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Chapter 1

The seismic velocity structure of the deep continental
crust

W. STEVEN HOLBROOK, WALTER D. MOONEY and NIKOLAS I. CHRISTENSEN

1. Introduction

Despite its importance to the study of continental crustal evolution, the composition of
the lower part of the Earth's crust remains poorly known, largely because of the difficulty
of directly sampling significant portions of it. Samples of lower-crustal rocks, which can
be obtained from either xenoliths or high-grade metamorphic terrains, provide invaluable
information on the composition of the deep crust, but it is difficult to assess their applicability
to the lower crust as a whole. Geophysical techniques, however, provide a means of indirectly
measuring ,physical properties across large sections of in situ lower crust. The physical
properties determined by geophysical field experiments can then be compared to those
measured in the laboratory on lower-crustal rock types, thereby placing constrainl$ on the
composition of the deep crust. One such physical property, which can be measured with
seismological techniques, is seismic velocity.

We can infer the seismic velocity structure of the lower continental crust in two ways:
either through seismic experiments on the Earth's surface, in which the velocity of seismic
waves propagating through the lower crust is determined, or by measuring the speed of sound
in laboratory specimens of rocks believed to have once resided in the lower crust Each of
these methods has advantages and drawbacks: seismic reflection/refraction studies provide
information on the geometry and velocity structure of the in situ lower crust, but they are
relatively expensive, and their resolution is limited by the wavelengths used (0.2-1.0 km).
Laboratory studies, on the other hand, allow precise, relatively inexpensive measurements of
physical properties, but the extrapolation of these properties to the scale of the in situ lower
crust is uncertain. Naturally, field and laboratory studies are most effective when combined.

In this paper we summarize the current knowledge of the seismic velocity structure of the
lower continental crust, as determined from both field seismic experiments and laboratory
measurements. We restrict our summary of field results to wide-angle (reftaction) seismic
data: although narrow-aperture (reflection) seismology has in recent years produced many
exciting insights into the structure of the lower crust, only wide-angle data provide accurate
deep velocity information. For reviews of recent seismic reflection results and their bearing on
deep crustal structure, see Barazangi and Brown (1986a,b) and Matthews and Smith (1987).
Our approach will be to compile lower-crustal velocity data from over 90 wide-angle seismic
studies and compare them to laboratory-measured rock velocities in order to constrain lower-
crustal ,composition. We have divided the seismic profiles according to tectonic environment
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(e.g., shields, rifts, etc.) in order to seek systematic velocity patterns. The theme that emerge~
from this compilation is that the lower continental crust is characterized by considerabl(
diversity, but a diversity which can be characterized by current seismic techniques.

Historically, the concept of a distinct seismic lower crust stems from the work of Conrad
(1925), who analyzed the traveltimes of earthquake waves and discovered a layer above
the Moho with a seismic P-wave velocity (Vp) between that of the upper crust (6.0 km/s)
and upper mantle (8.0 km/s). [The Moho itself, the level at which seismic P-wave velocity
abruptly increases to about 8.0 km/s, had only recently been discovered by Mohorovicic
(1910); for a historical review of Moho studies, see Jarchow and Thompson (1989).] This layer
subsequently came to be identified with a basaltic layer (velocity about 6.5 km/s) underlying
a supposedly ubiquitous Conrad discontinuity (Jeffreys, 1926). Even today, the term "seismic
lower crust" is sometimes carelessly used in this context. The extreme diversity of crusta]
structure encountered in recent high-resolution seismic experiments, however, underscores
the need to abandon such simplifications (e.g., Litak and Brown, 1989). In this review, we
have adopted a more flexible definition of the seismic lower crust, as described below.

We begin with a brief overview of the source of wide-angle seismic data, the source of our
in s~ velocity information..

2. Wide-angle seismic data

_1taditionally, seismic studies of the deep continental crust have been classified into two
categories, refraction and reflection, depending on their acquisition parameters. Refraction
data are recorded to long shot-to-receiver offsets (e.g., up to 200-300 Ian) but generally with
sparse receiver spacing (on the order of 1-5 km) and shot spacing (20-100 Ian). Normal
reflection data, in contrast, are typically recorded with denser shot (50-500 m) and receiver
spacing (25-100 m), but to much smaller offsets (2-10 km). As a result of these contrasting
recording geometries, reflection and refraction data have complementary strengths: reflection
data provide a structural image of the crust - that is, shapes of major impedance contrasts

- while refraction data provide an estimate of the seismic velocity distribution in the crust.
In recent years, as the number of deep crustal reflection and refraction experiments has
increased greatly, there has been increasing recognition that, in order to best characterize
the deep crust at a given location, both types of data must be collected (e.g., Mooney and
Brocher, 1987). Moreover, the traditional differences between refraction and reflection data
are becoming blurred with progressive increases in the shot and receiver spacing of refraction
experiments and the maximum offsets of reflection experiments. Our interest in this paper is
in refraction, or wide-angle, data, as these are the data that yield information on velocities
within the lower crust. Below we give a brief summary of the acquisition and interpretation of
wide-angle seismic data; for a more detailed review of seismic methods, see Mooney (1989).

2.1. Acquisition

Wide-angle seismic data can be acquired both onshore and offshore; the fundamental
requirement is that a sufficient number of receivers exists at offsets large enough to record
identifiable, post-critical reflected and refracted phases from the crust and upper mantle. The
most common method used during land experiments is to record seismic energy from large
chemical explosions (shots) with a large number (> 1(0) of portable instruments, spaced at
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Fig. 1-1. P-wave refraction data from the Black Forest, southwestern Germany, after Gajewski and Prodehl (1987).
Vertical-component seismic traces are plotted according to distance from the shotpoint (Sl). An offset-dependent
static shift (Dist/Yr:) has been applied to each trace, using a reduction velocity (Yr) of 6.0 km/s; phases with apparent
velocity equal to the reduction velocity plot horizontally. Predicted traveltimes of refracted (at, deb») and reftected
(a2, b, c) phases, calculated from the model in Fig. 1-3a, are shown.

regular intervals along a linear profile. The data for a given shot are then plotted as a seismic

. record section, in which each trace represents energy recorded by a single instrument, plotted
as a function of its distance from the shot. A good example of this kind of data, collected in
southwestern Germany by Gajewski and Prodehl (1987), is shown in Figure 1-1.

In the marine environment, where. it is impractical to deploy large numbers of closely
spaced receivers, a relatively new method has been developed to acquire wide-angle seismic
data. Large airgun arrays, such as are commonly used in multichannel seismic reflection
surveys, are towed behind a ship and detonated at regular intervals (50-100 m). The energy
from these airgun pops is recorded on several (5-10) ocean-bottom instruments. In this case,
the data from a given instrument are plotted as a seismic record section, in which each trace
represents energy from a separate airgun pop, plotted as a function of its distance from the
instrument. By the principle of reciprocity, such a receiver gather can be treated in exactly the
same manner as a shot gather recorded by many instruments.

Both of the above examples are plots of compressional (P) waves; shear (S) waves,
however, can also be recorded in wide-angle experiments. An example of coincident wide-
angle compressional- and shear-wave data, recorded in Southwest Germany, is shown in
Figure 1-2. Shear waves are transverse waves - that is, the direction of particle motion is
perpendicular to the direction of propagation - so that they are best recorded on horizontal-
component instruments; however, they are sometimes clearly visible on vertical-component
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Fig. 1-2. (a) P-wave data (vertical component) from shot U-S4, after Gajewski et al. (1987). lraveltimes of refracted
(Ps, Pn) and reflected (Pr, Pc) waves are shown.
(b) S-wave data (horizontal component) from shot U-S4, after Holbrook et al. (1988). Data are plotted with a
reduction velocity of 3.46 km/s and a compressed time axis for easier comparison with P-wave record section
(Fig. 1-2a).

instruments as weU (e.g., Grad and Luosto, 1987). They are easily identifiable on the basis
of their slow phase velocities (about Vp/1.73). Because shear and compressional waves sense
somewhat different physical properties of the rocks through which they propagate, joint P and
S interpretations provide more information on crustal composition than P-wave studies alone.
Unfortunately, very few interpretations of wide-angle shear waves exist, because of several
factors: (1) the difficulty in consistently generating strong shear-wave energy with explosive
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The seismic velocity stru~ture of the deep continental crust 5

sources; (2) the paucity of horiwntal-component portable seismographs, especially in the
U.S.; and (3) the failure of interpreters to routinely look for shear waves in their data.

