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Abstract – Many Archaean and Paleoproterozoic cratons show deformation patterns that differ from
observed in modern orogens. On the other hand, they constitute an important part of present-day
continents and contain a large part of continental mineral resources known to date. On the ba
summary of structural data from some typical� eld examples and of results of analogue modelling,
emphasize that pop-down tectonics marked by vertical burial of supracrustals within an underlying
weak crust may be the most suitable model to account for deformation patterns of many ancient defo
zones. An overview of relationships between structural patterns and mineralisation in several
deformation zones further emphasizes that pop-down tectonics provides a very promising st
framework for mining exploration in Precambrian cratons.

Keywords: tectonics / Precambrian / weak lithospheres / crustal shortening / mineralisation

Résumé – Relations tectonique-minéralisation dans les lithosphères continentales chaudes,
applications aux cratons précambriens. De nombreux cratons Archéens et Paléoprotérozoï
montrent des champs de déformations qui diffèrent de ceux typiques des zones orogéniques m
Parallèlement, ces cratons constituent une part importante des domaines continentaux actuels et co
une grande part des ressources minérales qui y sont connues à ce jour. Une synthèse des données
sur quelques exemples de terrain représentatifs et de résultats de modélisations analogiques mon’une
tectonique verticale marquée par l’enfouissement de dépôts de croûte supérieure dans une croûte
jacente chaude et molle est le meilleur modèle qui rende compte des structures caractéristiques de
de zones de déformation précambriennes. Un aperçu des relations entre structures et minéralisatio
main mineral deposits on contine dans plusieurs zones de déformation montre en outre que ce modè
un cadre structural très prometteur pour l’exploration minière dans les cratons anciens.

Mots clés : tectonique / précambrien / lithosphères molles / raccourcissement crustal / minéralisation
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1 Introduction

1.1 Deformation modes of ancient hot lithospheres:
an academic challenge

Deformation modes of ancient cratons, especially thos
Archaean age, are subject of disputed debates since se
decades (seeWindley, 1992, 1995). Before the remarkabl
adventofplate tectonics in the latesixties (McKenzieandParker
1967; Le Pichon, 1968; Morgan, 1968; Dewey and Bird, 1970),
manyworksemphasizedthe importanceofverticaldeformat
involving the rising of hot and light partially melted low
granitic crust following models of diapirism (Eskola, 1949;
Ramberg, 1963,1967; Brunet al., 1981). Since the emergence
plate tectonics, two main“schools” have developed: those o
ma-
nding author:denis.gapais@univ-rennes1.fr

en Access article distributed under the terms of the Creative Com
unrestricted use, distribution, and reproduction in a
of
ral

