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Metamorfismo

» Metamorfismo € o conjunto de transformagdes no estado
solido (mineralogicas e texturais) que as rochas sofrem
(ou apreciam) em virtude de mudangas, principalmente,
de temperatura e pressao, da composicao e quantidade de
fluidos e mudanga no regime de esfor¢os a que sao
submetidas apds sua formagdo

10



Perguntas que temos que responder

» Por que ocorre metamorfismo?

» O que controla o metamorfismo?

» O que sdo trajetorias P-T-t?

» Em quais ambientes tectonicos ocorre metamorfismo?
° O metamorfismo ¢ igual em todos ambientes (regimes e

trajetorias P-7-t)?

» Muitas rochas metamorficas sdo formadas em diversas
profundidades. Como elas afloram na superficie do
planeta?

» E as rochas de metamorfismo extremo, granulitos e
eclogitos, quais sdo as fontes de calor e como funciona
sua exumagao?

11

Por que ocorre metamorfismo?

» Metamorfismo € a resposta que as rochas dao a
perturbacdo da geoterma crustal e também a profundidade
em que sao soterradas (tectonicamente)

» A geoterma continental € perturbada durante a colisdo
continental, formagao de arco magmatico ou em rifis

» A geoterma ocednica € perturbada nas cadeias oceanicas e
em zonas de subduccao

12
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Facies e série de facies

A escala é em GPa
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Brown, 2014, Geosciences Frontiers
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Trajetorias P-7-t e gradiente
metamorfico de campo

» Trajetoria P-T-t define o caminho no espago P-T que a
rocha tragou dentro da litosfera em relagdo ao tempo

» Isso nos dé ideia do soterramento, aquecimento,
resfriamento e exumacao da rocha

» O gradiente metamorfico de campo € a linha definida
em campo pelo pico metamofico de rochas de uma
coluna metamorfizada em um unico evento e indica a
série de facies

Turner, 1981

14
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P (GPa)

15

12

gradiente metamorfico de campo indica o tipo de
Série de Facies (ou tipo barico) do cinturdo metamorfico

fEain s
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Temperature (°C)

1000
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Agentes fisicos do metamorfismo

» Temperatura

» Pressao

» Deformacao
» Fluidos
» Composic¢ao da rocha

17

Por que ocorre metamorfismo?

» Para sabermos porque ocorre metamorfismo,
precisamos entender como as duas variaveis intensivas
mais importantes para o metamorfismo, P e 7, sao
controladas tectonicamente

» Precisamos entender:
o arelacdo P vs. profundidade*, e;
° o que controla a produgdo de calor e sua relagdo coma T
> (ou como as rochas s8o aquecidas e resfriadas)
> (ou como as rochas sdo soterradas e exumadas)

18
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Pressao

» Pressdo € a segunda varidvel intensiva mais importante
do metamorfismo. Proveniente do peso da coluna de
rochas sobrejacente a rocha que esta sendo

metamorfizada. Depende da massa e da densidade
média das rochas da por¢ao da crosta envolvida

» P em kbar ou GPa
» 1 baria=10°> Pa
» 1 kbar =0,1 GPa

19

P em coluna de 1 km (1000m)

rocha P em bars P em kbar
granito 264 0,264
basalto 294 0,294
peridotito 323 0,323

20
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Para atingir 1 kbar de P

H,O mar (fossa das Filipinas) 9—10 km

rocha profundidade
granito 3,8 km
basalto 3,4 km
peridotito 3,1 km

21

Pressao vs profundidade

Crosta oceanica 5—10km 1,5 a 3 kbar
Crosta continental 35—-40 km 10 kbar
ordgenos 70 — 80 km 20 kbar

Algumas rochas crustais com coesita e diamante indicam P
> 35 kbar, ~ 120 km ou mais de profundidade (ndo de
espessura crustal)

22
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Conclusoes sobre P

» Basicamente a P ¢ uma funcao da profundidade e da
média da densidade da coluna de rochas

» Quanto maior a profundidade da rocha na crosta (ou no
manto), durante o metamorfismo, maior sera a P
experimentada pela mesma

» As rochas, na maior parte dos ambientes tectonicamente
ativos, sao soterradas tectonicamente

» No entanto, a P do pico metamorfico (como sera visto)
nao ¢ a P maxima que a rocha alcangou

23

Estrutura Termal da Litosfera

|-
Lithosphere
(strong)

|

24
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Estrutura Termal da Litosfera

» Defini¢do termal da Litosfera
o A litosfera pode ser definida de forma termal como a camada
externa da Terra onde o calor ¢ transportado primariamente por
conducao
» A litosfera perde calor pela superficie que ¢ dissipado
para o espago por radiacao
» Litosfera termalmente estabilizada tem espessura entre
100 e 200 km e apresenta perfil termal (geoterma)
estavel

» A base da litosfera intersecta a isoterma de ~ 1250 ou
1300 °C (acima dessas temperaturas o manto comega a
fluir — astenosfera

» Qual a temperatura na base da crosta continental?

25

Temperature (°C)
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descreve a
variacdo de T
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» De onde vem o
calor?

3.0

26
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De onde vem o calor?

» Radioatividade (60 a 80%)

° elementos produtores de calor estdo concentrados na porgao
superior da crosta continental e suas concentragdes diminuem
exponencialmente com a profundidade

» Manto superior transmite calor para a crosta (20 a 40%)

Outros contribuidores

» Astenosfera (pode ter papel muito importante)

» Algumas reagdes retrometamorficas sao exotérmicas
» Calor mecanico (falhas)

27

Tipos de Geoterma

» Geoterma estavel (steady state) — ¢ formada quando o
equilibrio termal na litosfera ¢ longo (> 100 Ma)

» Geoterma transitoria — ocorre em intervalo de tempo
determinado (restrito)

» Geoterma perturbada — também € transitoria, mas aqui
diz respeito a configuragao alcancada durante a
orogénese

28
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Geoterma perturbada

* Quando a geoterma ¢
perturbada ocorre
metamorfismo em
resposta a variagao de T

Crosta

Moho |—

Manto

 Para perturbar a geoterma
¢ necessario, de alguma
maneira, aumentar o fluxo Base
de calor da \

Litosfera

A 4

29

Ambientes tectonicos e metamorfismo

» Zonas de subduccao — baixa d7/dP
» Arcos de 1lha — alta d7/dP

» Colisao continental — taxa d7/dP variavel

30
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Peru-Chile Trench

Nazca Plate

Jndian-Australian Plate

Arcos de ilha e zonas de subduccao
@ Arcos de ilha sdo formados atras das zonas de subduc¢ao

® Alto fluxo de calor com regimes de pressao relativamente
baixos — isotermas sao comprimidas

® Comum série de facies com And-Sil

® Metamorfismo tipo Rioke, Abukuma
o xisto verde
o anfibolito (rochas com pouca ou sem Grt e abundante Crd + Sil
o granulito (fusdo em baixa P)

32
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Evolution of Metamorphic Belts

b_'}’ AKIHO MIYASHIRO

Geological tnstitute. Facudry of Science, University of Tokye, Japan

ABSTRACT

The metamorphic facies serics in regional metamorpbism may be classified into the following
categories according to an order ol increasing rock pressure:i(1) andalusite-sillimanite type,
(2) low-pressure intermediate group, (3) kyanite-sillimanite type, (4) high-pressure inter-
mediate group, and (5) jadeite-glaucophanc type.

In Japan and other parts of the circum-Pacific region, a metamorphic belt of 1the andalusite—
sillimanite 1ype aad/for low-pressure intermediate group and another metamorphic belt of the
jadeite-glaucophane type andfor high-pressure intermediate group run side by side, forming
a pair. The laiter belt is always on the Pacific Ocean side, They were probably formed in
different phases of the sume cycle of orogeny. Their origin is discussed.

Regional metamorphism under higher rock pressures appears to have taken place in Jater
geological times.

The metamorphic facies series of contact metamorphism are briefly discussed.

