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CHAPTER

1

Introduction

From classical plate tectonics the processes of mid-ocean ridge spreading
and plate subduction are fairly well understood. In some regions, however,
the basic principles of rigid plate motion are insufficient to explain the
present processes of formation. An example of an area that is not yet well
understood is the northwestern part of Mexico, where the Baja California
Peninsula is isolated from the Mexican mainland by the Gulf of California.
Here, all three types of plate boundaries (i.e. divergent, convergent, and
transform) are involved. This makes the area a unique place on Earth and
an interesting subject of study.
The Gulf of California forms a part of the plate boundary between the
Pacific and North-American plates, where transform motion along the San
Andreas strike-slip fault system in the North converts into oceanic spreading at the East Pacific Rise in the South. Currently, the plate boundary
within the gulf consists of long transform faults that are connected by small
oceanic spreading centres in the South of the gulf, where new oceanic crust
is formed. In the past, however, subduction of the oceanic Farallon plate
occurred along a trench west of what is currently the Baja California Peninsula. Around 12 million years ago (Ma) subduction and spreading ceased
and the remaining parts of the Farallon plate were captured by the Pacific
plate. After this the Gulf of California started to develop and around 5 Ma
the Pacific-North America plate boundary shifted to its current location
within the gulf. Further details about the present structure and tectonic
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evolution of this area will be given in Section 3.1.
Despite the large number of studies performed on Gulf of California and
surrounding regions, many questions remain on the tectonics of the area.
More detailed seismic imaging of the mantle structure than was performed
in previous studies may help to better understand the processes that caused
the rapid changes described above. In this PhD thesis we focus on the
regional lithospheric and upper mantle structure below the area, which in
the following we will refer to as the Baja California area.
To allow a regional investigation of the Baja California area the NARSBaja project (Trampert et al., 2003) was established in 2002. In this project
fourteen broadband seismometers of the Network of Autonomously Recording Seismographs (NARS) of Utrecht University were temporarily deployed
between 2002 and 2008 at sixteen different locations around the Gulf of
California (2 stations were moved to other locations). We used the data
recorded by these stations to investigate the crustal and upper mantle structure below the Baja California area. In the following we will briefly discuss
the various subjects that are described in this thesis.

1.1

Sensitivity kernels for two-station phase
velocity measurements

A commonly used tool to determine the shear velocity on a regional scale is
the two-station method. This method assumes that, in the case of surface
waves travelling from an earthquake to two seismic stations along a single
great circle, the travel time difference between both stations is only affected by the structure along the interstation path. The average frequencydependent phase velocity between the two stations can then be estimated
from the cross-correlation of seismograms recorded at both stations (Sato,
1955). However, several studies have shown evidence that velocity perturbations away from the interstation ray path can affect the surface wave
arrivals at the receivers (e.g. Alvizuri and Tanimoto, 2011; Baumont et al.,
2002; Zhang et al., 2009). In the first part of this research we therefore investigate these effects and present them in the form of 3-D finite-frequency
sensitivity kernels. We conclude that, although the interstation sensitivity is indeed dominant, anomalous structures even far from the assumed
propagation path can significantly affect the measurements.
Phase velocity curves obtained for a network of interstation paths by
using the two-station method can be used for a 3-D tomographic shear ve-
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locity inversion. In principle, this should be done using the finite-frequency
sensitivity kernels discussed in the previous paragraph. Using data of the
NARS-Baja network we could therefore improve the inversion of the twostation phase velocity data measured by Zhang and Paulssen (2012), which
is based on ray theory. However, the sensitivity kernels show significant sensitivity for regions outside the area of investigation, which would not cancel,
even if a larger model is used. More importantly, in the models that are used
to calculate the sensitivity kernels the entire source-to-receiver distance
must be included. With the small-scale resolution we desire this results
in computational costs that are difficult to achieve in practice. Therefore,
instead of enlarging the area and doing a finite-frequency two-station analysis, we decided to improve the (currently low) vertical resolution beneath
the NARS-Baja station using joint inversions of the Rayleigh wave phase
velocity data of Zhang and Paulssen (2012) and newly measured receiver
function data.

1.2

Shear velocity models by joint inversion of
receiver functions and phase velocity data

In this chapter we combine phase velocity data of Zhang and Paulssen
(2012) and receiver functions calculated for NARS-Baja stations to invert
for the shear velocity beneath these stations.
Phase velocity curves as obtained using the two-station method described above, are useful to determine the shear velocity at different depths,
but they cannot resolve sharp interfaces such as the Moho discontinuity.
The receiver function technique (Langston, 1979), on the other hand, is a
commonly used tool to detect abrupt changes in seismic properties. This
technique relies on the fact that at sharp contrasts in material properties
P waves convert to S waves. From the arrival times of such conversions
relative to the direct P-wave arrival the ratio between layer thickness and
velocity can be estimated. However, receiver function inversions are nonunique and depend on the initial model.
Combining phase velocity data and receiver functions in a joint inversion
reduces the limitations of each data type separately, which results in more
accurate models. In the second part of this study we therefore calculate the
radial components of the receiver functions from data recorded at eleven
NARS-Baja stations and combine them with the phase velocity curves of
Zhang and Paulssen (2012) in joint 1-D shear velocity inversions. We use
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the Neighbourhood Algorithm (Sambridge, 1999a), which is a transparant
and efficient guided search method that samples the model space preferentially in low-misfit areas. We find better constraints on the vertical
structure of the crust and upper mantle (down to approximately 200 km)
below the Baja California area, which allows a more detailed tectonic interpretation.

1.3

Effects of dipping crustal layers on the
receiver functions

Although the 1-D joint inversions discussed in the previous section identify
the most prominent features such as the sediment layer, Moho discontinuity,
and the location of the subducted Farallon slab beneath the stations in a
consistent way, we find variations in the crustal models for receiver functions
of earthquakes from different back azimuths. This is due to azimuthal
differences in the receiver function data and suggests a more complex, i.e.
laterally heterogeneous or anisotropic, crustal structure. We model the
azimuthal variations of the first five seconds of the radial and transverse
receiver function components of one of the NARS-Baja stations by dipping
layers in the crust. We also show that the most prominent variations in
the receiver function data of stations on the Baja California Peninsula can
be explained by models with a dipping mid-crustal interface and a dipping
Moho.

1.4

Thesis outline

This thesis describes new findings on the crustal and upper mantle structure
below the Baja California Peninsula and the northwestern part of the Mexican mainland (Baja California area). The work is subdivided into three
main parts. In Chapter 2, which is independent from Chapters 3 and
4, we will present finite-frequency sensitivity kernels for two-station phase
velocity measurements. We describe a method to calculate 3-D sensitivity
kernels that can be directly used in a tomographic shear velocity inversion.
The sensitivity kernels show that two-station measurements can be significantly affected by velocity anomalies far from the interstation path. Using
the two-station phase velocity measurements of Zhang and Paulssen (2012)
obtained for the NARS-Baja network therefore implies additional sensitivity outside the region of interest. However, the potential improvement of
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the lateral resolution by enlarging the area and including the sensitivity kernels would not outweigh the computational effort. Instead, we will improve
the vertical resolution by combining phase velocity curves obtained from
two-station measurements with receiver function data. In Chapter 3 we
perform 1-D shear velocity joint inversions based on Rayleigh wave phase
velocity curves and radial receiver functions of NARS-Baja stations. We
place more detailed constraints on the vertical structure of the crust and
upper mantle below the Baja California area, which enables us to combine
previous findings and better understand the tectonic evolution of the region. Variations in the 1-D crustal models obtained from receiver function
data from different back azimuths are studied in more detail in Chapter 4. Here we investigate the effects of dipping layers on the radial and
transverse components of the receiver functions. We model the observed
azimuthal variations of the receiver functions of a single NARS station and
find indications for the presence of a westward dipping Moho below the
Baja California Peninsula and other dipping layers in the crust of the Baja
California area. In Chapter 5 the main conclusions from previous chapters
are discussed.
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CHAPTER

2

Finite-frequency sensitivity kernels for
two-station surface wave measurements

2.1

Introduction

The two-station method (Sato, 1955) is often used for regional surface wave
tomography and local-scale interstation measurements of phase velocity
(e.g. Yao et al., 2006; Zhang et al., 2007; Endrun et al., 2008). The outstanding advantage of this method lies in the reduction of wave propagation
effects from the source to the nearest receiver. Assuming that ray theory
is valid and that waves propagate along the exact great circle, effects of
unknown 3-D structure away from the interstation ray path cancel completely, thereby enabling detailed and reliable investigations of the Earth’s
local structure.
In the hypothetical absence of lateral heterogeneity, the two-station
method would be exact for pure great circle propagation. The phase velocity between two stations could then be estimated from the cross-correlation
of seismograms recorded at both stations and filtered within a narrow frequency band. However, the presence of 3-D heterogeneity in the real Earth
and the finite frequency content of seismic waves complicate the application
This chapter has been published as: De Vos, D., Paulssen, H. and Fichtner, A.
(2013). Finite-frequency sensitivity kernels for two-station surface wave measurements.
Geophys. J. Int., 194(2), 1042-1049, doi: 10.1093/gji/ggt144.
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of the two-station method. Several studies have shown evidence for propagation off the great circle (e.g. Alvizuri and Tanimoto, 2011; Baumont et
al., 2002). Also, phase velocity curves estimated from events at one side of
the station pair can differ from those calculated from events at the other
side of the station pair (Zhang et al., 2009). This suggests that velocity
perturbations away from the interstation ray path can affect the surface
wave arrivals at the receivers. Furthermore, it is practically impossible to
find earthquakes that are located exactly on the great circle of interest.
Not taking the entire travel path into account, as is common in the twostation method, might therefore result in wrong conclusions concerning the
phase velocity structure of the interstation area. Little research has been
done to check whether the interpretation of the two-station method is adequate. Pedersen (2006) studied the effect of non-plane waves on phase
velocity curves. For random heterogeneities far from the station pair, she
found that only five to ten different events are needed to obtain an average
phase velocity curve with less than 1% error. However, these results are
too specific for general applications because the non-random nature of real,
unknown velocity structure and the radiation patterns of the events were
not taken into account.
To further improve tomographic inversions based on the two-station
method, the effects of 3-D heterogeneity on the measurement of a particular event should be quantified in the form of properly calculated finitefrequency sensitivity kernels. Sensitivity kernels provide information on
how specific measurements react to perturbations of elastic properties (e.g.
P or S velocity) anywhere in the Earth model volume. They can be computed efficiently via the interaction of the ’forward’ wave field and an ’adjoint’ wave field (e.g. Tarantola, 1988; Tromp et al., 2005; Fichtner et al.,
2006; Liu and Tromp, 2006; Fichtner, 2011). The adjoint wave field travels backward in time from the receiver to the source, and is excited by an
adjoint source, located at the receiver position. In recent years, sensitivity
kernels have been computed for various types of measurements and sourcereceiver geometries (e.g. Tromp et al., 2005; Liu and Tromp, 2006; Fichtner
et al., 2008; Bozdağ et al., 2011), as well as for interstation ambient noise
cross-correlations (Tromp et al., 2010).
Earlier attempts to study the sensitivity of interstation phase velocity
measurements were based on the calculation of 2-D sensitivity kernels (Kuo
et al., 2009). However, they lack a direct relation to Earth structure in the
form of 3-D perturbations in velocities or elastic parameters. The 3-D sensi-
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tivity kernels for interstation measurements presented by Chevrot and Zhao
(2007) are based on phase difference, rather than the cross-correlation as
used in the two-station method. Here, we properly define interstation travel
time measurements in terms of frequency-dependent cross-correlations between seismograms recorded at two stations. The resulting sensitivity kernels can be directly used in 3-D tomographic inversions of seismic velocity.
In the following, we will discuss the method used for calculating shear
wave sensitivity kernels and present the results of the simulations. The influence of different parameters will be investigated, including the interstation distance, radiation pattern, frequency content, as well as the number
and distribution of sources.

2.2

Theory

Sensitivity kernels can be calculated via the adjoint method in the form of
a product that involves the forward and adjoint wave fields (e.g. Tarantola,
1988; Tromp et al., 2005; Fichtner et al., 2006; Liu and Tromp, 2006; Fichtner, 2011). The adjoint wave field is excited by the adjoint source which is
fully determined by the measurement. Consequently, the adaptation of the
general adjoint method to a specific case reduces to the calculation of the
adjoint source that corresponds to the particular measurement of interest.
Our derivation of the adjoint source, as described below, is based on the
operator formulation of the adjoint method (Fichtner, 2011), and it can be
seen as an adaptation of the wave equation travel time inversion of Luo and
Schuster (1991) to the two-station scenario.

2.2.1

Definition of measurements and misfits

For the two-station method, we define the measurement as the frequencydependent travel time between two stations, estimated from the interstation cross-correlation. Let si (m; xA , t) be the i- and sj (m; xB , t) the jcomponent of the synthetic displacement seismograms for an Earth model
m at locations xA and xB , respectively. The cross-correlation between the
(potentially filtered) seismograms at A and B is given by
Z ∞
Cij (t) =
si (xA , t + τ )sj (xB , τ ) dτ ,
(2.1)
τ =−∞

where we omitted the dependence on m in the interest of a condensed
notation. The time at which the global maximum of the cross-correlation
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occurs is defined as the synthetic travel time, TAB (m), from station A to B.
Since the time derivative of the cross-correlation is zero at its maximum,
the following relation holds for t = TAB :
Z ∞
Ċij (TAB ) =
ṡi (xA , TAB + τ )sj (xB , τ ) dτ = 0 .
(2.2)
τ =−∞

Equation (2.2) defines TAB implicitly. The measurement of the observed
obs from observed seismograms sobs (x , t) and sobs (x , t) foltravel time TAB
A
B
i
j
lows the same procedure.
The L2 misfit between synthetic and observed travel times is given by
´2
1³
obs
TAB − TAB
.
(2.3)
χ=
2
A small perturbation of the model, δm, induces the misfit variation
´
³
obs
δTAB ,
(2.4)
δχ = TAB − TAB
where δTAB and δχ are related to δm via the measurement sensitivity kernel
vector KTAB and the misfit sensitivity kernel vector Kχ , respectively:
Z
δTAB =
KTAB (x) · δm dV ,
(2.5)
V
Z
δχ =
Kχ (x) · δm dV .
(2.6)
V

The components of the kernel vectors represent the sensitivity kernels for
different variables, such as P or S wave velocity, considered in the inversion.
It follows from the combination of equations (2.5) and (2.6) that the misfit
and measurement sensitivity kernels are scalar¡multiples of ¢each other, and
obs :
the scaling factor is the travel time difference TAB − TAB
³
´
obs
Kχ = TAB − TAB
KTAB .
(2.7)
Equation (2.7) implies that the misfit sensitivity kernel Kχ , used in a tomographic inversion, has the same spatial pattern as the measurement sensitivity kernel KTAB , which is independent of any observed seismograms.
This is in contrast to data-dependent misfit sensitivity kernels for various
types of phase misfits (e.g. Fichtner et al., 2008; Bozdağ et al., 2011) or the
L2 norm (e.g. Tarantola, 1988), and it allows us to draw general conclusions
from the analysis of KTAB without the need to involve actual observations.

2.2. Theory
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Derivation of the adjoint source for two-station
measurements

We can find the adjoint source f † that produces the measurement sensitivity
kernel KTAB by bringing the variation of the measurement, δTAB , into the
following canonical form (Fichtner, 2011):
Z Z ∞
δTAB =
f † (x, t) · δs(x, t) dt dV ,
(2.8)
V

t=−∞

where δs is the variation of the vectorial displacement field induced by the
model perturbation δm. Specifically we find (see Appendix A)
·Z ∞
1
δTAB =
ṡj (xB , t − TAB )δsi (xA , t) dt
N t=−∞
¸
Z ∞
−
(2.9)
ṡi (xA , TAB + t)δsj (xB , t) dt ,
t=−∞

with

Z

∞

N=
t=−∞

s̈i (xA , TAB + t)sj (xB , t) dt .

(2.10)

To isolate the wave field perturbation δs in equation (2.9) we introduce
delta functions and unit vectors (ν̂ i and ν̂ j ):
Z Z ∞
1
δTAB =
[ṡj (xB , t − TAB )δ(x − xA )ν̂ i
N V t=−∞
− ṡi (xA , TAB + t)δ(x − xB )ν̂ j ] · δs(x, t) dt dV .
(2.11)
Equation (2.11) is now in the canonical form (2.8), with the adjoint force
given by
f † (x, t) =

1
[ṡj (xB , t − TAB )δ(x − xA )ν̂ i
N
− ṡi (xA , TAB + t)δ(x − xB )ν̂ j ] .