ns

uniformitarism type based on modern plate tectonics w
attached stiff plates and continental deformations localize
plate boundaries following classical thrusting models, as arg
for the Alps or the Himalayas (Fig. 1a); and those tha
emphasized the hotter and weaker rheological state
continental crusts during early periods of crustal growth (Fig. 1b
andc) (seeWindley, 1995and refs. therein). Classical mode
evoking weak lithospheres during Archaean times invo
combined diapirism of the lower crust (Dixon, 1975, Schwerdt-
neret al., 1979) andgravity-driven sinking, sagduction, of hea
greenstone-bearing upper crust within the underlying part
melted crust (Choukrouneet al., 1995; Chardonet al., 1998;
Collins and Van Kranendonk, 1998; Lin and Beakhouse, 2013)
(Fig. 1b). According to these models, one should expec
threshold in late Archaean times between greenstone-d
gravity deformation models and greenstone-lacking defor
tions. On the other hand, since the early 2000th,� eld works and
mons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits
ny medium, provided the original work is properly cited.
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Fig. 1. Synthetic schematic cross-sections illustrating the three
main modes of deformation of convergent continental lithosphere
(a) Modern-type tectonics involving stiff lithospheres where
compression induces localised strains with crustal-scale thrusts
and extensional detachments. The section makes particu
reference to the India-Eurasia collision belt (fromGapaiset al.,
1992, 2009 and Indepth pro� le, Nelsonet al., 1996). MCT, Main
Central Thrust; ZD-STD, Zanskar Detachment and South-Tibe
Detachment; IZSZ, Indus-Zangbo Suture Zone; HHC, High
Himalayan Crystalline. Combined thrusting and normal shearin
leads to the exhumation of the Higher Himalaya Crystalline (Gapais
et al., 1992). Exhumation of eclogites, such as the Tso Morar
eclogites (western Himalaya), is associated with crustal sca
normal shearing (De Sigoyeret al., 2000, 2004). (b) General pattern
of gravity-driven deformation models for Archaean tectonics, that
generally involve combinedrising of hot and partially melted crust
(diapirism) and sinking of heavy ma� c greenstone belts (sagduc-
tion). Drawing afterCollins and Van Kranendonk (1998), and
Chardon et al. (1998). (c) General tectonic model combining
thickening and horizontal� ow of a hot continental lithosphere in a
compressive setting, with burial of light supracrustals within sof
crust along vertical deformation zones (fromGapaiset al., 2005,
Gapaiset al., 2008, 2009; Chardonet al., 2009). See text for further
explanations.
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analogue models have emphasized that vertical tectonics d
necessarily require gravity-driven sagduction processes, bu
implied a hot and weak lithosphere, with a ductile lithosphe
mantle, allowing burial of light upper crustal rocks duri
compression (Cagnardet al., 2006a; Chardonet al., 2009).
Consistently, similar deformation patterns are observed w
Archaean greenstone belts and Paleoproterozoic belts (Gapais
et al., 2005; Chardonet al., 2009, Gapaiset al., 2009and refs.
therein) (Fig. 1c). According to available experimental data, t
thermal threshold between a localizing and a ductile lithosph
mantle corresponds to a Moho temperature around 80°C
(Ranalli, 1997, Sandiford and McLaren, 2002; Précigoutet al.,
2007).

Although many new evidence showing the importance
syn-shortening vertical kinematics in ancient deformation b
have been recently published (seeRey and Houseman, 200;
Chardonet al., 2009; Gapaiset al., 2009; Bédard, 2018),
discussions on the subject are still a matter of internatio
debates, with ongoing models of thrust tectonics and p
thickening extensional extension (e.g., Block et al., 2013,
2015) or of gravity-driven vertical motions (e.g., Lin and
Beakhouse, 2013).

1.2 Deformation modes of ancient hot lithospheres:
an economic challenge

Beside the academic challenge, the debate on deform
modes of ancient cratons is crucial with respect to min
exploration purposes. Indeed, a large amount of contine
mineral resources known to date are concentrated w
Archaean and Paleoproterozoic belts that represent a sub
tial part of emerged continents (Fig. 2). Robust tectonic model
are therefore a� rst order basis to develop constructive proje
for mining exploration in these regions.

2 Shortening modes of weak lithospheres:
what do � eld examples tell us

2.1 Upper crust

Prominent structures within the low metamorphic gra
upper crust are basically sub-vertical (seeGapaiset al., 2009;
Chardon et al., 2009). Main features are steep cleavag
bearing widespread steeply plunging stretching lineati
Field examples illustrated here are from Paleoprotero
rocks from the gold-bearing Trans-Amazonian belt
Suriname (Fig. 3a), Archaean rocks from the antimony-beari
Murchison Belt in South Africa (Fig. 3b), and Archaean rock
from the gold-bearing Southern Abitibi Belt in Cana
(Fig. 3c).
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2.2 Middle and lower partially melted crust

Most Archaean cratons and Paleoproterozoic belts s
widespread outcrops of the mid-crust, with HT-MP pe
metamorphic conditions, often partially melted and (or) un
granulite facies (e.g., Reindeer zone and Kisseynew domai

t

of11



lie
ia

ot

m
hi

on
,
l
an
ra

on
ng

ed
on
ing

tly
nd
v

c

ir
hic

with
sh

ed
rted

the

ntal

d

d
del

Fig. 2. World map showing main mineral deposits on continents. Porphyry and oceanic deposits are not shown. The map emphasizes that
Archaean and Paleoproterozoic belts are particularly rich in mineralisation. VMS, Volcanic Massive Sul� des; MVT, Mississippi Valley Type,
IOGC, Iron Oxide, Gold, Copper mineralisation. Data compilation from Canadian Natural Resources,Goodfellow (2007).