[Journal of Petrology, Vol 2, Part 3, pp. 277=311, 1961)
0238.8

33

The Pacific
"Rin(] of Fire"

Crustal Plate
Boundary
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TRENCH VOLCANIC
| ISLAND ARC

Volaciles and melt rising
from subducted ocean plate
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Séries de Facies Metamorficas

» Miyashiro (1961) reconheceu duas séries de facies
metamorficas que eram diferentes das propostas por
Barrow
o zeolita / prehnita-pumpellyita / xisto azul / eclogito
o xisto verde / anfibolito com And — Sil

» Cinturdes metamorficos emparelhados

» Identificou 3 séries de facies
o razdo P/T alta — glaucofano — jadeita
o razdo P/T intermediaria — Ky — Sil (barroviano)

o razdo P/T baixa — And — Sil

36
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Ryoke-Abukuma metamorphic belt
Sanbagawa metamorphic belt

Cinturoes
Metamorficos ,

0 100 200
Emparelhados Scale, km

Japan Sea

2P

Median line

Pacific Ocean
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Séries de Facies e Ambientes Tectonicos

» Ambientes colisionais — arcos de ilha e zonas de colisao
continental

» Arcos de Ilha - repressdo das isotermas em virtude da placa
frio descendente e alcamento das mesmas na zona de arco
magmatico

» Cinturdes Metamorficos Emparelhados

o razdo P/T alta — glaucofana-jadeita (zona de subduccdo)
o razdo P/T baixa — And-Sil (arcos de ilha)

40
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Xisto azul e eclogito
@ Rochas tipicas de subduc¢ao

@ As subfaceis dependem da velocidade de subduccao e
da idade da placa subductada
o placa antiga — fria — subduccao fria ou rapida
* paragéneses “frias”
° placa nova — quente — subduccdo quente ou lenta
* paragéneses “‘quentes”

41

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. BI, 2029, doi:10, [(129/2001JB001127, 2003

Subduction factory

1. Theoretical mineralogy, densities, seismic wave speeds,
and H,O contents

Bradley R. Hacker

Department of Geological Scisces, University of California, Santa Borbara, Califoenis, USA

Geoffrey A. Abers

Department of Eanh Sciences, Beson University, Boston, Massachesets, USA

Simon M. Peacock

Deparenent of Geologicsl Sciences, Arizmsa Sswe Usivessity, Tempe, Arizoaa, USA

Recdved 27 August 2000; revised 11 June 2002; sccepted 18 July 2002; published 18 Jamuary 2003,

[1] We present a new compilation of physical properties of minerals relevant to
subduction zones and new phase diagrams for mid-occan ndge basalt, Iherzolite, depleted
Iherzolite, harzburgite, and serpentinite. We use these data to calculate H>O content,
density and seismic wave speeds of subduction zone rocks. These calculations provide a
new basis for evaluating the subduction factory, including (1) the presence of hydrous
phases and the distribution of H,0O within a subduction zone; (2) the densification of the
subducting slab and resultant cffccts on measured gravity and slab shape; and (3) the
variations in seismic wave speeds resulting from thermal and metamorphic processes at
depth. In considering specific examples, we find that for ocean basins worldwide the lower
oceanic crust is partially hydrated (<1.3 wt % H,0), and the uppermost mantlc ranges from
unhydrated 0 ~20% serpentinized (~2.4 w1 % H>0). Anhydrous eclogite cannot be
distinguished from harzburgite on the basis of wave speeds, but its ~6% greater density
may render it detectable through gravity measurements. Subducted hydrous crust in
cold slabs can persist to several gigapascals al seismic velocities that are several percent
slower than the surrounding mantle, Seismic velocities and V'V ratios indicate that
mantle wedges locally reach 60-80% hydration.  IVOEX TERMS: 3040 Marine Geology and
Geophysics: Plate tectonics (8150, 8155, 8137, 8158); 3660 Mincralogy and Petrology: Metsmomphic
petrology; 3919 Mineral Physics: Equations of state; 5199 Physical Propertics of Rocks: General or
miscellaneous; 8123 Tectonophysics: Dynamics, seismotestanics; KEYRORDS: subduction, seismic velogities,
minerol physics, H0

Citation: Haocker, B. R, G. A, Abers, and S. M. Peacock, Subduction factory, 1, Theoretical mineralogy, densities, seismic wave
speeds, and HO contents, J. Geaplns. Rev., 108(B1), 2029, doi:10.10292001JB001 127, 2003
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Slab break-off

» Evolugao e
conseqliéncias
semelhantes as que
ocorrem com
delaminacao do
manto litosférico

b) Slab weakening,
natrow rifting

¢) Slab breakoff,
magmatistm,

exhumation of UHP sheets

(Davias, 1988)
e

47

Tomogeaghy % derence from Backy sund mods
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Multiple-scale models of'sialy hreakofi
ant UHP rocks exinumation

Gerya, T.V. (unpublishednumericalresults)

Animation 1
“No weak zone”
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Dynamics of orogenic wedges and

the uplift of high-pressure metamorphic rocks

J. P. PLATT  Department of Earth Sciences, Oxford Universiy, Parks Road, Oxford 0X1 3PR, England

ABSTRACT

Sub. be

can be spp as wedge-
shaped continua with 3 rigid buttress behind and a subducting litho-
spheric slab beneath. Thick wedges undergoing prograde metamor-
phism have a negligible long-term yield strength and are likely to
exhibit a complex nonlinear viscous rheology. Such a wedge will tend
to deform internally until it reaches a stable configuration, in which
the gravitational forces generated by the wedge geometry balance the
traction exerted on its by the slab. A tion of
material at the wedge front will lengthen the wedge and cause it to
shorten internally to regain the stable geometry. This shortening will
be d as late (out-of- th b and
folding. Ci Iy ing of sedis or crustal slices will
thicken the wedge, which may need to extend internally to regain
stability. Extension will cause listric normal faults that may merge
downward into zones of ductile extension. Continued underplating at
depth and compensating extension above provides a mechanism for
bringing high-P/low-T metamorphic rocks to upper levels in the rear
of the wedge, where they are commonly observed. Many major tec-
tonic boundaries in convergent orogens (such as the Coast Range
thrust in the Franciscan major nappe contacts in the Alps,
and the contact between the Nevado-Filabride and Higher Betic nappe
complexes in the Betic Cordillera) show abrupt increases in metamor-
phic grade downward across them. This is consistent with their origin
or reactivation as uplift-related, extensional structures,

Geological Society of America Bulletin, v. 97, p. 1037-1053, 9 figs., September 1986.

material is then detached at depth, it will be incorporated into & growing
accretionary wedge and will be poteatially available for subsequent exhu-
mation. Compressional deformation alone, however, cannot bring rocks
closer o the topographic surface. An additional process is needed, either to
bring the high-P rocks upward relative to their surrouadings or to remove
material from above them. Possibilities include the buoyant rise of sub-
ducted slabs of crustal material relative to higher density mantle rocks
(Ernst, 1971b, 1975, 1984; Platt, 1986); entrainment of blocks of high-P
rocks in relatively low-density diapirs (England and Holland, 1979; Carl-
son, 1981; Moore, 1984) or in flowing mud-matrix mélanges (Cloos,
1982); or regional uplift driven by underplating of material at the base of
the accretionary wedge, coupled with erosion at the surface (Plan, 1975;
Rubie, 1984). None of these processes appears to adequately explain the
tectonic setting and timing of wplift of regionally coherent metamorphic

- S COAST RANGE THRUST

: "

groywacko, / COAST RANGE OPHIOLITE
jadeite + quartz /"" L

GREAT VALLEY
SEQUENCE

3: Mig-Cretacoous 2: mélange
greywacko,
A lawsonite 1,2.3: FRANCISCAN COMPLEX
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Review Article

Paradigms, new and old, for ultrahigh-pressure tectonism

Bradley R. Hacker **, Taras V. Gerya ®

* Borth Science, University of Californio, Sumta Barbura, CA $3106, USA
* Geophysical Auid Dynamics Group, Institute of Geophysics, Department of Earth Saences, Swiss Federal institute of (EIH-Zurich), . 5, 8092 Zurich,

ARTICLE INFO

ABSTRACT

Article history:
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Accepted 22 May 2013

Available online 4 June 2013

Regional ultrahigh-pressure (UHP) metamorphic terranes exhibit a spectrum of lithological, structural and petro-
logical dnracltn:mﬁ that result from the geodynamic processes that formed and exhumed them. At least six

p can be envisioned to have carried rndmmmﬂcdwrb x)umnnentalmmgn
i) mik il duction, iii) sediment ion, iv) i v) subduc-
tion erosion, and vi) foundering of a crustal root. Most of these processes have been investigated through numer-

Keywords:
Ukrahigh pressure
Exhumation
Subduction
Relamination
Diapir

ical m analog models and most have been invoked for one or more specific eccurrences of UHF rocks. At least six

processes can be envi to have exhumed UHP rocks: i) eduction, i) microplate rota-
ton, iii) crustal stacking, iv) slab rollback v) channel flow, and vi) trans-mantle diapirs, Most of these processes
have also been investigated through numerical or analog models and all have been invoked to explain the exhu-

mation of at least one UHP terrane. More-detailed and ic field i igations are 0 assess
the predictions of numerical mudels and and realistic ical models are required to
replicate and explain the l and ical data obtained from UHP terranes.

