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Abstract. The Rhinegraben is one of the best studied rift
structures in the world. In the past 20 years, it has been
the site of many seismic refraction studies. However, most
of the profiles have only been interpreted using 1-D meth-
ods. In this paper a combined 2-D and 1-D analysis of
the only reversed profile within the graben proper is pre-
sented. The new interpretation has resulted in changes in
the P-wave velocity model of the Rhinegraben.

In the new model, the upper crust of the graben, repre-
senting the sedimentary graben-fill, is found to be 6-7 km
thick with ¥, less than 6.0 km/s. The mid-crust, which is
probably of granitic/gneissic composition, shows a practi-
cally constant velocity of 6.25 km/s. This observation is
supported by seismic reflection data. At the base of the
crust is a velocity discontinuity followed by a 1.5 km thick
transition zone into the upper mantle. From north to south
along the graben, the crust thins by 3 km and the upper
mantle velocity changes from about 8.4 km/s to 7.9 km/s.

In comparison with the old 1-D model, the new model
shows a simplification of the structure of the lower crust
and a thinning of the crust/mantle transition zone from
5km to 1.5 km. Furthermore, in the old model, the upper
mantle velocity underneath the graben was found to be
constant at 8.1 km/s, which is in contrast to the changing
upper mantle velocity found in the new model.

Key words: Rhinegraben — Crustal structure — Refraction
seismology — Crust-mantle transition

Introduction

The Rhinegraben of central Europe (Fig. 1) is one of the
best studied continental rifts in the world. Seismic refraction
investigations, in particular, have a long history in the gra-
ben. Individual works can be found in the volumes: The
Rhinegraben Progress Report (Rothe and Sauer, 1967), Gra-
ben Problems (Illies and Mueller, 1970) and Approaches to
Taphrogenesis (Illies and Fuchs, 1974). A history of the
seismic refraction work done in the Rhinegraben up to 1976
is given by Prodehl et al. (1976).

This paper deals with the re-interpretation of the only
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Fig. 1. Location map of seismic refraction profiles in the central
and southern Rhinegraben (from Edel et al., 1975). Ciosed dots.
shot points. Open dots: cities (Ka=Karlsruhe, Ba=Basel, Str=
Strasbourg, Zu=_Zirich, Mu=Mulhouse, Co=Colmar, Na=
Nancy, Sa==Saarbriicken). Thick lines: boundary faults of the
Rhinegraben. Thin solid and dashed lines: seismic refraction pro-
files. Cross hatching : crystalline rocks of the Rhenish Massif (north
of the Rhinegraben), Vosges Forest (west of the Rhinegraben),
and Black Forest (east of the Rhinegraben). The profile considered
in this paper runs between shot points WI and SB (labelled: SB-
010-WI and WI-190-SB)

reversed, crustal, seismic refraction profile in the southern
Rhinegraben (R.G.), namely, the profile from Wissembourg
(WI) in the north to Steinbrunn (SB) in the south (Fig. 1).
The Rhinegraben Research Group for Explosion Seismo-
logy (1974) was first to publish an interpretation of the
WI-SB profile. Edel etal. (1975) was the next group to
interpret these data. They presented an interpretation of
the profile within the framework of all the other profiles
shown in Fig. 1.

In this paper, a new development is added to the history
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Fig. 2a and b. The data from shot point WI. a Trace-normalized record section. The solid lines (broken at the seismograms) represent
the calculated travel times for the model shown in Fig. 6. The dotted lines are the calculated travel times for the model published
by Edel etal. (1975). The dotted/dashed lines are a special case of the model in Fig. 6. The stars indicate reciprocal times. b Ray
diagram. The model is the same as in Fig. 6 except no vertical exaggeration. Note: The model is only well controlled in areas penetrated

by rays

of these data. Since the last interpretation of the profile,
new techniques have become available which allow more
detailed analysis of refraction data. In particular, I have
done a 2-D analysis of the travel times. This is a marked
improvement over the previous study, since the data from
WI and SB were considered separately as two unreversed
profiles. Ray theoretical amplitude data were also calcu-
lated, but because of a limitation inherent in ray theory,
the results near the critical point are significantly in error.
However, as discussed below, this problem can be side-
stepped by using the ray theoretical amplitudes to make
a comparison of the complete 2-D model with 1-D approxi-
mations. In the case of the Rhinegraben, the amplitudes
may be interpreted with the more accurate reflectivity meth-
od.

I restrict my attention here to the WI-SB profile. It
is also important to consider the other profiles in the area.
However, they are unreversed and the application of 2-D
methods will not significantly improve their interpretation.

Data

The data used in this interpretation are shown in Figs. 2a
and 3a. These are normalized record sections. This means
that the amplitude of each seismogram is individually scaled
to a maximum width (amplitude) and that the same maxi-
mum width is used for every trace.

