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Abstract: The lower part of lithosphere in collisional orogens may delaminate due to density inversion between the
asthenosphere and the cold thickened lithospheric mantle. Generally, standard delamination models have neglected
density changes within the crust and the lithospheric mantle, which occur due to phase transitions and compositional
variations upon changes of P-T parameters. Our attention is focused on effects of phase and density changes that may
be very important and even dominant when compared with the effect of a simple change of the thermal mantle struc-
ture. The paper presents the results of numerical modeling for eclogitization of basalts of the lower crust as well as
phase composition changes and density of underlying peridotite resulted from tectonic thickening of the lithosphere
and its foundering into the asthenosphere. As the thickness of the lower crust increases, the mafic granulite (basalt)
passes into eclogite, and density inversion occurs at the accepted crust-mantle boundary (P=20 kbar) because the
newly formed eclogite is heavier than the underlying peridotite by 6 % (abyssal peridotite, according to [Boyd, 1989]).
The density difference is a potential energy for delamination of the eclogitic portion of the crust. According to the
model, P=70 kbar and T=1300 °C correspond to conditions at the lower boundary of the lithosphere. Assuming the
temperature adiabatic distribution within the asthenosphere, its value at the given parameters ranges from 1350 °C
to 1400 °C. Density inversion at dry conditions occurs with the identical lithospheric and asthenospheric composi-
tions at the expense of the temperature difference at 100 °C with the density difference of only 0.0022 %. Differences
of two other asthenospheric compositions (primitive mantle, and lherzolite KH) as compared to the lithosphere
(abyssal peridotite) are not compensated for by a higher temperature. The asthenospheric density is higher than that
of the lithospheric base. Density inversion occurs if one assumes the presence of the asthenosphereic material in the
composition similar to that of the primitive mantle or lherzolite KH in amounts no less than 1.40 and 0.83 wt. %,
respectively, of the conventionally neutral fluid. This amount of the fluid seems to be overestimated and thus does not
fully correlate with the current estimates of the fluid content in the mantle. Therefore, the most appropriate material
for delamination of the thickened lithosphere is only the fluid-bearing asthenosphere which composition corresponds
to that of the depleted mantle of middle-ocean ridges (DMM) being the reservoir existing from the Precambrian. In
our model, abyssal peridotite is most similar to DMM as compared with other more fertile compositions of the litho-
sphere. Heat advection due to uplift of fluid-bearing plumes that occurred much time after collisional events may ini-
tiate repeated delamination of gravitationally instable parts of the orogenic and cratonic lithosphere.
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BEIIECTBEHHBIE U TEPMAJIbHBIE PA3JIMYUA MEXKAY JIUTOCPEPHOM U
ACTEHOC®EPHOI MAHTHE#N U MX BJIMAHUE HA KOHTUHEHTAJIbHY IO
JEJIAMUHALMIO

