of water resistivity p, = 3.0 Q.m
and an average value of hydraulic conductivity
K = 0.29 m/day. Those average values have
been used respectively to compute MTR and T.
Geophysical and hydrogeological parameters of
those 14 reference VES points are summarized
in Table 2.
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Table 1. Hydrological and geophysical parameters of 14 reference VES.

VES p . (Qm) p (Qm) h(m) TR (Qm2) MTR (Q.m2?) F K (m/day) T (m2/day)
P-3 472.0 2.03 8.4 3964.8 5856.5 157.4 0.62 2.4
P-8 134.0 3.21 43.0 5762.0 5382.5 44.7 0.09 12.4
P-9 207.0 5.01 19.0 3933.0 2354.0 69.0 0.09 5.5
P-13 177.0 1.68 48.0 8496.0 15164.2 59.0 0.23 13.8
P-15 112.9 4.01 17.0 1919.3 1435.2 37.7 0.55 4.9
P-16 46.0 1.51 46.0 2116.0 4202.0 15.3 0.12 13.2
P-17 446.0 2.84 31.0 13826.0 14598.0 148.7 0.89 8.9
pP-22 341.0 2.22 23.0 7843.0 10593.6 113.7 0.13 6.6
P-23 48.0 5.21 16.2 777.6 447.5 16.0 0.22 4.7
P-26 110.8 2.15 38.0 4210.4 5872.2 37.0 0.56 10.9
P-31 565.0 4.10 40.0 22600.0 16528.7 188.4 0.09 11.5
P-33 479.0 3.08 42.0 20118.0 19586.1 159.7 0.19 12.1
P-39 28.0 1.64 11.8 330.4 604.1 9.3 0.09 3.4
P-40 40.0 3.29 60.0 2400.0 2187.4 13.3 0.16 17.3

Table 2. Averaged statistical hydraulic and
geophysical parameters of the 14 reference
VES points presented in Table 1.

Parameter Min Max Average
h (m) 8.40 60.00 31.67
P,y (2.m) 28.00 565.00 229.05
p, (Q.m) 1.51 5.21 3.00

F 9.34 188.42 76.39

TR (Q.m2)  330.40 22600.00 7021.17
MTR (Q.m2) 447.54 19587.12 7486.57
K (m/day)  0.09 0.89 0.29
T (m2/day) 2.42 17.27 9.12

Hydrogeophysical parameters of 36 remai-
ning VES without available water sample

MTR ant T at the 36 VES points without
available water samples are obtained using
the established empirical Equations 7 and 8.
The resulting MTR, T, and K values enable to
approximately characterize the Pan-African
aquifer. Those values are presented and
compared with previous results (Arétouyap
et al., 2015) as shown in Table 3. Significant
changes between those results are visible
in hydraulic conductivity and transmissivity
values. This difference attests the necessity
and the advantage of using this alternative
approach, where salinity variations from place
to place are taken into consideration.

Table 3. Hydrological and geophysical parameters of the 36 VES points without available water
samples, in comparison with previous results (Arétouyap et al., 2015).

VES h(m) p(2.m) TR (2.m2) MTR (Q.m2) T (m?2/day) T* (m2/day) K (m/day) K*(m/day)

25 811.0 20275.0 18775.85
47 362.1 17018.7 16002.13
48 175.7 8433.6 8689.34
20 608.0 12160.0 11863.49
6 157.0 942.0 2308.00
10 137.0 1370.0 2672.57

61 188.0 11468.0 11274.04
19 221.5 4208.5 5090.40
17 112.9 1919.3 3140.46

'U'U'U'U'U'U'U'IU'U'U'U'U'U'U'U
NNNHEFRRFRERRRNOURNR

-10 19 114.1 2167.9 3352.22
1 40 410.0 16400.0 15475.12
-12 37 22.0 814.0 2198.97
-14 8 8.0 64.0 1560.12
-18 43 408.0 17544.0 16449.58
-19 34 26.0 884.0 2258.59
0
1
4

12.68 26.62 0.51 1.06
11.30 39.25 0.24 0.84
7.64 8.09 0.16 0.17
9.23 16.93 0.46 0.85
4.45 10.06 0.74 1.68
4.63 0.09 0.46 0.09
4.97 28.40 0.26 1.49
11.03 48.60 0.28 1.21
4.40 43.25 0.12 1.17
4.08 1.87 0.51 0.23
11.52 38.71 0.27 0.90
4.42 6.91 0.13 0.20
8.93 13.76 0.15 0.23
5.84 42.63 0.31 0.55
4.87 3.29 0.29 0.33

AprIL - June 2019 119



Z. Arétouyap, D. Bisso, J. Larissa Méli'i, P. Njandjock Nouck, A. Njoya and J. Asfahani

For each VES point presented in Table 3,
the K* value of the hydraulic conductivity can
be obtained as a ratio of the transmissivity T
to the saturated thickness h obtained at that
point. The spatial distribution of h is shown in
Figure 5, where its values range from 6 to 84
m, with an average of 32 m.

The spatial distribution of the transverse
resistance (TR) shown in Figure 6 reveals that
TR values range from 330 to 22600 Q.m2 with
an average value of 7021 Q.m2.

The distributions of the modified transverse
resistance (MTR), transmissivity (T7) and
hydraulic conductivity (K) are also shown
respectively in Figures 7, 8 and 9, and
summarized in Table 4. Many similitudes are
observed between TR distribution (Figure 6)
and MTR distribution (Figure 8). Respective
minimum and maximum values are located in
the same regions. However, one can observe
a minor dissimilarity in the variation rate
and direction. This change can be explained
by several factors as electric anisotropy,
mineralogical variation, hydraulic anisotropy
and lithological disparity. Furthermore, since
the local aquifer results from the bedrock
alteration/weathering, it is possible to have
many mini aquifers confined in unconnected
aquitards.

The transmissivity distribution shown
in Figure 9 exhibits the existence of a poor-
transmissive zone in the eastern part of the
study area. Transmissivity values are low in this
area contrary to the west and the center, where
values can reach 17 m2/day. The presence of
sedimentary formations can explain the easy
spread of water in horizontal direction unlike
the western area, covered by surficial granite.

However, it is important to note that
hydraulic conductivity K varies in the opposite
sense to transmissivity. Indeed, higher K
values are observed eastward while lower
ones are observed westward (Figures 8 and
9). This distribution can also be explained by
the geological and lithological setting as in
transmissivity distribution. On the other hand,
the inverse proportion between hydraulic
conductivity (derived from vertical flow) and
transmissivity (derived from horizontal) can
be due to the presence of vertical faults and
lineaments in the region.

Transmissivity and hydraulic conductivity
of the Pan-African aquifer are determined
through the proposed alternative approach
(Asfahani, 2016). However, the application
of this approach recommends the respect of
three fundamental principles:

06 07' 12" N
12 33" 18" E

0733'36" N jy (m)
1434' 48" E

Figure 5. Thematic map of the Pan-African thickness.
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Figure 6. Thematic map of the Pan-African transverse resistance.
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Figure 7. Thematic map of the Pan-African modified transverse resistance MTR.
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Figure 8. Thematic map of the Pan-African transmissivity.
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Figure9. Thematic map of the Pan-African hydraulic conductivity.
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Table 4. Statistical hydraulic and geophysical parameters of the 36 VES points without available
water samples.

Parameter Min Max Average SD

h (m) 6 98 32.08 21.49
P,,.(2.m) 3 825 225.21 222.18
TR (Q.m?2) 24 31350 7476.20 ----
MTR (Q2.m?2) 1526.04 28209.53 7873.83 6844.31
K (m/day) 0.07 0.74 0.31 0.17

T (m2/day) 4.06 17.40 7.23 3.42

TR (Q.m?2) 24 31350 7476.20 ----
MTR (Q2.m?2) 1526.04 28209.53 7873.83 6844.31

1. Where there are water samples (the
case of 14 reference VES points presented in
Table 1), the hydraulic conductivity K is firstly
estimated by such an alternative approach,
while the transmissivity T is secondly computed
by assuming an average constant hydraulic
conductivity and a variable thickness h of the
saturated aquifer.

2. Where there are no available water
samples (e.g. 36 VES presented in Table
3), the transmissivity is firstly estimated by
the proposed approach, while the hydraulic
conductivity is secondly computed.

3. A field hydrogeological investigation
should be conducted in order to estimate the
uncertainty and the confidence level of this
new proposed approach in the study area.

The first two rules are followed. In
addition, the results obtained are compared

with those of Arétouyap et al. (2015). This
comparison shows a fairly good agreement
between the values of the aquifer thickness
and a slight agreement regarding the values
of hydraulic conductivity and transmissivity
(Figure 10). Those differences are due to
the basis of the analysis method. In the
previous study, Arétouyap et al. (2015) used
an empirical linear relationship between Ko
and the resistance R of the aquifer, where K
and o represent the hydraulic conductivity
and the electrical conductivity of the aquifer
respectively. Yet in the present investigation,
the aquifer hydraulic conductivity is the ratio of
the transmissivity to the saturated thickness.
Note that transmissivity values are derived
from modified transverse resistance computed
thanks to an empirical relationship between
MTR and T. Furthermore, the present study has
increased the number of reference boreholes,
top to 14.

Aquifer thickwess (m) Hg}draui.f,c cowductivitw T rawsmissivitw (wa/daw)
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Figure 10. Comparison between aquifer parameters obtained respectively from former approach and newer one.
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Discussion
Validation of the approach

The equation used to determine hydrodynamic
parameters from this approach isan empirical
relationship (Table 3). In order to assess its
reliability, the values of transmissivity obtained
experimentally from pumping tests and those
computed analytically using equation 8, as
shown in Table 5, we compared.

This comparison shows an absolute random
ranging from 0.003 to 1.576 with an average
value of 0.38, which is bearable. Thus, this
method that has already been proven inthe
Quaternary and Paleogene aquifers in the
semi-arid Khanasser valley region of Northern
Syria (Asfahani, 2016) can also be used in
the Pan-African context.

Further conditions on the approach

Since VES results are highly influenced by
electrical noise, land use and other economic
activities such as agriculture, livestock,
tannery etc., measurements may be carried
out in locations far away from any electrical
line from several anthropogenic activity
centers. K values are generally influenced. In
order to mitigate such negative impacts, VES
measurements may be calibrated and their 1D
quantitative interpretation must necessarily

reflect the aquifer lithology. This is the case
of VES measurements presented in the
present study. Geostatistical analysis largely
contributes in assuming that VES data are not
influenced by electrical noise.

Contamination is another technical concern.
The methodology proposed by Asfahani (2016)
and applied in this paper is entirely based on
water resistivity. Any contamination of that
water may affect and modify its resistivity,
and by consequence will affect the K values.
This methodology must therefore be applied
in a proper area, without any contamination
influence. If this is not the case, the
contamination factor and its influence on
water resistivity must be calibrated and moved
away. Fortunately, our study area is free of any
relevant contamination.

Conclusions

The transmissivity (7) and the hydraulic
conductivity (K) of the Pan-African aquifer
in the region of Adamawa-Cameroon have
been determined using an alternative method
based on VES interpretation. 14 experimental
VES conducted in the vicinity of existing
boreholes with known water resistivity are
interpreted using curve matching method.
This interpretation led to two mathematical
laws (empirical equations). The first equation
establishes a strong relationship between the

Table 5.Comparison of analytical and experimental values for the 14 existing boreholes.

VES T (m/day) T#(m/day) MTR (Q.m2) AT =||LT—T||
P-3 2.42 6.22 5856.52 1.57
P-8 12.38 5.99 5382.48 0.52
P-9 5.47 4.47 2353.97 0.18
P-13 13.82 10.88 15164.20 0.21
P-15 4.89 4.01 1435.20 0.18
P-16 13.24 5.39 4201.97 0.59
P-17 8.92 10.59 14597.97 0.19
P-22 6.62 8.59 10593.60 0.29
P-23 4.67 3.52 447.54 0.25
P-26 10.94 6.23 5872.18 0.43
P-31 11.51 11.56 16528.71 0.003
P-33 12.09 13.09 19586.12 0.08
P-39 3.39 3.59 604.10 0.06
P-40 17.27 4.39 2187.41 0.75
Average 0.38

#Analytical values obtained from the empirical equation 9
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modified transverse resistance (MTR) while
the second links the transmissivity (T) to MTR.
From those equations, aquifer of the study is
characterized as follows: TR ranges from 24 to
31350 @.m2 with an average of 7476 Q.m?2;
MTR ranges from 1526 to 28209 Q.m2 with
an average of 7476 Q.m2; T ranges from 4 to
17.4 m2/day with an average of 7.23 m2/day;
and K ranges from 0.07 to 0.74 m/day with
an average of 0.31 m/day. A cross validation,
comparing T values obtained respectively from
pumping test and developed approach (Table
5) reveals a fairly agreement between both
sets of values. This approach is then suitable
for investigation in the Pan-African context
extended from Africa to South America.
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Resumen

Se presenta un estudio de Andlisis Probabilistico de
Riesgo Sismico (PSHA) en el sur de la Peninsula de
Baja California, México. En este estudio se analizd la
contribucion de segmentos de falla del Cuaternario
que incluyen dos fallas que han sido consideradas
potencialmente activas por algunos autores, pero
inactivas por otros, que son las fallas de La Paz y San
José. Se probaron varios escenarios para comparar
la estimacion del riesgo con la contribucion de dichas
fallas y finalmente se propuso un arbol ldgico para
afadir las mentidumbres epistemicas. Adicionalmente
se escogieron tres presas situadas alrededor del area
de estudio, La buena Mujer, La Palma y Santa Inés.
Los valores maximos de aceleracién del suelo (PGA)
se compararon por 50, 100, 200 afios al 10.5 y 2%
de excedencia. La combinacion de periodos con
niveles de porcentajes de excedencia se usaron como
referencia para distintos grados de riesgo. El modelo
escogido se presenta en un arbol de riesgo PSHA
clasico. Contrariamente a lo esperado, no parece muy
importante incluir todas las fuentes sismicas como
las fallas de La Paz y San José en la determinacion
de riesgo de disefio ingenieril, ya que en la region las
fallas caracteristicas son insensibles a las relaciones
bajas. Sin embargo es solo un artefacto de la decision
arbitraria de utilizar periodos de retorno como grado
de proteccion. Los resultados muestran que en el caso
de construcciones esenciales, 2% de probablilidades
de excedencia en 200 afios lo mejor para esta region.
Es necesario realizar estudios poleosismicos en esta
region para saber si estas fallas geologicas son activas
ya que muchas estructuras importantes se encuentran
cerca de las fallas estudiadas.

Palabras clave: peligro sismico, sur de Baja California,
atenuacion sismica.
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Abstract

A study of Probabilistic Seismic Hazard Analysis
(PSHA) in the southern part of the Baja California
Peninsula, Mexico is presented. In this study,
the contribution of Quaternary fault segments
are analyzed including two faults that have been
considered potentially active by some authors, but
inactive by others, namely, La Paz and San José
faults. Therefore, different scenarios were tested to
compare the hazard estimation with the contribution
of these faults and finally a logic tree was proposed
to add the epistemic uncertainties. In addition,
three dams situated around the study area were
chosen: La Buena Mujer, La Palma and Santa Ines.
The peak ground acceleration values (PGA) were
compared for 50, 100 and 200 years at 10, 5 and
2% of exceedance. The combinations of periods
with percentages of levels of exceedance were
used as reference for different degrees of hazard
assessments. The preferred model is presented in a
classical PSHA logic tree. Contrary to expectations,
it seems that it is not so important to include all the
seismic sources as La Paz and San José faults in
hazard assessment of engineering design because in
this region the characteristic faults are not sensitive
for lower rates. However, this is only a mere artifact
of the arbitrary decision of using return periods as a
degree of protection. The present results show that
in the case of essential facilities 2% probability of
exceedance in 200 years is the best for this specific
region. It is necessary to perform paleoseismic
studies in this region, to know if these geological
faults are active because many important structures
are located close to the studied faults.

Key words: seismic hazard, southern Baja California,
seismic attenuation.

