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Abstract

We constrain the average composition of lower and middle continental crust using observed seismic wave speeds, and the
physical properties of thermodynamically-constrained, equilibrium mineral assemblages in granulites and amphibolites.
Focusing on old, stable crust with steady state geotherms, we find that average lower continental crust has an intermediate
composition with 55.7-57.7 wt% SiO, (with a preferred range of 56.9-57.6 wt%), a density of 3000 tons/m?, radioactive
heat production of 0.53-0.65 pW/m?, seismic P-wave speed, Vp, of 6.9 km/s at an average pressure of 0.92 GPa and
410-510 °C. Similarly, we derive a middle continental crust composition with 61-62 wt% SiO,, a density of 2800 tons/
m?, radioactive heat production of 0.68-0.65 uW/m?>, and Vp of 6.6-6.7 km/s at 280-300 °C and 0.54 GPa. Combining
layer thicknesses modified from CRUST1.0 with the well-constrained composition of the upper crust yields a bulk conti-
nental crust composition with 62 wt% SiO,. Given heat flow of 11-18 mW/m” from the mantle into the crust, this yields a
surface heat flow of 47-55 mW/m?, consistent with observed heat flow from stable continental regions.

Our results indicate that average lower crust is intermediate in composition, not mafic as is commonly stated. It is similar in
its major and trace element composition to the upper crust, the bulk crust, and intermediate arc lavas and plutons. Though
the lower crust may record partial melting and melt extraction, complementary to a melt component in the upper crust, it
does not have the composition of a cumulate or residue produced by crystal fractionation from a primitive, mantle-derived
melt composition. Average lower continental crust is significantly more enriched in incompatible trace elements than lower
arc crust, even at depths at which lower arc crust is buoyant with respect to the underlying mantle. Although continental
genesis has certainly involved a variety of processes, it is likely that the average composition is primarily the result of density
sorting of subducting, arc-derived material, either via thrusting of volcanoclastic sediments and forearc crust beneath lower
arc crust, combined with density sorting at the arc Moho, or via ascent of buoyant, viscous, eclogite-facies lithologies in
diapirs or a subduction channel.
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Introduction

In this paper we derive new average compositions for middle and lower continental crust, focusing on regions of stable continental
crust more than 200 million years old that have steady state geotherms. Our new compositions are then combined with well-
established estimates for the composition of continental upper crust to produce new estimates for the composition of bulk
continental crust. We then review potentially successful models for the genesis of lower continental crust and present a new
model of density sorting of underplated material at the base of arc crust.

The literature on the composition of continental crust been reviewed many times, perhaps most authoritatively by Rudnick and
Fountain (1995) and Rudnick and Gao (2003, 2014), with older reviews cited in those papers and also in more recent reviews by
Hacker et al. (2015) and Sammon et al. (2022). However, to provide context for what follows, we offer the following summary.

The composition and physical properties of continental crust are distinctly different from those of oceanic crust. The oceanic
crust has a mafic composition with 48-52 wt% SiO,, and probably has a bulk Mg# (molar Mg/(Mg + Fe)) ~0.7, equivalent to that
of a primitive magma derived by partial melting of mantle peridotite with a residual Mg# ~0.91. Trace element data support
formation of oceanic crust via crystallization of a mantle-derived magma formed by polybaric, near-fractional decompression
melting, at an average pressure of ~1.5 GPa.

In contrast, all published estimates of the composition of bulk continental crust are distinctly different from oceanic crust, with
56-66 wt% SiO, and an Mg# between 0.6 and 0.4 (Fig. 1). Indeed, there are no known mid-ocean ridge magmatic rocks with these
compositional characteristics. These major element differences yield distinctive physical properties, most notably lower density and
more compositional buoyancy for continental crust (and continental lithospheric mantle, as discussed elsewhere, e.g., Griffin et al.,
1999 and references cited therein, Griffin et al., 1998, Jordan, 1978, Jordan, 1988, Kelly et al., 2003, O'Reilly et al., 2001) compared
to denser oceanic crust and oceanic mantle lithosphere. In turn, this difference in buoyancy causes the first order, strongly bimodal
topography of the planet, in which continental crust has an average elevation of several hundred meters above sea level, whereas
oceanic crust has an average elevation more than 3000 m below sea level (Fig. 2). Yet, despite the importance of these features, there
is no consensus on the composition and origin of the continental crust, mainly due to uncertainty about the nature of the lower
continental crust.

In addition to the major elements, trace elements in primitive mid-ocean ridge basalts (MORB), bulk oceanic crust, and the
mantle source of MORB (“depleted MORB mantle,” DMM), when normalized to estimated primitive mantle (McDonough and
Sun, 1995), have a light rare-earth element (REE) depleted, relatively smooth, extended trace element pattern (Hofmann, 1988).
The depletion in light REE and other highly incompatible elements (which partition strongly into melt during mantle anatexis) in
the MORB source is commonly attributed to prior extraction of continental crust from the “primitive mantle” aka “bulk silicate
earth,” with the complementary formation of DMM (e.g., Hofmann, 1988; Hofmann et al., 2022). In contrast to oceanic crust,
continental crust is enriched in light REE, K, Ba, Th and U, depleted in heavy REE and Y, and has distinctively low Nb and Ta
concentrations relative to U, Th and K, with high Pb/Ce and Sr/Nd. It is crucial to recognize that these trace element characteristics are
shared by all estimates for the composition of upper, middle and lower continental crust, and thus are common to all estimated continental
bulk compositions (Fig. 3).

However, unlike the trace elements, as emphasized by Hacker et al. (2015), consensus on the major element composition of the
lower crust has been elusive. In the past few years, renewed efforts have been made to characterize the lower crust, on regional and
global scales (e.g., Cui et al., 2023; Emo et al., 2021; Pease et al., 2023; Sammon and McDonough, 2021; Sammon et al., 2022; Sui
etal., 2022). These newer studies agree with Rudnick et al., that average lower continental crust has a mafic' composition, with less
than 55 wt% SiO,. In contrast, Hacker et al. (2011, 2015) questioned these results, suggesting that constraints from the composition
of samples whose mineral assemblages indicate equilibration at lower crustal pressures (granulites, Section “Rock samples from of
the middle and lower crust”), seismic wave speeds and heat flow could be met by a broader range of compositions, extending up to
62 wt% SiO,. Similarly, in this paper we conclude that average lower crust in stable continental regions contains about 57 wt%
Si0,.

Published estimates of the major and trace element composition of lower continental crust are illustrated in Figs. 1 and 3 and
reported in Table 1. These estimates can be viewed through different lenses. By the standards of igneous and metamorphic
petrology, the major element estimates show significant variability — for example, published, average SiO, contents in granulite
xenoliths and granulite terrain samples range from 49 to 66 wt%. As discussed by Hacker et al. (2015), based on geophysical data,
much of this range (49-62 wt% SiO,) could correspond to regional variation in the composition of lower continental crust. In turn,
this variation suggests that there could have been substantial variation in the processes that formed the crust in different regions.

Despite this variability, there is considerable utility in estimating a global average composition for lower continental crust, for
example to characterize global geochemical reservoirs, and to constrain which processes predominated during formation of the lower

The terms mafic, intermediate and felsic are used to refer to compositions with <55 wt% SiO,, 55 < wt% SiO, < 65 wt%, and > 65 wt%, respectively.



A pre-2015 continental crust estimates ©) continental lower crust

08 - . 0.8
: most VP71~ RGLC
07 - mafic 7.3 weighted average
continental crust i
- RSN 0.6 (this paper)
<&
*
% 05 . *c';, 0.5
= = .
L‘E 0.4 § 0.4 mllg\:i’I:r
[] <] = most
£ o3 E 03 Vp 6.7- ;
felsic
6.9
0.2 bulk crust 0.2
upper crust
0.1 ¢ lower crust 1 0.1
ol J 0
. . 45 50 55 60 65 70 75
mid-ocean ridge lavas, gabbros & e
(B) Oman lower crust (D) wt% Si02
0.8 | ’ . 0.8
| oceanic crust Talkeetna LC
0.7 0.7 weighted average
(this paper)
0.6 0.6
¥ 05 o / -
% 0.4 | % 0.4 Kohistan
= ‘ g . Lc Famatina
[} [}
1= 0.3 ‘ | | | £ 03 LC
[ n *e0
[ | & * { 0.2
MAR
L3
B EPR (su2002) { 0.1
@ EPR wanless et al. 2010)
: ! 0
Indian 55 60 65 70 75 45 50 55 60 65 70 75
il wt% SiO2 wi% SiO2
(E) lower crustal granulite compositions
1 e e ] e o e B e |
[ <& Archean
xenoliths 0
08 |
% 06
=
8
]
E 04 |
02 |
.Archean
1

‘ post-Archean

90
<> xenoliths

wt% SiO2

Fig.1  Plots of wt% SiO, versus molar Mg/(Mg + Fe), or Mg#, for continental and oceanic crustal compositions, modified from our prior work (Kelemen, 1995; Kelemen
and Behn, 2016; Kelemen et al., 2003a, 2014, 2003c). The red polygon in panels A-D, and the black polygon in panel E, encloses all published estimates of bulk continental
crust. References are given in the caption of Supplementary Fig. 1 of Kelemen and Behn (2016) unless otherwise given here. (A) Compiled, proposed compositions of lower,
upper and bulk continental crust prior to 2015. (B) Compositions of mid-ocean ridge lavas (MORB) and gabbros. Points are compositions of MORB glasses from PetDB
(https://www.earthchem.org/resources/support/petdb-documentation/) downloaded in 2003, plus dacites from Wanless et al. (2010). Blue rectangle encloses the
compositions of gabbros recovered via ocean drilling (Dick et al., 2002; Godard et al., 2009; Kelemen et al., 2007; Natland and Dick, 1996) and studies of the Wadi Tayin
massif of the Samail ophiolite in Oman (Garbe-Schénberg et al., 2022; VanTongeren et al., 2021). The black star indicates the approximate composition of average, bulk
oceanic crust, based on the highest Mg# glass compositions, corresponding to a mantle-derived basaltic magma. The compositions of minor granitic veins in lower oceanic
crust are omitted for clarity, but see Hart et al. (1999) for data on strip samples including these veins and Kelemen et al. (2007) for major element plots and a discussion of
vein formation. (C) Five proposed lower continental crust compositions from Hacker et al. (2015, purple stars), together with a magenta star for the lower crust composition
of Rudnick and Gao (2003, 2014) and a yellow star for the preferred lower crust composition from this paper, overlain on panel (A). (D) Average compositions of lower arc
crust derived from the Talkeetna (Kelemen et al., 2003a, 2014), Kohistan (Jagoutz and Schmidt, 2012) and Famatina (Ducea et al., 2015; Otamendi et al., 2012; Otamendi
et al., 2010; Walker Jr et al., 2015) exposed arc sections, overlain on panel (B). (E) Compiled compositions of granulite facies metamorphic rocks recording lower crustal
compositions (Supplementary Table 2 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2). White crosses indicate average compositions for
Archean granulite terrains, post-Archean granulite terrains, and granulite xenoliths. Archean and post-Archean compilations are from Hacker et al. (2015), building upon
prior compilations from Huang et al. (2013).Compilation of xenoliths (and amphibolites used in other figures and calculations) from Huang et al. (2013). Note expanded axis
limits in panel (E), compared to panels (A-D).
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Fig. 2 Histogram of Earth’s solid surface elevations relative to sea level using used data based on the ETOPO1 1-arc-minute global relief model (Amante and
Eakins, 2009; NOAA National Geophysical Data Center, 2009).

crust. In turn, understanding continental genesis is central to understanding the first order topography of the solid earth surface,
with its bimodal distribution reflecting compositional and thickness differences between oceanic and continental crust (Fig. 2).

Differences between more and less SiO,-rich estimates for the composition of lower continental crust arise for several reasons,
discussed in the next few sections of this paper.

Definitions of the middle and lower crust

There has been a tendency to define the lower crust as that portion of the crust that has a high seismic P-wave speed (Vp). This results
in assigning different depth intervals and thicknesses to the lower crust in different regions. Thus, for example, Rudnick and
Fountain (1995) inferred that the top of the lower crust is at an average depth of 28 and 30 km, with thicknesses of 14 and 10 km, in
shields + platforms, and Paleozoic orogens respectively. Extending this to tectonically and volcanically active regions expands the
Rudnick and Fountain range still further, with the top of the lower crust at 20-30 km, and the base at 25-50 km for Cenozoic
orogens, rifted margins and volcanic arcs (e.g., CRUST1.0 (Laske et al., 2012, 2013)). This approach emulates studies of oceanic
crust, with its relatively well-defined seismic layers, separated by sharp discontinuities in Vp, and the gradient of Vp with depth (e.g.,
Christensen, 1978; Christensen and Salisbury, 1975; Geological Society of America, 1972; Peterson et al., 1974; Raitt, 1963).
However, as noted by, e.g., Christensen and Mooney (1995) and Sammon et al. (2022), continental crust generally lacks consistent,
well-defined seismic discontinuities, and instead is characterized by smoothly increasing Vp with depth.

Here, we define the lower crust as extending from 25 km to the base of the crust, where a sharp increase in Vp generally defines
the Mohorovici¢ discontinuity at the top of the continental upper mantle. Choice of a depth of 25 km for the top of the lower crust, at
about 0.7 GPa, is based on equilibrium thermodynamic calculations showing that garnet becomes an important phase in
thousands of granulite rock compositions at >700 °C and pressures greater than 0.7-0.9 GPa (e.g., Jull and Kelemen, 2001; Hacker
et al., 2015). The assumption of equilibrium can be questioned, of course, because for example it is possible to sample garnet-
bearing rocks at the Earth’s surface, and conversely some “dry” granulites in metamorphic terrains have not formed garnet, even in in
eclogite facies conditions, due to kinetic limitations (e.g., Austrheim and Griffin, 1985). However—based on metamorphic
thermobarometry that does not involve garnet—garnet is present in the Talkeetna and Kohistan arc crustal sections where it is
predicted, and absent where it is not predicted (Hacker et al., 2008). On this basis we infer that a close approach to equilibrium is
common in lower arc and continental crust metamorphosed at >700 °C.

Following the CRUST1.0 model (Laske et al., 2012, 2013), we assign an average thickness of 39 km to average continental crust
in shields, platforms, and Paleozoic to Mesozoic orogens (Supplementary Table 1 in the online version at https://doi.org/10.1016/
B978-0-323-99762-1.00121-2). The range of 25-39 km yields an average depth of 32 km within the lower continental crust. In
turn, the area-weighted average upper crust thickness for shields, platforms, and Paleozoic to Mesozoic orogens in CRUST1.0 is
14 km, leaving an 11 km thick mid-crust extending from 14 to 25 km, with an average depth of 19.5 km.
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Table 1 Recently published compositions of lower and middle continental crust.

Rudnick Rudnick Hacker Hacker Hacker Hacker Hacker et al., Emo et al., Sammon and ~ Sammon Pease Cui Cui This paper This paper
and and Gao, etal, etal, etal, etal, 2015 2021 McDonough, etal., etal., 2023 etal, etal.,
Fountain, 2003, 2014 2015 2015 2015 2015 2021 2022 2023 2023
1995
Lower Lower crust ~ Most Vp Most Vp Lower Refractory Lower crust Lower Lower crust ~ Lower Lower Recommended Recommended
crust mafic 7.1-7.3 felsic 6.7-6.9 crust = middle lower crust EarthChem crust crust lower crust lower crust
lower lower lower lower crust crust Prior RF1.0 RF0.5 410°C, 510°C,
crust crust crust crust 0.92 GPa 0.92 GPa
Density 410°C,  kg/m® 3147 3146 3225 3215 2930 2981 3014 3156 3088 3109 3076 3203 3102 2994 3024
0.92 GPa
Vp 410 °C, km/s 7.16 7.16 7.25 7.24 6.69 6.80 6.83 7.18 7.08 7.01 6.94 7.29 7.02 6.86 6.89
0.92 GPa
Vs 410 °C, km/s 415 415 410 415 3.92 3.93 3.95 417 4.08 4.08 3.99 419 4.06 3.98 3.99
0.92 GPa
Vp/s 410 °C, 1.72 1.72 1.77 1.74 1.71 1.73 1.73 1.72 1.74 1.72 1.74 1.74 1.73 1.7 1.72
0.92 GPa
wt% Si02 53.4 53.41 48.6 50.7 61.9 58.0 57.3 52.98 53.28 55.38 54.6 51.1 545 57.71 56.86
wt% Ti02 0.8 0.82 1.40 1.24 0.78 0.91 0.99 0.90 0.98 0.88 1.09 0.9 09 0.92 0.95
wt% Al203 16.9 16.90 18.1 16.5 16.1 17.5 16.8 17.89 17.19 17.45 15.9 16.5 16.4 16.64 16.71
wt% FeOT 8.6 8.57 10.44 10.39 6.52 7.41 8.15 8.97 7.12 9.09 8.41 9.1 8.4 797 8.27
wt% MnO 0.1 0.10 0.18 0.19 0.1 0.13 0.16 0.16 0.16 0.14 0.14
wt% MgO0 7.2 7.24 6.87 7.03 3.14 3.93 4.46 6.80 7.63 512 7.24 8.7 6.7 484 5.18
wt% Ca0 9.6 9.59 10.10 10.10 5.77 6.23 6.63 9.61 10.15 8.06 8.36 10.8 9.1 6.66 7.01
wt% Na20 27 2.65 2.85 2.80 3.92 3.82 3.89 2.42 2.63 2.86 3.21 24 29 3.08 3.03
wt% K20 0.6 0.61 1.22 0.79 1.54 1.86 1.42 0.43 0.70 1.00 1.23 0.5 1.0 1.58 1.50
wt% P205 0.1 0.10 0.23 0.22 0.21 0.25 0.24 0.16 0.22 0.23
100 x molar molar Mg# (%) 60 60 54 55 46 49 49 57 66 50 61 63 59 52
Mg/(Mg + Fe)
53
Heat production ~ pW/ 0.16 0.16 0.14 0.11 0.18 0.19 0.20 0.10 0.14 0.60 0.58
m3
ppm 1 1 17 10 14 24 18 7.14 10.6 4 39
Rb
ppm 1.2 1.2 0.75 0.59 1.26 1.19 1.19 0.70 0.77 46 43
Th
ppmU 0.2 0.2 0.25 0.20 0.29 0.34 0.37 0.13 0.25 0.8 0.8
ppmK 5083 5065 6434 4659 9292 11,617 8508 3570 5809 8280 10,228 4197 8335 12,950 12,354
ppm 2.8 2.8 29 3.1 41 4.2 41 2.57 3.57 5.1 5.0
Sm

Notes: Major element concentrations normalizzed to 100 wt%, volatile-free. FeOT = all iron as FeO.

