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1. In t roduct ion  

The  purpose  of  this chapter  is to provide  a s u m m a r y  of  

the seismic veloci ty  structure of  the cont inental  l i thosphere,  

i.e., the crust  and uppermos t  mantle .  W e  define the crust as 

the outer  layer  of  the Earth that is separa ted  f rom the under-  

lying mant le  by the Mohorovi6 i6  discont inui ty  (Moho) .  W e  

adopted  the usual  convent ion  of  defining the seismic M o h o  

as the level  in the Earth where  the seismic compress iona l -  

wave  (P -wave)  veloci ty  increases rapidly  or gradual ly  to 

a value  greater  than or equal  to 7.6 km sec -1 (Steinhart ,  1967), 

defined in the data by the so-cal led " P n "  phase  (P-normal ) .  

Here  we use the term uppermos t  mant le  to refer  to the 5 0 -  

2 0 0 +  km thick l i thospheric  mant le  that forms the root  of  the 

cont inents  and that is a t tached to the crust  (i.e., moves  with the 

cont inenta l  plates).  

This  s u m m a r y  has been p receded  by 90 y of  intense scien- 

tific activity. Mohorovi6 i6  (1910) was the first to publ ish an 

TABLE 1 Published summaries of crustal structure by 
region covered 

Year Authors Areas covered J/A/B a 

1961 Closs and Behnke World J 
1963 Hill Oceans B 
1966 James and Steinhart World B 
1966 McConnell et al. World J 
1969 Hart World B 
1970 Ludwig et al. Oceans A 
1970 Maxwell Oceans B 

Year Authors Areas covered J/A/B a 

1971 Heacock N-America B 
1973 Meissner World J 
1973 Mueller World B 
1975 Makris E-Africa, Iceland A 
1977 Bamford and Prodehl Europe, N-America J 
1977 Heacock Europe, N-America B 
1977 Mueller Europe, N-America A 
1977 Prodehl Europe, N-America A 
1978 Mueller World A 
1980 Zverev and Kosminskaya Europe, Asia B 
1982 Soller et al. World J 
1984 Prodehl World A 
1986 Meissner Continents B 
1987 Orcutt Oceans J 
1989 Mooney and Braile N-America A 
1989 Pakiser and Mooney N-America B 
1991 Beloussov et al. Europe, Asia B 
1991 Collins Australia A 
1992 Blundell et al. Europe B 
1992 Holbrook et al. Continents A 
1992 Mooney and Meissner Continents A 
1993 Mueller and Kahle Mediterranean A 
1994 Durrheim and Mooney Continents J 
1995 Olsen Continental rifts B 
1995 Christensen and Mooney World J 
1995 Rudnick and Fountain World J 
1995 Tanimoto World A 
1996 Pavlenkova Europe, Asia A 
1997 Prodehl et al. Near East, Africa J 
1998 Li and Mooney China J 
1998 Mooney et al. World J 

aj, Article published in an international journal; A, Article 
published as part of a book; B, Book publication. 
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estimate for crustal thickness (54 km near Zagreb, Croatia), 
and to describe the seismically defined boundary between the 
crust and mantle that now bears his name (often shortened to 
"the Moho"). The fact that the oceanic crust is significantly 
thinner than continental crust (5 km versus about 40 km) was 
documented 40y later (e.g., Hersey et al., 1952). Numerous 
later studies demonstrated that the continental crust varies in 
thickness from about 15 km to greater than 70 km beneath the 
Tibet plateau. Jarchow and Thompson (1989) provide a useful 
summary of early crustal studies, and Table 1 provides addi- 
tional references. We emphasize results from active-source 
seismic refraction profiles that provide detailed P-wave velo- 
city information. The shear-wave (S-wave) structure of the 
crust and uppermost mantle, as determined by surface waves, 
is discussed, for example, by Ekstr6m et al. (1997) and Ritz- 
woller et al. (1998). 

2. Data and Methods of Analysis 

The properties of the Earth's lithosphere are particularly well 
suited to measurements using seismological data due to the 
existence of the pronounced variations in seismic wave speeds 
both laterally and with depth. Beneath continents, the Moho is 
characterized by a more or less rapid increase of P- and S- 
velocities with depth. However, because S-waves travel more 
slowly than P-waves and therefore cannot be detected as 
first arrivals, they are often hidden in the coda of the P-waves. 
Thus, the study of S-waves for crustal research has been 
a limited, but rapidly growing, area of research, and a world- 
wide mapping of crustal and uppermost mantle S-wave results 
from seismic refraction data is not yet possible. 

The chief advantages of controlled-source seismic- 
refraction data are: (1) The exact time and position of the 
seismic sources are accurately known; (2) It is possible to 
plan, in relation to the specific geologic target, the number, 
spacing, and geometry of sources and receivers. The main 
disadvantages of these seismic-refraction data are: (1) The 
seismic sources are limited to the surface of the Earth, 
whereas natural seismicity extends to a depth of 10-20km 
within the crust, and to a maximum depth of 670 km in sub- 
duction zones; (2) There is a practical limit to the strength of 
chemical or other controlled sources, thereby limiting the 
depth of investigation to the lithosphere. 

It is important to note that vertical-incidence seismic 
reflection profiles, which are not reviewed here, provide the 
highest resolution of structural detail within the crust. These 
data provide an image of the entire crust that is similar to the 
pictures obtained within sedimentary basins by the oil 
exploration industry. The application of seismic reflection 
profiles to the study of the continents began in Germany (cf., 
discussion in Meissner, 1986), and was adopted in the United 
States of America in 1974 by COCORP (Barazangi and 
Brown, 1986a,b). Many other countries soon followed suit 

with their own national programs, such as BIRPS (UK, Mat- 
thews, 1986), DEKORP (Germany, Meissner et al., 1991). 
Crustal reflection profiles show that the crust has many fine- 
scale impedance contrasts that are related to compositional 
layering, shear zone and fractures, and other geological fea- 
tures, such as dikes and sills (Brown et al., 1983; Matthews, 
1986; Meissner, 1986; Barazangi and Brown, 1986a,b; 
Mooney and Meissner, 1992; Klemperer and Mooney, 
1998a,b). Deep reflections from the subcrustal lithosphere 
have also been recorded in many regions. Consequently, the 
advent of deep seismic reflection profiling has led to a major 
new understanding of the evolution of the continental litho- 
sphere. Optimal information is obtained when coincident 
seismic refraction and vertical-incidence reflection profiles are 
collected, as has been the case for the Canadian LITHO- 
PROBE program (Clowes et al., 1999). 

Since the early 1950s a large number of seismic profiles 
have been collected around the world. Advancing technology 
has led not only to better instrumentation, but also to improved 
data processing and interpretation techniques. Useful recent 
reviews of seismic methods for determining crust and upper 
mantle structure have been provided by Mooney (1989) and 
Braile et al. (1995), whereas Giese et al. (1976) summarize 
older methods of data analysis. Table 1 lists previously pub- 
lished summaries of crustal structure by region covered. The 
papers and books most comparable to the present work are 
Soller et al. (1982), Prodehl (1984), Meissner (1986), 
Tanimoto (1995), Pavlenkova (1996), Chuikova et al. (1996),  

and Mooney et al. (1998). 
Resolution is a major consideration when discussing seis- 

mic data. Because of the variety in seismic techniques, how- 
ever, general statements about resolution are difficult. In 
seismology, resolution is related both to data quality and 
physical laws. The quality of a data set is usually considered to 
be a function of the strength of the signal relative to noise 
(expressed as signal-to-noise ratio) and the number or density 
of measurements depending on the number of sources and 
receivers and their relative spacing. Generally, the more data 
available, the higher is the resolution. However, physical laws 
limit the resolution of even near-perfect data sets. The Earth 
strongly attenuates high frequencies so that signals penetrating 
deeper will contain relatively low frequencies. Typically, 
signals traversing the whole crust have peak frequencies of 
5-20 Hz resulting in absolute accuracy of depth determination 
of not better than 2-5% of the depth (e.g., 1-2 km for a 40 km- 
thick crust). 