L. Quintanar

Instituto de Geofisica

Departamento de Sismologia

Universidad Nacional Auténoma de México
Ciudad Universitaria

Delegacion Coyoacan, 04510

CDMX, México.

151



R. Ortega, D. Carciumaru, E. Gutierrez, E. Huesca-Pérez and L. Quintanar

Introduction

The La Paz-Los Cabos region is an active
tectonic zone with little historical seismicity
reported, (Ortega and Gonzalez, 2007). This
article is a long-term effort, started in 1995
when a major earthquake struck the southern
part of Baja California Peninsula. From 1996
to 1997 the Centro de Investigacion Cientifica
y de Educacién Superior de Ensenada, Baja
California (CICESE) deployed a local seismic
network. Later, a temporary strong motion
network was in operation from 1998 to 2007
(Munguia et al., 2006; Ortega and Gonzalez,
2007). Recently, CICESE installed seismic
broadband stations within and around La Paz
Bay. For 15 years, seismicity and attenuation
relations that are the basic parameters for
seismic hazard analysis are been studied.
In this work, a probabilistic seismic hazard
analysis for the southern part of the Baja
California Peninsula is presented.

Particularly, the seismic sources that have
been a topic of active discussions are studied.
There has been a long debate on whether
some fault segments should be considered
active or not. Of special importance are La Paz
and San José faults because they are the most
prominent features of the region. Therefore,
all the fault segments that have been reported
and mapped by the Mexican Geological Service
(SGM, Servicio Geoldgico Mexicano) are
presented. For example, some authors, (Cruz-
Falcén et al., 2010; Munguia et al., 2006) have
reported the existence of La Paz fault, whereas
others, (Busch et al., 2006; Busch et al., 2007;
Maloney et al., 2007; Ramos 1998) say this
fault does not exist. In addition, a common
problem is that there are several faults which
cannot be identified with a unique name. The
purpose of this work is to compare the seismic
hazard in different scenarios: a) using all faults,
b) without La Paz Fault (WLP) and c) without
the San Jose Fault (WSJ). It is important to
note that in this article active Quaternary
faults only those faults that have exhibited an
observed movement or evidence of seismic
activity during the last 20,000 years are called.

Tectonic setting

The Gulf of California is an oblique - divergent
plate boundary with active transtensional
continental rifting (Busby and Ingersoll,
1995). Strike slip and normal faults systems
accommodate the deformation in this region
(Angelier et al., 1981; Fletcher and Munguia,
2000; Umhoefer et al., 2002; Plattner et al.,
2007). Right lateral strike slip faults marked
the extremities of the Gulf of California and
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they are separated by short spreading centers.
On the east side of the southern part of Baja
California peninsula an array of onshore
to offshore faults north striking exists, left
stepping and east dipping known as system
of gulf margin (Fletcher and Munguia, 2000)
(Figure 1).

During the continental rifting (DeMets,
1995; Fletcher and Munguia, 2000; Plattner et
al., 2007; Lizarralde et al., 2007), starts the
onset of seafloor spreading in the southern
part of the Gulf of California (Lizarralde et al.,
2007); Umhoefer et al., 2008). In this region,
the fault system development could be studied
during the transition of rift to drift process,
when ocean spreading begun and continental
rifting is active. Along the Alarcon rise in the
southern Gulf of California the spreading rate is
slower than across plate boundary of the Pacific
- North America, indicating that structures
along with transform faults and spreading
centers in the gulf could finally accommodate
deformation in this region (DeMets, 1995;
Fletcher and Munguia, 2000; Plattner et al.,
2007).

The seismicity data (Munguia et al., 2006)
and geomorphic relationships (Fletcher and
Munguia, 2000; Busch et al., 2006, 2007;
Maloney et al., 2007) show that the normal
faults array rupturing the southern tip of Baja
California peninsula are still active and act as a
shear zone which contributes to translating the
peninsula blocks away from mainland Mexico
(Plattner et al., 2007). The gulf - border is an
extensional zone as well as an area of decreasing
elevation and thinning crust (Lizarralde et al.,
2007). The topography of the southern tip of
the Baja California peninsula is controlled by
normal faults which produced moderate sized
earthquake (Fletcher and Munguia, 2000),
whereas the gulf margin fault array has a
minor contribution to the plate divergence in
the region. The faults delineate Quaternary
basins and offset Quaternary alluvial deposits
(Fletcher and Munguia, 2000; Busch et al.,
2006, 2007; Maloney et al., 2007).

During the Cenozoic, the western part
of North America at the latitude of Baja
California was the place of a subduction zone,
where Farallon plate was subducting beneath
Western North America (Stock and Hodges,
1989; Hausback, 1984). During Farallon plate
subduction (Figure 1a), the Pacific plate,
located west of the Farallon plate met the
North America plate (Atwater, 1970; Stock and
Hodges, 1989) and stopped the subduction
in the north beginning the development of
the Mendocino and Rivera triple junction
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along southern California and northern Baja
California (Gorbatov and Fukao, 2005).

While Mendocino triple junction moved
northward the Rivera triple junction went
southward lengthening the right lateral
transform plate boundary that had initiated
between Pacific and North America plates
(Stock and Hodges, 1989). This right-lateral
system developed marked the early stages of
San Andreas system (Atwater, 1970). Between
20 and 12 Ma a series of microplates was
formed along Baja California. The microplates
were located within the Pacific Plate, and the
trench was developed in a right lateral fault
zone, known as the Tosco-Abreojos fault
(Stock and Hodges, 1989). Between 12 and
6 Ma normal faults with NNW and N trend,
developed the east of the Tosco-Abreojos
fault (Figure 1b) adjacent to the west of the
current Gulf region from California (Stock and
Hodges, 1989; Hausback, 1984; Umhoefer et
al., 2002). The system of normal faults that
dominates the margin of the gulf was part of
the distribution of the deformation between
the Gulf of California and the Tosco-Abreojos
fault (Stock and Hodges, 1989), the gulf
margin system was part of a complex system
of transtensional faults from 12 Ma (Fletcher et
al., 2007). The regime of oblique-divergence
started about 6 ago Ma, when small rift basins
began to form in the current Gulf of California
(Figure 1c). This oblique - divergence regime
began as transform faults separated by rift
basins (Fletcher and Munguia, 2000; Oskin et
al., 2001; Fletcher et al., 2007). Along Alarcon
Rise, the southernmost spreading center in
the Gulf of California, new ocean crust started
forming (DeMets, 1995; Umhoeferetal., 2008).
Nowadays, the Gulf of California continues
to be an oblique divergent continental rifting
(Fletcher and Munguia, 2000; Umbhoefer et
al., 2002; Mayer and Vincent, 1999; DeMets,
1995).

Method

Inthisstudy, aclassicalapproach for Probabilistic
Seismic Hazard Analysis (PSHA) was used
based on a three-step procedure (Cornell,
1968; Algermissen et al., 1990; Algermissen
and Perkins, 1976; Bernreuter et al., 1989;
Electric Power Research Institute, 1986). First,
the seismicity parameters (@ and b values)
of the transform fault system were obtained.
The Quaternary faults with low seismicity rate
were also included using their annual rate
of displacement obtained from independent
studies. These faults were assumed to present
a constant moment rate. Next, the attenuation
relations were estimated using a simple

omega-squared model based on a general
regression of the maximum acceleration
recorded versus distance. These attenuation
relations for this region were published in a
previous work (Ortega and Gonzalez, 2007).
Finally, the hazard maps were computed to
show probabilistic ground accelerations with
10%, 5%, and 2% probabilities of excee-
dance in 50, 100 and 200 years. The maps
were constructed on the assumption that
earthquake occurrence is Poissonian. Then the
hazard curve was computed for three specific
dams belonging to the National Commission
of Water in Mexico and different fault system
combinations comparing the results. The
details on the hazard estimation are described
in Frankel (1995), and Frankel et al., (1997).
In the following sections, the steps to prepare
the different parts of the probabilistic hazard
analysis are describe.

Seismicity and moment rate

Two different models were used to compute
the seismic hazard: Gutenberg-Richter and
Characteristic Models. The former was used
to analyze the transform fault system of the
Gulf of California and the latter was used for
the Quaternary faults within the Baja California
Peninsula. For the Gutenberg-Richter model,
the catalog was compiled for 18 years of
operation of La Paz Seismic Network (Munguia
et al., 2006). 2127 earthquakes ranging from 1
to 6.1 degrees in magnitude, between 23° < Lat
< 25°and -111° < Long < -108° were located.
The catalog to remove the aftershocks of 1998
in Los Barriles, and 2007 Cerralvo earthquake
was reviewed (Ortega and Quintanar, 2010).
In Figure 1d the seismicity of the region from
1998 to 2013 is present.

The a and b values were computed using
the EMR method described by Woessner and
Wiemer (2005), and coded in the Z-Map suite
of programs (Wiemer, 2001, Figure 2). The
b values were estimated using a maximum
likelihood method (Bender, 1983).

The hazard calculation using the Gutenberg
- Richter model involves the summation of the
source contribution ranging from a minimum to
a maximum expected earthquake magnitude.
For each magnitude, a fault rupture length is
calculated using the relationships of Wells and
Coppersmith (1994). Next, a floating fault
along the geological fault was set, and then
the distance to the floating rupture for each
site to calculate the frequency of exceedance
(equation 2 from Frankel (1995) was found).
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Figure 1. a) Farallon Plate that began the process of subduction starting the development of the Rivera Triple
Junction. Between 20 and 12 Ma a series of microplates were formed along Baja California. b) Between 12 and
6 Ma normal faults with NNW and N trend, developed the east of the Tosco-Abreojos fault the system of normal
faults was part of the distribution of the deformation, the gulf margin system was part of a complex system of
transtensional faults. c) The regime of oblique divergence started about 6 Ma, when small rift basins began to form
in the current Gulf of California. d) seismicity of the region, the complete catalog is represented. e) Quaternary
Faults used in this article, La Paz and San José faults are used later to define different scenarios. AR, Alarcon Rise,
PR, Pescadero Rise, FR Frallon Rise, CB Carmen Basin, RTJ, Rivera Triple Junction, and the faults: ELC, El Carrizal,
ELC1, El Carrizal 1, ELC2, El Carrizal 2, LPZ, La Paz, LP1, San Juan de los Planes I, LP2, San Juan de los Planes
II, LBM La Buena Mujer, SB, San Bartolo, TRD, La Trinidad, SL, San Lazaro, SC, San Carlos.

The estimation of the annual rate of
earthquakes (v,) for a characteristic fault
was computed using the following relation
(Wesnousky, 1986, Stirling and Gerstenberger,
2018):

v, = uiLW/M,, (1)

where u is the shear modulus (30 GPa), u
the annual slip rate of the fault, L and W are
the fault length and width, respectively and
M, the characteristic moment obtained from
the empirical scaling relation of Wells and
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Coppersmith (1994). The width of the fault W
was determined assuming a seismogenic depth
of 20 km and projecting its dip, so that the width
is equal to 20 km divided by the sine of the
dip. The fault length is calculated from the total
length of the digitized fault traces (Figure 1b).
The slip rate was estimated using paleoseismic
studies based on the overall vertical offset of the
basins, and quantitative studies using trenches
in specific areas (Maloney et al., 2007). Table
1 shows inland faults displacements and other
parameters useful to estimate (1).
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Figure 2. Plot of cumulative number of earthquakes versus earthquake magnitude, Mc =2.2 is the magnitude of
completeness (b value is equal to 0.98).

The characteristic magnitude was
determined from the length of the fault using
the relationships of Wells and Coppersmith
(1994), whose regression parameters depend
on the tectonic environment. The characteristic
moment was finally calculated from Kanamori
(1977) equation once given the characteristic
magnitude.

Attenuation relations

The earthquake attenuation relations estimated
in this area by Ortega and Gonzalez (2007) were
used. They observed that the attenuation in
general is similar to that of southern California.
The data were recorded using 32 strong-
motion seismic stations from La Paz network

Table 1. Quaternary fault parameters used in this study.

No. Length Name M.y Min. Max. Average Mo Moment rate
(km) displacement displacement displacement (dyne/cm) (dyne/cm*year)
(mm /year) (mm/year) (mm/ year)
1 19.3 San Juan 6.68 0.25 1 0.63 1.17E+26 7.24E+422
de Los
Planes I
2 16.09 San Juan
de Los
Planes II 6.61 0.25 1 0.63 9.22E+25 6.03E+22
3 13.42 La Buena
Mujer 6.54 0.25 1 0.63 7.27E4+25 5.03E+22
4 39.47 San José
del Cabo 6.95 0.5 1.5 1.00 2.97E+26 2.37E+4+23
5 15.22 San Lazaro 6.59 0.5 1.5 1.00 8.57E+25 9.13E+22
6 11 Saltito 6.47 0.7 0.8 0.75 5.61E+25 4.95E+22
7 11.35 San Carlos 6.48 0.25 1 0.63 5.84E+25 4.26E+22
8 71.4 San Bartolo 7.17 1 1 1.00 6.44E+26 4.28E+23
9 32.9 Trinidad 6.88 1 1 1.00 2.34E+26 1.97E+23
10 100 La Paz 7.30 0.11 1.6 0.86 1.00E+27 5.13E+23
11 65 Carrizal 7.14 0.11 1.6 0.86 5.70E+26 3.33E+23
12 34 Carrizall 6.89 0.11 1.6 0.86 2.45E+26 1.74E+23
13 37.5 Carrizal2 6.93 0.11 1.6 0.86 2.78E+26 1.92E+23
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(LAP) comprising 1320 small to moderate
earthquakes (Figure 3). Some characteristics
of the ground motion are:

a) attenuation functions for distances
ranging between 40 and 100 km tend to
slightly increase their amplitudes due to the
critical reflections of the shear waves from
the Moho. This feature is better observed at
low frequencies (<5 Hz). These fluctuations
are modeled in the parametric form of the
geometrical spreading function, g(r), which
controls some changes in the seismic wave
propagation.

b) values of the geometrical spreading control
the general propagation effect due to distance
between site and source. This propagation
effect includes the source parameters, effects
from finite faults that generate seismic waves
at different depths, and the contribution of
small and large earthquakes.

The predicted ground motion spectra at a
frequency f as a function of the hypocentral
distance r is given by:

l0gA, (1.f) = E, (r,, ./)+SITE(f)+D(r, )
2)

where:

E (r,,./)=log[S(f.M )+
+log[g( Q(f;g )e'xp(f obv )]
V(e (3)

and, S(f, M) is the source Fourier velocity
spectrum

M is the moment magnitude

g(rghs)is the geometrical spreading function
relative tor, = 40 km

O(f) is the frequency-dependent quality
factor

V(f) is a site amplification function

B is the shear-wave propagation velocity

=
o _
N—
o
a)
( 10
Hypocentral Distance (km)
) LA PAZ ) LA PAZ
- Band Pass D(r) for f, o Fourier Amplitude D(r) for f
2 TIME X FREQUENCY
i N fn (Hz) i fn (Hz)
o 1.70 < --- 200
< \ - :r
= N 30 = e
o “ ---4.00 o —— 5.00
o g \ — 5.00 o ---6.00
-l -=-=-6.00 — 7.00
- — 7.00 ---8.00
---8.00 —9.00
o T 2 o
10' 10° 10° 10 10° 10°
b) Hypocentral Distance (km)

Figure 3. Attenuation relations estimated in the area. Top, example of the attenuation function from the regression,
the gray area represents the distance between 40 and 100 km where the geometrical spreading exponent is low
(0.2). Bottom, attenuation function for different frequencies using time (left) or frequency (right) analysis.
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Ky is a site attenuation coefficient
T, is the observed distance from which we
extrapolate to other distances

The second term is a level of motion that
propagates the S(f,M ) term atr . The source
function S(f) is a simple ®* model as described
by Brune (1970):

CM 2nf
1+(f/[4.91x10° 3 (AC;/MO)IB])z
(4)

where: C is equal to (0.55) (2) (0.707)/4npf3’
the term [4.91x10° B (Ac/M,)'"] is the
corner frequency
Ao is the stress parameter in (bars)
Bis the average shear-wave crustalvelo-
city (3.5 km/sec.)
M, is the scalar seismic moment, which
in turn is related to the moment mag-
nitude (Kanamori, 1977).