The way in which the interpreter correlates the seismic
phases determines, to a large extent, how his final model
will look. Different interpreters will sometimes interpret the
same phase slightly differently. Therefore, in order to make
clear the differences between the present model and that

of Edel et al. (1975)*, the travel times computed from Edel’s
published velocity-depth curves are included with the com-
puted travel times from this study, which are all drawn
together on top of the observed data in Figs. 2a and 3a.

Three main phases are observed on the record sections.
These are marked by a solid line that is broken at the
seismograms in Figs. 2a and 3a. The correlation used by
Edel et al. (1975) is shown by dotted lines. The phases have
been identified as Pg, Pn, and PmP. A description of each
phase follows.

Pg

The apparent velocity of this phase starts low, about
3.2 km/s at WI and about 4.2 km/s at SB. The apparent
velocity increases with increasing distance in a series of
three steps until a maximum velocity of about 6.2 km/s
is reached at an epicentral distance of about 60 km for
both profiles. At this point the amplitude of Pg on both
profiles drops sharply. It is difficult to trace Pg much
beyond 65 km.

On the WI profile (Fig. 2a), at least two other phases
can be seen which follow the Pg phase. They are labelled
Pgl and Pg2. They have the same apparent velocity as
the second segment of the Pg phase, follow at about 1.0's
and 2.0 s, respectively, behind the Pg phase, and are dis-
placed slightly to larger distances.

PmP

This phase is recorded quite clearly on both record sections,
although its precise correlation is difficult. Tracing the

1 Because of this comparison, it is necessary to refer to the work
of Edel et al. (1975) rather frequently. In the rest of the paper
I simply refer to ““Edel” or ““the old interpretation™
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Fig. 3a and b. The data from shot point SB. a Trace-normalized record section. Same explanation as for Fig. 2. b Ray diagram.

Same explanation as for Fig. 2
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Fig. 4. Enlargement of the PmP correlation from shot point WI.
Solid lines : the present correlation. Dorted lines : the previous corre-
lation. The travel time branches that are not PmP are marked.
The star indicates the PmP reciprocal time measured from the
data from shot point SB

phase towards decreasing epicentral distances in the WI
profile (Fig. 2a), PmP is at first clearly observed at an epi-
central distance of 140 km and can be traced backwards
to epicentral distances of less than 60 km. Figure 4 shows
the correlation of the PmP phase between 60 and 140 km
epicentral distance, on a greater scale. At 85 km, the present
and previous correlations agree. At increasing epicentral
distances the present correlation is earlier than the previous
one. Without other information, it is difficult in Fig. 4 to
decide which correlation fits the data better. In the distance
range 100-130 km, the present correlation clearly fits the
onset of the wavelet better than the previous correlation.
However, in the distance range 130-150 km, the previous
correlation provides the better fit. The PmP wavelet is very
complicated across the length of Fig. 4 and it is difficult
to determine if the old and new correlations represent differ-

ent phases or only different ways to correlate the same
phase. The previous correlation tends to follow the ampli-
tude maximum of the wavelet while the present one tends
to follow more the onset of the wavelet.

The apparent ambiguity can be resolved by considera-
tion of the PmP reciprocal point. In Fig. 3a, the PmP recip-
rocal time is denoted by a star located over the position
of the WI shot point. The nearest clear PmP arrivals are
about 5 km away, at approximately 153 and 154 km epicen-
tral distance. These arrivals constrain the PmP reciprocal
time to 1.2540.15 s reduced time. The reciprocal time is
plotted in Fig. 4 (and Fig. 2a) also as a star. It is clear
that the reciprocal time supports the present correlation.

At epicentral distances less than 85 km in Fig. 4, the
present correlation is later than the previous one. The later
arrivals are approximately twice as large as the earlier ones.
This is in the region of the critical point for this branch,
where PmP should be its most impulsive. Therefore, the
later, stronger arrivals are the best choice for the location
of the PmP branch in this region.

In the SB record section (Fig. 3), the PmP phase is first
clearly observed at an epicentral distance of about 160 km.
It can then be traced back very clearly to about 60 km,
where, with some imagination, it can be traced back even
further to an epicentral distance of about 40 km. Note that
the old and the new correlations are essentially the same.

Pn

From WI (Fig. 2a) this phase can be clearly observed as
separate from the PmP phase at about 75 km epicentral
distance. With increasing distance, Pn is clearly recorded
out to about 135 km. Beyond 135 km epicentral distance,
Pn becomes very difficult to correlate clearly. An important
observation is that the Pr phase starts out at a high appar-
ent velocity (8.5 km/s) where it separates from the PmP
phase. It then slows down to a lower apparent velocity
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Fig. 5a and b. Log (base 10) PmP/Pn amplitude ratios. Closed cir-
cles with solid lines: observed data. Open circles with dashed lines :
computed data using the reflectivity method on the 1-D velocity-
depth functions shown in Fig. 5. Open triangles with dotted lines:
computed data from Edel’s models shown in Fig. 5. a Data for
shot point WI. b Data for shot point SB

(8.15 km/s) beyond about 110 km. The old and the new
correlations agree near where Pn and PmP separate, but
the old correlation is about 0.2 s behind the new correlation
between 120 and 130 km epicentral distance.

