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S U M M A R Y
We present a method to estimate seismic velocity and density contrasts at a given interface in
a 1-D layered model using PS-to-PP reflection amplitude ratios. The velocity structure above
the reflector is constrained by traveltime modelling, and the amplitude ratios are determined
using the same source–receiver pair for the measured PP and PS amplitudes (common-
offset geometry). Thereby, source and receiver site effects are cancelled, and the remaining
propagation effects are included in the ray theoretical forward modelling of theoretical PS-to-
PP ratios. A minimization of the least-squares misfit between observed and modelled ratios
provides the remaining elastic parameters below the reflector of interest (P velocity, P-to-S
velocity ratio, density). 1-D examples and a 2-D synthetic case study with a dipping reflector
and a laterally varying overburden demonstrate the possibilities and limitations of the method.
An application of the method to a 0.6 km deep reflector below the Campi Flegrei caldera,
Italy, reveals a strong contrast with a P-velocity increase from less than 2 to 3.5 km s−1 and a
decrease of the P-to-S velocity ratio from 3.6 to 1.75. The proposed PS-to-PP amplitude ratio
analysis is applicable for wide-angle seismic reflection data, especially when strong elastic
parameter contrasts are expected and when source amplitudes or site effects are poorly known.
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1 I N T RO D U C T I O N

Seismic reflection amplitudes carry information on the elastic pa-
rameter contrasts at subsurface reflectors, and the estimated elas-
tic parameters can be related to the rock type, porosity and fluid
or gas content through empirical relationships and rock physics
modelling (e.g. Avseth et al. 2005). Analyses of seismic reflection
amplitude variations with source–receiver offset (AVO) or incident
angle (AVA) are standard tools in seismic exploration to estimate
these contrasts (Ostrander 1984; Castagna & Smith 1994; Hilterman
2001). Typically, these methods are applied to the amplitudes of
P-to-P reflected waves, and often they employ linearized approxi-
mations to the Zoeppritz (1919) equations describing the reflection
amplitude variation with incidence angle (see e.g. Aki & Richards
2002). These approximations are generally applied for small in-
cidence angles (small offsets) only, and they assume weak elastic
contrasts at the reflector. Some modifications are required to extend
the approximate equations to the post-critical range of incidence
angles (Downton & Ursenbach 2006), which in turn can provide
more reliable estimates of seismic velocity and density contrasts.

The relationships between physical rock properties and P-wave
seismic data are highly non-unique, but an additional analysis of
S-wave data may increase the ability to extract lithology informa-
tion and fluid effects from seismic data, because the effective shear
modulus of porous rocks is not strongly affected by the fluid or gas

content of the pores (e.g. Xu & Bancroft 1997; Veire & Landrø
2006). The pore fill has only a minor influence on the effective S-
wave velocity because of the related change in density and changes
in the grain boundary contacts. Margrave et al. (2001) describe the
joint inversion of P-to-P reflected (PP) and P-to-S converted (PS)
wave amplitudes using a weighted stacking technique. In other joint
inversion methods approximated linear expressions for PP and PS
reflection coefficients are solved simultaneously for velocity and
density contrasts at a reflector (Veire & Landrø 2006), or the inver-
sion of reflection coefficients is formulated in a non-linear Bayesian
framework (Rabben et al. 2008). Instead of approximations and nu-
merical solutions for PP- and PS-AVA joint inversion, Kurt (2007)
uses analytical expressions of the Zoeppritz equations combined
with a bootstrapping approach to find the most likely estimates of
bulk moduli, Poisson’s ratios and densities in a two-layer model.

Standard AVO or AVA methods are applied to the reflection co-
efficients, and therefore source, receiver and propagation effects
must be removed from the seismic data before the analysis. For
example, a geometrical spreading correction may be applied, and
reflection amplitudes may be normalized by the zero-offset am-
plitude in case of PP data. Alternatively, the use of amplitude
ratios instead of absolute reflection coefficients can eliminate or
reduce some of the propagation and site effects. Already Zoeppritz
et al. (1912) studied amplitude ratios between reflected and direct
P waves from distant earthquakes to derive seismic velocities within
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the Earth. Later, Ibrahim (1971) obtained seismic properties of the
Earth’s core–mantle boundary from PcP-to-P ratios of teleseismic
recordings. More recently, Auger et al. (2003) estimated the seis-
mic velocities below a mid-crustal reflector using ratios between
PS-converted and first-arrival P waves from a controlled-source ex-
periment. Iidaka et al. (2004) and Sato et al. (2009) applied a similar
technique to PP-reflected waves from the crust–mantle boundary.
Besides that, Meissner & Hegazy (1981) proposed the analysis of
PP-to-SS reflection coefficient ratios to characterize hydrocarbon
reservoirs, and Li et al. (2006) used post-stack PS-to-PP amplitude
ratios to delineate gas reservoirs in volcanic rocks.