S(f, Mo) =

M, = (losMoy, )-1073. (5)

w

Magnitude-distance tables were constructed
using the SMSIM suite (Boore, 1983) and the
ground motion parameters of Table 2.

Table 2. Ground-motion parameters

K, 0.06
QW) 180f°-32

B 3.5

p 2.8

V(f) GEN97*

Ao 40

g(r) r-1.0 0<r<40

r-0.2 40<r<100
r-0.5 100<r<180

These attenuation relations are used in a
look-up table procedure that was originally
coded by (Frankel, 1995) in the USGS computer
programs.

Hazard estimation

The hazard calculation was performed using
the codes of USGS for the National Seismic
Hazard Mapping Project (NSHMP) (Petersen,
2008). This code has the flexibility to be easily

adapted and has been extensively reviewed
during some decades (Frankel, 1995; Frankel
etal., 1997). The attenuation relation’s analysis
were adapted using a look-up table. This code
has the advantage that the data structure is
virtually identical to the New Generation of
Attenuation relations (NGA) that has been
reviewed recently. So, any logical tree that
would be adequate to this region can be
created, including NGA attenuation relations.
For simplicity, the attenuation relations of
Table 2 were used. On the other hand, there
are some advantages of using this computer
code such as simple input of geological data
and easy access to adjust the source code.
This code has different modules including a
smoothed grid source (Frankel, 1995) and
floating fault sources. The program allows
choosing between Gutenberg - Richter or the
Characteristic models. During the last 20 years,
thas been observed that there is not enough
information to compute robust a and b values
for Quaternary faults. However, for transform
fault systems, the Gutenberg - Richter model
is adequate. Most of the seismicity occurred in
main - aftershock earthquake sequences, and
once the aftershock removal is performed, the
seismicity parameters can be obtained. The
hazard calculation was performed using the
Characteristic model for the Quaternary faults
and the Gutenberg - Richter for the transform
fault system.

Fault contributions

There are two types of sources. Active faults
and Quaternary Faults both sources are fault
areas; there is much work in defining the
correct source. For the Quaternary faults,
which is the focus of this article, in a map view,
a fault is a line because it is expressed as a
strike and dip. Not a smoothed grid area source
was used because the transform system is well
defined and there is no sparse seismicity in
the surrounding region. The active faults were
modeled using the Anderson (1979) model. The
seismogenic thickness is constrained to 20 km;
the fault dip is based on geophysical models
(Arzate, 1986). Since the present model is
based on the Characteristic fault rupture,
then completeness magnitude and statistical
values of a and b are not used. However, in the
active tectonics, the maximum magnitude and
magnitude range play an essential role.

In the study area, faults that control the
hazard are not well identified and different
authors disagree on whether some faults
should be considered as potentially dangerous
in hazard estimation. The purpose of this
work is to test whether there are significant
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differences if some Quaternary fault segments
are included or discarded in the seismic
hazard analysis. First, the seismic hazard was
computed using all the source information
that is available from the national geological
maps of the Mexican Geological Survey
(SGM), using the 1: 10,000 and 1: 250,000
maps (SGM, 1996, 1999, 2000, 2001, 2002,
2008). Second, two different scenarios were
computed: scenario (a), the seismic hazard
without La Paz fault (WLP), and scenario (b)
seismic hazard without San Jose fault (WSJ).
Finally, the PGA for 3 sites was computed. In
Figure 4, the results of the probabilistic seismic
hazard analysis for all the faults are shown. It
is noticeable that the Transform Fault System
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of the Gulf of California controls the seismic
hazard for short return periods. This are to
the use of the Characteristic Model for inland
faults with a return period greater than 1000
years, and these characteristic faults do not
contribute to the hazard estimation for short
return periods. On the other hand, in the case
of long return periods the characteristic faults
control the hazard.

In Figure 4, the lower panels represent the
2% of exceedance of 50, 100 and 200 years that
correspond to return periods of 2479, 4950 and
9900 years, respectively. These return periods
are usually used for the engineering design of
essential facilities such as bridges and dams.
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Figure 4. Probabilistic seismic hazard analysis for different return periods and observation times using all the

sources. The transform fault system is located at the top right of the map and analyzed with the Gutenberg-Richter

model. The Quaternary faults are located within the Baja California Peninsula and analyzed with the Characteristic

model, the stars represent the site of the dams, the northern dam is La Buena Mujer, in the middle Santa Ines
and at the southern side La Palma (see text for details).
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Figure 5. Probabilistic seismic hazard analysis for different exceedance probabilities and observation periods

using the WLP model. The transform fault system is located at the top right of the map and analyzed with the

Gutenberg-Richter model. The Quaternary faults are located within the Baja California Peninsula and analyzed
with the Characteristic model (see text for details).

In the last panel of Figure 4, the location of
the three principal dams (stars) match with the
region of the high seismic hazard.

In Figure 5 the seismic hazard using the
WLP model is shown and for short return
periods (panels 1,2,4) the maps are virtually
identical. However, for long return periods
there are substantial differences among the
principal dams, especially for the Buena Mujer
and Santa Ines dams, identified at the northern
side of the region (panels 6,7,8 and 9). In
contrast, La Palma dam is too far from La Paz
fault and the hazard contribution is negligible.

Similarly, in Figure 6, the hazard using the
WSJ model was calculated. The San José fault

affects La Palma dam and is not contributing
to the hazard of Buena Mujer and Santa Ines
dams. In this case, the presence of smaller
faults (Saltito, San Lazaro, Trinidad) are of
special importance since they are located close
to La Palma dam and the absence of the San
José fault in the hazard calculation is not so
sensitive as is the case of the WLP model.

Figure 7 shows a comparison among
models for PGA values of hazard calculation for
different return periods and the three different
fault scenarios. In the absence of these faults,
the PGA is reduced for the long return period.

In Figure 8, the hazard curve of the
complete model for La Palma, Santa Ines and
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Figure 6. Probabilistic seismic hazard analysis for different return periods and observation times using the WSJ

model. The transform fault system is located at the top right of the map and it was analyzed with the Gutenberg-

Richter model. The Quaternary faults are located within the Baja California Peninsula and analyzed with the
Characteristic model (see text for details).

Buena Mujer dams is depicted. In the hazard
curve, the Characteristic Fault Model was used
excluding the transform faults of the Gulf of
California. The three curves are similar; the
Buena Mujer and Santa Ines curves are parallel
because their hazard is controlled mainly by
La Paz fault, and the rest of the faults are not
important.

In Figure 9, the hazard curves of the three
dams using the WLP model are shown. In this
case, the three curves are different and we
observe that the Santa Ines dam has lower
PGA values. The Santa Ines dam is relatively
far from the other faults, except for La Paz
fault that is the closest to the dam.
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In Figure 10, the WSJ model is depicted.
Interestingly, the WSJ and the complete model
of Figure 8 are similar, suggesting that for
these sites the contribution of the San José
fault is not so important.

In general, the hazard estimation has been
used in Mexico with a and b values statistical
coefficients of seismicity. Little importance
has been given to faults that exhibit large
return periods and pose risks in the long
term. A recent example reported by a study
of seismic hazard in central Mexico used
instrumental seismicity as well as historical
data includeding fault information (Beyona et
al., 2017). However, this is the first time that
a similar study is performed in Baja California
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Figure 7. Contour plot for PGA values of hazard calculation for different return periods and three different fault

scenarios. Left column, model with all faults; central column, model without La Paz fault; right column, model

without San José fault. The cases are 10% of probability of exceedance in 50 years (first row, from top to bottom);

5% of probability of exceedance in 100 years (second row); 2% of probability of exceedance in 200 years (third

row). The last row shows the long return period expressed as 2% probability of exceedance in 200 years. The

elliptical region covers La Paz fault and the squared region San Jose fault. BM Buena Mujer Dam, SI Santa Ines
Dam and LP La Palma Dam.

Sur. There are some reasons why long return
periods have not been traditionally considered
in the seismic hazard estimation in Mexico,
such as: a) the high active tectonics in the
coast which is usually more important than
inland active faults and b) there are insufficient
paleoseismic studies in the region. However,
in Baja California Sur, the active sources with
high annual moment rate occur in the Gulf of
California, and Quaternary faults are located

in the peninsula. Moreover, this region was
originally populated in areas close to principal
faults, because these faults are the principal
sources of water that is collected from the
mountain ranges situated at the center of the
Peninsula. Also, these faults are the cause of the
high mineralization of gold, copper and silver,
giving rise to important mining development.
Therefore, there is a high correlation between
fault location and population.
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Figure 8. Hazard curve for the complete model for La Palma, Santa Ines and Buena Mujer dams using the

Figure 9. Hazard curve of the WLP for La Palma, Santa Ines and Buena Mujer dams using the Characteristic

162

1.00E+00

1.00E-01

1.00E-02

1.00E-03

1.00E-04

Annual rate of exceedance

1.00E-05

1.00E-06

1.00E+00

1.00E-01

1.00E-02

1.00E-03

1.00E-04

1.00E-05

Annual rate of exceedance

1.00E-06

1.00E-07

VoLuME 58 NuMBER 2

HAZARD CURVE
\\\\
\>\\
S
0.5 1 1.5 2
PGA

Characteristic models of the Quaternary faults.

HAZARD CURVE WLP

—Palma
——Buena Mujer

----- Santa Ines

PGA

models of the Quaternary faults.

Palma

Buena Mujer

—Santa Ines



GEOFisICA INTERNACIONAL

HAZARD CURVE WSJ

1.00E+00

1.00E-01

1.00E-02

—Palma

1.00E-03

Buena Mujer

—Santa Ines

1.00E-04

Annual rate of exceedance

1.00E-05

N

1.00E-06 T T
0 0.5 1

PGA

15 2

Figure 10. Hazard curve of the WSJ for La Palma, Santa Ines and Buena Mujer dams using the Characteristic
models of the Quaternary faults.

Another contribution of this study is the
usage of attenuation relations obtained for this
region. A simple look-up table of magnitude-
distance based was introduced on the work of
Ortega and Gonzalez, (2007). However, the
results do not differ considerably when the
attenuation relations of Southern California are
used instead, since they are characterized by
similar values of Q(f), geometrical spreading
function and kappa (Ortega and Gonzalez,
2007). Moreover, the NGA attenuation relations
are also a good approximation. In this work,
rather than analyzing the sensitivity of the
predictive relationships, the differences in
considering or ignoring some faults are studied.

Discussions

Including or excluding faults in PSHA implies
great differences in the results. This is not
surprising in PSHA because this problem
has been observed over decades in different
regions, however, there are some interesting
aspects of this region that we will discuss. First,
the PSHA is based on a formal probabilistic
framework that considers all the uncertainties,
including the epistemic ones. For this reason,
PSHA is based on logic trees that mimics the
probability distribution of the seismic sources
epistemic errors. To design the logic tree,
decisions are always made through panels of
experts. Marzochi and Jordan (2017) discussed
a global framework to analyze the PSHA, in

their article they noted the importance of the
participation of experts, but it is important to
say that there is a subjective part that implies
adding preferential information, which not
always seem to have a scientific basis. It is
important to emphasize that adding subjective
preferences is not necessarily non-scientific
knowledge, the most important thing is to be
able to prove if our preferences make sense or
if they should be discarded in the future.

A problem that frequently occurs in the
PSHA by participating in a committee of
experts that is specifically focused to seismic
hazard, is that experts tend to strategically
manipulate their opinion. For example, in the
case of giving advice on the existence of a
fault to develop hazard maps, an expert knows
that in case of an error there is a risk of a
major disaster, but in the case of developing
maps of natural resources those errors are
not so relevant and probably their opinion
will be different. In addition, an expert may
be pro- environment and inadvertently he
would include more restrictions if the panel
of experts take decissions for nuclear power
plants for example. After analyzing the best
option for PSHA the logic tree of Figure 11 was
prefered. This model exemplifies the epistemic
uncertainty of sources, magnitude and
attenuation relations (GMPE, Ground motion
prediction equations).
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Figure 11. Logic tree for PSHA of Baja California Sur.

The logic tree of Figure 11 is based on
analyzing advantages and disadvantages of
the different models. In this model, the most
important decision was the Quaternary faults
weights of three different models (all faults,
WSJ and WLP).

In Figure 12 the final map for two return
periods is presented, the first panel represents
2% of exceedance in 50 years, the second
represents 2% of exceedance in 200 years,
therefore the first is equivalent to a return
period of 2475 years and de second of 9900
years. In this interval, there is a major
difference in the hazard maps. However, the
2475 return period is sometimes considered
as the highest threshold for essential facilities.
Comparing the 2475 return period (Figure
12 first panel) with the 474 years (Figure 4
first panel) we observe that the Quaternary
faults apparently are not sensitive for high
rates. However, this is only a mere artifact of
the arbitrary decision of using return periods
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as a degree of protection because at higher
return periods the hazard should be nuanced.
Recently Stirling and Gerstengerg (2018),
studied the applicability of a Gutenberg-
Richter magnitude distribution instead of
the Characteristic fault model. In their study
Stirling and Gerstengerg (2018) analyzed
active faults with high slip rates (> 1 mm/
yr), their results suggest that the Gutenberg
Richter magnitude distribution is compatible
with active faults and cannot be ruled out in
PSHA, but for low slip rates ( < 1 mm/yr), this
possibility has not been tested yet. Our study
opens a possibility to improve the PSHA in Baja
California to include the Gutenberg-Richter
magnitude distribution in the future. Similar
studies have been reported in central Mexico
(Bayona et al., 2017). Work is in progress to
present a combination of Gutenberg-Richter
and Characteristic magnitude distribution.
Care should be taken if we compare our results
with other studies, for example, it is common
to represent a PGA concerning a specific rock
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site namely Vs30=760, this reference is based
on geotechnical studies in which there is a
competent rock at 30m depth with a value
of 760 m/s for shear wave velocity. We used
a general average value that represents the
common amplification of the basins in BCS.
Also, we used a low attenuation model. It is
important to note that we do not have the
intention to use our results for engineering
purposes until we can validate them.

This article reflects the importance of
studying active Quaternary faults at a regional
scale. Paleoseismic studies provide valuable
information about slip rates. It is crucial to use
this information in the seismic hazard analysis
and include the results in a specific way that
can be useful in hazard maps. For example,
Busch et al. studied the Carrizal Fault (Figure
1) they prepared trenches and presented their
results in a self-consistent tectonic framework.
Their studies discussed a tectonic relation of the
transtensional regime in Baja California. We
obtained the slip rate from their analysis, but
in other cases, the slip rate is not estimated.
For example in the La Paz fault. In that case,
we only estimated a possible slip rate based on
limited work about the fault.

Nowadays, paleoseismology studies are
becoming a new discipline; they also provide
information that the instrumental seismicity
is not capable of obtaining. The active
crustal faults sometimes are not included in
PSHA because it seems that they are not as
dangerous if compared to active tectonics (e.g.,
subduction margins), but we believe that this
impression is incorrect. The Major-Cucapah
earthquake in 2010 (Mw = 7.2) that occurred
in Mexicali, Baja California is an excellent
example of a crustal fault that caused severe
damages. The geological and geophysical
geometry is essential to consider in mapping
the damages (Wei et al., 2011), the recurrence
is about 2,000 years (Rockwell et al., 2010)
so, if we compare to the active tectonics of
few tens of years, it probably should be not so
critical. However, the problem is the location of
these faults. In the Baja Peninsula, the faults
are located close to the urban centers.

Another problem to address is the lack of
studies and instrumentation. For example,
Suter (2018) reported the Loreto earthquake
of 1878; this event seems to be the worst
scenario for Baja California Sur, the destruction
was very severe. Up to date, there are no
studies that identify the actual fault. Note that
in this region, there are seismic records with
extreme levels of PGA, in 2007 a strong motion
instrument recorded an earthquake with a

maximum value of 0.6 g in Bahia Asuncion
(Munguia et al., 2010; Ortega et al., 2017).
The value of 0.6 g exceeds by far any expected
value in previous hazard maps in the region,
reflecting the need to study the Quaternary
Faults and the effect in the seismic hazard.

