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Abstract

Current geodynamic models of continental collision involving (ultra)high pressure complexes imply that even deeply subducted
continental crust is significantly lighter than the ultrabasic upper mantle. To test this implication, we have investigated density
changes of major components of continental crust, in particular metagreywacke and metapelite, as a function of pressure and
temperature using a Gibbs free energy minimization approach. Pseudosections were calculated for fixed chemical compositions and
the P—T range of 10—40 kbar, 600—1000 °C. Selected compositions were those of natural psammopelitic rocks, average crustal
components, various theoretical mixtures of quartz, plagioclase, illite, chlorite and Fe,Ti-oxides, and finally mid-ocean ridge basalt
and lherzolite for comparison. Calculated densities were presented as density maps (isochors in P—7 diagrams).

In general, observed densities of psammopelitic rocks increase with rising pressure due to the formation of advancing amounts
of garnet, Na-pyroxene, and kyanite. A common assemblage, for instance, at 25 kbar/800 °C consists of phengite, quartz, jadeite,
garnet, kyanite, magnetite, and rutile. After overstepping the quartz—coesite transition the density of a mean psammopelitic rock
(3.35 g/em®) is almost as high as that of garnet lherzolite. Calculations with other pelitic compositions demonstrate that the
resulting densities (up to 3.5 g/cm®) can even exceed that of a garnet lherzolite due to high contents of garnet.

Our calculations suggest that (i) even non-basic crustal material can sink into the Earth’s mantle to fertilize it and (ii) the
proportion of low-density granitic rocks in deeply subducted continental crust must be relatively high to claim buoyancy forces for
a return of this crust to the surface.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Most of the recently published geodynamic scenarios
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crust (e.g., [4—6]). Furthermore, these scenarios imply
the return of deeply subducted continental crust by
buoyancy forces requiring that the continental crust is
significantly less dense than the ultrabasic upper mantle
at corresponding depths. However, this could be a
prejudice based on the situation at shallower depths
where many ordinary rocks such as orthogneisses,
consisting mainly of quartz and feldspar, have, indeed,
densities still below a value of 3.0 g/cm®. However,
simplified calculations for specific crustal units (e.g.
lower crust) have already demonstrated [7,8] that the
densities of such rocks can exceed this value when
pressures had increased to 12 kbar and more
(T>500 °C). This density increase is, among others,
due to garnet- and Na-clinopyroxene-forming reactions
as is best demonstrated by basic rock compositions
transforming to eclogites which are significantly denser
than the lherzolites of the Earth’s upper mantle.

In spite of the above cited density calculations there
is hardly anything known about precise density data as a
function of rock composition and P—T conditions. For
that reason, we have intended to fill this gap using
internally-consistent thermodynamic data sets of rock-
forming minerals including their solid solution proper-
ties. These calculations were undertaken for the critical
P-T range >10 kbar, >600 °C which is suitable to
discuss the density changes in deeply subducted rocks of
continental affinity or at least in such rocks subjected to
pressure increase, for instance, due to mere thickening
of continental crust by collision of continental plates.
Our main target was the group of clastic sediments but
we also considered other rock types which altogether
make up more than 90% of the continental crust.

2. Method of calculation and selected compositions

In order to calculate densities of rocks with fixed
composition at any P—T7 conditions, we used thermody-
namic data of rock-forming minerals and a
corresponding algorithm to find the equilibrium mineral
assemblage and mineral compositions yielding the
minimum Gibbs energy for given P, 7, and rock
composition. The resulting molar abundances (x,
X2,...,x,) of coexisting minerals (number n) and the
compositions of the (solid solution) phases and, thus,
their molar masses (m;, m,,...,m,) and molar volumes
(", ,...,7,) allow to compute the density of the bulk
rock as the ratio of the sum of molar masses multiplied
with molar abundances (x; - m;+x, my+x, -m,) to the
sum of molar volumes multiplied with molar abun-
dances (x;-Vi+x,-Vo+x, V,) of coexisting minerals.
The minimum Gibbs energy relation for a specific rock

composition was calculated for a net of P—T conditions
within a given P-T frame to yield a so-called
pseudosection.

We used the thermodynamic data set of Holland and
Powell [9] for minerals and aqueous fluid. Virtually all
rock-forming minerals (but no silicate melt) with
significant solid solution behaviour, relevant for this
study, can be sufficiently approached by these data
although a number of simplifications are included such
as a limited number of end members for a specific solid
solution model (e.g., garnet is assumed to be composed
of three end members only). The corresponding solid
solution phases were (used activity model cited): 1) Ca-
amphibole (Cam) composed of the end members
tremolite, tschermakite, pargasite, glaucophane, ferroac-
tinolite [10]; 2) biotite (Bt): phlogopite, annite, east-
onite, ordered biotite [11]; 3) chlorite (Chl): clinochlore,
amesite, daphnite, Al-ferrochlorite [12]; 4) chloritoid
(Ctd): magnesiochloritoid, ferrochloritoid [9]; 5) epidote
(Ep): clinozoisite, epidote, ferroepidote [13]; 6) garnet
(Grt): almandine (alm), grossular (gross), pyrope
(pyrop) [10]; 7) clinopyroxene (Cpx): jadeite (jad),
diopside, hedenbergite [14,15]; 8) Na-amphibole
(Nam): tremolite, tschermakite, glaucophane, ferroglau-
cophane [16]; 9) olivine (Ol): forsterite, fayalite [9]; 10)
orthopyroxene (Opx): enstatite, ferrosilite, ordered
orthopyroxene, Mg-Tschermak’s molecule [9]; 11)
paragonite (Pg): paragonite, margarite [16]; 12) plagio-
clase (P1): anorthite, albite [16]; 13) potassic white mica
(Kwm): muscovite, Mg—Al-celadonite (MAcel), Fe* —
Al-celadonite (FAcel), paragonite (parag) [11]; 14)
spinel (Spl): spinel, hercynite [9]; 15) talc (Tlc): talc,
Fe-talc, Tschermak’s talc [9]. All other solid phases
(rutile, quartz, lawsonite, K-feldspar, magnetite and
titanite) as well as H,O were treated as pure phases.
Pseudosections calculated in the system K,O-Na,O—
Ca0-MgO-FeO-Fe,03—-Al,05-TiO,-Si0,—H,0 as
in our case or subsystems of it with the above
thermodynamic data have been repeatedly presented in
the literature (e.g., [17-20]) yielding phase relations
which are compatible with the common view of
metamorphic petrologists.