From SB (Fig. 3a), a similar pattern is also observed.
The Pn phase is first clearly observed as separate from the
PmP at about 95 km. Between this range and where it
merges with PmP, Pr has an apparent velocity of 7.3 km/s.
The Pn phase is most clearly observed between 95 and
120 km epicentral distance, where the phase changes to a
higher apparent velocity of 8.5 km/s. The old correlation
runs earlier than the new by about 0.3 s in this region.
Note that this low apparent velocity to high apparent veloc-
ity change along the Pr branch is the opposite to that ob-
served along the Pn branch from WI.

At the larger epicentral distances, the Pn branch is fur-
ther constrained by the reciprocal times which are indicated
by stars in Figs. 2a and 3a. The reciprocal time from shot
point WI is reasonably well constrained by the good Pn
arrival on the seismogram located at 152 km epicentral dis-
tance in Fig. 2a. In the data from shot point SB the recipro-
cal time provides the required control on the Pn branch
at epicentral distances greater than 150 km.

Amplitudes

In this study, only the amplitude ratio of the PmP to Pn
phase (Fig. 5) is considered in detail. The use of amplitude
ratios is, in many respects, preferable to the use of true
amplitudes. With amplitude ratios, the near-receiver effects
are cancelled out and instrument/shot corrections do not
need to be applied. However, since the ratio is a compari-
son, information is lost concerning the exact value of veloci-
ty gradients and steps. For example, in modelling a PmP/Pn
ratio it is always possible to trade off the velocity difference
at the Moho against the gradient of the underlying upper
mantle. The WI-SB profile is made up of several shots
which means that the amplitude of a phase cannot be car-
ried across a series of stations into the next series of stations.
Therefore, the true amplitude information is lost.

The amplitude ratios from WI (Fig. 5a) begin at 80 km
epicentral distance with a log value of 0.4. At greater dis-
tances the curve jumps to higher values. The average value
is about 0.6. The SB amplitude ratios (Fig. 5b) begin at
a log value of 0.5 and then drop, with larger epicentral
distances, to a final log value of about 0.15. An important
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Fig. 6a, b and c. Velocity model for the WI-SB profile. a Two-
dimensional model. The numbers displayed are P-wave velocities
in km/s. The stippled pattern denotes a strong lateral change in
velocity. The dashed lines indicate areas outside the control of the
seismic data. 2:1 vertical exaggeration. b Solid line : velocity-depth
function directly under shot point WI. Dotted line: velocity-depth
function computed by Edel for shot point WI. “rz” denotes the
transition zone beneath the base of the crust and upper mantle.
¢ Solid line: velocity-depth function directly under shot point SB.
Dotted line : velocity-depth function computed by Edel for the shot
point SB. “rz” denotes the transition zone beneath the base of
the crust and upper mantle

thing to notice, concerning these data, is that the average
amplitude ratio at WI (~0.6) is significantly greater than
the average amplitude ratio at SB (~0.35).

Interpretation

The data have been interpreted with trial-and-error forward
modelling. The computer programs used were SEIS81 (Cer-
veny and PSencik, 1981) for travel times and amplitudes
in laterally varying media, and the reflectivity program
(Fuchs and Miiller, 1971) for amplitudes in one-dimen-
sional media. Figure 6 shows the model that was calculated
from the WI-SB profile. Figures 2b and 3b show the ray-
paths through the models that were used to calculate the
travel times and amplitudes. The correlations shown in
Figs. 2a and 3a are the actual computed travel times from
the model shown in Fig. 6 and from Edel’s published re-
sults.

Pg

The Pg phase is the wave that travels through the upper
part of the crust. In the Rhinegraben this means through
the graben sediments and the upper part of the crystalline
basement. The Pg phase has been modelled, from both WI
and SB, by a stack of three layers that have constant veloci-
ty gradients. The disappearance of the Pg phase at epicen-



tral distances greater than 65 km is accomplished by the
6.25 km/s constant velocity layer and, because the record
sections are normalized, the appearance of the Pn/PmP crit-
ical point, which is discussed in greater detail below.

At shotpoint WI, a Pgl and Pg2 phase (Fig. 2a) is also
observed in addition to the normal Pg. The travel times
of the Pg1 phase are well modelled by a free-surface reflec-
tion in the first layer followed by a refraction through the
second layer. The travel times of the Pg2 phase are well
modelled by two free-surface reflections in layer one and
then a refraction through the second layer. What is not
well satisfied by this model are the amplitude ratios Pg/Pg!
and Pg/Pg2. It is clear in Fig. 2a that Pgl has at least
the same amplitude as Pg, if not greater. Amplitude model-
ling of the Pg/Pgl ratio produced a value of about 1.8.
The observed value of Pg/Pgl is about 0.6 which is not
in good agreement. Perhaps converted phases are somehow
contributing to the amplitude, or there is some 3-D effect
that cannot be taken into account. This aspect of the inter-
pretation remains poorly resolved, but is not critical to the
interpretation of the lower crustal structure.