2.2. Interpretation

Methods for deriving seismic velocity structure from wide-angle seismic data can be divided
into one- and two-dimensional techniques. One-dimensional techniques, which assume a
laterally uniform velocity structure, include forward traveltime and amplitude modeling
(e.g., Fuchs and Muller, 1971), Wiechert-Herglotz inversion (Bullen and Bolt, 1985), and Tp
inversions (e.g., Diebold and Stoffa, 1981). These techniques offer several advantages that
two-dimensional methods lack: they are relatively quick and easy to implement, and the
latter two provide formal error estimates. One-dimensional methods are limited, however, by
their assumption of lateral homogeneity: in regions with significant lateral variability (such as
that caused by dipping layers, fault-bounded structures, igneous intrusions, and sedimentary
basins) one-dimensional methods yield approximate, or even misleading, results. Therefore,
except where there is independent evidence (e.g., geologic, gravimetric, or magnetic) for
lateral homogeneity, or where seismic data are unreversed (i.e., only observed in one
direction), one-dimensional methods are usually used to provide starting models for two-
dimensional modeling.

1\vo-dimensional interpretation of wide-angle seismic data generally consists of three steps:
identification of seismic phases, iterative forward modeling of traveltimes, and calculation of
synthetic seismograms. Although these steps proceed roughly in the order they are listed,
they are not strictly sequential; rather, they form a continuous feedback loop, where the
results of one step often force an earlier step to be repeated. For example, the discovery
of an inconsistency in the predicted traveltimes on reversing shots may result in ~ modified
phase correlation; or the comparison of synthetic seismograms to observed amplitudes may
necessitate changes in the velocity model which, in turn, require renewed traveltime modeling.

The primary method used for the calculation of traveltimes in a velocity model is the
raytracing technique developed by Cerveny et al. (1977). In this method, Snell's Law is used to
trace a parcel of energy propagating perpendicular to a wavefront (a ray) through a velocity
model consisting of layers or blocks of relatively constant velocity. TI'aveltimes are calculated
by integrating slowness (1/velocity) along the raypath, and amplitudes are determined by
applying the Zoeppritz equations (e.g., McCamy et at, 1962) at layer boundaries and
calculating the geometrical spreading 'of adjacent rays (McMechan and Mooney, 1980).
Because the raytracing method is based on asymptotic ray theory (i.e., a high-frequency
solution to the wave equation), it cannot be used to model such phenomena as diffractions or
surface waves. For the applications of crustal seismology, however, these limitations are more
than compensated for by the ray method's power in modeling laterally varying structures.
Figure 1-3a shows an example of a velocity model derived by raytracing from the Black Forest
refraction data of Figure 1-1 (Gajewski and Prodehl, 1987). An idea of the ray coverage
provided in this type of experiment can be gained from the ray diagram of Figure 1-3b; the
synthetic seismograms calculated from the velocity model (Fig. 1-3c) compare quite favorably
with the data (Fig. 1-1).

Workshops on crustal seismology (e.g., Finlayson and Ansorge, 1984; Mooney and Prodehl,
1984) have demonstrated that the greatest uncertainty in forward modeling results from the
first, crucial step: phase correlation. Because this is essentially a subjective step, dictated by
the experience and judgment of the interpreter, it is difficult to quantify errors in velocity
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Fig. 1-3. (a) P-wave velocity model for Black Forest (Gajewski and Prodehl, 1987), developed by trial-and-error

two-dimensional raytracing. Velocities shown are in km/s.
(b) Raytrace diagram for shot S1 and the P-velocity model of Fig. 1-3a, from Gajewski and Prodehl (1987).
(c) Synthetic seismogram section for Black Forest data (S1), from Gajewski and Prodehl (1987).
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The seismic velocity structure of the deep continental cnJst 7

models derived by fOlWard modeling. The usual approach is to perturb the velocity model
until a significant discrepancy with the observed data is reached; this approach, however,
only provides a measure of the error bounds for the velocity model based on a particular
phase correlation; still greater differences may result from an alternative phase correlation
if the seismic data are sufficiently ambiguous. Future experiments should allow some of
these uncertainties to be circumvented: the increased shot and receiver spacing envisioned
for these experiments will allow less ambiguous phase correlation and enable increased use
of automatic imaging methods, thus reducing the reliance on subjective fOlWard modeling
techniques.

2.3. Other nlethods

Although the type of wide-angle refraction/reflection experiment described above has
been the standard means of obtaining velocity information on the deep crust, methods that
use different acquisition or interpretive techniques do exist. These include expanding-spread
profiles, onshore-offshore profiles, teleseismic receiver functions from earthquakes, and,
importantly, common-midpoint reflection profiling. Expanding-spread profiles are commonly
collected in two-ship marine experiments where the shooting ship and receiving ship steam
away from a common midpoint (Stoffa and Buhl, 1979). Onshore-offshore profiles are
landward extensions of marine seismic surveys, in which land seismometers record marine
explosions or airgun pops (e.g., Avedik et at, 1984; Gohl et at, 1991). Finally, recordings
of teleseismic earthquake waves can be used to supplement wide-angle seismic experiments.
In the receiver function method, the teleseismic waveform is modeled to derive a relatively
low-resolution one-dimensional crustal structure beneath the recording station (Zandt and
Owens, 1986). Because this method is inexpensive and can provide information on the crustal
shear-velocity structure, it will probably become a more common complement to wide-angle
.experimen ts.

3. Middle- and lower-crustal velocities

The principal goal of this review is to present a summary of continental, middle- and
lower-crustal seismic velocities in various tectonic environments, as determined by wide-
angle seismic profiling. In choosing velocity models to include in our compilation, we
have attempted to strike a balance between selectivity and completeness. Our data base is
thus heavily weighted toward studies published in the last decade, when data quality and
interpretational techniques improved significantly, though in a few cases we included older or
lower-quality data for completeness. In all, our compilation includes results from more than
90 published and unpublished seismic studies (Thble 1-1).

In carrying out our compilation, we chose to divide the deep crust into the "middle crust"
and the "lower crustn, for two reasons. First, in many regions there is no neat division of
upper from lower crust. Rather, the deep crust may comprise two distinct velocity layers, or
the crust may be best parceled into thirds, with an upper, middle, and lower crust. Second, we
expect that many of the processes which create or modify the lower crust will also affect the
middle crust, so that a-compilation of the velocity structure immediately above the lowermost
crust may prove illuminating. We define the middle and lower crust as follows:

(1) In regions where there is no sharp velocity discontinuity (Conrad) near the middle of
the crust, the lower 50% of the crust is defined as the lower crust.
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Reference Environment Quality Velocity (km/s)

Asano et at, 1985 arc 4 6.8
Azbel et at, 1989 shield 3 6.7-7.0, 7.3
Bamford et at, 1978 Paleozoic 4 7.0
Banda and Ansorge, 1980 Paleozoic 4 6.7
Banda et at, 1981 Paleozoic 4 6.9
Bartelsen et aI., 1982 Paleozoic 3 6.2
Barton and Matthews, 1984 rift, passive margin 4 6.5, 6.8
Beaudoin, 1989 rift 1 6.4
Berry, 1973 shield, platform 3 7.2-7.3
Blumling et at, 1985 forearc 3 5.4
Boland and Ellis, 1989 shield 2 7.4-7.5
Braile et at, 1974 rift 3 6.9
Braile et at, 1982 volcanic 3 6.8
Catchings and Mooney, 1988a volcanic, rift 1 7.5
Catchings and Mooney, 1988b volcanic, rift 1 7.4
Catchings and Mooney, 1990 rift 2 6.6, 7.4,
Clowes et at, 1987 platform, Paleozoic 3 6.7, 7.4
Colburn and Mooney, 1986 forearc 1 7.2
Cumming et at, 1979 continent collision 3 6.9
Davydova et aI., 1985 platform 3 6.6, 6.8, 7.2
Deichmann et aI., 1986 continent collision 3 7.1
Egger et at, 1988 rift 3 6.6-6.9, 7.5
EUGENO-S, 1988 shield, platform, rift 1 6.3-6.9
Finlayson et at, 1980 Paleozoic 4 7.4
Finlayson, 1982 shield 4 7.4
Finlayson and Leven, 1987 platform 3 6.8
Finlayson et ai., 1984 platform 4 6.8, 7.1
Fuis et aI., 1984 rift 2 7.1
Gajewski and Prodehl, 1987 Paleozoic 1 6.6-6.8
Gajewski et :11.,1987 Paleozoic 1 6.4-6.7
Gaulier et aI., 1988 passive margin 4 6.4, 6.8, 7.2
Ginzburg et al., 1981 rift 3 6.6
Ginzburg et at, 1985 rift 2 6.5
Goldftam et at, 1977 shield 4 6.8
Grad and Luosto, 1987 shield 1 7.3
Guterch et at, 1983 platform, Paleozoic 4 7.0, 7.3-7.4
Hall and Hajnal, 1973 piatform 4 7.0
Hennet et at, 1991 Paleozoic 2 6.8
Holbrook and Mooney, 1987 forearc 1 7.0, 7.2
Holbrook, 1990 rift 1,2 6.6, 7.0-7.2
Howie and Miller, 1988 forearc 2 7.1
lkami et al., 1985 shield 3 6.9
Iwasaki et at, 1990 arc 1 6.6, 6.8
Jacob et aI., 1985 Paleozoic 2 6.8
Jentsch, 1979 shield 4 6.4
Kaila et at, 1981 platform 3 7.0-7.5
KaHa, 1986 volcanic 3 6.9
Kaila et at, 1987 shield 3 6.5
KaHa et aI., 1989 shield 2 6.8-6.9
Kan et aI., 1986 continent collision 3 6.9-7.0