(2.12)

The adjoint source consists of two separate parts, each being located at
one of the receivers. The time evolution of the adjoint source at location
A is based on the velocity seismogram at location B, but shifted forward
in time by TAB . At location B, the velocity seismogram of location A is
used, now shifted backward in time by TAB . Note that this structure of the
adjoint source is similar to the one encountered for noise cross-correlation
(Tromp et al., 2010).
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Forward and adjoint modelling

For the simulation of forward and adjoint wave fields we used the spectralelement solver SES3D by Fichtner and Igel (2008). SES3D numerically
solves the 3-D seismic wave equation for heterogeneous Earth models. Other
methods to calculate wave fields could have been used as well. A normal
mode approach (Zhao and Chevrot, 2011a,b), for instance, would have been
less time consuming. However, it can not be generalised to 3-D heterogeneous media, which might be useful for iterative inversions. Also, the nearfield contributions of the adjoint sources located at the receivers, which
have a large effect on the sensitivity kernels computed in this paper, are
omitted in a normal mode approach. In the spectral-element approach used
here these terms are computed correctly. In this study, we limited ourselves
to the isotropic variant of the reference Earth model PREM (Dziewonski
and Anderson, 1981). Only vertical components of seismograms were used.
Furthermore, we restricted ourselves to the analysis of S velocity kernels,
since the sensitivities with respect to P velocity and density are negligibly
small when Rayleigh waves are considered.
To calculate sensitivity kernels, two wave field simulations had to be
performed: First, the forward wave field was calculated for an earthquake
source, given by a moment tensor and for a limited frequency band. Ideally, tests should be done for a single frequency, since then the travel time
difference between the stations would give the exact frequency-dependent
phase velocity (c(f ) = ∆xAB /∆TAB (f )). However, this is practically impossible, because the seismograms are calculated using a time domain approach. Therefore, the seismograms are calculated for a certain frequency
band through a bandlimited source time function. Narrowing the frequency
band results in a better approximation of single-frequency (i.e. phase velocity) measurements, but also requires a longer source time function. In
this study, sensitivity kernels were calculated for both a wide and narrow
frequency band. The source signals for the wide frequency band were obtained by band-pass filtering (Butterworth filter, 4 poles) between cut-off
periods of 5 s below and above the centre period. For the phase velocity
measurements, on the other hand, we filtered a monochromatic source signal with a Gaussian filter (with a width of 0.0028 Hz) resulting in a much
narrower amplitude spectrum. In the following, the terms ”group” and
”phase” velocity relate to interstation cross-correlation measurements with
wide and narrow frequency bands, respectively. The group velocity kernels
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may therefore differ from the group velocity kernels obtained by frequency
differentiation of the phase delay (e.g. Dahlen and Zhou (2006)).
For the second simulation, we excited an adjoint field by the adjoint
force given in equation (2.12). The travel time difference of the surface
waves, TAB , was obtained from the maximum of the cross-correlation between the vertical components of synthetic seismograms at both receivers,
calculated in the forward simulation. Only events with strong Rayleigh
wave excitation were used. This resulted in an adjoint wave field as illustrated in Figure 2.1; according to the mathematical description of the
adjoint source, the adjoint wave field is excited at both receiver locations,
with a time difference of TAB .

2.4

Sensitivity kernel gallery

As stated before, we calculated sensitivity kernels for both a wide and
narrow frequency band, which is referred to as group and phase velocity
measurements, respectively. Figure 2.2 shows horizontal sections at 100
km depth through the shear velocity sensitivity kernel, for a source at an
epicentral distance of 28.5◦ and 34.5◦ from the first and second receiver,
respectively. The centre period was 30 s. Both group and phase velocity
kernels have a cigar-shaped structure of alternating bands of positive and
negative sensitivity (Fresnel zones); this structure is present at all depths.
The group velocity kernel (Figure 2.2(a)) has a large sensitivity between
the source and the first receiver, whereas it shows a gap of zero sensitivity
in the interstation area. This remarkable result is exactly opposite to that
expected from ray theory. The phase velocity kernel (Figure 2.2(b)), on the
other hand, shows the expected negative sensitivity between the stations
and reduced sensitivity in surrounding areas. The ”ringy” structure of the
kernels is due to the limited frequency bands of the wave fields: the narrower
the frequency band, the more oscillatory the kernel becomes. Although the
interstation sensitivity is not fully restricted to the vicinity of the great
circle path, the importance of using a narrow frequency band in the twostation method is clear.

2.4.1

Interstation distance

We investigated the variations in sensitivity for several interstation distances. In order to get useful results, a minimum value of two wavelengths
is required for the interstation distance, which in turn depends on the

14
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Figure 2.1: Illustrative example of the vertical components of the forward (top) and adjoint (bottom) velocity wave fields at 600 s after excitation of both wave fields. The large
amplitude Rayleigh waves are mostly visible. The stars represent the source, triangles
represent receivers. The source is located at 28.5◦ and 31.5◦ from the first and second
receiver, respectively. A period range of 25 − 35 s was used.
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Figure 2.2: Horizontal sections through shear velocity sensitivity kernels at 100 km depth,
for a source at 28.5◦ and 34.5◦ from the first and second receiver, respectively. (a) Group
velocity kernel with a period range of 25 − 35 s. (b) Phase velocity kernel with a centre
period of 30 s. Moment tensor components: Mθθ = −0.300·1018 Nm; Mφφ = −0.800·1018
Nm; Mrr = 1.100 · 1018 Nm; Mθφ = −0.560 · 1018 Nm; Mθr = 1.050 · 1018 Nm; Mφr =
1.250 · 1018 Nm.
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frequency content of the measurements. The effect of changing the interstation distance on the sensitivity kernels with a centre period of 30 s
is shown for both group and phase velocity measurements in Figures 2.3
and 2.4, respectively. Again, the kernels based on group velocity measurements (Figure 2.3) show a gap of zero sensitivity in the interstation area,
which becomes larger with increasing interstation distance. This is similar to the reduced sensitivity of surface wave phase shift measurements
along the source-receiver ray path (Spetzler et al., 2002), and the character
of banana-doughnut body wave travel time kernels measured from crosscorrelations (Hung et al., 2000). The phase velocity kernels, on the other
hand, have a fairly homogeneous sensitivity within the interstation area.
The assumption that, when using the two-station method, the phase velocity estimation gives an average velocity for the entire interstation area
is therefore more reliable for measurements with a narrow frequency band.
However, due to the strong sensitivity outside the interstation ray path,
the ray approximation can still be poor. In the following, only sensitivity
kernels based on phase velocity measurements will be shown, since those
are most relevant for the purpose of this study.

2.4.2

Frequency dependence

An important factor in seismic velocity estimation is the frequency content
of the seismograms. Lower frequencies sample the Earth deeper than higher
frequencies, and the use of high-frequency data can result in a higher spatial
resolution. Using a centre period of 70 s, rather than 30 s, results in the
sensitivity kernel shown in Figure 2.5. As expected, using a lower frequency
causes wider Fresnel zones in the sensitivity kernel.

2.4.3

Source effects: seismic moment, focal mechanism and
source location

The source mechanism and location are expected to have a significant impact on the sensitivity kernels. The seismic moment, however, does not
affect the results. This is because an amplitude increase in the forward
wave field results in a decrease of equal size in the amplitude of the adjoint
wave field (see equation (2.12)), and the net result after interaction of both
wave fields is therefore zero.
We performed tests, using several focal mechanisms, epicentral distances
and focal depths. An example of a sensitivity kernel, using a centre period
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Figure 2.3: Horizontal sections through shear velocity sensitivity kernels at 100 km depth.
The sources are located at 30◦ and 33◦ (top); 28.5◦ and 34.5◦ (middle); 27◦ and 36◦
(bottom) from the first and second receiver. The kernels are based on group velocity
measurements with a period range of 25 − 35 s. Other parameters were similar to Figure
2.2(a).
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Figure 2.4: Horizontal sections through shear velocity sensitivity kernels at 100 km depth.
The sources are located at 30◦ and 33◦ (top); 28.5◦ and 34.5◦ (middle); 27◦ and 36◦
(bottom) from the first and second receiver. The kernels are based on phase velocity
measurements with a centre period of 30 s. Other parameters were similar to Figure
2.2(b).
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Figure 2.5: Horizontal section through shear velocity sensitivity kernel at 100 km depth,
for a source at 28.5◦ and 34.5◦ from the first and second receiver, respectively. The kernel
is based on phase velocity measurements with a centre period of 70 s. Other parameters
were similar to Figure 2.2(b).

of 30 s, for a focal mechanism and location different from those used in the
previous figures, is shown in Figure 2.6. Clearly, a shorter epicentral distance results in a sensitivity kernel with a smaller spatial extent. Also, the
use of a different focal mechanism results in a different radiation pattern
of Rayleigh waves. This causes small-scale variations in the pattern of the
sensitivity kernel. However, the overall shape and sign of the sensitivity
kernels (cigar-shaped; negative sensitivity between the stations) remained
the same for all configurations. The focal depth was found to have a negligible effect for relatively shallow events with strong Rayleigh wave excitation.

2.4.4

Number and distribution of sources

A practical difficulty in using the two-station method is finding events that
are located exactly on the great circle of interest. For a plane wave propagating at an angle that differs less than 5◦ from the great circle, the
effect on the travel time difference between both stations is less than 0.4%.
Events that satisfy this condition are therefore often used in the two-station
method. Furthermore, multiple events are often included to improve the
signal to noise ratio. To test whether this increases the dominance of the
interstation sensitivity we can simply add kernels for specific source locations.
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Figure 2.6: Horizontal section through shear velocity sensitivity kernel at 100 km depth,
for a source at 18.5◦ and 24.5◦ from the first and second receiver, respectively. The kernel
is based on phase velocity measurements with a centre period of 30 s. Moment tensor
components: Mθθ = 0.710 · 1019 Nm; Mφφ = −0.356 · 1019 Nm; Mrr = −0.355 · 1019 Nm;
Mθφ = 0.800 · 1019 Nm; Mθr = 0.315 · 1019 Nm; Mφr = −1.150 · 1019 Nm.

Figure 2.7 shows the result after summing the sensitivity kernels of three
different sources. Compared to Figures 2.2(b) and 2.6, the relative interstation sensitivity is increased significantly, whereas the values close to the
sources are reduced. This indicates that using multiple events partly compensates for effects from non-interstation areas and that the cumulative
travel time difference for all sources is mainly affected by the interstation
area. However, no matter how many sources are included, the sensitivity between the first station and the nearest source cannot be completely
removed, and the value of TAB therefore also contains information from
outside the interstation area. A further improvement can be obtained by
using events from both sides of the station pair. As shown in Figure 2.8,
this increases the interstation sensitivity relative to the surrounding areas.
However, additional sensitivity is introduced at the other side of the station
pair.

2.5

Discussion and Conclusions

We have calculated sensitivity kernels for surface wave two-station travel
time measurements, using the cross-correlation between seismograms at two
stations. Sensitivity kernels for wide-band (group velocity) measurements
show a strong sensitivity between the source and the first receiver. Also, a
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Figure 2.7: Horizontal section through the sum of shear velocity sensitivity kernels at 100
km depth, for three different sources. The kernel is based on phase velocity measurements
with a centre period of 30 s.

Figure 2.8: Horizontal section at 100 km depth through the sum of shear velocity sensitivity kernels, for six different sources, distributed on both sides of the station pair. The
kernel is based on phase velocity measurements with a centre period of 30 s.
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gap of zero sensitivity along the great circle is present in the interstation
area. This indicates that “group velocity“, measured by cross-correlation
for a relatively wide frequency band around the centre frequency, does
not adequately represent the average interstation group velocity along the
ray path. However, when phase velocity measurements are approached by
using a narrow frequency band, the interstation sensitivity is dominant and
the sensitivity closer to the source is reduced. The use of phase velocity
measurements is therefore more useful in the context of the two-station
cross-correlation method.
Although the use of multiple sources on both sides of the station pair
clearly improves the concentration of sensitivity along the interstation ray
path, pronounced streaks of sensitivity far from the interstation area and
off the great circle remain. Perturbations in these areas can have a large
effect on the travel time difference between the stations. For large-scale
perturbations (compared to the frequency) the effects might cancel out,
but this will not be the case for small-scale perturbations. This strong
sensitivity to small-scale structure far from the interstation ray path can
result in wrong interpretations of the measurement. A study that encountered this problem was performed by Zhang et al. (2009), who used the
two-station method for surface wave tomography in the Gulf of California.
For a station pair located on the Baja California Peninsula, with a great
circle along the strike of the coast, Zhang et al. (2009) found a discrepancy
between the phase velocity curves for the two propagation directions (i.e.
from station A to B and from station B to A) for frequencies above 30
mHz. For events from the Northeast, the area of higher sensitivity outside
the interstation area coincides with the ocean-continent transition. Since
this transition is not included in the reference model, this causes large phase
velocity perturbations. As a result, the phase velocity curves are affected
by an area outside the interstation area.
In conclusion, using two-station phase velocity measurements in a tomographic inversion based on ray theory can be appropriate, as long as
the measurements and inversion parameters are chosen with care. The importance of using as many sources as possible is clear. When choosing a
station pair and events on the corresponding great circle, it is important
to identify the regions of high sensitivity outside the interstation area. If,
in those areas, there are indications for large anomalies compared to the
reference model, it is better not to include these events.
However, to avoid misinterpretations and to improve the quality of to-
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mographic models, correct 3-D sensitivity kernels should be used. This
means that for each combination of stations and events, a sensitivity kernel
has to be calculated and used subsequently in a tomographic inversion. Due
to the complexity of the sensitivity kernels, a fine tomographic grid should
be used (Chevrot and Zhao, 2007). While being computationally expensive, this improvement is needed to further advance tomographic inversions
based on two-station measurements.
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CHAPTER

3

Crustal and upper mantle shear velocity
structure beneath NARS-Baja stations
by joint inversion of receiver functions
and phase velocity data

3.1

Introduction

The Gulf of California, northwestern Mexico, is part of the Pacific to NorthAmerican plate boundary and forms the transition between the San Andreas strike-slip fault system in the North and the East Pacific Rise spreading centre in the South (see Figure 3.1). The area has a complex tectonic
history, which evolved from Mesozoic subduction to the oblique rift system
that currently forms the Gulf of California. The aim of this research is to
get more insight into the upper mantle structure below the Gulf of California, the Baja California Peninsula, and the mainland east of the gulf, to
better understand the processes that shaped the region. We use waveforms
from the NARS-Baja project (Trampert et al., 2003), which was an array of
broadband seismographs that surrounded the Gulf of California from 2002
until 2008.
This chapter will form the basis for a paper that will be submitted for a special issue
of Tectonophysics entitled ”From continental to oceanic rifting in the Gulf of California”
(eds. L. Ferrari, A. Martı́n, and M. Bonini).
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Figure 3.1: Study area. Red line shows the current plate boundary. SAF = San Andreas
Fault; EPR = East Pacific Rise. White lines represent ancient plate boundaries, as
obtained from Lonsdale (1991). NA = North-American plate; P = Pacific plate; G =
Guadalupe microplate; M = Magdalena microplate. SBF = San Benito Fault; TAF =
Tosco-Abreojos Fault. Triangles give the locations of the NARS (red) and RESBAN (blue)
seismometers. The Gulf of California is situated between the Baja California Peninsula
and the Mexican mainland.
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Tectonic evolution

The Gulf of California and surrounding areas have been intensively studied
(e.g. Spencer and Normark, 1989; Stock and Hodges, 1989; Lonsdale, 1991;
Stock and Lee, 1994; Bohannon and Parsons, 1995; Atwater and Stock,
1998; Schellart et al., 2010). Prior to 29 million years ago (Ma) the Pacific and North-American plates were separated by the oceanic Farallon
plate, which subducted underneath the North-American plate. Around
28 Ma the oceanic ridge, which formed the Pacific-Farallon border, approached the trench. This resulted in a segment where the Pacific and
North-American plates were in direct contact, bounded by two triple junctions. As subduction progressed, this segment of direct contact between the
Pacific and North-American plates increased in length, the triple junctions
migrated to the Northwest and Southeast, and the remains of the Farallon
plate broke into smaller microplates. Currently, two of these, the Magdalena and Guadalupe plates west of the Baja California Peninsula, can
still be identified (see Figure 3.1). Approximately 12 Ma subduction and
spreading ceased and plate motion - now between the Pacific and NorthAmerican plates - mainly occurred along right-lateral strike-slip faults (San
Benito Fault and Tosco-Abreojos Fault), parallel to the former trench. A
small ENE directed extensional component remained, that was taken by
back-arc extension between the Baja California Range and Sierra Madre
Occidental. As a consequence, a proto-gulf developed around 6 Ma, which
formed the Gulf Extensional Province. After this initial period of continental extension where NNW striking normal faults formed, the gulf started to
open by transtensional faulting around 3.6 Ma. The Baja California Peninsula was captured by the Pacific plate and the transform movement that
took place along the San Benito Fault and Tosco-Abreojos Fault shifted
into the gulf. Therefore, the plate boundary is currently located within the
Gulf of California.

