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4.1.1 Introduction The origin of the continents has received wide attention

The Earth is an unusual planet in our solar system in having a
bimodal topography that reflects the two distinct types of crust
found on our planet. The low-lying oceanic crust is thin (~7 km
on average), composed of relatively dense rock types such as
basalt and is young (<200 Ma old) (see Chapter 4.13 and
4.14). In contrast, the high-standing continental crust is thick
(~40 km on average), is composed of highly diverse lithologies
(virtually every rock type known on Earth) that yield an average
intermediate or ‘andesitic’ bulk composition (Taylor and
McLennan (1985) and references therein), and contains the
oldest rocks and minerals yet observed on Earth (currently the
4.0 Ga Acasta gneisses (Bowring and Williams, 1999) and
4.4 Ga detrital zircons from the Yilgarn Block, Western Australia
(Wilde et al., 2001)), respectively. Thus, the continents preserve
a rich geological history of our planet’s evolution and under-
standing their origin is critical for understanding the origin and
differentiation of the Earth.

within the geological community, with hundreds of papers
and several books devoted to the topic (the reader is referred
to the following general references for further reading: Taylor
and McLennan (1985), Windley (1995), and Condie (1997).
Knowledge of the age and composition of the continental
crust is essential for understanding its origin. Patchett and
Samson (2003) review the present-day age distribution of the
continental crust and Kemp and Hawkesworth Chapter 4.11
review secular evolution of crust composition. Moreover, to
understand fully the origin and evolution of continents
requires an understanding of not only the crust, but also the
mantle lithosphere that formed more-or-less contemporane-
ously with the crust and translates with it as the continents
move across the Earth’s surface. The latter topic is reviewed in
Chapters 3.6 and 3.8.

This chapter reviews the present-day composition of the
continental crust, the methods employed to derive these
estimates, and the implications of the continental crust
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2 Composition of the Continental Crust

Figure 1

Map of continental regions of the Earth, including submerged continents. (Cogley (1984); reproduced by permission of American

Geophysical Union from Reviews of Geophysics and Space Physics, 1984, 22, 101—-122).

composition for the formation of the continents, Earth differ-
entiation, and its geochemical inventories.

41.1.1 What is the Continental Crust?

In a review of the composition of the continental crust, it is
useful to begin by defining the region under consideration
and to provide some generalities regarding its structure. The
continental crust, as considered here, extends vertically from
the Earth’s surface to the Mohorovicic discontinuity, a jump in
compressional wave speeds from ~7 km s~ to ~8 km s~ ' that
is interpreted to mark the crust-mantle boundary. In some
regions the Moho is transitional rather than discontinuous
and there may be some debate as to where the crust-mantle
boundary lies (cf. Griffin and O'Reilly, 1987; McDonough
et al,, 1991). The lateral extent of the continents is marked by
the break in slope on the continental shelf. Using this defini-
tion, ~31% of continental area is submerged beneath the
oceans (Figure 1; Cogley, 1984), and is thus less accessible to
geological sampling. For this reason, most estimates of conti-
nental crust composition derive from exposed regions of the
continents. In some cases the limited geophysical data for
submerged continental shelves reveal no systematic difference
in bulk properties between the shelves and exposed continents;
the shelves simply appear to be thinned regions of the crust. In
other cases, such as volcanic rifted margins, the submerged
continent is characterized by high-velocity layers interpreted
to represent massive basaltic intrusions associated with conti-
nental breakup (Holbrook and Kelemen, 1993). Depending
on the extent of the latter type of continental margin (which is
yet to be quantified), crust compositional estimates derived
from exposed regions may not be wholly representative of the
total continental mass.

The structure of the continental crust is defined seismically
to consist of upper-, middle-, and lower crustal layers
(Christensen and Mooney, 1995; Holbrook et al., 1992;
Rudnick and Fountain, 1995). The upper crust is readily

accessible to sampling and robust estimates of its composition
are available for most elements (Section 4.1.2). These show
the upper crust to have a granodioritic bulk composition, to be
rich in incompatible elements, and generally depleted in com-
patible elements. The deeper reaches of the crust are more
difficult to study. In general, three probes of the deep crust
are employed to unravel its composition: (1) studies of high-
grade metamorphic rocks (amphibolite or granulite facies)
exposed in surface outcrops (Bohlen and Mezger, 1989) and,
in some cases, in uplifted cross-sections of the crust reaching
to depths of 20 km or more (Fountain et al., 1990a; Hart et al.,
1990; Ketcham, 1996; Miller and Christensen, 1994); (2) stud-
ies of granulite-facies xenoliths (foreign rock fragments) that
are carried from great depths to the Earth’s surface by fast-rising
magmas (see Rudnick (1992) and references therein); and
(3) remote sensing of lower crustal lithologies through seismic
investigations (Christensen and Mooney, 1995; Holbrook
et al, 1992; Rudnick and Fountain, 1995; Smithson,
1978) and surface heat-flow studies (see Chapter 4.2).
Collectively, the observations from these probes show that
the crust becomes more mafic with depth (Section 4.1.3). In
addition, the concentration of heat-producing elements drops
off rapidly from the surface downwards. This is due, in part, to
an increase in metamorphic grade but is also due to increasing
proportions of mafic lithologies (see Chapter 4.2). Thus, the
crust is vertically stratified in terms of its chemical
composition.

In addition to this stratification, the above studies also
show that the crust is heterogeneous from place to place,
with few systematics available for making generalizations
about crustal structure and composition for different tectonic
settings. For example, the crust of Archean cratons in some
regions is relatively thin and has low seismic velocities, suggest-
ing an evolved composition (e.g., Yilgarn craton (Drummond,
1988); Kaapvaal craton (Durrheim and Green, 1992; Niu and
James, 2002); and North China craton (Gao et al., 1998a,b)).
However, in other cratons, the crust is thick (40—50 km)
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and the deep crust is characterized by high velocities, which
imply mafic bulk compositions (Wyoming craton (Gorman
et al.,, 2002) and Baltic shield (Luosto and Korhonen, 1986;
Luosto et al., 1990)). The reasons for these heterogeneities
are not fully understood and we return to this topic in
Section 4.1.3. Similar heterogeneities are observed for Prote-
rozoic and Paleozoic regions (see Rudnick and Fountain
(1995) and references therein). Determining an average com-
position of such a heterogeneous mass is difficult and, at first
glance, may seem like a futile endeavor. Yet it is just such
averages that allow insights into the relative contribution of
the crust to the whole Earth-chemical budget and the origin of
the continents. Thus, deriving average compositions is critical
to studies of the continents and the whole Earth.

4.1.1.2 The Importance of Determining Crust Composition

Although the continental crust constitutes only ~0.6% by
mass of the silicate Earth, it contains a very large proportion
of incompatible elements (20-70%, depending on element
and model considered; Rudnick and Fountain (1995)),
which include the heat-producing elements and members of
a number of radiogenic-isotope systems (Rb—Sr, U—Pb,
Sm—Nd, Lu—Hf). Thus the continental crust factors promi-
nently in any mass-balance calculation for the Earth as a
whole and in estimates of the thermal structure of the Earth
(Sclater et al., 1980).

In addition, knowledge of the bulk composition of the crust
and determining whether this composition has changed
through time is important for: (1) understanding the processes
by which the crust is generated and modified and (2) deter-
mining whether there is any secular evolution in crust genera-
tion and modification processes (see Chapter 4.11). The latter
has important implications for the evolution of our planet as
a whole.

In this chapter we review the composition of the upper,
middle, and lower continental crust (Sections 4.1.2 and
4.1.3). We then examine the bulk crust composition and the
implications of this composition for crust generation and
modification processes (Sections 4.1.4 and 4.1.5). Finally,
we compare the Earth’s crust with those of the other terrestrial
planets in our solar system (Section 4.1.6) and speculate about
what unique processes on Earth have given rise to this unusual
crustal distribution.

4.1.2 The Upper Continental Crust

The upper continental crust, being the most accessible part of
our planet, has long been the target of geochemical investiga-
tions (Clarke, 1889). There are two basic methods employed to
determine the composition of the upper crust: (1) establishing
weighted averages of the compositions of rocks exposed at the
surface and (2) determining averages of the composition
of insoluble elements in fine-grained clastic sedimentary
rocks or glacial deposits and using these to infer upper-crust
composition.

The first method was utilized by F. W. Clarke and colleagues
over a century ago (Clarke, 1889; Clarke and Washington,
1924) and entails large-scale sampling and weighted averaging

of the wide variety of rocks that crop out at the Earth'’s surface.
All major-element (and a number of soluble trace elements)
determinations of upper-crust composition rely upon this
method.

The latter method is based on the concept that the process
of sedimentation averages wide areas of exposed crust. This
method was originally employed by Goldschmidt (1933) and
his Norwegian colleagues in their analyses of glacial sediments
to derive average composition of the crystalline rocks of the
Baltic shield and has subsequently been applied by a number
of investigators, including the widely cited work by Taylor and
McLennan (1985) to derive upper-crust composition for insol-
uble trace elements. In the following sections we review the
upper-crust composition determined from each of these
methods, then provide an updated estimate of the composi-
tion of the upper crust.

4.1.2.1 Surface Averages

In every model for the composition of the upper-continental
crust, major-element data are derived from averages of the
composition of surface exposures (Table 1). Several surface-
exposure studies have also provided estimates of the average
composition of a number of trace elements (Table 2). For
soluble elements that are fractionated during the weathering
process (e.g., sodium, calcium, strontium, barium, etc.), this is
the only way in which a reliable estimate of their abundances
can be obtained.

The earliest of such studies was the pioneering work of
Clarke (1889), who, averaging hundreds of analyses of ex-
posed rocks, determined an average composition for the crust
that is markedly similar to present-day averages of the bulk
crust (cf. Tables 1 and 9). Although Clarke’s intention was to
derive the average crust composition, his samples are limited to
the upper crust; there was little knowledge of the structure of
the Earth when these studies were undertaken; oceanic crust
was not distinguished as different from continental and the
crust was assumed to be only 16 km thick. Clarke’s values are,
therefore, most appropriately compared to upper crustal esti-
mates. Later, Clarke, joined by H. S. Washington, used a larger
data set to determine an average composition of the upper-
crust that is only slightly different from his original 1889
average (Clarke and Washington, 1924; Table 1). Compared
to more recent estimates of upper-crust composition, these
earliest estimates are less evolved (lower silicon, higher iron,
magnesium, and calcium), but contain similar amounts of the
alkali elements, potassium and sodium.

The next major undertakings in determining upper-crust
composition from large-scale surface sampling campaigns did
not appear until twenty years later in studies centered on the
Canadian, Baltic, and Ukranian Shields. It is these studies that
form the foundation on which many of the more recent esti-
mates of upper-crust composition are constructed (e.g., Taylor
and McLennan, 1985; Wedepohl, 1995).

Shaw et al. (1967, 1976, 1986) and Eade and Fahrig (1971,
1973) independently derived estimates for the average compo-
sition of the Canadian Precambrian shield. Both studies cre-
ated composites from representative samples taken over large
areas that were weighted to reflect their surface outcrop area.
The estimates of Shaw et al. are based on a significantly smaller



Table 1 Major element composition? (in weight percent oxide) of the upper continental crust. Columns 1—9 represent averages of surface exposures and glacial clays. Columns 10—11 are derivative
compositions from these data. Column 12 shows our recommended values
Element 1 2 3 4 5 6 7 8 9 10 11 12
Clarke Clarke and Goldschmidt Shaw et al. Fahrig and Eade ~ Ronov and Condie Gao et al. Borodin Taylor and Wedepohl! This
(1889) Washington (1933) (1967) (1968) Yaroshevskiy (1993) (1998a)° (1998) MecLennan (1995) Study®
(1924) (1976) (1985)
Si0, 60.2 60.30 62.22 66.8 66.2 64.8 67.0 67.97 67.12 65.89 66.8 66.62
Ti0, 0.57 1.07 0.83 0.54 0.54 0.55 0.56 0.67 0.60 0.50 0.54 0.64
Al,05 15.27 15.65 16.63 15.05 16.10 15.84 15.14 14.17 15.53 1517 15.05 15.40
Fe0? 7.26 6.70 6.99 4.09 4.40 5.78 4.76 533 4.94 4.49 4.09 5.04
MnO 0.10 0.12 0.12 0.07 0.08 0.10 0.10 0.00 0.07 0.07 0.10
MgO 4.59 3.56 3.47 2.30 2.20 3.01 2.45 2.62 2.10 2.20 2.30 2.48
Ca0 5.45 5.18 3.23 4.24 3.40 3.91 3.64 3.44 3.51 419 4.24 3.59
Na,0 3.29 3.92 2.15 3.56 3.90 2.81 3.55 2.86 3.21 3.89 3.56 3.27
K20 2.99 3.19 413 3.19 2.91 3.01 2.76 2.68 3.01 3.39 3.19 2.80
P20s 0.23 0.31 0.23 0.15 0.16 0.16 0.12 0.16 0.00 0.20 0.15 0.15
Mg# 53.0 48.7 46.9 50.1 47.4 481 47.9 46.7 43.2 46.6 50.1 46.7

“Major elements recast to 100% anhydrous.

bCarbonate-free estimate.

“See Tahle 3 for derviation of this estimate.
Total Fe as FeO.
Mg#=molar 100 x Mg/(Mg + Feyy).
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Table 2 Estimates of the trace-element composition of the upper continental crust. Columns 1-4 represent averages of surface exposures. Golumns 5-8 are estimates derived from sedimentary and

loess data. Column 9 is a previous estimate, where bracketed data are values derived from surface exposure studies. Column 10 is our recommended value (see Table 3)

Element  Units 1 2 3 4 5 7 8 9 10
Shaw et al. Eade and Condie Gao et al. Sims et al. Peucker-Eherenbrink  Taylor Wedepoh! This
(1967, 1976) Fahrig (1973)  (1993) (1998a)* (1990) and Jahn (2001) and McLennan (1995)° Study”

(1985, 1995)

Li pg g’ 22 20 20 [22] 21

Be " 1.3 1.95 3 3.1 21

B ” 9.2 28 15 17 17

N " 83 83

F ? 500 561 611 557

S ? 600 309 953 621

Cl ? 100 142 640 370

Sc ? 7 12 13.4 15 13.67 [7] 14.0

v " 53 59 86 98 1077 [53] 97

Cr " 35 76 112 80 857 [35] 92

Co " 12 18 17 179 [12] 17.3

Ni " 19 19 60 38 447 [19] 47

Cu " 14 26 32 25 [14] 28

Zn " 52 60 70 71 [52] 67

Ga " 14 18 17 [14] 17.5

Ge " 1.34 1.6 14 14

As " 4.4 51 1.5 2 4.8

Se " 0.15 0.05 0.083 0.09

Br " 1.6 1.6

Rb " 110 85 83 82 112 110 84

Sr " 316 380 289 266 350 [316] 320

Y " 21 21 24 17.4 22 [21] 21

Zr " 237 190 160 188 190 [237] 193

Nb " 26 9.8 12 127 [26] 12

Mo " 0.78 1.2 1.5 14 1.1

Ru ngg~’ 0.34 0.34

Pd " 1.46 0.52 0.5 0.52

Ag ? 55 50 55 53

Cd pg g 0.075 0.079 0.098 0.102 0.09

In " 0.05 0.061 0.056

Sn " 1.73 5.5 2.5 21

Sb " 0.3 0.45 0.2 0.31 04

| ? 14 14

Cs ’ 3.55 4,67 5.8 4.9

Ba ? 1070 730 633 678 550 668 624

La ? 323 7 28.4 34.8 30 [32.3] 31

Ce " 65.6 57.5 66.4 64 [65.7] 63

Pr " 71 6.3 74

(Continued)
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Table 2 (Continued)
Element  Units 1 2 3 4 5 6 7 8 9 10
Shaw et al. Eade and Condie Gao et al. Sims et al. Plank and Peucker-Eherenbrink — Taylor Wedepoh! This
(1967, 1976) Fahrig (1973)  (1993) (1998a)* (1990) Langmuir and Jahn (2001) and McLennan (1995)° Study®
(1998) (1985, 1995)
Nd " 25.9 25.6 304 26 27
Sm ” 4.61 4.59 5.09 45 47 47
Eu ” 0.937 1.05 1.21 0.88 0.95 1.0
Gd " 4.21 3.8 2.8 4.0
Tb " 0.481 0.66 0.82 0.64 [0.5] 0.7
Dy " 2.9 3.5 [2.9] 3.9
Ho " 0.62 0.8 [0.62] 0.83
Er ” 2.3 2.3
Tm " 0.33 0.30
Yb " 1.47 1.91 2.26 2.2 [1.5] 2.0
Lu " 0.233 0.32 0.35 0.32 [0.27] 0.31
Hf " 5.8 4.3 5.12 5.8 [5.8] 5.3
Ta ” 5.7 0.79 0.74 0.96 1.0 15 0.9
w " 0.91 3.3 2 1.4 1.9
Re ngg™ 0.198 0.4 0.198
0Os " 0.031 0.05 0.031
Ir " 0.02 0.022 [0.02] 0.022
Pt ” 0.51 0.5
Au " 1.81 1.24 [1.8] 1.5
Hg pg g 0.096 0.0123 0.056 0.05
T " 0.524 1.55 0.75 0.75 0.9
Pb " 17 18 17 18 177 17 17
Bi " 0.035 0.23 0.13 0.123 0.16
Th " 10.3 10.8 8.6 8.95 10.7 [10.3] 10.5
U " 2.45 1.5 2.2 1.55 2.8 [2.5] 2.7

Carbonate-free estimate.

b\Wedepohl's upper crust is largely derived from the Canadian Shield composites of Shaw et al. (1967, 1976). Values taken directly from Shaw et al. are shown in brackets.
“See Tahle 3 for derviation of this estimate.

Updated in McLennan (2001b).
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Figure 2 Comparison of different models for the major-element composition of the upper continental crust. All values normalized to the new
composition provided in Table 3. Gray shaded field represents +10% variation from this value. (a) Compositions derived from Canadian Shield samples
(Shaw et al., 1967, 1976, 1986; Fahrig and Eade, 1968; Eade and Fahrig, 1971, 1973) and the Taylor and McLennan model (1985, 1995, as modified by
McLennan, 2001b). (b) Compositions derived from surface sampling of the former Soviet Union (Ronov and Yaroshevsky, 1967, 1976; Borodin, 1998)
and China (Gao et al., 1998a) and a global compilation of upper crustal rock types weighted in proportion to their areal distribution (Condie, 1993). The
Canadian shield averages appear to be more evolved (having lower Mg, Fe, and higher Na and K) than other estimates.

number of samples than that of Eade and Fahrig's (i.e., ~430
versus ~14 000) and cover different regions of the shield, but
the results are remarkably similar (Figure 2). All major ele-
ments agree to within ~10% except for CaO, which is ~20%
higher, and MnO, which is 15% lower in the estimates of
Shaw et al.

Shawetal. (1967, 1976, 1986) also measured a number of
trace elements in their shield composites and these are com-
pared to the smaller number of trace elements determined by
Eade and Fahrig in Table 2 and Figure 3. As might be
expected, considering the generally greater variability in
trace-element concentrations and the greater analytical chal-
lenge, larger discrepancies exist between the two averages. For
example, scandium, chromium, copper, lanthanum, and ura-
nium values vary by ~50% or more. In some cases this may
reflect compromised data quality (e.g., lanthanum was deter-
mined by optical-emission spectroscopy in the Eade and
Fahrig study) and in other cases it may reflect real differences
in the composition between the two averages. However, for a
number of trace elements (e.g., vanadium, nickel, zinc, ru-
bidium, strontium, zirconium, and thorium), the averages
agree within 30%.

In a similar study, Ronov and Yaroshevsky (1967, 1976)
determined the average major-element composition of the
upper crust based on extensive sampling of rocks from the
Baltic and Ukranian shields and the basement of the Russian
platform (Table 1). While the SiO,, Al,O3, and K,O values fall
within 5% of those of the average Canadian Shield, as

determined by Eade and Fahrig (1971, 1973), FeOr, MgO,
and CaO are ~10—30% higher, and Na,O is ~30% lower
than the Canadian average, suggesting a slightly more mafic
composition.

The generally good correspondence between these indepen-
dent estimates of the composition of shield upper crust lends
confidence in the methodologies employed. However, ques-
tions can be raised about how representative the shields are of
the global upper continental crust. For example, Condie
(1993) suggests that shield averages may be biased because
(1) shields are significantly eroded and thus may not be repre-
sentative of the 5-20 km of uppermost crust that has been
removed from them and (2) they include only Precambrian
upper crust and largely ignore any Phanerozoic contribution to
upper crust. Condie (1993) derived an upper-crust composi-
tion based on over 3000 analyses of upper crustal rock types
weighted according to their distributions on geologic maps
and stratigraphic sections, mainly covering regions of North
America, Europe, and Australia. He utilized two methods in
calculating an average upper-crust composition: (1) using the
map distributions, irrespective of level of erosion and (2) for
areas that have been significantly eroded, restoring the eroded
upper crust, assuming it has a ratio of supracrustal rocks to
plutonic rocks similar to that seen in uneroded upper crustal
regions. The latter approach was particularly important for his
study, as one of his primary objectives was to evaluate whether
there has been any secular change in upper crust composition.
However, in this review, we are interested in the present-day
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Figure 3 Comparison of different models for the trace-element composition of the upper-continental crust. All values normalized to the new
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alkaline-earth elements, (d) REEs, (e) actinides and heavy metals, and (f) highly siderophile and chalcophile elements (note log scale). Data from
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composition of the upper crust (eroded or not), so it seems
most appropriate to consider his ‘map model’ for comparisons
with other models (for a discussion of the secular evolution of
the continents, see Chapter 4.11).

Condie’s ‘map model’ is compared with other estimates of
the upper crust in Tables 1 and 2 and Figures 2 and 3. For
major elements, his upper crust composition is within 10% of
the Canadian Shield values of Eade and Fahrig. It is also within
10% of some of the major elements estimated by Shaw, but has
generally higher magnesium and iron, and lower calcium and
potassium compared to Shaw’s estimate (Figure 2). Many trace
elements in Condie’s upper-crust composition are similar (i.e.,
within 20%) to those of Shaw’s Canadian Shield composites
(Figure 3), including the light rare-earth elements (LREEs),
strontium, yttrium, thorium, and uranium. However, several
trace elements in Condie’s average vary by >50% from those of
Shaw et al. (1967, 1976, 1986) as can be seen in the figure.
These include transition metals (scandium, vanadium, chro-
mium, and nickel), which are considerably higher in Condie’s
upper crust, and niobium, barium and tantalum, which are

significantly lower in Condie’s upper crust compared to
Shaw’s. These differences may reflect regional variations in
upper crust composition (i.e., the Canadian Shield is not rep-
resentative of the worldwide upper crust) or inaccuracies in
either of the estimates due to data quality or insufficiency. As
will be discussed below, it is likely that Condie’s values for
transition metals, niobium, tantalum, and barium are the
more robust estimates of the average upper crust composition.

A recent paper by Borodin (1998) provides an average
composition of the upper crust that includes much Soviet
shield and granite data not included in most other worldwide
averages. For this reason, it makes an interesting comparison
with other data sets. Like other upper crustal estimates, major
elements in the Borodin average upper crust (Table 1 and
Figure 2) fall within 10% of the Eade and Fahrig average for
the Canadian Shield, except for TiO, and FeO, which are
~13% higher, and Na,O, which is ~20% lower than the
Canadian average. Borodin’s limited trace element averages
(for chromium, nickel, rubidium, strontium, zirconium, nio-
bium, barium, lanthanum, thorium, and uranium - not given
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in table or figures) fall within 50% of Shaw’s Canadian Shield
values except for niobium, which, like other upper crustal
estimates, is about a factor of 2 lower than the Canadian
average.