10 cm 10 cm 10 cm(a) (b) (c)

Fig. 3. Examples of upper-crustal structures. (a) Steeply plunging stretching lineation underlined by stretched pebbles on a steeply dipping
cleavage within weakly metamorphosed conglomerates (Paleoproterozoic, Rosebel area, Transamazonian Belt, Suriname). (b) Vertical
mylonitic fabric bearing vertical stretching lineation within the“Murchison schists” (Archaean, greenschist facies, Murchison Greenstone Belt,
South Africa) (modi� ed afterJaguinet al., 2012). (c) Steeply plunging stretching lineation underlined by stretched pebbles in conglomerates
(Archaean, southern Abitibi Province, Quebec, Canada).
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Canada; Thompson Nickel Belt, Canada; Terre Adé
Antarctica; Svecofennides, Finland; Dharwar Craton, Ind
(seeGapaiset al., 2009and refs. therein).

Finnish Svecofennides is a remarkable example for b
structures and metamorphic conditions (Fig. 4a). In southern
Finland, the Svecofennides crop out on about 125 000 k2.
The regional trend of the belt is NE-SW and metamorp
conditions are extremely monotonous, with PT conditi
around 750°C and 400–500 MPa (seeVäisänen and Hölltä
1999; Cagnardet al., 2007) (Fig. 4a). The overall regiona
structural pattern is that of regionally shortened domes
basins, mainly made of granitoids and of migmatitic sup
crustals, respectively (Cagnardet al., 2007). Two types of
structures are observed: steeply dipping large strain z
marked by mylonitic fabrics bearing steeply plungi
stretching lineations (Fig. 4b), and domains of� at-lying
foliations (Fig. 4c). Stretching lineations are typically scatter
along a NE-SW strike, with steeply plunging lineations
steeply dipping foliations and along-strike gently plung
lineations on gently dipping foliations (Fig. 4a).

Similar structural patterns combining domains of gen
dipping fabrics with along strike stretching lineations a
steeply dipping fabrics with steeply plunging lineations ha
been reported for other areas, of both Archaean age (e.g.,
Dharwar craton;Chardonet al., 2009) and Paleoproterozoi
Page 3
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age (e.g., Thompson Nickel Belt or Terre Adélie;Gapaiset al.,
2005, 2008). Many lines of evidence indicate that the
development was partly coeval, under HT-MP metamorp
conditions (seeChardonet al., 2009). This is illustrated in
Figure 5that shows garnet-bearing leucosomes associated
both � at-lying and steeply dipping fabrics in the Finni
Svecofennides (Fig. 5a and b), and vertical melt bearing
deformation bands in Terre Adélie cutting across� at lying
migmatitic layering (Fig. 5c) and vice versa (Fig. 5d) (Gapais
et al., 2008). In the example of the Terre Adélie, the combin
development of the two types of structures is further suppo
by rather homogeneous peak metamorphic conditions (Pelletier
et al., 2005) and by sharply well bracketed U-Pb ages of
partial melting event at around 1.7 Ga (Peucatet al., 1999).
e

2.3 Interpretation

What may � rst be inferred from � eld data is the
predominance of vertical motions compared to horizo
ones (Cagnardet al., 2006a; Chardonet al., 2009; Gapaiset al.,
2009). The occurrence of� at-lying foliated domains marke
by belt-parallel stretching has been interpreted as re� ecting
horizontal belt-parallel� ow of a weak and partially melte
middle and lower continental crust. A general kinematic mo
of11
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Fig. 5. Examples of� eld relationships between domains of steeply dipping and gently dipping fabrics. (a, b) subvertical (a) and� at-lying (b)
migmatitic fabrics underlined by garnet-bearing leucosomes (Finnish Svecofennides). (c, d) migmatites from Terre Adélie showing steeply
dipping leucosomes cross-cutting gently dipping foliation (c) and gently dipping leucosomes cross-cutting steeply dipping foliation (d).