8 WS. Holbrook, WD. Mooney and NI. Christensen

TABLE 1-1

References used in P-velocity compilation
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The seismic velocity stlUcture of the deep continental ClUst 9

TABLE 1-1 (continued)

Reference Environment Quality Velocity (km/s)

~rolyet at, 1986 continent collision, Paleozoic 4 6.8-6.9, 7.2
Keller et aI., 1975 rift 4 6.5
Kondorskaya et aI., 1981 continent collision, platform 4 6.7, 7.0
LASE Study Group, 1986 passive margi n 3 7.2-7.3
Leaver et aI., 1984 arc 1 7.0
Lowe and Jacob, 1989 Paleozoic 2 6.9
Luetgert et aI., 1987 Paleozoic 1 6.7, 7.0
Luetgert and Mann, 1990 Paleozoic 1 6.8
Luosto and Korhonen, 1986 shield 2 7.2-7.3-
Luosto et aI., 1989 shield 1 6.9, 7.1
Luosto et aI., 1990 shield 1 7.1-7.2
Lutter and Nowack, 1990 Paleozoic 2 6.9
MacGregor-Scott and Walter, 1988 forearc 3 7.2
McCarthy et aI., 1989 rift 1 6.6
Mechie et aI., 1986 shield 1 6.6-6.8
Mereu et aI., 1986 shield 3 6.6,6.9-7.0
Mooney and Prodehl, 1978 Paleozoic 4 6.7
Mooney et aI., 1983 rift 1 7.3
Mooney et al., 1985 shield 1 7.0, 7.3-7.4
Morel-A-I'Huissier et aI., 1987 platform 3 7.0-7.2
Mueller et at, 1973 Paleozoic 3 7.1
Mykkeltveit, 1980 Paleozoic 4 7.0
Pakiser and Brune, 1980 arc 4 6.9
Pavlenkova, 1979 platform 4 7.0-7.1, 7.3
Powell and Sinha, 1987 Paleozoic 3 6.7
Prodehlet~l., 1984 Paleozoic 4 7.3
Research Group for Seism., 1973 arc 4 6.7-6.8
Sapin et aI., 1985 continent collision 4 7.5
Sinno et aI., 1986 rift 3 6.7
Sollogub et aI., 1973 shield 3 6.8, 7.0
Sparlin et aI., 1982 volcanic 3 6.8
Stauber, 1983 rift 3 6.7
Urkov et al., 1981 shield 4 7.3
Thng et aI., 1985 continent collision 3 6.0, 6.7
lreh u and Wheeler, 1987 forearc 3 5.0
1rehu et aI., 1989 passive margin 3 7.3-7.4
White et aI., 1987 p~ssive margin 3 7.2-7.3
Wilson et aI., 1991 rift 1 6.6
Yan and Mechie, 1989 continent collision 2 6.4
Yuan et aI., 1986 continent collision 4 6.7, 7.4
Zeis et aI., 1990 Paleozoic 2 6.6-6.8
Zeit and Ellis, 1989 platform 1 7.1-7.2
Zucca, 1984 rift 3 6.2

Quality = quality factor (1 = excellent; 2 = good; 3 = fair; 4 = poor).

(2) In regions where there is one velocity layer beneath a Conrad discontinuity, that layer is
defined as the lower crust.

(3) If there are two distinct velocity layers beneath a Conrad discontinuity, the middle
crust is defined as the layer immediately beneath the Conrad, the lower crust as the layer
immediately above the Moho.
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The seismic velocity structure of the tkep continental cmst 11

(4) Finally, where the velocity structure suggests a natural division of the crust into thirds,
the lower crust is defined as deepest third, the middle crust as the middle third.

The flexibility of this set of definitions matches the diversity in the velocity models
we examined. For clarity, we will use the term "deep crust" when speaking in a general
sense, reserving the terms "middle crust" and "lower ctust" for use according to the above
definitions. Note that these definitions do not tie the top of the lower crust to a particular
seismic velocity, but the base of the lower crust - the Moho - is associated with a seismic
velocity (namely, mantle velocities of ~7.6 kIn/s).

Mter choosing a velocity model for inclusion in our compilation, we divided its deep crust
into blocks of relatively constant velocity, following the lateral and vertical heterogeneity of
the model. In layers with strong vertical velocity gradients, it was necessary to approximate the
gradient with a constant average velocity. We then categorized the block as belonging to the
middle or lower crust and tabulated its P- and S-velocity (Vs), Poisson's ratio (0'), thickness,
cross-sectional area (i.e. thickness times horizontal extent), and tectonic environment. In
order to provide some measure of the variation in data quality among the seismic studies,
we also assigned each velocity determination a subjective quality index, from 1 (highest) to 4
(lowest) (Thble 1-1). The quality index was determined by acquisition parameters (e.g., shot
and receiver spacing), data quality (e.g., signal-to-noise ratio and presence of identifiable
phases), and method of interpretation (e.g., raytracing vs. one-dimensional methods; use of
synthetic seismograms). In general, data with a quality factor of 1 had a receiver spacing of
1 Ian or less, a shot spacing of 30 km or less, good signal-to-noise and identifiable phases. at
offsets of at least 150-200 kIn, and were interpreted by two-dimensional raytracing to model
both travel times anti amplitudes.

We chose to tabulate cross-sectional area of deep crustal units as the best available
measure of the amount of crust with a given velocity. Insofar as it is a two-dimensional
quantity being used to describe a three-dimensional crust, cross-sectional area is an imperfect
parameter; unfortunately, this is an inevitable limitation. of two-dimensional seismic surveys.
Nevertheless, cross-sectional area is an appropriate measure of the block-like bodies that are
common representations of the velocity structure of the deep crust.

The results of the compilation are summarized in Thble 1-2. 1\vo important points can
be drawn immediately from this table. First, the broad ranges of P-velocity displayed in the
deep crust indicate considerable diversity (Thble 1-2). The evidence for this diversity has been
noted on the basis of both seismic reflection (Smithson, 1978) and refraction (Christensen and
Fountain, 1975; Smithson and Brown, 1977; Meissner, 1986) data. P-velocities in the lower
crust range from about 6.0 km/s to 7.5 km/s, and in the middle crust from about 5.4 Ian/s to
7.3 km/s. Second, the tabulated values of cross-sectional area surveyed show that existing deep
seismic surveys are biased toward some tectonic environments (e.g., shields, platforms, and
rifts) at the expense of others (e.g., arcs, forearcs, and passive margins). Since the distribution
of seismic surveys does not necessarily follow the global volumetric abundances of crust in
different tectonic provinces, some weighting of the compiled velocity data will be required
before conclusions regarding overall (deep) crustal composition can be drawn.

In the following section, we will examine the distribution of deep crustal velocities in more
detail and attempt to establish a link to deep crustal composition.
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12 WS. Holbrook, WD. Mooney and N.I. Christensen

4. Seismic velocities: constraints on composition

The compilations of velocity structure presented above are helpful in providing a crude
characterization of the Earth's crust in different tectonic environments, but they are of limited
use unless they can be interpreted in terms of lithology. In this section we will discuss the
usefulness and limitations of seismic velocities for interpreting the composition of the deep
crust.