The most recent and comprehensive study of upper-crust
composition derived from surface exposures was carried out by
Gao et al. (1998a). Nine hundred and five composite samples
were produced from over 11 000 individual rock samples cov-
ering an area of 9.5 x 10° km? in eastern China, which in-
cludes samples from Precambrian cratons as well as
Phanerozoic fold belts. The samples comprised both crystalline
basement rocks and sedimentary cover, the thickness of which
was determined from seismic and aeromagnetic data. Averages
were derived by combining compositions of individual map
units weighted according to their thicknesses (in the cases of
sedimentary cover) and areal exposure, for shields. The upper
crust is estimated to be ~15 km thick based on seismic studies
(Gao et al., 1998a) and the crystalline rocks exposed at the
surface are assumed to maintain their relative abundance
through this depth interval. Average upper crust was calculated
both as a grand average and on a carbonate-free basis; carbon-
ates comprise a significant rock type (7—22%) in many of the
areas sampled (e.g., Yangtze craton). The grand average (in-
cluding carbonate) has a significantly different bulk composi-
tion than other estimates of the upper crust (Gao et al., 1998a;
Table 2). Most of the latter are derived from crystalline shields
and so a difference is expected. However, Condie’s map model
incorporates sedimentary cover as well as crystalline basement.
The differences between Condie’s map model and Gao et al.
grand-total upper crust suggest that the carbonate cover in
eastern China is thicker than most other areas. For this reason,
we use Gao et al. (1998a) carbonate-free compositions in
further discussions, but with the caveat that carbonates may
be an overlooked upper crustal component in many upper
crustal estimates.

The Gao et al. (1998a) major- and trace-element results are
presented in Tables 1 and 2 and plotted in Figures 2 and 3,
respectively. Unlike the model of Condie (1993), several of the
major elements fall beyond 10% of Eade and Fahrig's
Canadian Shield data (Figures 2 and 3). These include TiO,,
FeO, MnO, and MgO, which are higher, and Na,O, which is
lower in the eastern China upper crust compared to the Cana-
dian Shield. Gao et al. (1998a) attribute these differences to
erosional differences between the two areas. Whereas the
Canadian Shield composites comprised mainly metamorphic
rocks of the amphibolite facies, the eastern China composites
contain large proportions of unmetamorphosed supracrustal
units that are considered to have, on average, higher propor-
tions of mafic volcanics. In this respect, the Gao et al. model
composition compares favorably to Condie’s map model and
the Russian estimates for all major elements. However, the
Na,O content of the eastern China upper crust is one of lowest
of all (~20% lower than Condie’s average and 10% lower than
Borodin’s values, but similar to Ronov and Yaroshevsky's av-
erage) (Figure 2).

The trace-element composition estimated by Gao et al.
(1998a) for the Chinese upper crust is very similar to that of
Condie (1993). Like the latter model, many lithophile trace
elements in the Gao et al. model are within 50% of the
Canadian Shield averages of Shaw et al. (e.g., LREEs, yttrium,

rubidium, strontium, zirconium, hafnium, thorium, and ura-
nium), and the Chinese average has significantly higher tran-
sition metals and lower niobium, barium, and tantalum than
the Canadian Shield average. In addition, Gao et al. (1998a)
provide values for some of the less well-constrained element
concentrations. Of these, averages for lithium, beryllium, zinc,
gallium, cadmium, and gold fall within 40% of the Shaw et al.
averages, but boron, thallium, and bismuth are significantly
higher, and mercury is significantly lower in Gao’s average than
in Shaw’s. There is too little information for these elements in
general to fully evaluate the significance of these differences.

Two generalizations can be made from the above studies of
surface composites.

1. Major element data are very consistent from study to study,
with most major-element averages falling within 10% of
Eade and Fahrig's Canadian Shield average. When differ-
ences do occur, they appear to reflect a lower percentage of
mafic lithologies in the Canadian averages: all other esti-
mates (including the Russian shield data) have higher FeO
and TiO, than the Canadian averages and most also have
higher CaO and MgO (Figures 2 and 3). The Eade and
Fahrig average also has higher Na,O than all other estimates
(including Shaw’s estimate for the Canadian Shield).

2. Trace elements show more variation than major elements
from study to study, but some lithophile trace elements are
relatively constant: rare earth elements (REEs), yttrium, lith-
ium, rubidium, caesium, strontium, zirconium, hafnium,
lead, thorium, and uranium do not vary beyond 50% be-
tween studies. Transition metals (scandium, cobalt, nickel,
chromium, and vanadium) are consistently lower in the
Canadian Shield estimates than in other studies, which
may also be attributed to a lower percentage of mafic lithol-
ogies in the Canadian Shield (a conclusion supported by
studies of sediment composition, as discussed in the next
section). Barium is ~40% higher in the Shaw et al. average
than in all other averages, including that of Eade and Fahrig,
suggesting that this value is too high. Finally, niobium and
tantalum are both about a factor of 2 higher in the Shaw
et al. average than in any other average, suggesting that the
former is not representative of the upper continental crust, a
conclusion reached independently by Plank and Langmuir
(1998) and Gallet et al. (1998) based on the composition of
marine sediments and loess (see next section).

4.1.2.2 Sedimentary Rocks and Glacial Deposit Averages

While the large-scale sampling campaigns outlined above are
the primary means by which the major-element composition
of the upper continental crust has been determined, many
estimates of the trace-element composition of the upper crust
rely on the natural wide-scale sampling processes of sedimen-
tation and glaciation. These methods are used primarily for
elements that are insoluble during weathering and are, there-
fore, transported quantitatively from the site of weathering/
glacial erosion to deposition. This methodology has been
especially useful for determining the REE composition of the
upper crust (see Taylor and McLennan (1985) and references
therein). The averages derived from each of these natural large-
scale samples are discussed in turn. When the upper crustal
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concentration of elements is discussed, the element name is
printed in italic text so that the reader can quickly scan the text
to the element of interest.

4.1.2.2.1 Sedimentary rocks

Processes that produce sedimentary rocks include weathering,
erosion, transportation, deposition, and diagenesis. Elemental
fractionation during weathering is discussed in detail by Taylor
and McLennan (1985) (see also Chapters 7.1 and 9.1) and the
interested reader is referred to these works for more extensive
information. Briefly, elements with high solubilities in natural
waters (Figure 4) have greater potential for being fractionated
during sedimentary processing; thus, their concentration in
fine-grained sedimentary rocks may not be representative of
their source region. These elements include the alkali and
alkaline-earth elements as well as boron, rhenium, molybde-
num, gold, and uranium.

In contrast, a number of elements have very low solubilities
in waters. Their concentrations in sedimentary rocks may,
therefore, provide robust estimates of the average composition
of their source regions (i.e., average upper-continental crust).
Taylor and McLennan (1985) identified the REEs, yttrium,
scandium, thorium, and possibly cobalt as being suitably in-
soluble and thus providing useful information on upper crust
composition.

The REE patterns for post-Archean shales show striking
similarity worldwide (Figure 5): they are light REE enriched,
with a negative europium anomaly and relatively flat heavy
REEs. This remarkable consistency has led to the suggestion

that the REE patterns of shales reflect that of the average upper-
continental crust (Taylor and McLennan (1985) and references
therein). Thus, Taylor and McLennan’s (1985) upper crustal
REE pattern is parallel to average shale, but lower in absolute
abundances due to the presence of sediments with lower
REE abundances such as sandstones, carbonates, and
evaporites. Using a mass balance based on the proportions of
different types of sedimentary rocks, they derive an upper
crustal REE content that is 80% that of post-Archean average
shale.

Comparison of various upper crustal REE patterns is pro-
vided in Figure 5. All estimates, whether from shales, marine
sediments, or surface sampling, agree to within 20% for the
LREEs and ~50% for the heavy rare-earth elements (HREEs).
The estimate of Shaw et al. (1976) has the lowest HREEs and if
these data are excluded, the HREEs agree to within 15% be-
tween the models of Condie (1993), Gao et al. (1998a), and
Taylor and McLennan (1985). Thus, the REE content of the
upper continental crust is established to within 10-25%, sim-
ilar to the uncertainties associated with its major-element
composition.

Once the REE concentration of the upper crust has been
established, values for other insoluble elements can be deter-
mined from their ratios with an REE. Using the constant ratios
of La / Th and La/Sc observed in shales, McLennan et al. (1980)
and Taylor and McLennan (1985) estimated the upper crustal
thorium and scandium contents at 11 ppm and 10.7 ppm, re-
spectively. The scandium value increased slightly (to
13.7 ppm) and the thorium value remained unchanged when
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Figure 5 Comparison of REE patterns between (a) average post-
Archean shales and loess and (b) various estimates of the upper
continental crust composition. PAAS = post-Archean Australian Shale
(Taylor and McLennan, 1985); NASC =North American shale composite
(Haskin et al., 1966); ES = European shale composite (Haskin and
Haskin, 1966); ECPAS =Eastern China post-Archean shale (Gao et al.,
1998a). The loess range includes samples from China, Spitsbergen,
Argentina, and France (Gallet et al., 1998; Jahn et al., 2001). Chondrite
values are from Taylor and McLennan (1985).

a more comprehensive sediment data set was employed by
McLennan (2001b). The sediment-derived scandium and tho-
rium averages agree to within 20% of the surface-sample aver-
ages (Table 2 and Figure 3).

Other insoluble elements include the high-field strength
elements (HFSEs - titanium, zirconium, hafnium, niobium,
tantalum, molybdenum, tungsten), beryllium, aluminum,
gallium, germanium, indium, tin, lead, and a number of
transition metals (chromium, cobalt, nickel, copper, and
zinc). Taylor and McLennan (1985) noted that some of these
insoluble elements (e.g., HFSEs) may be fractionated during
sedimentary processing if they reside primarily in heavy
minerals. More recent evaluations have suggested that this
effect is probably not significant for niobium and tantalum,
and fractionations of zirconium and hafnium due to heavy
mineral sorting are only really apparent in loess (Barth et al.,
2000; McLennan, 2001b; Plank and Langmuir, 1998). Plank
and Langmuir (1998) noted that the niobium, tantalum, and
titanium concentrations derived for the upper crust using

marine sediments are considerably different from those of
Taylor and McLennan'’s upper continental crust composition.
As oceanic processes are unlikely to fractionate these elements,
Plank and Langmuir (1998) suggested that marine sediments
provide a reliable estimate of the average composition of the
upper continental crust. Using correlations between Al,O5; and
niobium, they derived a niobium concentration for the upper
crust of 13.7 ppm, and tantalum of 0.96 ppm (assuming Nb/
Ta=14); these values are about a factor of 2 lower than Taylor
and McLennan’s (1985) upper crustal estimates. Taylor and
McLennan (1985) adopted their niobium value from Shaw
et al. (1976), and their tantalum value was derived by assum-
ing a Nb/Ta ratio of ~12 for the upper crust. The Plank and
Langmuir niobium and tantalum values are similar to those
derived from the surface-sampling studies of Condie (1993),
Gao et al. (1998a), and Borodin (1998) and from more recent
evaluations of these elements in shales, loess and other terrig-
enous sedimentary rocks (Barth et al., 2000; Gallet et al., 1998;
McLennan, 2001b). All of these estimates range between
10 ppm and 14 ppm niobium and 0.74 ppm to 1.0 ppm
tantalum, an overall variation of ~30%. Thus, niobium and
tantalum concentrations now appear to be nearly as well
constrained as the REE in the upper continental crust.

Plank and Langmuir (1998) also suggested, from their an-
alyses of marine sediments, increasing the upper crustal TiO,
values by ~40% (from 0.5 wt% to 0.76 wt%). Thus the TiO,
content of the upper-continental crust probably lies between
0.55 wt% and 0.76 wt%, a difference of ~30%.

Of the remaining insoluble elements, recent evaluation of
zirconium and hafnium concentrations derived from terrigenous
sediment (McLennan, 2001b) show no significant differences
with Taylor and McLennan's estimates, whose upper crustal
zirconium value derives from the Handbook of Geochemistry
(Wedepohl, 1969-1978), with hafnium determined from an
assumed Zr/Hf ratio of 33. These values lie within ~20% of the
surface-exposure averages (Table 2, Figure 3).

For the insoluble transition metals chromium, cobalt, and
nickel, McLennan’s (2001b) recent evaluation suggests approx-
imate factor of 2 increases in average upper crustal values over
those of Taylor and McLennan (1985). Taylor and McLennan'’s
(1985) values were taken from a variety of sources (see Table 1
of Taylor and McLennan, 1981) and are similar to the Cana-
dian Shield averages, which appear to represent a more felsic
upper-crust composition, as discussed above. Even after elim-
inating these lower values, 30-40% variation exists for chro-
mium, cobalt, and nickel between different estimates (Table 2
and Figure 3), and the upper crustal concentrations of these
elements remains poorly constrained relative to REE.

McLennan (2001b) evaluated the upper crustal lead con-
centration from sediment averages and suggested a slight
(~15%) downward revision (17 ppm) from the value of
Taylor and McLennan (1985), whose value derives from a
study by Heinrichs et al. (1980). McLennan's value is identical
to that of surface averages (Table 2) and collectively these
should be considered as a robust estimate for the lead content
of the upper crust. For the remaining insoluble elements -
beryllium, copper, zinc, gallium, germanium, indium, and tin -
no newer data are available for terrigenous sediment averages.
Estimates for some elements (e.g., zinc, gallium, germanium,
and indium) vary by only ~20-30% between different
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studies, but others (beryllium, copper, and tin) vary by a factor
of 2 or more (Table 2 and Figure 3).

It may also be possible to derive average upper crustal
abundances of elements that have intermediate solubilities
(e.g., vanadium, arsenic, silver, cadmium, antimony, caesium,
barium, tungsten, and bismuth) using their concentrations
in fine-grained sedimentary rocks, if they show significant
correlations with lanthanum. Using this method McLennan
(2001b) derived estimates of the upper crustal composition
for barium (550 ppm) and vanadium (107 ppm). McLennan's
barium value does not differ from that of Taylor and
McLennan (1985), which derives from the Handbook of Geo-
chemistry (Wedepohl, 1969—1978). This value is ~10% to a
factor of 2 lower than the shield estimates; 630—700 ppm
seems to be the most common estimate for barium from
surface exposures. McLennan’s vanadium estimate is ~50%
higher than that of Taylor and McLennan (1985), which was
derived from a 50 : 50 mixture of basalt : tonalite (Taylor and
McLennan, 1981) and is similar to the Canadian Shield aver-
ages (Table 2). The revised vanadium value is similar to the
surface-exposure averages from eastern China (Gao et al,
1998a) and Condie’s (1993) global average.

Several studies have used data for sedimentary rocks to
derive the concentration of caesium in the upper crust.
McDonough et al. (1992) found that a variety of sediments
and sedimentary rocks (including loess) have an Rb/Cs ratio of
19 (£11, 10), which is lower than the value of 30 in Taylor and
McLennan’s (1985) upper crust. Using this ratio and assuming
a rubidium content of 110 ppm (from Shaw et al., 1986; Shaw
et al., 1976; Taylor and McLennan, 1981), led them to an
upper crustal caesium concentration of ~6 ppm. Data for ma-
rine sediments compiled by Plank and Langmuir (1998) also
support a lower Rb/Cs ratio of the upper crust. Using the
observed Rb/Cs ratio of 15 and a rubidium concentration of
112 ppm, they derived an upper crustal caesium concentration
of 7.8 ppm. Although caesium data show only a poor correla-
tion with lanthanum, the apparent La/Cs ratio of sediments led
McLennan (2001b) to a revised caesium estimate of 4.6 ppm,
which yields an Rb/Cs ratio of 24. Very few data exist for
caesium from shield composites. Gao et al. determined a
value of 3.6 ppm caesium, which is very similar to the estimate
of Taylor and McLennan (1985). However, the Gao et al.
rubidium estimate (83 ppm) is lower than Taylor and
McLennan's (112 ppm), leading to an Rb/Cs ratio of 23 in
the upper crust of eastern China. Caesium concentrations in
all estimates vary by up to 70% and there thus appears to
be substantial uncertainty in the upper crust’s caesium con-
centration. Further evidence for the caesium content of the
upper continental crust is derived from loess (see next section).

The upper crustal abundances of arsenic, antimony, and
tungsten were determined by Sims et al. (1990), based on
measurements of these elements in loess and shales. They
find As/Ce to be rather constant at 0.08, leading to an arsenic
content of 5.1+ 1 ppm. In a similar fashion they estimate the
upper crustal antimony content to be 0.45+0.08 ppm and
tungsten to be 3.3 £ 1.1 ppm. The antimony and arsenic values
are factors of 2 and 3 higher, respectively, than the values given
by Taylor and McLennan (1985), and the tungsten contents are
a factor of 2 lower than Taylor and McLennan'’s (1985), which
were adopted from the Handbook of Geochemistry (Wedepohl,

1969-1978). For all three elements, the Sims et al. estimates lie
within uncertainty of the values given by Gao et al. (1998a) for
the upper crust of eastern China, and these new estimates can
thus be considered as representative of the upper crust to
within ~30% uncertainty.

For the remaining moderately soluble elements silver,
cadmium, and bismuth, there are no data for sedimentary com-
posites. Taylor and McLennan (1985) adopted values from
Heinrichs et al. (1980) for cadmium and bismuth and from
the Handbook of Geochemistry (Wedepohl, 1969-1978) for sil-
ver. The only other data come from the study of Gao et al.
(1998a). So essentially there are only two studies that address
the concentrations of these elements in the upper crust: Gao
et al. (1998a) and Wedepohl (1995) (which incorporates data
from the Handbook of Geochemistry and Heinrichs et al. (1980)).
For silver and cadmium, the two estimates converge: silver is
identical and cadmium varies by 25% between Gao et al. and
Wedepohl et al. estimates. In contrast, bismuth shows a factor
of 2 variation, with the Gao et al. estimates being higher.

4.1.2.2.2 Glacial deposits and loess

The concept of analyzing glacial deposits in order to de-
termine average upper crustal composition originated with
Goldschmidt (1933, 1958). The main attraction of this
approach is that glaciers mechanically erode the rock types
that they traverse, giving rise to finely comminuted sediments
that represent averages of the bedrock lithologies. Because
the timescale between erosion and sedimentation is short,
glacial sediments experience little chemical weathering asso-
ciated with their transport and deposition. In support of
this methodology for determining upper crust composition,
Goldschmidt noted that the major-element composition of
composite glacial loams from Norway (analysed by Hougen
et al, 1925, as cited in Goldschmidt, 1933, 1958), which
sample ~2 x 10° km? of Norwegian upper crust, compares
favorably with the average igneous-rock composition deter-
mined by Clarke and Washington (1924) (Table 1). It would
take another fifty years before geochemists returned to this
method of determining upper crustal composition.

More recent studies using glacial deposits to derive average
upper-crust composition have focused on the chemical com-
position of loess - fine-grained eolian sediment derived from
glacial outwash plains (Taylor et al., 1983; Gallet et al., 1998;
Peucker-Ehrenbrink and Jahn, 2001; Hattori et al., 2003). This
can be accomplished in two ways: either using the average
composition of loess as representative of the upper continental
crust or, if an element correlates with an insoluble element
such as lanthanum whose upper concentration is well estab-
lished, using the average X/La ratio of loess (where X’ is the
element of interest), and assuming an upper crustal lanthanum
value to determine the concentration of X' (e.g., McLennan,
2001b). In this and subsequent discussion of loess, we derive
upper crustal concentrations for particular elements using this
method and assuming an upper crustal lanthanum value of
31 ppm, and compare these to previous estimates for these
elements. The quoted uncertainty reflects 16 on that ratio.

Loess is rich in SiO, (most carbonate-free loess has 73 wt%
to 80 wt% SiO, (Taylor et al., 1983; Gallet et al., 1998), which
probably reflects both the preferential eolian transport of
quartz into loess and sedimentary recycling processes. This
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enrichment causes other elemental concentrations to be di-
luted. In addition, some other elements may be similarly frac-
tionated during eolian processing. For example, loess shows
anomalously high concentrations of zirconium and hafnium
(Taylor et al., 1983; Barth et al., 2000), which, like the SiO,
excess, have been attributed to size sorting through eolian
concentration of zircon (Taylor et al., 1983). Thus, loess
Zr/La and Hf/La are enriched relative to the upper continental
crust and cannot be used to derive upper crustal zirconium and
hafnium concentrations. In addition, a recent study of rhe-
nium and osmium in loess suggests that osmium contents are
enhanced in loess compared to its source regions (Hattori
et al., 2003). This is explained by Hattori et al. (2003) as
being due to preferential sampling of the fine sediment frac-
tion by the wind, which may be enriched in mafic minerals
that are soft and hence more easily ground to finer, transport-
able particle sizes. Mafic-mineral enhancement could give rise
to similar fractionations between lanthanum and elements
that are found primarily in mafic minerals (e.g., nickel, vana-
dium, scandium, chromium, cobalt, manganese, etc.). In such
cases neither averages nor La/X ratios can be used to determine
a reliable estimate of upper crustal composition. However, it is
not apparent that eolian processing has significantly fraction-
ated incompatible elements from lanthanum (e.g., barium,
strontium, potassium, rubidium, niobium, thorium, etc.) that
are not hosted primarily in mafic minerals. Indeed, the close
correspondence of the thorium content of the upper crust
derived from loess La-Th correlations (10.5+ 1 ppm; Figure 6)
to that deduced from shales (10.7 ppm, Taylor and McLennan,
1985) suggests that upper crustal concentrations of these ele-
ments derived from loess La-X correlations are not signifi-
cantly affected by eolian processing.

Taylor et al. (1983), and later Gallet et al. (1998), deter-
mined the trace-element composition of a variety of loess
samples from around the world and found that their REE
patterns are remarkably constant and similar to that of average
shales (see previous section and Figure 5). Likewise, niobium,
tantalum, and thorium show strong positive correlations with
the REE (Figure 6; Barth et al., 2000; Gallet et al., 1998). Thus,
it appears that loess provides a robust estimate of average
upper crustal composition for insoluble, incompatible trace
elements.

Because loess is glacially derived, weathering effects are
significantly reduced compared to shales (Taylor et al., 1983),
raising the possibility that loess may provide robust upper
crustal estimates for the more soluble trace elements. However,
examination of the major-element compositions of loess
shows that all bear the signature of chemical weathering
(Gallet et al., 1998). Gallet et al. attributed this to derivation
of loess particles from rocks that had previously experienced
sedimentary differentiation. Likewise, Peucker-Ehernbrink and
Jahn (2001) noted a positive correlation between ®'Rb/®°Sr
and 87Sr/5°Sr in loess, indicating that the weathering-induced
fractionation is an ancient feature, and therefore inherited
from the glacially eroded bedrocks. Even so, the degree of
weathering in loess, as measured by the ‘chemical index of
alteration” (CIA=molar Al,03/(Al,03+ CaO +Na,0 +K,0)
Nesbit and Young (1984)), is small relative to that seen in
shales (Gallet et al., 1998), and it is likely that loess would
provide a better average upper crustal estimate for moderately

soluble trace elements (e.g., arsenic, silver, cadmium, anti-
mony, caesium, barium, tungsten, and bismuth) than shales.
Unfortunately, few measurements of these elements in loess
are available (Barth et al., 2000; Gallet et al., 1998; Jahn et al.,
2001; Taylor et al., 1983). Barium data show a scattered, pos-
itive correlation with lanthanum, yielding an upper crustal
average of 510+ 139 ppm (Figure 6). This value of barium
concentration is similar to the one adopted by Taylor and
McLennan (1985) and is within the uncertainty of all the
other estimates save those of the Canadian Shield, which are
significantly higher (Table 2). Caesium also shows a positive,
scattered correlation with lanthanum, yielding an uncertain
upper crustal caesium content of 4.8 + 1.6 ppm, which is sim-
ilar to that recently suggested by McLennan (2001b). However,
caesium shows a better correlation with rubidium (Figure 7),
defining an Rb/Cs ratio of ~17 in loess. Thus, if the upper
crustal rubidium concentration can be determined, better con-
straints on the caesium content can be derived.

The highly soluble elements (lithium, potassium, rubid-
ium, strontium, and uranium) show variable degrees of corre-
lation with lanthanum in loess. Strontium shows no
correlation with lanthanum, which is likely due to variable
amounts of carbonate in the loess samples (Taylor et al.,
1983). Teng et al. (2004) recently reported lithium contents
and isotopic compositions of shales and loess. Lithium con-
tents of loess show no correlation with lanthanum, but fall
within a limited range of compositions (17-41 ppm), yielding
an average of 29+ 10 ppm (n=14). A similar value is derived
using the correlation observed between lithium and niobium
in shales. Thus, Teng et al. (2004) estimated the upper crustal
lithium content at 35+11 ppm, which is somewhat higher
than most previous estimates (Shaw et al., 1976; Taylor and
McLennan, 1985; Gao et al., 1998a).

