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Plate teconics の働かない系での物質循環は？
どのような化学進化が可能か？

問題

物理的機構
下部より：熱化学プルーム
上部より：リゾスフェア下部の熱対流

地殻を巻き込んだリサイクリングは可能か？

背景

化学進化という観点からは？
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Geology39 (2011) 191	
  

Delamination Process の問題、難しさ:観測の問題、表層地形・地質に反映されない

表層地殻のリサイクリング
1. Subduction by plate tectonics
2. Delamination of lower crust



?



最近の興味深い研究成果

•活発な大気・固体表層間の物質交換
•意外に「熱い」内部
–Bills による潮汐散逸から見積もられた内部状態

•最近まで起きている火山活動
–若い溶岩流の発見
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火星内部構造の問題



１：2種類の火成活動の存在
２： 火星地殻のBasalt-Eclogite転移(BET)の可能性
３：BETに起因する火成活動の可能性
４：地球における類似プロセスの例



Huge edifice-building 
volcanism 

Vaucher et al, 2009

Two styles of volcanism

Type 1

Vo
lu

m
eType 1

Type 2



Thermochemical evolution
(Ogawa & Yanagisawa 2011)
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Type 1: Magma Type

1. Morphology of Volcanoes
2. Morphology of Lava Flows
3. Remote Sensing data

volcano Morphology
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Cerberus Fossae & Athabasca

Cone Study







Plescia Icarus88,465 (1990)



問題点：
噴出したのは溶岩か、水か？

25 km
Kossacki et al (2006)



small cones, 
rootless cone?,pingo?,mud volcano?

Hamilton et al JGRE 115 (2010)





Rootless Coneの存在：溶岩流である証拠

Iceland Laki 



Rootless Coneの存在：溶岩流である証拠

Iceland Laki 





Type 1:巨大火山体の形成活動

21

1.固定したマグマ源
2.長時間継続したマグマ生成

マントル深部起源の熱組成プルーム

Type 2:小規模溶岩原の活動
1.dichotomy 境界周辺に散在
2.一回性の活動

Decline of activity by secular cooling
Ogawa & Yanagisawa JGRE 2011

HHoott  SSppoott  mmaaggmmaattiissmm
との類似

??



Type 1:巨大火山体の形成活動

21

1.固定したマグマ源
2.長時間継続したマグマ生成

マントル深部起源の熱組成プルーム

Type 2:小規模溶岩原の活動
1.dichotomy 境界周辺に散在
2.一回性の活動

BETによるDelamination駆動火成活動

Decline of activity by secular cooling
Ogawa & Yanagisawa JGRE 2011

HHoott  SSppoott  mmaaggmmaattiissmm
との類似

??



火星の地殻のBasalt-Eclogite転移の可能性

1.火星の地殻は鉄に富んでいる
2.鉄に富んだ系でのBET

3.BET が起きるとdelamination が進行
4.Delamination による火成活動の可能性

22



火星の地殻は鉄に富んでいる

1.重力
2.火星隕石
3.探査・APX
4.探査・リモートセンシング



admittance analysis
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name density method

Pauer & Breuer 2008 3020 GTR+Bouger,single layer

Zuber et al 2000 2900 Bouger,single

McGovern et al 2002 2900-3150 admittance,load

Neumann et al 2004 2900 average crustal density

Wieczorek & Zuber 2004 2900-3100 39-81 km

Belleguic et al 2005 3270 load,Elysium

crustal density estimated by gravity data



地殻の密度

processes responsible for their formation would certainly
have been different than those that formed the younger
magmatic provinces.
[24] Current orbital remote sensing data sets cannot yet