© 2013 Elsevier BV, All rights reserved.
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(“Andersen model”)

Microplate rotation

Crustal stacking

(*Chemenda madel”)

Slab rollback

Channel flow

Trans-mantle diapirs

* Relatively weakly deft d
* No thrust fault ar base

Rotation of lineations in

space and time

* Possible thrust fault at base
with increasing offser from
rotation axis

* Relatively coherent slab

= Thrust fault at base above
another crustal section

* Microcontinent

« Thrust fault at base

Nappes or strong mixing

* Radially symmetric structures
= Dame within upper plate
* No basal fault

]
gradient in peak P&T

= P&T gradient with
respect lo rotation
axis

* Monotonic down-dip
gradient in peak P& T

* Associated back-arc
spreading

Mixing of domains of

different pressures

* Possible pressure
cycling of individual
domains

« Significant local melting

Mixing of domains of

different pressures

* Concurrent magmatsm

& exhumation in models

Monotenic down-dip

gradient in ages

Not yet modeled

=+ Age gradient with respect
to rotation axis

* Up to 20 Myr in models
Monotank down-dip
gradient in ages

+ 15 Myrin

lithospheric section

= Thickness of rotation
Tithaspheric section,
unless diminished by
basal thrust

* Crust

. crust

Monotonic down-dip
gradient in ages

* A few Myr to tens of Myr
in models

Mixing of domains with
different ages

* Rapid (<1 Myr) ascents
of diapirs over a period
of tens of Myr

* Meters to kilometers

+ 10-20 lam diapir radius

Table 1
Ceologic characteristics of tarranes exhumed by different mechanisms.
a) Structural b) Petrological «¢) Chronological d) Length scale e) Example
Eduction . d ds *+ Up to 10 Myr subduction * Thickness of educting Western Gneiss

region

Dabie Shan

Dara Maira(?)

Not yet(?)
demonstrated
for UHP rocks
Unknawn

N Qaidam

89

continental upper plate

Formacao de rochas UHP

I intracontinental subduction | | foundering of crustal root |

subduction erosion

\\r — T\ %K

oceanic or continental upper plate

microcontinent subduction

I continent margin subduction |

sediment subduction

baseado em grandes terrenos dominados por rochas quartzo-feldspaticas
ndo leva em conta pequenas ocorréncias de rochas mafica-ultramaficas

<=~ N
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For¢as que controlam subduccao e
exumacao

» Forgas tectonicas globais transmitidas por movimentos
de placas

» Forcas dos corpos derivadas da flutuabilidade
(buoyancy) de rochas subductadas

o afetada por 7, P, composi¢do da rocha e transformacdo de
fases (reacdes metamorficas)

° rochas continentais em profundidades mantélicas tem
flutuabilidade positiva e t€ém tendéncia a serem exumadas,
especialmente se sdo submetidas a fusdo parcial

91
Mecanismos de exumacao
» Educcao s
UHE rock man?i:nliﬂwsl:lhc:e
» exumagao de uma placa
~ asthenosphere
subductada por reversao e
do movimento da placa @ ol
com relativa pouca
tensdo interna ko
(5]
Fig 2. Eduction, after Andersen et 2l (1991) and Duretz et 2l (2012). A) A continent
attached to oceanic lithosphere follows the latter to UHP depth. At some point, slab
pull exceeds slab strength, initiating necking. B) The pasiovely buoyant portion of
the subducting plate reverses direction and rebounds, exhuming the UHP rocks. If
the continent is sufficently strong, it undergoes Fttle strain,
92
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Mecanismos de exumacao

» Rotacao de microplaca

¥igz 3. Micmslate romsson to exhvame UNP mcks (afer Hacker e al. 2000), Mehe changes

i force that occur o respense o contisent sabduction vary alasg the length of the aub-
ducson zmee, these literal gradenes may dave plae ratation thet exhumes UNF rocks.

93

Mecanismos de exumacao

» Delaminacao e
empilhamento
crustal acionados por
flutuabilidade

Fig. 4. Buoyancy-driven crustal defamination and stacking ("Chemenda”™ model) after
Duretz and Cerya (2013} A weak buosant Layer atop a stronger negatively buoyant yer
detaches where buoyancy exceeds slab pull, and extrudes upward 5 a wmi-coberent
sheet. The defaminated crust is thrust upward over the dowrgoing plate.
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Mecanismos de exumacao

» Reversao do
movimento da placa
(slab rollback) L

95

» Fluxo de canal na
subduccao

Fig 6. Subduction channel flow (Li and Gerya, 2009). Crustal material subducted in a
confined channel circulates, driven by traction along the base of the channel and the
buoyancy of rocks in the channel. Material in the channel can be exhumed if: i) new
material pushes old material up; ii) buoyancy in the channel exceeds traction; or iii)
an indenter squeezes channel.

96
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Mecanismos de exumacao

» Diapiros trans-
mantélicos

Fig. 7. Some UHP terranes might be coalesced material derived from subcuction-
sourced diapirs of sediment or material removed by subduction erosion (Gerya and
Meilick, 2011 Little et al, 2011),
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Relaminacao (ndo-exumacao)

relaminant,

delaminant

Y

relaminant l &

{

relaminant

delaminant

o/ ”

Fig. 8 Transfer of subducted crustal rock Into the base of the upper plate Is termed ‘velamination”. A) Relamination of subducted sediment (Currie & al. 2007). B) Relamination of
subducted intra-oceanic arc, C) Relamination of crust removed by subduction erosion (Sibckbert and Gerya 2005). D} Relamination of subducted continental cruse (Walsh and

Hacker, 2004)
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Resumo

continental upper plate

7 T~ 7

i l I ing of crustal root I | subduction erosion I

/

slab rollback / microplate rotation P T
\ P = * L A
N/~ |
\/~
i margin i

\ =
| : II Il 4 e I
[

oceanic or continental upper plate

Fig. 9. Range of possible formation and exhumation mechanisms for UHP terranes.
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Metamorfismo em Cinturoes
Envolvendo Colisao Continental
Trajetorias P-7-t e modelos termais
O Metamorfismo Barroviano
100
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The influence of erosion upon the mineral facies of
rocks from different metamorphic environments

P. C. ENGLAND & S. W. RICHARDSON

SUMMARY

M. T e of tectoni 1y thieck d con-
tinental crust or subducted sediment wedges is
likely to take place in a thermal regime where
temperature increases by conductive relaxation
whilst concurrently pressure decreases by
erosion of the pile. The mineral facies of rocks
reaching the surface do not reflect any one
geotherm through the pile but lie on a locus of
P-T conditions, the metamorphic geotherm,
which will generally be concave towards the
temperature axis. Maximum pressures on the
metamorphic geotherm arc significantly less
than maximum pressures experienced by rocks
during the carly stages of recrystallization. The
metamorphic geotherm is polychronic, points
at lower temperatures rcflecting conditions

earlier in the development than these at higher
temperature; crustal melts are developed after
low-medium temperature metamorphism and
the amount of such melts could be significant.