Fig. 4. Examples of lower crustal structures, Paleoproterozoic Finnish Svecofennides. (a) Schematic geological map showing traces of
metamorphic foliations and some main shear zones (afterKorsmanet al., 1997). The regional pattern underlines bulk NNW-SSE shortening.
Stereograms (lower hemisphere, equal angle) show examples of attitudes of the stretching lineations. These are subvertical within major shear
zones and are scattered along belt strike outside them. NE-SW striking gently plunging lineations correspond to domains of gently dipping
foliations. (b) Example of steeply dipping foliation bearing a steeply plunging lineation. (c) Example of domain of� at-lying fabric, with a small
laccolith-type granitic intrusion (crosses) within� at-lying foliation. Modi� ed afterCagnardet al., 2006a.

D. Gapais: BSGF 2018, 189, 14
was� rst proposed byGapaiset al. (2005)for tectonics in the
Thompson Nickel Belt (Manitoba) and then applied to ot
areas of Archaean and Paleoproterozoic continental defo
tions (seeCagnardet al., 2006a; Chardonet al., 2009; Gapais
Page 4
r
a-

et al., 2009). The model involves a weak convergin
continental crust whose buoyancy acts against subdu
during shortening, thus favouring combined vertical thick
ing and lateral horizontal� ow (Fig. 1c).
of11
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Fig. 6. Examples of results of analogue modelling of shortening of a
weak continental lithosphere. (a) Cross-section through a model with
50% shortening showing localised piling-up of upper-crustal pop
downs. (b) Evolution of pop down piling-up (1, 2, 3, 4...) during
progressive deformation. Modi� ed afterCagnardet al., 2006b.

Fig. 7. Example of results of analogue modelling of shortening of a weak continental lithosphere with a free lateral boundary. (a) Surface view of
a 50% shortened model showing lateral extrusion accommodated by transfer shear zones. Block rotations between shear zones are underlined by
initially orthogonal coloured markers drawn on model surface before deformation. (b) Cross-sections far from the extruded zone (1) and within it
(2). These underline signi� cant differences between ductile crust thickness far (doubled ductile crust) and within the extruded zone. Modi� ed
after Cagnardet al., 2006a.

Fig. 8. Pop-down tectonic model underlying that progressive burial of
supracrustals is expected to be accompanied by� uid release and
transfer during their compaction, diagenesis, metamorphism, and
partial melting. Magma production and interactions with the
lithospheric mantle may also contribute to� uid-rock interactions.
Modi� ed afterGapaiset al., 2014. See text for further explanations.

D. Gapais: BSGF 2018, 189, 14
3 Deformation modes of weak lithospheres:
what do analogue models tell us

A series of analogue models was performed in the e
20th in order to examine the modes of deformation of w
lithospheres submitted to regional shortening (Cagnardet al.,
2006a, b). These models followed the pioneer ones ofDavy
and Cobbold (1991).

Models developed byCagnardet al.(2006b)involved a weak
lithosphere made from top to bottom of (i) a rather thin up
brittle crust made of sand, (ii) a weak ductile lower crust mad
silicone putty, and a ductile lithospheric mantle also made
silicone putty. The model lithosphere was� oating on a dens
model asthenosphere made of glycol and sodium polytungs
Page 5
ly
k

For ductile layers, viscosities were scaled between 1
2.2� 104Pas for the crust and between 3.4 and 4� 104Pas for
the mantle.A normal density pro� le was� xed forall models, with
1.35 for the brittle crust, 1.42 for the ductile crust, 1.52 for
ductile mantle and 1.62 for the asthenosphere.

Main results are summarized inFigures 6and7, with the
following main outcomes (details inCagnardet al., 2006a, b):
o

–

f1
downward motions of thrust bounded pieces of upper c
that de� ne pop-down structures that pile up along verti
deformation zones during progressive shortening. Th
vertical zones are high-strain zones with respect
surrounding domains;
–
 distributed shortening, marked by an overall� at-lying
Moho and homogeneous thickening of ductile laye
1
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Fig. 9. Maps showing three typical examples of comparable geometric relationships between major steeply dipping deformation zones,
occurrence of metamorphic supracrustals, and mineralisation. (a) Greenschist-facies Archaean gold-bearing southern Abitibi (Quebec), (b)
Greenschist to lower amphibolite facies Archaean Antimony-bearing Murchison belt (South Africa). (c) High-grade amphibolite facies
Paleoproterozoic Nickel-bearing Thompson Belt (Manitoba, Canada). Modi� ed afterGapaiset al., 2014. See text for further explanations.
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except along particular zones of pop-downing a
associated strain localisation;
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consistent lack of crustal or lithospheric thrusts, thru
being limited to the brittle upper crust.
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In experiments performed with a free lateral bounda
vertical strains are accompanied by along strike horizo
� ow of the ductile crust (Fig. 7). Differential horizontal� ow is
principally accommodated by vertical zones of pop-down
that actually act as transfer zones with combinations of ver
and wrenching motions.