The above simplifications of the mineral composi-
tions, which include lacking Ti and Fe’" contents in
phases such as amphibole, clinopyroxene, and mica, can
result only in approximations of true densities of rocks in
the deep Earth. This is also true in regard of the thermo-
dynamic data used. For instance, we found the P-T
position of the reaction talc+phengite=biotite (actually
phlogopite) + kyanite + quartz+H,O in the subsystem
K,0-MgO-A1,03-Si0,-H,O0 to lie at temperatures of
more than 100 °C above the temperatures determined



14 H.-J. Massonne et al. / Earth and Planetary Science Letters 256 (2007) 12-27

experimentally by Massonne and Schreyer [21] (see also
[22]). As biotite is thermodynamically less well known
than phengite, kyanite, and talc, it is likely that the
calculations with the thermodynamic data set of Holland
and Powell [9] underestimate the stability field of biotite
somewhat. There are further reasons why our density
calculations can only be approximations: 1) A typical
behaviour of metamorphic rocks is to equilibrate not
perfectly during prograde metamorphism (thus, garnet
cores and rims, typically, show different compositions)
and hardly during retrogression. The thermodynamic
calculations, however, imply perfect equilibration. 2)
Water contents of a rock change with metamorphic
conditions. At granulite facies conditions rocks can be
almost dry. If such granulites, as typical rocks of the
lower crust, would be subducted at moderate tempera-
tures (600—700 °C) during continent—continent colli-
sion it would be likely that such rocks do not absorb
significant amounts of water (compare with our
calculations below) but remain dry as they are. This
behaviour cannot be simulated with our calculations.
Instead, we intended to consider a water-saturated rock
by achieving calculations with rock compositions rich in
H,0. As aresult of these calculations free H,O should be
in excess but its amount is ignored for the calculated
densities. 3) Our calculation method cannot either
modify the given Fe’'—Fe®" contents. We assumed
about 10 to 16% of the total iron to be trivalent as
magnetite or epidote are common phases in rocks
addressed here. It could be that these estimated Fe®"
contents are too high. For instance, if less Fe3* and, thus,

less magnetite but more almandine (as carrier of Fe?")
would occur a slight density increase compared to the
calculated value must be considered according to the
equation (at high P-T conditions): 1 magnetite+ 1
kyanite+2 quartz (total molar volume 13.40 cm®)=1
almandine (11.51 cm>/mol)+0.50,. 4). MnO contents
ofrocks were ignored in our calculations. These contents
would, for instance, enlarge the stability field of garnet
(see, e.g., [23]) in our pseudosections. However, the
amounts of early formed Mn-rich garnet are very small
as the MnO contents in the here considered rocks are low
(see Table 1). For this reason, the density change in
regard to the calculated data without MnO is negligible.

For the calculations we applied the DEKAP code by
Gerya et al. [17], which is based on a Gibbs free energy
minimization approach, for the P—T frame 10—40 kbar
and 600—1000 °C suggesting that these conditions are the
limits of relevant P—T conditions for deeply subducted or
deeply buried continental crust during continent—conti-
nent collision. In fact, thermodynamic data for simply
composed melts such as those of feldspar components are
present in the data set by Holland and Powell [9] but a
reasonable thermodynamic mixing model for complex
silicate melts in our nine oxide-component system is still
lacking. For this reason, no silicate melt was considered
in the above P-T frame. Thus, the phase relations
calculated for the high-temperature portion within this
frame are metastable. This statement results from melting
experiments with H,O bound only to silicate phases (e.g.,
[24,25]). According to experiments by Patifio Douce and
McCarthy [26] silicate melt will appear in tonalitic rocks

Table 1
Rock compositions used for the calculation of pseudosections
Upper conti-  Average Average Mix 1  Mix2 Mix3 Mix4 Fjortoft Saiden- N- Peridotite
nental crust sediment pelagic clay gneiss bachite MORB
Si0, in wt.% 64.63 62.77 57.03 58.78 5484  64.53 51.34 53.60 63.24 49.67 45.89
TiO, 0.49 0.73 0.82 1.13 1.16 1.08 1.08 1.50 0.73 1.29 0.09
ALO; 14.90 13.12 16.93 20.28 22.52 17.70 20.10  23.60 18.50 16.10 1.57
FeO 3.75 4.28 7.58 6.46 7.05 4.69 11.44 11.10 5.25 7.63 7.20
Fe, 03 0.74 0.84 1.49 1.16 1.22 0.98 1.76 1.40 0.65 1.25 0.32
CaO 4.12 8.76 1.39 0.49 0.49 0.67 0.50 0.85 0.87 11.42 1.16
MgO 2.16 3.00 3.71 3.96 4.39 2.69 7.51 3.45 2.58 7.66 43.46
MnO 0.08 0.09 0.09 0.09 0.09 0.09 0.09 0.15 0.06 0.16 0.11
K,0 3.31 2.77 3.21 3.75 4.24 3.19 243 245 3.39 0.09 0.04
Na,O 3.82 1.65 5.75 1.85 1.93 2.34 1.65 0.40 2.65 2.74 0.16
H,0 2.00 2.00 2.00 2.05 2.06 2.03 2.10 1.50 2.08 2.00 0.00
Sum 100.00 100.00 100.00 100.00  100.00  100.00  100.00 100.00  100.00  100.00  100.00