Here we introduce an AVO method that utilizes PS-to-PP am-
plitude ratios from wide-angle, three-component pre-stack seismic
sections and dynamic ray modelling. For a given source–receiver
offset, the PS-to-PP ratio depends mostly on just the elastic param-
eters at the reflector of interest, and total ray theoretic amplitudes
can overcome limitations of the approximate equations. The appli-
cation of the method is demonstrated in a synthetic case study and
for real data acquired in the Campi Flegrei caldera, southern Italy.

The real data example is taken from the SERAPIS marine active
seismic experiment (Section 4; Zollo et al. 2003). The main aims of
this experiment were to image the detailed velocity structure within
the caldera and adjacent regions (3-D first-arrival tomography),
to map the caldera boundary in its submerged parts, to search for
magma reservoirs, and to image the main subsurface discontinuities
with reflected and mode-converted waves. Strong velocity contrasts
are observed at some reflectors, and the available data set features
variable source amplitudes and mainly wide-angle reflections. As
mentioned above, standard AVO methods are typically applicable
only to weak elastic contrasts and small incidence angles, and they
require proper amplitude calibration. The need to overcome these
limitations motivated the present study on PS-to-PP amplitude ra-
tios. The Campi Flegrei case study presented here complements the
1-D interface model from deeper reflectors published in Zollo et al.
(2008).

2 M E T H O D

A 1-D layered subsurface model is assumed, in which a constant
interval P-velocity VP, an interval P-to-S velocity ratio VP/VS and a
density ρ is assigned to each layer (Fig. 1, top panel). Six parameters
characterize a given reflector, that is, VP, VP/VS and ρ above and
below the reflector, corresponding to three parameter contrasts. The
seismic sources and the receivers are located at the top of the model.

2.1 PS-to-PP amplitude ratios

Ignoring anelastic attenuation and anisotropy, the amplitudes A of
primary PP and PS reflected phases at a given offset x depend on the
source amplitudes S and receiver site effects X , on the geometrical
spreading G, and on the reflection coefficients R at the reflector of
interest

AP P (x) = SP P · X P P · G P P (x) · RP P (x)

AP S(x) = SP S · X P S · G P S(x) · RP S(x). (1)

The solid ray paths shown in Fig. 1 (bottom panel) for PP and PS
reflections connect the same source and receiver. Considering the
ratio C(x) between the PS and PP amplitudes for this acquisition ge-
ometry, the effects of the source and the receiver site on the observed
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Figure 1. Top panels: layered 1-D model with constant P-velocity VP, P-
to-S velocity ratio VP/VS and density ρ in each layer. Bottom panel: sketch
of ray paths for primary PP and PS reflections from interface 3. Whereas
PP is reflected at the midpoint (CMP), the PS reflection point is located
closer to the receiver. An additional, laterally shifted source–receiver pair
can provide a PS observation for the same offset and reflection point as the
PP reflection (dashed PS ray).

amplitudes are cancelled, because SPP = SPS and XPP = XPS

C(x) = AP S

AP P
(x)

= SP S

SP P
· X P S

X P P
· G P S(x)

G P P (x)
· RP S(x)

RP P (x)

= G P S(x)

G P P (x)
· RP S(x)

RP P (x)
. (2)

Eq. (2) and the related statement SPP = SPS applies only for an
isotropic point source such as an airgun shot or an explosion. In
case of a vertical or horizontal point source the radiation pattern
of the source has to be considered, because the take-off angles of
the PP- and PS-reflected rays are different (Fig. 1; see also Kähler
& Meissner 1983). The same applies to the receiver site where
different incidence angles and polarizations of PP- and PS-waves
have to be considered. Furthermore, amplitude partitioning onto the
three sensor components depends on the seafloor or the free-surface
elastic parameters (Wang et al. 2002). In the following we always
assume an isotropic point source, and we use only three-component
amplitudes (vector sums) to overcome the problem of amplitude
partitioning.

Building the ratio of PS and PP amplitudes reduces also the
effect of the geometrical spreading G, and the entire propagation
effects in the overburden can be included by dynamic, ray theoretical
forward modelling of the seismic amplitudes (Červený 2001). Thus,
measured PS-to-PP amplitude ratios as a function of offset provide
a means to estimate the elastic parameters at the reflector without
the need for additional amplitude correction factors.