Potassium and rubidium show scattered, positive correla-
tions with lanthanum (the Rb-La correlation is better, and the
K-La is worse than the Ba-La correlation) (Figure 6). These
correlations yield an upper crustal rubidium concentration of
84 4+ 17 ppm. This rubidium value is identical to those derived
from surface sampling by Eade and Fahrig (1973) , Condie
(1993) , and Gao et al. (1998a), but is lower than the widely
used value of Shaw et al. (1976) at 110 ppm. The latter
was adopted by both Taylor and McLennan (1985) and
Wedepohl (1995) for their upper crustal estimates. The
weak K-La correlation yields an upper crustal K,O value of
2.4+0.5 wt%. This is within error of the surface-exposure
averages of Fahrig and Eade (1968), Condie (1993), and
Gao et al. (1998a), but is lower than the Shaw et al. surface
averages of the Canadian shield (Shaw et al., 1967), values for
the Russian platform and the value adopted by Taylor
and McLennan (1985) based on K/U and Th/U ratios. The
loess-derived K/Rb ratio is 238, which is similar to the
‘well established” upper crustal K/Rb ratio of 250 (Taylor and
McLennan, 1985). Because both potassium and rubidium
are highly soluble elements, and loess shows evidence for
some weathering, the potassium and rubidium contents de-
rived from loess are best viewed as minimum values for the
upper crust.

Uranium shows a reasonable correlation with lanthanum
(Figure 6), which yields an upper crustal uranium content
of 2.7+0.6 ppm. This value is within error of the averages
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Figure 6 Lanthanum versus moderately to highly soluble incompatible trace elements in loess. Although loess is derived in part from weathered
source regions, the positive correlations suggest that weathering has not completely obliterated the original, upper crustal mixing trends. Lines
represent linear fit to data. Various models for the average upper crustal composition are superimposed (Taylor and McLennan, 1995, as modified by
McLennan, 2001b; Gao et al., 1998a and this study — Table 3). (sources Taylor et al., 1983; Gallet et al., 1998; Barth et al., 2000; Jahn et al., 2001;
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Figure 7 Rubidium versus caesium concentrations in loess samples.
Short line is linear regression of data, thin, labeled lines represent
constant Rb/Cs ratios. Symbols for crustal models and data sources as in
Figure 6.

derived from surface exposures, except for the value of
Gao et al. (1998a) and Eade and Fahrig (1973), which are
distinctly lower. The loess-derived K/U ratio of 7400 is lower
than that assumed for the upper crust of 10 000 (Taylor and
McLennan, 1985), and may reflect some potassium loss due to
weathering, as discussed above.

Peucker-Ehrenbrink and Jahn (2001) analyzed loess in
order to determine the concentrations of the platinum-group
element (PGE) in the upper continental crust. To do this they
examined PGE-major-element trends and used previously de-
termined major-element compositions of the upper continen-
tal crust to infer the PGE concentrations (Table 2). Of the
elements analyzed (ruthenium, palladium, osmium, iridium,
and platinum), they found positive correlations for ruthenium,
palladium, osmium, and iridium with major and trace ele-
ments for which upper crustal values had previously been
established, leading to suggested upper crustal abundances of
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340 ppt, 520 ppt, 31 ppt, and 22 ppt, respectively. They found
no correlation between platinum contents and other elements,
and so they simply used the average loess platinum content
(510 ppt) as representative of the upper continental crust.
We have estimated uncertainty on these values (shown in
Table 2) by using the 95% confidence limit on the correlations

published by Peucker-Ehrenbrink and Jahn (2001) and, for
platinum, the standard deviation of the mean (Table 3). Re-
cently, Hattori et al. (2003) suggested that preferential sampling
of mafic minerals in loess may lead to enhancement of PGE
and thus, loess-derived estimates may represent maximum con-
centrations for the upper crust. Based on samples of glacially

Table 3 Recommended composition of the upper continental crust

Element Units Upper crust 1 Sigma % Source® Element Units Upper crust 1 Sigma % Source®
Si0, wi% 66.6 1.18 2 1 Ag ngg’ 53 3 5 4
TiO, " 0.64 0.08 13 2 Cd pg g~ 0.09 0.01 15 4
Al,03 " 15.4 0.75 5 1 In " 0.056 0.008 14 4
FeOr ” 5.04 0.53 10 1 Sn " 2.1 0.5 26 14
MnO " 0.10 0.01 13 1 Sb " 0.4 0.1 28 12
MgO ” 2.48 0.35 14 1 | " 14 50 5
Ca0 " 3.59 0.20 6 1 Cs " 49 15 31 15
Na,0 " 3.27 0.48 15 1 Ba " 628 83 13 16
K20 ” 2.80 0.23 8 3 La " 31 3 9 4
P505 " 0.15 0.02 15 1 Ce " 63 4 6 4
Li pg g 24 5 21 11 Pr " 71 4
Be " 21 0.9 41 4 Nd " 27 2 8 4
B ” 17 8 50 4 Sm " 47 0.3 6 4
N " 83 5 Eu " 1.0 0.1 14 4
F ” 557 56 10 4 Gd " 4.0 0.3 7 4
S " 621 322 53 4 Tb " 0.7 0.1 21 4
Cl " 370 382 103 4 Dy " 3.9 17
Sc " 14.0 0.9 6 6 Ho " 0.83 17
v ” 97 11 11 6 Er " 2.3 4
Cr " 92 17 19 6 Tm " 0.30 17
Co ” 17.3 0.6 3 6 Yb " 1.96 0.4 18 4
Ni " 47 1 24 6 Lu " 0.31 0.05 17 4
Cu ” 28 4 14 7 Hf " 5.3 0.7 14 4
Zn " 67 6 9 7 Ta " 0.9 0.1 13 11
Ga " 17.5 0.7 4 8 W ” 1.9 1 54 18
Ge " 14 0.1 9 4 Re ngg! 0.198 13
As ” 48 0.5 10 9 Os " 0.031 0.009 29 13
Se " 0.09 0.05 54 4 Ir " 0.022 0.007 32 13
Br ” 1.6 5 Pt " 0.5 05 95 13
Rb " 84 17 20 10 Au " 1.5 0.4 26 4
Sr ” 320 46 14 4 Hg pg g 0.05 0.04 76 4
Y " 21 2 1 4 Tl " 0.9 0.5 57 4
Zr " 193 28 14 4 Pb " 17 0.5 3 4
Nb " 12 1 12 11 Bi " 0.16 0.06 38 19
Mo ” 1.1 0.3 28 12 Th " 10.5 1.0 10 20
Ru ngg" 0.34 0.02 6 13 U " 2.7 0.6 21 20
Pd ” 0.52 0.02 3 13

Sources: (1) Average of all surface exposure data from Table 1, excluding Shaw et al. (1967), which is replicated by Fahrig and Eade (1968). (2) As (1) above, but including
sediment-derived data from Plank and Langmuir (1998) and McLennan (2001b). (3) As (1) above, but also including K»Q value derived from loess (see text). (4) Average of all
values in Table 2, excluding Wedepohl (1995) value or Taylor and McLennan (1985) value for Au, if it is derivitive from Shaw et al. (1976) and Taylor and MclLennan (1985). (5)
Wedepoh! (1995). (6) Average of all surface composite data in Table 2, excluding Shaw et al. (1976), and including additional data from sediments (McLennan, 2001b). (7) Average
of all surface composite data in Table 2, excluding Shaw et al. (1976), and including Taylor and McLennan (1985) values. (8) Average of all surface composite data in Table 2,
excluding Shaw et al. (1976) due to their fractionated Ga/Al ratio. (9) Average of sedimentary data from Table 2 (Sims et al., 1990) and Gao et al. (1998a) surface averages. (10)
Dervied from La/Rb correlation in loess (see text). Value is identical to surface exposure data except for the Shaw et al. (1976) values. Data from Handbook of Geochemistry are about
a factor of 2 lower than the latter and are not included in the average. (11) Average of all surface exposure data in Table 2 (minus Shaw et al. (1976), values) plus data from
sediments and loess (Plank and Langmuir, 1998; Barth et al., 2000; MclLennan, 2001b; Teng et al., 2004). (12) Average of all data in Table 2, excluding Taylor and McLennan (1985),
which derive from same source as Wedephol's. (13) From Peucker-Ehrenbrink and Jahn (2001); see text for origin of error estimates. (14) Average of all data in Table 2,
excluding Taylor and McLennan (1985), which is a factor of two higher than all other estimates. (15) Derived from Rb/Cs =17 and upper crustal Rb value (see text). (16) Average of all
data in Table 2, excluding the Shaw et al. (1976) and including additional data from loess (see text). (17) Value interpolated from REE pattern. (18) Average of all values in Table 2,
plus correlation from Newsom et al. (1996), assuming W/Th=0.2. (19) Average of all values in Table 2, excluding the Shaw et al. (1976) value, which is a factor of 5 lower than the
others. (20) From loess correlations with La (see text). Both values are within error of the average of all surface exposure data and other sedimentary data (Taylor and McLennan, 1985;
McLennan, 2001b).
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derived desert sands and glacial moraines, Hattori et al. (2003)
estimated an upper crustal osmium abundance of ~ 10 ppt.

Prior to these studies, few estimates were available for the
PGE content of the upper continental crust. Peucker-
Ehrenbrink and Jahn's loess-derived palladium value is similar
to the value published by Taylor and McLennan (1985), which
derives from the Handbook of Geochemistry (S. R. Taylor, per-
sonal communication), but is a factor of 3 smaller than that
determined by Gao et al. (1998a) for the upper crust of eastern
China. Peucker-Ehrenbrink and Jahn's (2001) loess-derived
osmium abundance is ~65% lower than the estimate of Esser
and Turekian (1993), which Peucker-Ehrenbrink and Jahn
attribute to the hydrogenous uptake of osmium by the riverine
sediments used in that study. Furthermore, the desert-sand
and glacial moraine-derived osmium value of Hattori et al.
(2003) is a factor of 3 lower than the estimate of Peucker-
Ehrenbrink and Jahn (2001). Peucker-Ehrenbrink and Jahn's
(2001) loess-derived iridium content is the same as that pub-
lished for the Canadian Shield by Shaw et al. (1976). Thus, the
upper crustal concentration of some PGE may be reasonably
well constrained (e.g., palladium and iridium), while consid-
erable uncertainty remains for others (e.g., platinum and
osmium).

Rhenium is a highly soluble element that is easily leached
during weathering, so the rhenium abundances of loess cannot
be used directly to infer its upper crustal abundance. Following
Esser and Turekian (1993), Peucker-Ehrenbrink and Jahn
(2001) used the average '7Os/'#3Os ratio, osmium concentra-
tion, and average neodymium-model age of the crust to calcu-
late the rhenium content of the upper continental crust. Their
value (198 ppt) is about half that reported in Taylor and
McLennan (1985) and calculated by Esser and Turekian
(1993), who used the higher osmium abundance in their
calculation. Using a similar methodology and osmium-
isotopic composition, and the lower osmium abundance de-
termined for glacially derived desert sands, Hattori et al.
(2003) determined an upper crustal '®’Re/'®¥Os ratio of 35,
which (assuming an average neodymium model age of 2.2 Ga
for the crust) corresponds to a rhenium content of 74 ppt,
about a third of the concentration determined by Peucker-
Ehrenbrink and Jahn from loess data. Sun et al. (2003) used
the rhenium contents of undegassed arc lavas to estimate the
rhenium content of the bulk continental crust, assuming that
the crust grows primarily by arc accretion. Their value of
2.0+0.1 ppb is over an order of magnitude higher than
that estimated by Peucker-Ehrenbrink and Jahn (2001) and
Hattori et al. (2003) and is ~5 times higher than the Esser
and Turekian (1993) and Taylor and McLennan (1985) values.
Because rhenium is a moderately incompatible element,
the rhenium concentration of the upper crust should be com-
parable to or higher than the bulk crust value (similar to
ytterbium). However, this extreme rhenium concentration
would require an order of magnitude higher osmium concen-
tration in the crust or an extremely radiogenic crust composi-
tion, neither of which are consistent with any current
estimates. Sun et al. (2003) suggest that rhenium may be lost
from the continents by either rhenium degassing during arc
volcanism or continental rhenium deposition into anoxoic
sediments that are recycled into the mantle. Thus the value of
2 ppb rhenium is a maximum value for the upper continental

crust and our knowledge of the rhenium content of the upper
crust remains uncertain.

4.1.2.3 An Average Upper-Crustal Composition

In Table 3 we present our best estimate for the chemical
composition of the upper continental crust. The footnote pro-
vides detailed information on how the value for each element
was derived. In general, major-element values represent aver-
ages of the different surface-exposure studies, and errors repre-
sent one standard deviation of the mean. Because two
independent studies are available for the Canadian Shield,
and because it appears the Canadian Shield has lower abun-
dances of mafic lithologies and higher abundances of sodium-
rich tonalitic-trondhjemitic granitic gneisses compared to other
areas (see Section 4.1.2.1), we include only values from one of
these studies - the Fahrig and Eade (1968) study, which encom-
passes a greater number of samples compared to that of Shaw
etal. (1967). Wealso incorporate TiO, values derived from recent
sedimentary studies (McLennan, 2001b; Plank and Langmuir,
1998) and the K,O value from loess (Section 4.1.2.2) into the
upper crustal averages (note that including the latter value in
the average does not significantly change it). The standard devi-
ation for most major-element averages is 10% or less. Only the
ferromagnesian elements (iron, manganese, magnesium, and
titanium), Na,O, and P,Os vary by up to 15%.

The trace-element abundances shown in Table 3 derive
from different methods depending on their solubility. For
most insoluble elements (see Section 4.1.2.2 and Figure 4
for definitions of solubility), we average the surface composites
in addition to sediment or loess-derived estimates to derive the
upper crustal composition. The uncertainty reported represents
1o from the mean of all estimates. For moderately and highly
soluble elements, we use the data derived from loess, if the
elements show correlations with lanthanum (r* > 0.4), to infer
their concentrations. In this case, the error represents the SD of
the X/La ratio (where X is the element of interest). For elements
that show no or only a poor correlation with lanthanum in
loess and sediments (e.g., K,O, Li, Ba, and Sr), we use the
average of surface composites and sedimentary data (if some
correlations exist with lanthanum) to derive an average. In
most cases, the loess or sediment-derived values are within
error of the surface-composite averages and these are noted in
the footnote. Caesium is a special case. The loess caesium data
show a poor correlation with lanthanum, but good correlation
with rubidium. We thus use the observed Rb/Cs ratio of 17
(which is similar to the previous determination of this ratio in
sedimentary rocks (McDonough et al., 1992)) and the upper
crustal rubidium concentration of 84 ppm to derive the cae-
sium concentration of 4.9 ppm in the upper crust. The error on
this estimate derives from the standard deviation of the Rb/Cs
ratio. For some elements, only single estimates are available
(e.g., bromine, nitrogen, iodine), and these are adopted as
reported. The uncertainty of these estimates is likely to be very
high, but there is no way to estimate uncertainty quantitatively
with such few data. Remarkably, the SD on a large number of
trace elements is below 20%, and the concentrations of a few
(flourine, scandium, vanadium, cobalt, zinc, gallium, germa-
nium, arsenic, yttrium, niobium, LREEs, tantalum, lead, and
thorium) would appear to be known within ~10% (Table 3).
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However, in a number of these cases (e.g., flourine, cobalt,
gallium, germanium, and arsenic), the small uncertainties un-
doubtedly reflect the fact that there have been few independent
estimates made of the upper crust composition for these ele-
ments. It is likely that the true uncertainty for these elements is
considerably greater than expressed in Table 3.

The upper crustal composition in Table 3 has many simi-
larities to the widely used estimate of Taylor and McLennan
(1985, with recent revision by McLennan (2001b)), but also
some notable differences (Figure 8). Most of the elements that
vary by more than 20% from the estimate of Taylor and
McLennan are elements for which new data are recently avail-
able and few data exist overall (i.e., beryllium, arsenic, sele-
nium, molybdenum, tin, antimony, rhenium, osmium).
However, a number of estimates exist for K,O, P,Os, and
rubidium contents of the upper crust and our estimates are
significantly lower (by 20-40%) than Taylor and McLennan'’s
upper crust. The difference in P,Os may simply be due to
rounding errors. Taylor and McLennan (1985) report P,Os of
0.2 wt% versus 0.15 wt% in our and other estimates of the
upper crust — Tables 2 and 3). Taylor and McLennan (1985)
derived their upper crustal K,O indirectly from thorium abun-
dances by assuming Th/U=3.8 and K/U=10 000. The result-
ing K,O value is the highest of any of the estimates (Table 2
and Figure 2). Likewise, Taylor and McLennan’s rubidium
value was determined from their K,O content, assuming a K/
Rb ratio of the upper crust of 250. Their rubidium concentra-
tion matches the Canadian Shield value of Shaw et al. (1976),
but is higher than all other surface-exposure studies, including
Fahrig and Eade’s Canadian Shield estimate (Table 2 and
Figure 3). In contrast, the remaining surface-exposure studies
match the rubidium value we derived from the loess Rb-La
correlation (Figure 6). We conclude that the upper crust may
have lower potassium and rubidium contents than estimated
by Taylor and McLennan (1985). This finding has implications
for total crustal heat production (see Section 4.1.4 and
Chapter 4.2).

4.1.3 The Deep Crust

The deep continental crust is far less accessible than the upper
crust and consequently, estimates of its composition carry a
greater uncertainty. Compared to the upper crust, the earliest
estimates of the composition of the deep crust are relatively
recent (i.e., 1950s and later) and derive from both seismolog-
ical and geological studies.

On the basis of observed isostatic equilibrium of the conti-
nents and a felsic upper crust composition, Poldervaart (1955)
suggested a two-layer crust with granodioritic upper crust un-
derlain by a basaltic lower crust. The topic of deep crustal
composition doesn’t seem to have been considered again
until ~20 years later, when a series of works in the 1970s
and 1980 s made significant headway into the nature of the
deep continental crust. On the basis of surface heat-flow, geo-
chemical studies of high-grade metamorphic rocks and seis-
mological data, Heier (1973) proposed that the deep crust is
composed of granulite-facies rocks that are depleted in heat-
producing elements. A similar conclusion was reached by
Holland and Lambert (1972) based on their studies of the Lewi-
sian complex of Scotland. Smithson (1978) used seismic reflec-
tions and velocities to derive both structure and composition of
the deep crust. He divided the crust into three, heterogeneous
regions: (1) an upper crust composed of supracrustal metamor-
phic rocks intruded by granites, (2) a migmatitic middle crust
and (3) a lower crust composed of a heterogenous mixture of
igneous and metamorphic rocks ranging in composition from
granite to gabbro, with an average intermediate (dioritic) com-
position. This three-layer model of the crust survives today in
most seismologically based studies. Weaver and Tarney (1980,
1981, 1984) derived a felsic and intermediate composition for
the Archean middle and lower crust, respectively, based on stud-
ies of amphibolite to granulite-facies rocks exposed in the Lewi-
sian complex, Scotland. R. W. Kay and S. M. Kay (1981) were
one of the first to stress the importance of xenolith studies
to unravelling deep-crustal composition. They highlighted the
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heterogeneous nature of the deep crust and suggested its com-
position should vary depending on tectonic setting, cautioning
against the use of singular cross sections or deep-crustal expo-
sures to derive global models. Taylor and McLennan (1985)
considered the lower crust to be the portion of the crust from
10 km depth to the Moho. Their ‘lower crust’ thus includes both
middle and lower crust, as used here (see Section 4.1.3.1). Taylor
and McLennan'’s (1985) lower-crust composition was derived by
subtracting the upper crust from their total-crust composition
(see Section 4.1.4). The Taylor and McLennan (1985) lower
crust is thus not based on observed lower crustal rock composi-
tions, but rather on models of upper- and total-crust composi-
tions and assumptions about the origin of surface heat flow.

More recent attempts to define deep crust composition have
relied upon linking geophysical data (principally seismic ve-
locities) to deep crustal lithologies and their associated com-
positions to derive the bulk composition of the deep crust as a
function of tectonic setting (Christensen and Mooney, 1995;
Rudnick and Fountain, 1995; Wedepohl, 1995; Gao et al,,
1998a,b). Despite the attendant large uncertainties in deriving
composition from velocity (Rudnick and Fountain, 1995;
Brittan and Warner, 1996, 1997; Behn and Kelemen, 2003)
and the lack of thorough geochemical sampling of the deep
crust in many regions, these efforts nevertheless provide the
best direct estimates of present-day deep crustal composition.

In this section we examine the composition of the deep
crust by first defining its structure and lithology and the
methods employed to determine deep crust composition. We
then examine observations on middle and lower crustal sam-
ples, average seismic velocities and the resulting models of
deep crust composition.

4.1.3.1 Definitions

Following recent compilations of the seismic-velocity structure
of the continental crust, we divide the deep crust into middle
and lower crust (Holbrook et al., 1992; Christensen and
Mooney, 1995; Rudnick and Fountain, 1995). Holbrook
et al. (1992) defined the middle crust as: (1) the middle-
third, where the velocity structure suggests a natural division
of the crust into thirds; (2) the region beneath the upper crust
and above a Conrad discontinuity, if there is a layer beneath
the Conrad; and (3) the region immediately beneath the Con-
rad if there are two distinct velocity layers beneath a Conrad
discontinuity. The lower crust is thus the layer beneath the
middle crust and above the Moho.

For a ~40km thick average global continental crust
(Christensen and Mooney, 1995; Rudnick and Fountain,
1995), the middle crust is 11 km thick and ranges in depth
from 12 km, at the top, to 23 km at the bottom (Gao et al.
(1998b) based on the compilations of data for crustal structure
in various tectonic settings by Rudnick and Fountain (1995)).
The average lower crust thus begins at 23 km depth and is
17 km thick. However, the depth and thickness of both middle
and lower crust vary from setting to setting. In fore-arcs, active
rifts, and rifted margins, the crust is generally thinner: middle
crust extends from 8 km to 17 km depth and lower crust from
17 km to 27 km depth. In Mesozoic-Cenozoic orogenic belts
the crust is thicker and middle crust extends from 16 km to

27 km depth and the lower crust from 27 km to 51 km depth
(Rudnick and Fountain, 1995).

4.1.3.2 Metamorphism and Lithologies

Studies of exposed crustal cross-sections and xenoliths indicate
that the middle crust is dominated by rocks metamorphosed
at amphibolite facies to lower granulite facies, while the lower
crust consists mainly of granulite facies rocks (Fountain
et al, 1990a; Fountain and Salisbury, 1981; Mengel et al.,
1991; Weber et al., 2002). However, exceptions to these gen-
eralities do occur. For thin crust in rifted areas, greenschist-
facies and amphibolite-facies rocks may predominate in
the middle and lower crust, respectively. In overthickened
Mesozic and Cenozoic orogenic belts (e.g., Alps, Andes, Tibet,
and Himalyas), and paleo-orogenic belts that now have
normal crustal thicknesses (e.g., Appalachains, Adirondacks,
Variscan belt), granulite-facies and eclogite-facies rocks may
be important constituents of the middle and lower crust
(Leech, 2001; LePichon et al., 1997; Lombardo and Rolfo,
2000). In contrast, amphibolite-facies lithologies may be pre-
sent in the deep crust of continental arcs (Aoki, 1971; Miller
and Christensen, 1994; Weber et al., 2002), where hydrous
fluids are fluxed from the subducting slab and the water con-
tents of underplating magmas are high.

Lithologically, both middle and lower crust are highly het-
erogeneous, as seen in surface exposures of high-grade meta-
morphic rocks, crustal cross-sections, and deep-crustal xenolith
suites. However, there is a general tendency for the middle
crust to have a higher proportion of evolved rock compositions
(as observed in cross-sections and granulite-facies terranes)
while the lower crust has a higher proportion of mafic rock
types (as observed in xenolith suites (Bohlen and Mezger,
1989)). Metasedimentary lithologies are often present, albeit
in small proportions. The exact proportions of felsic to mafic
lithologies in the deep crust varies from place to place and can
only be established through the study of crustal cross-sections
or inferred from seismic velocity profiles of the crust
(Christensen and Mooney, 1995; Rudnick and Fountain,
1995; Wedepohl, 1995; Gao et al., 1998b).