Blueschists develop on the low temperature
end of the metamorphic geotherm and arc
succeeded in exposure at the surface by green-
schist- or amphibolite-facies rocks; the time-
scale for this process is consistent with the vir-
tual absence of Precambrian blueschists. Crust
thickened by addition of hot magma is likely to
yicld a metamorphic geotherm convex towards
the temperature axis. Recognition of differently
curving mctamorphic geotherms can be used to
assess the part played by magmatic activity in
older metamorphic terrains.

F! geol. Soc. Lond. vol. 134, 1977, pp. 201213,
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O que controla o metamorfismo
regional em cinturoes colisionais?

» Fontes primdrias de calor
o elementos radioativos produtores de calor
o calor emanado do manto
o Qutras fontes de calor — intrusdes ¢ astenosfera

» Mecanismos de transferéncia de calor
> Condugdo ¢ o mecanismo predominante no metamorfismo crustal
o Adveccao de magmas e fluidos pode contribuir

» Distribui¢ao inicial dos elementos produtores de calor na
crosta continental
° A crosta continental é estratificada
* crosta média superior € rica em rochas graniticas ricas em elementos
produtores de calor
* crosta inferior ¢ formada por residuo granulitico pobre em elementos
produtores de calor
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Temperature (°C)
600 800

Geoterma

» Linha (ou
superficie) que
descreve a

variacdo de T
com a
profundidade
(ou P) na Terra

Depth (km)

» De onde vem o
calor?

05

e
o

Pressure (GPa)

»
o

25

3.0
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> Espessamento crustal homogéneo ou ndo
> Espessamento homogéneo da litosfera
o Colisao frontal ou obliqua

° Taxa de erosdo constante
o Extensdo crustal e denudagao por falhas

°2a5mm.y!

O que controla 0 metamorfismo
regional em cinturoes colisionais?

» Geometria do espessamento crustal e da colisdo

» Taxas de erosdo (outros processos de exumagao)

° A erosdo do ordgeno (implica em restabelecimento de equilibrio
isostatico) esta dentro do intervalo entre 50 e 200 Ma

105

Pressure~Temperature—Time Paths of Regional
Metamorphism I. Heat Transfer during the Evolution of
Regions of Thickened Continental Crust

by PHILIP C. ENGLAND' Axo ALAN BRUCE THOMPSON?

*Department of Geological Sciences, Harvard University, Cambridge, MA 02138 U.SA.
*Institus fiir Mineralogie und Perrographie, ETH Ziirich, CH 8092 Zirich, Switzerland

(Received 20 June 1982; in revised form 15 April 1984)

ABSTRACT

The p of regional in areas of i crust 1§ gated in
terms of the major controls on regionak-scale thermal regimes. These are: the total radiogenic heat
supply within the thickened crust, the supply of heat from the mantle, the thermal conductivity of the
medium and the length and time scales of erosion of the continental crust. The orogenic episode is
regarded as consisting of a relatively rapid phase of crustal thickening, during which little temperature
change occurs in individual rocks, followed by a lengthier phase of erosion, at the end of which the
crust is at its onginal thickness. The principal features of pressure-temperature-time (P77) paths
followed by rocks in this environment are & period of thermal relaxation, during which the temperature
rises towards the higher geotherm that would be supportad by the thickenes crust, followed by a period
of cooling as the rock approaches the cold land surface. The temperature increase that occurs is
governed by the degree of thickening of the crust, its conductivity and the time that elapses before the
rock is exhumed sufficiently to be affected by the proximity of the cold vpper boundary. For much of
the parameter range considered, the hcating phase encompasses a considerable portion of the
exhumation (decompression) part of the PTY path, In addition to the detailed calculation of PTY paths
we present an idealized model of the thickening and exhumation process, which may be used to make
simple calculations of the amount of heating to be expected dunng a given thickening and cxhumation
cpisode and of the depth at which a rock will start to cool on its ascent path. An important feature of
these P71 paths is that most of them lic within 50 °C of the maximum temperature attained for onc
third or more of the total duration of their burial and uplifi, and for & geologically plausible range of
erosion rates the rocks do not begin to cool until they have completed 20 to 40 per cent of the tota!
uphft they experience, Considerable melting of the continental crust is a likcly consequence of
thickening of crust with an average continental geotherm. A companion paper discusses these results
in the context of attempts to use metamorphic petrology data to give information on tectonic

Journal of Petrology, 1984, 25 (4): 894-928
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Modelo de England & Thompson (1984)

» Suposigdes termais
° temperatura na superficie da Terra ¢ constante
° o fluxo de calor proveniente do manto ¢ constante
° producao do calor radiogénico ¢ constante e abaixo de 15 km ¢
Zero
o dentro da crosta a transferéncia de calor se da por condugao
° 0 manto contribui com aproximadamente 50% do calor na crosta
continental
» Com essas suposi¢des o modelo gera valores de fluxo de

calor dentro do intervalo medido na superficie terrestre
(entre 0,045 ¢ 0,075 Wm?)

107

Modelo de England & Thompson (1984)

» Suposi¢cdes mecanicas:
° espessamento crustal:
* ocorre por empurrdes e sO na crosta
* ¢ homogéneo e instantaneo
* ¢ homogéneo em toda a litosfera

> durante os primeiros 20 Ma nao ocorre
movimentagdo vertical no ordgeno (ndo ha erosao)

> denudagao ocorre apenas por erosdo, a qual €
homogénea ao longo do tempo
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TrajetoriasP-T-t

» O tempo relativo de trés processos controla a forma da
trajetoria P-T-t ?
° duragao da colisdao
° dura¢do do re-equilibrio termal da crosta (relaxamento termal)
> duragdo da exumagdo (erosdo)

» Trajetoria P-T horaria

» England & Richardson (1977):

o duragdo da colisdo - estagio mais rapido < 10 Ma

° relaxamento termal e exumagao — dezenas de Ma
° erosdo entre 50 e 200 Ma P
‘[ ;
A < ".e»o herm in
/4 Cc/n E .'. gx;u:lubrm—n with
/ . heat supply to
! Ze the thickened |
! ° crust |
J
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THICKENING OF THE CONTINENTAL CRUST AND LITHOSPHERE

BY THRUSTING CRUST ONLY
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PTt PATHS FOR EROSION: CRUST THICKENED BY THRUSTING
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PTt PATHS FOR EROSION OF CONTINENTAL CRUST THICKENED HOMOGENEOUSLY
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PTt PATHS FOR EROSION: WHOLE LITHOSPHERE THICKENED
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Geoterma em cinturoes colisionais
Lifosfera antes da colisdao
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Trajetorias P-T horarias

» O relaxamento termal aumenta a 7 da rocha enquanto a

erosao tende a diminui-la
» P antece T, (estagio de alta P)
» Tmax € alcancada durante a descompressao

» Quanto mais rapido acontecer o inicio da erosao apos a
colisdo, menor vai ser a diferenca entre P,y € Ppico ©

menor vai Ser Ty

» O pico termal poés-data o pico da deformacao, resultado

da colisdo

P

|

.
.

.

