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Resumen

Las caracteristicas de tres conjuntos de datos aeromagnéticos observados en Panga de Abajo, al NE de
Baja California, México, su modelacién inversa 3D y la informacién geoldgica disponible, sugieren el registro
de eventos geomagnéticos de polaridad normal e inversa en cuerpos volcdnicos de composicion maéfica que
intrusionan la columna sedimentaria a unos 1500 m de profundidad.

Palabras clave: Anomalias magnéticas, modelacién inversa 3D, magnetizacién normal e inversa, Baja California, México.

Abstract

From 3D inverse modeling and available geologic data, three aeromagnetic data sets observed at Panga de
Abajo, NE Baja California, México, suggest geomagnetic events of normal and reverse polarity in volcanic in-
trusive bodies of mafic composition intruding the sedimentary column at about 1500 m-depth.

Key words: Magnetic anomalies, normal and reverse magnetization, 3D inverse modeling, Baja California, México.

Introduction

Extension and volcanism are closely-related geologic
processes active during Neogene time in NW México. In
Mexicali valley, NE Baja California (Fig. 1), extension
has generated space to accommodate up to 6 km-thick
sedimentary sequences as found in well logs in the
region (Pacheco et al., 2006). Volcanic activity is inferred
from high amplitude magnetic anomalies observed in
aeromagnetic maps from Panga de Abajo (PDA). To the
best of our knowledge the PDA magnetic field anomaly
was first recognized by de la Fuente and Sumner (1974)
in an aeromagnetic survey carried out at an altitude of
about 600 m over the Colorado River delta, in a study
of the structure, depth, and rock types of the basement in
this region. The PDA magnetic field anomaly (Fig. 2a)
reported by de la Fuente and Sumner (1974, Fig. 4, p.42)
is shown in Fig. 2. It may be interpreted by 2D forward
modeling, as caused by a mafic intrusive body (Fig. 2c)
with a magnetic susceptibility of 0.0013 cgs (0.16 SI)
located at a depth between 2 and 6 km below sea level.
De la Fuente and Summer propose that magmatic activity
from a spreading center generated the mafic intrusive
body associated with the PDA magnetic field anomaly.
This spreading center would be located between the
Cerro Prieto and Wagner spreading centers proposed by
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Lomnitz et al. (1970).

Fig. 1 shows an en echelon arrangement between the
Cerro Prieto and Wagner spreading centers linked by
the Cerro Prieto transform fault, as originally proposed
by Lomnitz et al. (1970), and the PDA spreading center
later proposed by de la Fuente and Sumner (1974), which
preserves the right hand stepping of the en echelon
arrangement of spreading centers and transform faults
by adding an hypothetical right lateral transform fault,
parallel to the trace of the Cerro Prieto fault that links the
PDA and Wagner spreading centers.

In this work we refer to an interpretation by Lopez-
Guzmdn (2003) of a second set of aeromagnetic data
by the Instituto Mexicano del Petréleo (Ricardo Diaz
Navarro, personal communication). This interpretation
is based on 3D inverse modeling and suggests a possible
reverse geomagnetic event in a mafic intrusive at the PDA
site. A reverse geomagnetic event is suggested also from
aeromagnetic data recently collected over the PDA site
by the Servicio Geolégico Mexicano (SGM). 3D inverse
modeling of these new data, is based on a model that
accommodates both normal and reverse magnetizations
(Garcia-Abdeslem, 2008). We take into account the
interpretations by de la Fuente and Sumner (1974) and
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Loépez-Guzmdn (2003), plus available geologic data, to
suggest that the PDA magnetic field anomalies are caused
by volcanic bodies of probable andesitic or basaltic
composition, that intrude the sedimentary column at
about 1500 m-depth and which record normal and reverse
magnetic polarities.