uniquely map the composition of the Martian surface. In
situ chemical analyses have been performed during the
Viking and Mars Pathfinder (MPF) missions [Priestley et
al., 1977; Rieder et al., 1997], and it appears that the
composition of rocks at the surface are significantly differ-
ent than those of the Martian meteorites. Using the chemical
composition of the ‘‘Mars Pathfinder soil-free rock’’ as
obtained from the Mars Pathfinder Alpha Proton X-ray
Spectrometer (APX) [Brückner et al., 2003], we have
calculated the modal mineralogy and pore-free density
of this hypothetical ‘‘rock’’. Its computed density is
3060 kg m!3, which is considerably less dense than the
basaltic Martian meteorites. Martian meteorite porosities are
generally about 5% [Consolmagno and Strait, 2002; Britt
and Consolmagno, 2003], but it is not clear if this number is
representative of crustal materials on Mars, or if this is
instead related to the shock processes during the impact
event responsible for ejection of these rocks from the
Martian surface. A certain amount of crustal porosity might
also be expected if water is present in the subsurface, either
as permafrost or in aquifers. Assuming this porosity, the
composition of the MPF APX ‘‘soil-free rock’’ is consistent
with our assumed average crustal density. This rock is less
dense than the SNC’s which are believed to have come from
Tharsis. While the origin of this rock is uncertain, it is a
plausible representative of the cratered uplands of Mars, as
Ares Vallis originates in the southern highlands close to the
dichotomy boundary and it is possible that this rock was
transported from the southern highlands to the Mars Path-
finder landing site.
[25] If the density of the Tharsis volcanoes is greater than

that of our chosen average crustal density, as the Martian
meteorite data suggest, then considerable error in our crustal
thickness inversions could occur beneath these provinces.
For this reason we will attempt to take into consideration the
likely higher surface densities of the Tharsis and Elysium

volcanos. While the density of the surrounding Tharsis
plateau is probably greater than typical, it is difficult to
constrain the thickness of these ancient high-density materi-
als, and thus we cannot take them into account here.

3. Bouguer Anomaly

[26] Setting aside the central mass (degree 0) term, we
separate U into surface and subsurface components:

U ¼ Ucrust þ Ulocal þ Ucore þ Umantle; ð10Þ

where Ulocal represents isolated crustal density anomalies in
an otherwise homogeneous crust. In the following sections
we consider contributions from inferred inhomogeneities
and from subsurface density interfaces. We calculate Ucrust,
the anomalous potential arising from surface topography,
using the higher-order method of Wieczorek and Phillips
[1998]. To account for finite-amplitude effects, equation (7)
is augmented by coefficients applied to the nth powers of
topography. These powers are expanded in spherical
harmonics using equation (2) up to n = 6. Figure 2 shows
the similar magnitude of the planetary potential spectrum U
(black) and Ucrust (red). The Bouguer potential UB should
nominally be their difference, U ! Ucrust. As a consequence
of the decrease in tracking sensitivity at spacecraft altitudes
and the a priori power law used to constrain U at degrees
higher than 50, this expression tends to overcorrect for
gravitational attraction due to topography [Neumann et al.,
1996; Wieczorek and Phillips, 1998]. Beyond l = 50,
following Wieczorek and Phillips [1998], we set

UB ¼ U ! R=Rfð Þ l!50ð ÞUcrust; ð11Þ

where Rf = R + 100 km. The amplitude of the filter being
applied to Ucrust closely follows the decline in correlation
shown in Figure 1b. The magnitude of the coefficients
beyond degree 50 is small, and so the main effect of this filter
is to remove high-frequency oscillations or ‘‘ringing’’ in the
resulting Bouguer anomaly near the sharpest topographic
features. The resulting UB (Figure 2, green curve) is larger in
magnitude than the planetary potential at low degrees owing
to local compensation of surface topography. As expected for
flexural compensation of surface loads [e.g., Forsyth, 1985],
UB < U from degree 14–80. Without this filter, the Bouguer
coefficient root power would exceed U beyond degree 62,
increasing the short-wavelength crustal complexity. Beyond
degree 80 both spectra are dominated by noise regardless of
the filter applied.
[27] The largest single component of the Bouguer anom-

aly is the degree one zonal term, U1,0
B , which represents a

mass excess in the northern hemisphere and a corresponding
mass deficit in the southern hemisphere. The next largest
terms are U2,0

B , corresponding to the flattening of the planet,
and U2,2

B , corresponding to the Tharsis bulge.
[28] Figure 3 shows the Bouguer anomaly without the

degree 1 and 2 terms. The Isidis, Argyre, Utopia and Hellas
basins have large positive circular anomalies (but not some
other putative basins such as Daedalia [Craddock et al.,
1990], Elysium [Schultz et al., 1982] and North Tharsis
[Schultz and Frey, 1990] thought to underlie the northern
lowland plains). Such Bouguer mass excesses arise from