For data sources see text. All analyses were normalized to 100 wt.% after adding about 2 wt.% of H,O (Fjortoft gneiss only 1.5 wt.%) to the rock to
ensure H,O in excess for (at least a wide range of) the P—7 conditions of the pseudosection. For peridotite (the originally given Cr,O; content was
taken as Fe, O3, the NiO content of 0.29 wt.% was ignored but is included in the sum, the K,O content of 0.12 wt.% was reduced to 0.04 wt.%) no
water was given but the DEKAP code for calculating pseudosections adds a minor quantity of water to any dry composition, if a minor amount of OH-

minerals can be stable.
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at about 865 °C at 10 kbar, 890 °C at 15 kbar, and at
900 °C at 33 kbar. For psammopelitic compositions the
quoted temperatures are about 30 °C higher. An optimal
resolution of 200 bar and 2 °C was used for stepwise
calculation of the minimum Gibbs energy within the
selected P—T'range. For each P—T date a list is produced
containing up to 10 coexisting phases (according to
the Gibbs phase rule) with quantity, composition and
density. In addition, maps using a specific colour code
can be prepared using the listed data (for instance the
concentration of a specific end member in a solid solu-
tion phase or the bulk rock density) and redrawn for
presentation.

As psammopelitic rock compositions we used theo-
retical mixtures from quartz (pure SiO,), plagioclase
(oligoclase with An~15 as an approximate mean
plagioclase): 67.5 wt.% SiO,, 18.5 wt.% Al,O3, 0.5 wt.
% Fe,03, 3 wt.% CaO, 0.5 wt.% K0, 10 wt.% Na,0),
illite (47.5 wt.% SiO,, 0.5 wt.% TiO,, 33.5 wt.% ALOs,
2 wt.% FeO, 1.5 wt.% Mg0O, 9 wt.% K,0, 1.5 wt.% Na,O,
4.5 wt.% H,0), chlorite (26 wt.% SiO,, 20 wt.% Al,O3,
5 wt.% Fe,03, 20 wt.% FeO, 16 wt.% MgO, 13 wt.%
H,0), and Fe,Ti-oxides (30 wt.% TiO,, 5 wt.% Al,Os,
40 wt.% Fe, O3, 16 wt.% FeO, 2 wt.% MgO, 3 wt.% MnO,
4 wt.% CaO). Mix 1 had a weight proportion of these
minerals 0f25:12:40:20:3. For Mix 2, 3 and 4 we selected
proportions of 18:12:45:22:3, 32:18:34:13:3, and
18:12:25:42:3, respectively. In spite of the above given
Fe,03, FeO and H,O contents in the minerals, trivalent
iron in the four theoretical rock compositions Mix 1 to 4 is
only half of that resulting from the above mineral
compositions (due to reducing conditions at depth) and
the water content of the bulk rock was set to somewhat
more than 2 wt.% to ensure H,O excess conditions (see
above).

In addition to the theoretical compositions, two natural
psammopelitic rocks were used, which had experienced
ultrahigh pressure conditions due to the detection of
microdiamonds in these rocks: (1) a gneiss from the island
of Fjortoft in the Norwegian Caledonides where Dobrz-
hinetskaya et al. [27] had reported microdiamonds, (2) a
diamondiferous quartzo-feldspathic rock from the Sax-
onian Erzgebirge (called saidenbachite, see [28]). Both
rocks had been analysed by conventional XRF techni-
ques. Trivalent iron in Fjortoft gneiss and saidenbachite
was chosen to be 10% of the total iron. Contents of H,O
were selected to be similar to those of the theoretical
compositions Mix 1 to 4.

The average compositions for sediment, pelagic clay,
and upper continental crust are from McLennan [29].
Trivalent iron in these compositions was set to 15% of the
total iron as discussed above. H,O contents were chosen

to be 2 wt.% similar to the previous compositions. For
comparison, an average garnet lherzolite [30] and a
normal mid-ocean-ridge basalt (N-MORB) from the
northern Mid-Atlantic Ridge [31], to which 2 wt.% of
H,O (Table 1) were added, were considered. All these
compositions, except for the peridotite, were plotted into
an AKF diagram (Fig. 1) to visually relate these
compositions to each other.

3. Results

The results of our calculations were presented in P—7
diagrams of Figs. 2—8. Representative calculated modal
compositions for specific P—7 conditions (15 kbar—
700 °C, 25 kbar—800 °C, 35 kbar—900 °C) are given in
Tables 2—4. Fig. 2 shows a completely worked out
pseudosection of composition Mix 4 as an example. Other
pseudosections (Figs. 3—6) were simplified as follows:
Small P—T fields containing phases X and Y in addition to
other (max. 8) phases between large fields with X or Y
(+additional phases) were suppressed. Instead of these
small fields an average line was drawn marking the
appearance (= “in” or disappearance = “out”) of X or Y. In
case of the corresponding, often wider P—T field for X =
plagioclase and Y = jadeite, a thicker line was drawn
(Figs. 2—-6).