3.1.2

Seismic structure from previous studies

Additional information about the tectonic evolution can be obtained from
the seismic structure of the crust and mantle beneath the Baja California
area.
The crust of the Gulf of California and surroundings has been imaged by
various seismic studies, mostly using receiver functions, or refraction and/or
reflection data. On a large scale a west to east trending rapid thinning
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from the Baja California Peninsula to the middle of the gulf was found
(Lewis et al., 2001; González-Fernández et al., 2005; Persaud et al., 2007;
Páramo et al., 2008), followed by thickening towards the Mexican mainland
(González-Fernández et al., 2005; Lizarralde et al., 2007). Similarly, for the
area north of the Gulf of California crustal thinning towards the Salton
trough was found (Ichinose et al., 1996; Zhu and Kanamori, 2000). The
crust within the gulf consists of many small pull-apart basins, connected
by long NW-SE striking transform faults, which causes many small-scale
variations in topography and sediment thickness (Aragón-Arreola et al.,
2005; González-Fernández et al., 2005; Lizarralde et al., 2007).
Most studies highlight the change of rift character from north to south
within the gulf. Around 30◦ N a transition exists from continental rifting
in the North to oceanic seafloor spreading in the middle and southern parts
of the gulf (Fletcher and Munguı́a, 2000; Nagy and Stock, 2000; Martı́nBarajas et al., 2013). The northern part of the gulf is covered by thick
sediments deposited from the Colorado river. This might have delayed the
continental break-up (Persaud et al., 2003; Bialas and Buck, 2009; Dorsey
and Umhoefer, 2012; Martı́n-Barajas et al., 2013). Pérez-Campos and Clayton (2013) suggest that this north-to-south transition have a cause in the
deeper mantle.
Seismological studies focussing on the upper mantle velocity structure
are mostly based on surface wave tomography. Van der Lee and Frederiksen
(2005) and Bedle and Van der Lee (2009) imaged shear wave velocities for
North America and found relatively low velocities in the upper mantle beneath the Gulf of California and Baja California. This has been confirmed
by several regional studies (Zhang et al., 2007; Wang et al., 2009; Zhang et
al., 2009; Zhang and Paulssen, 2012; Di Luccio et al., 2014). Approximately
beneath the plate boundary, in the depth range of 50-90 km, Wang et al.
(2009) found three concentrated locations of anomalously low velocities,
spaced about 250 km apart. They suggested these are regularly spaced
cells of dynamic, buoyancy-driven upwelling and melting, triggered by the
extension. Zhang and Paulssen (2012) found negative velocity anomalies in
the North of the gulf as well, at depths between 60 and 80 km. Combined
with observations of negative radial anisotropy in that area, they interpreted this as a consequence of upwelling of low-velocity material in a slab
window area. Di Luccio et al. (2014) used group velocity measurements to
image the upper mantle beneath the Gulf of California. They also found
a low-velocity zone in the northern gulf, between 50 and 90 km depth,
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which they interpreted in the same way as Zhang and Paulssen (2012).
Another finding by Zhang and Paulssen (2012) is the presence of positive
shear velocity anomalies underneath the central part of the Baja California
Peninsula, between 80-160 km depth. These anomalies were interpreted as
a slab remnant of the subducted Magdalena and Guadalupe microplates.
Wang et al. (2013) also found a high-velocity anomaly with a maximum at
100 km depth beneath central Baja California, that was interpreted as a
slab remnant. The authors roughly estimate the anomaly to extend to a
depth of about 150 km. Di Luccio et al. (2014) also found positive velocities
at similar locations and interpreted them in the same way. However, their
anomalies occur at much smaller depths (50-90 km).
Strong lateral variations in the upper mantle anisotropy have been found
from SKS splitting measurements (Van Benthem et al., 2008; Obrebski et
al., 2006; Long, 2010). Long (2010) found large variations in the SKS
splitting parameters between the NARS-Baja stations in addition to backazimuthal variations at individual stations. She explained her observations
by the presence of a slab remnant below the middle and southern parts
of the peninsula and a slab window in the northern gulf. The receiver
function data of Obrebski and Castro (2008) provide additional evidence
of crustal and upper mantle anisotropy. They suggest a stalled segment of
a microplate in the central part of Baja California but at much shallower
depth than the surface wave studies.

3.1.3

Aim of the study

The interpretations of seismic data for the upper mantle are still variable
and uncertain. Locations of the slab fragments, in particular, have not
yet been identified unambiguously and their interpretations therefore vary
substantially. In order to improve the resolution it is essential to combine
different types of data in an inversion for subsurface structure. Whereas
phase and group velocity data of surface waves provide good estimates of
absolute velocities over certain depth ranges, they are insensitive to sharp
discontinuities. Receiver functions, on the other hand, are primarily sensitive to sharp interfaces because they make use of converted phases at
these interfaces. However, receiver function inversions do not accurately
constrain the velocity structure because there is a trade-off between the
depth of the interface and the layer velocities. Combining surface wave
and receiver function data in a joint inversion can therefore improve the
reliability of the models (e.g. Özalaybey et al., 1997; Juliá et al., 2003; An
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and Assumpção, 2004; Juliá et al., 2005; Li et al., 2008; Mitra et al., 2008;
Kgaswane et al., 2009; Moorkamp et al., 2010; Tokam et al., 2010; Bailey
et al., 2012; Gonzalez et al., 2012; Kolstrup and Maupin, 2013; Shen et al.,
2013b; Xu et al., 2013).
In this study we use the Neighbourhood Algorithm of Sambridge (1999a)
to combine the surface wave phase velocity curves of Zhang and Paulssen
(2012) with newly measured receiver functions from NARS data (see below). The aim is to image the upper mantle shear wave velocity structure in
more detail and to get better constraints on the (lateral and vertical) extent
of the slab beneath the Baja California Peninsula. These constraints will
improve the understanding of the evolution and current tectonic setting of
the region.

3.1.4

The NARS-Baja project

The data used for this study were recorded during the NARS-Baja project
(Trampert et al., 2003), which was established in 2002, to allow detailed
seismological studying of the crust and mantle structure of the area. The
project was the result of a collaboration between Utrecht University, CICESE (Centro de Investigación Cientı́fica y de Educación Superior de Ensenada, Mexico), and Caltech (California Institute of Technology, U.S.).
Fourteen broadband seismometers of the Network of Autonomously Recording Seismographs (NARS) contributed by Utrecht University were temporarily deployed (2002-2008) at 16 different locations to complement 5
permanent stations of the Red Sı́smica de Banda Ancha Network (RESBAN). Figure 3.1 shows the locations of the seismometers and further details for each station are given in Table 3.1.
Using data from both NARS and RESBAN stations Zhang et al. (2007),
Zhang et al. (2009), and Zhang and Paulssen (2012) intensively studied the
Baja California area. In the first study a 1-D inversion was performed
for the area, based on Rayleigh wave data, which was extended to a 3-D
tomographic inversion in Zhang et al. (2009). Later on, Love waves were
included to allow studying of the anisotropic structure. Although they
found indications for the presence of a slab remnant below the peninsula,
its lateral and depth extent remain unresolved. In this study we therefore
obtain receiver functions for the NARS-Baja stations and combine them
with the phase velocity maps constructed in the studies described above.
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Station
NE70
NE71
NE72
NE73
NE74
NE75
NE76
NE77
NE78
NE79
NE80
NE81
NE82
NE83
NE84
NE85
BAHB
CHXB
GUYB
PPXB
TOPB

Lat. (◦ N)
32.421
31.690
30.848
30.065
28.008
27.293
26.889
26.016
24.398
23.119
30.500
28.918
26.916
24.731
24.914
24.130
28.944
31.472
27.899
31.335
25.605
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Lon. (◦ E)
-115.261
-115.905
-116.059
-115.348
-114.014
-112.856
-111.999
-111.361
-111.106
-109.756
-112.320
-109.636
-109.231
-107.739
-111.545
-110.437
-113.562
-115.052
-110.873
-113.632
-109.047

Elev. (m)
-23
1155
17
489
21
137
35
40
82
225
225
295
183
28
21
-12
40
20
30
5
35

Recording period
2003.03.07 - 2006.01.18
2002.04.24 - 2005.05.15
2002.04.08 - 2008.10.08
2002.04.09 - 2008.10.08
2002.04.11 - 2008.10.30
2002.04.12 - 2008.10.29
2002.04.14 - 2008.06.18
2002.04.15 - 2008.08.01
2002.04.20 - 2004.09.20
2002.04.17 - 2008.02.20
2002.11.01 - 2008.04.07
2002.10.22 - 2008.10.03
2002.10.24 - 2008.09.09
2002.10.27 - 2008.09.30
2006.05.23 - 2008.10.28
2006.08.27 - 2008.10.25
2003.04.07 - unknown
2002.05.17 - unknown
2002.06.01 - unknown
2002.05.01 - unknown
2004.06.14 - unknown

Table 3.1: NARS-Baja station list.
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Methods and data

In the following we will discuss the background of the receiver function approach and describe how we obtained the receiver functions for this study.
Then a brief description of the use of surface wave data, in particular the
two-station method, is given, followed by an explanation of the phase velocity data. Subsequently, we will discuss the options for a joint inversion and
further explain the advantages and use of the Neighbourhood Algorithm.

3.2.1

Receiver functions

Receiver function approach
Seismic waves travelling from a source to a seismic station are affected by
the source, travel path and receiver. In order to investigate the vertical
velocity structure near the receiver location the local response should be
isolated from other effects. The receiver function approach of Langston
(1979) is a useful tool for this.
Let S(t) be the source time function of the incident wave, Er (t), Et (t),
Ev (t) the radial, transverse and vertical components of the Earth impulse
response, respectively, and I(t) the instrument impulse response. I(t) can
be considered to be component independent because the NARS seismometers are STS-2 triaxial broadband instruments with three identical obliquely
oriented sensors. They combine to produce the vertical and two horizontal
component signals, which implies that the instrument responses of the three
components are identical. The displacement due to an incident P wave is in the time domain - given by the convolution of the three different factors:
Dr (t) = S(t) ∗ Er (t) ∗ I(t)
Dt (t) = S(t) ∗ Et (t) ∗ I(t)
Dv (t) = S(t) ∗ Ev (t) ∗ I(t)
Where Dr,t,v (t) include the P-wave arrival at t = 0, followed by a coda consisting of near receiver reflections and conversions. Other main body wave
phases arrive outside the window of interest, so those are not considered.
For teleseismic events (i.e. nearly vertical incidence with minor conversions)
the vertical component of the Earth response (Ev (t)) can be assumed to be
close to a delta pulse, which allows the following simplification (Langston,
1979):
Dv (t) ' S(t) ∗ I(t)
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The local Earth response for the radial component can be found by deconvolution of Dr and Dv , which is a simple division in the frequency domain.
In practice, the deconvolution is numerically unstable, due to the presence
of high frequencies and division by small numbers. Therefore waterleveland Gaussian filters are used to make sure the denominator is always larger
than a certain value and high-frequency signals are eliminated, respectively.
The receiver functions (in the frequency domain) are therefore defined by
(Langston, 1979)
Dr (ω)Dv∗ (ω)
· G(ω)
φ(ω)
Dt (ω)Dv∗ (ω)
RFt (ω) =
· G(ω)
φ(ω)
RFr (ω) =

2

2

where Dv∗ (ω) is the complex conjugate of Dv (ω); G(ω) = e−ω /4a ; and
φ(ω) = max [Dv Dv∗ , c max(Dv Dv∗ )]. The stability and precision of receiver
function analyses are influenced by the filter parameters c and a. c is the
waterlevel parameter; substituting this value for smaller values in the amplitude spectrum of Dv prevents instability due to division by very small
numbers. a controls the Gaussian filter width. Increasing c and decreasing a improve the stability, but also result in loss of detail. Both control
parameters should be chosen in such a way that there is a good balance
between loss of information and stability of the solution.
Other (time-domain) deconvolution methods are available (e.g. Ligorrı́a
and Ammon, 1999; Helffrich, 2006). However, we prefer the method above,
since the average time-domain variability between the two methods is small
and the method we use here is more efficient.
Transformed back into the time domain, receiver functions show peaks
at the direct P arrival and P-to-S conversions generated at abrupt changes
of the subsurface velocity structure. Note that for a horizontally layered
Earth structure no signal caused by P-to-S conversions will be present on
the transverse component. For our 1-D inversions we therefore only considered the radial receiver functions. Since the timing of the converted phases
is predominantly determined by shear velocity, inversions of radial receiver
functions are primarily sensitive to shear velocity structure (Owens et al.,
1984). However, Ammon et al. (1990) showed that absolute velocities are
difficult to find because the timing of the converted phases is determined by
the combination of the thickness of a layer and its average shear velocity.
The resulting trade-off between layer thickness and its average shear veloc-
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Figure 3.2: Earthquakes (blue dots) selected for receiver functions. The red square shows
the location of the research area.

ity causes receiver function inversions to be non-unique. Using events with
different slownesses (i.e. incident angles) can reduce this trade-off, particularly at large depth. The amplitudes of the converted phases constrain the
size of the velocity contrasts across the interfaces. However, noise in the
data may affect the amplitudes of the P-to-S conversions and may therefore influence the receiver function inversion results. Moreover, because of
the non-linear dependence of the waveforms on the model parameters, the
receiver function inverse problem is highly non-linear.
Receiver function data
The data used to construct receiver functions have been recorded by the
NARS-Baja seismic network, located around the Gulf of California. Earthquakes were selected for epicentral distances between 40◦ and 90◦ . Signals
from smaller distances contain triplications from discontinuities in the upper mantle and distances beyond 90◦ contain effects from the D” layer and
the core-mantle boundary, which both violate the assumption of a single
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incident P arrival made in the receiver function approach. We used a time
window of 40 s after P-wave arrival, in order to include signals from mantle
structures. For events between 65◦ and 90◦ epicentral distance the PcP
phase arrives within this interval, but its amplitude is negligible. To make
sure that the signals are sufficiently strong, the minimum magnitude allowed was 5.5. In total 893 earthquakes were used in this study (see Figure
3.2). Note that the amount of receiver functions obtained per station is
much lower, because we removed seismograms with a poor signal-to-noise
ratio and low-quality receiver functions, and not all stations recorded for
the full time span of the earthquake selection. Filter parameters of a = 2
and c = 0.001 were selected to obtain stable and sufficiently high-frequency
receiver functions. As an example the resulting receiver function data set
for station NE76 is shown in Figure 3.3a. The data are clustered in three
back azimuth ranges, one of which a closer view is shown in Figure 3.3b.
In order to improve the signal-to-noise ratio we stacked receiver functions of different earthquakes to obtain average receiver functions. The
receiver functions were stacked in clusters of events with similar back azimuth to allow identification of back-azimuthal variations, and per back
azimuth in two to four (depending on the range) slowness bins to reduce
the trade-off between layer shear velocity and thickness in the inversions.
The uncertainty was calculated by determining the standard deviation of
each receiver function stack. Figure 3.4 shows the receiver function stacks
for station NE76 and its uncertainty of 1 standard deviation. Figure 3.5
shows the three back azimuth clusters used (which in the following we will
refer to as SE, SW and NW) for each station. Table B1 in Appendix B
lists the receiver function stacks for all stations with corresponding average
back azimuths and slownesses. Note that five stations (NE74, NE78, NE83,
NE84, NE85) are not included due to insufficient data quality and/or quantity. Inversions for those stations are therefore not considered in this study.

3.2.2

Surface waves

Interstation method
Surface wave dispersion analysis is commonly used to investigate the crust
and upper mantle of the Earth. For regional surface wave tomography
the interstation method (Sato, 1955) is often used (e.g. Yao et al., 2006;
Zhang et al., 2007; Endrun et al., 2008). This method relies on the cross-
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(a) Back azimuth range: 0◦ -360◦

(b) Back azimuth range: 190◦ -258◦
Figure 3.3: Radial receiver functions of station NE76 for back azimuth ranges of (a)
0◦ -360◦ and (b) 190◦ -258◦ .
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Figure 3.4: Radial receiver function stacks (solid lines) of station NE76 for all average
back azimuth (baz) and slowness (p) bins. Dashed lines give the 1 standard deviation
uncertainty. ’n’ indicates the number of receiver functions that are stacked. The thick
red line shows the current boundary between the North-American and Pacific plates.
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Figure 3.5: Bins per seismic station for stacking of receiver functions. Colours and
direction of the lines give the average back azimuth of the bins (purple = SE, red = SW,
blue = NW). The length of the lines is proportional to the average slowness of the bins
(see scale bar).
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correlation between two seismograms recorded at two stations. Assuming
that ray theory is valid and that waves propagate from the earthquake to
both stations along a single great circle, effects from the source to the nearest receiver cancel. This enables detailed and reliable investigations of the
Earth’s local structure. The average (frequency-dependent) phase velocity
between the stations can be estimated from the time delay of the crosscorrelation. In the case of lateral heterogeneity, however, finite-frequency
effects due to propagation off the great circle can affect the measurements
(De Vos et al. (2013), see Chapter 2). Most significant effects are likely
to cancel when phase velocity curves for multiple interstation paths are
combined in a tomographic inversion. This results in phase velocity maps,
which in turn can be inverted to obtain a 3-D image of the seismic velocity
structure beneath the area. However, phase velocity inversions are nonunique and have low sensitivity to sharp velocity contrasts. Moho depth,
for instance, is generally poorly resolved by dispersion data. Lebedev et al.
(2013) claim that surface wave dispersion studies can (and in most cases
should) be complemented with data from other (e.g. geological) studies, or
used in a joint inversion.