It is also of interest to use seismic velocities to infer the 
composition of the lithosphere. This can be accomplished by 
comparison with laboratory measurements of the seismic 
velocity of rock specimens believed to have once resided at 
depth within the lithosphere. This research was pioneered by 
Francis Birch, who measured numerous igneous rock samples 
at confining pressures up to 100 MPa and compared these results 
with early field determinations of seismic velocities (Birch, 
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1960, 1961). Such measurements have been expanded by 
others to include metamorphic rocks, the measurement of 
shear-wave velocities, and the determination of temperature 
effects (Simmons, 1964; Christensen, 1965, 1966, 1979; Kern, 
1978). These studies are reviewed in Holbrook et al. (1992), 
Rudnick and Fountain (1995), and Christensen and Mooney 
(1995). The interplay of temperature and pressure is worth 
noting here; a temperature increase of 100~ at constant pres- 
sure will decrease seismic velocity by 0.05 km sec-1. However, 
the influence of increased temperature with depth is compen- 
sated for by increased pressure. Thus, seismic velocities will 
generally increase with depth only if there is a change in rock 
composition, or an unusually low temperature gradient. An 
exception is the uppermost (0-5 km) crust, where the closing 
of cracks in the crystalline crust will lead to an increase in both 
P- and S-wave velocities. 

3. Main Features of Cont inental  
Crustal  Structure  

Over the past 50 y a vast amount of data has been accumulated 
regarding the seismic structure of the continental crust. 

A typical data example is shown in Figure 1. The basic features 
of continental crustal structure were recognized by the 1960s 
(Steinhart and Meyer, 1961; James and Steinhart, 1966; 
Ludwig et al., 1970; Pavlenkova, 1973). The seismic velocity 
distributions vary widely in different geographic localities, and 
crustal models generally consist of two, three, or more layers 
separated by velocity discontinuities or gradients. In relatively 
stable continental regions the thickness of the crust is between 
30 and 50 km. Seismic velocities in the upper crustal layer are 
usually 5.6-6.3 km sec -1. At a depth of 10-15 km the seismic 
velocity commonly increases to 6.4-6.7 km sec -1. This velo- 
city increase is sometimes referred to as the Conrad dis- 
continuity, a term that is now in disfavor since the velocity 
structure of the crust has been found to be sufficiently complex 
that the use and definition of this term is ambiguous. In many 
stable continental interiors there is a third, basal crustal layer 
with a velocity of 6.8-7.2 km sec -~. The seismic velocity below 
the Moho (Pn velocity) is typically about 8 km sec-1. The exact 
nature of the velocity-depth distribution is not always well 
defined. The evidence for distinct layers within the continental 
crust almost exclusively depends on the interpretation of 
second-arrival phases. In some regions, clear evidence of later 
arrivals confirms that the velocity increases discontinuously 
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FIGURE 1 Sample record section from western China. (a) Shear (S) wave record section with a reduction 
velocity of 3.46 km sec -~. Shot point corresponds to 0km; Sg, direct arrival; S1S, reflection from boundary 
between upper and middle crust; $2S, reflection from middle and lower crust; SmS, reflection from Moho; Sn, 
refraction from uppermost mantle. (b) Compressional (P) wave record section with a reduction velocity of 
6.0kmsec-l; Pg, direct arrival; P1P, P2P, PmP, Pn, P-wave arrivals as defined for S-waves above. (Wang, Y.X. 
et al., submitted 2002). 
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through intermediate layers within the crust, whereas in other 
regions velocity may increase gradually with increasing depth 
producing no distinct intracrustal reflection (Levander and 
Holliger, 1992). 

The compilation of seismic crustal data around the world 
has defined the characteristic primary crustal types connected 
with specific tectonic settings (Fig. 2). Each primary crustal 
type is defined by the average seismic model of the crust of 
a specific age or tectonic setting (Fig. 3). 

Despite the abundance of refraction-seismic experiments 
having been carried out throughout the world, the coverage is 
very selective (Fig. 4). For example the continents of the 
northern hemisphere are reasonably well covered, whereas in 
the southern hemisphere only selective seismic surveys deal- 
ing with particular target areas, such as the Andes of South 
America and the East African Rift System have been studied. 
Figure 3 shows a world map indicating the main tectonic units 
of the continents. The map also indicates the location of the 
seismic cross sections that are discussed later. 

Figure 4 shows that Eurasia is densely covered with seismic 
profiles, as is the central portion of North America (the United 
States of America and southern Canada). Only limited data are 
available for northern Canada, Mexico, Central America, and 
Greenland. The South American and African continents have 
a concentration of data points in select locations, but vast 
regions remain without seismic control. Data are lacking for 
significant portions of the Middle East and Southeast Asia. 
Data coverage is good within Australia, New Zealand, and the 
coastal portions of Antarctica. These data points have been 
used to map the thickness of the Earth's crust (Fig. 5). Crustal 
thickness is estimated in regions lacking data by determining 
the geologic setting (Fig. 3) and assuming a typical crustal 
structural for that setting (Fig. 2). Short period (35-40sec) 
Love-wave phase and group velocity maps (Ekstr6m et al., 

1997; Ritzwoller et al., 1998), which are mainly sensitive to 
crustal thickness and average crustal shear velocity, provide 
a useful guide to estimating crustal thickness in regions 
lacking active-source seismic profiles (cf., Mooney et al., 1998). 
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FIGURE 2 Fourteen common continental and oceanic crustal types (Mooney et al., 1998). Typical P-wave velocities are indicated for the 
individual crustal layers and the uppermost mantle. Velocities refer to the top of each layer, and there is commonly a velocity gradient of 0.01- 
0.02kmsec -1 km -1 within each layer. The crust thins from an average values of 40km in continental interiors to 12km beneath oceans. 
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r ~  Cross-sections presented in paper; figure number circled. 

FIGURE 3 World map showing six primary Geological provinces and the Figure numbers of cross sections presented in 
this chapter. Index of locations shown on the map: N-America (Fig. 6) (38 ~ N); N-Chile (Fig. 7); European Geo-Traverse 
(EGT; Figs. 8 and 9); Russia (Fig. 10); Afro-Arabian rift system (Fig. 11); Australia (Fig. 12); New Zealand (Fig. 13); 
Japan: northern Honshu (Fig. 14); China (Fig. 15); India (Fig. 16). 

FIGURE 4 World map showing the location of seismic refraction profiles used to compile the maps of crustal 
thickness (Fig. 17) and mean crustal velocity (Fig. 18) (Mooney et al., 1998). Each triangle corresponds to a point along 
a seismic refraction profile where a crustal column has been extracted. 
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~ ]  Land (20-40 km) ~ 40-45km ~ 45-50km ~ 50-60km ~ 60-70km ~ >70km 

FIGURE 5 Global crustal thickness (Mooney et al., 1998). The average thickness on continents is 40km, and generally increases in 
thickness from 30 km near the margins toward the interior. In this figure, crustal thickness under narrow features (e.g., continental rifts, 
midocean ridges and oceanic fracture zones) is not visible. 

The thickest crust (70+ km) occurs beneath the Tibetan 
Plateau and the South American Andes. The thickness of 
continental crust with an elevation above sea level is generally 
between 28km and 52km, and the average thickness (ex- 
cluding continental margins) is 40km. Aside from the two 
regions mentioned above, very little of the continental crust is 
thicker than 50 km. Likewise, continental crust thinner than 
30 km is generally limited to rifts and highly extended crust 
including continental margins. It is important to bear in mind 
that the Earth's crust is very complex, and there are numerous 
local exceptions to these generalizations. In the following 
sections we provide a detailed description of the structure of 
the crust on a continent-by-continent basis. 

3.1 North Amer ica  

The deep structure of the North American lithosphere has been 
the subject of intense investigation since the pioneering work of 
M.A. Tatel and H.E. Tuve at the Carnegie Institution of 
Washington in the early 1950s (e.g., Tatel and Tuve, 1955). 
These and other early investigations established the main fea- 
ture of a thick (~45 km) crust within the continental interior and 
thin (~30km) crust at the margins. They also discovered 
unexpectedly thin (~30 km) crust beneath the Basin and Range 
Province, where a high average surface elevation of 1-2 km can 
be found. 