.'.gaolherm in

X equilibrium with
heat supply to
the thickened
crust

e i
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Trajetorias P-T horarias

» Metamorfismo barroviano (Ky-Sil) ocorre quando
baixa condutividade térmica, alto fluxo de calor, baixa

erosao (ou super-espessamento) ocorrem

» A pressao do pico metamorfico € entre 50 e 80% da

pressao maxima atingida

» Quanto mais rapido for o aquecimento inicial, ou maior
for o intervalo de tempo para comegar a erosao, maior

sera a temperatura do pico metamorfico
» O metamorfismo depende da profundidade de

soterramento, da taxa de aquecimento e da taxa de

€rosao
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gradiente metamorfico de campo indica o tipo de
Série de Facies (ou tipo barico) do cinturdo metamérfico

100 200 300 400

500 600 700 800 900 1000

Temperature (°C)
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Pseudo- and real-inverted metamorphism caused
by the superposition and extrusion of a stack of nappes: a case
study of the Southern Brasilia Orogen, Brazil
Rafael Gongalves da Motta' - Renato Moraes®
Received: 4 March 2016/ A cd: 14 I ber 2016
© Springer-Verlag Berlin Heidelberg 2017
Abstract The Southern Brasilia Orogen is a Neoprotero- (6223 +7.6 Ma). The upper unit, the Serra da Natureza
zoic belt that occurs along the southernmost border of the  Klippe. bears a typical high-pressure granulite mineral
Sao Francisco Craton where the Andrelindia Nappe Sys-  assemblage that is composed of kyanite, garnet, K-feldspar,
tem rep the subducted sedil y domain and is  rutile, and leucosome, as well as a metamorphic peak at
divided into three allochthonous groups, of which the ages  604.5+6.1 Ma. This tectonic assembly. with inverted and
and P-T conditions of metamorphism are studied here. The i d phic ¢ and g ion of klip-
basal unit, the Andrelindia Nappe, exhibits an i pen str is with exh ion models and a
metamorphic pattern. The base of the structure, posed  strong ind located in the lower continental crust.
of staurolite, garnet, biotite, kyanite, quartz, and muscovite,
marks the metamorphic peak, whereas at the top, the asso-  Keywords Brasilia Orogen - High-pressure granulite -
ciation of the metamorphic peak does not contain stauro-  Inverted phism - M phic field gradient -
lite. The Liberdade Nappe. the middle unit, presents anor-  Monazite dating - Ext ion model
mal metamorphic pattern: its base, close to the Andrelindia

shows iss with evidence of in situ ial
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Tectonic implications of juxtaposed high- and low-pressure metamorphic

Gheckfor

field gradient rocks in the Turvo-Cajati Formation, Curitiba Terrane, Ribeira %

Belt, Brazil

Bruna S. Ricardo®, Frederico M. Faleiros, Renato de Moraes, Oswaldo Siga Jtnior,

Ginaldo A.C. Campanha

Instituto de Geociéncias, Universidade de Sdo Paulo, Rua do Lago, 562, CEP 05508-080 Sdo Paulo, SP, Brazil

ARTICLE INFO

ABSTRACT

Keywords:
Detrital zircon U-Pb ages
Metamorphic field gradients
Paired metamorphic belts
Pseudosection modeling
Ribeira Belt

Neoproterozoic

‘The Turvo-Cajati Formation (TCF) is an important unit forming the Curitiba Terrane, a major segment of the southern
Ribeira Belt, SE Brazil. It i posed of rocks of ist (LTCF), ite (MTCF) and granulite (HTCF) facies
conditions. Previous studies in the HTCF indicate that the unit underwent extensive partial melting under high-
pressure conditions (670-810 °C and 9.5-12 kbar), within the kyanite stability field. In this paper, a study of the
metamorphic zoning within the LTCF and MTCF is undertaken using pseudosection modeling in the NCKFMASHTO
and MnNCKFMASHTO model systems coupled with detrital zircon U-Pb geochronology. Four metamorphic zones
are recognized for the LTCF and MTCF: biotite, garnet, staurolite and sillimanite zones, with predominance of sil-
limanite zone and pressures lower than 8 kbar, as staurolite breaks down straight to sillimanite, without formation of
a kyanite zone. P: ions yielded ic pe: tions of ~530-560 °C and ~6-7.5 kbar (garnet zone)
and ~660-690 °C and ~6-7.5 kbar (sillimanite zone). The metamorphic field gradient is flat and of low to medium
pressure, below the typical Barrovian-type baric regime, and different from the HTCF. Available petrological and
geochronological data suggest that the TCF comprises a paired low-P and high-P metamorphic belt, associated with a
major Ediacaran suture zone in the southern Ribeira Belt. Probability density plots from detrital zircon U-Pb ages
indicate late-Cryogenian-Ediacaran arc-related and Rhyacian sources for all TCF sub-units. This scenario suggests that
the TCF is made up of a collisional juxtaposition of an accretionary wedge (HTCF) and a back-arc basin (LTCF and
MTCF) on the border of a microplate, which includes a Rhyacian basement microcontinent, the Atuba Complex. It is
inferred the high metamorphic gradient recorded in the LTCF and MTCF was related with asthenospheric upwelling
in the back-arc region, which also produced extensive partial melting in the Atuba Complex basement.
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Fig. 15. Proposed model from the Curitiba Terrain evolution, based on TCF
detailed study presented in this paper. (a) 630-610 Ma: Stage of subduction in
the Curitiba Microcontinent, arc-development in Atuba Complex with partial
melting, deposition in LMTCF and deposition followed by metamorphism type
high-P and low-T in HTCF. Asthenospheric mantle upwelling in back-arc. (b)
600-585 Ma: Collision of the Curitiba Microcontinent and Luis Alves
Microcontinent. metamorphism type low-P medium-T in LMTCF and isobaric
heating and partial melting in HTCF.
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Como formar granulitos, aquecer a
crosta acima de 900 ° C e exumar a
crosta inferior
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Granulitos

Ambientes Tectonicos € Fontes de Calor

127

Ambientes Tectonicos e Fontes de Calor

» Granulitos gravam dois tipos principais de trajetorias
P-T:
o IBC — resfriamento isobarico
o ITD — descompressdo isotermal

» Trajetorias I'TD sdo parte de trajetoria P-7 horaria,
implicando em colisdo continental (colapso
orogenetico?)

» Trajetorias IBC implicam em resfriamento em crosta
1sostaticamente estavel (nfo indicam trajetorias anti-
horarias)
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Origin and evolution of granulites in normal
and thickened crusts

D.J. Ellis
Department of Geology. Australian National University
Canberra, ACT, Australia

ABSTRACT

Rocks buried in the upper part of a doubly thickened crust during
orogeny can show prograde reactions with trensitional features from
lower grade rocks up to granulite facies. They can be exposed at the
eartl’s surface within this one orogenic cycle. For example, the granu-
lites exposed in British Columbia have concordant U/Pb zircon ages
of 65-85 Ma. In contrast, rocks buried in the lower part of a thickened
crust will crystallize granulites that typically show only retrograde
relations with younger, lower grade rocks. At the cessation of orog-
eny, such rocks will undergo near-isobaric cooling from the peak
metamorphism and can have very long residence times at the base of 2
crust of normal thickness. These granulites require a second orogeny
1o uplift and expose them at the surface. As an example, the Archean
granulites of Enderby Land, Antarctica, were metamorphosed at 3070
Ma at 1000 °C at 8-10-kbar pressure. They then followed at least 3
400 °C isobaric cooling path. They also had a prolonged residence
time of 2000 m.y. near the base of the crust before uplifi.

It is apparent from these observations that metamorphic rocks
formed during an episode of tectonic or magmatic thickening of the crust
can be exhumed by isostatic rebound during & single orogenic event,
Furthermore, the minerals in such rocks can record depths of equilibration
0f 20-30 km and still be underlain by a similar, normal thickness of stable
cootinental crust. This is commonly assumed (o be the case for many
Archean terranes and is probably true for many low-grade (greenschist.
amphibolite) terranes. Windley (1981) listed examples of Phanerozoic
grenulites that have formed and have been uplifted in the one orogenic
evenl

The effects of uplift and erosion toward the end of the period of
evolution of Archean structures are recorded by the occurrence of Late
Archean or earliest Proterozoic cratonic cover formations resting uncon-
formably on granites or metamorphic basement, the ages of which show
that, in some instances at least, uplift had taken place within a few hundred
million years of tectonic activity in the basement (Watsoa, 1976). In
general, such basement consists of regional low-pressure grecnschist-

No doubt a continuum exists between these ext but it is
proposed that many intermediate- and high-pressure granulites form
in the lower parts of thickened crust and therefore require a two-stage
cycle of tectonism to be uplifted and exposed at the earth’s surface.
Although most granulites probably form in thickened crust al active
plate margins, underplating of normal (30-40-km thickness) crust by
mantle melts during extension can also produce granulites. These
granolites would also undergo isobaric cooling and require a later
orogeny to expose them. An example is the Puleozoic Lachlan Fold
Belt of eastern Australia, which has undergone only minor uplifi since

lite, as in gr terranes. However, 1 propose here
that many granulites resided for very long periods at deep crustal levels
before uplift and exposure. Many intermediate- to huigh-pressure granulites
are ot unconformably overlain by old cover formations, which could
have been removed during later orogenies needed to excavate the underly-
g granulites.