Surface geology and well data

The study area is located in the southern portion

Latitude N

of Mexicali Valley (Fig. 3), within the physiographic
province of the Gulf of California. It is part of the Colorado
River delta. The valley is filled by semiconsolidated
clastic sediments of deltaic and piedmont origin. The
crystalline basement outcrops at Sierra El Mayor. It is a
late Cretaceous granodiorite about 65 Ma old (Ortega-
Rivera, 2003). It was exhumed in the Miocene between
15 and 10 Ma ago beneath a detachment fault (Axen et
al., 2000). Overlaying the granodiorite, there are several
outcrops of Paleozoic metamorphic rocks and Tertiary

114°30° 114° 113°300

Longitude W

Fig. 1. The study area is located east of the Sierra el Mayor, SEM, within the PDASC rectangle. The black lines denote the tectonic

framework originally proposed by Lomnitz et al. (1970) for this region, which consists of a simple pattern of transform faults (Imperial,

IF; Cerro Prieto, CPF) and spreading centers (Cerro Prieto, CPSC; Wagner, WSC). The Panga de Abajo spreading center, PDASC, and

the transform fault (black dashed lines) were proposed by de La Fuente and Sumner (1974). In red lines is the currently accepted tectonic

framework (Suarez-Vidal et al., 2008, Gonzalez-Escobar et al., 2009) of this region, including the Consag Fault, CF, and Wagner Fault,

WE. Additional features are: Cerro Prieto volcano, CPV, Consag rock, CR, and wells W-2 and W-3. Bathymetry in the northern Gulf of
California is shown with contour lines in m.
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Fig. 2. (a) The shaded relief map shows the Sierra El Mayor,
SEM, and the PDA magnetic field anomaly with contours in nT,
reproduced from de La Fuente and Sumner (1974). (b) Profile
interpreted and (c) 2D model determined by de La Fuente and
Sumner (1974) to explain the PDA magnetic field anomaly.
Magnetic susceptibility (c) is indicated in cgs units.

sedimentary rocks. Structurally, the Mexicali Valley is
affected by the NW-SE striking Imperial and Cerro Prieto
transform faults, which represent the boundary between
the North American and Pacific tectonic plates (Fig. 1).
The Cerro Prieto fault (Fig. 3) is located ~ 20 km east of
PDA village.

There are no volcanic outcrops in Sierra El Mayor.
Tertiary volcanic outcrops of basaltic composition are
found in Sierra Las Pintas, about 20 km south of PDA
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village, and in Sierra las Tinajas, about 30 km to the
southwest of the PDA site (Fig. 1). Quaternary lava flows
and pyroclastic units of rhyodacitic composition outcrop
at Cerro Prieto volcano (Quintanilla-Montoya and Sudrez-
Vidal, 1996), about 50 km north of PDA village (Fig. 1).

Several wells in the region show sedimentary
sequences that were deposited initially during marine
incursions from the Gulf of California and later by influx
from the Colorado River (Pacheco et al., 2006). Two
wells drilled by Petréleos Mexicanos (PEMEX, 1985) are
shown in Fig. 3. Well W-3 bottoms out at 4500 m-depth
in late Cretaceous-early Tertiary crystalline basement,
classified as a granodiorite, with K-Ar age reported as
59 + 5 Ma. Well W-2 ends at 3800 m-depth in a young
volcanic intrusion, classified as an andesite, with K-Ar age
reported as 1.4 + 0.5 Ma. It cuts through several horizons
of volcanic rocks between 1550 and 1880 m-depth.

Wells W-2 and W-3 are only ~ 30 km apart but
their stratigraphic record (Fig. 4) shows remarkable
differences. The lower stratigraphic sequence A in well
W-3 is a marine shale of late Miocene age, as inferred
from allochtonous planktonic foraminifera, which directly
overlays the crystalline basement. The lower stratigraphic
sequence A is absent in well W-2 which bottomed out in
an andesitic lava flow. Overlaying the marine sequence A
is the sequence B, shown in wells W-2 and W-3, which
progressively grades up-hole into alternating mudstone-
siltstone and sandstone beds. The deepest part of the
sequence B in well W-3 is of late Miocene age, as inferred
from autochthonous bentonic foraminifera. The main
difference between wells W-2 and W-3 is in the sequence
C, where sand intervals become progressively thicker and
include conglomerate deposits. These deposits are thicker
in well W-2, where gravel deposits are interstratified with
lithic tuffs in the 1550-1880 m-depth interval, for which
no ages are far available.