Several summaries of the crustal structure of North America 
have been published over the past 25 y (Pakiser and Steinhart, 

1964; Hart, 1969; Heacock, 1971, 1977; Prodehl, 1977; 
Pakiser and Mooney, 1989; Mooney and Braile, 1989). A great 
deal of crustal structure data has also been published by 
Canadian researchers over the past 15 y under the LITHO- 
PROBE Program (Clowes et al., 1999). These Canadian 
investigations have used coincident seismic reflection and 
refraction data to obtain higher-resolution data than previously 
was possible. A recent compilation of North American data 
contains more than 1400 measurements of crustal structure 
(Chulick and Mooney, 2002). 

The contour map of crustal thickness of North America 
(Fig. 5) shows the previously mentioned pattern of increasing 
thickness toward the interior. The average thickness of crust is 
36.7km, with a standard deviation (SD) of 8.4km. The 
thickest crust (50-55 km) occurs in four relatively isolated 
regions. The thinnest crust is associated with continental 
margins and regions that have undergone recent extension, 
including the Western Cordillera of Canada, the Rio Grande 
Rift, and the Basin and Range Province. 

The upper mantle velocity, Pn, beneath North America is 
8.03 km sec-1 with a standard deviation of 0.19 km sec-1. 
Temperature plays a major role in determining Pn velocity, 
and thus the cold lithosphere of the continental interior typi- 
cally has a Pn velocity of 8.1-8.2 km sec-1, whereas velocities 
of 7.8-8.0 km sec -1 are measured beneath the warm crust of 
the Western Cordillera and the Basin and Range Province. 

The average P-wave velocity of the crust is related to 
--1 crustal composition. The global average is 6.45kmsec 
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(SD 0.23), and corresponds to an average crustal composition 
equivalent to a diorite. The North American continental 
interior has an average crustal velocity of 6.5-6.7 km sec -1, 
indicating that its bulk composition is denser and more mafic 
than the global average. The continental margins, Basin and 
Range Province, Sierra Nevada (California) and the Canadian 
Cordillera all have an average crustal velocity of 6.2- 
6.3 km sec -1. This can be attributed to a missing, or very thin 
high-velocity (6.9-7.3 km sec -1) lower crustal layer. Elevated 
temperature may also play a role in reducing the average 
crustal velocity in these regions. 

Many of the features of the lithospheric structure of North 
America can be seen in a cross section from San Francisco, 
California, to Washington, DC at 38~ latitude (Fig. 6). This 
cross section shows that the crust is highly variable in struc- 
ture. The western USA has a relatively thin crust, averaging 
30km, with a low average crustal velocity (6.2kmsec-1).  
Surprisingly, a pronounced crustal root does not underlie the 
topographically high Rocky Mountains. Indeed, the thickest 
crust (45-50km) underlies the low-lying Great Plains. The 
crust thins modestly to the east beneath the Appalachian 
Foreland, and then thins beneath the Atlantic Coastal Plain. 
The velocity of the uppermost mantle increases from 7.8- 
7.9 kmsec -1 beneath the western USA to more typical con- 
tinental values of 8.0-8.1 km sec -~ beneath the central and 
eastern USA. A laterally variable S-wave low-velocity zone 

exists at a depth of 60-180 km beneath North America, and the 
top of this zone is generally taken as the depth of the seismic 
lithosphere. The thermal lithosphere is commonly defined as 
the depth to the 1300~ isotherm and can be estimated from 
heat flow data. In Figure 6 we consider both the seismic and 
thermal lithosphere and estimate lithospheric thickness based 
on the summary of seismic results by Iyer and Hitchcock 
(1989) and the thermal estimates of Pollack and Chapman 
(1977) and Artemieva and Mooney (2001). The lithosphere 
thickens from about 60km beneath the Basin and Range 
province to about 180 km beneath the Precambrian continental 
interior. We estimate a lithospheric thickness of 100 km at the 
Atlantic coastal margin. 

3 . 2  S o u t h  A m e r i c a  

Few seismic refraction measurements have been made in 
South America, with the exception of the Andean region. East 
of the Andes the crust consists of a collage of Precambrian 
shields, platforms and paleorifts (Goodwin, 1991, 1996). 
Sparse refraction data indicate an average crustal thickness 
of 40km, with typical shield velocity structure (Fig. 7). 
This estimate is consistent with phase velocity measurements 
of surface waves (Ekstr6m et al., 1997) and determina- 
tions of crustal structure from passive seismology (Myers 
et al., 1998). 
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FIGURE 7 East-west lithospheric section through South America at approximately 21~ S (see Fig. 4). Vertical 
exaggeration is 5"1. Source: Wigger et al. (1994), Giese et al. (1999), Patzwahl et al. (1999). 

The structure of western South America is dominated by 
mountain building and volcanism associated with the sub- 
duction of the Pacific Plate beneath the continent. The struc- 
ture of the central Andes was first determined from surface 
wave observations in a classic paper by James (1971) that 
demonstrated that the high Andes of Peru are underlain by 
a remarkably thick crust (~60 km). These results have been 
confirmed by more recent surface-wave phase-velocity mea- 
surements (Ekstr6m et al.,  1997). In the northern Andes of 
Colombia, Meyer et  al. (1976) present a cross section from the 
Pacific basin into the Western Cordillera. The plate dips at 
~15 ~ and the velocities within the continental crust are higher 
than average due to the Cenozoic accretion of a basaltic 
oceanic plateau. 

The southern Andes between 19 ~ and 25~ were the 
subject of numerous seismic investigations during the 1990s 
by South American, German, and American researchers 
(e.g., Wigger et  al. ,  1994; Giese et  al.,  1999; Patzwahl et al.,  

1999). These studies have contributed a great deal of 
information regarding the deep structure, and confirm the 
existence of thick crust south of Peru (Fig. 7). Several 
detailed seismic offshore and onshore refraction and reflection 

profiling campaigns (e.g., Wigger et  al.,  1994; Patzwahl et al.,  

1999) were undertaken to investigate the subduction of the 
oceanic Nazca plate under the South American continent 
between the Peru-Chile trench and the Central Andes in 
northern Chile between 19 ~ and 25 ~ S. The active seismic 
campaigns provided details of crustal and upper mantle 
structure to depths of 70 km and more, and were supported by 
long-term passive seismological investigations that resolved 
structure to more than 100km. The data clearly show the 
Nazca plate subducting under an increasing angle of 9-25 ~ 
down to 30050 km depth near the coast, and they show a 
portion of the Moho dipping eastward from 30-50 km near the 
coast to 55-64 km up to about 240 km inland. 

Crustal thickness beneath the western Cordillera and the 
Altiplano is at least 70 km (Fig. 7). However, only weak Moho 
arrivals are observed by active seismic measurements beneath 
the Altiplano and the Western Cordillera. Broadband seis- 
mologic data are more reliable in these regions and indicate 
an approximately 60070km thick crust. In the Precordillera 
a pronounced Moho discontinuity is detected at a depth of 
50 km. Along the coast, the oceanic Moho boundary can be 
identified at a depth of 40045 km. The seismic measurements 
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have revealed a clearly pronounced asymmetric structure and 
evolution of the Central Andean crust. 

In the Andean backarc region, tectonic compression has 
produced pronounced crustal thickening and, locally, a dou- 
bling of the Moho discontinuity (Giese et al., 1999). In the 
forearc region, dehydration of the lower plate may have 
caused hydration and metasomatism of the overlying mantle 
wedge that is associated with a decrease in density and seismic 
velocity to values typical of the crust. Such processes, if real, 
may reduce the velocity contrast at the Moho and result in 
a blurring of the crust-mantle boundary from a geophysical 
point of view. The paleo-Moho today appears as an intra- 
crustal boundary. Magmatic intrusions and underplating also 
have the potential to produce new seismic boundaries, 
including one that appears to be the Moho discontinuity. 
Giese et al. (1999) summarize their interpretation of the 
Central Andes by suggesting that there exists a variety of 
different Moho-discontinuities, which they refer to as 
a "Moho-menagerie". This term may be understood to refer to 
a highly complex seismic velocity structure in the lower crust 
and uppermost mantle. 