The active processes of rapid uplift of thickened crust have been used
as a model for the ion of many ic series. In particula
many blueschist, greeaschist, and amphibolite facies serics can be satisfac-
torily expisined by the influence of erosion on the upper half of a doubly

the major ultrametsmorphism at about 400 Ma. isotopic,
petrologic, and geochemical differences are to be expected between
these extremes of granulite formation.

d crust In thickened crust the principal features of
pressure-temperature-time (F-7-1) paths followed by rocks after burial are

aperiodofthermal 1 GEOIOGY, v. 15, p. 167-170 February 1987
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» Colisao com duplicagdo da

crosta

» Raiz mantélica do orégeno se
torna muito espessa e instavel
» Delaminagdo do manto

litosférico ¢ causada por
erosao convectiva da

astenosfera ou por gravidade
» Ocorre elevacdo da topografia

Stiiwe (2002)
England (1993)

Delaminacao do manto litosférico

132

12/12/20

66



TECTONOPHYSICS

Toctonophysics 280 (1997) 171-184

Thermal evolution and exhumation in
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Abstract

Most P<T-: path models to date have considered a fincar aus\un m.: fur cxh\mmwn fmvn buml d¢|.|.h x:iuc\I w0
isostatic readjustment of crustal thickness. A few have di
can only restore lower crustal rocks from the thickened mountain oot to their previous original depth in the pre-collisional
crust. One major assamption of all medels to date is that the o ive forces ible for crustal thick
cease before elevalion and erosion begins. However, compression is ofien still active, even if the crustal thickening
has swpped. Funher compression of the thickened and suongly deformed orogenic oot is responsible for forceful
exhumation-catusion of sofiened rocks upwards. Hence, the rate of exhumation is releted 1o the raie of convergence of
colliding plates. Exmwml exhumation can elevate baried rocks © any depth depending on the action of fault-shear
systems. In the ion models ined here. he ding rocks cool faster because they approach
the zero temperature surface coaditions more rq)k.lly than by isostatic erosion.The exbumation raie is also ;uwnnl hy
the angle between 1he plate boundary and the d vector (e). implying that the gent plate b
regarded as complex tanspressive sysiems in which the degree of obliquity can be expressed by the rato of pure 10 sllmlc
shear components. A Jow ratio of pure/simmple shear voical for wiench plae daries. implies 1 distance
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Subduction zone backarcs,
mobile belts, and orogenic heat

Roy D. Hyndman, Pacific Geoscience Centre, Geological Survey of Canada, P.O.
Box 6000, Sidney, British Columbia V8L4B2, Canada, and School of Earth and
Ocean Sciences, University of Victoria, Victoria, British Columbia V8W3P6, Canada,
rhyndman@nrcan.gc.ca; Claire A. Currie, School of Earth and Ocean Sciences,
University of Victoria, Victoria, British Columbia V8W3P6, Canada,; and Stephane P.
Mazzotti, Pacific Geoscience Centre, Geological Survey of Canada, P.O. Box 6000,
Sidney, British Columbia V8L4B2, Canada

ABSTRACTGs4 Today: v. 15, no. 2, doi: 10:1130/1052-51 b imakarsdithesploeez not from the
Two important problems of continental  orogenic deformation process itself.
tectonics mag be resolved by recogniz- INTRODUCTION
ing that most subduction zone backarcs
have hot, thin, and weak lithospheres
over considerable widths. These are (1)
the origin of long-lived active “mobile
belts” contrasted to the stability of cra-
tons and platforms, and (2) the origin

The model of plate tectonics with
narrow plate boundaries provides an

! pro Figure 1. The North America Cordillera mobile
excellent first-order description of global et The high elevation and complex current

tectonics. Plate tectonics also provides tectonics illustrate the hot, weak, backarc
an elegant explanation for orogenic lithosphere deformed by variable margin forces.
crustal shortening and thickening in

GSA Today: v. 15, no. 2, doi: 10:1130/1052-5173(2005)015<4:SZBMBA>2.0.CO;2

4 FEBRUARY 2005, GSA TODAY
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concentrated in backarcs; (3) In the Cordillera there is wide-
spread sporadic ‘backarc’ volcanism; (4) The high tempera-
tures result in very low strength in the lower crust that allows
lower-crust detachment; (5) The lower crust weakness facili-
tates large-scale crustal oroclines that may be independent of
the upper mantle; (6) The lower crust in the Cordillera and
other backarcs is in amphibolite- to granulite-f: onditions,
~800-900°C at the Moho; (7) In ancient backarcs globally,
regional Barrovian metamorphism is concluded to be the
result of high temperatures that predate the orogenic collision
and deformation. No “heat of orogeny” is requited. Following
the termination of subduction, backares cool with a time con-
stant of 300-500 m.y.

RESUME
Pourquoi la chaine de montagnes de la Cordillére nord-améri-

Tectonic Consequences of a Uniformly Hot caine est-elle si haute? On comprend qu'une crofite sur-épaisse

Backarc and Why is the Cordilleran puisse thhqutr une gtandc' évation, mais voila, la crodte de

la Cordillére est mince. 1l mexiste pas de racine crustale. Or,
Mountain Belt High? récemment, une conclusion importante s’est imposée, soit que

cette haute élévation s'explique par Pexpansion  thermique
R.D. Hyndman plutot que par lexistence d’une crotite sur-épaisse. L'élévation

de la Cordillére n'est quune des conséquences d’une Cordillére
Pacific Geascience Centre, Gealogical Survey of Canada and uniformément chaude flottant sur une lithosphére mince, car-
School of Earth and Ocean Sciences actéristiques communes aux zones d'arriére-arc actuclles ou
University of Victoria récentes. Quelques unes des autres conséquences de cette
9860 . Saanich Road, Sidney haute température, par opposition aux froids cratons adjacents,
British Columbia, 181 4B2, Canada comprennent: (1) La Cordillére ct d'autres zones darriéres-
Email: rhyndman@nrean.ge.ca arcs sont des zones chaudes et facilement déformables par les

forces tectoniques ambiantes, contrairement aux cratons sta-

Geoscience Canada, v. 42, http:/ /www.dx.doi.org/10.12789/geocan).2015.42.078  pages 383-402  © 2015 GAC/AGC®
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Hot weak backarc Cold stable
“Orogenic belt” craton
volcanic
ar, Foreland Thrusting K}",ﬁ:;t
Weak lower crust ~800°C 7

Figure 1. Cross-section of a subduction zone and backarc illustrating the hot and thin lithosphere and the inferred
small-scale asthenosphere convection.
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Figure 8. Heat flux data across the southern Canadian Cordillera showing the consistently high values relative to
the adjacent craton, (e.g. Lewis et al. 1992). Corrections have been made for vatiations in upper crust radioactive
heat generation that affect surface heat flow but have little effect on deep temperatures.
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velocities (after Hyndman et al. 2009).
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Figure 10. Average temperature-depth profile for the Canadian Cordillera and adja-
cent craton from heat flow, seismic tomography velocities (red and blue lines; vari-

F ‘bg““’ 192'0—55?”‘2“‘?5 at 100 km de\;d‘ “;832 C‘he s‘?“‘he;“ fcmd‘“‘dc"‘d,‘"“,“ ability, shaded arcas), and xenoliths (black circles and dashed lines) (after Hyndman
(about ) and adjacent craton (about *) estimated from mantle seismic et al. 2009). There is a maximum difference between the Cordillera and the craton

of about 400°C at 100 km and an average temperature difference to 220 km of
about 250°C.
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Figure 20. The Yakutat Terranc collision indenter in the Gulf of Alaska that drives
the whole Cordilleran upper crust across the Cordillera to the active Mackenzie
Mountains fold and thrust belt, and north to the fold and thrust belt of the
Mackenzie River Delta (Mazzotti and Hyndman 2002; Leonard et al. 2008).