Phase velocity data
We used the Rayleigh wave phase velocity curves from Zhang and Paulssen
(2012), which are based on a data set of 858 earthquakes with a moment
magnitude larger than 5. In the first stage of their research, they used the
interstation approach to determine phase velocities for the paths between
stations of the NARS and RESBAN networks. Multiple events have been
used to determine an average phase velocity curve for each interstation
path. Each curve was obtained as the average of at least eight, but in most
cases more than twenty, individual phase velocity curves with a minimum
of four measurements per period. In the second stage the average phase
velocity curves were inverted for phase velocity maps at multiple periods by
linear inversion of the path averaged data for a regularly spaced grid. The
Rayleigh wave phase velocity curves at each station used in our study were
obtained by interpolation of the three nearest phase velocity curves on the
grid points using inverse distance weighting (Shepard, 1968). The phase
velocity curves in our study range from 10 to at least 160 s, but in most
cases 250 s. We adopted the estimated uncertainty of the phase velocity
curves by Zhang and Paulssen (2012), i.e. 0.5%.
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Joint inversion and inversion algorithm

As stated in the earlier sections, receiver functions are mainly sensitive to
sharp velocity changes and impedance contrasts, rather than absolute velocities. This results in a trade-off between the layer velocity and its thickness.
Phase velocity curves, on the other hand, are sensitive to absolute vertical
shear wave velocity, but are not suited to detect sharp interfaces. Combining both measurements into a joint inversion should therefore improve
Earth structure inversions.
Inversion approach
Over the years, the concept of joint inversion of receiver functions and surface wave data has been applied in many studies (e.g. Özalaybey et al.,
1997; Juliá et al., 2003; An and Assumpção, 2004; Juliá et al., 2005; Li
et al., 2008; Mitra et al., 2008; Kgaswane et al., 2009; Moorkamp et al.,
2010; Tokam et al., 2010; Bailey et al., 2012; Gonzalez et al., 2012; Kolstrup and Maupin, 2013; Shen et al., 2013b; Xu et al., 2013). Initially,
linearized inversions were mostly popular using the technique of Juliá et
al. (2000). However, receiver function inversions in particular, and to a
lesser extent phase velocity inversions, are known to be highly non-linear
(Ammon et al., 1990; Snieder and Trampert, 2000). Linearized inversion
techniques require a starting model which guides the solution to a certain
minimum. The obtained optimal model can therefore be highly dependent on the starting model. Direct search methods, on the other hand,
such as Simulated Annealing (SA) (Kirkpatrick et al., 1983), Genetic Algorithm (GA) (Stoffa and Sen, 1991; Sambridge and Drijkoningen, 1992)
and Neighbourhood Algorithm (NA) (Sambridge, 1999a,b) are more suitable to solve non-linear problems, because they are guided by the results
from previous iterations. All these methods have been commonly used (e.g.
SA: Vinnik et al. (2004); Vinnik and Farra (2006); GA: An and Assumpção
(2004); Moorkamp et al. (2010); NA: Xu et al. (2013).) The Neighbourhood Algorithm is a straightforward and computationally efficient search
method, guided by a rank-based misfit. The misfit surface is approximated
by Voronoi cells (nearest neighbour regions) (see Okabe et al. (1992); Watson (1992); Sambridge et al. (1995) for full details) of constant misfit around
model samples. Due to the transparancy of the approach and the relatively
low computational costs, we chose to perform our non-linear joint inversions
using the Neighbourhood Algorithm.
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The general procedure of the Neighbourhood Algorithm can be explained in four steps (Sambridge, 1999a):
1: First, a number (ns ) of models is randomly chosen in the parameter
space. Using Voronoi cells the nearest neighbour region of each sample is
constructed.
2: For these samples the forward problem is solved and the misfit is
determined. An approximate misfit surface is constructed by assuming
uniform misfit within each cell. Of all models so far nr models with lowest
misfit are determined.
3: ns new models are randomly generated in the Voronoi cells of the nr
chosen models. In this way, new models are concentrated in areas of lower
misfit.
4: This procedure is repeated from step 2 for the total number of iterations, resulting in a range of best models.
Note that this method requires only three parameters (ns , nr , and number of iterations) to be set in advance. Increasing ns and nr results in a
better use of previous samples and a more explorative search, respectively.
Searches using a small nr are more localised. At the end of the search
process all information is collected in an ensemble of models with a corresponding misfit.
A potential next stage of the Neighbourhood Algorithm is to infer information from the complete set of models using the model appraisal approach
of Sambridge (1999b). This involves approximation of the posterior probability density function from the misfit function. Resampling and integration
of the original model distribution results in an estimate of the probability
density function containing likelihoods associated with each model parameter. However, in view of the back-azimuthal variations that we observe
in the receiver function data for most of the stations (see Figure 3.4) we
only interpret the robust features of our 1-D models, which will not be improved by approximation of the probability density function. For the same
reason we do not use other Bayesian Monte Carlo approaches such as those
presented by Bodin et al. (2012) and Shen et al. (2013a).
Joint inversion for NARS-Baja stations
For each station with adequate receiver function data (i.e. NE70, NE71,
NE72, NE73, NE75, NE76, NE77, NE79, NE80, NE81, and NE82) we
jointly inverted the receiver function and Rayleigh wave phase velocity data.
We parameterised the 1-D structure for each of the stations as a six-layered
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model with five interfaces. The upper three layers include the crust, i.e.
a sedimentary layer, upper crust, and lower crust. The lower three layers
are used to model the upper mantle velocity structure of lithospheric to
asthenospheric depths, which allows to include a layer of anomalously high
or low velocity. The model parameters are shear velocity (vs ), P-to-S velocity ratio (vp /vs ), and layer thickness (h), which vary within the ranges
shown in Figure 3.6 and Table 3.2. The model used for the phase velocity
calculations gradually turns below the fifth discontinuity into a reference
Earth model (MC35, Van der Lee and Nolet (1997)) at 420 km depth.
In each iteration of the Neighbourhood Algorithm, the forward problem
is solved using ns = 200, nr = 75, and 500 iterations. Those numbers
were chosen as the best combination between a wide model search and
fast convergence after trial and error. To solve the forward problem for
the phase velocity data we used the code rayleigh.f (courtesy Guust Nolet,
see Nolet (2008)). The misfit was determined using the following misfit
function:

Ã
!2 
#RF
n
1  1 X 1 X RFiobs − RFipred 
+
RF
2 #RF
n
σ
i
i=1
j=1

Ã
!2 
m
1  1 X P Viobs − P Vipred 
2 m
σiP V
i=1
Where #RF is the number of receiver functions included; n is the number
of samples of the receiver function; RF obs and RF pred are the observed
(i.e. stacked) and predicted receiver functions, respectively; σ RF is the
standard deviation of the observed receiver function stack; m is the number
of points in the phase velocity curve; P V obs and P V pred are the observed
and predicted phase velocity curves, respectively; and σ P V is the standard
deviation of the observed phase velocity curve, calculated for a 0.5% relative
error (Zhang and Paulssen, 2012). We give both data types equal weight for
an equal contribution from the phase velocity and receiver function data.
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Figure 3.6: Model parameterisation for the inversions. Dashed lines are the upper (minimum thickness and maximum velocity for each layer) and lower (maximum thickness
and minimum velocity for each layer) boundaries of all potential models. The solid line
is an example of an input model.

layer
1
2
3
4
5
6

vs (km/s)
min max
1.5
3.0
2.6
3.8
3.2
4.3
3.7
4.9
3.7
4.9
3.7
5.3

vp /vs
min max
2.00 3.00
1.65 1.85
1.65 1.85
1.65 1.85
1.65 1.85
1.65 1.85

h (km)
min max
0
5
5
20
5
20
10
100
20
70
-

Table 3.2: Parameterisation for the inversions with allowed ranges for vs , vp /vs , and h
of the layers of the models.
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Results

As described in previous sections, the Neighbourhood Algorithm was used
to jointly invert phase velocity curves and receiver functions for eleven
stations of the NARS-Baja network. First we will discuss our workflow
illustrated by the results of station NE76, which is representative for most
stations. Section 3.3.2 gives the results for the other stations.

3.3.1

Approach – Results for station NE76

The inversion was first applied to the phase velocity curve of station NE76
and its receiver functions for all back azimuth and slowness bins (seven in
total, see Appendix B for details). The shear velocity results are shown in
Figure 3.7a, where the outer black lines represent the extremes of the shear
velocity model search for this simulation. The grey areas indicate all points
in the domain that were sampled by at least one model out of all 100200
models used in each inversion. Yellow and green areas indicate regions that
were sampled by models with a misfit smaller than one. In this case 61349
models satisfy this condition. The scale bar gives the number of models
per grid cell (of 0.02 km/s in velocity and 0.18 km in depth, note that this
is only used for plotting) that have a misfit smaller than one. The red line
shows the best model, i.e. the model with lowest misfit, and the white
line represents the average of all models. A good agreement between the
best and the average models suggests convergence of the low misfit models
towards the best model. Figures 3.7b and 3.7c show the fit of the best model
for the receiver function and phase velocity data, respectively. Note that
the contributions to the misfit of the best model from both receiver function
and phase velocity data are very similar, i.e. 0.56 and 0.51, respectively,
which results in a total misfit of 0.53 (see Figure 3.7a).
In the joint inversion (Figure 3.7a) the uppermost discontinuity is modelled around 4 km depth and can be interpreted as the base of the sediment
layer. The Moho discontinuity, which is interpreted as the largest velocity
increase between roughly 10 and 40 km depth, is found at 22 km depth
in this simulation, which agrees with the shallow Moho depths found in
other studies (e.g. Persaud et al. (2007)). A remarkable feature found in
the mantle is a region of anomalously high shear velocities, surrounded by
relatively low mantle velocities. The top and bottom of this high-velocity
region occur respectively at approximately 135 and 195 km depth. Note
that the depth values we give are an estimate of the mean of all acceptable
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(b) Receiver function data
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Figure 3.7: (a) Models obtained from the joint inversion for station NE76, i.e. for the
phase velocity curve and the receiver functions for all back azimuth bins. Black lines
delineate the boundaries of the model space search and grey areas indicate regions of the
model space containing models with a misfit larger than 1. Yellow and green areas indicate
regions with models with a misfit smaller than 1. The scale bar gives the number of models
per grid cell (of 0.02 km/s in velocity and 0.18 km in depth) that have a misfit smaller
than 1. The white line represents the average of all models and the red line the best (lowest
misfit) model. (b) Observed (black) and synthetic (red, for best model) receiver functions
with 1 standard deviation uncertainty (dashed). Vertical dashed lines with codes show
the arrivals of P-to-S conversion at the bottom of the sediments (S), Moho discontinuity
(M), and at the top (T) and bottom (B) interfaces of the high-velocity anomaly. ’n’,
’baz’, and ’p’ are the number of receiver functions stacked, average back azimuth, and
average slowness, respectively. (c) Observed and synthetic phase velocity data with 0.5%
uncertainty.
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(misfit < 1) models, which means this value has an uncertainty ranging
from roughly a few kilometers in the crust to up to 20 km in the mantle.
To investigate the dependence of the results on the phase velocity and
receiver functions separately we performed different inversions including
only the phase velocity curve, or the receiver functions from all back azimuth bins. The results are shown in Figures 3.8a and 3.8b, respectively.
Figures 3.8c and 3.8d show the data fits. The phase velocity simulation
(Figure 3.8a) models the base of the sediment layer at 2-4 km and the
Moho around 20-24 km depth. In the mantle the phase velocity data
require a high-velocity anomaly between approximately 125 and 180 km
depth. These features are similar, but less well constrained, compared to
the joint inversion results (Figure 3.7). It should be noted that the individual models have sharp interfaces as a consequence of the parameterisation
by six discrete layers. However, the phase velocity data cannot distinguish
between sharp interfaces and gradual transitions. The receiver function
inversions, on the other hand, will primarily model the dominant P-to-S
conversions from sharp, large-amplitude velocity contrasts. Velocity jumps
that are found by the receiver function inversions therefore point to the
presence of a sharp interface.
The simulation of all receiver functions (Figure 3.8b) independently constrain the base of the sedimentary layer at approximately 4 km and the
Moho discontinuity around 20 km, similar to the phase velocity data. In
addition, there is an indication of a velocity decrease at 10 km depth, which
might be an artifact. More importantly, the receiver function data are best
fitted by models with a shear velocity increase around 130 km depth. This
confirms the velocity increase at that depth found by the phase velocity
data and substantiates that this is a sharp interface. Finally, it is clear
from Figure 3.8b that the receiver functions poorly constrain absolute velocities: the shear velocity in the mantle is close to the minimum value
of 3.7 km/s, which is probably a consequence of the low velocities found
for the crust, and only a single clear velocity increase is identified in the
mantle.
To investigate the back-azimuthal dependence of the results, we performed three joint inversions for phase velocity data with receiver function
stacks for each back azimuth bin (see Appendix C, Figure C1). The lowmisfit models found are similar to those in Figure 3.7. The high-velocity
layer in the upper mantle, in particular, is a consistent feature. The interface depths that confine this layer are similar, but better constrained in the
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Figure 3.8: (a) Models obtained from the phase velocity inversion for station NE76. No
receiver functions were used. (b) Models obtained from the receiver function inversion
for station NE76, i.e. for all back azimuth bins. No phase velocity data were used. (c)
Observed and synthetic phase velocity data. (d) Observed and synthetic receiver function
data. For an interpretation of the figures, see caption of Figure 3.7.
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joint inversion of phase velocity and receiver functions for all back azimuth
bins. Furthermore, the sediment layer is in all cases between 2 and 5 km
thick, and the Moho occurs around 20-22 km depth, similar to the other
inversions. However, azimuthal variations are visible, particularly for the
crustal structure. For instance, the models found in the joint inversion with
receiver functions of events from northwestern direction show a decrease in
velocity around 16 km depth. This is a similar feature as found in the inversion for all back azimuth bins and no phase velocity data (Figure 3.8b),
but it is not observed in the other simulations.
The consistent features of all simulations for NE76 are that the sediment
layer is approximately 4 km thick, the Moho occurs around 21 km depth,
and in the mantle a sharp velocity increase occurs at roughly 130 km. The
base of the upper mantle high-velocity layer around 190 km depth is a
feature required by the phase velocity data and it is not identified as a
sharp interface by the receiver functions. Furthermore, we found that the
vp /vs ratio is poorly constrained in most inversions, so we refrain from
interpreting the results for this parameter.

3.3.2

Results for other stations

The approach as discussed in the former section was used for all ten other
stations and the results are described below. We will first present the
findings for the crust for all stations. Then, because of the large contrast
of upper mantle results between the stations located at the Baja California
Peninsula and the Mexican mainland, we first show the results for the
stations located at the peninsula, followed by those for stations at the
Mexican mainland. Similar to station NE76, we found that the vp /vs ratio
at the other stations is poorly constrained, so we will not present the results
for this parameter.
Crust and Moho depth
Phase velocity data are known to poorly constrain crustal interface depths
(Lebedev et al., 2013) and in many cases in our results the phase velocity
data disagree with the receiver functions. Since receiver functions are much
more reliable for prominent interfaces in the crust, we therefore base our
interpretation of the crust only on the receiver function inversions. We
inverted the receiver functions of all back azimuths together and we also
performed inversions for each back azimuth bin separately. The resulting
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NE70
NE71
NE72
NE73
NE75
NE76
NE77
NE79
NE80
NE81
NE82

49
Sediment thickness (km)
2-3
0-2
2-5
1-2
1-2
2-5
1-4
0-5
1-2
0-1
2-4

Moho depth (km)
18 - 24
25 - 32
29 - 32
34 - 38
26 - 27
20 - 22
20 - 24
19 - 24
20 - 22
24 - 26
22 - 24

Table 3.3: Sediment thickness and Moho depth ranges found for the stations in this study,
based on average models of receiver function inversions from all back azimuth bins, as
well as receiver function inversions for the separate back azimuth bins. Note that each
measurement on its own has an uncertainty of roughly a few kilometers.

depth ranges we give are based on the average model (white line) for each
receiver function simulation. Note that we give depth ranges because there
are relatively large azimuthal variations. Furthermore, each measurement
on its own has an uncertainty of roughly a few kilometers.
The first and largest discontinuity that is modelled represents the base
of the sediment layer. The thickness of the sediment layer, which is found
to vary between 0 and 5 km, is given in Table 3.3. At stations NE70, NE72,
NE76, and NE82, which are at lower elevation than the others, a slightly
thicker sediment layer is obtained. Stations that are located at higher
elevations (NE71, NE73, NE75, NE80, NE81) have thinner sediments. The
modelling results for stations NE77 and NE79 show large variations in the
sediment layer thickness as a function of back azimuth.
The Moho discontinuity for each simulation was interpreted as the largest
velocity increase in the upper 10-40 km. Table 3.3 gives the ranges of Moho
depths found in the receiver function simulations for each station. For station NE77 the results of the various receiver functions inversions are contradictive, so the Moho depth range for this station is partly guided by the
phase velocity inversions.
Similar to the results for station NE76, receiver function inversions for
separate back azimuth bins sometimes resulted in models with varying
crustal features. This could be due to the presence of lateral variations
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such as dipping layers or anisotropic crustal structure, which are not being
modelled by the 1-D structure we use. In order to check whether this is the
case, we need to invert for models with azimuthal variations. This is done
in Chapter 4.
Upper mantle – Baja California Peninsula
In this section we present the results for the upper mantle structure beneath
the stations located on the Baja California Peninsula. First we show the
results for the joint inversions for stations NE73-NE79 in the central and
southern parts of the Baja California Peninsula (see Figure 3.9). Similar to
station NE76, the models of each of the stations NE73, NE75, NE77 and
NE79 show a high-velocity layer in the upper mantle. Note that the misfit of
the best model for station NE73 is slightly larger than 1. The coloured band
of Figure 3.9a therefore shows the coverage of the 1000 best models rather
than all models with a misfit smaller than 1 as in the other subfigures. The
best fitting models of all stations have a velocity increase within a depth
range of approximately 120-135 km. A velocity decrease occurs between
170 and 200 km depth for stations NE73, NE76 and NE77, around 150 km
below station NE75, and between 140-200 km below station NE79. This
upper mantle high-velocity zone is mainly constrained by the phase velocity
data as is clear from the inversions for just the phase velocity curve (see
Appendix C, Figures C2d - C2h). Independent evidence for a sharp velocity
increase at the top of this layer is obtained from the receiver function
inversions that suggest a velocity increase around 130 km for stations NE73
(with a misfit smaller than 1), NE76, NE77, and around 115 km, although
less convincing, for station NE79 (see Appendix C, Figures C3d - C3h).
The velocity decrease at the bottom of the high-velocity layer has a larger
uncertainty and a greater variability than the increase at shallower depths.
Also, it is not constrained as a sharp interface by the receiver function data.
The high-velocity layers below stations NE75 and NE79 seem thinner and
somewhat shallower (see Figures 3.9b and 3.9e) than those of the other
stations. For station NE75 this is inferred from the phase velocity data
only as there is no evidence for a sharp velocity increase from the receiver
function data (see Appendix C, Figures C2e and C3e). At station NE79 the
depth of the velocity decrease is not well constrained in the joint inversion
(see Figure 3.9e).
In contrast to the high-velocity anomaly below the other stations on the
Baja California Peninsula, the presence of an upper mantle high-velocity
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Figure 3.9: Models obtained from the joint inversions for stations (a) NE73, (b) NE75,
(c) NE76, (d) NE77, and (e) NE79, i.e. for the phase velocity curves and receiver
functions from all back azimuth bins. Note that the misfit of the best model for station
NE73 is slightly larger than 1. The coloured band therefore represents the number of the
1000 best models per (0.02 km/s by 0.18 km) grid cell. For an interpretation of the other
figures, see caption of Figure 3.7.
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Figure 3.10: Models obtained from the joint inversions for stations (a) NE71, and (b)
NE72, i.e. for the phase velocity curves and receiver functions from all back azimuth
bins. For an interpretation of the figures, see caption of Figure 3.7.