Whereas PP is reflected at the midpoint (CMP) between source
and receiver, the corresponding PS reflection point lies closer to the
receiver (Fig. 1, bottom panel). The asymmetry of the PS ray path
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Figure 2. PS-to-PP amplitude ratios as a function of source–receiver offset
for positive P-velocity contrasts (solid, black) and negative contrasts (grey,
dashed) at interface 3 of the model shown in Fig. 1. Successive lines corre-
spond to a 2 per cent increase or decrease relative to the P-velocity in the
layer above the reflector (maximum variation �VP = ± 22 per cent).

depends on the VP/VS ratios in the layers above the reflector. The
distance between the CMP and the PS reflection point increases with
increasing offset and decreasing reflector depth (Tessmer & Behle
1988). If the elastic parameter contrast at the reflector is varying
laterally, the ratio between PS and PP reflected at the same subsur-
face location must be considered instead of the ratio calculated for
the same source and receiver. An additional, laterally shifted source
and receiver pair can provide the required PS observation (dashed
PS ray path in Fig. 1). However, in this case the source amplitudes
and possible receiver site effects have to be normalized before the
calculation of the PS-to-PP ratios.

Fig. 2 shows example PS-to-PP amplitude ratio curves as a func-
tion of offset for interface 3 of the model shown in Fig. 1. These
curves are calculated for a common offset of PS and PP. The black
lines are for models with a positive P-velocity contrast at that in-
terface (increasing VP with depth), and the grey curves are related
to models with a negative contrast (decreasing VP). The amplitude
ratio variation with offset is dominated by the amplitude behaviour
of the PS reflection. At zero offset the PS-to-PP ratio vanishes,
and the influence of the elastic parameter contrast on the PS-to-PP
amplitude ratios increases towards intermediate offsets (see also
Zhang & Mancini 2006). For a positive VP contrast, the amplitude
ratio curves approach zero again at the distance of critical P-to-S
reflection, followed by a rapid increase at post-critical distances.
If this is observed, the trade-off between VP and density (seismic
impedance) may be resolved, because the critical distance depends
only on the VP contrast. In case of a negative VP contrast a critical
reflection does not exist, resulting in smooth amplitude ratio curves
with one single peak.

The possibilities and limitations of PS-to-PP amplitude ratio
analyses are demonstrated in synthetic examples with the model
shown in Fig. 1 and with different ranges of source–receiver off-
set. In one example, we introduce a positive P-velocity contrast of
�VP = 22 per cent at interface 3 and for another one a negative
contrast of �VP = −22 per cent at the same interface. The corre-
sponding PS-to-PP amplitude ratio curves are included in Fig. 2.
The potential results of some assumed PS-to-PP amplitude ratio
analyses can be presented as slices through the model parameter
space showing the least-squares misfit L between measured and
computed ratios as a function of two model parameters. For N off-

sets the misfit function is defined as

L =
√√√√ 1

N

N∑
i=1

(
Cobs

i − Ccal
i

)2
(3)

in which Cobs
i and Ccal

i denote the measured and computed amplitude
ratios at one offset xi, respectively (eq. 2).

Each group of three panels in Fig. 3 shows such slices through the
parameter space for the three model parameters below the reflector,
for example, VP versus VP/VS (top left-hand panels). Figs 3(a)–(c)
illustrate the case of a positive velocity contrast at the reflector.
Considering an acquisition geometry with a maximum offset of 4 km
(Fig. 3a), only pre-critical PS-to-PP amplitude ratios are evaluated
(see Fig. 2). The small variation of the short-offset PS-to-PP curves
with a variation of the subreflector model parameters leads to small
misfits L for a relatively wide range of model parameters, that is,
ambiguous results. The dominant ambiguity is visible in the plot
of VP versus ρ below the reflector (dark region in the bottom left-
hand panel of Fig. 3a). An increase of the maximum offset to 6 km
(Fig. 3b) includes the characteristic zero-crossing of the PS-to-PP
curve at the critical distance of 5 km. Since this feature of the PS-
to-PP curve well constrains VP below the reflector, also VP/VS and
ρ are significantly better resolved than with the short-offset data, as
indicated by smaller dark regions in the misfit plots. A maximum
offset of 8 km further improves the resolution, especially of the
density ρ (Fig. 3c). In case of a negative VP contrast at the reflector
large offsets are required to retrieve reasonable estimates of the
model parameters below the reflector (Fig. 3d). The pronounced
trade-off between VP and ρ cannot be resolved here. For example,
a model with a lower VP but a higher ρ below the reflector would
fit the observed PS-to-PP ratios similarly well as the true model.