Figure 21. Model cross-section illustrating the current strain transfer across the
northern Cordillera from the Yakutat collision zone to the Mackenzie Mountains
that are overthrusting the craton (after Mazzotti and Hyndman 2002).
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Model HT-1: Basic channel flow model
final conditions: t = 0 Ma (54 My elapsed model time)

. MCT = base of extruded channel
€rosion 7D = top of extruded channel Ax = 2700 km

isotherms —- :
and velocity ————800C

0 km 200
— —

erosion starts: 30 Ma (slope x f(t) x g(x))

channel flow starts: 36-30 Ma

high-grade rocks exhumed: after 20 Ma 18
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HT1:t=54 Ma—0Ma evolution of crustal deformation

Vs = 2.5 cmly (subduction advance)

1] mnEnue. ki 2700

o tima, My a4

convergence
Vp =5 cm/y Vp-Vs = 2.5 cmly
total 2700 km (slab subduction)
a_
topography
plateau after 30 Ma

- MCT = base of extruded channel (thrust-sense shear)
STD = top of extruded channel (normal-sense shear)
=600 =4 —200 o 200

erosion (plateau flank) channel flow (T > 700°C)
starts 30 Ma starts 36-30 Ma
declines 15 Ma exhumed after 15 Ma
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HT1:t=54 Ma—0Ma evolution of metamorphic “facies”

Vs = 2.5 cmly (subduction advance)

0 convergm:e. km zroo India Asio
0 time, My 54
convergence
Vp =5cm/ly
total 2700 km

Vp-Vs = 2.5 cmly
(slab subduction)

T

model “facies”:

T

greenschistmigmatite tracked points:
granulite GHS
eclogite LHS & Loy
lower crust O
Tmax and P@ Tmax

P-T-t paths
(peak grade) at any stage
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Model HT-111: Effect of weak upper crustal layer

instantaneous erosion rate

-40
w® —— =
w0 oo W 5 deformed crustal grid
—B00 =700 =600 =500 =400
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Model GO-3: Convergence with variable-strength lower crust

Pro- Retro-

[ Upper crust (WQ) Lower Crust
1 | [ [ | 1

[ Mid crust (WQ x 5) DMD DMD/4 DMD/8 DMD/2 DMD/16 DMD/20

Vp=2cmly Vs=1cmly Vr=0
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How Does the Continental

Crust Get Really Hot?

Chris Clark’, lan C. W. Fitzsimons', David Healy?
and Simon L. Harle
1811-5209/11/0007-0235$2.50 ~ DOI: 10.2113/gselements.7.4.235

have been generated in the Earth’s crust repeatedly in time and space.

There is widespread evidence that ultrahigh temperatures of 900-1000°C
onal

These temperatures were associated with thickened crust in col
mountain belts and the production of large volumes of magma. Numerical
modelling indicates that a long-lived mountain plateau with high internal
concentrations of heat-producing elements and low erosion rates is the most
likely setting for such extreme conditions. Preferential thickening of already-
hot back-arc basins and mechanical heating by deformation in ductile shear
zones might also contribute to elevated temperatures.

Keyworos: metamorphism, ultrahigh temperature, heat production, mountain
belt, thermal modelling

INTRODUCTION

and pressures of 0.7 to 1.3 GPa.
Brown (2006) proposed a revised
upper pressure limit equivalent to
a P/T gradient of 750°C GPa!,
close to the kyanite-sillimanite
reaction boundary (Fic. 1). The
lower temperature limit of 900°C
is somewhat arbitrary, but it places
the onset of UHT metamorphism
beyond the conditions at which
many crustal rocks start to melt, a
process that represents a signifi-
cant barrier to the attainment of
higher temperatures.

Recognition of UHT metamor-

phism is problematic because few rocks develop diagnostic

Evidence for the pressure-temperature (P-T) conditions minerals at these conditions and widespread chemical
under which Earth’s crust has generated large volumes of  equilibration during cooling makes temperature estimates
magma is provided by metamorphic rocks that represent  pased on mineral composition unreliable. Although rare

Clark et al., 2011
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pre-thickening
Top of lithosphere: T =0 °C

post-thickening
Top of lithosphere: T = 0 °C

post-erosion
Top of lithosphere: T =0 °C
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200 . . 3 Varying initial lithosphere
Varying heat production (uW m™) Varying erosion rate (mm y™') thickness (km)
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (My) Time (My) Time (My)
B3 (A) Tt evolution of rocks at 40 km depth immediately
after thickening for different values of upper crustal
Arag. All other parameters are identical to those in Ficuse 2. (B) T-t
evolution of rocks at 40 km depth immediately after thickening for
different erosion rates starting immediately after thickening. The
upper crustal 4,4 value is 3 W m3 and other parameters are iden-
tical to those in Ficure 2. (€) 7-1 evolution of rocks buried to 40 km
depth by thickening of a back-arc basin with varying initial litho-
spheric thickness. The crustal geometry is as in Ficust 2, but the
upper crustal A, value is 1.5 uW m~* and the total lithospheric
thickness is 50, 60 or 70 km. Instantaneous homogenous deforma-
tion doubles the thickness of both crust and lithosphere, and is
followed immediately by erosion at 0.7 mm y-'.
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Temperature (°C)

m (A) T-t evolution of rocks buried to 40 km by instan
taneous stacking of one 35 km thick crustal block on
top of another along a 3 km wide shear zone that generates heat
for four different rock strengths (x). The initial geometry and Ang
values are from Ficuie 2a. The shear zone is active for 50 My, with a
velocity of 3 cm yr'(shear strain rate = 3 x 10-'7 5%), Values of v are
taken as constant at temperatures below 750°C, but are set to zero
at higher T to simulate melt weakening. Erosion at 0.7 mm y' starts
20 My after thickening. (B) Plot of shear strength against 7T for
different rock types undergoing dislocation creep at a strain rate of
3 % 107 57 (after Nabelek et al. 2010), showing that rock strength
decreases markedly on heating. (€) T-¢ evolution of rocks buried to

1000 10° Clinopyroxenite (Kirby 0 T T
& Kronenberg 1984)
< " Quartz (Rutter -
800 100 o 10 & Brodie 2004) o -10
30 = Quartz (Hirth <
—10 = etal. 2001) o :ggg
600 - 20 oo | 220 500
& g
400 5 10° 5 30
% Strain rate < Varying latent heat
200} Varying rock strength (MPa) 10+ 3x10™ s _ao} of melting (kJ kg™
O 20 40 60 8 100 120 © -50 C T
200 400 600 800 1000 20 40
Time (My) Temperature (°C) Time (My)

40 km by homogeneous thickening for three values of latent heat
of meiting (L). AT is the difference between the actual T for a
selected value of [ and T obtained if L = 0. The model set-up Is

60

from Ficuae 2, apart from the upper-crustal A,y value (3.5 uW m-3).

We assume that the consumption of [ increases linearfy with melt
fraction over the melting interval, and melt fraction increases
linearly with T according to the best.fit line through the expers
mental data for natural metapelite. Latent heat is also released on
cooling in our model, reducing retrograde cooling rates, but this is
fess realistic given that melt crystallization is not a simple reversal
of melting and that some partial melt will escape to higher

crustal levels
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UHT - de onde vem o calor?