+ SiOz, Magnetite, Jadeite/Albite,
CaAl-Phase (Ca0:Al203:Si02 = 2:1:3),
Rutile, H20

A

Kyanite

Fjortoft Gneiss
Mix 1-3

Phengite

Mix 4
Saidenbachite C')x

Chilorite,
Garnet

Average Pelagic Clay

Upper Crust O .O
Biotite

K-Feldspar O
Average Sediment

Fig. 1. Ten compositions (open circles) of Table 1 (without peridotite)
plotted in a modified AKF diagram after projection from quartz/
coesite, magnetite, rutile, H,O and an Na:Al=1:1 phase (albite or
jadeite as components of feldspar or clinopyroxene) as well as a Ca:
Al=1:1 phase (such as anorthite but grossular and clinozoisite are
close to this proportion). Some common mineral compositions (closed
circles) in psammopelitic rocks are shown for orientation.
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Fig. 2. Calculated pseudosection (at the top) and density chart (at the bottom, isochores in g/cm®) for Mix 4. Abbreviations: Bt = biotite, Cpx =
clinopyroxene, Kfs = K-feldspar, Kwm = potassic white mica, Ky = kyanite, Pg = paragonite, P1 = plagioclase, Sil = sillimanite, Tlc = talc, V = vapour
(H,0). Shading: white = divariant, light grey = trivariant, dark grey = quadrivariant, black = quintvariant assemblages.

Although selected H,O contents were not always garnet—jadeite—quartz/coesite + magnetite, rutile,
sufficient to result in H,O excess conditions (relevant only H,O for all psammopelitic compositions poor in
for the low temperature, low pressure range of the selected Ca). As mineral compositions hardly change com-
P-T frame) the following general principles are valid: position within this P—7 range (see garnet in Figs. 4

and 6) there is also no significant change in modal
1) For a wide high pressure (>20-25 kbar), high composition (except quartz transformed to coesite;
temperature (>750-800 °C) range a specific mineral compare results shown for 25 kbar, 800 °C in Table 3

assemblage is stable (e.g. kyanite—phengite(Kwm)— and for 35 kbar, 900 °C in Table 4; however, some
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+quartz/coesite, rutile, magnetite,
plagioclase or clinopyroxene
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Fig. 3. Calculated pseudosection (at the top, simplified) and density
chart (at the bottom, isochores in g/cm®) for Mix 1. The appearance of
lawsonite at pressures close to 40 kbar and temperatures somewhat
above 600 °C is not shown here. Abbreviations: Grt = garnet and as in
Fig. 2.

garnet increases towards higher pressures in the
average sediment). Thus, the density change of the
bulk rock (except the change related to the quartz—
coesite transition) is predominantly due to the
compressibility and expansivity of the minerals in
this high pressure, high temperature assemblage.
Thus, a decrease of density with rising temperature in
the order of 0.0001 g-cm K™ ' or increasing
pressure around 0.035 g:em ® GPa ' can be
deduced for all studied compositions.

2) In contrast to the above high pressure, high
temperature range, many mineral reactions occur
in the low temperature, lower pressure range of our
selected P—T frame. These are generally related to
dehydration reactions (see, breakdown of talc or
paragonite in Figs. 2—5) which can lead to P-T
fields where a density increase occurs with rising
temperatures. The effect of these reactions on the
density of the bulk rock is often minor. However,
the reactions limiting paragonite towards high
pressures (= “paragonite-out” close to 25 kbar) for

pelitic compositions (Mixes 1-4, Fjortoft gneiss)
can also result in a significant density change
(0.05 g/cm® at 600 °C for Mix 3).

3) Significant density changes with increasing pressure
can mainly be observed by three important reactions
(except for the peridotite composition) which are: a)
quartz—coesite transition (between 27 to 30 kbar), b)
“biotite-out” (for most investigated compositions
around 15 kbar) and “garnet-in”, and c) formation of
Na-rich clinopyroxene at the expense of plagioclase
(omphacite can already be present at 10 kbar, jadeite
close to 16 and 25 kbar at 600 °C and 1000 °C,
respectively, for Ca-poor compositions such as
saidenbachite, see clinopyroxene compositions in
Tables 2—4).

These density changes can be relatively abrupt when
caused by the quartz—coesite transition or the jadeite
formation for compositions Mix 1 to 4, Fjortoft gneiss,
saidenbachite, and average pelagic clay (all are relatively
Ca-poor bulk rock compositions). However, such signif-
icant changes can also extend over a relatively wide

40 4 P/kbar

3 Mix 2 + quartz/coesite, magnetite, rutile,
plagioclase or clinopyroxene
kyanite or sillimanite

e g

10 +—== T ™
600 800 1000

Fig. 4. Calculated pseudosection (at the top, simplified) and density
chart (at the bottom, isochores in g/cm®) for Mix 2. The pseudosections
also show the variable garnet composition in terms of the molar
fraction of almandine (Xalm). For lawsonite and abbreviations see
Fig. 3.
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Fig. 5. Calculated pseudosections (left hand side, simplified) and density chart (right hand side, isochores in g/em®) for Mix 3 (at the top) and average
pelagic clay (at the bottom). Abbreviations: Opx = orthopyroxene, Rt = rutile, and as in Fig. 2. *)The stippled curve in the left hand diagram for Mix 3
shows the melting curve by Patifio Douce and McCarthy [26] for a metagreywacke.