A. U. Kucenes, A. B. UBaHoB, b. C. lannjioB

HHcmumym 3emHoll kopwt CO PAH, Hpkymck, Poccus

AHHOTanus: B KO/TM3MOHHBIX OpOreHaxX HMXKHSS 4acTb IUTOoCchepbl MOXKET OTCJIauBaThCs ([leJJaMUHUPOBATh) U3-3a
BO3HUKILEN HHBEPCUU MJIOTHOCTEH MeXAY acTeHochepoi U 6oJiee X0I0JHOU YTOJIIEHHONW IUTOCOEPHOH MaHTHEH.
O6bIYHO B MO/JieJIsIX AelaMUHalLMM He pacCMaTPUBAIOTCA MJIOTHOCTHbIE U3MEHEHUs B KOpe U JIUTOCPepHOI MaHTHH,
obycJioBJIeHHble (pa30BbIMU NlepexoJaMU U BapHallUsIMU MUHepaJbHOro cocTaBa pu uaMeHenuu P-T ycnoBuil. Mel
aKLeHTUpyeM BHHUMaHHUe Ha TOM , YTO 3TH 3pPeKThl MOTYT ObITb OYEHb BaXKHBIMH, BO3MOXKHO Npeo6,/1afjaloliuMH, 110
OTHOILIEHUIO K 3pPeKTy NPOCTOro U3MeHeHHUsI TepMaJbHON CTPYKTYPbl MAaHTHUHU. B cTaTbe M3/10XeHbI pe3y/bTaThbl
YHCE€HHOTO0 MOJIeJINPOBAaHUS C MOMOIIbI0 MPOrPaMMHOT0 KoMIlJIeKca «CesleKTOp» SKJIOTUTH3aluu 6a3a/JlbTOB HUX-
Hell KOPBI, a TaKKe U3MeHeHUs1 pa30BOro COCTaBa U MJIOTHOCTH HIXKeJlexalllero Nepru0TUTa, 06yCI0BIEHHbIX TeK-
TOHUYECKUM YTOJIILeHHeM JIMTocPepbl U ee MOTpy>KeHHeM B acTeHocepy. [l HIXKHEH KOPbI C yBeJUYeHHUeM TJIy-
OGMHHOCTH OCHOBHBIe I'DaHyJIUTH! (6a3a/bThbl) MEPEXOAAT B 3KJOTUTHI, [Ipy 3TOM Ha NpUHATON TrpaHHIE - Kopa-
MaHTHA (P=20 x6ap) oTMeuyaeTcss WHBepCHs MJOTHOCTEH, TaK KaK HOBOOOGPA30BAaHHBIM 3KJOTUT Ha 6 % Tskesee
HIDKeJIeXxalero nepugotura (abruccanpHoro nepugotuta no ®@. boiay). PasHuna B MJI0THOCTSAX ABJISETCS NOTEHIU-
a/JIbHOW 3Hepruey JeJaMUHALMU 3KJIOTUTOBOM 4acTH KOphL. 1o ycI0BUAM MOJe/IMpOBaHUs HWXKHEH rpaHule JIUTO-
cdepnl cooTBeTcTBYIOT P=70 k6ap u T=1300 °C. [IpuHuMas agjuabaThyeckoe pacnpejejieHde TeMepaTyphl B acTe-
Hocdepe, ee 3HaUEHUe NPU JaHHbIX IapaMeTpax olieHuMBaeTcs B npegesax 1350-1400 °C. MHBepcus MJIOTHOCTU B
CYXUX YCJIOBUSX JOCTUTAETCS TOJIBKO IPU U30XMMHUYHOCTH COCTABOB JUTOCeph! U acTeHOocdephl 3a CUeT Nepenasa
TeMiepaTyp B 100 °C. OgHaKo pasHHULA B IJIOTHOCTSX NPU 3ToM cocTasisieT Bcero 0.0022 %. BelecTBeHHble pasiu-
Yus ABYX JPYTUX MOJIe/IbHBIX COCTAaBOB acTeHocdephl (IPUMUTHUBHAsA MaHTHU4, JeproauT KH) no oTHowmeHuo K Jin-
Tocdepe (abuccaJIbHOMY NEPHUJOTUTY) He KOMIIEHCUPYIOTCS 60Jiee BBICOKOHM TeMnepaTypoi. [lioTHOCTE acTeHOChe-
PpbI osy4aeTcs: 60J1ee BBICOKOH, YeM IJIOTHOCTb HU30B JIUTOChephl. UHBEpCHs MJIOTHOCTEN JOCTUTAETCS, €CTH JI0-
MYCTUTb NPUCYTCTBHE B COCTaBe acTeHOCHephl, aHaJIOTMYHOM NIPUMUTHBHOW MaHTHH, uiu Jepuoauty KH, cootseT-
cTBeHHO, He MeHee 1.40 u 0.83 mMac. % ycsioBHO HelTpasibHOTO Qutonaa. Takoe Kosin4ecTBO GJII0UA IBHO 3aBbILIEHO
M COBEpPLIEHHO He COIJIAaCyeTCsl C COBPEMEHHBIMU OIleHKaMH cojep:KaHus ¢JongoB B MaHTHUH. Cie0BaTesNbHO,
TOJIbKO QUIIoOMZCOoAepKalias acTeHocdepa, OTBevarllas COCTaBy JeNJeTHPOBAHHOW MaHTHUU CpeAUHHO-OKeaHHU4e-
ckux xpe6ToB (DMM) - pe3epByapy, CyLIECTBYIOIEMY C JOKEMOPUS, — ABJASETCS HauboJiee MOAX0/sIel cpeoit st
JleJJaMAHAIUU YTOJIEHHON sinTochepbl. B HacTosIel Mo/iesd abUCCabHBIN MEePUAOTUT OJIMXKE BCEro COOTBET-
ctByeT /IMM 10 OTHOIIEHUIO K APYTrUM 6osiee GepTHUIBHBIM COCTaBaM acTeHochephl. AJBEKLIUs TelJIa, CBsI3aHHAs C
noAbeMOM QUIIOMA0COAePKAILMX MJIIOMOB, Ja/JIeKO OTCTOSIIIUX 110 BpeMEeHHU OT KOJIJIN3WOHHBIX COOBITHUMH, TaKXe MO-
JKET BBI3bIBATb I'PABUTAIlMOHHYIO HECTAOM/IBHOCTD OPOT€HHOH U KPaTOHHOH JInTOChEPHI U ee JieJJaMUHALMIO.