The mid-crustal layer has been modelled with a 6.25 km/
s velocity, which is somewhat higher than the 6.0 km/s ve-
locity that was used in the old interpretation (Fig. 6a and
b). This result comes from picking slightly faster arrivals
than in the old interpretation. Edel points out that the Pg
velocity used in the old study was meant to be an average
for the whole R.G. area and as such would not be exact
in specific instances.

PmP, Pn

The PmP phase is the wave that reflects from the crust/
mantle interface. The Pn phase is the corresponding refrac-
tion through the underlying mantle. In general, I have cor-
related the same phases as Edel but in detail there are differ-
ences that lead to changes in the model. I have also changed
the name of the reflected phase from a mid-crustal reflection
to PmP. This is mostly a matter of semantics, but it alters
the way one thinks about the structure.

As was mentioned above, the Pn/PmP critical point con-
tributes to the abrupt disappearance of Pg. This is the case
because the record sections are normalized. This means that
the sudden appearance of a large amplitude phase would
tend to reduce the amplitudes of the other arrivals on the
trace. The modelled critical point is at 52 km epicentral
distance for WI and 58 km epicentral distance for SB. The
amplitude maximum for a PmP phase at about 7 Hz — the
average frequency in both record sections — is shifted about
15 km away from the critical point towards increasing epi-
central distances (Cerveny et al., 1977, p. 192). This places
the amplitude maximum of PmP at around 70 km which
is where the disappearance of the Pg phase should occur.
This agrees well with what is observed in Figs. 2a and 3a.

In the WI profile, near the critical point, I correlate
PmP 0.3 s later than Edel and also follow the phase back
to epicentral distances less than the critical point, however,
not with as much certainty. This difference in correlation
results in the velocity step being located 4 km deeper than
Edel calculated (Fig. 6b). From shot point SB, my PmP
phase is almost exactly the same as the old correlation ex-
cept I have correlated the phase back towards the source,
past the critical point, although again without the same
amount of certainty. The pre-critical reflection gives rise
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Fig. 7. Comparison of the PmP/Pn amplitude ratios using SEIS81
(open triangles) and the reflectivity method (open circles) on the
velocity-depth function shown in Fig. 5b with the solid line. The
frequency of the source wavelet is 5 Hz

to the velocity step in the present model, compared to the
gradient zone in the old model (Fig. 6¢). The modelling
of the reflected phase controls the depth to the velocity
step. Note that the step is located about 4 km deeper under
WI than under SB.

An important feature of the new interpretation is the
recognition that the Pn branch has two different phase velo-
cities. This is partly a structural effect caused by the shal-
lower Moho under shot point SB, but this alone is not
enough to explain the data. To illustrate this point, the
Pn branch is plotted in Figs. 2a and 3a as it would look
if the upper mantle velocity under shot point WI were to
extend to under shot point SB (dot-dashed lines). From
shot point WI, the result is that the calculated Pn branch
is about 0.3 s too early beyond 120 km epicentral distance.
From shot point SB the result is that the computed Pn
branch is about 0.3 s too early in the range 95-120 km
epicentral distance, which is where the best arrival data
are for the Pn branch from shot point SB. Therefore, to
explain the data it is necessary to lower the velocity of
the upper mantle beneath shot point SB. It is this aspect
of the new interpretation that is 2-dimensional and cannot
be modelled with 1-D methods. The lower velocity upper
mantle under shot point SB results in a smaller velocity
contrast across the Moho. As seen in the next section the
smaller velocity contrast under shot point SB is also sup-
ported by the PmP/Pn amplitude ratio data.

Amplitude modelling of the PmP|Pn ratio

One problem in modelling these data is the shift of the
maximum amplitude of the reflected phase away from the
critical point. This effect is dependent on frequency and
causes a discrepancy, near the critical point, between the
ray method of synthetic seismogram calculation and more
accurate methods such as reflectivity (Fuchs and Miiller,
1971). Cerveny et al. (1977) and Cerveny (1979) discuss this
problem in detail and propose corrections to the ray method
for 1-D calculations. However, the correction has not been
included in the two-dimensional amplitude calculations
(SEIS81; Cerveny and Psencik, 1981).