Physical properties for all compositions EXCEPT this paper calculated using Perple_X 6.6.7 following methods described in Section “Methods.”
Physical properties for our recommended lower crust compositions are Vp-weighted averages of individual sample values. Values for each sample were calculted using Perple_X 6.6.7 following methods described in Section “Methods.”
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Seismic properties of the middle and lower crust

Following past work, we use compilations of P-wave speed (Vp), shear wave speed (Vs), and their ratios (Vp/Vs) from Holbrook
etal. (1992) and Hacker et al. (2015). We find that Vs is not well correlated with rock composition at lower crustal conditions, in the
compositional range of interest, and so we focus on Vp.

The results of Holbrook et al. (1992) and Hacker et al. (2015) are very similar, and consistent with Vp of Christensen and
Mooney (1995) at 30-35 km, suggesting that these values are well-determined, though updated compilations could be useful.
These Vp compilations yield median and average Vp of 6.8-6.9 km/s at lower crustal depths. In contrast—partly due to definitions of
lower crust that depend on high Vp rather than depth—many previous reviews of lower crust have inferred that the lower crust has Vp
substantially greater than 6.9 km/s, for example with an average in situ Vp of 7.1 km/s (Huang et al., 2013, Table 4).

The compiled seismic data for the “lower crust” (Hacker et al., 2015; Holbrook et al., 1992) were originally calculated and
reported in terms of 2D “layers”—vertically-oriented, horizontally-elongate polygons—typically with separate polygons for middle
versus lower crust. As noted in the previous section, we define the top of the lower crust to be 25 km, whereas past studies have used
different depths in different regions. Thus, in calculating our new averages for lower crustal wave speeds, we combined values from
previously defined “lower crust” with a proportion of values from previously defined “middle crust”, as detailed in Supplementary
Table 1 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2.

Holbrook et al. and Hacker et al. compiled the cumulative cross-sectional area of rocks with a given Vp (height x length in 2D
seismic transects). We weighted these data according to the relative surface areas and crustal thickness of their different tectonic
settings to produce an areally-weighted distribution of P-wave and Vp/Vs values (Fig. 4 and Supplementary Table 1 in the online
version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2).

The thickness of crust in tectonically active regions is variable, and in many cases includes little material below 25 km depth. For
this reason, in calculating averages for both middle and lower crust (for Vp as well as for heat flow, Section “Temperatures and
pressures in the middle and lower crust”) we focus on shields, platforms and Paleozoic to Mesozoic orogens. Together, these have
median and average Vp of 6.82 and 6.91 km/s, respectively. If we do not incorporate a proportion of previously defined mid-crust,
the lower crust median and average values shift upward to 6.94 and 6.98 km/s, respectively. If we include young orogens, rifts and
arcs, as well as older, stable crust, median and average values shift to 6.86 and 6.93 km/s, respectively.

The SiO, content of metamorphic rocks is negatively correlated with Vp. Thus, the inference that the average Vp of lower crust is
6.9 km/s yields a more SiO,-rich composition than the inference that lower crust has an average Vp of 7.1 km/s.

Temperatures and pressures in the middle and lower crust

As can be seen in Fig. 5, the choice of lower crustal pressure and temperature has a significant influence on the inferred composition
of the lower crust. Higher pressures and/or lower temperatures yield higher Vp for a given composition and mineral assemblage,
while SiO, contents in most crustal rocks decrease with increasing Vp. As a result, choice of a relatively hot lower crustal temperature
yields a relatively mafic lower crust composition at a given Vp.

Relationships of pressure, density and depth in the crust depend on the average composition of the crust as a function of depth.
However, fortunately, the densities of inferred crustal compositions do not vary substantially from one study to another. For
example, we calculate densities of 2748, 2789, and 3146 kg/m? for the upper, middle and lower crust compositions of Rudnick and
Gao (2003, 2014),? and densities of about 2800 and 3000 kg/m? for the middle and lower crust in this study. Using either data set,
and upper, middle and lower crust thicknesses in Section “Definitions of the middle and lower crust”, yields 0.38 GPa for the top of
the middle crust, 0.54 GPa for average middle crust, 0.69-0.70 GPa for the top of lower crust, 0.90-0.92 GPa for average lower
crust, and 1.1 GPa for the base of the crust.

Unfortunately, in contrast to pressure, the relationship of temperature to depth in the continental crust is not well known,
despite its importance. In principle, one could use estimates of heat production in crust compositions, together with heat flow from
the mantle, to calculate steady state crustal temperatures as a function of depth. However, in practice, the uncertainties in both crust
compositions and mantle heat flow yield unacceptably large uncertainties in temperature. Instead, crustal temperatures at a given
depth can be estimated from surface heat flow, combined with inferences about variation in crustal composition and heat
production as a function of depth.

Surface heat flow in young continental crust is highly variable. The recent compilation of Lucazeau (2019) includes values from
less than 20 to more than 120 mW/m? for crust less than 200 million years old, and for older, thermally reactivated regions (most
notably, the South Australian Heat Flow Anomaly, e.g., Lucazeau, 2019, Neumann et al., 2000). In young crust, this variability is
due in part to high heat flow in continental rift zones (Lysak, 1992; Morgan, 1982), and to low heat flow in forearcs juxtaposed with
high heat flow volcanic arcs (Blackwell et al., 1982; England and Molnar, 1983; Furukawa, 1993; Fyfe and McBirney, 1975; Molnar
and England, 1990). In turn, these variations are due to advection of hot rocks and magmas upward, and advection of cold rocks
downward, in tectonically active settings. Such relatively rapid advection of heat is not incorporated in calculated steady state
geotherms, which generally account only for thermal diffusion and radioactive heat production.

Shallow magma chambers and volcanic necks cause high surface heat flow, potentially over a broad region due to hydrothermal
convection. As noted by, e.g., Blackwell et al. (1982) and Rothstein and Manning, (2003), rapid thermal advection by magmas and

2We calculated the density of Rudnick & Gao upper and middle crust at average middle crust conditions of 280 °C and 0.54 GPa, and the density of Rudnick &
Gao lower crust at average lower crust conditions of 410 °C and 0.92 GPa.
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Fig. 4 Histograms of observed and calculated seismic wave speeds in the lower and middle continental crust. Compiled observations are reported in
Supplementary Table 1 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2. Calculated values for rock compositions are reported in
Supplementary Table 2 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2. (A—C) observed seismic wave speeds, based on cross
sectional area-weighted observations for shields, platforms and Mesozoic to Paleozoic orogens (Hacker et al., 2015; Holbrook et al., 1992), weighted by the relative
surface area of each setting from CRUST1.0 (see Supplementary Table 1 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2). (D-F)
Histograms of calculated lower crustal Vp and Vp/Vs for granulite compositions at 410 °C, 0.92 GPa, and of calculated Vp for granulite and amphibolite compositions
at 280 °C, 0.54 GPa. Black vertical lines in panels D and F illustrate bounds of average lower- and mid-crustal Vp + 0.2 km/s, used to choose Vp-filtered alternative
lower and middle crust compositions in Table 2 and Supplementary Table 2 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2.
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Fig. 5 Temperature and pressure, contoured for the SiO, content of Vp-weighted samples from granulite terrains and xenoliths, calculated as described in
Sections “Relationship between rock composition and seismic P-wave speed” and “Methods.” Solid blue isopleths illustrate geotherms for lower continental crust
from Furlong and Chapman (2013) and Pollack and Chapman (1977) as a function of surface heat flow (blue labels in diagram). Blue dashed isopleths illustrate
geothermals from Hasterok and Chapman (2011) as a function of surface heat flow (blue labels at top). Red circles with cross indicate the average lower crustal
temperature and pressure we used to calculate Vp values for granulite compositions (Section “Temperatures and pressures in the middle and lower crust”). Smaller
yellow circle with cross illustrates the temperature and pressure used by Sammon et al. (2022) to calculate Vp values for granulite compositions.

hydrothermal fluids could produce arc crust that is regionally hotter than 1000 °C at about 10 km depth, and nearly isothermal
from there to the base of the crust. Indeed, there could be depth intervals in which temperature decreases with depth below shallow
plutons (e.g., Fig. 1 in Kelemen et al., 2003b). The observation of shallow magmatism overlying or adjacent to regions of high lower
crustal P-wave velocities suggests that lower arc crust could be colder than upper crust, and/or that the location and length scales of
seismic observations do not sample the same rock volumes as heat flow measurements. For example, in the Aleutian arc, shallow
magma chambers cause high surface heat flow within the volcanic chain. In contrast, seismic data collected over the adjacent forearc
yield high P-wave speeds from 7.3 to 7.7 km/s with low Vp/Vs ratios in the lower crust, indicating that the lower crust is composed
of relatively cold, mafic material containing little or no melt (Shillington et al., 2013, 2004).

Similarly, thrusting and rifting cause advection of high temperature material toward the surface, which is often faster than
establishment of a steady state conductive geotherm. Thrusting can lead to transient inverted geothermal gradients, with hot
hanging wall material overlying cold footwall rocks (e.g., Peacock, 1987, 1996; Molnar and England, 1990).

On the other hand, for crust more than 200 million years old, which has not been thermally reactivated by later tectonic events,
surface heat flow is less variable, averaging about 52 4+ 15 mW/m? (1 sigma) with a median of 49 mW/m? (data from Fig. 5 of
Lucazeau, 2019), as illustrated in Supplementary Fig. 1A in the online version at https://doi.org/10.1016/B978-0-323-99762-1.
00121-2 and previously noted in many reviews (Artemieva, 2006; Jaupart and Mareschal, 2003, 2014; Jaupart et al., 2016;
Mareschal and Jaupart, 2013; Pollack et al., 1993; Sclater et al., 1980; Stein, 1995; Vitorello and Pollack, 1980). These regions
account for about 60% of the total continental area. Presumably, the variability in regional heat production and surface heat flow
over time is reduced via mechanical mixing and thermal diffusion. It is also useful to note that—among heat flow observations in
younger crust that average 69 + 23 mW/m? (1 sigma) with a median of 65 mW/m? (data from Fig. 5 of Lucazeau, 2019), 47% fall
within the range of heat flow in older crust (Supplementary Fig. 1B in the online version at https://doi.org/10.1016/B978-0-323-
99762-1.00121-2). Thus, about 79% of continental crust has heat flow of 52 & 15 mW/m?.

Using heat flow to estimate crustal temperature versus depth also requires assumptions about radioactive heat production versus
depth. Given the consensus that the concentration of heat-producing elements decreases with depth, and the lack of seismic
evidence for sharp layer boundaries, many workers use models in which heat production decreases exponentially with depth in the
upper crust, below which it is constant and 40% lower than the upper crust in the middle to lower crust.
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In keeping with this practice, we prefer the relationships between heat flow, temperature and depth developed by Furlong and
Chapman (2013) for their Figs. 4A and 5, following the methodology of Pollack and Chapman (1977). We refer to this type of
geotherm with the acronym FC,PC. For surface heat flow of 50 mW/m?, FC,PC geotherms yield temperatures of 280 °C at 0.54 GPa
and 410 °C at 0.92 GPa for the middle and lower crust, respectively (Fig. 5).

On the other hand, Hasterok and Chapman (2011) proposed an alternative model, with two crustal layers, each having constant
heat production (Fig. 4b in Furlong and Chapman, 2013), with heat production in the lower layer equal to 26% of that in the upper
layer. For the same surface heat flow of 50 mW/m?, the Hasterok and Chapman (HC) approach yields average temperatures of
300 °Cat 0.54 GPaand 510 °C at 0.92 GPa for the middle and lower crust, respectively. As we show in Section “Composition of the
lower continental crust”, for regions with surface heat flow of 50 mW/m?, lower crustal compositions derived using an HC
geotherm contain about 1 wt% less SiO, than compositions using an FC,PC geotherm.

For their thermodynamic calculations, Sammon et al. (2022) used lower crust conditions of 600 °C at 0.85 GPa (corresponding
to a depth of ~29 km). As shown in Fig. 5, this choice lies near an FC, PC geotherm for surface heat flow of about 72 mW/m?, higher
than average continental surface heat flow, and an HC geotherm for heat flow of about 64 mW/m?, similar to average continental
heat flow (67 mW/m?, Lucazeau, 2019) including arcs, rifts and other tectonically active regions, and higher than average heat flow
for undisturbed crust more than 200 million years old. Along an HC 64 mW/m? geotherm, the Sammon et al. choice of 600 °C at
0.85 GPa corresponds to a temperature of more than 800 °C at the base of continental crust (1.1 GPa).

In their Bayesian approach, Pease et al. (2023) use a map of continental heat flow provinces, and a corresponding set of
geotherms, developed by Artemieva (2006). Implicitly, because this map includes tectonically active regions, which Artemieva
incorrectly interpreted as having steady state conductive geotherms, Pease et al. must have used significantly higher lower crustal
temperatures than those along the 50 mW/m? geotherms of Pollack and Chapman, Hasterock and Chapman, or Furlong and
Chapman.

Such high temperatures at the base of stable continental crust are inconsistent with a variety of data. For example, pressure/
temperature trends recorded by suites of mantle xenoliths can be used to extrapolate to lower pressures, assuming that the xenoliths
record PT points along a smooth, steady state geotherm. Rudnick et al. (1998) used mantle xenolith data to infer temperatures of
about 340-550 °C at 25-40 km depths in stable continental regions with surface heat flow of 50 mW/m? (their Fig. 6B). Similarly, a
recent review of continental geotherms by Goes et al. (2020) shows that compiled mantle xenolith PT data preclude temperatures
greater than 550 °C at depths less than 40 km in stable continental regions. These authors also illustrate results of a full range of
steady state geotherm models based on heat flow and assumptions about crustal heat production, which yield temperatures less
than 550 °C at 40 km and less than 450 °C at 25 km, for regions with heat flow of 50 mW/m?.

To reiterate, because the P-wave velocity for a given rock composition decreases with increasing temperature, and Vp at a given
temperature and pressure increases with decreasing SiO, content, interpreting Vp in terms of composition will yield a more mafic,
SiO,-poor composition at a higher temperature and a more felsic, SiO,-rich composition at a lower temperature (Fig. 5). This may
be the main reason why our estimated lower crust compositions have higher SiO, contents than those of Sammon et al. and
Pease et al.

Rock samples from the middle and lower crust

For over 50 years, scientists have inferred that granulite facies metamorphic rocks are samples of lower continental crust
(e.g., Holland and Lambert, 1972), because these rocks record pressures of equilibration consistent with the depth and thickness
of lower continental crust. For example, as illustrated in Supplementary Fig. 2 in the online version at https://doi.org/
10.1016/B978-0-323-99762-1.00121-2, reviews of 375 tectonically exposed, granulite facies metamorphic suites yield median
and average pressures of 0.95 and 1.05 £ 0.4 (1 sigma) GPa respectively (Brown, 2007; Brown and Johnson, 2019). An asymmetric
distribution of pressures may reflect partial preservation of mineral assemblages formed at higher pressures during transient,
orogenic crustal thickening events, as is thought to be currently occurring in southern Tibet.