Table 1. Pore-Free Rock Densities From Meteorites and in Situ
Analysis

Name Type Density, kg!3

EETA 79001B basalt 3220
Los Angeles basalt 3240
QUE 94201 basalt 3250
Shergotty basalt 3320
Zagami basalt 3320
Dhofar 019 basalt 3330
EETA 79001A basalt 3340
Dar al Gani 476/489 basalt 3360
Sayh al Uhaymir 005/094 basalt 3390
LEW 88516 lherzolite 3400
ALH 77005 lherzolite 3430
Y793605 lherzolite 3430
ALH 84001 orthopyroxenite 3410
Yamato 000593/749 clinopyroxenite 3460
Governador Valadares clinopyroxenite 3460
Lafayette clinoproxenite 3480
Nakhla clinopyroxenite 3480
Chassigny dunite 3580
MPF APXa ‘‘soil-free’’ rock 3060

aAs in the work of Brückner et al. [2003].
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APXS at Gusev
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APXS + Mossbauer + THEMIS

MaSween et al JGRE 113,2008



Geological Map

28
Taylor et al. Geol. 38,183 (2010)



Geological Map
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Taylor et al. Geol. 38,183 (2010)



テキスト

McSween et al.Sci. 324,736 (2009)

鉄の多い系で地殻下部はどうなるのか？



Basalt-Eclogite Transition

Ca Plagioclase-Grossular Garnet

Na Feldspar-Jadite 

Garnet Granulite

Eclogite

3.59
Ca3Al2(SiO4)3

2.75
CaAl2Si2O8

NaAlSi3O8 NaAlSi2O6

3.392.98



Basalt-Eclogite Transition

Ca Plagioclase-Grossular Garnet

Na Feldspar-Jadite 

Garnet Granulite

Eclogite

3.59
Ca3Al2(SiO4)3

2.75
CaAl2Si2O8

NaAlSi3O8 NaAlSi2O6

3.392.98



Density Data

lite facies areas these garnets are inclusion-free or 
locally contain inclusions of diopside. In the eclo- 
gites the old granulite garnets locally contain 
cracks filled with omphacite, hornblende with up 
to 1 wt.% of C1, and kyanite (Fig. 10). 

These relationships suggest that the eclogitiza- 
tion was controlled by fluids penetrating the shear 
zones and that there was substantial element mo- 
bility in the neighbourhood of shear zones. 

4.3. Density changes 
Samples of granulites (13) and eclogites (21) 

weighing between 0.5 and 2.0 kg were collected 
and specific gravity was measured. The majority 
of the samples comes from the Adnefjell locality 
and for each granulite a corresponding eclogite 
was collected from less than a meter away. Six 
additional samples of eclogitized anorthositic 
material, together with two mafic eclogites were 
also collected. The results are shown in Fig. 11. 
The density of the granulite facies anorthositic 
rocks ranges from 2.79 to 3.21 g / c m  3 with an 
average of 3.02 g / c m  3 and of the eclogitized 
anorthositic rocks from 3.06 to 3.33 g / cm 3 with 
an average of 3.19 g / c m  3. The spread within each 
group is mainly due to variation in the bulk com- 
position. The dependence on bulk composition is 
also demonstrated by the mafic eclogites which 
have a density between 3.5 and 3.6 g / c m  3. 

The eclogites of the Bergen Arcs show varying 
amounts of diopside/albite symplectite surround- 
ing omphacite. Symplectite formation is related to 
decomposition of omphacite during uplift [29]. 
The density difference between eclogites and 

-10 

-8 

-6 

-4 

~ Granuli tes X:3.02 

Eclogi tes X:3.19 

M a f i c  ec logi tes  

-2 

2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 5.6 D (g/cm 3) 

Fig. 11. Histogram showing density of granulite and eclogite 
facies anorthositic rocks. Two samples of mafic eclogites are 
also presented. 
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granulites as obtained by these measurements 
should therefore be regarded as a minimum value. 