An illustration of the discrepancy is shown in Fig. 7.
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Fig. 8a and b. Comparison of the PmP/Pn
amplitude ratios using SEIS81 in the 1-D
and 2-D models. Open triangles: 1-D. Open
circles: 2-D. a Ratios for WI. The 1-D
model is shown by the solid line in Fig. 5.
The 2-D model is shown in Figs. 6a and 2b.
N b Ratios for SB. The 1-D model is shown
e by the solid line in Fig. 5¢. The 2-D model
is shown in Figs. 6a and 3b
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The PmP/Pn ratio is plotted for the 1-D structure under
the WI shot point (Fig. 6b) using the reflectivity and ray
methods. At distances greater than 120 km the two methods
are in good agreement. At distances less than 120 km the
two methods diverge sharply in their estimation of the
PmP/Pn amplitude ratio. This presents a problem for the
interpretation in this paper because the best amplitude data
are located at distances less than 120 km.

The approach used to avoid this problem is to compare
the 2-D synthetic seismograms with the 1-D synthetic seis-
mograms to get a qualitative idea of how different the 1-D
results are from the 2-D results. However, the final compar-
ison of computed to observed amplitude data is done using
the 1-D amplitude ratios calculated with the reflectivity
method. Figures 6b and 6¢ are 1-D velocity-depth functions
which show the velocity structure under shot points WI
and SB respectively. Synthetic seismograms were calculated
for the 1-D velocity-depth functions shown in Fig. 6b and
¢ using SEIS81. The resulting PmP/Pn amplitude ratios
are plotted in Fig. 8 with the triangles connected by dashed
lines. Plotted in the same figure with open circles connected
by solid lines are the PmP/Pn amplitude ratios calculated
with SEIS81 for the shot points WI and SB in the 2-D
velocity model in Fig. 6a. Qualitative comparison of the
curves shown in Fig. 8 provides an estimation of how much
the PmP/Pn amplitude ratio is affected by the 2-D struc-
ture.

At shot point WI (Fig. 6a) the structure is basically
1-D until the bend in the Moho is reached at about 100 km
range. The 1-D amplitudes should be identical to the 2-D
amplitudes up to the point where the rays start to pass
through the bend in the Moho. Figure 8a shows this to
be the case. (Note that 100 km range in Fig. 6a is 85 km
epicentral distance in Fig. 8a.) The 1-D and 2-D amplitude
ratios are identical up to about 105 km epicentral distance.
At this point PmP rays in the 2-D model, which have been
reflected off the up-turned part of the Moho, begin to arrive
at the surface. This has the effect of focussing the PmP
phase, which results in a higher PmP/Pn amplitude ratio.
At the same time the Pn rays are travelling parallel to the
up-turned part of the model which tends to scatter the Pn

energy. Beyond the up-turned part of the Moho the Pn
rays are re-focussed and the 2-D and 1-D PmP/Pn ratios
are in rough agreement beyond 170 km epicentral distance
in Fig. 8a.

At shot point SB (Fig. 6b) the rays are affected almost
immediately by the bend in the Moho (Fig. 3b). The 1-D
amplitudes should be different from the 2-D amplitudes
over the whole range of observation. Figure 8b shows this
result. At epicentral distances less than 105 km, the 1-D
curve is greater than the 2-D curve. This is because the
down-turn in the Moho in this range tends to scatter the
PmP rays and focus the Pn rays (Fig. 3b). At epicentral
distances greater than 105 km in Fig. 8b, the 2-D amplitude
ratio becomes greater than the 1-D ratio. In this section
the Pn rays are scattered by the flat Moho which allows
the PmP/Pn amplitude ratio to rise again.

The main effect of the 2-D nature of the model is to
flatten out the PmP/Pn amplitude ratio curves. What this
means is that the tail of the curve is raised, or that the
front is lowered, with respect to the average value of the
amplitude ratio. However, this average value is not changed
significantly and therefore, one may conclude that the PmP/
Pn amplitude ratios are not changed significantly when the
model is considered as two 1-D models as opposed to one
2-D model. This approach is not valid for the travel time
analysis. In this case, the data could not have been accura-
tely modelled had a 1-D travel time method been employed.

Figure 5 shows the observed amplitude ratios (closed
circles) plotted with the calculated amplitude ratios (open
circles) for shot points WI and SB. The agreement between
the observed and computed data is quite reasonable given
the scatter in the observed data. The PmP/Pn ratios com-
puted from Edel’s models (open triangles) are also added
for comparison.

The difference in average value of the PmP/Pn ratio
is caused by the difference in size of the velocity step under
WI and SB. This provides additional evidence to support
the interpretation that the mantle velocity is lower under
the southern part of the R.G. Note that the amplitude ratios
calculated from the old model do not successfully explain
this feature of the data.
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Fig. 9. Comparison of PmP/Pn amplitude ratios computed with
the reflectivity method for varying thickness of the transition zone.
The inset shows the velocity-depth structure of the various transi-
tion zones. “a”: no transition zone. “b”: 1.5 km thick transition
zone (this curve is the part of the solid line velocity-depth function
shown in Fig. 5b). ““¢”: 5 km thick transition zone

Discussion

Transition zone

A major difference between the present model and Edel’s
model is in the structure of the lower crust and, in particu-
lar, the structure of the transition zone (labelled “¢z” in
Fig. 6b and c) between the upper mantle and lower crust.
The same velocity gradient has been found as in the old
study, but the thickness of this zone has now shrunk from
about 5 km to 1.5 km.