Mineral assemblages in granulite facies metamorphic rocks record temperatures from ~500 to 1100 °C, with an average of
825 4+ 113 °C (1 sigma) and a median of 840 °C (Brown, 2007, Brown and Johnson, 2019). These temperatures are higher than in
stable lower continental crust more than 200 million years old. Moreover, some—perhaps most—of these are “closure
temperatures,” recorded during re-equilibration of minerals during cooling when temperatures fall below a “closure temperature”
that depends on reaction kinetics and cooling rates (e.g., Dodson, 1973). Following past practice (e.g., Sammon and McDonough,
2021, and references cited therein), we infer that most granulite facies metamorphic rocks formed at high temperature in the lower
crust during orogenic events, and then cooled isobarically to ambient lower crustal temperatures. However, we cannot rule out the
possibilities that some granulites record pressures lower than their peak pressures of metamorphism, and/or that cooling from their
closure temperatures to ambient crustal temperatures was accompanied by decompression.

Granulite suites, recording past metamorphism, are currently exposed on the surface, in areas with 30-50 km thick crust. This
raises the question: What is beneath exposed granulite facies metamorphic terrains at the present time? This issue can be viewed in
the context of different explanations for granulite facies metamorphism. In one view, granulite facies rocks form in the mid-crust,
within ~80 km thick crust formed by transient thickening and radioactive heating during continental collisions, as may be occurring
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Fig. 6 Average SiO, contents, Vs and Vp/Vs ratios for a given Vp, for granulite compositions lower crustal conditions (410 °C, 0.92 GPa) and for granulite and amphibolite compositions at mid-crustal conditions (280 °C, 0.54 GPa).
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0.92 GPa) and middle crust (granulites and amphibolites at 280 °C, 0.54 GPa) on an FC,PC style 50 mW/m? geotherm. Error bars illustrate 1 sigma variation from the arithmetic mean. (&) Shaded blue curve in panel A shows
approximate trend of experimental Vp data (~25 °C, 0.6 GPa) vs Si0, from Huang et al. (2013, their Fig. 3), connecting their mafic, intermediate and felsic granulite averages, “corrected” to lower crustal temperature (410 °C,
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7.6 km/s produces an intermediate composition with Vp of 7.0 km/s and 60 wt% Si0,, significantly higher than the average Si0, content of granulite samples with Vp of 7.0 km/s.
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in southern Tibet today (e.g, Jaupart et al., 1985; McKenzie and Priestley, 2008).” In another view, granulite facies metamorphism
occurs near the base of normal thickness crust, during arc- or rift-related heating events (e.g., Miyashiro, 1961). In this latter
scenario, the rocks beneath exposed granulite terrains must have been added to the underlying crust by thrusting or underplating
after granulite metamorphism. Either way, we must use additional data to infer which, if any, granulite facies metamorphic rocks
could be representative of present-day lower continental crust.

Granulite facies rock compositions are highly variable (e.g., Figs. 1E, 3B and 3G). Compiled compositions for Archean and post-
Archean granulite terrains (Hacker et al., 2015; Huang et al., 2013; Sammon and McDonough, 2021) have average SiO, contents of
64 £ 9 and 60 £ 13 wt% SiO,, respectively (1 sigma, Hacker et al., 2015). As discussed below, in agreement with prior work, we
calculate that the average compositions of granulite terrains are too SiO,-rich, with correspondingly low Vp, to represent average
lower continental crust.

Compiled compositions for granulite-facies xenoliths from continental volcanic centers contain an average of 52 + 7 wt% SiO,
(1 sigma, Huang et al., 2013). Since xenoliths might sample rocks from the present-day lower crust, whereas exhumed metamorphic
terrains do not, some workers have proposed that the granulite xenoliths are—on average—more representative of the present-day
lower crust (e.g., Huang et al., 2013; Rudnick, 1992; Rudnick and Presper, 1990; Sammon and McDonough, 2021). However, as
discussed below, we calculate that the average composition of the granulite xenoliths is too mafic, with a corresponding Vp too high,
to correspond to average lower continental crust.

Some prior work treats amphibolite facies metamorphic rocks as representative of middle continental crust (Huang et al., 2013;
Rudnick, 1992; Rudnick and Gao, 2003, 2014; Rudnick and Presper, 1990; Sammon and McDonough, 2021). We are not confident
about the basis for this, but for this paper we consider the possibility that some amphibolite facies samples (compiled by Huang
et al., 2013) together with some granulite facies samples, could be representative of rocks in the middle continental crust.

Relationship between rock composition and seismic P-wave speed

Prior to 2022, most studies inferring a mafic composition for the lower continental crust relied on experimental measurements of
acoustic wave speeds (and in some cases shear wave speeds, Vs) for rocks at lab temperature and elevated pressure (typically,
0.6 GPa), together with empirical factors for dVp/dT and dVp/dP, to extrapolate laboratory measurements to lower crustal
temperatures and pressures. As discussed more extensively by Hacker et al. (2015), such experimental approaches have weaknesses
that limit their application, as follows:

(a) In whole or in part, samples selected for experiments often contained mineral assemblages inconsistent with equilibration at
lower crustal depths. Many contained less garnet—with its high seismic wave speeds—than calculated to be present in rocks
with their bulk composition at ~0.9 GPa. Moreover, most acoustic wave speed measurements aimed at understanding lower
crust were made at 0.6 GPa. As demonstrated by, e.g., Jull and Kelemen (2001), the equilibrium proportion of garnet in
metamorphic rocks, and thus their density, varies dramatically between 0.6 and 0.9 GPa. Also, many samples selected for
laboratory investigation contained minerals formed by alteration during or after exhumation to the surface. As a result of these
factors, some samples had experimental wave speeds lower than those of rocks with the same bulk composition, equilibrated in
the lower crust.

Similarly, decompression of lower crustal rocks during transport to the surface, via rapid ascent as xenoliths in lavas or slow

tectonic exhumation, forms microcracks which can irreversibly reduce wave speeds, compared to those for the same bulk

composition at lower crustal conditions (e.g, Fig. 14 and related text in Behn and Kelemen, 2003).

(c) Many mafic samples were selected for experimental study based in part on the assumption that relatively high seismic wave
speeds in lower continental crust, compared to upper crust, indicated that the lower crust was mafic. In contrast, relatively few
intermediate to felsic samples were selected for experimental measurements (e.g., Supplementary Fig. 2 in Hacker et al., 2015).

(d) Extrapolation of experimental wave-speeds (almost all at 20-25 °C) to the in situ seismic properties of lower continental crust
requires “correction” of the in situ observations to experimental temperature and pressure, or vice versa. The nature of this
correction is approximate and uncertain. Single values of of dVp/dT of -0.0004 km/s per °C and dVp/dP of 0.2 km/s per GPa
are often used. However, Korenaga et al. (2002), using the elastic properties of minerals and mixture theory, found that these
derivatives for mafic rocks at 400 °C and 0.6 GPa ranged from 0.00035 to 0.00043 and from 0.175 to 0.225, respectively, for
rocks with in situ Vp of 6.7-7.1.

(b

~—

To avoid such biases, some recent studies relating physical properties and rock compositions rely on thermodynamically calculated
mineral proportions in a bulk composition at a given pressure and temperature, together with the elastic properties of those
minerals, and then use mixture theory to estimate the physical properties of polymineralic rocks.

This methodology yields systematically higher Vp, and Vp/Vs, for mafic, intermediate and felsic bulk compositions, compared
with empirical fits based on the experimental data described above. The lower crustal mineral assemblages and physical properties

*It is noteworthy that thickened crust in southern Tibet has seismic P-wave speeds much lower than average Vp at a given depth in stable continental crust (Kind
etal., 2002; Zhao et al. 2002; Schulte-Pelkum et al., 2005; Monsalve et al., 2006, 2008; Nabelek et al., 2009; Wittlinger et al., 2009), while temperatures at the
base of the crust in southern Tibet are estimated to be ~600 °C at 80 km (e.g., Craig et al., 2020 and references therein). Thus, the low Vp in the lower crust of
southern Tibet is probably indicative of relatively SiO,-rich compositions compared to average lower continental crust. This is not consistent with the idea that
granulite terrains are metamorphosed in the middle crust during orogenic thickening,and are underlain by a more mafic lower crust.
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used by Behn and Kelemen (2003, 2006), Hacker et al. (2015), Kelemen and Behn (2016), Sammon et al. (2022), Pease et al.
(2023) and this paper use this thermodynamically-based methodology.

A recent study (Sui et al., 2022) derived a contour diagram and associated lookup table relating SiO, content in samples to Vs
and Vp/Vs at lower crustal conditions, based on experimental data. They also used a thermodynamic method, similar to those
discussed in the previous paragraph. Though it is not clear in the text of their paper, 80% of their text and figures relied on the
contoured experimental data. As can be seen in their Fig. 17, their compositional estimates for North American lower continental
crust, based on Vs and Vp/Vs observations, differ by 6-8 wt%, from 51 to 52 wt% SiO, based on experimental data, to 58-59 wt%
SiO; based on thermodynamically-calculated values. Similar, though smaller, differences are another important reason why our
average lower crustal SiO, content is higher than in prior studies relying solely on experimental data.

Constraints on lower crust composition from surface heat flow, revisited

Some past studies relied on surface heat flow as an important constraint on the composition of lower continental crust, inferring
that the concentration of heat producing elements must be low in the lower crust, to be consistent with mantle heat flow plus high
heat production in the middle and upper crust. For example, Rudnick and Gao (2003, 2014) used values of mantle heat flow of
17 mW/m? (citing Jaupart and Mareschal, 2003, 2014), upper crust heat production of 1.6 uW/m?>, middle crust heat production of
1.0 pW/m?, and surface heat flow of 50 mW/m?, to infer that heat production in the lower crust must be 0.2 pW/m?, consistent with
the low U, Th and K contents of mafic granulite xenoliths.

However, given that the range of likely mantle heat flow is 11-18 mW/m? as reported in the reviews by Jaupart and Mareschal
(2003, 2014), and that composition of the middle crust is uncertain, Hacker et al. (2011, 2015) showed that surface heat flow of
49-51 mW/m? could be produced by lower crust with heat production ranging from 0.17 to 0.72 uW/m?>. We conclude that surface
heat flow is not a strong constraint on the composition of the lower continental crust. It is the case, however, that the temperature of
the lower continental crust is constrained by both surface heat flow, and heat production as a function of depth in the crust. Though
it is beyond the scope of this paper, future studies could ensure that these values are internally consistent.

Composition of the lower continental crust

Following the general approach of Jull and Kelemen (2001) and Hacker et al. (2011, 2015), we calculated equilibrium mineral
assemblages in the compiled compositions of granulite samples (Hacker et al., 2015) at closure conditions of 0.5 wt% H,O, 700 °C,
0.92 GPa for the lower crust, and 0.5 wt% H,0, 700 °C, 0.54 GPa for the middle crust. Similarly, we calculated equilibrium mineral
assemblages in the compiled compositions of amphibolite samples (Huang et al., 2013) at 1.0 wt% H,O, 650 °C, 0.54 GPa for the
mid-crust. We then assumed that these rocks underwent isobaric cooling to temperatures along steady state, 50 mW/m? geotherms,
0f 410-510 °C in the lower crust, and 280-300 °C in the middle crust, as described in Section “Seismic properties of the middle and
lower crust.” We calculated physical properties for the mineral assemblages at these lower temperatures, using the elastic properties
of minerals, and mixture theory, to estimate density, Vp and Vs (Figs. 4D-F, and Supplementary Table 2 in the online version at
https://doi.org/10.1016/B978-0-323-99762-1.00121-2).

Using this suite of samples, we calculated average compositions for each P-wave speed (Fig. 6), and multiplied these values by
the proportions of each P-wave speed observed in the lower and middle crust (Fig. 4A, C and Supplementary Table 1 in the online
version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2) to determine weighted average lower crust compositions with
56.9-57.7 wt% SiO,, respectively (Figs. 1C, 1D and 7, Table 2, and Supplementary Table 2 in the online version at https://doi.org/
10.1016/B978-0-323-99762-1.00121-2). These are our preferred estimates, because they incorporate the compositional variability
represented by the full range of lower crustal Vp observations. For simplicity, in Figs. 6-8 and 11 we use the weighted average
composition for Vp calculated at 410 °C and 0.92 GPa along an FC,PC 50 mW/m? geotherm.

In addition to our preferred estimates, discussed in the previous paragraph, alternative compositions for the lower crust are
presented in Table 2, and Supplementary Table 2 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2.
These result from averaging all of the compiled granulite rock compositions with Vp between 6.7 and 7.1 at 410 °C or 510 °C,
0.92 GPa with 0.5 wt% H,O. These alternatives are similar to our preferred, weighted average compositions, with 55.7-56.6 wt%
SiO,, about 1 wt% lower than in our preferred compositions.

Using both the preferred and alternative estimates, the average lower continental crust (Table 2, and Supplementary Table 2 in the
online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2) has an intermediate composition with 55.7-57.7 wt%
S$i0,, an Mg# of 48-50, a density of 3000 kg/m?, radioactive heat production of 0.58-0.65 uW/m?, Vp of 6.9 km/s, and a Vp/Vs
ratio of 1.72. With the exception of average Vp/Vs, which does not vary much over the relevant range of compositions, our lower
crustal compositions are significantly different from most previous estimates for the average lower crust (e.g., lower crust 53.4 wt%
Si0,, Mg# 60, 3150 kg/m?>; 0.16 pW/m?, Vp 7.15 km/s, Vp/Vs ~ 1.72, Rudnick and Gao, 2003, 2014). Since before 1995, other
than the work of Hacker et al. (2015), no estimates of the composition of lower continental crust contain more than 55 wt% SiO,,
or yield heat production greater than 0.20 pW/m?, and only the lower crust of Sammon et al. (2022) has an Mg# less than
60 (Table 1).

The histograms of estimated Vp for granulites and amphibolites and lower and middle crust conditions, (Fig. 4D-F) are
strikingly bimodal, as are histograms for SiO, in these suites (Hacker et al., 2015). It is likely that in some regions, lower continental
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Table 2

Recommended and alternative lower, middle and bulk continental crust compositions.

Lower and middle crust compositions calculated for a Pollack and Chapman (1977), Furlong and Chapman (2013) style 50 mW/m? geotherm

Reccomended lower crust granulites Reccomended mid-crust Reccomended  Alternative granulites with Vp  Alternative granulites & Alternative bulk
granulites & amphibolites bulk crust 6.7-7.1 amphibolites with Vp 6.4-6.8 crust
Vp stddev N std error Vp stddev N std Vp weighted LC, Vp stddev N std Vp std N std Vp filtered LC,  Rudnick & Gao compositions Gale
weighted  (+) ) weighted () error MC upper crust filtered (+) error  filtered  dev error MC upper crust etal.
average average ) from RG average ) average (+) ) from RG Lower  Middle Upper Bulk  Normal
crust crust  crust crust  ORB
Physical properties from Perple_X
PerpleX
Density 280 °C, 0.54 GPa kg/m? 2786 57 5392 0.78 2820 61 1052 1.9 2789 2748 3055
Vp 280 °C, 0.54 GPa km/s 6.47 0.10 5392 0.0014 6.58 0.065 1052 0.0020 6.71 6.99
Vs 280 °C, 0.54 GPa km/s 375 0.17 5392 0.0023 3.82 0.074 1052 0.0023 3.80 391
Vp/Vs 280 °C, 0.54 GPa 1.69 011 5392 0.0014 172 0.023 1052 0.0007 1.77 1.79
Density 410 °C, 0.92 GPa kg/m® 2994 70 3295 1.2 3005 93 737 3.4 3146 3171
Vp 410 °C, 0.92 GPa km/s 6.86 0.029 3295 0.00050 6.90 0.11 737 0.0041 7.16 7.29
Vs 410 °C, 0.92 GPa km/s 3.98 0.089 3295 0.0015 3.98 0.10 737 0.0038 415 4.12
Vp/Vs 410 °C, 0.92 GPa 1.71 0.037 3295 0.00065 1.74 0.04 737 0.0015 1.72 1.77
Arithmetic mean values Normalized to
100 wt%
volatile free
wt% Si0, 57.71 355 3295 0.062 61.28 466 5392 0.064 61.78 56.57 403 737 015 6231 579 1052 0.18 61.93 53.40 63.50 66.62 60.60 50.42
wit% Ti0, 0.92 0.47 3276 0.0083 0.86 0.57 5371 0.0077 0.81 0.93 0.44 735 0.016 0.81 0.59 1049 0.0182 0.80 0.82 069 0.64 072 014
wt% Al,04 16.64 318 3295 0.055 15.86 292 5392 0.040 16.00 1807 322 737 012 16.02 226 1052 0.070 16.66 16.90 1500 15.40 1590 1513
wit% FeOT 7.97 285 3295 0.050 7.16 255 5392 0.035 6.73 7.87 276 737 0.102 6.64 2.68 1052 0.083 6.59 8.57 6.02 5.04 6.71 981
wit% MnO 0.14 0.11 3201 0.0020 0.13 0.21 5285 0.0029 0.12 0.14 0.076 731 0.0028 0.12 0.208 1041 0.0065 0.12 0.10 0.10 0.10 0.10  0.17
wit% Mg0 484 223 3289 0.039 379 1.68 5384 0.023 3.73 4.43 193 737 0.071 324 1.69 1051 0.052 3.44 7.24 359 248 466 7.76
wit% Ca0 6.66 2.87 3295 0.050 5.61 218 5392 0.030 5.31 6.69 3.04 737 011 516 2.30 1052 0.071 5.22 9.59 525 359 6.41 11.35
wit% Na,0 3.08 123 3293 0.021  3.20 129 5386 0.018 3.18 3.44 135 737 0.050 3.44 1.22 1050 0.037 3.40 2.65 339 327 307 283
wt% K20 1.58 139 3287 0.024 190 1.60 5379 0.022 2.09 1.56 133 736 0.049 2.05 1.68 1050 0.052 213 0.61 230 280 181 153
wt% P05 0.22 022 3051 0.0040 0.21 0.31 5105 0.0043 0.19 0.26 022 699 0.0083 0.20 0.304 984 0.0097 0.21 0.1 015 0.5 013  0.16
100 x molar Mg/(Mg + Fe) Molar Mg# (%) 48 121 3289 0.21 45 10.2 5384 0.14 47 49 117 737 043 44 6.7 1051 0.21 47 60 52 47 55 59
Thickness km 14 1 39 14 1 39 Ours 14, 11 Ours 14, 40
RG 12 RG 17
Heat production (uW/m®) from  0.60 0.61 0.65 0.65 0.16 0.83 149
arithmetic mean
Surface heat flow (mW/m? Mantle 14 50 Mantle 13 50 Mantle 14 50
Range of surface heat flow 47-54 48-55 47-54
(mW/m?) w mantle
contributing 11-18 mW/m?
0.65
Arithmetic mean values
ppm Rb 41 60 2728 1.16 55 60 4598 0.89 60 39 52 592 2.1 62 29 917 097 61 1 65 84 49 1.8
ppm Th 46 11.0 1613 0.27 4.8 7.3 2564 0.14 6.7 5.2 133 364 070 54 42 481 0.19 7.1 1.2 6.5 10.5 5.6 0.25
ppm U 0.8 17 1402 0.045 093 14 2324 0.028 1.50 0.82 161 309 0.092 0.88 0.78 450 0.037 1.49 0.20 1.3 2.7 13 0.083
ppm K 12,950 11,454 3292 200 15,328 12,541 5352 171 17,173 12,883 10,969 737 404 16,964 5979 1051 184 17,676 5064 19,093 23,244 15,025 1162
ppm Sm 5.1 45 1722 0.11 5.0 43 3308 0.075 49 54 49 424 0.24 53 2.2 616 0.09 52 2.8 46 47 3.9 3.5