pressure range (see 10—20 kbar range also in Fig. 9) due to
the wide solid solution ranges of garnet and omphacite.
Such kind of change is most obvious for the N-MORB
composition (according to Fig. 9b: 3.00 g/cm® at 10 kbar,
3.43 g/em® at 18.5 kbar) but also large for other
compositions (e.g. average upper continental crust).
Especially because of 3) the various studied rock
compositions show different characteristics in the
change of their bulk rock density relative to that for
the peridotite which shows a more or less continuous
density increase towards high pressures. As outlined
above, the density increase of the N-MORB composi-
tion from 10 to 20 kbar amounts to about 0.45 g/cm’
(~15%, according to Fig. 9b) resulting in overstepping
the density of peridotite close to 18 kbar, when large
amounts of omphacite are formed in the corresponding
pressure range. Mix 4 and Fjortoft gneiss show the same
signature, however, at a somewhat higher pressure
(~21 kbar). After overstepping the quartz—coesite
transition at ~30 kbar all these three compositions (N-
MORB, Mix 4, Fjortoft gneiss) reach a density which is

significantly higher than that of peridotite. The metape-
litic composition Mix 4 is relatively rich in chlorite
before medium grade metamorphism and garnet-rich at
high P—T conditions, which might be related to the
Fjortoft gneiss as well, and, thus, plots close to the A—F
side of the compositional triangle of Fig. 1. As such
relatively K-poor compositions are not rare among
pelitic rocks, it is clearly demonstrated here that
metapsammopelites can be denser than the Earth’s
upper mantle (= peridotite) after exceeding 20 (or
30) kbar (and corresponding temperatures). This is
certainly due to a considerable enrichment of garnet in
these rocks (Tables 3 and 4). The calculated high content
of garnet (~30 wt.%) matches well with modal
compositions of the Fjortoft gneiss.

The investigated K-rich (= phengite-rich at elevated
pressure, = K-feldspar-rich at high grade metamorphism)
metapsammopelites at least approach the density of
peridotite after overstepping the quartz—coesite transi-
tion (Fig. 9). The same is true concerning the three
investigated average compositions although they do not
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necessarily reflect existing rocks (they represent a
compositional average of rocks behaving differently in
terms of density). At the highest P—7 conditions of Fig. 9
(40 kbar, 880 °C; 35 kbar, 1000 °C) the difference of
average upper continental crust (lowest density of the
investigated compositions) and peridote is still in the
range of 0.15 g/em® (~5%). For this particular average
composition we observe a clear density increase between
12 and 20 kbar (related to Fig. 9b) from 2.74 to 3.03 g/
cm® due to formation of increasing amounts of garnet
and omphacite. However, this density increase is not
sufficient to overstep the density of peridotite.

3.1. Possible consequences of the calculated rock
densities

With our new results geodynamic processes can be
better elucidated or even correspondingly modified. All

these processes discussed below are related either to
sinking of material of the continental crust into the upper
mantle or to buoyant ascent of this material from mantle
depths in the order of several cm/year. Such speeds
require appropriate density contrasts and viscosities of
the rocks (see [32—34]) participating in the discussed
geodynamic processes. In these processes most likely
strong density fractionation is involved. It must be born
in mind that melting processes might occur along a
burial path towards high temperatures that cause, for
instance, additional density contrasts between psammi-
tic and pelitic compositions. In the presence of excess
water larger amounts of melts can be produced in
psammopelitic compared to metapelitic rocks as the
psammopelites are compositionally closer to eutectic
silicate melts. Thus, at H,O excess conditions melting
further increases the density difference between a
(anatectic) metapsammite and a metapelite. However,
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without free water larger amounts of melts would be
produced in pelitic rocks because more H,O is bound to
silicates (= micas) than in metapsammopelites.

3.1.1. Subduction of continental crust

To explain the origin of Phanerozoic orogenic belts
with occurrences of ultrahigh pressure crustal material,
various geodynamic scenarios have been developed
which frequently suggest the subduction of one
continental plate during continent—continent collision.
A currently favoured model, for instance for the
collision of the Sino—Korean craton with the Yangtze
craton in Triassic times (~230 Ma ago) leading to the
orogenic belt of the Dabie Shan and Sulu terrain in
China [35], is the slab break-off model by Davies and
von Blanckenburg [36]. This model, which is applied to
other orogens as well (e.g., [37]), implies (1) the
dragging of a continental crust down into the mantle by
an adherent oceanic plate and (2) the buoyant ascent of
the subducted continental plate after break-off of the
oceanic slab which continues sinking. During the deep

subduction of the continental plate coesite formed as, for
instance, frequently indicated at least as preserved
inclusion in zircon of the ultrahigh pressure gneisses
of the Dabie—Sulu terrain (e.g., [38,39]). We conclude
from the above calculations that the density of the
deeply subducted (coesite-bearing) continental plate
should have been close to that of the mantle. An
assumed average continental crust consisting of 30%
basic material (density at 800 °C, 30 kbar: 3.515 g/cm®
according to our N-MORB), 30% of metasediments
(density at 800 °C, 30 kbar: between 3.175 g/em®
(average sediment composition) and 3.441 g/cm’
(Fjortoft gneiss): assumed mean: 3.25 g/em®), and
40% of granodioritic (see Table 1) upper continental
crust (density at 800 °C, 30 kbar: 3.168 g/cm’) has a
density of 3.297 g/cm3 which is very similar to that of
peridotite (at 800 °C, 30 kbar: 3.328 g/cm®). Therefore,
in solid state such crustal material is virtually neutrally
buoyant compared to the mantle. Significant negative
buoyancy forces can only be created by increasing the
proportion of denser rocks. Alternatively, positive
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Modal composition, bulk rock density (g/cm®), and end member compositions of garnet, clinopyroxene, and phengite at 15 kbar and 700 °C resulting
from the calculation with the DEKAP code applied to the rock compositions of Table 1