4.1. Summary of laboratory measurements

The seismic P- and S-wave seismic velocities of the deep crust are primarily determined by
five factors: mineralogical composition, confining pressure, temperature, anisotropy, and pore
fluid pressure. In order to use seismic velocities to draw inferences about the composition of
the deep crust, then, we must first estimate (or assume) the contribution of the other four
factors. Uthostatic pressures in the deep crust are easily estimated, but temperatures are less
well constrained, and even less is known about the anisotropy and fluid content (and pore
pressure) of the deep cruSt. For the purposes of this paper, we will assume an isotropic, dry
crust, with the caveat that this assumption may not hold in all places. There is at present little
compelling evidence for the existence of widespread anisotropy or pore pressures high enough
to significantly alter seismic velocities in the lower continental crust, although these remain
open questions. Hyndman and Klemperer (1989) discuss the implications of the assumption
that pore pressures are high enough to reduce seismic velocities in the lower crust.

The effects of pressure and temperature on seismic velocity have been well documented
by laboratory measurements (for a compilation of results, see Christensen, 1982; for a review
of methods, see Christensen and Wepfer, 1989). As confining pressure increases to about
200 MPa, microcracks close, 'causing P- and S-velocities to increase rapidly (about 0.5-1.0
kIn/s/1oo MPa); at higher pressures, the increase is sligbt (about 0.02-0.06 kIn/s/1oo MPa
for most rock types; e.g., Birch, 1961; Christensen, 1965, 1966a). As temperature increases,
velocities decrease, with typical coefficients of about 2.0-6.0 x 10-4 kIn/s/oC, depending on
rock type (e.g., Kern, 1978; Christensen, 1979). Since pressure and temperature both increase
with depth in the Earth, their effects on velocity compete. For a typi~l continental geotherm
of about 15°C/km, a crust of uniform lithology will have a constant velocity at mid- and
lower-crustal depths for most rock types, while in high heat-flow provinces (25-35°C/km)
the temperature effect dominates, causing negative velocity gradients (Christensen, 1979).
Because laboratory measurements of temperature coefficients have been made for most major
rock types, the chief source of uncertainty in correcting in situ velocities for the effect of
temperature is estimating the temperature itself (e.g., Lachenbruch and Sass, 1978). An error
of 200°C in the temperature estimate for lower crust, for example, results in an error of about
0.1 kIn/s in the velocity estimate.

Once the effects of pressure and temperature have been accounted for, and assuming
isotropy and the absence of high pore pressure, we can consider seismic velocity to be
fundamentally a function of mineralogical composition. Because seismic velocity varies from
mineral to mineral, ranging from 6.0 km/s for quartz to 8.4 km/s for garnet (e.g., Christensen
and Fountain, 1975), it is a useful yardstick of composition. By comparing the velocities
determined in field experiments to those measured in laboratory samples, we hope to
estimate the gross composition of the deep crust. In order to facilitate that .comparison,
we have compiled some laboratory-measured physical properties (P- and S-velocity, density,
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The seismic velocity structure of the deep continental crust 13

Poisson's ratio, and P-wave anisotropy) of possible mid- and lower-crustal rock types, spanning
compositions from felsic to ultramafic, and metamorphic grades up to granulite and eclogite
facies (Thble 1-3). In this paper, we will use the term "granulite" strictly to describe
metamorphic rocks in granulite facies, whereas we will use the term "amphibolite" in
two ways: to describe the rock amphibolite, which consists predominantly of amphiboles,
and to describe metamorphic rocks of felsic composition in amphibolite facies (ie., felsic
amphibolite-facies gneiss).

Unfortunately, the correlation between P-wave velocity and composition is sufficiently
non-unique that such comparisons are limited to rough estimates of crustal composition. As
an extreme example, a P-velocity of 5.8 km/s in the mid-crust could correspond to granite,
quartzite, or serpentinite (Thble 1-3); in this case, auxiliary geologic or geophysical data,
such as shear-wave velocities, drill hole data, potential field data, or detailed knowledge of
the geologic history of a given area, would be needed to resolve the ambiguity. In the deep
crust, there is a fundamental ambiguity between increasing mafic content and increasing
metamorphic grade, both of which can raise seismic velocities: there is significant overlap, for
example, between the P-velocities of mafic rocks (gabbro, mafic granulite) and metapelites
(Thble 1-3).

The non-uniqueness of P-velocity values can be partly overcome, however, by the addition
of shear-wave velocity information (e.g., Christensen and Fountain, 1975). The relation
between P- and S-velocity for a given rock or mineral can be expressed in terms of Poisson's
ratio, which increases with increasing P-velocity or decreasing S-velocity. Poisson's ratio varies
from about 0.20 to 0.35 in common rock types and is particularly sensitive to quartz content:
while most rock-forming minerals have Poisson's ratios around 0.25-0.30, quartz has a value
of 0.08 (Birch, 1961).

By enabling the calculation of Poisson's ratio, coincident compressional- and shear-wave
data offer a means of distinguishing between felsic (quartz-rich) and mafic (quartz-poor)
rocks that would be indistinguishable on the basis of P-velocity alone. This is demonstrated in
Figure 1-4, which shows Poisson's ratio as a function of P-velocity for the rock types in Thble
1-3. Although the fields plotted in Figure 1-4 do show some overlap, there is a separation
of several rock types whose P-velocities overlap completely. In the middle crust, Poisson's
ratio is particularly helpful in distinguishing between quartz-rich rocks such as quartzites and
granites from quartz-poor rocks such as serpentinite (Fig. 1-4a). Among lower-crustal rocks,
metapelites have discernibly lower Poisson's ratios (0.25-0.29) than mafic (garnet) granulites
(0.29-0.33); the ambiguity between increasing mafic content and increasing metamorphic
grade is thus largely overcome when shear-wave information is available.

Despite the promise of shear-wave information for resolving some of the ambiguity
in linking seismic velocity to lithology, disappointingly few field determinations of shear-
wave velocity exist at present: compared to over 90 P-wave studies, we found only eleven
published studies of wide-angle shear-waves, geographically restricted to rift zones, shields,
and Paleozoic crust (Thble 1-4). Because these sparse results are of limited general use
in constraining deep-crustal composition, our comparison still suffers from considerable
non-uniq ueness.

4.2. Results

With that caution in mind, then, we will attempt to draw some petrologic conclusions from
our velocity compilation. In order to compare field and laboratory measurements, we have
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TABLE 1-4

References used in S-velocity compilation

Reference Environment Quality S-velocity q

Assump~o and Bamford, 1978 Paleozoic 4 4.0 0.25
Banda et aI., 1981 Paleozoic 4 3.9 0.26
Boland and Ellis, 1991 Shield 2. 4.2 0.27
Braile et aI., 1974 Rift. 4 3.8 0.28
Grad and Luosto, 1987 Shield 1 4.1 0.27
Hall and Hajnal, 1973 Shield 4 4.0 0.24
Holbrook et aI., 1988 Paleozoic 1 3.6-3.8 0.24-0.29
Keller et aI., 1975 Rift 4 3.5 0.29
Luetgen et aI., 1987 Paleozoic 1 3.9-4.0 0.25
Luosto et aI., 1990 Shield 1 4.0-4.1 0.26-0.27
Thrkov et at, 1981 Shield 4 4.1 0.26

Quality = quality factor; q = Poisson's ratio.

The seismic velocity structure of the deep continental crust

(a)
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Fig. 1-4. Plots of P-velocity vs. Poisson's ratio for (a) mid-crustal and (b) lower-crustal rock types, from the data of
'Thble 1-3. Width of fields equals two standard deviations; numbers keyed to rock types of Thble 1-3. For plot clarity,
rock types 1 and 4 (quartzite and schist) are not included in Fig. 1-4b.
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16 U(s. Holbrook, u(D. Mooney and N.J. Christensen

plotted the laboratory-determined ranges of the velocities and Poisson's ratios for middle-
and lower-crustal rocks (Thble 1-3) above histograms of the field-measured values in Figures
1-5 to 1-9. All of the lab-measured velocities shown in these plots, as well as in Table 1-3,
have been corrected for temperature using published temperature derivatives (e.g., Kern,
1978; Christensen, 1979) and assuming the stable craton geotherm of Lachenbruch and Sass
(1978), which predicts a temperature of about 600°C at a depth of 40 km. This correction,
which amounts to about 0.2-0.3 lan/s for most rock types in the lower crust, is an average
estimate, as temperatures vary with tectonic environment; however, this will not affect our
conclusions, since the uncertainty in the temperature correction is less than the observed
ranges in lab-measured velocity for any given rock type (Thble 1-2).