Lower and middle crust compositions calculated for a Hasterok and Chapman (2011) style 50 mW/m? geotherm

Reccomended lower crust Vp weighted Reccomended middle crust Vp Reccomended bulk crust Alternative lower crust granulites  Alternative middle crust granulites & Alternative bulk crust
granulites weighted granulites & amphibolites with Vp 6.7-7.1 amphibolites with Vp 6.4-6.8
Ip stddev N std error Vp stddev N std Vp weighted LC,MC upper crust Vp filtered stddev N  std Vp filtered std dev N std Vp filtered LC,MC upper crust
weighted (%) ) weighted (&) error from RG average  (+) error  average  (+) error from RG
average average (+) (+) +)
Density 300 °C, 0.54 GPa  kg/m® 2799 57 5396 0.78 2827 73 2422 1.5
Vp 300 °C, 0.54 GPa km/s 6.50 010 5396 0.0014 Concentrations: layer 6.59 0.232 2422 0.0047 Concentrations: layer
thickness & density weighted thickness & density weighted
sum sum
Vs 300 °C, 0.54 GPa km/s 3.76 0.17 5396 0.0023 3.81 0.170 2422 0.0034
Vp/Vs 300 °C, 0.54 GPa 1.70 0.11 5396 0.0014 1.73 0.130 2422 0.0026
Density 510 °C, 0.92 GPa  kg/m® 3024 71 3361 1.2 3018 92 742 34
Vp 510 °C, 0.92 GPa km/s 6.89 0.029 3361 0.00049 6.90 0.11 742 0.0042
Vs 510 °C, 0.92 GPa km/s 3.99 0.092 3361 0.0016 Heat production: 3.97 0.11 742 0.0040 Heat production: volume
volume weighted weighted sum
sum
Vp/Vs 510 °C, 0.92 GPa 1.72 0.039 3361 0.00068 1.74 0.04 742 0.0016
Arithmetic mean values Normalized to
100 wt% volatile
free
wit% Si0, 56.86 344 3361 0.059 60.97 459 5396 0.063 58.59 55.67 382 742 014 6175 578 2422 0.12 61.56
wit% Ti0, 0.95 0.50 3342 0.0086 0.87 0.57 5375 0.0078 0.92 0.96 0.50 741 0.018 0.84 0.59 2418 0.012 0.82
wit% Al,03 16.71 335 3361 0.058 15.87 238 5396 0.032 16.36 18.18 329 742 012 16.10 227 2422 0.046 16.76
wt% FeOT 8.27 291 3361 0.050 7.27 250 5396 0.034 7.85 8.1 256 742 0.094 6.87 269 2422 0.055 6.76
wi% MnO 0.14 0.1 3266 0.0020 0.13 0.21 5289 0.0028 0.14 0.14 0.072 737 0.0026 0.12 0.208 2378 0.0043 0.12
wt% Mg0 5.18 232 3355 0.040 3.89 1.68 5383 0.023 4.64 473 2.02 742 0.074 337 169 2421 0.034 3.60
wit% Ca0 7.01 296 3361 0.051 572 215 5396 0.029 6.47 7.1 314 742 012 533 2.34 2422 0.048 5.44
wt% Na,0 3.03 122 3359 0.021 320 122 5390 0.017 3.10 3.36 132 742 0.048 3.41 122 2418 0.025 3.37
wit% Ko0 1.50 1.33 3353 0.023 1.86 1.58 5383 0.021 1.65 1.45 126 741 0.046 2.01 169 2419 0.034 2.08
wit% P,0s 0.23 0.23 3112 0.0041 0.21 0.31 5108 0.0043 0.22 0.26 0.24 701 0.0089 0.21 0.290 2289 0.0061 0.21
100 x molar Mg/(Mg + Fe) Molar Mg# (%) 49 12 3355 0.21 45 9.4 5388 0.13 48 50 12 742 043 45 9.6 2421 0.20 48
Thickness km 14 1 39 14 1 39
Heat production (uW/m®  0.58 0.58 0.53 0.62
from arithmetic mean
Surface heat flow (mW/m?) Mantle 15 50 Mantle 15 50
Range of surface heat flow 47-54 48-55
(mW/m?) w mantle
contributing
11-18 mW/m?
Arithmetic mean values
ppm Rb 39 56 2778 1.07 54 57 4630 0.83 45 34 44 599 1.8 61 63 2139 1.37 59
ppm Th 43 9.7 1644 0.24 4.6 8.3 2582 0.16 44 4.2 7.9 374 041 52 9.9 1124 0.30 6.7
ppm U 0.8 15 1423 0.039  0.90 15 2338 0.030 0.83 0.68 128 323 0.071 0.86 136 1025 0.043 1.43
ppm K 12,354 10,984 3358 190 15,079 11,327 5393 154 13,502 12,001 10,440 742 383 16,584 12,530 2421 255 17,264
ppm Sm 5.0 4.4 1763 0.11 5.0 39 3337 0.067 5.0 5.2 46 439 022 53 46 1373 0.12 5.1

Notes.: Major element concentrations normalizzed to 100 wt%, volatile-free. FeOT = all iron as FeO.

Physical properties for MORB and Rudnick & Gao compositions calculated using Perple_X 6.6.7 following methods described in Section “Methods.”

Physical properties for our new lower crust compositions are Vp-weighted or Vp-filtered averages of individual sample values. Values for each sample were calculated using Perple_X 6.6.7 following methods described in Section “Methods.”

For lower crust = LC, middle crust = MC and upper crust = UC, and layer thicknesses in meters, and densities in Kg/m3, bulk crust compositions calculated as:

(LC thickness in m x LC density x LC concentration + MC thickness x MC density x MC concentration + UC thickness (14,000 m in this paper) x Rudnick & Gao UC density x Rudnick & Gao UC compostion) = (LC thickness x LC density + MC thickness x MC density + UC thickness x Rudnick & Gao UC density)

Heat production in various crustal volumes calculated as density x 0.000001 x (0.000003387 x ppm K + 0.01139 x ppm Rb + 0.04595 x ppm Sm + 26.18 x ppm Th + 98.29 x ppm U) as recommended by McDonough et al. (2020).

Surface heat flow for bulk crust compositions calculated as LC thickness in m x LC heat production + MC thickness in m x MC heat production + Rudnick & Gao UC heat production x UC thickness (14,000 m in this paper) + mantle heat flow values between 11 and 18 mW/m? recommended by Jaupart and Mareschal (2014).

See Supplementary Table 2 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2 for calculation of Vp-weighted (recommended) and Vp-filtered (alternative) arithmetic mean values, arithmetic standard deviations, geometric mean values and geometric standard deviations for our lower and middle crust compositions.
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Fig. 7 Extended major and trace element diagrams for our preferred lower, middle and bulk continental crust compositions at 410 °C, 0.92 GPa, compared to other compositions. Values are arithmetic means for major elements,
geometric means for trace elements. (A) Compositions normalized to normal MORB (Gale et al., 2013). (B) Compositions normalized to the bulk continental crust composition of Rudnick and Gao (2003, 2014). Shaded fields enclose
published estimates for lower (grey) and bulk (yellow) continental crust, as compiled by Kelemen and Behn (2016). (C) Compositions of lower, middle and bulk continental crust from this paper, divided by the compositions of the same
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Fig. 8 Density of depleted arc mantle peridotite subtracted from densities of different lower crustal compositions (Table 2 and Supplementary Tables 2 and 3 in
the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2). Densities calculated using Perple_X.

crust is composed of mixtures of low-SiO,, high-Vp lithologies and high-SiO,, low-Vp rocks, on scales ranging from hundreds of
kilometers to less than a few meters (in “banded gneisses”). This is one reason why we prefer our Vp weighted average lower crust
compositions, which incorporate proportions of low- and high-Vp compositions, to the alternative compositions derived by
averaging only those samples with Vp between 6.7 and 7.1 km/s.

Mixtures on length scales smaller than a “seismic wavelength” will have Vp intermediate between the different components. In
turn, because the relationship of Vp to SiO, in granulites is curved, concave upward (Fig. 6A), the SiO, content of simple mixtures
will fall above the curve (Fig. 6B). Thus, if simple mixtures of SiO,-rich and SiO, poor lithologies are ubiquitous in lower
continental crust, all of our estimated SiO, contents for lower continental crust in Table 2 could be systematically too low. For the end
member scenario in Fig. 6B, the SiO, content of a mixture with Vp of 7 km/s is 60 wt% SiO,, whereas the relationship between SiO,
and Vp derived in this study yields about 54 &+ 2 wt% SiO, at 7 km/s. In the future, systematic studies of the length scale and
magnitude of compositional banding in gneiss terrains could help to quantify the effect of such mixing on crustal SiO, estimates.

Geochemists generally interpret trace element concentrations using a logarithmic scale encompassing several orders of magni-
tude. Viewed through this lens, the trace element contents of our new lower and middle crust compositions are similar to most
previously published estimates for lower, middle and bulk continental crust (Fig. 7). As noted by Kelemen et al. (1993), compared
to average mid-ocean ridge basalts, all such estimates—including those for the lower crust—have depletions of Nb and Ta relative to
U, Th, K and La, all are Rb, Ba, Th, U, Nb, Ta, K and light rare earth element (REE) enriched, and heavy REE depleted, and all have
high Pb/Ce (Fig. 3). They share these characteristics with most arc lavas and have compositions that are rare or absent among
samples of MORB, lower oceanic crust, ocean island basalts, and oceanic plateaux.

In detail, when compared to the Rudnick and Gao (2003, 2014) lower crust composition (Fig. 7C), the concentrations of Rb, Th,
U, K, Pb and the light REE’s in our lower crust compositions are 20 to 220% higher. Higher concentrations of the heat producing
elements (U, Th, K, Rb, Sm) in our lower crust are balanced by lower concentrations of these elements in our middle crust, so that
total crustal heat production is similar in our bulk crust compositions, compared with the bulk crust of Rudnick & Gao. Rb/Sr in our
lower crust is higher, while U/Pb, Th/Pb, Sm/Nd and Lu/Hf ratios are lower than those of Rudnick & Gao. These variations in
radiogenic parent/daughter ratios may have significant consequences for the long-term isotopic evolution of the lower continental
crust, and the residue of its extraction from the mantle.

Composition of the middle continental crust

Using the same methods as described in Section “Composition of the lower continental crust”, we calculated average compo-
sitions for the middle crust (Table 2, and Supplementary Table 2 in the online version at https://doi.org/10.1016/B978-0-323-
99762-1.00121-2). Whereas we are confident that granulite facies metamorphic rocks generally record lower crustal conditions, and
are likely to be representative of lithologies in the lower crust, we are less confident that the compositions of granulites and
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amphibolites are representative of the middle crust. As a result, we are less confident about our estimated middle crust composi-
tions, compared to the lower crust compositions discussed in Section “Composition of the lower continental crust.”

Our recommended middle crust compositions—calculated as a weighted average of compositions with Vp from 6.0 to 7.6 km/s
at 280-300 °C and 0.54 GPa—are quite similar to the middle crust composition of Rudnick & Gao, as is evident in Fig. 7C. Ours
have 61 wt% SiO,, Mg# of 45, a density of 2800 tons/m>, Vp of 6.5 km/s, and Vp/Vs of 1.69-1.70. Alternative middle crust
compositions—the average of all compositions with Vp between 6.5 and 6.8 km/s at 280 °C to 300 °C and 0.54 GPa—are almost
identical to our preferred compositions, with 62 wt% SiO2, Mg# of 44-45, a density of 2800 kg/m>, Vp of 6.6 km/s, and Vp/Vs of
1.72-1.73.

As noted above, Rb, Th, U, K and Sm concentrations, and corresponding heat production of 0.58-0.62 uW/m3, in our middle
crust compositions are similar to those in our lower crust, and much lower than in Rudnick and Gao (2003, 2014) middle crust,
which has heat production of 0.84 yW/m?. The ratio of heat production in our middle and lower crust compositions, to heat
production in well-characterized, Rudnick & Gao upper crust, is about 40%, consistent with the partitioning value of Pollack and
Chapman (1977) used in Figs. 4A and 5 of Furlong and Chapman (2013). In contrast, heat production in the lower crust
composition of Rudnick & Gao is 20% of that in their middle crust, and 10% of that in their upper crust. These partitioning values
are lower than those used by Hasterok and Chapman (2011). Despite these differences, and differences in layer thickness (17 vs
14 km upper crust and 12 km vs 14 km lower crust, in Rudnick & Gao and our work, respectively) both sets of layer compositions
and depths yield very similar bulk crustal heat flow (Table 2).

Combining our lower and middle crust compositions with the upper crust of Rudnick and Gao (2003, 2014) yields bulk
continental crust with 59-62 wt% SiO,. If heat flow from the mantle is 11-18 mW/m?, our values yield surface heat flow of
47-55 mW/m?, consistent with observational bounds for stable continental regions older than 200 Ma.

Discussion of crustal compositions
An intermediate composition for the lower crust

As noted above, since 1995, most papers have estimated an average lower crust composition with 51-55 wt% SiO, (Cui et al., 2023;
Emo et al., 2021; Pease et al., 2023; Rudnick and Fountain, 1995; Rudnick and Gao, 2003, 2014; Sammon and McDonough, 2021;
Sammon et al., 2022), while one paper advocates a lower crust with 47.1 wt% SiO2 (Huang et al., 2013). In contrast, our preferred
lower crust compositions contain 56.9-57.7 wt% SiO,. A difference of 2-4 wt% SiO, may seem small, but from the point of view of
crustal genesis, it is important. By definition, “mafic” igneous rocks have less than 55 wt% SiO,. In contrast, igneous rocks with
55-65 wt% SiO, are termed “intermediate.”

Mantle derived magmas at mid-ocean ridges and ocean islands are almost all mafic basalts (< 52 wt% SiO,). Lower oceanic crust
is primarily composed of olivine-pyroxene-plagioclase “cumulates” with Mg# > 0.7, produced by crystal fractionation of cooling,
mantle-derived magma, after which the remaining melt was extracted to form sheeted dikes and lavas. These cumulates commonly
have less than 50 wt% SiO,. As can be seen in Fig. 1, oceanic crust is composed almost entirely of rocks with <53 wt%, while those
with >53 wt% are absent among with molar Mg/(Mg + Fe), aka Mg#, greater than 0.35. Thus, the bulk and lower oceanic crust are
certainly mafic.