4.1.3.3 Methodology

There are three approaches to derive the composition of the
deep crust (see Rudnick and Fountain (1995) for a review).

1. By studying samples derived from the deep crust. These occur as
surface outcrops of high-grade metamorphic terranes (e.g.,
Bohlen and Mezger, 1989; Harley, 1989), tectonically
uplifted crustal cross-sections (e.g., Fountain and Salisbury,
1981; Percival et al., 1992), and as deep-crustal xenoliths
carried in volcanic pipes (Rudnick, 1992; Downes, 1993).

2. By correlating seismic wvelocities with rock lithologies
(Christensen and Mooney, 1995; Rudnick and Fountain,
1995; Wedepohl, 1995, Gao et al,, 1998a,b).

3. From surface heat-flow measurements (see Chapter 4.2).

As pointed out by Jaupart and Mareschal (see Chapter 4.2),
surface heat flow is the only geophysical parameter that is a
direct function of crustal composition. In general, however,
heat flow provides only very broad constraints on deep-crust
composition due to the ambiguity involved in distinguishing
the amount of surface heat flow arising from crustal



Composition of the Continental Crust 19

radioactivity versus the Moho heat flux (see Chapter 4.2);
Rudnick et al., 1998). Most models of the deep-crust compo-
sition fall within these broad constraints. The exception is the
global model of Wedepohl, 1995, which produces more heat
than the average surface heat flow in the continents, thereby
allowing no mantle heat flux into the base of the crust
(Rudnick et al., 1998). In addition, the regional model of
Gao et al. (1998a) for eastern China produces too much
heat to be globally representative of the continental crust com-
position (see discussion in Rudnick et al. (1998) and Jaupart
and Mareschal (Chapter 4.2)). However, the Gao et al. com-
position may be representative of the continental crust of
eastern China, where the crust is relatively thin (30-35 km)
and the heat flow is high (>60 mW m™?). In the remaining
discussion of deep-crust composition, we rely most heavily
on methods (1)-(2), above, but return to the question of
heat flow when considering the bulk crust composition in
Section 4.1.4.

In addition to mineralogy, which is in turn a function of bulk
composition and metamorphic grade, factors affecting the seis-
mic velocities of the continental crust include temperature, pres-
sure, and the presence or absence of volatiles, fractures, and
mineralogical anisotropy. It is generally assumed that cracks
and fractures are closed under the ambient confining pressures
of the middle to lower crust (0.4-1.2 GPa). In addition, al-
though evidence for volatile transport is present in many rocks
derived from the deep crust (see Chapters 4.6 and 4.9), the low
density of these fluids allows for their escape to the upper crust
shortly after their formation. Hence, most studies assume the
deep crust does not, in general, contain an ambient, free volatile
phase (Yardley, 1986).

Some minerals are particularly anisotropic with respect
to seismic-wave speeds (e.g., olivine, sillimanite, mica
(Christensen, 1982)), which can lead to pronounced seismic
anisotropy in rocks if these minerals are crystallograph-
ically aligned through deformational processes (Meltzer and
Christensen, 2001). This, in turn, could lead to over- or under-
estimation of representative seismic velocities of the deep crust
if deformed rocks with such anisotropic minerals occur there.
Olivine is not commonly stable in the deep crust, but other
strongly anisotropic minerals are (e.g., mica, which is predom-
inantly stable in the middle crust, and sillimanite, which is
found in metapelitic rocks in the middle-to-lower crust). Some
of the largest seismic anisotropies have been recorded in mica
schists and gneisses, which can have average anisotropies over
10% (Christensen and Mooney, 1995; Meltzer and Christensen,
2001). Amphibole is also anisotropic and the average anisot-
ropies for amphibolite are also ~10% (Christensen and
Mooney, 1995; Kern et al., 1996). In general, anisotropy is
expected to be highest in metapelitic rocks and amphibolites,
which contain the highest proportions of anisotropic minerals.
These lithologies appear to be subordinate in middle-crustal
sections and outcrops (described in the next section) compared
to felsic gneisses, which typically have low anisotropies
(<5%). In contrast, studies of xenoliths show metapelite to
be a common lithology in the lower crust, albeit proportion-
ally minor, and amphibolite may be important in some
regions (Section 4.1.3.5.1). Thus, seismic anisotropy could
be especially important in regions having large amounts
of metasedimentary rocks (e.g., accretionary wedges) and

amphibolite (arc crust?) in the deep crust, but is less likely to
be important in crust dominated by felsic metaigneous rocks or
mafic granulites.

Changes in P-wave velocity of a rock as a function of tem-
perature and pressure are generally assumed to be on the
order of —4x10*kms™'°C™" and 2x 10 *kms™' MPa™'
(see Rudnick and Fountain (1995) and references therein).
Because most laboratory measurements of ultrasonic velocities
are carried out at confining pressures of 0.6-1.0 GPa, no pres-
sure correction needs to be made in order to compare field and
laboratory-based velocity measurements. However, tempera-
ture influence on seismic-wave speeds can be significant, espe-
cially when comparing laboratory data collected at room
temperature to field-based measurements in areas of high
heat flow (e.g., rifts, arcs, extentional settings). The decrease
in compressional wave velocities in the deep crust under
these high geotherms can be as much as 0.3 kms™' (see
Rudnick and Fountain, 1995, figure 1). For these reasons,
Rudnick and Fountain (1995) used regional surface heat flow
and assumed a conductive geothermal gradient, to correct the
field-based velocities to room-temperature conditions. In this
way, direct comparisons can be made between velocity profiles
and ultrasonic velocities of lower-crustal rock types measured
in the laboratory. Another benefit of this correction is that
deep-crustal velocities from areas with grossly different
geotherms can be considered directly in light of possible lith-
ologic variations. In subsequent sections we quote deep-crustal
velocities corrected to room-temperature conditions as
‘temperature-corrected velocities.’

4.1.3.4 The Middle Crust
4.1.3.4.1 Samples

The best evidence for the compositional makeup of the middle
crust comes from studies of high-grade metamorphic terranes
and crustal cross-sections. There are far fewer studies of
amphibolite-facies xenoliths derived from mid-crustal depths
(Grapes, 1986; Leeman et al., 1985; Mattie et al., 1997; Mengel
et al., 1991; Weber et al., 2002) compared to their granulite-
facies counterparts. This may be due to the fact that it can be
difficult to distinguish such xenoliths from the exposed or
near-surface amphibolite-facies country rocks through which
the xenolith-bearing volcanic rocks erupted. For this reason,
xenolith studies have not been employed to any large extent in
understanding the composition of the middle crust, and most
information about the middle crust comes from studies of
high-grade terranes, crustal cross-sections, and seismic profiles.

Interpreting the origin of granulite-facies terranes and hence
their significance towards determining deep-crustal composition
depends on unraveling their pressure-temperature-time history
(see Chapters 4.7 and 4.8). Those showing evidence for a
‘clockwise’ P-T path (i.e., heating during decompression) are
often interpreted as having been only transiently in the lower
crust; they represent upper crustal assemblages that passed
through high P-T conditions on their way back to the surface
during continent-scale collisional orogeny. In contrast, granu-
lite terrains showing evidence for isobaric cooling can have
extended lower-crustal histories, and thus may shed light on
deep-crustal composition (see discussion in Rudnick and
Fountain (1995)). Bohlen and Mezger (1989) pointed out
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that isobarically cooled granulite-facies terranes show evidence
of equilibration at relatively low pressures (i.e, <0.6-
0.8 GPa), corresponding to mid-crustal depths (<25 km). Al-
though a number of high-pressure and even ultra-high-pres-
sure metamorphic belts (Chapter 4.9) have been recognized
since their study, it remains true that the majority of isobari-
cally cooled granulite-facies terranes show only moderate
equilibration depths and, therefore, may provide evidence re-
garding the composition of the middle crust.

Although lithologically diverse, the average composition of
rocks analyzed from granulite terrains is evolved (Rudnick
and Presper, 1990), with median compositions correspond-
ing to granodiorite/dacite (64-66 wt% SiO,, 4.1-5.2 wt%
Na,O +K,O, based on classification of Le Bas and Streckeisen
(1991)). Rudnick and Fountain (1995) suggested that isobari-
cally cooled granulite terrains have a higher proportion of
mafic lithologies than granulites having clockwise P-T paths.
However, the median composition of rocks analyzed from
isobarically cooled terranes is indistinguishable (62 wt%
SiO,, 4.6 wt% Na,O +K,0) from the median composition of
the entire granulite-terrane population given in Rudnick and
Presper (1990). Collectively, these data point to a chemically
evolved mid-crustal composition.

Observations from crustal cross-sections also point to an
evolved mid-crust composition (Table 4). Most of these cross-
sections have been exposed by compressional uplift due
to thrust faulting (e.g., Kapuskasing, Ivrea, Kohistan, and
Musgrave). Other proposed origins for the uplift include
wide, oblique transitions (Pikwitonei), impactogenesis (Vrede-
fort), and transpression (Sierra Nevada) (Percival et al., 1992).
In nearly all these sections, sampling depth ranges from upper
to middle crust; only a few (e.g., Vredefort, Ivrea, Kohistan)
appear to penetrate into the lower crust. In the following
paragraphs we review the insights into middle (and lower)
crust lithologies gained from the studies of these crustal
cross-sections.

The Vredefort dome represents a unique, upturned section
through ~36 km of crust of the Kaapvaal craton, possibly
exposing a paleo-Moho at its base (Hart et al., 1981, 1990;
Tredoux et al., 1999; Moser et al., 2001). The origin of this
structure is debated, but one likely scenario is that it was
produced by crustal rebound following meteorite impact. The
shallowest section of basement (corresponding to original
depths of 10-18 km depth) is composed of amphibolite-facies
rocks consisting of granitic gneiss (the outer granite gneiss).
The underlying granulite-facies rocks (original depths of
18—36 km) are composed of charnockites and leucogranofels
with ~10% mafic and ultramafic granulites (the Inlandsee
Leucogranofels terrain). The mid-crust, as defined here, is
thus composed of amphibolite-facies felsic gneisses in fault
contact with underlying charnockites and mixed felsic granu-
lites and mafic/ultramafic granulites (Hart et al., 1990). The
lower crust, which is only partially exposed, consists of mixed
felsic and mafic/ultramafic granulites, with the proportion of
mafic rocks increasing with depth. The mantle beneath the
proposed paleo-Moho, as revealed by borehole drilling, is
dominated by 3.3-3.5 Ga serpentinized amphibole-bearing
harzburgite (Tredoux et al., 1999).

The Kapuskasing Structural Zone represents an exposed
middle-to-lower crustal section through a greenstone belt of

the Archean Canadian Shield, where the middle crust is repre-
sented by the amphibolite-facies Wawa gneiss dome and lower
granulite-facies litihologies along the Kapuskasing uplift.
Altogether, ~25 km of crust are exposed out of a total crustal
thickness of 43 km (Fountain et al., 1990b; Percival and Card,
1983). The Wawa gneiss dome is dominated by tonalite-
granodiorite gneisses and their igneous equivalents (87%),
but also contains small amounts of paragneiss (5%) and
mafic gneiss and intrusives (8%) (Burke and Fountain, 1990;
Fountain et al., 1990b; Shaw et al., 1994). The slightly deeper-
level Kapuskasing Structural Zone has a greater proportion of
paragneisses and mafic lithologies. It contains 35% mafic or
anorthositic gneisses, 25% dioritic gneisses, 20% paragneiss,
and only 20% tonalite gneisses.

Like the high-grade rocks of the Kapusksasing Structural
Zone, those in the Pikwitonei crustal cross-section represent
high-grade equivalents of granite-gneiss-greenstone succes-
sions (Fountain and Salisbury, 1981; Percival et al., 1992).
Approximately 25 km of upper-to-middle crust is exposed in
this section out of a total-crustal thickness of 37 km (Fountain
et al., 1990b). Both amphibolite- and granulite-facies rocks are
dominated by tonalitic gneiss with minor mafic gneiss, and
metasedimentary rocks.

The Wutai-Jining Zone is suggested to be an exposed cross-
section through the Archean North China craton (Kern et al.,
1996). Rocks from this exposure equilibrated at depths of up
to ~30 km, thus sampling middle and uppermost lower crust,
but leaving the lowermost 10 km of crust unexposed (Kern et al.,
1996). Like the previously described cross-sections, felsic gneisses
dominate the middle crust; tonalitic-trondhjemitic-granodioritc,
and granitic gneisses comprise 89% of the dominant amphibolite
to granulite-facies Henshan-Fuping terrains, the remaining
lithologies are amphibolite-mafic granulite (8%) and metape-
lite (3%). Tonalitic-trondhjemitic-granodioritc and granitic
gneiss (54%) are less significant but still dominant in the
lower-crustal Jining terrain.

The Musgrave Range (Fountain and Salisbury, 1981 ; Percival
et al., 1992) and the Bamble Sector of southern Norway (Pinet
and Jaupart, 1987; Alirezaei and Cameron, 2002) represent two
crustal sections through Proterozoic crust of central Australia
and the Baltic Shield, respectively. In both sections, the middle
crust is dominated by quartzofeldspathic gneiss. The lower crust
consists of silicic to intermediate gneiss, felsic granulite, and
mafic granulite with layered mafic and ultramafic intrusions
being important lithological components in the Musgrave
Range and metasediments being important in the lower crust
of southern Norway.

The Ivrea-Verbano Zone in the southern Alps of Italy was
the first to be proposed as an exposed deep-crustal section by
Berckhemer (1969) and has subsequently been the focus of
extensive geological, geochemical, and geophysical studies
(e.g., Mehnert, 1975; Fountain, 1976; Dostal and Capedri,
1979; Voshage et al., 1990; Quick et al., 1995). The Paleozoic
rocks of the Ivrea zone are unusual when compared with Pre-
cambrian granulite outcrops because they contain a large propor-
tion of mafic lithologies and, as such, closely resemble granulite
xenoliths in composition (Rudnick, 1990b). Amphibolite-facies
rocks of the middle crust consist of felsic gneiss, amphibolite,
metapelite (kinzigite), and marble, whereas the lower crustal
section comprises mafic granulite and diorite, which formed by



Table 4 Chemical and petrological composition of crustal cross-sections
Reference®  Age Setting, (uplift or/'g/'n)b Current crustal Maximum Middle crust lithologies Lower crust lithologies
thickness (km) depth (km)
Archean
Vredefort 1-3 2.6-3.6 Ga Kaapvaal craton, (3) 36 36 (w/ Amphibolite-facies granitic gneiss Granulite-facies charnockites,
Dome paleo leucogranofels, mafic, and ultramafic
Moho) granulites
Kapuskasing  4-5 2.5-2.7 Ga Superior craton, (1) 43 25 Amphibolite-facies Lower granulite-facies
Uplift 87% felsic 35% mafic/anorthositic
8% mafic-intermediate 25% diorite
5% metasediment 20% metasediments
20% felsic
Pikwitonei 6-9 2.5-3.1 Ga Superior craton, (2) 37 25 Amphibolite-lower granulite facies. Granulite-facies. Predominantly silicic to
granulite Dominately tonalite gneiss, minor intermediate gneiss, with minor
domain mafic gneisses, quartzites, paragneiss, mafic-ultramafic bodies and
anorthosites. anorthosites
Wautai-Jining 10 2.5-2.8 Ga North China Craton, (2) 40 30 Amphibolite-lower granuilte facies. Granulite-facies.
zone 89% tonalitic-trondhjemitic- 54% tonalitic-trondhjemitic-
granodioritic-granitic gneiss granodioritic-granitic gneiss
8% amphibolite and mafic granulite 32% mafic granulite
3% metapelite 6% metapelite
8% metasandstone
Proterozoic
Musgrave 6, 8, 11 1.1-2.0 Ga Central Australia, (1) 40 Unknown Quartzofeldspathic gneiss, Silicic to intermediate gneiss, mafic
ranges amphibolite, metapelite, marble, granulite, layered mafic-ultramafic
calc-silicate gneiss intrusions
S. Norway 12-13 1.5-2.0 Ga Baltic Shield, (2) 35 Unknown Quartzofeldspathic gneiss, Felsic granulite, mafic granulite,
amphibolite, metasediments metasediments
Phanerozoic
Ivrea- 14-17 Permian Alps, (1) 35 30 Amphibolite-facies. felsic gneiss, Granulite facies, mafic intrusives and
Verbano amphibolite, metapelite (kinzigite), ultramafic cumulates, resistic metapelite
zone marble (stronalite), diorite
Sierra 8, 18-20 Cretaceous Continental arc, (4) 27-43 30 Mafic to felsic gneiss, amphibolite, Granofels, mafic granulite, graphite-bearing
Nevada, diorite-tonalite metasediments
California
Kohistan, 8, 21 Late Jurassic—Eocene Oceanic arc, (1) Unknown 45 Diroite, metadiorite, gabbronorite Ampbhibolite, metagabbro, gabbronorite,
Pakistan garnet gabbro, garnet homblendite,
websterite
Talkeetna, 22-23 Jurassic Oceanic arc, (1) 25-35 13 Gabbro, tonalite, diorite Garnet gabbro, amphibole gabbro, dunite,
Alaska wehrlite, pyroxenite

“References: 1. Hart et al., 1990, 2. Tredoux et al., 1999, 3. Moser et al., 2001, 4. Fountain et al., 1990a, 5. Shaw et al., 1994, 6. Fountain and Salisbury, 1981, 7. Fountain et al., 1987, 8. Percival et al., 1992, 9. Fountain and Salisbury 1995, 10. Kern
gtal., 1996, 11. Clitheroe et al., 2000, 12. Pinet and Jaupart, 1987, 13. Alirezaei and Cameron, 2002, 14. Mehnert, 1975, 15. Fountain, 1976, 16. Voshage et al., 1990, 17. Mayer et al., 2000, 18. Ross, 1985, 19. Saleeby, 1990, 20. Ducea, 2001, 21.
Miller and Christensen, 1994, 22. Pearcy et al., 1990, 23. see Chapter 4.21 Magmatic arcs (Kelemen et al.).
“The different mechanisms responsible for uplift of these crustal cross sections include (1) compressional uplifts along thrust faults, (2) wide, oblique transitions, which are also compressional in origin, but over wide transitions, with no one thrust fault
obviously responsible for their uplift, (3) meteorite impact, and (4) transpressional uplifts, which are vertical uplifts along a transcurrent faults (Percival et al., 1992).
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intrusion and subsequent fractionation of basaltic melts that
partially melted the surrounding metasediments (now resistic
stronalite) (Mehnert, 1975; Dostal and Capedri, 1979; Fountain
etal, 1976; Voshage et al., 1990). Detailed mapping by Quick
et al. (1995) demonstrated that mantle peridotites in the
southern Ivrea Zone are lenses that were tectonically interfin-
gered with metasedimentary rocks prior to intrusion of
the gabbroic complex and the present exposures reside an
unknown distance above the pre-Alpine contiguous mantle.
Thus reference to the section as a complete crust-mantle tran-
sition could be misleading. Altogether, the exposed rocks rep-
resent ~30 km of crust with ~5 km lowermost crust remaining
unexposed (Fountain et al., 1990a). The similarity in isotope
composition and age between the Ivrea zone cumulates
and Hercynian granites in the upper crust led Voshage et al.
(1990) to speculate that these granites were derived from
lower-crustal magma chambers similar to those in the Ivrea
Zone, suggesting that basaltic underplating may be important
in the formation and modification of the lower continental
crust (Rudnick, 1990a).

Three sections through Mesozoic arcs show contrasting
bulk compositions, depending on their settings (continental
versus oceanic). In the southern Sierra Nevada, a tilted section
exposes the deeper reaches of the Sierra Nevada batholith,
which is part of a continental arc formed during the Mesozoic.
This section is dominated by arc-related granitoids to depths of
~30 km, which have a tonalitic bulk chemistry (Ducea and
Saleeby, 1996; Ducea, 2001). At the deepest structural levels,
the mafic Tehachapi Complex comprises mafic and felsic
gneiss, amphibolite, diorite, tonalite, granulite, and rare meta-
sediments (Percival et al, 1992; Ross, 1985). In contrast,
two sections through accreted intraoceanic arcs have consider-
ably more mafic middle-crust compositions. In the Jurassic
Talkeetna section of southeastern Alaska, the middle crust
comprises gabbro and tonalite (4.5 km), which is underlain
by variably deformed garnet gabbro and gabbro with cumulate
dunite, wehrlite, and pyroxenite (2.2 km) in the lower crust
(Pearcy et al., 1990; see Chapter 4.21). The upper, middle, and
lower crustal units are estimated to have an average SiO, of
57%, 52%, and 44-45%, respectively. The Late Jurassic—
Eocene Kohistan arc of Pakistan represents a 45 km thick
reconstructed crustal column through a deformed, intruded
intraoceanic arc sequence exposed in the Himalayan collision
zone (Miller and Christensen, 1994). The depth interval from
10 km to 18 km is dominated by diorite and metadiorite.
Rocks below this level, from ~18 km to the Moho, are domi-
nated by metamorphosed mafic to ultramafic rocks from a
series of layered mafic intrusions.

In summary, exposed amphibolite- to granulite-facies ter-
ranes and middle crustal cross-sections contain a wide variety
of lithologies, including metasedimentary rocks, but they are
dominated by igneous and metamorphic rocks of the diorite-
tonalite-trondhjemite-granodiorite (DTTG), and granite suites.
This is true not only for Precambrian shields but also for
Phanerozoic crust and continental arcs, as documented in the
crustal cross-sections described above. However, intraoceanic
arcs may contain substantially greater proportions of mafic
rocks in the middle and lower crust, as illustrated by the Kohi-
stan and Talkeetna arc sections (Pearcy et al., 1990; Miller and
Christensen, 1994; see Chapter 4.21).

4.1.3.4.2 Seismological evidence

The samples described above provide evidence of the litholo-
gies likely to be present in the middle crust. By definition,
however, these samples no longer reside in the middle crust
and additional information is required in order to determine
the composition of the present-day middle crust. For this, we
turn to seisomological data for continental crust from a variety
of tectonic settings.

Except for active rifts and some intraoceanic island arcs, which
exhibit the highest middle-crust P-wave velocities (6.7+
0.3 kms™' (Rudnick and Fountain, 1995) and 6.840.2kms™"
(data from Holbrook et al., 1992) corrected to room temp-
erature), other continental tectonic units have room-temperature
middle-crustal P-wave velocities between 6.4kms™' and
6.6 kms™' (Rudnick and Fountain, 1995). This range overlaps
the average velocity of in situ middle crust, which was determined
by Christensen and Mooney (1995) to be from 6.3 kms™! to
6.640.3 kms™!, with an average of 6.54+0.2 kms™' over the
depth range of 15—25 km. When corrected for temperature (an
increase of 0.1-0.2kms~!, depending on the regional
geotherm), these average middle-crustal velocities are similar to
the room-temperature velocities considered by Rudnick and
Fountain (1995). Thus, the middle crust has average, room-tem-
perature-corrected velocity between 6.4 kms~' and 6.7 km s~

Amphibolite-facies felsic gneisses have room temperature
P-wave velocities of 6.4+0.1 km s~ (Rudnick and Fountain,
1995). This compares well with the room-temperature velocity
of average biotite (tonalite) gneiss at 6.3240.17 kms™'
(20 km depth; Christensen and Mooney, 1995). Granitic
gneiss has a slightly lower velocity (6.254+0.11kms™;
Christensen and Mooney (1995)), but is within uncertainty of
the tonalite. A mixture of such gneisses with 0-30% amphibolite
or mafic gneiss of the same metamorphic grade
(Vp=7.0 km s~ Rudnick and Fountain, 1995, Christensen
and Mooney, 1995) yields P-wave velocities in the range ob-
served for most middle crust. The above seismic data are thus
consistent with the observations from granulite terranes and
crustal cross-sections, and suggest that the middle crust is dom-
inated by felsic gneisses.