Karuesvie cnosa: AeJlaMHUHallkd, J]uToccbepa, aCTeHoccbepa, KOJIJTM3UOHHBIN OporeH, KpaToH, 3KJIOTUTHI.

1. INTRODUCTION

Mechanical exfoliation and removal of lower parts of
the mantle lithosphere are typically termed as delami-
nation, no matter which mechanism they result from.
The term ‘delamination’ was introduced by P. Bird
[1979] who used it to describe how the lithospheric
mantle is peeled off from the overlying crust due to up-
lifting and emplacement of the asthenospheric material
between them. In [Houseman et al, 1981], another
mechanism was proposed for gravitational (convec-
tive) instability of the base of the tectonically thickened
lithosphere accompanied by complete or partial sepa-
ration of its mantle part and its foundering into the as-

thenosphere. Another commonly used term is ‘mantle
unrooting’ [Marotta et al., 1998].

Fairly recently, delamination has been referred to as
an alternative explanation for rapid regional uplift and
extension, accompanied by lithospheric thinning and
increased magmatic production within mobile belts
[Peccerillo, Lustrino, 2005]. Delamination involves an
abrupt separation and rapid foundering of the lower
tectonically thickened lithosphere into the astheno-
spheric mantle due to density inversion at the post-
collisional stage. A potential energy that drives this
process is released as the hot low-density astheno-
spheric mantle replaces the separated part of the cold
dense lithosphere and interacts with its remaining



thinned part. Thermal and mechanical effects of the
asthenosphere on lithosphere thinned by delamination
is considered as a main cause of post-collisional mag-
matism, including batholith formation within mobile
belts which undergone strong tectonic thickening du-
ring the collision. The purpose of the present discus-
sion is to study by means of numerical modeling the
effect of compositional differences between the litho-
sphere and the asthenosphere as well as the phase
transition for possibilities of mechanical destruction of
the lower lithosphere after its tectonic thickening.
Some consequences of delamination in terms of struc-
ture and composition are discussed.

2. PHYSICAL AND CHEMICAL BASIS FOR DELAMINATION FOR
THE LOWER CONTINENTAL LITHOSPHERE

The lithosphere is usually considered as the strong
mobile surface layer resistant to the high tangent (up
to 1 kbar) tension, despite the less strong underlying
asthenosphere. It should be emphasized that the defini-
tion of the lithosphere relies on rheological characteris-
tics, but does not take into account the composition
that changes laterally from continents to oceans espe-
cially at the crustal level. In the context of rheology, the
lithosphere is a bilayer. The upper mechanical bounda-
ry layer (MBL) possess properties of an elastic rigid
body exposed to fragile destruction [Anderson, 1994]. A
thermal boundary layer (TBL) is situated below the
isotherm of 650+100 °C; within its limits, the litho-
sphere behaves as a viscous (fragile-elastic) fluid capa-
ble to flow but transferring deep-seated heat by con-
duction from depths where the temperature is close to
the temperature of solidus of mantle rocks. The lifetime
of TBL depends on its growth rate and viscosity. Its
own weight is a cause of its instability. If TBL occurs at
a plume side or it thickens in orogenic belts, it became
instable. The lower part of TBL cannot resist high
stresses and remains bounded with the mechanical
boundary layer during a long period of time. The conti-
nental lithosphere is destroyed by partial or complete
separation of TBL due to its convective instability re-
sulting from quick thickening, and such destruction is
defined as ‘thermal thinning’ [Houseman et al,, 1981]
analogous to ‘delamination’.

According to evaluations of the surface heat flow
and the available seismological and thermodynamic
data, the oceanic lithosphere thickness ranges from 75
to 100 km, and the continental lithosphere thickness
amounts to 200+ km.

Stabilization of the lithosphere is determined not
only by simple cooling of the mantle substance but its
chemical stratification. A newly formed oceanic crust is
hot and thin in zones of spreading. Changes of the litho-
sphere thickness are controlled by dynamics of its heat
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balance. As the lithosphere moves away from construc-
tive boundaries, its thickness increases due to slow
conductive cooling. The lithostatic equilibrium be-
tween the lithosphere and the asthenosphere is go-
verned by partial melting of the ascending astheno-
spheric matter at the boundary between plates and dif-
ferential moving of melting and solid phases. Upon re-
moval of the basaltic liquid from the asthenospheric
peridotitic substrate, its density decreases due to the
loss of the iron part, while the solidus temperature in-
creases. However, basaltic liquid extraction cools the
asthenospheric mantle; the process which partially
compensate the decrease of density [Jordan, 1978].