As a final example, Fig. 4 illustrates that the six model parameters
VP, VP/VS and ρ above and below a certain reflector are not indepen-
dent. Again three panels show slices through the model parameter
space at interface 3, this time always for two corresponding model
parameters above and below the reflector (e.g. V P,1 above versus
V P,2 below). The remaining four parameters are kept constant at the
values of the true reference model (see Fig. 1). Generally, a higher
VP in the layer above the reflector leads to a higher VP estimate in the
layer below (left-hand panel) and vice versa. A similar behaviour
can be seen for VP/VS and the density ρ, that is, the PS-to-PP
amplitude ratio variation with offset mainly provides estimates on
parameter contrasts at a reflector. Therefore, some of the parameters
must be constrained before an inversion.

2.2 Estimation of elastic parameters

Basic PP reflection processing includes common-midpoint gath-
ering of vertical-component traces, static corrections, filtering,
normal-moveout (NMO) velocity analysis, NMO correction and
stacking (e.g. Yilmaz 2001). A modified processing sequence is
necessary for PS waves. The radial-component traces are typi-
cally sorted into common-conversion point gathers, and the velocity
analysis searches for an effective P-to-S velocity ratio suitable for
the converted-wave NMO correction of an individual PS reflection
(Audebert et al. 1999; Thomsen 1999; Li & Yuan 2003). Some
iterations of trace gathering and effective velocity analysis may be
required in case of lateral variations, because the conversion point
depends on the chosen velocity ratio. The obtained PP NMO veloc-
ities and the effective velocity ratios for PS can be converted into an
interval velocity model as a function of depth (see e.g. Yilmaz 2001;
Tessmer & Behle 1988, respectively). If PP and PS traveltime picks
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Figure 3. Slices through the model parameter space showing the colour-coded misfit L (eq. 3) between measured and computed amplitude ratios as a function
of two model parameters below interface 3 (see Fig. 1). The remaining third parameter below the interface is fixed to the true value of the model. Panels (a–c):
rms misfit for a model with a P-velocity increase from 4.5 to 5.5 km s−1 (�VP = 22 per cent) and three different source–receiver offset ranges. Panel (d): rms
misfit for a P-velocity decrease to 3.5 km s−1 (�VP = −22 per cent).

are available, also ray tracing can provide the interval velocity
model.

Our aim is to estimate the elastic contrasts at selected reflectors
that have been identified in the (processed) seismic data. In a first
step, we pick the PP traveltimes of the target reflector on unstacked,
vertical-component seismograms and the corresponding PS trav-
eltimes on the radial-component sections. The second step is the
measurement of PP and PS amplitudes in a time window includ-
ing the entire reflection wavelet. Especially for wide-angle seismic
data the PP and PS amplitudes cannot be simply extracted from the
vertical and horizontal components, respectively, because, as men-
tioned above, the amplitude partitioning onto these two components
depends on the seafloor or free-surface elastic parameters (Wang
et al. 2002; Wang & Singh 2003). Therefore, we extract the com-
plete three-component amplitudes (vector sums) for both the PP
and the PS reflections. This approach also avoids any error related
to possible uncertainties in the orientations of the three-component
sensors.

Once the three-component PP and PS amplitudes of the selected
target reflector are measured at all offsets, the PS-to-PP ratios
at common offsets are calculated and the elastic parameter con-
trast can be estimated. We constrain the velocity structure above
the reflecting interface using a layered interface velocity model
from traveltime modelling or obtained during the data processing
as mentioned above. Additionally we assign initial values for the
densities, for example, using an empirical velocity–density relation
(e.g. Gardner et al. 1974). Then we calculate theoretical PS-to-PP
amplitude ratios at common offsets of PP and PS using dynamic
ray tracing in the layered model (Farra & Madariaga 1987). Finally,
we vary the unconstrained model parameters (VP, VP/VS , ρ below
the reflector) to minimize the misfit L between observed and theo-
retical amplitude ratio curves (eq. 3). The minimization process is a
grid search through the model parameter space, possibly combined
with Simplex optimization to find a local minimum (e.g. Press et al.
1992). Slices through the parameter space showing the misfit value
as a function of selected model parameters provide an estimate of
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Figure 4. Slices through the model parameter space showing the colour-
coded misfit L (eq. 3) between measured and computed amplitude ratios
of two model parameters at interface 3 (see Fig. 1). The remaining four
parameters are kept constant at the values of the reference model. Index 1
denotes the parameter above the reflector and index 2 the corresponding one
below.

the uncertainty of the solution. An entire layered subsurface model
can be constructed by a layer stripping procedure, beginning with
the shallowest reflector of interest.