3 . 3  E u r o p e  a n d  M e d i t e r r a n e a n  

Europe becomes progressively younger in tectonic age from 
north to south. The northern Baltic Shield consists of Archean 
and Proterozoic rocks; to the west of the Baltic Shield the 
Caledonian orogeny has added crust of Paleozoic age. The 
basement rocks of central Europe are of Paleozoic age and 
formed during the Variscan orogeny, covering the area between 
Scotland and Portugal. The terranes that comprise this region 
have undergone strong orogenic collapse (extension), as evi- 
denced by a relatively thin lithosphere and crust. The Tornquist 
Zone separates Paleozoic Western Europe from the extensive 
Precambrian platform areas of Eurasia. The Neogene Alpine 
orogeny shaped southern Europe, from the Spanish Pyrenees to 
the Carpathians, and provide a physiographic separation 
between central Europe and the Mediterranean. 

The European Geotraverse (EGT) was a multinational 
geologic and geophysical lithospheric investigation carried out 
in the 1980s that reached from the northernmost tip of 
Scandinavia to Tunisia in Northern Africa. This investigation 
include very detailed seismic-refraction surveys, the results of 
which are summarized in Figure 9. 
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The Baltic Shield has almost no sedimentary cover and is 
characterized by a generally thick crust with rather high Pg-  
velocities near the surface. Crustal thickness is 40-50 km and 
the lower crust shows rather high velocities (>7 km sec-l). In 
southern Sweden, several 100 km north of the Tornquist Zone, 
the crustal thickness decreases to less than 35 km (Fig. 9a), 
a value that is typical of the Caledonian and Variscan regions 
of central Europe. Seismic velocities within the crust of the 
Baltic shield increase gradually from slightly over 6 km sec -1 
near the surface to 7.0-7.5 km s e c  - 1  a t  40-50 km depth. It is 
notable that an intermediate crustal boundary, where the 
velocity increases by 0.1-0.2 km sec -1, can be followed near 
20 km depth throughout the Baltic Shield. 

Sub-Moho velocities along the Baltic portion of the EGT 
are 8.0-8.2 km sec-1, but velocities as high as 8.5 km sec-1 are 
measured on the adjacent Polar Profile (about 50 km further 
east). Due to very quiet noise conditions and efficient energy 
propagation (up to 2000 km), Scandinavia is the only place in 
Western Europe where seismic penetrations to a depth of 
400 km by explosion sources has been achieved (Fig. 8). The 
model derived from upper mantle arrivals beneath Scandinavia 
shows several distinct velocity inversions between Moho and 
200km depth (Guggisberg and Berthelsen, 1987). Corre- 
sponding S-wave velocities were derived from surface wave 
studies that were calculated for all of western Europe and thus 
cover the whole area of the EGT (Ansorge et al., 1992; 
Mueller and Panza, 1986) 

South of the Tomquist Zone, the crust of the Danish and the 
North German Basins thins significantly to 26 km. Deducting 
the voluminous sediments, only 15-20 km of crystalline crust 
remain. A distinct feature underlying the southern end of the 
North German Basin is the Elbe line. It separates the lower 
crust into two regions with 6.9 km sec -1 average velocity in 
the north and 6.4 km sec -1 in the south (EUGENO-S Working 
Group, 1998; Prodehl and Aichroth, 1992). 

The internal crustal structure throughout the area of the 
European Variscides (Fig. 9b) is complex and shows con- 
siderable lateral variations. Distinct crustal blocks differing in 
their internal velocity structure can be assigned to geologically 
defined terranes of the Variscan orogeny. A subdivision of 
upper and lower crust by a well-defined boundary (Conrad 
discontinuity) is often, but not always seen. Towards the Alps 
the average velocity of the lower crust is as low as 
6.2.km sec -1, in contrast to the area north of the Swabian Jura 
where the velocities above the Moho vary between 6.8 and 
7.2 km sec -~. The total crustal thickness under the Variscan 
part of Germany is fairly constant between 28 and 30km, 
except under the Rhine Graben area with 25-26km and 
beneath the central part of the Rhenish Massif where an 
anomalous crustal thickening to 37km is observed. An 
important point is that the crust consists of only two layers, in 
comparison with shield crust that is thicker and has 
three layers, including a high-velocity (6.9-7.3kmsec -1) 
lower crustal layer. A joint consideration of seismic velocity 

structure and petrological information from xenolith studies 
indicates an intermediate-to-mafic composition for the 
deeper levels of the crust, at least for the central part of the 
Variscan crust along the European Geotraverse in Central 
Europe (Prodehl and Aichroth, 1992). More-recent combined 
reflection/refraction seismic studies have concentrated on the 
detailed crustal structure of the Saxothuringium terrane of 
the Variscan orogen in Saxony, southeast Germany (Enderle 
et al., 1998; Krawczyk et al., 1999) and on seismic signa- 
tures of the Variscan Front in southeast Ireland (Masson et al., 

1998, 1999). 
The southern segment of the European Geotraverse crosses 

the Swiss Alps, the Po Plain, the Ligurian Sea and the con- 
tinental fragments of Corsica and Sardinia, and thus covers 
units with extremely varying lithospheric structure (Fig. 9b) 
reflecting the collision of Africa and Europe. In combination 
with seismic-reflection measurements through Switzerland, 
the EGT data resulted in a complex and detailed model from 
the Alps to the Apennines, and demonstrates their asymmetric 
crustal structure (Valasek et al., 1991, Blundell et al., 1992, 
Pfiffner et al., 1997). The major element in the upper crust of 
the central Alps is the relatively low velocity beneath the Aar 
Massif compared with the well-documented higher velocities 
in the metamorphic crystalline nappes of the Penninic zone 
(Pfiffner et al., 1997). From the northern margin of the Alps, 
the crust steadily thickens southwards to about 60 km under- 
neath the central Alps. The image obtained from combined 
reflection and refraction data indicates that the European lower 
crust is a pre-Alpine, possibly Variscan, feature and extends 
relatively undisturbed from the northern Molasse basin to 
about 120 km south of the northern margin of the Alps where it 
is subducted beneath the Adriatic microplate. A fault-like step 
of the Moho is indicated underneath the Insubric line, which is 
the tectonic boundary between the central and southern Alps, 
and as such is possibly the surface expression of the boundary 
between the European and African crust. Seismic reflection 
and refraction data indicate that the Adriatic lower crust has 
been driven northward as a wedge between the European 
upper and lower crust (Ansorge et al., 1992; Mueller and 
Kahle, 1993; Valasek et al., 1991; Waldhauser et al., 1998). 
The complicated arrangement of the various plates in the 
Southern Alps can best be viewed in enlarged Moho contour 
maps and 3D block diagrams for this area (Ansorge et al., 

1992; Waldhauser et al., 1998). 
Egger (1992) provides a detailed discussion of the seismic 

refraction data of the southern segment of the EGT from 
northern Apennines into Tunisia. The results support the 
hypothesis that the opening of the Provencal basin, the rotation 
of Corsica and Sardinia, and the opening of the Tyrrhenian Sea 
belong to a system of back-arc spreading, with subduction as 
a counterpart that is active beneath the Calabrian arc in 
southern Italy. Complete crustal surveys across the margins 
and deep basins have complimented the EGT seismic survey 
to elucidate the nature of the crust at the incipient and ongoing 
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rifting in the Ligurian Sea and the structure of the Sardinia 
Channel north of Tunisia. Corsica and Sardinia show a typical, 
30-km thick Variscan crust (two layers with average velocities 
of 6.2 and 6.8 km sec-1), underlain by Pn-velocities increasing 
gradually from 7.6kmsec -1 under northern Corsica to 
8.0 km sec-1 under southern Sardinia and the Sardinia Channel 
(Fig. 9b). The crust thins to 20 km under the Ligurian Sea and 
Sardinia Channel. 