In general cases, when thermal and compositional
parameters determining the mantle lithosphere are
combined, the lithosphere density is lower than that of
the underlying asthenosphere. However, during com-
pression, the lithosphere becomes denser, thicker and
more instable due to its quasithermal ‘transition’ into
the asthenosphere. Under such conditions, the litho-
sphere may delaminate itself, i.e. it can exfoliate in its
lower part but only after a critical amount of reduction
determined by the difference between densities of the
asthenospheric and lithospheric mantle at specific P-T
parameters. A theoretical possibility of the lithosphere
excessive density relative to the asthenosphere may be
realized in collisional orogens where compressive
thickening of the lithosphere is followed by extension.
Delamination is crucial in this case.

Together with thickening of the lithosphere, the
phase transition of basalt into denser modification-
eclogite [Ringwood, Green, 1969] makes a significant
contribution to inversion of densities between the
lithosphere and the asthenosphere. The low-pressure
pyroxene-plagioclase-olivine paragenesis of minerals
passes into a high-pressure eclogite composed of py-
rope garnet and omphacite. The density of eclogite is
similar to or may exceed the density of underlying
mantle. Eclogitization may occur both in the lower
crust and the lithospheric mantle. If basaltic melts pass
into eclogites in the mantle, each 10 % of eclogite will
increase its density by 1 % [Kay, Kay, 1993]. The con-
tribution of the lower crust in delamination depends on
its density, which determines the direction of move-
ment of the lower crust material. In continental regions
with the crust thinner than 45 km, the density of the
lower crust of any composition must be lower than that
of the mantle. In this case, the crust material can flow
(especially in the presence of melt) laterally or towards
the surface. Conversely, in the regions where compres-
sion results in thickening of the crust to 50 km and
more (up to 70 km in Tibet), the density of rocks of ba-
saltic composition in the lower crust is increased to
higher values at the transition into eclogites and the
trend to foundering. According to [Sobolev, Babeyko,
1989], the crust thickness can reach maximum values
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at phase transitions because the rocks of basaltic com-
position are classified (by their density and seismic ve-
locities) as ‘crust’ if they are gabbroid in terms of mi-
neralogy, but as ‘mantle’ if eclogitic. Thus, only the lith-
ospheric mantle is assumed as gaining the negative
buoyancy, and the lowest part of the thickened crust
(if it is of basaltic composition) also contributes to
the negative buoyancy. In regions with the thick crust,
when the lithospheric mantle delaminates, the lower
part of the crust delaminates also. Thermal thinning
without advection of heat as an alternative to delami-
nation is unrealistic since conductive mass transport
and radioactive heating are very slow [Yuen, Fleitout,
1985]. Heating and softening of a large volume of the
lithospheric mantle for its transition into the astheno-
sphere are impossible during short-time intervals cor-
responding to the observed tectonic transformations in
the orogenic zones.

3. NUMERICAL MODELING OF PHASE AND DENSITY CHANGES
IN THE CONTINENTAL LITHOSPHERE DURING ITS
TECTONIC THICKENING

Generally, standard delamination models have ne-
glected density changes within the crust and the litho-
spheric mantle which occur due to phase transitions
and compositional variations during tectonic thicke-
ning. Our attention is focused on effects of phase and
density changes that may be very important and even
dominant when compared to effect of a simple change
of the thermal mantle structure. This section reports
results of numerical modeling of the basaltic lower
crust eclogitization as well as changes of phase compo-
sition and density of the underlying peridotite, which
result from tectonic thickening of the lithosphere and
its foundering into the asthenosphere.

Our concept of the delamination model is illustrated
in Figure 1 that shows geotherm positions and litho-
sphere sections before and after lithospheric thicken-
ing followed by delamination. Data on accepted model
compositions of the lower crust, lithospheric mantle
and asthenosphere are given in Table 1. Chemically, the
lower crust is presented by quartz tholeiite and alka-
line olivine basalt used in the experiments to study the
phase transition of basalt into eclogite [Ringwood,
Green, 1969]. The composition of abyssal peridotite
characterizing of the post-Archean lithosphere [Boyd,
1989] is used in the model as the analogue of the litho-
spheric mantle. A quantitative determination of the
bulk composition of the asthenosphere is indistinct.
Thus, the primitive mantle (A1) after [McDonough,
1990] and abyssal peridotite (A3) are accepted as two-
side constraints of its composition. Moderately deple-
ted spinel lherzolite from Kilbourne Hole (Mexica) is
accepted as the model composition of the astheno-
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Fig. 1. Lithospheric sections and geotherm positions be-
fore and after tectonic thickening followed by delamina-
tion. From [England, Houseman, 1989], with minor addi-
tions.