3 S Y N T H E T I C C A S E S T U DY

A dipping reflector and a laterally varying overburden violates the
assumption of a 1-D model. To illustrate these effects on the analysis
of PS-to-PP amplitude ratios, we apply the method to amplitude ra-
tios extracted from synthetic data for a hypothetical volcanic caldera
structure (Fig. 5). The target of this case study is a segment of the
deepest reflector in the 2-D model. The subsurface structure above
the target shows some lateral variation, and the target reflector it-
self is dipping towards the left-hand side of the profile (Fig. 5, top
panel). The data to be analysed are three-component seismograms
generated for a line of shots in a shallow water layer and recorded
at a single multicomponent receiver at the sea bottom. These data
were computed with the dynamic ray modelling tool NORSAR-2D
(NORSAR 2003). Primary PP and PS reflections from all model
interfaces are included in the vertical- and radial-component syn-
thetic seismograms shown in Fig. 6. The transverse component is
zero in this case.

First, we use ray tracing to construct an approximate 1-D interval
velocity model from the PP and PS reflection traveltimes of the
target reflector and of the three reflectors above (Fig. 5, bottom
panel). The densities for each layer above the target reflector are
taken from the 2-D model. Second, we measure the PP and PS
amplitudes for the target reflector in a 0.15 s time window from
the three-component seismograms, excluding those parts of the
reflection signals that are obviously contaminated by other phases.
Third, theoretical PS-to-PP amplitude ratios for this model are fit to
the measured curve by varying VP, VP/VS and the density ρ in the
layer below the reflector. Here, the PS-to-PP amplitude ratio curve
is an average of that for negative offsets and that for positive offsets.

Fig. 7 is an overlay plot of the measured amplitude ratios (dots,
diamonds) and a theoretical curve for the best-fitting model ob-
tained with the density contrast fixed to the known value (thick grey
line). The additional solid black and dashed grey curves are for
alternative models with 10 per cent higher and 10 per cent lower

Figure 5. Top panel: 2-D P-velocity model used in the synthetic case study,
and shots (dots) and a receiver (triangle) of a common receiver gather.
Bottom panel: approximate 1-D model based on traveltimes for the common
receiver gather. The VP/VS ratios and densities are the same as in the 2-D
model.
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Figure 6. Synthetic vertical- and horizontal-component seismograms for
all primary PP and PS reflections of the common receiver gather shown in
Fig. 5 (top panel). The target reflections are labelled PP and PS.

VP contrasts, respectively. The critical distance for the estimated
(and true) P-velocity contrast is reached at an offset of about 3 km.
Measured pre-critical amplitude ratios (black dots) are fit well by
the theoretical values. For the positive offset branch the measured
PS-to-PP amplitude ratios approach zero at a smaller offset than
the theoretical curve, which suggests a higher VP contrast than that
of the best 1-D average model. The opposite observation is made
for the negative offset branch, demonstrating that this is related to
the reflector dip. Post-critical amplitude ratios (grey diamonds) are
much more sensitive to small changes of elastic parameters and inci-
dence angles. Measured post-critical amplitude ratios do not match
the theoretical values for the approximate 1-D model, also because
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Figure 7. Synthetic PS-to-PP amplitude ratio curves overlain with pre-
(black dots) and post-critical (grey diamonds) amplitude ratios. The thick
grey line is the theoretical curve for the 1-D model shown in Fig. 5, and thin
lines correspond to models with 10 per cent higher and lower P-velocity in
the layer below the target reflector.

Figure 8. Slices through the parameter space for the model parameters in
the layer below the target reflector. The 1-D velocity and density structure
above the target is shown in Fig. 5.

of the reflector dip and because of the lateral velocity variation in
the overburden.

Fig. 8 illustrates the resolution of the estimated elastic parameters
below the target reflector. Each of the three panels shows the misfit
L between the measured pre-critical PS-to-PP amplitude ratios and
the theoretical values as a function of two elastic parameters for the
layer below the reflector. The third parameter for the layer below
and the three parameters of the layer above are kept constant at
the value of the best 1-D model (Fig. 5, bottom panel). The dark
regions in these slices through the model parameter space outline
elastic parameter combinations that yield a good fit, that is, a narrow
dark region indicates a better resolution of the related parameter than
a wide region of possible values. In the panel for VP and density ρ

(bottom left-hand panel) the trade-off between these two parameters
is clearly visible as a large region of probable VP–ρ pairs. A similar
but less pronounced parameter correlation can be seen in the other
two panels (VP/VS versus VP and ρ versus VP/VS). An uncertainty of
10–15 per cent for each estimated elastic parameter may be assigned
here.