Rock magnetic properties

The depth of burial of the magnetized source bodies
that cause the PDA magnetic anomalies rules out direct
sampling to characterize its magnetic properties and its age.
Measurements carried out on 16 samples of granodiorite
outcropping in the region (Garcia-Abdeslem et al., 2001)
yield an average magnetic susceptibility of 14.3 x 10*
(SI). Assuming an intensity of the local geomagnetic field
of 48,000 nT, the induced magnetization in outcrops of
granodioritic composition near the study area is of about
0.06 A/m.

A paleomagnetic study of the Cerro Prieto volcano

by de Boer (1980) appears to be the only paleomagnetic
study available nearby the study area. Cerro Prieto
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volcano (Fig. 1) is about 100 000 to 10 000 years old from
paleomagnetic evidence which places it in the Pleistocene
time, during the Brunhes chron of normal polarity.

Inverse modeling using juxtaposed prisms

Loépez-Guzmdn (2003) performed an interpretation of
the PDA magnetic field anomaly from a set of aeromagnetic
data (Fig. 5a) collected ca. 1980, at an altitude of about 760
m above the sea level. Notice the low intensity of magnetic
field anomalies observed over the Sierra el Mayor, as
compared with magnetic field anomalies over the PDA
site. As the crystalline basement outcropping at Sierra el
Mayor and the basement found at the bottom of well W-3
is a granodiorite, with a low magnetic susceptibility, the

source of the PDA magnetic anomaly may be a volcanic
intrusion of mafic composition, as found at the bottom
of well W-2 (Fig. 4), or as the intrusive of gabbroic
composition that has been proposed as the heat source for
the Cerro Prieto geothermal field (Goldstein et al., 1984;
Quintanilla and Sudrez-Vidal, 1994). Intrusive rocks of
andesitic or basaltic composition have a magnetization of
about 3 A/m (Carmichael, 1989).

Lépez-Guzmdn (2003) interpreted the PDA magnetic
field anomaly by the Marquardt-Levenberg method of
inversion (Marquardt, 1970; Levenberg, 1944). She used
an expression for the magnetic field anomaly of a prism
(Bhattacharyya, 1980). His subsurface model comprised
400 contiguous prismatic bodies with a regular cross
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The black rectangle enclose the region studied
by Lépez-Guzmdr (2003), as shown in Figure §
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The blue rectangle enclose the caverage of
SCGAM aeromagmetic data, as shown in Figure 6
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Fig. 3. Simplified geologic map of the study area (INEGI, 2000). Q-Al = Quaternary alluvial deposits and sands, T-S = Late Tertiary
continental sedimentary rocks, K-Gd = Cretaceous granodiorite, P-M = Paleozoic metamorphic rocks. Black solid circles are wells W-2
and W-3.

282



Cerro Prieto fault

W-3 W-2
kim

{']@I
|

Lithology
Gravel =)
Sandstone
Siltstone I ]
Shale =
e Volcanic rock (v)

"5 Granitic basement

Hi

Inferred detachment fault

—
‘.?

Legend
v Autochthonous benthonic
foraminifera
\'4; Alocthonous benthonic
foraminifera
B CBJ Autochthonous planktonic
foraminifera

db Alocthonous planktonic
foraminifera

3.5

UTIL T T TIE OO0 00 NOE TR Tk

(]
(==}

viveny) (v)
1.4+0.5 Ma,

59=5 Ma

Fig. 4. Stratigraphic logs of wells W-2 and W-3 (Pacheco et al.,
2006) interpreted from PEMEX (1985) well-log data. These
wells comprise a basin fill sequence with the lower marine shale
unit (sequence A) overlying Late-Cretaceous granitic basement.
Sequence boundaries on each well were arbitrarily defined by an
increase in the sand to mud ratio, and by microfossil assemblage
between sequence A and sequence B. See figures 1 or 3 for
location.
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section area of 2 by 2 km?. It was assumed that the prismatic
bodies are uniformly magnetized with an intensity of 3
A/m along the local direction of the geomagnetic field.
The field dips 50° to the north, and declination is 5° east
of north. The problem is estimating depth to the top and
bottom of the prisms.