4 Structure-mineralisation relationships

4.1 Potential � uid-rock interactions in pop-down
models

Analogue models and� eld examples summarized abo
emphasize that pop-down tectonics may be a conven
kinematic model to account for structural patterns of
observed within shortened Archaean and Paleoprotero
deformation belts. From this,Gapaiset al. (2014)emphasized
that zones of pop-down piling up might be exceptiona
favourable for� uid transfers and� uid-rock interactions. First
these zones are subvertical crustal-scale deformation z
Second, they may constitute localised channels for various� uids
(Fig. 8). These include� uids released by burial of supracrust
successively submitted to diagenesis, metamorphism,
eventually partial melting and magma production. Furtherm
� uid interactions between crust and mantle may occur wi
Page 6
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crustal-scale vertical deformation zones. Thus, analogue m
show that popping down of upper crustal rocks may reach
lower crust, and� eld examples, emphasize that, bes
greenstones, magmatic bodies involving mantle compon
are observed within such vertical deformation zones (e.g.,
Thompson belt, Murchison belt, South Abitibi).

4.2 Some � eld examples

First order geological features linking mineralisation a
structures within some Archaean and Paleoproterozoic
are strong geometrical and lithological correlations. Mine
isation is actually mainly located within supracrustal units t
mark out long-lasting vertical deformation zones. Examp
from the Thompson Nickel Belt (Manitoba, Canada),
Murchison Belt (South Africa), and the southern Abit
(Quebec, Canada) are shown on maps inFigure 9. These three
examples are quite representative (Gapaiset al., 2014). They
indeed belong to different shortened deformation belts ma
by different ages (Archaean and Paleoproterozoic), diffe
metamorphic environments (from upper to low gra
greenschist facies to partially melted middle crust),
different types of mineralisation (gold, antimony, nick
(Gapaiset al., 2014). In Southern Abitibi, gold occurrences a
concentrated along transpressive shear zones and zones
of upper-crust volcanics and sediments, especially along
Cadillac fault zone (Fig. 9a). In the Murchison belt, Antimony
Is located along the so called“Antimony Line” , a sinistral
transpressive shear zone within greenstones and meta
ments (Fig. 9b). In the Thompson example, primary sourc
of11
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Fig. 10. Map showing geometric relationships between major
transpressive zones, occurrences of supracrustals, and gold miner-
alisation in the Hemlo gold District from the Archaean Superior
Province (Ontario, Canada). Modi� ed afterLin and Beakhouse, 2013.

Fig. 11. General tectonic setting of the Athabasca Uranium deposits
along the Wollaston-Mudjatik Zone (Saskatchewan, Canada). (a)
Geological map showing location of mining areas along the
Wollaston-Mudjatik zone and mainly below the Athabaska basin
(After Annesleyet al., 2005). (b) Schematic cross-section showing
typical occurrences of uranium deposits along major basement major
mylonitic shear zones and at basement-basin interface above them
(Illustration from courtesy of AREVA).
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for nickel deposits are associated with ma� c volcanics, sinks
are within Paleoproterozoic sediments, both being conne
via transpressive shear zones (Fig. 9c). Although these
examples have different mineralisation histories, they s
similar geometrical relationships between major vert
transpressive deformation zones marked by uppercru
affected by large vertical strains and deep burial.

4.3 Further potential applications

4.3.1 The Superior Province (Canada)

The Archaean Superior Province consists of alterna
elongate domains of upper-crust deposits (greenstones
sediments) and of underlying basement gneisses
granitoids. The region is a reference for models of vert
transpressive deformations involving sagduction and diap
(seeLin and Beakhouse, 2013and refs. therein).