The EGT reaches African continental crust in Tunisia. The 
crustal thickness increases steadily from 21 km under the 
center of the Sardinian Channel to 38 km in the central folded 
Atlas, from where it decreases southward to 33 km under the 
southern end of the traverse (Fig. 9b). The velocity of the 
uppermost mantle is 8.0-8.1 km sec -1. There are thick post- 
Paleozoic sediments varying in thickness from 8 km in the 
north to 3 km in the south. A velocity of 6 km sec -1 is found 
everywhere at unusually great depths of 8-14km. Other 
striking features are the low average velocity of the entire 
crust of 6.05 km s e c  - 1  and the lack of any clear intracrustal 
layering (Ansorge et al., 1992; Buness et al., 1992). 

Several large-scale seismic investigations have provided 
further details on the crustal structure of Europe. To the east of 
the EGT profile, Abramovitz et al., (1999) describe the crustal 
structure of the North Sea (that portion due north of 
the Netherlands) and western Ireland. Both regions have thin 
(30-32 km) crust with three layers. To the east of the EGT 
profile, the POLONAISE and EUROBRIDGE projects inves- 
tigated the crust of Precambrian and Variscan Europe, as 
described by Guterch et al. (1999), Grad et al. (1999), and the 
EUROBRIDGE Seismic Working Group (1999). These data 
document that the crust thickness from 32km beneath the 
Paleozoic Variscan Europe to 42 km beneath the Precambrian 
East European Platform. The Precambrian crust has a very 
well-defined three-layer structure with seismic velocities in the 

- 1  upper, middle, and lower crust of 6.2, 6.6, and 7.1 km sec 
respectively (Sroda et al., 1999). This is in contrast to the two- 
layer crust of central Europe, as described above (Fig. 8). 

3.4 Northern Eurasia 

Seismic refraction profiles cover all of the major geologic 
structures of northern Eurasia, including Precambrian and 
younger platforms and shields, deep depressions (e.g., Caspian 
Sea), orogenic belts (e.g., Urals and Tien Shan Mountains), 
rifts, and marginal and inner seas. The crustal structure for 
three long-range profiles is summarized in Figure 10: (a) Black 
Sea to Dnjeper-Donetz basin, (b) Baltic Shield to West Siberian 
Plate (passing through the Urals); and (c) West Siberian Plate 
to Siberian Craton. The first profile was carried out in the 
1960s on a closely spaced profile with a 100 m distance between 
seismometers and chemical explosions at 50-60 km intervals 
("continuous profiles"; Pavlenkova, 1973). The long-range 
profiles from the Baltic Shield across the Urals to the West 
Siberian Plate and from the West Siberian Plate to the Siberian 

Craton were recorded with a 10km interval between seis- 
mometers and two types of explosions: chemical and Peaceful 
Nuclear Explosions (PNEs). The latter profiles provided arri- 
vals from the upper mantle to a depth of 700 km (Egorkin et al., 
1987; Beloussov et al., 1991; Mechie et al., 1993). For all 
of these profiles, the crustal structure can be described by four 
layers with the following seismic velocities: 2.0-5.5 km sec -1 
(sediments), 5.8-6.4 km sec-1 (upper crust), 6.5-6.7 km sec-1 
(middle crust) and 6.8-7.4 km sec -1 (lower crust). 

The first profile (Fig. 10a) crosses the Black Sea basin, 
Crimean Mountains, Sivash Basin, Ukrainian Shield, and 
the Dnieper-Donetz Basin (Fig. 3). The Ukrainian Shield has 
a crustal thickness of more than 40 km and consists of three 
crustal layers, each with a thickness of 10-15 km. Beneath the 
basins the Moho is uplifted and the upper crustal layer thins. 
Such changes in crustal structure become even more dramatic 
in the Black Sea area where the consolidated crust is only 
20 km thick and where the upper and lower crustal layers are 
absent. The adjacent Crimean Mountains have a deep crustal 
root, and the crustal average velocity is slightly lower than in 
the Ukrainian Shield. 

The second profile (Fig. 10b) crosses the Baltic Shield, 
Russian Platform, Timan-Pechora plate, Ural Mountains, and 
West Siberian Platform. These tectonic units have similar 
crustal structure, an exception being the Timan-Pechora plate. 
This plate is characterized by considerably lower average 
crustal velocity, because a lower-crustal high-velocity layer 
(Vp > 7kmsec -1) is absent. The Urals have a pronounced 
crustal root, whereas the Timan ridge is compensated by an 
increased thickness of the upper crust. Below the crust, strong 
reflections are recorded from a velocity discontinuity (referred 
to in Russian literature as the "N discontinuity") at depths of 
70-90 km. The relief on this boundary appears to be opposite 
to that of the Moho. The seismic velocity between the Moho 
and the N discontinuity varies from 8.0 beneath the Pechora 
and West Siberian plates to 8.4 beneath the Urals. These 
changes clearly correlate with measured heat flow, with the 
lower velocities corresponding to higher heat flow areas. 
An anomalous high-velocity zone was revealed near the 
boundary between the old Russian plate and the younger 
Timan-Pechora plate. The dotted line in Figure 10b traces this 
zone from a high-velocity intrusion in the crust to the north 
where it is subducted beneath the Pechora Plate. 

The third profile (Fig. 10c) crosses the West Siberian plate 
and the Siberian Platform. Though of differing age, these 
platforms have similar crustal thickness. Lateral variations in 
crustal structure are mainly noted beneath deep sedimentary 
basins. For example, beneath the West Siberian basin and the 
Tunguss basin the thickness of the middle crustal layer is 
nearly constant, whereas the thickness of the lower crust 
increases. The Vilui basin, which is younger than the Tunguss 
basin, has a clear Moho uplift. The upper mantle velocities 
hardly change along this profile. The only characteristic fea- 
ture is the region with lower velocity (8.0kmsec -1) in the 



Seismic Velocity Structure of the Continental Lithosphere 899 

Black Sea Sivash Basin 
Crimea 

Ukranian Shield Dnieper-Donetz Basin 

(a) 

E 20 

t'- 

Q .  

a 40 

60 
0 200 400 600 800 

Distance (km) 

Baltic Shield Russian Plate Pechera Plate West-Siberian Plate 
Timan Urals 

0 I 3 , 0 ~  

6 0 6 3 6:3 
20 :: : ~ ,  , , ~ - 6 i 2  i! :=' 

(b) 

(c )  

40 
E 

c-- 
+ - ,  

Q.. 
60 

80 

100 

- . .  8.4 ". 

" -  . . . .  " -  8 . 5  \ 

' ' ' ' I ' ' ' ' I ' 

500 1000 

Distance (km) 

�9 8 .3  

8.4 

I ! 

1500 

~ .  8.2 

XN 
i ! ! 

2000 

West-Siberian Plate Siberian Platform 
Tunguss Basin Vilui Basin 

20 

E 
4o 

/ i 

v 

,... 60 
Q .  

a 80 

100 

120 

,,, . . ,  

8.0 
. . . . . . . . . . . . . . . . . . . . . . . .  "~.,~ . . . . . . . . . . .  N 

I i i i I I 

500 1000 1500 2000 2500 3000 
Distance (km) 
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central West Siberian plate. This location corresponds to 
a prominent rift zone that crosses the plate from north to 
south. Below the crust, an important feature is an upper 
mantle low-velocity zone (8.0kmsec -1) immediately above 
the N boundary, which is at a depth of 100 km. 

3.5 Near East and Africa 

The Near East and Africa are largely underlain by Precambrian 
cratons, with, in comparison to other continents, a very small 
fraction of the crust being of younger age. The younger 
crust occupies the Cape, Mauritanide, and Atlas fold belts, 
located at the south, northwest, and north margins, 
respectively. The geologic evolution of the African continent 
began in the Early Archean Eon, 3.2-3.65 Ga with the forma- 
tion of the Kaapvaal craton of southern Africa. The entire 
landmass was assembled and stabilized by 0.6 Ga. The main 
tectonic events since the end of the Precambrian have been: 
(1) the Mesozoic and Cenozoic rifting at the west margin 
during the opening of the south Atlantic Ocean; and (2) rifting 
in East Africa and the Red Sea in the late Cenozoic. 