Lower-crustal transition zones have been found in many
of the world’s rifts. Mooney et al. (1983) and Perathoner
et al. (1981), besides interpreting new data, also present re-
views of the crustal structure of various rift zones through-
out the world. One feature that appears in all these studies
is a layer at the base of the crust with a velocity of approxi-
mately 7.2 km/s that forms a transition between the crust
and upper mantle. The transition zone is apparently con-
fined to the rift zone proper. Because this feature is impor-
tant to the tectonic understanding of rift zones, it is worth-
while to discuss the exact nature of the evidence for the
existence of the transition zone in the Rhinegraben.

In the above mentioned studies, the transition zone
manifests itself in a reflected or refracted phase that is ob-
served on the record section. No such phase exists on the
WI-SB profile in the Rhinegraben. The rays that travel
through the transition zone in both the present model and
Edel’s model do not produce a separate phase. Instead,
in both models, these rays arrive at the surface in a 5-10 km
range and provide a smooth transition in the travel time
curve between the critical point of the PmP reflection and
the start of the Pn refraction. Given the distance spacing
of 3-4 km between seismograms in the observed data, the
presence and extent of the transition zone cannot be in-
ferred from the travel time data. Amplitude data, instead,
must be used to investigate the structure of the transition
zone.
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To test the effect of changing the thickness of the transi-
tion zone on the PmP/Pn amplitude ratio, a test was run.
Figure 9 shows the results of this test. The bottom portion
of the velocity-depth function below WI is shown in the
inset as the solid line. The PmP/Pn ratio is plotted in the
main part of the figure with the solid line. (This curve also
appears in Fig. 5a.) Two other tests were made with varia-
tions of this strucutre: (1) no transition zone (labelled “a”
and (2) 5km transition zone (labelled “c”’). The results
show that in case “a” the amplitude ratio curve is quite
peaked around 100 km. The 1.5 km transition zone (case
“p”) lowers this peak significantly. The 5km transition
(case “c”) lowers the peak somewhat more. In terms of
the observed data in Fig. 5, it is possible to distinguish
between case “a” and “b” but there is no significant differ-
ence between “b” and “c¢”. I conclude that the amplitude
data require a transition zone that is at least 1.5 km thick.
However, the thickness of the transition zone affects the
travel time curves by moving the location of the critical
point of the PmP reflection. It is important to fit the loca-
tion of the critical point carefully because if improperly
located, a poor fit to the corresponding refracted phase
will result. In the present model, the best fit to the critical
points and amplitude data is provided by the model with
the 1.5 km thick transition zone.

Upper mantle velocity

Another major difference between the new model and
Edel’s is the change of upper mantle velocity along the
profile. It is widely thought that the upward movement
of mantle material and the subsequent heating of the crust
and upper mantle is somehow related to graben formation
(Fuchs, 1974; Mueller, 1978). There is no reason to expect
that this heating takes place uniformly along the length
of the graben. The evidence presented here for a smaller,
upper mantle, P-wave velocity in the southern part of the
Rhinegraben suggests that the heating process was most
intense in the south. There are other geological and geo-
physical studies, which are discussed below, that support
this interpretation.

The maximum uplift of the flanks of the graben oc-
curred in the southern segment. This is clearly seen in Fig. 1.
In the south, the flanks have been uplifted and eroded to
expose the crystalline rocks of the Black and Vosges forests.
The change from high to low velocity upper mantle occurs
about 15 km south of Strasbourg. This roughly coincides
with the northern border of the Vosges forest as shown
in Fig. 1. In a review of Rhinegraben rifting, Illies (1978)
proposed that a mantle diapir or plume ascended under-
neath the graben and that this plume came closest to the
surface below the southern portion of the graben. The em-
placement of the diapir at shallower depths beneath the
southern part of the Rhinegraben could explain the en-
hanced shoulder uplift and lower velocity upper mantle in
the south.

Werner and Kahle (1980) and Kahle and Werner (1980)
used the hypothesis of rising mantle material to calculate
the thermal regime under the R.G. They checked their re-
sults by computing the expected gravity field from the ther-
mal effect and comparing it with the observed bouguer
anomaly. Figure 8 of Kahle and Werner (1980, not repro-
duced here) summarizes their results. The figure shows two
gravity profiles which lie across the graben. The first profile
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is north of Strasbourg in the region of high upper mantle
velocity and the second profile is south of Strasbourg in
the region of low upper mantle velocity. They compare
their computed gravity to the observed gravity and find
a good fit, but in the north the computed gravity falls
slightly below the observed (i.e., the thermal effect is overes-
timated) and in the south the computed gravity falls slightly
above the observed (i.e. the thermal effect is underesti-
mated). If Kahle and Werner had not used a uniform heat-
ing source under the graben, but a model where the heating
was more intense in the south, the model would have pre-
dicted the data even more closely.