layer is not clear in the average model of the joint inversion results for
stations NE71 and NE72 (see Figure 3.10). In the best models for these
stations only a small high-velocity anomaly is present, which is mainly
inferred from the phase velocity data (see Appendix C, Figures C2b-c and
C3b-c). However, it should be noted that the phase velocity curves at these
stations may be influenced by smoothing in the phase velocity maps by
Zhang and Paulssen (2012) which have a lateral resolution of more than 150
km. Independent of the phase velocity data, the receiver function inversions
show no evidence for velocity in- or decreases at depths corresponding to
those of the phase velocity inversions, although a last hint of a slab signature
south of NE72 is obtained from the receiver function inversion of NE72 for
the southwestern back azimuth (and a very weak one for the southeastern
back azimuth). We conclude that an upper mantle high-velocity anomaly,
such as observed for the other stations at the Baja California Peninsula, is
not obvious beneath stations NE71 and NE72.
The inversion results for station NE70 in northern Mexico are less reliable because of the lower quantity of data available for this station (see
Appendix B, Table B1). The best models of all inversions have misfits much
larger than 1, and we should therefore be careful with the interpretation
of the models. However, both the phase velocity and the receiver function
inversion results separately suggest the presence of a high-velocity anomaly
between 130 and 190 km depth (see Appendix C, Figures C2a and C3a).
The best models of the joint inversions, on the other hand, do not seem
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Figure 3.11: Models obtained from the joint inversion for the stations located on the
Mexican mainland, i.e. for the phase velocity curves and receiver functions from all back
azimuth bins. For an interpretation of the figure, see caption of Figure 3.7.

to have converged to a single dominant type of structure (see Appendix C,
Figure C4).
In summary, we find a high-velocity layer beneath most of the stations of
the Baja California Peninsula: between approximately 120-135 and 170-200
km depth below stations NE73, NE76, and NE77, and somewhat thinner
and shallower below stations NE75 and NE79. Towards the North, beneath
stations NE72 and NE71, this high-velocity anomaly is small or absent,
whereas it seems to reappear for station NE70 in northern Mexico, although
this is only poorly constrained by the data.
Upper mantle – Mexican mainland
The upper mantle models for stations NE80, NE81 and NE82, located
at the Mexican mainland, are distinct from those at the Baja California
Peninsula because they do not show an upper mantle high-velocity layer.
Instead, the low-misfit models of the joint inversions all show a high-velocity
layer directly beneath the crust and a velocity decrease in the upper 100
km of the mantle (see Figure 3.11). The largest gradient in the velocity
decrease below station NE80 occurs around 40 km depth, whereas it is
modelled at depths between 70 to 100 km for stations NE81 and NE82. It
should be noted that the results of the joint inversions for stations NE80,
NE81 and NE82 are mostly constrained by the phase velocity data because
the receiver function data do not seem to require strong velocity contrasts
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in the mantle (see Appendix C, Figures C2 and C3, respectively).

3.4

Interpretation

In this section we will interpret the results presented in Chapter 3.3 for the
crustal as well as the upper mantle structure and compare them to previous
studies.

3.4.1

Crustal structure and Moho depth

The model parameterisation of the inversions allowed a crustal structure
consisting of up to three layers. We find that the most prominent crustal
interfaces are the base of the sediment layer and the Moho discontinuity. Figure 3.12 shows the depth ranges we find for these interfaces at the
geographic locations of the stations. The sediment thickness, which is constrained by receiver function data, varies between 0 and 5 km. The results
show a logical trend from low values for stations located at high elevation
to higher values for lower elevation stations. Since no previous studies focus
on sediments beneath the same locations as our study, we cannot compare
our results to literature. We find the deepest Moho discontinuity (around
30 km or more) below stations NE71, NE72, and NE73, which are located
west of the Baja California Ranges in the northern part of the Baja California Peninsula. The Moho seems to shallow to the East to approximately
20-25 km at the east coast of the peninsula (see Section 3.3.2 for details
of the interpreted Moho depths). At the other side of the gulf (beneath
the Mexican mainland) we find values that increase further inland from
approximately 20 to 25 km. Within the gulf, crustal thinning towards the
plate boundary was observed in previous studies (e.g. González-Fernández
et al., 2005; Lizarralde et al., 2007), which agrees with the thinning towards
the gulf that we find.
In the following we further analyse our results in light of previous findings. Using data from the NARS-Baja stations (except NE70), Persaud et
al. (2007) studied the crustal structure of the Baja California area with the
H-κ receiver function method (Zhu and Kanamori, 2000), where the entire
crust is modelled as a single layer. Their study used only two years of data,
whereas we selected events for a period of six years. For most stations the
Moho depths found by Persaud et al. (2007) are slightly deeper (several
kilometers) than our results. However, as shown by Yeck et al. (2013),
using the H-κ method for a structure with a sediment layer results in an
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Figure 3.12: Sediment thickness and Moho depth ranges found for each station. Red triangles give the locations of the seismometers and the number should be read as ’sediment
thickness range (km) / Moho depth range (km)’.
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overestimation of the crustal thickness by an amount roughly equal to the
sediment thickness. Our Moho depths are indeed a few kilometers shallower
than those found in Persaud et al. (2007) corresponding to the sediment
thicknesses of the stations. This is in perfect agreement with the findings
of Yeck et al. (2013) and suggests that our values are more reliable than
those of Persaud et al. (2007). Station NE80 is a notable exception, where
according to Persaud et al. (2007) the crust is 30.8-33.4 km thick, whereas
we find a thickness of 20-22 km. Our result is in better agreement with the
seismic reflection and refraction studies of González-Fernández et al. (2005)
and Lizarralde et al. (2007) for profiles across the Gulf of California and
we therefore believe that our estimate for this station is also more reliable.
Obrebski and Castro (2008) performed a more sophisticated receiver
function study that included the effects of anisotropy for NARS-Baja stations NE71, NE75, and NE81, with data from a period of three years.
Their Moho depth at station NE71 of approximately 37 km disagrees with
our and previous studies (Persaud et al., 2007; Lekic et al., 2011). Their
results for station NE75 showed two discontinuities at 26 km and 30 km.
Although they interpret the Moho at the 30 km discontinuity, 26 km agrees
better with our results, as well as with those of Persaud et al. (2007). The
Moho depth for station NE81 (24-26 km) is in perfect agreement with our
findings.
López-Pineda et al. (2007) obtained crustal thickness estimates for the
NARS-Baja stations from surface wave dispersion using seven regional
events. Although their method may not be very accurate because of the
strong crustal variations compared to the long wave propagation paths
considered, their results are in general agreement with our study for most
stations. However, their Moho depths for stations NE71, NE75, and NE79
disagree with our results and with other studies (e.g. Lizarralde et al., 2007;
Persaud et al., 2007; Obrebski and Castro, 2008; Páramo et al., 2008).
Several receiver function studies focussing on southern California (Ichinose et al., 1996; Zhu and Kanamori, 2000) found crustal thicknesses that
are in the order of 5 km larger than the values we found for station NE70
(18-24 km). Since those measurements were slightly more to the Northwest,
and therefore further away from the Salton Trough, we think our findings
for this station are reasonable, although we cannot be sure, due to the low
amount of data available.
In summary we find, similar to previous studies, large Moho depth variations over small distance ranges. Here we confirm the crustal thinning

3.4. Interpretation

57

towards the Gulf of California from the Baja California Peninsula as well
as from the Mexican mainland. Previous studies often showed incompatible
estimates of Moho depths. This study allowed us to determine the most
reliable values. It shows that with our receiver function inversion with
three crustal layers we find shallower Moho depths than those reported by
Persaud et al. (2007) using the H-κ method. Furthermore, we observed
variations in the crustal structure for receiver functions from different back
azimuths. This will be further studied in the following chapter.

3.4.2

Upper mantle structure – Baja California Peninsula

The most striking feature of the upper mantle models for stations NE73 NE79 located on the Baja California Peninsula is a high-velocity zone. For
most stations it is found in the depth range from approximately 120-135
km to roughly 170-200 km, although it seems somewhat thinner at stations
NE75 and NE79 (see Figure 3.9). The top of this layer is in most cases
identified as a sharp interface by the receiver function data whereas the
bottom is mainly supported by the phase velocity data suggesting a more
gradual transition. The results are summarized in Figure 3.13.
Multiple studies (e.g. Spencer and Normark, 1989; Stock and Hodges,
1989; Lonsdale, 1991; Stock and Lee, 1994; Bohannon and Parsons, 1995;
Atwater and Stock, 1998; Schellart et al., 2010) have suggested that slab
remnants of the Guadalupe and Magdalena microplates should be present
beneath the Baja California area. Previous regional surface wave studies
have indeed interpreted high-velocity anomalies below the southern part
(south of 30◦ N) of the Baja California Peninsula as evidence for a slab
remnant (Zhang and Paulssen, 2012; Wang et al., 2013; Di Luccio et al.,
2014). However, the depth extent varied substantially in previous studies,
ranging from less than 100 km (Di Luccio et al., 2014) to more than 150
km (Zhang and Paulssen, 2012; Wang et al., 2013). The receiver function
study of Obrebski and Castro (2008) even suggests a slab remnant at only 5
km beneath the continental crust beneath station NE75. Our study shows
a remarkable consistency in the depth range of the high-velocity anomaly
for the models of stations NE73, NE76, NE77, and NE79. This suggests
similar depths of the Guadalupe and Magdalena slab fragments beneath
the Baja California Peninsula.
Not only the depth extent was unclear from previous studies, but so
was the lateral extent of the subducted Guadalupe and Magdalena slab
segments. Zhang et al. (2009) and Zhang and Paulssen (2012) found indi-
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Figure 3.13: Depths of the slab interfaces found for each station by the joint inversion with
all back azimuth bins, the phase velocity inversion, and the receiver function inversion
with all back azimuth bins. Red triangles give the locations of the seismometers, light red
triangles are the stations where no slab was found. Values above and below the triangle
give respectively the top and bottom interface depths. The values should be read as ’depth
from joint inversion (km) (depth from phase velocity inversion (km)/depth from receiver
function inversion (km))’.
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cations for the presence of a slab segment underneath the south-central part
of the Gulf of California, but its lateral extent is unclear. Wang et al. (2013)
suggested the presence of a single slab segment from 29◦ N to 25◦ N. Di Luccio et al. (2014) identified an additional high-velocity anomaly more to the
South, but they were unable to interpret its extent. We find high-velocity
anomalies from station NE73 (∼ 30◦ N) to station NE79 (∼ 23◦ N) at the
southernmost tip of the Baja California Peninsula. For these stations such
a slab signature can be identified based on (separate) inversions of phase velocity (high-velocity anomaly) as well as receiver functions (sharp velocity
increase between 115-135 km, except stations NE75 and NE79).
The absence of the high-velocity layer beneath stations NE71 and NE72
suggests that there is no slab beneath those stations. The presence of a slab
window in this region was first proposed by Atwater (1989) based on plate
tectonic reconstructions and several studies suggested its presence. Zhang
et al. (2009) and Zhang and Paulssen (2012) found a slab window beneath
the northern part of the gulf. Wang et al. (2013) suggested that it extends
further to the West towards the coastal area between stations NE71 and
NE73. However, we find that the slab window beneath the coastal region is
limited to the area between stations NE71 and NE72. The slab signature
reappears in our models for station NE70, more to the North, although we
cannot make a strong case for the presence of a slab segment beneath this
station because of its limited amount of data. Wang et al. (2013) also found
high-velocity anomalies in this area, which agrees with our interpretation.

3.4.3

Upper mantle structure – Mexican mainland

At the stations located on the Mexican mainland (NE80-NE82) no highvelocity layer is found, which means there is no evidence for the presence
of a slab remnant. Instead, the models show a layer of higher velocities in
the crust and uppermost mantle overlaying a lower velocity upper mantle.
This layer, which we interpret as the lithosphere, is thin beneath station
NE80 (approximately 40 km) and thicker beneath stations NE81 and NE82
(approximately 80 km). The region in the gulf near station NE80 has been
interpreted as an area of local upwelling by Wang et al. (2009) based on
the anomalously low mantle velocities between 50 and 90 km that they
found in the region. This interpretation is in agreement with the negative
radial anisotropy (vsv − vsh < 0), as expected for vertical flow, found in
the same region in the shallow mantle by Zhang and Paulssen (2012). It is
therefore likely that the thin lithosphere found in our models for NE80 is
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caused by upwelling. The depth of 80 km for the velocity decrease found
beneath stations NE81 and NE82, on the other hand, is a more common
value for the lithosphere-asthenosphere boundary (Fischer et al., 2010). A
seismic velocity decrease at this depth, sometimes also called the Gutenberg
discontinuity, may be related to the transition from a dry lithosphere to a
hydrous asthenosphere potentially with some melt fraction (Schmerr, 2012).
A hydrous mantle is likely in regions of (former) subduction due to slab
dehydration (Greve et al., 2014).

3.4.4

Tectonic implications

The evolution of the Baja California area is associated with the cessation of
subduction of the Guadalupe and Magdalena microplates around 12.5 Ma
(e.g. Lonsdale, 1991). As a consequence, the Guadalupe and Magdalena
ridge segments became extinct, which caused capture of the microplates
by the Pacific plate. Subsequently, rearrangement of relative plate motions
occurred, which finally led to the opening of the Gulf of California and the
current configuration of the region (see Figure 3.1). As described above,
we found evidence for an upper mantle high-velocity anomaly that is interpreted as a slab signature below stations NE73, NE75, NE76, NE77, and
NE79. Although previous studies already found indications for the presence of a slab remnant beneath the Baja California Peninsula, there were
large discrepancies on its lateral and depth extent. Here we used two independent types of data to more robustly constrain the depth range of the
slab beneath the NARS-Baja stations. Note that where we use the term
’slab’, this in fact stands for the slab or slab fragments from the Guadalupe
and Magdalena microplates.
Our interpretation of a slab beneath stations NE73 to NE79 and its
absence beneath NE71 and NE72 has important implications for the interpretation of observed relative plate motions. GPS measurements presented
by Plattner et al. (2007) show that, relative to North America, the Baja
California Peninsula moves in the same northwestward direction as the Pacific plate but at a slightly lower rate. An observation that is not well
understood is that the motion of Baja California varies along the length
of the peninsula. Relative to the Pacific plate the motion in the South
is smaller (3.7 mm/yr at 23◦ N-25.6◦ N) than in the North (6.2 mm/yr at
31◦ N-31.5◦ N) (Plattner et al., 2007). In other words, with respect to the
North-American plate the southern part of the peninsula moves faster to
the Northwest than the northern part. Plattner et al. (2009) suggested that
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the northward migration of Baja California is hindered in the North by its
collision with the Sierra Nevada block. Rather than an increased resistance
with the North-American plate in the North, we favour stronger coupling
with the Pacific plate in the South. We suggest that this strong coupling in
the South is caused by the stalled slab fragments beneath the central and
southern part of the peninsula. The slab window that we identify beneath
stations NE71 and NE72, on the other hand, reduces the coupling between
the Pacific plate and the peninsula, explaining the larger relative motion
between both parts.
Several studies have suggested that the cessation of subduction of the
Guadalupe and Magdalena microplates is related to slab detachment that
occurred either below the Baja California Peninsula (Michaud et al., 2006;
Pallares et al., 2007; Calmus et al., 2011), or further to the East beneath
the Gulf of California (Ferrari, 2004; Castillo, 2008). The main argument
for a slab tear beneath the peninsula is the presence of post-subduction
magma types such as adakites and niobium-enriched basalts. These are
explained by slab melting along the edges of a slab tear beneath the peninsula caused by upwelling of hot Pacific asthenosphere through the slab tear
(Calmus et al., 2011). However, an alternative explanation was presented
by Castillo (2008), who suggested that the influx of Pacific asthenosphere
beneath the gulf caused partial melting of the hydrous mantle wedge beneath the peninsula. Since we find evidence for the presence of high-velocity
slab material beneath most of the NARS-Baja stations on the central and
southern parts of the Baja California Peninsula, a slab tear beneath the
peninsula is unlikely. We therefore prefer to follow the interpretation of
Castillo (2008).
Although we did not directly observe slab detachment in our study, it
is required to have occurred below the Gulf of California region to combine
the results of our study with other seismic studies. We find the top of the
slab around 130 km depth beneath the Baja California Peninsula, whereas
remnants of the Farallon slab have been imaged in the mantle transition
zone at depths of more than 400 km beneath the Mexican mainland (Van
der Lee and Nolet, 1997; Schmid et al., 2002; Van der Lee and Frederiksen,
2005; Bedle and Van der Lee, 2009). Such a change in depth of the slab
remnants would require an unrealistic change in slab dip beneath the gulf,
and we therefore think the scenario of slab detachment beneath the gulf is
more plausible. Furthermore, considering the relative movement between
the Pacific and North-American plates it is unlikely that the entire slab is
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still attached to the Pacific plate and dragged through the mantle.
Lastly, from the thickness of the high-velocity anomaly, we can make a
rough estimate of the slab age (i.e. the age of the lithosphere at the time it
started to subduct) beneath the peninsula. We therefore assume that the
subducted slab has a constant eastward dip beneath the peninsula from
the trench down into the mantle. Using a length of 275 km for the average
horizontal distance from the trench to a NARS-Baja station and a depth of
130 km to the top of the high-velocity layer, we estimate the slab dip to be
approximately 25◦ . With the vertical extent of the high-velocity anomaly
estimated around 60 km, we then obtain a slab thickness of roughly 50 km.
For the conversion from thickness to slab age we use the results of Burgos
et al. (2014), which relate the (seismically inferred) lithosperic thickness
to the age for the Pacific Ocean lithosphere. A thickness of 50 km would
thus correspond to an age of roughly 12 Myr. Note that this is a minimum
estimate of the age because the results of Burgos et al. (2014) are based on
lithospheric thicknesses at the surface, whereas cooling of subducted slab
remnants is (partly) compensated by heating in the mantle. Nevertheless,
this relatively young age seems reasonable considering the small distance
between the extinct ridge segments and the Baja California Peninsula (see
Figure 3.1).