5. Discussion and conclusions 

The Grenvillian garnet-granulites of the Bergen 
Arcs, with abundant anorthositic material, are a 
plausible lower crustal suite both compositionally 
and mineralogically. The Caledonian eclogites, 
however, were formed at depths in the crust only 
attained below young mountain chains, e.g. the 
Alps and the Himalayas. The situation corre- 
sponds to the Fountain and Salisbury [2] model 
where the lower crust is composed of rocks which 
are polymetamorphic and multiply deformed due 
to orogenic recycling. However, the alternation of 
anorthositic rocks on a meter scale between 
granulite and eclogite over an area of tens of km z 
introduces new concepts. The unique nature of the 
Bergen Arc exposures is more probably explained 
by somewhat unique tectonic processes of uplift 
and preservation than by rarity of the eclogite- 
forming process in mountain roots. 

5,1. Kinetic and metasomatic aspects of the 
granulite eclogite transition 

Green and Ringwood [30] showed experimen- 
tally that the P and T where eclogites form from 
granulites are strongly dependent on bulk rock 
composition. For example, the plagioclase-out 
boundary at 1100 ° lies 10-15 kbar higher for a 
gabbroic anorthosite than for an alkali-poor olivine 
tholeiite. This indicates that the boundary between 
granulites and eclogites should be lithologically 
dependent. 

The present account, on the other hand, de- 
scribes a transition from granulite to eclogite which 
would seem to be independent of whole rock 
composition within the range anorthosite-gab- 
broic anorthosite-norite. This follows from the 
observation that shear zones with eclogites cross- 
cut the compositional layering defined by the 
granulite facies foliation. The regional extent of 
the eclogitization further demonstrates that we are 
not dealing with a simple P,T-isograd relation. 
Since the granulites and the eclogites of the Bergen 
Arcs must have followed the same P,T path we 
are left with the two following explanations: 

(1) Fluids and deformation played an im- 
portant role in the triggering metamorphic reac- 

EPSL81,211 (1987) 
Austrheim

Basalt





方法：

・	
  内部整合的熱力学データセットを用いた，相平衡計算
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sion, or transfer function, applied to URB is shown by the
dashed curve in Figure 4. The degree variance in the
inversion for Moho relief relative to URB is nearly 100%
at degree 72, corresponding to spatial wavelengths of
300 km, and is 25% at degree 85, the highest degree in
the gravity field. Thus information is incorporated at wave-
lengths as short as 250 km.

5. Results

[46] The radial difference between the crust-mantle den-
sity interface and the surface topography (ftp://ltpftp.
gsfc.nasa.gov/projects/tharsis/marscrust2/), is represented
by spherical harmonic coefficients to degree 85. The largest
single component of the crustal thickness is the degree one
zonal, or (1, 0) term, which represents a sinusoidal compo-
nent of the latitudinal structure, or pole-to-pole slope; this
term accounts for more than 80% of the degree 1 variance
and for the !3-km center-of-figure offset to the south
relative to the center of mass. The remainder of the degree
1 power, in the (1, 1) terms, represents a substantial
thickening of crust in the direction of the Tharsis construct
(262.4!E). The degree 2 components, which represent much
of the non-hydrostatic character of Tharsis [Zuber and
Smith, 1997] and its antipode, are an order of magnitude
smaller in variance than the degree 1 terms.

5.1. Crustal Thickness Variations

[47] Assuming 600 kg m"3 crust-mantle density contrast,
our model crustal thickness varies from 5.8–102 km, with
the smallest values near the center of Isidis and the
northwestern floor of Hellas Planitia. The crustal thickness
certainly cannot be less than 0. Our chosen value of 45 km
mean crustal thickness results in roughly 6 km of crust at
the center of Isidis. Since the relief of Isidis’ 5-km-high rim
has been largely obliterated in the northeast, and its floor is
buried by several km of Syrtis Major flows [Frey et al.,
2000], 5 km of crust might result from subsequent infill of
the basin interior. The global mean thickness could be as

low as 43.5 km [Zuber et al., 2000], but much thinner crust
than assumed in our model seems unlikely. This places a
lower bound of 6 # 109 km3 for the volume of the crust. A
similar argument applies to the floor of the 10-km-deep
Hellas basin, whose interior has been extensively modified
[Moore and Wilhelms, 2001] and exhibits <7 km thickness
in our model.
[48] The amplitude of crustal variations in our model

scales inversely in magnitude with the Moho density contrast
Dr = 600 kg m"3. If in our model we had assumed a crustal
density of 2700, a similar model with 5 km thickness in
Isidis would have required only 35 km mean thickness. A
crustal density of 3100 (smaller Dr), on the other hand,
requires 65 km mean thickness to match the Bouguer signal
and maintain a minimum thickness of 5 km. These extremes
are consistent with the value of 50 ± 12 km advocated by
Wieczorek and Zuber [2004] on the basis of a combination of
several geophysical and geochemical studies.
[49] An equal-area histogram of crustal thickness