The hypothesis that the lower continental crust is mafic arose in part by analogy to oceanic crust, where refractory cumulates in
the lower crust underlie more evolved, genetically related lavas in the upper crust. This analogy with oceanic crust was supported by
the observations that seismic wave speeds in lower continental crust are higher in the lower crust compared to the upper crust, and
that—all other things being equal—SiO,-poor, mafic rocks have higher seismic wave speeds than SiO,-rich, felsic rocks. Correlation
between bulk rock SiO, contents and laboratory measurements of Vp at mid- to lower-crustal pressures (typically, 0.6 GPa)
provided a quantitative basis for this hypothesis (Christensen and Mooney, 1995; Holbrook et al., 1992; Huang et al., 2013;
Rudnick and Fountain, 1995; Rudnick and Gao, 2003, 2014; Rudnick and Presper, 1990), which has been extended to include
functions relating laboratory observations of Vs and Vp/Vs ratios to SiO, contents (e.g., Sui et al., 2022).

In contrast, as noted above, our average lower crust compositions fall within the compositional range of intermediate arc lavas
and plutonic rocks (e.g., compilations in Kelemen et al., 2003a, 2014). To summarize, it has long been known that oceanic crust is
mafic while bulk continental crust has an intermediate composition. In this context, our new average lower continental crust
compositions are also intermediate, and in this way—as well as in its trace element contents—lower continental crust resembles arc
lavas, batholiths, and bulk continental crust (Fig. 7).

Moreover, (with the exception of U, Th, Sr, Eu and Ti, discussed below) the average composition of the lower crust is “liquid-
like.” It does not resemble mafic and ultramafic cumulate rocks—formed by partial crystallization of primitive (Mg# > 0.6),
mantle-derived mafic magmas, followed by removal of most of the remaining melt—nor does it resemble residues of partial
melting and melt extraction from primitive, mafic rocks. Cumulates produced by crystallization of mantle-derived, mafic magmas,
and restites produced by partial melting of mantle-derived mafic rocks, typically have Mg# > 0.7, MgO and/or CaO contents
>10 wt%, calcic plagioclase, and substantial enrichments in Eu/Sm compared to mid-ocean ride basalts and the mantle. Differen-
tiation of mantle-derived, mafic magmas into cumulates, restites and evolved melts has undoubtedly occurred in forming the
building blocks of continental crust. However, average lower continental crust does not represent a mafic, cumulate or residual
complement, recording crystal fractionation from a mafic mantle-derived parental melt to produce felsic, average upper continental
crust, or intermediate, average bulk continental crust.
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A caveat here is that — like the compositions of average granulite xenoliths, average granulite terrains and most estimates of the
trace element content of lower continental crust (Fig. 3)—the average lower continental crust compositions derived in this study are
depleted in U and Th compared to upper and bulk continental crust (Fig. 7). Moreover, mantle or MORB normalized concentrations
of U and Th are depleted with respect to similarly incompatible elements Ba, K and La. And, when we divide the lower crust
compositions by upper continental crust (Fig. 7D), we see that the lower crust is relatively enriched in Sr, Eu and Ti, and has a high
Ba/Rb ratio, suggesting that the lower crust is enriched in Ca-rich plagioclase and Fe-Ti oxides relative to the upper crust. This may be
due to removal of small amounts of U- and Th-rich, anatectic, felsic melt from the intermediate lower crust, which subsequently
crystallized in the upper crust. Such a global relationship was proposed by Reid et al. (1989) based on analyses of lower crustal
xenoliths from Kilbourne Hole, and modeled as a consequence of underplating of buoyant lithologies at the base of arc crust at high
temperature by Hacker et al., (2011).

The density of continental lower crust is significantly less than that of lower crust in the two best preserved arc crustal sections
(Supplementary Table 3 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2), supporting the idea
that—though arc and continental crust are surely related—the densest part of arc crust has been removed by one or more post-
magmatic process (Section “Genesis and evolution of lower continental crust”). Our new lower crust composition is more buoyant
than underlying mantle harzburgite at <1.5 GPa at ambient temperature, and more buoyant than the mantle at 2.5 GPa or more at
>700 °C. In contrast, lower arc crust and the lower continental crust composition of Rudnick & Gao are denser than the mantle at
>1.2 GPa at ambient conditions, and > 1.8 GPa at arc Moho conditions (Fig. 8).

To summarize, our new lower crustal composition is not consistent with widely held views of a “mafic lower crust”, based on
prior, geophysically-based estimates and on analogies to mafic oceanic and lower arc crust (Christensen and Mooney, 1995;
Holbrook et al.,, 1992; Huang et al., 2013; Pease et al., 2023; Rudnick and Fountain, 1995; Rudnick and Gao, 2003, 2014; Rudnick
and Presper, 1990; Sammon et al., 2022; Sui et al., 2022). The significant differences in our estimated lower crust composition,
compared to most previous studies, arise for three main reasons:

1. First, as noted in Section “Constraints on lower crust composition from surface heat flow, revisited”, qualitative assumptions
about the composition of the middle crust, inferred to contain abundant K, U and Th, combined with observed surface heat flow
and assumptions about heat flow from the underlying mantle, resulted in the inference that the lower crust had low K, U and Th
contents, as found in mafic igneous rocks. As shown by Hacker et al. (2011, 2015), and again here, a critical assessment of the
heat flow constraints yields a much broader range of potential compositions for lower continental crust.

2. Second, as noted in Section “Relationship between rock composition and seismic P-wave speed”, prior to 2022, most
geophysically constrained estimates of lower continental crust composition relied on experimental data relating whole rock
composition to acoustic wave speeds with the exception of Behn and Kelemen (2003), and Hacker et al. (2015).

3. Third, Sammon et al. (2022) used hot average lower crust conditions of 600 °C and 0.85 GPa, corresponding to surface heat flow
of 64-74 mW/m?, whereas we use 410 °C and 510 °C at 0.92 GPa along geotherms corresponding to surface heat flow of
50 mW/m?. Our choice is based on average heat flow in stable continental crust more than 200 million years old. Incorporating
younger crust, especially at tectonically and magmatically active continental margins, would result in a higher average heat flow,
and correspondingly a higher average temperature in the lower crust if the heat flow data were interpreted in terms of a steady
state geotherm.

The surface heat flow in crust less than 200 million years old varies dramatically, from less than 20 to more than 120 mW/m?, and
lower crustal Vp in those areas is also highly variable. Some areas of young crust have relatively low Vp in the lower crust,
for example in the Sierra Nevada batholith (Fliedner et al., 2000) and southern Tibet (Kind et al., 2002; Monsalve et al., 2008;
Monsalve et al., 2006; Nabelek et al., 2009; Schulte-Pelkum et al., 2005; Shi et al., 2015; Wittlinger et al., 2009; Zhao et al., 2001),
while others have relatively high Vp (e.g., Aleutian arc, Fliedner and Klemperer, 1999, Holbrook et al., 1999, Shillington et al.,
2004). In some cases, this variability may be ascribed mainly to temperature, while in others it probably involves more and less
SiO,-rich lower crust. It could be that these younger regions have not yet undergone the density sorting discussed in
Section “Genesis and evolution of lower continental crust”, and thus still contain more mafic material than older crust. Also,
mechanical mixing and thermal diffusion may reduce the variability of heat production and heat flow variability over time,
producing a more robust average.

Thus, to some extent, the recent papers proposing lower crustal compositions, including this one, may be comparing apples and
oranges, with some incorporating tectonically or magmatically active crust with higher heat flow, and perhaps a mafic lower crust,
while ours is focused on stable crust more than 200 million years old, with lower heat flow and an intermediate lower crust.
However, cratons, platforms and Paleozoic to Mesozoic orogens comprise 60% of the continental area, while 47% of heat flow
observations in the remaining 40%, tectonically active crust, fall within the same range as heat flow in stable crust (Supplementary
Fig. 1 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2). In this sense, the composition we recom-
mend may be a robust average for preserved lower continental crust formed during 95% of its history, covering 79% of the present
continental area.

In turn, compared to previous, mafic estimates, our new average composition is closer to the average composition of granulite
facies metamorphic terrains. Though samples from these terrains are more numerous than mafic granulite xenoliths, and the
terrains themselves are orders of magnitude larger in area and volume compared to the xenoliths, prior studies commonly suggested
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that the granulite terrains are not representative of lower continental crust, based on interpretations of seismic data and heat flow.
Here, following Hacker et al. (2011, 2015) and Sammon and McDonough (2021), we suggest that this approach and its conclusions
were in error, and that granulite terrains are representative of a significant proportion of lower continental crust.

Sources of uncertainty in the composition of lower continental crust

Some recent studies of continental lower crust have emphasized quantitative uncertainty in their compositional estimates, most
notably Tang et al. (2015), Sammon et al. (2022) and Pease et al. (2023). While estimated compositions for the lower crust are
certainly uncertain (!), and we do present standard deviations of average values in Table 2 and Supplementary Table 2 in the online
version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2, we feel that some of the formal uncertainty estimates in recent
papers are misleading.

Based on our calculations, for temperatures and pressures along 50 mW/m? geotherms, all the lower crust compositions from
Rudnick and Fountain (1995) Rudnick and Gao (2003, 2014), Emo et al. (2021) Sammon and McDonough (2021), Sammon et al.
(2022), Cui et al. (2023), and Pease et al. (2023), and the average xenoliths of Huang et al. (2013), have Vp that is systematically
faster than values for average continental crust from Christensen and Mooney (1995) and this study (Fig. 6H). Fig. 5 shows that
choices of an average value for surface heat flow, and the variation of heat production with depth, the thickness of crustal “layers”,
and the crustal domains to use when averaging Vp can each lead to changes of several weight percent in the resulting SiO, content of
the lower crust. Poor choices can lead to systematic errors that are not captured by the formalism of the average and standard
deviation for normally or log-normally distributed data.

An ongoing conundrum that illustrates the importance of these considerations is the observation of very high Vp—more than
7.5 km/s, up to 7.7 km/s, over 50 km along strike at depths of 20-35 km—in Aleutian lower crust (Shillington et al., 2004). If the
high Vp crust is at arc Moho temperatures (900 to 1100 °C, e.g., Hacker et al., 2008, Kelemen et al., 2003b), much of this material
must be ultramafic rock containing little or no melt. Alternatively, since the arc parallel refraction line underlying the Vp data
spanned a transect south of the volcanic front, perhaps these data sampled cold forearc crust, rather than arc crust. Two cross-lines
show steep gradients in lower crustal Vp—from 7.2 to 7.0 km/s (Holbrook et al., 1999) and from 7.3 to 6.9 km/s (Lizarralde et al.,
2002)—over distances of about 50 km perpendicular to the volcanic front, from the forearc to the active arc. The Aleutian example
shows why locations and spatial scales of seismic observations and heat flow measurements must be closely matched in order to
draw meaningful conclusions about the composition of the lower crust in tectonically active regions.

Similarly, calculations of mineral assemblages corresponding to rock compositions can produce different results, depending not
only on the current temperature at a given depth, discussed above, but also on the conditions at which mineral assemblages
equilibrate, including temperature, pressure, water content, and even oxygen fugacity. All of these factors are uncertain, though it is
difficult to quantify the range of “best” values, and their impact on resulting compositional estimates. We have found that, all other
things being equal, higher equilibration temperatures yield mineral assemblages with higher Vp upon subsequent cooling. The
compiled data equilibration temperatures for granuites (Brown, 2007; Brown and Johnson, 2019) average 845 + 95°C (1 sigma),
whereas for the thermodynamic calculation of mineral proportions used in this paper we used an equilibration temperature of
700°C. If we used a higher temperature, this would probably yield a higher SiO? content for the lower crust, though the magnitude
of this effect has not been fully quantified.

Once mineral assemblages are calculated, and cooled to a steady state temperature, physical properties for minerals and mixture
theory are used to calculate physical properties for polymineralic rock compositions. We have found that the temperature
dependence of Vp in “alpha quartz”, dVp/dT, is variable and poorly quantified in thermodynamic models. This introduces
uncertainty related to the temperature of the lower crust, as described above, but also indicates that the thermodynamic model
results themselves incorporate systematic uncertainties that have not been fully quantified.

A related technical issue is that mineral equilibration kinetics may vary from one rock composition to another and may vary
from one kind of equilibration reaction to another within a single rock. An end-member example again involves SiO, minerals.
SiO,-rich mineral assemblages equilibrated near the base of arc crust (e.g., 900 °C, 1.2 GPa) include the polymorph beta quartz,
which has Vp about 1 km/s faster than low temperature, alpha quartz. The alpha-beta transition is rapid, and beta quartz is not
observed in slowly cooled metamorphic rocks. Thus, while we may choose to use relatively high temperatures of metamorphic
equilibration to calculate mineral assemblages in granulites, this probably should not apply to beta quartz.

While the formal uncertainties for most other mineral physical properties, and for mixture theory, are better quantified than
those for quartz, they have not been consistently incorporated in formal estimates of uncertainty for crustal compositions. In
addition, Pease et al. (2023) include estimated uncertainties related to porosity (cracks), rock alteration, and preservation of
metastable high PT mineral assemblages at lower pressure, while this study and Sammon et al. (2022) do not.

Seismic properties of rock volumes are commonly used to infer rock compositions, but it is difficult to quantify the uncertainty
of each seismic “measurement” for a given rock volume, and uncertainties in Vp have not been used consistently in formal error
propagation, to infer the uncertainty in average Vp values for the crust at various depths, and hence the uncertainty in the resulting
compositions. Again, Pease et al. (2023) implicitly adopt a global approach that incorporates inferred steady state geotherms from
Artemieva, (2006) for young, tectonically and magmatically active crust that probably does not lie on steady state geotherms and
has (i) high variability in both Vp and heat flow over short length scales, and (ii) seismic scale lengths that are different from the
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heat flow data that inform the global thermal model of Artemieva (2006). Moreover, as noted in Section “An intermediate
composition for the lower crust” and illustrated in Fig. 6B, mixtures of different rock compositions, on a scale smaller than the
“seismic wavelength”, probably lead to systematic underestimates of SiO, content in the middle and lower crust, and this hard-to-
quantify factor has not been included in any formal estimates of uncertainty for crustal compositions.

In general, choices of constraints on the composition of lower continental crust can potentially lead to systematic errors that are
not captured by conventional methods of estimating variance around the mean or a normal (or log-normal) distribution of
observational data. As for Bayesian approaches, as Pease et al. (2023) would readily agree, the resulting bounds on possible
solutions are only as good as the input constraints.

The upshot of all this, in our opinion, is that recent estimates of lower and middle crust compositions should be viewed as the
result of successful forward models, that satisfy various constraints derived from geophysical and geochemical data. The constraints
vary from one study to another. Most importantly, none of these estimates can be used to rule out all possible, alternative models,
that could meet all reasonable constraints, even if results from one set of models lie outside formal uncertainty bounds developed
using another set of models. In this context . . . will we ever know the average composition of continental lower crust with certainty?
Perhaps not, but we hope this paper will persuade readers that the range of possibilities is larger than might be inferred from the
large number of recent studies advocating a mafic composition for the lower crust.

Tectonic provenance of lower continental crust

Continental crust shares its major and trace element characteristics with average lavas erupted in subduction-related volcanic arcs
(Figs. 1 and 3). Strikingly, as noted in Section “Composition of the lower continental crust”, the trace element patterns for lower
continental crust are very similar to trace element patterns for upper continental crust (e.g., Fig. 1 in Kelemen et al., 1993). And the
major and trace element compositions of bulk, upper, middle and lower continental crust, while uncertain, fall into the same range
as those of intermediate arc lavas and plutonic rocks (55-65 wt% SiO,)—compositions that are not present in oceanic crust (Fig. 1).

In turn, compared to MORB, ocean island basalts, and the estimated composition of bulk silicate earth, relative depletions of Nb
and Ta with respect to U, Th and K, and elevated Ba, U, Th, K and light rare earth element concentrations in arc magmas and bulk,
upper, middle and lower continental crust are all best understood as deriving from a “subduction component” (melt, fluid and/or
supercritical liquid) that is extracted from subducting oceanic crust and sediments (e.g., Armstrong, 1968; Armstrong, 1971; Coats,
1962; Gill, 1974; Kay, 1980; Kay et al., 1978; Marschall and Schumacher, 2012; Tatsumoto, 1969) and reacts with the overlying
mantle (flux melting, Kelemen et al., 2003a, 2014) or mixes with mantle melts. The specific trace element characteristics of this
component, particularly the Nb and Ta depletions, are attributed to extraction of the subduction component from a residue
composed of subducting, rutile- and garnet-rich eclogite via dehydration or low temperature, hydrous melting of subducting
oceanic crust (e.g., Ayers and Watson, 1993; Brenan et al., 1994; Brophy and Marsh, 1986; Green, 1981; Kay, 1978; Kelemen et al.,
1993; Morris and Hart, 1983; Ryerson and Watson, 1987; Saunders et al., 1980; Tatsumi et al., 1986; Yogodzinski et al., 1995;
Yogodzinski et al., 1994). Thus, it is generally held that the building blocks of continental crust were derived primarily from arc
magmatism.