4.1.3.4.3 Middle-crust composition

Compared to other regions of the crust (upper, lower, and
bulk), few estimates have been made of the composition of
the middle crust (Table 5, and Figures 9 and 10). Moreover,
these estimates provide data for a far more limited number of
elements, and large differences exist between different esti-
mates. The estimates of Weaver and Tarney (1984), Shaw
et al. (1994) and Gao et al. (1998a) are based on surface
sampling of amphibolite-facies rocks in the Lewisian Complex,
the Canadian Shield, and Eastern China, respectively. Rudnick
and Fountain (1995) modeled the middle crust as 45% inter-
mediate amphibolite-facies gneisses, 45% mixed amphibolite
and felsic amphibolite-facies gneisses, and 10% metapelite.
This mixture is very similar to that of Christensen and Mooney
(1995), who proposed a middle crust of 50% tonalitic gneiss,
35% amphibolite, and 15% granitic gneiss. Unfortunately,
compositional data are not available for Christensen and
Mooney’s samples and so the chemical composition of their
middle crust cannot be calculated.
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The estimates of Rudnick and Fountain (1995) and Gao
et al. (1998a) show a broad similarity, although the latter is
more evolved, having higher SiO,, K,O, barium, lithium, zir-
conium, and LREEs and Lan/Yby and lower total FeO, scan-
dium, vanadium, chromium, and cobalt with a significant
negative europium anomaly (Figures 9 and 10). These differ-
ences are expected, based on the slightly higher compressional
velocity of Rudnick and Fountain’s global middle crust com-
pared to that of Eastern China (6.6 km s™! versus 6.4 km s™*;
Gao et al., 1998b). The consistency is surprising considering
that the two estimates are based on different sample bases and
different approaches, one global and the other regional.

The middle-crustal compositions of Weaver and Tarney
(1984) and Shaw et al. (1994) deviate from the above esti-
mates by being markedly higher in SiO, and lower in TiO,,
FeO, MgO, and CaO. Moreover, these middle-crust composi-
tions are more felsic (based on the above elements) than all
estimates of the upper-continental crust composition given in
Table 1. Thus, it is unlikely that the Weaver and Tarney (1984)
and Shaw et al. (1994) compositions are representative of the
global average middle crust, as both heat flow and seismic
observations require that the crust becomes more mafic with
depth. It should be noted, however, that heat production for
Shaw’s middle-crust composition is indistinguishable from
those of Rudnick and Fountain (1995) and Gao et al.
(1998a) at ~1.0 yW m >, due largely to the very high K/Th
and K/U of Shaw et al. estimate. The middle crust of Weaver
and Tarney (1984) has significantly higher heat production,
at 1.4 yWm™>.

Generally speaking, it would be best to derive the middle-
crust composition from observed seismic-wave speeds and
chemical analyses of amphibolite-facies rocks. However, few
such data sets exist. Only two studies attempt to define the
global average seismic-wave speeds for the middle crust
(Christensen and Mooney, 1995; Rudnick and Fountain,
1995) and neither provides chemical data for amphibolite
facies samples. Rudnick and Fountain used compiled chemical
data for granulite-facies rocks and inferred the concentrations
of fluid-mobile elements (e.g., rubidium, uranium) of their
amphibolite facies counterparts, while Christensen and Mooney
(1995) did not publish their chemical data for the amphibolite-
facies rocks they studied. For this reason, we have chosen to
estimate the middle-crust composition by averaging the esti-
mates of Rudnick and Fountain (1995) and Gao et al. (1998a)
(Table 5), where corresponding data are available. Although the
latter study is regional in nature, its similarity to the global
model of Rudnick and Fountain (1995) suggests that it is not
anomalous from a global perspective (unlike the lower crust of
Eastern China as described in Section 4.1.3.5) and it provides
additional estimates for little-measured trace elements.

This middle crust has an intermediate composition with
lower SiO, and K,O concentrations and higher FeO, MgO,
and CaO concentrations than average upper crust (Table 1),
consistent with the geophysical evidence (cited above) of a chem-
ically stratified crust. Differences in trace-element concentrations
between these two estimates are generally less than 30%, with the
exceptions of P,Os, lithium, copper, barium, lanthanum, and
uranium (Figure 10). The concentrations of these elements are
considered to be less constrained. The middle crust is LREE
enriched and exhibits the characteristic depletion of niobium

relative to lanthanum and enrichment of lead relative to cerium
seen in all other parts of the crust (Figure 11).

In summary, our knowledge of middle-crustal composition
is limited by the small number of studies that have focused on
the middle crust and the ambiguity in deriving chemical com-
positions from seismic velocities. Thus, the average composi-
tion given in Table 5 is poorly constrained for a large number
of elements. Seismological and heat-flow data suggest an in-
crease in seismic-wave speeds and a decrease in heat produc-
tion with depth in the crust. Studies of crustal cross-sections
show the middle crust to be dominated by felsic gneisses of
tonalitic bulk composition. The average middle-crust com-
position given in Table 5 is consistent with these broad
constraints and furthermore suggests that the middle crust
contains significant concentrations of incompatible trace
elements. However, the uncertainty on the middle-crust com-
position, particularly the trace elements, remains large.

4.1.3.5 The Lower Crust
4.1.3.5.1 Samples

Like the middle crust, the lower crust also contains a wide
variety of lithologies, as revealed by granulite xenoliths, ex-
posed high-pressure granulite terranes and crustal cross-
sections. Metaigneous lithologies range from granite to gabbro,
with a predominance of the latter in most lower crustal xeno-
lith suites. Exceptions include xenolith suites from Argentina
(Lucassen et al., 1999) and central Spain (Villaseca et al.,
1999), where the xenoliths are dominated by intermediate to
felsic granulites and the Massif Central (Leyreloup et al., 1977;
Downes et al., 1990) and Hannuoba, China (Liu et al., 2001),
where intermediate to felsic granulites comprise nearly half the
population. Metapelites occur commonly in both terranes and
xenoliths, but only rarely do other metasedimentary litholo-
gies occur in xenolith suites; unique xenolith localities have
been documented with meta-arenites (Upton et al., 1998) and
quartzites (Hanchar et al., 1994), but so far marbles occur only
in terranes. The reason for their absence in lower crustal xeno-
lith suites is uncertain - they may be absent in the lower crust
sampled by volcanoes, they may not survive transport in the
hot magma, or they may simply have been overlooked by
xenolith investigators.

These issues related to the representativeness of xenolith
sampling are the reason why robust estimates of lower-crustal
composition must rely on a grand averaging technique, such as
using seismic velocities to infer composition.

Information on the lower crust derived from crustal cross-
sections has been given in Section 4.1.3.4.1 and only the main
points are summarized here. All crustal cross-sections show an
increase in mafic lithologies with depth and most of those in
which possible crust-mantle boundaries are exposed reveal a
lower crust that is dominated by mafic compositions. For
example, in the Ivrea Zone, Italy, the lower crust is dominated
by mafic granulite formed from basaltic underplating of coun-
try rock metapelite (Voshage et al., 1990). The same is true for
the Kohistan sequence, Pakistan (Miller and Christensen,
1994), although here metapelites are lacking. Although the
crust-mantle boundary is not exposed in the Wutai-Jining
terrain, the granulite-facies crust exposed in this cross-section
has a more mafic composition than the rocks of the middle-
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Table 5 Compositional estimates of the middle continental crust. Major elements in weight percent. Trace element concentration units the same as
in Table 2

1 2 3 4 5 1Sigma® %

Weaver and Tarney (1984)  Shaw et al. (1994)  Rudnick and Fountain (1995)  Gao et al. (1998a)  This study®
Si0, 68.1 69.4 62.4 64.6 63.5 2 2
TiO, 0.31 0.33 0.72 0.67 0.69 0.04 6
Al,03 16.33 16.21 15.96 14.08 15.0 1 9
FeO;’ 3.27 2.72 6.59 5.45 6.02 0.8 13
MnO 0.04 0.03 0.10 0.11 0.10 0.00 2
MgO 1.43 1.27 3.50 3.67 3.59 0.1 3
Ca0 3.27 2.96 5.25 5.24 5.25 0.01 0
Na,0 5.00 3.55 3.30 3.48 3.39 0.1 4
K20 2.14 3.36 2.07 2.52 2.30 0.3 14
P205 0.14 0.15 0.10 0.19 0.15 0.06 43
Mg# 43.8 45.5 48.6 54.5 51.5
Li 20.5 7 16 12 6 55
Be 2.29 2.29
B 3.2 17 17
N
F 524 524
S 20 20
Cl 182 182
Sc 5.4 22 15 19 5 27
\ 46 118 95 107 16 15
Cr 32 43 83 69 76 10 13
Co 30 25 18 22 5 23
Ni 20 18 33 34 33.5 0.7 2
Cu 8 20 32 26 8 33
Zn 50 70 69 69.5 0.7 1
Ga 17 18 17.5 0.7 4
Ge 1.13 1.13
As 3.1 3.1
Se 0.064 0.064
Br
Rb 74 92 62 67 65 4 5
Sr 580 465° 281 283 282 1 1
Y 9 16 22 17.0 20 4 18
Zr 193 129 125 173 149 34 23
Nb 6 8.7 8 11 10 2 22
Mo 0.3 0.60 0.60
Ru
Pd 0.76 0.76
Ag 48 48
Cd 0.061 0.061
In
Sn 1.30 1.30
Sh 0.28 0.28
T
|
Cs 0.98 24 1.96 2.2 0.3 14
Ba 713 1376 402 661 532 183 34
La 36 229 17 30.8 24 10 41
Ce 69 421 45 60.3 53 11 21
Pr 5.8 5.8
Nd 30 18.3 24 26.2 25 2 6
Sm 4.4 2.8 4.4 4.74 4.6 0.2 5
Eu 1.09 0.78 1.5 1.20 1.4 0.2 16
Gd 2.11 4.0 4.0
Tb 0.41 0.28 0.58 0.76 0.7 0.1 19
Dy 1.54 3.8 3.8
Ho 0.82 0.82
Er 2.3 2.3
Tm 0.14 0.32
Yb 0.76 0.63 2.3 217 2.2 0.09 4

(Continued)
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Table 5 (Continued)
1 2 3 4 5 1Sigma® %
Weaver and Tarney (1984)  Shaw et al. (1994)  Rudnick and Fountain (1995)  Gao et al. (1998a)  This study?
Lu 0.1 0.12 0.41 0.32 04 0.06 17
Hf 3.8 3.3 4.0 4.79 4.4 0.6 13
Ta 1.8 0.6 0.55 0.6 0.04 6
W 0.60 0.60
Re
0Os
Ir
Pt 0.85 0.85
Au 0.66 0.66
Hg 0.0079 0.0079
Tl 0.27 0.27
Pb 22 9.0 15.3 15 15.2 0.2 1
Bi 0.17 0.17
Th 8.4 6.4 6.1 6.84 6.5 0.5 8
U 2.2 0.9 1.6 1.02 1.3 0.4 31

Averages and standard deviations of middle crustal composition by Rudnick and Fountain (1995) and Gao et al. (1998a), or from either of these two studies if data from the other one

are unavailable.
“Total Fe as Fe0.

“Recalculated from original data given by Shaw et al. (1994; Table 4), due to a typographical error in the published table.

Mg# =molar 100 x Mg/(Mg + Fey).
Major elements recast to 100% anhydrous.
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Figure 9 Comparison of the major-element composition of the middle
continental crust as determined by sampling of surface exposures
(Shaw et al., 1994; Weaver and Tarney, 1984) and inferred from
middle-crustal seismic velocities combined with surface and xenolith
samples (Rudnick and Fountain, 1995; Gao et al., 1998a). All values
normalized to the new composition provided in Table 5 (‘R&G’), which is
an average between the values of Gao et al. (1998a) and Rudnick

and Fountain (1995). Gray shaded field represents +10% variation from
this value.

crust section. Even in the Vredefort and Sierra Nevada cross-
sections, which are dominated by granitic rocks throughout
most of the crustal sections (Ducea, 2001; Hart et al., 1990),
the deepest reaches of exposed crust are characterized by more
mafic lithologies (Ross, 1985; Hart et al., 1990; Table 4).
There have been a number of studies of granulite-facies
xenoliths since the reviews of Rudnick (1992) and Downes
(1993) and a current tabulation of xenolith studies is pro-
vided in Table 6, which provides a summary of most lower
crustal xenolith studies published through 2002. Perhaps most
significant are the studies of lower-crustal xenoliths from

Archean cratons, which had been largely lacking prior to 1992
(Kempton et al., 1995, 2001; Davis, 1997; Markwick and
Downes, 2000; Schmitz and Bowring, 2000, 2003a,b; Downes
etal., 2002). These studies reveal a great diversity in lower-crustal
lithologies within Archean cratons, which appear to correlate
with seismic structure of the crust.

Lower-crustal xenoliths from the Archean part of the Baltic
(or Fennoscandian) Shield, like their post-Archean counter-
parts, are dominated by mafic lithologies (Kempton et al.,
1995, 2001; Markwick and Downes, 2000; Holttd et al.,
2000). Most equilibrated at depths of 22-50 km and contain
hydrous phases (amphibole + biotite). Partial melting and res-
tite development is evident in some migmatitic xenoliths, but
cumulates are absent (Kempton et al.,, 1995, 2001; Holtta
et al.,2000). A curious feature of these samples is the common
occurrence of potassic phases (e.g., potassium feldspar, horn-
blende, biotite) in otherwise mafic granulites. These mafic
xenoliths have been interpreted to represent gabbroic intru-
sions that underplated the Baltic Shield during the Paleopro-
terozoic flood-basalt event (2.4-2.5 Ga) and later experienced
potassium-metasomatism coincident with partial melting
at ~1.8 Ga, a major period of granitic magmatism in this
region (Kempton et al., 2001; Downes et al., 2002). The domi-
nately mafic compositions of these xenoliths is consistent with
the thick layer of high-velocity (>7 km s~') material imaged
beneath the Archean crust of the Baltic Shield (Luosto et al.,
1989, 1990). The xenolith studies suggest that this layer
formed during Paleoproterozoic basaltic underplating and is
not part of the original Archean architecture of this Shield.

In contrast to the Baltic Shield, mafic granulites appear to
be absent in lower-crustal xenolith suites from the Archean
Kaapvaal craton, which are dominated by metapelite and
unique ultra-high-temperature granulites of uncertain petro-
genesis (Dawson et al., 1997; Dawson and Smith, 1987;
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Figure 10 Comparison of the trace-element composition of the middle continental crust as determined by sampling of surface exposures (Shaw et al.,
1994; Weaver and Tarney, 1984) and inferred from middle-crustal seismic velocities combined with surface and xenolith samples (Rudnick and
Fountain, 1995; Gao et al., 1998a). All values normalized to the new composition provided in Table 5 (‘R&G’), which is an average of the values of Gao
et al. (1998a) and Rudnick and Fountain (1995). Gray shaded field represents +20% variation from this value. (a) transition metals, (b) high-field

strength elements, (c) alkali, alkaline earth and actinides, and (d) REEs.
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Figure 11 REE (upper) and multi-element plot (lower) of the

compositions of the middle crust given in Table 5. Chondrite values from
Taylor and McLennan (1985) and primitive mantle values from
McDonough and Sun (1995).

Schmitz and Bowring, 2003a,b). These xenoliths derive from
depths of >30 km and show evidence for multiple thermal
metamorphic overprints starting with ultrahigh temperature
metamorphism at ~2.7 Ga, which is associated with Ventersdorp
magmatism (Schmitz and Bowring, 2003a,b). The absence of
mafic granulites is consistent with the relatively low P-wave
velocities in the lower crust of the Kaapvaal craton (Durrheim
and Green, 1992; Nguuri et al., 2001; Niu and James, 2002), but
it is not clear whether the lack of a mafic lower crust reflects the
original crustal structure of this Archean craton (Nguuri et al.,
2001) or reflects loss of a mafic complement some time after
crust formation in the Archean (Niu and James, 2002).

Lower crustal xenoliths from the Hannuoba basalts, situ-
ated in the central zone of the North China Craton, show a
diversity of compositions ranging from felsic to mafic metaig-
neous granulites and metapelites (Gao et al., 2000; Chen et al.,
2001; Liu et al., 2001; Zhou et al., 2002); approximately half
the xenoliths have evolved compositions (Liu et al., 2001). All
granulite xenoliths equilibrated under high temperatures
(700-1000 °C), corresponding to depths of 25-40 km (Chen
et al., 2001), but mafic granulites yield higher temperatures
than metapelitic xenoliths, suggesting their derivation from
deeper crustal levels (Liu et al., 2001). Liu et al. used regional
seismic refraction data and the lithologies observed in the
Hannuoba xenoliths to infer the lower-crust composition in
this part of the North China craton. They describe a layered
lower crust in which the upper portion (from 24 km to
~38km, V,~6.5kms™'), consists largely of felsic granulites
and metasediments, and is underlain by a ‘lowermost’ crust
(38-42 km, V,~7.0 km s~ ') composed of intermediate gran-
ulites, mafic granulites, pyroxenite, and peridotite. Thus, the
bulk lower crust in this region is intermediate in composition,
consistent with the relatively large proportion of evolved
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Table 6 Geochemical and mineral chemical studies of lower crustal xenoliths
Locality Host  Xenolith types Types of analyses Pipe age Crust age Age References
North America
Nunivak Island, Alaska ~ AB MG ME, Min. <5 Ma Phanerozoic Francis (1976)
Central Slave Province, K MGG, FG, MG U-Pb 50-70 Ma Archean 2.5Ga, 1.3Ga  Davis (1997)
Canada (meta)
Kirkland Lake, Ontario, K AN, MG U-Pb 160 Ma Archean 2.6-2.8 Ga, Moser and Heaman (1997)
Superior craton 2.4-2.5 Ga
(meta)
Ayer’s cliff, Quebec K MG, PG Min. ~100 Ma Proterozoic Trzcienski and Marchildon (1989)
Popes Harbour?, Nova K MG, PG, FG ME, TE, Min. <400 Ma Phanerozoic Owen (1988), Eberz (1991)
Scotia
Snake River Plains?, Evol. PG Sr, Nd, Pb <2 Ma Archean ~2.8Ga Leeman et al. (1985, 1992)
|daho B
Bearpaw Mts., K MGG, MG, FG ME, TE, O, U-Pb 45 Ma Archean ~2.6 Ga Collerson et al. (1989), Kempton and Harmon (1992), Moecher
Montana et al. (1994), Rudnick et al. (1999)
Simcoe Volcanic Field, AB MG Fl <1Ma Phanerozoic Ertan and Leeman (1999)
Washington
Cascades
Riley County, Kansas K MGG, EC Min. <230 Ma Proterozoic Meyer and Brookins (1976)
Central Sierra Nevada,  AB MGG, EC, FG, MP ME, TE, Min., Sr, 8-11 Ma Proterozoic 180 Ma Dodge et al. (1986, 1988), Domenick et al. (1983), Ducea and
California Nd, 0, U-Pb Saleeby (1996, 1998)
Colorado/Wyoming K MGG, MG ME, Min. Proterozoic Bradley and McCallum (1984)
Mojave Desert, AB MP, FG, IG, QZ, MGG ME, TE, Min., Sr, Archean ~1.7 Ga Hanchar et al. (1994)
California Nd, Pb, U-Pb
Navajo Volcanic Field, K MGG, FG, AM, EC, MP  ME, TE, Min., Sr, 25-30 Ma Proterozoic ~1.8 Ga Ehrenberg and Griffin (1979), Broadhurst (1986), Wendlandt
Colorado Plateau Nd et al. (1993, 1996), Mattie et al. (1997), Condie et al. (1999)
Camp Creek, Ariszona L MGG, AM, EC ME, TE, Min., Sr, 23-27 Ma Proterozoic 1.2-1.9 Ga Esperanca et al. (1988)
Nd, Pb
Chino Valley, Arizona L MGG, AM ME, TE, Min. 25 Ma Proterozoic Arculus and Smith (1979), Schulze and Helmstadt (1979),
Arculus et al. (1988)
San Francisco AB MG, 1G ME, TE, Min., Sr, <20 Ma Proterozoic ~1.9Ga Chen and Arculus (1995)
Volcanic Field Nd
Geronimo Volcanic AB MG, 1G ME, TE, Min., Sr, <3 Ma Proterozoic 1.1-1.4 Ga Kempton et al. (1990), Kempton and Harmon (1992)
Field, New Mexico Nd, Pb, O
Kilbourne Hole, AB MG, AN, PG, FG Min., ME, Sr, Nd, <1 Ma Proterozoic 1.5Ga Padovani and Carter (1977), Davis and Grew (1977), James
New Mexico Pb, 0, U-Pb et al. (1980), Padovani et al. (1982), Reid et al. (1989),
Leeman et al. (1992), Scherer et al. (1997).
Elephant Butte, AB MG Min., ME <3 Ma Proterozoic Baldridge (1979)
New Mexico
Engle Basin, AB MG Min. <3 Ma Proterozoic Warren et al. (1979)
New Mexico
West Texas AB MGG, IG, FG ME, Sr, Nd, Pb, U- <40 Ma Proterozoic 1.1 Ga Cameron and Ward (1998)
Pb

(Continued)
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Table 6 (Continued)
Locality Host  Xenolith types Types of analyses  Pipe age Crust age Age References
Northern Mexico AB MG, PG, FG ME, TE, Min., Sr, <25 Ma Proterozoic From 1 to Nimz et al. (1986), Ruiz et al. (1988a,b), Roberts and Ruiz
Nd, C, U-Pb 1400 Ma (1989), Hayob et al. (1989), Rudnick and Cameron (1991),
Cameron et al. (1992), Moecher et al. (1994), Smith et al.
(1996), Scherer et al. (1997)
Central Mexico AB MG ME, Min, Nd Phanerozoic 1.5Ga Urrutia-Fucagauchi and Uribe-Cifuentes (1999)
San Luis Potosi, AB MG, MGG, 1G ME, TE, Min., Sr, <1 Ma Proterozoic ~1.2 Ga Schaaf et al. (1994)
Central Mexico Nd
South America
Mercaderes, SW AB MG, MGG, IG, HB, ME, TE, Min., Sr, <10 Ma Phanerozoic Weber et al. (2002)
Columbia Nd, Pb
Salta Rift, NW AB FG, MG Min., ME, TE, Sr, Mesozoic Proterozoic ~1.8 Ga Lucassen et al. (1999)
Argentina Nd, Pb
Calbuco Volcano, Chile  AND MG ME, TE, Min., Sr, <1000 years Paleozoic Hickey-Vargas et al. (1995)
Nd
Pali Aike, Southern AB MG ME, Min., FI <3 Ma Phanerozoic Selverstone and Stern (1983)
Chile
Europe
Scotland, Northern AB MG, AN, IG, MP, MGG,  ME, TE, Min., Nd, ~300 Ma Archean/ 360 Ma, 1.8 Ga  van Breeman and Hawkesworth (1980), Upton et al. (1983),
Uplands HB Sr, U-Pb Proterozoic Halliday et al. (1984), Hunter et al. (1984), Upton et al. (1998,
2001)
Eastern Finland K MG, MGG, AM ME, TE, Min., Nd, 525 Ma Archean 1.7-2.6 Ga Holttd et al. (2000)
U-Pb
Arkhangelsk K MGG ME, TE, Min., Sr, 360 Ma Archean 1.7-1.9 Ga Markwick and Downes (2000)
Kimberlite, Baltic Nd
shield, Russia
Elovy island, Baltic K MGG, EC, FG, AM ME, TE, Min., Sr, 360-380 Ma Archean ~1.8 Ga, 24—  Kempton et al. (1995, 2001), Downes et al. (2002)
shield, Russia Nd, Pb, U-Pb 2.5 Ga
Belarus, Russia K MGG, EC, HB ME, TE, Min., Sr, 370 Ma Markwick et al. (2001)
Nd
Pannonian basin, W. AB MG, MGG ME, TE, Min., Sr, 2-5 Ma Phanerozoic Embey-Isztin et al. (1990), Kempton et al. (1997), Embey-Isztin
Hungary Nd, 0 et al. (2003), Dobosi et al. (2003)
Kampernich, E. Eifel, AB MGG, AM ME, TE, Min., Sr, <1 Ma Phanerozoic 1.5 Ga or Okrusch et al. (1979), Stosch and Lugmair (1984), Rudnick and
Germany Nd, Hf, Pb, O ~450 Ma? Goldstein (1990), Loock et al. (1990), Kempton and Harmon
(1992), Sachs and Hansteen (2000)
Wehr Volcano?, E. AB AM ME, TE, Min. <1 Ma Phanerozoic Warner et al. (1982), Grapes (1986)
Eifel, Germany
N. Hessian AB MGG, MG, PG, FG ME, TE, Min., O <50 Ma Phanerozoic Mengel and Wedepohl (1983)
Depression, Mengel (1990)
Germany
Massif Central, France ~ AB MGG, MG, PG, FG ME, TE, Nd, Sr,Pb, <5 Ma Phanerozoic ~350 Ma Leyreloup et al. (1977), Dostal et al. (1980), Vidal and Postaire
0,C (1985), Downes and Leyreloup (1986), Kempton and Harmon
(1992), Downes et al. (1991), Moecher et al. (1994)
Tallante, Spain AB PG Min. <20 Ma Phanerozoic Vielzeuf (1983)
Central Spain K IG, FG, MP ME, TE, Min. Early Mesozoic ~ Proterozoic Villaseca et al. (1999)
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Sardinia, Italy

Africa

Hoggar, Algeria

Man Shield, Sierra
Leone

Lashaine, Tanzania

Fort Portal, Uganda
Free State Kimberlites,
Kaapvaal Craton,
South Africa
Newlands Kimberlite,
Kaapvaal Craton,
South Africa
Lesotho, South Africa

Orapa, Zimbabwe
Craton, Botswana

Central Cape Province,
Eastern
Namagqualand, South
Africa

Middle East

Mt. Carmel, Israel

Birket Ram, Israel

Jordan

Shamah volcanic
fields, Syria

Asia

Udachnaya, Siberia,
Russia

Tariat Depression,
Central Mongolia

Hannuoba, North
China Craton

Xinyang, North China
craton

Penghu Islands, SE
China

Southeastern China

Ichinomegata, Japan

Deccan Traps, India

AB

AB

AB

AB

AB

AND

MG

MG, AN, PG
MGG, AN, EC

MGG, EC, AN

MGG, MG

PG

PG

MGG, MG, FG, MP, EC

MP

MGG, AM

MGG
MGG, Am

MG

MGG

MG, MGG, 1G, AM

FG, IG, MG, MGG, AN,
MP

MGG

MG

MG, MGG, IG, FG

AM

MG

Min.