4 A P P L I C AT I O N T O R E A L DATA

The reflection seismic data for this case study came from the SER-
APIS marine active seismic experiment carried out in the eastern
Tyrrhenian Sea near the coast of southern Italy (e.g. Zollo et al.
2003). During this experiment a large number of airgun shots was
recorded by a grid of 30 three-component ocean bottom seismome-
ters (OBS) in the Bay of Pozzuoli, which covers parts of the Campi
Flegrei volcanic caldera (Fig. 9). This caldera was formed mostly by
two large explosive events (Orsi et al. 1996) about 37–39 ka (Cam-
panian Ignimbrite) and about 12–15 ka ago (Neapoletan Yellow
Tuff). The current activity of the caldera is demonstrated by hy-
drothermal activity, gas emissions, and large-scale vertical ground
movements. The most recent uplift episodes in 1970–1972 and
1982–1984 lead to a cumulative uplift of 3.5 m and were accompa-
nied by a series of earthquake swarms. Details and further references
on the geological setting of the caldera can be found in Orsi et al.
(1996), Zollo et al. (2003) and Dello Iacono et al. (2009), among
others.

The average water depths at the OBS locations in the Bay of
Pozzuoli is about 100 m, and the orientations of their two horizon-
tal components have been determined by polarization analysis of
the direct wave travelling in the water layer. The three-component
recordings were initially arranged into common-midpoint (CMP)
gathers (500 × 500 m cells), which contain more than 120 traces
each in the central part of the bay (Dello Iacono et al. 2009). Be-
sides rotation of the two horizontal components into the radial and
transverse direction, the data processing included 5–15 Hz bandpass
filtering for the amplitude analyses and additional trace amplitude
normalization for phase identification.

In a previous study of Dello Iacono et al. (2009), strong PP and
PS reflections have been identified for a shallow reflector beneath
the Campi Flegrei caldera, and the PS reflections have been used to
determine an average VP/VS ratio of 3.6 for the layer above the re-
flector. As an example, Fig. 10 shows vertical- and radial-component

Figure 9. Location of the study area in the Bay of Pozzuoli, southern
Italy, and the seismic acquisition geometry. Dots indicate airgun shots and
inverted triangles three-component ocean bottom seismometers (OBS) of
the SERAPIS experiment (filled symbols: OBS used in this study).
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Figure 10. Example of vertical- and horizontal-component seismograms.
The traces are sorted by source–receiver distance, 5–15 Hz bandpass-filtered,
and amplitude-normalized. The grey lines mark time windows around the
theoretical PP and PS arrival times, respectively.

seismograms taken from one CMP gather of the SERAPIS data set.
The lines mark time windows around the theoretical PP and PS ar-
rival times, calculated for a reflector depth of 0.6 km and the velocity
model given below. In this study, we manually picked traveltimes of
the PP and PS reflections from all analysed sections (Fig. 11, top
panel). Then we used these picks to extract the three-component
seismic amplitudes in a 0.2 s time window for a subsequent PS-to-
PP amplitude ratio analysis. A maximum source–receiver offset of
2 km is considered here.

The aim is to obtain the average velocities below the subhorizon-
tal, flat reflector and to estimate the density contrast from a single
average PS-to-PP amplitude ratio curve derived from all measured
ratios. Fig. 11 (bottom panel) shows the amplitude ratio curve as
a function of offset, wherein each dot represents the mean of the
measured ratios within a 100 m wide offset bin. The maximum
amplitude ratio is observed at 0.45 km offset, within a region of
rather large variability (offset range 0.3–0.8 km). In the far offset
range, the PS-to-PP amplitude ratios decrease continuously with
increasing offset.

The shallow 3-D P-velocity structure above the target reflec-
tor is known from 3-D high-resolution tomography studies using
first-arrival traveltimes from the SERAPIS data set (Zollo et al.
2003; Dello Iacono et al. 2009). From these models we extracted
a local 1-D average P-velocity model for the region covered by
our reflection data. This 1-D model served as a starting model to
estimate the velocities above the reflector and the reflector depth
by 1-D kinematic ray tracing of PP and PS reflections. Based on
several trial-and-error runs of the ray tracing procedure to fit ob-
served and modelled PP and PS traveltimes, we fixed the depth of
the target reflector at 0.6 km and constrained the velocities above
the reflector. In this 1-D model, the P-velocity increases linearily
from V P,1 = 1.55 km s−1 at the seafloor to V P,1 = 1.95 km s−1

directly above the reflector, and the average vertical P-to-S velocity
ratio is V P,1/V S,1 = 3.6. In addition we assigned a density of ρ1 =
2.2 g cm−3. Based on this model for the shallow layer, the shape
of the observed PS-to-PP amplitude ratio curve can be modelled
by positive P- and S-velocity contrasts with V P,2 = 3.5 km s−1 and
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Figure 11. Top panel: measured PP and PS traveltimes as a function of
offset, overlain by theoretical times (lines) for the model given below. Bottom
panel: measured (dots) and modelled (thick grey line) PS-to-PP amplitude
ratios versus offset. The model parameters are V P,1 = 1.55–1.95 km s−1,
V P,1/V S,1 = 3.6 and ρ1 = 2.2 g cm−3 above the reflector at 0.6 km depth,
and V P,2 = 3.5 km s−1, V P,2/V S,2 = 1.75 and ρ2 = 2.3 g cm−3 below. The
thin lines are theoretical curves for a model with 10 per cent higher V P,2

(solid) and 10 per cent lower V P,2 (dashed). The grey-shaded area outlines
the offset range used to generate the panels Fig. 12.