Close geometrical relationships between mineralisati
steeply dipping shear zones marked by vertical motion
upper crust deposits were recently emphasized byLin and
Beakhouse (2013)in the Hemlo district, a gold rich area of th
Archaean greenstone belt Superior Province (Ontario
Manitoba) (Fig. 10). These authors proposed an interpreta
based on gravity driven sagduction, but our pop-down mo
may also be quite convenient to account for the� eld data that
basically emphasize transpressive vertical tectonics.

4.3.2 The Athabasca deformation belt (Canada)

The Athabasca region (Saskatchewan, Canada) is the� rst
uranium metallogenic province on the Earth. Mines, am
which the world-wide known McArthur and Cigar Lake mine
are aligned along a major NE-SW striking mylonitic bound
between an Archaean domain to the west (the Mudj
domain) and a Paleoproterozoic domain to the east
Wollaston domain) (Fig. 11a). The mylonitic zone, wel
de� ned in terms of geological and geophysical signature
Page 7
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known as the Wollaston-Mudjatik transition zone. Most min
along this zone are located at the base of the Athabasca
made of Paleoproterozoic to early Mesoproterozoic det
sediments, or within the underlying basement (Fig. 11b). A
remarkable feature is that uranium-rich zones are clo
associated with steeply dipping mylonitic zones that affect
basement below the basin (Fig. 11b). The updated metal
logenic models for the generation of these deposits invoke
precipitation of Uranium-enriched� uids in structural-chemi
cal traps, along steep reactivated basement deformation z
(Jeffersonet al., 2007; Li et al., 2017). Indeed, these zone
show evidence of late compressive reactivation (Fig. 11b),
providing channels for the circulation of reduced� uids
originated from the basement and of oxydized� uids from the
basin, as well as good traps for the formation of high-gr
uranium deposits (Fig. 12a). In the � eld, the Wollaston-
Mudjatik zone is marked by (i) a subvertical mylonit
foliation bearing a steeply plunging stretching lineat
(Fig. 12b), (ii) Paleoproterozoic metasediments (Fig. 12b)
locally partially melted, and (iii) widespread magma
intrusions including crust and mantle derived ones (Annesley
of11
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Fig. 12. Photographs showing structures within mylonitic zones associated with uranium deposits in the Wollaston-Mudjatik Zone (eastern
Athabaska area). (a) Steep mylonitic foliation with high-grade metasediments reworked by steeply dipping mineralised faults (carbonate-
sul� des bearing mineralisation). (b) Field aspect of the regional fabric marked by steeply dipping foliations bearing substantially plunging
stretching lineations (here in a Paleoproterozoic meta-conglomerate).

Fig. 13. Simpli� ed geological map of the gold-bearing Trans-
Amazonian Paleoproterozoic belt. The map underlines close relation-
ships between supracrustal greenstones and sediments and gold
occurrences. Modi� ed afterDelor et al., 2003.

Fig. 14. Geological map (a) and cross-section (b) of the Birimian
domain of western Africa. Modi� ed afterLompo, 2010. See text for
further explanations.
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et al., 2005). The Wollaston-Mudjatik zone has a complex a
long-lasting deformation history (Annesleyet al., 2005), but
points to important vertical motions involving deep burial
supracrustals and to substantial crust-mantle connection
associated magmatism, features that strongly suggest
down type tectonic processes.

4.3.3 The Transamazonian belt

The Transamazonian deformation belt extends along
northeastern coast of South America, in the Guyana-Surin
area (Fig. 13). It is marked by widespread gold occurrenc
spread along Paleoproterozoic greenstones and sedime
units (Fig.13). In the Rosebel area, the major gold district
Suriname, gold occurs in quartz-carbonate veins wi
Paleoproterozoic detrital sediments, mainly conglomera
sandstones, siltstones, and greywakes. Structures o
Rosebel district emphasize that deformations invol
substantial vertical stretching along subvertical perva
cleavages (Fig.3a) that affect major deformation zone
localised within supracrustals and associated with set
steeply dipping conjugate transpressive shear zones (Daoust
Page 8
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et al., 2011; Daoust, 2016; Alimoenadi et al., submitted).
These features that show localised vertical deformat
within supracrustal units strongly support pop-down deform
tion modes (Alimoenadiet al., submitted).