The result of the inverse modeling performed by Lépez
Guzmdn (2003) is shown in Fig. 5. The PDA magnetic
anomaly is reasonably well fitted, with a maximum misfit
of about 4 nT. The proposed source body is located at a
depth of ~2.3 to ~3.95 km below sea level. Maximum
thickness of the source body is about 1.65 km, but there
is a zone of negative thickness (- 0.25 km) shown in
Fig. 5 that was interpreted as due to localized reverse
magnetization (Lopez-Guzmdn, 2003, Lopez-Guzmain
and Garcia-Abdeslem, 2003). A negative thickness means
that the top of a prism is deeper than its bottom; such an
up side down prism causes a magnetic anomaly like that
of a reversely magnetized prism. Notice that the negative
thickness coincides with a relative minimun in the
magnetic anomaly (Fig. 2a) as reported by de la Fuente
and Sumner (1974, Fig. 4, p.42).

The new aeromagnetic data from SGM

The Servicio Geoldgico Mexicano (SGM) collected
aeromagnetic data over the PDA site in drape mode at an
altitude of 300 m above the terrain with N-S flight lines 1
km apart. These new data are shown in Fig. 6a. They tend
to confirm the reverse magnetization event inferred by
Lopez-Guzmadn (2003). In the following two sections we
develop a preliminary interpretation of the PDA magnetic
field anomalies from the aeromagnetic data collected by
SGM.

Qualitative interpretation

Magnetic field anomalies describe the geometry of a
magnetized body as it cooled below its Curie temperature.
They depend on inclination (i) and declination (d) of
the polarization vector in geomagnetic coordinates, as
obtained from the local inclination (/) and declination
(D) of the geomagnetic field. In appendix A we show
some magnetic field anomalies caused by a single source
body in a variety of conditions, including changes in the
inclination and declination angles of the geomagnetic
field and the polarization direction. Additional examples
may be found in Bhattacharyya (1964).

Amplitude of the PDA magnetic field anomalies in
Fig. 6a, correlation with surface geology, and magnetic
susceptibility for the basement rocks exposed in Sierra el
Mayor, suggest a mafic composition and a high magnetic
susceptibility for the source bodies associated with the
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Fig. 5. Results of the inverse modeling of the PDA magnetic field anomaly, carried out by Lépez-Guzman (2003). The observed (a) and

computed (b) magnetic anomalies, shown with contours in nT, have a maximum misfit (c) of about 4 nT. The depth to the top (d), depth

to the bottom (e), and thickness (f) of the prisms are shown with contours in km. On the west of the shaded relief map is the Sierra El
Mayor.
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PDA magnetic field anomaly. The synthetic magnetic
field anomalies with normal and reverse magnetization
shown in appendix A suggest that a dipolar magnetic
field anomaly like the one in the northern area (PDA-N)
originated from a source body that cooled down to its
Curie temperature and was magnetized at a time when the
polarity of the geomagnetic field was reversed. Similarly,
the dipolar magnetic field anomaly located in the south
(PDA-S) suggests a source body that was magnetized at a
time when the polarity of the Earth’s magnetic field was
normal.

Centroid depth using the AN-EUL method

Nabighian (1972) proposes that once a magnetic field
anomaly has been selected for interpretation, and before
attempting to model the data, semi-quantitative methods
which require no prior assumptions might help infer
the horizontal extension of the body and a preliminary
estimate of its depth of burial. Some recent developments
in semi-quantitative interpretation of magnetic anomaly
infer depth to the top and the edges of the geologic target
from the analytic signal (Li, 2006) or from 3D Euler
deconvolution (Silva and Barbosa, 2003).

Combining analytic signal and the Euler method, Salem
and Ravat (2003) have found a relationship for computing
the centroid-depth z, of the magnetized bodies

| AAS | [AAS, |
Zy =

- > (1)

|AAS, | |AAS, |- |AAS, |2
where |AAS | are the amplitudes of the nth-order
derivative of the analytic signal (Debeglia and Corpel,
1997)

or” (o1?” (o1’
|AAS (6, ) |24 | o] S| 4 S| )
" ax ady 0z

where the superscript z denotes the vertical derivative of
the magnetic field anomaly 7. In order to compute the
centroid-depth from equation 1, the | AAS | are evaluated
at point (x,, y,)where they reach a maximum value. This
point is interpreted as the source’s epi-centroid, which is
located above the centroid of the source body.