We conclude that the Quaternary faults are
only important when computing the hazard
using high recurrence rates. In places where
the active tectonic sources, such as faults
belonging to the transform fault system,
are far from the sites, as is the case of Baja
California Sur, the contribution of the hazard
of such Quaternary faults is not so evident.
Specially for low recurrence rates. Clearly,
a detailed paleoseismic study is of crucial
importance to assess the hazard for this region.
The complete model with all the sources is the
best for earthquake-resistance structures,
especially for dams’ design. On the other
hand, overestimating the hazard may have
the consequence of introducing unnecessary
severe construction codes causing an economic
impact on the development of this region due to
the increase in construction costs. In Mexico,
there is no specific guidance for choosing
return periods on dams’ designs. However, the
general trend of 2% of exceedance in 50 years
may be not adequate and 2% of exceedance
in 200 years seems to be adequate in Baja
California Sur. This level of security has a large
impact in the economic development and is
very important for strategic planning.

Conclusions
The general conclusions are:

1) The southern part of Baja California is
a region with important faults that control the
seismic hazard of the high return periods.

2) Active Quaternary faults need to be
studied, especially the average displacement
or moment rates.

3) Specifically, in Baja California Sur, the
return period for critical facilities should be
9900 years expressed as the 2% probability of
exceedance in 200 years.
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Resumen

El sismo de magnitud Mw 7.2 El Mayor-
Cucapah ocurridé el 4 de abril de 2010 en el
Valle de Mexicali, cerca de la frontera entre
California USA y Baja California, México. El
objetivo del presente trabajo fué examinar el
GPS como una herramienta complementaria
en estudios sismicos y estimar el momento
sismico del sismo y su magnitud Mw. Para
ello se explord la capacidad de los datos de
GPS de alta frecuencia (5Hz) localizados en
el norte de la ruptura sismica para obtener la
cinematica de los desplazamientos cosismicos.
Los datos GPS se procesaron utilizando el
meétodo de Posicionamiento Puntual Preciso con
el software GIPSY-OASIS II, posteriormente
se aplicé la Transformada Réapida de Fourier a
las series de tiempo de posicion, se calcularon
los parametros espectrales, momento sismico
y Mw. Se encontré una buena concordancia
en términos de correlacion de la sefial de los
desplazamientos GPS comparando los registros
sismicos de movimientos fuertes integrados
al desplazamiento, utilizando pardmetros de
filtrado para dos conjuntos de instrumentos.
Los espectros de desplazamiento cinematico
GPS muestran un nivel de desplazamiento
espectral de baja frecuencia (~0.2 Hz) cuando
se compara con la doble integracidon de los
datos de movimientos fuertes. Es facil calcular
el movimiento cosismico estatico a partir de los
datos GPS. Sin embargo es muy dificil calcularlos
a partir de los datos de movimientos fuertes. Un
modelo simple de fuente sismica es adecuado
para el conjunto de datos GPS utilizados en
este trabajo, se estimé Mw=7.19+0.13, que
concuerda con el Mw 7.2 obtenido en otros
estudios del sismo de El Mayor-Cucapah.

Palabras clave: Cinematica de desplazamiento
cosismico, Sismologia GPS, Posicionamiento
Puntual Preciso, Analisis Espectral, sismo El
Mayor-Cucapah, Sismogeodesia.

J. C. Robles-Avalos

Posgrado en la Divisién de Ciencias de la Tierra
Centro de Investigacion Cientifica

y de Educacion Superior de Ensenada

Baja California, Ensenada

B.C. México

Abstract

El Mayor-Cucapah earthquake Mw 7.2 on April
4, 2010, occurred on Mexicali Valley near the
international border between California, USA
and Baja California, Mexico. The objective
of this paper was to examine GPS as a
complementary tool for seismic studies and
to estimate earthquake seismic moment
and Mw. For this purpose the capabilities
of high-rate GPS (5 Hz) data located in the
northern part of the seismic rupture has been
explored to obtain the kinematic coseismic
displacements. GPS data were processed using
Precise Point Positioning method with GIPSY-
OASIS 1II software, then applying the Fast
Fourier Transform to the position time series,
spectral parameters, seismic moment and
Mw were calculated. A good agreement was
found in terms of signal correlation of the GPS
displacements, by comparing strong-motion
seismic records integrated to displacement,
using filtering parameters for two sets of
instruments. Kinematic GPS displacement
spectra clearly shows the low frequency
displacement spectral level (~0.2 Hz) when
compared with double integration of strong-
motion data. It is easy to calculate the static
coseismic motion from GPS data, however it is
very difficult to calculate it from strong-motion
data. A simple earthquake source model is
suitable for the GPS dataset used in this work,
estimated on Mw=7.19+0.13, was in according
with Mw 7.2 obtained in other studies of the El
Mayor-Cucapah earthquake.

Key words: Kinematic coseismic displacement,
GPS Seismology, Precise Point Positioning,
Spectral Analysis, El Mayor-Cucapah
earthquake, Seismogeodesy.
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Introduction

El Mayor-Cucapah earthquake has provided
an important opportunity to study about the
geodynamics of the northwest region of Mexico
(Fletcher et al., 2016), as spatial and tectonic
geodesy (Wei et al., 2011). The use of GPS in
seismology was first documented by Hirahara
et al., (1994), Ge et al., (2000) and Nikolaidis
etal., (2001), who demonstrate the potential of
GPS as a seismological instrument. For instance,
Larson et al., (2003) using GPS (1 Hz) achieved
to observe the kinematic displacements of the
Alaska Denali earthquake (Mw 7.9) in 2002,
suggesting that GPS observations are crucial to
study rupture processes. Miyazaki et al., (2004)
compared displacements from GPS with the
double integration of the acceleration records,
finding a good correlation between both for
the Tokachi-Oki earthquake (Mw 8.3, occurred
in 2003). Blewitt et al., (2006) demonstrated
the GPS ability to estimate the magnitude of a
megathrust earthquake, using data from up to
only a few minutes after earthquake initiation,
as well as its high tsunamigenic potential for the
Sumatra-Andaman earthquake (Mw 9.2-9.3) in
2004; whereas, Hung et al., (2017) shown that
5 Hz high-rate GPS observations is an optimal
sampling rate for GPS seismology as observed
for the Ruisi Taiwan earthquake occurred in
2013. Nowadays, broadband and/or strong-
motion seismic instruments located with high-
rate GPS receivers are the best instrumental
candidates to measure the complexity in the
seismic source, rapid slip characterization of
finite fault rupture and also for applications
on early seismic warning systems (Melgar et
al., 2013; Bock et al., 2011; Bock and Melgar,
2016).

Northern Baja California tectonics is primary
dominated by right-lateral strike slip of ~50
mm/yr along southernmost San Andreas
Fault system, between the Pacific and North
American plates (Argus et al., 2010; DeMets
et al., 2010) (Figure 1-inset). The El Mayor-
Cucapah earthquake (32.278° N, 115.339°
W; 4 km Depth; Mw 7.1; To=2010-04-04
22:40:40 UTC; RESNOM Database) of April
4, 2010, Mw 7.2, had a complex bidirectional
rupture divided into two main domains from
the epicentral zone located in the southeast
corner of the Sierra Cucapah mountain
range (Hauksson et al., 2010; Fletcher et al.,
2014). The rupture in the northern section
spread through the Cucapah mountains by
several multiple faults-segments: Pescadores,
Borrego, Paso Superior e Inferior. While in
the southern section it extended through the
Colorado River Delta, where it was possible to
identify a new fault named Indiviso. The extent
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of the rupture was around 120 km (Figure 1)
(Gonzalez-Garcia et al., 2010; Wei et al., 2011,
Fletcher et al., 2014).

The characterization of a seismic source
depends primarily on the direction of
propagation of the seismic waves, distribution
of the rupture and the magnitude of the
coseismic displacements (Hanks, 1981). One
way to estimate earthquake source parameters
(seismic moment, stress drop and source
radius) is computing the Fast Fourier Transform
(FFT) to the displacements in the far-field
(Savage, 1972), and getting the spectral
parameters (level at low frequencies, corner
frequency and slope to high frequencies), to
obtain the seismic moment (M,) (Brune, 1970),
and then the moment magnitude (Mw) (Hanks
and Kanamori, 1979) of an earthquake.

High-rate GPS (from 1-10 Hz) displacements
has been proved very useful for monitoring
long-period ground motion, moreover, the
optimal combination of near-source GPS and
seismic strong-motion data covers a broad
spectrum of coseismic motion, from high
frequencies to long periods (Bock and Melgar,
2016). Taking advantage of the availability of
high-rate GPS records (5 Hz) nearby the seismic
rupture of the El Mayor-Cucapah earthquake,
the position ground motion was obtained, and
then the results were compared with the double
integration of acceleration data, for two sets of
located (close to each other) GPS and strong-
motion instruments. In the case of acceleration
data a first order Butterworth filter was used
within 0.10 - 50 Hz (Bendat and Piersol, 2011;
Oppenheim and Shafer, 2011) in the frequency
domain, while not for the GPS position. Finally,
the earthquake seismic moment was estimated
using a simple earthquake source model
(Brune, 1970; Kumar et al., 2012) and moment
magnitude was obtained following Hanks and
Kanamori (1979).

Data and Methods

High-rate GPS (5Hz) data were used from
the Plate Boundary Observatory GPS network
(Figure 1), obtained through the University
NAVSTAR Consortium (UNAVCO) and
acceleration data from Southern California
Earthquake Data Center (SCEDC), and Center
for Engineering Strong Motion Data (CESMD)
for the El Mayor-Cucapah earthquake.

The technique used to process the GPS
data was Precise Point Positioning (PPP) with
GIPSY-OASIS software (Zumberge et al.,
1997; Kouba and Heroux 2001). PPP is a
positioning technique that is based on precise
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Figure 1. Tectonic setting of the north Baja California region, where the El Mayor-Cucapah earthquake occurred.

The red star denotes the earthquake epicenter. Blue line denotes the surface rupture [Fialko et al., 2010] and red

lines denote known active faults. Blue squares denote GPS continuous recording sites in USA during the earth-

quake occurrence and black squares are GPS temporal surveyed sites after the earthquake (Gonzalez-Ortega et

al., 2014). P494/WES and P496/5058 are colocated GPS and strong-motion instruments; as well as, P066, P481

P497, P50, P500 and IID2 are GPS stations used in the present study. Inset illustrates a broader tectonic setting
of the study area. Black vectors shows the tectonic motion with respect to North American Plate.

position coordinates obtention for a single
station without a reference station, using
precise orbit products and clock corrections
provided by the International GNSS Service
(IGS) (Abdallah and Schwieger, 2014). This
technique can be used for both kinematic and
static GPS processing. To achieve centimeter-
level accuracy estimates, several modeling
effects must be taken into account, such as the
atmospheric effects on the carrier phase, as
well as terrestrial and oceanic tides (Heroux et
al., 2001). Thus, from far-field displacements
in the frequency domain, earthquake seismic
moment and magnitude can be obtained
(Hanks and Wyss, 1972; Johnson and McEvilly,
1974).

The simplest and widely used earthquake
source models are those proposed by: Haskell
(1964) and Brune (1970). In the Haskell’s

model, two corner frequenciesf;%and f=7
r d

are defined. Where ¢ is rupture time and ¢, is
rise time. The spectrum is ﬂat for frequencies
less than f, then goes as f~' between f and
S to ﬁnally decay as f2 for high frequenues

Thus the spectrum is parametrized by three
factors, seismic moment Mo, raise time 7,
and rupture time ¢ (Stein and Wysession,
2003). The Brune’s model has a single corner
frequency, fc, that combines the effects of rise
and rupture time. The amplitude spectrum
corresponds to displacements observed in
the far-field; however, it is also applicable for
observations in the near-field as long as the
source-receiver distance is greater than the
wavelength of the seismic waves (Madariaga,
1989). In the present case, a wavelength of
~26 km is obtained when considering seismic
wave velocity of 3.3 km/s (Fuis et al., 1982)
and 8 s period of the first oscillation for P494
station (Figure 2).

One of the most important spectral
parameter is the flat line-segment of the
amplitude spectrum at low frequencies as
proposed by Haskell (1964) and Brune (1970).
This frequency line-segment is commonly
referred as QO, spectral level to low frequencies,
from this parameter seismic moment is (Brune,
1970; Archuleta et al., 1982),
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M= % 4npRB? (1)
’ FSRGqS

Where QO is the line-segment at low
frequencies, R6¢ is the average radiation
pattern for S waves (~0.6), p is the density
of the medium (2.75 %) and B the s-wave

velocity (3.3 x 105 < ) (Fuis et al., 1982),
R is the distance from the hypocenter to the
observation site and F's is the free surface factor
(2). Finally, we used the moment magnitude
relation proposed by Hanks and Kanamori
[1979], in which Mo is in units of dyne-cm,

2

Mw= 3 logM —10.7 (2)
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Results

GPS position time series corresponding to
the nearest sites to the earthquake rupture
are shown in Figure 2. The kinematic
displacement generated by the passage of
the seismic waves can be observed, as well
as the coseismic permanent displacement,
derived from the surface motion of the El
Mayor-Cucapah earthquake. Differences in
amplitude and oscillation are due to the type
of soil and epicentral distance. P494 is located
~65 km from the epicenter in the west Salton
Sea basin; while P481 is ~87 km in the
Peninsular Ranges. To estimate the coseismic
displacements, the linear trend of the
surperficial pre-arrival seismic wave was first
calculated and then the entire record of the

Pag1
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Figure 2. GPS position time series. Left column, GPS site P494, ~65 km from epicenter. Right column, GPS site
P481, ~87 km from epicenter. Red lines indicate linear detrend removed before and after the S-wave arrival to
estimate the static coseismic offsets.
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position time series. Subsequently, the mean
of the oscillations of the pre-arrival and post-
arrival segments was calculated, the difference
between both segments corresponds to the
static (permanent) coseismic displacement.
In Table 1, the kinematic and static coseismic
displacements for GPS sites processed in this
study are presented.

GPS position time series were compared
with the displacement series obtained from
the double integration of the accelerometer
records from WES and 5058 accelerograph
stations, located at <1 km from GPS sites
P494 and P496, respectively (Figure 3).
Horizontal components show alignment in
phase and similarity in amplitudes (see inset
plots). For strong-motion data several tests
to find the frequency range and order for the
Butterworth filter were performed. First-order
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Butterworth bandpass filter was selected, from
0.08 and 0.20 to Nyquist frequency for WES
and 5058 respectively. This type of filter allows
to improve the position of the time series and
to carry out the comparison with GPS position
time series. High order Butterworth filters tend
to generate biases in position baseline and
cause distortions [Oppenheim and Schafer,
2011].

To compare the kinematic GPS
displacements and double integrated
accelerogram data, a normalized cross-

correlation was used. In general, correlation
values are better in the east-west (>0.90)
than north-south (>0.70), due to the smaller
kinematic coseismic displacement in the
east-west direction. Consequences of seismic
filtering tends to diminish the amplitudes
of the displacement series obtained from
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Figure 3. Displacement spectrum comparisons from collocated strong motion (black) and high-rate GPS (blue).

Left column, horizontal displacement spectrum at P494-GPS and WES accelerograph station. Right column,

horizontal displacement spectrum at P496-GPS and 5058 accelerograph station. Red horizontal lines indicate Qn

value. Insets show comparison between GPS and integrated (from strong-motion) time series displacement and
corresponding cross-correlation values estimate.
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Table 1. 3D Coseismic displacements estimates from GPS position time series. Includes earthquake
distance to GPS sites, peak-to-peak oscillation seismic wave motion, flat line segment amplitude
value at low frequencies 2, M_and M .