Average Average  Upper Mix 1 Mix 2 Mix 3 Mix 4 Fjortoft ~Saiden- MORB  Upper
pelagic clay  sediment continental (no H,O) (no H,O) gneiss  bachite mantle
crust
Quartz 8.17 31.75 22.94 24.70 15.53 33.18 12.39 28.21 28.10
Rutile 0.56 0.24 0.34 0.80 0.83 0.74 0.83 1.17 0.51 0.99 0.07
Clinopyroxene  1.77 28.90 18.96 5.48
K white mica 6.35 26.10 29.97 36.66 41.92 30.21 26.24 26.24 32.81 0.98
Biotite 2291 0.39
Garnet 3.38 0.45 12.11 13.49 6.95 31.06 29.29 12.85 17.34
Magnetite 1.21 0.61 1.96 2.09 1.60 1.61 1.31 0.54 0.30
Epidote 11.80 14.50
Titanite 0.85
Kyanite 1.46 3.54 10.36
Plagioclase 55.65 0.35 26.74 12.18 16.58 14.38 10.03 23.96 22.73
Paragonite 5.05 0.34 8.88 6.30 3.42 0.51
Talc 5.07 5.67 4.07 11.53 0.72
Ca-amphibole 43.46 0.18
Orthopyroxene 29.35
Olivine 63.25
Spinel 0.98
Density 2.8485 3.0125 2.8818 2.9739 3.0165 2.8770  3.1982  3.2606 2.9042 3.1765 3.2872
Xalm 0.6505 0.6165 0.4853 0.4887 0.5022  0.5566  0.6474  0.5182  0.4851
Xpyrope 0.1420 0.1689 0.4583 0.4613 0.3944 04122 03382 0.3997 0.2342
Xgrossular 0.2075 0.2146 0.0564 0.0499 0.1034  0.0312  0.0647 0.0822  0.2807
Xjad 0.3423 0.3437 0.3466 0.1595
XMAcel 0.1539 0.1578 0.1653 0.1637 0.1635 0.1683  0.1662  0.1281  0.1677  0.1330
XFAcel 0.3264 0.2000 0.2785 0.1036 0.1046 0.1193 0.1373  0.1308  0.1244  0.1186
Xparag 0.0439 0.0365 0.0476 0.0959 0.0965 0.1008  0.1116 ~ 0.0927  0.1037  0.0837

buoyancy can be promoted by partial melting of the
crustal material under (ultra)high pressure and high
temperature conditions (e.g., [32,33]). On the basis of
the above consideration of densities alone, the slab
break-off model cannot be ruled out to account for the
Triassic ultrahigh pressure rocks in China. For instance,
the portion of the subducted continental crust, which has
not yet reached such great depths to transform quartz to
coesite, can enhance the buoyancy forces. In addition, it
is assumed by several authors of corresponding
geodynamic models (e.g., [40]) that the transformation
of quartz to coesite is widely impeded even in deeply
subducted continental crust due to the fact that many of
the corresponding rocks are virtually dry and/or hardly
deformed. Nevertheless, the question arises if the entire
subducted continental crust after the break-off of the
oceanic slab will return to the Earth’s surface. It might
be that basic portions of the continental crust (com-
monly concentrated in the lower continental crust which
per definitionem shows a higher velocity of seismic
waves and is, thus, denser than the upper continental
crust), can be separated from it to sink into the mantle.
This could also concern metapelites when these rocks
are so dense as, for instance, the Fjortoft gneiss. Indeed,

in the ultrahigh pressure unit of the Dabie—Sulu terrain
garnet-poor orthogneisses clearly dominate [41]. This
could be an indication for the envisaged separation of
denser and lighter continental crust during the subduc-
tion process which was hypothesized by Leech [8] and
which is also the result of recent numerical experiments
[34]. This density fractionation (gravitational ordering)
process could even be of general importance for any
continent—continent collisional event. By this process,
low-density upper crustal material would be enriched in
the continental crust, because denser intermediate to
basic material will be depleted. Vice versa, the mantle
beneath such a collisional belt could be fertilized for
subsequent melting processes.

3.1.2. Delamination of the lithosphere with continental
crust involved

The subduction of continental crust is only one
possibility although it appears to explain the existence of
ultrahigh pressure rocks of crustal affinity satisfactorily.
Continent—continent collision could also result in
extended areas of continental crust thickened to
approximately double normal thickness of continental
crust. In regard of the collision of India and Asia this
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Table 3
Modal composition, bulk rock density (g/cm®), and end member compositions of garnet, clinopyroxene, and phengite at 25 kbar and 800 °C resulting
from the calculation with the DEKAP code applied to the rock compositions of Table 1

Average Average Upper Mix 1 Mix 2 Mix 3 Mix 4 Fjortoft ~ Saiden- MORB  Upper
pelagic clay  sediment  crust gneiss  bachite mantle
Quartz 15.91 31.81 30.12 29.09 20.61 38.57 18.52 27.84 34.28 9.38
Rutile 0.63 0.20 0.36 0.85 0.88 0.79 0.88 1.20 0.54 1.09 0.07
Clinopyroxene  41.16 28.17 35.85 11.66 12.29 15.25 11.09 243 17.33 41.50 4.83
K white mica ~ 22.21 25.34 30.35 35.97 41.07 29.71 25.30 24.86 31.93 1.00
Biotite 9.51 0.39
Garnet 9.21 1.09 1.60 15.33 17.19 8.98 41.65 29.03 12.45 37.52 3.60
Magnetite 1.37 0.45 2.08 2.21 1.71 1.71 1.34 0.58 0.30
Epidote 12.40 1.28 9.51
Titanite 0.99
Kyanite 5.03 5.74 4.99 0.86 13.30 2.89
Ca-amphibole 0.18
Orthopyroxene 26.11
Olivine 64.52
Density 3.2257 3.0565 3.0552  3.1374  3.1855  3.0634  3.3822  3.3285  3.0856  3.4680  3.3125
Xalm 0.6772 0.3958 0.5795  0.4008  0.4019  0.4146  0.4434  0.6032  0.5361 0.3573 0.1671
Xpyrope 0.2926 0.1107 0.1336  0.5643 0.5656  0.5352  0.5358 03329  0.3954  0.4336  0.72064
Xgrossular 0.0303 0.4935 0.2868 0.0349 0.0326 0.0502 0.0208 0.0639 0.0686 0.2091 0.1065
Xjad 0.8915 0.3738 0.6565 09277 09322  0.8999 09575  0.9305  0.9085 0.4822  0.1854
XMAcel 0.3112 0.1933 0.1494 02726  0.2726  0.2649  0.2586  0.1841 02128  0.2648
XFAcel 0.4064 0.2222 0.2647  0.1144  0.1148 0.1187 0.1278  0.1825  0.1590  0.1032
Xparag 0.0216 0.0089 0.0189 0.0377 0.0380 0.0361 0.0392 0.0353 0.0349 0.0191

thickening is discernable by the present topography have confirmed this view [42]. This thrusting of one