The derivatives of the PDA magnetic field anomalies
were computed from conventional Fourier transform
techniques (Blakely, 1995). Comparing the PDA magnetic
field anomalies with the | AAS | (Fig. 6) clearly suggests
that the magnetic field anomalies PDA-N and PDA-S
are caused by two different source bodies. Taking into
account the flight altitude (300 m above ground), the
inferred centroid-depth below sea level is about 2.5 km in
the case of PDA-S and about 2.2 km for PDA-N.
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Inverse modeling of PDA magnetic field anomalies

The interpretation of the PDA magnetic field
anomalies, as observed by the SGM was carried out
using a method developed for 3D forward modeling (see
Appendix A) and nonlinear inversion of the total-field
magnetic anomaly caused by a uniformly magnetized
layer with its top and bottom surfaces represented by a
linear combination of 2D Gaussian functions (Garcia-
Abdeslem, 2008). The PDA magnetic field anomalies
were analytically continued upward 1.5 km (Fig. 7a) and
inversion was performed on the upward continued field
following the Marquardt-Levenberg method (Marquardt,
1970; Levenberg, 1944).

In the following two sections we describe the results
of the inverse modeling considering first that the source
of magnetic field anomalies is a single layer normally
magnetized in the direction of the local geomagnetic
field, and secondly that the source of magnetic anomalies
consists of two layers characterized by normal and reverse
magnetizations, respectively.

Inversion assuming induced magnetization

We assume that the PDA magnetic anomalies are
caused by a single layer, which is uniformly magnetized
in the direction of the geomagnetic field, which locally
has an intensity of about 48,000 nT, and it is characterized
by an inclination angle of 50° down to the north and a
declination angle of 5° east of the north. The magnetization
intensity was set to 3 A/m, assuming a gabbroic or basaltic
composition for the geologic target with an average
magnetic susceptibility of 7.53 x 102 (SI) (Carmichael,
1989).

To carry out the inversion, 193 uniformly distributed
Gaussian functions were used to simulate the top, &, and
bottom, A,, surfaces:

145

h (x,y)=m, - Z mW, (x,y) , 3)

h, (X, y)=m,, + ZmW @) , (4)
where

W= exp{-[(x -Qi[)z ¥ (yg'zf ) ]} . 5)

The spread of the Gaussian functions remain constant
during the inversion: Q = Q =16 for the upper surface,
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Fig. 6. (a) Magnetic field anomalies observed at the PDA site, and analytic signal amplitudes of the first (b) second (c) and third (d) order,
used to calculate by the AN-EUL method, the centroid-depth of source bodies associated with the PDA-N and PDA-S magnetic field
anomalies. On the west of the shaded relief map is the Sierra El Mayor.

and Q =Q =25 for the lower surface. The starting value
for all of the model parameters, m, was set to 0 km, and
uncertainty of 0.25 nT was assumed in the magnetic
data.

The results of the inversion are as shown in Fig. 7.
The misfit between the observed and computed magnetic
field anomalies varies between + 5 nT. The depth to the
top surface varies between 1.6 and 4.6 km below the sea
level. The bottom surface is an elliptical feature that varies
between 2.6 and 4.85 km-depth below the sea level. The
maximum thickness is in the region of the PDA-S, where
the layer is ~1.5 km thick, and it is minimum (~10 m) in the
region of the PDA-N. As theoretically expected (Blakely,
1995, p 95, Fig. 5.6) the magnetized layer locally thins in
the region where reverse magnetization is inferred.
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Inversion assuming induced and remanent magnetization

To assess the possibility of remanent magnetization,
the second model consists of two layers, uniformly
magnetized in the presence of the earth’s magnetic field.
Taking into account the centroid-depth obtained using the
AN-EUL method (Salem and Ravat, 2003), the bottom
layer carries the magnetization in the direction of the
present geomagnetic field, characterized by an inclination
angle of 50° down to the north, and a declination angle of
5°east of the north. The top layer carries the magnetization
in an opposite direction to the present geomagnetic field,
with inclination angle i = -50°, and declination angle d
= 185° and its lateral extension is limited to the vicinity
of the PDA-N magnetic anomaly. The intensity of the
induced and the remanent magnetizations were both set
to 3 A/m.
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Fig. 7. Result of the inverse modeling of PDA performed on the upward continued magnetic field anomalies, assuming induced

magnetization. The observed (a) and computed (b) magnetic anomalies and their difference (c) are shown with contours in nT. The

inferred top (d) and bottom (e) and the thickness of the layer (f) are shown with contours in km. On the west of the shaded relief map is
the Sierra El Mayor.
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In the two-layer model, the bottom layer is as described
by equations 3 and 4, and the top layer is described by