As is evident in Figure 4, large portions of Africa have not 
been investigated by seismic refraction profiles. Major crustal 
seismic research has been carried out in the Afro-Arabian rift 
system and its immediate surroundings of eastern Africa 
(Prodehl et al., 1997). The crustal and uppermost-mantle 
structure has been investigated by seismic refraction surveys 
in the Jordan-Dead Sea rift, the Red Sea, the Afar depression 
and the East African rift of Kenya (Fig. 11). With 
the exception of the Jordan-Dead Sea transform, the entire 
Afro-Arabian rift system is underlain by anomalous mantle 
with Pn-velocities less than 8 kmsec -1, while under the rift 
flanks the Pn-velocity is clearly equal to or above 
8.0kmsec -1. Various styles of rifting have been found. 
Oceanic crust floors the axial trough of the southern Red Sea 
rift, thinned continental crust underlies the margins of the 
Red Sea, Afar depression, and northern Kenya rift. In contrast, 
30-35km thick continental crust is found both under the 
Jordan-Dead Sea rift, an area of strike-slip rifting, and under 
the central Kenya rift, where updoming driven by a buoyant 
mantle is apparently the controlling feature. The transition 
from thinned continental crust to 5-6 km thick oceanic crust in 
the center of the Red Sea appears to be gradual. In contrast, the 
transition from the thin crust of the East Africa rift to undis- 
turbed continental crust of 4 0 + 5 k i n  thickness is mostly 
rather abrupt. The seismic data indicate various stages of 
rifting, and imply the presence of hot uppermost mantle under 
most parts of the rift system, possibly related to plume activity. 
Volcanism may disrupt and/or underplate the crust in places, 
altering particularly the lower crust. 

Portions of northern Africa have been investigated with 
seismic profiles. Measurements in Tunisia were completed 
as part of the European Geotraverse of 1982-1985, and 
are summarized in Section 2.3 and Figure 9. In addition, 

a geological and geophysical transect was completed through 
the High Atlas Mountains in Morocco. These mountains were 
formed over a major intracontinental rift system that had 
extended from what is now the Atlantic margin of Morocco to 
the Mediterranean coast of Tunisia (~2000km) during the 
convergence of the African and European plates. 

Crustal thickness variations in the region highlight one of 
the more remarkable aspects of this orogen. Despite topo- 
graphy that is locally in excess of 4 km, there does not seem to 
be crust that is thicker than 40 km. Beauchamp et al. (1999) 
report thin crust (18-20 km) beneath the Moroccan shelf and 
a thickness of 30 km south of the High Atlas Mountains. The 
crust thins to 24 km toward the Atlantic margin, and attains an 
average crustal thickness of 35 km to the north of the moun- 
tains. The crust is 39 km thick beneath the mountains. There is 
also evidence for a low-velocity zone at depths of 10-15km 
beneath the High and Middle Atlas Mountains. This may be 
due to a crustal detachment located at the base of the Paleozoic 
(Beauchamp et al., 1999). 

3.6 Australia, New Zealand, and Antarctica 

Australia is a stable continent that is largely isolated from 
the immediate effects of plate tectonics. Within its interior 
it contains no active rift systems, and only at its offshore 
northern domain does an active convergent margin exist. 
The central and western portions of the Australian continent 
are very ancient. Its western Archean cratons (Pilbara and 
Yilgarn) have yielded some of the oldest geochronologic 
ages (>4.0Ga) determined so far, and the midcontinent is 
composed of Proterozoic crust. The eastern third of the con- 
tinent and the Tasmanides, are Paleozoic and Mesozoic in age 
(Drummond, 1991). 

Since the early 1950s, a considerable body of data has 
accumulated on the crustal structure of the Australian 
continent. Cleary (1973), Finlayson and Mathur (1984), 
Drummond and Collins (1986) and Collins (1988, 1991) 
summarize this work. These active-source results cluster at 
specific areas (Fig. 12). However, a recent study based on 
receiver functions has made possible the determination of 
a comprehensive Moho map (Clitheroe et al., 1999). 

The crust is thickest beneath the Proterozoic North 
Australian Craton (45-50km), Central Australia (>50km), 
and under the Paleozoic Lachlan Fold Belt (40-50 km). It is 
shallowest under the Archean Pilbara and Yilgarn Cratons 
of Western Australia (28-37km), and possibly Tasmania 
(25-35 km). Pn-velocities are generally greater than 
8 km sec-1. They are around 8.2 km sec-1 and higher in central 
Australia, slightly lower under the thinner western Australian 
Pilbara and Yilgarn cratons, and seem to be lowest under 
eastern Australia along the Great Eastern Divide and the 
Tasman Geosyncline. 

New Zealand lies across the Australian/Pacific plate 
boundary that transects the South Island. Davey et al. (1998) 
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and Stern and McBride (1998) present the crustal structure 
of the South Island based on recently recorded seismic 
refraction and near-vertical reflection data (Fig. 13). These 
results indicate that the crust has been formed by the accu- 
mulation of low-grade metasedimentary rocks in a convergent 
margin setting. Modeling of both onshore and offshore data 
indicate a crust of fairly constant P-wave velocity (5.9- 
6.2kmsec -s) overlying a 5-10km-thick lower crust with 
seismic velocity of about 7kmsec -1. The crustal structure 

(Fig. 13) is remarkable for the unusual thickness of low- 
velocity materials that extend along the Alpine fault zone. 
The total crustal thickness varies from about 30km at the 
east coast to about 42 km under the western mountains, the 
Southern Alps. 

Antarctica is divided by the Trans-antarctic Mountains into 
East Antarctica, a Precambrian craton, and West Antarctica, 
which has experienced significant Cenozoic tectonic activity, 
including crustal extension. Relatively few measurements of 
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crustal structure have been reported for the continental crust of 
Antarctica. The top of basement in western Antarctica lies at 
least 2km below sea level and drops an additional 2km 
beneath the deeper parts of the Byrd Subglacial Basin. In the 
east, the basement is found very close to sea level, and the 

overlying section is typically no more than a few hundred 
meters thick. Seismic velocities in the upper crust range from 
5.7 to 6.4 km sec- 1 (Bentley, 1991). 

The best information on deeper crustal structure comes from 
seismic refraction profiles. In the east, two profiles in Maud 
Land show a depth to Moho of 38-40km inland, which 
decreases to about 30km near the coast. On one of the 
profiles, a pronounced intracrustal (Conrad?) discontinuity 
was found at a depth of 18 km between layers with seismic 
velocities 6.0-6.2 km sec -1 above and 6.7-6.9 km sec -1 
below. The apparent P-wave velocity in the upper crust ranges 
from 6.0 to 6.4 km sec -1 and appears to gradually increase 
with depth (Bentley, 1991). 

In the Amery ice shelf, Bentley (1991) describes a layered 
continental crust with thickness ranging from 30 to 40 km. The 
upper crustal layer is about 20 km thick. The seismic velocity 
seen in this section of upper crust is somewhat higher than 
expected, and may be due to the great age of the crystalline 
rocks in the basement. 

In western Antarctica, a deep sounding in front of the 
Weddel Sea found the Moho at 33-36 km depth, but it shallows 
to about 30 km beneath the Crary Trough, then quickly drops to 
40 km beneath Coats Land. The lower crustal layer is about 
10 km thick. In the east, however, 15 km from the shoreline, 
the crust-mantle boundary is found to lie 25 km below sea 
level. From this point, the Moho depth increases to 28 km 
toward the west (beneath Ross island), and to 35 km eastward 
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(at the shoreline). There is only one additional unpublished 
seismic profile available for western Antarctica, and this 
profile shows Moho depth at 24 km below sea level. 

In summary, the mean thickness of the crust in East 
Antarctica is approximately 40 km compared to 30 km in West 
Antarctica, and the boundary between the two is abrupt. There 
is a precipitous drop in topography at the Trans-Antarctic 
Mountains, and geophysical evidence also implies that this 
change in crustal thickness is sudden. 