The summary histograms in Figures 1-5 to 1-7 show a deep continental crust with widely
varying seismic properties. In the lower crust, 94% of the P-velocity determinations fall
between 6.4 lan/s and 7.4 lan/s (57% between 6.6 lan/s and 7.0 lan/s), and there is a clear
peak at 6.7--6.8 km/s. In the middle crust, 90% of the P-velocities fall between 6.0 km/s and
6.8 lan/s, with a strong peak at 6.5--6.6 lan/s. Shear-wave velocities in the lower crust show a
range of 3.5 lan/s to 4.2 km/s, with most values between 3.9 km/s and 4.2 km/s (Fig. 1-7b);
in the middle crust, S-velocities range from 3.3 kIn/s to 4.0 km/s, with most between 3.7 km/s
and 4.0 lan/s (Fig. 1-7d). The distribution of Poisson's ratio in the lower crust shows a range
of 0.24 to 0.29, with most values from 0.24 to 0.27 (Fig. 1-7c); in the middle crust, most values
lie between 0.24 and 0.27, with some low (0.15) and high (0.29) determinations (Fig. 1-7a).

Middle Crust (all)
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Fig. 1-5. Histogram of cross-sectional area of crust (in km2 x 103) vs. P-wave velocity for the middle crust in all

tectonic provinces. Shading indicates quality factor, from highest (1) to lowest (4): 1 = black; 2 = hatchured; 3 =
stippled; or 4 = blank. Bars at top show velocity ranges (plus/minus one standard deviation) for possible mid-crustal
rock types (Table 1-3): 1 = serpentinite; 2 = quartzite; 3 = granite; 4 = granodiorite; 5 = felsic amphibolite facies
gneiss; 6 = schist; 7 = metagabbro; 8 = gabbro; 9 = amphibolite.
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Lower Crust (all)
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Fig. 1-6. Histogram of cross-sectional are~ of crust (in km2 x 103) vs. P-wave velocity for the lower aust in all
tectonic environments. Shading indicates quality factor (see Fig. 1-5). Bars at top show velocity ranges (plus/minus
one standard deviation) for possible lower crustal and upper mantle rock types (Table 2): 1 = quartzite (granulite);
2 = felsic amphibolite facies gneiss; 3 = felsic granulite; 4 = schist; 5 = intermediate granulite; 6 = anorthosite; 7

= mafic granulite; 8 = amphibolite; 9 = felsic and intermediate garnet granulite; 10 = pyroxenite;1i = eclogite;

and 12 = dunite/peridotite.

The large range of P-velocities plotted in Figures 1-5 and 1-6 implies that the deep
continental crust must be composed of a diversity of rock types. The span of the lower-
crustal velocities, from 6.4 km/s to 7.5 km/s, overlaps the velocity ranges of quartz-mica
schist, intermediate and mafic granulites, anorthosite, amphibolite, and metapelites (Fig. 1-6).
The lower-crustal velocity distribution has several peaks: there are strong peaks at 6.7-6.8
km/s and 7.2-7.5 kIn/s, and a subsidiary peak at 7.0 km/s. The low-velocity (6.7-6.8 km/s)
peak roughly corresponds to the velocity ranges of anorthosite or mafic granulite, while the
high-velocity peak (7.2-7.5 km/s) corresponds to granulite-facies metapelite or pyroxenite. In
the middle crust, where the velocity distribution is narrower, the peak at 6.5-6.8 km/s best
matches the velocities of greenschist-facies metagabbro, although they also fall.within the
ranges of quartz-mica schist, gabbro, and amphibolite (Fig. 1-6).

Using the histograms of Figure 1-8 we can draw more detailed conclusions about the
average composition of the deep crust as a function of tectonic environment. In each
environment, the range of observed velocities in both the middle crust and lower crust
requires considerable lateral changes in bulk composition. The strongest manifestation of
this is the bimodal distribution of P-velocities in the lower crust of some tectonic environ- (

ments - shields, platforms, passive margins, and, to a lesser extent, rifts and volcanic
plateaus - which indicates strong lateral changes in composition. The high velocities
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crust (M.C.) and lower crust (L.C.), plotted as in Fig. 1-5, for (e) volcanic plateaus, (f) rifts.
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Fig. 1-8 (continued). Histograms of cross-sectional area of crust (in km2 X 103) vs. P-wave velocity for the middle

crust (M.C.) and lower crust (L.C.), plotted as in Fig. 1-5, for (g) arcs, (h) forearcs.
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Fig. 1-8 (continued). Histograms of cross-sectional area of crust (in km2 x 103) vs. P-wave velocity for the middle
crust (M.C.) and lower crust (L.c.), plotted as in Fig. 1-5, for (i) passive margins.
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(7.2-7.5 lan/s) in these areas require the presence of metapelite, pyroxenite, or a mixture
of mafic and ultr~mafic rocks. The lower-velocity peaks (6.6-6.8 km/s) are best modeled as
mafic granulites, anorthosites, or possibly intermediate granulites. In the middle crust, likely
compositions vary from metagabbro (greenschist) in shields, platforms, and some volcanic
plateaus, rifts, and continent-continent collision zones, to more felsic compositions (granite,
granodiorite, felsic amphibolite-facies gneiss, and schist), in Paleozoic crust and some volcanic
plateaus, rifts, and continent-continent collision zones.

These results are summarized in Thble 1-5, which shows the rock types best matched by
the major peaks in the velocity histograms of Figure 1-8. It is important to keep in mind
that this summaty represents an average or typical result for each environment - due to
the extreme diversity of field-measured velocities, however, these average lithologies may not
apply at a panicular location. Moreover, a lower crust which can be modeled as having, say,
a bulk mafic composition may also contain roughly balanced amounts of felsic and ultramafic
rocks. Nevertheless, the comparison of average seismic velocity to laboratory-measured rock
velocities provides a useful constraint on the allowable proportions of various rock types in
the lower crust.

The broad range of rock types which are possible constituents of the lower crust reflects the
non-uniqueness of petrological inferences drawn from P-velocities. Some help can be obtained
from the sparse shear-wave (i.e., Poisson's ratio) information available in rifts, Paleozoic
regions, and shields (Fig. 1-9). In shields and platforms, the relatively low Poisson's ratios
(0.24-0.27) favor less mafic compositions-quartz-mica schistS, intermediate granulites, and
granulite-facies metapelites. In rifts, the somewhat higher Poisson's ratios favor anorthosites,
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TABLE 1-5

Possible bulk oomposition of middle and lower crust
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Symbols mark compositions which show good (8) or fair (0) agreement with observed histogram peaks; + denotes
compositions favored by available Poisson's ratio data. Low (I) and high (h) refer to separate low- and high-velocity
peaks, where appropriate. Compositions in middle crust: seep = serpentinite; qtz = quartzite; gran = granite; gdior

= granodiorite; f.gns = felsic amphibolite gneiss; sch = schist; metag = metagabbro; gabb = gabbro; amph =
amphibolite. Compositions in lower crust: qtz =quartzite; f.gns. = felsic amphibolite gneiss; fels = felsic granulite;
sch = schist; int = intermediate (granodioritic) granulite; anor = anorthosite; maf = mafic granulite; amp =
amphibolite; metap = metapelite; px = pyroxenite; maf+ult = mix of mafic and ultramafic rocks.

amphibolites, and intermediate granulites, while in Paleozoic regions, the broad range of
Poisson's ratios suggests compositional diversity.

These interpretations are best shown by plotting the field-determined P-velocities and
Poisson's ratios from a particular location on the fields of laboratory-measured values, as
shown in Figure 1-10 for tbe Paleozoic crust of southwest Germany (Holbrook et al., 1988),
the Ukrainian and Baltic shields (larkov et al., 1981; Grad and Luosto, 1987) and the
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Fig. 1-9. Histograms of cross-sectional area of lower crust vs. Poisson's ratio in (a) rifts, (b) shields, (c) platforms,
and (d) Paleozoic aust.
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Fig. 1-10. Comparison of field- and laboratory-measured P-velocities and Poisson's ratios. Field-measured data
from several areas (cross-hatchured ovals) are plotted on fields of lab-measured data from Fig. 1-4. R = rift zone
(Basin and Range, Braile et aI., 1974); Pc = Precambrian shield (Kapuskasing uplift, Boland and Ellis, 1991); pz =
Paleozoic crust (Black Forest and Urach areas, Holbrook et aI., 1988).