204

h,(x,y)=h @y + 2 mW(x,y) , (©6)

=196

hb2 (x,y)= hl (x,y). @)

The upper surface of the top layer was constructed
using only nine Gaussians with 2 =Q =1. The magnitude
of induced and remanent magnétizations was set to J =
3 (A/m) in both layers. The starting value for all of the
model parameters was set to 0 km, and an uncertainty of
0.25 nT was assumed in the magnetic data.

The results of the inversion are as shown in Fig.
8. Overall, the observed magnetic field anomaly was
reasonably well fitted, and the misfit between the observed
and computed magnetic anomalies varies between + 3
nT. The depth to the top surface varies between 1.6 and
4.4 km below the sea level, and this surface shallows in
regions coincident with both dipolar anomalies: its depth
is ~ 1.5 km at the location of the PDA-S and ~1.4 km at
the location of the PDA-N. The bottom surface is close to
a circular feature that varies between 2.9 and 4.9 km depth
below the sea level.

Fig. 9a shows the correspondence between the inferred
top surface and the magnetic field anomaly map of the
study area as observed by the SGM, and the source body
is shown in a cross section (Fig. 9b) that includes the
centroid-depths inferred using the AN-EUL method. We
assume that the magnetic effect attributable to regional
basement rocks of low magnetic susceptibility (de la
Fuente and Sumner, 1974; Garcia-Abdeslem et al., 2001)
is accommodated by the inverse method varying the
thickness of the normally magnetized bottom layer.

Discussion

The magnetized bodies that cause the PDA magnetic
field anomalies are not accessible for direct sampling.
Therefore, we discuss our interpretation using other
independent information, which includes the regional
tectonic framework (Suarez-Vidal et al., 2008, Gonzailez-
Escobar et al., 2009), the bio-stratigraphic record at wells
W-2 and W-3 (Pacheco et al., 2006), and the magnetic
polarity time scale of the phanerozoic (Ogg, 1995).

The Cerro Prieto and Wagner spreading centers are
linked by the Cerro Prieto fault (Fig. 1), which is one of
the main structures in the Mexicali Valley and it extends
southward into the northern Gulf of California. The Cerro

288

Prieto fault has been part of the Pacific-North America
plate boundary for about the last 6 or 7 Ma (Oskin et al,
2001) and its present displacement, in right lateral sense,
is of about 46 mm per year (Gonzdlez-Garcia, 2004). As
shown in Fig. 3, the PDA magnetic field anomalies and
well W3 are located over the western side of the Cerro
Prieto fault, on the Pacific plate, whereas well W-2 is over
the eastern side of the Cerro Prieto fault, on the North
American plate.

By assuming to first order, rigid deformation along the
plate boundary represented by the Cerro Prieto transform
fault, thus the distance between the Cerro Prieto and
Wagner spreading centers has been invariant during the
last 6 or 7 Ma. Therefore, we infer that volcanic activity
recorded at well W-2 (Fig. 4) possibly was originated in a
magmatic event nearby the Cerro Prieto spreading center.
By similar arguments, the marine sedimentary sequence
A in well W-3 (Fig. 4) probably was deposited near the
Wagner spreading center, while sequences B and C were
settled during their northwestward translation along the
Cerro Prieto transform fault to reach its present position.

Assuming by its proximity (~ 20 km) that the
stratigraphic record at the PDA site is equivalent to the
stratigraphic record at well W-3 (Fig. 4), and considering
both the depth of burial and the magnetization intensity
of source bodies that explain the PDA magnetic field
anomalies, inferred by the AN-EUL and inversion methods,
we interpret that the PDA magnetic field anomalies are
caused by volcanic intrusive bodies of mafic composition
intruding the sedimentary column.

Taking into account the relative dating at well W-3
(Fig. 4) and the vertical distribution at depth of normal
and reverse polarities of the PDA source bodies, inferred
from both the AN-EUL and inversion methods, the age
of magmatic activity at the PDA site must be younger
than late Miocene, during whichever normal and reverse
magnetic polarity changes occurring during the Gilbert,
Gauss, or Matuyama chrons (Fig. 10).