(Himalaya, Tibetan plateau). It might result from mere plate under the other in this region, however, is lasting
thrusting of one plate under the other. Seismic studies now for about 50 Ma. At the beginning of this process
Table 4

Modal content, bulk rock density (g/cm®), and compositions of garnet, clinopyroxene, and phengite at 35 kbar and 900 °C resulting from the
calculation with the DEKAP code applied to the rock compositions of Table 1

Average Average  Upper Mix 1 Mix 2 Mix 3 Mix 4 Fjortoft ~ Saiden- MORB  Upper
pelagic clay  sediment continental gneiss  bachite mantle
crust
Coesite 10.76 30.36 28.10 26.85 18.73 36.10 16.85 25.68 31.91 8.93
Rutile 0.65 0.37 0.88 0.91 0.83 0.90 1.24 0.56 1.10 0.07
Clinopyroxene  42.34 25.60 35.71 12.46 13.09 16.16 11.62 2.81 18.23 40.42 4.76
K white mica ~ 31.25 2591 30.40 35.79 40.56 29.86 24.82 24.70 32.00 0.98
Biotite 0.39
Garnet 10.02 6.68 2.88 15.49 17.21 9.14 42.37 29.64 12.75 41.33 4.08
Magnetite 1.41 0.25 2.16 2.28 1.79 1.75 1.38 0.60 0.30
Epidote 9.81 2.30 7.23
Titanite 1.64
Kyanite 6.36 7.22 6.13 1.69 14.54 3.95
Ca-Amphibole 0.18
Orthopyroxene  3.57 25.64
Olivine 64.59
Density 3.3208 3.1929 3.1793 3.2652  3.2903 3.2154 3.4754 3.4515 3.2259 3.5245 3.3303
Xalm 0.6383 0.2739 0.5304 0.4034  0.4050  0.4153  0.4443  0.6044 0.5330  0.3323  0.1612
Xpyrope 0.3360 0.0924 0.1366 0.5568  0.5581  0.5230  0.5338  0.3306 0.3876  0.4191  0.7343
Xgrossular 0.0257 0.6337 0.3330 0.0398  0.0370  0.0616  0.0219  0.0650  0.0794  0.2486  0.1046
Xjad 0.8915 0.4283 0.6891 0.9379 09418 09102  0.9638  0.9438  0.9201  0.5002  0.1967
XMAcel 0.3986 0.2584 0.1910 03223 03222 03134 03075 02202 0.2535  0.3481
XFAcel 0.4136 0.2130 0.2842 0.1306  0.1311 0.1351  0.1452  0.2111 0.1818  0.1213

Xparag 0.0064 0.0021 0.0044 0.0082  0.0082  0.0078  0.0085  0.0076  0.0075  0.0041
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Fig. 9. Calculated density changes of the rock compositions of Table 1
(A: Mix 1, B: Mix 2, C: Mix 3, D: Mix 4, E: Average Sediment, F:
Average Pelagic Clay, G: Upper Continental Crust, H: Saidenbachite,
I: Fjortoft Gneiss, J: N-MORB, K: Peridotite) along P—T trajectories
(a): 5 °C/kbar (b) and 20 °C/kbar (c).

ultrahigh pressure rocks formed [43] either by a slab
break-off process or, more likely, in a subduction
channel environment. Rocks of this environment,
which had already been partially exhumed by the mass
flow in the subduction channel [44], could have been
extruded between the colliding plates (see [45]). The

currently observed thickening, which relates to the
entire lithosphere leads to a metastable state (density
inversion=denser mantle above lighter mantle) and
could result in delamination of this lithospheric orogenic
root [46]. This process could give rise to the exhumation
of crustal high pressure and ultrahigh pressure rocks as
suggested by Willner et al. [47] on the basis of numerical
modeling experiments, or to sinking of lower portions of
the thickened continental crust together with the mantle
lithosphere [45]. Thus, our calculation results might
contribute to the understanding of the corresponding
processes in which density contrasts play a major role.
As the base of thickened orogenic crust might experience
pressures close to 20 kbar (~70 km depth) the quartz—
coesite transition cannot be invoked as in the preceding
section. However, garnet and Na-rich clinopyroxene
forming reactions occur in the pressure interval 10 to
20 kbar (at elevated temperatures) leading to a significant
density increase of crustal rocks. According to our
calculations this does not only concern metabasic rocks
(eclogite formation in the pressure range 15 to 18 kbar at
600 to 800 °C) but also some metapelitic rocks (especially
at pressures close to 20 kbar; see, e.g., Fig. 9). Thus, it is
possible that the lower portion of the continental crust can
sink into the mantle after clinopyroxene and garnet
forming reactions have run over a long time interval
necessary to lead to extended orogenic belts with
thickened continental crust.