Basin and Range rift zone (Braile et at., 1974). In the lower crust of Precambrian shields,
the high P-velocities (7.3 km/s) and intermediate Poisson's ratios (0.26-0.27) fall within
the field of metapelites (Fig. 1-10). An alternative interpretation, however, would be a
mixture of high-u mafic granulites and low-u pyroxenites (bronzite, for example, has a low
Poisson's ratio of 0.21; Christensen and Fountain, 1975). The intermediate P-velocity (6.9
km/s) and high Poisson's ratio (0.28-0.29) determined for the Basin and Range are consistent
with mafic granulite, anorthosite, or amphibolite, or a mixture of these rock types. In the
Paleozoic of Southwest Germany, the measured P-velocities and Poisson's ratios vary from
values appropriate for felsic to intermediate granulites (Vp = 6.4 km/s, u = 0.25) to values
indicative of a mix of intermediate and mafic granulites (Vp = 6.7 km/s, u = 0.28).

Of course, these conclusions must be viewed with the proper caution. So far, very few
shear-wave data have been interpreted, and in most existing studies the data are of marginal
quality. Even more importantly, we must remember that determinations of lithologies from
seismic velocities generally refer to the average composition of an entire lower-crustal block
measuring tens of kilometers across and 10-20 km thick. Yet we know from multichannel
seismic reflection data and high-grade metamorphic terrains that the deep crust must be
heterogeneous on the scale of tens to hundreds of meters (e.g., Fountain and Salisbury, 1981).
Thus, a lower crust whose seismic properties are compatible with a bulk composition of
intermediate granulite probably contains significant amounts of more felsic and more mafic
rocks. Improving the resolution with which the physical properties of the lower crust can be
determined remains one of the challenges of deep crustal seismology.

s. Fluids and anisotropy

The conclusions about deep crustal composition we have drawn above depend on the key
assumptions that the deep continental crust is isotropic and free of fluids. Because these
assumptions are inevitably idealizations of an imperfect Earth, we must ask ourselves (1) how
anisotropic is the Earth's crust? and (2) how prevalent are pore fluids in the deep crust? The
answers to these questions will undoubtedly change from place to place, and perhaps from
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experiment to experiment, as seismic source characteristics change.
The primary evidence for fluids in the deep continental crust comes from interpretations of

electromagnetic data, which in many places (particularly in Phanerozoic crust) require a zone
of high conductance in the lower crust (Hyndman and Hyndman, 1968; Shankland and Ander,
1983; Jones, 1987). Saline ftuids in rocks with a few per cent porosity would account for the
high conductivity (Hyndman and Shearer, 1989). The effect that such porosity would have on
seismic velocities depends on the pore pressure of the fluid: fluids at low pore pressure will
have a negligible effect on seismic velocity, while pore pressures increasing to near-lithostatic
will have a drastic effect on velocity (Ibdd and Simmons, 1972; Christensen, 1984). For the
low-porosity metamorphic and igneous rocks expected in the lower crust, porosity of several
per cent would have to be held open by high pore pressure.

If saturated pore spaces are indeed widespread in the lower crust, the estimates of
bulk composition inferred from seismic velocities will be biased toward felsic compositions,
as pointed out by Hyndman and Klemperer (1989). Our estimates of composition, which
assume a dry crust, could therefore be considered a felsic end-member of the possible
bulk composition. Shear-wave data offer a potential means of detecting zones of fluid-
filled porosity, because the presence of fluids at high pore pressure increases Poisson's
ratio (Christensen, 1984). Fluid-filled cracks have also been proposed as a mechanism for
generating lower-crustal reflections (Matthews and Cheadle, 1986; Hyndman, 1988; Hyndman
and Shearer, 1989); however, this mechanism is difficult to reconcile with the weak amplitudes
of shear-wave reflections corresponding to the lower-crustal P-wave reflections (Holbrook et
aI., 1987, 1988; Goodwin and McCarthy, 1990).

The existence of seismic anisotropy in the lower continental crust remains an open
question. Seismic anisotropy has been measured in the' oceanic and continental upper mantle
(Raitt et aI., 1969; Bamford, 1977; Fuchs, 1983) and in the upper crust (e.g., Crampin et aI.,
1984), but no conclusive measurements of lower-crustal anisotropy have been made. This is
~omewhat surprising, because laboratory measurements of P-velocities (Dible 1-3) show that
severallower-crustal rock types have significant anisotropy, particularly quartz-mica schists
(10.7%), felsic amphibolite gneiss (7.3%), granulite-facies metapelite (5.5%), and amphibolite
(5.4%). Moreover, the horizontally layered lower crust seen in many multichannel reflection
sections (e.g., Brown et at, 1986) should produce transverse isotropy (Crampin, 1989), a
particular kind of anisotropy in which the horizontal velocity is constant in all directions,
but the horizontal and vertical velocities differ. Such anisotropy in the lower crust would
be expected to produce shear-wave splitting of the Moho reflection, SmS; unfortunately, few
wide-angle, three-component seismic studies have been carried out, and existing studies have
not detected significant splitting of SmS (e.g., Gajewski and Prodehl, 1987; Holbrook et at.,
1988). Furthermore, shear-wave splitting observed on earthquake records in Japan has been
interpreted as the result of anisotropy in the upper, not the lower, crust (Kaneshima and
Ando, 1989). On the basis of present data, then, we must conclude at present that either the
lower crust.is isotropic, or that anisotropy exists in isolated blocks whose size lies beneath the
resolution of current experiments. Nevertheless, seismic anisotropy is an important property
of crustal samples recovered from outcrops and drill holes, and probably influences crustal
reflectivity (e.g., Jones and Nur, 1982, 1984; Christensen and Szymanski, 1988; Christensen,
1989; Fountain et at., 1990).
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6. Discussion

6.1. Average continental crustal struClUre

Our compilation of field-measured seismic velocities ano'<J.'~the construction of sout(.
generalized models of deep crustal structure as a function of tectonic environment. AIthougc,
such models run the risk of oversimplification, they can provide useful characteriLations of the
seismic structure of the continental crust Using the data fronl Thble 1-2, .we can construct a
standard crustal column for each tectonic environment, sho\\Ting(1) average thicknesses oi
the crust, middle crust, and lower crust, and (2) n10dal velocities of the deep crust (Fig. 1-11).
These columns show that the crust is thickest b.:;nt;ath continent-continent collision zones,
shields, and platforms, while the crust is thinnest beneath passive margins, foreares, and rifts.
In general, a three-layer crust, with velocities increasing with depth, is a useful model; in most
tectonic environments, the middle and lower crust together colnprise about 2/3 of the tota~
crust.

We have constructed from these crustal columns a generalized cross-sc(tion through
a hypothetical continent bounded by an active and a passive margin (Fig. 1-12). This
cartoon depicts the general velocity structure of the continental crust across SOInecommon
tectonic environments: clearly shown, for example, is the bimodal distribution of lowe.r-crustal
velocities (6.7-6.8 and 7.1-7.3 km/s) and the predominance of mid-crustal velocities in the
range 6.4~. 7 km/s.

Fig. 1-11. Summary of average crustal columns in various tectonic environments, showing average thickness of
crustal layers and modal velocities, determined from histograms of Fig. 1-8. Shading indlc4Hcs velocity value~
split layers indicate bimodal velocity distributions. Black represen~~ Lipper n.aralt:. ~~h( ...fu;);'.~ in&~r~.;~tb~;.(~~::
continent-continent collision zones, shields, platforms, and volcar.ic rb~;:dU::'.~;hi:~ jl is l~,iL~\'~i:-'.;;~::i!hf:a.:::\\"
margins, forearcs, 3nd rifts
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Rift
Platform

Shield

Fig. 1-12 Cartoon cross-section across a hypothetical continent, showing average seismic properties in various
tectonic provinces. The velocity in the upper aust is assumed to be 6.0-6.3 km/s everywhere. Note the strong
lateral changes in crustal structure from province to province. High-velocity (7.1-7.3 kIn/s) layers are found beneath
rifts, shields, platforms, and passive margins. Mid-crustal velocities are lowest beneath rifts, perhaps due to higher
tempera tures.