Panza et al. (1980) have calculated upper mantle and
asthenosphere S-wave velocities in Europe by analysis of
surface wave data. Their results provide only the gross fea-
tures of the lithosphere/asthenosphere structure in Europe,
but they suggest that there is a lowering of the S-wave
velocity in the asthenosphere below the southern segment
of the graben.

In the above discussion, the actual values of the upper
mantle P-wave velocities have not been empasized. Instead,
the independent evidence for changes in the nature of the
upper mantle along the Rhinegraben have been discussed.
The velocity change of 7.9-8.4 km/s is very large and in
fact 8.4 km/s seems strangely high for an upper mantle P-
wave velocity, although similar velocities have been re-
corded for the upper mantle from long-range profiles in
southern Germany (Ansorge et al. 1979). In reality, the up-
per mantle velocity is poorly constrained because of the
shallowing of the M-discontinuity from north to south. A
shot point in the middle of the WI-SB profile is needed
to provide true reversal of the upper mantle velocities calcu-
lated here. However, the data presented clearly suggest that
the crustal structure of the southern Rhinegraben is differ-
ent from the crustal structure in the north. One way to
explain this difference in structure is to have more intense
heating and mantle rise in the south compared to the north
during the formation of the graben.

Geological interpretation

The results computed here can be combined with the results
from other profiles in the southern Rhinegraben area to
produce a cross-section of the crust across the graben. Fig-
ure 10 shows this result. The profile runs perpendicular to
the graben axis approximately 40 km north of the SB shot
point between the Vosges and Black forests. The precise
location of the cross-section is not shown on Fig. 1 because
the profile shown in Fig. 10 is only a schematic. The results
from the profiles BA-010, SB-035, and SB-045 presented
by Edel, which the author had a chance to check during
the course of this work, are projected into the profile line.
The same sort of schematic cross-section was used by Edel
et al. (1975) to summarize their results.

On the flanks of the graben, gneisses and granites are
exposed in the Black and Vosges forests (Walther and Zitz-
mann, 1981). These rocks have a much higher velocity than
the graben-fill sediments. The boundary in the graben be-
tween the sediments and the crystalline basement is probab-
ly represented by the 5.4-6.0 km/s discontinuity shown in
Fig. 10. The absence of structure in the mid-crust in the
cross-section suggests that the same gneisses and granites
that are exposed in the flanks of the graben probably exist
underneath the graben as well. In fact these rocks probably
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Fig. 10. Velocity-depth profile of the Rhinegraben drawn perpen-
dicular to the axis of the graben approximately 40 km north of
shot point SB. Contour interval: 0.2 km/s. Zero depth is unterstood
to mean the floor of the graben
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Fig. 11. Comparison of 1-d velocity-depth functions with laborato-
ry measurements of crystalline rocks. For sample descriptions see
Table 1. The samples published by Kern (1982) have been tempera-
ture-corrected using his published velocity/temperature derivatives.
For the samples published by other authors, a V,/T derivative
of —2.50 x 10 E—4 km/s°C was used, which is approximately the
average of all the V,/T derivatives published by Kern (1982). Note:
gn=gneiss; am =amphibolite. gr = granulite

extend to a depth of over 20 km in the crust, to the point
where the velocity increases to 6.3 km/s.

Figure 11 supports this interpretation with laboratory
measurements. In the figure, the velocity-depth functions
from the profiles SB-WI and BA-010 (see Fig. 1 for profile
location) have been plotted together with temperature-cor-
rected velocity-depth curves of laboratory-measured rock
samples. The purpose of this figure is to show a range of
rock types that could produce a given velocity at a given
depth in the R.G. Table 1 is a list of sources for the velocity,
temperature and pressure data. The velocity-depth curves
for the rock samples have been corrected for the ‘warm’
continental crustal geotherm of Theilen and Meissner
(1979). The mid-crustal section of the velocity-depth curve
for the WI-SB profile is bracketed by the Gn 160 and Gn
1398 curves. This suggests that gneiss is a plausible constitu-



Table 1. Composition and sources for experimental velocity-depth
curves shown in Fig. 16

Gneiss 160:
Gneiss 1398:

47qu, Tplg, 28bi, 18ep (Kern, 1982)
33qu, 40plg, 3hbl, 16gar, 5px, 2or
(Kern, 1982)
Amphibolite 1387: 43plg, 45hbl, 3mi, 3or, 5tit (Kern, 1982)
Amphibolite 298:  27qu, 18plg, 48hbl, 4eq, 2or, 1tit
(Kern, 1982)
5qu, 11plg, 50hbl, 34ep (Christensen, 1965)
24qu, 67plg, 6px, 1mi
(Christensen and Fountain, 1975)
2qu, 53plg, 22hbl, 18px, 3bi
(Christensen and Fountain, 1975)
60pgl, 26px, Ogar
(Christensen and Fountain, 1975)