V P,2/V S,2 = 1.75 in the half-space below the reflector (thick grey
line in Fig. 11, bottom panel).

For this strong contrast, the distance related to the critical P-to-P
reflection is reached near 0.7 km offset, and the corresponding P-
to-S reflection with the same incident angle arrives at 0.4 km offset.
This can explain the larger variability of the observed PS-to-PP
amplitude ratios in this offset range, because even small velocity
variations have a great influence on the critical reflection points and
the peaks of the corresponding PS-to-PP amplitude ratio curves
(thin lines in Fig. 11, bottom panel).

Slices through the model parameter space illustrate the resolution
of the obtained model given above (Fig. 12a). Each panel shows the
misfit between observed and modelled PS-to-PP amplitude ratios
as a function of two model parameters below the reflector, while
fixing the third parameter and the values above the reflector. Only
the offset range from 0.2 to 1.6 km is considered here (shaded area
in Fig. 11), because the small PS-to-PP ratios at very short and at
large offsets may be biased by noise in the data. The minima of
the misfit function L are narrow, suggesting good estimates of the
model parameters in the half-space below the reflector. The best
fit is obtained for V P,2 = 3.5 km s−1, V P,2/V S,2 = 1.75 and ρ2 =
2.3 g cm−3, in which the density ρ2 shows the greatest uncertainty.
For comparison, Fig. 12(b) shows the same slices through the pa-
rameter space, but computed for PS-to-PP ratios from noise-free
synthetic seismograms for the best-fitting model. The similarity of
the results for real and synthetic data supports our model with the
assumption of a flat reflector and of lateral homogeneity.

The shallow layer and its high P-to-S velocity ratio of
V P,1/V S,1 = 3.6 can be related to incoherent, water-saturated
volcanic and marine sediments, corroborated also by rock physics

C© 2009 The Authors, GJI, 179, 1617–1626

Journal compilation C© 2009 RAS



1624 N. Maercklin and A. Zollo

Figure 12. Slices through the parameter space for the model parameters in the half-space below the reflector at 0.6 km depth. Velocities and density in the
layer above the reflector are given in the caption of Fig. 11. (a) Misfit function L (eq. 3) calculated for the real data in the offset range 0.2–1.6 km and (b) misfit
function for noise-free synthetics from the best-fitting model instead of real data.

modelling (Dello Iacono et al. 2009). The P-velocity of about
V P,2 = 3.5 km s−1 is consistent with results from previous stud-
ies (e.g. Zollo et al. 2003; Zollo et al. 2008), and the reflector at
0.6 km depth may be related to tuffs, most likely interbedded with
solidified lavas (e.g. Bruno 2004). In a recent paper, Zollo et al.
(2008) show additional results of PS-to-PP amplitude ratio analy-
ses for two deeper reflectors in the same study area (2.7 km and
a magma layer at 7.5 km depth), focusing on the results and their
volcanological implications.

5 D I S C U S S I O N

We introduced a method to estimate seismic velocity and density
contrasts at nearly flat reflectors in a 1-D layered model using PS-
to-PP amplitude ratios as a function of source–receiver offset. As
for all AVO or AVA methods using PP and PS simultaneously, these
two phases must be preliminarily identified for the same reflector
(event correlation), which can be a challenging task with real data.
The most reliable association of these two phases can be made from
well log data. If such data are not available, one may rely on PP and
PS reflection moveout analysis on vertical- and radial-component
seismograms, possibly guided by kinematic ray tracing. For short-
offset data a natural separation of PP energy on the vertical and
PS energy on the horizontal component sections can be observed
in regions with a shallow low-velocity layer causing near-vertical
ray paths near the surface. A complete separation of the P- and
S-wavefields from wide-angle multicomponent data is possible in
the time–slowness (τ–p) domain (Wang et al. 2002; Wang & Singh
2003), and the receiver function method (Edme & Singh 2008) may
help to identify the PS arrivals.