6.2 Bulk lower-crustal composition

The bulk composition of the continental crust has long been under debate, yet is still poorly
known. The primary reason for this uncertainty is the difficulty in estimating the composition
of the deep crust Geological estimates of lower-crustal composition derived from studies of
Precambrian granulite terrains (e.g., Weaver and Thrney, 1984; Shaw et aI., 1986), island arcs
(Thylor and McLennan, 1981), and xenoliths (e.g., Dupuy et al., 1979) generally fall in the
range 54~1 % Si02, corresponding to an intermediate (dioritic) composition.

Smithson and his coworkers (Smithson and Brown, 1977; Smithson, 1978; Smithson et
at, 1981), using measurements of mean crustal velocity and observations from multichannel
reflection data, also inferred a dioritic (59% Si02) lower-crustal composition. According to
Smithson and Brown (1977), "the lower crust must be distinctly less mafic... than gabbro."
This conclusion was based on (1) their observation that most lower crustal P-velocities are less
than 7.0 km/s, corresponding to the range of felsic and intermediate granulites, and (2) the
existence of numerous reflections in the lower crust on multichannel reflection profiles, thus
implying the presence of more felsic (i.e., lower-velocity) rocks.

Our summary of seismic velocities has an important bearing on such estimates of bulk
lower-crustal composition. For this purpose, however, the velocity histograms of Figures 1-5
and 1-6 are somewhat misleading, in that some tectonic provinces have been over- or under-
sampled with respect to their global volumetric abundance. In order correct for this sampling
bias, we applied a weighting factor to each velocity determination, based on the ratio of the
proportion of total crustal area measured in each tectonic environment to the approximate.
global volumetric abundance of crust in that environment (Thble 1-6). The weighting factors
thus calculated show that, relative to their global volumetric abundance, shields, volcanic
plateaus, and rifts have been oversampled, while platforms, forearcs, and passive margins have
been undersampled by seismic experiments.

The resulting corrected velocity histograms, shown in Figure 1-13, show several important
differences to the uncorrected histograms (Figs. 1-5.and 1-6), especially in the lower crust
(Fig. 1-13b). Particularly obvious is the marked increase in the proportion of velocities in
the range 7.0-7.2 lan/s; this is primarily due to the increasing contribution of platforms,
which have a strong velocity peak in that range (Fig. 1-8b). There has been a relative
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TABLE 1-6

Calculation of weighting factors for velocity histogram correction

1Cc:tonic Area surveyed 2 % of total area surveyed 3 Vol.% Weighting factor S

environment 1 worldwide"
lower middle lower middle lower middle

Shield 129.0 93.4 35.4 35.1 15 0.4 0.4
Platform 48.4 45.7 13.3 17.2 40 3.0 2.3
Paleozoic 47.1 40.7 12.9 15.3 16 1.2 1.0
ConL collision 46.0 30.3 126 11.2 16 1.3 1.4
Volcanic plat. 16.5 9.6 4.5 3.6 [1] 0.2 0.3
Rift 49.9 34.1 13.7 12.8 1 0.1 0.1
Arc 16.0 9.8 4.4 3.7 4 0.9 1.1
Forearc 3.3 2.2 0.9 0.8 [2] 2.2 2.5
Passive margin 7.9 0.3 2.2 0.1 [5] 2.3 10.0
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l1Cctonic environment;
21btal cross-sectional area of middle and lower crust surveyed by wide-angle seismic experiments;

. . 3Area surveyedas a percentageof total area surveyed;
..Estimated global volumetric abundance, expressed as percent of total continental aust, taken from Condie (1982)
except where denoted by brackets;
SWeighting factors to correct for bias in distribution of wide-angle seismic surveys, calculated from the ratio of
percentage of worldwide volume to percentage of total area surveyed.
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Fig. 1-13. Velocity histograms for the (a) middle crust and (b) lower crust, calculated "from the histograms of Figs.
1-5 and 1-6 but using the weighting factors of Uble 1-6. These weighted histograms more accurately reflect the
average properties of the middle and lower crust, because over- and undersampling of some tectonic provinces has
been approximately corrected for. Shading indicates quality factor (see Fig. 1-5). Bars at top show velocity ranges of
possible (a) mid-crustal and (b) lower-crustal rocks (see 'Thble1-3 and Figs. 1-5 and 1-6).
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decrease in tht; proportion of velocities in the range 7.3-7.5 lan/s, especially among the
better-determined values; this is due to the decreased contribution of shields, rifts, and
volcanic platea~, all of which show high-velocity peaks. As a result, the bimodal nature of
the lower-crustal velocity distribution has been enhanced, with 64% of the total area (72% of
the best-determined values) falling within the ranges 6.7-6.8 lan/s and 7.0-7.2 Ian/s. This is a
remarkable observation, as it implies that about 2/3 of the lower continental crust worldwide
has an average P-velocity within those relatively narrow ranges.

If the weighted lower-crustal velocity histogram is approximately correct, it implies that
roughly half (53%) of the lower continental crust has a velocity of 7.0 kIn/s or greater.
Smithson's (1978) estimate of the average velocity of the lower crust was therefore low, due
to the smaller refraction data base available to him. Moreover, many lower-velocity regions
(6.7-6.8 km/s) may consist of predominantly mafic material, since the temperature-corrected
velocities of many mafic granulites fall within that range (6.86:I: 0.27 km/S' Thble 1-3). These
two obseIVations suggest that the composition of the lower crust in many places is closer to
gabbroic than to the dioritic compositions derived by Smithson (1978), or from geologic and
geochemical data by laylor and McLennan (1981), Weaver and larney (1984), and Shaw et
al. (1986). This conclusion would concur with the review of xenolith evidence (Griffin and
O'Reilly, 1987; Rudnick, this volume), which suggests that mafic rocks are far more prevalent
in the lower crust than felsic or intermediate rocks. An alternative explanation for the high
velocities would be the presence of garnet, which would allow more felsic compositions, if
significant amounts of metapelite are present.

There is, of course, some danger in overinterpreting summary diagrarns such as those in
Figure 1-13: as we have seen, the seismic characteristics of the deep c. .; tinental crust vary
markedly from place to place, even within similar tectonic environmen: ~. The most reliable
estimates of lower-crustal composition will be those at individual, well-studied locations,
where a combination of geophysical and geological data exists.

6.3. Constraints from seismic reflection profiling

The results of deep seismic reflection profiles provide additional constraints on conclusions
regarding the composition and physical properties of the crust. Although seismic reflection
data provide structural resolution unavailable from refraction methods, they do not provide
accurate deep velocity information, due to their limited aperture (usually <10 km). The
primal)' observation from reflection profiles that we address here is the high reflectivity of the
lower crust, often with a well-defined top and bottom to the reflective zone (e.g., Mooney and
Brocher, 1987). Unfortunately, any comparison of seismic reflection results with wide-angle
reflection/refraction results is made difficult by the dissimilar coverage currently available
for the two methods. For example, we noted above that wide-angle seismic data have been
extensively recorded within shields and platforms, but these regions are sparsely sampled by
reflection profiles, which are biased toward continental margins and"regions of relatively thin
(535 Ian) crust Despite the differences in coverage, the following conclusions can be drawn.

Although lower crustal reflectivity varies significantly from region to region, it is generally
quite high in rifts and areas of extended crust (e.g., McCarthy and Thompson, 1988). The
wide-angle seismic results presented here show that these areas have high Poisson's ratio,
indicative of a mafic lower crust This inferred composition is consistent with the suggestion
that crustal reflectivity in these areas is in part due to mafic intrusions. Alternatively, ductile
shear in extended lower crust would result in the alignment of anisotropic minerals with the
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higher P-wave axis horizontal; anastomozing shear zones could produce high lower crustal
reflectivity without requiring numerous mafic intrusions (Jones and Nur, 1984). The high
velocity layers (7.2-7.5 km/s) found beneath some rifts and passive margins likely consist of a
mix of mafic and ultramafic rocks. If layered, this zone would be highly reflective, consisten1
with a clearly defined "reflection Moho" in extended regions (e.g., Klemperer et aI., 1986;
McCarthy and Thompson, 1988).