Outside of the Cerro Prieto and Wagner spreading
centers, the volcanic intrusion in well W-2 (Fig. 4) is
the only magmatic event recorded in the several deep
exploratory-wells drilled in the region (Martin-Pacheco
et al., 2006). If the age of the magmatic activity at the
PDA site is equivalent to the age of the volcanic intrusive
found at the bottom of well W-2, thus the normal and
reverse magnetic polarities of the source bodies that
cause the PDA-S and PDA-N magnetic field anomalies
may be the result of geomagnetic field reversals occurring
in late Pliocene-early Pleistocene time, during the chron
Matuyama (Fig. 10).
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Fig. 8. Result of the inverse modeling of PDA performed on the upward continued (a) magnetic field anomalies, using two layers, and
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Fig. 9. (a) PDA magnetic field anomalies and their correlation with the inferred top surface of the source body. (b) The geometry of
the source body is shown along the profile A-B indicated by an arrow in (a); the blue layer is normally magnetized and the red one is
reversely magnetized. NM= Non magnetic material. The black solid circles are centroid depths inferred using the AN-EUL method.

Conclusions

Two out of three aeromagnetic data sets shown in
figures 2a and 6 observed at different times and altitudes,
and with different spatial resolution, and two inverse
modeling interpretations shown in figures 3 and 8,
performed on two different data sets, both suggest the
presence of reverse and normally magnetized source
bodies. The intensity of the magnetization (3 A/m)
assumed for the source bodies in the inverse modeling and
available geologic data, suggest that the PDA magnetic
anomalies are caused by a mafic volcanic intrusive of
possible andesitic or basaltic composition, intruding the
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sedimentary column at about 1500 m-depth. The depth
of burial of the magnetized source bodies rule out direct
sampling and the possibility of a hard bound on its age or
magnetic polarization. Therefore, having non additional
independent information the age of the PDA magmatic
activity remains unknown.
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Apendix A

The inclination (/) and declination (D) angles of
the geomagnetic field, as well as the inclination (i) and
declination (d) angles of the magnetization/polarization
vector in uniformly magnetized source bodies and its
geometry, strongly affect the characteristics of magnetic
field anomalies. To show some of their characteristic,
we use a method described in Garcia-Abdeslem (2008)
to compute several magnetic field anomalies caused
by a uniformly magnetized body in the presence of the
geomagnetic field.

The body is within a rectangular region bounded
between the planes x = x, and x, along the northward
x-axis, and between the planes y = y and y, along the
eastward y-axis. Along the z-axis, the body is bounded
by h(x, y) and h(x, y), which define the top and bottom
surfaces of the layer, respectively. These top and bottom
surfaces are defined each by a linear combination of 2D
Gaussian functions as

M
h(x,y)=m, +ZmiWi >y, (A1)

where m,,...,m,, are constants, and

W, = exp{-[(x -Qx) + (yg_zy") ]} . (A2)

Each Gaussian function has unit amplitude at
coordinates (x, y), and the spread of the function along
the x- and y-axes is controlled by (€2, Q‘A).

The total field magnetic anomaly, 7, at a point, r,
outside of the magnetic material, computed by the method
described in Garcfa-Abdeslem (2008) was found by
solving

0= BVBIOVI oY)
where r(x,, y,, Z,) is the point of observation, r(x, y, z) is
the location of a volume element dv of the source body,
A is the unit vector parallel to the local direction of the
geomagnetic field, J = J, + J, is the total magnetization
vector (sum of induced and remanent magnetizations) and
1, is the magnetic permeability of free space.