Puc. 1. TpaguuuoHHOe oToOpakeHUe JIUTOCHEPHBIX pas-
pPE30B U MOJIOKEHUH Te0TEPM 10 U NI0CJIe TEKTOHUYECKOTO
YTOJILEeHUS C Toc/eAyolel fesaMuHanueit (o [England,
Houseman, 1989], c MUHUMaJIbHBIMU JIOTIOJTHEHHUSIMH).

sphere (A2), which is intermediate between composi-
tions of the primitive mantle and abyssal peridotite
[Basaltic volcanism..., 1981]. It should be noted that the
primitive mantle is the most dense and fertile among
possible bulk model compositions of the asthenosphere
that is depleted, to a certain degree, in the basaltic
component and, most likely, consistent with the as-
thenosphere of early stages of the mantle evolution in
the Early Precambrian.

Besides, there is geological evidence concerning the
asthenosphere composition. Some peridotitic orogenic
massifs (Lanzo in Italy, Lerz in France and others) are
considered as examples of local contacts and the litho-
sphere-asthenosphere boundary [Menzies et al,, 1991].
Within these massifs, unmetasomatized porphyroclas-
tic plagioclase and spinel peridotites, that are composi-
tionally similar to DMM (depleted mantle of the mid-
ocean ridges), are assigned to the asthenospheric sub-
stance. It is believed that DMM, which fragments are
alpinotype ophiolites and abyssal peridotites, repre-
sent a global reservoir existing from the Precambrian,



Table 1.Model compositions of the lower crust (1, 2), the lithospheric mantle (3), and the asthenosphere (3, 4, 5)
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Ta6anuma 1. MoaeabHBbIi cocTaB HIKHel Kopbl (1, 2), muTocdepHoit ManTHH (3) U acteHocPepsl (3, 4, 5)

Oxides Quartz tholeiite poor Alkaline olivine Abyssal peridotite Spinel lherzolite Primitive mantle

in alkaline basalt A3 A2 Al

1 2 3 4 5
SiO2 49.88 45.39 43.60 44.80 44.80
TiO2 2.14 2.52 0.02 0.12 0.21
Alz03 13.89 14.69 1.18 3.34 445
Fe203 2.84 1.87 0.00 0.00 0.00
FeO 9.65 12.42 8.22 8.72 8.40
MgO 8.48 10.37 45.20 39.24 37.20
Ca0 10.82 9.14 1.13 3.14 3.60
Na20 1.84 2.62 0.02 0.27 0.34
K20 0.08 0.78 0.00 0.03 0.03
P20s 0.22 0.02 0.00 0.01 0.02
MnO 0.16 0.18 0.14 0.00 0.14
Cr203 00.00 0.00 0.22 0.46 0.43
NiO 0.00 0.00 0.00 0.26 0.27
CymMa 100.00 100.00 99.73 100.07 99.89

N o t e. 1-2 - data from [Ringwood, Green, 1969], 3 - [Boyd, 1989], 4 - [Basaltic volcanism..., 1981], 5 - [McDonough, 1990].
[Ipumeduatue. 1-2 - [Ringwood, Green, 1969], 3 - [Boyd, 1989], 4 - [Basaltic volcanism..., 1981], 5 - [McDonough, 1990].

of which the asthenosphere forms a part [Menzies,
1989].

The Selector software complex [Karpov et al., 1997]
was used for calculations of equilibrated mineral as-
semblages from the accepted bulk compositions (Table
1) and P-T parameters corresponding to the geotherm
characteristic for the tectonically thickened lithosphere
(Fig. 2). One of the starting conditions for modeling is
that thickening proceeds under isothermal conditions
at the constant temperature of the lowermost litho-
sphere (1300 °C) followed only by the decrease of the
temperature gradient in the lithospheric column. In
this model, the temperature of the asthenosphere at a
depth of 200 km is 1400 °C, according to the adiabatic
gradient about 0.5 °C/km. Thus, the lithospheric sec-
tion, including the lower crust and the lithospheric
mantle, and the upper asthenosphere represent three
thermodynamically closed systems building on each
other with the given bulk composition and relevant P-T
parameters. Our model aimed at determination of
equilibrated mineral assemblages and their densities
within the range of pressure and temperature values
according to the accepted geotherm (Fig. 2) and the list
of probable mineral phases (separately for every
system), and, finally, elucidation of probable density
inversion in zones of transition from the crust to the
lithospheric mantle and from the latter to the astheno-
sphere.