Lat. Long. Epicentral Kinematic Kinematic Kinematic Static Static Static QO M,
distance peak to peak to peak to  coseismic coseismic coseismic (cm-s) (dyne-cm)
(km) peak peak peak north (cm) east (cm) Up 1x10%

oscillation, oscillation, oscillation, (cm)

north (cm) east (cm) Up (cm)
P494 32.760 -115.732 65 90 100 10 -18 4 ~ -1 160 10.8 7.32
P496 32.751 -115.596 58 60 95 24 -17 ~2 ~0 150 9.0 7.27
P497 32.835 -115.577 67 40 60 15 -9 ~1 ~1 125 8.7 7.26
P501 32.876 -115.398 67 45 36 10 -5 ~2 ~1 137 9.5 7.29
P500 32.690 -115.300 46 26 30 12 -4 5 ~0 93 4.4 7.06
IID2 32.706 -115.032 54 16 21 NA ~ =2 3 ~0 77 4.3 7.06
P481 32.822 -116.012 87 36 20 15 ~ =2 ~ -1 ~0 74 6.7 7.18
P066 32.617 -116.170 90 16 11 13 ~0 -7 ~0 51 4.8 7.08

accelerogram double integration data when
compared to those obtained with GPS. Static
coseismic displacements are not observable in
strong-motion due to wideband limitation but
in GPS these are clearly captured.

Figure 3 shows horizontal GPS and strong-
motion source spectra comparison for P494-
GPS and WES, as well as, P496-GPS and
5058. With GPS spectra, the amplitude at low
frequencies € is easily identified. After a value
of ~0.2Hz, amplitudes decay at f~? as frequency
increases up to where GPS spectra turns
constant. At this point, seismic oscillations with
spectral amplitudes of ~2cm-s associated with
frequency values ~1Hz (periods = 1 s for 5Hz
GPS sampling rate), are not detectable with
GPS. On the other hand, with strong-motion
displacement spectra, two corner frequencies
at ~0.2Hz and ~3Hz can be identified. For
frequencies >3Hz amplitude decay as f~. These
amplitude decays are related to attenuation
and site effects [Shearer, 1999].

Seismic moment (M) and moment
magnitude (M,) of the ElI Mayor-Cucapah
earthquake is M, 7.3£3.5x10%¢ dyne-cm,
M, 7.19+£0.13 using GPS spectra (Table
1), and Mo 6.4+0.07x10% dyne-cm, M,
7.14+£0.01, using WES and 5058 strong-
motion data spectra. These values are similar
to estimates obtained from seismic and
geodetic data inversion M_ = 9.9x102%¢ dyne-
cm, M, = 7.26 [Wei et al., 2011] and from field
measurements of M_ = 7.2x10%® dyne-cm, M,
= 7.17 [Fletcher et al., 2014].

Figure 4 shows the EIl
static coseismic horizontal

Mayor-Cucapah
displacements.
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The maximum horizontal static coseismic
displacement is ~1.16 m, in the N137°E
direction, ~8 km from the epicenter, in the
southeastern part of the Sierra Cucapah, and
the maximum vertical displacement is ~-0.64
m. The displacement pattern, clearly observed
in the northeast is consistent with a right-lateral
focal mechanism of The ElI Mayor-Cucapah
earthquake (Gonzalez-Ortega et al., 2014).
These authors, estimated earthquake moment
magnitude using dislocation inversion methods
from a finite coseismic slip model composed of
several fault segments using GPS and InSAR
static displacements in a homogeneous (Fialko
et al., 2010) and in an layered earth structure
[Huang et al., 2016].

Discussion

Zheng et al., (2012), also used high-rate
GPS data with the aim of carrying out the
seismotectonics analysis of El Mayor-Cucapah
earthquake with different methodology as in
this work. They used the Cut and Paste method
(CAP) developed by Zhu and Helmberger
(1996), which allows separating the P, and
surface waves independently, not requiring an
accurate crustal velocity model or a high number
of stations, but a good azimuthal coverage for
the focal mechanism inversion and earthquake
magnitude. Also, Allen and Ziv (2011), re-
processed in a simulated real-time high-rate
GPS static displacement data, to estimate
earthquake magnitude via static slip inversion,
using preliminary earthquake hypocenter from
seismic data and a catalog of active faults,
for the purpose of earthquake early warning
system test in southern California.
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Figure 4. GPS horizontal coseismic displacements from El Mayor-Cucapah earthquake. Blue vectors are estimates

obtained in this study. Black are displacements from Gonzalez-Ortega (2014), and magenta are from GPS Explorer

Data Products (http://geodemo-c.ucsd.edu). The red star denotes the earthquake epicenter. Blue line denotes
the surface rupture [Fialko et al., 2010] and red lines denote known active faults.

Differences between Zheng et al., (2012),
and the present work lies in the GPS data
processing; while we used the PPP technique,
they used the Double Differences (DD). For
the DD technique (Herring et al., 2015) it is
necessary to have a reference station, which
must be located at a distance far enough to not
be affected by seismic waves, but close enough
to act as reference station which guarantees
the same satellites observation of the sites of
interest. Such condition is not required with
PPP technique, as it uses precise GPS orbit and
clock data products with centimeter accuracy.
Although the methodology used in Zheng et al.,
(2012) and the present one differ in estimating
GPS time series and seismic moment, in
general, position time series and moment
magnitude results are very similar and confirm
earlier studies using GPS high-rate data from
El Mayor-Cucapah earthquake (Allen and Ziv,
2011; Bock et al., 2011).

With high-rate GPS spectral analysis,
amplitude at low frequencies is clear to identify
in contrast to accelerogram data. This flat
low frequency section is associated with large
displacement amplitudes generated by the
passage of surperficial seismic waves (Udias,
1989). Thus, estimates of M, and M, can have
a greater degree of certainty with GPS data
than with accelerometer records. GPS data
can be of crucial importance for estimating

major earthquake magnitude in real time
(Blewitt et al., 2006; Bock and Melgar, 2016).
According to the present results, average (2
value with GPS data is 115+4 cm-s, while with
accelerogram data is 90+8 cm-s. However,
as GPS is sampled at 5 Hz, for frequencies
>2.5 Hz (Nyquist frequency) GPS is unable to
observe spectral displacements below 2 cm-s,
which does not happen with the acceleration
records. This highlights the importance of the
complementarity between both instruments,
closely located GPS and strong-motion, for
near field displacements earthquake studies.

Conclusion

High-rate (5 Hz) kinematic GPS position
time series of the ElI Mayor-Cucapah
earthquake were studied and compared to
the displacement series obtained from the
double integration of strong-motion data. The
comparison shows good agreement in terms
of cross-correlation, for P494-GPS and WES,
and, P496-GPS and 5058, instruments at ~75
km from epicenter. Kinematic GPS data at low
frequencies, associated with large spectrum
displacements, help to clearly identify the
flat line segment amplitude better than
accelerogram data, and thus using a simple
earthquake source model the earthquake
seismic moment, Mo=7.3£3.5x102% dyne-cm,
Mw=7.19+0.13 could be estimated, similar
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to Mw 7.2 as previously reported using other
methodologies. Static coseismic displacements
are very difficult to obtain from accelerogram
data, however with GPS data, these are easily
obtained and consistent with the right-lateral
strike-slip mechanism of the EI Mayor-Cucapah
earthquake.

Data and Resources

High-rate GPS data can be found at UNAVCO,
ftp://data-out.unavco.org/pub/highrate/5-Hz/
rinex/ (last accessed April 2018). Coseismic
displacements from the northern side of the
El Mayor-Cucapah rupture can be found at
GPS Explorer, http://geodemo-c.ucsd.edu
(last accessed April 2018). Accelerometric
data can be found at SCEDC, http://scedc.
caltech.edu/research-tools/waveform.html
(last accessed April 2018) and CESMD,
https://www.strongmotioncenter.org/cgi-bin/
CESMD/search_options.pl (last accessed April
2018). Map figures were generated by Generic
Mapping Tool (GMT) software [Wessel et al.,
2013].
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Resumen

Se presenta un estudio de Andlisis Probabilistico de
Riesgo Sismico (PSHA) en el sur de la Peninsula de
Baja California, México. En este estudio se analizd la
contribucion de segmentos de falla del Cuaternario
que incluyen dos fallas que han sido consideradas
potencialmente activas por algunos autores, pero
inactivas por otros, que son las fallas de La Paz y San
José. Se probaron varios escenarios para comparar
la estimacion del riesgo con la contribucion de dichas
fallas y finalmente se propuso un arbol ldgico para
afadir las mentidumbres epistemicas. Adicionalmente
se escogieron tres presas situadas alrededor del area
de estudio, La buena Mujer, La Palma y Santa Inés.
Los valores maximos de aceleracién del suelo (PGA)
se compararon por 50, 100, 200 afios al 10.5 y 2%
de excedencia. La combinacion de periodos con
niveles de porcentajes de excedencia se usaron como
referencia para distintos grados de riesgo. El modelo
escogido se presenta en un arbol de riesgo PSHA
clasico. Contrariamente a lo esperado, no parece muy
importante incluir todas las fuentes sismicas como
las fallas de La Paz y San José en la determinacion
de riesgo de disefio ingenieril, ya que en la region las
fallas caracteristicas son insensibles a las relaciones
bajas. Sin embargo es solo un artefacto de la decision
arbitraria de utilizar periodos de retorno como grado
de proteccion. Los resultados muestran que en el caso
de construcciones esenciales, 2% de probablilidades
de excedencia en 200 afios lo mejor para esta region.
Es necesario realizar estudios poleosismicos en esta
region para saber si estas fallas geologicas son activas
ya que muchas estructuras importantes se encuentran
cerca de las fallas estudiadas.

Palabras clave: peligro sismico, sur de Baja California,
atenuacion sismica.
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Abstract

A study of Probabilistic Seismic Hazard Analysis
(PSHA) in the southern part of the Baja California
Peninsula, Mexico is presented. In this study,
the contribution of Quaternary fault segments
are analyzed including two faults that have been
considered potentially active by some authors, but
inactive by others, namely, La Paz and San José
faults. Therefore, different scenarios were tested to
compare the hazard estimation with the contribution
of these faults and finally a logic tree was proposed
to add the epistemic uncertainties. In addition,
three dams situated around the study area were
chosen: La Buena Mujer, La Palma and Santa Ines.
The peak ground acceleration values (PGA) were
compared for 50, 100 and 200 years at 10, 5 and
2% of exceedance. The combinations of periods
with percentages of levels of exceedance were
used as reference for different degrees of hazard
assessments. The preferred model is presented in a
classical PSHA logic tree. Contrary to expectations,
it seems that it is not so important to include all the
seismic sources as La Paz and San José faults in
hazard assessment of engineering design because in
this region the characteristic faults are not sensitive
for lower rates. However, this is only a mere artifact
of the arbitrary decision of using return periods as a
degree of protection. The present results show that
in the case of essential facilities 2% probability of
exceedance in 200 years is the best for this specific
region. It is necessary to perform paleoseismic
studies in this region, to know if these geological
faults are active because many important structures
are located close to the studied faults.

Key words: seismic hazard, southern Baja California,
seismic attenuation.
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Introduction

The La Paz-Los Cabos region is an active
tectonic zone with little historical seismicity
reported, (Ortega and Gonzalez, 2007). This
article is a long-term effort, started in 1995
when a major earthquake struck the southern
part of Baja California Peninsula. From 1996
to 1997 the Centro de Investigacion Cientifica
y de Educacién Superior de Ensenada, Baja
California (CICESE) deployed a local seismic
network. Later, a temporary strong motion
network was in operation from 1998 to 2007
(Munguia et al., 2006; Ortega and Gonzalez,
2007). Recently, CICESE installed seismic
broadband stations within and around La Paz
Bay. For 15 years, seismicity and attenuation
relations that are the basic parameters for
seismic hazard analysis are been studied.
In this work, a probabilistic seismic hazard
analysis for the southern part of the Baja
California Peninsula is presented.

Particularly, the seismic sources that have
been a topic of active discussions are studied.
There has been a long debate on whether
some fault segments should be considered
active or not. Of special importance are La Paz
and San José faults because they are the most
prominent features of the region. Therefore,
all the fault segments that have been reported
and mapped by the Mexican Geological Service
(SGM, Servicio Geoldgico Mexicano) are
presented. For example, some authors, (Cruz-
Falcén et al., 2010; Munguia et al., 2006) have
reported the existence of La Paz fault, whereas
others, (Busch et al., 2006; Busch et al., 2007;
Maloney et al., 2007; Ramos 1998) say this
fault does not exist. In addition, a common
problem is that there are several faults which
cannot be identified with a unique name. The
purpose of this work is to compare the seismic
hazard in different scenarios: a) using all faults,
b) without La Paz Fault (WLP) and c) without
the San Jose Fault (WSJ). It is important to
note that in this article active Quaternary
faults only those faults that have exhibited an
observed movement or evidence of seismic
activity during the last 20,000 years are called.

Tectonic setting

The Gulf of California is an oblique - divergent
plate boundary with active transtensional
continental rifting (Busby and Ingersoll,
1995). Strike slip and normal faults systems
accommodate the deformation in this region
(Angelier et al., 1981; Fletcher and Munguia,
2000; Umhoefer et al., 2002; Plattner et al.,
2007). Right lateral strike slip faults marked
the extremities of the Gulf of California and
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they are separated by short spreading centers.
On the east side of the southern part of Baja
California peninsula an array of onshore
to offshore faults north striking exists, left
stepping and east dipping known as system
of gulf margin (Fletcher and Munguia, 2000)
(Figure 1).

During the continental rifting (DeMets,
1995; Fletcher and Munguia, 2000; Plattner et
al., 2007; Lizarralde et al., 2007), starts the
onset of seafloor spreading in the southern
part of the Gulf of California (Lizarralde et al.,
2007); Umhoefer et al., 2008). In this region,
the fault system development could be studied
during the transition of rift to drift process,
when ocean spreading begun and continental
rifting is active. Along the Alarcon rise in the
southern Gulf of California the spreading rate is
slower than across plate boundary of the Pacific
- North America, indicating that structures
along with transform faults and spreading
centers in the gulf could finally accommodate
deformation in this region (DeMets, 1995;
Fletcher and Munguia, 2000; Plattner et al.,
2007).

The seismicity data (Munguia et al., 2006)
and geomorphic relationships (Fletcher and
Munguia, 2000; Busch et al., 2006, 2007;
Maloney et al., 2007) show that the normal
faults array rupturing the southern tip of Baja
California peninsula are still active and act as a
shear zone which contributes to translating the
peninsula blocks away from mainland Mexico
(Plattner et al., 2007). The gulf - border is an
extensional zone as well as an area of decreasing
elevation and thinning crust (Lizarralde et al.,
2007). The topography of the southern tip of
the Baja California peninsula is controlled by
normal faults which produced moderate sized
earthquake (Fletcher and Munguia, 2000),
whereas the gulf margin fault array has a
minor contribution to the plate divergence in
the region. The faults delineate Quaternary
basins and offset Quaternary alluvial deposits
(Fletcher and Munguia, 2000; Busch et al.,
2006, 2007; Maloney et al., 2007).

During the Cenozoic, the western part
of North America at the latitude of Baja
California was the place of a subduction zone,
where Farallon plate was subducting beneath
Western North America (Stock and Hodges,
1989; Hausback, 1984). During Farallon plate
subduction (Figure 1a), the Pacific plate,
located west of the Farallon plate met the
North America plate (Atwater, 1970; Stock and
Hodges, 1989) and stopped the subduction
in the north beginning the development of
the Mendocino and Rivera triple junction
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along southern California and northern Baja
California (Gorbatov and Fukao, 2005).

While Mendocino triple junction moved
northward the Rivera triple junction went
southward lengthening the right lateral
transform plate boundary that had initiated
between Pacific and North America plates
(Stock and Hodges, 1989). This right-lateral
system developed marked the early stages of
San Andreas system (Atwater, 1970). Between
20 and 12 Ma a series of microplates was
formed along Baja California. The microplates
were located within the Pacific Plate, and the
trench was developed in a right lateral fault
zone, known as the Tosco-Abreojos fault
(Stock and Hodges, 1989). Between 12 and
6 Ma normal faults with NNW and N trend,
developed the east of the Tosco-Abreojos
fault (Figure 1b) adjacent to the west of the
current Gulf region from California (Stock and
Hodges, 1989; Hausback, 1984; Umhoefer et
al., 2002). The system of normal faults that
dominates the margin of the gulf was part of
the distribution of the deformation between
the Gulf of California and the Tosco-Abreojos
fault (Stock and Hodges, 1989), the gulf
margin system was part of a complex system
of transtensional faults from 12 Ma (Fletcher et
al., 2007). The regime of oblique-divergence
started about 6 ago Ma, when small rift basins
began to form in the current Gulf of California
(Figure 1c). This oblique - divergence regime
began as transform faults separated by rift
basins (Fletcher and Munguia, 2000; Oskin et
al., 2001; Fletcher et al., 2007). Along Alarcon
Rise, the southernmost spreading center in
the Gulf of California, new ocean crust started
forming (DeMets, 1995; Umhoeferetal., 2008).
Nowadays, the Gulf of California continues
to be an oblique divergent continental rifting
(Fletcher and Munguia, 2000; Umbhoefer et
al., 2002; Mayer and Vincent, 1999; DeMets,
1995).