The direction of the unit vector in the local direction
of the geomagnetic field is defined by the director cosines
L, M, N, where: L = cos I cos D, M =cos I sin D, and N
= sin /. Similarly, the unit vector in the direction of the
magnetization is defined by the director cosines I, m, n,
where: [ =cosicos d,m=cosisind,and n=sin i.
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In the first example the base of the source body (4,) is
flat at 2 km-depth, and its top surface (k) is described by
the 2D Gaussian function shown in Fig. Al:

h =-2

b

h(xy)=-2+ e"p{'[[lxo]z * [50]2]} '

The magnetic anomalies shown in Fig. A2 were
computed using a magnetization intensity of 1 A/m. In
these examples the inclination of the geomagnetic field
varies between 30 and 70 degrees and declination varies
between -30 and 30 degrees. The several directions
of the polarization vector used in these examples are
listed in Table A1.It is worth to notice that all of the
magnetic anomalies computed for this example show a
dipolar signature. When the dip of inclination angles (/,
i) is positive, magnetic anomalies are characterized by
positive values on the south of the causative body, and by
negative values on the north of the causative body, but the
conversely happens when / is positive and i is negative.
With an increase in the inclination angle (/), the negative
anomaly, occurring on the north of the causative body
reduces its amplitude, whereas the amplitude of positive
anomaly on the south of the causative body increases.

The direction along minimum and maximum
is controlled by the declination angles, and several
examples suggests that this direction is controlled by
d at high inclination angles, I, whereas this direction is
controlled by D at low inclination angles, /. The minimum
and maximum values of the magnetic field anomalies are
aligned in an N-S direction when D = -d.

Some other interesting cases occur when the aspect
ratio (length / width) of the magnetized source body is
grater than 1. We compute magnetic anomalies caused a
source body with an aspect ratio of 3. The base of the
source body (4,) is flat at 2 km-depth, and its top surface
(h) is described by a 2D Gaussian function:

h =-2

b

h(x,y)=-2+ exp{-[[g]z + [lysﬂ} .

The magnetic anomalies shown in Fig. A3 were
computed using a magnetization intensity of 1 A/m. In
these examples I = 50° and D is either 0° or 30° east of the
north. The several directions of the magnetization vector
used in these examples are listed in Table A2.

When magnetization vector is parallel to the direction
of the geomagnetic field vector (I =i = 50°, D = d = 0°)the
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Fig. Al. Geometry of the source body used to compute the
magnetic field anomalies shown in Fig. A2.

orientation of the long side of source body controls the
location of the maxima and minima in magnetic field
anomalies. Something similar happens if i = -/ and d =
D + 180°.

It is worth to mention that by the principle of
superposition of potential fields (Blakely, 1985), magnetic
anomalies observed in aeromagnetic maps seldom show
the nice characteristics found in the computed magnetic
field anomalies shown in this appendix. Magnetic field
anomalies often consist of intense, long, and generally
linear magnetic anomalies that originate from mafic
extrusive or shallow intrusive igneous bodies, without
dipolar signature.

Table A1

Inclination and declination angles of the geomagnetic
field vector (I, D) and magnetization (polarization) vector
(i, d) used to compute magnetic anomalies shown in Fig.

A2.
Figure A2 I D i d
a 70° 30° 50° 0°
b 70° 0° 50° 0°
© 70° -30° 50° 30°
d 50° 30° 50° 0°
e 50° 0° 50° 0°
F 50° -30° 50° 30°
g 30° 30° 50° 0°
h 30° 0° 50° 0°
i 30° -30° 50° 30°
50° 30° -50° 180°
k 50° 0° -50° 180°
1 50° -30° -50°  210°
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Table A2

Inclination and declination angles of the geomagnetic

field vector (I, D) and magnetization (polarization) vector

(i, d) used to compute magnetic anomalies shown in

Fig. A3, and orientation of the longest side (LSO) of the
magnetized source body.

Figure A3 LSO 1 D i d

d N-S 50° 0° 50° 0°
e N45E  50° 0° 50° 0°
f N45W  50° 0° 50° 0°
g N-S 50° 30°  -50°  210°
h N45E  50° 30°  -50° 210°
i N45W  50° 30°  -50°  210°
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Fig. A2. Magnetic field anomalies computed using the source body geometry shown in Fig. Al. The inclination and declination angles
assumed for the geomagnetic field and magnetization (polarization) vectors are listed in Table A1. Contours in nT.
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Fig. A3. The body oriented N-S (a) cause the magnetic field anomalies field anomalies b and c. The body oriented N45E (d) cause the
magnetic field anomalies e and f. The body oriented N45W (g) cause the magnetic field anomalies h and i. The inclination and declination
angles assumed for the geomagnetic field and magnetization (polarization) vectors are listed in Table A2. Conours nT.
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