» As fontes de calor ndo foram entendidas
» As rochas que perderam fundido sdo mais suscetiveis a

alcancarem condi¢des UHT

» Alta concentracao de elementos produtores de calor,
com colisao continental, fechamento de bacias back-arc
ou calor astenosférico sdo ambientes favoraveis

» Trajetorias ITD ocorrem quando as forcas tectonicas de
convergéncia ndo suportam o potencial gravitacional da
cadeia de montanhas
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Journal of Mineralogical and Petwrological Sclences, Volume 111, page 50-72, 2016

A matter of time: The importance of the duration
of UHT metamorphism

Simon L. Harigy

School of G University of Edi James Hution Road, Edinburgh EH9 3FE, UK.
The duration of granulite (G) and ultra-high (UHT) coadi n lq,ioml is critical
to arguments reganding the tectonic settings of g ites and their 2 i assembly.
Analysis of zircon geochronology integrated vnlh trace clement (REE) wmnm on the timing of zircon
growth or modification and evidence for from T d reveals that zircon
can form episodically st or near the b penlmkmgh\edUHTguuhm This reflects the segre-

gation, transfer and stagnation or trapping of mcits which leads to local mdt-rock interactions that promotes
zitcon crystallisation. In contrast, although rutile can retain UHT information in short duration (*fast”) G-UHT
termuins it is affiicted by Zr loss in Jong duration (‘slow’) terraims and yiclds temperatures slgmhcmlly Iower
than those preserved by zircons formed in the same G-UHT events. An of the age-

from several well-documented Gi-UHT terrains reveals that most are ‘slow’, having dnum of UHT, A'..., m
the range 30100 Myr. Some UHT termains previously considered to be short-Tived (Atses < 10 Myr) have longer
durations of UHT in the light of recent goochronology and hence are also classed as “slow”. Of the models
proposed to account for UHT metamorphism, the ‘large hot orogen’ (LHO) model for collisional orogeny
provides the best cetting for the formation of such ‘slow’ UHT graulites. LHO models can account not oaly
for the P-T paths, which can mnge from UHT with near-isothermal decompression (UHT-ITD) through to
decompression-cooling and UHT followed by near-isobaric cooling (UHT-IBC), but also for residence times
under UHT canditiors. The Napier Complex, the Earth’s premier UHT terrain, probably formed ss trapped deep
crust i the bot underbelly of a late-Archaean LHO. Shorter duration UHT and near-UHT granulites also exist,
maostly with Alu less than 10 Myz. A number of these ace likely to heve formed s a consequence of severe
lithospheric thinning and crustal exiension db; im, which could occur in arc
and back-are settings affected by subduction roll-back o, as sdvocated by previous workers, continental arcs
undergoing extension. How:\uz atizining long-lived UHT conditions in these scitings is unlikely unless the
crust has i high heat in addition to the transient heat added during extension
and magmatism.

Keywords; Ultrahigh {UHT) U-Pb Zircon, Monazte, Large Hot
Orogen, Napier Complex
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Syn-convergence crustal thickening

V=H stacking of lower crustal nappes subduction

Post-convergence thrusting and extension

Thrusting at margin Extension and thinning in core
Detach and exh ion of nappes over strong indentor

P-T paths for selected rock packages
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Conclusoes

» Metamorfismo em condi¢des da facies G e G-UHT
ocorrem em intervalos de tempo relativamente curtos
~10 My até 30 a 100 My

» Ambientes favoraveis podem ocorrer em bacias tipo
back arc ou arcos com extensao, envolvendo
magmatismo e, nesses casos, nao deve ocorrer
metamorfismo muito prolongado

» O metamorfismo prolongado deve estar associado a
colisdo continental em ordgenos grandes e super
quentes

157

tunerscon Minerologhit, Yol 104, pages J81-196, 2018

INVITED CENTENNIAL ARTICLE
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Gradiente termal (d7/dP)
a. o b.
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high dT/dP [>775 ° C/GPa, mean ~1110 ° C/GPa (n= 199)
intermediate dT/dP [775-375 ° C/GPa, mean ~575 ° C/GPa (n= 127)]
low dT/dP [<375 ° C/GPa, mean ~255 ° C/GPa (n= 130)]
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Fi1GURE 2. Tukey box and whisker plots for (a) temperature. (b)
pressure, and (¢) thermal gradient for each type of metamorphism (high
d77/dP m red. intermediate d7/dP in green. and low d7/dP in bluce). The
bottom and top of the box are the first and third quartiles of each subset
of data, the line inside the box is the median, the ends of the whiskers
represent the lowest and highest data still within 1.5 of the interquartile
range. and the individual data points represent outliers.
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FIGURE 3. Metamorphic temperature for 456 localities (Supplementary Data Table') grouped by type plotted against age. The three types of
metamorphism are high d77dP 1 red. intermediate d77dP in green and low dZ7dP m blue. The solid lines show linear regressions of the data by
type whereas the dashed line shows a second-order polynomial regression for the high d77dP type (second-order polynomual regressions for the
intermediate and low dT7dP types are sumilar to the linear regressions).

3

1100

1000

900

800

700

600

500

162

12/12/20

81



12/12/20

cmM P NP MP PP NA MA PA | EA
7F dEdCr To |Ste | Ec | Ca |Sta |@Or | Rh  Si | {7
® High d7/dP
6k ® Intermediate dT/dP ] ¢
® Low dT/dP
FoH |0 L]
& /
= e wb == 1a
S A *‘. /_//
o
-8

Age (Ga)

Ficure 4. Mctamorphic pressure for 456 localities (Supplementary Data Table') grouped by type plotted against age. The three types of
metamorphism are high d7/dP in red, intermediate d7/dP in green, and low d7/dP in blue. The solid lines show linear regressions of the data by
type (sccond-order polynomial regressions for the three types are similar to the linear regressions).
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FiGure 5. Mctamorphic thermal gradient (7/F) for 456 localitics (Supplementary Data Table') grouped by type plotted agamnst age. The three
types of metamorphism are high d7/dP in red, mtermediate d7/dP in green, and low d77dP in blue. The solid lines show linear regressions of the
data by type, whereas the dashed line shows a second-order polynomial regression for the high d77dP type (second-order polynomial regressions
for the intermediate and low dT7dP types are similar to the linear regressions).
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Baixa d7/dP, zonas de subduccao e
trajetorias P-T

b.

FIGURE 8. P-T conditions for low dI/dP metamorphism compared to subduction zone P-T paths for close to the top of the subducting slab|
(150 m depth; purple) and close to the Moho (6.5 km depth: bhe) for active subduction zones (Syracuse et al. 2010; updated by P. van Keken
petsonal commumnication 2016). The fields for the four representative thermal gradients (a) and the standard metamorphic facies (b) are from Figure 1.
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FIGURE 9. P-T conditions of metamorphism for 456 localities (Supplementary Data Table!) grouped by age. (a) »0.800 Ga grouped as follows
>2.800. 2.800-2.401.2.400-2.001. 2.000-1.601. 1.600-1.201. and 1.200-0.801 Ga. and (b) <0.800 Ga gronped as follows 0.800-0.501. 0.500-0.201.
and <0.200 Ga. with four representative thermal gradients for reference from Figure 1a
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F1GURE 10. Moving mean of the thermal gradient for high d7/dP metamorphism (from Fig. 6) and probability curve for the age dismbution of
fnetamorphism (from Fig. 7). The three cycles are discussed in the text

Ciclo 1 — comegam os 2 tipos contrastantes de metamorfismo

- amalgamagao de terrenos litosféricos continentais em supercratons

- manto comega a esfriar ¢ o fluxo de calo total da superficie excede a produgio
interna de calor
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F1GURE 10. Moving mean of the thermal gradient for high d7/dP metamorphism (from Fig. 6) and probability curve for the age dismbution of
fnetamorphism (from Fig. 7). The three cycles are discussed in the text

Ciclo 2 — re-amalgamacdo dos protocontinentes em supercontinentes (Columbia/Nuna no
Paleoproterozoico Médio e depois Rodinia no Toniano)

- gradiente termal alto d7/dP chega ao méaximo no Mezoproterozoico

- 1.9 — 1.0 magmatismo anorogénico
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F1GURE 10. Moving mean of the thermal gradient for high d7/dP metamorphism (from Fig. 6) and probability curve for the age distmburtion of
fnetamorphism (from Fig. 7). The three cycles are discussed in the text

Ciclo 3 — os gradientes termais diminuem a partir do Toniano com aparecimento comum de
metamorfismo de baixo d7/dP (xisto azul, eclogito e UHP)
- comego da subducgdo profunda, com resfriamento do manto
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“Nena” (after Rogers, 1996)
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Fig. 5. (a) The “Nena” sensu Rogers (1996) configuration including Siberia and the Laurentian nuclei (Arctica of Rogers, 1996) coupled to Baltica and Antarctica. (b) The “Nuna”
configuration of Hoffman (1997) with a tight fit between Baltica and Laurentia. This is equivalent to Gower et al’s (1990) “Nena" reconstruction.
Meert, 2012
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