The origin of lower crustal reflectivity remains a major unknown. Because deep reflec-
tions originate from boundaries separating layers of contrasting seismic impedance (velocity
x density), they must hold important clues for improving our knowledge of deep crustal
composition. Several origins have been proposed for deep crustal reflections, including com-
positional layering (igneous or metamorphic layering; Hale and Thompson, 1982; Christensen,
1989), ductile shear zones (Jones and Nur, 1982, 1984), igneous intrusions (Meissner, 1973),
lenses of partial melt (Meissner, 1973; Hale and Thompson, 1982), and the presence of
fluid-filled cracks (Matthews and Cheadle, 1986). The wide range of lower-crustal velocities
compiled above, which implies a large diversity in rock types in the lower crust, suggests that
no single cause is respon.~ible for all deep reflections. Although we are unable to determine
the causes of deep reflections with our compilation, there is clearly a need to make detailed
comparisons of reflection and ~efraction results at locations where both types of data exist
(e.g., Bartelsen et aI., 1982; Wever, 1989). Coincident shear-wave data can be panicularly
illuminating in constraining the origin of deep reflections (e.g., Holbrook et al., 1988).

6.4. Implications for crustal evolution

Models of the growth of continental crust through time vary widely, but most suggest
that the bulk of continental crust was produced during the Archean, by about 2.5 Ga
(e.g., McLennan and Thylor, 1982; Reymer and Schubert, 1984). The widespread Archean
granite-greenstone belts were created by the melting of mafic source rocks (Rudnick and
Thylor, 1986), probably in intra-arc (Sleep and Windley, 1982) or intracontinental rift (Kroner,
1984) settings. During the Phanerozoic, in contrast, accretion of continental crust took
place primarily by arc magmatism (e.g., Hamilton, 1981, 1988), with contributions from rift
and hotspot magmatism. In tackling the problem of crustal evolution from a seismological
standpoint, then, we must examine two kinds of tectonic environments: stable cratons and
regions of more recent magmatic activity, such as arcs, rifts and volcanic plateaus.

A widely used model for the growth of the continental crust at magmatic arcs during the.
Phanerozoic is the andesite model of Thylor (1977). This model, which assumes additions to
the crust of bulk andesitic composition, uses a mass balance to predict a mafic composition
for the lower crust (e.g., Thylor and McLennan, 1981). Since the work of Smithson (1978).
many authors (e.g., Kay and Kay, 1986) have pointed out an apparent contradiction between
the mafic lower crust required by the andesite model and the intermediate lower crust
proposed by Smithson (1978) on .the basis of P-wave velocities. As pointed out above,
however, our compilation shows that in most tectonic environments, in situ lower crustal
cotnpressional velocities are indeed compatible with mafic compositions (Thble 1-5). The
limited seismic information from arcs themselves show velocities of 6.7-6.8 km/s in island
arcs (Asano et at, 1985; Iwasaki et at, 1990) and 6.9-7.0 km/s in Andean-type arcs (Pakiser
and Brune, 1980; Leaver et al., 1984); these values are all consistent with mafic granulites
(6.86:f: 0.27 km/s; Thble 1-3). There is thus no need to appeal to alternative explanations such
as the presence of fluid-filled cracks (Hyndman and Klemperer, 1989), widespread hydrous
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minerals, or foundering of mafic rocks into the mantle to reconcile the seismic and geologic
evidence.

The bimodal distribution of P-velocities beneath shields and platforms (Fig. 1-8a,b) sug-
gests that two distinct crust-forming processes may have been active during the Precambrian.
The similarity between the low-velocity peak (6.6-6.8 lan/s) and the values found beneath
arcs (Fig. 1-8g) suggests that the lower crust beneath some shields and platforms was formed
by arc magmatism. This interpretation is consistent with most models of Precambrian crustal
evolution, which generally assert that modern-style subduction zones have existed since the
Archean (e.g., 11lmey and Windley, 1977; Windley, 1981) or Proterozoic (e.g., Hargraves,
1981). The high-velocity peak (7.1-7.5 lan/s), on the other hand, can be explained either as
the result of the underplating of mafic and ultramafic magmas (e.g., Furlong and Fountain,
1986) or the presence of high-grade metamorpbic rocks of supracrustal origin (metapelites).
The interpretation of underplated material at the base of cratons is consistent with models
of early Precambrian crustal evolution, which envision continental growth by underplating
of magmas from a vigorously convecting mantle (e.g., Kroner, 1981). Alternatively, the high
P-velocities could be the result of a prevalence of garnetiferous metapelites, which may have
been accreted to the base of the crust in Precambrian orogenic belts. This process must have
occurred to some extent during the Archean, as evidenced by the existence of granulite-facies
metapelites in some Archean terrains (e.g., Fountain and Salisbury, 1981).

The activity of mafic/ultramafic underplating during the Phanerozoic is indicated by the
presence of high seismic velocities (7.1-7.5 km/s) beneath many rifts, volcanic plateaus, and
passive margins (Fig. 1-8). This process has 'been suggested to occur beneath volcanic plateaus
and at rifted continental margins where a mantle thermal anomaly exists (White et at., 1987;
White and McKenzie, 1989). The high velocities are predicted by thermal and petrologic
considerations (Furlong and Fountain, 1986; White and McKenzie, 1989). Thus magmatic
underplating appears to supplement arc magmatism as an important means of continental
growth during the Phanerozoic.

6.5. Directions for future research

Our knowledge of the evolution of the lower continental crust is severely hampered by
the paucity of high-quality data in several key tectonic environments, especially island arcs,
Andean-type arcs, and continent-continent collision zones. These regions typically present
logistical obstacles to the collection of wide-angle data, but these must be overcome if we are
to understand the influence of these areas on crustal evolution.

A further important development will be the increased use of shear-wave information in
wide-angle seismic experiments. Crustal seismologists must free themselves of the pervasive
bias toward P-waves: even if techniques are developed which greatly improve resolution,
P-wave velocity alone will always give an incomplete picture of the lower crust, due to the
inescapable overlap of the P-velocities of diverse rock types (e.g., Thble 1-2). Shear-wave
information helps overcome this ambiguity.

There is a vital need for field and laboratory measurements addressing the two fundamental
assumptions of this study: the lack of (1) anisotropy and (2) fluids in deep crust. Studies of in
situ anisotropy in the Earth have focused on the upper crust and the oceanic and continental
upper mantle; very little work has been done, however, on the anisotropy of the lower crust,
despite the fact that many metamorphic rock types expected to exist in the lower crust show
considerable anisotropy in the laboratory (Thble 1-3). The role of fluids in the deep crust is
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still under debate (e.g., Fyfe et ai., 1978; Shankland and Ander, 1983; Hall, 1986; Hyndman
and Klemperer, 1989), but little is known about the influence of fluids on seismic velocities at
pressures and temperatures appropriate for the lower crust.

7. Conclusions

The summary of deep crustal velocities presented here is, first and foremost, testimony
to the diversity of the deep continental crust. The wide range of P-velocities found in
the middle crust (6.0-7.1 lan/s) and lower crust (6.4-7.5 lan/s) implies the existence of
bulk compositions varying, from place to place, from felsic to mafic/ultramafic. Still, some
generalizations can be made: most mid-crustal P-velocities fall in the range 6.5-6.8 km/s,
while most in the lower crust lie in the ranges 6.7-6.8 km/s or 7.0-7.2 kIn/s. Lower-crustal
velocities have a bimodal distribution beneath shields, platforms, passive margins, rifts, and
volcanic plateaus, suggesting the influence of either mafic/ultramafic magmatic activity or
high-grade metamorphism to raise P-velocities.

Inferences about composition drawn from P-velocities are non-unique, but this ambiguity
can be significantly reduced by the existence of complementary S-velocity (and hence Poisson's
ratio) information. The sparse shear-wave information available for the lower crust suggests
that S-velocities are relatively high beneath shields and platforms (i.e. Poisson's ratio is low),
supporting the presence of either quartz-rich metapelites or low-a- pyroxene. The bimodal
pattern may be the manifestation of two distinct processes of Precambrian crustal genesis:
mafic/ultramafic underplating and arc' magmatism. P-velocities beneath most Phanerozoic
environments fall in the range 6.6-6.8 kIn/s, consistent with a predominantly mafic bulk
composition; this interpretation is in accord with a model of crustal growth by arc magmatism.
The presence of high velocities (7.1-7.5 kIn/s) beneath Phanerozoic rifts, vol~nic plateaus,
and passive margins is likely the result of mafic/ultramafic underplating in those regions.

Finally, our compilation shows that high velocities (~7.0 kIn/s) are more common in the
lower crust than previously thought. In most tectonic environments, P-wave velocities are
consistent with a bulk mafic lower crust. This conclusion eliminates the often-quoted paradox
between estimates of bulk lower-crustal composition from seismic methods and geologic
evidence.
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