3.5

Conclusions

In this chapter we performed 1-D shear velocity joint inversions based on
phase velocity data (Zhang and Paulssen, 2012) and radial components
of receiver functions for NARS-Baja stations. We were able to identify
the largest structural contrasts of the crust determined by the sediment
thickness and Moho depth. In general, larger sediment thicknesses were
found for stations with lower elevation. We confirmed the rapid crustal
thinning from the Baja California Peninsula towards the Gulf of California
found by Persaud et al. (2007), but found slightly shallower Moho depths
in our inversions. Their Moho depth estimates are probably overestimated
because their one-layered crustal models do not include the effects of a
low-velocity sediment layer.
For stations on the central and southern parts of the Baja California
Peninsula our models show a high-velocity anomaly in the mantle, which
we interpreted as remnants of the subducted Magdalena and Guadalupe
microplates. The absence of this feature further north is explained as a slab
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window. We suggest that these variations in mantle structure explain the
variations in relative motion of the Baja California Peninsula with respect
to the Pacific plate, as slab remnants beneath the central and southern parts
of the peninsula produce a strong coupling between the peninsula and the
Pacific plate, which is absent for the northern part of the peninsula.
Based on the results of our study and the occurrence of the slab around
400 km depth beneath the Mexican mainland found in other seismic studies
we conclude that the subducted slab fragments must have detached below
the Gulf of California. The post-subduction magmatism on the central
and southern parts of the peninsula is then generated by the influx of
asthenospheric material from beneath the gulf as suggested by Castillo
(2008).
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CHAPTER

4

Effects of dipping crustal layers on the
receiver functions of NARS-Baja stations

4.1

Introduction

For the 1-D inversions using the Neighbourhood Algorithm (previous chapter) the radial receiver functions of each station were stacked in clusters of
events with similar back azimuth to allow identification of azimuthal variations. The models resulting from the 1-D inversion show back-azimuthal
dependence, mostly in the crust (see Section 3.3). This suggests the presence of lateral variations and/or anisotropy in the crust beneath the stations. Small-scale lateral variations of Moho depth have already been found
in previous receiver function studies for the Peninsular Ranges (Ichinose et
al., 1996; Zhu and Kanamori, 2000; Lewis et al., 2001). Also, local reflection and refraction studies in different regions within and around the Gulf
of California show strong lateral variations over the entire crust (AragónArreola et al., 2005; González-Fernández et al., 2005; Lizarralde et al., 2007;
Páramo et al., 2008). Obrebski and Castro (2008), on the other hand, explained the azimuthal variations in the receiver functions for three of the
NARS-Baja stations by layers of crustal and upper mantle anisotropy.
Whereas in the 1-D inversions of the previous chapter the most prominent transitions were identified, complexities such as dipping interfaces and
anisotropy were not taken into account. However, as described above, there
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is evidence that the crustal structure in the Baja California area is not horizontally layered. To better understand the azimuthal variations in the
receiver functions and the resulting variations in the 1-D models, we will
now analyse the behaviour of the radial and transverse components in terms
of dipping interfaces. Furthermore, we will shortly discuss the behaviour
of receiver functions due to anisotropy and show that the most prominent
features in the receiver functions are better explained with dipping layers.

4.2

Data

The radial and transverse receiver functions for four of the eleven stations
described in Section 3.1.4 are shown in Figure 4.1. The data used are from
the same database as in the 1-D modelling and processed in the same way
to obtain the observed receiver functions. Instead of stacking the data in
several bins of similar back azimuth (SE, SW, and NW) and slowness, we
now stacked the data in 10◦ wide back azimuth intervals, including data
with back azimuths of ±5◦ . All traces are scaled by a fixed constant factor,
so the amplitude ratio between separate traces and between the radial and
transverse components is maintained.
The radial components of the observed receiver functions show clear
coherent arrivals (see dashed lines in Figure 4.1, left). The peaks with
positive (red) amplitude that arrive slightly before t = 5 s represent the
P-to-S conversions from the Moho (PM s) as the arrival times agree with
the Moho depths we found in the 1-D inversions of the previous chapter.
In many cases, however, the coherent signals show azimuthal variations in
amplitude and arrival time. For instance, stations NE71, NE73, and NE79
(Figures 4.1a, 4.1c, and 4.1e) show large PM s amplitudes at back azimuths
around 250◦ , whereas they are much smaller around roughly 100◦ . This
is a feature found for nearly all stations located at the Baja California
Peninsula, but is not observed for the stations located at the Mexican
mainland (e.g. Figure 4.1g).
Although the transverse components of the observed receiver functions
seem less consistent, we can still distinguish some coherent arrivals (see
dashed lines in Figure 4.1, right). For instance, at some back azimuths we
see systematic signals at times corresponding to the arrival time of PM s
on the radial component. Also other coherent signals can be identified on
both the radial and transverse components. Furthermore, on the transverse
component some arrivals seem to switch polarity with back azimuth (see
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(a) NE71 - RFR

(b) NE71 - RFT

(c) NE73 - RFR

(d) NE73 - RFT

(e) NE79 - RFR

(f) NE79 - RFT

(g) NE81 - RFR

(h) NE81 - RFT

Figure 4.1: Observed receiver function data for (left) the radial (RFR) and (right) the
transverse (RFT) components of stations NE71, NE73, NE79, and NE81. The data are
stacked in back-azimuthal bins of 10◦ wide (±5◦ ) and a constant amplitude scaling was
used for all diagrams.

68

Chapter 4

marks around 200◦ in Figures 4.1b and 4.1d).

4.3

Effects of dipping layers and anisotropy

The effects of dipping interfaces on receiver functions have been studied by
Cassidy (1992), Levin and Park (1997) and Savage (1998). In the case of
a single dipping planar interface both the direct P wave (P ) and P-to-S
conversion (P s) vary with back azimuth. On the radial component the P s
arrival time and amplitude are maximum and minimum when travelling
in the updip and downdip direction, respectively. The amplitude of the
direct P wave is affected in the opposite way. On the transverse component
P and P s are zero for arrivals travelling along the updip and downdip
direction, and maximum in the direction of the strike of the interface. Also,
their polarities switch around the dip direction, which results in an antisymmetry around the updip and downdip directions.

4.4

Method

To model the effects of dipping interfaces (and anisotropy) on the data we
use the Raysum package of Frederiksen and Bostock (2000), which is suitable for models consisting of planar, homogeneous, hexagonally anisotropic
layers with arbitrary dip. For a plane wave incident at the bottom of the
model, the ray path consists of a combination of P or S phases travelling along a straight-lined segment within each layer. The travel time of
each phase can be calculated using an adapted version of the travel time
equation for dipping layers of Diebold (1987), for anisotropic media. The
amplitude is calculated from the reflection and transmission coefficients for
anisotropic media. Combining all phases results in displacement seismograms, which are converted to receiver functions and stacked in the same
way as the observed data.
The model parameters used in the Raysum program to define a layer
are layer thickness, density and P and S velocity. The orientation of the
interface is given by the strike and dip. The parameters that define an
anisotropic medium are percentage of P and S velocity anisotropy, the strike
and plunge of the fast anisotropy axis, and the anisotropic parameter η is
fixed to 1.03 (Farra et al., 1991). The synthetic seismograms are calculated
assuming an incident planar P wave and the direct arrival plus all P-to-S
conversions and all first-order surface reflections (i.e. a maximum of one
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reflection at the surface) are included.
The synthetic seismograms are related to the model parameters in a
highly non-linear way. We are interested in which of the properties can
cause the azimuthal differences that are observed in the data, so we will
search for a model using logical reasoning and trial and error. We prefer this
approach above an automated model search because it gives us insight in
the process. Also, the amount of model parameters for a model search with
dipping layers is rather large (and even larger if anisotropy is included). We
calculate the synthetic data with similar slowness and back azimuth values
as the observed data. We focus on the PM s and earlier arrivals, since we
only model the crustal structure. Later arrivals are potentially generated
at deeper structures and their signal-to-noise ratio is lower. In the following
we model the receiver functions of station NE71, because they are based
on a large amount of data and show clear and coherent arrivals.

4.5

Modelling data of station NE71

Since there is independent evidence for the presence of dipping layers in
the crust of the Baja California area we model the receiver function data
of station NE71 using isotropic models with dipping interfaces. For completeness we will also shortly discuss the effects of horizontal anisotropic
layers at the end of this section.

4.5.1

Dipping layers

Figure 4.2 shows the crustal models of station NE71 that resulted from
the 1-D receiver function inversions of the three dominant back azimuth
bins (SE, SW, and NW) separately and all back azimuth bins together.
The crustal models found for each simulation are very different, which is
not unexpected considering the large azimuthal variations in the radial
receiver function data (see Figure 4.1a). For instance, a low-velocity layer
is modelled in the simulations for the SW and NW back azimuth bins,
whereas it does not occur in the models for the SE back azimuth bin and
all back azimuth bins together.
Considering the effects of dipping layers on receiver functions (see Section 4.3), we modelled the back-azimuthal variations by trial and error to
keep insight in the procedure. Our aim is to fit and explain the most coherent features (black rectangles in Figure 4.3), rather than fitting small
details. We started with the best 1-D model that resulted from the receiver
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Figure 4.2: Crustal models resulting from the 1-D receiver function inversions for station
NE71 using the Neighbourhood Algorithm. (a) Receiver function inversion using SE back
azimuth bin; (b) Receiver function inversion using SW back azimuth bin; (c) Receiver
function inversion using NW back azimuth bin; (d) Receiver function inversion using all
back azimuth bins.

4.5. Modelling data of station NE71
Layer
sediment
upper crust
lower crust
mantle

Thickness (m)
890
7110
19930
-

vp (m/s)
3900
4810
5710
6240

71
vs (m/s)
1930
2670
3200
3700

Density (kg/m3 )
2500
2800
3000
3500

Table 4.1: Parameters of the best model for station NE71 from the 1-D receiver function
inversion using the Neighbourhood Algorithm, where data from all back azimuth bins were
used in the inversion.

function inversion including all back azimuth bins (see Table 4.1). We did
not change the layer velocities and densities, in order to investigate the
effects of dipping layers. We searched for the simplest model that fits the
data, starting with the shallow structure (early arrivals) and proceeding
down to the Moho discontinuity (around 4-5 s).
When modelling the receiver functions in Raysum using the 1-D model
shown in Table 4.1 it becomes clear that the radial components do not fit
all peaks in the observed radial data (see Figures 4.3a and 4.3c). A feature
that does occur in both the observed and synthetic radial receiver functions
is the first P-wave arrival, i.e. the positive peak at t = 0. Also, the positive
arrival between 4 and 5 seconds due to PM s agrees with the data, but only
for back azimuths between 230◦ and 320◦ . However, the Moho signal is
similar in amplitude at each back azimuth in the synthetics, whereas this
is not the case in the real data. Also, the negative peaks that occur in
the data between approximately t = 1-3 s for back azimuths larger than
approximately 200◦ are absent in the synthetics. These peaks probably
caused the modelling of a low-velocity layer in the 1-D models of the SW
and NW receiver function inversions (Figures 4.2b and 4.2c), whereas in the
simulation with receiver functions with smaller back azimuths it is absent.
The synthetic transverse receiver function components (Figure 4.3d)
are zero, since no lateral heterogeneity or anisotropy was included. This
disagrees with the observed data, where several coherent transverse signals are present. At back azimuths between 120◦ and 150◦ PM s is clearly
visible on the transverse component. Also, for all back azimuths strong
signals arrive around t = 0 s and t = 1-3 s, which flip polarity between
150◦ and 230◦ . Such features suggest a more complex structure than our
isotropic 1-D model and they can be caused by both dipping interfaces
and/or anisotropy. In the following, we will try to fit the data using dip-
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(a) DATA - RFR

(b) DATA - RFT

(c) BEST 1-D MODEL - RFR

(d) BEST 1-D MODEL - RFT

Figure 4.3: Top: observed radial (left) and transverse (right) receiver function data of
station NE71, stacked into back azimuth bins of 10◦ wide. The black rectangles show
coherent features within the time interval of interest. Bottom: synthetic receiver functions
obtained for the best 1-D model obtained for all back azimuth bins (Table 4.1). The green
rectangles show features that are in agreement with the data.
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(a) RFR

73

(b) RFT

Figure 4.4: Synthetic receiver functions resulting from an input model based on the best
1-D model (Table 4.1), but with a dipping mid-crustal interface (strike 300◦ , dip 30◦ to
the Northeast). The green rectangles show features that fit the data.

ping interfaces and in Section 4.5.2 we will briefly discuss the effects of
anisotropy.
The polarity switch in the transverse component of the data is visible up
to 3 s, which in the case of a dipping interface indicates it is the mid-crustal
interface that is dipping, rather than the sediment layer. Since the polarity
switches from positive to negative between 150◦ and 230◦ the strike of the
dipping interface must be between 240◦ and 320◦ . Within a strike range of
290◦ and 310◦ the polarities and relative amplitudes of the peaks are found
to agree best with those of the data. The absolute amplitudes of the peaks
are also controlled by the slope of the interface. For dip angles between 25◦
and 35◦ (to the Northeast) we find amplitudes in the first three seconds
that compare best to the data. The resulting stacked receiver functions
are shown in Figure 4.4, which shows that the first two arrivals (see green
rectangles) up to approximately t = 3 s are now fitted in an acceptable way.
In the following, we will proceed with a model that includes a mid-crustal
interface with a strike of 300◦ and a dip of 30◦ to the Northeast.
The PM s arrival around t = 4 s is rather constant in amplitude throughout the entire back azimuth range on the radial component of the synthetics
(see Figure 4.4a), whereas in the data it is barely visible at back azimuths
between 90◦ and 150◦ . On the transverse component we see arrivals at
the same time, suggesting the Moho causes a signal on this component.
However, these arrivals are due to multiples from the mid-crustal interface,
which disagree with the data. This suggests that the data show a combination of transverse signal due to a more complex Moho orientation interfering with multiples from shallower structures. Implementing a dipping
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(a) RFR

(b) RFT

(c) DATA - RFR

(d) DATA - RFT

Figure 4.5: Analogous to 4.3. Top: Synthetic receiver functions resulting from an input
model based on the best 1-D model (Table 4.1), but with a dipping mid-crustal interface
(strike 300◦ , dip 30◦ to the Northeast) and a dipping Moho (strike 190◦ , dip 30◦ to the
West). The green rectangles show features that fit the data. Bottom: Observed receiver
function data for station NE71. The black rectangles show the features that are fit by the
synthetic model.

Moho with a strike between 180◦ and 200◦ improves the relative amplitudes
between back azimuths of 90◦ and 150◦ , i.e. causes an amplitude decrease
and increase on the radial and transverse component, respectively. Also,
positive arrivals are introduced at back azimuths between 230◦ and 260◦ ,
which agree better with the data. The best results in terms of relative amplitudes and polarities are obtained for dip angles between approximately
20◦ and 40◦ (to the West). The model results shown in Figure 4.5 are based
on a dipping mid-crustal interface (strike 300◦ , dip 30◦ to the Northeast)
and a dipping Moho (strike 190◦ , dip 30◦ to the West).

