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Fingerprinting orogenic delamination

Mihai N. Ducea’

Geology39 (2011) 191

University of Arizona, Department of Geosciences, Tucson, AZ 85721, USA

A significant portion of the Earth’s lithosphere is recycled into the
deepermamle mmqmtedby massbalanceconsndemumsmorogauc
at plate margins and de!ammanon Subchctxon isa well-understood pro-
cess that is essential to the plate tectonic engine of planet Earth. Delamina-
tion, on the other hand, requires recycling via convective removal of the
lower parts of the lithosphere, and is more difficult to detect. One chief
argument for delamination comes from extreme shortening at continen-
tal convergent margins, which requires far thicker mantle lithospheres
than observed (DeCelles et al., 2009). The second argument comes from
the intermediate average composition of the continental crust (Rudnick,
1995), which requires a large ultramafic complementary residue at the
bottom of the continental crust: such a reservoir has not been identified
over large portions of continental areas. Delamination (Bird, 1979). con-
vective removal, foundering, and lithospheric dripping are terms used for
the process of detachment and sinking of the lower parts of the continental
lithosphere other than those that may have been buried into the mantle via

continental snhdirction Mot resparchers 1ixine the term “delamination™

KRB R

at the end of the Variscan orogen. This observation is used to postulate
lithospheric delamination under the Iberian Massif. Magmatism formed in
response to delamination can be either from the upwelling asthenosphere
or from the downgoing drip (Elkins-Tanton, 2007). Adiabatic upwelling
of asthenospheric mantle has long been the most significant expected geo-
logic product in response to delamination (Kay and Kay, 1993; Ducea
and Saleeby, 1998). Surpnisingly, unless major flood basalt provinces are
products of delamination (Bedard, 2006), most areas suspected to have
undergone recent delamination have only minor associated mafic mag-
matism. For example, the Puna region in the central Andes (Kay et al_,
1994; Drew et al., 2009) and the southem Sierra Nevada in California
(Ducea and Saleeby, 1996, 1998: Farmmer et al., 2002), two areas most
likely subject to recent delamination, are characterized by volumetrically
insignificant mafic magmatism at the time of delamination. This obser-
vation suggests that perhaps the size of drips is small (few kilometers),
therefore their ability to sink is limited, and the comresponding ascending
asthenospheric column is short and unlikely to melt extensively (Drew
of al N0 Furthermowe smaller convective instahilities dowvelon nver
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1. Subduction by plate tectonics
2. Delamination of lower crust

Delamination Process DV, #E L X BLOME, REHE - HEIZ I s
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Two styles of volcanism

1 Vaucher eral jkcarus 204 (2008) 415-442
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Thermochemical evolution
(Ogawa & Yanagisawa 2011)

(a) Case IC7H: magma eruption rate
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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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Figure 3. MOLA shaded relief topographic map of the
source of Athabasca Valles at one of the Cerberus Fossae
fissures (image centered at 9.2°N, 158.2°E).
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Figure 42: Single Cone Structure in boundary area of the young flow and original plain.
Black arrow shows SCS (Image ID: ESP_012419_1865).
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Figure 6: Distribution of cones on Mars. Red dots show location of cone region [refer
Burr et al., 2009a, Fagents et al., 2007, Skinner and Mazzini, 2009].
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crustal density estimated by gravity data

Pauer & Breuer 2008
Zuber et al 2000
McGovern et al 2002
Neumann et al 2004
Wieczorek & Zuber 2004

Belleguic et al 2005

3020 GTR+Bouger,single layer

2900 Bouger,single
2900-3150 admittance,load

2900 average crustal density
2900-3100 39-81 km

3270 load,Elysium
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Table 1. Pore-Free Rock Densities From Meteorites and in Situ

Analysis
Name Type Density, kg >

EETA 79001B basalt 3220
Los Angeles basalt 3240
QUE 94201 basalt 3250
Shergotty basalt 3320
Zagami basalt 3320
Dhofar 019 basalt 3850
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
Y 793605 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 APX* “soil-free” rock 3060

“As in the work of Briickner et al. [2003].