ME, TE

ME, Min., U-Pb

ME, TE, Min., Sr,
Nd, Pb, C

Min., ME, TE

Min., U-Pb

U-Pb

ME, TE, Min., Sr,
Nd, Pb, U-Pb

U-Pb

ME, TE, Min., Sr,
Nd, Pb, U-Pb

Min.

TE

Min.

Min.

ME, TE, Min., Sr,
Nd, Pb, O

ME, TE, Sr, Nd, Pb,
U-Pb

ME, TE, Min.

ME, TE, Min., Sr,
Nd

ME, TE, Min., Sr

ME, Min.

~3 Ma

<20 Ma
90-120 Ma

<20 Ma

<3 Ma

90-140 Ma

114 Ma

90-140 Ma

93 Ma

90-140 Ma

~100 Ma
10 000 years
<2 Ma

<5 Ma
14-27 Ma

Mesozoic

<20 Ma

10 000 years

Phanerozoic

Proterozoic

Archean

Proterozoic

Proterozoic

Archean ~2.7 Ga
(meta)

Archean ~2.7 Ga

Proterozoic 1.4 Ga,
1.1-1.0 Ga
(meta)

Proterozoic 2.0 Ga (meta),
1.24 Ga
(meta)

Proterozoic ~1.1Ga
(meta)

Phanerozoic

Phanerozoic

Proterozoic

Archean

Proterozoic

Archean ~2.5,19, 04,
0.22 Ga

Archean

Archean/

Proterozoic
Phanerozoic

Rutter (1987)

Leyreloup et al. (1982)
Toft et al. (1989), Barth et al. (2002)

Dawson (1977), Jones et al. (1983), Cohen et al. (1984),
Moecher et al. (1994)

Thomas and Nixon (1987)

Dawson and Smith (1987), Dawson et al. (1997), Schmitz and
Bowring (2003a,b)

Schmitz and Bowring (2003a,b)

Davis (1977), Rogers and Hawkesworth (1982), Griffin et al.,
1979), Rogers (1977), van Calsteren et al. (1986), Huang et al.
(1995), Schmitz and Bowring (2003a)

Schmitz and Bowring (2003a)

van Calsteren et al. (1986), Pearson et al. (1995), Schmitz and
Bowring (2000), Schmitz and Bowring (2003a)

Esperanca and Garfunkel (1986), Mittlefehldt (1986)
Mittlefehldt (1984)

Nasir (1992), Nasir (1995)

Nasir and Safarjalani (2000)

Shatsky et al. (1990, 1983)

Kempton and Harmon (1992), Kopylova et al. (1995), Stosch
et al. (1995)

Gao et al. (2000), Liu et al. (2001), Chen et al. (2001), Zhou et al.
(2002)

Zheng et al. (2003)

Lee et al. (1993)
Yu et al. (2003)
Kuno (1967), Aoki (1971), Zashu et al. (1980), Tanaka and Aoki

(1981)
Dessai et al. (1999), Dessai and Vasseli (1999)

(Continued)
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Table 6 (Continued)
Locality Host  Xenolith types Types of analyses Pipe age Crust age Age References
Tibetan plateau Min. Hacker et al. (2000)
Australia-New Zealand-Antarctica
McBride Province, N. AB MGG, MG, PG, FG ME, TE, Min.,Sr, <3 Ma Proterozoic 300 Ma and Kay and Kay (1983), Rudnick and Taylor (1987), Rudnick and
Queensland Nd, Pb, O, C, ~1.6 Ga Williams (1987), Stolz and Davies (1989), Stolz (1987),
U-Pb Rudnick (1990), Rudnick and Goldstein (1990), Kempton and
Harmon (1992), Moecher et al. (1994)
Chudleigh Province, N.  AB MGG, MG ME, TE, Min., Sr, <1 Ma Phanerozoic <100 Ma Kay and Kay (1983), Rudnick et al. (1986), Rudnick and Taylor
Queensland Nd, Pb, O (1991), O’Reilly et al. (1988), Rudnick and Goldstein (1990),
Kempton and Harmon (1992)
Central Queensland AB MG, MGG ME, TE, Min., Sr, <50 Ma Phanerozoic Griffin et al. (1987), O'Reilly et al. (1988)
Nd
Gloucester, NSW AB MGG, MG ME, TE, Sr, Nd <50 Ma Phanerozoic Griffin et al. (1986), O'Reilly et al. (1988)
Sydney Basin AB MG ME, TE, Sr, Nd <50 Ma Phanerozoic Griffin et al. (1986), O'Reilly et al. (1988)
Boomi Creek, NSW AB MG ME, TE, Min. <50 Ma Phanerozoic Wilkinson (1975), Wilkinson and Taylor (1980)
Delegate, NSW AB MG, MGG, FG, EC ME, TE, Min., Sr, ~140 Ma Phanerozoic 400 Ma Lovering and White, (1964, 1969), Griffin and O’Reilly (1986),
Nd, U-Pb O'Reilly et al. (1988), Arculus et al. (1988), Chen et al. (1998)
Jugiong, NSW K MG, MGG Min. <17 Ma Phanerozoic Arculus et al. (1988)
White Cliffs, NSW K MGG Min. ~260 Ma Proterozoic Arculus et al. (1988)
Anakies, Victoria AB MG, MGG ME, TE, Min., Sr, <2 Ma Phanerozoic Sutherland and Hollis (1982), Wass and Hollis (1983), O'Reilly
Nd et al. (1988)
El Alamein, South K MGG, EC ME, TE, Min. ~170 Ma Proterozoic Edwards et al. (1979), Arculus et al. (1988)
Australia
Calcutteroo, South K MGG, FG, EC ME, TE, Min., Sr, ~170 Ma Proterozoic 1.6-1.5 Ga, McCulloch et al. (1982), Arculus et al. (1988), Chen et al. (1994)
Australia Nd, U-Pb 780 Ma,
620 Ma,
330 Ma
Banks Penninsula, AB MG ME, TE, Min Sewell et al. (1993)
New Zealand
Mt. Erebus Volcanic AB MG, MGG ME, TE, Min.,Sr,0 <5 Ma Phanerozoic/ Kyle et al. (1987), Kalamarides et al. (1987),Berg et al. (1989)
Field, Proterozoic
Indian Ocean
Kergulen Archipelago AB MG, SG ME, Min. Phanerozoic/ McBirney and Aoki (1973), Gregoire et al. (1998, 1994)

Proterozoic

Xenoliths from these localities are probably derived from mid-crustal levels based on either: equilibration pressures, lack of mantle derived xenoliths in the same hosts and/or chemically evolved character of the host.
Only papers in which data are reported are listed here.

Abbreviations

Host types: AB=alkali basaltic association; AND =andesite; K = kimberlitic association (including lamproites, minettes, kimberlites), Evol. B. = evolved basalt; L = latite.

Xenolith types: AM = amphibolite; AN =anorthosite; EC =elcogite; FG =felsic granuilte; HB =hornblendite; |G = intermediate granulite; MG = mafic granulite; MGG = mafic garnet granulite; MP = metapelite, PG = paragneiss, QZ = quartzite,

SG =saphirine granulites.

Types of analyses: FI=fluid inclusions, ME=major element analyses; Min=mineral analyses; TE =trace element analyses; Sr=Sr isotope analyses; Nd =Nd isotope analyses; Pb=Pb isotope analyses, O =oxygen isotope analyses, C=carbon

isotope analyses, U-Pb=U—-Pb geochronology on accessory phases (zircon, rutile, titanite, etc.).
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granulites at Hannuoba. Zircon geochronology shows that
mafic granulites and some intermediate granulites were
formed by basaltic underplating in the Cretaceous. This mafic
magmatism intruded pre-existing Precambrian crust consisting
of metapelites that had experienced high-grade metamorphism
at 1.9 Ga (Liu et al. (2001) and references therein).

Fragmentary xenolithic evidence for the composition of
the lower crust is available for three other Archean cratons.
Two mafic garnet granulites from the Udachnaya kimberlite in
the Siberian craton yield Archean lead-lead and Proterozoic
samarium-neodymium mineral isochrons (Shatsky, Rudnick
and Jagoutz, unpublished data). It is likely that that lead-lead
isochrons are frozen isochrons yielding anomalously old
ages due to ancient uranium loss; the best estimate of the
true age of these mafic granulites is Proterozoic. Moser and
Heaman (1997) report Archean uranium-lead ages for zircons
derived from mafic lower-crustal xenoliths from the Superior
Province, Canada. They suggest these samples represent the
mafic lower crust presently imaged seismically beneath the
Abitibi greenstone belt, but which is not exposed in the
Kapuskasing uplift. These granulites experienced an episode
of high-grade metamorphism at 2.4 Ga, which Moser and
Heaman (1997) attribute to underplating of basaltic magmas
associated with the opening of the Matachewan Ocean. Davis
(1997) reports mafic to felsic granulite xenoliths from the
Slave craton, Canada, that have Archean to Proterozoic
uranium-lead zircon ages. The mafic granulites appear to
derive from basaltic magmas that underplated the felsic-
Archean crust during the intrusion of the 1.3 Ga McKenzie
dike swarm.

The above case studies illustrate the utility of lower crustal
xenolith studies in defining the age, lithology, and composi-
tion of the lower crust beneath Archean cratons. When viewed
collectively, an interesting generality emerges: when mafic
granulites occur within the lower crust of Archean cratons
they are generally inferred to have formed from basaltic under-
plating related to post-Archean magmatic events (In addition
to the studies mentioned above is the case of the thick, high-
velocity lower crust beneath the Archean Wyoming Province
and Medicine Hat Block, western North America, which is also
inferred to have formed by Proterozoic underplating based
on uranium-lead zircon ages from lower crustal xenoliths
(Gorman et al., 2002)). Only granulites from the Superior
Province appear to represent Archean mafic lower crust
(Moser and Heaman, 1997). This generality is based on still
only a handful of studies of xenoliths from Archean cratons
and additional studies are clearly needed. However, if this
generality proves robust, it implies that the processes respon-
sible for generation of crust in most Archean cratons did not
leave behind a mafic lower crust, the latter of which is com-
monly observed in post-Archean regions (Rudnick (1992) and
references therein). It may be that this mafic lower crust was
never produced, or that it formed but was removed from the
crust, perhaps via density foundering (R. W. Kay and S. M. Kay,
1991; Gao et al., 1998b; Jull and Kelemen, 2001, see also
Chapter 4.12). In either case, the apparent contrast in lower-
crustal composition between Archean and post-Archean re-
gions, originally pointed out by Durrheim and Mooney
(1994), suggests different processes may have been operative
in the formation of Archean crust (see Chapter 4.11). We

return to the issue of what crust composition tells us about
crustal generation processes in Section 4.1.5.

In summary, despite the uncertainties regarding the repre-
sentativeness of any given lower-crustal xenolith suite (Rudnick,
1992), the above studies show that an accurate picture of the
deep crust can be derived from such studies, especially when
xenolith studies are combined with seismological observations
of lower-crust velocities, to which we now turn.

4.1.3.5.2 Seismological evidence

The P-wave velocity of the lower crust varies from region to
region, but average, temperature-corrected velocities for lower
crust from a variety of different tectonic settings are high
(6.9-7.2 km s”!; Rudnick and Fountain, 1995; Christensen
and Mooney, 1995). Such velocities are consistent with the
dominance of mafic lithologies (mafic granulite and/or amphib-
olite) in these lower-crustal sections. High-grade metapelite, in
which much of the quartz and feldspars have been removed by
partial melting, is also characterized by high seismic velocities
and thus may also be present (Rudnick and Fountain, 1995).
Although seismically indistinct, some limit on the amount of
metapelite in these high-velocity layers can be made on the basis
of heat-flow and xenolith studies; these suggest that metapelite is
probably a minor constituent of the lower crust (i.e.,, <10%;
Rudnick and Fountain, 1995). In addition, average P-wave ve-
locities for mafic granulite or amphibolite are higher than those
observed in many lower-crustal sections (corrected to room-
temperature velocities). Average room-temperature P-wave ve-
locities for a variety of mafic lower crustal rock types are gener-
ally equal to or higher than 7 kms '7.0£0.2kms " for
amphibolite, 7.0 to 7.240.2kms ' for garnet-free mafic
granulites, and 7.2 to 7.3+0.2kms™' for garnet-bearing
mafic granulites at 600 MPa (Rudnick and Fountain, 1995;
Christensen and Mooney, 1995). Lower-crustal sections having
temperature-corrected P-wave velocities of 6.9-7.0 kms™' (e.g.,
Paleozoic orogens and Mesozoic/Cenozoic extensional and con-
tractional terranes), are thus likely to have lower-velocity rock
types present (up to 30% intermediate to felsic granulites), in
addition to mafic granulites or amphibolites (Rudnick and
Fountain, 1995).

Although the average lower-crustal seismic sections dis-
cussed above show high velocities, some sections are charac-
terized by much lower velocities, indicating a significantly
more evolved lower-crust composition. For example, the crust
of a number of Archean cratons is relatively thin (~35 km)
with low seismic velocities in the lower crust (6.5-6.7 km s "),
suggesting an evolved composition (e.g., Yilgarn craton
(Drummond, 1988), Kaapvaal craton (Durrheim and Green,
1992; Niu and James, 2002), and North China craton (Gao
et al., 1998a,b)). As discussed above, it is not clear whether
these thin and relatively evolved regions of Archean crust rep-
resent the original crustal architecture, formed by processes
distinct from those responsible for thicker and more mafic
crustal regions (e.g., Nguuri et al., 2001), or reflect loss of a
mafic layer from the base of the original crust (Gao et al.,
1998b; Niu and James, 2002). In addition, some Cenozoic-
Mesozoic extensional and contractional regions, Paleozoic oro-
gens, and active rifts show relatively slow lower-crustal velocities
of 6.7-6.8 km s~ ' and may contain >40% felsic and intermedi-
ate granulites (Rudnick and Fountain, 1995). Two extreme
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examples are the southern Sierra Nevada and Central Andean
backarc. In both cases, the entire crustal columns are character-
ized by P-wave velocities of less than 6.4 kms™' (Beck and
Zandt, 2002; Wernicke et al., 1996). A relatively high-velocity
(Vp=06.4-6.8 km s~ ') layer of <5 km in thickness occurs only at
the base of the Central Andean backarc at ~60 km depth.

In summary, the seismic velocity of the lower crust is variable
from region to region, but is generally high, suggesting a dom-
inance of mafic lithologies. However, most seismic sections
require the presence of evolved compositions in addition to
mafic lithologies in the lower crust (up to 30% for average
velocity of 6.9 kms™') and a few regions (e.g., continental arcs
and some Archean cratons) are characterized by slow lower
crust, indicating a highly evolved average composition. This
diversity of lithologies is consistent with that seen in both crustal
cross-sections and lower-crustal xenolith suites and also pro-
vides a mechanism (lithological layering) to explain the com-
mon occurrence of seismic reflections observed in many seismic
reflection profiles (Mooney and Meissner, 1992).

4.1.3.5.3 Lower-crust composition

Table 7 lists previous estimates of the composition of the lower
crust. These estimates include averages of exposed granulites
(columns 1 and 2; Weaver and Tarney, 1984; Shaw et al.,1994),
averages of individual lower-crustal xenolith suites (columns
3-6, Condie and Selverstone, 1999; Liu et al., 2001; Rudnick
and Taylor, 1987; Villaseca et al., 1999), the median composi-
tion of lower-crustal xenoliths (column 7; updated from
Rudnick and Presper (1990), with data from papers cited in
Table 6 (the complete geochemical database for lower crustal
xenoliths is available on the GERM web site http://earthref.org/
cgi-bin/erda.cgi’n=1,2,3,8 and also on the Treatise web site),
averages derived from linking seismic velocity data for the lower
crust with the compositions of lower-crustal rock types (col-
umns 8-10; Rudnick and Fountain, 1995; Wedepohl, 1995;
Gao et al., 1998a), and Taylor and McLennan’s model lower
crust (column 11). It is readily apparent from this table and
Figures 12 and 13 that, compared to estimates of the upper-crust
composition (Table 1), there is much greater variability in esti-
mates of the lower-crust composition. For example, TiO,, MgO,
FeOr, and Na,O all vary by over a factor of 2, CaO varies by
almost a factor of 7, and K,O varies by over an order of magni-
tude between the different estimates (Figures 12 and 13). Trace
elements show correspondingly large variations (Figure 13). In
contrast, modern estimates of major elements in the upper
crust generally fall within 20% of each other (Table 1 and
Figure 2 - gray shading) and most trace elements fall with
50%. We now explore the possible reasons for these variations,
with an eye towards determining a ‘best estimate’ of the global
lower-crust composition.

The two lower-crustal estimates derived from averages of
surface granulites are generally more evolved than other
estimates (Table 7, and Figures 12 and 13). Weaver and
Tarney's (1984 ) lower-crustal estimate derives from the average
of Archean Scourian granulites in the Lewisian complex,
Scotland. It is one of the most evolved compositions given
in the table and is characterized by a steeply fractionated
REE pattern, which is characteristic of Archean granitoids
of the tonalite-trondhjemite-granodiorite assemblage (see
Chapter 4.11) and severe depletions in the large-ion

lithophile elements, in addition to thorium and uranium
(Rudnick et al., 1985). The estimate of Shaw et al. (1994)
derives from a weighted average of the granulite-facies rocks
of the Kapuskasing Structural Zone, Canadian Shield. The
average is intermediate in overall composition. As discussed
in Section 4.1.3.4.1, the Kapuskasing cross-section provides
samples down to depths of ~25 km, leaving the lower 20 km
of lower crust unexposed. Seismic-velocity data show this
unexposed deepest crust to be mafic in bulk composition,
consistent with the limited data for lower-crustal xenoliths
from the Superior province (Moser and Heaman, 1997).
Thus, the lower-crustal estimates of Weaver and Tarney
(1984) and Shaw et al. (1994) may be representative of
evolved lower crust in Archean cratons lacking a high-velocity
lower crust, but are unlikely to be representative of the global
continental lower crust (Archean cratons constitute only ~7%
of the total area of the continental crust (Goodwin, 1991)).
The lower-crustal estimates derived from particular xenolith
suites (columns 3-6, Table 7) were selected to illustrate the
great compositional heterogeneity in the deep crust. The aver-
age weighted composition of lower-crustal xenoliths from cen-
tral Spain (Villaseca et al., 1999) is one of the most felsic
compositions in Table 7 (with ~63 wt% SiO,, Figure 12(b)).
It has higher K,O content than nearly every estimate of the
upper crust composition (Table 1), and has such a high heat
production (0.8 pW m™?), that a 40 km thickness of crust with
average upper- and middle-crustal compositions given in
Tables 3 and 5, respectively, would generate a surface heat
flow of 41 mW m™2. This is equivalent to 100% of surface heat
flow through Archean crust, 85% of surface heat flow through
Proterozoic crust, and 71% of the surface heat flow through
Paleozoic crust (see Chapter 4.2). Assuming the heat flux
through the Moho is ~17mW m™? (see Chapter 4.2) this
lower-crust composition could thus be representative of the
lower crust in Phanerozoic regions with high surface heat flow,
but clearly cannot be representative of the global average lower
crust. Likewise, the ‘evolved’ xenolith-derived lower crustal esti-
mate of Liu et al. (2001) for the central zone of the North China
craton, also has a high-K,O content that exceeds that in most
modern estimates of the upper continental crust (Table 1 and
Figure 12(b)). Total crustal heat production calculated as de-
scribed above using the Liu et al. composition for the lower crust
yields a value of 0.95 pW m >, which corresponds to a surface
heat flow of 34 mW m™2. This composition is thus unlikely to
be representative of the lower crust in Archean cratons, where
average surface heat flow is 41+ 1 mW m~2 (Nyblade and Pol-
lack, 1993). However, surface heat flow through this part of the
North China craton is unusually high (50 mW m™2; Hu et al.,
2000), thus permitting a more radiogenic lower crust in this
region. Other peculiarities of this bulk composition include an
extreme Mg# of 76 (Mg#=100 * molar Mg/(Mg+Fe)) and
extreme nickel (347 ppm) and chromium (490 ppm) contents.
These values are especially unusual given the rather felsic bulk
composition of this estimate and reflect the very high Mg# mafic
granulites present in this suite and the inclusion of up to 25%
peridotite within the lower-crustal mixture modeled by Liu et al.
(2001). This estimate also has the highest strontium and barium
contents of all estimates (712 ppm and 1434 ppm, respectively)
and is the most HREE depleted (Table 7). The two remaining
average lower-crustal xenolith suites (Rudnick and Taylor, 1987


http://earthref.org/cgi-bin/erda.cgi?
http://earthref.org/cgi-bin/erda.cgi?