According to the modeling conditions, the chemical
compositions/systems representing the lower crust,
the lithospheric mantle and the asthenosphere do not
contain any fluid phase and can be described by ten

independent components (Al, Ca, Fe, Mg, Mn, K, Na, Sj,
Ti, and O). A ‘neutral’ fluid (C-0-H-N) was added to the
asthenosphere composition at the final stages of mo-
deling in order to estimate its effect on the density. In-
tercoordinated data of thermodynamic properties of
minerals [Holland, Powell, 1998] were used in the sys-
tems for choosing probable dependent components /
mineral phases. The chosen phases / minerals are re-
presented by solid solutions in their ideal miscibility
and separate components. Below is the list of such so-
lutions (solid solution names are given in italics): Ol
(olivine) - forsterite + fayalite + tephroite; Opx (ortho-
pyroxene) - enstatite + ferrosilite; Cpx (clinopyroxene)
- diopside + hedenbergite + Ca-tschermakite + Mg-
tschermakite + acmite + leucite; Gr (garnet) — almandine
+ andradite + grossular + pyrope + spessartine; Sp (spi-
nel) - hercynite + Mg-spinel; Pl (plagioclase) - albite +
anortite; Mt (magnetite) - magnetite + magnesioferrite
+ ulvospinel; llm (ilmenite) - ilmenite + geikielite + py-
rophanite; And (andalusite); Ky (kyanite); Sil (sillima-
nite); Cor (corundum); Q (quartz); Crb (cristobalite);
Td (tridimite); Co (coesite); St (stishovite); Hm (hema-
tite); Fe (metallic iron); Per (periclase); Ru (rutile).
Volumes of solid solutions components were calcu-
lated by the method described in [Holland, Powell,
1998]. The total components volume is equal to the
phase volume; therefore, the weight/volume value is
the pure rock density. Changes of density with pressure
and temperature are related both to phase transitions
(spinel-garnet or quartz-coesite type) and redistribu-
tion of elements between phases with changes of P-T
parameters. Equilibrated assemblages of mineral pha-
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Fig. 2. Geotherms before (1) and after (2) tectonic thicke-
ning of the lithosphere.

1 - continental geotherm (50 mWm-2), from [Pollack, Chapman,
1977]. 2 - calculated geotherm provided that the temperature
was constant at the lithospheric base (1300 °C) before and after
thickening. Dotted line show initial positions of the lower crust
base (a) and the lithospheric mantle (b).

Puc. 2. l'eotepMmbl n0 (1) u mocse (2) TEKTOHHYECKOTO
YTOJILIEHUS JTUTOCHEPHI.

1 - KoHTUHeHTa/lbHas reotepMa (50 MBT/M2), o gaHHbIM [Pol-
lack, Chapman, 1977]. 2 - paccyuTaHHasi reoTepMa IpH yCJIOBUU
¢ukcupoBaHHoi Temnepatypbl (1300 °C) B OCHOBaHHUH JIUTO-
cdepsnl 10 ¥ nocse yrouieHUs. [lyHKTUPHBIMM JIMHUAMH N1OKa-
3aHbl Hava/bHble MOJIOXKEHHS OCHOBAHHUs HIKHeH Kopel (a) U
autochepHor MmaHTHUH (b).

ses, their quantitative composition and density values
(Fig. 3) are determined from calculations of equilibri-
um in the multisystem composed of three systems in
the range of T=400-1300 and 1400 °C and P=6-20, 20-
70, 70-75 kbar. As the thickness of the lower crust in-
creases, the eclogitic paragenesis replaces the granuli-
tic one, and the density increases considerably. A dif-
ference between contents of the major elements in the
model composition of the lower crust (Table 1) does
not significantly impact the density variability of the
newly formed eclogites.

Sharp density inversion occurs at the lower crust-
mantle boundary (P=20 kbar), where abyssal perido-
tite is about 6 % lighter than eclogites. A similar situa-
tion occurs in the Kwinling-Dubi orogenic belt where
the density of unalterated eclogites of the lower crust
amounts to 3.47+0.04g/sm3, i.e. 0.2 g/sm3 higher than
that of peridotitic xenoliths representing the upper
mantle of the Eastern China [Gao et al, 1999]. A diffe-

rence in the density values mentioned above drives
delamination of eclogites and is very important for the
evolution of the continental crust and the crust-mantle
interaction.