4.5.2

Anisotropy

Levin and Park (1997) and Savage (1998) studied the effects of hexagonally
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(a) RFR

75

(b) RFT

Figure 4.6: Synthetic receiver functions resulting from an input model based on the best
1-D model (Table 4.1), but with an upper and lower crust with 5% of P- and S-wave
anisotropy (fast axis: strike 230◦ , plunge 30◦ ).

anisotropic layers on receiver functions. Similar to an isotropic medium
with dipping interfaces, anisotropy causes coherent signals and azimuthal
(periodic) amplitude and arrival time variations on both the radial and
transverse components of the receiver functions. Depending on the orientation of the axis of symmetry the periodicity and amplitude variations
within a cycle are more complex than in the case of dipping isotropic layers
and shear wave splitting may occur at certain back azimuths.
To investigate the effects of anisotropy on the receiver functions we modelled the best 1-D model (4.1) with a 5% hexagonally anisotropic horizontal
upper and lower crust. Similar to Savage (1998) we find that this results in
only minor differences compared to the 1-D model (see Figure 4.6). Using
percentages of anisotropy around 15% gives amplitudes that agree better
with the data, but such values may be unrealistic for the Baja California
crust, especially when applied throughout the entire crust. Furthermore,
anisotropy causes splitting at certain back azimuths (depending on the orientation of the fast axis), which is not clearly visible in the data. This
suggests that a model with dipping interfaces is a simpler way to explain
the data.
Obrebski and Castro (2008) simulated the receiver functions of stations
NE71, NE75, and NE81 with models consisting of five or six horizontal
layers, each with two or three anisotropic layers. Their preferred model
for station NE71 consists of six layers with three of them having 10% of
anisotropy. We claim that our model is simpler and, more importantly,
there is independent evidence that the Moho and other crustal features are
not horizontal (see Section 4.1). Although the presence of some anisotropy
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is probably realistic and the real crust probably consists of a combination
of both anisotropic and dipping layers, we have chosen to explain the most
prominent features in the receiver functions with dipping layers. Smaller
scale signals that we have not fitted with this model might be caused by
the presence of anisotropy in the crust.

4.6

Discussion and interpretation of the results

Clearly, not all features in the observed data are fitted by the model shown
in Figure 4.5. The arrival time, width and amplitude of the peaks do not
always match the data. Also, there are features that could not be modelled
without losing other matching parts of the receiver functions. For instance,
the negative arrivals on the radial receiver functions between the direct P
arrival and PM s for back azimuths between 290◦ and 320◦ are not visible
in the synthetic receiver functions. It should also be noted that the arrivals
after PM s in the synthetic model are caused by only crustal multiples,
whereas in the data also signals from deeper structures arrive at this time.
Furthermore, we have only modelled simple adjustments to the 1-D model
using dipping layers. In reality, however, more complex structures exist,
which causes the greater variability in the observed data than predicted by
our model.
Some of the back-azimuthal variations observed in the receiver functions
of station NE71 can also be identified at other stations. For instance, reasonably coherent negative arrivals between the direct P arrival and the PM s
phase are observed at all other stations on both the Baja California Peninsula and the Mexican mainland (see Figure 4.1). The transverse component
data of station NE73 seem to show a polarity switch around the same back
azimuth as at station NE71. At the other stations coherent signals occur in
the same (mid-crustal) time interval, but their back-azimuthal dependence
seems to vary per station. We therefore suggest that at most stations some
feature is present at mid-crustal depths, which might be a dipping interface.
At station NE71 and NE73 the orientation and dip are probably similar to
the values of our final model, but for the other stations these parameters
might vary.
The dipping Moho discontinuity that we implemented in the final model
causes amplitude differences in the PM s arrivals, i.e. small and large amplitudes for respectively small and large back azimuths on the radial component, and vice versa for the transverse component. Also, the PM s signal on
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the transverse component switches polarity. We observe similar features,
although less clear, in the data of all stations located on the Baja California Peninsula (see Figure 4.1a to 4.1f). This suggests that a westward
dipping Moho (with a strike around 190◦ ) as we propose in the final model
for station NE71 might be consistent throughout the entire peninsula. This
westward Moho dip found from the azimuthal dependence of the receiver
functions on the Baja California Peninsula is in agreement with the general
trend of Moho depth variations obtained from 1-D receiver function variations (Persaud et al. (2007) and Chapter 3). One might argue that a Moho
dip between 20◦ and 40◦ is rather steep. However, similar Moho depth variations are found from receiver function inversions along a section slightly
south of this station (31◦ N latitude) by Lewis et al. (2001). The effects of
a dipping Moho are most prominent for station NE71, which suggests the
dip angle is probably smaller below other stations.
For the stations on the Mexican mainland no consistent azimuthal variations in PM s are observed. The amplitude variations are less clear and,
although coherent arrivals are visible on the transverse components, no
consistent trends can be found. This suggests that there are no systematic
or strong Moho depth variations similar to those below the Baja California
Peninsula.

4.7

Conclusions

In this chapter we have analysed the back-azimuthal variations of both the
radial and transverse receiver functions of the NARS-Baja stations. Using
models that include dipping planar interfaces we have found that for station
NE71 the most prominent features in the first five seconds of the receiver
functions can be explained by a northeast dipping mid-crust (strike 290◦ 310◦ , dip 25◦ -35◦ NE) and a Moho that dips to the West (strike 180◦ -200◦ ,
dip 20◦ -40◦ W). Smaller features that are not fitted are probably caused by
more complex structures or anisotropy, but we could not explain the data
equally well with a simple model of horizontal anisotropic layers.
A dipping Moho as found for station NE71 probably occurs below most
of the stations that are located on the Baja California Peninsula, since similar azimuthal variations occur in the radial and transverse components of
the receiver functions of all peninsular stations. For the Mexican mainland,
however, data are more consistent for different back azimuths, so there we
expect a more or less horizontal Moho discontinuity. Based on the occur-
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rence of negative peaks on the radial components (and sometimes a polarity
switch on the transverse components) of all stations we conclude that a dipping mid-crust might be present both below the Baja California Peninsula
and the Mexican mainland, but we cannot find a trend in orientation and
dip.
In the 1-D inversions of the previous chapter large velocity contrasts,
such as the base of the sediments and the Moho discontinuity, are well
identified. However, azimuthal amplitude and polarity variations of smaller
arrivals in the receiver functions cause artefacts in 1-D modelling. For
instance, a low-velocity crustal layer is modelled for some back azimuths.
If a sufficient amount of data is available and if consistent features can be
recognised on the radial and transverse receiver function components, it is
therefore recommended to use a more complex modelling approach.
The trial-and-error modelling we used here could be automated using
the Neighbourhood Algorithm described in Chapter 3. This would allow
more efficient and accurate modelling of data of all NARS-Baja stations.
This would give a better overview of the crustal structure variations within
the Baja California area and would also allow a better estimation of the
errors in the parameters.

CHAPTER

5

Summary and conclusions

This thesis reports on studies that have been carried out to better image the
crustal and upper mantle shear velocity structure around the Gulf of California. It involves two techniques that are commonly used to investigate
the crustal and upper mantle structure. 1) Surface wave dispersion analysis gives information about the depth-dependent velocity structure. The
two-station method (Sato, 1955), in particular, is a useful tool for regional
surface wave tomography, since it concentrates on the region between two
stations and reduces wave propagation effects from the source to the nearest receiver. A disadvantage of phase velocity inversions, however, is that
they have low sensitivity to abrupt velocity changes. Furthermore, phase
velocity measurements (typically with periods larger than 10 s) are rather
insensitive to the shallow crustal structure. 2) The receiver function technique (Langston, 1979), on the other hand, is more suitable to detect sharp
interfaces. It makes use of P-to-S conversions caused by abrupt changes
in local material properties. Both the two-station method and the receiver
function technique have their own advantages and limitations. In this thesis we used and combined both techniques to improve our understanding
of the structure and evolution of the Baja California area. The data used
were recorded by the NARS-Baja network, which consisted of fourteen
broadband seismometers of the Network of Autonomously Recording Seismographs (NARS) (Trampert et al., 2003) that were temporarily deployed
(2002-2008) at sixteen different locations around the Gulf of California.
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Sensitivity kernels for two-station phase
velocity measurements

In the first part of the research presented in this thesis (Chapter 2) we investigated the effects on two-station phase velocity measurements of velocity
perturbations away from the interstation ray path. We used a spectralelement code to model seismic wave propagation and the adjoint technique
to calculate finite-frequency sensitivity kernels for a cross-correlation misfit.
We found a dominant sensitivity in the interstation region, close to what is
assumed in the two-station method. However, the 3-D sensitivity kernels
that we obtained also show that anomalous structures even far from the
assumed propagation path can significantly affect the measurements. We
therefore concluded that in a 3-D tomographic shear velocity inversion the
finite-frequency sensitivity kernels should be included.
For our study of the Baja California area, however, this implies significant sensitivity outside the area of investigation. Also, the sensitivity
kernel calculations require large computation times, which are difficult to
achieve in practice. We therefore did not invert the two-station phase velocity data measured by Zhang and Paulssen (2012) for shear velocity using
the sensitivity kernels. Instead, we improved the vertical resolution by 1-D
joint inversions of their phase velocity curves and receiver function data for
the NARS-Baja stations.

5.2

Shear velocity models by joint inversion of
receiver functions and phase velocity data

In the second part of this research (Chapter 3) we aimed to get a better image of the structure below the Baja California area. The Gulf of California
forms a part of the plate boundary between the Pacific and North-American
plates, where transform motion in the North converts into oceanic spreading in the South. Although currently oblique extension occurs within the
gulf, in the past subduction of the oceanic Farallon plate took place along
a trench west of what is currently the Baja California Peninsula. Around
12 Ma subduction and spreading ceased and the remaining parts of the
Farallon plate were captured by the Pacific plate. After this the Gulf of
California started to develop and around 5 Ma the Pacific-North America
plate boundary shifted to its present location within the gulf.

5.3. Effects of dipping crustal layers on the receiver functions
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To determine the shear velocity structure of the area we made use of
the surface wave study of Zhang and Paulssen (2012), who imaged the
Rayleigh wave phase velocity structure in this region using the two-station
method. We combined their phase velocity measurements with radial receiver function data in joint inversions using the Neighbourhood Algorithm
(Sambridge, 1999a) to obtain shear velocity models beneath the NARSBaja stations. For the crust our models show sharp velocity increases at
the base of the sediment layer and at the Moho discontinuity. We found
crustal thinning towards the Gulf, both from the Baja California Peninsula (from around 36 km at the western part to approximately 21 km at
the eastern coast of the peninsula) and the Mexican mainland (from approximately 25 km at the easternmost station to around 21 km near the
coast).
For stations on the middle and southern part of the Baja California
Peninsula we found an upper mantle high-velocity anomaly that we interpreted as remains of the subducted Farallon slab fragments. The estimated
top of this high-velocity anomaly occurs around 130 km. Below the northern part of the peninsula no such high-velocity feature was found, which
suggests the local presence of a slab window. These findings are relevant
to understand variations in plate motion along the length of the Baja California Peninsula. We suggested that the slab fragments below the central
and southern parts of the peninsula produce a stronger coupling between
the Pacific plate and the peninsula compared to the northern part where
no slab is present. This explains the slower northwestward movement of
the northern part of the peninsula relative to North America, compared to
the cental and southern parts.
Several volcanic studies suggested slab detachment, either below the
Baja California Peninsula or the Gulf of California. Since we found a slab
signature below the middle and southern parts of the peninsula, we favour
the hypothesis of slab detachment below the gulf.

5.3

Effects of dipping crustal layers on the
receiver functions

Azimuthal variations in the receiver functions of the NARS-Baja stations
indicate that the crustal structure beneath the stations is more complex
than the 1-D models in our joint inversions. In the third part of this
research (Chapter 4) we therefore investigated the effects of dipping layers
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on both the radial and transverse components of the receiver functions. For
station NE71 we showed that a model with a dipping mid-crustal interface
to the Northeast and a westward dipping Moho fits the azimuthal variations
of the data reasonably well. Combining this interpretation with data from
the other stations we concluded that a dipping mid-crustal interface is
present beneath all stations in the Baja California area, but with varying
orientation. The azimuthal variations for the Moho P-to-S conversions
that are visible in the receiver function data of the stations on the Baja
California Peninsula could be explained by a westward dipping Moho. For
the stations on the Mexican mainland we found less systematic azimuthal
variations, suggesting that the Moho does not have a strong dip at that
side of the gulf.

5.4

Summary of the main conclusions

The main findings of this study can be summarised as follows:
1) Although the dominant sensitivity of two-station phase velocity measurements occurs at the interstation path, the sensitivity for large areas
away from the assumed ray path is significant. In an inversion of twostation phase velocity data for shear velocity structure the sensitivity kernels should therefore be included. This requires an enlargement of the area
of investigation with respect to the region that only includes the interstation paths. Considering the small-scale resolution that we aim for this is
difficult to achieve in practice, due to the high computational costs.
2) From joint inversions of two-station phase velocity and receiver function data we better constrained the lateral and depth extent of the subducted Farallon plate fragments below the central and southern parts and
the slab window below the northern part of the Baja California Peninsula.
From this information we were able to explain why the middle and southern parts of the Baja California Peninsula move faster to the Northwest
with respect to the North-American plate than the northern part. We also
suggested that the slab has detached below the Gulf of California.
3) Our receiver function data presented evidence for a westward dipping Moho below the Baja California Peninsula and dipping mid-crustal
interfaces. For detailed crustal imaging of the Baja California area using
receiver functions more complex modelling than a 1-D inversion is recommended. For further research more efficient and accurate modelling can be
performed by automated crustal receiver function modelling with dipping
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layers using the Neighbourhood Algorithm. This will give a better overview
of the crustal structure variations within the Baja California area.
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Appendix A

Here we derive the variation in the misfit due to a change in the seismogram, as a consequence of a perturbation of the model. For a single model
parameter m (of m), equation (2.2) can be rewritten as
Ċij (TAB ) = f (TAB (m), m) = 0 .

(A1)

Therefore
∂f (TAB (m), m)
= 0,
∂m
or
∂f ∂TAB
∂f
+
= 0,
∂TAB ∂m
∂m

(A2)

(A3)

which results in
∂TAB
=−
∂m

∂f
∂m
∂f
∂TAB

.

(A4)

Or, with all terms written out explicitly and replacing derivatives by perturbations (δ), this can be written as
·Z ∞
1
δTAB = −
δ ṡi (xA , TAB + τ )sj (xB , τ ) dτ
N τ =−∞
¸
Z ∞
+
ṡi (xA , TAB + τ )δsj (xB , τ ) dτ ,
(A5)
τ =−∞

with

Z

∞

N=
τ =−∞

s̈i (xA , TAB + τ )sj (xB , τ ) dτ .

(A6)
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Partial integration of the first term of equation (A5), causality and substitution of t = TAB + τ in the first, and t = τ in the second term and N lead
to
·Z ∞
1
δTAB =
ṡj (xB , t − TAB )δsi (xA , t) dt
N t=−∞
¸
Z ∞
−
ṡi (xA , TAB + t)δsj (xB , t) dt ,
(A7)
t=−∞

with
Z

∞

N=
t=−∞

s̈i (xA , TAB + t)sj (xB , t) dt .

This equals equation (2.9), which we needed to prove.

(A8)

Appendix B
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Station

Bin name

NE70

SE-1
SW-1
NW-1
SE-1
SE-2
SE-3
SW-1
SW-2
NW-1
NW-2
NW-3
NW-4
SE-1
SE-2
SE-3
SW-1
SW-2
NW-1
NW-2
NW-3
SE-1
SE-2
SE-3
SW-1
SW-2
NW-1
NW-2
NW-3
SE-1
SE-2
SE-3
SW-1
SW-2
NW-1
NW-2
NW-3

NE71

NE72

NE73

NE75

Average back
azimuth (◦ )
113
239
307
143
129
116
244
238
302
310
334
313
139
131
135
244
239
308
324
322
147
140
119
250
238
307
314
316
126
123
122
242
241
309
315
323

Average slowness (s/km)
0.068
0.044
0.048
0.051
0.058
0.071
0.045
0.053
0.044
0.049
0.060
0.069
0.051
0.057
0.067
0.045
0.052
0.047
0.060
0.070
0.051
0.062
0.068
0.043
0.049
0.045
0.055
0.069
0.055
0.060
0.069
0.045
0.052
0.044
0.052
0.065

# receiver
functions
3
3
4
10
5
12
39
17
16
17
6
5
7
11
7
16
15
19
11
6
10
7
14
13
22
17
13
14
23
24
26
42
30
23
23
29

Table B1: Bins per station for stacking of receiver functions.