A persistent, alternative viewpoint is that Archean continental crust formed prior to the initiation of subduction and arc
magmatism (e.g., Condie, 2018; Hamliton, 2003; Laurent et al., 2014; Tang et al., 2016). In this view, the trace element
characteristics of Eoarchean continental crust, including Nb and Ta depletions in mafic, intermediate and felsic magmas, might
have derived from partial melting of eclogite, heating as it foundered into the mantle in negatively buoyant diapirs (e.g., Bédard,
2006). However, the “eclogite signature” in arc magmas is best understood as the outcome of low temperature anatexis that forms
hydrous, SiO,-rich melts (or fluids, or supercritical liquids) from garnet-rich eclogite with residual rutile, as outlined in the
references cited above. Anatexis of high temperature eclogites involves less garnet, because more Al is dissolved in residual
pyroxenes, and may lack residual rutile saturation during formation of hotter, drier melts (Pertermann et al., 2004).

Another persistent alternative idea is that formation of continental crust involved flood basalt volcanism (e.g., Albarede, 1998;
Condie, 1997; Schubert and Sandwell, 1989; Stein and Goldstein, 1996; White et al., 1999). Indeed, oceanic plateaux, interpreted as
large igneous provinces, could have formed a tectonic nucleus for subsequent subduction of adjacent oceanic crust and resulting arc
magmatism (Abbott and Mooney, 1995; Nair and Chacko, 2008). However, our Fig. 3 (and Fig. 1 in Hofmann et al. (2022))
indicates that ocean island basalts and oceanic plateau basalts—at least, with their present characteristics—have trace element ratios
that are typical for MORB, and are distinct from ratios in average lower and bulk continental crust. This suggests that accreted ocean
island basalts and continental flood basalts, though they are present in continental crust, had a relatively minor role in forming
average lower and bulk continental crust. We briefly return to this topic in Section “A role for oceanic plateaux, after all?.”

No vestige of a beginning . ..

In addition to the similarity of average granulite compositions to arc magmas, another striking feature of lower continental crustal
samples is the lack of systematic temporal variation in key trace element ratios. While the average Archean granulite concentrations
for most incompatible trace elements are about two times lower than the post-Archean granulite averages, both sample groups have
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similar, large depletions in Nb and Ta relative to U, Th, K and La, both are Rb, Ba, Th, U, Nb, Ta, K and light rare earth element (REE)
enriched and heavy REE depleted, with a flat middle- to heavy REE pattern, and both have high Pb/Ce compared to MORB. Based on
these data, we infer that, since the Hadean, most of the currently preserved lower continental crust formed as a result of volcanic arc
magmatism, together with the density sorting processes discussed later in this paper. This hypothesis is consistent with inferences
based on similar trace element characteristics in intermediate to felsic Eoarchean rocks (e.g., Hoffmann et al., 2011; Nutman et al.,
2021; Polat et al., 2011; Sotiriou et al., 2022; Turkina, 2023) and even Hadean zircons (Grimes et al., 2007; Harrison, 2009;
Hopkins et al., 2010).

As a caveat, we note that the trace element characteristics of samples from granulite terrains are highly variable, probably as a
result of igneous differentiation and/or fluid alteration processes, so that the characteristics outlined here for average values are not
evident in many individual samples, or even in groups of samples from specific studies or localities. For example, low K granulites
have relatively high Nb/K compared to continental crust, with compositions similar to cumulate gabbros in lower oceanic crust
(Fig. 3), perhaps indicative of the presence of mafic, oxide-bearing gabbros in both suites. Thus, whereas arc magmatism has
produced most of the building blocks of continental crust, it is evident that other processes have played a role and generated
regional heterogeneity.

Genesis and evolution of lower continental crust

The composition of the oceanic crust arises from crystallization of mantle-derived basalts, formed by polybaric decompression
melting of DMM rising beneath oceanic spreading ridges, in a relatively well understood process. As a result, bulk oceanic crust has
the composition of a mantle-derived, primitive magma. In contrast, despite its first-order importance, there is a lack of consensus
about the processes that form continental crust in general, and lower continental crust in particular, as reviewed in many recent
studies (Arndt, 2013; Castro et al., 2013; Chen et al., 2020; Collins et al., 2020; Condie and Kroner, 2013; Dhuime et al., 2015;
Gaschnig et al., 2016; Gémez-Tuena et al., 2018; Hacker et al., 2011; Hacker et al., 2015; Hawkesworth et al., 2010; Hawkesworth
and Kemp, 2006; He et al., 2018; Jagoutz and Behn, 2013; Jagoutz and Kelemen, 2015; Jagoutz et al., 2011; Jagoutz and Schmidt,
2012; Jagoutz and Schmidt, 2013; Puetz et al., 2017; Qin et al., 2022). While it is not our intent to provide another comprehensive
review here, the next few paragraphs outline some of the ongoing uncertainties.

Ascribing a dominant role for arc magmatism in creating the basic ingredients for continental crust raises a long-standing
problem, because primitive, mantle-derived arc lavas are dominantly mafic (< 55 wt% SiO2, e.g. Fig. 5 in Kelemen et al., 20033,
2014), with an Mg# greater than 0.6. Lower arc crust commonly contains mafic material with a P-wave speed greater than 7.2 km/s
(e.g., in the Aleutians, Shillington et al., 2004), and mafic cumulates with Mg# greater than 0.7 and less than 51 wt% SiO, (Jagoutz
and Schmidt, 2012; Kelemen et al., 2003a, 2014; DeBari and Coleman, 1989; DeBari and Sleep, 1991; Dhuime et al., 2007, 2009;
Greene et al., 2006). In contrast, to reiterate, lower, middle and bulk continental crust are intermediate in composition (55-65 wt%
SiO,) with an Mg# between 0.4 and 0.6, and lower continental crust has P-wave speeds averaging about 6.9 km/s.

To explain the evolution from primitive, basaltic arc magmas to intermediate bulk and lower continental crust, various workers
have proposed the following ideas*:

(i) Arc magmatism in some times and places is dominated by direct melts of subducting eclogite, with intermediate to felsic
compositions that are preserved during limited reaction with mantle peridotite (e.g., Brophy and Marsh, 1986; Defant and
Drummond, 1990; Drummond and Defant, 1990; Gémez-Tuena et al., 2018; Kay, 1978; Kelemen, 1995; Kelemen et al.,
2003a; Kelemen et al., 1998; Kelemen et al., 1993; Marsh, 1979; Martin, 1986; Myers et al., 1985; Rapp etal., 2003; Rapp et al.,
1999; Schiano et al., 1995; Yogodzinski et al., 1995; Yogodzinski et al., 1994).

(ii) Dense, mafic, high Mg# lithologies (mafic and ultramafic cumulates) “delaminate” or “founder” into less dense, underlying
mantle peridotite (e.g., Arndt and Goldstein, 1989; Behn et al., 2007; Behn and Kelemen, 2006; Bowman et al., 2021; DeBari
and Coleman, 1989; DeBari and Sleep, 1991; Ducea and Saleeby, 1998a; Ducea and Saleeby, 1998b; Ducea, 2002; Ducea et al.,
2021a; Ducea et al., 2021b; Ducea and Saleeby, 1996; Herzberg et al., 1983; Jagoutz and Behn, 2013; Jagoutz and Kelemen,
2015; Jagoutz and Schmidt, 2012; Jagoutz and Schmidt, 2013; Jull and Kelemen, 2001; Kay and Kay, 1991; Kelemen et al.,
2003a, 2014; Lee and Anderson, 2015; Lee et al., 2006; Miintener et al., 2001; Tilhac et al., 2016; Xiao et al., 2019; Zandt
et al.,, 2004).

(iii) Buoyant, subducting materials are thrust into, or underplated beneath, arc crust in a process known as “relamination” (Hacker
etal., 2011, 2015). As defined by Hacker et al. (2011, 2015) relamination processes may include
(a) imbrication of material beneath the crust in the upper plate (e.g., Angiboust et al., 2013; Angiboust et al., 2022; Calvert,

2004; Calvert et al., 2003; Calvert et al., 2011; Calvert et al., 2006; Chapman, 2017; Chin et al., 2013; Ducea and Chapman,
2018; Gordon et al., 2017; Hanson et al., 2022; Henrys et al., 2013; Jacobson et al., 1996; Kimbrough and Grove, 2007;
Klein, 2019; Klein et al., 2016; Kotowski et al., 2022; Matzel et al., 2004; Pearson et al., 2017; Quick et al., 1995; Sauer
etal., 2017; Sauer et al., 2018; Scholl, 2021; Tewksbury-Christle et al., 2021; Tozer et al., 2017)

“These concepts have not been comprehensively reviewed in the past, and thus we include references to numerous seminal studies.



EARTH’S LITHOSPHERE | Average composition and genesis of the lower continental crust 63

(b) buoyant ascent from mantle depths to the base of the crust along a “subduction channel” (e.g., Andersen and Austrheim,
2008; Andersen et al., 1991; Brueckner and van Roermund, 2004; Chemenda et al., 2000; Chemenda et al., 1995; Cloos
and Shreve, 1988a; Cloos and Shreve, 1988b; Gerya et al., 2007; Gerya et al., 2002; Hacker and Gerya, 2013; Li and Gerya,
2009; Warren et al., 2008), and/or

(c) ascent of buoyant diapirs through the mantle wedge to the base of the crust (e.g., many of the references cited in (i) plus
Behn et al,, 2011, Cruz-Uribe et al., 2018, Currie et al., 2007, Gerya and Meilick, 2011, Gerya and Yuen, 2003, Gorczyk
etal., 2006, Kelemen et al., 2003a, 2014, Klein and Behn, 2021, Marschall and Schumacher, 2012, Miller and Behn, 2012,
Nielsen and Marschall, 2017, Wang et al., 2022, Yan et al.,, 2019, Yin et al., 2007, Zhu et al., 2009).

Most of the literature on low temperature, hydrous partial melting of eclogite—without reaction with the mantle—emphasizes the
unusual trace element characteristics of such melts, which are expected to be dacites that are more strongly light REE enriched, and
heavy REE depleted than typical arc magmas and continental crust, with much higher ratios of Dy/Yb and St/Y (e.g., Gill, 1974).
However, Kelemen et al. (2003c) showed that, when reacting with mantle peridotite, the trace element characteristics of eclogite
melts would change, producing depleted, flat middle to heavy REE patterns and lower Sr/Y ratios, typical of arc magmas. Still, such
hybrid products would have the major element characteristics of primitive (Mg# > 0.6) mantle-derived magmas, and thus would
have to undergo processes (ii) and/or (iii) in order to produce intermediate bulk and lower continental crust compositions with
Mg# < 0.6 (see, e.g., Supplementary Fig. S4A in Kelemen and Behn, 2016). Thus, this paper focuses on processes (ii) and (iii),
though we briefly return to recent work on process (i) in Section “Diapirs revisited.”

Processes (ii) and (iii) are similar in that they involve density sorting: At some stage(s), or perhaps at steady state, magmatic
differentiation of mantle-derived melts produced dense mafic compositions—solidified primitive magmas, crystalline cumulates or
residues of partial melting—that have been removed, so that the remaining crust retains a bulk composition that closely resembles
intermediate arc lavas and mid-crustal plutons. Using experimental data on crystal fractionation, Kelemen and Behn (2016),
(Supplementary Fig. 4 and Supplementary Table 2) estimated the proportion of removed material to be 25-80 wt% of the initial
mantle-derived magma, depending on the composition of the parental magma (basalt, basaltic andesite, primitive andesite or
dacite, mixed magma), pressure, temperature and oxygen fugacity.

In the following sections, we evaluate processes (ii) and (iii) a,b,c in more detail.

One-stage delamination of oceanic arc crust does not form lower continental crust

What processes might have removed a significant proportion of the mafic residues of magmatic differentiation that are present in
lower arc crust? One idea is that dense, mafic lithologies formed near the base of the crust, where they were denser than the
underlying mantle, and ultimately “foundered”or “delaminated” due to viscous, compositional convection. However, though
relatively intact crustal sections from oceanic, volcanic arcs do show compositional evidence for such “delamination” (e.g., DeBari
and Coleman, 1989; DeBari and Sleep, 1991; Greene et al., 2006; Kelemen et al., 2003a, 2014), gabbroic lower arc crust at depths
less than about 40 km is buoyant compared to the mantle, but remains significantly more mafic, and depleted in incompatible trace
elements, compared to lower continental crust (Fig. 9 in this paper, and Kelemen and Behn, 2016). Thus, delamination of arc crust
probably occurs, but in preserved oceanic arc crustal sections, the delamination process has not been sufficient to produce
continental crust from arc crust. Moreover, granulite terrains and xenoliths derived from lower continental crust contain tens of
percent metasedimentary rocks (Hacker et al., 2011, 2015), which are almost absent from oceanic arc lower crustal sections studied
to date (Kelemen et al., 2003a, 2014; Jagoutz and Schmidt, 2012; DeBari and Coleman, 1989; DeBari and Sleep, 1991; Dhuime
et al., 2007, 2009; Greene et al., 2006).

Models of relamination reproduce lower continental crust composition

As noted above, the estimated compositions of lower continental crust, bulk continental crust, arc upper crust (lavas, pyroclastic
rocks, volcanoclastic sediments) and arc middle crust (intermediate plutons and batholiths) are very similar. Thus, while foundering
or “delamination” of dense lithologies from the base of arc crust has probably occurred, available data indicate that this process
alone does not produce lower and bulk arc crust with the composition of lower continental and bulk crust. Instead, Kelemen and
Behn (2016) argued that substantial proportions of lower continental crust are composed of intermediate to felsic lavas and plutons
from arc upper and middle crust, that were subducted, rose buoyantly, and were emplaced at or near the base of arc and continental
crust. Similarly, Hacker et al. (2011, 2015) argued that “relamination” processes provide a good explanation for the presence of
metasediments among granulite xenoliths and within granulite terrains, where some are juxtaposed with lenses of mantle
peridotite. In this section, we review relamination processes (iii) b and ¢, and provide a new model for process (iii)a in
Section “Density filtering of underthrust material in at the base of arc crust.”
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Density sorting of subducting material in eclogite facies

Kelemen and Behn (2016) evaluated “relamination” processes (iii)b and (iii)c by calculating eclogite facies mineral assemblages
for arc magmatic rock compositions from the Talkeetna and Kohistan arc crustal sections, and from the active Aleutian and
Izu-Bonin-Mariana arcs. In our calculations, we assumed that subduction erosion of arc-derived lithologies would continue until
they were heated above 700-800 °C, at a depth of 3-4 GPa. At these conditions, and at higher temperatures and pressures, prior
calculations indicate that low viscosities lead to density instabilities, in which material more buoyant than mantle peridotite rises,
and denser material founders (e.g., Behn et al., 2011, and several other references cited in Section “Genesis and evolution of lower
continental crust”).

In Kelemen and Behn (2016), we did not include calculations of the density of continentally-derived sediments. Instead, we
envisioned an Archean world, prior to the formation of abundant terrigenous sediments via weathering of mature continental crust.
In this early world, subducting sediments would have been dominated by immature trench greywackes, with compositions similar
to arc upper crust (Linn et al., 1992; Wang et al., 2022). Trench sediments would have been supplemented by blocks of magmatic
arc crust entrained via “subduction erosion.” Over geologic time, subducted blocks of forearc crust, typically composed of
magmatic rocks formed by arc magmatism, have probably been more voluminous than subducting trench sediments. In any
case, our previous density calculations for a suite of subducting sediment compositions (Fig. 2 in Behn et al., 2011) indicate that a
majority of present-day, subducting sediments are less dense than mantle peridotite and would rise buoyantly through mantle
peridotite, at both subduction zone conditions (700-800 °C, 3-4 GPa) and the crust-mantle transition in arcs (700-1000 °C,
1.0-1.4 GPa).

Kelemen and Behn (2016) calculated mineral assemblages and densities for our comprehensive suite of arc lithologies, and then
separated them into a group that is less dense than mantle peridotite at the same pressure and temperature, and a group that is
denser than peridotite. Using a mantle density of 3377 kg/m?, based on the estimated density of primitive mantle (“pyrolite”) at
700 °C, 3 GPa (and similar densities at 700 °C, 4 GPa, 800 °C, 3 GPa, and 800 °C, 4 GPa), we found that average density sorted
buoyant compositions for each arc lie within the range defined by average compositions of Archean granulite terrains, post-Archean
granulite terrains, and granulite xenoliths for all elements considered, except Nb in two of the four arc suites. In turn, in the context
of this paper, the density filtered, buoyant arc compositions from the Kelemen and Behn (2016) model fall within one standard
deviation of our preferred lower crust composition for all elements considered. Thus, modeling of relamination via processes (iii)b
and (iii)c yielded a quantitative fit to the composition of lower continental crust, suggesting that these processes could have formed
the lower crust.