(Figure 5) shows that the global crustal structure is resolved
into two major peaks, at approximately 32 km and 58 km.
The crustal dichotomy is demarcated by the local minimum
in the histogram at 40 km. The heavily cratered highlands
contribute the largest peak, with nearly all the crust thicker
than 60 km confined to the southern hemisphere. The
lowlands peak is broader than that of the uplands, owing
to the quasi-sinusoidal character (i.e., degree one zonal
component) of the crustal thickness distribution. While the
southern highlands have a relatively uniform thickness, the
northern lowlands and Arabia Terra region of the southern
hemisphere collectively show a latitudinally dependent
crustal thickness structure. The crust thickens southward
of Lunae Planum and Sinai Planum, contributing to a wide
shoulder to the histogram beyond 70 km, with the thickest
crust corresponding to the Claritis and Thaumasia structures
on the Tharsis rise. Alba Patera, Olympus and Ascraeus
Mons are the areas in the north with the thickest crust. The
relatively younger northern lowlands comprise the majority
of thinner crust, with the Hellas and Argyre Basins contrib-
uting the only southern crust that is thinner than 30 km. The

Figure 5. Histogram of crustal thickness, the difference
between surface and mantle relief, versus area.

Figure 4. Spectrum of topography versus Moho topogra-
phy and crustal thickness. The topographic power law of
Smith et al. [2001b] is shown by dotted lines, offset by the
ratio rC/Dr to fit the Moho shape. The inversion transfer
function (dashed curve at top, scaled by 10"5) shows the
combined effect of downward continuation and noise
reduction versus degree.
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with density contrast:600kg/m3 and 2900kg/m3

crustal thickness range: 5~105 km



背景
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Eclogite	
  (ρ>mantle)?



Mantle

Basal%c	
  crust
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  (ρ>mantle)

Delamination

adiabatic  rise
(decompression)

adiabatic rise of mantle material induced by delamination
(decompressional melting)



Deep and near-surface consequences of root 
removal by asymmetric continental delamination

Valera et al.,Tectonophys. 502 (2011) 257-265



問題　：Delamination-Induce Volcanism の実態？

1.タイムスケールは？

1.基本的にはRayleigh-Taylor Instability、しかし下部地殻は
viscoplastic,non-Newtonian．レオロジーの正当な取り扱い
は未知．

2.RTIから融解へはもうワンステップ必要．
1.断熱上昇過程、粘性散逸・Viscous Heating

2.表面形状は？

1.CEP,Utopia では割れ目噴火（２次元形状）．

3.融解が生じる条件

1.上部マントルがソリダス近傍の温度状態にあること

2.水の存在？

P-­‐01



クリックしてタイトルを入力 クリックしてサブタイトルを入力



問題　：地球上に類似火山はないか？

P-­‐01テキスト

Garrotxa Volcanic Zone の紹介



Future perspectives

Delamination-induced magmatism

Thermochemical plume magmatism

Difference in chemical composition?

Difference in style of surface manifestation?

CRiSM signature is different. Cf. Baratoux et al 2012

T at sublithospheric mantle should be close to the solidus

Axisymmetric plume head vs linear structure such as Cerberus Fossae

Low Q of mantle estimated  by tidal dissipation
(Bills et al,2005)

Melting curve of Fe-rich mantle

co
ns

is
te

nc
y?



最後に

• CEP	
  は次期固体火星探査ミッション・InSight	
  の着陸地点候補

• InSight	
  は広帯域地震計観測が主要なテーマ

P-­‐01テキスト

火星の最近の火山活動と内部構造進化に関する
International Workshop の開催予定

2013年中、多分EPSC2013の直後

JSPS・科研費、２国間共同研究
CNRS 研究費
ANR 国際共同研究（仏・独・日）



Castellfoli de la Roca





12/10/03 8:55Besalú, Espanya - Google マップ

1/2 ページhttp://maps.google.co.jp/

画面上の情報をすべて見るには、印刷 をク
リックします。



Map of the area
12/10/03 9:24Besalú, Espanya - Google マップ

1/2 ページhttp://maps.google.co.jp/

画面上の情報をすべて見るには、印刷 をク
リックします。



Abellan et al, Nat.Hazards Earth System Sci.,11,829 (2011)