Method

Inthisstudy, aclassicalapproach for Probabilistic
Seismic Hazard Analysis (PSHA) was used
based on a three-step procedure (Cornell,
1968; Algermissen et al., 1990; Algermissen
and Perkins, 1976; Bernreuter et al., 1989;
Electric Power Research Institute, 1986). First,
the seismicity parameters (@ and b values)
of the transform fault system were obtained.
The Quaternary faults with low seismicity rate
were also included using their annual rate
of displacement obtained from independent
studies. These faults were assumed to present
a constant moment rate. Next, the attenuation
relations were estimated using a simple

omega-squared model based on a general
regression of the maximum acceleration
recorded versus distance. These attenuation
relations for this region were published in a
previous work (Ortega and Gonzalez, 2007).
Finally, the hazard maps were computed to
show probabilistic ground accelerations with
10%, 5%, and 2% probabilities of excee-
dance in 50, 100 and 200 years. The maps
were constructed on the assumption that
earthquake occurrence is Poissonian. Then the
hazard curve was computed for three specific
dams belonging to the National Commission
of Water in Mexico and different fault system
combinations comparing the results. The
details on the hazard estimation are described
in Frankel (1995), and Frankel et al., (1997).
In the following sections, the steps to prepare
the different parts of the probabilistic hazard
analysis are describe.

Seismicity and moment rate

Two different models were used to compute
the seismic hazard: Gutenberg-Richter and
Characteristic Models. The former was used
to analyze the transform fault system of the
Gulf of California and the latter was used for
the Quaternary faults within the Baja California
Peninsula. For the Gutenberg-Richter model,
the catalog was compiled for 18 years of
operation of La Paz Seismic Network (Munguia
et al., 2006). 2127 earthquakes ranging from 1
to 6.1 degrees in magnitude, between 23° < Lat
< 25°and -111° < Long < -108° were located.
The catalog to remove the aftershocks of 1998
in Los Barriles, and 2007 Cerralvo earthquake
was reviewed (Ortega and Quintanar, 2010).
In Figure 1d the seismicity of the region from
1998 to 2013 is present.

The a and b values were computed using
the EMR method described by Woessner and
Wiemer (2005), and coded in the Z-Map suite
of programs (Wiemer, 2001, Figure 2). The
b values were estimated using a maximum
likelihood method (Bender, 1983).

The hazard calculation using the Gutenberg
- Richter model involves the summation of the
source contribution ranging from a minimum to
a maximum expected earthquake magnitude.
For each magnitude, a fault rupture length is
calculated using the relationships of Wells and
Coppersmith (1994). Next, a floating fault
along the geological fault was set, and then
the distance to the floating rupture for each
site to calculate the frequency of exceedance
(equation 2 from Frankel (1995) was found).
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Figure 1. a) Farallon Plate that began the process of subduction starting the development of the Rivera Triple
Junction. Between 20 and 12 Ma a series of microplates were formed along Baja California. b) Between 12 and
6 Ma normal faults with NNW and N trend, developed the east of the Tosco-Abreojos fault the system of normal
faults was part of the distribution of the deformation, the gulf margin system was part of a complex system of
transtensional faults. c) The regime of oblique divergence started about 6 Ma, when small rift basins began to form
in the current Gulf of California. d) seismicity of the region, the complete catalog is represented. e) Quaternary
Faults used in this article, La Paz and San José faults are used later to define different scenarios. AR, Alarcon Rise,
PR, Pescadero Rise, FR Frallon Rise, CB Carmen Basin, RTJ, Rivera Triple Junction, and the faults: ELC, El Carrizal,
ELC1, El Carrizal 1, ELC2, El Carrizal 2, LPZ, La Paz, LP1, San Juan de los Planes I, LP2, San Juan de los Planes
II, LBM La Buena Mujer, SB, San Bartolo, TRD, La Trinidad, SL, San Lazaro, SC, San Carlos.

The estimation of the annual rate of
earthquakes (v,) for a characteristic fault
was computed using the following relation
(Wesnousky, 1986, Stirling and Gerstenberger,
2018):

v, = uiLW/M,, (1)

where u is the shear modulus (30 GPa), u
the annual slip rate of the fault, L and W are
the fault length and width, respectively and
M, the characteristic moment obtained from
the empirical scaling relation of Wells and
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Coppersmith (1994). The width of the fault W
was determined assuming a seismogenic depth
of 20 km and projecting its dip, so that the width
is equal to 20 km divided by the sine of the
dip. The fault length is calculated from the total
length of the digitized fault traces (Figure 1b).
The slip rate was estimated using paleoseismic
studies based on the overall vertical offset of the
basins, and quantitative studies using trenches
in specific areas (Maloney et al., 2007). Table
1 shows inland faults displacements and other
parameters useful to estimate (1).
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Figure 2. Plot of cumulative number of earthquakes versus earthquake magnitude, Mc =2.2 is the magnitude of
completeness (b value is equal to 0.98).

The characteristic magnitude was
determined from the length of the fault using
the relationships of Wells and Coppersmith
(1994), whose regression parameters depend
on the tectonic environment. The characteristic
moment was finally calculated from Kanamori
(1977) equation once given the characteristic
magnitude.

Attenuation relations

The earthquake attenuation relations estimated
in this area by Ortega and Gonzalez (2007) were
used. They observed that the attenuation in
general is similar to that of southern California.
The data were recorded using 32 strong-
motion seismic stations from La Paz network

Table 1. Quaternary fault parameters used in this study.

No. Length Name M.y Min. Max. Average Mo Moment rate
(km) displacement displacement displacement (dyne/cm) (dyne/cm*year)
(mm /year) (mm/year) (mm/ year)
1 19.3 San Juan 6.68 0.25 1 0.63 1.17E+26 7.24E+422
de Los
Planes I
2 16.09 San Juan
de Los
Planes II 6.61 0.25 1 0.63 9.22E+25 6.03E+22
3 13.42 La Buena
Mujer 6.54 0.25 1 0.63 7.27E4+25 5.03E+22
4 39.47 San José
del Cabo 6.95 0.5 1.5 1.00 2.97E+26 2.37E+4+23
5 15.22 San Lazaro 6.59 0.5 1.5 1.00 8.57E+25 9.13E+22
6 11 Saltito 6.47 0.7 0.8 0.75 5.61E+25 4.95E+22
7 11.35 San Carlos 6.48 0.25 1 0.63 5.84E+25 4.26E+22
8 71.4 San Bartolo 7.17 1 1 1.00 6.44E+26 4.28E+23
9 32.9 Trinidad 6.88 1 1 1.00 2.34E+26 1.97E+23
10 100 La Paz 7.30 0.11 1.6 0.86 1.00E+27 5.13E+23
11 65 Carrizal 7.14 0.11 1.6 0.86 5.70E+26 3.33E+23
12 34 Carrizall 6.89 0.11 1.6 0.86 2.45E+26 1.74E+23
13 37.5 Carrizal2 6.93 0.11 1.6 0.86 2.78E+26 1.92E+23
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(LAP) comprising 1320 small to moderate
earthquakes (Figure 3). Some characteristics
of the ground motion are:

a) attenuation functions for distances
ranging between 40 and 100 km tend to
slightly increase their amplitudes due to the
critical reflections of the shear waves from
the Moho. This feature is better observed at
low frequencies (<5 Hz). These fluctuations
are modeled in the parametric form of the
geometrical spreading function, g(r), which
controls some changes in the seismic wave
propagation.

b) values of the geometrical spreading control
the general propagation effect due to distance
between site and source. This propagation
effect includes the source parameters, effects
from finite faults that generate seismic waves
at different depths, and the contribution of
small and large earthquakes.

The predicted ground motion spectra at a
frequency f as a function of the hypocentral
distance r is given by:

l0gA, (1.f) = E, (r,, ./)+SITE(f)+D(r, )
2)

where:

E (r,,./)=log[S(f.M )+
+log[g( Q(f;g )e'xp(f obv )]
V(e (3)

and, S(f, M) is the source Fourier velocity
spectrum

M is the moment magnitude

g(rghs)is the geometrical spreading function
relative tor, = 40 km

O(f) is the frequency-dependent quality
factor

V(f) is a site amplification function

B is the shear-wave propagation velocity

=
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Figure 3. Attenuation relations estimated in the area. Top, example of the attenuation function from the regression,
the gray area represents the distance between 40 and 100 km where the geometrical spreading exponent is low
(0.2). Bottom, attenuation function for different frequencies using time (left) or frequency (right) analysis.
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Ky is a site attenuation coefficient
T, is the observed distance from which we
extrapolate to other distances

The second term is a level of motion that
propagates the S(f,M ) term atr . The source
function S(f) is a simple ®* model as described
by Brune (1970):

CM 2nf
1+(f/[4.91x10° 3 (AC;/MO)IB])z
(4)

where: C is equal to (0.55) (2) (0.707)/4npf3’
the term [4.91x10° B (Ac/M,)'"] is the
corner frequency
Ao is the stress parameter in (bars)
Bis the average shear-wave crustalvelo-
city (3.5 km/sec.)
M, is the scalar seismic moment, which
in turn is related to the moment mag-
nitude (Kanamori, 1977).

S(f, Mo) =

M, = (losMoy, )-1073. (5)

w

Magnitude-distance tables were constructed
using the SMSIM suite (Boore, 1983) and the
ground motion parameters of Table 2.

Table 2. Ground-motion parameters

K, 0.06
QW) 180f°-32

B 3.5

p 2.8

V(f) GEN97*

Ao 40

g(r) r-1.0 0<r<40

r-0.2 40<r<100
r-0.5 100<r<180

These attenuation relations are used in a
look-up table procedure that was originally
coded by (Frankel, 1995) in the USGS computer
programs.

Hazard estimation

The hazard calculation was performed using
the codes of USGS for the National Seismic
Hazard Mapping Project (NSHMP) (Petersen,
2008). This code has the flexibility to be easily

adapted and has been extensively reviewed
during some decades (Frankel, 1995; Frankel
etal., 1997). The attenuation relation’s analysis
were adapted using a look-up table. This code
has the advantage that the data structure is
virtually identical to the New Generation of
Attenuation relations (NGA) that has been
reviewed recently. So, any logical tree that
would be adequate to this region can be
created, including NGA attenuation relations.
For simplicity, the attenuation relations of
Table 2 were used. On the other hand, there
are some advantages of using this computer
code such as simple input of geological data
and easy access to adjust the source code.
This code has different modules including a
smoothed grid source (Frankel, 1995) and
floating fault sources. The program allows
choosing between Gutenberg - Richter or the
Characteristic models. During the last 20 years,
thas been observed that there is not enough
information to compute robust a and b values
for Quaternary faults. However, for transform
fault systems, the Gutenberg - Richter model
is adequate. Most of the seismicity occurred in
main - aftershock earthquake sequences, and
once the aftershock removal is performed, the
seismicity parameters can be obtained. The
hazard calculation was performed using the
Characteristic model for the Quaternary faults
and the Gutenberg - Richter for the transform
fault system.

Fault contributions

There are two types of sources. Active faults
and Quaternary Faults both sources are fault
areas; there is much work in defining the
correct source. For the Quaternary faults,
which is the focus of this article, in a map view,
a fault is a line because it is expressed as a
strike and dip. Not a smoothed grid area source
was used because the transform system is well
defined and there is no sparse seismicity in
the surrounding region. The active faults were
modeled using the Anderson (1979) model. The
seismogenic thickness is constrained to 20 km;
the fault dip is based on geophysical models
(Arzate, 1986). Since the present model is
based on the Characteristic fault rupture,
then completeness magnitude and statistical
values of a and b are not used. However, in the
active tectonics, the maximum magnitude and
magnitude range play an essential role.

In the study area, faults that control the
hazard are not well identified and different
authors disagree on whether some faults
should be considered as potentially dangerous
in hazard estimation. The purpose of this
work is to test whether there are significant
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differences if some Quaternary fault segments
are included or discarded in the seismic
hazard analysis. First, the seismic hazard was
computed using all the source information
that is available from the national geological
maps of the Mexican Geological Survey
(SGM), using the 1: 10,000 and 1: 250,000
maps (SGM, 1996, 1999, 2000, 2001, 2002,
2008). Second, two different scenarios were
computed: scenario (a), the seismic hazard
without La Paz fault (WLP), and scenario (b)
seismic hazard without San Jose fault (WSJ).
Finally, the PGA for 3 sites was computed. In
Figure 4, the results of the probabilistic seismic
hazard analysis for all the faults are shown. It
is noticeable that the Transform Fault System
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of the Gulf of California controls the seismic
hazard for short return periods. This are to
the use of the Characteristic Model for inland
faults with a return period greater than 1000
years, and these characteristic faults do not
contribute to the hazard estimation for short
return periods. On the other hand, in the case
of long return periods the characteristic faults
control the hazard.

In Figure 4, the lower panels represent the
2% of exceedance of 50, 100 and 200 years that
correspond to return periods of 2479, 4950 and
9900 years, respectively. These return periods
are usually used for the engineering design of
essential facilities such as bridges and dams.
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Figure 4. Probabilistic seismic hazard analysis for different return periods and observation times using all the

sources. The transform fault system is located at the top right of the map and analyzed with the Gutenberg-Richter

model. The Quaternary faults are located within the Baja California Peninsula and analyzed with the Characteristic

model, the stars represent the site of the dams, the northern dam is La Buena Mujer, in the middle Santa Ines
and at the southern side La Palma (see text for details).
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Figure 5. Probabilistic seismic hazard analysis for different exceedance probabilities and observation periods

using the WLP model. The transform fault system is located at the top right of the map and analyzed with the

Gutenberg-Richter model. The Quaternary faults are located within the Baja California Peninsula and analyzed
with the Characteristic model (see text for details).

In the last panel of Figure 4, the location of
the three principal dams (stars) match with the
region of the high seismic hazard.

In Figure 5 the seismic hazard using the
WLP model is shown and for short return
periods (panels 1,2,4) the maps are virtually
identical. However, for long return periods
there are substantial differences among the
principal dams, especially for the Buena Mujer
and Santa Ines dams, identified at the northern
side of the region (panels 6,7,8 and 9). In
contrast, La Palma dam is too far from La Paz
fault and the hazard contribution is negligible.

Similarly, in Figure 6, the hazard using the
WSJ model was calculated. The San José fault

affects La Palma dam and is not contributing
to the hazard of Buena Mujer and Santa Ines
dams. In this case, the presence of smaller
faults (Saltito, San Lazaro, Trinidad) are of
special importance since they are located close
to La Palma dam and the absence of the San
José fault in the hazard calculation is not so
sensitive as is the case of the WLP model.

Figure 7 shows a comparison among
models for PGA values of hazard calculation for
different return periods and the three different
fault scenarios. In the absence of these faults,
the PGA is reduced for the long return period.

In Figure 8, the hazard curve of the
complete model for La Palma, Santa Ines and
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Figure 6. Probabilistic seismic hazard analysis for different return periods and observation times using the WSJ

model. The transform fault system is located at the top right of the map and it was analyzed with the Gutenberg-

Richter model. The Quaternary faults are located within the Baja California Peninsula and analyzed with the
Characteristic model (see text for details).

Buena Mujer dams is depicted. In the hazard
curve, the Characteristic Fault Model was used
excluding the transform faults of the Gulf of
California. The three curves are similar; the
Buena Mujer and Santa Ines curves are parallel
because their hazard is controlled mainly by
La Paz fault, and the rest of the faults are not
important.