Density filtering of underthrust material at the base of arc crust

In this paper, we follow the same approach as Kelemen and Behn (2016), but model relamination via process (iii)a, thrusting of
subducted material into or just beneath lowermost arc crust. High temperatures at 1.0-1.4 GPa at the base of arc crust are recorded
by arc heat flow and metamorphic PT records (e.g., Hacker et al., 2008, Jagoutz and Behn, 2013, Jagoutz and Schmidt, 2012,
Kelemen et al., 2003b and references cited therein). Many granulite terrains may represent forearc and subducted material that has
been “underplated” by thrusting into the arc crust-mantle transition zone. For example, Quick et al. (1995) proposed that the
granulite facies rocks of the Ivrea Zone—commonly invoked as a representative section of lower continental crust—were derived via
subduction erosion and underplating of an accretionary prism. In support of this hypothesis, Quick et al. noted the juxtaposition of
metasediments with tectonic slivers of mantle peridotite and mafic orthogneisses, in an assemblage common in modern accretion-
ary prisms.

Similarly, many other granulite terrains worldwide include felsic and pelitic metasediments juxtaposed with variably altered
mantle peridotite and orthogneisses—the Skagit, Swakane and Napeequa high pressure metamorphic rocks in the North Cascades
of Washington State (Miller et al., 2009; Misch and Rice, 1975; Sauer et al., 2018; Whitney, 1992), the Teton gneisses (Frost et al.,
2018; Swapp et al., 2018; Zartman and Reed Jr, 1998), the Gruf granulites (Galli et al., 2013), the Malenco pelitic gneisses
(Hermann et al., 1997; Miintener and Hermann, 1996), and outcrops in Fjordland in New Zealand (Czertowicz et al., 2016;
Dwight et al., 2019; Scott, 2020). The Skagit and Swakane examples have been interpreted as forming via underplating of
forearc and/or back-arc material near the crust-mantle transition during arc magmatism (Gordon et al., 2017; Hanson et al.,
2022; Matzel et al., 2004; Sauer et al., 2017; Sauer et al., 2018). On the basis of structural mapping and geochronological data,
underplating has also been invoked for other metasedimentary suites in North America that record lower crustal pressures,
including the Pelona-Orocopia-Rand suite (Chapman, 2017; Chapman, 2021; Grove et al., 2003; Jacobson et al., 1996), the
Condrey Mountain schist (Tewksbury-Christle et al., 2021), the Central Gneiss Complex (Pearson et al., 2017), and the southern
Sierra Nevada (Klein, 2019; Klein et al., 2016). In a complement to these geological observations, underplated lenses of subducted,
forearc material are imaged in seismic studies (Calvert, 2004; Calvert et al., 2003; Calvert et al., 2011; Calvert et al., 2006; Henrys
et al., 2013; Tozer et al.,, 2017).

As an aside, only very minor, shallow metasedimentary lenses were found in the Talkeetna and Kohistan, oceanic arc sections
(DeBari and Coleman, 1989; DeBari and Sleep, 1991; Dhuime et al., 2007; Dhuime et al., 2009; Garrido et al., 2006; Greene et al.,
2006; Jagoutz and Kelemen, 2015; Jagoutz and Schmidt, 2012; Jagoutz et al., 2009; Kelemen et al., 2003a, 2014), whereas they
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appear to be abundant in many lower crustal sections (Ducea et al., 2015; Gordon et al., 2017; Hanson et al., 2022; Liao et al., 2013;
Matzel et al., 2004; Otamendi et al., 2009; Pearson et al., 2017; Saleeby et al., 2003; Saleeby, 1990; Saleeby et al., 1987; Sauer et al.,
2017; Saueretal., 2018; Todd, 2015; Todd, 2016; Whitney, 1992). The incorporation of abundant metasediments in continental arc
lower crust may arise due to underthrusting of lenses derived from the thick aprons of volcanoclastic and terrigenous sediment that
form in forearcs and trenches adjacent to continental margins.

It is likely that tectonic underplating also emplaces intermediate to felsic magmatic rocks near the base of the crust in active arcs.
This could explain the metamorphic and tectonic processes that formed the abundant orthogneisses that are common in granulite
suites. It is relatively easy to identify underplated pelitic metasediments and marbles, though we wonder how many “banded
gneisses” classified as orthogneisses are actually metamorphosed greywackes. In any case, compared to pelites and marbles, it is
harder to identify underplated igneous lithologies, particularly if high temperature metamorphism has erased prior history, and/or
if old zircons are interpreted as having been inherited during assimilation or melting of surrounding crust. Based on the evidence
from underplated metasediments, we propose that tectonic underplating, of intermediate to felsic, arc magmatic rocks has been an
important process during the formation and evolution of continental crust. In this context, older zircons might record the
crystallization of plutons, while younger overgrowths might form during metamorphism at high temperature conditions, such as
at the base of volcanic arc crust.

Accordingly, for this paper, we calculated densities of the same suite of arc magmatic samples as Kelemen and Behn (2016), but
in this case at lower pressure and somewhat higher temperature (800 °C, 1 GPa; 900 °C, 1.2 GPa), based on thermobarometry of
samples from just above the crust-mantle transition in exposed arc sections, and supported by estimates based on heat flow
observations, as summarized by Kelemen et al. (2003b). Compositions used, and references for data sources, are provided in
Supplementary Table 3 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2, which in turn is based on
compilations of data on Aleutian lavas and shallow plutons from Gene Yogodzinski (personal communication) as well as Kelemen
et al. (2003¢) and Cai et al. (2015), compositions of samples of the Kohistan arc crustal section from Jagoutz and Schmidt (2012),
compositions of samples from the Talkeetna arc crystal section from Kelemen et al. (2003a, 2014),” and lavas from the Izu-Bonin-
Marianas arc from Jordan et al. (2012).

For this paper, we separated the samples into groups more and less dense than 3250 kg/m?>, a value chosen on the basis of the
density of highly depleted mantle peridotites (harzburgite) observed just below the crust-mantle transition in the Talkeetna arc
section (Kelemen et al., 2003a, 2014). In turn, we envisioned a process in which dense, underthrust lithologies reach the Moho and
then founder into the underlying, hot, low viscosity sub-arc mantle, while buoyant lithologies accumulate in an intermediate
composition lower crust (Fig. 10).
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Fig. 10 Schematic cross-section illustrating underthrusting of fore-arc material along the crust-mantle boundary beneath a volcanic arc, accompanied by
foundering of lithologies denser than the underlying mantle. Foundering material is schematically illustrated with red diapirs, informally termed “tadpoles” by
Kelemen and Hacker (2016). Note that the red shapes are two to three orders of magnitude larger than the likely 100-1000 m diameter of dense diapirs foundering
into the arc mantle (e.g., Behn et al., 2011; Jull and Kelemen, 2001).

*While revising this paper, we found that among tabulated compositions of Talkeetna arc samples in the Supplementary Table of Kelemen et al., Treatise on
Geochemistry, 2003, 2014, 41 with compositions originally reported by Clift et al. (1995) had transposed values for MgO and CaO, and for Na,O and

K50. 33 of these are included in Supplementary Table 3 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2 with corrected
compositions. 6 of the 41 also had transposed values for TiO, and Al,O5. None of these 6 are included in Supplementary Table 3 in the online version at https://
doi.org/10.1016/B978-0-323-99762-1.00121-2. In addition to the 41 samples from Clift et al. (1995) an additional 15 samples from Hacker et al. JGR 2008
had transposed values for Na,O and K,O. All of these are included in Supplementary Table 3 in the online version at https://doi.org/10.1016/B978-0-323-
99762-1.00121-2 with corrected compositions. Corrected values are marked with a green highlight in the Table. Densities calculated for all these samples could
be incorrect.
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The results of this model are illustrated in Fig. 11 and reported in Supplementary Table 3 in the online version at https://
doi.org/10.1016/B978-0-323-99762-1.00121-2. The average compositions of buoyant arc lithologies at 800-900 °C and 1-1.2 GPa
provide a close match for the composition of lower continental crust, falling within one geometric standard deviation (GSD) of our
preferred lower continental crust composition for all elements considered (Fig. 11 D and E).° And in fact, the trace element
systematics of these compositions are quite similar to the composition of bulk continental crust.

It is notable that, compared to the eclogite facies density filter of Kelemen and Behn (2016), the arc Moho density filter
we used here yielded a smaller proportion of dense versus buoyant compositions, and correspondingly slightly less
SiO,-rich average compositions for the buoyant fraction from each arc suite. However, this difference may not be very significant.
If we had used a depleted harzburgite density, rather than a fertile lherzolite density, in the 2016 model, it would have yielded
buoyant compositions with lower SiO, and incompatible element concentrations, more similar to the results of the model
presented here.
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Fig. 11  Results of density filtering at the base of arc crust (900 °C, 1.2 GPa), in which compositions more buoyant than depleted mantle peridotite (3250 kg/m?®)
are retained, while denser compositions founder into the underlying mantle. Compositions of samples in the buoyant group, and their averages, are reported in
Supplementary Table 3 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2. (A) Wt% SiO, versus Mg# diagram with symbols for arc
lower crust as in Fig. 1D with buoyant compositions for various arcs added as red stars. Density filtering of subducting upper, middle and lower arc crust removes
dense lower arc crust lithologies and retains buoyant compositions in the lower continental crust. (B and C) Extended major and trace element diagrams for buoyant
arc compositions, normalized to the bulk continental crust composition of Rudnick and Gao (2003, 2014). Purple shaded line illustrates our preferred lower
continental crust composition at 410 °C and 0.92 GPa. For all data sets plotted, values are geometric means. (D and E) Extended major and trace element diagrams
for buoyant arc compositions, with a linear vertical scale, normalized to our preferred lower crust composition at 410 °C and 0.92 GPa. All values are geometric
means. Grey shaded lines outline one geometric standard deviation of our preferred lower crust composition. Grey dashed lines illustrate bounds for two geometric
standard deviations. (F-H) Histograms of compositions of lower crustal granulites with Vp from 6.7 to 7.1 km/s at 410 °C, 0.92 GPa. (I-K) Histograms of
compositions of volcanic arc samples with densities less than 3250 kg/m® at 900 °C, 1.2 GPa, which are more buoyant than depleted mantle peridotite at the same
conditions. Dark polygons in outline the distributions of granulite compositions from panel (F-H). Dashed polygons outline the compositional distributions of MORB
segment averages and ocean island basalt centers (Gale et al., 2013; Hofmann et al., 2022).

(Continued)

U concentrations in average, buoyant Aleutian lavas and plutons are higher than the bounds for two GSD, as are Th, K, Nb and Ta in Aleutian lavas. Nb, Ta and
Pb concentrations lie just below the two GSD bounds for Talkeetna and IBM datasets.
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Fig. 11—Cont’d

Density filtering of underthrust material during continental collisions

We were originally inspired to investigate density filtering of underthrust material at the base of the crust by observations and
hypotheses related to collision of the Indian and Asian continents in southern Tibet, northern Nepal and northern India. In this
collision zone, some combination of thickening via pure shear, and simple shear via thrusting of Indian crust beneath Asian crust,
has created doubly thick continental crust, about 80 km thick, with seismic Vp less than 7.0 down to more than 70 km depth (Kind
etal., 2002; Monsalve et al., 2008; Monsalve et al., 2006; Nabelek et al., 2009; Schulte-Pelkum et al., 2005; Shi et al., 2015; Wittlinger
et al,, 2009; Zhao et al,, 2001).
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A notable feature of this thick crust is the lack of high P-wave speeds in most of the lower crust. To explain this, Le Pichon et al.
(1992, 1997) proposed that mafic lower crust of the Indian plate transforms into eclogite at high pressure and temperature along
the crust-mantle transition at 80 km, and then founders into the underlying mantle. Envisioning this process, we sketched a model
of foundering diapirs along the Moho in southern Tibet (Fig. 12), that we termed the “South Tibetan Tadpole Zone” (Kelemen and
Hacker, 2016). Such Tadpole Zones” could produce efficient density sorting, retaining compositions that are buoyant with respect
to the mantle, and removing those that are denser than the mantle.

With this said, it is unclear how common Tibetan-style continental collisions have been in Earth history. McKenzie and Priestley
(2008) proposed that such collisions form most metamorphic granulite terrains, as a result of high temperature metamorphism in
radioactively-heated, thickened, felsic middle and lower crust. These granulites are then exhumed due to isostasy and erosion of the
thickened orogen, resulting in normal thickness continental crust. If so, then based on seismic data, and the relationship of Vp to
rock composition, we infer that exposed granulite terrains are underlain by similar granulites, formed at about the same time,
extending to the base of the present-day crust.

Alternatively, granulite facies metamorphic rocks may form in “Arc Tadpole Zones” near the base of lower arc crust (Fig. 10), as
outlined in Section “Rock samples from of the middle and lower crust.” Based on present-day geological observations, Arc Tadpole
Zones are likely to have been more common than Tibetan style continental collisions. Arc Tadpole Zones would have temperatures
similar to the Tibetan Tadpole Zone, but would undergo density sorting at a lower pressure. If so, however—since exposed granulite
terrains rarely if ever overlie anomalously thin continental crust—the crustal material underlying lower crustal granulite terrains must
have been added later, perhaps in part via pure shear (thickening), but perhaps more commonly by continued underplating of
younger, buoyant lithologies, and/or emplacement of magmatic rocks.

Delamination revisited
The processes described in Sections “One-stage delamination of oceanic arc crust doesn’t form lower continental crust”, “Density
filtering of underthrust material at the base of arc crust” and “Density filtering of underthrust material during continental collisions”
are quite similar, since they involve density sorting at the base of arc crust. The key difference is that density sorting of underplated
material involves lithologies derived from lavas, pyroclastic deposits, volcanoclastic sediments and trench sediments, as well as
felsic to intermediate, mid- and upper-crustal plutonic rocks, whereas delamination of arc crust, as generally envisioned, only affects
mafic plutonic rocks formed at the base of the crust, such as those that comprise the lower crust of the oceanic Talkeetna and
Kohistan arc crustal sections. As a result, the buoyant fraction produced by density sorting of underplated material closely resembles
arc upper crustal lavas and plutonic rocks, whereas abundant mafic rocks are preserved after a single phase of delamination of
oceanic arc sections like Talkeetna and Kohistan.

However, perhaps long-term burial, combined with extensive, ongoing delamination, could eventually transport upper crustal
rocks to the base of arc crust, forming compositions similar to lower continental crust. Such a scenario was proposed, on a

thickened
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Fig. 12 Schematic cross-section illustrating a Tibetan-style continental collision, with underthrusting Indian crust along the crust-mantle boundary beneath
Tibetan crust, accompanied by foundering of lithologies denser than the underlying mantle, as proposed by Le Pichon et al. (1992, 1997). Retained, accumulating
buoyant material forms thick, intermediate to felsic crust with Vp less than 7 km/s extending to depths of more than 70 km. Foundering material is schematically
illustrated as red diapirs, informally termed “tadpoles” by Kelemen and Hacker (2016). Note that the red shapes in the Figure are two to three orders of magnitude
larger than the likely 100-1000 m diameter of dense diapirs foundering into the arc mantle (e.g., Behn et al., 2011, Jull and Kelemen, 2001).

“Here, “tadpole” refers to foundering blobs of dense material, which in models resemble the shapes of tadpoles. However, note that the tadpole shapes in Figs.
10 and 12 are two to three orders of magnitude larger than the likely size of foundering diapirs, on the order of 100-1000 m in diameter (Behn et al., 2011).
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qualitative basis, to explain the presence of evolved, low Mg# quartz diorites near the base of the Talkeetna arc crustal section, and of
banded amphibolites with arc andesite compositions in the Talkeetna arc mid-crust (Fig. 26 and related text, Kelemen et al., 20033,
2014).

A good, though labor intensive, way to distinguish gradual burial and delamination beneath oceanic arcs from density sorting of
underplated lithologies will be to determine the provenance of lower crustal metasediments, and—in the ideal case—to determine
whether, on average, detrital zircons become increasingly young with increasing depth in continental crust, indicative of under-
plating, or increasingly old, indicative of gradual burial.

Yet another delamination scenario may arise where arcs along continental margins become so thick that lower crustal
magmatism forms dense, garnet rich cumulate rocks at temperatures greater than 1000 °C and pressures greater than 0.9 GPa. In
such a setting, highly depleted but density stable cumulates—such as those that comprise the lower crust in the oceanic Talkeetna
and Kohistan arc sections—might never form. Instead, dense, garnet-rich cumulates might founder almost continuously from the
arc Moho at magmatic temperatures. Mafic to intermediate lavas in such thick, continental arcs should record fractionation of
igneous garnet, as may happen in central Chile as recorded by lavas with intermediate Mg# and high Dy/Yb produced by
fractionation of abundant, low Dy/Yb garnet (e.g., Bourdon et al., 2000; Matteini et al., 2002).

Diapirs revisited

Behn etal. (2011) proposed that subducting metasediments are dominantly buoyant with respect to the overlying mantle, and as a
consequence that sedimentary layers more than about 200 m thick will rise into the mantle wedge upon heating to more than
700-800 °C. We imagined that these diapirs, heating as they decompress along a super-adiabatic PT path, undergo extensive partial
melting and reaction with surrounding mantle peridotite, causing fluxed melting and providing the “sediment component” in some
primitive, mantle-derived arc magmas.