4.3.4 The Birimian domain of western Africa

The Birimian Paleoproterozoic of western Africa w
linked to the Transamazonian belt before the opening of
of11
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Fig. 15. Maps of the Birimian of western Africa showing geometrical
relationships between main deformation zones, supracrustals, and
indexes. (a) Ghana. (b) Burkina-Fasso. (c) Ivoiry Coast. Data fro
courtesy of the BRGM.
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Atlantic Ocean. It consists of NNE-SSW trending alternat
domes of granitic rocks and of basins� lled by detrital
sediments and volcanics (Fig. 14aandb). The overall structure
marked by vertical anastomosed deformation zones assoc
with dome and basin geometries attests to vertical mot
(Lompo, 2010).

In the region, close map-scale relationships betw
domains of sediments and volcanics, major steeply dip
deformation zones, and mineralisation are observed (Fig. 15).

5 Boundary conditions and displacement-
strain relationships

Boundary conditions are of course quite dif� cult to
appraise in ancient deformation zones. Furthermore, kinem
indicators are there generally poorly expressed compared
what can be observed along major crustal-scale shear z
such as wrench zones, thrusts or extensional detachment
are typical of modern orogenic belts. From the ab
examples, the widespread steeply plunging principal str
along steeply dipping fabrics (Figs. 3and4a, b) is basically
consistent with dominant vertical motions and with t
observed burial of supracrustal sediments at HT condit
with often partial melting (Chardonet al., 2009; Gapaiset al.,
2009, 2014). These geometries imply steeply dipping duc
shear zones that accompany downward motion of up
crustal rocks, as produced in analogue models.

On theotherhand,most� eldexamples attest to transpress
motions involving wrenching components along the stee
dipping deformation zones (Fig. 1c) (seeChownet al., 1992;
Daigneaultet al., 2002; Annesleyet al., 2005; Gapaiset al.,
2005, 2009; Chardonet al., 2009; Lompo, 2010; Daoustet al.,
2011; Jaguinet al., 2012; Lin and Beakhouse, 2013). According
Page 9
ted
s

n
g

to theoretical models, combinations of strike-slip and vert
motionsshouldresult in� atteningstrainsandverticalstretch(s
Deweyet al., 1997; Merle and Gapais, 1997). Nevertheless, a
steeply plunging attitude of the principal stretch direction is
suf� cient to precisely estimate ratios between vertical
horizontal motions, because a large range of ratios betw
strike-slip and pure shear components results in ver
in� nitesimal principal stretching (Deweyet al., 1997).

Detailed kinematic analysis of deformation features al
main deformation zones often reveal complex kinem
histories with different successive structure developm
locally puzzling and apparently incompatible with a sim
progressive deformation history (e.g., Chown et al., 1992;
Daigneaultet al., 2002; Annesleyet al., 2005; Lompo, 2010;
Daoust, 2016; Kroonenberget al., 2016).

There may be several reasons that may contribute to th
� rst one is that main deformation zones are often m
“terrain” boundaries, favourable for reactivation, long-last
and (or) superposed deformations, and attached pote
changes in kinematics. On the other hand, results of anal
modelling summarized here have underlined the potential
of transfer shear zones that develop between different cr
blocks submitted to differential lateral extrusion duri
compression and burial of uppercrustals (Fig. 7). Kinematic
questions linked to combinations of vertical motions a
lateral ones, and modes of reactivation of major tecto
boundaries are attached to each particular� eld example and
would require further speci� c investigations out of the scoop
the present paper.

6 Concluding remarks

From the summary of structural analyses of sev
deformation zones within Archaean and Paleoprotero
domains and their comparison with analogue modelling
compression of weak continental lithospheres, one
underline the following features:

ore
m

o

–

f1
compression modes of ancient weak lithospheres
strongly differ from those observed in modern ones. T
mainly accommodate shortening by distributed vert
stretching and crustal thickening;
c–
t

the present-day most suitable model that may accoun
the deformation patterns in many ancient tectonic zone
pop-down tectonics that involves vertical burial
supracrustals during continental convergence. This
outlined by both analogue models and� eld examples;
–
 the geometrical relationships between mineralisation
various types and structural patterns involving burial
supracrustals along vertical deformation zones ap
shared by many deformation belts of Archaean
Paleoproterozoic age.
r-

y

From these, we propose that pop-down tectonics shou
considered as a most promising tectonic framework for
prospection in ancient cratons.
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