Geological Map



Castellfoli de la Roca



Geological Map









Besalu





Girona





Catalan Volcanic Zone in east of Pyrenees

JVGR 201(2011) 178-193
Marti,Planaguma,Geyer,Canal and Pedrazzi



Figure 5. Gravity Moho depth map obtained
by inverting the fi ltered gravity anomaly
of Figure 4 using Tsuboi’s (1979) method.
UTM coordinates in kilometers, zone 30N.
Abbreviations are as in Figure 2.



Figure 5. Gravity Moho depth map obtained
by inverting the fi ltered gravity anomaly
of Figure 4 using Tsuboi’s (1979) method.
UTM coordinates in kilometers, zone 30N.
Abbreviations are as in Figure 2.

Catalan Volcanic Zone



EPSL 276(2008) 302-313
Gunnell,Zeyen and Calvet



Volcanism at Carpathia?
Tertiary-Quaternary mafic alkalic magmatism

Seghedi et al, Tectonophysics 
393(2004) 43-62



Crustal constraints on the origin of mantle seismicity 
in the Vrancea Zone,Romania

Knapp et al, Tectonoph. 410 (2005) 311-323



Convergence and extension driven by lithospheric 
gravitational instability
Gremmer & Houseman

Geophys.J.Int. 168(2007) 1276-1290



Continuing Colorado plateau uplift by delamination
Levander et al, Nature 472 (2011) 461



summary

火星地殻下部ではBET は生じうる

BET により地殻下部の剥離が生じうる

Delamination-induced magmatism が生じる

Dechotomy境界付近に見られる小規模溶岩原の活動

火星内部の熱・組成進化に新たなプロセス





Delamination and delamination magmatism
Kay &b Kay

Tectonophyics 219(1993) 177-189



Weakness of the lower continental crust
Meissner & Mooney

Tectonophysics 296(1998) 47-60



Tectonic significance of changes in post-subduction Pliocene-Quarternary 
magmatism in the sE part of the Carpatian-Pannonian Region

Seghedi et al, Tectonophysics 502 (2011) 146-157







Schott & Schmeling Tectonophy. 296,(1998)
Delamination and detachment of a lithospheric root

242 B. Schott, H. Schmeling / Tectonophysics 296 (1998) 225–247

Fig. 12. Model 9c. Delamination of the mantle lithosphere from the upper crust. Hot asthenosphere is upwelling into the region left
behind by the descending lithospheric root. In the crust, regions of compression or extension can be well recognized from the deformation
of formerly equidistant stripes of passive markers.

ancy forces (see Fig. 12). When the thickness of the
crustal root and the topography reach an upper limit,
the orogen grows laterally, increasing its buoyancy
and tending to spread. This spreading exerts forces
on the left horizontal part of the mantle lithosphere
and can even stop its movement to the right. This
increases the stresses in the bending part of the

Fig. 13. Model 9c. Detachment of the delaminated mantle lithosphere.

subducting lithosphere leading to detachment of the
delaminated lithospheric root (see Fig. 13).
In a rough estimate the amplitude of the litho-

spheric root fT may be related to the upper part of a
descending slab of length L which is not supported
by resistance of the surrounding mantle or the 670
km-discontinuity. Equating the volume of the root

Fig. 12. Model 9c. Delamination of the mantle lithosphere from 
the upper crust. Hot asthenosphere is upwelling into the region 
left behind by the descending lithospheric root. In the crust, 
regions of compression or extension can be well recognized 
from the deformation of formerly equidistant stripes of passive 
markers.
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Admittance analysis (gravity + topography)

Te ~150 km,density 2900~3100 kg/m3

McGovern et al  JGRE 107 (2002) 

Te ~90 km, density 3200 kg/m3

Belleguic et al. JGRE 110 (2005)



Density Data

lite facies areas these garnets are inclusion-free or 
locally contain inclusions of diopside. In the eclo- 
gites the old granulite garnets locally contain 
cracks filled with omphacite, hornblende with up 
to 1 wt.% of C1, and kyanite (Fig. 10). 