Table 7 Compositional estimates of the lower continental crust. Major elements in weight percent. Trace element concentration units the same as in Table 2
1 2 3 4 5 6 7 8 9 10 11
Weaver and Shaw et al.  Rudnick and Condie and Villaseca Liu et al. Global Lower Rudnick and Wedepohl Gao et al. Taylor and
Tarney (1984) (1994) Taylor (1987) Selverstone etal. (1999)  (2001) Crustal Xenolith Fountain (1995) (1995) (1998a) MecLennan (1985,
(1999) 1995)
Si0, 62.9 58.3 49.6 52.6 62.7 59.6 52.0 534 59.0 59.8 54.3
TiO, 0.5 0.65 1.33 0.95 1.04 0.60 1.13 0.82 0.85 1.04 0.97°
A1,0; 16.0 17.4 16.4 16.4 17.4 13.9 17.0 16.9 15.8 14.0 16.1
Fe0* 5.4 7.09 12.0 10.5 7.52 5.44 9.08 8.57 7.47 9.30 10.6
MnO 0.08 012 0.22 0.16 0.10 0.08 0.15 0.10 0.12 0.16 0.22
MgO 35 4.36 8.72 6.04 3.53 9.79 7.21 7.24 5.32 4.46 6.28
Ca0 5.8 7.68 10.1 8.50 1.58 4.64 10.28 9.59 6.92 6.20 8.48
Na,0 45 2.70 1.43 3.19 2.58 2.60 2.61 2.65 2.91 3.00 2.79
K>0 1.0 1.47 017 1.37 3.41 3.30 0.54 0.61 1.61 1.75 0.64°
P20s 0.19 0.24 0.21 0.16 0.13 0.13 0.10 0.21
Mg# 53.4 52.3 56.5 50.5 45.6 76.2 58.6 60.1 55.9 461 514
Li 14 3.3 5 6 13 13 11
Be 1.7 1.1 1.0
B 3.2 5 7.6 8.3
N 34
F 429 703
S 408 231
Cl 278 216
Sc 16 33 28 17 20 29 31 25 26 35°
v 140 217 139 100 189 196 149 185 2710
Cr 88 168 276 133 178 490 145 215 228 123 219°
Co 38 31 20 22 31 41 38 38 36 36°
Ni 58 75 141 73 65 347 80 88 99 64 156°
Cu 28 29 40 32 26 37 50 90
Zn 83 83 89 85 78 79 102 83
Ga 15 17 13 17 19 18
Ge 1.4 1.24 1.6
As 1.3 1.6 0.8
Se 0.17 0.17 0.05
Br 0.28
Rb 11 41 12 37 90 51 7 11 4 56 12?
Sr 569 447 196 518 286 712 354 348 352 308 230
Y 7 16 28 40 8 20 16 27 18 19
Zr 202 114 127 86 206 180 68 68 165 162 70
Nb 5 5.6 13 7.75 15 6.4 5.6 5.0 11 10 6.7
Mo 0.8 0.8 0.6 0.54 0.8
Ru
Pd 2.78 1
Ag 80 51 90
Cd 0.101 0.097 0.098
In 0.052 0.050

(Continued)
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Table 7 (Continued)
1 2 3 4 5 6 7 8 9 10 11
Weaver and Shaw et al.  Rudnick and Condie and Villaseca Liu et al. Global Lower Rudnick and Wedepoh! Gao et al. Taylor and
Tarney (1984) (1994) Taylor (1987) Selverstone etal. (1999)  (2001) Crustal Xenolith Fountain (1995) (1995) (1998a) MecLennan (1985,
(1999) 1995)
Sn 1.3 21 1.34 1.5
Sb 0.30 0.09 0.2
| 0.14
Cs 0.67 0.07 0.15 0.19 0.3 0.8 2.6 0.47°
Ba 757 523 212 564 994 1434 305 259 568 509 150
La 22 21 12 22 38 18 95 8 27 29 11
Ce 44 45 28 46 73 36 21 20 53 53 23
Pr 3.6 [2.1] 7.4 2.8
Nd 19 23 16 24 30 14 13.3 11 28 25 13
Sm 3.3 41 4.1 517 6.6 2.59 3.40 2.8 6.0 4.65 3.17
Eu 1.18 1.18 1.36 1.30 1.8 0.97 1.20 1.1 1.6 1.39 1.17
Gd 4.31 4.67 6.8 3.6 341 5.4 3.13
Tb 0.43 0.28 0.79 0.72 0.33 0.50 0.48 0.81 0.86 0.59
Dy 5.05 6.7 3.9 341 47 3.6
Ho 1.12 0.6 0.68 0.99 0.77
Er 3.25 2.0 1.9 2.2
m 0.19 0.32
Yb 1.2 1.13 3.19 2.09 4.0 0.79 1.70 15 2.5 2.29 2.2
Lu 0.18 0.2 0.37 0.65 0.12 0.30 0.25 0.43 0.38 0.29
Hf 3.6 2.8 3.3 1.9 4.6 1.9 1.9 4.0 4.2 2.1
Ta 1.3 0.5 21 0.3 0.5 0.6 0.8 0.6 0.7°
w 0.5 05 0.6 0.51 0.6°
Re 0.4
Os 0.05
Ir 0.13
Pt 2.87
Au 1.58 34
Hg 0.021 0.0063
T1 0.26 0.38 0.23
Pb 13 6 33 9.8 12.9 41 4 12.5 13 5.0°
Bi 0.037 0.38 0.038
Th 0.42 2.6 0.54 1.64 5.74 0.49 0.50 1.2 6.6 5.23 2.0°
U 0.05 0.66 0.21 1.38 0.47 0.18 0.18 0.2 0.93 0.86 0.53°

Total Fe as Fe0.

“Value from McLennan (2001b).

1.Weighted average of Scourian granulites, Scotland, from Weaver and Tarney (1984). 2. Weighted average of Kapuskasing Structural Zone granulites, from Shaw et al. (1994). 3. Average lower crustal xenoliths from the McBride Province,
Queensland, Australia from Rudnick and Taylor (1987). 4. Average lower crustal xenoliths from the four corners region, Colorado Plateau, USA from Condie and Selverstone (1999). 5. Weighted mean composition calculated from lithologic propartions of
lower crustal xenoliths from Central Spain from Villaseca et al. (1999). 6. Weighted average of lower crustal xenoliths from Hannuoba according to seismic crustal model of North China Craton from Liu et al. (2001). 7. Median worldwide lower crustal
xenoliths from Rudnick and Presper (1990), updated with data from mare recent publications. Complete database available at http://earthref.org/cgi-bin/ erda.cgi?n=1, 2, 3, 8, and on Treatise website. 8. Average lower crust derived from global
average seismic velocities and granulites from Rudnick and Fountain (1995). 9. Average lower crust in western Europe derived from seismic data and granulite xenolith compositions from Wedepohl (1995). 10. Average lower crust derived from seismic
velocities and granulite data from the North China craton from Gao et al. (1998a). 11. Average lower crust from Taylor and McLennan (1985, 1995), updated by McLennan and Taylor (1996) and McLennan (2001b). Mg#=molar 100 x Mg/(Mg + Feyq).
Values in [ ] are interpolated. Major elements are recast to 100% anhydrous.
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Figure 12 Comparison of different major-element estimates of the
composition of the lower continental crust. All data normalized to the
lower-crust composition of Rudnick and Fountain (1995), which is
adopted here. Gray shaded field represents 4=10% variation from the
model of Rudnick and Fountain (1995). (a) Models based on granulite
terrains (Scourian granulites: Weaver and Tarney, 1984; Kapuskasing
Structural Zone: Shaw et al., 1986), seismological models (Eastern
China: Gao et al., 1998a,b; western Europe: Wedepohl, 1995) and Taylor
and McLennan (1985, 1995; modified by McLennan, 2001b) model lower
crust. (b) Models based on weighted averages of lower crustal xenoliths.
These include: Northern Queensland, Australia (Rudnick and Taylor, 1987);
Colorado Plateau, USA (Condie and Selverstone, 1999); Central Spain
(Villaseca et al., 1999); eastern China (Liu et al., 2001) and the median
global lower crustal xenolith composition, updated from Rudnick and
Presper (1990). Note that K data for eastern China and Central Spain are
co-incident on this plot, making it hard to distinguish the separate lines.

and Condie and Selverstone, 1999) both have mafic composi-
tions that more closely approximate the global average-xenolith
composition (column 7 in Table 7).

It has been shown repeatedly from numerous xenolith stud-
ies that the majority of lower-crustal xenoliths are mafic in
composition (Rudnick and Presper (1990), Rudnick (1992),
and Downes (1993) and references therein). Thus, the ‘best
estimate’ of the lower crust made on the basis of xenolith studies
is found in column 7 of Table 7, which gives the median com-
position of all analyzed lower-crustal xenoliths. Yet it remains
unclear to what degree xenolith compositions reflect average
lower crust. Uncertainties include the degree to which volcanic
pipes sample a representative cross-section of the deep crust and
whether certain xenoliths (e.g., felsic xenoliths and meta-
carbonates) suffer preferential disaggregation or dissolution in
the host magmas. In addition, large compositional variations are
apparent from place to place (Figure 12(b)) and xenolith data
are only available for limited regions of the continents.

For these reasons, the best estimates of lower-crustal com-
position rely on combining seismic velocities of the lower
crust with compositions of ‘typical’ lower-crustal lithologies
to derive the bulk composition (Christensen and Mooney,
1995; Rudnick and Fountain, 1995; Wedepohl, 1995; Gao
et al., 1998a). Wedepohl (1995) used seismic data from the
European Geotraverse and Gao et al. (1998a) used data from
the North China craton to estimate lower-continental crust
composition. The resulting compositions derived from these
studies (Table 7, and Figures 12 and 13) reflect the thin and
more evolved crust in these regions relative to global averages,
and produce too much heat to be representative of global
lower crust (Rudnick et al., 1998; see Chapter 4.2).

The studies of Rudnick and Fountain (1995) and
Christensen and Mooney (1995) are probably best representa-
tive of the global deep continental crust, as these authors used
overlapping, but not identical, global seismic data sets and
independent geochemical data sets to derive the bulk-crust
composition. Christensen and Mooney (1995) do not provide
the compositional data they used for their lower-crustal assem-
blages and they do not report a lower-crust composition; thus,
one cannot derive an independent estimate of the bulk lower
crust from their work. However, they do model the global
lower crust (25—40 km depth) as containing ~7% tonalite
gneiss and 93% mafic lithologies (including amphibolite,
mafic granulite, and mafic-garnet granulite). Such a mafic-
bulk composition is consistent with the results of Rudnick
and Fountain (1995) (Table 7). Thus, we adopt the lower-
crust composition of Rudnick and Fountain (1995) as the
best available model of global lower-crust composition, with
the proviso that our understanding will evolve as more exten-
sive and detailed information becomes available about the
seismic velocity structure of the lower crust. This composition
has higher iron, magnesium, and calcium, and considerably
lower potassium than most other estimates of the lower conti-
nental crust (Figure 12), reflecting the overall high P-wave
velocities in the lower crust on a worldwide basis and the
use of lower crustal xenoliths to derive the average mafic gran-
ulite composition. Reliance on xenolith data also accounts for
the lower concentrations of highly incompatible trace elements
in this composition (e.g., LREEs, rubidium, caesium, barium,
thorium, and uranium) compared to most other estimates of the
lower crust (Figure 13). For trace elements not considered by
Rudnick and Fountain (1995), we adopt the averages of values
given in Gao et al. (1998a), Wedepohl (1995), or studies
focused specifically on the lower-crustal composition of partic-
ular trace elements (e.g., antimony, arsenic, molybdenum (Sims
et al., 1990); boron (Leeman et al., 1992); tungsten (Newsom
et al., 1996); rhenium; and osmium (Saal et al., 1998)). The
resulting lower-crustal composition is given in Table 8.

It is interesting to note that the lower-crust composition of
Rudnick and Fountain (1995) is quite similar to that of Taylor
and McLennan (1985, 1995). However, this similarity is
deceptive as Taylor and McLennan'’s ‘lower crust’ actually rep-
resents the crust below the ‘upper crust’ or between ~10 km
depth and the Moho. Thus, Taylor and McLennan’s lower
crust is equivalent to the combined middle and lower
crust given here, and is considerably less evolved than the
crustal models adopted here (see Section 4.1.4 for a descrip-
tion of how Taylor and McLennan'’s crust composition was
derived).
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Figure 13 Comparison of different models of the trace-element composition of the lower continental crust. All values normalized to the lower-crust
composition of Rudnick and Fountain (1995), which is adopted here as the ‘best estimate’ of the global lower crust. Gray-shaded field represents
+30% variation from this value. Trace elements are divided into the following groups: (a) transition metals, (b) high-field strength elements, (c) alkali,

alkaline earth, and actinides, and (d) REEs.

In summary, our knowledge of lower-crustal composition,
like the middle crust, is limited by the ambiguity in deriving
chemical compositions from seismic velocities, the lack of
high-quality data for a number of trace elements and by the
still fragmentary knowledge of the seismic structure of the
continental crust. Although the various lower-crustal composi-
tional models in Table 7 show large variations, the true uncer-
tainty in the global model is likely to fall within the
seismologically constrained estimates and thus the uncertainty
is on the order of <30% for most major elements. Uncer-
tainties in trace-element abundances are generally higher
(Figure 13). Whereas concentrations of the transition metals
between the different estimates generally fall within ~60%,
uncertainties in the highly incompatible trace elements (e.g.,
caesium and thorium; Figure 13) and highly siderophile ele-
ments (e.g., PGE) can be as large as an order of magnitude.
Despite these rather large uncertainties, there are some conclu-
sions that can be drawn from this analysis. The lower crust has
a mafic composition and is strongly depleted in potassium and
other highly incompatible elements relative to higher levels of
the crust. The lower crust is LREE enriched and probably has a
positive europium anomaly (Figure 14). Like the upper and
middle crust, it is also characterized by enrichment in lead
relative to cerium and praseodymium and depletion in nio-
bium relative to lanthanum. It is also likely to be enriched in
strontium relative to neodymium (Figure 14).

4.1.4 Bulk Crust Composition

The earliest estimates of the continental crust composition
were derived from analyses and observed proportions of upper

crustal rock types (Clarke, 1889; Clarke and Washington,
1924; Ronov and Yaroshevsky, 1967). These estimates do not
take into account the changes in both lithological proportions
and metamorphic grade that are now recognized to occur with
depth in the crust (see Section 4.1.3) and are thus more
appropriately regarded as estimates of upper-crust composi-
tion. (It is interesting to note, however, the remarkably good
correspondence of these earliest estimates with those of today
(cf. Tables 1 and 9)). Taylor (1964) used a different approach
to estimate bulk crust composition. Following Goldschmidt
(1933), he assumed that the nearly constant REE pattern of
sedimentary rocks reflected the REE pattern of the crust as a
whole, and recreated that pattern by mixing ‘average’ felsic-
and mafic-igneous rocks in approximately equal proportions.
His composition (Table 9) is also remarkably similar to more
modern estimates for a large number of elements, but like the
earliest estimates, is more appropriately considered an upper
crustal estimate since sediments derive strictly from upper
crustal sources. Following the plate-tectonic revolution,
Taylor (1967) modified his crust-composition model. Recog-
nizing that the present site of continental growth is at
convergent-plate margins, he developed the ‘island arc’ or ‘an-
desite’ model for crustal growth and hence crust composition.
In this model (Taylor, 1967, 1977), the crust is assumed to have
a composition equal to average convergent-margin andesite.
Taylor and McLennan (1985) discussed the difficulties with
this approach. Moreover, it is now recognized that basalts dom-
inate present intra-oceanic arcs (see Chapter 4.21, and refer-
ences therein).

Crust-composition estimates made since the 1970s derive
from a variety of approaches. Smithson (1978) was the first to
use seismic velocities to determine the lithological makeup of
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Table 8 Recommended composition of the lower continental crust.
Major elements in weight percent. Trace element concentration units the
same as in Table 2

Element  Lower Source®  Element  Lower Source’
crust crust

Si0, 53.4 1 Ag 65 2
Ti0s 0.82 1 Cd 0.1 2
Al,05 16.9 1 In 0.05 4
FeOT 8.57 1 Sn 1.7 2
MnO 0.10 1 Sb 0.1 5
MgO 7.24 1 | 0.1 4
Ca0 9.59 1 Cs 0.3 1
Na,0 2.65 1 Ba 259 1
K>0 0.61 1 La 8 1
P,05 0.10 1 Ce 20 1
Li 13 2 Pr 2.4 7
Be 14 2 Nd 1 1
B 2 3 Sm 2.8 1
N 34 4 Eu 1.1 1
F 570 2 Gd 3.1 1
S 345 2 Th 0.48 1
Cl 250 2 Dy 3.1 1
Sc 31 1 Ho 0.68 1
Vv 196 1 Er 1.9 1
Cr 215 1 Tm 0.24 7
Co 38 1 Yb 15 1
Ni 88 1 Lu 0.25 1
Cu 26 1 Hf 1.9 1
Zn 78 1 Ta 0.6 1
Ga 13 1 W 0.6 8
Ge 1.3 2 Re 0.18 9
As 0.2 5 Os 0.05 9
Se 0.2 2 Ir 0.05 10
Br 0.3 4 Pt 2.7 6
Rb 11 1 Au 1.6 11
Sr 348 1 Hg 0.014 2
Y 16 1 Tl 0.32 2
Zr 68 1 Pb 4 1
Nb 5 1 Bi 0.2 2
Mo 0.6 5 Th 1.2 1
Ru 0.75 6 u 0.2 1
Pd 2.8 4

Sources: 1. Rudnick and Fountain (1995). 2. Average of values given in Wedepohl
(1995) and Gao et al. (1998a). 3. Leeman et al. (1992). 4. Wedepohl (1995). 5.
Calculated assuming As/Ce=0.01, Sb/Ce=0.005 and Mo/Ce=0.03 (Sims et al.,
1990). 6. Assuming Ru/Ir ratio and Pt/Pd ratios equal to that of upper continental cust.
7. Value interpolated from REE pattern. 8. Average of all values in Table 7, plus
correlation from Newsom et al. (1996), using W/Th=0.5. 9. Saal et al. (1998). 10.
Taylor and McLennan (1985). 11. Gao et al. (1998a).

the deep crust. His crust composition is similar to other esti-
mates, save for the very high alkali element contents (4 wt%
Na,O and 2.7 wt% K,0), which presumably reflects the choice
of granitic rocks used in his calculations. Holland and Lambert
(1972), Weaver and Tarney (1984), and Shaw et al. (1986)
recognized the importance of granulite-facies rocks in the deep
crust and based their crustal models on the composition of
rocks from high-grade terranes exposed at the Earth’s surface
and previous estimates of upper crustal composition.

Taylor and McLennan (1985, 1995), like Taylor's pre-
vious estimates (Taylor, 1967, 1977), derived their crust

1000
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@ Rudnick and Fountain
A Wedepohl
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Cs Ba U Nb Ce Pr Nd Hf Eu Y Yb
Figure 14 REE (upper) and multi-element plot (lower) of the
compositions of the lower crust given in Table 7. Compositions derived
from individual xenolith suites not shown. Chondrite values from Taylor
and McLennan (1985) and primitive mantle values from McDonough
and Sun (1995).

composition using an approach based on assumptions about
its formation processes. They assumed that 75% of the crust
grew during the Archean from bimodal volcanism and the
remaining 25% originated from post-Archean accretion of is-
land arcs having an average andesite composition (from
Taylor, 1977). To constrain the proportions of mafic- to
felsic-Archean volcanics, they used heat-flow data from Ar-
chean cratons, which is relatively low and uniform at
~40 mW m ™2 (see Chapter 4.2). Assuming that half the sur-
face heat flow derives from the mantle yielded a mafic to felsic
proportion of 2 : 1. This dominantly mafic Archean-crustal
component is reflected in the major- and trace-element com-
position of their crust. Their crust has low SiO, and K,O, high
MgO and CaO, and very high FeO content. It also has the
highest transition-metal concentrations and lowest incompat-
ible element concentrations of all the models presented in
Table 9.

Refinements of the Taylor and McLennan (1985) model are
provided by McLennan and Taylor (1996) and McLennan
(2001b). The latter is a modification of several trace-element
abundances in the upper crust and as such, should not
affect their compositional model for the bulk crust, which
does not rely on their upper crustal composition. Neverthe-
less, McLennan (2001b) does provide modified bulk-crust
estimates for niobium, rubidium, caesium, and tantalum
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Table 9 Compositional estimates of the bulk continental crust. Major elements in weight percent. Trace element concentration units the same as in Table 2.
1 2 3 4 5 6 7 8 9 10 11 12
Taylor Ronov and Holland and Smithson Weaver and Shaw et al. ~ Christensenand  Rudnick and Wedepohl  Gao Taylor and This
(1964) Yaroshevsky (1967)  Lambert (1972)  (1976) Tarney (1984) (1986) Mooney (1995)  Fountain (1995)  (1995) etal. (1998a)  McLennan study”
(1985, 1995)
Si0, 60.4 62.2 62.8 63.7 63.9 64.5 62.4 60.1 62.8 64.2 571 60.6
TiO, 1.0 0.8 0.7 0.7 0.6 0.7 0.9 0.7 0.7 0.8 0.9 0.72
Al,05 15.6 15.7 15.7 16.0 16.3 15.1 14.9 16.1 15.4 141 15.9 15.9
FeO;” 7.3 6.3 5.5 5.3 5.0 5.7 6.9 6.7 5.7 6.8 9.1 6.71
MnO 0.12 0.10 0.10 0.10 0.08 0.09 0.10 0.11 0.10 0.12 0.18 0.10
MgO 3.9 31 3.2 2.8 2.8 3.2 341 45 3.8 35 5.3 4.66
Ca0 5.8 5.7 6.0 47 4.8 4.8 5.8 6.5 5.6 49 74 6.41
Na,0 3.2 3.1 34 4.0 4.2 34 3.6 3.3 3.3 341 3.1 3.07
K20 25 2.9 2.3 2.7 2.1 24 2.1 1.9 2.7 2.3 1.3 1.81
P20s 0.24 0.20 0.19 0.14 0.20 0.20 0.18 0.13
Mg# 48.7 47.0 50.9 49.0 50.5 50.1 448 54.3 54.3 48.3 50.9 55.3
Li 20 11 18 17 13 17
Be 2.8 24 1.7 1.5 1.9
B 10 9.3 11 18 10 11
N 20 60 56
F 625 525 602 553
S 260 697 283 404
Cl 130 472 179 244
Sc 22 13 22 16 19 30 21.9
V. 135 96 131 98 128 230 138
Cr 100 56 90 119 126 92 185 135
Co 25 26 25 24 24 29 26.6
Ni 75 35 54 51 56 46 105 59
Cu 55 26 24 25 38 75 27
Zn 70 7 73 65 81 80 72
Ga 15 16 15 18 18 16
Ge 1.5 1.4 1.25 1.6 1.3
As 1.8 1.7 341 1.0 2.5
Se 0.05 0.12 0.13 0.05 0.13
Br 2.5 1.0 0.88
Rb 90 61 76 58 78 69 37¢ 49
Sr 375 503 317 325 333 285 260 320
Y 33 14 26 20 24 17.5 20 19
Zr 165 210 203 123 203 175 100 132
Nb 20 13 20 g 19 11 g’ 8
Mo 15 1.1 0.65 1.0 0.8
Ru 0.1 0.57
Pd 0.4 1.74 1 1.5
Ag 70 70 52 80 56
Cd 0.20 0.10 0.08 0.10 0.08

8¢
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Sn 2.0
Sh 0.2
| 0.5
Cs 3.0
Ba 425
La 30
Ce 60
Pr 8.2
Nd 28
Sm 6
Eu 1.2
Gd 5.4
Tb 0.9
Dy 3.0
Ho 1.2
Er 2.8
Tm 0.48
Yb 3.0
Lu 0.50
Hf 3
Ta 2
W 1.5
Re
Os
Ir
Pt
Au 40
Hg 0.08
Tl 0.45
Pb 12.5
Bi 017
Th 9.6
U 2.7

707
28
57
23

1.09

0.53

0.24

0.23
47

15

5.7
1.3

764 390

2.0
0.33

20 12.6

5.6

0.05
2.3
0.3

15
0.2

2.8
614

31.6

60.0

27.4
4.84
1.27

0.82

2.2
0.35
4.7
0.6
0.7

0.05

0.36

0.06
42
11

0.05

4See Tahle 10 for derviation of this estimate.

“Total Fe as Fe0. Mg#=molar 100 x Mg/(Mg+Fey).

“Updated by McLennan (2001b).
Up dated by Barth et al. (2000).
Major elements recast to 100% anhydrous.
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Table 10 Recommended composition of the bulk continental crust

Element Units Element Units

Si0, Wt% 60.6 Ag ngg" 56
Ti0, ” 0.7 Cd pgg~! 0.08
Al,04 " 15.9 In ” 0.052
FeOT ” 6.7 Sn ” 17
MnO ” 010  Sb ” 0.2
MgO ” 47 § ” 0.7
Ca0 ” 6.4 Cs ” 2
Na,0 ” 3.1 Ba ” 456
K,0 ” 1.8 La ” 20
P,0s5 ” 0.1 Ce ” 43

Li pg g 16 Pr ” 4.9
Be ” 1.9 Nd ” 20

B " 1 Sm ” 3.9
N? ” 56 Eu ” 1.1

F " 553 Gd ” 3.7
S ” 404 Tb ” 06
cl ” 244 Dy ” 36
Sc ” 21.9 Ho ” 0.77
Vv " 138 Er ” 2.1
Cr ” 135 m ” 0.28
Co ” 26.6 Yb ” 1.9
Ni ” 59 Lu ” 0.30
Cu ” 27 Hf ” 3.7
Zn ” 72 Ta ” 07
Ga ” 16 W ” 1

Ge ” 13 Re? ngg" 0.188
As ” 2.5 0s? ” 0.041
Se ” 013 IF : 0.037
B ” 088 Pt ” 15
Rb ” 49 Au ” 1.3
Sr g 320 Hg pg g~ 0.03
Y ” 19 Tl ” 0.50
Zr ” 132 Pb ” 1

Nb ” 8 Bi ” 0.18
Mo ” 0.8 Th ” 56
Ru? ngg" 0.6 1] ” 1.3
Pd ” 15 ”

aMiddle crust is not considered due to lack of data.