3.7 Japan and Southeast Asia 

The opening of the Sea of Japan in the early Miocene rifted 
Japan from the Asiatic margin (Finn et al., 1994). Present-day 
Japan has a composite structure composed of Mesozoic meta- 
morphic and plutonic rocks, and Cenozoic volcanic and 
plutonic rocks associated with active subduction and magma- 
tism. The seismic structure of Japan has been investigated 
for many years (e.g., Matsuzawa, 1959; Asano et al., 1979), 
and abundant seismicity within the crust and upper mantle 
has permitted detailed modeling of lithospheric structure 
(Zhao et al., 1990). Iwasaki et al. (1994) provide a detailed 
interpretation of the P- and S-wave structure of the crust of 
northern Honshu (Fig. 14). The crust is about 33 km thick, and 
shows a nearly uniform increase in velocity with depth from 

6.0 km sec -~ (beneath a 1-km thick layer of sediments and/or 
volcanic rocks) to 7 .0kmsec -~ at the base of the crust. 
The seismic velocity of the uppermost mantle is unusually low, 
7.5-7.6 kmsec -1, a value that is found only in regions of 
very high heat flow and/or active volcanism, such as the Afro- 
Arabian rift system (Fig. 11). 

Indonesia has had a complex geologic history, and the 
physical properties of the crust are largely undetermined. Most 
likely the area consists of a continental or borderland type of 
crust of intermediate (30 km) thickness. It has been proposed 
that cratonization of mobile shelves occurs by sedimentary and 
calcalkaline accretion, following in the wake of island arc 
migration by backarc extension (Curray et al., 1977). 

The Gulf of Papua has been the focus of study by a number 
of researchers. Drummond et al. (1979) found sediments to be 
5 km thick on the Papuan Plateau, but 10 km to the west and 
northwest along the axes of the Moresby and Aure Troughs. 
Offshore, sedimentary basins as thick as 11 km have been 
measured. Beneath these sediments, a layer with P-wave 
velocity of 6.1 km sec -~ was inferred over the region, but was 
thought to be underlain to the south by a layer with a velocity 
of 6.9 km sec-~. This second, faster, layer is also thought to be 
present beneath the Eastern Plateau. This lower-crustal layer is 
noticeably absent from the Aure Trough in the north, though 
velocity increases are expected with depth. 

10- 

15- 
E 

v 

c- 

o_ 20-  
n 

25-  

30-  

35-  

N Hayachine tectonic belt 

, 3.10/1.79(1.73) 3.90/2.25(1.73) I , 
| 

O- / " ~ ~-~ 

6.0/3.52(1.70) 6.1/3.5( 1.75) 

5 - ~ 8 ( 1 . 7 5 )  

6.20/3.58(1.73) 

6.00 
! 

6.10/3.58(1.70) 
L 

S 

, 4.30/2.49(1.73) 5.40/3.12(1.73) 

6.2/3.51 (1.76) 

6.3/3.58(1.76) 

6.00 6.37/3.62(1.76) (6.00 .7 6). _ . a - -  . . . . . . . . . . . .  

. .  _ , , .  , , . . , -  " " " " '  

45/3.72(1,, .7 4') [ 6.20 . . . . .  6.45/3.67..,.,(,1.76) it 6.20 
6 

S 
S 

6.55/3.68(1.78) ,. -" " 

6.90/3.95(1.74) 

S 

6.55/3.70(1.77) 6.55/3.68(1.76) 

6.90/3.93(1.76) 6.90/3.90(1.77) 

7.00/3.99(1.76) 
~ ~  7.50 ? / 4 . 3 5 - 4 . 4 " ~ ) ' ~ " ~ ~  

4O 
2'o 6'o 8'0 ' ' ' ' ' 0 100 120 140 160 180 

Distance (km) 

FIGURE 14 Crustal P-wave and S-wave velocity structure through a typical island arc: the Kitakami region, 
northern Honshu, Japan. Indicated are P-velocity~S-velocity, and their ratio. Modified from Iwasaki et al. (1994). 



904 Mooney et al. 

The Moho is 27-29 km deep along the southwestern coast 
of the peninsula and shallows beneath the Moresby Trough to 
19 km. This depth is greater than normal for the Moho beneath 
oceanic crust, but it is not unreasonable when compared to 
other measurements in the area. Curray et al. (1977) found 

the Moho to be at 18 km depth south of the Island of Bali and 
21-25 km south of the Island of Java. 

Beneath the Eastern Plateau, the Moho again deepens to 
25 km (Drummond et al., 1979). With a lower crustal layer of 
9 km in thickness, the crust beneath the Papuan Peninsula is 
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therefore continental. Offshore, the crust in the Moresby 
Trough is about 19km thick, with sediments comprising 
about the top 10 km. Therefore, the crust below the sediments 
has a thickness typical of oceanic crust. The northern extent 
of the thin crust beneath the Moresby Trough is uncertain. 
Similar measurements of crustal thickness to those of 
Drummond et al. (1979) were made in Papua by Finlayson 
et al. (1976), who detected a low-velocity zone below 
the Moho and a return to normal upper-mantle velocities at 
a depth of about 50 km. 

3 . 8  C h i n a  a n d  I n d i a  

China has undergone a long geologic evolution, from the for- 
mation of the Archean Sino-Korean platform in the north to the 
active continent-continent collision in Tibet. More than 
36 000 km of active-source seismic refraction profiles (referred 

to as Deep Seismic Sounding, DSS, profiles, in the Russian, 
Chinese, and Indian literature) have been collected in China 
since 1958. The most remarkable aspect of China's crustal 
structure is the > 7 0 k m  thick crust of the Tibetan Plateau 
(Fig. 15). All of western China is underlain by crust that is 45-  
70km thick and is separated from 30-45 km thick crust of 
Eastern China by a seismic belt which trends roughly north- 
south at 105~ longitude. The crustal structure of western 
China (Fig. 15b, columns a-d) show thick crust that is char- 
acteristic of young orogenic belts worldwide. Three of the four 
columns differ from the thick crust of shields in that they lack 
a high-velocity (7.0-7.Skmsec -1) lower crustal layer (cf. 
Christensen and Mooney, 1995). A high velocity (7.1 km sec- l) 
lower crustal layer has been reported in western China be- 
neath the southernmost portion of the Tibetan Plateau. Several 
investigators have identified this layer as the cold lower crust 
of the subducting Indian plate (cf. Li and Mooney, 1998). 
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Recently recorded near-vertical and wide-angle reflection 
data indicate a low-velocity, perhaps fluid-rich or partially 
molten zone in the middle crust of the Tibetean Plateau (Zhao 
et al., 1993; Nelson et al., 1996; Makovsky et al., 1996a,b). 

The crustal columns for eastern China (Fig. 15b, columns e-i) 
all indicate relatively thin (29-33 km) crust, close to the con- 
tinental global average for extended crust (30km), but sig- 
nificantly thinner than the global average of 39 km (Christensen 
and Mooney, 1995). 

The average crustal velocity of China (6.15-6.45 kmsec -1, 
Fig. 15b) indicates a felsic to intermediate bulk crustal 
composition. Upper mantle Pn velocities (about 8.0km sec -1) 
are equal to the continental global average. These results 
have been interpreted in terms of the most recent thermo- 
tectonic events that have modified the crust (Li and Mooney, 
1998). In eastern China, Cenozoic extension has created 
a thin crust with low average crustal velocities while in 
western China, Mesozoic and Cenozoic arc-continent and 
continent-continent collisions have led to crustal growth and 
thickening. 

India consists of Archean cratons and associated Archean to 
Proterozoic high-grade mobile belts, Proterozoic sedimentary 
basins, horst and graben belts associated with Gondwana 
sedimentation, Deccan volcanism, and the Himalayas. The 
investigation of the crustal structure of India by seismic 
refraction profiling was begun in 1972 as an Indo-Soviet 
cooperation. Since then, more than 20 long-range refraction, 
near-vertical reflection and wide-angle reflection profiles 
have been carried out. Results are reviewed by Kaila (1982), 
Kaila and Krishna (1992), Mahadevan (1994), Reddy (1999) 
and Reddy and Rao (2000). Estimates of crustal thickness 
are in the 35-40km range, with the exception of the 
Himalayas that are known to have thicknesses of about 70 km 
(Mahadevan, 1994). A lithospheric cross section compiled 
from several seismic profiles illustrates the main properties of 
the seismic structure of the crust and uppermost mantle of 
India (Fig. 16). 