In Figure 9, the hazard curves of the three
dams using the WLP model are shown. In this
case, the three curves are different and we
observe that the Santa Ines dam has lower
PGA values. The Santa Ines dam is relatively
far from the other faults, except for La Paz
fault that is the closest to the dam.
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In Figure 10, the WSJ model is depicted.
Interestingly, the WSJ and the complete model
of Figure 8 are similar, suggesting that for
these sites the contribution of the San José
fault is not so important.

In general, the hazard estimation has been
used in Mexico with a and b values statistical
coefficients of seismicity. Little importance
has been given to faults that exhibit large
return periods and pose risks in the long
term. A recent example reported by a study
of seismic hazard in central Mexico used
instrumental seismicity as well as historical
data includeding fault information (Beyona et
al., 2017). However, this is the first time that
a similar study is performed in Baja California
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Figure 7. Contour plot for PGA values of hazard calculation for different return periods and three different fault

scenarios. Left column, model with all faults; central column, model without La Paz fault; right column, model

without San José fault. The cases are 10% of probability of exceedance in 50 years (first row, from top to bottom);

5% of probability of exceedance in 100 years (second row); 2% of probability of exceedance in 200 years (third

row). The last row shows the long return period expressed as 2% probability of exceedance in 200 years. The

elliptical region covers La Paz fault and the squared region San Jose fault. BM Buena Mujer Dam, SI Santa Ines
Dam and LP La Palma Dam.

Sur. There are some reasons why long return
periods have not been traditionally considered
in the seismic hazard estimation in Mexico,
such as: a) the high active tectonics in the
coast which is usually more important than
inland active faults and b) there are insufficient
paleoseismic studies in the region. However,
in Baja California Sur, the active sources with
high annual moment rate occur in the Gulf of
California, and Quaternary faults are located

in the peninsula. Moreover, this region was
originally populated in areas close to principal
faults, because these faults are the principal
sources of water that is collected from the
mountain ranges situated at the center of the
Peninsula. Also, these faults are the cause of the
high mineralization of gold, copper and silver,
giving rise to important mining development.
Therefore, there is a high correlation between
fault location and population.
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Figure 8. Hazard curve for the complete model for La Palma, Santa Ines and Buena Mujer dams using the

Figure 9. Hazard curve of the WLP for La Palma, Santa Ines and Buena Mujer dams using the Characteristic
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Figure 10. Hazard curve of the WSJ for La Palma, Santa Ines and Buena Mujer dams using the Characteristic
models of the Quaternary faults.

Another contribution of this study is the
usage of attenuation relations obtained for this
region. A simple look-up table of magnitude-
distance based was introduced on the work of
Ortega and Gonzalez, (2007). However, the
results do not differ considerably when the
attenuation relations of Southern California are
used instead, since they are characterized by
similar values of Q(f), geometrical spreading
function and kappa (Ortega and Gonzalez,
2007). Moreover, the NGA attenuation relations
are also a good approximation. In this work,
rather than analyzing the sensitivity of the
predictive relationships, the differences in
considering or ignoring some faults are studied.

Discussions

Including or excluding faults in PSHA implies
great differences in the results. This is not
surprising in PSHA because this problem
has been observed over decades in different
regions, however, there are some interesting
aspects of this region that we will discuss. First,
the PSHA is based on a formal probabilistic
framework that considers all the uncertainties,
including the epistemic ones. For this reason,
PSHA is based on logic trees that mimics the
probability distribution of the seismic sources
epistemic errors. To design the logic tree,
decisions are always made through panels of
experts. Marzochi and Jordan (2017) discussed
a global framework to analyze the PSHA, in

their article they noted the importance of the
participation of experts, but it is important to
say that there is a subjective part that implies
adding preferential information, which not
always seem to have a scientific basis. It is
important to emphasize that adding subjective
preferences is not necessarily non-scientific
knowledge, the most important thing is to be
able to prove if our preferences make sense or
if they should be discarded in the future.

A problem that frequently occurs in the
PSHA by participating in a committee of
experts that is specifically focused to seismic
hazard, is that experts tend to strategically
manipulate their opinion. For example, in the
case of giving advice on the existence of a
fault to develop hazard maps, an expert knows
that in case of an error there is a risk of a
major disaster, but in the case of developing
maps of natural resources those errors are
not so relevant and probably their opinion
will be different. In addition, an expert may
be pro- environment and inadvertently he
would include more restrictions if the panel
of experts take decissions for nuclear power
plants for example. After analyzing the best
option for PSHA the logic tree of Figure 11 was
prefered. This model exemplifies the epistemic
uncertainty of sources, magnitude and
attenuation relations (GMPE, Ground motion
prediction equations).
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Figure 11. Logic tree for PSHA of Baja California Sur.

The logic tree of Figure 11 is based on
analyzing advantages and disadvantages of
the different models. In this model, the most
important decision was the Quaternary faults
weights of three different models (all faults,
WSJ and WLP).

In Figure 12 the final map for two return
periods is presented, the first panel represents
2% of exceedance in 50 years, the second
represents 2% of exceedance in 200 years,
therefore the first is equivalent to a return
period of 2475 years and de second of 9900
years. In this interval, there is a major
difference in the hazard maps. However, the
2475 return period is sometimes considered
as the highest threshold for essential facilities.
Comparing the 2475 return period (Figure
12 first panel) with the 474 years (Figure 4
first panel) we observe that the Quaternary
faults apparently are not sensitive for high
rates. However, this is only a mere artifact of
the arbitrary decision of using return periods
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as a degree of protection because at higher
return periods the hazard should be nuanced.
Recently Stirling and Gerstengerg (2018),
studied the applicability of a Gutenberg-
Richter magnitude distribution instead of
the Characteristic fault model. In their study
Stirling and Gerstengerg (2018) analyzed
active faults with high slip rates (> 1 mm/
yr), their results suggest that the Gutenberg
Richter magnitude distribution is compatible
with active faults and cannot be ruled out in
PSHA, but for low slip rates ( < 1 mm/yr), this
possibility has not been tested yet. Our study
opens a possibility to improve the PSHA in Baja
California to include the Gutenberg-Richter
magnitude distribution in the future. Similar
studies have been reported in central Mexico
(Bayona et al., 2017). Work is in progress to
present a combination of Gutenberg-Richter
and Characteristic magnitude distribution.
Care should be taken if we compare our results
with other studies, for example, it is common
to represent a PGA concerning a specific rock
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site namely Vs30=760, this reference is based
on geotechnical studies in which there is a
competent rock at 30m depth with a value
of 760 m/s for shear wave velocity. We used
a general average value that represents the
common amplification of the basins in BCS.
Also, we used a low attenuation model. It is
important to note that we do not have the
intention to use our results for engineering
purposes until we can validate them.

This article reflects the importance of
studying active Quaternary faults at a regional
scale. Paleoseismic studies provide valuable
information about slip rates. It is crucial to use
this information in the seismic hazard analysis
and include the results in a specific way that
can be useful in hazard maps. For example,
Busch et al. studied the Carrizal Fault (Figure
1) they prepared trenches and presented their
results in a self-consistent tectonic framework.
Their studies discussed a tectonic relation of the
transtensional regime in Baja California. We
obtained the slip rate from their analysis, but
in other cases, the slip rate is not estimated.
For example in the La Paz fault. In that case,
we only estimated a possible slip rate based on
limited work about the fault.

Nowadays, paleoseismology studies are
becoming a new discipline; they also provide
information that the instrumental seismicity
is not capable of obtaining. The active
crustal faults sometimes are not included in
PSHA because it seems that they are not as
dangerous if compared to active tectonics (e.g.,
subduction margins), but we believe that this
impression is incorrect. The Major-Cucapah
earthquake in 2010 (Mw = 7.2) that occurred
in Mexicali, Baja California is an excellent
example of a crustal fault that caused severe
damages. The geological and geophysical
geometry is essential to consider in mapping
the damages (Wei et al., 2011), the recurrence
is about 2,000 years (Rockwell et al., 2010)
so, if we compare to the active tectonics of
few tens of years, it probably should be not so
critical. However, the problem is the location of
these faults. In the Baja Peninsula, the faults
are located close to the urban centers.

Another problem to address is the lack of
studies and instrumentation. For example,
Suter (2018) reported the Loreto earthquake
of 1878; this event seems to be the worst
scenario for Baja California Sur, the destruction
was very severe. Up to date, there are no
studies that identify the actual fault. Note that
in this region, there are seismic records with
extreme levels of PGA, in 2007 a strong motion
instrument recorded an earthquake with a

maximum value of 0.6 g in Bahia Asuncion
(Munguia et al., 2010; Ortega et al., 2017).
The value of 0.6 g exceeds by far any expected
value in previous hazard maps in the region,
reflecting the need to study the Quaternary
Faults and the effect in the seismic hazard.

We conclude that the Quaternary faults are
only important when computing the hazard
using high recurrence rates. In places where
the active tectonic sources, such as faults
belonging to the transform fault system,
are far from the sites, as is the case of Baja
California Sur, the contribution of the hazard
of such Quaternary faults is not so evident.
Specially for low recurrence rates. Clearly,
a detailed paleoseismic study is of crucial
importance to assess the hazard for this region.
The complete model with all the sources is the
best for earthquake-resistance structures,
especially for dams’ design. On the other
hand, overestimating the hazard may have
the consequence of introducing unnecessary
severe construction codes causing an economic
impact on the development of this region due to
the increase in construction costs. In Mexico,
there is no specific guidance for choosing
return periods on dams’ designs. However, the
general trend of 2% of exceedance in 50 years
may be not adequate and 2% of exceedance
in 200 years seems to be adequate in Baja
California Sur. This level of security has a large
impact in the economic development and is
very important for strategic planning.

Conclusions
The general conclusions are:

1) The southern part of Baja California is
a region with important faults that control the
seismic hazard of the high return periods.

2) Active Quaternary faults need to be
studied, especially the average displacement
or moment rates.

3) Specifically, in Baja California Sur, the
return period for critical facilities should be
9900 years expressed as the 2% probability of
exceedance in 200 years.
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Resumen

El sismo de magnitud Mw 7.2 El Mayor-
Cucapah ocurridé el 4 de abril de 2010 en el
Valle de Mexicali, cerca de la frontera entre
California USA y Baja California, México. El
objetivo del presente trabajo fué examinar el
GPS como una herramienta complementaria
en estudios sismicos y estimar el momento
sismico del sismo y su magnitud Mw. Para
ello se explord la capacidad de los datos de
GPS de alta frecuencia (5Hz) localizados en
el norte de la ruptura sismica para obtener la
cinematica de los desplazamientos cosismicos.
Los datos GPS se procesaron utilizando el
meétodo de Posicionamiento Puntual Preciso con
el software GIPSY-OASIS II, posteriormente
se aplicé la Transformada Réapida de Fourier a
las series de tiempo de posicion, se calcularon
los parametros espectrales, momento sismico
y Mw. Se encontré una buena concordancia
en términos de correlacion de la sefial de los
desplazamientos GPS comparando los registros
sismicos de movimientos fuertes integrados
al desplazamiento, utilizando pardmetros de
filtrado para dos conjuntos de instrumentos.
Los espectros de desplazamiento cinematico
GPS muestran un nivel de desplazamiento
espectral de baja frecuencia (~0.2 Hz) cuando
se compara con la doble integracidon de los
datos de movimientos fuertes. Es facil calcular
el movimiento cosismico estatico a partir de los
datos GPS. Sin embargo es muy dificil calcularlos
a partir de los datos de movimientos fuertes. Un
modelo simple de fuente sismica es adecuado
para el conjunto de datos GPS utilizados en
este trabajo, se estimé Mw=7.19+0.13, que
concuerda con el Mw 7.2 obtenido en otros
estudios del sismo de El Mayor-Cucapah.

Palabras clave: Cinematica de desplazamiento
cosismico, Sismologia GPS, Posicionamiento
Puntual Preciso, Analisis Espectral, sismo El
Mayor-Cucapah, Sismogeodesia.
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Abstract

El Mayor-Cucapah earthquake Mw 7.2 on April
4, 2010, occurred on Mexicali Valley near the
international border between California, USA
and Baja California, Mexico. The objective
of this paper was to examine GPS as a
complementary tool for seismic studies and
to estimate earthquake seismic moment
and Mw. For this purpose the capabilities
of high-rate GPS (5 Hz) data located in the
northern part of the seismic rupture has been
explored to obtain the kinematic coseismic
displacements. GPS data were processed using
Precise Point Positioning method with GIPSY-
OASIS 1II software, then applying the Fast
Fourier Transform to the position time series,
spectral parameters, seismic moment and
Mw were calculated. A good agreement was
found in terms of signal correlation of the GPS
displacements, by comparing strong-motion
seismic records integrated to displacement,
using filtering parameters for two sets of
instruments. Kinematic GPS displacement
spectra clearly shows the low frequency
displacement spectral level (~0.2 Hz) when
compared with double integration of strong-
motion data. It is easy to calculate the static
coseismic motion from GPS data, however it is
very difficult to calculate it from strong-motion
data. A simple earthquake source model is
suitable for the GPS dataset used in this work,
estimated on Mw=7.19+0.13, was in according
with Mw 7.2 obtained in other studies of the El
Mayor-Cucapah earthquake.

Key words: Kinematic coseismic displacement,
GPS Seismology, Precise Point Positioning,
Spectral Analysis, El Mayor-Cucapah
earthquake, Seismogeodesy.
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Introduction

El Mayor-Cucapah earthquake has provided
an important opportunity to study about the
geodynamics of the northwest region of Mexico
(Fletcher et al., 2016), as spatial and tectonic
geodesy (Wei et al., 2011). The use of GPS in
seismology was first documented by Hirahara
et al., (1994), Ge et al., (2000) and Nikolaidis
etal., (2001), who demonstrate the potential of
GPS as a seismological instrument. For instance,
Larson et al., (2003) using GPS (1 Hz) achieved
to observe the kinematic displacements of the
Alaska Denali earthquake (Mw 7.9) in 2002,
suggesting that GPS observations are crucial to
study rupture processes. Miyazaki et al., (2004)
compared displacements from GPS with the
double integration of the acceleration records,
finding a good correlation between both for
the Tokachi-Oki earthquake (Mw 8.3, occurred
in 2003). Blewitt et al., (2006) demonstrated
the GPS ability to estimate the magnitude of a
megathrust earthquake, using data from up to
only a few minutes after earthquake initiation,
as well as its high tsunamigenic potential for the
Sumatra-Andaman earthquake (Mw 9.2-9.3) in
2004; whereas, Hung et al., (2017) shown that
5 Hz high-rate GPS observations is an optimal
sampling rate for GPS seismology as observed
for the Ruisi Taiwan earthquake occurred in
2013. Nowadays, broadband and/or strong-
motion seismic instruments located with high-
rate GPS receivers are the best instrumental
candidates to measure the complexity in the
seismic source, rapid slip characterization of
finite fault rupture and also for applications
on early seismic warning systems (Melgar et
al., 2013; Bock et al., 2011; Bock and Melgar,
2016).

Northern Baja California tectonics is primary
dominated by right-lateral strike slip of ~50
mm/yr along southernmost San Andreas
Fault system, between the Pacific and North
American plates (Argus et al., 2010; DeMets
et al., 2010) (Figure 1-inset). The El Mayor-
Cucapah earthquake (32.278° N, 115.339°
W; 4 km Depth; Mw 7.1; To=2010-04-04
22:40:40 UTC; RESNOM Database) of April
4, 2010, Mw 7.2, had a complex bidirectional
rupture divided into two main domains from
the epicentral zone located in the southeast
corner of the Sierra Cucapah mountain
range (Hauksson et al., 2010; Fletcher et al.,
2014). The rupture in the northern section
spread through the Cucapah mountains by
several multiple faults-segments: Pescadores,
Borrego, Paso Superior e Inferior. While in
the southern section it extended through the
Colorado River Delta, where it was possible to
identify a new fault named Indiviso. The extent
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of the rupture was around 120 km (Figure 1)
(Gonzalez-Garcia et al., 2010; Wei et al., 2011,
Fletcher et al., 2014).