Appendix B

89

Station

Bin name

NE76

SE-1
SE-2
SW-1
SW-2
NW-1
NW-2
NW-3
SE-1
SE-2
SW-1
NW-1
NW-2
NW-3
SE-1
SE-2
SW-1
NW-1
NW-2
SE-1
SE-2
SE-3
SW-1
NW-1
NW-2
NW-3
SE-1
SE-2
SW-1
NW-1
NW-2
NW-3
SE-1
SE-2
SE-3
SW-1
NW-1
NW-2
NW-3

NE77

NE79

NE80

NE81

NE82

Average back
azimuth (◦ )
115
125
241
241
312
321
319
128
119
242
313
334
318
138
119
239
321
324
127
120
120
242
311
316
319
123
122
240
314
319
315
158
123
131
242
314
322
318

Average slowness (s/km)
0.057
0.068
0.045
0.052
0.045
0.057
0.067
0.055
0.065
0.048
0.045
0.057
0.066
0.059
0.067
0.048
0.047
0.061
0.051
0.059
0.071
0.047
0.046
0.057
0.067
0.055
0.067
0.047
0.046
0.056
0.068
0.045
0.058
0.069
0.048
0.046
0.056
0.066

# receiver
functions
31
16
44
35
19
12
16
13
11
61
19
11
12
12
11
22
11
10
21
50
19
66
47
26
23
34
28
58
29
28
27
5
35
17
51
19
17
16

Table B1 (continued): Bins per station for stacking of receiver functions.
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Figure C1: Models obtained from the joint inversion of the phase velocity curve and
receiver functions from (a) the southeast, (b) the southwest, and (c) the northwest back
azimuth bins for station NE76. Black lines delineate the boundaries of the model space
search; grey areas indicate regions of the model space containing models with a misfit
larger than 1. Yellow and green areas indicate regions with models with a misfit smaller
than 1. The scale bar gives the number of models per grid cell (of 0.02 km/s in velocity
and 0.18 km in depth) that have a data fit within one standard deviation uncertainty
(misfit < 1). The white line is the average of all models and the red line is the best model
(i.e. model with lowest misfit).
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Figure C2: Models obtained from the phase velocity inversions for each station. No
receiver functions were used. For an interpretation of the figures see caption of Figure
C1. Note that the misfits of the best models for stations NE70, NE73, and NE77 are
larger than 1. The coloured band therefore represents the number of the 1000 best models
per (0.02 km/s by 0.18 km) grid cell.
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Figure C3: Models obtained from the receiver function inversions for each station. No
phase velocity data were used. For an interpretation of the figures see caption of Figure
C1. Note that the misfit of the best model for station NE70 is larger than 1. The coloured
band therefore represents the number of the 1000 best models per (0.02 km/s by 0.18 km)
grid cell.
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Figure C4: Models obtained from the joint inversion for station NE70, i.e. for the phase
velocity curve and receiver functions from all back azimuth bins. Note that the misfit of
the best model is larger than 1. The coloured band therefore represents the number of the
1000 best models per (0.02 km/s by 0.18 km) grid cell.

96

Appendix C

References

Alvizuri, C. and Tanimoto, T. (2011). Azimuthal anisotropy from array
analysis of Rayleigh waves in Southern California. Geophys. J. Int., 186,
1135- 1151, doi:10.1111/j.1365-246X.2011.05093.x.
Ammon, C.J., Randall, G.E., and Zandt, G. (1990). On the Nonuniqueness
of Receiver Function Inversions. J. Geophys. Res., 95, B10, 15303-15318.
An, M. and Assumpção, M.S. (2004). Multi-objective inversion of surface
waves and receiver functions by competent genetic algorithm applied to
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Lizarralde, D., Axen, G.J., Brown, H.E., Fletcher, J.M., GonzálezFernández, A., Harding, A.J., Holbrook, W.S., Kent, G.M., Paramo,
P., Suther, F., and Umhoefer, P.J. (2007). Variation in styles of rifting
in the Gulf of California. Nature, 448, 466-469.

References

103

Long, M.D. (2010). Frequency-dependent shear wave splitting and heterogeneous anisotropic structure beneath the Gulf of California region. Phys.
Earth and Planet. Int., 182, 59-72, doi:10.1016/j.pepi.2010.06.005.
Lonsdale, P. (1991). Structural patterns of the Pacific floor offshore of
peninsular California. In: The gulf and peninsular province of the California, edited by Dauphin, J.P. and Simoneit, B.R.T., AAPG Memoir ,
47, 87-125.
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Páramo, P., Holbrook, W.S., Brown, H.E., Lizarralde, D., Fletcher, J.,
Umhoefer, P., Kent, G., Harding, A., Gonzalez, A., and Axen, G.
(2008). Seismic structure of the southern Gulf of California from Los

References

105

Cabos block to the East Pacific Rise. J. Geophys. Res., 113, B03307,
doi:10.1029/2007JB005113.
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Samenvatting (Summary in Dutch)

Op grote schaal is al veel bekend over de inwendige structuur van de aarde
en de evolutie hiervan. Zo is bekend dat de aarde grofweg bestaat uit
een kern, een mantel en een korst. De korst en het bovenste deel van
de mantel (tot een diepte van ongeveer 100 km) vormen de zogenaamde
lithosfeer, welke bestaat uit een aantal tektonische platen die boven de
onderliggende mantel bewegen ten opzichte van elkaar. Afhankelijk van
de relatieve beweging tussen verschillende platen bestaan er drie typen
plaatcontacten: bij een divergente plaatgrens (spreidingsrug) bewegen de
platen uit elkaar en dit gaat gepaard met de vorming van nieuwe korst.
Wanneer platen naar elkaar toe bewegen spreekt men van een convergente
plaatgrens. Afhankelijk van de eigenschappen van beide platen worden
hierbij gebergtes gevormd of schuiven de platen over elkaar heen, waarbij
de onderste plaat verdwijnt in de mantel (subductie). Ten slotte bestaan er
nog transforme plaatcontacten waarbij platen langs elkaar heen schuiven.
Met name de convergente maar soms ook transforme plaatbewegingen gaan
gepaard met zeer zware aardbevingen.
Bovenstaande beschrijving geeft een zeer vereenvoudigd beeld van de
structuur in de aarde en de bewegingen van de lithosferische platen. Met
name op kleinere schaal blijken de korst en mantel aanzienlijk complexer
van structuur en is er weinig bekend over de achterliggende processen die
spelen of gespeeld hebben. Om hier meer inzicht in te krijgen wordt seismologisch onderzoek gedaan. Hierbij wordt gebruik gemaakt van het feit
dat de voortplantingssnelheid, richting en amplitude van een golf beı̈nvloed
worden door de eigenschappen van het materiaal waar de golf doorheen
reist en door de contrasten in materiaaleigenschappen die een golf tegen
komt. Met andere woorden, door analyse van de trillingen van de aarde,
bijvoorbeeld als gevolg van een aardbeving, kan de seismische snelheids-
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structuur in de aarde in kaart worden gebracht. Een dergelijke aanpak
wordt ook wel een inversie genoemd.
Wanneer de trillingen van een aardbeving geregistreerd zijn in een seismogram zijn er drie typen golven te onderscheiden. De golf die het snelste
reist en dus als eerste geregistreerd wordt is de P-golf, welke dwars door
de aarde reist met een deeltjesbeweging parallel aan de propagatierichting
(longitudinale golf). De S-golf reist ook dwars door de aarde, maar gaat
langzamer en heeft een deeltjesbeweging loodrecht op de propagatierichting
(transversale golf). Deze twee zogenaamde ’ruimtegolven’ zijn in een seismogram terug te zien als duidelijke pieken. Als laatste in een seismogram
komen de oppervlaktegolven aan, welke langs het aardoppervlak reizen en
een complexere deeltjesbeweging hebben. Doordat oppervlaktegolven zich
voortplanten als een lange ’golftrein’ en ze grotere amplitudes hebben dan
de ruimtegolven, veroorzaken ze de grootste schade bij een aardbeving.
Een voor de seismologie handige eigenschap van de oppervlaktegolftrein
is dat deze opgebouwd is uit golven met verschillende frequenties die ieder met een andere snelheid voortplanten. Deze frequentie-afhankelijke
snelheid noemt men de fasesnelheid. Iedere frequentiecomponent van de
fasesnelheid is gevoelig voor een ander dieptebereik van voornamelijk de
S-golf snelheid. De fasesnelheid van oppervlaktegolven wordt daarom vaak
gebruikt om de S-snelheidsstructuur in de aarde te bepalen.
Het onderzoeksgebied
Een voorbeeld van een gebied waar meer gedetailleerd seismologisch onderzoek nodig is om de complexe structuur, en daarmee de evolutie ervan,
te begrijpen is het noordwesten van Mexico, wat we hier het Baja California gebied zullen noemen. Hier wordt het Baja California Schiereiland
gescheiden van het Mexicaanse vasteland door de Golf van Californië (zie
Figuur 3.1). In de golf bevindt zich de plaatgrens tussen de Pacifische plaat
en Noord-Amerikaanse plaat, welke in karakter verandert van transforme
beweging langs de San Andreas breuk ten noorden van de golf naar divergentie langs de East Pacific Rise spreidingsrug ten zuiden van de golf. De
plaatbeweging in de golf is een combinatie van zowel divergente als transforme beweging. De tektonische geschiedenis van het gebied is zeer complex:
op geologische tijdschaal relatief kortgeleden (12 miljoen jaar) bevond de
plaatgrens zich nog ten Westen van het Baja California Schiereiland waarlangs subductie plaatsvond van de Farallon plaat, waarvan de overblijfselen
inmiddels aan de Pacifische plaat vastgegroeid zijn. Op een bepaald mo-
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ment stopte de subductie en begon de Golf van Californië te openen. Het
schiereiland groeide vast aan de Pacifische plaat en de plaatgrens verschoof
naar de huidige locatie. Er zijn aanwijzingen dat de gesubduceerde plaat
nog (deels) aanwezig is onder het gebied, maar de precieze locatie is slecht
bepaald. Om een beter begrip te krijgen van de achterliggende processen
die deze veranderingen teweeg hebben gebracht is het van belang om een
gedetailleerd beeld te krijgen van de structuur onder het gebied. In dit
proefschrift wordt daarom seismologisch onderzoek gedaan naar de structuur van de bovenste pakweg 200 km onder het Baja California gebied.
Om regionaal seismologisch onderzoek in het Baja California gebied
mogelijk te maken is in 2002 het NARS-Baja project opgezet. Hiervoor
heeft de Universiteit van Utrecht veertien breedband seismografen van het
Network of Autonomously Recording Seismographs (NARS) tijdelijk (20022008) geı̈nstalleerd op verschillende locaties rondom de Golf van Californië. De aardbevingsdata die gemeten zijn door de NARS-Baja stations in
Noord-West Mexico zijn inmiddels gebruikt voor meerdere seismologische
studies in het Baja California gebied.
Deel I – Gevoeligheid van de twee-stations methode
Een voorbeeld hiervan is de studie van Zhang and Paulssen (2012), waarin
de zogenaamde twee-stations methode is gebruikt om de structuur in het
Baja California gebied tot dieptes van ongeveer 200 km te onderzoeken.
De twee-stations methode is gebaseerd op de aanname dat wanneer een
aardbeving en twee seismische stations op een rechte lijn liggen, de oppervlaktegolven langs deze rechte lijn over het aardoppervlak propageren.
Hierdoor kan uit het verschil in aankomsttijd bij beide stations voor elke
frequentie van de oppervlaktegolven de gemiddelde fasesnelheid op het pad
tussen de stations berekend worden. Door de variërende dieptegevoeligheid
van frequenties geeft dit weer informatie over de S-snelheidsstructuur op
verschillende dieptes. Deze methode is erg geschikt voor regionale (hoge
resolutie) studies, omdat het hele pad tussen de bron en eerste ontvanger
niet hoeft te worden meegenomen in de berekeningen.
In het eerste deel van dit proefschrift wordt onderzocht hoe groot voor
verschillende frequenties de effecten zijn van omliggende structuren op tweestations metingen. Met andere woorden, we onderzoeken hoe betrouwbaar
de aanname is dat het tijdsverschil tussen twee stations slechts bepaald
wordt door de structuur langs het pad tussen beide stations. We berekenen zogenaamde frequentie-afhankelijke gevoeligheidskernels, waarin voor
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een ruime zone rondom het stationspaar wordt aangegeven hoe groot het
effect op de twee-stations metingen zou zijn als er op een bepaalde plek een
afwijkende structuur optreedt. We laten zien dat, hoewel de interstationsgevoeligheid inderdaad dominant is, structuren die ver van het aangenomen
propagatiepad liggen een significante invloed kunnen hebben op de metingen.
In een tomografische studie, zoals bijvoorbeeld in Zhang and Paulssen
(2012), doet men twee-stationsmetingen voor meerdere combinaties van
stations, waarbij de interstationspaden elkaar kruisen. Hierdoor kan een
3-D beeld verkregen worden van de S-snelheidsstructuur onder het gebied
waar de stations staan. Onze gevoeligheidskernels tonen aan dat om zulke
tomografische inversies te verbeteren de gevoeligheidskernels voor iedere
combinatie van stations moeten worden meegenomen in de berekeningen.
Helaas moet voor het berekenen van de kernels wel het hele gebied tussen de
bron en ontvangers meegenomen worden, wat gezien de hoge resolutie die
we willen bereiken resulteert in gigantische rekentijden die in de praktijk
moeilijk te realiseren zijn. We hebben er daarom voor gekozen om, in
plaats van de resultaten van Zhang and Paulssen (2012) te verbeteren via
bovenstaande methode, te focussen op de vooralsnog ook lage resolutie in
verticale zin.
Deel II – S-snelheids modellen voor het Baja California gebied,
verkregen uit receiver functies en fasesnelheidsdata
Fasesnelheidscurves, zoals die bepaald zijn door Zhang and Paulssen (2012),
zijn bruikbaar om absolute gemiddelde S-snelheden op verschillende dieptes te vinden. Ze zijn echter niet gevoelig voor scherpe contrasten, zoals
bijvoorbeeld de overgang van korst naar mantel (Moho) of de randen van
een eventuele gesubduceerde plaat (slab). Voor het detecteren van abrupte
overgangen wordt de receiver functie techniek veelvuldig gebruikt, welke gebaseerd is op het feit dat bij scherpe contrasten in materiaaleigenschappen
P-golven geconverteerd worden naar S-golven. In een receiver functie zijn,
naast de directe P golf, al deze conversies als gevolg van scherpe contrasten
zichtbaar als pieken. Doordat S-golven langzamer reizen zullen de pieken
van de geconverteerde golven later arriveren dan de directe P-golf. Uit het
tijdsverschil kunnen de verhoudingen tussen de diktes van gesteentelagen
en de seismische snelheden binnen die lagen bepaald worden. Een receiver functie inversie vraagt echter om een startmodel en geeft geen unieke
oplossing.
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Combineren van fasesnelheidsdata en receiver functies in een gezamelijke
inversie zorgt ervoor dat de twee data typen elkaar aanvullen, wat resulteert
in nauwkeurigere modellen. In het tweede deel van dit onderzoek berekenen we receiver functies voor de aardbevingsdata die gemeten zijn door een
aantal van de NARS-Baja stations en combineren deze met de fasesnelheidscurves van Zhang and Paulssen (2012) in een 1-D S-snelheidsinversie.
We maken hierbij gebruik van het Neighbourhood Algoritme, een zoekmethode om gericht en efficiënt modellen met een lage misfit te vinden. Onder
ieder station kunnen we de diktes van de sedimentlaag en korst bepalen. Op
manteldieptes vinden we onder het midden en zuiden van het Baja California Schiereiland aanwijzingen voor de aanwezigheid van overblijfselen van
de gesubduceerde slab en we kunnen de diepte van met name de bovenkant
hiervan goed bepalen. Onder het noorden van het schiereiland vinden we
hier geen indicaties voor. We denken dat dit verschil tussen noord en zuid
de al eerder gevonden variaties in relatieve plaatbewegingen verklaart: door
de aanwezigheid van de slab is het zuidelijke deel van het schiereiland veel
sterker gekoppeld aan de Pacifische plaat dan het noordelijke deel. Onder
het Mexicaanse vasteland vinden we tot 200 km diepte geen aanwijzingen
voor een slab. Omdat andere studies dit wel vonden op veel grotere dieptes
dan men zou verwachten, sluiten we ons aan bij de hypothese dat de slab
onder de Golf van Californië is afgebroken.
Deel III – Effecten van hellende korstlagen op receiver functies
Hoewel robuuste structuren, zoals de sedimentlaag, Moho en locatie van de
slab consistent bepaald zijn in de gezamelijke 1-D inversie, zien we variaties
in de korstmodellen voor receiver functies van aardbevingen uit verschillende richtingen (back azimuth). Dit wordt veroorzaakt door richtingsafhankelijke verschillen in de receiver functie data en suggereert dat de korst
een complexere structuur heeft. Om na te gaan wat deze verschillen binnen de receiver functie data precies veroorzaakt modelleren we de structuur
tot Moho diepte van de receiver functies voor één NARS-Baja station met
enigszins complexere modellen dan de oorspronkelijke 1-D modellen. Deze modellen bevatten hellende lagen, welke voor richtingsafhankelijke data
zorgen. We tonen aan dat een model met een hellend grensvlak midden
in de korst en een hellende Moho de data tot vijf seconden redelijk goed
verklaart. Op basis van data van de andere stations kunnen we concluderen
dat door het gehele gebied midden in de korst een hellend grensvlak aanwezig is, maar met variërende oriëntatie. Een naar het westen hellende Moho
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zien we voornamelijk terug bij stations op het Baja California Schiereiland.
De hellende Moho onder het Baja California Schiereiland bevestigt dat de
korst dunner wordt naar de golf toe, zoals al eerder gevonden in andere
studies.
Belangrijkste bevindingen voor het Baja California gebied
Hieronder staan de belangrijkste bevindingen voor het Baja California gebied nog eens op een rij:
1) Onder het midden en zuidelijke deel van het Baja California Schiereiland is nog een gesubduceerde slab aanwezig. We hebben de diepte van
de boven- en onderkant van deze slab nauwkeuriger kunnen bepalen dan in
voorgaande studies is gedaan. Ook hebben we de bovenkant van de slab
kunnen identificeren als een abrupte overgang.
2) Onder het noordelijke deel van het schiereiland vinden we geen indicaties voor een slab. Dit verklaart waarom dit deel minder goed aan de
Pacifische plaat gekoppeld is.
3) We hebben aangetoond dat bepaalde richtingsafhankelijke variaties
in de receiver functies veroorzaakt worden door dippende lagen in de korst.
Onder het schiereiland vinden we een westwaards hellende Moho. Voor
meer gedetailleerd onderzoek naar de korststructuur van het gebied is een
geautomatiseerde modellering waarin hellende structuren geı̈mplementeerd
kunnen worden raadzaam.
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