These relationships suggest that the eclogitiza- 
tion was controlled by fluids penetrating the shear 
zones and that there was substantial element mo- 
bility in the neighbourhood of shear zones. 

4.3. Density changes 
Samples of granulites (13) and eclogites (21) 

weighing between 0.5 and 2.0 kg were collected 
and specific gravity was measured. The majority 
of the samples comes from the Adnefjell locality 
and for each granulite a corresponding eclogite 
was collected from less than a meter away. Six 
additional samples of eclogitized anorthositic 
material, together with two mafic eclogites were 
also collected. The results are shown in Fig. 11. 
The density of the granulite facies anorthositic 
rocks ranges from 2.79 to 3.21 g / c m  3 with an 
average of 3.02 g / c m  3 and of the eclogitized 
anorthositic rocks from 3.06 to 3.33 g / cm 3 with 
an average of 3.19 g / c m  3. The spread within each 
group is mainly due to variation in the bulk com- 
position. The dependence on bulk composition is 
also demonstrated by the mafic eclogites which 
have a density between 3.5 and 3.6 g / c m  3. 

The eclogites of the Bergen Arcs show varying 
amounts of diopside/albite symplectite surround- 
ing omphacite. Symplectite formation is related to 
decomposition of omphacite during uplift [29]. 
The density difference between eclogites and 
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Fig. 11. Histogram showing density of granulite and eclogite 
facies anorthositic rocks. Two samples of mafic eclogites are 
also presented. 
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granulites as obtained by these measurements 
should therefore be regarded as a minimum value. 

5. Discussion and conclusions 

The Grenvillian garnet-granulites of the Bergen 
Arcs, with abundant anorthositic material, are a 
plausible lower crustal suite both compositionally 
and mineralogically. The Caledonian eclogites, 
however, were formed at depths in the crust only 
attained below young mountain chains, e.g. the 
Alps and the Himalayas. The situation corre- 
sponds to the Fountain and Salisbury [2] model 
where the lower crust is composed of rocks which 
are polymetamorphic and multiply deformed due 
to orogenic recycling. However, the alternation of 
anorthositic rocks on a meter scale between 
granulite and eclogite over an area of tens of km z 
introduces new concepts. The unique nature of the 
Bergen Arc exposures is more probably explained 
by somewhat unique tectonic processes of uplift 
and preservation than by rarity of the eclogite- 
forming process in mountain roots. 

5,1. Kinetic and metasomatic aspects of the 
granulite eclogite transition 

Green and Ringwood [30] showed experimen- 
tally that the P and T where eclogites form from 
granulites are strongly dependent on bulk rock 
composition. For example, the plagioclase-out 
boundary at 1100 ° lies 10-15 kbar higher for a 
gabbroic anorthosite than for an alkali-poor olivine 
tholeiite. This indicates that the boundary between 
granulites and eclogites should be lithologically 
dependent. 

The present account, on the other hand, de- 
scribes a transition from granulite to eclogite which 
would seem to be independent of whole rock 
composition within the range anorthosite-gab- 
broic anorthosite-norite. This follows from the 
observation that shear zones with eclogites cross- 
cut the compositional layering defined by the 
granulite facies foliation. The regional extent of 
the eclogitization further demonstrates that we are 
not dealing with a simple P,T-isograd relation. 
Since the granulites and the eclogites of the Bergen 
Arcs must have followed the same P,T path we 
are left with the two following explanations: 

(1) Fluids and deformation played an im- 
portant role in the triggering metamorphic reac- 
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1. Introduction
[2] Continental magmatism is a common occurrence in
tectonically active regions of subduction or rifting. Subduction
zone arc magmatism is produced mainly through
chemical interaction between the subducted crust and mantle
material [e.g., Kay, 1980; Morris et al., 1990]. Rifting,
on the other hand, thins lithosphere to allow the underlying
asthenosphere to melt through adiabatic decompression as it
rises [e.g., McKenzie and Bickle, 1988]. How then do we
explain continental magmatism, that occurs several hundred
kilometers from plate boundaries (e.g., northern Tibetan
plateau, the North China Craton), in the absence of these
tectonic processes? Barring heat sources from below, produced
perhaps by mantle plumes, or the introduction of a
chemical process, we are left to explore another way to thin
lithosphere and generate melt [e.g., Elkins-Tanton, 2005].
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