Amphibolite 1:
Granulite 1:

Granulite 6:

Granulite 10:

Note: Modal analyses in percentages by volume: qu=quartz, plg=
plagioclase, bi=biotite, hbl =hornblende, px =pyroxene, ep =epi-
dote, gar = garnet, tit =titanite, mi =microcline, or = orthoclase
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Fig. 12. Line drawing of the seismic reflection results from Dohr
(1970) compared with the calculated seismic refraction results from
this paper. The numbers written between the intervals in the refrac-
tion seismic part are the average velocity for that interval in km/s
used to calculated the two-way travel time through the refraction
model

ent of the crust of the R.G. This is a very reasonable inter-
pretation in view of the gneisses that outcrop in the Vosges
and Black forests on the graben’s flanks. Note also that
the laboratory-measured samples show very little change
of velocity with depth. The velocity-depth curve of the mid-
crust in the R.G. also has a very small gradient, which
suggests that the gneisses that compose the crust of the
R.G. have relatively constant composition with depth.

At depths greater than 22 km on the flanks of the graben
the velocity increases, to an average of 7.1 km/s with a
fairly high velocity gradient. For the change in velocity
to represent only a phase change, the gneisses would have
to transform, for example, into an iron-, magnesium-poor
granulite (gr 1 in Fig. 11) or amphibolite (amp 1387 in
Fig. 11). However, the laboratory velocities of these rocks
are not high enough to compare well with the observed
velocities. The transition to the lower crust on the flanks
of the Rhinegraben probably represents a compositional
change, i.e., increasing iron and magnesium and also in-
creasing metamorphic grade. In fact, the strong gradient
in the lower crust suggests a continuing increase with depth
of mafic mineral content in the lower crust.
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Underneath the graben, the lower crustal layer thins
out and the upper mantle and mid-crust appear to bulge
into the lower crust. In other words, it appears that the
lower crust under the graben has been attenuated and re-
placed with higher velocity material, probably derived from
the mantle.

One striking feature of the model is the complete lack
of structure in the mid-crust. Some independent evidence
supporting this observation comes from the reflection data
collected by Dohr (1970) near the city of Rastatt (RA in
Fig. 1). A line drawing of these data appear in Fig. 12.
At the side is the velocity-depth function for shot point
WI computed in this paper converted to a time-section by
simply computing 2-way travel times through the model.
The velocity written next to the model represents the aver-
age velocity used for each interval. In the first 2.5 s of the
data there are many strong reflections that correlate with
the 3.24 and 5.64 km/s layers or, in other words, the materi-
al above the 5.6-6.0 km/s velocity discontinuity shown in
Fig. 10. The 5.98 km/s interval represents a small transition
into the 6.25 km/s mid-crust. The mid-crust is free of strong
reflectors for over 4 s until the strong reflector at 7.8 s is
reached. Further down in the section a band of reflections
is observed from 7.2-9.0 s. The transition zone in the refrac-
tion model (layer with average velocity 8.23 km/s) occurs
at the bottom of this band of reflections. The lack of reflec-
tions over an interval of 4 s supports the featureless mid-
crust found in the refraction model. The failure of the re-
fraction model to perfectly predict the transition zone
shown in the reflection model suggests that the transition
could be locally thickened under Rastatt. Another possibili-
ty is that the lower crust is laminated, as discussed by Deich-
mann and Ansorge (1983), and this lamination has been
attenuated by the rifting process on a regional scale, but
is still intact locally.

Conclusions

This report presents a re-interpretation of selected seismic
refraction data from the area around the southern Rhine-
graben. Through the use of 2-D travel time and 1-D ampli-
tude interpretation techniques, and a slightly different phase
correlation, the P-wave velocity model along the axis of
the Rhinegraben has changed significantly.

The upper crust of the southern Rhinegraben area is
interpreted to be of granitic/gneissic composition. These
rocks probably extend to a depth of 20 km in the crust.
In the graben itself, these rocks are covered by 67 km
of graben-fill sediments. Below approximately 20 km is the
lower crustal layer which, under the flanks of the graben,
has a higher mafic component than the granites and gneis-
ses found in the Black and Vosges forests. Under the graben
proper, the lower crustal layer appears to be attenuated
and enriched by even more mafic material, which was prob-
ably derived from the mantle during the formation of the
graben.

Along the axis of the Rhinegraben the upper mantle
P-wave velocity changes from 8.4 km/s in the north to
7.9 km/s in the south. Although the actual velocity of the
upper mantle is poorly constrained, the data clearly indicate
a difference in the upper mantle P-wave velocity along the
axis of the graben. One way to explain this observation
is to have more heating in the southern portion of the gra-
ben during its formation.
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