The characterization of a seismic source
depends primarily on the direction of
propagation of the seismic waves, distribution
of the rupture and the magnitude of the
coseismic displacements (Hanks, 1981). One
way to estimate earthquake source parameters
(seismic moment, stress drop and source
radius) is computing the Fast Fourier Transform
(FFT) to the displacements in the far-field
(Savage, 1972), and getting the spectral
parameters (level at low frequencies, corner
frequency and slope to high frequencies), to
obtain the seismic moment (M,) (Brune, 1970),
and then the moment magnitude (Mw) (Hanks
and Kanamori, 1979) of an earthquake.

High-rate GPS (from 1-10 Hz) displacements
has been proved very useful for monitoring
long-period ground motion, moreover, the
optimal combination of near-source GPS and
seismic strong-motion data covers a broad
spectrum of coseismic motion, from high
frequencies to long periods (Bock and Melgar,
2016). Taking advantage of the availability of
high-rate GPS records (5 Hz) nearby the seismic
rupture of the El Mayor-Cucapah earthquake,
the position ground motion was obtained, and
then the results were compared with the double
integration of acceleration data, for two sets of
located (close to each other) GPS and strong-
motion instruments. In the case of acceleration
data a first order Butterworth filter was used
within 0.10 - 50 Hz (Bendat and Piersol, 2011;
Oppenheim and Shafer, 2011) in the frequency
domain, while not for the GPS position. Finally,
the earthquake seismic moment was estimated
using a simple earthquake source model
(Brune, 1970; Kumar et al., 2012) and moment
magnitude was obtained following Hanks and
Kanamori (1979).

Data and Methods

High-rate GPS (5Hz) data were used from
the Plate Boundary Observatory GPS network
(Figure 1), obtained through the University
NAVSTAR Consortium (UNAVCO) and
acceleration data from Southern California
Earthquake Data Center (SCEDC), and Center
for Engineering Strong Motion Data (CESMD)
for the El Mayor-Cucapah earthquake.

The technique used to process the GPS
data was Precise Point Positioning (PPP) with
GIPSY-OASIS software (Zumberge et al.,
1997; Kouba and Heroux 2001). PPP is a
positioning technique that is based on precise
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Figure 1. Tectonic setting of the north Baja California region, where the El Mayor-Cucapah earthquake occurred.

The red star denotes the earthquake epicenter. Blue line denotes the surface rupture [Fialko et al., 2010] and red

lines denote known active faults. Blue squares denote GPS continuous recording sites in USA during the earth-

quake occurrence and black squares are GPS temporal surveyed sites after the earthquake (Gonzalez-Ortega et

al., 2014). P494/WES and P496/5058 are colocated GPS and strong-motion instruments; as well as, P066, P481

P497, P50, P500 and IID2 are GPS stations used in the present study. Inset illustrates a broader tectonic setting
of the study area. Black vectors shows the tectonic motion with respect to North American Plate.

position coordinates obtention for a single
station without a reference station, using
precise orbit products and clock corrections
provided by the International GNSS Service
(IGS) (Abdallah and Schwieger, 2014). This
technique can be used for both kinematic and
static GPS processing. To achieve centimeter-
level accuracy estimates, several modeling
effects must be taken into account, such as the
atmospheric effects on the carrier phase, as
well as terrestrial and oceanic tides (Heroux et
al., 2001). Thus, from far-field displacements
in the frequency domain, earthquake seismic
moment and magnitude can be obtained
(Hanks and Wyss, 1972; Johnson and McEvilly,
1974).

The simplest and widely used earthquake
source models are those proposed by: Haskell
(1964) and Brune (1970). In the Haskell’s

model, two corner frequenciesf;%and f=7
r d

are defined. Where ¢ is rupture time and ¢, is
rise time. The spectrum is ﬂat for frequencies
less than f, then goes as f~' between f and
S to ﬁnally decay as f2 for high frequenues

Thus the spectrum is parametrized by three
factors, seismic moment Mo, raise time 7,
and rupture time ¢ (Stein and Wysession,
2003). The Brune’s model has a single corner
frequency, fc, that combines the effects of rise
and rupture time. The amplitude spectrum
corresponds to displacements observed in
the far-field; however, it is also applicable for
observations in the near-field as long as the
source-receiver distance is greater than the
wavelength of the seismic waves (Madariaga,
1989). In the present case, a wavelength of
~26 km is obtained when considering seismic
wave velocity of 3.3 km/s (Fuis et al., 1982)
and 8 s period of the first oscillation for P494
station (Figure 2).

One of the most important spectral
parameter is the flat line-segment of the
amplitude spectrum at low frequencies as
proposed by Haskell (1964) and Brune (1970).
This frequency line-segment is commonly
referred as QO, spectral level to low frequencies,
from this parameter seismic moment is (Brune,
1970; Archuleta et al., 1982),
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M= % 4npRB? (1)
’ FSRGqS

Where QO is the line-segment at low
frequencies, R6¢ is the average radiation
pattern for S waves (~0.6), p is the density
of the medium (2.75 %) and B the s-wave

velocity (3.3 x 105 < ) (Fuis et al., 1982),
R is the distance from the hypocenter to the
observation site and F's is the free surface factor
(2). Finally, we used the moment magnitude
relation proposed by Hanks and Kanamori
[1979], in which Mo is in units of dyne-cm,

2

Mw= 3 logM —10.7 (2)
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Results

GPS position time series corresponding to
the nearest sites to the earthquake rupture
are shown in Figure 2. The kinematic
displacement generated by the passage of
the seismic waves can be observed, as well
as the coseismic permanent displacement,
derived from the surface motion of the El
Mayor-Cucapah earthquake. Differences in
amplitude and oscillation are due to the type
of soil and epicentral distance. P494 is located
~65 km from the epicenter in the west Salton
Sea basin; while P481 is ~87 km in the
Peninsular Ranges. To estimate the coseismic
displacements, the linear trend of the
surperficial pre-arrival seismic wave was first
calculated and then the entire record of the

Pag1
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Figure 2. GPS position time series. Left column, GPS site P494, ~65 km from epicenter. Right column, GPS site
P481, ~87 km from epicenter. Red lines indicate linear detrend removed before and after the S-wave arrival to
estimate the static coseismic offsets.
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position time series. Subsequently, the mean
of the oscillations of the pre-arrival and post-
arrival segments was calculated, the difference
between both segments corresponds to the
static (permanent) coseismic displacement.
In Table 1, the kinematic and static coseismic
displacements for GPS sites processed in this
study are presented.

GPS position time series were compared
with the displacement series obtained from
the double integration of the accelerometer
records from WES and 5058 accelerograph
stations, located at <1 km from GPS sites
P494 and P496, respectively (Figure 3).
Horizontal components show alignment in
phase and similarity in amplitudes (see inset
plots). For strong-motion data several tests
to find the frequency range and order for the
Butterworth filter were performed. First-order
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Butterworth bandpass filter was selected, from
0.08 and 0.20 to Nyquist frequency for WES
and 5058 respectively. This type of filter allows
to improve the position of the time series and
to carry out the comparison with GPS position
time series. High order Butterworth filters tend
to generate biases in position baseline and
cause distortions [Oppenheim and Schafer,
2011].

To compare the kinematic GPS
displacements and double integrated
accelerogram data, a normalized cross-

correlation was used. In general, correlation
values are better in the east-west (>0.90)
than north-south (>0.70), due to the smaller
kinematic coseismic displacement in the
east-west direction. Consequences of seismic
filtering tends to diminish the amplitudes
of the displacement series obtained from
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Figure 3. Displacement spectrum comparisons from collocated strong motion (black) and high-rate GPS (blue).

Left column, horizontal displacement spectrum at P494-GPS and WES accelerograph station. Right column,

horizontal displacement spectrum at P496-GPS and 5058 accelerograph station. Red horizontal lines indicate Qn

value. Insets show comparison between GPS and integrated (from strong-motion) time series displacement and
corresponding cross-correlation values estimate.
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Table 1. 3D Coseismic displacements estimates from GPS position time series. Includes earthquake
distance to GPS sites, peak-to-peak oscillation seismic wave motion, flat line segment amplitude
value at low frequencies 2, M_and M .

Lat. Long. Epicentral Kinematic Kinematic Kinematic Static Static Static QO M,
distance peak to peak to peak to  coseismic coseismic coseismic (cm-s) (dyne-cm)
(km) peak peak peak north (cm) east (cm) Up 1x10%

oscillation, oscillation, oscillation, (cm)

north (cm) east (cm) Up (cm)
P494 32.760 -115.732 65 90 100 10 -18 4 ~ -1 160 10.8 7.32
P496 32.751 -115.596 58 60 95 24 -17 ~2 ~0 150 9.0 7.27
P497 32.835 -115.577 67 40 60 15 -9 ~1 ~1 125 8.7 7.26
P501 32.876 -115.398 67 45 36 10 -5 ~2 ~1 137 9.5 7.29
P500 32.690 -115.300 46 26 30 12 -4 5 ~0 93 4.4 7.06
IID2 32.706 -115.032 54 16 21 NA ~ =2 3 ~0 77 4.3 7.06
P481 32.822 -116.012 87 36 20 15 ~ =2 ~ -1 ~0 74 6.7 7.18
P066 32.617 -116.170 90 16 11 13 ~0 -7 ~0 51 4.8 7.08

accelerogram double integration data when
compared to those obtained with GPS. Static
coseismic displacements are not observable in
strong-motion due to wideband limitation but
in GPS these are clearly captured.

Figure 3 shows horizontal GPS and strong-
motion source spectra comparison for P494-
GPS and WES, as well as, P496-GPS and
5058. With GPS spectra, the amplitude at low
frequencies € is easily identified. After a value
of ~0.2Hz, amplitudes decay at f~? as frequency
increases up to where GPS spectra turns
constant. At this point, seismic oscillations with
spectral amplitudes of ~2cm-s associated with
frequency values ~1Hz (periods = 1 s for 5Hz
GPS sampling rate), are not detectable with
GPS. On the other hand, with strong-motion
displacement spectra, two corner frequencies
at ~0.2Hz and ~3Hz can be identified. For
frequencies >3Hz amplitude decay as f~. These
amplitude decays are related to attenuation
and site effects [Shearer, 1999].

Seismic moment (M) and moment
magnitude (M,) of the ElI Mayor-Cucapah
earthquake is M, 7.3£3.5x10%¢ dyne-cm,
M, 7.19+£0.13 using GPS spectra (Table
1), and Mo 6.4+0.07x10% dyne-cm, M,
7.14+£0.01, using WES and 5058 strong-
motion data spectra. These values are similar
to estimates obtained from seismic and
geodetic data inversion M_ = 9.9x102%¢ dyne-
cm, M, = 7.26 [Wei et al., 2011] and from field
measurements of M_ = 7.2x10%® dyne-cm, M,
= 7.17 [Fletcher et al., 2014].

Figure 4 shows the EIl
static coseismic horizontal

Mayor-Cucapah
displacements.
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The maximum horizontal static coseismic
displacement is ~1.16 m, in the N137°E
direction, ~8 km from the epicenter, in the
southeastern part of the Sierra Cucapah, and
the maximum vertical displacement is ~-0.64
m. The displacement pattern, clearly observed
in the northeast is consistent with a right-lateral
focal mechanism of The ElI Mayor-Cucapah
earthquake (Gonzalez-Ortega et al., 2014).
These authors, estimated earthquake moment
magnitude using dislocation inversion methods
from a finite coseismic slip model composed of
several fault segments using GPS and InSAR
static displacements in a homogeneous (Fialko
et al., 2010) and in an layered earth structure
[Huang et al., 2016].

Discussion

Zheng et al., (2012), also used high-rate
GPS data with the aim of carrying out the
seismotectonics analysis of El Mayor-Cucapah
earthquake with different methodology as in
this work. They used the Cut and Paste method
(CAP) developed by Zhu and Helmberger
(1996), which allows separating the P, and
surface waves independently, not requiring an
accurate crustal velocity model or a high number
of stations, but a good azimuthal coverage for
the focal mechanism inversion and earthquake
magnitude. Also, Allen and Ziv (2011), re-
processed in a simulated real-time high-rate
GPS static displacement data, to estimate
earthquake magnitude via static slip inversion,
using preliminary earthquake hypocenter from
seismic data and a catalog of active faults,
for the purpose of earthquake early warning
system test in southern California.
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Figure 4. GPS horizontal coseismic displacements from El Mayor-Cucapah earthquake. Blue vectors are estimates

obtained in this study. Black are displacements from Gonzalez-Ortega (2014), and magenta are from GPS Explorer

Data Products (http://geodemo-c.ucsd.edu). The red star denotes the earthquake epicenter. Blue line denotes
the surface rupture [Fialko et al., 2010] and red lines denote known active faults.

Differences between Zheng et al., (2012),
and the present work lies in the GPS data
processing; while we used the PPP technique,
they used the Double Differences (DD). For
the DD technique (Herring et al., 2015) it is
necessary to have a reference station, which
must be located at a distance far enough to not
be affected by seismic waves, but close enough
to act as reference station which guarantees
the same satellites observation of the sites of
interest. Such condition is not required with
PPP technique, as it uses precise GPS orbit and
clock data products with centimeter accuracy.
Although the methodology used in Zheng et al.,
(2012) and the present one differ in estimating
GPS time series and seismic moment, in
general, position time series and moment
magnitude results are very similar and confirm
earlier studies using GPS high-rate data from
El Mayor-Cucapah earthquake (Allen and Ziv,
2011; Bock et al., 2011).

With high-rate GPS spectral analysis,
amplitude at low frequencies is clear to identify
in contrast to accelerogram data. This flat
low frequency section is associated with large
displacement amplitudes generated by the
passage of surperficial seismic waves (Udias,
1989). Thus, estimates of M, and M, can have
a greater degree of certainty with GPS data
than with accelerometer records. GPS data
can be of crucial importance for estimating

major earthquake magnitude in real time
(Blewitt et al., 2006; Bock and Melgar, 2016).
According to the present results, average (2
value with GPS data is 115+4 cm-s, while with
accelerogram data is 90+8 cm-s. However,
as GPS is sampled at 5 Hz, for frequencies
>2.5 Hz (Nyquist frequency) GPS is unable to
observe spectral displacements below 2 cm-s,
which does not happen with the acceleration
records. This highlights the importance of the
complementarity between both instruments,
closely located GPS and strong-motion, for
near field displacements earthquake studies.

Conclusion

High-rate (5 Hz) kinematic GPS position
time series of the ElI Mayor-Cucapah
earthquake were studied and compared to
the displacement series obtained from the
double integration of strong-motion data. The
comparison shows good agreement in terms
of cross-correlation, for P494-GPS and WES,
and, P496-GPS and 5058, instruments at ~75
km from epicenter. Kinematic GPS data at low
frequencies, associated with large spectrum
displacements, help to clearly identify the
flat line segment amplitude better than
accelerogram data, and thus using a simple
earthquake source model the earthquake
seismic moment, Mo=7.3£3.5x102% dyne-cm,
Mw=7.19+0.13 could be estimated, similar
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to Mw 7.2 as previously reported using other
methodologies. Static coseismic displacements
are very difficult to obtain from accelerogram
data, however with GPS data, these are easily
obtained and consistent with the right-lateral
strike-slip mechanism of the EI Mayor-Cucapah
earthquake.

Data and Resources

High-rate GPS data can be found at UNAVCO,
ftp://data-out.unavco.org/pub/highrate/5-Hz/
rinex/ (last accessed April 2018). Coseismic
displacements from the northern side of the
El Mayor-Cucapah rupture can be found at
GPS Explorer, http://geodemo-c.ucsd.edu
(last accessed April 2018). Accelerometric
data can be found at SCEDC, http://scedc.
caltech.edu/research-tools/waveform.html
(last accessed April 2018) and CESMD,
https://www.strongmotioncenter.org/cgi-bin/
CESMD/search_options.pl (last accessed April
2018). Map figures were generated by Generic
Mapping Tool (GMT) software [Wessel et al.,
2013].
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