Once the PP and PS phases are identified and their traveltimes
are picked, the PS-to-PP amplitude ratio analysis yields elastic pa-
rameter contrasts at reflectors using wide-angle reflection data, and
the method does not require additional amplitude correction fac-
tors as needed for standard AVO techniques. However, at small
offsets the PS-to-PP amplitude ratios do not change significantly
with the VP contrast at the reflector. Additionally, noise in real

data has a stronger influence on the small PS amplitudes at short
offsets and may introduce a systematic bias towards higher PS-
to-PP amplitude ratios. Therefore, amplitude ratio measurements
are needed for sufficiently large offsets. If this is the case, the
method is applicable also to subsurface structures that violate the
1-D assumption by a slightly dipping reflector or a laterally vary-
ing overburden, as demonstrated in the synthetic case study using
pre-critical amplitude ratios. If the distance of critical reflection
is detected in the PS-to-PP ratio curve, the associated positive VP

contrast is well-resolved, and also a good estimate for VP/VS can
be expected. The recovery of density contrasts from pre-critical
amplitude ratios requires additional constraints, for example, from
empirical velocity–density relations or gravity data. If no significant
lateral variation of the subsurface structure is observed, post-critical
amplitude ratios may be included in the analysis, which can also
improve the resolution of density contrasts (see also Downton &
Ursenbach 2006).

In several cases such as gas sands the P-wave amplitudes go to
zero before changing the polarity (e.g. Li et al. 2006). Hence this
will introduce a singularity in the PS-to-PP amplitude ratio curves.
While this behaviour may be considered as a strong point in our
analysis method, an automatic inversion procedure does not per-
mit any singularity. Therefore, only PP amplitudes above a certain
threshold should be used to calculate the ratios.

Another important issue in our method is the requirement of an
accurate velocity model to compute the ray paths above the target
reflector, that is, errors in the velocity model above the reflector
affect the obtained model parameters below the reflector (or the
parameter contrasts). Changes of the velocities in the hanging wall
lead to changes of the incidence angles at the reflector and of the
location of the PS reflection point. For example, incidence angles
would be underestimated, if a layered model with a positive velocity
gradient in the hanging wall is replaced by a single layer with average
velocities. This is a general weakness of AVO methods as opposed
to AVA analyses. One way to address this problem could be to
transform the data in the τ– p domain and analyse PS-to-PP ratios
as a function of slowness instead of offset (Edme & Singh 2008).
This approach would require densely spaced profiles, and not both
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the source and the receiver effects are cancelled as in the method
presented here.

The real data example from the Campi Flegrei caldera features
strong P- and S-velocity contrasts at a shallow reflector (0.6 km), and
the distance of critical reflection is therefore reached already at short
offsets. The obtained model is based mostly on post-critical PS-to-
PP amplitude ratios, which are more sensitive to violations of the
1-D assumption of our method than the pre-critical ratios. However,
old 2-D near-vertical seismic reflection profiles (Finetti & Morelli
1974) across our study region show flat, subhorizontal sedimentary
layers without an indication for significant lateral velocity variations
above our target reflector (Lines NA-4 and NA-5 in Bruno 2004).
Additionally, the target reflector itself shows only minor topography
within our small study region. Therefore, the assumption of a 1-D
subsurface structure is justified here.

The P-velocities obtained from seismic reflection analysis are
consistent with a high-resolution tomographic model for the Campi
Flegrei caldera (Zollo et al. 2003), and a similar high VP/VS ratio in
the very shallow subsurface has been reported in Dello Iacono et al.
(2009). Aster & Meyer (1988) derived a tomographic model for VP

and VS beneath the caldera using earthquake data from the uplift
episode in the early 1980s. For our study region, which is located
near the southern boundary of their model, they found values of
VP = 2.8 km s−1 and VP/VS = 1.7. The deviation from our model
may be explained by the fact that a tomographic inversion tends
to smooth sharp velocity contrasts. The value of VP/VS is well in
agreement with our results for the layer below the reflector at 0.6 km
depth. The high VP/VS ratios of the shallow marine sediments could
not be resolved by Aster & Meyer (1988) because of the use of
earthquakes and onshore stations only.

6 C O N C LU S I O N S

The PS-to-PP amplitude ratio analysis can be recommended for
wide-angle seismic reflection data, especially when strong, positive
elastic parameter contrasts are expected and when source amplitudes
or site effects are poorly known. The application of our method to
a 0.6 km deep reflector beneath the Campi Flegrei caldera revealed
a strong VP increase from nearly 2 to 3.5 km s−1, a VP/VS decrease
from 3.6 to 1.75, and a small density contrast of �ρ = 0.1 g cm−3.
The reflector marks the boundary between solid volcanic rocks
(tuffs/lavas) below and unconsolidated marine and volcanic sedi-
ments above.
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