Recently, however, several papers have proposed that some diapirs of subducting, intermediate to felsic material (metasediments
and buoyant arc lithologies undergoing subduction erosion) may be sufficiently large, and may rise sufficiently fast, to undergo
closed system melting with little or no interaction with the mantle wedge, forming intermediate to felsic magmatic rocks in arcs (e.g.
Gomez-Tuena et al., 2018; Marschall and Schumacher, 2012; Santa Cruz et al., 2023). This hypothesis is similar to some early
papers on light REE enriched, Sr enriched, heavy REE depleted arc dacites, termed “adakites”, cited in Section “Genesis and
evolution of lower continental crust” (i). However, the more recent work applies the diapir hypothesis to intermediate arc magmas
that lack the distinctive trace element characteristics of “adakites”, and that more closely resemble the composition of bulk
continental crust and lower continental crust. An end-member scenario for this process might be as follows: Ongoing tectonic
erosion subducts intermediate to felsic arc magmatic rocks, such as batholiths. They are then returned to the crust via thrusting into
or just beneath existing crust, ascent up a subduction channel, or in large diapirs rising though the mantle wedge, unaffected by
reaction with surrounding peridotite. In some cases they may be recognizable as deformed tectonites. In others, they may melt,
partially or completely, and appear to be newly formed magmatic rocks.

A role for oceanic plateaux, after all?

As noted in Section “Uncertainties in crustal composition”, it has been proposed that oceanic plateaux could have formed a tectonic
nucleus for subsequent subduction of adjacent oceanic crust and resulting arc magmatism (e.g., Abbott and Mooney, 1995;
Albarede, 1998; Condie, 1997; Nair and Chacko, 2008; Schubert and Sandwell, 1989; Stein and Goldstein, 1996; White et al.,
1999). Here we revisit this idea. Figs. 11 I, J and K show that granulites with lower crustal Vp from 6.7 to 6.9 km/s (at 410 °C,
0.92 GPa) have slightly higher average SiO,, and slightly lower average K and Nb/K, than the buoyant arc compositions derived
from the model of underplating of buoyant lithologies presented in Section “Density filtering of underthrust material in at the base
of arc crust.”

Dashed lines in Figs. 11 [, ] and K outline the shape of histograms of MORB and OIB compositions (Gale et al., 2013; Hofmann
etal.,, 2022), with lower SiO2, lower K, and higher Nb/K than the buoyant arc material. Addition of small amounts of MORB + OIB
compositions to the buoyant arc material might yield a slightly better fit to the granulite data, as proposed for similar reasons by
Rudnick (1995). A fully quantitative re-evaluation of this hypothesis is beyond the scope of our paper, but given that MORB + OIB
averages have about ten times less K and ten times higher Nb/K than the buoyant arc lithologies (~ 100 times higher Nb), a mixture
of about 90% buoyant arc lithologies and 10% MORB + OIB lithologies might yield a distribution of compositions that is
somewhat closer to the Vp-filtered granulite distribution.

Rates of continental formation and evolution

As discussed by Hacker et al. (2011), the present rate of sediment subduction, subduction erosion, and continental collision,
coupled with the proportion of buoyant lithologies in these settings, is sufficient to accumulate the observed volume of lower
continental crust by relamination over about two billion years. In their simplest form, these ideas require continuous accumulation
of newly formed, compositionally buoyant lithologies. It is not clear how such hypotheses can be reconciled with proposed models
for rapid formation of the current volume of continental crust in the early Archean or even the Hadean, followed by steady-state
production rates equal to the rates of recycling of crust into the convecting mantle (e.g., Armstrong, 1981; Guo and Korenaga, 2020;
Guo and Korenaga, 2023; Rosas and Korenaga, 2018). It is beyond the scope of this paper to address this problem, but perhaps (1)
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the isotope evidence interpreted as requiring early Archean/Hadean formation of the entire volume of present-day continental
crustal can be interpreted in other ways, or (2) some large fraction of the earliest “continental crust” was compositionally different
from today, less buoyant and more easily recycled.

As noted above, Figs. 1 and 3, and many similar diagrams in the literature, show that Archean and post-Archean granulite terrains
have similar compositions, as do xenoliths interpreted as sampling present-day lower continental crust. In particular, they all share
Nb and Ta depletions relative to Th, U, K and La. These depletions are generally interpreted as being derived from a subduction
component formed by low temperature, hydrous partial melting of subducting, mafic crust in eclogite facies. This can be taken as an
indication that the processes forming granulites involved low temperature, hydrous partial melting of eclogite in subduction zones
over 4 billion years.

However, our approach in this paper applies only to rocks preserved in continental crust. Archean rocks are exposed on Earth,
but perhaps a more voluminous component of compositionally different, early continental crust has largely disappeared. As is
evident from the dramatic geochemical variability of granulites seen in Figs. 1 and 3, use of averages may over-emphasize the
importance of accumulated, buoyant “survivors” of erosion and relamination processes. Remnants remain that record other
components of continental crust that are relatively rare today, but perhaps such rare compositions were common in the past,
formed via different processes, and have been almost completely recycled during crustal evolution. Interpretation of crustal
evolution using isotope data depends on the assumption that ancient continental crust had known isotopic parent and daughter
ratios and concentrations. Often, models of complementary crust and mantle evolution in deep time use values for Sm, Nd, Lu, Hf,
Rb, Sr, U, Th and Pb based on the present-day, average composition of continental crust. One wonders whether models using
different assumptions might yield significantly different results.

Conclusions

The lower continental crust is intermediate rather than mafic, and resembles intermediate arc lavas and plutons with liquid-like
compositions. The average lower crust does not have the composition of a cumulate produced from a primitive, mantle-derived,
mafic magma by crystal fractionation or partial melting. Instead, though there are some indications that it has lost a partial melt
enriched in Th and U, and depleted in Sr, Eu and Ti, the lower continental crust has a composition that is almost identical to many
intermediate arc lithologies and is more similar to upper continental crust than previous estimates.

Density sorting processes (Fig. 13) are almost certainly required to remove dense, mafic, lower arc crust, and produce buoyant,
intermediate continental crust from arc crust. Whereas multiple episodes of delamination of dense, garnet-bearing lithologies from
the base of thickened arc crust remain a possibility, it is likely that the density sorting processes of “relamination” have resulted in
selective underplating of buoyant lithologies that accumulated to form the main component in lower continental crust.

Combined with our previous work, these results indicate that simple models of density sorting can quantitatively account for the
evolution of arc crust to produce lower and bulk continental crust, in the sense that these processes reproduce estimated lower crust
compositions within one standard deviation. Of course, the origin and evolution of the continental crust has been complex and
variable, in both time and space, and certainly involved other processes, for example flood basalt magmatism. However, we have
taken a simple approach in order to develop quantitative models for the origin of average continental crust, via arc magmatism
followed by density sorting and relamination. Our results suggest that these processes may have dominated crustal formation and
evolution. However, though they satisfy geochemical constraints, these forward models do not rule out alternatives. We await
development of other, similarly quantitative, necessarily simplified, explanations for the composition, genesis and evolution of
continental crust.

Avenues for future investigation

Numerous avenues for further research are suggested by the results presented here, and by the contrast of our results with the more
mafic lower crust compositions presented in many recent papers. For those who espouse alternative theories of crustal genesis, with
a lesser role for arc magmatism, an impactful approach would be to develop compositional models whose results are statistically
similar to estimated lower crust compositions. Even if there is not a consensus on the major element contents of lower continental
crust, the trace element characteristics of most estimates are quite similar and offer a robust target for forward modeling.

As noted in Section “Delamination revisited”, where thick granulite sections are exposed, recording a range of crustal pressures
and depths, it would be valuable to determine whether metasediments in these suites become younger upward, consistent with
gradual thickening via burial, or become younger downward, consistent with successive relamination events. Similar studies might
be possible where extensive xenolith suites record a range of crustal pressures, and metasedimentary xenoliths retain identifiable,
detrital zircon grains.

As noted in Section “Composition of the lower continental crust”, mixing of SiO,-rich and SiO,-poor lithologies on a length
scale smaller than a seismic wavelength (e.g., “banded gneisses”) could lead to a systematic underestimate of SiO, contents in the
lower crust as inferred from regional seismic data. Outcrop-scale studies of the length scale and amplitude of compositional
banding in granulite terrains would help to quantify the extent to which this may have led to an underestimate of the SiO, content
of the lower crust, in this and other papers. Intriguingly, if this effect were ubiquitous, it could reconcile the relatively high SiO,
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Fig. 13  Schematic summary of possible processes that remove mafic, lower arc crust and accumulate intermediate, buoyant lower continental crust via density
sorting. (A and B) Tadpole zones, in which imbricated material undergoes density sorting at the crust-mantle boundary. (C) Rise of buoyant diapirs through sub-arc
mantle, with or without extensive melting. (D) Progressive burial coupled with ongoing foundering of dense lithologies at the base of arc crust. (E) Rise of buoyant
material up a subduction channel, with or without partial melting. (D) modified from Fig. 26 in Kelemen et al., (2003a, 2014). (E) modified from Fig. 2 in the Geopoem
of Chemenda et al., (2000).

content of metamorphic granulite terrains based on the average composition of hand samples (globally, 60-63 wt% SiO,, Fig. 1E)
with the somewhat lower SiO, contents in our preferred lower crust compositions (56.9-57.7 wt% SiO,) based on averages of
seismic observations large crustal volumes.

While there are recent, comprehensive reviews of the temperatures and pressures recorded in granulite terrains, it would be
instructive to make similar compilations for amphibolite suites, and for granulite xenoliths, preferably using a consistent set of
thermobarometers. Also worthwhile would be additional comprehensive studies of the bulk composition of granulite facies
metamorphic rocks, and their potential variation as a function of age, temperature and pressure. Many big metamorphic terrains
in stable crust have received a lot of attention already, but there are fewer whole rock geochemical analyses on younger suites—with
known tectonic provenance—such as the Skagit gneiss and Central Gneiss Complex in western North America and similar suites in
Japan (Hidaka, Higo, ..) and New Zealand. In this context, a comprehensive study of isotope ratios in granulites—not only for Pb,
Nd, Sr and Hf, but also for oxygen and other stable isotope systems—would be valuable.

Much hinges on the uncertainty in present-day, lower crustal temperatures in stable continental crust, and their corresponding
use in interpreting Vp in terms of rock composition. A comprehensive study of the relationship between surface heat flow, crustal
thickness, and Vp in the lower crust might yield useful relationships, particularly in crust less than 200 million years old, and in
older crust in tectonically reactivated regions. However, it is important to be mindful of the spatial scale of the various observations
involved, from “seismic wavelengths” and local heat flow observations to the composition of rock samples, and the natural scale of
heterogeneity in temperature and composition. For an example of the importance of these considerations, please refer to the
discussion of Vp in the Aleutian arc in Section “Uncertainties in crustal composition.” It may be too much to ask, but if possible it
would be particularly valuable to define the spatial scale and cause of high heat flow in tectonically active crust and older,
“reactivated” crust, and to quantify how lower crustal Vp varies between these, and adjacent regions with normal heat flow.
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Methods
Mineral assemblages and physical properties

Much of this paper is based on calculations of equilibrium mineral proportions and compositions at a given temperature and
pressure using using Perple_X 6.6.7 (Connolly, 2005; Connolly, 2009) with thermodynamic data and solution models appropriate
for subduction zone mineral assemblages (Hacker, 2008; Holland and Powell, 2003; Holland and Powell, 1998) listed in Table 3.

Mineral proportions and physical properties were calculated for compilations of granulite-facies Archean (N = 1090) and Post-
Archean (N = 1571) terrains (Hacker et al., 2015) and xenoliths (N = 1001) (Huang et al., 2013) and amphibolite-facies terrains
(N=1919) (Huang et al., 2013). We assumed 0.5 and 1 wt% H,O for the granulite and amphibolite samples, respectively. We set
Fe’*/ZFe = 0.25 based on the value found in melt inclusions from Agrigan volcano in the Mariana arc, which is approximately
equivalent to an oxygen fugacity 1.5 log units higher than the Fayalite-Quartz-Magnetite oxygen buffer at 700 °C and 3 GPa (Kelley
and Cottrell, 2012; Kress and Carmichael, 1991).

Physical properties (density, Vp, Vs, Vp/Vs) were calculated for the lower crust at 410 and 510 °C and 0.92 GPa for phase
assemblages equilibrated at 650 °C (amphibolites) or 700 °C (granulites) and 0.92 GPa and for the middle crust at 280 and 300 °C
and 0.54 GPa for phase assemblages equilibrated at 650 °C (amphibolites) or 700 °C (granulites) and 0.54 GPa. For the elastic
moduli of quartz, we used values for alpha-quartz at 410 and 510 °C, 0.92 GPa in the lower crust, and 280 and 300 °C, 0.54 GPa in
the middle crust.

Physical properties were calculated for arc magmatic suites (Supplementary Table 3 in the online version at https://doi.org/10.
1016/B978-0-323-99762-1.00121-2) at 800 °C, 1 GPa, and 900 °C, 1.2 GPa, with 2 wt% H,0O and Fe3+/ZFe = 0.25. The 900 °C,
1.2 GPa conditions were used for density filtering calculations at arc Moho conditions, wherein buoyant compositions have density
less than underlying arc mantle. For the arc mantle, we used average mantle harzburgite from the base of the Talkeetna arc section
(Kelemen et al., 2003a, 2014) with 44.63 wt% SiO,, 0.00 wt% TIO,, 0.60 wt% Al,03, 7.91 wt% FeOT, 46.0 wt% MgO, 0.54 wt%
Ca0, 0.15 wt% Na,O, and 0.00 wt% K,O, assuming it contains 2 wt% H,O.

Heat production in rock volumes was calculated using compositions and densities as recommended by McDonough et al.
(2020), using arithmetic mean concentrations of heat producing elements, for compositions in Tables 1 and 2, and Supplementary
Table 2 in the online version at https://doi.org/10.1016/B978-0-323-99762-1.00121-2.

Area and volume weighted proportions of lower and middle crust with a given Vp or Vp/Vs

Vp and Vp/Vs distributions for middle and lower continental crust were calculated as follows. Holbrook et al. (1992) and Hacker
etal. (2015) made pre- and post-1992 compilations of seismic observations, for the different tectonic settings in CRUST1.0 (Laske
etal.,, 2012, 2013): (a) shields & platforms, (b) Paleozoic and Mesozoic orogens, (c) India-Asia collision, and (d) rifts + continental
shelves + margin-continent transitions. In keeping with our emphasis on average heat flow data for shields, platforms and older
orogens, we only used the seismic data compilations for tectonic settings (a) and (b). omitting data for (c), (d), oceanic continental
plateaux, and continental slopes.

Our definition of the lower continental crust (>25 km depth) differs from the definitions used previously, e.g., in the layer
thicknesses of CRUST1.0. For tectonic settings (a) and (b), the CRUST1.0 lower crust starts at depths of 26.7 and 29.7 km, and
extends to the base of the crust at 38.8 and 39.7 km, with lower crust thicknesses of 12.1 and 10 km, respectively. We added a
proportion of data from the middle crust compilation for each tectonic setting adding 1.7 km of a total of 13.8 km lower crust,
extending from 25 to 38.8 km for (a), and adding 4.7 km of a total of 14.7 km lower crust, extending from 25 to 39.7 km for (b).
Thus, our average Vp for the lower crust in settings (a) and (b) includes 12.3 and 32.0% mid-crustal Vp values, respectively.

Table 3 Perple_X solution models used.

Abbreviation Mineral References

Atg antigorite ideal

Chi(HP) chlorite Holland et al. (1998)

Ctd(HP) chloritoid White et al. (2000)

Cpx(HP) clinopyroxene Holland and Powell (1996)
Ep(HP) epidote Holland and Powell (1998)
GITrTsPg clinoamphibole Wei and Powell (2003); White et al. (2003)
Gt(HP) garnet Holland and Powell (1998)

O(HP) olivine Holland and Powell (1998)
Opx(HP) orthopyroxene Holland and Powell (1996)
Pheng(HP) mica “parameters from Thermocalc”
Pi(h) plagioclase Newton et al. (1980)

San sanidine Waldbaum and Thompson (1968)
Sp(HP) spinel Holland and Powell (1998)

T talc ideal
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Combining Holbook et al. and Hacker et al. data yielded cumulative sums of cross-sectional area (length x height) for rock
sections with a given Vp (bins of 0.1 km/s) or Vp/Vs (bins of 0.01) reported in the literature. These cumulative distributions were
then multiplied by the proportions of surface areas for settings (a) and (b) (82% a 18% b) to calculate cross-sectional-area weighted
average Vp or Vp/Vs.

Additional information

In addition to the description of methods in this Section, Supplementary Tables 1, 2 and 3 in the online version at https://doi.
0rg/10.1016/B978-0-323-99762-1.00121-2 are Excel Workbooks, which retain the formulae used to calculate area- and
provenance-weighted distributions of lower and middle crustal Vp and Vp/Vs, average compositions and physical properties for
granulites, amphibolites and crustal layers at various pressures and temperatures together with different constraints from Vp,
together with estimates of formal uncertainty arising from calculation of all of the average values.
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