4. Summary Discussion 

4.1 Histograms of Crustal Thickness and 
Average Crust Velocity 

We have divided the crust into six geologic provinces (Fig. 3) 
and present histograms for two basic properties: crustal 
thickness (Fig. 17) and mean crustal velocity (Fig. 18; Mooney 
et al., 1998). These histograms reinforce many of the points 
made earlier regarding the relationship between the seismic 
structure of the crust and geologic setting. Shields and plat- 
forms have an average crustal thickness of about 40 km, with 
a standard deviation (SD) of 7km. Shields have the highest 
average P velocity of any geologic province, 6.49 kmsec -1 
(SD 0.23kmsec-1). Orogenic crust has a wide range of 

thickness of 20-80km, and an average thickness of 43 km 
(SD 10km). Isostatic forces uplift crust thicker than about 
50 km, leading to erosion and crustal thinning. Most thick 
(>50km) crust is young orogenic crust that is undergoing 
active tectonic compression. The average P velocity of 
orogenic crust is 0.13 km s e c  - 1  lower than shield crust. This 
may be due to thickening of low-velocity upper crustal 
layers during compression, as seen in the European Alps, 
intrusion by silicic magma, such as are seen in the Andes, or 
by the delamination of the high-velocity lower crust, as 
found beneath the southern Sierra Nevada, California. 

Extended crust refers to crust that has experienced 
localized rifting and/or regional extension. Examples include 
the Basin and Range province of the western USA (Fig. 6) and 
much of Western Europe. The average thickness of extended 
crust is about 30km, and the mean P-wave velocity 
(6.16kmsec -1) is 0.33kmsec -1 lower than shield crust. 
Forearc crust refers to those regions that were formed in front 
(oceanward) of a volcanic arc, such as many parts of the west 
coast of North America. Only 26 seismic refraction mea- 
surements are presently available for forearcs. These regions 
have an average crustal thickness of 27km (SD 8 km) and 
a very low mean crustal velocity (6.09 km sec-1). These values 
reflect the abundant sedimentary accumulations in forearc 
crust. Magmatic (volcanic) arcs, such as Japan (Fig. 14) and 
the Aleutian Islands, Alaska, have an average crustal thickness 
of 31km (SD 8km) and a mean P-wave velocity of 
6.14 km sec -1 (SD 0.23 km sec-a). 

4.2 General Characteristics of Continental 
Crustal Structure 

The continental lithosphere shows several important regula- 
rities. (1) Crustal thickness and average velocities increase 
from continental margins toward the interior; (2) The crust of 
old, stable shields and platforms is 35-45 km thick, whereas 
young, nonorogenic crust is significantly thinner (25-35 km); 
(3) An inverse correlation is clearly evident between the 
depths to the basement and to the M boundary: the crust is 
thicker under orogenic belts, and thinner under basins; (4) An 
average petrological model may be presented for stable con- 
tinental interiors in terms of three layers. The two upper 
layers have silicic-to-intermediate composition, but the 
middle crust is composed of rocks with a higher degree of 
metamorphism. The third layer is composed of mafic rocks of 
granulite-grade metamorphism. The composition of the con- 
tinental crust is discussed in detail by Rudnick and Fountain 
(1995) and Christensen and Mooney (1995); (5) The upper 
mantle, including the subcrustal lithosphere and possibly the 
asthenosphere, is characterized with fine-scale seismic and 
rheological stratification. Rheologically weak layers appear 
in the middle and lower crust, and the crust/mantle boun- 
dary. In northern Eurasia, a thin low-velocity zone is reported 
at a depth of 80-100km based by a clear "N" reflector 
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cated. These histograms indicate systematic differences among tectonic provinces, and provide a basis for 
extrapolating crustal thickness into unmeasured regions. 

(Pavlenkova, 1973, 1996; Zverev and Kosminskaja, 1980; 
Beloussov and Pavlenkova, 1984; Kozlovsky, 1987; Beloussov 
et al., 1991; Krilov et al., 1991, Puzyrev, 1993); (6) The 
thickness of the crust usually increases under orogenic belts. 
The depth of crustal roots varies in different kinds of 
orogens. The thickest crust is under young mountains, such as 
those situated on Alpine geosynclines (Caucasus, Pamir). In 
contrast, orogens developed on ancient platforms have smaller 
roots (e.g., the northern Tian-Shan and the Altai Mountains). 
There are also orogens that lack roots, such as the Canadian 
Cordillera (Clowes et al., 1999), and that are held up by low 
density, buoyant mantle. 

In most cases there is an inverse correlation between sediment 
thickness and depth to the Moho. For example, crustal thickness 
decreases under platform depressions, the basins of the inner and 
marginal seas, and under rifts. There is an inverse correlation 
between crustal thickness and heat flow. This correlation is 
observed both in active regions and on stable platforms. 

As noted above, stable continental crust is 4 0 +  7km 
thick with three main crustal layers, each 10-15 km thick. This 
crustal type covers the interior of Eurasia, North America, 
Africa, and Australia. Thin (25-35 km) two-layer continental 
crust is observed on the marginal parts of Eurasia, in Western 
Europe, in the Pechora Plate of north central Russia, in the Far 
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FIGURE 18 Histograms of mean crustal velocity for six continental tectonic provinces calculated from the 
individual point measurements (triangles) of Figure 4 (Mooney et al., 1998). Average and SD are indicated. These 
histograms indicate systematic differences among tectonic provinces, and provide a basis for extrapolating mean 
crustal velocity into unmeasured regions. 

East, Eastern China, and the Basin and Range Province, western 
United States of America. It differs from the stable crust not 
only in thickness but also by virtue of a lower mean crustal 
velocity (6.16kmsec -1 versus 6.49kmsec-1). An important 
characteristic feature of this crustal type is the absence of the 
high-velocity layer (7 km sec -1) in the lower crust. 

A consideration of more than 1000 seismic refraction 
profiles worldwide lends strong support to the definition of 
the seismic Moho as that depth where seismic velocity 
first exceeds 7.6 km sec -1. The Moho is nearly always evident 
as a refraction horizon, and can be clearly distinguished from 

the lower crust. The uppermost mantle, including the litho- 
sphere and asthenosphere, is sometimes characterized by fine 
stratification; high velocities (up to 8.4+ kmsec -1) alternate 
with lower ones (7. 8-8 .0 km sec-1). There is a close correla- 
tion between the properties of the crust and upper mantle; 
stable shield and platform crust exists above cold, high- 
velocity uppermost mantle, and thin, extended or young 
orogenic crust exists above low velocity regions. This correla- 
tion indicates that mantle processes play an important role in 
crustal evolution, such as providing a driving force for crustal 
extension. 



Seismic Velocity Structure of the Continental Lithosphere 909 

This brief review of the seismic velocity structure of the con- 
tinental lithosphere highlights only the general features of its 
structure. The focus has been on the structure of the upper portion 
of the lithosphere, the continental crust. A great deal of new, high- 
quality data are recorded each year, and these show that the 
lithosphere to be highly complex and subject to multiple pro- 
cesses, including compression accompanied by brittle faulting 
and dutile deformation, extension, displacement by strike-slip 
faulting, and modification by igneous processes. Controlled 
source seismic data have been important in developing an 
understanding of the structure, composition, and evolution of the 
lithosphere, but future progress will depend on investigations that 
combine geophysical, geologic, and geochemical constraints. 
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Editor's Note 

Due to space limitations, references with full citation are 
given in MooneyFullReferences.pdf on the attached Handbook 
CD, under the directory \54Mooney. See also Chapter 55, 
Seismic structure of the oceanic crust and passive continental 
margins, by Minshull. 