Based on the analysis of the timing of the Late
Palacozoic Variscan events in Western and Central
Europe resulting from the collision of Gondwana and
Laurussia, Massonne [45] has proposed that the sinking of
continental crust into the mantle was triggered by the
delamination of the lithospheric root (~ 340 Ma ago) after
about 55 Ma of continuous continental thickening
(beginning of the collision marked by eclogites of an
exhumed subduction channel, see above). This delami-
nation was related to extensive melt formation in the crust
(abundant granitoids formed after 340 Ma) and high
temperature metamorphism (see: granulite massifs in the
Variscan orogenic belt). Ultrahigh pressure metamorphic
rocks such as the diamondiferous quartzofeldspathic
rocks (saidenbachite) of the Saxonian Erzgebirge formed
contemporaneously. As this particular rock shows — even
after quartz was transformed to coesite — a lower density
(at 40 kbar, 800 °C: 3.257 g/cm?) than that of peridotite,
its return to the crust was either accomplished by
separation from a large crustal fragment with bulk density
higher than that of peridotite as invoked above or by
partial melting of metapelites deep in the mantle. The
latter reason, creating buoyancy forces, was suggested by
Massonne [28] for the formation of saidenbachites. As
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discussed above for the slab break-off model a concen-
tration of upper crustal material in the continental crust
(see [48] for the Bohemian Massif of the Variscan orogen)
and the fertilization of the mantle at the end of an orogenic
cycle [49] would also relate to the lithospheric delami-
nation process with continental crust involved.

3.1.3. Sinking of fragments of ancient lower crust into
the mantle — kimberlite formation

OId cratonic crust commonly shows thicknesses of
40 km or more (at the base: >12 kbar). Because of the
geothermal gradients in such crust being significantly
lower than in young orogenic crust temperatures are
below 500 °C at the crustal base [50]. Such conditions are,
in fact, outside our P—7 frame but Na-rich clinopyroxene
and garnet-forming reactions can be extrapolated to such
low temperatures assuming relatively dry conditions. At
conditions of 450 °C and 13 kbar, possible for the base of
cratonic crust, such reactions, although hampered by the
dry nature of lower crust [8], could have run very slowly
to finally result in densities of 3.47 g/cm® for metabasic
rocks (= eclogites; density of lherzolite at these condi-
tions: 3.31 g/em?, compare with Fig. 8) or 3.23 g/cm? fora
metapelitic rock of type Mix 4 (compare with Fig. 2).
Thus, it is conceivable that, similar to the previously
discussed crustal delamination after thickening of the
continental crust, dense fragments from the base of the
cratonic crust could also sink into the mantle. It is likely
that such fragments, because of their chemical composi-
tion, could cause melting in deeper portions of the (hot)
mantle, specific melts could find their way to the Earth’s
surface. Indeed, we know that kimberlites are such
(relatively young) melts that exclusively occur in old
cratons. In addition, the corresponding melts have formed
in the deep mantle, so that they often bring diamonds to
the surface, and they have unusual compositions in which
typical crustal elements (K, light rare earth elements) are
strongly enriched. In fact, the widely accepted hypothesis
that the formation of kimberlitic melts is related to
eclogites residing for a very long time in the deep mantle
[51] contradicts our view of the formation of these melts
but there are also new results supporting our view. Liati
et al. [52] reported ages of zircons from xenoliths of the
deep mantle in kimberlites from southern Namibia. These
zircons showed the same age clusters as the Namibian
crust (Namaqua collisional event, rifting in the Damara
belt, Pan—African event). Thus, it is likely that these
zircons stem from a delaminated fragment of the
Namibian crust. This crustal fragment could have given
rise to the formation of kimberlitic melt. Also on the basis
of density considerations, Anderson [53] favours delam-
ination of portions of basic lower crust in order to explain

the formation of large amounts of melts in the mantle
giving rise to form large igneous provinces (LIPs).
Indeed, the discussion of crustal contamination of the
corresponding basic melts is ongoing for at least two
decades since Nd and Sr isotope signatures of these melts
were found to be indicative for this process (e.g.
87S1/%Sr>0.706 for Snake River Plain province, western
U.S. [54] or Parana province, Brazil [55]). However, this
contamination was assumed to be rather the result of
assimilation of continental crust during ascent of the basic
melts to the Earth’s surface. In contrast, kimberlitic melts
rise up so quickly that this kind of contamination can be
excluded. Nevertheless, kimberlitic melts (at least so-
called type II kimberlites) can also show *’Sr/*°Sr ratios
above 0.708 [56]. Thus, the origin of LIP magmas can,
indeed, be caused by delamination of lower continental
crust, however, as we think, not exclusively by basic
material [53] but with additional involvement of pelitic (or
even minor granitic) material. At least, evidence for
crustal material triggering the generation of basic melts in
the mantle comes from crustal zircons found even in
unexpected environments such as the mid-oceanic ridges
[57] and oceanic islands [58].

4. Conclusions

As outlined above major geodynamic changes of the
Earth are due to density contrasts of different material in
the ultrabasic mantle, basic oceanic crust, basic to
intermediate lower crust, and acidic upper crust.
Currently, it is the common view that only oceanic
crust after transformation to eclogite can be recycled
into the mantle by subduction along convergent plate
boundaries due to the high density of eclogite. Our
calculations have shown that other rock types such as
specific metapelites could have this potential as well due
to densities exceeding that of lherzolite. These high
densities can, however, be attained only at relatively
high pressures so that specific geodynamic environ-
ments are required for rocks of continental affinity to
sink into the mantle. Three possible environments have
been discussed above, 1) subduction of continental
crust, 2) delamination of the continental crust after
crustal thickening due to continent—continent collision,
and 3) delamination of continental crust at the base of
thick cratonic crust. All these three environments bear
the potential of recycling continental material into the
mantle. Furthermore it is of importance to note that these
environments could have formed only relatively late
(~1 Ga ago) in the history of the Earth. At least for
processes 2) and 3) crustal thickening and/or low
geothermal gradients are required to overstep mineral
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reactions causing high densities especially of basic and
pelitic material of the continental crust.
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