According to the model, the lower lithospheric
boundary corresponds to conditions of P=70 kbar and
T=1300 °C. The asthenospheric temperature is 100 °C
higher. This temperature change is conventionally re-
lated to ‘instantaneous’ foundering of the lowermost
thickened lithosphere into the hot asthenosphere
(T=1400 °C). The given assumption follows from the
relation of the time interval of tectonic, metamorphic
and magmatic events in the collisional orogen evolu-
tion and the time interval (that is longer) of thermal
relaxation of the thickened lithosphere during conduc-
tive heat transfer from depth. The calculated astheno-
spheric density at the boundary zone is higher than
that of the lithosphere (Fig. 3, B). This is related to the
fact that compositional differences between the model
compositions for the lithosphere (A3 - abyssal perido-
tite) and the asthenosphere (Al - primitive mantle, A2
- KH lherzolite) are too significant to be compensated
by the accepted temperature differences (100 °C) be-
tween them. These differences are expressed in diffe-
rent quantities of olivine, garnet, clino- and orthopy-
roxene contained in the lithospheric mantle and the
asthenosphere (Fig. 3, A). Under dry conditions, density
inversion due to the temperature difference between
the lithosphere and the asthenosphere occurs only if
their compositions are similar to each other and com-
prises 0.0022 wt. %. In this case, density inversion be-
tween the asthenosphere represented by Al and A2
compositions and the lithosphere occurs only if they
contain no less than 1.4 and 0.83 wt. % of the conven-
tionally neutral fluid, respectively (Fig. 4). These values
exceed the estimated fluid content in the primitive
mantle (0.83 wt. %, from [Zotov, 1989]). In case when
the 30-km eclogitic crust is added to the 170-km peri-
dotitic mantle, density inversion occurs because the
lithospheric mantle becomes denser by about 1 %.

The available estimates of the fluid content for the
entire mantle are uncertain and range between rela-
tively low values from 0.04 % [Dreibus et al, 1997] to
0.1 % for H20 [Ringwood, 1966] and 0.83 % for the
complex fluid in the primitive mantle [Zotov, 1989].
This suggests that only the fluid (melt)-bearing as the-
nosphere compatible with the DMM composition is the
most appropriate medium for delamination of the tec-
tonically thickened lithosphere. In the proposed model,
abyssal peridotite is most closely corresponding to the
DMM reservoir. More fertile asthenospheric composi-
tions (lherzolite KH, primitive mantle) can support de-
lamination of the overlying lithosphere only at higher
fluid content.

The numerical modeling results suggest, in general,
a probability of gravitational instability both at the
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of the asthenosphere (Table 1, A1, A2, A3).

(Ta6n. 1, A1, A2, A3).

lower crust-mantle boundary under dry conditions
resulted from eclogitization of the mafic lower crust
and the lithosphere-asthenosphere boundary. At the
lithospheric-asthenospheric level, delamination under
dry condition is possible only if their compositions are
almost the same. In other cases, it is necessary to as-
sume the presence of a certain amount of the fluid-
phase or melt in the asthenosphere, which decreases
not only its density, but its viscosity as well.

Fig. 3. A - results of calculations of equilibrium mineral assemblages for the lower crust, the lithospheric mantle (A3) and
the asthenosphere (A1) after tectonic thickening in accordance with geotherm 2. B - calculated density and its variations at
the boundaries (lower crust - lithospheric mantle - asthenosphere) under dry conditions with different model compositions

Puc. 3. A - pe3ysbTaThl pacieTOB PaBHOBECHBIX MHUHEPAJTbHBIX ACCOLMALUM AJs1 HIPKHEH KOpBbl, TUTOCPEPHOH MaHTHUH
(A3) u acteHocdeps! (Al) mocsie TEKTOHUYECKOT'O YTOJIIEHHS B COOTBETCTBUU C re0TepMOH 2. B - pacCYMTaHHbIE IIJIOTHO-
CTH KOpBI, JIUTOCHEPHON MAHTUU U acTeHOCPEephl B CYXUX YCIOBUSAX C PA3JUYHBIM MOJEJbHBIM COCTABOM acTeHOCHEPHI

4. TECTONIC CONDITIONS FOR DELAMINATION MAGMATISM

Favorable conditions for delamination occurred
within collisional orogens that appeared at regular in-
tervals. Delamination was preceded by lateral shor-
tening and thickening of the crust and the lithosphere.
The tectonic increase of the lithospheric thickness after
the main stage of deformation was followed by sub-
mergence of the lithospheric basement, foundering of
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Fig. 4. Density of the model asthenospheric compositions versus their fluid contents (C-0-H-N) at the lithospheric basement
(T=1400 °C, Prwta=70 kbar). A1l - abyssal peridotite, A2 - spinel-lherzolite KH, A3 - primitive mantle.