Neumann et al. JGR 109E,2004



APXS at Gusev APXS + Mossbauer + THEMIS

9 Rock Class
g Adirondack Irvine Wishstone
Naz + |(20 ‘ Adr __Hmp Maz Rt66 kv _Esp Wsh  Chm
. Basalt Chemical Analyses,® wt %
(wt. %)  Basanite

Tephrite $i0, 457 459 458 448 470 479 438 435
TiO, 048 055 059 059 106 105 259 29

ALO, 109 107 107 108 829 840 150 148

Fex01 355 355 210 140 768 920 516 625

Cr,0, 061 060 054 053 020 020 000 000

FeO 156 156 170 159 123 119 696 688

MnO 041 041 042 039 036 038 022 025

MgO 108 104 972 867 106 845 450 398

Adirondack B Ca0 775 784 802 7.83 603 557 889 875
Backstay @ Na,O 241 254 278 288 268 340 498 502
Irvine o K20 007 010 016 023 068 052 057 053
P,0s 052 056 065 074 097 091 519 505

Wishstone € SO, 123 128 8 420 237 236 220 1.9

Barnhill @ ‘- 0.60
Algonquin £

Si02 (wt. %)

MaSween et al JGRE 113,2008



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



Geological Map
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TABLE 1. MEAN COMPOSITIONS AND UNCERTAINTIES OF GEOCHEMICAL PROVINCES ON MARS g, ;‘:_ o QY RTI;

Province 1 Province 2 Province 3 Province 4 Province 5 Province6 |8 &Tr‘{ {p
TR SN ".‘:s", -

K,0 039:002 043:003 037:002 047:002 040:003 053:003 [ EE e
FeD 18.3+1.1 214+15 205+13 102 +14.3 233 = { SRR et
SO, 471207 480=210 467+ 08 481109 482+00 408+11
Ca0D 75+12 75215 87+13 06+14 114216 0g+19
Th 0.64 +0.05 0.70+20.06 0.60 £ 0.06 0.78 £ 0.06 0.68 £ 0.06 088+ 007
K/Th 5100 + 460 5000 + 560 5040 + 560 4960 + 430 4930 =560  4970+490
Note: Values in weight percent, except Th (pars per milion). Uncertainties (¢, root mean square uncertainty)
for elements are calculated from mean measurament uncertanties for the gnd ponts composing a geochemical
province. Uncertainty in K/Th ratio calculated from (K/Th){(0,/X)* + (0,/Th)]*?, where K and Th are mean
concentrations of K and Th.

%

Taylor-et al. Geol. 38,183 (2010)
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Martian meteorites

o i '
Basaltic shergottite 5 10 1535 Gusev

® Ol-phyric shergottite 1
O Lherzolitic shergottite TES point density e Rock RAT
¢ Nakhlite Rock brush

Pathfinder rock ® Soil

Meridiani solls :
Anhydrous

fractionation . °

~*Hydrous
== = fractionation
(i

(Y T
50

SI0, (wt. %)

McSween et al.Sci. 324,736 (2009)
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Holland and Powell (1998 & updates)
Na,0-K,0-Ca0-MgO-FeO-Fe,0,-Al,0.-5i0,-H,0

- HE&HFHAFE 70O 3L Perplex 7 (Connolly, 2005)
s IREEVy—Jv 51 bOE2EHEMK :H0

1. Los Angels (Warren et al. 2000)
2. Dhofar 378 (feldspasic: lkeda et al., 2006)
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Crustal thickness, km

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

with density contrast:600kg/m3 and 2900kg/m3
crustal thickness range: 5~105 km

Neumann et al

. JGR 109E,2004
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Eclogite (p>mantle)?




7 .
adiabatic rise Eclogite (p>mantle)
(decompression)

Mantle

Delamination

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

TIME= 7.00 Ma
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Future perspectives

Qo

Melting curve of Fe-rich mantle

o

<
9
X2

K Low O of mantle estimated by tidal dissipation
O
&

(Bills et al,2005)

T at sublithospheric mantle should be close to the solidus

Delamination-induced magmatism

Difference in chemical composition?

CRiSM signature is different. Cf. Baratoux et al 2012

Difference in style of surface manifestation?