The total-crust composition is calculated according to the upper, middle and
lower-crust compositions obtained in this study and corresponding weighing factors of
0.317, 0.296 and 0.388. The weighing factors are based on the layer thickness of the
global continental crust, recalculated from crustal structure and areal proportion of
various tectonic units given by Rudnick and Fountain (1995).

(and these are dealt with in the footnotes of Table 9).
McLennan and Taylor (1996) revisited the heat-flow con-
straints on the proportions of mafic and felsic rocks in the
Archean crust and revised the proportion of Archean-aged
crust to propose a more evolved bulk crust composition. This
revised composition is derived from a mixture of 60% Archean
crust (which is a 50 : 50 mixture of mafic and felsic end-
member lithologies), and 40% average-andesite crust of
Taylor (1977). McLennan and Taylor (1996) focused on po-
tassium, thorium, and uranium, and did not provide amended
values for other elements, although other incompatible ele-
ments will be higher (e.g., rubidium, barium, LREEs) and
compatible elements lower in a crust composition so revised.
More recently, a number of studies have estimated the bulk-
crust composition by deriving lithological proportions for

the deep crust from seismic velocities (as discussed in
Section 4.1.3) with upper crustal contributions based on
data for surface rocks or previous estimates of the upper crust
(Christensen and Mooney, 1995; Rudnick and Fountain, 1995;
Wedepohl, 1995; Gao et al., 1998a) (Table 9). Like previous
estimates of the crust, all of these show intermediate bulk
compositions with very similar major-element contents. The
greatest differences in major elements between these recent
seismologically based estimates are for MgO, CaO, and K,O,
which show ~30% variation, with the Rudnick and Fountain
(1995) estimate having the highest MgO and CaO, and lowest
K,O (Table 9, Figure 15). Most trace elements from these
estimates fall within 30% total variation as well (Figure 16);
the exceptions are trace elements for which very limited data
exist (i.e., sulfur, chlorine, arsenic, tin, mercury, bismuth, and
the PGEs). Niobium and tantalum also show >30% total
variation, but this is due to the very high niobium and
tantalum contents of Wedepohl's estimate, which reflects
his reliance on the old Canadian Shield data, for which
niobium content is anomalously high (see discussion in
Section 4.1.2.1). These elements were also compromised in
the Rudnick and Fountain (1995) crust composition, which
relied (indirectly) on the Canadian Shield data for the upper
crust by adopting the Taylor and McLennan upper-crust com-
position (see discussions in Plank and Langmuir (1998) and
Barth et al. (2000)). The values for niobium and tantalum in
the Rudnick and Fountain (1995) model given in Table 9 have
been updated by Barth et al. (2000). These values are similar to
those of Gao et al. (1998a) and thus the concentrations of
these elements are known to within 30% in the bulk crust.

Of all the estimates in Table 9, that of Taylor and McLennan
(1985, 1995) stands out as being the most mafic overall
(Figures 15 and 16). This mafic composition stems from
their model for Archean crust, which constitutes 75% of their
crust and is composed of a 2 : 1 mixture of mafic- to felsic-
igneous rocks. This relatively mafic crust composition was
necessitated by their inferred low heat production in Archean
crust and the inferred large proportion of the Archean-aged
crust. However, such a high proportion of mafic rocks in the
Archean crust is at odds with seismic data (summarized in
Section 4.1.3), which show that the crust of most Archean
cratons is dominated by low velocities, implying the presence
of felsic (not mafic) compositions, even in the lower crust.
In addition, some of the assumptions used by Taylor and
McLennan (1985) regarding heat flow are not very robust, as
recognized by McLennan and Taylor (1996) (see also discus-
sion in Rudnick et al., 1998). First, the 20 mWm 2 of mantle
heat flow they assumed for Archean cratons is probably too
high (see Chapter 4.2), thus allowing for more heat produc-
tion in the crust. Second, granulite-facies felsic rocks are often
depleted in heat-producing elements (the Scourian granulites
are an extreme example), thereby allowing a greater proportion
of felsic rocks in the crust. Third, it is unlikely that 75% of the
present continents were formed in the Archean (see
Chapter 4.10) and, importantly, the observed low surface
heat flow that is the rationale for Taylor and McLennan'’s
(1985, 1995) dominantly mafic crust composition is restricted
to Archean cratons, which constitute only ~7% of the present
continental crust (Goodwin, 1991). Indeed, heat production
of the Taylor and McLennan (1985, 1995) crustal model falls
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Figure 15 Comparison of different estimates of the major-element
composition of the bulk continental crust. All data normalized to the new
composition given here (Table 10, ‘R&G’); gray shading depicts 10%
variation from this composition. (a) Models based on seismological data
(Rudnick and Fountain, 1995; Wedepohl, 1995; Gao et al., 1998a;
Christensen and Mooney, 1995 and Smithson, 1978). (b) Models based
on both surface exposures (Holland and Lambert, 1972; Weaver and
Tarney, 1984; Shaw et al., 1986) and Taylor and McLennan’s (1985,
1995) model-generated crust composition.

outside the range estimated for average continental crust
by Jaupart and Mareschal (see Chapter 4.2) (ie,
0.58 yW m™2 versus 0.79-0.99 yW m~2). The modifications
made to this model by McLennan and Taylor (1996) help to
reconcile their model with the above observations, but the
proportion of mafic rocks in Archean-aged crust still appears
to be high (based on observed seismic velocities) and the total
heat production (at 0.70 pW m™2) may still be somewhat low.

4.1.4.1 A New Estimate of Crust Composition

In column 12 of Table 9 we present a new estimate of the bulk
crust composition. This composition derives from our esti-
mates of upper, middle, and lower crust given in Tables 3,5,
and 8, mixed in the proportions derived from the global com-
pilation of Rudnick and Fountain (1995): 31.7% upper, 29.6%
middle, and 38.8% lower crust. Our new crustal estimate
thus relies heavily on the previously derived lower crust of
Rudnick and Fountain (1995), the middle crust of Rudnick
and Fountain and Gao et al. (1998a) and the new estimate of
upper-crust composition provided here (Table 3). The latter is
very similar to the upper crust of Taylor and McLennan (1985)
(Figure 8), which was used by Rudnick and Fountain (1995) in
calculating their bulk crust composition. The main differences
lie in the concentrations of K,O, rubidium, niobium, and

tantalum, which are lower in the new estimate of the upper
continental crust provided here. Accordingly, this new estimate
has many similarities with that of Rudnick and Fountain
(1995), but contains lower potassium, rubidium, niobium,
and tantalum, and considers a wider range of trace elements
than given in that model. The heat production of this new
estimate is 0.89 pW m 2, which falls in the middle of the
range estimated for average-crustal heat production by Jaupart
and Mareschal (see Chapter 4.2).

Figures 15-17 show how this composition compares to
other estimates of crust composition. Figure 15 shows that
our new composition has generally higher MgO, CaO, and
FeO, and lower Na,O and K,O than most other seismically
based models. The differences between our model and that
of Wedepohl (1995) and Gao et al. (1998a) likely reflect
the regional character of these latter models (western Europe,
eastern China), where the crust is thinner and more evolved
than the global averages (Chirstensen and Mooney, 1995, and
Rudnick and Fountain, 1995). The lower MgO and higher
alkali elements in Christensen and Mooney’s model compared
to ours must stem from the differences in the chemical data-
bases used to construct these two models, as the lithological
proportions of the deep crust are very similar (Section 4.1.3).
Rudnick and Fountain (1995) (and hence our current compo-
sition) used the compositions of lower-crustal xenoliths to
constrain the mafic end-member of the deep crust. These
xenoliths have high Mg# and low alkalis (Table 7), and thus
may be chemically distinct from mafic rocks exposed on the
Earth’s surface (the chemical data used by Christensen and
Mooney, 1995).

The variations between the different seismological-based
crust compositions can be considered representative of the un-
certainties that exist in our understanding of the bulk crust
composition. Some elemental concentrations (e.g., silicon, alu-
minum, sodium) are known to within 20% uncertainty. The
remaining major-element and many trace-element (transition
metals, high-field strength elements, most REE) concentrations
are known to within 30% uncertainty. Still some trace element
concentrations are yet poorly constrained in the crust, including
many of the highly siderophile elements (Figure 16).

4.1.4.2 Intracrustal Differentiation

Table 11 provides the composition of the upper, middle,
lower, and bulk crust for comparison purposes and Figure 17
compares their respective REE and extended trace-element pat-
terns. The upper crust has a large negative europium anomaly
(Eu/Eu*, Table 11) that is largely complemented by the posi-
tive europium anomaly of the lower crust; the middle crust
has essentially no europium anomaly. Similar complementary
anomalies exist for strontium. These features, in addition to
the greater LREE enrichment of the upper crust relative to
the lower crust, suggests that the upper crust is largely the
product of intracrustal magmatic differentiation in the pres-
ence of plagioclase (see Taylor and McLennan, 1985; see
Chapter 4.11). That is, the upper crust is dominated by
granite that differentiated from the lower crust through partial
melting, crystal fractionation and mixing processes. The mid-
dle crust has an overall trace-element pattern that is very sim-
ilar to the upper crust, indicating that it too is dominated by
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the products of intracrustal differentiation. All segments of the
crust are characterized by an overall enrichment of the
most incompatible elements, as well as high La/Nb and
low Ce/Pb ratios. These are characteristics of convergent mar-
gin magmas (see Chapter 4.16, and references therein)
and thus have implications for the processes responsible for
generation of the continental crust as discussed in the next
section.

4.1.5 Implications of the Crust Composition

Despite the uncertainties in estimating crust composition dis-
cussed in the previous section, there are a number of similar-
ities that all crust-compositional models share and these may
be important for understanding the origin of the crust. The
crust is characterized by an overall intermediate igneous-rock
composition, with relatively high Mg#. It is enriched in incom-
patible elements (Figure 18), and contains up to 50% of
the silicate Earth’s budget of these elements (Rudnick and

Fountain, 1995). It is also well established that the crust is
depleted in niobium relative to lanthanum, and has a sub-
chondritic Nb/Ta ratio. These features are not consistent with
formation of the crust by single-stage melting of peridotitic
mantle, as discussed in Rudnick (1995), Kelemen (1995) and
Rudnick et al. (2000) (see also Chapter 4.21).

If one assumes that the crust grows ultimately by igneous
processes (i.e., magmatic transport of mass from the mantle
into the crust), then the disparity between crust composition
and the composition of primary mantle melts requires the
operation of additional processes to produce the present crust
composition. As reviewed in Rudnick (1995) and Kelemen
(1995), these additional processes could include (but are not
limited to):

1. Recycling of mafic/ultramafic lower crust and upper mantle
via density foundering (often referred to as delamination within the
geochemical literature). In this process, lithologically stratified
continental crust is thickened during an orogenic event, caus-
ing the mafic lower crust to transform to eclogite, which has a
higher density than the underlying mantle peridotite. Provided
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Table 11 Comparison of the upper, middle, lower and total continental
crust compositions recommended here. See Table 2 for Units
Element Upper Middle Lower Total
crust crust crust crust
Si0, 66.6 63.5 53.4 60.6
TiO, 0.64 0.69 0.82 0.72
Al,05 154 15.0 16.9 15.9
FeOr 5.04 6.02 8.57 6.71
MnO 0.10 0.10 0.10 0.10
MgO 2.48 3.59 7.24 4.66
Ca0 3.59 5.25 9.59 6.41
Na,0 3.27 3.39 2.65 3.07
K20 2.80 2.30 0.61 1.81
P20s 0.15 0.15 0.10 0.13
Total 100.05 100.00 100.00 100.12
Mg# 46.7 515 60.1 55.3
Li 24 12 13 16
Be 2.1 2.3 1.4 1.9
B 17 17 2 11
N 83 34 56
F 557 524 570 553
S 621 249 345 404
Cl 370 182 250 244
Sc 14.0 19 31 21.9
v 97 107 196 138
Cr 92 76 215 135
Co 17.3 22 38 26.6
Ni 47 335 88 59
Cu 28 26 26 27
Zn 67 69.5 78 72
Ga 17.5 17.5 13 16
Ge 14 1.1 1.3 1.3
As 48 341 0.2 2.5
Se 0.09 0.064 0.2 0.13
Br 1.6 0.3 0.88
Rb 84 65 11 49
Sr 320 282 348 320
Y 21 20 16 19
Zr 193 149 68 132
Nb 12 10 5 8
Mo 11 0.60 0.6 0.8
Ru 0.34 0.75 0.57
Pd 0.52 0.76 2.8 1.5
Ag 53 48 65 56
Cd 0.09 0.061 0.10 0.08
In 0.056 0.05 0.052
Sn 21 1.30 1.7 1.7
Sh 0.4 0.28 0.10 0.2
| 1.4 0.14 0.71
Cs 49 2.2 0.3 2
Ba 628 532 259 456
La 31 24 8 20
Ce 63 53 20 43
Pr 71 5.8 2.4 49
Nd 27 25 11 20
Sm 47 4.6 2.8 3.9
Eu 1.0 1.4 1.1 1.1
Gd 4.0 4.0 3.1 3.7
Tb 0.7 0.7 0.48 0.6
Dy 3.9 3.8 3.1 3.6
Ho 0.83 0.82 0.68 0.77
Er 2.3 2.3 1.9 2.1

(Continued)

Table 11 (Continued)

Element Upper Middle Lower Total
crust crust crust crust
Tm 0.30 0.32 0.24 0.28
Yb 2.0 2.2 15 1.9
Lu 0.31 0.4 0.25 0.30
Hf 5.3 4.4 1.9 3.7
Ta 0.9 0.6 0.6 0.7
w 1.9 0.60 0.60 1
Re 0.198 0.18 0.188
Os 0.031 0.05 0.041
Ir 0.022 0.05 0.037
Pt 0.5 0.85 2.7 15
Au 15 0.66 1.6 1.3
Hg 0.05 0.0079 0.014 0.03
Tl 0.9 0.27 0.32 0.5
Pb 17 15.2 4 11
Bi 0.16 017 0.2 0.18
Th 10.5 6.5 1.2 5.6
U 2.7 1.3 0.2 1.3
Eu/Eu* 0.72 0.96 1.14 0.93
Heat production 1.65 1.00 0.19 0.89
(LW m-3)
Nb/Ta 13.4 16.5 8.3 12.4
Zr/Hf 36.7 33.9 35.8 35.5
Th/U 3.8 49 6.0 43
K/U 9475 15 607 27 245 12 367
La/Yb 15.4 10.7 53 10.6
Rb/Cs 20 30 37 24
K/Rb 283 296 462 304
La/Ta 36 42 13 29

the right temperatures and viscosities exist (i.e., hot and goey),
the base of the lithosphere will sink into the underlying
asthenosphere. Numerical simulations of this process show
that it is very likely to occur at the time of arc-continent
collision (and in fact, may be impossible to avoid)(Jull and
Kelemen, 2001).

2. Production of crust from a mixture of silicic melts derived from
subducted oceanic crust, and basaltic melts from peridotite. This pro-
cess is likely to have been more prevalent in a hotter, Archean
Earth (although see Chapter 4.21 for an alternative view) and
would have involved extensive silicic melt-peridotite reaction as
the slab melts traverse the mantle wedge (Kelemen, 1995).
The abundance of Archean-aged granitoids of the so-called
‘TTG' suite (trondhjemite, tonalite, granodiorite) are often cited
as the surface manifestations of these processes (Drummond and
Defant, 1990; Martin, 1994; see Chapter 4.11).

3. Weathering of the crust, with preferential recycling of
Mg+ Ca into the mantle via hydrothermally altered mid-ocean
ridge basalt (Albarede, 1998; Anderson, 1982). This hypothesis
states that during continental weathering, soluble cations such
as Ca®™, Mg®", and Na™ are carried to the oceans while silicon
and aluminum remain behind in the continental regolith.
Whereas other elements (e.g., sodium) may be returned to
the continents via arc magmatism, magnesium may be prefer-
entially sequestered into altered seafloor basalts and returned
to the mantle via subduction, producing a net change in the
crust composition over time. However, one potential problem
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Figure 17 Comparison of (a) rare-earth and (b) additional
trace-element compositions of the upper, middle, and lower crust
recommended here. Chondrite values from Taylor and McLennan (1985),
mantle-normalizing values from McDonough and Sun (1995).

with this hypothesis is that examination of altered ocean-floor
rocks suggests that magnesium may not be significantly seques-
tered there (see Chapter 4.16).

A fourth possibility, that ultramafic cumulates representing
the chemical complement to the andesitic crust are present in
the uppermost mantle, is not supported by studies of mantle
xenoliths, which show a predominance of restitic peridotite
over cumulates (e.g., Wilshire et al., 1988). If such cumulates
were originally there, they must have been subsequently re-
moved via a process such as density foundering.

All of the above processes require return of mafic to ultra-
mafic lithologies to the convecting mantle. These lithologies
are the chemical complement of the present-day andesitic
crust. Thus crustal recycling, in various forms, must have
been important throughout Earth history.

Another implication of the distinctive trace element com-
position of the continental crust is that the primary setting of
crust generation is most likely to be that of a convergent
margin. The characteristic depletion of niobium relative to
lanthanum seen in the crust (Figure 18) is a ubiquitous feature
of convergent margin magmas (see review of Kelemen et al.
(Chapter 4.21)) and is virtually absent in intraplate magmas.
Simple mixing calculations indicate that the degree of niobium
depletion seen in the crust suggests that at least 80% of the
crust was generated in a convergent margin (Barth et al., 2000;
Plank and Langmuir, 1998).
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Figure 18 REE (upper) and multi-element plot (lower) of the
compositions of the continental crust given in Table 9. Chondrite values
from Taylor and McLennan (1985), mantle-normalizing values from
McDonough and Sun (1995).

4,1.6 Earth’s Crust in a Planetary Perspective

The other terrestrial planets show a variety of crustal types, but
none that are similar to that of the Earth. Mercury has an
ancient, heavily cratered crust with a high albedo (see review
of Taylor and Scott (Chapter 1.18)). Its brightness plus the
detection of sodium, and more recently the refractory element
calcium, in the Mercurian atmosphere (Bida et al., 2000) has
led to the speculation that Mercury’s crust may be anorthositic,
like the lunar highlands (see Taylor, 1992 and references
therein). The MESSENGER mission (http://messenger.jhuapl.
edu/), currently planned to rendezvous with Mercury in 2007,
should considerably illuminate the nature of the crust on
Mercury.

In contrast to Mercury’s ancient crust, high-resolution radar
mapping of Venus’ cloaked surface has revealed an active planet,
both tectonically and volcanically (see review of Fegley
(Chapter 1.19) and references therein). Crater densities are
relatively constant, suggesting a relatively young surface
(~300-500 Ma, Phillips et al., 1992; Schaber et al., 1992;
Strom et al., 1994). It has been suggested that this statistically
random crater distribution may reflect episodes of mantle over-
turn followed by periods of quiescence (Schaber et al., 1992;
Strom et al., 1994). Most Venusian volcanoes appear to erupt
basaltic magmas, but a few are pancake-shaped, which may
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signify the eruption of a highly viscous lava such as rhyolite (e.g.,
Ivanov and Head, 1999). The unimodal topography of Venus is
distinct from that of the Earth and there appear to be no equiv-
alents to Earth’s oceanic and continental dichotomy. It is possi-
ble that the high elevations on Venus were produced tectonically
by compression of basaltic rocks made rigid by the virtual ab-
sence of water (Mackwell et al., 1998).

Of the terrestrial planets, only Mars has the bimodal topo-
graphic distribution seen on the Earth (Smith et al., 1999). In
addition, evolved igneous rocks, similar to the andesites
found in the continents on Earth, have also been observed
on the Martian surface, although their significance and rela-
tive abundance is a matter of contention (see review by
McSween (Chapter 1.22)). However, the bimodal topogra-
phy of Mars appears to be an ancient feature (Frey et al.,
2002), unlike the Earth’s, which is a product of active plate
tectonics. It remains to be seen whether the rocks that com-
pose the high-standing southern highlands of Mars bear any
resemblance to those of Earth’s continental crust (McLennan,
2001a; Wanke et al., 2001).

4.1.7 Summary

The crust is the Earth’s major repository of incompatible ele-
ments and thus factors prominently into geochemical mass-
balance calculations for the whole Earth. For this reason, and
to understand the processes by which it formed, determining the
composition of the continental crust has been a popular pursuit
of geochemists from the time the first rocks were analyzed.

It has been known for over a century that the continental
crust has an average composition approximating to andesite
(when cast as an igneous rock type) (Clarke, 1889; Clarke and
Washington, 1924). The myriad studies on continental crust
composition carried out in the intervening years have refined
our picture of the crust’s composition, particularly for trace
elements.

Based on seismic investigations the crust can be divided
into three regions: upper, middle, and lower continental
crust. The upper crust is the most accessible region of the
solid earth and its composition is estimated from both
weighted averages of surface samples and studies of shales
and loess. The latter is a particularly powerful means of esti-
mating the average upper crustal concentrations of insoluble to
moderately soluble trace elements. Most estimates of the
major-element composition of the upper continental crust
fall within 20% standard deviation of the mean and thus the
composition of this important reservoir appears to be reason-
ably well known. The concentrations of some trace elements
also appear to be known to within 20% (most of the transition
metals, rubidium, strontium, yttrium, zirconium, niobium,
barium, REE, hafnium, tantalum, lead, thorium, and ura-
nium), whereas others are less-precisely known. In particular,
very few estimates have been made of the upper crust’s halo-
gen, sulfur, germanium, arsenic, selenium, indium, and
platinum-group element concentration.

Lacking the access and widescale natural sampling by
sediments afforded the upper crust, the composition of the
deep crust must be inferred from more indirect means. Both
heat flow and seismic velocities have been employed towards

this end. Heat flow provides bounds on the potassium, tho-
rium, and uranium content of the crust, and seismic-wave
speeds can be interpreted, with some caveats, in terms of rock
types, whose compositions are derived from averages of ap-
propriate deep-crustal lithologies. The middle crust is per-
haps the least well characterized of the three crustal regions.
This is due to the lack of systematic geochemical studies of
amphibolite-facies crustal lithologies. In contrast, the lower
crust has been the target of a number of geochemical investi-
gations, yet there is wide variation in different estimates of
lower-crust composition. This reflects, in part, the highly
heterogeneous character of this part of the Earth. However,
some generalities can be made. Heat production must de-
crease and seismic velocities are observed to increase with
depth in the crust. Thus the lower crust is, on an average,
mafic in composition and depleted in heat-producing ele-
ments. Curiously, the lower crust of many Archean cratons,
where heat flow is lowest, has relatively slow P-wave veloci-
ties. Such low velocities imply the dominance of evolved rock
types and thus these rocks must be highly depleted in potas-
sium, thorium, and uranium compared to their upper crustal
counterparts.

The andesitic continental crust composition is difficult to
explain if the crust is generated by single-stage melting of
peridotitic mantle, and additional processes must therefore
be involved in its generation. All of these processes entail
return of mafic or ultramafic crustal material (which is com-
plementary to the present continental crust) to the convecting
mantle. Thus crustal recycling, in various forms, must have
been important throughout Earth history and is undoubtedly
related to the plate-tectonic cycle on our planet. Crustal recy-
cling, along with the presence of abundant water to facilitate
melting (Campbell and Taylor, 1985), may be the major factor
responsible for our planet’s unique crustal dichotomy.
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