I Puc. 4. 3aBUCUMOCTH MJIOTHOCTH MOJIEJIbHOI'O aCTeHOCHEepHOro cocTaBa OT KoHIeHTpanuu ¢Juonzaa (C-0-H-N) B ocHoBa-

Huu utocohepsl (T=1600 °C, Poyun=70 k6ap).

geotherms, and the decrease of the geothermal gradi-
ent relative as compared to the initial state. About 130
Ma [Houseman et al, 1981] are required in case of con-
ductive heating for the return of the isotherms to their
original positions after the double thickening of the
lithosphere at starting lithospheric thickness of 100
km. In reality, however, the double thickening of the
lithosphere in zones of continental convergence may
occur during 30-50 Ma, which is consistent with the
temporal relationship between deformation, metamor-
phism and magmatism in the intercontinental mobile
folded belts. It follows that conductive heating of the
thickened lithosphere cannot provide thermal condi-
tions for regional metamorphism and granitic magma-
tism during 30-50 Ma.

A significant decrease of the lithospheric thickness
resulting from delamination furnishes conditions for
quick heating of the remaining part of the lithospheric
mantle and the lower crust as regards to the thickened
lithosphere, which, in its turn, provides for regional
metamorphism and melting of the crust. The hot as-
thenospheric substance is not only a source of heating;
it also produces basaltic melts which propagate to the
crustal levels heating the crust. Delamination provides
conditions for postorogenic extension and uplifting on
sites of its manifestation. In collisional orogens, the
thickening of the crust prior to delamination (thus in-
crease of pressure of crustal rocks) was followed by
metamorphism of the crustal rocks with eclogitic facies
in the lowermost crust. Delamination invoked the in-
crease of heat flow, magmatism and postorogenic ex-
tension, formation of gently pitching structures of ex-
tension with pure shear at deep levels of the crust and

simple displacement with detachment at levels of the
upper crust. Postdelamination collapse due to exfolia-
tion of the lithospheric root is characterized by exten-
sion in the form of transtension and isothermal uplift of
the territory. Vertical shortening of the crust thickness
during this stage is exemplified by development of
subhorizontal gneiss structures with plates of granites
intruded in the zone of shearing below of the upper
crust extending detachment. Formation of the large
volume of granites is synchronous with rapid litho-
spheric thinning involving weakness of the crust and
its extension. Within metamorphic rocks of amphibo-
lite facies, the subhorizontal structures of extension
comprise numerous lens-shaped boudins, i.e. remains
of the eclogitic facies formations with structures of ear-
ly subvertical compression indicating the presence of
the eclogitic basement of the crust at the stage of its
thickening [Dewey, 1995].

Evidence of delamination under the areas that re-
cently underwent tectonic thickening are rapid uplif-
ting and changes in tension field, tangible changes in
crustal and mantle magmatism, which reflect changes
in thermal and compositional structures of the litho-
sphere. Criteria that indicate delamination tectonics
and magmatism in the Cenozoic are discovered, for
example, in the southern Puna Plateau in Central Andes
[Kay, Kay, 1993] and the northern Tibetan plateau
[Beghoul et al., 1993].

P. Bird [1979] introduced the term ‘delamination’ to
describe the mechanism explaining the formation of
the Colorado plateau. The Puna Plateau in Argentina is
the most significant example of delamination in the re-
cent past. The presence of a seismic ‘window’, i.e. the



lack of earthquakes under this plateau, geochemical
peculiarities of mafic lavas within its boundaries (OIB-
type) are due to delamination of the continental litho-
sphere part. The delaminated block comprising the
crustal and mantle parts of the lithosphere was in-
volved in the circulating asthenospheric system below
the submerging slab. Examples of structural and com-
positional evidences of delamination in other young
orogens are also numerous [Girbacea, Frisch, 1998].

It is likely that delamination was more common
process during supercontinental accretion. It could be
an important element in the mechanism of generation
of the sialic crust in the Archean [Rudnik, 1995] as well
as shortening of the thick cratonal lithosphere in peri-
ods of upwelling of the low-dense hot mantle material
to the cratonic basement [O’Reilly et al., 1998; Gao et al.,
2009]. Together with subduction, delamination is an
important factor contributing to lithospheric recycling
[Anderson, 2005]. Recognition of delamination-related
magmas may be a unique way to recognize past delam-
ination events, because the magmas when compared
with other signatures are the most indelible indicators.

5. CONCLUSION

The available geological and geophysical data sug-
gest that in collisional orogens, the lithosphere be-
comes gravitationally instable and can be delaminated
both by removal of the thickened eclogitic portion of
the lower crust and by removal of the mantle litho-
spheric root, in general, resulting from generated den-
sity inversion upon tectonic thickening. Generally, the
standard delamination models neglect density changes
within the crust and the lithospheric mantle which take
place due to phase and composition changes while P-T
parameters change. These effects may be very im-
portant and they are probably dominant when com-
pared with the effect of a simple change of the thermal
structure of the mantle.

Conditions of changes of the lithospheric density
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