Axisymmetric plume head vs linear structure such as Cerberus Fossae

Thermochemical plume magmatism
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Upper
lava

flow

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

Il Volcanic
1 Quaternary

|| Eocene
< Normal fault
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4 \\ Eruptive fissure
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Catalan Volcanic Zone in east of Pyrenees
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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.
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Volcanism at Carpathia?

Tertiary-Quaternary mafic alkalic magmatism
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Crustal constraints on the origin of mantle seismicity
in the Vrancea Zone,Romania
Knapp et al, Tectonoph. 410 (2005) 311-323
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Convergence and extension driven by lithospheric
gravitational instability
Gremmer & Houseman
Geophys.Jd.Int. 168(2007) 1276-1290

(d) Topography of Moho and lithosphere base
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Continuing Colorado plateau uplift by delamination
Levander et al, Nature 472 (2011) 461
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Delamination and delamination magmatism

Kay &b Kay

Tectonophyics 219(1993) 177-189
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Weakness of the lower continental crust
Meissner & Mooney
Tectonophysics 296(1998) 47-60

A (10 Ma)
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Tectonic significance of changes in post-subduction Pliocene-Quarternary
magmatism in the sk part of the Carpatian-Pannonian Region
Seghedi et al, Tectonophysics 502 (2011) 146-157
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Depth / km

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

2: Markers, Time/Ma= 21.2949
|
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300 pit
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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.



Thick lithosphere to support volcano

Admittance analysis (gravity + topography)

Te ~150 km,density 2900~3100 kg/m?
McGovern et al JGRE 107 (2002)

Te ~90 km, density 3200 kg/m?3

Belleguic et al. JGRE 110 (2005)
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Fingerprinting orogenic delamination

Mihai N. Ducea®

Geology39 (2011) 191

University of Arizona, Department of Geosciences, Tucson, AZ 85721, USA
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at plate margins and delammnon Subchcnon isa well-understood pro-
cess that is essential to the plate tectonic engine of planet Earth. Delamina-
tion. on the other hand, requires recycling via convective removal of the
lower parts of the lithosphere, and is more difficult to detect. One chaef
argument for delamination comes from extreme shortening at continen-
tal convergent margins, which requires far thicker mantle lithospheres
than observed (DeCelles et al., 2009). The second argument comes from
the intermediate average composition of the continental crust (Rudnick,
1995), which requires a large ultramafic complementary residue at the
bottom of the continental crust: such a reservoir has not been identified
over large portions of continental areas. Delamination (Bird, 1979). con-
vective removal, foundering, and lithospheric dripping are terms used for
the process of detachment and sinking of the lower parts of the continental

lithosphere other than those that may have been buried into the mantle via
continental snhdictiom Most resparchers icine the term “delamination™

at the end of the Variscan orogen. This observation is used to postulate
lithospheric delamination under the Iberian Massif. Magmatism formed in
response to delamination can be either from the upwelling asthenosphere
or from the downgoing drp (Elkins-Tanton, 2007). Adiabatic upwelling
of asthenospheric mantle has long been the most significant expected geo-
logic product in response to delamination (Kay and Kay, 1993; Ducea
and Saleeby, 1998). Surprisingly, unless major flood basalt provinces are
products of delamination (Bedard, 2006). most areas suspected to have
undergone recent delamination have only minor associated mafic mag-
matism. For example, the Puna region in the central Andes (Kay et al_,
1994; Drew et al., 2009) and the southem Sierra Nevada in California
(Ducea and Saleeby, 1996, 1998; Fammer et al., 2002), two areas most
likely subject to recent delamination, are characterized by volumetrically
insignificant mafic magmatism at the time of delamination. This obser-
vation suggests that perhaps the size of drips is small (few kilometers),
therefore their ability to sink is limited, and the comresponding ascending
asthenospheric column is short and unlikely to melt extensively (Drew
of al N0 Furthermewe smaller convective instahilities dovelon nver
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Lithospheric thinning and localization of deformation during
Rayleigh-Taylor instability with nonlinear rheology and implications
for intracontinental magmatism

Christopher Harig,! Peter Molnar,' and Gregory A. Houseman? JGR 115, B02205, 2010

1. Introduction

[2] Continental magmatism is a common occurrence in
tectonically active regions of subduction or rifting. Subduction
zone arc magmatism i1s 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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